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Program ACM 2014, Helsinki, Finland

ACM 2014 Program

Day 1, talks

Plenary (1-1-1)
Matt Taylor et al. Rosetta mission to comet 67P/Churyumov-Gerasimenko

Carey Lisse. Initial results from the Comet ISON Observing Campaign (CIOC)

Olga Popova et al. The Chelyabinsk meteor

Rosetta and 67P/Churyumov-Gerasimenko, Comet ISON I (1-2-1)
Holger Sierks et al. Early results on 67P/Churyumov-Gerasimenko observed by Rosetta/OSIRIS

Philippe Lamy et al. Preliminary solution for the shape and rotational state of the nucleus of comet 67P/Churyumov-
Gerasimenko

Colin Snodgrass et al. The activity cycle of 67P/Churyumov-Gerasimenko

Ying Liao et al. 3-D Direct Simulation Monte Carlo modeling of comet 67P/Churyumov-Gerasimenko

Jean-Baptiste Vincent et al. Craters on comets

Walter Arnold et al. Inverting Comet Acoustic Surface Sounding Experiment (CASSE) touchdown signals to measure
the elastic modulus of comet material

Harald Krüger et al. Dust Impact Monitor DIM onboard Rosetta/Philae: Calibration experiments with ice particles
as cometary analogue materials

Vincent Debout et al. Radiative-transfer model for simulating VIRTIS/Rosetta molecular spectra

Rita Schulz. Can 67P/Churyumov-Gerasimenko become the reference for comet research?

Werner Curdt et al. Scattered Lyman-alpha radiation of comet 2012/S1 (ISON) observed by SUMER/SOHO

Diane Wooden et al. Comet C/2012 S1 (ISON)'s carbon-rich and micron-size-dominated coma dust

Chelyabinsk meteor, meteorites, and active asteroids (1-2-2)
Jiri Borovicka et al. Atmospheric behavior of the Chelyabinsk impactor

Yuri Bondarenko and Yuri Medvedev. Motion of the Chelyabinsk meteor in the Earth's atmosphere

Olga Popova et al. The Chelyabinsk airburst shockwave

Masahisa Yanagisawa. Lightcurves of the Chelyabinsk bolide derived from a dashboard camera movie

T. Kohout et al. Physical properties of the Chelyabinsk LL5 chondrite � insight into shock-induced changes in
asteroid regoliths

Regina Rudawska and Jeremie Vaubaillon. Don Quixote � a possible parent body of a meteor shower

Quan-Zhi Ye et al. Comet 209P/LINEAR and the associated Camelopardalids meteor shower

Young-Jun Choi et al. Recent meteorite falls in South Korea

Maria Gritsevich et al. Pre-atmospheric parameters and fragment distribution: Case study for the Kosice meteoroid

David Jewitt. The active asteroids

Jessica Agarwal et al. The multiple tails of the active asteroid P/2013 P5

Asteroid spins, sizes, and shapes I (1-2-3)
Marina Brozovic et al. Radar investigations of near-Earth asteroids at Arecibo and Goldstone

James Richardson et al. Radar-derived asteroid shapes point to a 'zone of stability' for topography slopes and surface
erosion rates

Tracy Becker et al. Triple near-Earth asteroid 2001 SN263: Physical models of the primary asteroid and its two
satellites

Patrick Taylor et al. Comparing the diameters and visual albedos derived from radar and infrared observations

Anne Virkki et al. Circular-polarization variation with rotation for 2006 AM 4

Michael W. Busch et al. Improved spin-state and shape models of near-Earth asteroid (4179) Toutatis from the 2012
radar observations

Thomas Müller et al. Hayabusa2 mission target asteroid (162173) 1999 JU3: Searching for the object's spin-axis
orientation

Benoit Carry and Matti Viikinkoski (presented by Matti Viikinkoski). General framework for shape reconstruction of
asteroids with disk-resolved observations

Vladimir Vinnikov et al. Statistical approach to meteoroid shape estimation based on recovered meteorites
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Surveys of small bodies I (1-2-4)

Timothy Spahr (presented by Jose Luis Galache). Small-body surveys and the Minor Planet Center perspective

Michele Bannister. Mapping the deep: The past and future promise of transneptunian surveys

Scott Sheppard and Chad Trujillo. Inner Oort Cloud survey and the discovery of 2012 VP113

Michael Mommert. Space-based infrared surveys of small bodies

Rodrigo Leiva et al. Stellar occultations by transneptunian objects and Centaurs and the role of small observatories

Richard Wainscoat et al. The Pan-STARRS search for near-Earth objects

Detlef Koschny and Matthias Busch. The Teide Observatory Tenerife Asteroid Survey

Stephen Gwyn et al. Solar System object image search: A precovery search engine

Michal Zolnowski and Michal Kusiak. Rantiga Osservatorio, Tincana (MPC-D03): Observations and searching for
small Solar System bodies using a remotely controlled telescope

Comet ISON II (1-3-1)

Jacqueline V. Keane et al. Thermal emission from large solid particles in the coma of comet C/2012 S1 (ISON) around
perihelion

Adam McKay et al. Evolution of fragment-species production in comet C/2012 S1 (ISON) from 1.6 au to 0.4 au

Neil Dello Russo et al. The evolving chemical composition of C/2012 S1 ISON as it approached the Sun

Paul D. Feldman et al. Far-ultraviolet observations of comet C/2012 S1 (ISON) with a sounding-rocket-borne instru-
ment

H. Weaver et al. Ultraviolet spectroscopy of comet ISON (2012 S1)

Philippe Lamy et al. Constraints on the nucleus of comet C/2012 S1 (ISON) from the Hubble Space Telescope
observations

Asteroid activity and volatiles (1-3-2)

Humberto Campins. Volatiles in asteroids

Daniel Britt et al. Space-weathering processes and products on volatile-rich asteroids

Britney Schmidt and Kathryn Dyl. Water and ice in asteroids: Connections between asteroid observations and the
chondritic meteorite record

Robert Coker and Barbara Cohen. Water transport and the evolution of CM parent bodies

Alexander Krot et al. Aqueous activity and sources of water on the chondrite parent asteroids

Asteroid spins, sizes, and shapes II (1-3-3)

Xiao-bin Wang and Karri Muinonen. Physical studies of asteroids at the Yunnan Observatories

Josef Hanus et al. Thermophysical modeling of main-belt asteroids from WISE data

Nicholas Moskovitz et al. Detection of aspect-dependent thermal emission as a signature of near-Earth asteroid pole
orientation

Michael Mommert et al. Spitzer observations of two mission-accessible, tiny asteroids

Judit Ries. Revisiting the photometry of (308635) 2005 YU55 in four colors at McDonald Observatory

Elad Steinberg. Spins of asteroids: The tale of the long tail

Surveys of small bodies II, Ceres and Lutetia I (1-3-4)

Jenni Virtanen et al. Streak detection and analysis pipeline for optical images

Yurii Medvedev and Vladimir Kuznetcov. Determination of star-catalog biases from positional observations of num-
bered minor planets

Michael Küppers et al. Localized sources of water vapour on the dwarf planet (1) Ceres

Maria Cristina De Sanctis et al. Simulation of Ceres water sublimation and thermal state

Na�seh Masoumzadeh et al. Surface re�ectance analysis of asteroid (21) Lutetia

Josep M. Trigo-Rodriguez et al. A possible link between asteroid (21) Lutetia and CH3 chondrites based on UV to
NIR re�ectance spectra

6



Program ACM 2014, Helsinki, Finland

Comet ISON III, Speci�c comets I (1-4-1)
Takafumi Ootsubo et al. Mid-infrared observations of sungrazing comet C/2012 S1 (ISON) with the Subaru Telescope

Martin Cordiner et al. ALMA observations of gas and dust in the coma of comet C/2012 S1 (ISON)

Michael DiSanti et al. The chemical composition of comet C/2012 S1 (ISON) between 1.2 au and 0.35 au from the
Sun

Cyrielle Opitom et al. TRAPPIST monitoring of comets C/2012 S1 (ISON) and C/2013 R1 (Lovejoy)

Dominique Bockelee-Morvan et al. Water, hydrogen cyanide, and dust production from the distant comet 29P/Scwassmann-
Wachmann 1

Lucas Paganini et al. Identi�cation of CO-rich comet C/2013 R1 (Lovejoy) � a new member of the CO-rich family

Fiorangela La Forgia et al. Ultraviolet OH prompt emission in the innermost coma of 103P/Hartley 2

Adeline Gicquel et al. The evolution of volatile production in C/2009 P1 (Garradd) during its 2011-2012 apparition

Meteoroids and meteorites (1-4-2)
Lydie Bonal et al. Thermal history of type-3 chondrites in the NASA antarctic collection

Cateline Lantz and Rosario Brunetto. Ion irradiation of carbonaceous chondrites for a Vis-IR space-weathering study
on primitive objects: CV Allende and CM Murchison

Desiree Cotto-Figueroa et al. Measuring fracture properties of meteorites: 3D scans and disruption experiments

Eric Quirico et al. Formation of insoluble organic matter in type-1 and -2 chondrites: Radiolytic or thermal processes?

Bhavinkumar Pandya and S. A. Haider. E�ect of meteoroid ablation in the chemistry of the martian ionosphere

Edward Stokan and Margaret Campbell-Brown. Particle-based ablation model for faint meteors

William Cooke et al. The �ux of large meteoroids observed with lunar impact monitoring

Danielle E. Moser et al. Large meteoroid impact on the Moon on 17 March 2013

Asteroid spins, sizes, and shapes III (1-4-3)
Keith Holsapple. Reconstructing the spin distributions of main-belt asteroids

Petr Pravec. Asteroid spin-up �ssion systems

Thomas Statler et al. Mechanism of self-reinforcing YORP acceleration for fast-rotating asteroids

David Polishook. Spin axes and shape models of asteroid pairs: Fingerprints of YORP and a path to the density of
rubble piles

Tatsuhiro Michikami et al. The shapes of fragments and the impact energy: Implication for asteroid Itokawa

Andrew L. Tonge et al. New material model for simulating large impacts on rocky bodies

Mark D. Paton et al. Penetrometry on an asteroid

Surveys of small bodies III (1-4-4)
A. Mainzer et al. The reactivation of NEOWISE

Martin Elvis et al. LINNAEUS: Boosting near-Earth asteroid characterization rates

Andrew Rivkin et al. The LXD-mode Main-Belt/NEO Observing Program (LMNOP): Results

Henry Hsieh et al. The search for main-belt comets: The Pan-STARRS1 perspective

Adam Waszczak et al. Lightcurve-based search for main-belt comets with the PTF survey

Michele Bannister et al. First discoveries from OSSOS � the Outer Solar System Origins Survey

Emmanuel Jehin et al. The TRAPPIST comet survey

Day 2, talks

Plenary (2-1-1)
Anders Johansen et al. New paradigms for asteroid formation

Alessandro Morbidelli et al. Dynamical evolution of the asteroid belt

Christopher Russell et al. Dawn mission to (4) Vesta and (1) Ceres

Bruno Sicardy et al. Dense and narrow rings discovered around the Centaur object (10199) Chariklo
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Vesta I (2-2-1)
Carle Pieters et al. Dawn at Vesta: Characterizing a minor planet
Guy Consolmagno et al. Vesta is not an intact protoplanet
David Williams et al. The geologic mapping of asteroid Vesta
S. Marchi et al. Comprehensive geological history of asteroid Vesta
Uri Carsenty et al. The crater chains of Vesta � the global view
Martin Ho�mann et al. Asteroid surface archaeology: Identi�cation of eroded impact structures by spectral properties
on (4) Vesta
Katharina Alexandra Otto et al. Velocities of Coriolis-de�ected mass wasting on asteroid Vesta
Maria Teresa Capria et al. Pitted terrains on Vesta: Thermophysical analysis
Maria Cristina De Sanctis et al. Vesta mineralogy after Dawn
Ernesto Palomba et al. Detection of new olivine-rich locations on Vesta
Barbara Cohen. The bombardment history of (4) Vesta as told by sample geochronology

Dynamics and populations I (2-2-2)
William Bottke et al. Exploring the collisional evolution of the asteroid belt
Apostolos Christou et al. New Martian Trojans and an update on the Eureka cluster
Valerio Carruba et al. Peculiar Euphrosyne
Arika Higuchi and Shigeru Ida. Outward transport and capture of main-belt asteroids by Jupiter and Saturn
Nader Haghighipour and Henry Hsieh. Origin of main-belt comets: In-situ formation vs. implanted interlopers from
the outer Solar System
Georgios Tsirvoulis et al. Dynamical properties of the Watsonia asteroid family
Margaret Campbell-Brown. Population of refractory small meteoroids in asteroidal orbits
Pavel Spurny and Jiri Borovicka. Precise multi-instrument data on exceptional �reballs recorded over Central Europe
in the period 2012-2014
Galina Ryabova et al. Asteroid (3200) Phaethon and the Geminid meteoroid stream complex
Aswin Sekhar and David Asher. Meteor showers on the Earth from sungrazers

Meteor surveys, Impact hazard I (2-2-3)
Herve Lamy et al. BRAMS � the Belgian RAdio Meteor Stations
Håkan Svedhem et al. Instrument for the detection of meteors in the infrared
Junichi Watanabe et al. Faint-meteor survey with a large-format CMOS sensor
Francois Colas et al. FRIPON, a French �reball network for the recovery of both fresh and rare meteorite types
Peter Jenniskens. New survey of meteor showers
Diego Janches et al. The Southern Argentina Agile Meteor Radar (SAAMER): Platform for comprehensive meteor
radar observations and studies
Jeremie Vaubaillon et al. Update on recent-past and near-future meteor shower outbursts on the Earth and on Mars
Mark H. Jones et al. Imaging and mapping the circumsolar dust ring near the orbit of Venus
H.R. Lai et al. Monitoring hazardous near-Earth-object debris at 1 au using interplanetary magnetic signatures
resulting from meteoroid-asteroid collisions
Davide Farnocchia et al. Asteroid orbits and ephemerides: Towards higher-�delity predictions
Stefano Maro et al. Asteroid identi�cation with the Keplerian integrals

Absorption, scattering, and emission I (2-2-4)
Ellen Howell et al. Radar characterization of asteroids and comets
Michael Nolan et al. Radar scattering functions using Itokawa as ground truth
Josep M. Trigo-Rodriguez et al. The in�uence of shocked minerals in the spectra and albedo of Chelyabinsk
Anny-Chantal Levasseur-Regourd. Light scattering by cometary dust: Evidence and speculations
Dean Hines. Polarimetry of comets
Nikolai Kiselev. Polarization of molecular bands in comets: Overview
Vera Rosenbush et al. Linear and circular polarimetry of recent comets: Observational results for eight comets
Aaron Stinson et al. Broadband FORS/VLT polarimetry of comet nuclei: 9P/Tempel 1, 19P/Borrelly, 67P/Churyumov-
Gerasimenko, 74P/Smirnova-Chernykh, and 152P/Helin-Lawrence
Aleksandra Ivanova et al. CCD polarimetry of distant comets with the 6-m telescope at SAO RAN
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Asteroid surfaces I (2-3-1)
Francesca E. DeMeo et al. The compositional distribution of asteroids

Clark R. Chapman. Cratering statistics on asteroids: Methods and perspectives

C. R. Nugent et al. Investigating asteroid surface thermal inertias with NEOWISE

Tommy Grav et al. NEOWISE: The distribution of the large primitive asteroids

Dynamics and populations II (2-3-2)
Sergei Ipatov. Outbursts from cavities in comets

Maria Hajdukova and Lubos Neslusan. Comet C/1917 F1 (Mellish) meteor shower complex

Petr Pokorny et al. Dynamical model for the toroidal sporadic meteors

Pulat Babadzhanov et al. The near-Earth asteroid 2007 CA19 as a parent of the Eta-Virginids meteoroid stream

Diego Janches et al. Radar detectability studies of slow and small zodiacal dust cloud particles using Arecibo 430-MHz
meteor head echo observations

Rachel Soja et al. The Interplanetary Meteoroid Environment for eXploration

Impact hazard II (2-3-3)
Giacomo Tommei et al. Prediction of imminent impactors: Manifold Of Variations methods

Alan Harris. Near-Earth-object survey progress and population of small near-Earth asteroids

Fabrizio Bernardi et al. Prediction of imminent impactors: Announcement policy and need of follow-up observations

Steven Chesley and Davide Farnocchia. Guided asteroid de�ection by kinetic impact: Mapping keyholes to an aster-
oid's surface

Thomas Müller et al. Apophis: Larger and much heavier than previously thought

M. Connors et al. Hazards associated with asteroid (138175) 2000 EE104: Temporary Earth co-orbital linked to
interplanetary �eld enhancements

Absorption, scattering, and emission II (2-3-4)
Galin Borisov et al. Imaging polarimetry and spectro-polarimetry of comet C/2013 R1 (Lovejoy)

Ricardo Gil-Hutton. Asteroid polarimetry

Stefano Bagnulo et al. Spectro-polarimetry: New diagnostic tool for the characterization of small Solar System objects

Irina Belskaya and Vasilij Shevchenko. Asteroid photometry: Phase-angle e�ects

Asteroid surfaces II (2-4-1)
Marco Delbo et al. E�ects of solar heating on asteroids

N. Murdoch et al. Regolith production on asteroid surfaces via thermal fatigue fragmentation

Eric MacLennan and Joshua Emery. Novel method of thermal-inertia determination

Joshua Emery et al. Thermal infrared observations and thermophysical characterization of the OSIRIS-REx target
asteroid (101955) Bennu

Alan W. Harris and Line Drube. How to �nd metal-rich asteroids � a NEOShield study

Line Drube and Alan W. Harris. Metallic asteroids in the IRAS minor planet survey � a NEOShield study

Javier Licandro et al. The GTC mid-infrared spectroscopic program of primitive outer-belt asteroids

Meteoroids, dust, and exospheres, Vesta II (2-4-2)
Asta Pellinen-Wannberg et al. The forthcoming EISCAT 3D as an extraterrestrial matter monitor

Sigrid Close et al. Interstellar particles detected by high-power large-aperture radar

Rosemary Killen et al. Exospheres from asteroids to planets

Eleonora Ammannito et al. A close look at the Vestan Rheasilvia basin: The Tarpeia crater

Eric Palmer and Mark Sykes. Rough-surface model for surface temperature calculations on Vesta

Stefan Schröder et al. Closer look at photometric anomalies and phase reddening on Vesta

Andrea Longobardo et al. Photometry of the bright and dark terrains of Vesta and Lutetia with comparison to other
asteroids

9



ACM 2014, Helsinki, Finland Program

Impact hazard III (2-4-3)
Marco Micheli et al. ESA NEOCC e�ort to eliminate high Palermo Scale virtual impactors

Peter Brown. Using the international monitoring system of seismic, infrasound, and hydroacoustic sensors for global
airburst detection

Peter Jenniskens. Rapid response strategies to announced small asteroid impacts

Mike Hankey. American Meteor Society Fireball reporting system and mobile application

O. Vaduvescu et al. Around 1500 near-Earth-asteroid orbits improved via EURONEAR

Pekka Janhunen. Electric solar-wind sail for asteroid touring missions and planetary protection

Marc W. Buie. Infrared near-Earth-object survey modeling for observatories interior to the Earth's orbit

Absorption, scattering, and emission III, Asteroid collisions and families I (2-4-4)
Jorge M. Carvano and Jorge. A. G. Davallos. Solar-phase-angle e�ects on the taxonomic classi�cation of asteroids

Antti Penttilä et al. The H,G 1,G2 photometric system with scarce observational data

Ghislain Franssens. Modelling polarization dependent absorption: The vectorial Lambert-Beer law

Joseph Masiero et al. Physical properties of asteroid families

Schelte Bus. Spectro-dynamical asteroid families in the main belt

Alberto Cellino et al. Barbarians in the Watsonia family: Interpretation and open problems

Maxime Devogele et al. Peculiar polarization and shape properties of Barbarian asteroids: A campaign for their
physical characterization

Day 3, talks

Pluto and transneptunian objects I, Asteroid interiors I (3-1-1)
William McKinnon et al. Cosmogonic constraints from densities in the Pluto system and rotational and tidal �gures
of equilibrium for Pluto and Charon

G. Benedetti-Rossi et al. Improved astrometric analysis of Pluto

Simon Porter et al. Escape erosion and relaxation of craters on Pluto

Erik Asphaug. Asteroid structure

Daniel Scheeres and Paul Sanchez. The strength of rubble-pile bodies: Theory, observations, and predictions

Adriano Campo Bagatin et al. Internal structures of asteroids and comets: Beyond spherical cows

Lance A. M. Benner et al. Arecibo and Goldstone radar evidence for boulders on near-Earth asteroids

Carolyn Ernst et al. Comparing block populations across small bodies

Marc Hofmann et al. Small-scale impacts as a trigger for an avalanche in a low-gravity environment

Paul Sanchez and Daniel Scheeres. Cohesion, granular solids, granular liquids, and their connection to small near-Earth
objects

Msato Kiuchi and Akiko Nakamura. Relationship between regolith particle size and porosity on small bodies

Dynamics and populations III (3-1-2)
Mikael Granvik et al. Unbiased dynamical and physical characteristics of the near-Earth-object population

Robert Jedicke et al. Minimoons & drifters

Stephanie C. Werner. Basin-forming projectile populations on the Moon, Mars, and Mercury through time

Giovanni Federico Gronchi and Giovanni Battista Valsecchi. Selection e�ects in the discovery of near-Earth asteroids

R.P. Binzel et al. Meteorite source regions as revealed by the near-Earth object population

Matthew Knight. Sungrazing comets: Probing the inner extremes of the Solar System

Julio A. Fernandez and Andrea Sosa. Jupiter-family comets in near-Earth orbits: Dynamical histories and potential
source regions

Marc Fouchard et al. The �ux of long-period comets and the initial orbital distribution of the Oort cloud

Marco Antonio Muñoz-Gutierrez et al. Chaotic dynamics of Halley's comet: Lyapunov exponents and survival-time
prospects

Stephan Hellmich et al. cuSwift � a suite of numerical integration methods for modelling planetary systems imple-
mented in C/CUDA
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Comet surfaces and interiors (3-1-3)
Rachel Stevenson et al. Studying comets with NEOWISE
T. Kohout et al. Low-temperature magnetic properties of iron-bearing minerals and their contribution to magnetism
of cometary bodies
N. Samarasinha et al. CometCIEF: A Web-based Image Enhancement Facility to digitally enhance images of cometary
comae
Bastian Gundlach and Jürgen Blum. The tensile strength of the cometary surface: Laboratory experiments and
implications on formation scenarios
Jordan Stecklo� and Jay Melosh. Collisional dust fragmentation near nuclear surface within cometary jets
Gal Sarid and Sarah Stewart-Mukhopadhyay. To melt is not enough: Retention of volatile species through internal
processing in icy bodies
Giuseppe Antonio Baratta et al. Organic samples produced by ion bombardment of ices for the EXPOSE-R2 mission
on the International Space Station
Mark Price et al. The shock synthesis of complex organics from impacts into cometary analogue mixtures
Yoonyoung Kim et al. Physical properties of asteroids in comet-like orbits in the infrared asteroidal survey catalogs

Absorption, scattering, and emission IV (3-1-4)
Dagmara Oszkiewicz et al. Asteroid taxonomy and the H,G12 magnitude system
Peter Veres et al. Absolute magnitudes and slope parameters of Pan-STARRS PS1 asteroids � preliminary results
Andrey Murtazov (presented by Anna Kartashova). Comparison of space-debris and asteroid photometric properties
Olga Munoz and Daniel Guirado. Laboratory experiments for light scattering by clouds of small dust particles
Edith Hadamcik et al. Linear polarization of light scattered by cometary analogs: New samples
Wesley Fraser et al. The nonlinear spectra of transneptunian objects: Evidence for organic absorption bands
Amy Shaw et al. Laboratory laser re�ectance measurement and applications to asteroid surface analysis
Jouni Peltoniemi et al. Re�ectance measurements from particulate surfaces
Lev Nagdimunov et al. Modeling the ejecta cloud in the �rst seconds after Deep Impact
Johannes Markkanen et al. Scattering by cometary dust using the volume-integral-equation method

Asteroid interiors II (3-2-1)
Gonzalo Tancredi. Granular media in the context of small bodies
Derek C. Richardson et al. Applications of granular-dynamics numerical simulations to asteroid surfaces
S. Schwartz et al. Analysis of ejecta fate from proposed man-made impactors into near-Earth objects � a NEOShield
study
Soko Matsumura et al. The Brazil-nut e�ect and its application to asteroids
Jakob Deller et al. Simulations of impacts on rubble-pile asteroids
Takanobu Aoki et al. Estimating the angle of friction of blocks on rubble-pile asteroid Itokawa

Pluto and transneptunian objects II (3-2-2)
Cory Shankman et al. A possible divot in the Kuiper belt's scattered-object size distribution
G. Benedetti-Rossi et al. Study of transneptunian objects through stellar occultations
Rosemary Pike et al. The 5:1 Neptune resonance: Dynamics and population
Kathryn Volk et al. Preliminary models of the resonant transneptunian populations from the Outer Solar System
Origins Survey
Esa Vilenius et al. Analysis of classical Kuiper-belt objects and Haumea collisional family from the Herschel and
Spitzer observations
Mike Alexandersen et al. Transneptunians as probes of planet building: The Plutino size distribution

Impact hazard IV (3-2-3)
Tony Farnham et al. Comet Siding Spring (C/2013 A1) and its close approach to Mars
Quan-Zhi Ye and Man-To Hui. C/2013 A1 (Siding Spring): Breathtaker or nightmare?
Althea Moorhead et al. The meteoroid �uence at Mars due to comet C/2013 A1 (Siding Spring)
Jian-Yang Li et al. Imaging C/2013 A1 (Siding Spring) with the Hubble Space Telescope
Pawel Wajer and Malgorzata Krolikowska. Comet C/2013 A1 Siding Spring � how treatment of data and non-
gravitational e�ects can change our close-encounter predictions with Mars?
Davide Farnocchia et al. Trajectory analysis for the nucleus and dust of comet C/2013 A1 (Siding Spring)

11
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Absorption, scattering, and emission V (3-2-4)

Ludmilla Kolokolova et al. Modeling of light scattering by icy bodies

Ben Rozitis. Modeling of the Yarkovsky and YORP e�ects

Seth Jacobson et al. Both size-frequency distribution and sub-populations of the main-belt asteroid population are
consistent with YORP-induced rotational �ssion

Olli Wilkman and Karri Muinonen. Asteroid lightcurve phase shift due to the photometric properties of the surface

Rene Du�ard et al. Photometric and spectroscopic evidence for a dense ring system around Centaur (10199) Chariklo

Day 4, talks

Plenary (4-1-1)

Timo Prusti. Gaia

Paolo Tanga. Gaia as a Solar System observatory

Margaret Campbell-Brown. State-of-the-art meteor observing

William McKinnon et al. New Horizons mission to Pluto and the Kuiper belt

Comet formation and evolution, Pluto and transneptunian objects III (4-2-1)

Jürgen Blum. Comet formation

Dina Prialnik. Thermal evolution of cometary nuclei

Sebastian Höfner et al. Thermal wave and geomorphologic features on cometary nuclei

Geraint Jones and Karl Battams. Dust tail striae: Lessons from recent comets

Geronimo Villanueva et al. Probing the formation and evolution of comets via nuclear spin temperatures of C2H6,
CH3OH, CH4, NH3, and H2O

David Schleicher and Bair Allison. Chemical and physical properties of comets in the Lowell database: Results from
35 years of narrow-band photometry

Sona Hosseini and Walter Harris. Introducing tunable special heterodyne spectrometers in cometary studies

Michael Mueller. Physical properties of transneptunian objects, Centaurs, and Trojans from thermal observations

C.M. Dalle Ore et al. Extra-red transneptunian objects and Centaurs: Composition and chemical history

Asteroid collisions and families II (4-2-2)

Andrea Milani et al. Asteroid families from cratering: Detection and models

Kevin Housen and William Sweet. Impact cratering and ejection of material on porous asteroids

Naru Hirata et al. Constraining the distribution of regolith deposits from the gravitational potential �eld on small
asteroids

George J. Flynn. Porosity as a signi�cant factor for asteroid survival

Paula Benavidez et al. Comparing outcomes of asteroid impact simulations to observed main-belt families: Exploring
the e�ects of parent body size and internal structure

Jacek Leliwa-Kopystynski and Masahiko Arakawa. Impact experiments onto heterogeneous targets and their inter-
pretation in relation with formation of the asteroid families

Sayaka Tsujido et al. Experimental study on the ejecta-velocity distributions caused by low-velocity impacts on quartz
sand

Takaya Okamoto et al. Experimental investigation for cavity dimensions of highly porous small bodies

Martin Jutzi. Revised scaling laws for asteroid disruptions

Kevin Walsh et al. Seeking diversity in the spectra of the Polana and Eulalia families

N. Pinilla-Alonso et al. Near-infrared spectroscopy of asteroids in the Polana-family region: Where are the Eulalias?

Federica Spoto et al. Yarkovsky e�ect and V-shapes: New method to compute family ages
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Missions I, Speci�c asteroids I (4-2-3)
Sarag Saikia et al. Voyage to Troy: A mission concept for the exploration of the Trojan asteroids

M. Chyba et al. Rendezvous missions with minimoons from L1

Xingyu Li et al. Spacecraft orbital motion near a binary asteroid system for a future Chinese asteroid exploration
mission

Julia de Leon et al. Results from ground-based observations of asteroid 2012 DA14 during its close approach to the
Earth on February 15, 2013

O.S. Barnouin et al. The tectonic evolution of (433) Eros

Tadeusz Michalowski et al. (3169) Ostro: A single body or a contact binary asteroid?

Shigeru Wakita et al. Thermal history of the parent bodies of asteroid Itokawa

Christine Hartzell et al. Dust levitation about Itokawa's equator

Paul Abell et al. NASA's asteroid redirect mission: Robotic boulder capture option

Paul Chodas. Finding and characterizing candidate targets for the Asteroid Redirect Mission (ARM)

Solar System science with Gaia I (4-2-4)
Francois Mignard and Jean-Marc Petit. Detection and recognition of moving objects with Gaia

Aldo Dell'Oro. Procedures, challenges, and expectations of the astrometry of asteroids with Gaia

Karri Muinonen et al. Asteroid orbital inversion using uniform phase-space sampling

Dmitrii Vavilov and Yurii Medvedev. Fast method for the estimation of impact probability of near-Earth objects

William Thuillot et al. Ground-based follow-up of Solar System objects detected by Gaia

Thomas Albin et al. Maximizing the detection of near-Earth objects

Vacheslav Emel'yanenko. The role of near-Sun objects in determining the population of Chelyabinsk-type bodies

Hans Rickman et al. Using Gaia for cometary science

Piotr A. Dybczynski and Malgorzata Królikowska. Towards a better understanding of the apparent source of long
period comets

Pluto and transneptunian objects IV, Speci�c comets II (4-3-1)
Amanda Gulbis et al. Analysis of infrared spectra of a stellar occultation by the active Centaur (2060) Chiron

Vania Lorenzi et al. Rotationally resolved spectroscopy of the dwarf planet (136472) Makemake

Davide Perna et al. Are the colors of Centaurs biased by underestimated coma contamination?

John Brown et al. Destruction regimes of Sun-skimming and Sun-plunging comets

Olivier Hainaut and Colin Snodgrass. P/2013 P5 PANSTARRS � a rubbing binary?

Nicolas Biver et al. Abundance of complex organic molecules in comets

Asteroid collisions and families III (4-3-2)
Ireneusz Wlodarczyk and Jacek Leliwa-Kopystynski (presented by Jacek Leliwa-Kopystynski). Volume and mass
distribution in selected families of asteroids

Myung-Jin Kim et al. Rotational properties of the Maria asteroid family

Zoran Knezevic et al. Multistep method to deal with large datasets in asteroid family classi�cation

Bojan Novakovic and Georgios Tsirvoulis. Recent disruption of an asteroid from the Eos family

Sonia Fornasier et al. The Themis-Beagle families: Investigation of space-weathering processes on primitive surfaces

Missions II (4-3-3)
J. J. Kavelaars et al. Searching for a Kuiper-belt �yby target for the New Horizons spacecraft

Maria Antonietta Barucci. European asteroid sample return mission: MarcoPolo-R and its future

Hermann Boehnhardt and the Castalia Study Science Team. Castalia � a European Mission to a main-belt comet

Junichiro Kawaguchi et al. On the Trojan asteroid sample and return mission via solar-power sail � an innovative
engineering demonstration

Hajime Yano. From exploration to exploitation of Solar System small bodies: Scienti�c, engineering and operational
challenges
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Solar System science with Gaia II, Speci�c asteroids II (4-3-4)
Daniel Hestro�er. Dynamics of single and multiple asteroids based on Gaia observations
Eva Schunova et al. Properties and evolution of near-Earth-object families created by tidal disruption at the Earth
Peter Scheirich et al. The shape and rotation of the tumbling asteroid (99942) Apophis
Sean E. Marshall et al. Near-Earth asteroid (137032) 1998 UO1: Shape model and thermal properties
Agata Rozek et al. Spin-state and thermophysical analysis of the near-Earth asteroid (8567) 1996 HW1

Speci�c comets III (4-4-1)
F. Moreno et al. The dust environment of comet C/2012 S1 (ISON)
M. J. Mumma et al. The puzzle of HCN in comets: Is it both a product and a primary species?
Kimberley S. Birkett et al. Modeling the neutral sodium tails of comets
Sara Faggi et al. Sublimating grains in the coma of new comets originating from the Oort Cloud
Horst Uwe Keller and Yuri Skorov. The role of super volatiles (CO and CO2) for cometary activity
Lori Feaga et al. Comet 103P/Hartley's volatiles within 100 kilometers: Sources of water and volatile dependence on
illumination
Silvia Protopapa et al. Further characterization of the physical makeup and dynamical behavior of water ice and dust
in comet 103P/Hartley 2
A.S. Guliyev. Features of sporadic hyperbolic meteors observed in the period 2007-2009

Satellites and binary systems (4-4-2)
G. B. Valsecchi et al. The dynamics of impactors on a synchronous planetary satellite
Seth Jacobson et al. Forming the wide asynchronous binary asteroid population
Jay McMahon. Libration-eccentricity evolution of expansive binary asteroids in the presence of tidal dissipation
Shantanu Naidu and Jean-Luc Margot. Binary near-Earth asteroids: Satellite spin states under spin-orbit coupling
Alessondra Springmann et al. Shape model of the binary near-Earth asteroid (285263) 1998 QE2

Vladislav Sidorenko. Quasi-satellite regime of motion of small celestial bodies: Formation and destruction
Sergei I. Ipatov. The Earth-Moon system as a typical binary in the Solar System

Vesta III, Extrasolar Connection (4-4-3)
Björn Davidsson. The di�erentiation of asteroid (4) Vesta
Edward Scott et al. Origin of igneous meteorites and di�erentiated asteroids
Wladimir Neumann et al. Controls on the di�erentiation of Vesta
Leah Cheek and Jessica Sunshine. Evidence of di�erentiated near-surface plutons on Vesta in integrated Dawn color
images and spectral datasets
Simone Ieva et al. The Vesta/non-vestoids connection: Is there another di�erentiated object out there?
Toni Engelhardt et al. Setting an observational upper limit to the number density of interstellar objects with Pan-
STARRS
Dimitri Veras et al. The dynamics of polluting white dwarfs with remnant extrasolar Oort Cloud comets

Solar System science with Gaia III (4-4-4)
Alberto Cellino. The expected Gaia revolution in asteroid science: Photometry and spectroscopy
Toni Santana-Ros et al. Testing the inversion of the Gaia asteroid photometry combined with groundbased observations
Josef Durech. Asteroid spins and shapes by combining Gaia and ground-based observations
Yurij Krugly et al. Results of near-Earth-asteroid photometry in the frame of the ASPIN programme
Padma A. Yanamandra-Fisher. Role of amateur astronomers and social media in support of observing campaigns

Day 5, talks

Plenary (5-1-1)
Junichiro Kawaguchi. On the cutting edge technology enabling the challenging missions to asteroids and comets, our
primitive neighbors
Makoto Yoshikawa et al. Sample return from asteroids � Hayabusa2 and the next
Jianghui Ji. New observations of (4179) Toutatis from the Chang'e-2 �yby mission and future Chinese missions to
asteroids
Dante Lauretta. Integrated science and engineering for the OSIRIS-REx asteroid sample return mission
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Speci�c comets IV, Ceres and Lutetia II (5-2-1)
Edith Hadamcik and Anny-Chantal Levasseur-Regourd. Polarization imaging of comets at geocentric distances smaller
than 0.5 au: Comet 73P/Schwassmann-Wachmann 3

Plamen Nikolov et al. Post-perihelion narrowband imaging of comet C/2011 L4 (PanSTARRS)

Laurence O'Rourke et al. Determination of an upper limit for the water outgassing rate of the main-belt comet P/2012
T1 (PanSTARRS)

Emily Kramer et al. Searching for evidence for di�erent activity drivers in long- and short-period comets from the
WISE/NEOWISE data set

Andrew Rivkin et al. The case of the missing Ceres family

Britney Schmidt et al. Searching for satellites of Ceres

Thomas Müller et al. The thermal lightcurve of Ceres as measured by the Herschel Space Observatory

Sebastien Besse et al. Lutetia's lineaments

Wladimir Neumann et al. Internal state of Lutetia as a function of the macroporosity

Missions III, Jupiter Trojans (5-2-2)
Jiangchuan Huang et al. Rendezvous with Toutatis from the Moon: The Chang'e-2 mission

Tatsuaki Okada et al. Thermal-infrared imager TIR on Hayabusa2: Result of ground calibration

Harold C. Connolly Jr. and Dante S. Lauretta. OSIRIS-REx and mission sample science: The return of at least 60 g
of pristine regolith from asteroid Bennu

Michael Daly et al. The OSIRIS-REx laser altimeter (OLA): Development progress

Minami Yasui et al. Experimental study on the impact-induced seismic wave propagating through granular materials:
Implications for a future asteroid mission

S. Sonnett et al. Shapes and binary fractions of Jovian Trojans and Hildas through NEOWISE

Ian Wong and Michael Brown. Sub-populations among the Jupiter Trojans

Michael Brown. Three-micron survey of Jupiter Trojan asteroids

Asteroid surfaces III, Absorption, scattering, and emission VI (5-2-3)
Mizuki Okazaki et al. E�ect of iron sul�des on space weathering: Lessons from the Itokawa particles and laboratory
simulations

Rosario Brunetto et al. Visible-IR and Raman micro-spectroscopic investigation of three Itokawa particles collected
by Hayabusa

Toshihiro Kasuga et al. High-albedo C-complex outer-belt asteroids: The near-infrared spectra

Bin Yang and Jianghui Ji. Physical properties of B-type asteroids beyond 2.5 micron

M. M. McAdam et al. Alteration on asteroids: Insights from CM/CI meteorite mineralogy and midwave-infrared
spectroscopy

Amanda Hendrix and Faith Vilas. UV signatures of carbonaceous species on low-albedo asteroids

Faith Vilas et al. Evidence for UV/blue space weathering of S, Q, and O asteroids from the Sloan Digital Sky Survey?

Karri Muinonen et al. Multiple scattering of light by the surfaces of small Solar System objects

Plenary (5-3-1)
Jiri Borovicka. Review of the advances in meteor studies

Anita Cochran. Review of the advances in comet studies

Patrick Michel. Review of the advances in asteroid studies

Day 1, posters

Tomoko Arai et al. HDTV camera for meteor observation onboard the International Space Station

Aleksandar Cikota et al. Meteor trails observed by the Sloan Digital Sky Survey

Pavlo Kozak et al. Anomalous meteors from the observations with super-isocon TV systems

Juraj Tóth et al. Meteor project � AMOS Cam

Jeremie Vaubaillon et al. The "CAmera for BEtter Resolution" (CABERNET): First scienti�c results

Eric Christensen et al. A powerful new southern hemisphere survey for near-Earth objects

Elisabetta Dotto et al. NEO-SURFACE: Near-Earth Objects � SURvey oF Asteroids Close to the Earth
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Jean-Luc Margot. Prediction and archival tools for asteroid radar observations
Jana Ticha et al. Klenot near-Earth-object follow-up program � next generation
Peter Veres et al. Automatic detection of asteroids and meteoroids � a wide-�eld survey
Leonid Elenin et al. ASPIN-ISON asteroid program: History, current state, and future prospects
A. Mainzer et al. Simulating the performance of next-generation minor-planet surveys
Judit Ries and Andrew Riddle. Reviving astrometry on the McDonald observatory 2.1-m Otto Struve telescope
O. Vaduvescu et al. The ING Studentship, INT Support, and Research Programme
Olivier Hainaut et al. ESA/ESO collaboration to track potentially threatening near-Earth objects
A. Bardyn et al. Rosetta/COSIMA: Laboratory time-of-�ight secondary ion mass spectra of PAHs for in-situ detection
in the cometary solid organic matter
Klim Churyumov et al. Morphology of comet Churyumov-Gerasimenko in its 1969�1970 apparition
S. Gulkis et al. Early observations of comet Churyumov-Gerasimenko with the Rosetta MIRO submillimeter instru-
ment
Martin Hilchenbach et al. Dust-grain fragmentation envisaged at comet 67P/Churyumov-Gerasimenko in view of
potential ROSETTA COSIMA observations
John Anthony Paquette and Oliver Stenzel. The e�ects of sputtering yields on the Rosetta/COSIMA instrument
e�ciency
Oliver J. Stenzel et al. Characterisation of meteoritic samples with the Rosetta Cosima TOF-SIMS laboratory reference
model � a covariance approach
Hermann Boehnhardt et al. Comet ISON � from cradle to grave
Sara Faggi et al. Search for ammonia in comet C/2012 S1 (ISON)
Reiko Furusho et al. C/2012 S1 (ISON), C/2013 R1 (Lovejoy), and updates of the imaging polarimetric survey
Alexander Golubaev et al. Preliminary results of observations in January, 2014 of a meteor shower of comet C/2012
S1 (ISON)
Chiharu Naka et al. Low-dispersion spectroscopic observations of comets C/2012 S1 (ISON) and C/2013 R1 (Lovejoy)
by the Subaru Telescope
Alexandre Andronikov et al. Vesicle-metal-sul�de assemblages from the Chelyabinsk meteorite
Chrysa Avdellidou et al. Dynamical simulations of the impact rate, velocities, and angles of Mars-crossing asteroids
Eva Schunova et al. The size-frequency distribution of near-Earth objects with H>18 mag and ARM targets detected
by Pan-STARRS1
Valerio Carruba et al. Long-term e�ects of close encounters with (3) Juno, (20) Massalia, (31) Euphrosyne, and (111)
Ate
Ivana S. Milic and Bojan Novakovic. On some dynamical properties of Phocaea asteroids
Shinsuke Abe et al. Orbital evolution of Geminids and Quadrantids by middle and upper atmosphere radar observa-
tions
Galina Ryabova. A preliminary numerical model of the Geminid meteoroid stream
Victor Ali-Lagoa et al. Physical properties of small B-type asteroids from SDSS and WISE data
Masahide Oshima and Shinsuke Abe. Multi-color lightcurve observation of the asteroid (163249) 2002 GT
B. Warner et al. Near-Earth asteroid lightcurves from the Center for Solar System Studies
Fumi Yoshida et al. Hundred lightcurves of sub-km main-belt asteroids
Maria Gritsevich et al. Physical properties of meteoroids based on middle and upper atmosphere radar measurements
Francesca E. DeMeo et al. The distribution of mantle material in the main belt
Ronald Vervack et al. Understanding near-Earth asteroids: Is it in the details?
Miguel de Val-Borro et al. Distant activity of comet C/2006 W3 (Christensen) as observed with Herschel
Matthew Knight et al. The combined SOHO-STEREO dataset: Simultaneous observations of comets from multiple
vantage points
Myung-Jin Kim et al. Observation campaign for recent active comets at the Korea Astronomy and Space Science
Institute
J. M. Madiedo and J. M. Trigo-Rodriguez (presented by Josep M. Trigo-Rodríguez). Emission spectrum of a sporadic
�reball afterglow
Regina Rudawska et al. Slovak video meteor network � meteor spectra
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Day 2, posters

Johan Kero et al. Shigaraki middle and upper atmosphere radar meteor-head-echo database
Esko Lyytinen and Maria Gritsevich. Speci�cation of atmospheric density pro�les for the �reball observations in
Finland
Ozan Unsalan et al. Turkish meteor surveillance systems and network: Impact craters and meteorites database
Jose Luis Galache et al. The need for speed in near-Earth asteroid characterization
Tim Lister. The LCOGT near-Earth-object follow-up network
H.-K. Moon et al. The DEEP-SOUTH: Round-the-clock physical characterization of near-Earth objects in the Southern
Hemisphere
M. Popescu et al. Mega-precovery and data mining of near-Earth asteroids and other Solar System objects
Duncan Steel (presented by Peter Brown). Signi�cance of large Neptune-crossing objects for terrestrial catastrophism
Mario De Prá and Jorge M. Carvano. Minor-bodies science with the J-PAS/J-PLUS photometric surveys
Stephan Hellmich et al. The Calar Alto Serendipitous Asteroid Discovery and Observation program � CASADO
Eric Palmer et al. The Small Bodies Imager Browser � �nding asteroid and comet images without pain
Vadym Savanevych et al. Automated software for CCD-image processing and detection of small Solar System bodies
Vladimir Kuznetcov. Orbit determination from two position vectors by the continuation-method optimal parametriza-
tion
Viktor Shor et al. Imitation of collision orbits of celestial bodies with the Earth
Peter Veres et al. The e�ect of parallax and cadence on asteroid impact probabilities and warning times
H. Kawakita et al. Pre-perihelion near-infrared spectroscopy from Keck and IRTF of comet C/2013 R1 (Lovejoy)
Yudish Ramanjooloo et al. Solar-wind velocity measurements from near-Sun comets C/2011 W3 (Lovejoy), C/2011
L4 (Pan-STARRS), and C/2012 S1 (ISON)
Philippe Rousselot et al. High-resolution spectra of comet C/2013 R1 (Lovejoy)
Yoshiharu Shinnaka et al. High-dispersion spectroscopic observations of comet C/2013 R1 (Lovejoy) with the Subaru
Telescope on 2013 November 15
Nicolas Biver et al. Molecular diversity of �ve comets observed in the submillimetre range in 2013
Amaury A. de Almeida et al. On the pre-perihelion temporal activity of comet 9P/Tempel 1 during the favorable
apparition of 2005
Amaury A. de Almeida et al. The CN-radical and OH-parent production rates in comet C/1977 R1 (Kohler)
Zuzana Krisandova and Jan Svoren. 29P/Schwassmann-Wachmann 1 � orbital distribution of outbursts
Nilda Oklay and Jean-Baptiste Vincent. First-time comet observations at the National Observatory of Turkey
Josep M. Trigo-Rodriguez et al. On the existence of near-Earth-object meteoroid complexes producing meteorites
J.M. Madiedo et al. The potentially hazardous asteroid 1996 JG and the North omega-Scorpiid meteoroid stream
Simone De Angelis et al. Spectral measurements of howardites in support of the interpretation of the Dawn VIR
spectra at Vesta
Maria Cristina De Sanctis et al. Mineralogy of the Marcia crater on Vesta
Alessandro Frigeri et al. An improved digital global map of spectral parameters of Vesta from the Visible and Infrared
mapping Spectrometer onboard Dawn
Katrin Krohn et al. Resurfacing processes on Vesta
K. Stephan et al. Spectral variegation and stratigraphy on Vesta � the Sextilia region
Federico Tosi et al. Distinct thermal appearances on Vesta as inferred from the Dawn/VIR data
P.V. Skripnichenko et al. Dynamical considerations regarding asteroid (3200) Phaethon
Valerio Carruba and Mariela Huaman. Dynamical evolution of V-type photometric candidates in the central and outer
main belt
Adrian Galad et al. Prospective very young asteroid pairs
Dimitri Veras. A simple bound for the variation of the closest approach of a small body and a star due to general
relativity
Nataliya Kovalenko et al. Damocloids dynamical evolution
Maria Hajdukova. Video Orbits of the Geminids
Diego Janches et al. Meteor stream survey in the southern hemisphere using SAAMER
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Malgorzata Krolikowska et al. New catalogue of single-apparition comets discovered in the years 1901-1950. Part I

Regina Rudawska et al. Independent identi�cation of meteor showers in the EDMOND database

Dusan Tomko. Theoretical stream of comet 12P/Pons-Brooks

O.S. Barnouin et al. Assessing the quality of topography from stereo-photoclinometry

Przemyslaw Bartczak et al. Non-convex shape models of asteroids based on photometric observations

Yu-Chi Cheng et al. Application of the Palomar Transient Factory (PTF) project: The opposition e�ect on Solar
System objects

Adrián Galád et al. Initial report on the photometric study of Vestoids from Modra

Marek Husarik. Shapes and spins of asteroids Lohja, Ermolova, and Silver from the observations at the Skalnate Pleso
Observatory

Karri Muinonen et al. Asteroid lightcurve inversion using Lommel-Seeliger ellipsoids

O. Vaduvescu et al. Physical properties of near-Earth asteroids are scrutinized via EURONEAR

Olli Wilkman et al. Numerical surface-scattering laws for asteroid applications

Dimitri Veras et al. Tidal disruption of extremely eccentric asteroids around pre-polluted white dwarfs

Jorge M. Carvano et al. E�ects of faint dust coma on the spectra of asteroids

Rene Du�ard et al. Spectral parameters for a large sample of hydrated asteroids

Sonia Fornasier et al. Aqueous alteration on main-belt asteroids

Pedro Henrique Hasselmann et al. Spectral continuity in SDSS u'g'r'i'z' asteroid photometry

Tatsuaki Okada. X-ray �uorescence from rough rocky surfaces of asteroids

Vasilij Shevchenko et al. Asteroids without opposition e�ect

M. I. Blecka et al. Numerical simulations for the radiation emitted from the dust and molecules in the inner coma of
comet 67P/Churyumov-Gerasimenko

A. V. Ivanova et al. Photometric investigation of the comet C/2009 P1 (Garradd) at pre-perihelion

Cedric Leyrat et al. E�ects of surface roughness on the VIRTIS/Rosetta thermal measurements

Sampsa Pursiainen and Mikko Kaasalainen. Sparse source con�gurations in radio tomography of asteroids

Anne Virkki et al. Modeling of asteroid surfaces and interiors using ray optics with di�use scattering

Jorge A. G. Davalos and Jorge M. Carvano (presented by Jorge M. Carvano). Shape e�ects on asteroid spectra

S. M. Lederer et al. Collisional e�ects on magnesium-rich minerals found in comets and asteroids

Ev McLoughlin et al. Lightcurve signatures for non-catastrophic asteroid collisions

Day 4, posters

Christelle Briois et al. Orbitrap-based mass analyser for in-situ characterization of asteroids: ILMA, Ion Laser Mass
Analyser

Alain Doressoundiram et al. Detection of 13 possible occultation events of small transneptunian objects with the
COROT space observatory

Matthew Lehner et al. Status of the Transneptunian Automated Occultation Survey (TAOS II)

Stefanie Milam et al. Solar System observations with the James Webb Space Telescope

Victor Grokhovsky. The fracture of meteoroids with di�erent composition and structure

Takekuni Katsura et al. Outcome of impact disruption of iron meteorites at room temperature

Daria Kuznetsova et al. Prediction of consequences of meteor events based on atmospheric trajectory analysis

Yanga R Fernandez et al. Visible and infrared study of comet 2P/Encke's nucleus during its 2013 apparition

Amy Lovell and Ellen Howell. Radio observations of comet C/2012 X1 LINEAR

Charles Schambeau et al. A new analysis of archival images of comet 29P/Schwassmann-Wachmann 1 to constrain
the rotation state of and active regions on its nucleus

Seitaro Urakawa et al. Observation campaign for the near-Earth object 2012 DA14 in Japan

Nataliya Kovalenko et al. Dynamical evolution of Centaurs

H. Rickman et al. Impact probability calculations � comparison of methods

Vasily Dmitriev et al. Orbit determination based on meteor observations using numerical integration of equations of
motion
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Yasunori Fujiwara et al. Middle and upper atmosphere radar head echo observation of the outburst of the 2012 Oct.
Draconids
Yasunori Fujiwara et al. An automatic video meteor observation at the Syowa station
Maria Hajdukova et al. April rho Cygnids and comet C/1917 F1 Mellish
Anna Kartashova and Galina Bolgova. Perseid meteor shower in 2012�2013 by TV meteor observations
Andrea Maciel et al. Experiments on the Brazil-nut e�ect due to seismic shakings
Wladimir Neumann et al. Modeling of planetesimal compaction by hot pressing
Daniel Scheeres et al. Using binary asteroids to explore the interior geophysics of rubble-pile asteroids
Cecily Sunday et al. An experimental study on low-velocity low-gravity collisions into granular surfaces
David Polishook et al. Rotationally resolved spectroscopy of asteroid pairs: No spectral variation detected
Paolo Tanga et al. Spin-induced mass loss from rubble piles and the formation of asteroid satellites and pairs
Magda Butkiewicz et al. Statistical analysis of the ambiguities in the asteroid period determinations
Chan-Kao Chang et al. A super-fast-rotating asteroid
Agnieszka Kryszczynska et al. Non-convex model of the binary asteroid (809) Lundia and its density estimation
Seitaro Urakawa et al. Fast rotation of a sub-km-sized near-Earth object 2011 XA3
B. Warner et al. Spin-axis distribution of the Hungaria asteroids via lightcurve inversion
Adriano Campo Bagatin et al. E�ects of target shape and impact speed on the outcome of catastrophic disruptions
Yulia Chernetenko et al. Masses of a number of asteroids obtained by the dynamical method
Aldo Dell'Oro et al. Kinematical analysis of the ejecta created after a catastrophic collision
Larry Denneau Jr. et al. Observational constraints on the catastrophic disruption rate of main-belt asteroids
Yasuhiko Takagi et al. Scaling law deduced from impact-cratering experiments on basalt targets
Lucy F. Lim et al. Thermal emission photometry of three near-Earth asteroids in L' and M'
T. Kohout et al. Space weathering simulations through controlled growth of iron nanoparticles on olivine
Maria Cristina De Sanctis et al. Basaltic asteroids in the main belt: Spectral and mineralogical characterization
Amara Graps. Asteroid regoliths: The development of a database
Vasilij Shevchenko et al. Asteroid observations at low phase angles. Average parameters for the new three-parameter
H,G1,G2 magnitude system
Boncho Bonev et al. OH* prompt emission and near-infrared searches for HDO in the moderately bright comets
C/2007 N3 Lulin and 103P/Hartley 2
Miguel de Val-Borro et al. Volatile composition and activity of comets C/2001 Q4 (NEAT) and C/2002 T7 (LINEAR)
Jean-Baptiste Vincent. Comet-toolbox: Numerical simulations of cometary dust tails in your browser
Nicolas Biver et al. Observations of ammonia in comets with Herschel
Yo-Ling Chuang and Yi-Jehng Kuan. Complex organic molecules in comets
Antoine Pommerol et al. Photometric study of cometary analogs in the LOSSy laboratory at the University of Bern
Slawomira Szutowicz. Line pro�les of water for the non-uniform density distribution in a cometary coma
Elizabeth Jensen et al. Data processing and experimental design for micrometeorite impacts in small bodies
Mirel Birlan et al. Taurid Compex re�ectance spectroscopy
Guy Consolmagno et al. Meteorite heat capacities: Results to date
Hanna Pentikäinen et al. Classi�cation and radiative-transfer modeling of meteorite spectra
Julia Martikainen et al. Meteorite spectrometry using the University of Helsinki Vis-SWIR spectrometer
Maria Gritsevich et al. FIGIFIGO as a tool to characterize and identify planetary analogue sites
Jouni Peltoniemi and Karri Muinonen. Monte Carlo solution of the volume-integral equation of electromagnetic
scattering
Jukka Räbinä et al. Discrete exterior calculus for numerical simulation of meteor head-echo radar re�ections
Ben Rozitis et al. Thermal inertia and bulk density of near-Earth asteroids
Erika Verebelyi et al. Structure of the zodiacal emission by Spitzer archive data
Michael Kelley and Ludmilla Kolokolova. Ice aggregates in the coma of Hartley 2
Stefan Cikota et al. A search for active main-belt asteroids
Volodymyr Reshetnyk et al. Physical studies of near-Earth asteroids at the Terskol Observatory
Elena Vchova Bebekovska et al. Asteroid spectroscopy with FoReRo2 at BNAO Rozhen � �rst results
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Day 5, posters

C. Ernst et al. Evaluating small-body landing hazards due to blocks
Wansong Jiang et al. Concept design and dynamical simulation of a landing device for an asteroid surface probe
Changhong Jiang et al. Key technology investigations of landing and attaching on an asteroid's surface
Kohei Kitazato et al. On-ground characterization of the Hayabusa2 near-infrared spectrometer (NIRS3)
Nicholas Moskovitz and the MANOS Team. The Mission Accessible Near-Earth Object Survey (MANOS)
Pierre Vernazza et al. Investigation of the interior of primordial asteroids and the origin of the Earth's water: The
INSIDER space mission
A. Alvarez-Candal et al. A study of the absorption features of Makemake
Csaba Kiss et al. The extreme Centaur 2013 AZ60

Vincent Debout et al. Radiative-transfer model for simulating infrared spectra for the Ceres water exosphere
Pedro Henrique Hasselmann et al. A photometric model for asteroid (21) Lutetia
Nataliya Kovalenko et al. Dynamical evolution of some scattered-disc objects
Jakub Rozehnal and Miroslav Bro. Long-term evolution of asteroid families among Jovian Trojans
Vladislav Sidorenko. Dynamics of 'jumping' Trojans: Perturbative treatment
Takashi Ito and Arika Higuchi. Dynamical lifetime of the new Oort Cloud comets under planetary perturbations
Hans Rickman et al. A new model of physical evolution of Jupiter-family comets
Jan Svoren. Distribution of brightenings of periodic comets during the 9-22 cycles of solar activity
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A meteor head echo is caused by radio waves scattering from the intense region of the plasma surrounding
and co-moving with a meteoroid during atmospheric entry at about 70�130 km altitude. Meteor head echo
observations were carried out using the high-power large-aperture (HPLA) Kyoto university Shigaraki middle
and upper atmosphere (MU) radar in Japan (34.85� N, 136.10� E). The 46.5 MHz MU radar consisting of 475
crossed Yagi antennas has a nominal transmitter peak power of 1 MW and comprises a circular, phased-array
antenna with a diameter of 103 m. The MU radar beam was pointed in the zenith direction with the �eld of
view of � 15� . Since 2009 the atmospheric trajectories and interplanetary orbital elements have been derived
using the MU radar meteor head echoes (e.g. [1�3]). More than 140,000 sets of orbital elements of meteors
were obtained until January 2014. Typical errors for velocity and perihelion distance are 0.25 km/s and
0.003 au, respectively. Such a huge number of meteoroid orbits with precise orbital accuracies has not been
observed before. Here we report population of 2009�2013 Geminid and 2014 Quadrantid meteoroids. The
orbits of Geminids' meteoroids, whose parent body is a comet-asteroid transition object (3200) Phaethon
[4], were observed in 2009 (n = 163), 2010 (n = 310) and 2013 (n = 513) whereas Quadrantids (n = 223),
whose parent body is 2003 EH1 [5], were obtained in 2014. Figure shows radiant distributions (RA &
DEC) and orbital elements (perihelion distance - eccentricity) of Geminids as a function of the Radar Cross
Section (RCS) which is approximately a linear function of the log of electron line densities of a meteor
trail corresponding to a meteoroid mass. The meteoroid orbital evolution of Geminids and Quadrantds
considering Poynting-Robertson drag will be discussed compared with their parent bodies.

Figure: Radiants and orbital elements of 2009�2013 Geminids as a function of RCS (Radar Cross Section).

References: [1] Kero J. et al., (2011): First results from the 2009�2010 MU radar head echo observation
programme for sporadic and shower meteors: the Orionids 2009, MNRAS 416, 2550�2559. [2] Kero J. et
al., (2012): The 2009�2010 MU radar head echo observation programme for sporadic and shower meteors:
radiants and diurnal rates, MNRAS 425, 135�146. [3] Kero J., Szasz C., Nakamura T., (2013): MU head
echo observations of the 2010 Geminids: radiant, orbit, and meteor �ux observing biases, Ann. Geophys.
31, 439�449. [4] Jewitt D., et al. (2012): The Dust Trail of Asteroid (3200) Phaethon [5] Jenniskens, P.
(2004) :2003 EH1 Is the Quadrantid Shower Parent Comet, AJ 127, 3018�3022.
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NASA's asteroid redirect mission: Robotic boulder capture option
P. Abell1, J. Nuth 2, D. Mazanek3, R. Merrill 3, D. Reeves3, and B. Naasz2
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2NASA Goddard Space�ight Center
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Background: NASA is examining two options for the Asteroid Redirect Mission (ARM), which will return
asteroid material to a Lunar Distant Retrograde Orbit (LDRO) using a robotic solar-electric-propulsion
spacecraft, called the Asteroid Redirect Vehicle (ARV). Once the ARV places the asteroid material into the
LDRO, a piloted mission will rendezvous and dock with the ARV. After docking, astronauts will conduct
two extravehicular activities (EVAs) to inspect and sample the asteroid material before returning to Earth.
One option involves capturing an entire small (� 4�10 m diameter) near-Earth asteroid (NEA) inside a
large in�atable bag. However, NASA is also examining another option that entails retrieving a boulder
(� 1�5 m) via robotic manipulators from the surface of a larger (� 100+ m) pre-characterized NEA. The
Robotic Boulder Capture (RBC) option can leverage robotic mission data to help ensure success by targeting
previously (or soon to be) well-characterized NEAs. For example, the data from the Japan Aerospace
Exploration Agency's (JAXA) Hayabusa mission has been utilized to develop detailed mission designs that
assess options and risks associated with proximity and surface operations. Hayabusa's target NEA, Itokawa,
has been identi�ed as a valid target and is known to possess hundreds of appropriately sized boulders on its
surface. Further robotic characterization of additional NEAs (e.g., Bennu and 1999 JU3) by NASA's OSIRIS
REx and JAXA's Hayabusa 2 missions is planned to begin in 2018. This ARM option reduces mission risk
and provides increased bene�ts for science, human exploration, resource utilization, and planetary defense.
Science: The RBC option is an extremely large sample-return mission with the prospect of bringing back
many tons of well-characterized asteroid material to the Earth-Moon system. The candidate boulder from
the target NEA can be selected based on inputs from the world-wide science community, ensuring that
the most scienti�cally interesting boulder be returned for subsequent sampling. In addition, the material
surrounding the boulder can be collected from the surface, thus providing geological contextual information
and additional samples of NEA regolith. The robotic manipulators used for capturing the boulder will
ensure some of the surface remains undisturbed and that the boulder will retain its structural integrity,
which will preserve the context of any samples collected by the astronauts and ensure a high level of science
return.
Human Exploration: Due to the coherent nature of the boulder that will be collected, entire encapsulation
of the asteroid material is not required. This facilitates exploration and sample collection of the boulder
by astronauts in a variety of ways. The total time for EVA during the crew portion of the mission is very
limited. Current estimates are that each of the two EVAs will only last four hours. The RBC option will
allow crew members to have good situational awareness of the work site and quickly identify sample sites
of interest. In addition, the samples to be collected can be readily accessed without having to deal with
removal of an encapsulation system, which adds extra complexity and risk for the astronauts during EVA.
Resource Utilization: One of the most crucial aspects for resource utilization is the identi�cation and
collection of appropriate materials (e.g., volatiles, organics, metals, etc.) that contain components of interest.
Prior characterization of NEAs is required in order to increase the likelihood that appropriate materials will
be returned. Ground-based observations of small (<10 m) NEAs are challenging, but characterization
e�orts of larger targets have demonstrated that NEAs with volatiles and organics have been identi�ed. Two
potential targets for the RBC option (Bennu and 1999 JU3) have been previously identi�ed as potentially
rich in resources, and both are already targets of currently planned robotic missions that will characterize
their physical properties in great detail.
Planetary Defense: The RBC option involves interaction with a well-characterized potentially-hazardous-
sized NEA that would enable NASA to conduct one or more planetary defense demonstrations. The primary
method would use the collected boulder to augment the mass of the ARV and perform an Enhanced Gravity
Tractor (EGT) demonstration on the NEA. Additionally, other approaches could be demonstrated during
the mission, such as Ion Beam De�ection (IBD) and/or observation of a Kinetic Impactor (KI). The relative
e�ectiveness of a slow push-pull method such as the EGT or IBD could be directly compared and contrasted
with the results of the more energetic KI method on the target NEA.
Conclusions: This boulder option for NASA's ARM can leverage knowledge of previously characterized
NEAs from prior robotic missions, which provides more certainty of the target NEA's physical characteristics
and reduces mission risk. This increases the return on investment for NASA's future activities with respect
to science, human exploration, resource utilization, and planetary defense.
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The multiple tails of the active asteroid P/2013 P5
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The active asteroid P/2013 P5 is an inner main-belt asteroid with a diameter of< 480m. It was discovered
in August 2013 by the Pan-STARRS sky survey, following a brightening episode that produced a comet-like
appearance.
We obtained high-resolution images of P5 with the Hubble Space Telescope that revealed an intricate system
of six dust tails emerging from the nucleus (see �gure). We have modeled the dynamics of the ejected dust
under the in�uence of solar gravity and radiation pressure, and found that each tail contained dust ejected
at a speci�c date in the spring or summer of 2013. The activity of P5 continued over many months and
took place in bursts of short duration, with no apparent pattern of periodicity.
In view of the episodic nature of the activity, we exclude an impact or collision as its cause. Also, sublimation
of subsurface ices is unlikely in this object, because temperatures in the inner part of the main asteroid belt
are too high for asteroids to harbour ices over the age of the solar system. We therefore think that the most
likely cause of activity is rotation-driven break-up, where YORP or other torques have increased the spin
rate of the asteroid to the point where surface material breaks loose and escapes the gravity �eld of the
nucleus.
We present the details of our modeling, and discuss the implications of our results for the cause of activity.

Figure: The tail system of the active asteroid P/2013 P5 on September 10 and 23, 2013 in the Hubble
Space Telescope images.

Acknowledgements: Based on observations made with the NASA/ESA Hubble Space Telescope, with
data obtained at the Space Telescope Science Institute (STScI). Support for program 13475 was provided
by NASA through a grant from the STScI, which is operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS 5-26555.

References: Jewitt, D., et al. (2013), ApJL 778, L21, �The extraordinary multi-tailed Main-Belt Comet
P/2013 P5�.
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Maximizing the detection of near-Earth objects
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Planetary bodies with a perihelion equal or less than 1.3 astronomical units (au) are called near-Earth
objects (NEOs). These objects are divided into 4 sub-families, two of them cross Earth's orbit and may be a
potential hazard for the planet. The Tunguska event and the incident in Chelyabinsk last year have shown
the devastating destructiveness of NEOs with a size of only approximately 40 and 20 meters, respectively.
To predict and identify further threats, telescopic NEO surveys currently extend our knowledge of the
population of these objects.
Today (March 2014) approximately 10,700 NEOs are known. Based on an extrapolation of the current
population, Bottke et al. (2002) predict a total number of N � (1:0 � 0:5) � 108 NEOs up to an absolute
magnitude of H = 30:5 mag. Additionally, Bottke et al. (2002) computed a de-biased model of the expected
orbital elements distribution of the NEOs. They have investigated the theoretical distribution of NEOs by
a dynamical simulation, following the orbital evolution of these objects from several source regions.
Based on both models we performed simulations of the detectability of the theoretical NEO population
for certain telescopes with certain properties. The goal of these simulations is to optimize the search
strategies of NEO surveys. Our simulation models the optical telescope attributes (main and secondary
mirror size, optical throughput, �eld-of-view), the electronics (CCD Camera, pixel size, quantum e�ciency,
gain, exposure time, pixel binning, dark / bias noise, Signal-to-Noise ratio), atmospheric e�ects (seeing, sky
background illumination) and the brightness and angular velocity of the NEOs.
We present exemplarily results for two telescopes, currently developed by the European Space Agency for a
future NEO survey: the so-called Fly-Eye Telescope, a 1-m e�ective aperture telescope with a �eld of view
of 6:5 � 6:5 deg2 and the Test-Bed Telescope, with an aperture of 56 cm and a �eld of view of2:2 � 2:2
deg2. The results of both telescopes can be easily adapted to other telescopes with similar properties. We
show di�erent observation strategies to maximize the detection rate of undiscovered NEOs depending on
di�erent telescope operation modes (exposure time, pixel binning) and di�erent sky conditions (seeing, sky
background brightness).

References: Bottke, W. F., Morbidelli, A., Jedicke, R., Petit, J.-M., Levison, H. F., Michel, P., Metcalfe,
T. S., 2002. Debiased orbital and size distribution of near-Earth objects, Icarus 156, 399�433.
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Transneptunians as probes of planet building: The Plutino size distribution
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Planetesimals that formed during planet formation are the building blocks of giant planet cores; some
are preserved as large transneptunian objects (TNOs). Previous work has shown steep power-law size
distributions for TNOs of diameters > 100 km. Recent results claim a dramatic roll-over or divot in the size
distribution of Neptunian Trojans (1:1 resonance with Neptune) and scattering TNOs, with a signi�cant
lack of intermediate-size D < 100 km planetesimals [1,2,3]. One theoretical explanation for this is that
planetesimals were born big, skipping the intermediate sizes, contrary to the expectation of bottom-up
planetesimal formation.
Exploration of the TNO size distribution requires more precisely calibrated detections in order to improve
statistics on these results. We have searched a 32 sq.deg. area nearRA = 2 hr to an r-band limiting
magnitude of mr = 24:6 using the Canada-France-Hawaii Telescope. This coverage was near the Neptunian
L4 region to maximise our detection rate, as this is where Neptunian Trojans reside and where Plutinos
(and several other resonant populations) come to perihelion. This program successfully detected and tracked
77 TNOs and Centaurs for up to 17 months, giving us both the high-quality orbits and the quantitative
detection e�ciency needed for precise modelling.
Among our detections were one Uranian Trojan, two Neptunian Trojans, 18 Plutinos (3:2 resonance with
Neptune) and other resonant objects. We test TNO size and orbital-distribution models using a survey
simulator, which simulates the detectability of model objects, accounting for the survey biases. We show
that the Plutino size distribution cannot continue as a rising power law past H r � 8:3 (equivalent to � 100
km). A single power law is found rejectable at 99.5 % con�dence, and a knee (a broken power law to a softer
slope) is also rejectable. A divot (sudden drop in number of objects at a transition size), with parameters
found independently for scattering TNOs by Shankman et al. [2], provides an excellent match. Due to our
study's high-quality detection e�ciency and sensitivity to H magnitudes well past the transition, we will
show that the Plutino population shares an abrupt de�cit of TNOs with D slightly below about 100 km.

Figure: Di�erential H-magnitude distribution of the real Plutinos from combining our new survey with
CFEPS (blue), as well as simulated detections assuming a single power-law size-distribution (red), a broken
power-law size-distribution (magenta) and a divot size distribution (green).

Acknowledgements: Supported by the Canadian National Sciences and Engineering Research Council.

References: [1] Sheppard, S. and Trujillo, C. (2010), ApJL 723, L233-L237. [2]Shankman, C. et
al. (2013), ApJL 764, L2. [3] Alexandersen, M. et al. (2014), In preperation.
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Physical properties of small B-type asteroids from SDSS and WISE data
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In this work, we study the physical properties from WISE data (Wright et al. 2010, Mainzer et al. 2011,
Masiero et al. 2011) of a list of asteroids whose Sloan Digital Sky Survey (SDSS) data are compatible with
those of B types in terms of their negative visible slopes (see, for example, de Leon et al. 2012). This
allows us to extend to smaller-sized objects the study of spectroscopic B-types carried out by Ali-Lagoa et
al. (2013), where we concluded that the members of the Pallas collisional family (PCF) have signi�cantly
di�erent geometric albedos than the rest of the B types.
Grav et al. (2012) pointed out that, even though the small-end members of the Jupiter Trojans appear to
have higher geometric visible albedos than their larger counterparts (see their Figure 3), this is actually an
artifact caused by the natural spread of the errors of the smaller objects and that there is no strong trend
between size and albedo for the Jupiter Trojans. This motivates us to examine � in a di�erent context,
since we are not proposing an albedo-size dependency � the possibility that the abovementioned di�erence
between the PCF and the rest of spectroscopic B types may also be caused by the former being smaller
than the latter, which would introduce potential biases and/or result from larger relative errors in the values
of the geometric albedo, since it is derived from poorer-quality asteroid absolute magnitudes and best-�t
radiometric diameters.

Acknowledgements: V.A.L. acknowledges support from the project AYA2011-29489-C03- 02 (MEC, for-
mer Spanish Ministry of Education and Science). J.L. acknowledges support from the projects AYA2011-
29489-C03-02 and AYA2012-39115-C03-03 (MINECO, Spanish Ministry of Economy and Competitiveness).
This publication makes use of data products from the Wide-�eld Infrared Survey Explorer, which is a joint
project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Insti-
tute of Technology, funded by the National Aeronautics and Space Administration. This publication also
makes use of data products from NEOWISE, which is a project of the Jet Propulsion Laboratory/California
Institute of Technology, funded by the Planetary Science Division of the National Aeronautics and Space
Administration. We made use of the NASA/IPAC Infrared Science Archive, which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the NASA.

References: Ali-Lagoa, V., de Leon, J., Licandro, J., et al. 2013, A&A, 554, A71; de Leon, J., Pinilla-
Alonso, N., Campins, H., Licandro, J., & Marzo, G. A. 2012, Icarus, 218, 196; Grav, T., Mainzer, A. K.,
Bauer, J. M., et al. 2012, ApJ, 759, 49; Mainzer, A., Grav, T., Masiero, J., et al. 2011, ApJ, 736, 100;
Masiero, J. R., Mainzer, A. K., Grav, T., et al. 2011, ApJ, 741, 68; Wright, E. L., Eisenhardt, P. R. M.,
Mainzer, A. K., et al. 2010, AJ, 140, 1868.
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On the pre-perihelion temporal activity of comet 9P/Tempel 1 during the
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The short-period (5.5 years) comet 9P/Tempel 1 was revisited by NASA's Stardust-NExT probe in 2011
February 15, in a �yby at a distance of only about 181 km. This is the �rst time a comet is visited twice by
two di�erent probes (the �rst visit in 2005 July 4, by NASA's Deep Impact probe). Tempel 1 is not a bright
or very active comet. The brightest apparent magnitude in 25 appearances, since the discovery (1867), has
been m = 9 :5, well below the limit of visibility to the naked eye. Here, we study the temporal activity,
based on 495 apparent visual magnitude estimates (ICQ), obtained during the very favorable apparition of
2005 (the comet passed at 0.71 au from the Earth in 2005 May 3) by the Semi-Empirical Method of Visual
Magnitudes (SEMVM, de Almeida, Singh&Huebner, 1997). We determine a model dependent activity at the
time immediately before the Deep Impact (4 July 2005 at 5:52 UTC) in fairly good agreement with Schleicher
et al. (2006), Feaga et al. (2007) and Gicquel et al. (2012) from the Spitzer spacecraft observations, and
a day later, at the time of the perihelion passage (5 July 2005 at 5:31 UTC), also in good agreement with
Biver et al. (2007) and Farnham et al. (2010), most likely powered by water-ice sublimation. Our results
are consistent, for an active area of 10% and a minimum nuclear radius of 2.5 km , with the radio OH
observations in 18-cm (Howell et al., 2007; Biver et al., 2007), and the H2O observations by satellites SWAN
(Mäkinen et al., 2007; Bensch et al., 2007) and Odin (Biver et al., 2007), in the pre-perihelion phase.
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The CN-radical and OH-parent production rates in comet C/1977 R1 (Kohler)
A. de Almeida1, J. de Freitas Pacheco2, S. Codina Landaberry1, and G. Serrano1

1University of São Paulo, Brasil
2Observatoire de la Côte d'Azur, France

The present work aims at obtaining information on the overall activity of the bright and extremely long-
period (over 100,000 years with a nearly parabolic orbit) comet 1977m = 1977 XIV = C/1977 R1 (Kohler).
The comet was observed with an Optical Multichannel Analyzer (OMA) of 500 channels, attached to the
0.61-m Boller & Chivens telescope at the Abrahão de Moraes Observatory of the University of São Paulo in
Valinhos (SP, Brazil).The spectral region scanned was in the interval 3555 Åto 4140 Å, where the intense
CN (0,0) band was detected. The continuum was very weak suggesting a low dust-to-gas ratio. From
the 8:56 � 10� 11 erg cm� 2 s� 1 total observed �ux corrected for atmospheric extinction of the CN (0,0)
spectrum, a total number and a production rate of CN molecules in the coma was computed as1:8 � 1031

and 7:8 � 1025 molecules s� 1, respectively. We also have deduced, semi-empirically (de Almeida, Singh
& Huebner 1997), the OH-parent (presumably H2O) production rates from the photometric observations
(total visual brightness) taken from the ICQ Archive of Photometric Data on Comets. Our present result
(3:01� 1028 molecules s� 1 at 0.991 au) is in excellent agreement with that obtained by Despois et al. (1979).
Assuming a fractional active surface area of 10% on the sunlit hemisphere, we estimate a minimum e�ective
nuclear radius of 4.2 km for comet Kohler.

Acknowledgements: In memoriam: S. Codina Landaberry. Figure by courtesy of Michael Kohler.
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Most transneptunian objects do not show prominent absorption features due to the size and location [1].
Nevertheless, absorption due to water ice and volatile ices do appear on a few large objects, particularly
those that have good signal-to-noise-ratio spectra. In particular, methane appears in three dwarf planets
(Pluto, Eris, and Makemake), as well as in some smaller objects, such as Quaoar and probably Sedna, and
in Neptune's satellite Triton.
Methane has such intense absorption features that even small amounts of methane on the surface dominate
the re�ectance spectra in the visible and near-infrared range, making it a great tool to probe surfaces,
especially, considering that the depth of the bands could be used as a proxy for physical depths and that
shifts in the bands with respect to laboratory measurements could point to possible dilutions (as seen in
Pluto and Eris; for instance [3] and references therein).
Aiming at gaining a deeper insight into Makemake's surface through its methane absorption bands, we have
observed it with X-Shooter at the VLT with a medium spectral resolution in the range of 0.4�1.8 microns.
In this work, we present the results of comparing these features with those of methane in the laboratory and
the same features in Eris and Pluto, within the context of methane-dominated spectra of dwarf planets.

References: [1] Schaller, E.L., Brown, M.E., 2007, Astron. J., 659, L61. [2] Barucci, M.A., et al., 2011,
Icarus, 214, 297. [3] Alvarez-Candal, A., et al., 2011, Astron. Astroph., 532, A130.
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A close look at the Vestan Rheasilvia basin: The Tarpeia crater
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From July 2011 to August 2012, the Dawn spacecraft orbited around Vesta [1] and the Visible InfraRed
mapping Spectrometer (VIR) acquired spectra from 0.2 to 5µm of its surface [2]. The instrument has been
operative during Survey, High Altitude Mapping (HAMO), and Low Altitude Mapping (LAMO) orbits as
well as during Approach and Departure phases providing an almost global coverage of the surface. Data from
LAMO are those with the highest resolution. 70 m/px is the nominal resolution in this orbit in comparison
with 170 m/px and 700 m/px that are the typical resolutions during HAMO and Survey, respectively. While
the VIR coverage in this mission phase is limited to less than 1 % of the surface, the LAMO dataset provides
a detailed view of some localized areas.
Vesta exhibits ubiquitous pyroxene absorption bands [3] with variations of band center position, band depth
and other band parameters at both large and small scales [4]. In particular, there is a strong indication that
the Rheasilvia basin has its own spectral characteristics: on average, the pyroxene absorption bands are
deeper, wider, and their center positions are shifted towards shorter wavelengths, and the central mound
has relatively low spectral diversity [5]. These spectral behaviors indicate the presence of Mg-pyroxene-rich
terrains in Rheasilvia, occurrence con�rmed by the Gamma-Ray and Neutron Detector [2] and the Framing
Camera color data [6], the other two instruments on the Dawn spacecraft.
The focus of the present study is the analysis of compositional variations of small-scale surface features
within the Rheasilvia basin. We made use of LAMO data, which have the highest resolution and provide a
detailed view of some localized areas of Vesta's surface. Most of LAMO data cover the South Polar region,
where the giant impact basin RheaSilvia is located. An example is Tarpeia, a crater with a diameter of
about 40 km located within the Rheasilvia basin at -70°lat and 29°E-lon (Claudia Coordinate System).
This crater has been chosen because spectra of this location have been acquired during all the mission
phases. For this reason, it was possible to verify the consistency of measurements from the same region but
acquired in di�erent mission phases which is particularly important within the Rheasilvia basin, where the
viewing geometries were unfavorable. In addition, the existence of spectral images from di�erent mission
phases make Tarpeia a good example to illustrate, how the composition diversity is better revealed with
higher-resolution data. Using a method already applied to VIR spectra at larger scales [7], we identi�ed,
within Tarpeia, regions with di�erent amounts of Fe in pyroxene. In particular, in the west side of the
crater, the bottom part of the wall and part of the �oor has been found to be composed of Fe-rich pyroxene.
Pyroxene in the rest of the internal part of the crater as well as its surroundings have Fe content in line
with the average of Vesta, while some spots in the region just outside the crater rim are enriched in Mg-rich
pyroxene. Since Rheasilvia is dominated by Mg-rich pyroxenes terrains, the origin of the Fe-rich unit is
still unclear. However, the presence of Fe-rich and Mg-rich pyroxene within the same topographic feature
suggests a heterogeneous composition of the surface in this particular location of the surface.

Acknowledgements: The authors gratefully acknowledge the support of the Dawn Instrument, Operations,
and Science Teams. This work is supported by NASA through the Dawn project and by an Italian Space
Agency (ASI) grant.

References: [1] Russell C.T. et al. MAPS 2013. [2] De Sanctis et al., SSR, 163, 2011. [3] McCord T.B.
et al., Science 168, 1970. [4] De Sanctis et al. Science 2013. [5] McSween et al JGRE 2013. [6] Prettyman
et al. Science 2013. [7] Reddy et al. Science 2013.
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Meteoroids on peculiar orbits
V. Andreev1

1Kazan State Power Engineering University

Analysis of meteor catalogues reveals the presence of meteoroids on orbits di�erent from other small bodies.
These orbits are characterized by small sizes (the semi-major axis is less than 1.73 au) and retrograde
motions (the inclination is greater than 90 degrees). These meteoroids have the Tisserand invariant relative
to Jupiter

TJ =
1
a

+ 2A � 3=2
J

q
a(1 � e2) cosi

larger than 0.5767 and meteoroid orbit inclination i larger than 90 degrees. The percent ratio varies from
0.6 % (McCrosky and Posen photographic meteor catalogue) to 31 % (Kharkov radiolocation meteor cata-
logue). In the present time, we do not know evolutional mechanisms changing drastically orbital inclinations
other than close encounters with the major planets. Therefore, it is natural to look for the parent bodies for
these meteoroids among small bodies already moving on orbits with inclinations greater than 90 degrees.
These small bodies known now are comets. The distributions of orbital elements are presented and analyzed.
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Sporadic meteoroid complex: Modeling
V. Andreev1
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The distribution of the sporadic meteoroids �ux density over the celestial sphere is the common form of
representation of the meteoroids distribution in the vicinity of the Earth's orbit. The determination of the
�ux density of sporadic meteor bodies is

Q(V; e; f ) = Q0Pe(V )P(e; f )

where V is the meteoroid velocity, e; f are the radiant coordinates, Q0 is the meteoroid �ux over whole
celestial sphere,Pe(V ) is the conditional velocity distributions and P(e; f ) is the radiant distribution over
the celestial sphere. The sporadic meteoroid complex model is analytical and based on heliocentric velocities
and radiant distributions. The multi-mode character of the heliocentric velocity and radiant distributions
follows from the analysis of meteor observational data. This fact points to a complicated structure of the
sporadic meteoroid complex. It is the consequence of the plurality of the parent bodies and the origin
mechanisms of the meteoroids. The meteoroid complex was divided into four groups for that reason and
with a goal of more accurate modelling of velocities and radiant distributions. As the classifying parameter
to determine the meteoroid membership in any group, we adopt the Tisserand invariant relative to Jupiter

TJ =
1
a

+ 2A � 3=2
J

q
a(1 � e2) cosi

and the meteoroid orbit inclination i . Two meteoroid groups relate to long-period and short-period comets.
One meteoroid group is related to asteroids. The relationship to the last, fourth group is a problematic one.
Then, we construct models of radiant and velocity distributions for each group. The analytical model for
the whole sporadic meteoroid complex is the sum of the ones for each group.
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Vesicle-metal-sul�de assemblages from the Chelyabinsk meteorite
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On February 15, 2013, an ET object entered the Earth's atmosphere over the Russian city of Chelyabinsk.
It entered at a preatmospheric velocity of 18.6 km/sec at the angle of 17�20°. The bolide responsible for
this event was estimated to be 17-20 m in diameter and had a mass of� 10 Ktons; the ensuing airburst
occurred at an altitude > 20 km and released a total energy of� 440 kT [1,2]. The Chelyabinsk meteorite
is an equilibrated LL5 ordinary chondrite, shock stage S4, and weathering grade WG0 similar to other
LL5 falls [1,2]. Our studied sample is an impact melt breccia consisting of shock-darkened chondrite clasts
(SDC) and vesicular impact melt lithology (IML). The SDC have recrystallized textures and contain barred-
and porphyritic-olivine, porphyritic-olivine-pyroxene and radial-pyroxene chondrules in the intrachondrule
matrix. A dense network of thin fractures in the SDC is �lled up with opaque minerals [cf. 3]. Metals
in the SDC are kamacite (4.7�8.5 % Ni), taenite (21.4�33.5 % Ni), and martensite (14.5�18.6 % Ni). The
IML consists mostly of tiny ( < 10 microns) silicate grains surrounded by patches of glass. The IML is
characterized by the presence of multiple vesicles (up to 1 mm) in silicate matrix. The vesicles are often
�lled up with sul�de-metal assemblages or only with sul�de. Metals in the IML are martensite (12.9�18.4 %
Ni) and taenite (19.3�47.3 % Ni). Sul�des from both SDC and IML are Ni-bearing troilite (62.2�64.2 % Fe;
35.2�37.2 % S; 3000�5000 ppm Ni), with rare pentlandite (41.2�48.6 % Fe, 33.2�34.3 % S, 19.4�23.9 % Ni).
The presence of abundant vesicles in the IML indicates strong heating and volatilization. Since no other
phase except for sul�de-metal assemblages were observed to �ll up vesicles, the likely source of volatiles is
S vapor formed by vaporization of FeS during impact melting [cf. 4]. Molten metal and sul�de coalesced
into droplets of metal-sul�de liquids forming eventually sul�de-metal assemblages. A notable compositional
di�erence is observed between sul�des not containing metals and those with metals. The metal-free sul�des
display higher concentrations of such elements as Ni, Co, Ga, Ge, As, Mo, Ru, Pd, Sn, Sb, Te, Au, and Hg,
and lower amounts of Cu than their metal-bearing counterparts. The metal-free sul�des may represent loci of
former �parental� Fe-S liquid where separation of Fe-Ni-rich from S-rich compositions had just begun and the
process was �frozen� by rapid cooling. Troilites from the SDC are much more homogeneous in terms of the
trace elements than troilites from the IML. These data suggest that the time was su�cient for equilibration
of troilites in the SDC and they formed before the melting impact event, likely, during shock events at earlier
stages of the asteroid evolution. The fact that there are so many vesicles in the IML, and that they grow to
such a large size indicates that the melt must have been buried at some depth after formation but before
solidi�cation, otherwise volatiles would escape to space. After the impact and melting occurred on the
asteroid body, the impact-induced pressure relieved sharply, causing �boiling� of volatiles and generation of
vesicles �lled later with S-rich liquid. Degassing of such liquid started immediately after the impact pressure
was released, but a time lapse during which the degassing had been active was extremely short, i.e., silicate
matrix solidi�ed so quickly that cavities (resulted from the escape of some S-rich vapor) did not collapse,
and survived in the meteor body until now. Benedix et al. [5] suggested that such solidi�cation took place
within a few hours in the case of the PAT 91501 L chondrite meteorite, and [4] calculated that the time of
solidi�cation of the impact melt in the case of the LAR 06299 LL chondrite was less than one hour. The
absence of kamacite and instead the presence of martensite in metals from metal-sul�de assemblages of the
IML also points to fast solidi�cation after the impact-induced melting occurred. Compositions of martensite
and coexisting taenite suggest that Fe-Ni partitioning stopped at temperatures� 450� C [6] not allowing
kamacite to crystallize. A high scatter of trace element amounts between sul�de individuals and between
metal individuals in the IML also suggests that the inner equilibration was not reached during the cooling.
Therefore, sul�de- metal assemblages were very quickly solidi�ed and cooled down below the temperatures
at which the di�usion stopped, which is consistent with fast cooling of the impact-induced melt.

Acknowledgements: The authors are very grateful to M. Farmer who provided us with a sample of the
Chelyabinsk meteorite. This study was supported in part by the NASA Cosmochemistry Grant NNX10AH
50G.
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Spectral measurements of howardites in support of the interpretation of the Dawn
VIR spectra at Vesta
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The howardites, eucrites, and diogenites constitute a suite of meteorite lithologies (HED) known to be
related to asteroid Vesta [1]. Howardites are physical mixtures of eucrites and diogenites. Howardites are
divided in two subtypes: regolithic howardites are actually linked to the true regolith, while fragmental
howardites are simple polymict breccias [2]. Mapping of Vesta's surface, as obtained with data from Visible
and Infrared mapping Spectrometer (VIR) on Dawn [3,4], showed that it is mainly howarditic, with few
regions of diogenite-rich and eucrite-rich terrains [5, 6]. In order to map quantitatively the distribution of
lithologic types on Vesta, we are carrying on a study of a set of well-characterized howardites [7]. Spectra
were measured on sample powders sieved to 75µm in the laboratories of the Istituto di Astro�sica e
Planetologia Spaziali (IAPS-INAF) in Rome (Italy) and Brown University, in Providence (USA). Here we
report about the measurements done at IAPS-INAF. The spectra of 33 samples have been acquired with
the S.LAB setup, consisting in the FieldSpec Pro© spectrometer (range 0.35�2.5µm, spatial resolution 0.5
cm2) coupled with a goniometer (incidencei = 30 � , emissione = 0 � ) [8]. Some representative spectra of
the measured howardites are shown in the �gure. The spectra are characterized by the two broad Fe2+

absorption bands near 1 and 2µm (BI and BII) indicative of pyroxenes. Band parameters relative to BI
and BII have been calculated using the algorithm developed to process VIR spectra [4]. This enables us to
compare laboratory data directly with the VIR results. Other weaker absorptions also characterize some
spectra: the 0.5µm feature (Mn2+ or Cr3+ ) and the 1.2 µm feature possibly due to Fe2+ in plagioclases.
The PRA04401 sample is characterized by a pyroxene-carbonaceous matter mixture [7].

Figure: Illustrative spectra of some of the analyzed howardites.

References: [1] McSween et al. (2013) Meteoritics Planet. Sci. 48, 2090�2104. [2] Warren et al. (2009)
Geochim. Cosmochim. Acta 73, 5918�5943. [3] De Sanctis et al. (2011), Space Science Reviews 163:329�
369. [4] Russell et al., (2013), Meteoritics & Planetary Science, doi: 10.1111/maps.12091. [5] De Sanctis
et al. (2012) Science 336, 697�700. [6] Ammannito et al. (2013) Meteoritics Planet. Sci. 48, 2185�2198.
[7] Mittlefehldt et al. (2013) Meteoritics Planet. Sci. 48, 2105�2134. [8] Coradini et al. (2005) ACM.
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Estimating the angle of friction of blocks on rubble-pile asteroid Itokawa
T. Aoki 1, A. Nakamura1, and N. Hirata2
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The angle of internal friction and cohesion are measures of the mobility or strength of granular material and
are key parameters that control granular processes such as landslides. The shape and spin of a rubble pile
or self-gravitating body are dependent on these parameters [1]. These are also thought to be responsible
for the crater-formation process [2]. Therefore, it is important to be able to estimate these parameters to
better understand how granular processes work on rubble- pile bodies and regolith surfaces.
This paper presents an estimate of the angle of internal friction of blocks on the surface of the near-Earth
asteroid Itokawa [3]. Our analysis is based on a study of terrestrial granular particles that showed a linear
relationship between the angle of friction and the circularity of the two-dimensional projected image of
the particles [4]. The circularity is de�ned as 4�A=L 2, where A and L denote the projected area and the
circumference, respectively. The circularity of the contour of the Itokawa block was measured using Image-J
[5]. Similar image analyses were conducted for a range of granular materials in the laboratory. The �gure
shows that the circularity of the Itokawa blocks is similar to that of collisional fragments [6] and silica sand
particles.
We measured the angle of internal friction for some of the granular materials used in the shape analyses in
a direct shear test and obtained a linear relationship between the circularity and angle of internal friction.
Using this empirical relationship and the measured circularity of the Itokawa blocks, we estimated that
the angle of internal friction of the Itokawa blocks is about 40 degrees. This is consistent with the slope
distribution of the Itokawa surface: most of the surface of Itokawa is inclined within 40 degrees [3].
We use the resulting angle of internal friction to discuss the stability of a large boulder, called Pencil. Pencil
has a distinct positive relief, as if part of the boulder were embedded in the local terrain [7]. Based on the
estimated inclination angle of the boulder to the local surface, the gravity acceleration, and the estimated
angle of internal friction, we suggest that more than 30 % of the total length of Pencil is embedded beneath
the surface.

Figure: Circularity of Itokawa blocks and various granular materials versus the projected area of the
particles.
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Sci. 39, 217. [3] Fujiwara, A. et al., 2006. Science 312, 1330. [4] Yoshimura, Y and Matsuoka, H., 2002.
J. Jpn. Geotech. Soc. 50, 20. (in Japanese). [5] Schneider, C. A. et al., 2012. Nature Methods 9, 671. [6]
Nakamura, A. and Fujiwara, A. 1991. Icarus 92, 132. [7] Saito, J. et al., 2006. Science 312, 1341.
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Photometric observations of six asteroids at NAO Rozhen in May 2013 � February
2014
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Lightcurve analysis is presented for six main belt asteroids, 289 Nenetta, 1270 Datura, 1291 Phryne, 1394 Al-
goa, 2381 Landi, and 2911 Miahelena, observed at Bulgarian National Astronomical Observatory Rozhen in
May 2013 - February 2014. The observations are made by a 50/70 Schmidt telescope with the FLI PL16803
CCD camera and a 60-cm Cassegrain telescope with the FLI PL9000 CCD camera. Aperture photometry of
the asteroids and comparison stars was performed using the CCDPHOT software [1]. For the lightcurve anal-
ysis, we used the MPO Canopus v10.4 software package [2] that produces composite lightcurves, calculates
rotational periods, provides the Fourier analysis procedure, and estimates the amplitude of the lightcurves.
Results of lightcurve analysis: The observations of289 Nenetta were carried out in three nights: 6,
17 and 19 May 2013 when the solar phase angle increased from 4.7 to 9.2 deg. Using the published period
of 6.914 h [3], we construct a composite lightcurve which covers only 90% of the rotational phase of the
asteroid. The shape of the lightcurve is very asymmetrical with an amplitude of 0.17 mag.1280 Datura
is the largest body of the young family recently dated to only 450,000 years ago [4]. It was observed during
two successive nights on 2 and 3 November 2013. The composite lightcurve shows a very asymmetric shape
with an amplitude of 0.71 mag. The estimated period is 3.359� 0.012 h which is equal to the one published
in [3]. This lightcurve taken at very high phase angle of 27.5 deg may be used in the future to re�ne the spin
state and shape derived in [5].1291 Phryne is a member of the Eos family. Using observations from two
successive nights on 7 and 8 January 2014, we constructed a composite lightcurve. The estimated period is
equal to the one published in [6] with an amplitude of 0.32 mag. A Fourier �t of order 9 reveals a slightly
asymmetric shape of the lightcurve with almost equal heights of the peaks but with di�erent sharpness. We
have observed Phryne since 2011 during the three previous apparitions and, with few lightcurves expected
from the future apparitions, we hope to derive a model for the asteroid and to compare that with the one
derived in [7], where the combination of dense (2 lightcurves from one apparition) and sparse data was
used. Using observations from two successive nights on 29 and 30 October 2013, we constructed a composite
lightcurve for 1394 Algoa . The estimated period and amplitude are equal to those published in [3].2381
Landi was observed on 13 and 14 December 2013 at the phase angle of 17.6 deg, on 5 January 2014 at the
phase angle of 9.2 deg, and on 7 February 2014 at the phase angle of 11.5 deg. The amplitudes of the Fourier
�ts were, respectively, 0.9 mag, 0.84 mag and 0.93 mag. The only published period is 3.91 h [8], based on
less than full coverage of the rotational phase. Our calculated period is 3.986� 0.001 h. The lightcurves
show a symmetric shape of the asteroid with barely noticeable di�erence in the sharpness of the peaks.
2911 Miahelena is an outer-main-belt asteroid and it was observed on 5 nights in 3-31 May 2013. Our
composite lightcurve reveals the same shape and period as in [3] but a slightly smaller amplitude although
the observations were performed approximately at the same time.
Future work: There is a need to continue the observations of the present asteroids in their future appari-
tions (with varying observing geometries) in order to determine their global shapes and rotational states.
However, there is a large number of asteroids, for which dense lightcurves, in one or two future apparitions
only, will be very important for shape modelling in combination with sparse data from photometric asteroid
surveys such as Pan-STARRS and Gaia [7].

Acknowledgements: Authors gratefully acknowledge observing grant support from the Institute of As-
tronomy and Rozhen National Astronomical Observatory, Bulgarian Academy of Sciences.
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HDTV camera for meteor observation onboard the International Space Station
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Introduction: Meteor streams are derived from vaporization of ice from active comets or infrequent disinte-
grations of comet-asteroid transition bodies [1�3]. Possible parent bodies which are dynamically linked with
major meteor showers are identi�ed. Since the velocity of the meteoroids of each meteor shower is known,
the size of the meteoroid can be estimated based on its �ight path and lightcurve. Chemical composition of
the meteoroid can be determined by the emission spectra. Thus, observation of meteor streams is important
in understanding the physical and chemical properties of meteoroids and their parent bodies. Most meteor
observations have been performed from the ground so far. They are weather dependent and limited to a
narrow observation range. The International Space Station (ISS) is an ideal platform for continuous meteor
observation without distortion caused by weather and atmospheric disturbances.
Mission overview: We will launch and install a meteor observation system (Chitech Observatory of
METor on iSS: COMETSS) with a super sensitive color high-de�nition TV (HDTV) camera to the Window
Observational Research Facility (WORF) rack in the pressurized US Lab module (Destiny) of the ISS to
conduct continuous meteor observation through the window in Earth's orbit for two years. The re�ective
coating on the window absorbs UV radiation, but transmittance rises rapidly after 304 nm to > 90 % in the
visible and into the near infrared. Due to the IR cut �lter, the camera observes visible light up to 700 nm.
We will install a transmission di�raction grating in front of the lens for spectral analyses of the meteoroids,
to estimate meteors' elemental abundance. The atomic emission lines of major elements are located within
the visible wavelength; Fe I (370 nm), Ca I (393 nm), Mg I (518 nm), Na I (589 nm). The �ux data collected
will allow better comparison of physical and chemical data among major meteor streams and their parent
bodies.
Operation & system con�guration: The ISS orbits the Earth with a period of 90 minutes at an altitude
of 400 km with an orbital inclination of 51.6 deg. The ISS night time when the Sun is beneath the horizon
viewed from the ISS is about 35 minutes in a single orbit. With the ISS orbiting the Earth sixteen times in
one day, available night time for the meteor observation is about 560 minutes. The �eld of view (FOV) from
the window is restricted due to other pressurized modules, robotic arms and docked launch vehicles. Because
of the relatively narrow FOV of COMETSS (38.8 deg (H) � 22.8 deg (V) with wide-angle converter), it will
be installed normal to the window with a distance of 2�3 inches between the bumper ring attached to the
lens and the window glass. The COMETSS system consists of a Hyper bit CMOS sensor (HbCMOS) HDTV
camera, a lens, an encoder, a power distribution box and a laptop PC. Except the focus adjustment which
is supported by the ISS crew, all the operation is remotely conducted on the ground. Operation plan �les
are uploaded to the onboard laptop PC. The onboard software on the PC performs on/o� of the camera and
the encoder, and processing/analysis of the observation data, on the basis of the operation plan. Due to the
shared operation timeframe with other payloads, observation targets are priotized: primary (periods around
the peak of major meteor showers) and secondary (periods outside of the peak of major meteor showers,
minor meteor showers, and periods with little or no regular meteor activity identi�ed).
Data analysis & handling: Due to the constraint on the maximum downlinkable data volume of 200 MB
per day from the ISS, all the acquired data can not be downlinked. A software is developed for autonomous
detection of meteors in the acquired image data, and extraction of the data including meteor images, so that
the image with meteors can only be downlinked and the downlinked data volume can be minimized. We
may also lower the bit rate of the data to further decrease the downlikned data volume. The downlinked
data will be analyzed for scienti�c interests, and will be openly distributed via internet for the purpose of
education and public outreach.
Development status and future schedule. Both the COMETSS hardware and software are currently
under development. Once the development and veri�cation testing are completed in Japan, COMETSS will
be delivered to the U.S. for �nal testing and crew training prior to the launch, which is currently scheduled
to be late 2014. Calibration tests will be done using light sources and stars, to properly estimate physical
properties from the luminosity of the meteoroid, and to correctly deduce elemental abundance from the
visible spectra.

References: [1] P. Jenniskens (2006). Meteor Showers and their Parent Comets. Cambridge University
Press, Cambridge, U.K. [2] D. Jewitt & L. Jing (2010) Ast J, 140:1519�1527. [3] D. Jewitt et al. (2013)
Ast J Let, 771:L36 (5pp), doi:10.1088/2041-8205/771/2/L36.
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Inverting Comet Acoustic Surface Sounding Experiment (CASSE) touchdown
signals to measure the elastic modulus of comet material
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The landing of Philae on comet 67P/Churyumov-Gerasimenko is scheduled for November 11, 2014. Each
of the three landing feet of Philae house a triaxial acceleration sensor of CASSE, which will thus be the
�rst sensors to be in mechanical contact with the cometary surface. CASSE will be in listening mode to
record the deceleration of the lander, when it impacts with the comet at a velocity of approx. 0.5 m/s. The
analysis of this data yields information on the reduced elastic modulus and the yield stress of the comet's
surface material.
We describe a series of controlled landings of a lander model. The tests were conducted in the Landing
& Mobility Test Facility (LAMA) of the DLR Institute of Space Systems in Bremen, Germany, where an
industrial robot can be programmed to move landers or rovers along prede�ned paths, allowing to adapt
landing procedures with prede�ned velocities.
The quali�cation model of the Philae landing gear was used in the tests. It consists of three legs manufactured
of carbon �ber and metal joints. A dead mass of the size and mass of the lander housing is attached via a
damper above the landing gear to represent the lander structure as a whole. Attached to each leg is a foot
with two soles and a mechanically driven �xation screw (�ice screw�) to secure the lander on the comet.
The right soles, if viewed from the outside towards the lander body, house a Brüel & Kjaer DeltaTron
4506 triaxial piezoelectric accelerometer as used on the spacecraft. Orientation of the three axes was such
that one of the axes, here theX -axis of the accelerometer, points downwards, while theY- and Z -axes are
horizontal. Data were recorded at a sampling rate of 8.2 kHz within a time gate of 2 s. In parallel, a video
sequence was taken, in order to monitor the touchdown on the sand and the movement of the ice screws.
Touchdown measurements were conducted on three types of ground with landing velocities between 0.1 to
1.1 m/s. Landings with low velocities were carried out on the concrete �oor of the LAMA to determine the
sti�ness of the landing gear based on the deceleration data measured with the accelerometer. Landings on
�ne-grained quartz sand and on a Mars soil simulant (brand names WF34 and MSS-D, respectively) allow
quantifying the changes of the deceleration data due to interaction with the soil. The elastic moduli of
the soils that were inverted from the accelerometer data agree well with data obtained by ultrasonic time-
of-�ight measurements, provided an e�ective contact area is used. To this end, the lander structure was
viewed in a simpli�ed way as a mass-spring-damper system coupled to the soil by a contact spring, whose
sti�ness is determined by elastic moduli of the soil and the contact radius. Analytical expressions allow a
rapid inversion of the deceleration data to obtain elastic data. It is expected that the same procedure can
be applied to the signal measured when landing on comet 67P.
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Asteroid structure
E. Asphaug1
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Even before the �rst space missions to asteroids, in the mid-1990s, it was known that asteroids have weird
structures. Photometry indicated complicated shapes, and the pioneering radar investigations by Ostro and
colleagues followed by adaptive optics campaigns and �ybys showed odd binary forms, and con�rmed the
common presence of satellites, and indications of highly varying surface roughness. Some asteroids turned
out to be dominated by a single major cratering event, while others showed no evidence of a major crater,
or perhaps for global crater erasure.
The �rst space mission to orbit an asteroid, NEAR, found a mixture of heavily cratered terrains and
geomorphically active 'ponds', and indicated evidence for global seismicity from impact. The next mission
to orbit an asteroid, Hayabusa, found what most agree is a rubble pile, with no major craters and an absence
of �nes. There is to date no direct evidence of asteroid interior geology, other than measurements of bulk
density, and inferences made for mass distribution asymmetry based on dynamics, and inferences based on
surface lineaments. Interpolating from the surface to the interior is always risky and usually wrong, but of
course the answer is important since we are someday destined to require this knowledge in order to divert
a hazardous asteroid from impact with the Earth. Even considering the near-subsurface, here we remain as
ignorant as we were about the Moon in the early 1960s, whether the surface will swallow us up in dust, or
will provide secure landing and anchoring points. Laboratory experimentation in close to zero-G is still in
its early stages. Adventures such as mining and colonization will surely have to wait until we better know
these things.
How do we get from here to there? I will focus on 3 areas of progress: (1) asteroid cratering seismology,
where we use the surface craters to understand what is going on inside; (2) numerical modeling of collisions,
which predicts the internal response and fragmentation and mass rearrangement and loss; and (3) upcoming
and conceptual space missions ranging from active seismology, to radar tomography, to building a 'patch of
regolith' as an experimental playground in near-Earth space.

Acknowledgements: Travel support is made possible by Arizona State University, Ronald Greeley Chair
of Planetary Science.
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Dynamical simulations of the impact rate, velocities, and angles of Mars-crossing
asteroids

C. Avdellidou1, M. C. Price1, and T. Kinnear1
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CT2 7NH, UK

High-resolution spacecraft imagery has allowed us to obtain very accurate measurements of the sizes of
impact craters on Mercury, the Moon, Mars, Vesta, and many of the Jovian and Saturnian satellites.
In order to achieve a better understanding of the size distribution of craters on the terrestrial planets (and
other minor bodies), knowledge of the range of asteroid impact energies and geometries is required.
To begin to examine this, we used the population of Mars-crossing asteroids and ran dynamical simulations
for 100 Myr forward in time. In total, � 3,300 particles (with each particle representing a known asteroid)
were integrated using the 'Hybrid' algorithm of the Mercury dynamical simulation package[1]. We report
on the impact rate on the Martian surface along with a statistical estimation of the incident velocities and
angles.

References: [1] Chambers, J.E. (1999). A hybrid symplectic integrator that permits close encounters
between massive bodies, 304, 793�799.
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The near-Earth asteroid 2007 CA19 as a parent of the Eta-Virginids meteoroid
stream

P. Babadzhanov1, G. Kokhirova1, and Y. Obrubov2

1Institute of astrophysics of the Academy of Sciences of the Republic of Tajikistan
2Bauman Moscow State Technical University, Kaluga branch, Kaluga, Russia

The near-Earth object (NEO) 2007 CA19 (NeoDys 2010) is empirically classi�ed as an extinct or dormant
Jupiter-family comet according to its Tisserand's constant Tj =2.7. The orbital evolution of this object,
calculated by the Halphen-Goryachev method (Goryachev 1937), shows that it crosses the Earth's orbit
four times during one cycle of the argument of perihelion variation. If 2007 CA19 is a former comet then it
may have formed a meteoroid stream in the past. At present the meteoroid stream, associated with 2007
CA19, should produce four active meteor showers. Using 2007 CA19 orbital elements at the Earth crossing
positions, we calculated theoretical radiants, the velocity and the dates of activity of the predicted showers.
All four predicted showers were identi�ed with the observed night-time Northern and Southern � -Virginids
(Sekanina 1973, 1976; Jenniskens 2006), and two day-time showers established by us using the IAU MOID
database. The association with the meteoroid stream which produces four active showers strongly support
the empirical classi�cation of 2007 CA19 as an extinct or dormant comet.

References: NeoDys, (2012) http://newton.dm.unipi.it/neodys/; Goryachev, N.N. 1937, Halphen's Method
for Calculation of Planetary Secular Perturbations and its Application to Ceres, Krasnoe Znamya, Tomsk;
Sekanina, Z., 1973, Icarus, v.18, p. 253�284; Sekanina, Z., 1976, Icarus, v. 27, p. 265-321; Jenniskens, P.,
2006, Meteor Showers and their Parent Comets. New York: Cambridge Univ. Press, 790 p.
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Spectro-polarimetry: New diagnostic tool for the characterization of small Solar
System objects
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Asteroid polarimetry measures the fraction of linear polarization of sunlight scattered by asteroid surfaces at
visible wavelengths. Most of the investigations so far have been focused on the variation of linear polarization
in the V band as a function of the phase angle (the angle between the Sun, the asteroid, and the observer).
The observed curves of polarization versus phase angle may be used to derive the albedo of the objects (e.g.,
Cellino et al. 2012, and references therein).
Something that has been poorly studied until now is how polarization depends upon wavelength. Earlier
studies of the dependence of linear polarization of an asteroid upon wavelength (Belskaya et al. 2009)
suggested that, at larger phase angles, moderate-albedo asteroids exhibit lower polarization at longer wave-
lengths than at shorter wavelengths; whereas, at smaller phase angles, polarization increases with wave-
length. Interestingly, low-albedo objects were found to exhibit the opposite behavior. If this is true, one
single spectro-polarimetric measurement may be su�cient to distinguish between bodies belonging to dif-
ferent albedo ranges. This would be a tremendous improvement, because sampling the variation of the
polarization as a function of phase angle requires to perform numerous observations over time intervals of
several weeks. For this reason, the number of asteroids with an albedo reliably estimated via polarimetric
observations is still fairly limited.
To test this hypothesis, we have performed a spectro-polarimetric survey of atmosphereless bodies of our
solar system (to our knowledge, the �rst of its kind). We have discovered that asteroids exhibit a large
variety of polarized spectra that may eventually lead to a substantial improvement of their classi�cation
and characterization. We have also compared our spectro-polarimetric observations with laboratory mea-
surements of various inorganic and organic samples, to assess how spectro-polarimetric signals can be used
as a diagnostic tool for astrobiological studies of our Solar System (Sparks et al. 2009; Sterzik et al. 2010,
2012).
Spectro-polarimetry is a very promising tool for the study of asteroids � yet virtually unexplored. Pro-
gressing from traditional broadband polarimetric measurements to spectro-polarimetry may have the same
impact as upgrading from broadband photometry to spectroscopy and spectro-photometry.

References: Belskaya I., Levasseur-Regourd, A.-C.; Cellino, A., 2009, Icarus, 199, 97; Cellino, A. Gil-
Hutton, R.. Dell'Oro, A., et al., 2012, JQSRT, 113, 2552; Sparks, W.B.,Hough, J., Germer, Th. A., et al.
2009, PNAS, 106, 7816; Sterzik, M., Bagnulo, S., Azua, A., et al. 2010, The Messenger, 142, 25; Sterzik,
M., Bagnulo, S., & Pallé, 2012, Nature, 483, 64.
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First discoveries from OSSOS � the Outer Solar System Origins Survey
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Great progress has been made in the last decade in understanding the origins of the population of small
icy objects in the outer Solar System. The sculpting of their orbits under the architectural rearrangement
of the giant planets has left its signature in these small-body populations. The discoveries have shown an
essential need for the surveys that collect samples of the population to have a complete tabulation of their
intrinsic observational biases: this alone permits correct retrieval of the underlying population. The existing
known sample of well-characterised trans-Neptunian objects are too few to continue making progress in
distinguishing between models of the history of the Solar System.
We have designed a survey using 560 hours of CFHT time over four years to provide many hundreds of new
TNOs with exquisitely characterised, high-precision orbits. This new wide-�eld survey began observations
with CFHT MegaPrime in February 2013, and by its conclusion in 2016 aims to have doubled the number
of trans-Neptunian objects suitable for testing models.
OSSOS will image eight 21-square-degree areas of sky placed to sample the dynamically cold and the
dynamically hot populations, imaging with MegaCam's one-square-degree �eld of view to an ideal target
survey depth of mr � 24:5. This allows us to sample the Kuiper belt across a large range of sizes produced
by accretion and collisional processing in the original planetesimal belt. Our survey sensitivity to trans-
Neptunian objects is individually quanti�ed for every chip of the 756 in the mosaic formed by these 21
MegaCam pointings: we plant PSF-matched sources in the discovery images at rates of motion appropriate
to objects from near Saturn out to 300 au. We combine these detection e�ciencies and the survey pointings
to provide along with all survey discoveries a Survey Simulator. This provides the full characterisation of
the survey in a way that allows easy testing of models of the migration of the giant planets: provide a model
small-body population, and the Simulator shows how that population would appear if it had been observed
by our survey, which can then be compared to the actual discoveries of the survey.
Our �rst quarter of the survey, observed for discoveries during the 2013A semester at CFHT, have now had
their discoveries recovered in early 2014 at CFHT. Each 21 square degrees, these two survey areas were
placed to sample the dynamically cold and the dynamically hot populations. The on-ecliptic area reached a
survey depth of mr = 24:01 at the 40% threshold of TNO detection e�ciency; the o�-ecliptic area reached
mr � 24:5 at the 40% threshold. We con�rm our inner boundary of sensitivity to Centaur- like objects by
re-detecting Saturn's irregular moon Ijiraq at 9.8 au, and expect our distance sensitivity to be some 300
au. We report a hundred discoveries from 2013A. Our tracking e�ciency as of Jan 2014 is 94% recovery
for objects above our survey depth limits; this is anticipated to improve, as more recovery observations are
scheduled in 14A on these �elds.
We will discuss the orbital properties of our discoveries and their implications for the evolution of the
populations of the trans-Neptunian region. The astrometric grid built as part of the OSSOS survey has
allowed very high-quality astrometry on each discovery: uncertainties in their orbital elements are already
far below 1%.
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Mapping the deep: The past and future promise of transneptunian surveys
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Exploring the populations and structure of the outer Solar System requires us to examine the sky. The
improving sophistication of astronomical techniques have brought us in the last century from painstaking
naked-eye examination of photographic plates to identify moving sources, to supercomputer-powered image
subtraction that can pull moving sources from the depths of the Galactic plane. Such advances in our ability
to discover new objects have allowed us to build an understanding of the Solar System's distant populations.
The continued e�ort to survey the sky for new discoveries has explored the phase space of much of the
transneptunian (TNO) size distribution. At the largest end, from wide-�eld surveys with small-to-medium
optical telescopes in both North and Southern Hemispheres, the dwarf planets are now complete tom � 19:5
(Schwamb et al. 2014) and nearing completion tom � 21:5. Infrared surveys such as WISE have constrained
the absence of a brown dwarf or large gas giant planet such that there can be no Saturn out to 28,000 au
and no Jupiter out to 82,000 au (Luhman 2014). Similarly, pulsar timing measurements exclude line-of-sight
shifts of the Solar System's barycentre due to any lurking giant planet (Verbiest et al. 2008); such timing
measurements will only be improved by the Square Kilometre Array's all-sky decadal measurements of
pulsars (Seto & Cooray 2007). The smaller, more abundant TNOs have been slowly constrained by surveys
on larger facilities (as listed in Kavelaars et al and Petit et al. 2008): their part of the size distribution has
a clear change in slope near H of 7 (Fraser et al. 2014). Characterisation of objects for their size, albedo,
thermal properties and density has followed more slowly: Spitzer and Herschel have given us thermal
properties; broad-band photometric surveys have shown that the colours of TNOs present distinct surface
classes, ranging from the reddest in the Solar System to fully neutral re�ectors; while large-aperture and
space-based optical examination of the abundant binaries in the trans-Neptunian populations have o�ered
insight into the formation processes of planetesimals. We are left today with a remnant of the primordial
planetesimal disk that somehow escaped intact, and a dynamically-excited population, many of which are
captured into a �ligree of mean-motion resonances with Neptune.
Trying to model the history of the Solar System to reach the present-day state, with its �ne nuances of dy-
namical structure and uneven population ratios, requires accurate knowledge of the present-day populations.
Every survey of the sky points at a particular region of orbital phase space; every aperture chosen as a survey
tool speci�es which part of the TNO size distribution will be measured. Such biases are straightforward to
characterise, but they must be considered. There remains a persistent reliance on use of the Minor Planet
Center's catalogue of TNOs as a representative sample of the underlying population. The unconsidered use
of such a catalogue that interweaves many surveys' biases can lead to incorrect validation of models of the
Solar System's history. Using only the TNO population distribution derived from fully characterised surveys
is critical for models trying to reproduce the current outer Solar System.
The hallmark of TNO surveys for decades now has been the discovery of entirely new populations. Will
future surveys continue to reveal such surprises? What remains to explore? Fortunately, the need for
abundant new discoveries, both further down the size distribution and in particular populations, including
the remaining distant system, has been well recognised by the community. Occultation surveys o�er the
promise of exquisite constraints on the size distribution, particularly of smaller objects. In the infrared,
the WISE mission continues in the form of NEOWISE, which may o�er limits on objects large and warm
enough to be visible at short� . Optical surveys continue at m � 21 to ensure sky coverage is complete (Pan-
STARRS). Signi�cant new wide-�eld cameras on 4+ metre optical telescopes have recently come online, as
well as time becoming more accessible to conduct large surveys as existing facilities mature: DECam on
CTIO, Suprime/HyperSuprimeCam on Subaru, MegaPrime on CFHT and the Magellan 6.5 m. E�orts with
these facilities include work to describe the Centaur size distribution (Schlichting et al.), add new Sednas to
describe the inner Oort cloud (Trujillo and Sheppard 2014), and obtain precision estimates of the resonant
populations in the Kuiper belt (Outer Solar System Origins Survey). These surveys are now ramping up,
so a swathe of new discoveries can be anticipated in the coming year. The far future holds the promise from
LSST to reach mr � 26 on the whole southern sky.
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Organic samples produced by ion bombardment of ices for the EXPOSE-R2
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We describe the preparation and characterization (by UV-Vis-IR spectroscopy) of a set of organic samples,
stable at room temperature and above, that are part of the experiment �Photochemistry on the Space Station
(PSS)� planned to be enclosed in the EXPOSE-R2 mission, which will be conducted on the EXPOSE-R
facility, outside the International Space Station (ISS). The organic materials are prepared in the Catania
laboratory after 200 keV He+ irradiation of icy mixtures, namely N 2:CH4:CO deposited at 16 K on MgF2
windows furnished by European Space Agency. It is widely accepted that such kind of materials produced
by energetic processing are representative of organic material in astrophysical environments such as, e.g.,
comets. Once expelled from comets these materials are exposed to solar radiation during their interplanetary
journey before they eventually land on the Earth and other planetary objects where they might give a
contribution to the chemical and pre-biotical evolution. In particular our residues contain di�erent chemical
groups, including triple CN bonds that are considered relevant to pre-biotic chemistry (e.g. Palumbo et al.,
2000). Therefore the samples will be exposed, for several months, to the solar ultraviolet photons that are
a major source of energy to initiate chemical evolution in the Solar System. This will allow analysis of their
destruction and evaluation of their lifetime in the interplanetary medium. The samples have three di�erent
thicknesses (about 200, 130, 65 nm) that will allow the estimation of the depth pro�le of destruction (e.g.,
Baratta et al., 2002). This experiment overcomes the limits of ground tests which do not reproduce exactly
the space parameters.

Acknowledgements: This research has been �nancially supported by the Italian Space Agency contract:
PSS (Photochemistry on the Space Station).

References: Baratta G.A., Leto G., Palumbo M.E.: A comparison of ion irradiation and UV photolysis of
CH4 and CH3OH, A&A, 384, 343, 2002; Palumbo, M.E., Strazzulla, G., Pendleton, Y.J., Tielens, A.G.G.M.
ROCN species produced by ion irradiation of ice mixtures: comparison with astronomical observations. ApJ
534, 801, 2000.
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Rosetta/COSIMA: Laboratory time-of-�ight secondary ion mass spectra of PAHs
for in-situ detection in the cometary solid organic matter

A. Bardyn 1,2, C. Briois2, H. Cottin 1, N. Fray1, L. LeRoy3, L. Thirkell 2, and M. Hilchenbach4

1LISA (CNRS, Université Paris-Est Créteil, Paris Diderot), Créteil, France
2LPC2E (CNRS, Université d'Orléans), Orléans, France

3CSH, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland
4MPS, Max Planck Institute SSR, Justus-von-Liebig-Weg 3, 37077 Göttingen, Germany

ESA's spacecraft called ROSETTA will reach the comet 67P/Churyumov- Gerasimenko in August 2014.
During the escort phase of the mission, beginning after the lander (Philae) is released, the COmetary
Secondary Ion Mass Analyzer (COSIMA) [1] carried on board will collect and analyse dust grains in the
cometary coma. COSIMA is a time-of-�ight secondary ion mass spectrometer (TOF-SIMS) with a high
mass resolution m=� m of 1400 at massm = 100 amu (from FWHM) and mass range from 1 to 3500
amu. The investigations performed by COSIMA on solid cometary grains are aimed to analyze in situ their
molecular, elemental, and isotopic composition. The spectra obtained with COSIMA, will be a combination
of mass peaks of mineral and organic elements. The organics are expected to be minor peaks, making their
identi�cation not simple.
To prepare for the future COSIMA spectra interpretation, the COSIMA team members have started to
establish a library database of standardized mass spectra [2,3]. High statistics of positive and negative
spectra of the samples were then taken in order to get molecular structure information.
Polycyclic Aromatic Hydrocarbons (PAHs) are organic macromolecules that could survive harsh radiation
environment. They are suspected to be responsible for unidenti�ed infrared bands observed in diverse
astrophysical environments. Many attempts were made to demonstrate the presence of PAHs in comets.
Tentative attributions of �uorescence emission bands have been made of spectra taken during the Vega-2
mission [4,5], and recently on Stardust samples returned [6]. In this work, we have used the COSIMA
prototype based in Orléans to analyze PAHs and alkanes molecules deposition on gold targets.

Acknowledgements: Work supported by Labex ESEP and CNES.

References: [1] Kissel J. et al, Space Science Review, 128, 823�867, 2007. [2] Le Roy L. et al, Planetary
and Space Science, 65, 83�92, 2012. [3] Engrand C. et al, Meteoritics & Planetary Science, 42, A42�A42,
2007. [4] Moreels G. et al, A&A, 282, 643, 1994. [5] Clairemidi J. et al, PSS, 52, 761, 2004. [6] Sandford
S.A. et al., Science, 314, 1720�1724, 2006.
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The tectonic evolution of (433) Eros
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Introduction: The tectonic evolution of 433 (Eros) can be characterized by several lines of evidence:
the observed distribution of tectonic lineaments that cover the asteroid [1,2]; the low porosity of Eros [3];
observations that some tectonic structures have been re-activated [4]; and the localized e�ects of seismic
shaking near the Shoemaker crater (the youngest large crater on the surface of Eros) [5]. These observations
are reviewed and interpreted in light of new impact calculations indicating that Eros must have been nearly
intact, possessed strength, and had little to no porosity before the largest crater, Himeros, formed.
Tectonic Structures: A range of lineaments is present on the surface of Eros, most of the lineaments
being extensional structures [2,4]. The widespread existence of these lineaments implies that Eros today is
coherent over most of its surface, with some internal strength. An e�ort to map these lineaments across the
asteroid showed that most are the result of impact events [2]. Indeed, the largest population of lineaments is
located circumferentially around Eros, at right angles to the direction of impact for the three large equatorial
craters Himeros, Shoemaker, and Psyche. Two sets of surface lineaments exist that do not seem to have
any parent craters, including the large tectonic ridge called the Rahe Dorsum, and a possible conjugate set
of faults [1,6]. These sets are located on one half of Eros and may have been produced during the original
parent body disruption event that formed Eros.
Porosity: The measured shape and mass of Eros, and the identi�cation from remote-sensing data that this
asteroid is likely to be an undi�erentiated ordinary chondrite, imply that Eros has a porosity of approximately
20�25 % [3]. Such porosity suggests Eros is most likely a fractured shard rather than a true rubble pile.
Crater modi�cation by Tectonic Displacement: In several instances, craters have been modi�ed by
tectonic displacements [4]. The shape of these moderate-sized craters (diameter� 1 km) are distorted in
unusual ways due to surface movement along the pre-existing faults. The movement was probably moderate
given that the overall crater shapes are still apparent, suggesting that the tectonic structures were already
present before further displacements along these structures occurred.
Numerical Model Results and Interpretation: We use a numerical approach to look at the conse-
quences of formation of the three largest craters on Eros by modeling failure using a new micromechanics-
material-based damage model discussed in [8]. In brief, the micromechanics framework underlying this model
assumes that geologic materials fail through the interaction and growth of a distribution of small �aws, which
through their collective behavior can lead to large-scale features. Once a critical damage level is reached, the
model assumes the material becomes granular, and �ows viscoplastically with a pressure-dependent yield
strength similar to sand.
We assume Himeros is the oldest large crater on the surface of Eros, followed by Psyche and Shoemaker. The
results indicate that much of the porosity seen on Eros, and the damage developed, including the tectonic
features observed, are the result of the Himeros impact. The subsequent major impact events cause minor
changes to the porosity and create new regional, not global, lineaments surrounding the resulting craters.
The calculations imply Eros must have been nearly intact before Himeros formed, despite having some
evidence for pre-existing cracks. It seems di�cult to otherwise explain Eros' current porosity. The formation
of Himeros also generated the bulk of the lineaments we see today. Moderate-sized craters could have formed
without disturbing or being disturbed by the pre-existing structure from Himeros, but were then heavily
modi�ed once those cracks were displaced by the large craters Psyche or Shoemaker. The model also helps
explain why the most recent large crater Shoemaker, which is similar in size to Himeros, removed small
craters in its vicinity and had lesser e�ects on the shape of some craters farther away [7].

References: [1] Thomas et al. 2002,GRL, 29, 0.1029/2001GL014599, 2002. [2] Buczkowski et al. 2008.
Icarus, 193, p.39. [3] Wilkison et al. Icarus 155, 94�103. [4] Prockter et al., 2002. Icarus 155, 75�93.
[5] Thomas and Robinson, 2005. Nature 436, 366�369. [6] Buczkowski et al., 2009. LPSC, (abstract) 40,
p.1187. [7] Ernst et al., 2012, LPSC 43, 2393. [8] Tonge et al., 2014, ACM (this issue).
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4Lockheed Martin Corporation

5University of British Columbia, CA
6Ithaca College

7University of Arizona

Introduction: Stereo-photoclinometry (SPC) has been used extensively to determine the shape and topog-
raphy of various asteroids from image data. This technique will be used as one of two main approaches for de-
termining the shape and topography of the asteroid Bennu, the target of theOrigins Spectral I nterpretation
R esourceI denti�cation Security-R egolith Ex plorer (OSIRIS-REx) mission. The purpose of this study is to
evaluate the quality of SPC products derived from the Near-Earth Asteroid Rendezvous (NEAR) mission,
whose suite of imaging data resembles that to be collected by OSIRIS-REx. We make use of the NEAR
laser range-�nder (NLR) to independently assess SPC's accuracy and precision.
Determining Topography with SPC: SPC combines traditional stereo techniques with photoclinometry
to derive the tilt of an asteroid's surface. The method models surface tilt at each pixel of a given image
�rst by using stereo data to de�ne a relationship between tilt and observed albedo. With this relationship
in hand, the tilt of a piece of asteroid surface imaged at multiple emission and incidence angles are obtained
using least squares methods that best duplicate the input images. Once the surface tilts are obtained, the
shape of the surface across each image are determined by integrating over the resulting tilts. The individual
surface maps are then collated together to produce a shape model.
The formal uncertainties (RMS) derived within SPC while generating the surface height maps and shape
model of asteroids is typically on the order of� 1 pixel. In the case of (433) Eros, this RMS uncertainty
equals� 3 m, while the best average pixel size used across the asteroid equals 3.2 m.
The Need to Assess SPC: A few studies have made cursory assessments of the SPC technique using
an independent measurement of topography such as that provided by a laser altimetry. The OSIRIS-
REx Alt imetry W orking Group (ALTWG), which is responsible for all the shape model and topography
generated by the mission, has decided that a detailed assessment of SPC is needed given this method's
importance in quickly obtaining the shape and topography of Bennu. The ALTWG also will make use of
the OSIRIS-REx laser altimeter (OLA). Products from both SPC and OLA will be generated independently
to ensure redundant sources for these products in case an issue arises where one approach is no longer
available. It also provides a means to mutually evaluate the quality of these products. These cross-checks
are another reason why a good assessment of the expected quality of SPC is required: valid cross-checks
with OLA require under-standing the true limits of SPC capability given the image quality employed.
Methods Used to Assess SPC and NEAR: The accuracy of SPC, i.e., the ability of SPC to accurately
determine the absolute location of the asteroid's surface relative to its center of mass, is determined by
comparing the range measurements derived from SPC between the spacecraft and the pixel 220,260 of the
imager onboard the NEAR spacecraft for all images used to make the SPC shape model of Eros, and the
NEAR laser range�nder (NLR) obtained at approximately the same time. This pixel is the best known
location of the NLR boresight.
For the purpose of understanding the precision of the SPC products, i.e., the point-to-point uncertainty of
SPC, we use two techniques. One method requires identifying by hand the trajectory of the NLR boresight
(pixel 220,260) in consequtive MSI images, and then comparing the directly measured NLR topography to
an SPC-derived transect obtained along the same track with the topography generated by SPC. The second
approach uses least-squares techniques to minimize the separation between individual NLR tracks and best
resolution SPC topographic maps through along- and across-tracks displacements of the NEAR spacecraft.
If required, a third approach will be employed to minimize the di�erence between SPC results and NLR
using six degrees of freedom, including pointing errors in pitch, yaw and roll in addition to the along-across
track adjustments.
Results: Preliminary results show that formal errors need to be thoroughly assessed, and that accuracy
and precision of SPC results are closer to� 2 pixels. Additional details of our �ndings will be presented.
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Non-convex shape models of asteroids based on photometric observations
P. Bartczak1, T. Santana-Ros1, and T. Michalowski1

1Astronomical Observatory Institute, Faculty of Physics, Adam Mickiewicz University

We present the SAGE algorithm (Shaping Asteroids with Genetic Evolution) able to derive 3D non-convex
shapes of asteroids and solving for their spin parameters using only disk-integrated photometry. A triangular
mesh of 62 vertices is used as a seed during the parameters minimization, and the Catmull-Clark method
(Catmull-Clark 1978) is applied to generate bodies with higher resolution. The subroutines search for the
sidereal period of rotation in a given range, and the spin-axis orientation on the whole celestial sphere. A
step-iterative algorithm is used to make the shape evolve under the minimization constraints between the
synthetic generated photometry and the real observations. In order to generate the simulated lightcurves,
we propose the virtual frames algorithm. The algorithm simulates the pictures visible on hypothetical CCD
frames and, using only elementary vector operations or quadratic algebraic equations, it takes into account
all phase-angle e�ects. Publicly available lightcurve data has been used to obtain a new non-convex model
for (9) Metis, (21) Lutetia, and (433) Eros. The resulting body shapes are compared with the ones obtained
using other observational techniques, such as adaptive optics and stellar occultations (Timerson et al. 2009)
or the NEAR Shoemaker observations of Eros during its rendezvous (Zuber et al. 2000). We also assess
the problem of the solution uniqueness for non-convex models, generating a family of shape solutions and
studying the stability of the model features. Moreover, following the investigations presented in Kaasalainen
& Torppa (2001) we study the discrepancy on the lightcurves between a non-convex shape model and its
convex hull as a function of the phase angle. Finally, we compare the lightcurve �ts obtained with other
existing models for both �classic� and sparse-in-time photometry.

Acknowledgements: This work was partially supported by grant N N203 404139 from the Polish Ministry
of Science and Higher Education.

References: Catmull E., Clark J., 1978, Computer-Aided Design, 10, 350; Kaasalainen M., Torppa J.,
2001, Icarus, 153, 24; Timerson B. et al., 2009, Minor Planet Bull., 36, 98; Zuber M.T. et al., 2000, Science,
289, 2097.
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European asteroid sample return mission: MarcoPolo-R and its future
M. Barucci1

1LESIA - Paris Observatory

MarcoPolo-R is a sample return mission study to a primitive Near-Earth Asteroid (NEA) carried out at
ESA from 2008 in the framework of ESA's Cosmic Vision (CV) programme, with the objective to answer to
the fundamental CV questions �How does the Solar System work?� and �What are the conditions for life
and planetary formation?�.
The returned material will allow us to study in terrestrial laboratories some of the most primitive materials
available to investigate early solar system formation processes, to explore initial stages of habitable planet
formation, to identify and characterize the organics and volatiles in a primitive asteroid. In fact, only in the
laboratory can instruments with the necessary precision and sensitivity be applied to individual components
of the complex mixture of materials that forms an asteroid regolith, to determine their precise chemical
and isotopic composition. Such measurements are vital for revealing the evidence of interstellar medium,
pre-solar nebula and parent body processes that are retained in primitive asteroidal material, unaltered by
atmospheric entry or terrestrial contamination.
In addition to addressing these major science goals, the MarcoPolo-R mission study (ESA/SRE (2013)4) also
involved innovative European technologies for which ESA technical development programs are still under
way. As a result of the several industrial studies, ESA designed a remarkably cost-e�ective and robust
asteroid sample return mission scenario. The spacecraft has been de�ned making use of low-cost units for
most of the sub-systems. The key sample return capabilities, i.e. asteroid navigation, touch and go, sampling
mechanism and the re-entry capsule have reached at ESA a validation status to enter implementation phase.
In this new era of international e�ort and interest of sample return with the selected missions of Hayabusa-2
(JAXA) and OSIRIS-Rex (NASA), the development of sample return technology represents in Europe a
crucial element for planetary science and for the space technology development.
The status of the mission study at ESA will be presented and the future for European asteroid sample return
will be discussed.

Acknowledgements: The ESA science and engineer teams, the science working groups, the industrial
study teams which devoted an incredible time and passion to this study are highly acknowledged.
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Triple near-Earth asteroid 2001 SN263: Physical models of the primary asteroid
and its two satellites

T. Becker1, E. Howell2, M. Nolan2, C. Magri3, P. Pravec4, and P. Taylor2
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2Arecibo Observatory

3University of Maine at Farmington
4Astronomical Institute, Academy of Sciences of the Czech Republic

Radar observations made by the Arecibo observatory on February 12, 2008 revealed two small satellites
orbiting the near-Earth asteroid (153591) 2001 SN263, making it the �rst known triple near-Earth asteroid
system. Using the delay-Doppler data obtained at Arecibo from February 12 � February 26, 2008 and optical
lightcurve data observed from eight di�erent observatories spanning January 12 through March 31, 2008,
we have developed physical models of the three components of 2001 SN263.
We �nd that the primary asteroid is spheroidal with an equivalent diameter of 2:50� 0:30 km and displays
an equatorial bulge. Its sidereal rotation period is3:4256� 0:0002hours and its pole direction has an ecliptic
latitude and longitude of (� 80; 309) � 15 degrees. The larger satellite is elongated and has an equivalent
diameter of 0:77� 0:12 km. Its sidereal rotation period is 13.439 hours, which is considerably shorter than its
orbital period of approximately 6 days. The smaller satellite, which is in a closer orbit around the primary,
has an equivalent diameter of0:43 � 0:14 km and is likely to be tidally locked to the primary. We �nd
the densities of the primary asteroid, the larger satellite and the smaller satellite to be1:13 � 0:15 g/cm3,
1:01� 0:41 g/cm3 and 2:27� 1:27 g/cm3, respectively. We present shape models and physical properties of
each component of the triple near-Earth asteroid 2001 SN263.
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Asteroid photometry: Phase-angle e�ects
I. Belskaya1, V. Shevchenko1

1Astronomical Institute of Kharkiv V. N. Karazin National University

We review available observational data on magnitude phase-angle dependencies of asteroids. The number
of asteroids, for which good quality phase curves were measured, increases very slowly. At present, the
data-set on magnitude-phase dependencies with a good phase-angle coverage and small scatter includes
less than one hundred asteroids. Most part of these data is related to the ground-based observations of
main-belt asteroids and covered the phase-angle range from 0.3�0.5 deg to 20�25 deg. The phase curves in
the wider phase-angle range up to 120�140 deg were measured for ten asteroids observed by space missions
and for several near-Earth asteroids. Ground-based and space-based observations are generally mutually
consistent. For most of the observed phase-angle ranges, asteroid magnitude phase curves are found to be
linear with a noticeable deviation at phase angles smaller than 5�7 deg due to the opposition e�ect and at
phase angles larger than 70-80 deg due to the in�uence of large-scale surface features. The di�erences in the
phase curves at large phase angles and their in�uence on the phase integral have not yet been thoroughly
investigated. The measured linear phase coe�cients of asteroids are in the range of 0.02�0.05 mag/deg. The
opposition-e�ect amplitudes determined relatively to the extrapolation of the linear part of the phase curve
do not exceeds 0.4 mag. Relatively small variations of asteroid phase curve parameters require accurate
photometric observations and thorough account for lightcurve amplitude to distinguish phase-angle e�ects.
The measured magnitude phase dependencies revealed essential di�erences in magnitude phase-angle be-
havior for asteroids of di�erent surface composition both in the linear part and in the opposition e�ect
range (Harris et al. 1989, Belskaya and Shevchenko 2000, Shevchenko et al. 2012). Maximal amplitude
of the opposition e�ect occurs for moderate-albedo S- and M-type asteroids. Low-albedo asteroids display
a greater diversity in the magnitude phase-angle behaviors from broad opposition e�ect to an absence of
non-linear opposition brightening. About 20 % of all studied low-albedo asteroids revealed practically linear
phase-angle dependencies down to subdegree phase angles. The parameters characterizing magnitude phase
curves, such as the phase coe�cient, amplitude, and width of the opposition e�ect, are generally very sim-
ilar for asteroids belonging to the same composition type. We will discuss the main features of magnitude
phase curves for each composition type and the relationships between phase-curve parameters and physical
properties of asteroids.

References: Belskaya, I. N., Shevchenko, V. G. 2000. Icarus 146, 490�499; Harris, A. W., et al. 1989.
Icarus 81, 365�374; Shevchenko, V. G., et al. 2012. Icarus 217, 202�208.
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Probing surface properties of Jupiter Trojans by polarimetric observations
I. Belskaya1, S. Bagnulo2, A. Stinson2, A. Christou 2, and K. Muinonen3,4

1Astronomical Institute of Kharkiv V. N. Karazin National University, Sumska Str. 35, Kharkiv 61022, Ukraine
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3Department of Physics, University of Helsinki, P.O. Box 64, Gustaf Hällströmin katu 2a, FI-00014, Finland
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We present the �rst polarimetric observations of six Jupiter Trojans, namely (588) Achilles, (1583) An-
tilochus, (3548) Eurybates, (4543) Phoinix, (6545) 1986 TR6, and (21601) 1998 XO89. All these objects
belong to the L4 population of Jupiter Trojans and have diameters in the range of 50�160 km (Grav et al.
2011). The observations were carried out in 2013 at ESO VLT. Each object was observed at 3�4 di�erent
phase angles in the phase-angle range from 7 deg up to 11�12 deg, the largest possible phase angles in the
ground-based observations of Trojans. Observations were made in the R band with a typical accuracy of
0.05 %. We have measured negative polarization branch for each object with polarization minima varying
from -1 % to -1.3 %. The polarization-phase-angle behavior of the observed Trojans is found to be very
similar to that of some low-albedo main-belt asteroids, in particular, the P-type asteroids. We compare
photometric and polarimetric phase dependencies of Trojans to the phase curves of inner and outer Solar
System bodies. Possible relationships of phase-curve parameters with albedos and spectral properties are
investigated. Constraints on the surface properties of Jupiter Trojans from the polarimetric observations
are discussed.

References: Grav et al. AJ, v.472, id. 40, 2011.

54



Conference abstracts ACM 2014, Helsinki, Finland

Lightcurves of a group of Jovian Trojans
P. Benavidez1, J. Ortiz 2, N. Morales2, P. Santos-Sanz2, R. Du�ard 2, and A. Campo Bagatin1

1Departamento de Física, Ingeniería de Sistemas y Teoría de la Señal
2Instituto de Astrofísica de Andalucái

The Jovian Trojan asteroids are spread near the stable L4 and L5 Lagrangian points of Jupiter's orbit.
Indeed, these Trojans comprise two clouds with about 3935 known asteroids near the L4 point and 2049
around the L5 point. Currently, the rotational properties of this asteroid population are poorly known due
mainly to the low albedo. In this work, we report preliminary lightcurves for a group of Jovian Trojans
(most of them with absolute magnitude H < 10) placed around the L4 point.

Acknowledgements: This work is supported by the Universidad de Alicante under projects GRE11 -03
and Spanish Ministerio de Ciencia e Innovacion (now extincted) grant AYA2011-30106-C02-02.
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Comparing outcomes of asteroid impact simulations to observed main-belt
families: Exploring the e�ects of parent body size and internal structure
P. Benavidez1, D. Durda2, B. Enke2, D. Richardson3, E. Asphaug4, and A. Campo Bagatin1
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Introduction: Some previous works focused on reproducing the size frequency distribution (SFD) of asteroid
families through impact simulations, following the same strategy to compare the SFDs. This strategy, �rstly
applied by Durda et al. (2007), can also be used to estimate the parent-body diameter of observed asteroid
families by plotting the (morphologically matching) modeled SFD and the observed family SFD to the same
scale on the same plot. This strategy assumes that impact outcomes based on numerical simulations for
targets of a particular �xed size are scalable to the observed families that originated from parent bodies
perhaps signi�cantly larger or smaller than those that have been modeled. This approximation appears
to be reasonable (to zeroth order) for most observed families. However, it may well break down when the
gravitational acceleration of the family's parent body is signi�cantly larger or smaller than our modeled
parent body. In this work, we study the range of applicability of such technique comparing the modeled
SFDs from impacts simulations for parent bodies with di�erent sizes and internal structures.
Method: We performed new SPH and N-body simulations for targets of 400 km. Here we used the same
numerical technique as that in Benavidez et al. (2012) and Durda et al. (2004). Thus, we have a large
set of impact simulations for two di�erent sizes (100 and 400 km) and internal structures (monolithic and
rubble-pile). These simulations comprise a homogenous set of 600 simulations covering a wide range of
impactor diameters, impact speeds, and impact angles.
Results: We will present our preliminary results of this study, addressing the di�erences presented by
cratering events and super-catastrophic impacts. Also, we will include a comparison with asteroid families
with large progenitors.

Acknowledgements: This work is supported by the Universidad de Alicante under projects GRE11 -03
and Spanish Ministerio de Ciencia e Innovacion (now extincted) grant AYA2011-30106-C02-02.

References: Durda, D.D., Bottke, W.F., Enke, B.L., Merline, W.J., Asphaug, E., Richardson, D.C.,
Leinhardt, Z.M., 2004. Icarus 170, 243�257; Durda, D.D., Bottke, W.F., Nesvorny , D., Enke, B.L.,
Merline, W.J., Asphaug, E., Richardson, D.C., 2007. Icarus 186, 498�516; Benavidez, P. G., Durda, D. D.,
Enke, B. L., Bottke, W. F., Nesvorny, D., Richardson, D. C.,Asphaug, E., Merline, W. J., 2012. Icarus 219,
57�76.
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Improved astrometric analysis of Pluto
G. Benedetti-Rossi1, R. Vieira-Martins 1, J. Camargo1, M. Assa�n 2, and F. Braga-Ribas1

1Observatório Nacional � ON/MCTI - Brazil
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Pluto is the main representantive body of the transneptunian objects (TNOs). It presents an atmosphere
and a satellite system with 5 known moons (three of them discovered less than 10 years ago). To learn
about the physical and dynamical properties of this system, the most e�cient method from the ground �
in spite of its rarity � are stellar occultations, which showed an evident drift of about 20 milli-arcsecond
(mas) in the declination when comparing to the ephemerides [1].
This fact was a great motivation to repeat the reductions and analyses for a large set of our observations.
Around 6500 CCD images of Pluto were obtained over 174 nights using 3 telescopes at Pico dos Dias
Observatory (OPD/LNA) in Brazil, covering a time span from 1995 to 2013, and another 12 nights in 2007
and 2009 using the ESO/MPG 2.2-m telescope equipped with the Wide Field Imager (WFI). The astrometric
positions were reduced using PRAIA (Platform for Reduction of Astronomical Images Automatically) [2]
using UCAC4 as the reference catalog. Also, they were corrected for di�erential chromatic refraction and
later the (x; y) center of Pluto was determined from corrections to the measured photocenter, contaminated
by Charon. Both corrections were obtained with the original procedures.
The �nal astrometric positions were then compared to the planetary ephemerides (DE421+plu021) and
occultation results. We obtained the mean values of 7 mas and 36 mas for the right ascension and declination,
respectively, and the standard deviations of� � = 45 mas and � � = 49 mas for the o�sets in the sense of
�observed minus ephemerides position�. Moreover, we obtained the same behavior for the declination as
obtained from stellar occultations, with a drift of around 100 mas since 2005.
With the imminent arrival of the New Horizons spacecraft to this system (scheduled for July 2015), new
ephemerides may be corrected so that they do not present systematic drifts near the time interval that
contains our observational data, allowing the determination of local adjustments to Pluto's orbit.

References: [1] Assa�n, M.; Camargo, J. I. B.; Vieira Martins, R.; Andrei, A. H.; Sicardy, B.; Young, L.;
da Silva Neto, D. N.; Braga-Ribas, F.: �Precise predictions of stellar occultations by Pluto, Charon, Nix,
and Hydra for 2008�2015�, A&A 515, A32 (2010). [2] Assa�n, M.; Vieira Martins, R.; Camargo, J. I. B.;
Andrei, A. H.; da Silva Neto, D. N.; Braga-Ribas, F.: �PRAIA - Platform for Reduction of Astronomical
Images Automatically�, Gaia follow-up network for the solar system objects : Gaia FUN-SSO workshop
proceedings, held at IMCCE -Paris Observatory, France, November 29 - December 1, 2010 / edited by Paolo
Tanga, William Thuillot.- ISBN 2-910015-63-7, p. 85�88 (2011).
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Study of transneptunian objects through stellar occultations
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The physical parameters of the transneptunian objects (TNO's) such as size, shape, density, presence of
atmosphere, provide important information on their formation and evolution. At more than 30 astronomical
units (au) from the Sun, those objects receive low solar radiation and have low mutual collisions so they can
be considered as remnants of the primordial outer Solar System. Besides that, information on TNO's is of
great relevance when trying to establish a general formation scenario for the recently discovered planetary
systems.
The problem is that such bodies have a diameter smaller than 2300 km (Eris, one of the largest TNO,
has 2326 km) and, when viewed from Earth, they subtend angles smaller than 50 milli-arcseconds, a fact
that makes their resolution very poor with current imaging systems. One method to obtain very accurate
information on the TNO's is the stellar-occultation technique. Sizes at kilometer accuracies and pressure at
nanobar levels can be achieved with this method. Shape, mass, density and other physical parameters can
also be derived using this technique.
Since 2010, we observed stellar occultations of several TNO's (Varuna in 2010 and 2013; Eris in 2010; 2003
AZ84 in 2010 and 2011; Makemake in 2011; Quaoar in 2011 and two in 2012; 2002 KX14 in 2013; and �nally
Sedna in 2013) besides some other occultations of the Pluto system and of the largest Centaurs. We also
predicted future events in 2014 and 2015 for the largest 40 TNO's and Centaurs. In this work, we will
present new results obtained from recent stellar occultations of TNO's.
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Arecibo and Goldstone radar evidence for boulders on near-Earth asteroids
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Delay-Doppler radar observations of numerous near-Earth asteroids (NEAs) since 1999 have revealed many
small groups of radar-bright pixels in some of the highest signal-to-noise ratio (SNR) images obtained at
Arecibo and Goldstone. Many of the spots remain observable as the asteroids rotate through tens of degrees.
The bright pixels are not receiver noise, self noise, or artifacts, but are real features. Clusters of bright pixels
appear primarily in high-resolution radar images with resolutions of 4�19 m/pixel and usually span a few
rows and columns or less, indicating that these are surface features a few tens of meters in extent or smaller.
Many clusters appear near the trailing edges of the images and are adjacent to and up range from radar
shadows, implying the presence of small-scale topography. To date, small groups of bright pixels have been
seen on at least ten NEAs observed at high resolution, such as (in chronological order of radar detection)
(101955) Bennu, (33342) 1998 WT24, (100085) 1992 UY4, (374851) 2006 VV2, (341843) 2008 EV5, (136849)
1998 CS1, (308635) 2005 YU55, (214869) 2007 PA8, (4179) Toutatis, and 2014 BR57. Of these objects,
Toutatis is the largest, with a long axis of 4.6 km, and 2004 BR57 is the smallest, with a diameter of about
80 m. These objects also span a considerable dynamic range of shapes, spin states, and spectral classes.
What causes the radar-bright pixels? Radar albedo correlates positively with increasing near-surface den-
sity, so relatively bright echoes can result from scattering o� surface and near-surface features with higher
densities than their surroundings. Bright echoes can also be generated by specular re�ections from relatively
�at surfaces oriented nearly perpendicular to the radar line-of-sight. Many of these features are located near
the radar terminator where the radar line-of-sight is at grazing incidence angles, which tends to highlight
small-scale topography. We suggest that a plausible interpretation for these particular observations is that
the bright pixels are echoes from surface and near-surface boulders, which have been seen on each of the three
near-Earth asteroids imaged by spacecraft: (433) Eros (NEAR-Shoemaker), (25143) Itokawa (Hayabusa),
and (4179) Toutatis (Chang'e 2). These asteroids have also been imaged by radar, but the resolutions and/or
signal-to-noise ratios were insu�cient to reveal possible boulders. Bright spots were not evident in radar
images of Toutatis obtained between 1992�2008, but following an upgrade in Goldstone's �nest resolution
from 19 to 4 m/pixel in 2010, a modest number of spots became visible in Goldstone images of Toutatis
obtained in 2012. The prevalence of small radar bright spots on numerous NEAs establishes that features
consistent with boulders can be detected in delay-Doppler radar images of particularly high-SNR targets
and that these features are relatively common on near-Earth asteroid surfaces.
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Prediction of imminent impactors: Announcement policy and need of follow-up
observations

F. Bernardi1, A. Milani 2, F. Spoto2, and G. Tommei2
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The detection of imminent impactors poses some delicate questions regarding the announcement policy. In
fact, having very few observations, the impact probability computation is a di�cult task and it strongly
depends on:

ˆ the intrinsic astrometric errors of the observations;

ˆ the assumed population model;

ˆ the minimum size of impactors.

We present a new web based automatic tool which computes the risk assesment within few minutes from
the posting of new observations of a recently detected object on the MPC-NEOCP list. The aim of this
imminent impactors tool is to raise awareness of the professional and amateur astronomical community on
the possibility of the existence of an impact, within few days or hours, of objects posted on the NEOCP
list of the MPC. Therefore astronomers can be triggered in a short time to follow these kind of objects, in
order to improve the knowledge of the impact occurrence and location. It is important to stress that the
minimal information from the observations provides a considerable number of spurious cases. This is a main
di�erence with the classical impact monitoring activities of CLOMON2-NEODyS, because the need of a
rapid response of the observers requires an automatic procedure while for CLOMON2 an operator decides
if the output of the computation is reliable to be posted.
In this presentation we will discuss the methods to �lter the reliable cases and the announcement policy
that we want to implement in the NEODyS system, taking into account the need of a feedback from the
community of scientists.
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Lutetia's lineaments
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The European Space Agency's Rosetta spacecraft �ew by asteroid (21) Lutetia on July 10th, 2010. Obser-
vations through the OSIRIS camera [1] have revealed many geological features [2]. Lineaments are identi�ed
on the entire observed surface of the asteroid. Many of these features are concentric around the North Pole
Crater Cluster (NPCC) [3].
As observed on (433) Eros and (4) Vesta [4,5], this analysis assesses whether or not some of the lineaments
could be created orthogonally to observed impact craters. The results indicate that the orientation of
lineaments on Lutetia's surface could be explained by three impact craters: the Massilia and the NPCC
craters observed in the northern hemisphere, and the candidate crater Suspicio inferred to be in the southern
hemisphere. The latter has not been observed during the Rosetta �yby.
Of note is that the inferred location of the Suspicio impact crater derived from the lineaments matches
the location, where hydrated minerals have been detected from Earth-based observations in the southern
hemisphere of Lutetia [6]. Although the presence of these minerals has to be con�rmed, this analysis shows
that the topography may also have a signi�cant contribution in the modi�cation of the spectral shape and
its interpretation.
The cross-cutting relationships of craters with lineaments, or between lineaments themselves, show that Mas-
silia is the older impact feature, the NPCC the younger, and that the Suspicio impact crater is signi�cantly
older than the NPCC impact crater but younger than Massilia.
This analysis presents an alternative interpretation of the origin of the lineaments on asteroid Lutetia that
di�ers from previous numerical modeling [7], depending on the assumption used for the creation of the
lineaments. It also does not associate the orientations of the lineaments to pre-existing orientations related
to a hypothetical parent body as recently suggested [Giacomini et al., 2014]. In this respect, this analysis
agrees with Lutetia being a planetesimal [8,2].
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Spectroscopic and taxonomic information is now available for 1000 near-Earth objects, having been obtained
through both targeted surveys (e.g. [1�3]) or resulting from all-sky surveys (e.g. [4]). We �rst evaluate
these results within the framework of taxonomic types in the Bus-DeMeo system [5,6] and subsequently
examine meteorite correlations based on spectral and mineralogical analysis (e.g. [7,8]). We correlate our
spectral �ndings with the source region probabilities calculated using the methods of Bottke et al. [9]. The
source regions evaluated are Mars Crossers,� 6 resonance, 3:1 resonance, the Outer Belt, and Jupiter Family
Comets.
In terms of taxonomy, very clear sources are indicated: Q-, Sq-, and S-types most strongly associated
with ordinary chondrite meteorites show clear source signatures through the innermost main-belt regions.
V-types are relatively equally balanced between� 6 and 3:1 resonance sources, consistent with the orbital
dispersion of the Vesta family. Asteroid taxonomy classes interpreted as analogous to meteorites with
primitive compositions, B- and C-types, show distinct source region preferences for the outer belt and for
Jupiter family comets. Most strongly indicated is a Jupiter family comet source for the D-type near-Earth
objects, implying a pronounced likelihood that these �asteroidal� bodies are extinct or dormant comets [10].
Similarly, near-Earth objects falling in the spectrally featureless �X-type� category also show a strong outer
belt and Jupiter family comet source region preference; even though they lack albedo measurements, they
may be interpreted as originating from among �P-type� primitive objects common in the outer belt. Finally
the Xe-class of near-Earth objects, which most closely match the spectral properties of enstatite achondrite
(aubrite) meteorites, show a source region preference consistent with a Hungaria origin (con�rming [11]) by
entering near-Earth space through the Mars crossing and� 6 resonance pathways.
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Neutral sodium is typically easy to detect in active comets around perihelion, due to the very high e�ciency
of the sodium D transition, and, at some comets, a distinct neutral sodium tail is observed.
The �rst distinct neutral sodium tail images were apparent in C/1995 O1 (Hale-Bopp) data taken using
CoCam [1], but, since this initial detection, similar features have been observed at near-Sun comets using
the LASCO coronagraph on SOHO. A full picture of the distribution and evolution of neutral cometary
sodium may best be established using a combination of spectra and images in di�erent �lters at multiple
times throughout the orbit.
The high e�ciency of the sodium D transition has allowed it to be detected in systems, even if the column
density of sodium is extremely low. In these instances it is sometimes possible to determine some of the
system's characteristics from the sodium emission detection, such as in Io's plasma torus [2] and Enceladus's
plume [3,4]. It is hoped that a similar approach may be applied to the active cometary environment, but,
at present, the production of neutral sodium is unknown. Various authors [5�9, thorough review presented
in 10] have suggested various combinations of sources of neutral sodium in the nuclear region, near-nuclear
region, dust tail, and ion tail.
The morphology and evolution of the neutral cometary sodium tail are di�cult to intuitively predict due to
the Swings and Greenstein e�ects. In order to understand the wide variety of cometary observations of neu-
tral sodium available we have developed the �rst fully three-dimensional, heliocentric-distance-dependent,
versatile Monte Carlo neutral sodium tail model, which incorporates the unintuitive variation in radiation
pressure in�uences on sodium atoms with di�erent heliocentric velocities. Our model was initially based on
that of Brown et al [7].
We present preliminary results from this model. We have found initial agreement with the overall morphology
and brightness of the neutral sodium tail observed at C/1995 O1 (Hale-Bopp, for which this phenomenon
was studied most extensively) and our model, and have begun to extend the study to other comets of
interest. We also present our initial analysis of the likely presence of neutral sodium in the SOHO LASCO
images of C/2012 S1 (ISON) and a comparison of this dataset with our model. The versatility of the model
allows it to be easily adapted to any other cometary sodium tail.

Figure: Left: Model-data overlay produced by matching star �elds show good agreement with overall
sodium tail morphology for comet C/1995 O1 (Hale-Bopp). Top right: Simulation result for comet Hale-
Bopp at 21:00 UT on 1997 April 16 using a collision radius of 40,000 km. Bottom right: CoCam images of
comet Hale-Bopp taken using sodium �lter at 21:08 UT on 1997 April 16.
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The Taurid complex is a massive stream of material in the inner part of the Solar System. Its name is
related to the Taurid meteor shower. This complex is characterized by a cluster of objects having low-
inclination ( i < 12� ), large-eccentricity (0.64�0.85) orbits with semimajor axes spanning the range 1.8�2.6
au. The largest body of the Taurid Complex is the comet P/Encke, and this complex contains more than
20 near-Earth asteroids (NEAs).
There is an important lack of information concerning the physical parameters of the Taurid complex. The
observational campaign for observing NEAs of the Taurid complex was started in 2011 in order to provide
valuable spectroscopic data for characterizing the surfaces of the complex members.
The paper presents near-infrared spectroscopy using IRTF/SpeX obtained remotely from Paris Observatory
and Bucharest Observatory for the following asteroids: (2201) Oljato, (4183) Cuno, (4486) Mithra, (5243)
Heracles, (6063) Jason, and (269690) 1996 RG3. We will present a detailed analysis of these spectra which
allows their association with several minerals and laboratory spectra of meteorites.
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Observations of ammonia in comets with Herschel
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Ammonia is the most abundant nitrogen bearing species in comets. However, it has been scarcely observed in
comets due to the weakness of the lines observable from the ground at infrared and centimetre wavelengths.
Nevertheless, its main photodissociation product NH2 has been observed in several comets in the visible.
The fundamental rotational JK = (1 0 � 00) transition of NH 3 at 572.5 GHz has been observed in comets since
2004, with the Odin satellite (Biver et al. 2007). In the frame of the Herschel guaranteed time key program
�HssO� (Hartogh et al. 2009), ammonia was detected with the HIFI instrument in comets 10P/Tempel
2 (Biver et al. 2012), 45P/Honda- Mrkos-Pajdusakova, 103P/Hartley 2, and C/2009 P1 (Garradd). The
hyper�ne structure of the line is resolved. We have built a complete excitation model to interpret these
observations, including the radial distribution in comet 103P. The derived abundances relative to water are
on the order of 0.5 %, similar to the values inferred from visible observations of NH2.
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Abundance of complex organic molecules in comets
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The IRAM-30m submillimetre radio telescope has now an improved sensitivity and versality thanks to its
wide-band EMIR receivers and high-resolution FFT spectrometer. Since 2012, we have undertaken 70 GHz
wide spectral surveys in the 1-mm band in several comets: C/2009 P1 (Garradd), C/2011 L4 (PanSTARRS),
C/2012 F6 (Lemmon), C/2012 S1 (ISON), and C/2013 R1 (Lovejoy).
Since their discovery in comet C/1995 O1 (Hale-Bopp) in 1997 (Bockelée-Morvan et al. 2000, Crovisier et
al. 2004a, 2004b), we have detected complex CHO(N)-molecules such as formic acid (HCOOH), formamide
(NH2CHO), acetaldehyde (CH3CHO), and ethylene glycol ((CH2OH)2) in several other comets. HCOOH
has now been detected in 6 other comets since 2004, and formamide, ethylene glycol, and acetaldehyde were
re-detected for the �rst time in comets Lemmon or Lovejoy in 2013 (Biver et al. 2014). We will present the
abundances relative to water we derive for these species, and the sensitive upper limits we obtain for other
complex CHO-bearing molecules. We will discuss the implication of these �ndings on the origin of cometary
material in comparison with observations of such molecules in the interstellar medium.
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D., Lis, D.C., Wink, J.E., et al. 2000, A&A, 353, 1101; Crovisier, J., Bockelée-Morvan, D., Biver, N., et
al. 2004a, A&A, 418, L35; Crovisier, J., Bockelée-Morvan, D., Colom, P., et al. 2004b, A&A, 418, 1141.
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Molecular diversity of �ve comets observed in the submillimetre range in 2013
N. Biver1, M. Agundez2, S. Milam3, V. Debout1, P. Santos-Sanz4, D. Bockelée-Morvan1, J. Boissier5, P.
Colom1, J. Crovisier1, N. Dello Russo6, H. Kawakita 7, D. Lis8,9, R. Moreno1, G. Paubert10, R. Vervack6,

and H. Weaver6
1LESIA, Observatoire de Paris, CNRS, UPMC, Université Paris-Diderot, 5 place Jules Janssen, F-92195 Meudon,

France
2LAB, Université de Bordeaux, F-33270 Floirac, France

3Goddard Space Flight Center, Astrochemistry Laboratory, Greenbelt, MD 20771, USA
4IAA - CSIC,GLorieta de la Astronomia s/n, E-18008 Granada, Spain
5IRAM, 300, rue de la Piscine, F-38406 Saint Martin d'Hères, France

6JHU/APL, Laurel, Maryland, USA
7Koyama Astronomical Observatory, Kyoto Sangyo University Motoyama, Kyoto 603-8555, Japan

8California Institute of Technology, Cahill Center for Astronomy and Astrophysics 301-17, Pasadena, CA 91125, USA
9LERMA, Observatoire de Paris, CNRS, Sorbonne Universités, UPMC, F-75014 Paris, France

10IRAM, Avd. Divina Pastora, 7, 18012 Granada, Spain

The year 2013 was a proli�c one for submillimetre observations of comets. In the context of the large inter-
national observation campaigns of comets C/2011 L4 (PanSTARRS) and C/2012 S1 (ISON), we observed
�ve comets at submillimetre wavelengths with the IRAM-30m and APEX radio telescopes. These comets
were also monitored with the Nançay radio telescope at the 18-cm wavelength, providing OH production
rates.
Comet C/2011 L4 (PanSTARRS) is a dynamically new Oort-cloud comet that passed perihelion at 0.30 au
from the Sun on 10 March 2013. We observed it on 14�18 March and 5�8 April, as it receded from the Sun
and its total outgassing rate dropped from � 5 � 1029 to � 7 � 1028 molec./s (Combi et al. 2014). We
observed C/2012 F6 (Lemmon) contemporaneously with comet PanSTARRS, and also during 13-16 February
2013. This old long-period comet displayed a much larger gas- to-dust ratio, with a peak outgassing rate
around 1030 molec./s, when we observed it in March�April. It reached perihelion at 0.73 au on 24 March
2013. During the period of 8 November to 16 December 2013, we observed 3 comets at IRAM-30m over
21 di�erent days. The dynamically new sungrazing comet C/2012 S1 (ISON) was the prime target and we
detected it from 8 November until two days before perihelion (28.8 November at 0.012 au from the Sun),
when it completely disintegrated. We intensively observed comet ISON during its �rst large outburst on 14
November (Biver et al. 2013, Crovisier et al. 2013, Agundez et al. 2014). Comet C/2013 R1 (Lovejoy) is
another old long-period comet that was discovered late, in September 2013, and observed during the whole
period. We monitored its activity as it approached the Sun (perihelion at 0.83 au on 22 December 2013)
with a peak outgassing rate around1:5 � 1029 molec./s. Another long period comet, C/2012 X1 (LINEAR)
was observed in Nov.�Dec. 2013. It had a strong outburst in early October 2013 and passed perihelion on
21 Feb. 2014 at 1.6 au from the Sun.
We will report observations of 18 di�erent molecular species and concentrate on the main molecules (e.g.,
HCN, CH3OH, CS, H2CO, HNC, CO, H2S, CH3CN, HC3N, HNCO), which have been detected in a majority
of these comets. We will compare the chemical composition of these comets and also investigate the variation
with time and heliocentric distance observed in comets C/2011 L4 (PanSTARRS), C/2012 S1 (ISON), and
C/2013 R1 (Lovejoy) as they receded from or approached the Sun.
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submitted; Combi M., Bertaux, J.-L., Quémerais, E. et al. 2014, AJ, in press; Crovisier, J., Colom, P.,
Biver, N., et al. 2013, CBET 3711.
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The work we present deals with the spectrometric measurements of the VIRTIS instrument part of the
payload of the Rosetta mission to the comet 67P/Churyumov-Gerasimenko (C-G). The interpretation of
the measurements require modeling the radiance from the nucleus and from the dusty/gaseous environment
of the comet. The dust is an important constituent of comets, and is always present on the surface of the
nucleus and in the coma. The cometary spectra are strongly a�ected by the processes taking place in the
coma and by the structure, composition, and spatial distribution of cometary materials. The particles of the
dust, illuminated by sunlight, scatter, absorb, and emit radiation. The radiation is transmitted through the
coma region before being collected by instruments such as the VIRTIS/Rosetta spectrometer. First of all,
the results of modeling the thermal radiance from dust and molecules in coma are presented. This radiation
forms an especially important part of the signal in the 2.5�6.0-µm spectral range. The emission processes
depend on the thermal state of the nucleus and dust composition (i.e., optical parameters of dust/ices),
density distribution, shape, and size of dust grains around the nucleus. The number density distribution of
the dust grains around the coma and their size distribution are drawn from the recent theoretical simulations
and Inner Coma Environment Simulation tools (ICES). For our analysis, the equation of radiative transfer
through the assembly of dust grains and various gases is solved. The applied codes are similar to the models
used some time before for the analysis of the signals from the dust torus around Mars, Martian atmosphere,
and comet 46P/Wirtanen. The modeled levels of the thermal radiances were compared with the total
radiance calculated for the same geometry. But the main purpose of the paper is the detailed discussion of
the in�uence of the state of the comet and the parameters of dust on the thermally emitted signal to be
measured by the VIRTIS spectrometer.
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There has been vast progress in our understanding of planetesimal formation over the past decades, owing to
a number of laboratory experiments as well as to re�ned models of dust and ice agglomeration in protoplan-
etary disks. Coagulation rapidly forms cm-sized �pebbles� by direct sticking in collisions at low velocities
(Güttler et al. 2010; Zsom et al. 2010). For the further growth, two model approaches are currently being
discussed: (1) Local concentration of pebbles in nebular instabilities until gravitational instability occurs
(Johansen et al. 2007). (2) A competition between fragmentation and mass transfer in collisions among
the dusty bodies, in which a few �lucky winners� make it to planetesimal sizes (Windmark et al. 2012a,b;
Garaud et al. 2013).
Predictions of the physical properties of the resulting bodies in both models allow a distinction of the two
formation scenarios of planetesimals. In particular, the tensile strength (i.e, the inner cohesion) of the
planetesimals di�er widely between the two models (Skorov & Blum 2012; Blum et al. 2014). While model
(1) predicts tensile strengths on the order of� 1 Pa, model (2) results in rather compacti�ed dusty bodies
with tensile strengths in the kPa regime.
If comets are km-sized survivors of the planetesimal-formation era, they should in principle hold the secret of
their formation process. Water ice is the prime volatile responsible for the activity of comets. Thermophys-
ical models of the heat and mass transport close to the comet-nucleus surface predict water-ice sublimation
temperatures that relate to maximum sublimation pressures well below the kPa regime predicted for forma-
tion scenario (2). Model (1), however, is in agreement with the observed dust and gas activity of comets.
Thus, a formation scenario for cometesimals involving gravitational instability is favored (Blum et al. 2014).

References: Blum, J., Gundlach B., Mühle S., Trigo-Rodriguez, J.M., 2014. Comets formed in solar-
nebula instabilities! � An experimental and modeling attempt to relate the activity of comets to their
formation process. Icarus 235, 156�169; Garaud, P., Meru, F., Galvagni, M., Olczak, C., 2013. From dust
to planetesimals: An improved model for collisional growth in protoplanetary disks. Astrophys. J. 764, 146�
165; Güttler, C., Blum, J., Zsom, A., Ormel, C., Dullemond, C.P., 2010. The outcome of protoplanetary
dust growth: Pebbles, boulders, or planetesimals? I. Mapping the zoo of laboratory collision experiments.
Astron. Astrophys. 513, A56; Johansen, A., Oishi, J.S., MacLow, M.M., Klahr, H., Henning, T., 2007.
Rapid planetesimal formation in turbulent circumstellar disks. Nature 448, 1022�1025; Skorov, Y.V., Blum,
J., 2012. Dust release and tensile strength of the non-volatile layer of cometary nuclei. Icarus 221, 1�11;
Windmark, F., Birnstiel, T., Güttler, C., Blum, J., Dullemond, C.P., Henning, T., 2012a. Planetesimal
formation by sweep-up: How the bouncing barrier can be bene�cial to growth. Astron. Astrophys. 540,
A73; Windmark, F., Birnstiel, T., Ormel, C.W., Dullemond, C.P., 2012b. Breaking through: The e�ects
of a velocity distribution on barriers to dust growth. Astron. Astrophys. 544, L16; Zsom, A., Ormel,
C.W., Güttler, C., Blum, J., Dullemond, C.P., 2010. The outcome of protoplanetary dust growth: Pebbles,
boulders, or planetesimals? II. Introducing the bouncing barrier. Astron. Astrophys. 513, A57.

69



ACM 2014, Helsinki, Finland Conference abstracts

Water, hydrogen cyanide, and dust production from the distant comet
29P/Scwassmann-Wachmann 1

D. Bockelee-Morvan1, N. Biver1, C. Opitom2, D. Hutsemekers2, J. Crovisier1, E. Jehin2, P. Hartogh3, S.
Szutowizc4, E. Lellouch1, M. Kidger 5, B. Vandenbussche6, V. Zakharov1, and the HSSO team3

1LESIA, Observatoire de Paris, France
2Institut d'Astrophysique et de Geophysique de l'Universite de Liege, Belgium

3Max Planck Instituefor Solar System Research, Germany
4Space Research Centre, Polish Academy of Science, Poland

5European Space Astronomy Centre, European Space Agency, Spain
6Instituut voor Sterrekunde, Katholieke Universiteit Leuven, Belgium

Comet 29P/Schwassmann-Wachmann is a periodic comet, also classi�ed as a Centaur, orbiting on a nearly
circular orbit at 6 au from the Sun. It is well known for its permanent activity driven by CO outgassing,
and its episodic outbursts.
Comet 29P was observed in 2010�2011 with the Herschel space observatory. Observations of water and
ammonia were performed with the Heterodyne Instrument for the Far-Infrared (HIFI). One set of mea-
surements was obtained two days after a major outburst (16 Apr. 2010). Images of the dust coma at 70
and 160 µm were obtained using the Photodetector Array Camera and Spectrometer (PACS). To support
these observations, observations of CO and HCN were undertaken at the 30-m telescope of the Institut de
radioastronomie millimétrique (IRAM).
We present an overview of this set of observations. H2O and CO are detected. We also obtain the �rst
detection of HCN in this distant comet. Relative abundances are similar to those measured in the coma of
comet C/1995 O1 (Hale-Bopp) when atrh = 6 au from the Sun, but strongly di�er from coma compositions
at rh = 1 au. The line pro�les show evidence that both H2O, HCN are released from long-lived icy grains.
Detailed modeling of water production from icy-grain suggests continuous release of icy grains from the
nucleus.
The thermal emission from the nucleus is detected in the PACS 70µm images. The thermal emission
from dust grains is analyzed with a thermal model of dust emission, which takes into account the dust size
distribution. Both the size index and the dust production rate are measured.
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Comet ISON � from cradle to grave
H. Boehnhardt1, W. Curdt 1, B. Inhester1, L. Lara2, N. Oklay1, B. Podlipnik 1, C. Snodgrass1, C. Tubiana1,

and J. Vincent1
1Max-Planck Institute for Solar system Research, Goettingen, Germany

2Instituto de Astro�sica de Andalucia, Granada, Spain

Comet ISON came from the Oort Cloud (10,000�100,000 au), the outermost region of the Solar System,
where the debris from the formation of giant planets and possible extrasolar comets are stored since the
early days of the Sun's existence. The overall chemistry of the comet appears to be normal suggesting
a solar origin. During its approach to the Sun, it was active at least since it passed 9.4 au, displaying
enhanced activity most likely driven by CO2 and CO ice sublimation. From about 2.5 au inwards, water-ice
sublimation dominated the activity of the km-size nucleus, producing a gas and dust coma of 100,000 km
in extension and several million km long plasma and dust tails, most of which were seen overlapping from
the Earth. The comet approached the Sun within 0.012 au on 28 Nov. 2013. The fatal disintegration of
the nucleus occurred close to the Sun in two steps: About 1.5�0.5 days before perihelion, an extraordinary
brightening occurred that may indicate an explosion of the nucleus producing an armada of fragments that
continued on the track of the comet with fading activity. The subnuclei exhausted their icy fuel shortly
before reaching perihelion and dissolved in a cloud of dust. This cloud and some solid material from the
nucleus explosion escaped the Sun and witness the death of the nucleus of comet ISON.

71



ACM 2014, Helsinki, Finland Conference abstracts

Castalia � a European Mission to a main-belt comet
H. Boehnhardt1, the Castalia Study Science Team2

1Max-Planck Institute for Solar System Research, Göttingen, Germany
2Various international research institutes

Main Belt Comets (MBCs) are a new solar system population with stable asteroid-like orbits and a comet-
like appearance. It is believed that they survived the age of the solar system in a dormant state and that
their activity occurred only recently. Buried water ice is the only volatile expected to survive under an
insulating surface. Excavation by an impact might expose the ice and trigger the start of MBC activity.
Castalia is a science mission to an MBC with the goal to illuminate their mysteries, to decipher the messages
of MBCs from the formation period of the planetary system and to explore their possible links to Earth.
The speci�c science goals of the mission are:
(1) Characterize a new Solar System family, the MBCs, by in-situ investigation
(2) Understand the physics of activity on MBCs
(3) Directly sample primordial water in the asteroid belt
(4) Test if MBCs are a viable source for Earth's water
(5) Use MBCs as tracers of planetary system formation and evolution.
Mission pro�le: These goals can be achieved by a spacecraft designed to rendezvous with an MBC and
orbit it for a time interval of some months to a year, arriving before the active period for mapping and
then directly sampling the gas and dust released during the active phase. Given the low level of activity
of MBCs, and the expectation that their activity comes from only a localized patch on the surface, the
orbiting spacecraft will have to be able to maintain a very close orbit over extended periods � the Castalia
plan envisages an orbiter capable of �hovering� autonomously at distances of only a few km from the surface
of the MBC.
Scienti�c payload: The strawman instrument payload is made up of: Visible and near-infrared spectral
imager; Thermal infrared imager; Radars for deep and shallow penetration depths; Radio science; Dust im-
pact detector; Dust composition analyzer; Neutral/ion mass spectrometer; Magnetometer; Plasma package.
In addition to this, the option of a surface science package is being considered.
Mission Target: At the moment MBC 133P/Elst-Pizarro is the best-known target for such a mission. A
design study for the Castalia mission has been carried out in partnership between the science team, DLR
and OHB Systems in Bremen. This study looked at possible missions to 133P with launch dates around
2025, and found that this (and other MBC targets as backups) are reachable within an ESA M-class type
mission.
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Thermal history of type-3 chondrites in the NASA antarctic collection
L. Bonal1, E. Quirico1, and G. Montagnac2

1Institut de Planétologie et d'Astrophysique de Grenoble, UJF Grenoble1/CNRS-INSU, France.
2Laboratoire de géologie de Lyon, CNRS, ENS de Lyon, France

Chondrites are the most primitive meteorites. However, they were all modi�ed in some ways by post-
accretion geological processes operating on their asteroidal parent bodies. Hence, to decipher the forma-
tion(s) and origin(s) of their components, we must �rst understand how chondritic materials were modi�ed
in their asteroidal parent bodies. The modi�cations induced by secondary processes should not be under-
estimated and have to be precisely estimated before any interpretation of chondrite properties in terms
of cosmochemistry. In particular, all chondrites contain some organic components that were potentially
chemically and physically modi�ed through post-accretion processes. A thin understanding of the induced
evolution is required to allow for pertinent comparisons with other primitive extraterrestrial materials, such
as cometary grains, to �nally address questions such as the origin of organics in the Solar System.
Type 3 chondrites experienced thermal metamorphism on their asteroidal parent body due to the radioactive
decay of elements such as26Al. Temperatures higher than 300 � C were experienced on timescales of several
thousands of years. Still, type 3 chondrites remain as unequilibrated rocks and common mineralogical
thermometers cannot be applied. The polyaromatic carbonaceous matter is sensitive to thermal episodes
(of long and short duration) experienced by the host meteorite. In particular, its structural order directly
re�ects the thermal history experienced on their parent bodies. The structural modi�cation of the aromatic
carbonaceous matter towards a higher order is irreversible, and independent of the mineralogy and degree
of aqueous alteration. It is mainly controlled by the peak metamorphic temperature. Moreover, under the
assumption of fairly similar organic precursors among chondrites of distinct groups, the structural order of
polyaromatic organic matter allows for a direct comparison of their metamorphic grades. It is then possible
to evaluate the metamorphic grade of the objects and to assign a petrologic type along a unique petrologic
scale [1�4]. This technique has been successfully applied to type 3 Unequilibrated Ordinary Chondrites [1],
carbonaceous CV chondrites [2], and CO chondrites [3]. The interpretation of the structural order of the
polyaromatic carbonaceous matter in terms of thermal history is thus reliable. Raman spectroscopy enables
the determination of the degree of structural order of the polyaromatic organic matter present in the matrix
of chondrites. Both falls and �nds, from Antarctica [4] and elsewhere, have been analyzed. It does not
require a large amount of samples and is relatively easy to implement. Raman spectroscopy is particularly
sensitive to the lowest petrologic types (3.0�3.2).
The present NASA collection of Antarctic meteorites represents an incredible source of precious samples for
our community. The present work �nely characterizes the thermal history of most of the type 3 chondrites
(UOCs, CVs, and COs) from that collection. At the present time, the objectives are threefold: (i) determi-
nation of reliable petrologic types indispensable for our community; (ii ) identi�cation of the most primitive
type 3 chondrites (petrologic type � 3.1); and (iii ) identi�cation of potential �anomalous� samples having
experienced a slightly di�erent thermal history.
The JSC Meteorite Working Group generously allocated us with more than 150 chondrites (UOCs, CVs, and
COs). The following points summarize the main results. (i) At the present time, the thermal histories of more
than 100 samples have been characterized. (ii ) The terrestrial weathering experienced by several chondrites
(� 25 chondrites) has been too pervasive for the method to be applied. For these meteorites, as signatures
of oxide minerals dominate Raman spectra of the matrix, the organic matter might have been signi�cantly
altered through oxidation. ( iii ) Real discrepancies with the preliminary JSC petrologic type attributions were
found for several chondrites with mostly underestimations of the metamorphic grades. (iv) The structural
grade of the polyaromatic carbonaceous matter is fairly homogeneous in most of the considered chondrites
with a few exceptions, interpreted in terms of shock events. (v) Recently, there were some promising advances
(e.g. [5,6]) in terms of interpretation of the structural order of the polyaromatic carbonaceous matter as a
geothermometer for terrestrial rocks of low maturity grades. The used spectral tracers will be considered and
the thermometry potentially applied to infer new constraints on the metamorphic temperature experienced
by these type 3 chondrites.

References: [1] Quirico et al. (2003) MAPS 38, 795. [2] Bonal (2006) PhD dissertation. University
Grenoble I. [3] Bonal et al. (2006) GCA 70, 1849. [4] Bonal et al. (2007) GCA 71, 1605. [5] Lah�d et al.
(2010) Terra Nova 22, 354. [6] Kouketsu et al. (2013) Island Arc 23, 33.

73



ACM 2014, Helsinki, Finland Conference abstracts

Motion of the Chelyabinsk meteor in the Earth's atmosphere
Y. Bondarenko1, Y. Medvedev1

1Institute of Applied Astronomy, RAS

We have developed a dynamical model that allows one to study the motion of asteroids and comets in the
Earth's atmosphere, to determine the probable impact areas, to calculate the energy emitted as a result of
falling, to estimate the major factors of damage, and also to determine the parameters of the heliocentric
orbit before the entry into the Earth's atmosphere. Software has been developed to implement the model.
Using this software, the motion of the Chelyabinsk meteor was simulated. A study of evolution of its orbit
before the collision with the Earth was carried out.
One of the software advantages is the ability to save the results of the computation in a .kml �le that allows
one to display three-dimensional geospatial data in Google Earth. We can show the obtained trajectory of
the meteor, the projection of the trajectory on the Earth's surface, the impact areas of the fragments, as
well as the position of the airburst and the nearest settlements.
Parameters of the heliocentric orbit of the meteor before entering the Earth's atmosphere, calculated using
the developed software are close to the parameters obtained by other authors. The trajectory parameters
with their accuracy at the moment of the meteor airburst are in good agreement with the U.S. Government
sensor data on �reballs. To estimate the parameters of impact areas, the fragments of di�erent radii were
taken. It is found that the impact areas of the meteor fragments are only within few kilometers from Lake
Chebarkul.
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OH* prompt emission and near-infrared searches for HDO in the moderately
bright comets C/2007 N3 Lulin and 103P/Hartley 2

B. Bonev1,2, E. Gibb1,3, G. Villanueva1,2, M. DiSanti 1,4, L. Paganini1,2, M. Mumma1,4, J. Keane5, K.
Meech5, K. Wright 1,3, E. Sudholt1,3, and M. Besic3

1Goddard Center for Astrobiology, NASA GSFC, MS 690, Greenbelt, MD 20771, USA
2Department of Physics, Catholic University of America, Washington, DC 20064, USA

3Department of Physics & Astronomy, University of Missouri, St. Louis, MO 63121, USA
4Solar System Exploration Division, NASA GSFC, Greenbelt, MD 20771, USA

5Institute for Astronomy, University of Hawaii, NASA Astrobiology Institute, Honolulu, HI 96822, USA

We report high-resolution spectroscopic searches for deuterated water (HDO) conducted on two comets of
moderate brightness: C/2007 N3 Lulin and 103P/Hartley 2. Using the Near InfraRed echelle SPECtrograph
(NIRSPEC) at the Keck-2 telescope on Mauna Kea (Hawaii), we targeted some of the strongest HDO
transitions at near-infrared wavelengths. Within the free spectral range optimized for the HDO search,
we sampled simultaneously a number of lines from OH* vibrational prompt emission, which results from
dissociative excitation of H2O. In contrast to �uorescent emission from OH, which shows a relatively �at
spatial distribution, the prompt emission spatial pro�le peaks at the nucleus and tracks the distribution of
water.
Applying improved routines for spectral analysis, we measured line-by- line quantitative emission intensities
for OH* simultaneously with HDO, and used them as a proxy for H2O production, thereby minimizing
systematic uncertainties introduced by absolute �ux calibration, atmospheric seeing, and temporal variability
when the H2O production is measured separately from HDO. This improved the accuracy of the upper limits
for the ratio HDO/H 2O. The H2O production was also measured directly, using a separate instrument setting.
We discuss both the signi�cance and the limitations of our upper limits and compare them to results from
astrochemical models that predict the D/H ratio in water at the midplane of the protoplanetary disk from
which the solar system formed. Based on the measured instrument performance, we make predictions for
the sensitivity of D/H measurements in future infrared searches and parameterize them with the cometary
�Figure of Merit� (a measure of IR line brightness) and time on source. Finally, we discuss the relevance of
OH* as a proxy for H2O production, as applied to the searches for HDO (and organics) using the upcoming
cross- dispersed high-resolution spectrometer iSHELL at NASA's Infrared Telescope Facility.

Acknowledgements: We gratefully acknowledge support from NASA Planetary Atmospheres (PI Bonev,
PI DiSanti, PI Villanueva), Planetary Astronomy (PI Mumma, PI Villanueva, PI DiSanti), and Astrobiol-
ogy (PI Mumma, PI Meech) Programs, and from the NSF Astronomy and Astrophysics Research Grants
Program (PI/co-PI Bonev/Gibb). The authors wish to recognize and acknowledge the very signi�cant cul-
tural role and reverence that the summit of Mauna Kea has always had within the indigenous Hawaiian
community. We are most fortunate to have the opportunity to conduct observations from this mountain.
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Imaging polarimetry and spectro-polarimetry of comet C/2013 R1 (Lovejoy)
G. Borisov1, S. Bagnulo2, P. Nikolov1, and T. Bonev1

1Institute of Astronomy and National Astronomical Observatory, Bulgarian Academy of Sciences, 72, Tsarigradsko
Chaussee Blvd., BG-1784 So�a, Bulgaria

2Armagh Observatory, College Hill, Armagh BT61 9DG, Northern Ireland, UK

Comet C/2013 R1 (Lovejoy) was observed during a multi-instrument campaign with the 2-m Ritchey-
Chrétien-Coudé (RCC) telescope of the Bulgarian National Astronomical Observatory (BNAO) in Rozhen,
during Christmas and New Year's holidays, from 20 Dec 2013 until 07 Jan 2014. Imaging and spectropolari-
metric data were obtained on December 28 and January 2, respectively, with the 2-Channel-Focal-Reducer
Rozhen (FoReRo2) (Jockerset al. 2000) attached at the Cassegrain focus of the telescope. In polarimetric
mode, FoReRo2 is equipped with a Wollaston prism placed before a dichroic that splits the signals into two
di�erent channels, allowing one to reconstruct polarimetric maps of extended objects in two �lters simulta-
neously. By replacing the �lters with two grisms, one can perform spectropolarimetric measurements. All
our measurements were obtained using the beam-swapping technique.
Imaging polarimetry was obtained in two dust continuum �lters covering wavelength intervals clear from
molecular emission and centred at 443 nm and 684 nm, hereafter called BC and RC, respectively. In imaging
mode, we measured 17.0 % in BC and 18.8 % in RC, which is in very good agreement with measurements of
other comets at the same phase angle of 64 deg (Mishchenkoet al. 2010, see the �gure for details). We have
also obtained polarization maps both in BC and RC. Spectropolarimetry of the nucleus region was found
consistent with narrow-band �lter polarimetry, i.e., the polarisation increases with wavelength. Molecular
emission lines clearly depolarise the continuum. We will compare depolarisation of the molecules with the
expected theoretical value of 1/7 from Feo�lov (1961).

Figure: Spectral dependence of polarization for comets at di�erent phase angles. The curves are polynomial
�ts. The results for comet C/2013 R1 (Lovejoy) are overplotted in blue and red colour for BC and RC
respectively.

Acknowledgements: Authors gratefully acknowledge observing grant support from the Institute of As-
tronomy and Rozhen National Astronomical Observatory, Bulgarian Academy of Sciences. Part of this work
was supported by the COST Action MP1104 �Polarization as a tool to study the Solar System and beyond�.

References: Feo�lov, P.: 1961, The Physical Basis of Polarized Emission � New York: Consultants Bureau,
1961; Jockers, K., et al.: 2000, Kinematika i Fizika Nebesnykh Tel Supplement3, 13; Mishchenko, M.I.,
et al.: 2010, Polarimetric remote sensing of Solar System objects - Kyiv: Akademperiodyka, 2010 ISBN
9789663601342;
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Review of the advances in meteor studies
J. Borovi£ka1

1Astronomical Institute, Academy of Sciences, 251 65 Ond°ejov, Czech Republic

I will present a personal conference summary in the �eld of meteor studies. The most important advances
concerning meteors since the last ACM conference (2012 in Japan) will be highlighted. The most interesting
event, which occurred in between and was discussed also on this conference, was the Chelyabinsk superbolide.
Nevertheless, progress was made also in other meteor studies.
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Atmospheric behavior of the Chelyabinsk impactor
J. Borovi£ka1, P. Spurný1, P. Brown2, P. Kalenda3, and L. Shrbený1
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2Dept. of Physics and Astronomy, University of Western Ontario, London, Ontario, Canada
3Institute of Rock Structure and Mechanics, Academy of Sciences, Praha 8, Czech Republic

The impact of a 19-m diameter asteroid near Chelyabinsk, Russia on February 15, 2013 has already been
studied extensively [e.g., 1�3]. The main sources of information were casually recorded videos, which pro-
vided the images of the superbolide as well as acoustic records of the sonic booms. From these data, the
bolide trajectory, velocity, deceleration, and lightcurve have been derived after careful calibration and analy-
sis. Such detailed data are not available for any other impactor larger than about 5 meters. The Chelyabinsk
event represents therefore a unique opportunity to study the interaction of asteroids in the decameter size
range through the terrestrial atmosphere.
In comparison with our previous study [1], we used more calibrated videos in this work. We will present
the re�ned trajectory, velocity, and orbit but will mainly concentrate on the atmospheric fragmentation
analysis. The extent of the dust trail up to the heights of 70 km demonstrates that signi�cant mass loss
occurred from the early parts of the luminous trajectory. Nevertheless, no �are was seen on the early portion
of the lightcurve, suggesting that no sudden disruption occurred here and the mass was probably being lost
from the asteroid surface. The �rst break-up occurred at the height of about 47 km. The large scale
disruption, documented both by the lightcurve and sonic booms, occurred between the heights of 39�30 km.
The fragmentation then ceased temporarily, but a number of surviving meter-sized boulders fragmented
extensively again below 26 km. We will present a fragmentation model �tting both the observed lightcurve
and deceleration. At lower heights, the deceleration of several individual fragments could be measured. The
transverse speed of the major fragment was 400 m/s, much larger than expected, but of the same order
of magnitude as observed in other cases including a sample of tiny meteoroids [4]. The unique aspect of
Chelyabinsk was the formation of an extended dust trail containing thermal hot spots, which retained their
forward momentum and continued the �ight in the original asteroid direction after formation. The usual
assumption that the positions of dust concentrations are identical with the fragmentation points proved
invalid in the case of Chelyabinsk. The nature of the hot spots will be discussed.
The fragmentation analysis con�rms that the Chelyabinsk asteroid was not a rubble pile, which would be
expected to disintegrate under the atmospheric ram pressures experienced in the beginning of entry. On
the other hand, Chelyabinsk was not a particularly strong body. About 95 % of mass was lost at heights
above 30 km under the action of dynamic pressure less than 5 MPa. In many respects, the Chelyabinsk
fragmentation resembles the fragmentation behavior exhibited by the Ko²ice meteoroid (H5 chondrite, 1
meter size) [5]. Both events were characterized by catastrophic disruption above the height of 30 km and
the survival of only a few large pieces in addition to numerous small meteorites. Since the bulk strength
and fragmentation behavior of meter-sized objects varies from case to case [6], we do not expect that all
Chelyabinsk-sized impactors will behave similarly.

References: [1] Borovi£ka J. et al., Nature 503, 235 (2013). [2] Brown P.G. et al., Nature 503, 238 (2013).
[3] Popova O.P. et al., Science 342, 1069 (2013). [4] Stokan E. & Campbell-Brown M.D., Icarus 232, 1
(2014). [5] Borovi£ka J. et al., Meteorit. Planet. Sci. 48, 1757 (2013). [6] Popova O. et al., Meteorit.
Planet. Sci. 46, 1525 (2011).
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Exploring the collisional evolution of the asteroid belt
W. Bottke 1, M. Broz2, D. O'Brien 3, A. Campo Bagatin4, and A. Morbidelli 5
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The asteroid belt is a remnant of planet-formation processes. By modeling its collisional and dynamical
history, and linking the results to constraints, we can probe how the planets and small bodies formed and
evolved. Some key model constraints are: (i) The wavy shape of the main-belt size distribution (SFD), with
in�ection points near 100-km, 10�20-km, 1 to a few km, and � 0.1-km diameter; (ii) The number of asteroid
families created by the catastrophic breakup of large asteroid bodies over the last� 4 Gy, with the number
of disrupted D > 100 km bodies as small as� 20 or as large as 60; (iii) the �ux of small asteroids derived
from the main belt that have struck the Moon over the last 3.5 Ga � crater SFDs on lunar terrains with
known ages suggest theD < 0:1 km projectile population has not varied appreciably over this interval; (iv)
Vesta has an intact basaltic crust with two very large basins, but only two, on its surface.
Fits to these parameters allow us to predict the shape of the initial main-belt SFD after accretion and the
approximate asteroid disruption scaling law, with the latter consistent with numerical hydrocode simulations.
Overall, we �nd that the asteroid belt probably experienced the equivalent of � 6�10 Gy of comminution
over its history. This value may seem strange, considering the solar system is only 4.56 Gy old. One way
to interpret it is that the main belt once had more mass that was eliminated by early dynamical processes
between 4�4.56 Ga. This would allow for more early grinding, and it would suggest the main belt's wavy-
shaped SFD is a �fossil� from a more violent early epoch. Simulations suggest that mostD > 100km bodies
have been signi�cantly battered, but only a fraction have been catastrophically disrupted. Conversely, most
small asteroids today are byproducts of fragmentation events. These results are consistent with growing
evidence that most of the prominent meteorite classes were produced by young asteroid families.
The big question is how to use what we know to determine the main belt's original size and state. This work
is ongoing, but dynamical models hint at many possibilities, including both the late arrival and late removal
of material from the main belt. In addition, no model has yet properly accounted for the bombardment of
the primordial main belt by leftover planetesimals in the terrestrial planet region. It is also possible to use
additional constraints, such as the apparent paucity of Vesta-like or V-type objects in the outer main belt,
to argue that the primordial main belt at best only 3�4 its current mass at its start. In our talk, we will
review what is known, what has been predicted, and some intriguing directions for the future.
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Orbitrap-based mass analyser for in-situ characterization of asteroids: ILMA, Ion
Laser Mass Analyser

C. Briois1, H. Cotti 2, L. Thirkell 1, French Space Orbitrap Consortium[K. Aradj1, A. Bouabdellah3, A.
Boukrara1, N. Carrasco3, G. Chalumeau1, O. Chapelon1,2,3, F. Colin1, P. Coll2, C. Engrand5, N. Grand2,

A. Kukui 1, J.-P. Lebreton1, C. Pennanech2, C. Szopa3, R. Thissen4, V Vuitton 4, P. Zapf]2, and A.
Makarov6
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Since about a decade the boundaries between comets and carbonaceous asteroids are fading [1,2]. No doubt
that the Rosetta mission should bring a new wealth of data on the composition of comets. But as promising
as it may look, the mass resolving power of the mass spectrometers onboard (so far the best on a space
mission) will only be able to partially account for the diversity of chemical structures present.
ILMA (Ion-Laser Mass Analyser) is a new generation high mass resolution LDI-MS (Laser Desorption-
Ionization Mass Spectrometer) instrument concept using the Orbitrap technique, which has been developed
in the frame of the two Marco Polo & Marco Polo-R proposals to the ESA Cosmic Vision program. Flagged
by ESA as an instrument concept of interest for the mission in 2012, it has been under study for a few years
in the frame of a Research and Technology (R&T) development programme between 5 French laboratories
(LPC2E, IPAG, LATMOS, LISA, CSNSM) [3,4], partly funded by the French Space Agency (CNES). The
work is undertaken in close collaboration with the Thermo Fisher Scienti�c Company, which commercialises
Orbitrap-based laboratory instruments.
The R&T activities are currently concentrating on the core elements of the Orbitrap analyser that are
required to reach a su�cient maturity level for allowing design studies of future space instruments. A
prototype is under development at LPC2E and a mass resolution (m/� m FWHM) of 100,000 as been
obtained at m/z = 150 for a background pressure of10� 8 mbar.
ILMA would be a key instrument to measure the molecular, elemental and isotopic composition of objects
such as carbonaceous asteroids, comets, or other bodies devoid of atmosphere such as the surface of an icy
satellite, the Moon, or Mercury.

Acknowledgements: This development is carried out in the framework of a Research and Technology
(R&T) development program partly funded by the French Space Agency (CNES), Region Centre, Labex
ESEP and Labex Voltaire.

References: [1] Gounelle M. et al, Meteoritic and planetary science, 41, 135�150, 2006. [2] Jewitt D.,
Astronomical Journal 143, 2012. [3] Briois C. et al, LPI contributions 1719, 2888, 2013. [4] Cottin H. et al,
the 38th COSPAR Scienti�c Assembly, Bremen, Germany, 18�25 July 2010.
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Space-weathering processes and products on volatile-rich asteroids
D. Britt 1, P. Schelling1, G. Consolmagno2, and T. Bradley1

1University of Central Florida
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Space weathering is a generic term for the e�ects on atmosphereless solid bodies in the solar system from
a range of processes associated with direct exposure to the space environment. These include impact
processes (shock, vaporization, fragmentation, heating, melting, and ejecta formation), radiation damage
(from galactic and solar cosmic rays), solar-wind e�ects (irradiation, ion implantation, and sputtering), and
the chemical reactions driven by these processes. The classic example of space weathering is the formation
of the lunar spectral red slope associated with the production of nanophase Fe (npFe0) in the dusty lunar
regolith (C.R. Chapman, 2004, Annual Review of Earth & Planet. Sci. 32, C.M. Pieters, 2000, MAPS
35). Similar npFe0 has been recovered from asteroid (25143) Itokawa and some asteroid classes do exhibit
modest spectral red slopes (T. Noguchi, 2011, Science 333).
Space weathering can be thought of as driven by a combination of the chemical environment of space (hard
vacuum, low oxygen fugacity, solar-wind implantation of hydrogen) along with thermal energy supplied by
micrometeorite impacts. The forward modeling of space weathering as thermodynamically-driven decom-
position of common rock-forming minerals suggests the production of a range of daughter products: (1)
The silicate products typically lose oxygen, other volatile elements (i.e., sulfur and sodium), and metallic
cations, producing minerals that are typically more disordered and less optically active than the original
parent materials. (2) The decomposed metallic cations form in nano-sized blebs including npFe0, on the
surfaces or in condensing rims of mineral grains. This creates a powerful optical component as seen in the
lunar red slope. Surfaces with exposed npFe0 are an ideal environment for catalyzing further reactions. (3)
The liberated volatile elements and gases (O, S, Na) may form an observable exosphere (e.g., Moon and
Mercury) and can either escape from the body or recombine with available solar-wind-implanted hydrogen
to form trace amounts of water and OH.
Mineral decomposition can be thought of as the �rst stage of space weathering. It produces weathered
surfaces somewhat depleted in volatile elements, creates a predictable set of minor or trace minerals, and
leaves the surfaces with catalytic species, primarily npFe0. However, a second stage of further reactions
and weathering depends upon the presence of �feed-stock� components that can participate in catalyzed
chemical reactions on exposed surfaces.
For volatile-rich small bodies, the available materials are not only silicates, but a volatile feedstock that can
include water, carbon monoxide, ammonia, to name a few. Thermodynamically-driven decomposition of
silicates will produce trace amounts of npFe0 which are ideal sites for Fischer-Tropsch type (FTT) catalytic
reactions that can produce organics in situ on the asteroids including alkanes, polyaromatic hydrocarbons,
and amino acids (J.E. Elsila, 2012, MAPS 47). The mix and range of products depends on the composition
and morphology of the mineral surface, energy inputs produced by the micrometeorite impacts or other
processes, and the composition of the input volatile feedstock.
FFT reactions generate long-chain carbon compounds and amino acids. Secondary reactions that generate
more complex carbon compounds and amino acids are likely to occur as the organic material matures.
Weathering maturity can be thought of as a function of the abundance and diversity of the weathering
products. Since the npFe0 is not destroyed in the reaction, continued micrometeorite bombardment would
result in continuing processing and recombination of the existing organic feedstock. More weathering would
result in progressively longer-chain carbon compounds as well as more complex and diverse amino acids, and
eventually the kerogen-like insoluble-organic matter that forms a large fraction of carbonaceous meteorites.
This insight has several major implications for our planetary science and, potentially, the formation of the
precursors of life. First, the range of weathering products seen in remotely-sensed data, meteorites, and
returned samples are not random, but the predictable outcome of the source region's mineral kinetics and
chemical feedstock. Weathering products do not have to be optically active like the npFe0 that produces the
lunar red slope; on the contrary, probably most weathering products are spectrally neutral or even suppress
an object's near-IR re�ectance spectrum.
In the case of volatile-rich parent bodies, a major weathering product is a range of carbon-rich compounds.
But an additional result of considerable interest is the generation of pre-biotic compounds as a routine
and predictable byproduct of common space-weathering processes. Any atmosphereless body around any
star with ma�c silicate mineral compositions and volatile feedstocks should create amino acids as a standard
byproduct of space weathering. The precursors of life are probably abundant in any space-weathered asteroid
belt, in any solar system, and only wait being accreted to a hospitable environment.
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Destruction regimes of Sun-skimming and Sun-plunging comets
J. Brown1, R. Carlson2, and M. Toner1
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We establish and model destruction regimes forclose sun-grazers, i.e. comets of small enough perihelia
(q � a few R� ) and large enough mass (M o � 1013 g) to reach the inner solar corona or below. These
can be divided into sun-skimming and sun-plunging according to whether their M o; q values con�ne them
to atmospheric densitiesn � 1014cm� 3 where mass loss is dominated by insolative sublimation, or let them
reach n � 1014cm� 3 where hydrodynamic interactions with the dense chromosphere take over (bow-shock-
heated ablative mass loss, ram pressure pancaking and deceleration).
Being rare, no sun-plungers have yet been detected but they are of potentially great interest. Recent years
have seen the �rst direct monitoring of three sun-skimmers in the low corona by SDO at EUV wavelengths.
Both sun-plungers and sun-skimmers o�er novel diagnostics of both cometary and solar conditions.
We show that, due to their much higher speeds than planetary impacts, sun-plungers are likely dominated by
pancaking and ablative mass-loss, rather than deceleration, even for quite ine�cient bow-shock heat transfer,
but we obtain solutions for ablation- and deceleration-dominated, and for intermediate, cases. All involve
rapid local deposition of nucleus kinetic energy and momentum within a few 100 km near the photosphere.
This occurs at atmospheric densitynpeak(cm� 3)� 3 � 1016(X� 3

� 2M 15)1=2 for incident mass M o = 1015M 15

g, incident angle � = cos� 1(10� 2� � 2) to the vertical, and parameter X ranges from 0.001 up to 1. Break-up
into Y fragments reducesnpeak by a factor � Y � 1=3. This deposition will drive hot rising 'airburst' plumes
and internal helioseismic waves similar to magnetic �are e�ects. In the normal ablation-dominated case
(small X ) the hot airburst will exhibit essentially cometary abundances (metallicity � solar).
Though sun-skimmer nuclei are vaporized by 5800 K (� 0.6 eV/photon) photospheric sunlight, their dissoci-
ation, ionization and heating up to EUV temperatures (10�100 eV) have to involve chromospheric EUV (10
eV/photon), 2 MK coronal thermal conduction (200 eV/electron) and conversion of nucleus kinetic energy
(2 keV/nucleon). Coronal heat �ux may be important in small sun-skimmers with tenuous comae and tails
but kinetic energy conversion must dominate in large ones like Lovejoy 2011.

Acknowledgements: This work is supported by a UK Leverhulme Trust Emeritus Fellowship.
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Three-micron survey of Jupiter Trojan asteroids
M. Brown 1

1Caltech, Pasadena, CA, USA

The Jupiter Trojans, orbiting at the transition between the inner and outer solar system and co-orbiting
with the dominant solar system planet, are critical to understanding the formation and dynamical evolution
of this critical region of the solar system. One important clue to their formation location should be their
composition, but little about this composition is known: the Trojans are spectrally featureless up to 2.5
microns, with either slightly-red or red visible spectral slopes and less steep near-infrared slopes. This
bifurcation into two separate spectral classes could be an important clue into the formation location (or
locations) of these objects, but, again, with little other spectral information known it is di�cult to use this
constraint appropriately.
Longer wavelength re�ectance spectroscopy has the potential to solve this dilemma. Many ices and organic
rich materials have their much stronger fundamental absorptions in the 2.8�4 microns region, making this
spectral region sensitive to much smaller amounts of these materials. Hydrated silicates, too, have clearly
distinguishing features at these wavelengths. We have thus begun a Keck Observatory/NIRSPEC 2.8�4
micron survey of Jupiter Trojans designed to detect these fundamental absorption features. Our goal is to
collect a sample of approximately a dozen asteroids in each of the slightly red and red spectral classes. We
will compare the inferred compositions both to the outer main-belt asteroids, which have been extensively
surveyed in this region, as well as to our knowledge of compositions of small Kuiper-belt objects which,
intriguingly, also come in two color classes.
We will present the �rst results from our survey and discuss the implications for the compositions of these
objects and the chemical and dynamical evolution of this middle region of the solar system.
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Using the international monitoring system of seismic, infrasound, and
hydroacoustic sensors for global airburst detection

P. Brown1

1Dept. of Physics and Astronomy, University of Western Ontario, London, ON, N6A 3K7 CANADA

The impact of meter-sized objects with the Earth occurs every few weeks [1,2]. Most of these collisions result
in airbursts, here de�ned as impacts where the meteoroid's initial kinetic energy is of order a small nuclear
weapon (> 0.1 kilotons of TNT equivalent = 4.185� 1011 J) and where this energy is fully deposited at high
altitude in the atmosphere. Historically, the majority of these airbursts go undetected over oceans or remote
land areas as dedicated �reball camera networks (eg.[ 3]) cover less than 1 % of the globe. Airbursts often
produce meteorite falls and hence airburst data may yield pre-atmospheric orbits and physical properties for
the impacting NEO providing context for recovered meteorite samples [4]. With the advent of more capable
telescopic survey systems, pre-atmospheric detection of NEO-producing airbursts has become possible as
evidenced by the impacts of 2014 AA and 2008 TC3 [5]. Detection of �terminal plungers� is expected
to become more common as projects such as ATLAS [6] become operational. This increases the need for
instrumental data of the corresponding airburst, particularly its location and energy.
Beginning in the late 1990s, a global network of seismic, infrasound, and hydroacoustic sensors has been
deployed globally to provide treaty veri�cation for a nuclear test ban. This network is the International
Monitoring System (IMS) overseen by Comprehensive Nuclear Test Ban Treaty Organisation (CTBTO) [7].
The IMS is a unique global resource for detection of explosions worldwide and in recent years shock waves
from many airbursts [8] have been detected by the system.
Data from the IMS permits airburst location, origin time and energy to be measured. In rare cases, source
heights, trajectories, and details of fragmentation may be obtained. Here the current capabilities of the IMS
will be presented in the context of airburst detection and characterization. Empirical characteristics of the
long-range sound produced by airbursts through comparison with other technologies will be summarized [9]
and some recent examples of IMS detected airbursts presented. Finally, the inferred �ux of impactors based
on global airburst monitoring will also be described.

References: [1] Brown, P. et al., Nature, 420, 294�296 (2002). [2] Brown et al., Nature, 503, 238�241
(2013). [3] Oberst, J., et al, MAPS, 33, 49�56 (1998). [4] Hildebrand et al., MAPS, 41, 407�431 (2006).
[5] Jenniskens et al., Nature, 458, 485�488 (2009). [6] Tonry, J.L., PASP, 123, 58�73 (2011). [7] Brachet
et al. in Infrasound Monitoring for Atmospheric Studies (eds. Le Pichon, A., Blanc, E., and Hauchecome,
A.), pp. 77�119 (2010). [8] Silber, E.A., Le Pichon, A., and P. Brown, GRL, 38, L12201 (2011). [9] Ens,
T., Brown, P., Edwards, W.N. and Silber, E.A., JASTP, 80, 208�229 (2012).
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Asteroid families spin and shape models to be supported by the ProjectSoft
robotic observatory

M. Broº 1, J. „urech 1, J. Hanu²1, and M. Lehký1

1Astronomical Institute, Faculty of Mathematics and Physics, Charles University in Prague, V Hole²ovi£kách 2,
18000, Prague, Czech Republic

In our recent work (Hanu² et al. 2013), we studied dynamics of asteroid families constrained by the distribu-
tion of pole latitudes vs semimajor axis. The model contained the following ingredients: (i) the Yarkovsky
semimajor-axis drift; (ii) secular spin evolution due to the YORP e�ect; (iii) collisional re-orientations; (iv)
a simple treatment of spin-orbit resonances; and (v) of mass shedding.
We suggest to use a di�erent complementary approach, based on distribution functions of shape parameters.
Based on� 1000 old and new convex-hull shape models, we construct the distributions of suitable quantities
(ellipticity, normalized facet areas, etc.) and we discuss a signi�cance of di�erences among asteroid popu-
lations. We check for outlier points which may then serve as a possible identi�cation of (large) interlopers
among �real� family members.
This has also implications for SPH models of asteroid disruptions which can be possibly further constrained
by the shape models of resulting fragments. Up to now, the observed size-frequency distribution and velocity
�eld were used as constraints, sometimes allowing for a removal of interlopers (Michel et al. 2011).
We also outline an ongoing construction of the ProjectSoft robotic observatory called �Blue Eye 600�, which
will support our e�orts to complete the sample of shapes for a substantial fraction of (large) family members.
Dense photometry will be targeted in such a way to maximize a possibility to derive a new pole/shape model.
Other possible applications of the observatory include: (i) fast resolved observations of �reballs (thanks to
a fast-motion capability, tens of degrees per second); or, (ii) an automatic survey of a particular population
of objects (main-belt and near-Earth asteroids, variable stars, novae etc.)

Acknowledgements: This work was supported by the Technology Agency of the Czech Republic (grant
no. TA03011171) and the Czech Science Foundation (grant no. 13-01308S).

References: Hanu² J., M. Broº, J. „urech et al.: An anisotropic distribution of spin vectors in asteroid
families. Astron. Astrophys. 559, A134, 2013; Michel P., M. Jutzi, D.C. Richardson, W. Benz: The
Asteroid Veritas: An intruder in a family named after it? Icarus 211, 535, 2011.
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Radar investigations of near-Earth asteroids at Arecibo and Goldstone
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Radar observations are a powerful technique to study near-Earth asteroids (NEAs). The Arecibo and
Goldstone planetary radars can provide delay-Doppler images that can directly resolve surface features
such as concavities, hills, ridges, and boulders. Goldstone's 3.75-m resolution capability is invaluable when
attempting to image NEAs with diameters smaller than 50 m. To date, over 430 near-Earth asteroids and
136 main-belt asteroids have been observed with radar. 80 % of the radar-detected NEAs have been observed
within the last 10 years. The radar detection rate in the last three years has tripled relative to the average
in the previous decade due to an increase in funding and greater scheduling �exibility.
Currently, � 400 observing hours per year at Goldstone and� 600 observing hours per year at Arecibo
are devoted to observing asteroids. We strive to observe all strong and moderately strong imaging targets,
Yarkovsky drift candidates, NEOWISE targets, asteroids with very low perihelia that can be used to measure
solar oblateness, and as many other detectable asteroids as resources allow. We also regularly attempt to
observe any asteroid that is �agged by the Near-Earth Object Human Space�ight Accessible Targets Study
(NHATS) list (http://neo.jpl.nasa.gov/nhats/). To date, we have observed more than 60 NHATS objects
at Arecibo and Goldstone.
In the past three years, � 1/3 of the detected asteroids were targets of opportunity (TOOs), some of which
we observed within 24 h from when the discoveries were announced. Many TOOs are small, rapidly moving
objects that are detectable by radar only within few lunar distances. Radar astrometry is particularly
important for these asteroids because they are too faint to be followed for long with optical telescopes. A
radar-range measurement often secures their orbit for decades or centuries, where otherwise the object would
be lost and require rediscovery. In one of the extreme cases, two delay and two Doppler measurements from
Goldstone prevented a newly discovered potentially hazardous asteroid (PHA) 2014 CU13 from being lost.
The measurements also extended its Earth-encounter predictability by 1000 years. Radar observations of
objects that are closer than� 4 lunar distances (� 10.3 seconds RTT, round-trip-time for signal) previously
required coordination between two stations (one for transmit and one for receive) due to the short RTT
and need to physically switch between transmit and receive con�gurations. However, the switching process
has been accelerated and recent observations of 2013 XY8 have shown that Goldstone can now conduct
monostatic observations with RTTs of � 5 seconds. This provides much stronger signal-to-noise ratios for
very close targets.
With the rapidly growing number of radar detections, some population trends are emerging. The latest
statistics show that the fraction of contact binaries has grown to � 14 % and is now comparable to that of
true binaries in the NEA population with diameters larger than 200 m. We are also starting to capture
what may be the tail ends of certain sub-populations. For example, we have found two very small binary
systems, 2003 SS84 and 2004 FG11, that have primaries < 200 m in diameter; we have also found that 2005
AY 28 and 2013 JR28 are contact binaries in the same size range. These objects are at the boundary between
gravitationally bound �rubble piles� and strength-dominated, possibly monolithic objects. The NEAs are a
very diverse population, in which we continue to discover unusual objects. It is di�cult to anticipate what
the future radar observations may uncover, but surprises are likely.
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Visible-IR and Raman micro-spectroscopic investigation of three Itokawa particles
collected by Hayabusa
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HAYABUSA grains o�er a unique perspective to better understand the link between asteroids and cosmoma-
terials available in the laboratory and to get an insight on the early stages of surface space weathering. The
scienti�c objectives of our consortium are threefold: (i) the characterization of asteroidal surface processes
(e.g., space weathering alteration); (ii) the assessment of parent-body alteration processes; (iii) the search
for a possible association between S-type asteroids and micrometeorites. To this aim, our strategy is based
on a combination of analytical techniques. Here we report a �rst series of results obtained through Visible-
Infrared and Raman spectroscopy of three Itokawa particles (RA-QD02-0163, -0174, and -0213) collected
by the Hayabusa spacecraft and provided by JAXA for our consortium.
In a �rst step, our main objective was to collect maximum information without altering the particles.
Reported results were thus obtained on the raw particles, both (i) in their original containers, and (ii)
deposited on diamond windows. Raman and IR confocal spectra were acquired at the SMIS beamline of
the French national synchrotron facility SOLEIL and at the Lyon Raman national facility using spots of
2 µm for the Raman, and 10�20 µm for the IR analyses. Point analyses and automatic mapping were
performed. Analytical parameters (e.g., laser power on the sample) were optimized to prevent any damage.
Di�use re�ectance spectra (i = 45 � , e = 0 � ) in the visible and near-IR wavelengths were obtained with an
IAS-CSNSM in-home system coupling a �ber spectrometer to an optical microscope, providing a 20-µm spot
on sample.
In the case of particle -0163, Raman and IR results reveal a heterogeneous mixing of minerals, mostly olivine
(Fo76), and Ca-rich (En50, Wo50) and Ca-poor (En85) pyroxenes. The modal distribution of these minerals
is determined based on the spectral maps. The mineral compositions of -0163 are consistent with those
previously reported on distinct Hayabusa particles [e.g., 1]. The Itokawa materials are compatible with an
LL4-6 chondrite classi�cation based on O isotopes and chemical compositions of minerals (e.g., [1,2]). In
particular, -0163 might be related to the least metamorphosed particles (LL4), based on the high Fo content
of the olivine [1].
The di�use re�ectance VIS-NIR spectra are consistent with the presence of the mineral groups detected via
Raman and IR. In particular, the spectra of particles -0163 and -0213 are also compatible with the ground-
based observations of the asteroid Itokawa [3] both in terms of the 1-µm band depth and the spectral slope.
Particle -0174 has a similar 1-µm band depth but higher (redder) spectral slope, possibly indicative of the
presence of a larger amount of nanophase metallic iron, a by-product of space weathering induced by solar
wind, similarly to what has been detected on other Itokawa particles [4].
Future work: A noble gas study of the particles will be performed. We will determine the noble gas (He-
Ne-Ar) and nitrogen abundance and isotope characteristics of the two grains by CO2 laser heating or UV
laser ablation. By identifying and quantifying the proportion of solar and cosmogenic volatiles in Itokawa
samples, we will be able to better constrain the residence time of dust particles on the surface of the asteroid,
and to determine if any primordial volatile component has survived in the regolith material.

Acknowledgements: This research is part of the INGMAR project and it has been funded by the French
national program �Programme National de Planétologie� (PNP), by the Faculté des Sciences d'Orsay, Uni-
versité Paris-Sud (�Attractivité 2012�), by the French �Agence Nationale de la Recherche� (contract ANR-
11-BS5�0026, OGRESSE), and by the P2IO LabEx (ANR-10-LABX-0038) in the framework �Investisse-
ments d'Avenir� (ANR-11-IDEX-0003-01) managed by the French National Research Agency (ANR).

References: [1] Nakamura T. et al. (2011) Science 333, 1113�1116. [2] Yurimoto H. et al. (2011) Science
333, 1116�1119. [3] Lowry S.C. (2005) Icarus 176, 408�417. [4] Noguchi T. et al. (2011) Science 333,
1121�1125.
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Infrared near-Earth-object survey modeling for observatories interior to the
Earth's orbit

M. Buie1

1Southwest Research Institute

The search for and dynamical characterization of the near-Earth population of objects (NEOs) has been a
busy topic for surveys for many years. Most of the work thus far has been from ground-based optical surveys
such as the Catalina Sky Survey and LINEAR. These surveys have essentially reached a complete inventory
of objects down to 1 km diameter and have shown that the known objects do not pose any signi�cant impact
threat. Smaller objects are correspondingly smaller threats but there are more of them and fewer of them
have so far been discovered. The next generation of surveys is looking to extend their reach down to much
smaller sizes. From an impact risk perspective, those objects as small as 30�40 m are still of interest (similar
in size to the Tunguska bolide). Smaller objects than this are largely of interest from a space resource or
in-situ analysis e�orts.
A recent mission concept promoted by the B612 Foundation and Ball Aerospace calls for an infrared survey
telescope in a Venus-like orbit, known as the Sentinel Mission. This wide-�eld facility has been designed to
complete the inventory down to a 140 m diameter while also providing substantial constraints on the NEO
population down to a Tunguska-sized object. I have been working to develop a suite of tools to provide
survey modeling for this class of survey telescope. The purpose of the tool is to uncover hidden complexities
that govern mission design and operation while also working to quantitatively understand the orbit quality
provided on its catalog of objects without additional followup assets. The baseline mission design calls for
a 6.5 year survey lifetime.
This survey model is a statistically based tool for establishing completeness as a function of object size
and survey duration. E�ects modeled include the ability to adjust the �eld-of-regard (includes all pointing
restrictions), �eld-of-view, focal plane array �ll factor, and the observatory orbit. Consequences tracked
include time-tagged detection times from which orbit quality can be derived and e�ciency by dynamical
class. The dominant noise term in the simulations comes from the noise in the background �ux caused by
thermal emission from zodiacal dust. The model used is su�cient for the study of reasonably low-inclination
spacecraft orbits such as are being considered. Results to date are based on the 2002 Bottke NEA orbit-
distribution model. The system can work with any orbit-distribution model and with any size-frequency
distribution. This tool also serves to quantify the amount of data that will also be collected on main-belt
objects by simply testing against the known catalog of bodies.
The orbit quality work clearly shows the bene�t of a self-followup survey such as Sentinel. Most objects
discovered will be seen in multiple observing epochs and the resulting orbits will preclude losing track of
them for decades to come (or longer). All of the ephemeris calculations, including investigation of orbit
determination quality, are done with the OpenOrb software package.
The presentation for this meeting will be based on results of modeling the Sentinel Mission and other
similar variants. The focus will be on evaluating the survey completion for di�erent dynamical classes as
well as for di�erent sized objects. Within the �delity of such statistically-based models, the planned Sentinel
observatory is well capable of a huge step forward in the e�orts to build a complete catalog of all objects
that could pose future harm to planet Earth.

Acknowledgements: Support for this work was provided by internal research funding from Southwest
Research Institute.
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Spectro-dynamical asteroid families in the main belt
S. Bus1
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Spectral observations of collisionally-derived asteroid families continue to provide strong evidence that the
surfaces of members from each family are spectrally homogeneous. This apparent homogeneity provides
motivation to use new approaches in combining physical observations, such as spectral colors or albedo, with
orbital parameters for the identi�cation of family members and interlopers (e.g. [1,2]). The work described
here uses the combined Sloan Digital Sky Survey colors (fourth release of the SDSS Moving Object Catalog
[3]) and proper orbital elements from the Asteroids-Dynamics Site (AstDyS [4]) for 39,147 asteroids with
semimajor axes between 2.1 and 3.2 au to search for �spectro-dynamical� families. The analysis is designed
to identify groupings of asteroids that form statistically signi�cant peaks in number density compared to
the background population for a �xed spectral color distribution. A number of techniques from multivariate
analysis are folded together and have been calibrated to accommodate asteroid families of di�erent size,
shape, and number density. In the �nal phase of the analysis, the number density for asteroids within a
given spectral range is represented by 2-dimensional contour slices through proper-element space, and a
visual inspection is made to con�rm the reality of each grouping. Some families show evidence of complex
structure that may be indicative of multiple collisional events over the history of the family. An example
of this is the Karin family, which is located within the older, much larger Koronis family [5]. While both
families are composed of asteroids classi�ed as S-types, there is a signi�cant color di�erence between the
Koronis and Karin asteroids that is used to distinguish between members of the two families. In the same
way, the Vesta family appears to be comprised of two distributions of asteroids that are o�set in proper-
element space and exhibit a statistically signi�cant di�erence in the shape of their V-type spectra that is
related to the strength of the 1-micron absorption band. This spectral o�set between the two groupings
is consistent with the color di�erences observed in the Rheasilvia and Venenia impact basins on Vesta [6].
The same level of analysis used to determine the structure of the Vesta family is now being applied to all
families in the main belt. An update on results, including a �nal count of asteroid families identi�ed in this
search, will be presented.

References: [1] Parker, A. et al. (2008), Icarus 198, 138. [2] Masiero, J. et al. (2013), Ap. J. 770, 7. [3]
Ivezic, Z. et al. (2002), SPIE 4836, 98. [4] http://hamilton.dm.unipi.it/astdys/. [5] Nesvorny, D. et al.
(2002), Nature 417, 720. [6] De Sanctis, M. et al. (2012), Science 336, 697.
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Improved spin-state and shape models of near-Earth asteroid (4179) Toutatis from
the 2012 radar observations

M. Busch1, Y. Takahashi2, M. Brozovic2, L. Benner2, J. Giorgini 2, D. Scheeres3, J. Jao2, C. Lee2, and M.
Slade2

1SETI Institute
2Jet Propulsion Laboratory

3University of Colorado Boulder

(4179) Toutatis is one of the best-characterized objects in the near-Earth population. It is near to a 4:1
orbital resonance with the Earth, and makes close approaches at four-year intervals for 20�28 years before
going out of phase for several decades. Toutatis has been imaged by radar at Arecibo and/or Goldstone
during each �yby since 1992.
Previous radar observations have shown that Toutatis is irregular, bifurcated, � 4:5 km long, with an
unusual non-principal-axis spin state (Ostro et al. 1995; Hudson & Ostro 1995; Hudson, Ostro & Scheeres
2003). Arecibo radar images from the 2008 close approach showed that Toutatis is dramatically a�ected by
gravitational tidal torques. During each orbit, Toutatis' spin state changes by up to 0.1% of the asteroid's
total rotational angular momentum (Takahashi, Busch & Scheeres 2013).
In December of 2012, Toutatis approached within 0.0463 au (6.93 million km) of the Earth. This was the
last approach within 0.1 au until 2069. We conducted an extensive campaign of radar observations with
Goldstone and with elements of the Very Large Array. Radar images were obtained on 16 days between
December 4 and December 22. They bracket both the closest approach by the asteroid to the Earth and
the Chang'e 2 spacecraft �yby of the asteroid on December 13 (Huang et al. 2013; Xiaoduan et al. 2013).
The radar images on December 12 and 13 had range resolution of 3.75 m/pixel and show a wealth of surface
features, many previously unseen, including radar-bright spots that we interpret as decameter-scale boulders.
Some can be linked to features visible in theChang'e 2 images. The spacecraft and 2012 Goldstone images
reveal that previous radar-derived shape models accurately reproduced Toutatis' dimensions and global
shape, but both the big end and the joint are actually more angular than previously realized.
Toutatis' non-principal-axis spin state allows us to determine its moment-of-inertia ratios, which constrain
the asteroid's internal structure. We have constructed an improved model of Toutatis' changing spin state,
covering 1992 to 2012 and including gravitational torques from the Sun, Earth, Moon, and Jupiter. Other
torques, such as excursions due to YORP, are not signi�cant compared to the uncertainties in Toutatis'
orientation.
We are updating the Toutatis shape model based on the 2012 radar images. The new radar-derived model
more accurately represents the angularities in Toutatis' shape. The 2012 images provided far better views
of all of Toutatis' surface and especially the big end than were obtained during previous �ybys, and updates
to the SHAPE software (Magri et al. 2007) allow us to avoid biases that made the earlier Toutatis shape
models arti�cially rounded.

References: Huang et al. 2013. Scienti�c Reports 3, 3411; Hudson & Ostro 1995. Science 270, 5233,
84�86; Hudson, Ostro, & Scheeres 2003. Icarus 161, 346�355; Magri et al. 2007. Icarus 186, 152�177;
Ostro et al. 1995. Science 270, 5233, 80�83; Takahashi, Busch, & Scheeres 2013. AJ 146, 95; Xiaoduan et
al. 2013. Icarus 229, 348�354.
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Statistical analysis of the ambiguities in the asteroid period determinations
M. Butkiewicz 1, T. Kwiatkowski 1, P. Bartczak1, and G. Dudzi«ski1

1Astronomical Observatory, Department of Physics, A. Mickiewicz University, Pozna«, Poland

A synodic period of an asteroid can be derived from its lightcurve by standard methods like Fourier-series
�tting. A problem appears when results of observations are based on less than a full coverage of a lightcurve
and/or high level of noise. Also, long gaps between individual lightcurves create an ambiguity in the cycle
count which leads to aliases. Excluding binary systems and objects with non-principal-axis rotation, the
rotation period is usually identical to the period of the second Fourier harmonic of the lightcurve. There
are cases, however, where it may be connected with the 1st, 3rd, or 4th harmonic and it is di�cult to
choose among them when searching for the period. To help remove such uncertainties we analysed asteroid
lightcurves for a range of shapes and observing/illuminating geometries. We simulated them using a modi�ed
internal code from the ISAM service (Marciniak et al. 2012, A&A 545, A131). In our computations, shapes
of asteroids were modeled as Gaussian random spheres (Muinonen 1998, A&A, 332, 1087). A combination
of Lommel�Seeliger and Lambert scattering laws was assumed. For each of the 100 shapes, we randomly
selected 1000 positions of the spin axis, systematically changing the solar phase angle with a step of5� . For
each lightcurve, we determined its peak-to-peak amplitude, �tted the 6th-order Fourier series and derived
the amplitudes of its harmonics. Instead of the number of the lightcurve extrema, which in many cases
is subjective, we characterized each lightcurve by the order of the highest-amplitude Fourier harmonic.
The goal of our simulations was to derive statistically signi�cant conclusions (based on the underlying
assumptions) about the dominance of di�erent harmonics in the lightcurves of the speci�ed amplitude and
phase angle. The results, presented in the Figure, can be used in individual cases to estimate the probability
that the obtained lightcurve is dominated by a speci�ed Fourier harmonic.
Some of the conclusions are: (1) the 4th harmonic dominates about 1 percent of lightcurves only at low
amplitudes (A < 0:1 mag, � < 40� ). (2) The dominance of the 3rd harmonic can be observed more often
only in the case of near-Earth asteroids, observed at� > 30� ; for the main-belt asteroids (MBAs), it can
be present only in small amplitude lightcurves (A < 0:1 mag). (3) The 1st harmonic is present quite often
in the low-amplitude ( A < 0:2 mag) lightcurves of MBAs; for NEAs it can be seen even in high-amplitude
lightcurves (A < 0:7 mag for � ' 40� , A < 0:9 mag for � ' 50� ). (4) In 100 percent of the cases, the 2nd
harmonic dominates the lightcurves of MBAs whose amplitudesA > 0:2 mag.

Figure: Fraction of lightcurves (in percent) in which the speci�ed Fourier harmonic is the greatest. Empty
bins refer to lower than 1 % occurrence.

Acknowledgements: MB and TK acknowledge support of the Polish Narodowe Centrum Nauki Grant N
N203 403739. PB was supported by the Polish Narodowe Centrum Nauki Grant N N203 404139.
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Population of refractory small meteoroids in asteroidal orbits
M. Campbell-Brown1

1University of Western Ontario

Routine meteoroid observations allow a wide variety of cometary and asteroidal material to be sampled
at 1 au. CAMO (the Canadian Automated Meteor Observatory) has been routinely observing two-station
meteors since 2009, and over 3500 meteors with orbits and full light curves have been collected and reduced
with the image-intensi�ed in�ux cameras. The in�ux cameras have a limiting meteor magnitude of +6 and
a �eld of view 20 degrees across. The meteors have an average mass of about 0.1 mg, about a factor of ten
smaller than standard intensi�ed video cameras.
Compared to other meteor surveys, the CAMO in�ux system observes an excess of low speed (<30 km/s)
and low beginning height (<100 km) meteoroids. The bright meteors observed by this system have a speed
and height distribution similar to less sensitive cameras. Among the low, slow meteors is a subpopulation,
consisting of about 6 % of the total number of meteors, with very low speeds and begin heights (<15 km/s,
<85 km), which show rapid onset light curves. These are comparable to a sample of iron meteoroids observed
by Borovi£ka et al. (2005), and have orbits most consistent with asteroids. The meteoroids in this group are
uniformly fainter than third magnitude, and therefore poorly represented in other surveys. They are also
not seen in large radar surveys of meteors, likely because their slow speeds mean they produce very little
ionization. Preliminary analysis of this unusual meteor population will be presented.

References: Borovicka et al. 2005, Icarus, 174, 15
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State-of-the-art meteor observing
M. Campbell-Brown1

1University of Western Ontario

Meteors are an excellent way to sample the local population of small asteroidal and cometary material.
Various methods are used to calculate the trajectory, energy, mass and orbit of meteoroids which collide
with the atmosphere.
Optical methods, including photographic and video observations, can provide information on how meteoroids
ablate in the atmosphere, and from this their chemical and physical properties can be inferred. New observing
systems have higher resolution than ever before, allowing details as small as a few meters to be distinguished
in some cases (e.g. Weryk et al. 2013), and some optical systems are equipped with spectral detectors which
allow the atomic composition of the meteoroids to be obtained. Computer automation of both the observing
and data reduction process has become much more practical recently.
Meteor patrol radars are capable of observing thousands of meteor orbits every day, allowing the details of
the distribution of meteoroids at 1 au to be found (e.g. Brown et al. 2010). Radars can operate in daylight
and through clouds, providing observations when optical methods fail. High power, large aperture radars
allow the ionization curves of very small meteors to be used in the same way as optical light curves, and
can also produce precise orbits for meteoroids (Kero et al. 2012).
Other methods used to observe meteors, including infrasound, can estimate their position in the atmosphere
and their energy, and are particularly useful for very bright �reballs (Ens et al., 2012). Recent advances in
meteor observing techniques will be reviewed, including the systematic tracking of meteors with computer
guided mirrors and a telescope, and multistation patrol radar observations.

References: Brown et al. 2010, Icarus 207, 66; Ens et al. 2012, JASTP 80, 208; Kero et al. 2012,
MNRAS 425, 135; Weryk et al. 2013, Icarus 225, 614.
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Volatiles in asteroids
H. Campins1

1University of Central Florida

For more than three decades, hydrated minerals have been identi�ed in asteroids. The distribution of these
minerals among asteroid spectral types and heliocentric distance has been somewhat unexpected, and there
is also diversity in the composition of these hydrated minerals (e.g., Takir and Emery 2012). In addition,
water ice and organic molecules have been detected on two asteroids (Campins et al. 2010; Rivkin and
Emery 2010; Licandro et al. 2011) and water vapor is emanating from (1) Ceres (Küppers et al. 2014).
These discoveries have important implications on current views of primitive asteroids, the nature of active
asteroids or main-belt comets, the dynamics of the early Solar System, and the delivery of water and organic
molecules to the Earth. They are also relevant to several space missions, including Dawn, Gaia, Hayabusa2,
OSIRIS-REx ,and WISE.

References: Campins et al. (2010) Nature, 464, 1322; Licandro et al. (2011) Astron. Astrophys., 525A,
L34; Küppers et al. (2014) Nature, 505, 525; Rivkin and Emery (2010) Nature, 464, 1322; Takir and
Emery (2012) Icarus, 219, 641.
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Internal structures of asteroids and comets: Beyond spherical cows
A. Campo Bagatin1,2, R. Alemañ1,2, and D. Richardson3

1Dept. Física, ISTS, Universidad de Alicante (P.O. BOX 99, 03080 Alicante, Spain)
2Instituto de Física Aplicada a las Ciencias y la Tecnología, Universidad de Alicante

3Department of Astronomy, University of Maryland (College Park, MD, U.S.A)

The internal structure of asteroids and comets is fundamentally unknown due to di�culties in sounding
their interiors. The measurements carried out by space probes and the observations of binary asteroids
(optical and radar) have provided good estimates of the masses of a few asteroids. From their sizes and
shape models, estimates of their bulk densities are derived. Such bulk densities are usually smaller than the
values corresponding to typical densities of meteorites with compositions matching surface spectroscopical
observations of those asteroids, raising doubts about the actual composition of their interiors [1]. Similar
arguments � but with much larger uncertainties � hold for comets.
One interpretation of such low bulk densities is that part of the volume is occupied by voids in between
the coherent components forming their global structures, qualifying them as gravitational aggregates (also,
�rubble piles�). The origin of such bodies is likely to be related to former catastrophic disruptions or to
the original planetesimal accumulation process. Moreover, numerical simulations of the collisional evolution
of the asteroid belt predict that most of the bodies between some hundreds of meters and about 100 km
should be gravitational aggregates [2]. The situation is a little fuzzier in the case of comets.
In this research, we try to reproduce the internal structure of some of the asteroids with best known physical
characteristics (mass, size, rotation state) going beyond the simulation of components by just spheres.
We perform numerical simulations that produce irregularly shaped (roughly 3-axial) asteroid components.
Simulations are performed using the code PKDGRAV [3,4] with the new soft-sphere implementation [5] that
manages the N-body gravitational problem and accounts for collisions between components and for friction
between them. In order to mimic non-spherical shapes, groups of spherical particles � the basic elements
of the PKDGRAV code � are forced to keep their mutual distances constant so they can be handled and
behave like rigid bodies. Both size-ratio distributions for the shapes of the components and their mass
spectra are extracted from the results of high-speed impact experiments carried out on basalt targets at
NASA AVGR (Ames Vertical Gun Range) in July 2013 [6]. The total mass of the synthetic components
is scaled to the mass of some of the best known asteroid masses, assuming a given material density. They
are then distributed randomly in space allowing for their self-collapse by mutual gravitational interactions.
The total volume of the gravitational aggregate �nally formed is then calculated along with its bulk density.
Eventually the results are compared with the bulk densities of actual asteroids. If there is no agreement, the
mass spectrum of the components is changed so as to �t the observationally estimated values. In addition,
the density of the synthetic components can be changed to �t the observed values. When an agreement is
�nally found, the asteroid structure is plausibly determined for the assumed component shape and mass
distribution, and the density of the monolithic components of the observed asteroids is directly given by the
density of the synthetic components. The comparison of such densities with known meteoritic analogues
allows us to constrain the mineralogical composition of the investigated asteroid.

Acknowledgements: ACB acknowledges the grant by the Ministerio de Economía y Competitividad,
AYA2011-30106-C02-02.

References: [1] Britt et al., D.T. (2002) in Asteroids III. (UAP), 485�500. [2] A. Campo Bagatin et al.
(2001) Icarus 149, 198�209. [3] Richardson et al., (2000) Icarus 143, 45�59. [4] Stadel (2001) Cosmological
N-body simulations and their analysis (PhD thesis) U. Washington. [5] Schwartz et al. (2012) Granular
Matter 14, 363�380. [6] Campo Bagatin et al. (2013). 45th LPSC, 2224.
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E�ects of target shape and impact speed on the outcome of catastrophic
disruptions

A. Campo Bagatin1,2,3, D. Durda2,3, R. Alemañ1, G. Flynn 4, M. Strait 5, A. Clayton 5, and E. Patmore5

1Southwest Research Institute, 1050 Walnut Street, Suite 300 (Boulder, CO 80302, USA)
2Insitituto de Física, Ingeniería de Sistemas y Teoría de la Señal. Universidad de Alicante (Spain)

3Dept. Física, ISTS. Universidad de Alicante (Spain)
4Dept. of Physics, SUNY-Plattsburgh, NY (USA)

5Department of Chemistry, Alma College, Alma, MI (USA).

Because of the propensity of previous laboratory investigations to focus on idealized spherical targets, there
is a bit of ambiguity in decoupling the relative importance/in�uence of low speed or spherical shape in
producing the 'onion shell' fragment shape outcomes found in impacts into spherical targets [1,2]. If due
primarily to impact speed/energy density as suggested by [3], this could play an important role in main-belt
impacts due to the presence of non-spherical targets and non-negligible probability of low-speed (i.e., below
about 3�4 km/s, subsonic in rock) impacts [4]. Also, [5] and [6] suggested that the shape of targets may
a�ect the outcome of shattering processes, both in terms of fragment shape and mass distribution.
To examine explicitly the e�ects of target shape in impact outcomes, we chose to conduct impact experiments
on both spherical and naturally-occurring irregularly-shaped basalt targets. We impacted a total of six
targets (two spheres and four irregular targets). We focused on shots with impact speeds in the� 4 to 6
km/s range by 3/16th-inch diameter Al-sphere projectiles �red at the NASA AVGR. Following each shot,
the debris were recovered (> 95 %) and large fragments (> 0:20 g) were individually weighed, allowing us to
carefully measure the mass-frequency distribution from each impact experiment. The 36 largest fragments
of each shot were photographed and their largest axes accurately measured by the program �ImageJ�. Their
shortest axes were measured by means of a digital caliber. High-speed video of each impact was obtained to
aid interpretation of the fragmentation mode of the targets. Images clearly show that shell-like fragments can
be produced in shattering events not in the target's surface. Instead, those fragments may form around the
core, well inside the target structure, independently on the target shape itself. This is a feature not reported
to date. In order to understand what the bulk macro-porosity of a non-coherent set of fragments is, we
gathered randomly together the fragments with weighed mass mimicking the post-shattering gravitational
re-accumulation of fragments into an asteroid rubble-pile. For each set, we wrapped the fragments in a thin
plastic �lm and measured the bulk volume by hanging and plunging the assemblage into distilled water.
The volume is calculated straightforward from the density of water at the given temperature.
Cumulative mass distributions are derived and exponents0:75 < � < 1:2 are found for the relationship
N (> m ) = Am � � (m is the fragment mass,A is the corresponding constant) in the stationary part of the
distribution. The exponent of each distribution and the mass of each largest fragment are found to be related
to the corresponding speci�c energy of each impact as expected [3]. The mass distributions seem to show
slightly larger values of � in the case of spherical targets when comparing two sets of close speci�c energy
impacts. However, this feature needs further sets of impact experiments to be properly investigated. As for
the shapes of fragments, b/a and c/a ratios were calculated along with the shape metrics	 =

�
c2=(ab)

� 1=3,
F = ( a � b)=(a � c) for deviation from the spherical shape and relative �atness, respectively [7,8]. The
average relationship betweena, b, and c axes is 1:0.7:0.4, slightly di�erent (�atter) than reported by former
investigations (1:0.7:0.5) carried on in the 70s and 80s [7]. This result is quite stable and no di�erences are
found in average shapes among spherical and irregular targets nor for di�erent speci�c energy up to a factor
of � 3. This does not mean that fragments look like triaxial ellipsoids, instead they are quite irregular but
their average relative sizes are distributed very nicely as described. Finally, the study of the macro-porosities
of randomly aggregated fragments shows values in the 45 to 50 % range. This result may be useful in the
interpretation of small asteroids' bulk densities and in the calibration of numerical modelling of internal
structures.

References: [1] Durda et al. (2011). Icarus, 211, 849�855. [2] Nakamura et al., 2013, CD8 workshop. [3]
Fujiwara, A. et al. (1989) Asteroids II, UAP, 240�265. [4] Bottke W. F. et al. (1994), Icarus 107:255�268.
[5] Tanga, P.; Cellino, A.; Michel, P.; Zappalà, V.; Paolicchi, P.; Dell'Oro, A., 1999. Icarus, Volume 141,
Issue 1, p. 65�78. [6] Campo Bagatin, A., Petit, J-M., 2001. Icarus, Volume 149, Issue 1, pp. 210�221.
[7] Benn, D. I., and C. K. Ballantyne (1993), Earth Surface Processes and Landforms, 18, 665�672. [8]
Ehlmann, B. L et al. (2008), J. Geophys. Res., 113. [7] Capaccioni et al. (1986), Icarus, 66, 487�514.
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Pitted terrains on Vesta: Thermophysical analysis
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A. Longobardo1, E. Palomba1, F. Zambon1, S. Schroeder2, B. Denevi3, D. Williams 4, J. Scully5, C.
Russell5, and C. Raymond6
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2Deutches Zentrum fur Luft und Raumfahrt, Berlin, Germany
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Launched in 2007, the Dawn spacecraft, after one year spent orbiting Vesta, is now on its way to Ceres.
In the science payload, the Visible and Infrared mapping spectrometer (VIR) is devoted to the study of
the mineralogical composition and thermophysical properties of Vesta's surface [1]. Disk-resolved surface
temperatures of Vesta have been determined from the infrared spectra measured by VIR [2]. The observed
temperatures, together with a thermophysical model, have been used to constrain the thermal properties of a
large part of the surface of the asteroid [3]. The average thermal inertia of the surface is quite low, consistent
with a widespread presence of a dust layer. While the global thermal inertia is low, the characterization of
its surface in terms of regions showing peculiar thermophysical properties gives us the possibility to identify
speci�c areas with di�erent thermal and structural characteristics. These variations can be linked to strong
albedo variations that have been observed, or to other physical and structural characteristics of the �rst
few centimeters of the soil. The highest values of thermal inertia have been determined on areas coinciding
with locations where pitted terrains have been found [4]. Pitted terrains, �rst identi�ed on Mars, have been
found in association with 4 craters on Vesta: Marcia, Cornelia, Licinia, and Numisia. The Marcia area is
characterized by high hydrogen and OH content [5]. By analogy with Mars, the formation of these terrains
is thought to be due to the rapid release of volatiles, triggered by heating from an impact event. A question
arises on the origin of volatiles: hydrated minerals, or ground, buried ice? In order to discuss the second
hypothesis, we have to assume that a comet impact delivers ice that gets buried under a layer of regolith.
Successively, another impact on the same area would give origin to the pitted terrain. The buried ice has
obviously to survive for the time between the two impacts (ice is stable against sublimation till 120 K, and
can survive for million of years if kept under 150�160 K). A thermophysical model, solving both the heat
conduction and the di�usion equations, can give a contribution to the discussion related to this hypothesis.
From our analysis, we demonstrate that, on Vesta, water ice could probably survive for millions of years if
buried under tens of meters of an insulating layer of regolith [6]. Our conclusion is that the hypothesis of
an origin related to ice buried in the Vestan soil cannot be ruled out. A de�nitive answer on the origin of
pitted terrains on Vesta must be found, anyway, taking into account also the results of the geomorphological
and compositional analysis.

Acknowledgements: The authors gratefully acknowledge the support of the Dawn Instrument, Operations,
and Science Teams. This work is supported by an Italian Space Agency (ASI) grant and by NASA through
the Dawn project.

References: [1] De Sanctis, M.C., et al. (2011). Space Sci. Rev. 163 (1-4), 329�369. [2] Tosi, F., et al.
(2014). Icarus, in press. Doi: 10.1016/j.icarus.2014.03.017. [3] Capria, M.T., et al. (2014). GRL, in press.
Doi: 10.1002/2013GL059026 [4] Denevi, B., et al. (2012). Science 338, 246�249. [5] De Sanctis et al.,
2012, Science, 336, 697�700. [6] Capria et al., (2012). A&A 537, 71.
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Dynamical evolution of V-type photometric candidates in the central and outer
main belt asteroids

V. Carruba1, M. Huaman1

1UNESP, Univ. Estadual Paulista, Grupo de dinâmica a Orbital e Planetologia, Guaratinguetá a SP, 12516-410,
Brazil

V-type asteroids are associated with basaltic composition, and are supposed to be fragments of crust of
di�erentiated objects. Most V-type asteroids in the main belt are found in the inner main belt, and are
either current members of the Vesta dynamical family (Vestoids), or past members that drifted away.
However, several V-type photometric candidates have been recently identi�ed in the central and outer main
belt. The origin of this large population of V-type objects is not well understood, since it seems unlikely
that Vestoids crossing the 3:1 and 5:2 mean-motion resonance with Jupiter could account for the whole
observed population. In this work, we investigated a possible origin of the bodies from local sources, such
as the parent bodies of the Eunomia, Merxia, and Agnia asteroid families in the central main belt, and
Dembowska, Eos and Magnya asteroid families in the outer main belt. Our results show that dynamical
evolution from the parent bodies of the Eunomia and Merxia/Agnia families on timescales of 2 Gyr or more
could be responsible for the current orbital location of most of the V-type photometric candidates in the
central main belt. Studies for the outer main belt are currently in progress.

Acknowledgements: This work was supported by the FAPESP (grant 2011/19863-3) and CAPES (grant
15029-12-3) funding agencies.

References: V. Carruba, M. E. Huaman, R. C. Domingos, C. R. Dos Santos, D. Souami 2014, Dynamical
evolution of V-type photometric candidates in the central main belt, MNRAS, 439, 3168.
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Long-term e�ects of close encounters with (3) Juno, (20) Massalia, (31)
Euphrosyne, and (111) Ate

V. Carruba1, S. Aljbaae1, and J. Souchay2
1UNESP, Univ. Estadual Paulista, Grupo de dinâmica a Orbital e Planetologia, Guaratinguetá a SP, 12516-410,

Brazil
2Observatoire de Paris, SYRTE/CNRS UMR8630, 61 avenue de l'Observatoire, 75014 Paris, France

The inaccuracy in the determination of asteroid masses represents the major limitation for the performance
of modern ephemerids. We describe and use in this work a dynamical method to determine the masses of
four asteroids: (3) Juno, (20) Massalia, (31) Euphrosyne, and (111) Ate, based on the observational study
of de�ection caused by these asteroids on other smaller ones. A list of the encounters likely to produce mass
determination for each one of our sample asteroids are presented in this work. We selected encounters whose
separation between the two asteroids was less than 0.01 au, and with an angle (� 1), which is the scattering
angle between the orbits of the target asteroid with and without the studied mass at the moment of close
encounter, larger than 0.1 arcsec. After that, the distance between the two positions of the target asteroid
were calculated after 30 days of each possible close encounter, with and without the perturbing asteroid. We
then checked if the orbital change of the asteroid is observable from Earth. We aim to follow-up each one
of the close encounters listed here, using the most appropriate method of observation, in order to determine
the mass of our studied objects with good accuracy. This kind of study is all the more interesting since the
astrometric space mission Gaia is on the verge of detecting some of the de�ections investigated here.

Acknowledgements: This work was supported by the FAPESP (grants 2011/19863-3 and 2013/15357-1)
funding agency.

References: Aljbaae, S., Souchay, J., Carruba, V., 2014, MNRAS, in preparation.
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Peculiar Euphrosyne
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(31) Euphrosyne is the largest body of its namesake family, and contains more the 99.35% of the family
mass. Among asteroid families, the Euphosyne group is peculiar because of its quite steep size frequency
distribution, signi�cantly depleted in large and medium- sized asteroids (8 < D < 12 km). The current
steep size frequency distribution of the Euphrosyne family has been suggested to be the result of a grazing
impact in which only the farthest, smallest members failed to accrete. The Euphrosyne family is however
also very peculiar because of its dynamics: near its center it is crossed by the� 6 = g � g6 linear secular
resonance, and it hosts the largest population (140 bodies) of asteroids in� 6 anti-aligned librating states
(or Tina-like asteroids) in the main belt.
In this work we investigated the orbital evolution of newly obtained members of the dynamical family, with
an emphasis on its interaction with the � 6 resonance. Because of its unique resonant con�guration, large and
medium sized asteroids tend to migrate away from the family orbital region faster than small-sized objects,
that were ejected further away from the family center. As a consequence, the size-frequency distribution
of the Euphrosyne family becomes steeper in time, with a growing depletion in the number of the largest
family members. We estimate that the current size-frequency distribution could be attained from a typical,
initial size-frequency distribution in time-scales of the order of 1 Byr, consistently with estimates of the
family age obtained with other, independent, methods.

Acknowledgements: This work was supported by the FAPESP (grant 2011/19863-3) funding agency.

References: Carruba V., Aljbaae, S., Souami, D, 2014, APJ, in preparation.
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General framework for shape reconstruction of asteroids with disk-resolved
observations

B. Carry 1, M. Viikinkoski 2

1Institut de Mécanique Céléste et de Calcul des Ephémérides, France
2Tampere University of Technology, Finland

Spin and 3-D shape are basic geometrical properties of an asteroid, yet required in understanding some of its
most fundamental features, from its density to its sensitiveness to YORP and Yarkovsky non-gravitational
e�ects. Technological advancements have made it possible to obtain highly detailed images of asteroids,
yet 3-D shape modeling remains a challenge. Shape inversion is an ill-posed inverse problem as systematic
errors, shading e�ects due to non-convex features, and the limitations of the imaging systems render the
direct inversion impossible. Moreover, the image coverage of one observation session is often insu�cient for
3-D reconstruction, necessitating the combination of di�erent imaging methods.
We will discuss parametric shape representation methods, applicable to all asteroid surfaces, including
strongly non-convex and geometrically non-starlike shapes. Additionally, we will demonstrate the usefulness
of Fourier transform in shape reconstruction, showing that the frequency domain is a natural setting for
shape inversion of image data obtained from generalized projection operators, which include virtually all
disk-resolved astronomical observation methods. Finally, we present several examples and applications of
our method to range-Doppler radar, adaptive optics, and thermal infrared interferometry.
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The crater chains of Vesta � the global view
U. Carsenty1, S. Schroeder1, D. Buczkowski2, R. Jaumann1, C. Russell3, and C. Raymond4
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4JPL, CIT, CA, USA

The NASA Dawn spacecraft obtained in the Low Mapping Orbit (LAMO) more than 10,000 images of the
surface of Vesta, with an average resolution of 20 m per pixel. The solar illumination conditions during
LAMO kept the north pole (above 50°N) in darkness. We searched this data set and recognized 760 crater
or pit chains, 2/3 of them are in the somewhat smaller illuminated northern hemisphere. We measured for
each crater chain: the position (longitude, latitude), length, and the tilt angle of the chain relative to the
East�West direction (Fig.). There is a clear asymmetry between the northern and southern hemispheres, in
the total number of chains, in the spatial distribution, and in the relative numbers of chains in each one of
the sub-groups (tilt angle).
The Northern Hemisphere: Most of the chains are located in the northern hemisphere, from the equator,
through mid latitudes up to 50°N, where our data set ends. Most of the chains are with relatively low tilt
angles between -10° and 10°, and a large group of them concentrate just north of Divalia Fossae. Their tilt
agrees well with the orientation of the troughs. There are a few �holes� in the global distribution (coverage),
e.g., around lat.=15°N long.= 190° � the Marcia area � marked in Fig. with M. We suggest that young
craters with extended ejecta blankets hide the �older� crater chains.
The Southern Hemisphere: There are signi�cantly fewer crater chains in the southern hemisphere. There is
a de�ciency of chains in mid latitudes (20°S to 50°S), and an enhancement south of 50°S. There are many
more chains with high absolute tilt angles. We will have to inspect each one of them separately, but we
suspect that they have di�erent characteristics from those with low tilt angles. The spatial distribution in
the northern hemisphere suggests a relationship with the equatorial troughs of Divalia Fossae. The chains
are much smaller than the troughs but might have similar formation mechanism.

Figure: A Global View - The positions of the crater (pit) chains are superimposed on an image mosaic of
Vesta. The crater chains are color-coded according to their tilt angles relative to the East�West direction
(see text). The black lines are the troughs associated with Rheasilvia and the white lines are the troughs
associated with Veneneia.
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E�ects of faint dust coma on the spectra of asteroids
J. Carvano1, E. Rondon1, and S. Lorenz2

1Observatorio Nacional � Rio de Janeiro, Brazil
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Nine asteroids of the main belt have shown cometary activity. These objects have been called Main Belt
Comets (MBC). The physical source of their activity can be diverse; among the possible causes are collision
and sublimation. In this work, we use a dust distribution model associated with the asteroid coma to study
the photometric and spectroscopic properties of these objects, from which we can estimate parameters asso-
ciated with the position of the particle in the coma, the size of the grain, and with the velocity distribution,
and thus simulating a collision in the asteroids. We study the in�uence of grain size on the spectrum of
asteroids, using the Hapke model for the sunlight re�ected at the surface asteroids and attenuated by the
coma, and using the Monte Carlo method for the sunlight scattered by the coma into the line of sight of
the observer, following the approach of Carvano and Lorenz (2010) which modeled the e�ects of a faint dust
coma on the asteroid (5201) Ferraz-Mello spectra and other objects. This model was capable of producing
an increase in the re�ectance in the shorter wavelengths, and they show that the presence of a faint coma
produces unusual re�ectance. In our model, we study the distribution of the grains produced by the ejection
of particles due to volatile sublimation, and we added the e�ect of the solar phase angle on the spectra.
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Solar-phase-angle e�ects on the taxonomic classi�cation of asteroids
J. Carvano1, J. Davallos1

1Observatorio Nacional � Rio de Janeiro, Brazil

Asteroid taxonomy is the e�ort of grouping asteroids into classes based on similarities of a number of their
observational properties. The most used properties include measurements of their spectral re�ectance (by
means of low-resolution spectra, spectro-photometry, or colors), and geometric albedo. The usefulness of
asteroid taxonomic classes derived in this way relies on the assumption that the classes bear some correspon-
dence to the mineralogy of the asteroids, and on the fact that such classi�cation can be made using types
of observations that presently are available to a large number of asteroids. Therefore, asteroid taxonomy
can be used to infer trends in the distribution of compositions in the main belt and other populations, as
an additional parameter in de�ning asteroid families, and as a selection tool to identify candidates for more
detailed observations. However, the fact that the correspondence between taxonomic class and composition
is far from perfect is still sometimes overlooked in the literature. Indeed, although a taxonomic classi�cation
narrows down the possible mineralogies of a given asteroid, it will seldom point univocally to one particular
mineralogy. This happens for a number of reasons, some linked to the intrinsic di�culty involved in the
remote characterization of the mineralogy of an asteroid, since it depends on the presence of absorption
bands in its re�ectance spectrum which may be absent or not completely sampled by the observations used
to derive taxonomy. Other problem here is the exposure of the material on the surface of the asteroid to
space-weathering e�ects, such as solar wind implantation and micro-meteorite bombardment, which can
change the optical properties of the material. Finally, the overall shape of the re�ectance spectrum of an
asteroid is also a�ected by the geometry of the observation, as well as by its shape. In this work, we analyze
how the classi�cation of asteroids observed by the Sloan Digital Sky Survey is a�ected by the solar phase
angle of the observation. It is found that the number of observations assigned to several taxonomic classes
has a clear dependency on the solar phase angle of the asteroid at the moment of the observation. In order
to understand how variations of phase angles a�ect the re�ectance spectra of the individual asteroids listed
in the SDSS with multiple observations, we use the re�ectance spectra derived from the SDSS colors to
de�ne two parameters, which measure the spectral slope in the visible and the depth of the 1-micron band,
if present. It is found that most asteroids in the sample tend to be redder at higher phase angles, and
that, for the classes showing a 1-µm band, most show increasing band depth with increasing phase angle.
This predominance of positive correlations for both band depth and spectral slope might su�ce to explain
the o�sets in the distribution of classes. However, for both parameters there is a signi�cant fraction in
each sample for which there seem to be no correlation at all, and a comparable number seem to display
anti-correlation between the parameters and the phase angle.
Therefore, although phase-reddening e�ects, as currently understood in the literature, can account for the
o�sets in the distribution of taxonomic classes with phase angle, it cannot explain all variability seen in
the SDSS data. There is also a dependency on composition and also shape e�ects involved, which can be
reproduced using Hapke re�ectance models.
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Inversion of Hipparcos photometric data using triaxial ellipsoid shape models
including a Lommel-Seeliger scattering law

A. Cellino1, K. Muinonen2, D. Hestro�er 3, and O. Wilkman2
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Among the many expected results of the Gaia mission, there is an inversion of the sparse photometric data
obtained during �ve years of operational lifetime for a number of asteroids of the order of 300,000. For
each object, about 60�70 photometric measurements obtained in di�erent epochs will be available. Gaia
data will not consist of lightcurves (the most common product of ground-based photometry), but only of
sets of �photometric snapshots� taken at very di�erent epochs corresponding to very di�erent observing
circumstances. However, these data will all be taken by a single detector and without the problems a�ecting
photometric observations performed from the ground (extinction, weather, etc.) and will also be intrinsically
very accurate. Therefore we expect that, for most objects, it will be possible to invert the Gaia photometric
data obtained, in order to derive from them basic information about the spin properties (rotation period,
orientation of the spin axis), overall shape, and magnitude-phase angle relation.
Since Gaia will observe such a large number of asteroids, the search for a compromise between required
CPU time and adopted shape model is necessary. In particular, the choice has been forcedly that of
assuming a regular triaxial ellipsoid model shape. Though not being very realistic, triaxial ellipsoid shapes
are fairly �exible and constitute reasonable approximations of the real shapes in many cases, as shown also
by numerical simulations (Torppa et al., 2008). The inversion of asteroid photometric data is performed
using a genetic algorithm approach. This has been found to be satisfactorily performing through application
to asteroid photometric data obtained years ago by the Hipparcos satellite (Cellino et al., 2009).
In spite of being a�ected by large errors and also limited in terms of numbers of observations per object,
application of the genetic algorithm developed for Gaia has been shown to be able to correctly invert
Hipparcos data in about 50 % of the cases. The performances should be much improved in the case of the
Gaia data, which are expected to be much better both in quantitative and in qualitative terms. One of the
major limitations of the inversion approach adopted so far, however, has been that of substantially ignoring
light-scattering e�ects. Recently, however, a formal treatment of the Lommel-Seeliger scattering law for
objects having ideal triaxial shapes has been obtained at the University of Helsinki. These results have been
exploited to implement such a treatment of light-scattering e�ects in the genetic algorithm of photometric
inversion developed for Gaia. We present here the results of an application of the re�ned inversion algorithm
to the old set of Hipparcos data. In addition, we present also the results of the inversion of the same data, but
using a completely di�erent algorithm, based on an MCMC approach (Muinonen et al., present meeting).

References: Cellino A., Hestro�er D., Tanga P., Mottola S., Dell'Oro, A., A&A 506, 935-954 (2009);
Torppa J., Hentunen, V.-P., Pääkkönen, P., Kehusmaa, P., Muinonen, K., Icarus 198, 91-107 (2008).
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The expected Gaia revolution in asteroid science: Photometry and spectroscopy
A. Cellino1

1INAF - Osservatorio Astro�sico di Torino, Italy

Gaia is expected to produce a major revolution in our knowledge of the asteroids. Apart from a huge
improvement in the accuracy of the orbital elements of these objects, something which is a �natural� con-
sequence of the unprecedented astrometric accuracy of Gaia, we can also expect that the photometric and
spectrophotometric performances of the Gaia detectors will be such to substantially move ahead the frontier
of the domain of physical characterization of asteroids by means of remote observations.
A list of physical properties, that will be derived from the analysis of the detections corresponding to di�erent
observed transits of each object in the Gaia focal plane during �ve years of operational activity, includes
masses, sizes, average densities, spin properties, re�ectance spectra, albedos, as well as a new taxonomic
classi�cation. In this review, the focus will be on Gaia photometry and spectrophotometry. The method of
photometric inversion of sparse photometric data developed to reduce Gaia photometric data of asteroids
will be described, and its expected performances will be discussed. In particular, the choice of assuming for
the objects the shapes of ideal triaxial ellipsoids, fairly simplistic in an era in which much more re�ned shape
models are currently used in photometric inversion methods, will be justi�ed by the need of minimizing the
CPU time needed to process data for hundreds of thousands of objects in a reasonable time.
The processing of spectrophotometric data will be also described. These data will produce a huge data set
of re�ectance spectra of asteroids. A particular advantage of these data will be that of including also the
blue part of the spectrum, which has been substantially lost since the epoch in which the CCD detectors
have replaced the older photomultipliers used for UBVRI photometry. The big data set of new asteroid
spectra will be also used to develop a new asteroid taxonomy, used new algorithms developed for this
purpose. Coupled with the determination of reasonably accurate masses and bulk densities for the biggest
100 asteroids, Gaia data will open a new era in asteroid science, and will allow us to answer some fundamental
questions, including the relation between internal structure and surface properties. The resulting post-Gaia
scenario in asteroid science will be very much improved with respect to the current state of the art.

Acknowledgements: This talk is based on the work carried out by many scientists active in the Gaia
Data Analysis and Processing Consortium (DPAC). In particular, I am grateful to P. Tanga, M. Delbó, A.
Dell'Oro, K. Muinonen, F. Mignard, Ph. Bendjoya, L. Galluccio, and C. Ordenovic.
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Barbarians in the Watsonia family: Interpretation and open problems
A. Cellino1, S. Bagnulo2, P. Tanga3, B. Novakovic4, and M. Delbó3
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The so-called Barbarian asteroids, which take their name from the prototype of their class, asteroid (234)
Barbara, are characterized by anomalous polarimetric properties. They exhibit a so-called �negative polar-
ization branch� which is much wider than usual. This behavior is strikingly di�erent with respect to that
exhibited by the vast majority of asteroids. Barbarians are relatively rare. Before the results of the investi-
gation described in this work, only 6 Barbarians were known to exist. A couple of them (980 Anacostia and
387 Aquitania) were known to be within or very close to the Watsonia dynamical family, thought to consist
of fragments coming from the collisional disruption of a high-inclination parent body (Novakovic et al.,
2011). We have therefore carried out a campaign of spectroscopic observations of members of the Watsonia
family using the ESO VLT. The results are striking: 7 out of 9 targets have been found to be Barbarians.
This result not only more than doubles the inventory of known Barbarians, but it shows that the Barbarian
behavior is due to properties which are not simply due to mere surface properties, but characterize also the
overall composition of the interior of the bodies. In this respect, the fact that a number of Barbarians have
been found to have also anomalous abundances of the spinel mineral on their surfaces opens exciting lines
of investigation, since it is possible that these asteroids could be extremely primitive. Their rarity remains
also to be explained.

Figure: Phase�polarization data (in R light) for the seven targets of our investigation of the Watsonia family
found to be Barbarians (black symbols) and the two targets displaying normal polarimetric properties (red
symbols), compared with the polarization data and best-�t curve (in V light) of the Barbarian prototype,
(234) Barbara (in blue) and (12) Victoria (in green), a large, non-Barbarian, L-class asteroid.

References: Novakovic B., Cellino A., Knezevic Z., 2011, Icarus, 216, 69.
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A super-fast-rotating asteroid
C. Chang1, A. Waszczak2, W. Ip 1, T. Prince3, and the PTF team1,3
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Harris (1996) showed a 'spin barrier' at 2.2 hours for asteroids withD < 1 km, which indicates large
asteroids are gravitationally bound aggregates (i.e., rubble-pile structure). Following that study, Pravec
& Harris (2000) revealed that asteroids with diameters larger than a few hundred meters are rubble piles
and have spin rates lower than the 'spin barrier', while smaller asteroids may rotate faster than the 'spin
barrier' (i.e., super-fast-rotator; see an example study by Hergenrother & Whiteley 2011) and are likely to
be monolithic objects. Only one exception to this rule was found, 2001 OE84, which has a diameter of 0.9
km and a rotation period of 29.19 min (Pravec et al. 2002). Subsequently, Holsapple (2007) suggested a size-
dependent strength for asteroids and predicted the existence of kilometer-sized super-fast rotators. Although
several km-sized super-fast-rotator candidates had been reported (Masiero et al. 2009 and Dermawan et al.
2011), none of them had been con�rmed yet. Therefore, to discover more such km-sized super-fast rotators
will give us a more clear picture of the interior structure of the asteroids. Here, we report another super-
fast rotator discovered during the asteroid rotation survey mission of the intermediate Palomar Transient
Factory (iPTF) in Feb. 2014 and con�rmed by the follow-up observation of the 200-inch Hale Telescope at
the Palomar Observatory.

Acknowledgements: This work is supported in part by the National Science Council of Taiwan under the
grants NSC-98-2923-M-008-001-MY3 and NSC-99-2112-M-008-015-MY3.

References: Dermawan, B., Nakamura, T., & Yoshida, F. 2011, PASJ, 63, 555; Harris, A. W. 1996, Lunar
and Planetary Institute Science Conference Abstracts, 27, 493; Holsapple, K. A. 2007, Icarus, 187, 500;
Masiero, J., Jedicke, R., Durech, J., et al. 2009, Icarus, 204, 145; Pravec, P., & Harris, A. W. 2000, Icarus,
148, 12; Pravec, P., Kusnirak, P., Sarounova, L., et al. 2002, Asteroids, Comets, and Meteors: ACM 2002,
500, 743.
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Cratering statistics on asteroids: Methods and perspectives
C. Chapman1
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Crater size-frequency distributions (SFDs) on the surfaces of solid-surfaced bodies in the solar system have
provided valuable insights about planetary surface processes and about impactor populations since the
�rst spacecraft images were obtained in the 1960s. They can be used to determine relative age di�erences
between sur�cial units, to obtain absolute model ages if the impactor �ux and scaling laws are understood,
to assess various endogenic planetary or asteroidal processes that degrade craters or resurface units, as well
as assess changes in impactor populations across the solar system and/or with time. The �rst asteroid
SFDs were measured from Galileo images of Gaspra and Ida (cf., Chapman 2002). Despite the super�cial
simplicity of these studies, they are fraught with many di�culties, including confusion by secondary and/or
endogenic cratering and poorly understood aspects of varying target properties (including regoliths, ejecta
blankets, and nearly-zero-g rubble piles), widely varying attributes of impactors, and a host of methodological
problems including recognizability of degraded craters, which is a�ected by illumination angle and by the
�personal equations� of analysts. Indeed, controlled studies (Robbins et al. 2014) demonstrate crater-density
di�erences of a factor of two or more between experienced crater counters.
These inherent di�culties have been especially apparent in divergent results for Vesta from di�erent members
of the Dawn Science Team (cf. Russell et al. 2013). Indeed, they have been exacerbated by misuse of a widely
available tool (Craterstats: hrscview.fu- berlin.de/craterstats.html), which incorrectly computes error bars
for proper interpretation of cumulative SFDs, resulting in derived model ages speci�ed to three signi�cant
�gures and interpretations of statistically insigni�cant kinks. They are further exacerbated, and for other
small-body crater SFDs analyzed by the Berlin group, by stubbornly adopting certain assumptions about
issues that should be left as open questions (e.g., the shapes of impactor SFDs are assumed to be identical
throughout the solar system and throughout all epochs, the decay rate of the impactor �ux in the asteroid
belt is assumed to be the same as in the Earth-Moon system, and all kinks in SFDs are interpreted as
�resurfacings� rather than due to layering of targets or due to other kinds of crater creation and degradation
processes). In fact, we know that there are di�erent mixes of comets and asteroids in di�erent parts of the
solar system, that size distributions di�er in di�erent parts of the asteroid belt, that SFDs of asteroid families
evolve, that kinks in SFDs can be produced by layering (e.g., on the Moon), and that small-scale crater
populations on asteroids like Itokawa and Eros are dramatically a�ected by processes of lesser importance
to large-scale cratering (e.g., because of bouldery substrates, seismic shaking, etc.).
Identi�cation of homogeneous geological units for crater counting is particularly critical. Crater ejecta
blankets, which are useful units on planetary-scale bodies, become problematic on smaller bodies where
ejecta travel farther and are even ejected at greater than escape velocity resulting in thin, patchy ejecta
blankets inappropriate for displaying a useful post-deposition crater population. As we anticipate studying
still more cratered small-body surfaces from future spacecraft and even radar imaging of asteroids, comet
nuclei, and small satellites, non-specialists and crater-counters alike should be suspicious of crater SFDs
obtained through production-line application of black-box routines like Craterstats. Crater SFDs can still
be a very useful tool, so long as there is rigorous, statistically robust, open-minded interpretation that takes
account of the real unknowns concerning geological and interplanetary contexts.

Acknowledgements: This research is partially funded by NASA's Solar System Exploration Research
Virtual Institute.

References: Chapman, C.R. 2002. Cratering on asteroids from Galileo and NEAR Shoemaker. In �As-
teroids III� (ed. W.F. Bottke et al., Univ. Ariz. Press, Tucson), 315�330; Robbins, S.J. et al. 2014.
The variability of crater identi�cation among expert and community crater analysts. Icarus 234, 109�131;
Russell, C.T. et al. 2013. Dawn completes its mission at 4 Vesta. Meteoritics & Planet. Sci. 48, 2076�2089.
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Evidence of di�erentiated near-surface plutons on Vesta in integrated Dawn color
images and spectral datasets

L. Cheek1, J. Sunshine1
1University of Maryland

Introduction: Recent analyses of Visible and Infrared Mapping Spectrometer (VIR) data from the Dawn
mission [1] revealed isolated areas on the asteroid (4) Vesta that contain enhanced abundances of olivine
[2,3]. However, this olivine component is only subtly expressed in the VIR data, superimposed on spectrally
dominant pyroxene absorptions. The highly �mixed� nature of these spectra is likely due, in part, to the
relatively coarse spatial resolution of VIR (� 190 m/pixel in HAMO-2) [4], which averages the spectral
characteristics of potentially heterogeneous meter-scale outcrops. The capability to resolve the olivine-
enhanced regions at a �ner scale may reveal a spectrally-dominant olivine component that would facilitate
characterization of 1) the distribution and context of the olivine-enhanced exposures, and 2) the spectral
properties of the olivine component, providing clues to mineral composition.
In order to access �ner spatial scales while preserving the detailed mineralogic information o�ered by the
hyperspectral VIR instrument, we use an approach developed for the Moon by [5] that is based on an
inversion of the Spectral Mixture Analysis (SMA) framework [6]. Here, we project the VIR data onto co-
located, multispectral Framing Camera (FC) data with a spatial resolution of � 50 m/pixel (HAMO-2) [7].
The analysis was carried out using georeferenced VIR and FC calibrated mosaics for the olivine-enhanced
region containing Bellicia and Arruntia craters in the northern hemisphere of Vesta. The approach produces
a set of four calculated VIR end members, as well as a projected image cube that contains a calculated VIR
spectrum for each FC pixel in the scene. An important advantage of this approach is that it can be applied
to co-located multi- and hyperspectral datasets on other planetary bodies.
Initial Results: We �nd that VIR observations for diverse areas across the scene are well described by the
following hyperspectral end members: two spectra resembling pyroxenes, one of which has a subtle� 600-nm
absorption; one spectrum that resembles a pyroxene but displays a somewhat distorted 1000-nm band shape
that may be indicative of residual calibration issues in the VIR data; and one spectrum strongly resembling
a pure olivine. The olivine-like calculated end member spectrum provides important validation of the
interpretation that the spectral character of VIR data in the Bellicia/Arruntia region is due to the spectral
in�uence of an olivine component. In addition, the � 600-nm feature in one of the calculated pyroxene
end members is an unexpected and compelling result. Coordinated petrologic and spectral analyses of
unbrecciated eucrites by [8] indicate that a similar � 600-nm absorption is observable in relatively primitive,
Cr-rich pyroxenes. This observation suggested that the presence of a� 600-nm absorption in remote-sensing
data for Dawn may be a straightforward indicator of the presence of primitive materials � a prediction that
is borne out in these results.
Evaluation of the hyperspectral projected cube reveals that discrete regions of spectrally pure olivine are
indeed present throughout the walls of Bellicia and, to a lesser extent, Arruntia. Spectra of the Arruntia
ejecta in the projected cube contain less of an olivine component than the walls, but important spatial
variations are apparent. In particular, the proximal Arruntia ejecta (< 1 crater radius) appear to contain
very little olivine, whereas spectra of the more distal ejecta (> 1 crater radius) do display an apparent olivine
component. This observation strongly suggests that the Arruntia impact has revealed a compositionally
strati�ed subsurface, with an enhanced olivine component occurring at slightly deeper levels. Projected
spectra displaying pyroxene bands with a superimposed� 600-nm feature occur primarily on crater walls,
often in association with olivine- dominated spectra. The co-occurrence of Cr-rich pyroxene and olivine in
this unique region of Vesta suggests that a primitive lithology is locally exposed at the surface. We interpret
these observations as indicating the presence of one or more di�erentiated plutons in the Bellicia/Arruntia
region.

Acknowledgements: A. Nathues and the FC team for providing the calibrated FC mosaic, C. DeSanctis
and the VIR team for the calibrated VIR mosaic. This work has been supported by Dawn at Vesta PSP.

References: [1] Russell C. T. and C. A. Raymond (2011) SSR., 163, 3�23. [2] Ammannito E. et al. (2013)
Nature, 504, 122�125. [3] Ruesch, O., et al. (2014) LPSC 45, 1715. [4] DeSanctis M.C. et al. (2011) SSR.,
163, 329�369. [5] Sunshine J.M., and S. Tompkins (2001) LPSC 32, 1324. [6] Adams J. B et al. (1993)
in Remote Geochemical Analysis: Elemental and Mineralogical Composition, 145�166. [7] Sierks H. et al.
(2011) SSR., 162, 263�327. [8] Mayne R. G. et al. (2010) MaPS, 45, 1074�1092.
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Application of the Palomar Transient Factory (PTF) project: The opposition
e�ect on Solar System objects

Y. Cheng1, C. Chang1, W. Ip 1,2,3, and J. Jhu1

1Institute of Astronomy, National Central University, Taiwan
2Institute of Space Science, National Central University, Taiwan

3Space Science Institute, Macau University of Science and Technology, Macau

The Palomar Transient Factory (Law et al. 2009; Rau et al. 2009) is a synoptic surveying project which
is designed for discovering time-domain transient events like gamma-ray bursts, supernovae, and other
variables. The survey �eld is speci�ed on some selected area which is covered and can be well calibrated
by the SDSS catalog (York et al. 2000). A wide-�eld camera system is mounted on the Palomar 48-inch
Schmidt telescope with about 7.3-deg FOV and using the g', R, and H-alpha �lters for this survey. A typical
60-s exposure can reach the limiting magnitude� 20.6 (5-sigma) under 1" sky conditions (Law et al. 2009).
The high-cadence observation area and precise photometric data provide a good opportunity to study a
passing asteroid.
The opposition e�ect can characterize the physical properties of an asteroid's surface and the chemical
composition. The two-parameter H;G system (Bowell et al. 1989) is a widely-used method to estimate the
absolute brightness of an asteroid. TheG value varies depending on the taxonomy so we can roughly identify
the surface properties of an asteroid (Lagerkvist and Magnusson 1990). The linear relation between phase
(� ) and apparent brightness (so-called phase coe�cient� ) above� > 7 degree is also an identi�er to estimate
the surface re�ectance (Belskaya and Shevchenko 2000). In this work, we extract the PTF detections on
some speci�c asteroid family (Hungaria, Hilda, etc.) to analyze the long-term multi-phase variation, and the
H;G parameters and phase coe�cient (� ) to study the behavior of the opposition e�ect. In our preliminary
result, Hungarians have relatively low phase coe�cients (� = 0.22, 37 samples) compared to the Hilda
population ( � = 0.35, 26 samples). The larger� refers to a higher albedo. Our result is corresponding
to the WISE albedo survey (Masiero et al. 2011) that Hungarians mostly consist of high-albedo E-type
asteroids.

Acknowledgements: This program is supported by National Science Council under NSC 101-2119-M-008-
007-MY3.

References: N. M. Law, S. R. Kulkarni, R. G. Dekany, et al., PASP v121 886, 1395�1408, 2009; D. G.
York, J. Adelman, J. E. Anderson, et al., AJ v120, 1579, 2000; A. Rau, S. R. Kulkarni, N. M. Law, et al.,
PASP v121 886, 1334�1351, 2009; E. Bowell, B. Hapke, D. Domingue et al., Asteroids II, Univ. of Arizona
Press, 524�556, 1989; C. I. Lagerkvist and P. Magnusson, A&As v86, 119�165, 1990; I. N. Belskaya and
V. G. Shevchenko, Icarus v147, 94�105, 2000; J. R. Masiero, A. K. Mainzer, T. Grav, et al., ApJ v 741, 68,
2011.
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Masses of a number of asteroids obtained by the dynamical method
Y. Chernetenko1, O. Kochetova1, and V. Kuznetcov1

1Institute of Applied Astronomy, Russian Academy of Sciences, Saint Petersburg

We calculated masses for 65 asteroids using optical and radar (if available) observations of perturbed as-
teroids. For a majority of mass values obtained, the errors do not exceed 10� 12 solar masses. Optical
observations were corrected for systematic errors of star catalogues. The contribution of the radar obser-
vations to the mass values and to the error estimates of the masses is small. All mass determinations were
carried out by improving the orbital parameters of asteroids using the least-squares method. We considered
several variants of solutions:
i) determination of mass of one perturbing asteroid using observations of a number of asteroids which were
considered as test particles and should have sizes less than the size of the perturbing asteroid (in fact, their
number does not exceed 50);
ii) determination of masses of two or three gravitationally interacting asteroids using only their observations;
iii) determination of masses of several gravitationally interacting asteroids using their observations and ob-
servations of other asteroids (test particles);
iv) determination of a consistent system of masses for large asteroids.
A comparison of the e�ciency of these approaches was carried out. It was found that the last variant is
too complicated and less e�ective than the other considered variants. A comparison of our results with
those of other authors, based on optical observations of asteroids as well as on the radar measurements of
the time delay of signals was ful�lled. One can conclude that the mass determinations resulting from these
two types of observations do not contradict each other. Our calculations show that the accuracy of mass
determination for the cases considered by us in 2004�2014 asteroids have improved by a factor of 1.5 to 5.
This is a cumulative result of several components.
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Guided asteroid de�ection by kinetic impact: Mapping keyholes to an asteroid's
surface

S. Chesley1, D. Farnocchia1

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
The kinetic impactor de�ection approach is likely to be the optimal de�ection strategy in most real-world
cases, given the likelihood of decades of warning time provided by asteroid search programs and the prob-
able small size of the next con�rmed asteroid impact that would require de�ection. However, despite its
straightforward implementation, the kinetic impactor approach can have its e�ectiveness limited by the
astrodynamics that govern the impactor spacecraft trajectory. First, the de�ection from an impact is maxi-
mized when the asteroid is at perihelion, while an impact near perihelion can in some cases be energetically
di�cult to implement. Additionally, the asteroid change in velocity � V should aligned with the target's
heliocentric velocity vector in order to maximize the de�ection at a potential impact some years in the
future. Thus the relative velocity should be aligned with or against the heliocentric velocity, which implies
that the impactor and asteroid orbits should be tangent at the point of impact. However, for natural bodies
such as meteorites colliding with the Earth, the relative velocity vectors tend to cluster near the sunward
or anti- sunward directions, far from the desired direction. This is because there is generally a signi�cant
crossing angle between the orbits of the impactor and target and an impact at tangency is unusual. The
point is that hitting the asteroid is not enough, but rather we desire to hit the asteroid at a point when the
asteroid and spacecraft orbits are nearly tangent and when the asteroid is near perihelion.
However, complicating the analysis is the fact that the impact of a spacecraft on an asteroid would create
an ejecta plume that is roughly normal to the surface at the point of impact. This escaping ejecta provides
additional momentum transfer that generally adds to the e�ectiveness of a kinetic de�ection. The ratio
� between the ejecta momentum and the total momentum (ejecta plus spacecraft) can range from around
1 for a porous, compressible body producing negligible ejecta, to 2 when the ejecta momentum matches
the spacecraft momentum, and as high as 5�10 for rocky bodies that produce large, high-velocity ejecta
fragments.
If the impactor hits the centerpoint of a spherical asteroid the momentum of the escaping ejecta directly
adds to the momentum of the impacting asteroid, but if the impact is oblique then the ejecta and spacecraft
momenta are added to the asteroid in vector sum. This suggests the possibility that for a given intercept
trajectory the asteroid de�ection could include guidance by targeting an oblique impact that could steer
the asteroid � V to a more optimal direction that is di�erent from the relative velocity direction of the
spacecraft. An oblique impact decreases the net� V magnitude, and yet could signi�cantly increase the net
de�ection at the time of the threatening Earth encounter.
We use asteroid (101955) Bennu, which is the target of the OSIRIS-REx asteroid sample return mission and
which has a series of potential Earth impacts in the years from 2175�2196, as an example to demonstrate the
e�ectiveness of the oblique impact. These future potential impacts will occur if the asteroid passes through
one of a series of keyholes when the asteroid passes the Earth at roughly the lunar distance from the Earth
in 2135. To study the Bennu de�ection problem we simulate a hypervelocity spacecraft impact on Bennu
in March 2021, after the OSIRIS-REx mission is complete. In our example, the spacecraft arrives from
approximately the sunward direction, and targeting ahead or behind the center of the asteroid allows non-
negligible transverse accelerations for modest values of� . A given impact location on the asteroid surface
yields a given � V vector, and our approach starts by mapping the net� V components on the surface for
an assumed value of� . Knowing the mapping from impact location to � V and also the mapping from� V
to the future Earth miss distance allows us to map the surface locations where a spacecraft impact would
lead to an Earth impact 150�200 years later. In e�ect, we are able to project Earth impact trajectories, or
keyholes, onto the asteroid surface and, for a given value of� , we can target our impactor spacecraft for an
area on the surface that avoids potential Earth impacts.
Of course, at the present time we have little information on what is the appropriate value or range of values
for � in the case of asteroid Bennu, or any other asteroid for that matter. However, if this information
is made known, either through a precursor mission or better inferences as to its nature we can develop a
distribution of � that can be used to better design an impact de�ection strategy. Speci�cally, we can compute
a map of Earth impact probability density on the surface of the asteroid based on an assumed probability
density function for � . If we target the lowest impact probability density regions then we maximize the
chance of a successful de�ection. This approach has the potential to allow more e�cient kinetic impactor
de�ection, and therefore the de�ection of larger bodies than would otherwise be possible.
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Photometry of small main-belt asteroids in 2010-2013: Search for possible binary
candidates
V. Chiorny 1

1Institute of Astronomy of Kharkiv Karazin National University, Sumska Str. 35, Kharkiv 61022, Ukraine

This work presents the results of CCD photometry of six small main-belt asteroids � (7089) 1992 FX1,
(7355) Bottke, (9425) Marconcini, (10188) Yasuoyoneda, (17170) Vsevustinov, and (29168) 1990 KJ �
obtained during 25 nights in 2010�2013. The objects were selected in the frame of the BinAstPhotSurvey
project [1,2] based of the following criteria: rotation period unknown, semimajor axisa < 2:5 au, absolute
magnitude H > 12 mag and expected errors of photometric measurement< 0:03 mag.
CCD photometry was made at the 0.7-m telescope of the Institute of Astronomy, Kharkiv National Univer-
sity, using a CCD camera IMG 47-10. The method of CCD observations and data reduction was described
in [3,4]. The observations were obtained in the R and V bands of the standard Johnson-Cousins photomet-
ric system. The accuracy of the measurement of the color indices V-R and the estimates of the absolute
magnitudes is not worse than 0.02�0.03 mag.
Our observations are presented as composite lightcurves. As a result, rotation periods of asteroids (7089)
1992 FX1, (7355) Bottke, (9425) Marconcini, (10188) Yasuoyoneda, (17170) Vsevustinov and (29168) 1990
KJ were found for the �rst time. All these asteroids are fast-rotating objects with the rotation periods in
the range from 2.583 to 3.375 hours. Their lightcurve amplitudes are in the range of 0.08�0.21 mag.
Thus, all of the observed asteroids may be binary candidates since their rotation properties are found to be
close to the average characteristics in the near-Earth-asteroid binary population [1,5]. Further observations
are needed to check whether they are really binary objects. The remaining cases will be regarded as single
asteroids.

References: [1] Pravec P., 2005. Photometric survey for asynchronous binary asteroids. In Proceed. 24th
Ann. Conf. Soc. Astron. Sci, 61�67. [2] Pravec P. et al., 2008. Spin rate of small asteroids. Icarus, 197, 2,
497�504. [3] Krugly Yu. et al., 2002. The near-Earth object follow-up program. IV. CCD photometry in
1996�1999. Icarus, 158, 2, 294�304. [4] Chiorny V. et al., 2011. Absolute photometry of small main-belt
asteroids in 2007�2009. Planet. & Space Sci., 59, 1482�1489. [5] Pravec P. et al., 2006. Photometric survey
of binary near-Earth asteroids. Icarus, 181, 1, 63�93.
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Finding and characterizing candidate targets for the Asteroid Redirect Mission
(ARM)

P. Chodas1
1Jet Propulsion Laboratory, California Institute of Technology

NASA's proposed Asteroid Redirect Mission (ARM) leverages key on-going activities in Human Exploration
and Space Technology to advance NASA's goals in these areas. One primary objective of ARM would be
to develop and demonstrate a high-power Solar Electric Propulsion (SEP) vehicle which would have the
capability of moving signi�cant amounts of mass around the solar system. SEP would be a key technology
for robust future missions to deep space destinations, possibly including human missions to asteroids or to
Mars. ARM would use the SEP vehicle to redirect up to hundreds of tons of material from a near-Earth
asteroid into a stable lunar orbit, where a crew �ying in an Orion vehicle would rendezvous and dock with
it. The crew would perform an extra-vehicular activity (EVA), sample the material, and bring it back to
the Earth; follow-on visits would also be possible. Two ARM mission concepts are being studied: one is to
go to a small 4�10-meter-diameter asteroid, capture the entire asteroid and guide it into lunar orbit; the
other is to go to a large 100�500 meter asteroid, remove a 1�10 meter boulder, and bring the boulder back
into lunar orbit. A planetary defense demonstration could be included under either concept. Although some
candidate targets are already known for both mission concepts, an observation campaign has been organized
to identify more mission candidates. This campaign naturally leverages o� of NASA's NEO Observations
Program. Enhancements to asteroid search capabilities which will come online soon should increase the
discovery rates for ARM candidates and hazardous asteroids alike.
For the small-asteroid ARM concept, candidate targets must be smaller than about 12 meters, must follow
Earth-like orbits and must naturally approach the Earth closely in the early 2020s, providing the opportunity
for a low-velocity capture into the Earth/Moon system. About a dozen candidates are known with absolute
magnitudes in the right range and with orbits suitable for missions launching no earlier than June 2019;
the maximum asteroid return masses for these range from 45 to 800 tons according to the orbit. Unfortu-
nately, many of the currently known candidates have not had their sizes, masses and spin rates adequately
constrained in order to provide con�dence that they are within the capability of the ARM vehicle to return.
Still, three candidates have been characterized well enough, two by the Spitzer Space Telescope, 2009 BD
and 2011 MD, and one by radar, 2013 EC20. 2009 BD was not actually detected by Spitzer, indicating it was
smaller than expected, about 4 meters; similarly, 2013 EC20 turned out to be smaller than desired, less than
3 meters. A fourth candidate, 2008 HU4, should be characterized with radar in 2016 when it passes near
the Earth. In general, physical characterization of these very small asteroids is best performed immediately
after discovery, while they are still very near the Earth. Radar is important for characterizing size and ro-
tation state, while long-arc high-precision astrometry can help characterize mass through estimation of the
area-to-mass ratio. Rapid-response characterization for an ARM candidate was successfully demonstrated
last year for 2013 EC20, mentioned earlier. More candidates for the small-asteroid concept are expected:
new potential candidates should be detected at the rate of 3 to 5 per year, based on extrapolations from
past discovery rates.
For the large-asteroid ARM concept, there is an additional characterization challenge: the surface of the
asteroid must be observed with enough resolution that the presence of� 3-meter boulders can be either
directly seen or inferred from high-SNR radar. The maximum size and mass of the returnable boulders
depends on the asteroid orbit in much the same way as for the other concept. Asteroid Itokawa is a strong
candidate because it has already been well characterized by the Japanese Hayabusa spacecraft. The future
targets of the OSIRIS-REx and Hayabusa 2 missions, Bennu and 1999 JU3, should also become strong
candidates in 2018. Also considered a valid candidate is 2008 EV5: radar detected decameter-scale boulders
on its surface, from which the presence of returnable� 3-meter boulders can be inferred. The characterization
rate for large-asteroid concept candidates using high-SNR radar is about 1 per year. NASA plans to choose
between the two ARM concepts, capture an entire small asteroid versus pick up a boulder from a large one,
within about a year.
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Recent meteorite falls in South Korea
Y. Choi1,2, M. Kim 1, Y. Byun 3, H. Yi 3, S. Chang3, J. Choi1,2, J. Sohn1,2, H. Moon1, and J. Park1

1Korea Astronomy & Space Science Institute, South Korea
2University of Science & Technology, South Korea

3Yonsei University, South Korea

In the evening of March 9, 2014, a �reball falling from north to south was observed in South Korea. Multiple
explosions were heard and multiple videos recorded in cars from various places, suggesting that the �reball
was separated into several pieces. Immediately thereafter, a series of discovery reports about meteorites
from the southern part of South Korea followed and, as of today, three meteorites were con�rmed and one
meteorite, with a mass of about 20 kg, is pending. This discovery of a meteorite in South Korea occurs
for the �rst time in 70 years. The overall trajectory of the �reball matches the area where meteorites were
discovered. According to the preliminary analyses, the meteorite is an ordinary chondrite. The origin of the
meteorite and its surface properties will be studied.
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Polarimetric imaging of some comets at di�erent phase angles
S. Roy Choudhury1, E. Hadamcik2, and A. K. Sen1

1Department Physics, Assam University, Silchar-788011, India.
2Sorbonne Universités, UPMC Univ. Paris 06 ; CNRS/INSU, LATMOS-IPSL ; Université Versailles St-Quentin, 11

bld d'Alembert , 78280 Guyancourt, France

The linear polarization of the scattered light by dust in some comets was observed with the 0.8-m telescope
at the Haute-Provence Observatory (OHP) in France between 2009 and 2014. Comet C/2007 N3 (Lulin) was
observed in March 2009 at phase angles 35°-36°; during the same period when 67P/Churyumov-Gerasimenko
was observed (Hadamcik et al 2010). Comets C/2011 L4 (PANSTARRS) and 154P/Brewington were ob-
served in May and October 2013 at phase angles 38° and 22°-24°, respectively. In January 2014, comet
290P/Jager was observed at phase angles 14°-15°. The observations were mainly carried out in the red
wavelength domain to reduce gaseous contaminations. The overall shape of the coma of comet Lulin is
about circular without any jet structure. The polarization in a 2700 km aperture is about 4.5%. The coma
of comet C/2011 L4 is elongated in the antisolar direction, the solar position angle being 130°. The polariza-
tion in a 5650-km aperture is about 5.7%. Jet-like structures have been noticed in position angles 225°-335°
in the treated intensity images. A correlated higher-polarization region is noted on the corresponding polar-
ization map. The coma of comet 290P is nearly circular in shape. The polarization in a 3900-km aperture is
found to be -1.54%. The polarization values of these four comets will be compared to observations of other
comets at similar phase angles and wavelengths.

Acknowledgements: We acknowledge OHP for allocation of observation time. We also thankfully ac-
knowledge the Program National of Planetology (PNP) and the Indo French Centre for the Promotion of
Advanced Research (CEFIPRA project grant No. 4507-1) for their kind funding.

References: Hadamcik E., Sen A.K., Levasseur-Regourd A.C., Gupta R. and Lasue J. 2010. Polarimetric
observations of comet 67P/Churyumov-Gerasimenko during its 2008-2009 apparition, Astron. and Astro-
phys., 517, A86.
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A powerful new southern hemisphere survey for near-Earth objects
E. Christensen1, T. Lister 2, S. Larson1, A. Gibbs1, A. Grauer1, R. Hill 1, J. Johnson1, R. Kowalski1, R.

Sanders1, and F. Shelly1

1The University of Arizona, Lunar and Planetary Laboratory, Tucson, AZ
2Las Cumbres Observatory Global Telescope Network, Goleta, CA

For nearly a decade, the Catalina Sky Survey (CSS) operated the Siding Spring Survey (SSS) in partnership
with the Australian National University. The SSS was the only professional, full-time NEO survey in the
Southern Hemisphere during this period. The SSS ceased operations in July of 2013, and the lack of a full-
time, state-of-the-art survey in the Southern Hemisphere leaves a signi�cant blind spot in NASA's ongoing
e�ort to identify and track near-Earth objects (NEOs) that may pose a hazard to the Earth, or that may
be appropriate destinations for robotic or human missions.
The CSS and the Las Cumbres Observatory Global Telescope Network (LCOGT) are partnering to �ll this
gap, by rapidly building, deploying and operating a network of three dedicated 1.0-meter survey telescopes
at Cerro Tololo, one of the premiere astronomical sites in the Southern Hemisphere. The partnership
between CSS and LCOGT provides a fast-track, low-risk, and cost-e�ective survey capability that will be
fully dedicated to the NEO discovery e�ort. The �rst of three survey telescopes will be operational � 18
months after the start of funding, with the second and third telescopes coming online within an additional
� 12 months.
Our joint survey will be a powerful new NEO survey capability. The telescopes are based on the �eld-
tested LCOGT 1.0-m design, modi�ed to feature a faster f/1.8 primary and a prime focus camera that will
deliver an 8.6 deg2 �eld of view (FOV), with a resolution of 1.0 arcseconds per pixel. The three co-located
telescopes will o�er the operational �exibility to survey together (acting as a 1.7-m telescope), or separately
(e�ectively delivering a 25+ deg2 FOV), and will have no competing science goals to compromise from
the primary mission of NEO discovery. The telescopes will be robotically operated, and the data will be
processed, validated, and reported in near real-time from the CSS headquarters in Tucson. Same-night
and subsequent night astrometric follow-up observations will be carried out on the LCOGT network, which
includes two 2.0-m and nine 1.0-m telescopes at 5 sites in both hemispheres.
We calculate �gures of merit (FOM) for this and other NEO survey systems, based on clear aperture, �eld
of view, optical throughput, focal-plane �ll factor and open-shutter e�ciency. Our new survey program will
be among the most powerful NEO survey systems in operation once deployed, with a FOM approximately
25 � larger than the SSS, larger than all CSS assets in Arizona combined, and larger than Pan-STARRS 1.
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New Martian Trojans and an update on the Eureka cluster
A. Christou 1, O. Vaduvescu2, V. Tudor 2,3, D. Asher1, R. Toma1, and J. Knapen4

1Armagh Observatory, College Hill, Armagh BT61 9DG, UK
2Isaac Newton Group, La Palma, Canary Islands

3Leicester University, UK
4Instituto de Astrofísica de Canarias, Tenerife, Spain

The number of known Trojan asteroids of Mars has recently increased twofold [1,2]. This has led to claims
of a cluster [2] associated with the �rst Mars Trojan discovered, 5261 Eureka.
The existence of an asteroid family so close to the Sun has implications for our understanding of asteroid
evolution in general. Depending on the formation mechanism, studying these NEO-sized objects will provide
insight on their collisional history and their long-term physical/dynamical evolution under the Yarkovsky
and YORP e�ects [3]. Martian Trojans may also be an important control population for the study of the
resetting of asteroid surfaces by planetary close encounters [4].
The clustering claim is based on an overall sample of 6 Trojans. To con�rm it, we are presently carrying
out an observational programme to (a) recover single-opposition Martian Trojan candidates and increase
the sample size, and (b) improve the orbits of known Trojans.
At the time of abstract submission, we have con�rmed two additional asteroids as Martian Trojans. One
was observed previously on multiple apparitions but not considered in [2]; the other is a recovery of a
single-opposition object using the 2.5 m lsaac Newton Telescope (Isaac Newton Group, La Palma, Canary
Islands). In addition, we have recovered 2011 UN63 using the 2 m Faulkes Telescope South in Siding Spring,
Australia. This is a con�rmed cluster member that had nevertheless been observed previously on only two
apparitions.
During the conference, we will present results for the two additional objects, in particular whether they are
cluster members or not. Using the improved statistics and orbits, we will re-assess the signi�cance of the
clustering and discuss its origin.

Acknowledgements: Astronomical research at the Armagh Observatory is funded by the Northern Ireland
Department of Culture, Arts and Leisure (DCAL). The Faulkes Telescope Project is an education partner
of Las Cumbres Observatory Global Telescope Network (LCOGTN).

References: [1] de la Fuente Marcos, C., de la Fuente Marcos, R., 2013, MNRAS, 432, 31. [2] Christou,
A.A., 2013, Icarus, 224, 144. [3] Bottke, W. F., Vokrouhlicky, D., Rubincam, D. P., Nesvorny, D., 2006,
Ann. Rev. Earth Planet. Sci., 34, 157. [4] DeMeo, F. E., Binzel, R. P., Lockhart, M., 2014, Icarus, 227,
112.
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Complex organic molecules in comets
Y. Chuang1, Y. Kuan 1,2

1Department of Earth Sciences, National Taiwan Normal University, Taiwan, ROC
2Institute of Astronomy and Astrophysics, Academia Sinica, Taiwan, ROC

Many interstellar complex organic molecules were observed in hot molecular cores in massive star-forming
regions and hot corinos in low-mass young stellar objects within molecular clouds. It is thus essential,
astrobiologically, to �nd complex organic molecules in protoplanetary disks as the next step. However,
observations of cometary comae reveal that compositions of comet nuclei are a mixture of products of
interstellar chemistry and nebular chemistry. Therefore, comets may provide the important information
connecting interstellar clouds and Sun-like young stellar objects with associated protoplanetary disks, or
Solar Nebula in our own case. Observing important cometary organic molecules may provide clues funda-
mental to our knowledge on the formation of prebiotically signi�cant organic molecules in the Solar Nebula,
hence, the origin of life in the Solar System and on the Early Earth. We have thus used (sub)millimeter
telescopes to look for large organic molecules in recent bright comets such as 73P/S-W 3, Hartley 2, Lulin,
Garradd, and F6/Lemmon. In this presentation, we will report some of the interesting results of our most
recent �ndings.
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Study of optical spectra of four bright comets observed in 2009�2011
K. Churyumov 1, V. Ponomarenko1, V. Kleshchonok1, and I. Luk'yanyk 1

1Kyiv Shevchenko National University

We present results of a study of middle-resolution optical spectra of comets 103P=Hartley 2, C=2009 K5
(McNaught), C =2009 P1 (Garradd), and C=2007 N3 (Lulin). The spectra were obtained with the echelle
spectrograph and with the slit spectrograph installed on the 2-m Zeiss re�ector of the high-altitude astro-
nomical station of the Institute of Astronomy of the Russian Academy of Sciences and the Main Astronom-
ical Observatory of the National Academy of Sciences of Ukraine at Peak Terskol in 2009�2011. Detailed
identi�cation of the spectral emission lines and values of certain physical parameters of the neutral comas
(velocities of gas expansion, lifetimes of molecules C2, C3, and CN, and other parameters) of these comets
are presented.
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Morphology of comet Churyumov-Gerasimenko in its 1969�1970 apparition
K. Churyumov 1, A. Mozgova1, and V. Kleshchonok1

1Kyiv Taras Shevchenko National University

The short-period comet Churyumov-Gerasimenko or 67P was discovered by the Kyiv astronomers Klim
Churyumov and Svitlana Gerasimenko on October 22, 1969, on the basis of �ve photographic plates exposed
with the help of the 50-cm Maksutov re�ector of the Alma-Ata Astrophysical Institute on 9, 11, and 21
Sept. 1969. The �rst 5 precise positions of the comet were sent to Dr. Brian Marsden, who showed it was
a new comet. The comet had an apparent magnitude of 13 and a faint tail about 1 arcmin in length at the
position angle 280� . Over the entire period of our observations from Sept. 9, 1969 to March 1, 1970, the
comet had a narrow, straight tail, probably of type I. Its length ranged from 1' to 11'. On November 16,
the comet had a fan-like tail. Some characteristics related to the structure of the comet are determined and
discussed:d, the diameter of the coma;P, the position angle of the tail; and, s, the length of the tail.
The tail axis deviated from the prolonged radius vector by up to the average angle� 6� , during Nov. 17 �
Dec. 11, 1969, and by up to the average angle� 21� during Dec. 16, 1969 � March 1, 1970. This fact tells
probably about the decrease of the speed of the solar wind and the decrease of the interaction between the
solar wind and the plasma tail of the comet. Rosetta, a European space vehicle was launched on March 2,
2004 from Kourou to visit the icy nucleus of the short-period comet Churyumov-Gerasimenko . On Jan. 20,
2014, after 10 years of �ight and 31-month sleep, Rosetta was woken up successfully and will now approach
the icy nucleus of comet Churyumov-Gerasimenko and pass into orbit around the cometary nucleus. In Nov.
2014, the Philae probe will be sent from Rosetta to the nucleus of comet 67P to study relict matter from
the era of Solar System formation.
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Rendezvous missions with minimoons from L1
M. Chyba1, T. Haberkorn2, and G. Patterson1

1University of Hawaii, Department of Mathematics
2Université d'Orléans, Mathématiques - MAPMO

We propose to present asteroid capture missions with the so-called minimoons. Minimoons are small aster-
oids that are temporarily captured objects on orbits in the Earth-Moon system. It has been suggested that,
despite their small capture probability, at any time there are one or two meter diameter minimoons, and
progressively greater numbers at smaller diameters. The minimoons orbits di�er signi�cantly from elliptical
orbits which renders a rendezvous mission more challenging, however they o�er many advantages for such
missions that overcome this fact. First, they are already on geocentric orbits which results in short duration
missions with low Delta-v, this translates in cost e�ciency and low-risk targets. Second, beside their close
proximity to Earth, an advantage is their small size since it provides us with the luxury to retrieve the entire
asteroid and not only a sample of material. Accessing the interior structure of a near-Earth satellite in its
morphological context is crucial to an in-depth analysis of the structure of the asteroid. Historically, 2006
RH120 is the only minimoon that has been detected but work is ongoing to determine which modi�cations
to current observation facilities is necessary to provide detection algorithm capabilities. In the event that
detection is successful, an e�cient algorithm to produce a space mission to rendezvous with the detected
minimoon is highly desirable to take advantage of this opportunity. This is the main focus of our work.
For the design of the mission we propose the following. The spacecraft is �rst placed in hibernation on
a Lissajoux orbit around the liberation point L1 of the Earth-Moon system. We focus on eight-shaped
Lissajoux orbits to take advantage of the stability properties of their invariant manifolds for our transfers
since the cost to minimize is the spacecraft fuel consumption. Once a minimoon has been detected we must
choose a point on its orbit to rendezvous (in position and velocities) with the spacecraft. This is determined
using a combination of distance between the minimoon's orbit to L1 and its energy level with respect to the
Lissajoux orbit on which the spacecraft is hibernating. Once the spacecraft rendezvous with the minimoon,
it will escort the temporarily captured object to analyze it until the withdrawal time when the spacecraft
exits the orbit to return to its hibernating location awaiting for another minimoon to be detected. The
entire mission including the return portion can be stated as an optimal control problem, however we choose
to break it into smaller sub-problems as a �rst step to be re�ned later. To model our control system, we use
the circular three-body problem since it provides a good approximation in the vicinity of the Earth-Moon
dynamics. Expansion to more re�ned models will be considered once the problem has been solved for this
�rst approximation. The problem is solved in several steps. First, we consider the time minimal problem
since we will use a multiple of it for the minimal fuel consumption problem with �xed time. The techniques
used to produce the transfers involve an indirect method based on the necessary optimality condition of
the Pontriagyn maximum principle coupled with a continuation method to address the sensitivity of the
numerical algorithm to initial values. Time local optimality is veri�ed by computing the Jacobi �elds of
the Hamiltonian system associated to our optimal control problem to check the second-order conditions of
optimality and determine the non-existence of conjugate points.

Acknowledgements: NSF Division of Mathematical Sciences award 1109937.

References: B. Bonnard, J.-B. Caillau and G. Picot, �Geometric and Numerical Techniques in Optimal
Control of the Two and Three-Body Problems�, Commun. Inf. Syst., 10 (2010), 239�278; M. Chyba, G.
Patterson, G. Picot, M. Granvik, R. Jedicke, J. Vaubaillon, �Time-minimal orbital transfers to temporarily-
captured natural Earth satellites�, OCA5 � Advances in Optimization and Control with Applications
Springer Proceedings in Mathematics, To Appear (2014); B. Bolin, Jedicke, R., Granvik, M., Wainscoat,
R. J., Chyba, M., Vauballion, J., Brown, P., �Detecting Earth's Temporarily Captured Natural Satellites�,
(2014). Submitted to Icarus; M. Chyba, G. Patterson, G. Picot, M. Granvik, R. Jedicke, J. Vaubaillon
(2014) �Designing Rendez-vous Missions with Mini-Moons using Geometric Optimal Control�, Special issue
of the AIMS Journal of Industrial and Management Optimization, Vol 10(2), pp 477�501; M. Granvik,
R. Jedicke, B. Bolin, M. Chyba, G. Patterson, G. Picot (2013) �Earth's Temporarily-Captured Natural
Satellites � The First Step Towards Utilization of Asteroid Resources. Asteroids�. Prospective Energy and
Material Resources. Springer-Verlag, pp 151�167; M. Granvik, J. Vaubaillon, R. Jedicke, �The population
of natural Earth satellites�, Icarus, (2012), Vol. 218, 262-277.
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Distribution of spin axes in the asteroid population
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Currently, the main method for determination of shapes and spin states of asteroids is the inversion of their
lightcurves (Kaasalainen et al., 2001). The all-sky surveys such as Pan-STARRS, Catalina Sky Survey and
LONEOS produce a lot of photometric data, but these data are sparse in time (only few measurements
per night). Although we can derive models from sparse data, this requires su�ciently many photometric
measurements with good quality (errors < 0.1 mag). With currently available data, the success rate of getting
a unique solution of the inverse problem is low. Therefore, we have developed an alternative approach that
models asteroids as geometrically scattering triaxial ellipsoids. The model computes mean brightness and
the dispersion of brightness for each observed apparition. The parameters are ecliptic longitude, latitude of
the pole, and the ratio of axes of the ellipsoid. These parameters are optimized to reach the best agreement
with observed mean brightness and dispersion of brightness. To test the reliability and accuracy of our
approach we ran set of simulations with synthetic data based on the complex asteroid shapes from the
DAMIT database and Hapke's scattering model. We will present the results of simulations with synthetic
data and the distribution of poles derived from real data from the Lowell Observatory database and confront
our results with the work Bowell et al. (2014), who used a similar approach and revealed the anisotropic
distribution of spin-axis longitudes.

References: Kaasalainen, M., Torppa, J. & Muinonen, K. 2001, Icarus 153, 37; Bowell, E., Oszkiewicz,
D. A., Wasserman, L. H., Muinonen, K., Penttilä, A., Trilling, D. E. 2014, Meteoritics & Planetary Science
49, Nr 1, 95�102.
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Meteor trails observed by the Sloan Digital Sky Survey
A. Cikota 1, D. Bekte²evi¢2, S. Cikota2, B. Weaver3, D. Jevremovi¢4, and D. Vinkovi¢5
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Scienti�c observation of meteors is not simple because they have large angular size and random appearance
in time and position on the sky. Bright meteors can be easily observed by naked eye or by video cameras in
low resolution, but the luminosity distribution of meteors at their fainter end, the actual column diameter of
the radiating zone, meteor fragmentation and the microstructure of lightcurves (especially when a meteor is
detected through several color �lters, as it happened in SDSS) is not well investigated. However, wide-�eld
surveys, such as SDSS or the future LSST, with long time coverage over a signi�cant fraction of sky might
be helpful in collecting a scienti�cally relevant sample of low-brightness meteors. We used a custom designed
Python script to detect linear features in SDSS images. The detection is performed in two steps: 1) we
detect stars with Source Extractor [1] and blend them out; 2) we de�ne a threshold so as to analyze 10000
points over the threshold; 3) we apply RANSAC [2] to detect points forming a line. We detected trails in
over 15000 calibrated and sky-subtracted �frame� images in two �lters so far. The drift scan in imaging
survey mode of SDSS enables simple distinction between �apparently fast� meteors and other �slow� linear
features caused by satellites and space debris, so that around 4000 frames could be eliminated as obvious
satellites. Here we discuss the detection method, show some interesting preliminary results of the analysis
of detected meteors, and discuss implications for other surveys.

References: [1] Bertin, E. & Arnouts, S. 1996: SExtractor: Software for source extraction, Astronomy &
Astrophysics Supplement 317, 393. [2] Martin A. Fischler and Robert C. Bolles (June 1981). �Random
Sample Consensus: A Paradigm for Model Fitting with Applications to Image Analysis and Automated
Cartography�. Comm. of the ACM 24 (6): 381�395
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A search for active main-belt asteroids
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Active Main Belt asteroids are bodies within the Main Belt of asteroids which have shown comet-like
activity during parts of their orbits. So far, just a handful of active Main Belt asteroids has been found. A
representative example is the �rst known Main Belt comet 133P/(7968) Elst-Pizarro. Jewitt [1] proposed
possible mechanisms for producing mass loss from asteroids, but the cause of the activity of all known active
Main Belt asteroids remains still unknown. Statistically, there are indications that there exist many more
currently active Main Belt asteroids, but hunting for them by searching for typical cometary features, like
tail or coma, requires a lot of telescope time in the middle- and large-class telescopes, and does not guarantee
success in detecting them all. If the mass-loss mechanisms causing the activities are too weak to develop
visually evident comae or tails, the objects stay unnoticed. We are presenting a novel way to search [2] for
active asteroids, based on looking for objects with deviations from their expected brightness in the MPCAT-
OBS Observation Archive. From 75 million observations in total, covering 300'000 numbered objects, we
have extracted �ve new candidate objects that possibly show a type of comet-like activity, and the already
known Main Belt comet 133P/(7968) Elst-Pizarro. We discuss our search method, show deviation curves
of the �ve new candidates compared to non-active Main Belt asteroids and give possible explanations for
causes of their possible activities. The method could be implemented in the future sky survey programs like
the Large Synoptic Sky Telescope (LSST) and the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) to detect outbursts on Main Belt objects almost simultaneously with their occurrence, which
is potentially interesting when searching for impact events in the Main Belt.

References: [1] D. Jewitt. The Active Asteroids, The Astronomical Journal 143, 66, 2012. [2] S. Cikota,
J. L. Ortiz, A. Cikota, N. Morales, G. Tancredi. A photometric search for active Main Belt asteroids,
Astronomy & Astrophysics 562, A94, 2014.
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Interstellar particles detected by high-power large-aperture radar
S. Close1, R. Marshall1, I. Linscott 1, S. Pifko1, and D. Janches2
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We report the �rst characterization of interstellar dust and meteoroids as a function of its orbital parameters
using plasma data collected by two high-power large-aperture radars, including ALTAIR and the Jicamarco
Observatory, during a year-long experiment. We achieve this by measuring the weak plasma called head
echoes that form when particles ablate and ionize in our atmosphere. Head echoes move with the parent
particle and provide information on the plasma signal strength, 3D position, velocity and deceleration that
is achievable through the radar's monopulse and interferometric systems. We use a new Finite Di�erence
Time Domain (FDTD) model, in addition to an analytical scattering model, to correlate measured signal
strength with plasma density and particle mass. Through analysis of the ballistic coe�cient, we are further
able to characterize the bulk density of the dust or meteoroid as a function of its orbital parameters by
identifying those particles with eccentricities > 1. Our results indicate that interstellar particles are rare in
Earth's atmosphere, comprising less than 5 % of the total detected population, and are also detected at the
limit of sensitivity. Interstellar particles also have lower bulk densities than interplanetary particles detected
in Earth's atmosphere with masses below 1 microgram.

Figure: High-power large-aperture radar data showing individual head echo streaks as a function of altitude
and speed, color-coded for particle mass. Interstellar particles were identi�ed by applying orbital analysis
to the interferometric data.
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Review of the advances in comet studies
A. Cochran1
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This talk will be an attempt to summarize the exciting science on comets that was presented at ACM 2014.
I promise a biased view of what I found interesting, exciting, and new.

128



Conference abstracts ACM 2014, Helsinki, Finland

The bombardment history of (4) Vesta as told by sample geochronology
B. Cohen1

1NASA Marshall Space Flight Center

The Dawn mission showed asteroid (4) Vesta to be an extensively cratered body, ancient in age, with
craters in a variety of morphologies and preservation states [1�3]. Tying Vesta's relative crater ages to
an absolute impact history can be accomplished through investigations of the HED (howardite, eucrite,
diogenite) meteorites. Eucrites are crustal basalts and gabbros, diogenites are mostly orthopyroxenites
representing lower crust or upper mantle materials, and howardites are mixed breccias containing both
lithologies. Eucrite 53Mn-53Cr systematics show that the HED parent body globally di�erentiated by � 4:56
Ga and fully crystallized soon afterwards [4]. Much later, many eucrites were brecciated and heated by large
impacts into the parent body surface. Disturbance ages in eucrites show that multiple large impacts occurred
within 1 Gyr after crystallization, showing a history that largely resembles that of the Moon [5�7]. Dawn
images also showed that Vesta is covered with a well-developed regolith that is spectrally similar to howardite
meteorites [8]. Howardites are polymict regolith breccias made up mostly of clasts of eucrites and diogenites,
but which also contain clasts formed by melting of the regolith by relatively large, energetic impact events.
Impact-melt clast ages from howardites extend our knowledge of the impact history of Vesta, expanding on
eucrite disturbance ages and helping give absolute age context to the observed crater-counts produced using
Dawn data. The distribution of 40Ar- 39Ar ages of impact-melt clasts in howardites shows that they formed
within the time period 3.3�3.8 Ga [9]. These, and other impact-melted HED materials, have distinct age
and compositional characteristics that suggest they formed in discrete impact events.
In order to create these crystalline impact-melt products on the surface of Vesta, the impacts during this time
period must have had velocities much higher than 5 km/s, the main belt average [10]. This is inconsistent
with formation by a normal distribution of impact velocities and points instead to a unique period where
high-velocity collisions were more frequent than currently observed. Until now, impact-reset ages in the
HED meteorites have been be interpreted under the umbrella of the canonical lunar cataclysm where an
increase in the absolute number of bombarding objects is responsible for creating larger absolute amounts of
impact-a�ected and impact-melted rocks, statistically increasing their chances of being found on Earth and
dated. However, the distribution of age among the howardite impact-melt clasts may not necessarily result
from an increased number of impacts, but rather result from impacts of higher velocity. The changeover
from a typical main belt velocity pro�le to this regime of increased velocity population at Vesta occurs
contemporaneously with a similar transition at the Moon, indicating that howardite impact-melt clast ages
reinforce the notion of a dynamically unusual episode of bombardment in the inner solar system beginning
at around 4.0 Ga.

References: [1] Marchi et al. (2012) Science 336, 690�694. [2] Jaumann et al. (2012) Science 336, 687�690.
[3] Schenk et al. (2012) Science 336, 694�697. [4] Lugmair & Shukolyukov (1998) Geochim. Cosmochim.
Acta 62, 2863�2886. [5] Bogard & Garrison (1993) Meteoritics 28, 325�326. [6] Kunz et al. (1995) Planet.
Space Sci. 43, 527�543. [7] Bogard, D.D. (2011) Chemie der Erde 71, 207�226. [8] De Sanctis et al. (2012)
Science 336, 697�700. [9] Cohen, B.A. (2013) Met. Planet. Sci., 315. [10] Marchi et al. (2013) Nature
Geoscience 6, 303�307.
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Water transport and the evolution of CM parent bodies
R. Coker1, B. Cohen1
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Extraterrestrial water-bearing minerals are of great importance both for understanding the formation and
evolution of the solar system and for supporting future human activities in space. Asteroids are the primary
source of meteorites, many of which show evidence of an early heating episode and varying degrees of aqueous
alteration. The origin and characterization of hydrated minerals (minerals containing H2O or OH) among
both the main-belt and near-Earth asteroids is important for understanding a wide range of solar-system
formation and evolutionary processes, as well as for planning for human exploration.
Current hypotheses postulate asteroids began as mixtures of water ice and anhydrous silicates. A heating
event early in solar-system history was then responsible for melting the ice and driving aqueous alteration.
The link between asteroids and meteorites is forged by re�ectance spectra, which show 3-� m bands indicative
of bound OH or H2O on the C-class asteroids, which are believed to be the parent bodies of the carbonaceous
chondrites in our collections [1]. The conditions at which aqueous alteration occurred in the parent bodies
of carbonaceous chondrites are thought to be well-constrained: at 0�25°C for less than 15 Myr after asteroid
formation [2]. In previous models, many scenarios exhibit peak temperatures of the rock and co-existing
liquid water in more than 75 % of the asteroid's volume rising to 150°C and higher[3,4], due to the exothermic
hydration reactions triggering a thermal runaway e�ect. However, even in a high-porosity, water-saturated
asteroid, very limited liquid water �ow is predicted (distances of 100's µm at most) [5]. This contradiction has
yet to be resolved. Still, it may be possible for water to become liquid even in the near-surface environment,
for a long enough time to drive aqueous alteration before vaporizing or freezing then subliming.
Thus, we are using physics- and chemistry-based models that include thermal and �uid transport as well as
the e�ects of relevant chemical reactions to investigate whether formation of hydrated minerals can occur
in the surface and near-surface environments of carbonaceous type asteroids. These models will elucidate
how the conditions within the parent body that cause internal aqueous alteration play themselves out at
the asteroid's surface. We are using our models to determine whether the heat budget of 20�100-km bodies
is su�cient to bring liquid water to the near-surface and cause su�cient mineral alteration, or whether
additional heat input at the surface (i.e., by impacts) is needed to provide a transient liquid-water source
for mineral hydration without large-scale liquid-water transport.

References: [1] Rivkin, A.S., Howell, E.S., Vilas, F., Lebovsky, L.A. (2002) Hydrated Minerals on Aster-
oids: The Astronomical Record, in: Bottke, W.F., Cellino, A., Paolicci, P., Binzel, R.P. (Eds.), Asteroids
III. University of Arizona Press, Tucson, pp. 235�253. [2] Swindle, T.D., Grossman, J.N., Olinger, C.T.,
Garrison, D.H. (1991), Geochim. Cosmochim. Acta 55, 3723�3734. [3] Cohen, B.A., Coker, R.F. (2000),
Icarus 145, 369�381. [4] Abramov, O., Mojzsis, S.J. (2011), Icarus 213, 273�279. [5] Bland, P.A., Jackson,
M.D., Coker, R.F., Cohen, B.A., Webber, J.B.W., Lee, M.R., Du�y, C.M., Chater, R.J., Ardakani, M.G.,
McPhail, D.S., McComb, D.W., Benedix, G.K. (2009), Earth Planet. Sci. Lett. 287, 559�568.

130



Conference abstracts ACM 2014, Helsinki, Finland

FRIPON, a French �reball network for the recovery of both fresh and rare
meteorite types
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The meteorite fall rate over a territory the size of France must be somewhere between 5 and 25/yr [1], most
likely closer to the higher number if we consider recent works on Chelyabinsk event [2]. Most meteorites
presently in collections are ��nds� (as opposed to �falls�), i.e. meteorites found a signi�cant amount of time
after their fall, often weathered from being exposed to terrestrial alteration, which makes them scienti�cally
less valuable. Some of the most precious meteorites, which have not been signi�cantly heated on their
parent-body and have chemical compositions closest to that of the Sun (CI chondrites � such as Orgueil,
which fell in France in 1864, and CM chondrites � such as Murchison and Paris), also happen to be the
most fragile ones. It is thus essential that meteorites be collected shortly after they fall, ideally within a
few days. This was frequently the case in the 19th century, at least in France, where 45 witnessed falls were
recovered, amounting to almost one tenth for actual falls.
The goal of the FRIPON network is to measure accurate orbit in order to pinpoint the parents bodies. This
work will not only be done for the few meteorite falls but also for all the bright meteors, we hope to get
about one thousand of accurate orbits per year. The idea is to search for meteorite streams as it is done
for meteoroids. It will be far more easy to associate a single meteorite orbit with a stream of objects and
perhaps a parent body.
The FRIPON project was approved by the National Research Agency (ANR) in July 2013. The funding
received will allow us to cover the whole French territory with �Fish Eye� cameras and radio receivers of
GRAVES radar signal. We made an extensive test of hardware (camera and lens). The hardware used in
the previous network was mainly based on analogical devices with �xed parameters whereas new digital
cameras allow a change of acquisition parameters in real time. So it is now possible to observe during day
time and more important to change parameters to avoid saturation for bright events. It is clear that this
new technology will enable a doubling of the e�ciency of the search and allows us to get more reliable data.
The equipment tests have been underway since early 2013 thanks to funding from the Scienti�c Council
of the Observatory of Paris. We are actually testing prototypes and writing the acquisition and reduction
pipeline. The entire project will be �open source� and can thus be copied anywhere. The installation will
take place from Spring 2014 until the beginning of 2015, and the project will be fully operational at the end
of 2015.
We will present our research on the FRIPON hardware and describe the organization. In fact the main
problem will be the network as we want to install 100 cameras working in real time! The goal is to be on
the strewn �eld within 24 hours of a fall.

Acknowledgements: Agence Nationale pour la Recherche (ANR), Paris observatory.

References: [1] Detailed data for 259 �reballs from the Canadian camera network and inferences concerning
the in�ux of large meteoroids Halliday et al, 1996 The Meteoritical Society. [2] Chelyabinsk Airburst,
Damage Assessment, Meteorite Recovery, and Characterization, Popova, O et al, 2013 Science. [3] FRIPON
network : www.fripon.org.
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OSIRIS-REx and mission sample science: The return of at least 60 g of pristine
regolith from asteroid Bennu
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Introduction: The Origins, Spectral Interpretation, Resource Identi�cation, and Security-Regolith Explorer
(OSIRIS-REx) asteroid sample return mission was selected by NASA in May 2011 as the third New Frontiers
mission. The target, (101955) Bennu, is a B-type near-Earth asteroid (NEA), hypothesized to be similar
to CI or CM carbonaceous chondrites. The key science objectives of the mission are summarized in [1].
To meet these science objectives, the science team is coordinated and governed by the Science Executive
Council (SEC): A group of six persons that run various elements of mission science. Mission Sample Science
(MSS) is charged with analysis of the returned sample.
Mission Sample Science: MSS is run by a Mission Scientist and composed of the following working groups:
Carbonaceous Meteorite Working Group (CMWG), Dynamical Evolution Working Group (DEWG), Re-
golith Development Working Group (RDWG), Sample Analysis Working Group (SampleWG), Sample Site
Science Working Group (SSSWG), and TAGSAM Working Group (TAGSAMWG). CMWG works to de�ne
and create well-characterized test samples, both natural and synthetic, for the development of spectral test
data. These data are used to verify the depth and accuracy of spectral analysis techniques for process-
ing data collected by the OSIRIS-REx spectrometers (OVIRS and OTES). The DEWG is charged with
constraining the history of asteroid Bennu from main-belt asteroid to NEA. They also work closely with
the SampleWG to de�ne the hypotheses for the dynamical evolution of Bennu through the analysis of the
returned sample. The RDWG is focused on developing constraints on the origin and evolution of regolith on
Bennu through investigations of the surface geology and, working with the SampleWG, test these hypotheses
through sample analysis. RDWG is also focused on the analysis of the sampling event and reconstructing
what occurred during the event. SampleWG is focused on documenting Contamination Knowledge, which
is distinct but related to mission Contamination Control. The main deliverable for this working group is the
Sample Analysis Plan, due in 2019. Furthermore, it is this working group that is responsible for constitut-
ing the Preliminary Examination Team (PET) and performing the analyses of the returned sample during
the �rst six months after return. SSSWG has the main deliverable of providing to the project the Science
Value Maps (SVMs), which are part of the sample site selection process. If we can deliver the spacecraft
to candidate sample sites, if it is safe to sample at them, and if there is material that can be ingested,
SVMs will be a semi-quantitative aid in picking the optimum site to meet mission science goals. Finally,
TAGSAM (Touch And Go Sample Acquisition Mechanism) is the sampler for the mission and this working
group is concerned primarily with characterizing TAGSAM capabilities against a range of regolith types.
Mission Sample Science provides an over-arching structure to reconstruct the pre- and post-accretion history
of Bennu from the formation of pre-solar grains, chondrules, up to geological activity within the asteroid to
its �nal dynamical evolution through analysis of the returned sample using a wide range of disciplines and
expertise.

Acknowledgements: We thank the OSIRIS-REx Science Team, which is also an author of this abstract.

References: [1] Lauretta D. S. and The OSIRIS-REx Science Team, 2012. 43rd LPSC, Abstract 2491.
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Hazards associated with asteroid (138175) 2000 EE104: Temporary Earth co-orbital
linked to interplanetary �eld enhancements
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Near-Earth asteroid 138175 (2000 EE104) will soon be temporarily resonant with Earth, but has a much
longer residence in an orbit which features a trapping behavior with frequent Earth and Venus encounters.
The object has been identi�ed as a possible source of material for Interplanetary Field Enhancements,
a magnetic phenomenon in the solar wind inferred to be due to dust arising when material spalled by
impactors striking 138175 itself is destroyed by a following collision by one of the many much smaller
objects in crossing orbits. Its horseshoe libration will be reversed by a very close encounter with Venus in
2251 CE. We characterize the orbit of this asteroid, model the dispersion of the primary collision products
along its path, and discuss the non-gravitational motion of secondary dust in the solar wind. The study of
this object is important even though 138175 is not an immediate hazard to Earth because it is accompanied
by objects dispersed in a cloud around the orbit of 138175 that are of su�cient size to be hazardous and
they cannot be detected until they enter the atmosphere.
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Vesta is not an intact protoplanet
G. Consolmagno1, D. Turrini 2, G. Golabek3, V. Svetsov4, S. Sirono5, and K. Tsiganis6

1Specola Vaticana, V-00120, Vatican City State
2Istituto di Astro�sica e Planetologia Spaziali INAF-IAPS, Rome, Italy

3Institute of Geophysics, ETH Zurich, Zürich, Switzerland
4Institute for Dynamics of Geospheres, Moscow, Russia

5Earth and Environmental Sciences, Nagoya University, Japan
6Department of Physics, Aristotle University of Thessaloniki, Greece

The Dawn mission was designed to explore �remnant intact protoplanets from the earliest epoch of solar
system formation� [1]. However, models of Vesta composed of an iron core, olivine mantle, and HED crust
in chondritic proportions cannot match the joint constraints from Dawn [1] of Vesta's density, core size, and
the extremely limited presence of exposed olivine on its surface. Vesta has a mean density of 3456 kg/m3

and its surface composition is well matched by howardites. The Dawn gravity data suggest a nickel-iron core
of radius 110 km and density 7500�7800 kg/m3. The Rheasilvia impact basin, formed within a pre-existing
large basin, Veneneia, should have excavated material from a depth of 50 km to 80 km or more below Vesta's
surface [2]. If the howardite crust were thinner than 50�80 km, a signi�cant amount of olivine-rich material,
derived from depth, would have been exposed within this basin; models suggest that olivine would also be
distributed both on Vesta's surface and in space as meteorite-source Vestoids. Such olivine is rare on Vesta,
among the Vestoids, or in our meteorite collection. Vesta's density is similar to an L chondrite, but the Na
and K abundances in Vesta are strongly depleted compared to chondrites and the average metal content of
an L chondrite, 8.4% by mass, would give a core radius less than 90 km. A 110 km radius metallic core, via
the Dawn data, represents 15% of Vesta's mass. The Mg/Al ratio in cosmic abundances is about 10:1, but
roughly 1:1 within the eucrites; thus if Vesta started with cosmic abundances, the eucrites can only represent
10% of the parent body total mass. Likewise the 10 x chondritic rare earth trace elements (REE) abundance
seen in most eucrites demands that, regardless of formation mechanism, these basalts were crystallized from
a melt representing 10% of the mass of the source region [3]. Thus the howardite crust of a chondritic HED
parent body, mixing all the available eucritic and diogenitic material (in a 2:1 ratio), represents no more
than 15% of its total mass. This leaves 70% of Vesta's mass as olivine. Assuming no porosity in this mantle,
the radius and density of Vesta can be matched only with a howardite crust (average grain density [4] of 3270
kg/m 3) that was 27 km thick with a porosity of nearly 45%, comparable to sand. If the mantle porosity is
8%, similar to Chassigny, the necessary crust porosity would be 30%, but its thickness would drop to 21 km.
In both cases, this crust is too thin to accommodate the lack of olivine in Rheasilvia or its ejecta. Absent
some unknown process to hide large amounts of olivine on the surface of Vesta and among the Vestoids,
chondritic models do not �t the observational constraints. A larger, lower density core of olivine and metal
mixed in equal proportions (by mass), of density 5000 kg/m3 and radius 145 km may also �t the Dawn
gravity data [5]. The remaining volume of Vesta would be a 115 km thick howardite crust, thick enough
to allow the metal/olivine core to remain unexposed. (In this case Vesta would be composed only of core
and crust, but the core would be rich in olivine.) To match Vesta's density, this thick crust only needs an
average porosity of 4%. Since 50% of Vesta's mass in this model would be eucrites, the REE abundances
for the whole of Vesta would have to be �ve times chondritic values. Either Vesta accreted from a highly
unusual cosmochemical setting, or 80% of its primordial olivine and iron were removed at some time after
the REE trace elements were extracted from the bulk proto-Vesta into the eucritic melt. This proto-Vesta
would have to have at least three times the mass of the current Vesta, with a radius of at least 375 km (still
smaller than Ceres). Either Vesta formed with a very non-chondritic composition or it was subjected to a
radical change in composition, presumably due to the intense collisional environment [6,7] where and when
it formed. In any event, Vesta is not a remnant protoplanet but a chemically stripped and reaccreted body.

Acknowledgements: The authors acknowledge the support of the International Space Science Institute
in Bern through the International Teams 2012 project �Vesta, the key to the origins of the Solar System�
(http://www.issibern.ch/teams/originsolsys) and discussions with M. Jutzi.
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Meteorite heat capacities: Results to date
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Heat capacity is an essential thermal property for modeling asteroid internal metamorphism or di�erentia-
tion, and dynamical e�ects like YORP or Yarkovsky perturbations. We have developed a rapid, inexpensive,
and non-destructive method for measuring the heat capacity of meteorites at low temperature [1]. A sample
is introduced into a dewar of liquid nitrogen and an electronic scale measures the amount of nitrogen boiled
away as the sample is cooled from the room temperature to the liquid nitrogen temperature; given the heat
of vaporization of liquid nitrogen, one can then calculate the heat lost from the sample during the cooling
process. Note that heat capacity in this temperature range is a strong function of temperature, but this
functional relation is essentially the same for all materials; the values we determine are equivalent to the
heat capacity of the sample at 175 K.
To correct for systematic errors, samples of laboratory-grade quartz are measured along with the meteorite
samples. To date, more than 70 samples of more than 50 di�erent meteorites have been measured in this way,
including ordinary chondrites [1], irons [2], basaltic achondrites [3], and a limited number of carbonaceous
chondrites [1]. In general, one can draw a number of important conclusions from these results. First, the
heat capacity of a meteorite is a function of its mineral composition, independent of shock, metamorphism,
or other physical state. Second, given this relation, heat capacity can be strongly altered by terrestrial
weathering. Third, the measurement of heat capacity in small (less than 1 g) samples as done typically by
commercial systems runs a serious risk of giving misleading results for samples that are heterogeneous on
scales of tens of grams or more.
Finally, we demonstrate that heat capacity is a useful tool for determining and classifying a sample, especially
if used in conjunction with other intrinsic variables such as grain density and magnetic susceptibility. We
will present an updated list of our results, incorporating our latest corrections for a variety of small but
measurable systematic errors, and new results for meteorites and meteorite types not previously measured
or reported.

References: [1] Consolmagno G. J., Schaefer M. W., Schaefer B. E., Britt D. T., Macke R. J., Nolan M.
C. and Howell E. S. (2013). The measurement of meteorite heat capacity at low temperatures using liquid
nitrogen vaporization. Planet Space Sci. 87, 146�156. [2] Consolmagno G. J. and Britt D. T. (2013). Iron
meteorite density and heat capacity. Meteorit. Planet Sci. 48, abstract 5128. [3] Macke R. J., Consolmagno
G. J., and Britt D. T. (2014). Heat capacity measurements of HED meteorites from the Vatican collection.
Lunar Planet. Sci. XLV, abstract 1929.
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The �ux of large meteoroids observed with lunar impact monitoring
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The �ux of large meteoroids is not well determined due to relatively low number statistics, due mainly to
the lack of collecting area available to meteor camera systems (102� 105 km2). Larger collecting areas are
needed to provide reasonable statistics for �ux calculations. The Moon, with millions of square kilometers
of lunar surface, can be used as a detector for observing the population of large meteoroids in the tens
of grams to kilogram mass range. This is accomplished by observing the �ash of light produced when a
meteoroid impacts the lunar surface, converting a portion of its kinetic energy to visible light detectable
from the Earth.
A routine monitoring program at NASA's Marshall Space Flight Center has recorded over 300 impact
�ashes since early 2006. The program utilizes multiple 0.35-m (14-inch) Schmidt-Cassegrain telescopes,
out�tted with video cameras using the 1/ 2 inch Sony EXview HAD CCDTM chip, to perform simultaneous
observations of the earthshine hemisphere of the Moon when the lunar phase is between 0.1 and 0.5. This
optical arrangement permits monitoring of approximately 3:8 � 106 km2 of lunar surface. A selection of
126 �ashes recorded in 266.88 hours of photometric skies was analyzed, creating the largest and most
homogeneous dataset of lunar impact �ashes to date. Standard CCD photometric techniques outlined in
[1] were applied to the video to determine the luminous energy, kinetic energy, and mass for each impactor,
considering a range of luminous e�ciencies.
The �ux to a limiting energy of 2:5 � 10� 6 kT TNT or 1:05� 107 J is 1:03� 10� 7 km� 2 hr � 1 and the �ux
to a limiting mass of 30 g is6:14� 10� 10 m� 2 yr � 1. Comparisons made with measurements and models of
the meteoroid population indicate that the �ux of objects in this size range is slightly lower (but within the
error bars) than the power law distribution determined for the near-Earth-object population by [2].

Figure: Number of meteoroids vs. energy striking the Earth each year after [2]. Lunar impacts used in this
study are shown in the upper left. Error bars indicate extremes of luminous e�ciency (along the x axis)
and Poisson statistics (along they axis).

References: [1] Suggs, R. M., Moser, D. E., Cooke, W. J., and Suggs, R. J. Icarus, submitted. [2] Brown,
P. G., Spalding, R., ReVelle, D., Tagliaferri, E., and Worden, S. (2002) Nature 420, 294�296.
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ALMA observations of gas and dust in the coma of comet C/2012 S1 (ISON)
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Ground-based studies of cometary comae provide indirect information on the compositions of the nuclear
ices, and thus provide insight into the physical and chemical conditions of the early solar nebula. To realize
the full potential of gas-phase coma observations as probes of solar-system evolution requires a complete
understanding of the gas-release mechanisms. However, previous observations have been unable to ascertain
the precise origins of fundamental coma species including H2CO, HCN, and HNC, and details regarding
the possible formation of these species in the coma are not well understood. Here, we present spatially
and spectrally-resolved ALMA sub-mm images of the distributions of HCN, HNC, CH3OH, H2CO, and
dust in the coma of comet C/2012 S1 (ISON), observed during the outburst event on November 15�17
(at rH = 0.54�0.61 au and � = 0 :9 au). Our observations reveal an unprecedented level of detail in the
distributions of these fundamental coma constituents, and permit accurate measurement of their origins in
the coma. Observations were made using ALMA Band 7 in Cycle 1 (Early Science) mode in the frequency
range 339�364 GHz, with 25�29 12-m antennae. Weather conditions were excellent, with good atmospheric
phase stability and low precipitable water vapor (0.5�0.8 mm at zenith). The spatial resolution was 0.4�0.8�
(with maximum recoverable angular scales approx. 5�10�), and the spectral resolution was 0.4 km s� 1.
The ALMA image cubes show kinematically and spatially-resolved structures in HCN, HNC, CH3OH, and
H2CO emission. Whereas the CH3OH and HCN distributions are consistent with release from (or within
100 km of) the nucleus, the H2CO data indicate coma release from a parent species with scale-length on the
order of a few hundred km. The HNC distribution suggests release in clumpy, collimated out�ows possibly
as a result of the breakdown of a macromolecular/dust precursor. Clear 0.9-mm continuum emission was
detected, showing a sharp central peak and extended coma and tail components, consistent with combined
thermal emission from dust and the cometary nucleus. Spatial o�sets were observed between the gas and
dust emission peaks, indicative of di�erentiated release and/or dynamical e�ects.

Acknowledgements: This research was supported by the NASA Astrobiology Institute through the God-
dard Center for Astrobiology and NASA's Planetary Atmospheres Program. We thank the ALMA commis-
sioning sta� for their assistance in the acquisition of the data used in this study.
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Coupled spin and shape evolution of small rubble-pile asteroids and self-limitation
of the YORP e�ect
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We present the results of the �rst simulations that self-consistently model the YORP e�ect on the spin
states of dynamically evolving aggregates. Extensive analyses of the basic behavior of the YORP e�ect have
been previously conducted leading to the idea of the classical �YORP cycle�. These studies are based on the
assumption that the objects are rigid bodies, but evidence from lightcurve observations strongly suggests that
most asteroids are aggregates. The timescales over which mass recon�guration occur are much shorter than
the timescales over which YORP changes the spin states and Statler [2009] has shown that the YORP e�ect
has an extreme sensitivity to the topography of the asteroids (Icarus 202, 501�513). As the YORP e�ect
changes the spin, the change in spin results in a change of the shape, which subsequently changes the YORP
torques. The continuous changes in the shape of an aggregate result in a di�erent evolution of the YORP
torques and therefore aggregates do not evolve through the YORP cycle as a rigid body would. Instead
of having a spin evolution ruled by long periods of rotational acceleration and deceleration as predicted by
the YORP cycle, the YORP e�ect is self-limiting on aggregate asteroids exhibiting a stochastic behavior
and/or a self-governed behavior. We provide a description of the stochastic and self-governed behaviors of
the YORP e�ect along with the results of shape evolution including the types, magnitudes, and frequencies
of movement and shedding of material. Although rotational acceleration for long periods of time is not
achieved, a fraction of objects do present mass-shedding episodes at lower spin rates than the critical spin
limit for aggregate asteroids. We also provide the bulk properties of the obtained distribution of changes in
the spin rates, which are necessary in order to model correctly the coupled Yarkovsky/YORP evolution.

Figure: Self-limitation of the YORP e�ect. The expected spin evolution of one of the aggregate objects if it
was a rigid-body is shown as a black line (left Y-axis) while the actual spin evolution of the aggregate object is
shown in a color sequence (right Y-axis). Each di�erent color represents a new shape with a corresponding
torque. The spin evolution is stochastic and self-governed. The evolution consist of unpredictably long
segments similar to a classical YORP-cycle evolution (stochastic) and of consecutive rapid reversals of the
YORP torques (self-governed) as well.
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Measuring fracture properties of meteorites: 3D scans and disruption experiments
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Many meteorite studies are focused on chemical and isotopic composition, which provide insightful in-
formation regarding the age, formation, and evolution of the Solar System. However, their fundamental
mechanical properties have received less attention. It is important to determine these properties as they
are related to disruption and fragmentation of bolides and asteroids, and activities related to sample return
and hazardous asteroid mitigation. Here we present results from an ongoing suite of measurements and
experiments focusing on maps of surface texture that connect to the dynamic geological properties of a
diverse range of meteorites from the Center for Meteorite Studies (CMS) collection at Arizona State Uni-
versity (ASU). Results will include high-resolution 3D color-shape models and texture maps from which we
derive fractal dimensions of fractured surfaces. Fractal dimension is closely related to the internal structural
heterogeneity and fragmentation of rock, and to macroscopic optical properties, and to rubble friction and
cohesion. Selected meteorites, in particular Tamdakht (H5), Allende (CV3), and Chelyabinsk (LL5), will
subsequently be disrupted in catastrophic hypervelocity impact experiments. The fragments obtained from
these experiments will be scanned, and the results compared with the fragments obtained in numerical
hydrocode simulations, whose initial conditions are set up precisely from 3D scans of the original meteorite.
By attaining the best match we will obtain key parameters for models of asteroid and bolide disruption.

Figure: Obtaining a 3D surface scan of the Tamdakht (H5 chondrite, 5 kg) meteorite using a NEX-
TENGINE 3D Scanner HD, which can resolve meteorite surfaces with a resolution of 0.2 mm. The mete-
orite, as well as fragments of Allende (CV3) and Chelyabinsk (LL5) chondrites, will be disrupted in ballistic
experiments and subsequent 3D surface scans will be obtained of the resulting fragments.
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Scattered Lyman-alpha radiation of comet 2012/S1 (ISON) observed by
SUMER/SOHO

W. Curdt 1, H. Boehnhardt1, D. Germerott1, U. Schuehle1, S. Solanki1, L. Teriaca1, and J. Vincent1
1Max-Planck Institute for Solar system Research, Goettingen, Germany

During its recent perihelion passage, comet ISON came so close to the Sun that it appeared in the �eld of
view (FOV) of the SUMER spectrometer on SOHO and allowed unique observations at far-UV wavelengths
with high spatial and temporal resolution. We report results of these observations completed during the
comet's encounter with the Sun on November 28.75, 2013. Our data show the dust tail trailing behind the
predicted position of the nucleus seen in Lyman-alpha emission as light from the solar disk that is scattered
by micron-sized dust particles. The arrow-shaped tail is o�set from the trajectory and not aligned with it.
We model the dust emission and dynamics to reproduce the appearance of the tail. We could not detect
any signature of cometary gas or plasma around the expected position of the nucleus and conclude that
the out-gassing processes must have stopped before the comet entered our FOV. Also the model we used
to reproduce the observed dust tail needs a sharp fall-o� of the dust production hours before perihelion.
We compare the radiance of the dust tail to the Lyman-alpha emission of the disk for an estimate of the
dust column density. After observing 18 years mostly solar targets, this was the �rst time that SUMER
completed spectroscopic observations of a comet.
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The OSIRIS-REx laser altimeter (OLA): Development progress
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Introduction: The NASA New Frontiers Origins Spectral Interpretation Resource Identi�cation Security
Regolith Explorer (OSIRIS-REx) mission will be the �rst to sample the B-type asteroid (101955) Bennu
[1]. This asteroid is thought to be primitive and carbonaceous, and is probably closely related to CI
and/or CM meteorites [2]. The OSIRIS-REx mission hopes to better understand both the physical and
geochemical origin and evolution of carbonaceous asteroids through its investigation of Bennu. The OSIRIS-
REx spacecraft will launch in September 2016, and arrive at Bennu two years later. The Canadian Space
Agency is contributing a scanning lidar system known as the OSIRIS-REx Laser Altimeter (OLA), to the
OSIRIS-REx Mission. The OLA instrument is part of suite of onboard instruments [3] including cameras
(OCAMS) [4], a visible and near- infrared spectrometer (OVIRS) [5], a thermal emission spectrometer
(OTES), and an X-ray imaging spectrometer (REXIS) [6].
OLA Objectives: The OLA instrument has a suite of scienti�c and mission operations purposes. At a
global scale, it will update the shape and mass of Bennu to provide insights on the geological origin and evo-
lution of Bennu, by, for example, further re�ning constraints on its bulk density. With a carefully undertaken
geodesy campaign, OLA-based precision ranges, constraints from radio science (2-way tracking) data and
stereo OCAMS images, it will yield broad-scale, quantitative constraints on any internal heterogeneity of
Bennu and hence provide further clues to Bennu's origin and subsequent collisional evolution. OLA-derived
global asteroid maps of slopes, elevation relative to the asteroid geoid, and vertical roughness will provide
quantitative insights on how local-regional surfaces on Bennu evolved subsequent to the formation of the
asteroid. In addition, OLA data and derived products support the assessment of the safety and sampleability
of potential sample sites. At the sample-site scale, the OLA instrument will provide detailed information
on the geological and geophysical processes which in�uence the surface regolith at scales relevant to the
samples that will be collected. High resolution (meter-scale) spatial measurements of surface topographic
slopes, center-of-mass referenced elevation, and vertical roughness within the sample ellipse will provide
quantitative data on regolith processes such as surface granular �ows that could have displaced the regolith
sampled by OSIRIS-REx spacecraft. The OLA system will also be responsible for assessing hazards at any
proposed sample site. Speci�cally, the OLA system will measure the slope distribution within the sample
ellipse and characterize backscatter roughness at or below the scale of the OLA spot size.
Technical Speci�cations: The completed OLA instrument is expected to achieve all these objectives
through its speci�cations that are based on the characteristics of Bennu and operational considerations:
Maximum Operational Range, 7.5 km; Minimum Operational Range, 0.150 km; Range Accuracy, 5�20 cm
(range dependent); Range Resolution, <4 cm; Scanner Field of Regard,� 10 deg. (each axis); Laser Spot
Size (on surface), 0.015�2 m (range dependent).
Progress To-date: A prototype of the OLA system has been developed and successfully tested. Results
from this testing will be presented and compared with the instrument requirements. Simulated OLA datasets
will be presented along with the �rst engineering model hardware and test results.

Acknowledgements: The support of the Canadian Space Agency for OLA is gratefully appreciated.

References: [1] Lauretta et al. (2012), LPSC 43, this issue. [2] Clark et al., Icarus, 216, 462�475. [3]
Boynton et al. (2012), EPSC2012-875. [4] Smith et al. (2013), LPSC 44, 1690. [5] Simon-Miller and
Reuter (2013), LPSC 44, 1100. [6] Allen et al. (2013), Proc. of SPIE Vol. 8840.
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Shape e�ects on asteroid spectra
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The objective of this work is to probe how the shape of a body like an asteroid could be modifying its
observed spectra and the derived mineralogical interfaces based on spectral modeling. To model this e�ect,
we construct an oblate ellipsoid with triangular facets, where each facet contributes to the overall re�ectance.
The synthetic spectra is generated by the isotropic multiple-scattering approximation (IMSA) re�ectance
model of Hapke (1993).
First, we obtained optical constants by inverting the spectra of meteorites, obtained from the RELAB
spectral database. These optical constants were found inverting the re�ectance bidirectional equation of
Hapke; this is made in two steps: (i ) The �rst inversion is to �nd the single-scattering albedo $ ; (ii ) in
the model of Hapke, this albedo is found under the regime of the geometric optics, where the particle size
is much larger than the wavelength of the incident radiation. Here we assumed a constant value for the real
part of the optical constant n = 1 :5. With these optical constants, we can construct synthetic spectra for
any particle size. The phase function used is the double Henyey-Greenstein phase function and an accurate
expression for theH -functions.
We started with the ellipsoidal shape a = 1 :0, b = c = 0 :5 for two particle size 50 and 250µm, in this part,
we found good di�erences in the BAR parameter between the two geometric models, this was done for 100
Eucrite meteorites spectra. In this �rst study, we found that the BAR parameter between the two models
is bigger when the particle size increases.
In the second part, we started with di�erent ellipsoidal shapes and produced synthetic spectra for material
with eucrite and diogenite composition with a phase angle of 20 degrees, incidence and emission angles
of 10 degrees, and particle size at 250µm. All spectra was generated for four parameters of phase angle
b = [0 :2; 0:4; 0:6; 0:8] taking the empirical relation between the phase constants of Hapke (2012), where, for
the ellipsoidal model, we set the rotational phase at 0 degrees. We observed signi�cant di�erences between
the two models for the band-I area and the band-II area but, we did not �nd signi�cant di�erences for the
BAR parameter. For the spectral slope, we have meaningful di�erences between the two models, where the
variation of the spectral slope is in the �rst decimal place, and this di�erence is bigger when we increase the
phase parameterb.
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The di�erentiation of asteroid (4) Vesta
B. Davidsson1
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The 530-kilometer asteroid (4) Vesta is a rare example of a surviving and relatively intact planetesimal,
formed su�ciently early in Solar System history to di�erentiate by radiogenic heating caused by aluminum-
26 decay. Due to the in situ exploration of Vesta by the Dawn spacecraft in the period July 2011 �
September 2012, and due to the fact that Vesta is the parent body of howardites, eucrites, and diogenites
(HED meteorites), the quantity and quality of empirical data on Vesta are exceptionally good. I here review
the compositional, mineralogical, petrological and magnetic properties of HED meteorites that are relevant
for the di�erentiation process, particularly focusing on results on absolute and relative radiometric dating.
These properties are placed in context by reviewing key Dawn observations, as well as results from numerical
thermophysical evolution models obtained by myself and others.
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Radiative-transfer model for simulating infrared spectra for the Ceres water
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The discovery of water vapour around asteroid Ceres from the Herschel telescope observations (Kueppers
et al., 2014)[1] gives a new objective to the NASA's Dawn mission reaching the asteroid in 2015 and its
infrared spectrometer VIR (De Sanctis et al., 2011) [2].
We have developed a radiative-transfer model to simulate the infrared excitation of H2O, CO, CO2 in
cometary atmospheres from which we are able to derive synthetic spectra of infrared bands in di�erent
observation geometries.
This model is applied to Ceres in order to make estimations of the detectability of the water 2.7-µm band
from the Dawn spacecraft. This model computes the populations of the di�erent ro-vibrational levels in
the exosphere of Ceres. The density, temperature, and velocity structure of the exosphere is obtained from
DSMC simulations which consider water outgassing from an 80 km-sized active spot at the subsolar point.
This exospheric model was used to interpret the Herschel observations (Kueppers et al., 2014) [1].
We present results of simulations for di�erent levels of activity and outgassing distributions on the Ceres
surface. The detectability of water vapour from the VIR instrument on Dawn is discussed. This radiative-
transfer model will be used to analyse the future Dawn measurements.

References: [1] Kueppers et al., 2014, Nature, 505, 525. [2] De Sanctis et al., 2011, SSRv, 163, 329.
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Radiative-transfer model for simulating VIRTIS/Rosetta molecular spectra
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The VIRTIS (Visible and Infrared Thermal Imaging Spectrometer) instrument onboard the ESA Rosetta
probe will measure the infrared spectrum of 67P/Churyumov-Gerasimenko in the nadir and limb geometries.
From these measurements, the spatial distribution, production rate, and rotational temperature of several
species will be obtained.
We have developed a radiative-transfer model which simulates the excitation of the vibrational bands of H2O,
CO2, and CO in both optically thin and optically thick regions of the coma. This 3D model treats properly
the e�ect of non-isotropic excitation from solar radiation and allows us to consider any coma geometry. This
allows us to compute synthetic spectra in di�erent observation geometries.
The model uses a spatial grid for the gas parameters and the level populations with a directional discretiza-
tion to treat the ray propagation. The algorithm we propose minimizes the number of rays. This makes the
model computationally e�cient, which is necessary to compute the excitation of a large (50�100) number
of ro-vibrational lines.
We apply the model to 67P/CG to provide predictions for the forecoming 2014�2015 VIRTIS observations
and present the results. We also discuss the possibility to derive the gas temperature and density from the
measurements.
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Polarimetric studies of comet C/2012 L2 (LINEAR)
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In the present work, we report the results obtained from polarimetric observations of comet C/2012 L2
(LINEAR) in the photometric R �lter. The observations have been performed with the 1.04-m Sampur-
nanand telescope of ARIES near Nainital in India on March 11 & 12, 2013 at 31� phase angle. The intensity
and polarization pro�les of the comet have shown a noticeable variation with the cometocentric distance in
all possible directions which suggest physical dust evolution. The degree of polarization obtained from our
study is almost uniform with the aperture changes on both nights of observation. A jet is detected in both
the intensity and polarization maps of comet C/2012 L2 (LINEAR) in the tailward direction.
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E�ects of solar heating on asteroids
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The surfaces of atmosphereless solar-system bodies are weathered in space by the action of several processes,
such as the implantation of ions of the solar wind and the bombardment of micrometeorites. It is well known
that these phenomena alter the spectroscopic properties of asteroids [1,2].
Here we describe the many e�ects of another process, whose importance has been neglected in the past,
that can alter the original surface nature of asteroids: the radiative heating by the light from the Sun.
In particular, near-Earth objects (NEOs) can easily reach temperatures >400 K, and the heat penetration
depth is in the order of some centimetres [3,4]. At perihelion distances (q) of the Sun smaller than 0.5 au,
temperatures can be >550 K leading to the breakup of organic components (e.g., 300�670 K [5,6,7]). The
knowledge of the temperature range of materials at di�erent depth over the orbital evolution of space mission
target asteroids is important for de�ning sampling strategies that ensure the likelihood that unaltered and
pristine material will be brought back to the Earth [8,9]. Heating of small carbonaceous meteoroids with
perihelia close to the Sun can also account for the petrological features observed in CK chondrites [10]. There
are also NEOs with extremely close approaches to the Sun as in the case of the asteroid (3200) Phaethon
and (1566) Icarus. Temperature on these asteroids can reach 1000 K, inducing thermal fracture and/or
desiccation cracking and the production of dust particles. Indeed, (3200) Phaethon is the parent body of
the Geminids meteors and activity near perihelion has been detected for this asteroid [11].
Furthermore, although the fraction of NEOs with q < 0:5 au is as of today 10 % of the total number of
known NEOs, the orbits of these bodies are not stable over their dynamical lifetime: it is known that an
important fraction of NEOs have experienced low perihelion distances in the past. It is also estimated that
up to � 70 per cent of them end their orbital evolution colliding with the Sun. As a consequence, these bodies
are expected to have su�ered considerable Sun�driven heating, not trivially correlated to their present orbits
[3].
Moreover, the surfaces of NEOs are also subject to large temperature variations (e.g., 150 K): these are due
to the change of the insolation intensity caused by the diurnal cycle between day and night, by seasonal
e�ects and by the orbital eccentricity. The surface make up and mineralogy of these asteroids is altered by
these strong temperature variations.

Acknowledgements: This work was supported by the French Agence National de la Recherche (ANR)
SHOCKS, the BQR of the Observatoire de la Côte d'Azur (OCA), the University of Nice-Sophia Antipolis,
the Laboratory GeoAzur and the French National Program of Planetology (PNP). KTR, JW, and SM
acknowledge support from the NASA SSERVI program.
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Simulations of impacts on rubble-pile asteroids
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Rubble-pile asteroids can contain a high level of macroporosity. For some asteroids, porosities of 40 % or
even more have been measured [1]. While little is known about the exact distribution of the voids inside
rubble-pile asteroids, assumptions have to be made for the modeling of impact events on these bodies. Most
hydrocodes do not distinguish between micro- and macroporosity, instead describing brittle material by a
constitutive model as homogeneous.
We developed a method to model rubble-pile structures in hypervelocity impact events explicitly. The
formation of the asteroid is modelled as a gravitational aggregation of spherical `pebbles', that form the
building blocks of our target. This aggregate is then converted into a high-resolution Smoothed Particle
Hydrodynamics (SPH) model, which also accounts for macroporosity inside the pebbles.
We present results of a study that quanti�es the in�uence of our model parameters on the outcome of a
typical impact event of two small main-belt asteroids. The existence of void space in our model increases the
resistance against collisional disruption, a behavior observed before [2]. We show that for our model no a
priori knowledge of the rubble-pile constituents in the asteroid is needed, as the choice of the corresponding
parameters does not directly correlate with the impact outcome.
The size distribution of the pebbles used as building blocks in the formation of an asteroid is only poorly
constrained. As a starting point, we use a power lawN (> r ) / r � to describe the distribution of radii of
the pebbles. Reasonable values for the slope� range around � = � 2:5, as found in the size distribution of
main-belt objects [3,4]. The cut-o� values for pebbles,rmin and rmax are given by practical considerations:
In the SPH formalism, properties are represented by weighted averages of particles within their smoothing
length h, preventing the resolution of structures below that scale. Using spheres with radius in the range of
h results in a practically monolithic body, as well as using spheres of a radius similar to the asteroid itself.
We quantify the sensitivity of impact outcomes to the choice of parameters.
Propagation of the shock front inside the asteroid depends on the pebble size distribution. While larger
pebbles transmit the shock wave further into the structure, resulting in a steeper crater, small pebbles result
in a more evenly distributed shock front and a wider crater. Because the shock wave is transmitted only
at the small contact area of the pebbles, the shock wave is focused at the contact points and material can
be compressed or damaged even at a distance to the impact zone. We create maps of the displacement of
pebbles at the surface of the asteroid on the opposing site of the impact event. This can possibly be used
to relate surface features on asteroids like ’teins or Itokawa to speci�c impact events.

Figure: Compression inside an impacted asteroid ofrast = 164 m by an impactor of r imp = 4 m at vimp =
5:5km s� 1. The asteroid model was created using a gravitational aggregate formed by spherical pebbles that
follow a power law with slope� = � 2:5, limiting minimal radius rmin = 6 :86m and limiting maximal radius
rmax = 32 m.

References: [1] Britt, D. et al. Asteroids III, pp. 485�500, 2003. [2] Holsapple, K. A., PSS, 2009, Vol 57,
No. 2, p.127�141. [3] Davis, D. et al. Asteroids III, pp. 545�558, 2002. [4] Gladman, B., et al., Icarus,
Vol. 202, pp. 104�118, 2009.
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Procedures, challenges, and expectations of the astrometry of asteroids with Gaia
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Observation of asteroids by Gaia is an important opportunity to get a large amount of homogeneous physical
data about those bodies. Gaia has been designed as an astrometric space mission mainly for the investigation
of the structure of the Milky Way. The data reduction of asteroid detections cannot be based on the same
concepts implemented for �xed stars but it requires an ad-hoc approach. Each Main Belt asteroid will
be observed by Gaia on average about 70 times during its nominal operation lifetime, but each time in a
completely di�erent position on the sky, unlike �xed stars. Their motion and angular extension, for asteroids
larger than 30 km, introduce some peculiarities in the signals of asteroids that need not be taken into account
for stars. Here we describe the kind of signals provided by Gaia for asteroids and the details of the procedure
of their analysis. Related problems and expected accuracy in centroiding and magnitude determination are
discussed.

Acknowledgements: This work has been partially funded by ASI under contract I/058/10/0 (Gaia Mission
- The Italian Participation to DPAC).
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The creation of an asteroid dynamical family as the outcome of a high-energy collision is essentially a
two-step process: (1) the hydrodynamical phase, when the colliding system (projectile+target) is partially
or completely shattered and the fragments are ejected (with several side e�ects, such as the creation of a
plasma cloud, usually not relevant for the �nal observable properties); (2) the ballistic phase, when the
ejecta collide or are reaccumulated due to the mutual gravity. At the end of this phase, the asteroid family
is established, and its observable properties, also after a long time interval of dynamical evolution (including
Yarkovsky-driven acceleration of the small members), have signi�cant footprints of this original structure.
In turn, this structure depends on the overall properties (mass and velocity distributions) in the beginning
of the ballistic phase (D'Abramo et al. 1999, Michel et al. 2004).
According to the results of hydrodynamical simulations, most of the ejecta entering the ballistic phase are
small (their size is essentially limited by the resolution of the code). A kinematical analysis of their properties
may be helpful to clarify several points:
1) How can these small fragments reaccumulate into larger bodies, to create an observable family? If
one starts from an expanding �eld and a set of small fragments, it is not easy to obtain a signi�cant
reaccumulation into many bodies; simple kinematical models, such as spherical expansion, but also the
less symmetrical geometries de�ned from the semiempirical models of the 90's, allow essentially a more
or less massive reaccumulation into very few bodies (sometimes only the largest remnant). What are the
general properties of an ejection �eld causing a process of reaccumulation able to produce the observational
evidence?
2) May some signi�cant results be resolution-dependent?
3) Is it possible to de�ne a general qualitative pattern of the ejecta �eld, allowing, in principle, to avoid huge
computations, whenever one is interested in the general properties of the process, and not in the details?
In this preliminary analysis, we have studied a pair of ejecta �elds produced by old SPH computations
(Michel et al., 2001). The most surprising and signi�cant indication is that, at least in these cases, about
20 % of the original ejecta appear to have initially crossing trajectories forcing them to have necessarily
mutual impacts, without any role played by the mutual gravity. This property marks a signi�cant di�erence
with respect to the �simple� models, usually allowing collisions only as a consequence of the gravity, and
might be important to shape the reaccumulation properties. It has to be noted that this property is not
resolution-independent (in principle, for a given total volume of the ejecta, a larger number of smaller ejecta
with similar kinematical properties should entail a larger collision probability).
We also discuss the possibility of identifying in these ejection �elds an analogue of the �irradiation point�
usually de�ned in the semiempirical models.

References: D'Abramo G., Dell'Oro A., Paolicchi P. 1999. Gravitational e�ects after the impact disrup-
tion of a minor planet: geometrical properties and criteria for the reaccumulation. Planetary and Space
Science, 47, 975�986; Michel P., Benz W., Tanga P., Richardson D.C. 2001. Collisions and Gravitational
Reaccumulation: Forming Asteroid Families and Satellites. Science, 294, 1696�1700; Michel P., Benz W.,
Richardson D.C. 2004. Catastrophic disruption of pre-shattered parent bodies. Icarus, 168, 420�432.
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The evolving chemical composition of C/2012 S1 ISON as it approached the Sun
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Shortly after its discovery by Vitali Nevski and Artyom Novichonok on September 21, 2012, the orbit of
C/2012 S1 ISON was determined, indicating a perihelion passage very close to the Sun (0.012 au) in late
November 2013. Initial observations suggested that ISON could be quite bright with a long period of
favorable observing conditions leading up to perihelion, followed by a close post-perihelion approach to the
Earth (0.42 au) in December 2013. Comet ISON thus became the �rst sungrazing comet discovered early
enough to be studied for many months prior to perihelion, through its close solar passage, and potentially
after perihelion. This spurred a worldwide campaign to coordinate observations of ISON from numerous
facilities covering a broad spectral range. We report volatile abundances in comet ISON as determined from
high-resolution (R � 25,000) infrared spectroscopy. Our strategy was to use the NIRSPEC spectrometer at
the 10-m Keck observatory and the CSHELL spectrometer on the 3-m IRTF telescope. We proposed to use
NIRSPEC when the comet was fainter but still available during darktime (October through early November
2013 pre-perihelion, and January 2014 post-perihelion), and CSHELL when the comet was brighter and
closer to the Sun, but only available during daytime. Although observations on many dates were lost owing
to poor weather, and the disruption of the comet near perihelion prevented any post-perihelion observations,
successful observations were obtained with NIRSPEC on October 26 (Rh= 1.12 au, � = 1.38 au) and October
28 (Rh = 1.08 au, � = 1.32 au), and CSHELL on November 19 (Rh = 0.46 au, � = 0.86 au) and November
20 (Rh = 0.43 au, � = 0.86 au). All dates are speci�ed in UT.
The primary results from these observations are as follows. (1) The overall volatile productivity as measured
by the H2O production rate increased from� 1028 molec/s on October 26 and 28 to� 3�4 � 1029 molec/s on
November 19/20. (2) The volatile production rate was increasing rapidly as ISON approached perihelion, and
we investigate whether statistically signi�cant variations in volatile production rates are seen on November
19 between UT 17:15 to 23:00. (3) The relative abundances of some measured volatiles with respect to water
remained constant during this time period (e.g., C2H6 and CH3OH), whereas others increased signi�cantly
from late October to November 19/20 (e.g., C2H2, NH2, NH3). (4) Comparison of the measured spatial
distributions within the coma of ISON on November 19 show di�erences that suggest some species are
released from extended sources in the coma as well as ices in the nucleus. (5) C2H6, CH3OH and CH4 appear
slightly depleted relative to H2O in ISON compared to other comets. C2H2, HCN, and OCS abundances
appear to be in the typical range on November 19, although C2H2 abundances appeared depleted in October.
Abundances of H2CO, NH2, and NH3 in November were signi�cantly enhanced compared to other comets,
with NH 3 abundances being the highest measured to date in any comet. This contrasts with measured
abundances and upper limits for NH2 and NH3 in late October, which are closer to the typical values seen
in comets.
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Very red featureless asteroids (spectroscopic D-types) are expected to have formed in the outer Solar System
far from the Sun [1,2]. They comprise the majority of asteroids in the Jupiter Trojan population, and are
also commonly found in the outer main belt and among Hildas. The �rst evidence for D-types in the inner
and middle parts of the main belt was seen in the Sloan Digital Sky Survey (SDSS) [3].
Here we report follow-up observations of SDSS D-type candidates in the near-infrared. Based on follow up
observations of 13 SDSS D-type candidates [4], we �nd a� 20 % positive con�rmation rate. Known inner
belt D-types range in diameter from roughly 7 to 30 km. Based on these detections we estimate there are
� 100 inner belt D-types with diameters between 2.5 and 20 km. The lower and upper limits for total mass
of inner belt D-types is 2 � 1016 kg to 2 � 1017 kg which represents 0.01�0.1 % of the mass of the inner belt
[5].
The inner belt D-types have albedos at or above the upper end typical for D-types [6] which raises the
question as to whether these inner belt bodies represent only a subset of D-types, they have been altered
by external factors such as weathering processes, or if they are compositionally distinct from other D-types.
All D-types and candidates have diameters less than 30 km, yet there is no obvious parent body in the inner
belt. Dynamical models (e.g., [7]) have yet to show how D-types originating from the outer Solar System
could arrive at the inner reaches of the main belt under current scenarios of planet formation and subsequent
Yarkovsky drift.

Acknowledgements: This material is based upon work supported by NASA under grant number NNX12A
L26G and through the Hubble Fellowship grant HST-HF-51319.01-A.

References: [1] Gradie, J., Veverka, J., 1980. The composition of the Trojan asteroids. Nature 283,
840�842. [2] Cruikshank, D.P., Kerridge, J.F., 1992. Organic material: Asteroids, meteorites, and plan-
etary satellites. NASA STI/Recon Technical Report N 93, 18555. [3] Carvano, J.M., Hasselmann, P.H.,
Lazzaro, D., Mothe-Diniz, T., 2010. SDSS-based taxonomic classi�cation and orbital distribution of main
belt asteroids. Astron. Astrophys. 510. A43+. [4] DeMeo, F. E., Binzel, R. P., Carry, B., Polishook, D.,
Moskovitz, N. A. 2014. Unexpected D-type interlopers in the inner main belt. Icarus 229, 392�399. [5]
DeMeo, F.E., Carry, B., 2013. The taxonomic distribution of asteroids from multi-�lter all-sky photometric
surveys. Icarus 226, 723�741. [6] Mainzer, A. et al., 2011b. NEOWISE studies of spectrophotometrically
classi�ed asteroids: Preliminary results. Astrophys. J. 741, 1�25. Article ID: 90. [7] Levison, H.F., Bottke,
W.F., Gounelle, M., Morbidelli, A., Nesvorny, D., Tsiganis, K., 2009. Contamination of the asteroid belt by
primordial trans-Neptunian objects. Nature 460, 364�366.

152



Conference abstracts ACM 2014, Helsinki, Finland

The distribution of mantle material in the main belt
F. DeMeo1,2, B. Carry 3,4, R. Binzel2, N. Moskovitz5, D. Polishook2, and B. Burt 2

1Harvard-Smithsonian Center for Astrophysics
2Massachusetts Institute of Technology

3Institut de Mecanique Celeste et de Calcul des Ephemerides
4Observatoire de Paris

5Lowell Observatory

We expect there to have been many di�erentiated asteroids in the Main Asteroid Belt (MB) earlier in the
solar system's history because the diversity of iron meteorites imply the existence of over 60 distinct parent
bodies [1]. Searches have been performed to identify basaltic crust material (spectral V-type asteroids) in the
outer MB (e.g., [2�5]). Many basaltic bodies distributed throughout the MB have been discovered within
the past decade. The olivine-rich mantles of di�erentiated asteroids should have produced substantially
greater volumes (and therefore substantially greater numbers) of remnant asteroids compared with basaltic
and iron samples. Yet olivine-rich asteroids (A-types) are one of the rarest asteroid types [6,7].
An alternative way to search for di�erentiated bodies that have been heavily or completely disrupted is
to identify these spectral A-type asteroids, characterized by a very wide and deep 1-micron absorption
indicative of large amounts (> 80 %) of olivine. They are close spectral matches (although much redder due
to space weathering) to Brachinite or Pallasite meteorites (e.g., [8]) and are thought to represent mantle
material or core-mantle boundary material of disrupted di�erentiated asteroids. [9] proposed that these
asteroids are only found among the largest because most were �battered to bits� due to collisions, so smaller
A-types were below our detection limit.
Using the Sloan Digital Sky Survey Moving Object Catalog to select A-type asteroid candidates, we have
conducted a near-infrared spectral survey of asteroids over 12 nights in the near-infrared in an e�ort to
determine the distribution and abundance of crustal and mantle material across the MB. From three decades
of asteroid spectral observations, only� 10 A-type asteroids have been discovered. In our survey, we have
detected > 20 new A-type asteroids thus far throughout the belt, tripling the number of known A-types.
We present these spectra and their distribution throughout the MB. We estimate the total mass of mantle
material present in the belt today and discuss the implications.
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Each compositional class of asteroid is a relic of the temperature and composition conditions in which it
formed. The current distribution reveals the history of the Solar System, and each body acts as a marker
of any mixing that occurred since formation. The remnant of a primordial temperature gradient, seen
as transition from the S class to C class dominating in di�erent regions of the asteroid belt has been a
paradigm for three decades [1-4]. Today, we are armed with major advancements from the past decade that
have revolutionized the �eld of asteroids in areas such as discovery, physical characterization, and dynamical
models. A new and more detailed compositional map [5,6] created with data from the Sloan Digital Sky
Survey [7] allows us to re-examine compositional trends in the main asteroid belt and what the physical and
dynamical implications might be. This talk is related to recent work from DeMeo & Carry 2013, 2014 [5,6]
and an upcoming chapter of the "Asteroids IV" book in 2015.
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a feature-based taxonomy. Icarus 158, 146�177. [5] DeMeo, F.E. & Carry, B. (2013) The taxonomic
distribution of asteroids from multi-�lter all-sky photometric surveys. Icarus 226, 723�741. [6] DeMeo, F.
E. & Carry, B. (2014) Solar System evolution from compositional mapping of the asteroid belt. Nature.
505, 629�634. [7] Ivezic, Z. et al. (2001) Solar System objects observed in the Sloan Digital Sky Survey
commissioning data. Astron. J. 122, 2749�2784.
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Observational constraints on the catastrophic disruption rate of main-belt asteroids
L. Denneau, Jr.1, R. Jedicke1, A. Fitzsimmons2, and the Pan-STARRS 1 Science Collaboration (PS1SC)*

1University of Hawaii, Honolulu
2Queens University, Belfast

We have calculated 90 % con�dence limits on the steady-state rate of impact-generated catastrophic dis-
ruptions (CD) of main-belt asteroids in terms of the absolute magnitude at which one CD occurs per year
(H CL

0 ) as a function of the post-disruption increase in brightness (� m) and subsequent brightness decay
rate (� ). The con�dence limits were calculated using the brightest unknown main-belt asteroid (V = 18:5)
detected with the PanSTARRS1 telescope. We measured the system's CD detection e�ciency over a 453-day
interval using the PanSTARRS moving object processing system (MOPS) and a simple model for the CD
event's photometric behavior in a small aperture centered on the CD event. We then calculated theH CL

0
contours in the ranges from0:5 mag < � m < 20 mag and 0:001 mag d� 1 < � < 10 mag d� 1 encompassing
measured values from known cratering and disruption events and our model's predictions. Our simplistic CD
model suggests that� m � 20 mag and 0:01 mag d� 1 < � < 0:1 mag d� 1 which would imply that H0 > 28
� strongly inconsistent with the H0 = 23:26 � 0:02 predicted by Bottke et al. (2005). However, if we
assume thatH0 = 23:26, our results suggest that11:0 mag< � m < 12:4 mag which is entirely inconsistent
with our simplistic impact-generated CD model. We think the solution to the discrepancy is that about
99.9% of main-belt catastrophic disruptions in the size range to which this study was sensitive (� 100 m)
are rotation-generated and not impact-generated. We estimate that current and upcoming asteroid surveys
may discover up to about 10 CDs/year brighter than V = 18:5.

Acknowledgements: We appreciate a helpful conversation with William F. Bottke (Southwest Research
Institute). The PanSTARRS1 Survey has been made possible through contributions of the Institute for
Astronomy, the University of Hawaii, the Pan-STARRS Project O�ce, the Max-Planck Society and its
participating institutes, the Max Planck Institute for Astronomy, Heidelberg and the Max Planck Institute
for Extraterrestrial Physics, Garching, The Johns Hopkins University, Durham University, the University
of Edinburgh, Queen's University Belfast, the Harvard-Smithsonian Center for Astrophysics, and the Las
Cumbres Observatory Global Telescope Network, Incorporated, the National Central University of Taiwan,
and the National Aeronautics and Space Administration under Grant No. NNX08AR22G issued through
the Planetary Science Division of the NASA Science Mission Directorate. Henry Hsieh was supported by
NASA through Hubble Fellowship Grant HF-51274.01 awarded by the Space Telescope Science Institute,
which is operated by the Association of Universities for Research in Astronomy (AURA) for NASA, under
contract NAS 5-26555. Jan Kleyna was supported by NSF Award 1010059.

References: Bottke et al. (2005) Icarus 179, 63�94.
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Peculiar polarization and shape properties of Barbarian asteroids: A campaign for
their physical characterization

M. Devogèle1,2, J. Hanus1, P. Tanga1, J. Rivet1, A. Cellino3, P. Hickson1, M. Delbo1, J. Surdej2, P.
Bendjoya1, L. Abe1, and O. Suarez1

1Universite ed Nice-Observatoire de la Côté d Azur, CNRS UMR 7293 Lagrange
2Université de Liège, Institut d'Astrophysique, Géophysique et Océanographie

3INAF - Osservatorio Astro�sico di Torino, Pino Torinese 10025, Italy

A few years ago, asteroid polarimetry allowed to discover a class of asteroids exhibiting peculiar phase
polarization curves, collectively called �Barbarians� (a dozen are known) from the prototype of this class,
the asteroid (234) Barbara. All such objects belong to the taxonomic classes L, Ld, and K, all related to the
general S-complex. The anomalous polarization has been tentatively interpreted in terms of high-albedo,
spinel-rich Calcium-Aluminum inclusions (CAI) which could be abundant on the surfaces of some of these
asteroids, according to their spectral re�ectance properties and to analogies with CO3/CV3 meteorites. Such
CAIs are thought to be among the oldest mineral assemblages ever found in the Solar System. Barbarians'
surfaces could therefore be rich in this very ancient material and bring information on the early phases of
planetary formation.
However, the �Barbarian� polarimetric properties are not found among all known L-class asteroids. There-
fore, we cannot be sure that composition is the only and one responsible of the wide negative polarization
branch. On the other hand, it was also suggested that a peculiar distribution of incidence/di�usion angles,
resulting from the presence of large concavities on the object surface, could play a role in the polarimetric
behaviour.
Based on such motivations, we are running a systematic campaign for shape determination at the C2PU
telescope of the Observatoire de la Côte d'Azur (Calern site) and several other sites in the world. By
using photometric inversion techniques we hope to obtain indications on the presence of concavities. We
will present the �rst results and the project perspectives opened by the forthcoming availability of the
polarimeter built by Torino observatory at C2PU, for the so-called Calern Asteroid Polarimetric Survey
(CAPS).
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The chemical composition of comet C/2012 S1 (ISON) between 1.2 au and 0.35 au
from the Sun

M. DiSanti 1,2, B. Bonev1,3, E. Gibb1,4, G. Villanueva1,3, L. Paganini1,3, M. Mumma1,2, J. Keane5, K.
Meech5, G. Blake1,6, and A. McKay 7

1Goddard Center for Astrobiology
2NASA-Goddard Space Flight Center
3The Catholic University of America

4University of Missouri - St. Louis
5University of Hawaii NASA Astrobiology Institute

6California Institute of Technology
7University of Texas - Austin

Introduction: By virtue of their small size and prolonged storage at large heliocentric distances (Rh), comets
remain largely preserved. As a result, their ices encode a record of physical and chemical conditions in the
early Solar System [1,2]. The recent apparition of C/2012 S1 (ISON) [3], a dynamically new sun-grazing
comet, provided a rare opportunity to both prepare for and subsequently conduct compositional studies to
well within 1 au from the Sun.
Observations: We obtained high-resolution spectra (Resolving Power approximately 25,000) of Comet ISON
on four dates (UT 2013 Oct. 22, 24, 25, and Nov. 7) using NIRSPEC [4] at Keck 2, and on six dates
(Nov. 15 through 19, and Nov. 22) using CSHELL [5] at the NASA InfraRed Telescope Facility (IRTF).
Our observations provided a measure of volatile production rates and abundance ratios (relative to H2O)
over a wide range of heliocentric distances (Rh = 1.23�0.35 au). NIRSPEC is cross-dispersed and so allows
for simultaneous measure of multiple trace species together with H2O, thereby avoiding most sources of
systematic uncertainty, for example those associated with di�erences in slit losses and with �ux calibration
among settings. CSHELL has limited spectral coverage per setting, requiring judicious targeting of spe-
ci�c molecular emissions that (when possible) simultaneously encompass lines of H2O and/or OH prompt
emission, which serves as a proxy for water production provided equivalent OH line g-factors are known [6].
Despite this limitation, the IRTF is unique among ground-based IR observatories in its ability to conduct
observations during daytime. This permitted obtaining compositional measurements of Comet ISON to a
minimum solar elongation angle of 20 degrees. These will be discussed, and comparisons will be made with
previously-reported results from observations with NIRSPEC [7] and HST [8].
Results: A suite of molecules (H2O, CO, H2CO, CH3OH, C2H6, C2H2, CH4, HCN, and NH3) and radicals
(OH, NH 2) were targeted and detected. Our serial measurements of production rates permitted a search for
potential changes in molecular abundances as Comet ISON approached the Sun. The abundances of certain
species (CO, C2H6, CH3OH, CH4) remained relatively constant with Rh , while others (e.g., H2CO and
HCN) increased in abundance with decreasingRh , for example, as could result from potential compositional
heterogeneity in the nucleus and/or release from increasingly heated grains in the coma.

Acknowledgements: We gratefully acknowledge Keck and IRTF for their allocation of observing time
on Comet ISON, and especially IRTF Telescope Operators D. Griep, E. Volquardsen, B. Cabreira, and
T. Matulonis for their expertise in accomplishing these observations under challenging daytime conditions.
We also thank NASA-HQ personnel K. Fast, L. Johnson, and J. Green for their encouragement during
the Comet ISON campaign, and acknowledge support through the NASA Planetary Astronomy, Planetary
Atmospheres, and Astrobiology Programs. B. Bonev and E. L. Gibb also acknowledge support through the
National Science Foundation under NSF AST-1211362.

References: [1] Mumma M. J. and Charnley S. B. (2011) Ann. Rev. Astron. Astrophys., 49, 471�524.
[2] Bockelée-Morvan. D. et al. (2005), in Comets II, U. Arizona Press, Tucson, pp. 391�423. [3] Nevski V.
and Novi-chonok A. (2012) CBET 3238. [4] McLean, I. S., et al. (1998) Proc. SPIE 3354, 566�578. [5]
Tokunaga A, et al. (1990) Proc. SPIE, 1235, 131�143. [6] Bonev B. P. et al. (2006) Astrophys. J., 653,
774�787. [7] Keane, J. V., et al., Mumma, M. J., et al., 2013 CBET 9261; Paganini, L., et al., 2013 CBET;
Dello Russo, N., et al., 2013 CBET. [8] Weaver, H. A., et al., 2013 CBET 3680.
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Orbit determination based on meteor observations using numerical integration of
equations of motion

V. Dmitriev 1, V. Lupovka1, and M. Gritsevich2,3

1Moscow State University of Geodesy and Cartography (MIIGAiK)
2Finnish Geodetic Institute

3Institute of Mechanics, Lomonosov Moscow State University

We review the de�nitions and approaches to orbital-characteristics analysis applied to photographic or video
ground-based observations of meteors. A number of camera networks dedicated to meteors registration were
established all over the word, including USA, Canada, Central Europe, Australia, Spain, Finland and Poland.
Many of these networks are currently operational. The meteor observations are conducted from di�erent
locations hosting the network stations. Each station is equipped with at least one camera for continuous
monitoring of the �rmament (except possible weather restrictions). For registered multi-station meteors,
it is possible to accurately determine the direction and absolute value for the meteor velocity and thus
obtain the topocentric radiant. Based on topocentric radiant one further determines the heliocentric meteor
orbit. We aim to reduce total uncertainty in our orbit-determination technique, keeping it even less than
the accuracy of observations. The additional corrections for the zenith attraction are widely in use and are
implemented, for example, here [1].
We propose a technique for meteor-orbit determination with higher accuracy. We transform the topocentric
radiant in inertial (J2000) coordinate system using the model recommended by IAU [2]. The main di�erence
if compared to the existing orbit-determination techniques is integration of ordinary di�erential equations of
motion instead of addition correction in visible velocity for zenith attraction. The attraction of the central
body (the Sun), the perturbations by Earth, Moon and other planets of the Solar System, the Earth's
�attening (important in the initial moment of integration, i.e. at the moment when a meteoroid enters the
atmosphere), atmospheric drag may be optionally included in the equations. In addition, reverse integration
of the same equations can be performed to analyze orbital evolution preceding to meteoroid's collision with
Earth. To demonstrate the developed technique, we provide calculated orbits for several cases, including
well-known meteorite-producing �reballs. A comparison of our estimates with previously published ones is
also provided.

References: [1] Langbroek, M. A spreadsheet that calculates meteor orbits // WGN, Journal of the
International Meteor Organization, vol. 32, no. 4, pp. 109�110, 2004. [2] International Astronomical
Union Division A: Fundamental Astronomy �Standards of Fundamental Astronomy Board�, Release 10, 31
October, 2013.
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Detection of 13 possible occultation events of small transneptunian objects with
the COROT space observatory

A. Doressoundiram1, C. Liu 2, F. Roques1, L. Maquet1, and H. Chang2

1LESIA, Observatoire de Paris, CNRS, UPMC, Université Paris-Diderot, 5 place Jules Janssen, 92195 Meudon,
France

2Department of Physics, National Tsing Hua University, Hsinchu, Taiwan.

COROT (COnvection, ROtation & planetary Transits) is a French satellite launched in 2006 and dedicated
to the detection of transits by exoplanets. We re-examine the COROT asteroseismology lightcurves for
the search of small transneptunian objects (TNOs). The total observation time available in this work is
about 144408.3 star-hours. We analyze these fast photometry lightcurves data to search for serendipitous
occultations by passing TNOs.
We have found 13 possible detections. This is the �rst time such large number of detection is reported. This
allows us to constrain and give the size distribution of TNOs.
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NEO-SURFACE: Near-Earth Objects � SURvey oF Asteroids Close to the Earth
E. Dotto 1, D. Perna2, S. Ieva1, M. Barucci2, F. Bernardi3, S. Fornasier2, J. Brucato4, F. De Luise5, E.

Perozzi6,7, M. Micheli 7,8, and A. Rossi9
1INAF - Oss. Astr. Roma (I)

2LESIA - Obs. Paris (F)
3Spacedys (I)

4INAF - Oss. Astr. Arcetri (I)
5INAF - Oss. Astr. Teramo (I)

6Deimos Space (S) / INAF-IAPS (I)
7ESA NEOCC (I)

8Serco (I)
9IFAC - CNR (I)

Near-Earth Objects (NEOs) form a continuously replenished population of asteroids and dead comets that
cross the Earth's orbit while orbiting the Sun. Our present knowledge of their physical properties is rather
limited, especially for what concerns faint and newly-discovered objects, of which we have physical infor-
mation for less than 10 % of the population. The most frequent technique to obtain physical characteri-
zations of NEOs is the optical/NIR spectroscopy: by analyzing the object's spectral features, it is possible
to detect minerals and compounds (e.g., silicates, organics, and products of aqueous-alteration processes)
present on its surface, to put constraints on the thermal evolution (maximum temperature reached, aque-
ous alteration vs. thermal metamorphism), as well as to establish possible links with objects belonging
to other populations of small bodies (e.g., main-belt asteroids, and comets) and with meteorites. In or-
der to increase the present knowledge of the physical properties of NEOs, we are carrying out a survey
called NEO-SURFACE: Near Earth Objects � SURvey oF Asteroids Close to the Earth (http://www.oa-
roma.inaf.it/planet/NEOSurface.html). We perform V+NIR spectroscopy and photometry focusing our
e�ort, �rst, on NEOs with possible close approaches with the Earth (PHAs, the Potentially Hazardous
Asteroids), and, second, on NEOs easily accessible for future rendezvous space missions. In cases of NEOs
causing an impact hazard, physical parameters are fundamental in order to estimate their response to non-
gravitational forces (mainly to the Yarkovsky e�ect) and therefore model their future dynamical evolution.
For suitable targets for space missions, the physical characterization is needed to guarantee both the techni-
cal feasibility and the high scienti�c return of the mission. The results collected until now will be presented
and discussed.
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Metallic asteroids in the IRAS minor planet survey �� a NEOShield study
L. Drube1, A. Harris 1

1German Aerospace Center (DLR) Institute of Planetary Research, Berlin

Studies of the compositions of asteroids, especially their metal content, are relevant not only to investigations
of their nature, but also to estimations of their potential to wreak devastation on impacting the Earth. In
this respect it is informative to compare the airburst of a stony object, such as the Tunguska event, which
destroyed a forest but left no crater, with the impact of a similarly sized metallic object, which produced
the 1.2 km diameter Barringer Crater in Arizona.
In view of the evident link between metal content and the near-Earth asteroid thermal model (NEATM;
Harris 1998) �tting parameter, � , which carries information on thermal inertia (Harris and Drube, 2014; see
abstract submitted to this conference), we are carrying out a re-analysis of Infrared Astronomical Satellite
(IRAS) data (Tedesco et al., 2002) with NEATM to further explore the dependence of� and thermal inertia
on metal content.
In addition to calculating best-�t values of � , we are calculating the angle between the spin vector and the
solar direction, � , for all IRAS sightings of each asteroid for which a spin vector is available. The� values
of objects with high thermal inertia and moderate to high spin rates should depend strongly on� , whereas
those with low thermal inertia and/or low spin rates should not. By studying the relationships between
� and � , we aim to further explore the potential of the results of Harris and Drube (2014) and provide
insight into relationships between asteroid thermal properties, taxonomic type, albedo, spin rate, etc. We
will present the �rst results of our work and provide a demonstration of its potential.

Acknowledgements: The research leading to these results has received funding from the European Union's
Seventh Framework Programme (FP7/2007-2013) under grant agreement no. 282703 (NEOShield Project).

References: Harris, A. W., 1998, Icarus, 131, 291; Harris, A. W. and Drube, L, 2014, Ap. J. Letters, 785,
L4; Tedesco, E. F. et al, 2002, Astron. J., 123, 1056.
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Spectral parameters for a large sample of hydrated asteroids
R. Du�ard 1, J. de León2, J. Haux3, Z. Lin 4, and A. Bosch Lacalle5

11Instituto de Astro�sica de Andalucia - CSIC. Granada, Spain
2Department of Edaphology and Geology, University of La Laguna, Spain
3Department of Physics, University of Heidelberg. Heidelberg, Germany

4Institute of Astronomy, NCU, Zhongli City, Taoyuan County, Taiwan
5Valencia International University, Valencia, Spain.

We present a set of spectral parameters for nearly 70 hydrated asteroids. We applied two di�erent techniques
and we compare the results. First, we applied a polynomial �tting to obtain the center, depth and width of
the absorption band near 0.7 microns. Then, we used the Modi�ed Gaussian Model to �t absorptions in the
same region. We applied this last technique to hydrated meteorites, and minerals taken from the RELAB
database. Comparing the result obtained with the calibrations using minerals and meteorites, we can make
conclusions about the minerals present on the surface of those observed asteroids.
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Photometric and spectroscopic evidence for a dense ring system around Centaur
(10199) Chariklo

R. Du�ard 1, J. Ortiz 1, N. Pinilla-Alonso 2, A. Alvarez-Candal3, B. Sicardy4, N. Morales1, P. Santos-Sanz1,
C. Colazo5, E. Fernandez Valenzuea1, and F. Braga-Ribas3

1Instituto de Astro�sica de Andalucia - CSIC. Granada, Spain
2Department of Earth and Planetary Sciences, University of Tennessee, 1412 Circle Dr, Knoxville TN 37996-1410,

USA.
3Observatorio Nacional do Rio de Janeiro, Brazil.

4LESIA-Observatoire de Paris, CNRS, UPMC Univ. Paris 6, Univ. Paris-Diderot, 5 place J. Janssen, 92195 Meudon
Cedex, France
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In a recent paper using stellar occultation observations, the presence of two dense rings in the Centaur
(10199) Chariklo has been unambiguously shown. The two rings were separated by a small gap and there
was a hypothesis that the rings might be composed of water ice as is the case for Saturn's rings and other
rings. Here we show that the variability of the spectral ice feature in Chariklo observed in di�erent years and
even its disappearance can be explained by the aspect angle of the rings, because the rings were edge-on in
2007�2008. Using XSHOOTER@VLT, we obtained new re�ectance spectra and we show that the water-ice
spectral feature was again visible in 2013, in accordance with the ring con�guration.
We also present new photometric data on the Chariklo system. Here we also show that past absolute
photometry of Chariklo from the literature and photometry that we obtained in 2013 can be explained by
a ring of particles, with a changing opening angle as a function of time. From the spectral and photometric
modeling, we derive properties for the Chariklo surface and ring particles.
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Asteroid spins and shapes by combining Gaia and ground-based observations
J. Durech1
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The astrometric and photometric satellite Gaia of the European Space Agency, launched in 2013, will observe
all point sources brighter than � 20mag during its �ve-year mission. Apart from its main goal � accurate
astrometry and photometry of billions of stars � it will also observe minor planets in our Solar System.
The estimated total number of asteroids observed by Gaia is� 400; 000, with typically 40�100 detections
per object [1]. Gaia's sparse-in-time photometry will be used to derive asteroid spin-axis orientations and
shapes by using triaxial ellipsoid models and a genetic algorithm for �nding the best-�t model [2]. The
expected number of successfully determined models is� 10; 000. Although Gaia photometry is accurate
enough to enable us to obtain a unique solution from the Gaia data alone, the number of models can be
dramatically increased if Gaia data are combined with photometry from other ground-based surveys and
with dense lightcurves. Then the data will cover a longer time interval with changing geometry, and we
can model asteroids as convex bodies using the lightcurve inversion method [3]. The problem of �nding a
unique solution of the inverse problem for photometry sparse in time is time consuming because the sidereal
rotation period has to be found by scanning a wide interval of physically possible periods. This can be
e�ciently solved by splitting the period parameter space into small parts that are sent to computers of
volunteers and processed in parallel. We will show how this approach of distributed computing works with
currently available sparse photometry processed in the framework of project Asteroids@home. We will also
demonstrate the importance of Gaia-complementary data on asteroid photometry from Hipparcos satellite
combined with photometry from ground-based surveys.

References: [1] Tanga, P.; Mignard, F. (2012): The Solar System as seen by Gaia: The asteroids and
their accuracy budget, Planetary and Space Science 73, 5�9. [2] Cellino, A.; Dell'Oro, A. (2012): The
derivation of asteroid physical properties from Gaia observations, Planetary and Space Science 73, 52�55.
[3] Kaasalainen, M.; Torppa, J.; Muinonen, K. (2001): Optimization Methods for Asteroid Lightcurve
Inversion. II. The Complete Inverse Problem, Icarus 153, 37�51.
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Towards a better understanding of the apparent source of long period comets
P. A. Dybczy«ski1, M. Królikowska 2
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We report the current status of the on-going project aimed at advancing our understanding of the source or
sources of the actual long-period comets (LPCs). For the last several years, we have been developing several
new methods and numerical packages to study, in detail, the motion of well-observed LPCs. Our main
goal is to increase the thoroughness and precision of each step, starting from a sophisticated astrometric
observation treatment through osculating orbit determination with di�erent dynamical models, including
di�erent formulations of non-gravitational forces (NGF) and, if necessary, adjusting the observational interval
to obtain the most accurate past (original) and future orbits. Then we trace the LPC motion for one orbital
period backward and forward. In this last step, we fully take into account Galactic perturbations as well as
the gravitational in�uence of all known potential stellar perturbers acting during the relevant time interval
around present time. At each step, we carefully propagate observational uncertainties by means of replacing
each comet with a swarm of thousands of randomly generated virtual comets, all fully satisfying observational
constraints.
At the current stage of the project, we have determined osculating orbits for over 100 LPCs, some of them
in several di�erent variants. We carefully chose the appropriate variant for past and future studies of motion
and follow numerically the LPC motion up to 250 au distance from the Sun, obtaining original and future
orbits.
To study their motion further, we have selected over 90 stars as potential perturbers and include their
in�uence in the numerical integration of cometary motion. Our computer tools are fully prepared to use
more stellar data, e.g., from the Gaia mission.
We already noticed several important facts:
1. Including NGF in the osculating orbit determination process improves signi�cantly our knowledge on the
past and future motion of the comet.
2. In case of well observed comets with long periods covered with astrometric data, it can be fruitful to
obtain original or future orbits not from the whole set of observations but from shorter arcs, e.g., to exclude
observations close to perihelion, where violent non-gravitational e�ects can disturb the comet motion.
3. Taking into account the observational uncertainties for 1=a-distribution of original/future orbits, we
produce a detailed shape of the famous 'Oort spike' that fully re�ects observational constraints.
4. We found that a signi�cant percentage of LPCs have their previous perihelia deep in the planetary region
� as a result, one cannot treat them as 'new comets' since they experienced both planetary perturbations
and solar radiation heating at least during their previous perihelion passage.
5. The widely used concept of the Jupiter-Saturn barrier should be revised since a signi�cant number of
LPCs can migrate through it without any signi�cant orbital changes.
6. None of the known stars have signi�cantly changed any of the studied LPCs orbits.

Figure: Example of the orbital evolution of a comet � the famous comet C/2006 P1 McNaught. Thin
lines � stellar perturbations excluded, thick lines � full model. Angular elements are in the Galactic frame.
Several individual stellar perturbations are marked.
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ASPIN-ISON asteroid program: History, current state, and future prospects
L. Elenin1, I. Molotov 1, V. Savanevych2, Y. Krugly 3, A. Bruhovetskiy 4, and Y. Ivaschenko5
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5Andrushivka astronomical observatory

ASPIN - ISON asteroid program started in Sept. 2003 at Andrushivka observatory (Ukraine) [1]. For these
purposes, a Zeiss-600 telescope with small CCD camera was used. In 2009, the telescope was upgraded by
a full-format CCD camera and a lens corrector, increasing the FOV to 72'x72'. During the �rst 7 years,
the observatory discovered more than 350 asteroids, inc. 2 NEAs. Unfortunately, at present time, when the
rivalry of surveys is growing up, Andrushivka was forced to stop the observations in 2013, due to the bad
astroclimate and, as a result, the low magnitude limit. In 2014, we are planning to install a new, wide-�eld
ORI-50M (0.5-m f/2.3) telescope at a new site with good astroclimate conditions. After that, the survey
program will resume. The next ISON observatory, which started its own survey, was ISON-NM (Mayhill,
NM, USA). The survey work started in July 2010 and continues to this day. The �rst telescope of this
observatory was Centurion-18, 0.45-m f/2.8 with full-frame CCD camera. In Sept. 2013, the telescope was
replaced by our new telescope Santel-400AN (0.4-m f/3) with 105'x105' FOV. Both telescopes were controlled
remotely from Moscow. At ISON-NM, more than 1,400 asteroids were discovered, including 4 NEOs and 2
comets: the well-known C/2010 X1 (Elenin)[2], P/2011 NO1 (Elenin)[3]. More than 450,000 observations of
small bodies were obtained. Except survey work, ISON-NM carries out photometric observations of NEAs:
it has obtained dozens of lightcurves, determining the rotation period for more than 20 NEAs, including
extremely close and fast rotators, such as 2012 KP24, 2012 KT42, 2012 LZ1, and Duende (2012 DA14)
[4]. Since April 2012, another observatory joined ASPIN � ISON-Kislovodsk (Kislovodsk, N. Caucasus,
Russia). At the observatory, one (and �rst) of two Santel-400AN telescopes was installed with a full-frame
CCD camera, providing a 105'x105' FOV. At present time, ISON-Kislovodsk is the second of all ASPIN
observatories by the number of measurements and discoveries. Within 2 years, the observatory discovered
about 100 asteroids, including 1 NEA and the famous comet C/2012 S1 (ISON)[5]. More than 80,000
measurements were obtained. In 2013, ISON started to use a very wide-�eld telescope VT-73e (0.19-m f/1.5)
with FOV 7 °x4.5° for chasing comets and bright NEAs. As �rst result, a new comet C/2013 V3 (Nevski) was
discovered [6]. The next step of the ASPIN program was the installation of our largest wide-�eld telescope
Santel-650A (0.65-m f/2) in Sept. 2013 at the ISON-Ussuriysk observatory. With a 50x50 mm CCD chip, the
FOV of the telescope is 132'x132'. Test survey observations started in Dec. 2013. During the �rst two months,
more than 10,000 measurements were obtained and 3 new asteroids discovered. All data obtained during the
survey observations were processed by our CoLiTec[7] package, in near real-time mode. The main features of
the processing pipeline are: tentative correction, astrometric and photometric reduction, detection of moving
objects, identi�cation of the detected objects with the MPC database, interactive �ltration of the detected
objects by the operator via GUI, sending all approved objects to the MPC or directly to the NEOCP, and
preparing the sky coverage report. In addition to the survey's telescopes, ASPIN included photometric and,
in the near future, follow-up sub-networks. For the photometric tasks, ISON used 0.4�2.6-m telescopes with
small and moderate FOVs. Hundreds of lightcurves have been already obtained [8], rotation period has been
derived for dozens of NEAs, and 6 binary systems have been discovered. Observations have been carried
out in support of the study on the YORP e�ect. The follow-up sub-network will be using medium-aperture
telescopes for the astrometric support of recently discovered NEAs and other unusual objects by the ISON
network or objects posted at the NEOCP by other observatories. Four 0.4�0.5-m telescopes, are already
installed in Kislovodsk (Russia), Blagoveschensk (Russia), Khureltogot (Mongolia), and Sinaloa (Mexico).

References: [1] ASPIN - Asteroid Research Project of the ISON Optical Network. I. Molotov et al. ACM 2012,
Niigata, Japan, LPI Contr. 1667, id.6408. [2] Comet C/2010 X1 (Elenin). L. Elenin et al. IAU Circ. 9189, 1 (2010).
[3] Comet P/2011 NO1. L. Elenin et al. Central Bureau Electronic Telegrams 2768, 1 (2011). [4] Lightcurve Analysis
of Extremely Close Near-Earth Asteroid - 2012 DA14. L. Elenin, I. Molotov. The Minor Planet Bulletin 40(4),
187�188 (2013). [5] Comet C/2012 S1 (Ison). V. Nevski et al. Central Bureau Electronic Telegrams 3238, 1 (2012).
[6] Comet C/2013 V3 (Nevski). H. Sato et al. Central Bureau Electronic Telegrams 3695, 1 (2013). [7] Program of
Automated Asteroids Detection CoLiTec - New Features and Results of Implementation. V. Savanevych et al. 43rd
Lunar Planet. Sci. Conf. LPI Contr. 1659, id.1049. [8] Photometry of Near-Earth Asteroids within Network ISON.
Yu. Krugly et al. ACM 2012, Niigata, Japan, LPI Contr. 1667, id.6448
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LINNAEUS: Boosting near-Earth asteroid characterization rates
M. Elvis 1, L. Allen 2, E. Christensen3, F. DeMeo1, I. Evans1, J. DePonte Evans1, J. Galache4, N.

Konidaris5, J. Najita 2, and T. Spahr4
1Harvard-Smithsonian Center for Astrophysics

2National Optical Astronomy Observatory - Kitt Peak National Observatory
3University of Arizona

4IAU Minor Planet Center
5California Institute of Technology

Without knowing the size and composition of Near-Earth asteroids (NEAs) it is hard to assess their threat
or their promise as either Earth-impactors or targets for exploration, retrieval or resources.
The factor of about 10 uncertainty in albedo that exists with only an optical H magnitude in hand leads
to a factor 30 uncertainty in volume and more in mass. A simple classi�cation into carbonaceous, stony or
metallic limits the albedo range to a factor about 2, the volume to a factor of about 2.5 and mass to about
5 (Mainzer et al. 2011, Thomas et al. 2011).
NEAs are being discovered at a rate of about 1000/year, and this rate will soon increase by a factor of
several with upgrades to the Catalina Sky Survey and the greater use of Pan-STARRS-1 for NEA work
from 2014 onwards. However, NEA characterization is falling well behind discovery, forming a bottleneck
for programs. The largest program of 0.8-2.5 micron near-IR spectroscopy, the MIT-IRTF program, obtains
about 100 NEA spectra/year, for an accumulated total of about 1000 spectra (mostly at H < 15, R.P.
Binzel, priv.comm.). At current rates it will take 100 years to obtain compositions, sizes, and shapes of the
roughly 20,000 H<22 NEAs. Moreover, NEAs fade quickly after discovery and are mostly much fainter on a
subsequent apparition, so that rapid follow-up at discovery is essential (Beeson et al. 2014, see also Galache
et al., this meeting).
LINNAEUS is the program we have proposed in response to this need. Optical spectroscopy is su�cient to
accomplish C/S/X classi�cation and is much more sensitive than near-infrared spectroscopy. LINNAEUS
combines 50% of the observing time on the Kitt Peak 2.1 meter telescope with an optimized low-resolution
0.4-0.9 micron optical spectrograph, the SED Machine (Ben-Mazi et al. 2013), to obtain 1200�2000 NEO
spectra per year for a total of 4200 � 7000 spectra in 3.5 years of observing. LINNAEUS would provide
an order of magnitude increase over current rates, keeping characterization up to the pace of expected
discoveries. For a 20% extra investment LINNAEUS could use 100% of the Kitt Peak 2.1 meter, roughly
doubling the number of NEAs with spectra.

References: Beeson C. et al. (2014), in preparation. Ben-Ami S. et al. (2013) in Ground-based and Air-
borne Instrumentation for Astronomy IV, eds. Ian S. McLean,S.K. Ramsay and H. Takami, Proceedings of
SPIE, Vol. 8446, 844686. Thomas, C.A., et al., (2011), Astrophysical Journal, 142, 85. Mainzer A., et al.
(2012) Astrophysical Journal, 745, 7.
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The role of near-Sun objects in determining the population of Chelyabinsk-type
bodies

V. Emel'yanenko1

1Institute of Astronomy, RAS, Moscow, Russia

We have calculated the orbit of the Chelyabinsk object, applying the least-squares method directly to its
astrometric positions (Emel'yanenko, Naroenkov, Jenniskens, Popova, 2014). A study of the backward
dynamical evolution by integrating equations of motion for particles with orbits from the con�dence region
has shown that the majority of the Chelyabinsk clones reach the near-Sun state. An analysis of other
meteorites with well-determined orbits also demonstrates frequent approaches of these bodies to the Sun in
the past. In addition, we have found many observed near-Earth asteroids that had small perihelion distances
in the past. In extreme near-Sun cases, asteroids should experience thermal and tidal disintegration. It is
interesting to note that examples of such near-Sun objects are probably observed now as `sunskirting comets'.
Some members of the Kracht and Marsden families have been observed in a few apparitions. A detailed
investigation of their forward motion shows that these bodies evolve to orbits of typical near-Earth objects.
Thus they can generate Chelyabinsk-sized bodies in near-Earth space. We conclude that encounters of small
bodies with the Sun play an important role in the production of near-Earth objects.

168



Conference abstracts ACM 2014, Helsinki, Finland

Thermal infrared observations and thermophysical characterization of the
OSIRIS-REx target asteroid (101955) Bennu

J. Emery1, Y. Fernandez2, M. Kelley3, K. Warden1,4, C. Hergenrother5, D. Lauretta 5, M. Drake5, H.
Campins2, and J. Zi�er 6

1University of Tennessee
2University of Central Florida

3University of Maryland
4Purdue University

5University of Arizona
6University of Southern Main

Near-Earth asteroids (NEAs) have garnered ever-increasing attention over the past few years due to the
insights they o�er into Solar System formation and evolution, the potential hazard they pose, and their
accessibility for both robotic and human space�ight missions. Among the NEAs, carbonaceous asteroids
hold particular interest, because they may contain clues to how the Earth got its supplies of water and
organic materials, and because none has yet been studied in detail by spacecraft. (101955) Bennu is special
among the NEAs in that it will not only be visited by a spacecraft, but the OSIRIS-REx mission will also
return a sample of Bennu's regolith to the Earth for detailed laboratory study. We present analysis of
thermal infrared photometry and spectroscopy to test the hypotheses that Bennu is carbonaceous and that
its surface is covered in �ne-grained (sub-cm) regolith. The Spitzer Space Telescope observed Bennu in 2007,
using the Infrared Spectrograph (IRS) to obtain spectra over the wavelength range of 5.2�38µm and images
at 16 and 22µm at 10 di�erent longitudes, as well as the Infrared Array Camera (IRAC) to image Bennu
at 3.6, 4.5, 5.8, and 8.0µm, also at 10 di�erent longitudes. Thermophysical analysis, assuming a spherical
body with the known rotation period and spin-pole orientation, returns an e�ective diameter of 484� 10 m,
in agreement with the e�ective diameter calculated from the radar shape model at the orientation of the
Spitzer observations (492� 20 m, Nolan et al. 2013) and a visible geometric albedo of 0.046� 0.005 (using
HV = 20:51, Hergenrother et al. 2013). Including the radar shape model in the thermal analysis, and taking
surface roughness into account, yields a disk-averaged thermal inertia of 310� 70 J m� 2K � 1s� 1=2, which is
signi�cantly lower than that for several other NEAs of comparable size. There may be a small variation of
thermal inertia with rotational phase ( � 60 J m� 2K � 1s� 1=2). The spectral analysis is inconclusive in terms of
surface mineralogy; the emissivity spectra have a relatively low signal-to-noise ratio and no spectral features
are detected. The thermal inertia indicates average regolith grain size on the scale of several millimeters
to about a centimeter. This moderate grain size is also consistent with low spectral contrast in the 7.5�20
µm spectral range. If real, the rotational variation in thermal inertia would be consistent with a change
in average grain size of only about a millimeter. The thermophysical properties of Bennu's surface appear
to be fairly homogeneous longitudinally. A search for a dust coma failed to detect any extended emission,
putting an upper limit of about 106 g of dust within 4750 km of Bennu. We predict that the OSIRIS-REx
spacecraft will �nd a low-albedo surface with abundant sub-cm sized grains, fairly evenly distributed in
longitude.

References: Hergenrother, C.W. and 15 co-authors, 2013. Lightcurve, Color and Phase Function Photom-
etry of the OSIRIS-REx Target Asteroid (101955) Bennu. Icarus 226, 663�670; Nolan, M.C., Magri, C.,
Howell, E.S., Benner, L.A.M., Giorgini, J.D., Hergenrother, C.W., Hudson, R.S., Lauretta, D.S., Margo, J-
L., Ostro, S.J., Scheeres, D.J. 2013. Shape model and surface properties of the OSIRIS-REx target Asteroid
(101955) Bennu from radar and lightcurve observations. Icarus 226, 629�640.
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Setting an observational upper limit to the number density of interstellar objects
with Pan-STARRS

T. Engelhardt 1,2, P. Vere²1, R. Jedicke1, L. Denneau1, and E. Beshore3
1Institute for Astronomy, U. of Hawaii, 2680 Woodlawn Dr, Honolulu, HI, 96822, USA

2Technical University of Munich, Acrisstr 21, 80333 Munich, Germany
3The University of Arizona, Department of Planetary Sciences, Lunar and Planetary Laboratory, 1629 E. University

Blvd, Tucson, AZ 85721, USA

Since the theory of a spherical reservoir of comets far beyond the planetary orbits (Oort, 1950) and subse-
quent work on origin and evolution of planets and small bodies (Charnoz and Morbidelli, 2003) it has been
suggested that countless comets have left the Solar System shortly after its formation. Hence, it is likely
that the other planetary systems ejected comets into interstellar space as well. However, the interstellar
object (ISO) on a hyperbolic orbit with respect to the Sun has not been observed yet. In our work we
derive the number density of ISO based on observational data from the Catalina Sky Survey (2005�2012)
and Pan-STARRS1 survey (2010�2013). In the simulation we created 10,000,000 synthetic ISO based on
velocity distribution by Grav et al. (2011) and used synthetics in the simulated survey study by using
MOPS (Denneau et al., 2013). The number density of ISO was elaborated through the Poisson statistics
of a non-detection with the 90 % con�dence limit (C.L.) and detection e�ciency of observed �elds with
known limiting magnitudes and survey characteristics. The number density was derived as a function of the
absolute magnitudeH and size-frequency distribution slope� by taking the cometary activity of long-period
comets into account. We found that at 90 % C.L. the density of inert ISO population is 5:4 � 10� 2 au� 3

and 1:6 � 10� 3 au� 3 for the active population for objects larger than H > 19 and with � = 0 :5.

Figure: ISO number density limit set with Pan-STARRS1 in comparison to other estimates. It gives 90 %
con�dence limit with the size-frequency slope� = 0 :5 and H > 19. We derive the estimate for asteroid-like
and cometary-like (active) objects.

Acknowledgements: This work was supported by the National Aeronautics and Space Administration
under Grant No. NNX08AR22G and No. NNX12AR65G issued through the Planetary Science Division of
the NASA Science Mission Directorate.

References: Charnoz, S. and Morbidelli, A. 2003, Icarus, 166, 141; Oort, J.J. 1950, Bull. Astron. Inst.
Netherlands, 11, 91; Denneau, L. et al. 2013, PASP, 125, 357; Grav, T. et al. 2011, PASP, 123, 423.
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Evaluating small-body landing hazards due to blocks
C. Ernst1, D. Rodgers1, O. Barnouin1, S. Murchie1, and N. Chabot1

1Johns Hopkins University Applied Physics Laboratory
Introduction: Landed missions represent a vital stage of spacecraft exploration of planetary bodies.
Landed science allows for a wide variety of measurements essential to unraveling the origin and evolu-
tion of a body that are not possible remotely, including but not limited to compositional measurements,
microscopic grain characterization, and the physical properties of the regolith.
To date, two spacecraft have performed soft landings on the surface of a small body. In 2001, the Near Earth
Asteroid Rendezvous (NEAR) mission performed a controlled descent and landing on (433) Eros following
the completion of its mission [1]; in 2005, the Hayabusa spacecraft performed two touch-and-go maneuvers
at (25143) Itokawa [2]. Both landings were preceded by rendezvous spacecraft reconnaissance, which enabled
selection of a safe landing site.
Three current missions have plans to land on small bodies (Rosetta, Hayabusa 2, and OSIRIS-REx); several
other mission concepts also include small-body landings. Small-body landers need to land at sites having
slopes and block abundances within spacecraft design limits. Due to the small scale of the potential hazards,
it can be di�cult or impossible to fully characterize a landing surface before the arrival of the spacecraft at
the body. Although a rendezvous mission phase can provide global reconnaissance from which a landing site
can be chosen, reasonable a priori assurance that a safe landing site exists is needed to validate the design
approach for the spacecraft.
Method: Many robotic spacecraft have landed safely on the Moon and Mars. Images of these landing sites,
as well as more recent, extremely high-resolution orbital datasets, have enabled the comparison of orbital
block observations to the smaller blocks that pose hazards to landers. Analyses of the Surveyor [3], Viking 1
and 2, Mars Path�nder, Phoenix, Spirit, Opportunity, and Curiosity landing sites [4�8] have indicated that
for a reasonable di�erence in size (a factor of several to ten), the size-frequency distribution of blocks can
be modeled, allowing extrapolation from large block distributions to estimate small block densities. From
that estimate, the probability of a lander encountering hazardous blocks can be calculated for a given lander
design. Such calculations are used routinely to vet candidate sites for Mars landers [5�8].
Application to Small Bodies: To determine whether a similar approach will work for small bodies,
we must determine if the large and small block populations can be linked. To do so, we analyze the
comprehensive block datasets for the intermediate-sized Eros [9,10] and the small Itokawa [11,12]. Global
and local block size-frequency distributions for Eros and Itokawa have power-law slopes on the order of
-3 and match reasonably well between larger block sizes (from lower-resolution images) and smaller block
sizes (from higher-resolution images). Although absolute block densities di�er regionally on each asteroid,
the slopes match reasonably well between Itokawa and Eros, with the geologic implications of this result
discussed in [10].
For Eros and Itokawa, the approach of extending the size-frequency distribution from large, tens-of-meter-
sized blocks down to small, tens-of-centimeter-sized blocks using a power-law �t to the large population
yields reasonable estimates of small block populations. It is important to note that geologic context matters
for the absolute block density � if the global counts include multiple geologic settings, they will not directly
extend to local areas containing only one setting [10].
A small number of high-resolution images of Phobos are su�cient for measuring blocks. These images are
concentrated in the area outside of Stickney crater, which is thought to be the source of most of the observed
blocks [13]. Block counts by Thomas et al. [13] suggest a power-law slope similar to those of Eros [9] and
Itokawa global counts, with the absolute density of blocks similar to that of global Eros. Because blocks tend
to be more numerous proximal to large, young craters (e.g., Stickney on Phobos, Shoemaker on Eros), the
block density across most of Phobos is likely to be lower than that observed in the available high-resolution
images. We suggest that a power-law extrapolation of Eros or Phobos large-block distributions provides
upper limits for assessing the block landing hazards faced by a Phobos lander.

References: [1] Veverka et al. (2001) Nature, 413, 390�393. [2] Yano et al. (2006) Science, 312, 1350�
1353. [3] Cintala and McBride (1995) NASA Tech. Mem., 104804, 1�41. [4] Golombek and Rapp (1997)
JGR, 102, 4117�4130. [5] Golombek et al. (2003) JGR, 108, 8086. [6] Golombek et al. (2008) JGR, 113,
E00A09. [7] Golombek et al. (2012) Mars, 7, 1�22. [8] Arvidson et al. (2008) JGR, 113, E00A03. [9]
Thomas et al. (2001) Nature, 413, 394�396. [10] Ernst et al. (2014) This Conference. [11] Mazrouei et al.
(2014) Icarus, 229, 181�189. [12] Noviello et al. (2014) LPS, 45, 1587. [13] Thomas et al. (2000) JGR,
105, 15091�15106.
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Comparing block populations across small bodies
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Blocks have been resolved on the surfaces of many small bodies. Rendezvous missions have allowed for
thorough global analyses down to sizes of 15 m for Eros [1] and 5�6 m for Itokawa [2,3]. Localized images
have allowed measurements of blocks as small as 10 cm on both asteroids [1,4,5]. Several high-resolution
images of Phobos [6�8] have allowed for localized block counts. Large blocks have been identi�ed on Ida
[9,10], Deimos [8], and Lutetia [11].
Blocks can give insight into the geologic processes that have a�ected small bodies. On Eros, most large blocks
are linked to the Shoemaker crater, and pre-existing blocks were largely covered or eroded by Shoemaker
ejecta [1]. Blocks on Phobos [7] and Lutetia [11] have also been linked to craters. On Itokawa, global
analyses suggest the blocks are related to the accretion of the asteroid after a catastrophic disruption event
[2,3]. Local comparisons of blocks in the smooth lowlands and the rough highlands indicate subsequent
mobilization of smaller block sizes [4,5].
Cumulative size-frequency plots are common tools for characterizing block distributions. In log-log space,
the plotted distributions typically exhibit linear trends. Best-�t slopes to the size-frequency distribution and
the cumulative number of blocks per area may provide clues to the geologic evolution of small bodies. We
will compare block size-frequency distributions of Eros, Itokawa, Phobos, Lutetia, and Deimos to determine
whether the observed blocks are diagnostic of the processes that formed them and the properties of their
host bodies.

References: [1] Thomas, P.C. et al. (2001) Nature, 413, 394�396. [2] Michikami, T. et al. (2008) Earth
Planets Space, 60, 13�20. [3] Mazrouei, S. et al. (2014) Icarus, 229, 181�189. [4] Michikami, T. et al.
(2010) Icarus, 207, 277�284. [5] Noviello, J.L. et al. (2014) LPS, 45, 1587. [6] Thomas, P.C. (1979) Icarus,
40, 223�243. [7] Thomas, P.C. et al. (2000) JGR, 105, 15091�15106. [8] Lee, S.W. et al. (1986) Icarus, 68,
77�86. [9] Sullivan, R. et al. (1996) Icarus, 120, 119�139. [10] Lee, P. et al. (1996) Icarus, 120, 87�105.
[11] Küppers, M. et al. (2012) Planetary and Space Science, 66, 71�78.
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Search for ammonia in comet C/2012 S1 (ISON)
S. Faggi1,2, C. Codella1, G. Tozzi1, G. Comoretto1, J. Crovisier3, R. Nesti1, D. Panella1, J. Boissier4, P.

Bolli 1, J. Brucato1, F. Massi1, and G. Tofani1
1INAF-Osservatorio Astro�sico di Arcetri (I)

2Università degli Studi di Firenze (I)
3LESIA, Observatoire de Paris, CNRS, UPMC, Université Paris-Diderot (FR)

4IRAM (FR)

Comets are pristine bodies of the Solar System and their studies can give precious hints on the formation
of the Solar System itself. New comets, coming form the Oort Colud at their �rst passage close to the Sun,
are particularly important, because they are not di�erentiated by the Solar radiation and they are supposed
to have a large quantity of organic matter close to the surface.
Here we report the results of a search for NH3(1,1) emission at 23.7 GHz in comet C/2012 S1 ISON using
a new dual-feed K-band receiver mounted on the Medicina 32-m antenna. We observed the comet once
close to its perihelion, from 2013 Nov. 25 to Nov. 28, when its heliocentric distance changed from 0.25 au
to 0.03 au. We integrated about 6 hrs per day, obtaining high-spectral-resolution (1 km/s) spectra with a
typical rms noise of 10 mK. Such sensitivity allowed us to derive an upper limit of Q(NH3) of about 2.5
� 1029 mol/s on November 26. This upper limit would correspond to a Q(H2O) of about 2.5 � 1031 mol/s,
assuming the typical Q(H2O)/Q(NH 3) ratio of 100. These �ndings con�rm that no signi�cant Q(H 2O)
enhancement happened near the perihelion, consistent with a de�nitive decrease of molecules production
rate.
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Sublimating grains in the coma of new comets originating from the Oort Cloud
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It is expected that a billion of years of space weathering (see, e.g., Kanuchova et al., 2012, Icarus, 221, 12)
produces a crust of organic matter that will be released when a comet enters, for the �rst time, in the inner
Solar System. When approaching to the Sun, a comet is at heliocentric distancesrh greater than 3 au, the
sublimation of CO and CO2 is the main source of cometary activity. At shorter distances, the sublimation
of water becomes the most important mechanism of activity. The gases escaping from the nucleus cause
drag for the coma grains that can be refractory dust (silicates, carbon), water ice, and/or organic ices.
Oort comets at their �rst passage in the inner Solar System, should produce an halo of organic or water ice
particles. Recently, our group started to monitor new, inbound, bright Oort comets (C/2011 F1, C/2012
S1, C/2012 K1, C/2013 V5, C/2012 F3) to search for these grains. The method consists of detecting the
cloud of sublimating grains in the inner coma by using the� Af( � ) function (Tozzi et al., 2007, A&A, 476,
979). However, this over-population of grains, beside the sublimation, can be also due to short-time activity
(outburst) or too large grains expanding at very slow velocity, as it has been found in comet 67P/C-G
(Tozzi et al., 2011, A&A, 531, 54). To discriminate between the phenomena, it is necessary to monitor the
comet both at short timescales for the outbursts (by repeating the observations after a few nights), and
in a longer term (weeks to months). If the cloud does not expand with decreasing heliocentric distance,
there is a high probability that organic and/or water-ice grains are present. We can discriminate between
organic and water-ice grains by measuring their color and spectra. In this work, we will present the results
obtained from the observations of C/2011 F1 (LINEAR) and C/2012 S1 (ISON). The comparison between
data and theoretical simulations, obtained with a simple model assuming sublimating grains, shows that
this phenomenon is the most probable phenomenon occurring in those cometary comae.
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Comet Siding Spring (C/2013 A1) and its close approach to Mars
T. Farnham1, M. Kelley1, D. Bodewits1, J. Kleyna2, J.-Y. Li 3, R. Stevenson4, and J. Bauer4
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Comet Siding Spring (C/2013 A1) is a dynamically new comet that was discovered in January 2013. On
19 October 2014, it will pass within 135,000 km of Mars, a distance less than 1/16th that of the closest
known approach of a comet to the Earth. This event is essentially a natural �yby, where spacecraft orbit-
ing Mars have the opportunity to obtain the �rst ever high-resolution observations of a dynamically new
comet. In anticipation of this event, we undertook a study to characterize the comet's behavior, and to
use that information to predict what the dust environment will be like at the time of the close approach.
This information was used by the orbiter teams to evaluate the potential hazards to their spacecraft and
develop mitigation strategies that might be needed, as well as allowing for detailed planning of any comet
observations.
We incorporated observations from PanSTARRS, HST, Swift, NEOWISE and ground-based observatories
to characterize the comet's properties. Results from the analyses of these data indicate that Siding Spring
was behaving much like comet ISON (C/2012 S1) at similar distances. It �rst became active between 10 and
8.0 au, and brightened through� 6 au. From 6 to � 3 au, its brightness remained nearly constant, following
the typical behavior of dynamically new comets. The activity through early 2014 was likely driven by CO2
emission, which was found to be1:4 � 1026 mol/sec from the 4.6 µm excess in NEOWISE observations.
(We assume the excess is due to CO2 because the activity was low until around 10 au). As of March 2013,
there were no detections of water or OH production, though Swift measurements produced an upper limit
of Q(H2O) < 3 � 1027 mol/sec at 3.2 au. Dust properties were derived usingAf� measurements, as well as
analyses of the dust coma and tail morphology in the HST and ground-based images (using the sunward
stando� distance, Finson-Probstein modeling, etc.). From this work, we found a particle size distribution
f (a) � a� 4:0 and dust velocities v � 400a� 0:6 r � 1:5

h m/s. This dependence indicates that the grains have
very low velocities (10 s of m/s for 10�100 µm grains) at 5 au. We use these results to produce a nominal
model of the comet's activity as a function of time, as well as a more extreme-case model that allowed
worst-case conditions to be explored.
With our models of the comet's activity, we performed a series of Monte-Carlo simulations to explore the
dust environment and the conditions that would be present around Mars during the close approach. These
simulations followed 107 particles, emitted isotropically, from 13 to 1.4 au. The coma was modeled by
tracking the grains' motions under the in�uence of their initial emission velocity, solar gravity and radiation
pressure, and computing their positions at the time of close approach. Results from these simulations reveal
that the comet will make only a `glancing blow' on Mars, with relatively few impacts, due to radiation
pressure rapidly accelerating the smaller grains so they tend to miss the planet. The impact potential of the
larger grains (100µm- to cm-sized) is strongly dependent on their velocity, but based on the results derived
from the observational data, the number of impacts will still be small. In the nominal case, no impacts are
expected at Mars, but variations in our assumptions raise the average �uences to no more than a few� 10� 7

particles/m 2. In these scenarios where impacts occur, the peak is encountered 90�100 minutes after close
approach, when Mars comes closest to the comet's orbital path (i.e., the dust trail), with a duration of
� 0.5 hour. The grains that do impact Mars were ejected from the nucleus when it was more than 5 au from
the Sun, so the comet's activity levels interior to that distance have little impact on the analysis.

Acknowledgements: This research was performed under funding from the Mars Program O�ce, Critical
Data Products Program.
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Trajectory analysis for the nucleus and dust of comet C/2013 A1 (Siding Spring)
D. Farnocchia1, P. Chodas1, S. Chesley1, P. Tricarico 2, and M. Kelley3
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Comet C/2013 A1 is going to experience a close encounter with Mars on Oct 19, 2014 at a distance of
135,000 km� 5000 km from the planet center. Because of its near parabolic retrograde orbit, C/2013 A1
has a high relative velocity with respect to Mars of about 56 km/s. There is increasing interest in analyzing
the close encounter both for the comet nucleus and the dust tail. We analyze the nucleus trajectory and
model the contribution of nongravitational forces, which can signi�cantly a�ect comet dynamics. Since
the astrometry does not yet provide any constraint on nongravitational accelerations, our analysis relies on
what we know of the whole comet population. It turns out that the nucleus cannot reach Mars even in
the case of unexpectedly large nongravitational perturbations. On the other hand, dust released because
of cometary activity can reach Mars if the emission velocity is large enough. For given size and density of
the emitted dust particles we compute the required emission velocity needed to reach Mars as a function of
emission epoch. Comparing our results to the current modeling of C/2013 A1's cometary activity suggests
that impacts are possible only for millimeter to centimeter size particles released more than 20 au from the
Sun. However, cometary activity that far from the Sun is considered extremely unlikely. Ejection velocity
larger than currently modeled could allow dust particles to reach Mars if ejected more than 3 au form the
Sun. In this case the impact times peak around 100 min after the nominal close approach around the time
that Mars crosses C/2013 A1's orbital plane.
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Asteroid orbits and ephemerides: Towards higher-�delity predictions
D. Farnocchia1, S. Chesley1, A. Milani 2, and P. Chodas1
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2Department of Mathematics, University of Pisa

Since the discovery of the �rst minor planet Ceres, astronomers have faced the problem of determining
asteroid orbits and providing reliable ephemeris predictions. Though the theoretical algorithms to solve this
problem are well consolidated, we still have to face several challenges when estimating asteroid trajectories.
The computation of an asteroid orbit is determined by the optical and radar astrometric observations avail-
able. Thus, the observation error model is crucial for providing reliable orbits and uncertainty information.
The presence of systematic errors in asteroid optical astrometry is a known issue that we have to deal with.
Therefore, we show how to correct for star catalog biases due to star position and proper motion errors by
using the PPMXL catalog as reference. Moreover, since the quality of observations from di�erent obser-
vatories and di�erent observing programs is uneven, we apply individual data weights to each observation
according to the expected quality. We also discuss how to mitigate the possible correlations arising between
observations from the same observatory that are closely spaced in time.
Beside the treatment of the astrometry, the dynamical model is an essential component when computing
asteroid orbits. For a very well constrained orbit, even small accelerations can be required in order to �t
the observational dataset and to make reliable predictions. We account for the gravitational attraction due
to the Sun, the planets, the Moon, and Pluto as well as that due to the 16 most massive bodies in the main
asteroid belt. We also include a relativistic model that account for both Solar and relativistic terms. Non-
gravitational perturbations may be a relevant component of the dynamical model and they are di�cult to
model since they depend on the considered asteroid's physical properties, which are typically unknown. We
discuss how to estimate non-gravitational perturbations and the resulting uncertainty by either determining
them as free parameters during the orbital �t or using the available information on the asteroid's physical
properties.
One of the most important applications of asteroid predictions is the hazard assessment for impacts on
Earth. Though there are two automated systems, JPL's Sentry and NEODyS, routinely scanning for
possible impacts in the next hundred years, we need additional care when pushing forward the horizon for
impact predictions and in presence of strong scattering encounters. Under these circumstances, the accurate
mapping of the uncertainty and the handling of nongravitational perturbations become critical for a reliable
risk assessment. We discuss how to capture the uncertainty due to both astrometry and dynamical model
and how to use keyholes to compute reliable impact probabilities.
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Comet 103P/Hartley's volatiles within 100 kilometers: Sources of water and
volatile dependence on illumination

L. Feaga1, J. Sunshine1, S. Protopapa1, M. A'Hearn 1, T. Farnham1, M. Kelley1, S. Besse2, and O.
Groussin3
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Deep Impact acquired unique rotational data set during its close �yby of the hyperactive comet 103P/Hartley
2, the target of the extended DIXI mission (A'Hearn et al., 2011). The closest approach, on November 4,
2010, provided an opportunity to study spatial distribution and absolute abundance changes in gas emission
very near the nucleus (< 100 km) as a function of rotation and illumination. In particular, the HRI-IR
spectrometer was used to monitor the coma from 1.05�4.85 microns throughout the encounter. Spatially-
resolved infrared scans were acquired every 2 hours over the 18 hours prior to closest approach and every
30 minutes for 2 days after closest approach. Water vapor at 2.7 microns, carbon dioxide at 4.3 microns,
and bulk organics at � 3.4 microns were the dominant emission bands detected in these spectra and their
distribution was found to be highly asymmetric and variable. In particular, the distribution maps and
radial pro�les from the 8 hours following closest approach, approximately half of the 18.4 hour period of
the comet, are unique and provide high spatial resolution ranging from 0.2�3.5 km/pixel. These data allow
us to explore correlations among the volatiles and the role of extended sources due to water ice sublimation
in the coma. These data will also help to quantify the heterogeneity of the outgassing, explore correlations
with illumination, and better locate speci�c source regions on the nucleus of Hartley 2.
Results to date indicate that carbon dioxide production is tied to the small lobe of the nucleus and persists,
although reduced, even when this small lobe is on the night side i.e., not illuminated, suggesting that the
small lobe is compositionally distinct. Bulk organics are found to be highly correlated to carbon dioxide.
In contrast, water is seen to be a balance of up to three sources. The �rst component is direct sublimation
from the waist region of the nucleus and is highly variable and depends on illumination. The waist water
dominates the closest approach maps. The second source is an anti-sunward enhancement, which appears
to be more constant and is likely due to sublimation of ice grains that have moved tailward due to radiation
pressure. The third is an ambient sunward source that is present, but never dominates, in all the close
approach data studied. E�orts are ongoing to quantify these e�ects and extend them over the entire pre-
and post-encounter dataset (-2 days to +8 days).

Acknowledgements: This work was funded by NASA's Planetary Mission Data Analysis Program under
award number NNX13AC01G.

References: A'Hearn, M. F. et al., Science, 332, pp. 1396�1400, 2011.
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Period and shape analysis for some slowly rotating asteroids
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We conduct observations of several slowly rotating asteroids as a follow-up to the Thousand Asteroid
Lightcurve Survey. We perform the rotation period, pole orientation, and convex shape model calcula-
tions. We also aim to perform statistical testing on this subset and assess the population properties of
slowly rotating asteroids.
The majority of rotation periods of asteroids estimated from photometric lightcurves belong to fast rotators.
The time required for obtaining an accurate period estimate is substantially longer for a slowly rotating
asteroid than a for a rapidly rotating asteroid. The quality of period estimates based on lightcurve surveys
with a constant time allocation for all asteroids will degrade with increasing rotation period.
The Thousand Asteroid Lightcurve Survey (TALCS) [1] carried out with the Canada-France-Hawaii Tele-
scope was one of the �rst systematic asteroid lightcurve surveys. The main outcome of TALCS was a debiased
rotation-period distribution for the main-belt asteroids but, the accuracy of the period distribution is poor
for long periods. In order to determine more accurate periods for slow rotators and, thus, assess the validity
of the debiased rotation-period distribution at the long-period end, we have obtained photometric follow-up
observations of a selected sample of TALCS slow rotators with the University of Hawaii 2.2-m telescope.
We used the methods presented in [2] and [3] to estimate the rotation period, pole orientation and convex
shape model of selected asteroids. The analysis performed with data from TALCS and follow-up observations
for one of these objects, a Hungaria asteroid (39420) Elizabethgaskell, did not allow an unambiguous solution
for these values. To turn down the possibility of a methodologic failure in the analysis, we simulated a
lightcurve of an elongated object, selected points with the same cadence as in the real observations and
added random noise. The same period, pole and shape analysis was then successfully performed for the
simulated object, producing the shape model resembling the original one. Thus, we could con�rm that
(39420) Elizabethgaskell is either a binary, or, which is more likely, a non-primary-axis rotator.
We perform a similar analysis for two other slow rotators, (20571) Tiamorrison and (134527) 1999 RY30,
and attempt to improve the initial period solutions as well as de�ne the pole orientation and convex shape
models for the asteroids, or, alternatively, search for binary and/or non-primary-axis rotation signatures
from the lightcurves.

Figure: Left: best �t for a single-body, primary-axis model of (39420) Elizabethgaskell. Right: �t for a
synthetic body with the same observation cadence as in the original observations.

References: [1] Masiero et al. 2009, Icarus 204, 145�171. [2] Kaasalainen & Torppa, 2001, Icarus, 153,
24�36. [3] Kaasalainen et al. 2001, Icarus, 153, 37�51.
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Far-ultraviolet observations of comet C/2012 S1 (ISON) with a
sounding-rocket-borne instrument

P. Feldman1, S. McCandliss1, H. Weaver2, B. Fleming3, K. Redwine1, M. Li 4, A. Kutyrev 4, and S.
Moseley4

1Johns Hopkins University
2Johns Hopkins Applied Physics Laboratory
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We report on a far-ultraviolet observation of comet C/2012 S1 (ISON) made from a Black Brant IX sounding
rocket that was launched on 20 November 2013 at 04:40 MST from the White Sands Missile Range, New
Mexico, when the comet was 0.44 au from the Sun, 0.86 au from the Earth, and at a solar elongation of 26.3
degrees pre-perihelion. At the time of launch the comet was 0.1 degrees below ground horizon. The payload
reached an apogee of 279 km and the total time pointed at the comet was 353 s. The sounding rocket borne
instrument was our wide-�eld multi-object spectro-telescope called FORTIS (Far-UV O� Rowland-circle
Telescope for Imaging and Spectroscopy), which is a Gregorian telescope (concave primary and secondary
optics) with a triaxial �gured di�ractive secondary that provides an on-axis imaging channel and two o�-
axis spectral channels in a common focal plane. A multi-object spectroscopic capability is provided by an
array of microshutters placed at the prime focus of the telescope. Our microshutter array (MSA) is based
on prototype devices of the large area arrays developed at Goddard Space Flight Center (GSFC) for use
in the Near Infrared Spectrograph (NIRSpec) on the James Webb Space Telescope (JWST). The imaging
channel on FORTIS has a �eld-of-view (FOV) of 0.5 degrees square. The MSA allows selection of up to
43 individual regions, each with a solid angle of 12.4�� 36.9�, for spectral acquisition over the 800�1950
Ångstroms bandpass at a resolution of 6 Ångstroms. However a problem with addressing the MSA prevented
the acquisition of spectra through individual slits. Nonetheless spectrally confused images, dominated by
Lyman-alpha emission from the comet, were acquired in both o�-axis spectral channels.
The imaging channel uses a CaF2/MgF 2 cylindrical doublet to correct for astigmatism introduced by the
triaxial secondary, which restricts the bandpass to wavelengths longward of 1280 Ångstroms. The corrected
imaging resolution is approximately 4�. Broadband images of the comet acquired in the on-axis imaging
channel throughout the duration of the �ight show a variation in count rate proportional to altitude due to
absorption of cometary emissions by terrestrial molecular oxygen located in the lower thermosphere. Molec-
ular oxygen absorption has a strong dependence on wavelength, which will selectively attenuate cometary
emissions from di�erent atomic and molecular species and allow us to constrain their production rates rel-
ative to hydrogen observed in the spectral channels. Analysis is ongoing and preliminary results will be
presented.

Acknowledgements: This work was supported by NASA grant NNX11AG54G to the Johns Hopkins
University.
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Visible and infrared study of comet 2P/Encke's nucleus during its 2013 apparition
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The 2013 apparition of comet 2P/Encke provided an opportunity to study the comet while it was relatively
close to the Earth. The comet passed 0.48 au from the Earth on October 17, the closest such passage since
2003 and until 2030. We initiated a visible and infrared observational campaign for the apparition with the
goal of further characterizing the physical, thermal, and rotational properties of the P/Encke nucleus.
While thermal-emission data on the nucleus have been obtained in the past (e.g. [1�4]), observations in 2013
timed to coincide with an equator-on view a�orded us the chance to have a rarely-seen vantage point of the
nucleus. Low-resolution spectra over wavelengths from 0.7 to 2.5µm were obtained over four nights (UT
Sept. 26, 28, 30, Oct. 1) that span all of the nucleus rotational longitudes. The spectra were acquired at
the NASA Infrared Telescope Facility (IRTF) using its SpeX instrument, and they sample re�ected sunlight
at the short wavelengths and Wien-side thermal emission at the long wavelengths. We will present results
on thermal inertia and albedo from a preliminary analysis of these data.
We have shown through observations over the past 13 years that the rotation period of P/Encke's nucleus
changes by about 4 minutes per orbit [5,6]. Furthermore, the typical lightcurve has the normal two-humped
shape but with humps that have vastly di�erent amplitudes (e.g., [7]). Thus, the equator-on view gave
us the chance to further investigate P/Encke's rotation state and shape. We obtained visible-wavelength
photometry of the nucleus in the R band at NASA/IRTF with the MORIS instrument on the aforementioned
dates, at the NOAO Kitt Peak 2.1-meter telescope over UT Sept. 11, 12, 13, and 14, and at the CSUSB
Murrillo Family Observatory 0.5-meter telescope over several dates in Sept. and Oct. [8]. The MORIS data
in particular gave us the rotational context and absolute �ux calibration for the spectra. We will present
new, preliminary constraints on the secular changes in the nucleus spin state and on the nucleus shape.

Acknowledgements: We thank the allocation committees of the IRTF and NOAO telescopes for granting
the time used for this project.

References: [1] Y. R. Fernandez et al. 2000, Icarus 147, 145. [2] M. S. Kelley et al. 2006, ApJ 651, 1256.
[3] Y. R. Fernandez et al. 2008, BAAS 40, #16.24 [abstract], presented at 40th Meeting of the DPS. [4] P.
Abell et al. 2009, BAAS 41, #20.02 [abstract], presented at 41st Meeting of the DPS. [5] B. E. A. Mueller
et al. 2008, BAAS 40, #16.25 [abstract], presented at 40th Meeting of the DPS. [6] N. H. Samarasinha and
B. E. A. Mueller 2013, ApJ 775, L10. [7] Y. R. Fernandez et al. 2005, Icarus 175, 194. [8] L. M. Woodney
et al. 2013, BAAS 45, #413.25 [abstract], presented at 45th Meeting of the DPS.
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Jupiter-family comets in near-Earth orbits: Dynamical histories and potential
source regions

J. Fernández1, A. Sosa1
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We analyze the dynamical histories of a sample of 58 Jupiter-family comets (JFCs) coming close to the Earth,
namely with perihelion distancesq < 1:3 au at the time of their discovery. We carry out orbit integrations
for these objects for104 yr in the past and in the future, considering the orbital elements provided by the
NASA/JPL Small Body Database, and 50 clones of each comet whose orbital elements were taken randomly
within their error bars. We �nd that most orbits are chaotic, where comets are subject to frequent close
encounters with Jupiter. Therefore, it is di�cult to follow accurately the trajectory of a given comet beyond
a few hundred years. We then de�ne alikely dynamical path, which is computed as the average of the orbits
of a given comet and the set of 50 clones. In particular we measure the degree of instability of a comet
orbit by the time it takes the average perihelion distanceq of a comet and its 50 clones to decrease by 1 au
previous to the discovery time. We de�ne this time scale as thecapture time within the near-Earth region.
We �nd that most JFCs have short capture times, of a few hundred to a couple of thousands of years,
suggesting a recent incorporation to the near-Earth region. This is what one should expect for bodies whose
typical lifetimes as active comets should not exceed a few103 yr. This behavior is in sharp contrast with
near-Earth asteroids that show more stable orbits with much longer residence times in the near-Earth region.
The most likely source region of most JFCs is the transneptunian region. On the other hand, we �nd that
a few JFCs move on stable orbits over the studied period with capture times> 104 yr. These objects might
have a di�erent source region, probably the outer asteroid belt or the Jupiter Trojans.

Acknowledgements: This research was partially supported by the project FCE_2_2011_1_6990 of the
Agencia Nacional de Investigación e Innovación (ANII).
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Porosity as a signi�cant factor for asteroid survival
G. J. Flynn 1
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Most asteroids, for which porosities have been inferred, have porosities ranging from 20 % to > 50 %, with
a mean around 30 % porosity (Britt et al. 2002). Since porous targets react di�erently to hypervelocity
impact cratering and disruption than non-porous targets of the same mass, porosity is likely to play a
role in asteroid survival. Measurements show the threshold collisional speci�c energy,Q�

D , required to
produce a disruption with the largest fragment equal to one-half the original target mass is much higher for
porous targets (Table). Ordinary chondrite meteorites, with a mean porosity of � 9 % (Britt et al. 2002),
disrupted at the NASA Ames Vertical Gun Range (AVGR), required almost twice as much impactor kinetic
energy per unit target mass to produce an equivalent disruption as did targets of low-porosity terrestrial
basalt or granodiorite (Flynn and Durda 2004). Limited data from hypervelocity disruption of three CM2
carbonaceous chondrites (Flynn et al. 2009), all to the right of the ordinary chondrite points on aQ� vs.
M L =MT plot, indicate CM2 meteorites, with a mean porosity of 23 % (Consolmagno et al. 2008), have even
higher Q�

D , � 1900 to 2100 J/kg. The CI carbonaceous chondrites, e.g., Orgueil, with a density of 1.5 g/cm3

(Britt and Consolmagno 2003) and porosity of 35 % (Consolmagno et al. 2008), are the most porous known
meteorites, approaching the C-type asteroid Mathilde, which has a bulk density of 1.3 and > 50 % porosity
(Britt et al., 2002). However, the CI meteorites are so scarce than none have yet been studied in impact
experiments. As an extreme end member for high-porosity, rigid targets, Flynn et al. (2014) disrupted
eleven terrestrial pumice targets, obtaining aQ�

D of � 2300 J/kg. However, porosity increases the target's
cross section. The �Required Disruption Energy� to produce a largest fragment mass equal to one- half the
target mass for spherical asteroids of 10-m, 1-km, and 100-km radius having the same physical properties
as the basalt, ordinary chondrite, and CM2 meteorites, and pumice are shown in Table. While hydrocode
modeling suggested weak, porous asteroids could have shorter collisional lifetimes than nonporous asteroids
(Asphaug et al. 1998), our hypervelocity impact results on moderately porous meteorites suggest that, at
least at the target size we disrupted, porosity leads to longer survival in the same impactor environment
compared to non- porous targets. This may help explain the large fraction of high porosity asteroids (Britt
et al. 2002).

Table: Disruption Results
Target Porosity Bulk Density Q�

D Required Disruption Energy
(%) (gm/cm 3) (J/kg) 10 m 1 km 100 km

Low-porosity basalt � 0 % 3.0 700�800 9:4 � 109 9:4 � 1015 9:4 � 1021

Ordinary Chondrite � 9 % 3.2 1419 19:0 � 1010 19:0 � 1016 19:0 � 1022

CM2 Carb. Chondrite � 23 % 2.25 � 1900�2100 19:8 � 1010 19:8 � 1016 19:8 � 1022

Terrestrial Pumice � 70 % 0.9 � 2300 8:6 � 109 8:6 � 1015 8:6 � 1021

References: Asphaug, E. et al (1998) Nature, 393, 437�440; Britt, D. T. et al. (2002) in Asteroids III,
U. of Arizona Press, 485�500; Britt, D. T. and G. J. Consolmagno (2003) Meteoritics & Planet Sci., 38,
1161�1180; Consolmagno, G. J. et al. (2008) Chemie der Erde, 68, 1�29; Flynn, G.J. and D.D. Durda
(2004) Planet. & Space Sci., 52, 1129�1140; Flynn, G.J. et al. (2009) 40th LPSC, Abs. #1164; Flynn G.J.
et al. (2014) 45th LPSC, Abs. #1950.
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Ultraviolet OH prompt emission in the innermost coma of 103P/Hartley 2
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1Physics and Astronomy Department, University of Padova
2Astronomy Department, University of Maryland

3CISAS - Center for Studies and Activities for Space �G. Colombo�, University of Padova
4ESAC - European Space Astronomy Centre, Madrid

The hyperactive Jupiter-family comet 103P/Hartley 2, the target of the EPOXI mission, has been visited
on 4 November 2010 at a distance of 694 km, when it was at 1.064 au from the Sun. Spectral observations
of the ambient coma show that H2O is enhanced from the central waist, while CO2 and icy grains seem to
be coming out mainly from the two lobes [1,2].
Visible observations in the OH �lter of the MRI camera onboard EPOXI have been used to investigate
the distribution of the OH daughter species in the coma. These data reveal an evident radial structure in
the very inner coma below 35 km from the nucleus (see Figure), appearing to be coming directly from the
nucleus, in the region of the central waist. This is in agreement with the water distribution found by [1].
The OH resonance �uorescence emission band at 308.5 nm, caused by the transitionA2� � X 2� (0 ; 0), has
been used indeed for years as a tracer of water parent molecules. Nevertheless, even for the active Sun, the
OH �uorescence lifetime is about 105 s, suggesting that it is not expected to be observed so close to the
nucleus.
OH has been found to cause prompt emission (PE) at both IR and UV wavelengths and has been tentatively
detected in a few comets [3�6]. We report theoretical computations showing a strong possibility that the
innermost OH structure observed in the MRI images of Hartley 2 could possibly be associated with OH
ultraviolet PE.

Figure: OH gas structure in the inner coma of Hartley 2 observed through the MRI camera onboard EPOXI
at 8259 km from the comet. The color bar indicates brightness intensity in W m� 2 sr� 1 µm� 1.

References: [1] Feaga, L. M.; Protopapa, S.; Besse S., et al., 2012.Proceedinds of ACM 2012, 1667,
6441. [2] Protopapa, S.; Sunshine, J. M.; Feaga L. M., et al., 2012.Proceedings of ACM 2012, 1667,
6360. [3] Bertaux, J.L., 1986.A&A, 160, 2, L7�L10. [4] Budzien, S. A.; Feldman, P. D., 1991.Icarus, 90,
308�318. [5] Bonev, B. P.; Mumma, M. J.; Dello Russo, N., et al., 2004.Astroph. Journ. , 615, 2, 1048,
1053. [6] A'Hearn, M. F; Krishna Swamy, K. S.; Wellnitz, D. D., 2007. Bull. of the Am. Astr. Soc., DPS
meeting, 39, 507.
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The Themis-Beagle families: Investigation of space-weathering processes on
primitive surfaces
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In the past 20 years, enormous progress has been reached in the study of space-weathering (SW) e�ects on
silicates and silicate asteroids. The so-called ordinary chondrite paradox, that is, lack of asteroids similar
to the ordinary chondrites, which represent 80 % of meteorite falls, has been solved. These meteorites
are now clearly related to S-type asteroids, as proved also by the direct measurements of the NEAR and
HAYABUSA missions on the near-Earth asteroids Eros and Itokawa. Spectral di�erences between S-type
asteroids and ordinary chondrites are caused by space-weathering e�ects, which produce a darkening in the
albedo, a reddening of the spectra, and diminish the silicate absorption bands on the asteroids surfaces,
exposed to cosmic radiation and solar wind. On the other hand, our understanding of space-weathering
e�ects on primitive asteroids is still poor. Only few laboratory experiments have been devoted to the
investigation of SW e�ects on dark carbonaceous chondrites and on complex organic materials. Irradiation
of transparent organic materials produces �rstly redder and darker materials that upon further processing
turn �atter-bluish and darker (Kanuchova et al. 2012; Moroz et al. 2004).
The Themis family is a natural laboratory to study primitive asteroids and space-weathering e�ects. The
Themis family is located between 3.05 and 3.24 au, beyond the snow line, and it is composed of primitive
asteroids. Themis is one of the most statistically reliable families in the asteroid belt. First discovered by
Hirayama (1918), it has been identi�ed as a family in all subsequent works, and it has 550 members as
determined by Zappalà et al. (1995) and more than 4000 as determined by Nesvorny et al. (2010). The
family formed probably about 2.3 Gyr ago as a result of a large-scale catastrophic disruption event of a parent
asteroid 400 km in diameter colliding with a 190-km projectile (Marzari et al. 1995). Several Themis family
members show absorption features associated to hydrated silicates, and, recently, water-ice and organics
features have been detected on the surface of (24) Themis (Campins et al. 2010, Rivkin & Emery 2010).
Hydrated silicates are produced by the aqueous-alteration process, which require low temperature (< 320
K) and the presence of liquid water in the past. The Themis family may be an important reservoir of water
ice. Moreover, the main-belt comets 133P, 238P, and 176P seem to be related to the Themis family because
of orbital proximities and spectral properties analogies. Within the old Themis family members, a young
sub-family, Beagle, formed less than 10 Myr ago, has been identi�ed. This sub-family has 65 members up
to 2 km of diameter (Nesvorny et al. 2008). So, the Themis family is very important to shed light on the
asteroid-comet continuum, to constrain the abundances of water ices in the outer part of the main belt,
and to probe space-weathering e�ects on old Themis and young Beagle families' members. To investigate
all these aspects, we carried out a spectroscopic survey in the visible and near-infrared range at the 3.6-m
Italian telescope TNG (La Palma, Spain) during 6 nights in February and December 2012. We got new
spectra of 8 Beagle and 22 Themis members using the DOLORES (with the LR-R and LR-B grisms) and the
NICS (with the Amici prism) instruments. To look for possible coma around the targets, we also performed
deep imaging in the R �lter.
Data are currently under analysis, and the results will be presented at the ACM meeting. None of the
investigated spectra show water-ice absorption features at 1.5 and 2 microns, while few Themis members
have visible absorption bands associated with hydrated silicates. The best meteoritic analogues to both
Themis and Beagle members are the carbonaceous chondrites, especially CM2. The spectra of Beagle
and Themis asteroids show signi�cant di�erences: 'old' Themis members exhibit a wide range of spectra,
including asteroids with blue/neutral and moderately red spectra (relative to the Sun), while the young
Beagle members investigated are bluer and brighter than the Themis ones. These preliminary results seem
to indicate that the SW e�ects on primitive asteroids are similar to those observed on silicate asteroids, that
is, they produce reddening of the spectra and moderate darkening of the surface.

Acknowledgements: This project was supported by the French Planetology National Programme (INSU-
PNP).
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Aqueous alteration on main-belt asteroids
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The study of aqueous alteration is particularly important for unraveling the processes occurring during the
earliest times in Solar System history, as it can give information both on the thermal processes and on the
localization of water sources in the asteroid belt, and for the associated astrobiological implications. The
aqueous alteration process produces the low temperature (< 320 K) chemical alteration of materials by liquid
water which acts as a solvent and produces materials like phyllosilicates, sulphates, oxides, carbonates, and
hydroxides. This means that liquid water was present in the primordial asteroids, produced by the melting
of water ice by heating sources, very probably by26Al decay. Hydrated minerals have been found mainly on
Mars surface, on primitive main-belt asteroids (C, G, B, F, and P-type, following the classi�cation scheme
by Tholen, 1984) and possibly also on few transneptunian objects. Re�ectance spectroscopy of aqueous
altered asteroids shows absorption features in the 0.6�0.9 and 2.5�3.5-micron regions, which are diagnostic
of, or associated with, hydrated minerals.
In this work, we investigate the aqueous alteration process on a large sample of 600 visible spectra of C-
complex asteroids available in the literature. We analyzed all these spectra in a similar way to characterize
the absorption-band parameters (band center, depth, and width) and spectral slope, and to look for possible
correlations between the aqueous alteration process and the asteroids taxonomic classes, orbital elements,
heliocentric distances, albedo, and sizes.
We �nd that 4.6 % of P, 7.7 % of F, 9.8 % of B, 50.5 % of C, and 100 % of the G-type asteroids have
absorption bands in the visible region due to hydrated silicates. Our analysis shows that the aqueous
alteration sequence starts from the P-type objects, practically unaltered, and increases through the P! F
! B ! C ! G asteroids, these last being widely aqueously altered, strengthening thus the results previously
obtained by Vilas (1994). We con�rm the strong correlation between the 0.7-� m band and the 3-µm band,
the deepest feature associated with hydrated minerals, as 95 % of the asteroids showing the 0.7-µm band
have also the 3-µm feature. 45 % of the asteroids belonging to the C-complex (the F, B, C, and G classes)
have signatures of aqueously altered materials in the visible range. It must be noted that this percentage
represents a lower limit in the number of hydrated asteroids, simply because the 3-µm band, the main
absorption feature produced by hydrated silicates, may be present in the spectra of primitive asteroids when
no bands are detected in the visible range. All this considered, we estimate that 70 % of the C-complex
asteroids might have the 3-µm signature in the IR range and thus were a�ected by the aqueous alteration
process in the past.
We �nd that the aqueous alteration process dominates in primitive asteroids located between 2.3 and 3.1 au,
that is, at smaller heliocentric distances than previously suggested by Vilas et al. (1993). The percentage
of hydrated asteroids is strongly correlated with their size (Fornasier et al. 2014). The aqueous alteration
process is less e�ective for bodies smaller than 50 km, while it dominates in the 50�240-km sized primitive
asteroids. No correlation is found between the aqueous alteration process and the asteroid albedo or orbital
elements.
Aqueously altered asteroids are the plausible parent bodies of CM2 meteorites. Nevertheless, we see a
systematic di�erence in the 0.7-µm band center position, the CM2 meteorites having a band centered at
longer wavelengths (0.71�0.75µm) compared to that of hydrated asteroids. Moreover, the hydrated asteroids
are more clustered in spectral slope and band depth than the CM meteorites. All these spectral di�erences
may be attributed to di�erent mineral abundances (CM2 meteorites being more serpentine rich than the
asteroids), and/or to grain-size e�ects, or simply to the fact the CM2 collected on the Earth might not be
representative of the whole population of aqueously altered asteroids.

Acknowledgements: This work was supported by the French Planetology National Program (INSU-PNP).
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The �ux of long-period comets and the initial orbital distribution of the Oort cloud
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Several simulations have been performed on the evolution of the Oort cloud of comets over the age of
the solar system using 10 di�erent stellar encounter sequences. An innermost part of the cloud was also
introduced (semimajor axes between 1,100 and 3,000 au). Attention is focused on the observable comets,
i.e., comets passing at less than 5 au from the Sun, the end of the integrations representing the present
time. We apply fading laws to returning comets when comparing with observations, and we use a �nal
period of 30 million years for the numerical experiments on the �ux of passing stars. These simulations
allow us to place constraints on the initial and/or present Oort cloud distribution of orbital energy, and,
possibly, on the ecliptic inclination distribution of the cloud. Moreover, we may highlight the dependence
of the observable Oort spike and the present Oort cloud on the stellar sequence. Indeed, some preliminary
results have shown that the energy distribution of the �nal Oort cloud is critically dependent on the few
strongest stellar encounters that obviously di�er from one sequence to another. One of our main goals is
to evaluate, what is the most concentrated initial Oort cloud allowing to obtain an observable Oort spike
consistent with the observations (the total initial mass of the cloud being the same).
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Modelling polarization dependent absorption: The vectorial Lambert-Beer law
G. Franssens1
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The scalar Lambert-Beer law, describing the absorption of unpolarized light travelling through a linear
non-scattering medium, is simple, well-known, and mathematically trivial. However, when we take the
polarization of light into account and consider a medium with polarization dependent absorption, we now
need a Vectorial Lambert-Beer Law (VLBL) to quantify this interaction. Such a generalization of the scalar
Lambert-Beer law appears not to be readily available.
A careful study of this topic reveals that it is not a trivial problem. We will see that the VLBL is not and
cannot be a straightforward vectorized version of its scalar counterpart. The aim of the work is to present
the general form of the VLBL and to explain how it arises.
A reasonable starting point to derive the VLBL is the Vectorial Radiative Transfer Equation (VRTE), which
models the absorption and scattering of (partially) polarized light travelling through a linear medium. When
we turn o� scattering, the VRTE becomes an in�nitesimal model for the VLBL holding in the medium. By
integrating this equation, we expect to �nd the VLBL. Surprisingly, this is not the end of the story. It turns
out that light propagation through a medium with polarization-dependent absorption is mathematically not
that trivial.
The trickiness behind the VLBL can be understood in the following terms. The matrix in the VLBL, relating
any input Stokes vector to the corresponding output Stokes vector, must necessarily be a Mueller matrix.
The subset of invertible Mueller matrices forms a Lie group. It is known that this Lie group contains the
ortho-chronous Lorentz group as a subgroup. The group manifold of this subgroup has a (well-known)
non-trivial topology. Consequently, the manifold of the Lie group of Mueller matrices also has (at least the
same, but likely a more general) non-trivial topology (the full extent of which is not yet known). The type
of non-trivial topology, possessed by the manifold of (invertible) Mueller matrices and which stems from the
ortho-chronous Lorentz group, already implies (by a theorem from Lie group theory) that the in�nitesimal
VRTE model for the VLBL is not guaranteed to produce in general the correct �nite model (i.e., the VLBL
itself) upon integration. What happens is that the non-trivial topology acts as an obstruction that prevents
the (matrix) exponential function to reach the correct Mueller matrix (for the medium at hand), because
it is too far away from the identity matrix. This means that, for certain media, the VLBL obtained by
integrating the VRTE may be di�erent from the VLBL that one would actually measure. Basically, we have
here an example of a physical problem that cannot be completely described by a di�erential equation!
The following more concrete example further illustrates the problem. Imagine a slab of matter, showing
polarization dependent absorption but negligible scattering, and consider its Mueller matrix for forward
propagating plane waves. Will the measured Mueller matrix of such a slab always have positive determinant?
There is no apparent mathematical nor physical reason why this (or any) Mueller matrix must have positive
determinant. On the other hand, our VRTE model with scattering turned o� will always generate a Mueller
matrix with positive determinant. This particular example also presents a nice challenge and opportunity
for the experimenter: demonstrate the existence of a medium of the envisioned type having a Mueller matrix
with non-positive determinant!
Lie group theory not only explains when and why we cannot trust a di�erential equation, but also o�ers
a way out of such a situation if it arises. Applied to our problem, Lie group theory in addition yields the
general form of the VLBL. More details will be given in the presentation.
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The nonlinear spectra of transneptunian objects: Evidence for organic absorption
bands
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The re�ectance spectra of small (D . 250 km) transneptunian objects (TNOs) are generally quite simple.
Water-ice absorption is the only feature �rmly detected on the majority of TNOs (Brown et al. 2012). Ten-
tative detections of other materials have been presented (e.g., Barucci et al. 2011), but generally speaking,
the spectra of small TNOs are nearly linear in the optical (0:5 < � < 0:9 µm; Fornasier et al. 2009) and
NIR ranges (1:0 < � < 1:5 µm) with water-ice absorption apparent at longer wavelengths (Barkume et al.
2008). Each region is well described by a spectral slope, with the optical slope being typically redder than
in the NIR (Hainaut and Delsanti, 2002, 2012). Here we present new spectral photometry of two TNOs
which do not �t this simple prescription.
We will present photometry of TNOs taken from HST during cycles 17 and 18. Unlike most objects, two
TNOs do not exhibit linear optical spectra. Rather, they exhibit upward curvatures shortward of � � 1
µm, with colors becoming redder with increasing wavelength. Previously published spectra and photometry
exhibit similar optical shapes on a number of TNOs, including Borasisi, Pholus, Chariklo, Asbolus, and
2003 AZ84 (Romon-Martin et al. 2002, Alvarez-Candal et al. 2008, Fornasier 2009, Hainaut and Delsanti
2012).
An interesting candidate for the upward curvature is complex C- and N-bearing hydrocarbons. These organic
materials exhibit a broad absorption centered in the UV which is caused by a valence-conduction energy gap
(see Moroz et al. 1998). The speci�c shape of the feature depends on the molecular structure of the organic
material, with longer hydrocarbons generally producing wider absorptions. The assertion that the optical
spectra of small TNOs are in�uenced by this hydrocarbon feature is reasonable as the feature is the general
result of irradiation of simple organic H-, C-, and N-bearing materials, not dissimilar to that expected to
occur on young TNOs (Brunetto et al. 2006).
The interpretation of this feature as an absorption due to organics is compatible with the conclusions of
Fraser and Brown (2012) who found that the small dynamically excited Kuiper-belt objects exhibit two
di�erent compositional classes. They assert that the di�erence between the neutral and red classes are the
result of mixing of a non-icy (likely silicate) material component with two di�erent organic components,
one for each class of object. Brown et al. (2011) argue that because there is no quantitative di�erence
between the colors of Centaurs and more distant TNOs, the two separate organic components are not the
result of recent surface evolution, but rather is caused by early, post-formation volatile loss from the TNOs.
Irradiation then rapidly drove evolution along two separate chemical pathways between those objects that
lost and those objects that retained their volatiles. If it is shown to be true that the source of TNO
spectral shapes are due to hydrocarbons, then the shape of the feature, which spans the UV-NIR region,
holds the potential to re�ect the relative irradiation doses experienced in the early Solar System between
di�erent objects within the same compositional class of TNO, and hence inform us of their relative formation
locations.

References: Alvarez-Candal et al. 2008, A&A 487..741A; Barkume et al. 2008, AJ, 135..55B; Brown
et al. 2011, ApJ, 739L..60B; Brown et al. 2012, AJ, 143..146B; Brunetto et al. 2006, ApJ, 644..646B;
Fornasier et al. 2009, A&A, 508..457F; Fraser and Brown. 2012, ApJ, 749..33F; Hainaut and Delsanti
2012, A&A, 546A.115H; Moroz et al. 1998, Icar., 134..253M; Romon-Martin et al. 2002, Icar., 160..59R;
Schaller and Brown 2007a, ApJ, 659L..61S.
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Lightcurves and rotational periods of comet-sized Jovian Trojan asteroids
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The Jovian Trojans are among the most enigmatic objects in the Solar System. They have been studied less
than main-belt asteroids because of their low albedos and greater distance from the Sun. Several lines of
evidence support a common origin for the Jovian Trojan asteroids and cometary nuclei. Their spectra and
low albedos bear a strong resemblance to those of comets. The Nice Model predicts that the Trojans may
well be objects that originated with today's Kuiper Belt Objects which predicts that today's Trojans were
trapped in their current locations at Jupiter's L4 and L5 points after Saturn and Jupiter passed through a
2:1 resonance.
We are surveying Trojan rotation properties to test the Nice Model hypothesis. One approach is a comparison
of rotation properties of similar-sized Trojans and comets. We present new lightcurve information for several
Trojans . 30 km in diameter, more than doubling the number of objects in this size range for which some
rotation information is known. The minimum densities for objects with complete lightcurves are estimated
and are found to be comparable to those measured for cometary nuclei.
Observations were obtained using the Cerro Tololo (CTIO) Blanco 4-m telescope, the CTIO 0.9-m telescope,
and 0.4-m and 0.35-m telescopes at the Center for Solar System Studies (CS3) from 2011 August to 2014
May. The lower limit of densities of the small Trojans in our study are comparable to the densities for the
two Trojans which have been directly measured, and those of similar sized comets. These results suggest
these Trojans have an icy composition with signi�cant amount of internal space; they are consistent with a
comet-like composition for these bodies.

Figure: A zoomed in look at a traditional frequency-diameter plot of asteroids with Jovian Trojans shown
as yellow dots. This plot shows that few Trojans smaller than 30 km have rotational periods determined.
The Spin Barrier is suggested to be at a somewhat lower frequency than that for main-belt asteroids.

Acknowledgements: LMF and RDS acknowledge funding from the NSF Grant AST-1212115, an American
Astronomical Society Small Research Grant, and the Planetary Society Shoemaker NEO grant.
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An improved digital global map of spectral parameters of Vesta from the Visible
and Infrared mapping Spectrometer onboard Dawn
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The NASA/Dawn discovery mission has been designed to study in detail two of the largest proto-planets
of the asteroid belt: Vesta and Ceres. From July 2011 to September 2012, Dawn has been orbiting around
Vesta and the instruments have returned scienti�c data from three di�erent orbital altitudes: the survey,
the high altitude, and the low altitude mapping orbits. From these orbits, Dawn's Visible and Infrared
mapping Spectrometer (VIR) acquired infrared and visible spectra from 0.2 to 5 microns, sampled in 864
channels with a spatial resolution reaching about 150 m/pixel.
VIR spectra of Vesta have been analyzed to derive spectral parameters, which synthesize speci�c charac-
teristics of the single spectra and are diagnostic of the mineralogical composition and the physical state of
the portion of surface being observed. In particular, we focus on spectral parameters related to the 1.0- and
2.0-micron bands (band I and band II) typical of pyroxenes. In general, a shift in band center suggests a
change in composition while the change in band depths are diagnostic of a change in the physical state of
the material. Combined analysis of spectral parameters leads towards speci�c studies, as for example the
detection of a speci�c mineral assemblage.
Since the acquisition of �rst VIR data, we have worked in gathering into maps the spectral parameters
extracted from every single spectrum, resulting in a global view of the mineralogical diversity of the surface
of Vesta. The maps are being produced in the same projection as the camera mosaics, enabling to observe
and analyze the spatial correlation between mineralogy and morphology.
Here we present the global maps of spectral parameters of Vesta, improved from the previously presented
ones. Filtering has been applied to input data, on the base of experience acquired during the mission. The
resulting maps are more consistent, and the coverage has not been a�ected (practically) by the �ltering
process applied.
The digital maps are being produced in several digital formats, allowing both the spectroscopists and non-
spectroscopists to work on the same data using the software tools they are more familiar with. In particular,
among other formats, the digital maps are produced in a Geographic Information System (GIS) -compatible
digital format, so they can be used together with other digital maps as image mosaics, topography and
geologic maps, introducing interesting perspectives for the scienti�c investigation of the proto-planet Vesta.

Acknowledgements: This work was supported by ASI and NASA. Part of this work was done at the
JPL NASA. VIR is funded by the Italian Space Agency ASI and was developed under the leadership of
INAF-Istituto di Astro�sica e Planetologia Spaziali, Rome, Italy. The instrument was built by Selex-Galileo,
Florence, Italy. The authors are grateful the support of the Dawn Science, Instrument, and Operations and
future working Teams.
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Middle and upper atmosphere radar head echo observation of the outburst of the
2012 Oct. Draconids
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Strong activity of the 2012 October Draconid meteor shower was observed on October 8 in Japan. We
carried out a radar head echo observation with the Middle and Upper atmosphere (MU) radar, Shigaraki,
Japan. The peak activity was around 16.5h (UT). The mean geocentric radiant around the peak time (13�19
UT), was RA = 262.6, Dec = +54.7 (degree, epoch J2000.0). In this presentation, we show the comparison
with the result of the MU radar head-echo observation of 2011 Draconid shower (Kero et. al. 2012).

Acknowledgements: The MU radar belongs to and operated by the Research Institute of Sustainable
Humanosphere, Kyoto University, Kyoto, Japan.

References: Kero J., Fujiwara Y., Abo M., Szasz C., Nakamura T., 2012, MNRAS, 424, 1799.
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An automatic video meteor observation at the Syowa station
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Observation of activity of meteor showers provide important information on the evolution of small bodies
such as comets and asteroids in the solar system. However, most of optical (visual, photographic, video)
observations have been carried out in the northern hemisphere, and therefore observations of both shower
and sporadic meteors in the southern hemisphere of the celestial sphere are very limited. The goal of this
study is to clarify such meteor activities in the southern hemisphere by continuous optical observations with
video cameras with automatic detection and recording at Syowa station, Antarctica. The automatic video
observation at Syowa station was started in late February and ended at end October 2012. We observed
about 800 meteorsin this period. We will present the primary results of the observations.
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C/2012 S1 (ISON), C/2013 R1 (Lovejoy), and updates of the imaging polarimetric
survey
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We have started the optical imaging polarimetric survey by using the �Polarimetric Imager for COmets
(PICO)� [1] attached to the 0.5-m re�ector at Mitaka, National Astronomical Observatory of Japan, since
2004. C/2012 S1 (ISON) and C/2013 R1 (Lovejoy) were observed as a part of our survey.
Observations of C/2012 S1 (ISON) were performed from October 26 through November 5, 2013, before its
perihelion passage. The range of its phase angle during the observations is about 45 to 59 degrees. C/2013
R1 (Lovejoy) have been observed from October 11 through November 5, from December 1 to 8, 2013, and
February 9 to 20, 2014. As for C/2013 R1 (Lovejoy). Thus, we obtained the data for the phase angle of 38
to 83 degrees. The feature of high polarization degree relevant to dust jet has been seen clearly in the linear
polarization maps of comet Lovejoy obtained during early December, 2013.
These observational results will be reported. We will compare the polarization maps with each other and
previous observations, and discuss the activities of dust grains in the cometary coma as well as the phase
angle dependence of polarization of cometary dust.

References: [1] Y. Ikeda et al., PASJ, 59, 1017 (2007).
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The need for speed in near-Earth asteroid characterization
J. Galache1,2, C. Beeson2,3, M. Elvis 2, and K. McLeod4

1IAU Minor Planet Center, Cambridge, MA, USA
2Smithsonian Astrophysical Observatory, Cambridge, MA, USA

3University of Southampton, Southampton, UK
4Whitin Observatory, Wellesley College, Wellesley, MA, USA

The current discovery rate of Near Earth Asteroids (NEAs) is set to increase dramatically in the next few
years from � 900/year to 2,000�3,000/year thanks to new surveys coming online and equipment upgrades to
current ones. Despite this, the rate of characterization is expected to remain the same:� 100 spectra and
a few dozen light curves per year. At this rate it will take up to a century to characterize just the NEA
population with sizes above 100 m. Characterization is crucial to science, space missions and planetary
defense and cannot be left by the wayside. Herein we discuss the challenges of, and opportunities for,
optimal NEA characterization. In particular we �nd that immediate follow-up (within days) of discovery
is essential: A dedicated telescope (2�4m) could perform optical spectroscopy while a number of smaller
telescopes would take light curves. Coordination could be performed by the Minor Planet Center as an
extension of the services they provide through the NEO Con�rmation Page.
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Prospective very young asteroid pairs
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Several tens of asteroid pairs can be discerned from the background main-belt asteroids. The majority of
them are thought to have formed within only the last few 106 yr. The youngest recognized pairs have formed
more than � 10 kyr ago.
As some details of pair formation are still not understood well, the study of young pairs is of great importance.
It is mainly because the conditions at the time of the pair formation could be deduced much more reliably
for young pairs. For example, space weathering on the surfaces of the components, or changes in their
rotational properties (in spin rates, tumbling, coordinates of rotational pole) could be negligible since the
formation of young pairs. Also, possible strong perturbations by main-belt bodies on pair formation can
be reliably studied only for extremely young pairs. Some pairs can quickly blend in with the background
asteroids, so even the frequency of asteroid pair formation could be determined more reliably based on young
pairs (though only after a statistically signi�cant sample is at disposal).
In our regular search for young pairs in the growing asteroid database, only multiopposition asteroids with
very similar orbital and proper elements are investigated. Every pair component is represented by a number
of clones within orbital uncertainties and drifting in semimajor axis due to the Yarkovsky e�ect.
We found that, if the previously unrecognized pairs (87887) 2000 SS286 � 2002 AT 49 and (355258) 2007 LY4
� 2013AF 40 formed at the recent very close approach of their components, they could become the youngest
known pairs. In both cases, the relative encounter velocities of the components were only� 0:1 ms� 1.
However, the minimum distances between some clones are too large and a few clones of the latter pair did
not encounter recently (within � 10 kyr).
The age of some prospective young pairs cannot be determined reliably without improved orbital properties
(e.g., the second component of a pair (320025) 2007 DT76 � 2007 DP16). It is because some components
su�ered recently repeated close approaches to Ceres or other large main-belt perturbers.
In general, the uncertainties in age estimation can be heavily reduced after the physical properties (e.g.,
sense of rotation, shape, size, binarity) of the pair components are determined.

Acknowledgements: The work is supported by the Slovak Grant Agency for Science VEGA (Grant
1/0670/13), the Grant Agency of the Czech Republic (Grant P209-12-0229), by the Research Program
LG12001 of the Czech Ministry of Education, and by Program RVO 67985815.
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Initial report on the photometric study of Vestoids from Modra
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Our new survey with a 0.6-m f/5.5 telescope starting in August 2012 is intended to enlarge the sample of
V-type asteroids studied photometrically. It is focused on objects with unknown rotation periods. Due to
some limitations of the facility, exposure times are usually only 60 s and only a clear �lter is used. About 12
vestoids with previously unknown rotation periods can be studied in detail during one season (from August
to May) in Modra (though in some cases the period is still not determined). The list of studied targets
during the �rst two seasons is available at http://www.fmph.uniba.sk/index.php?id=3161.
Lightcurves are roughly linked using the Carlsberg Meridian Catalogue 14 (CMC14) stars in the �eld of
view to about 0.05 mag accuracy. The slope parameterG is assumed to be as high as 0.3�0.4. When the
observations cover a wide range of phase angles and the rotation period can be determined (however, not in
the case of tumblers), theG value is roughly determined. In some cases, even higher values provide a better
match to the lightcurve data. In one case, the best nominal value is formally lower, but the uncertainty is
large.
Up to date we have detected two binary candidates having attenuation(s) in lightcurves. Lightcurves of a
few targets indicate tumbling.
Study of rotational properties of Vestoids is a long-term process. To speed it up, we would appreciate
collaboration with other research groups and/or volunteers.

Acknowledgements: The work is supported by the Slovak Grant Agency for Science VEGA (Grant
1/0670/13), the Grant Agency of the Czech Republic (Grant P209-12-0229), by the Research Program
LG12001 of the Czech Ministry of Education, and by Program RVO 67985815.
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The evolution of volatile production in C/2009 P1 (Garradd) during its 2011-2012
apparition

A. Gicquel1,2, S. Milam1, M. Cordiner1,2, G. Villanueva1, S. Charnley1, I. Coulson3, A. Remijan4, M.
DiSanti1, M. Mumma1, and S. Szutowicz5

1NASA Goddard Space Flight Center, USA
2Catholic University of America, USA

3Joint Astronomy Center, HI
4National Radio Astronomy Observatory, USA

5Space Research Centre PAS, Poland

Comets are likely to be the most pristine objects in our Solar System. They provide a record of the physical
and chemical conditions in the protosolar nebula between about 5 and 40 au during the epoch when the
distinct cometary populations were being assembled (Festou et al. 2004; Jewitt 2004; Mumma & Charnley
2011). Cometary nuclei today reside in (at least) two distinct reservoirs, the Oort Cloud (OC) and the
Kuiper Belt (KB). Past observations have shown that comets appear to contain a mixture of products
from both interstellar and nebular chemistries and could also have been important for initiating prebiotic
chemistry on the early Earth (Ehrenfreund & Charnley 2000). Although there are some di�erences, the
volatile composition of cometary ices is generally similar to the inventory of molecules detected in the ices
and gas of dense molecular clouds. Given the gradient in physical conditions expected across the proto-Solar
nebula, chemical diversity in the comet population is to be expected. Here we report an analysis of long-term
ground-based radio observations towards comet C/2009 P1 (Garradd).
Comet C/2009 P1 Garradd is an OC comet that reached perihelion (at heliocentric distanceRh = 1.55
au) in late December 2011 and had its closest approach to the Earth on 5 March 2012. Like C/1995 O1
(Hale-Bopp) at 7.2 au, Garradd exhibited unusual activity at large Rh (8.68 au), displaying a 15� diameter
circular coma (IAUC 9062). It is well known that some comets exhibit volatile activity at large heliocentric
distances, where water ice cannot sublime e�ciently. Infrared (IRTF/CSHELL, Keck 2/NIRSPEC, and
VLT/CRIRES) spectroscopy of Garradd showed clear CO (R1 & R2) emission near� = 4 :7 µm (2150
cm� 1), as well as a suite of molecules (e.g.,C2H6; CH4; CH3OH; H2CO; HCN; C2H2; NH3) that were also
detected near or beyondRh = 2 au (Villanueva et al. 2012; Paganini et al. 2012; DiSanti et al. 2014).
We monitored the abundance of parent volatiles in Garradd at multiple epochs around the time of its
closest approach to the Earth, using multiple facilities: the Arizona Radio Observatory's 12-m telescope,
Kitt Peak, the SubMillimeter Telescope, the James Clerk Maxwell Telescope, and the Greenbank 100-m
telescope (GBT), covering wavelengths of 20 cm, 3 cm, and 0.8�3 mm. Observations were taken between 28
December 2011 (Rh = 1.55 au, � = 1.97 au) and 28 November 2012 (Rh = 4.27 au, � = 4.26 au). GBT
monitored OH as a proxy for H2O activity, while the other facilities were used to study the primary volatiles
(e.g., CH3OH; H2CO; HCN; HNC; CS; CO).
The full analysis of these data, including the determination of the rotational temperatures, abundances,
and the variation of given species with time, will be presented. Also, comparisons with other comets will
be shown in order to constrain the chemical history on comets and add to the statistics for a taxonomic
classi�cation of these objects.

References: DiSanti, M. A. et al. 2014, Icarus 228, 167; Ehrenfreund, P. & Charnley, S. B. 2000, ARA&A,
38, 427; Festou, M. C. et al. 2004, A brief conceptual history of cometary science, ed. Festou, M. C., Keller,
H. U., & Weaver, H. A., 3�16; Jewitt, D. C. 2004, From cradle to grave: the rise and demise of the comets,
ed. G. W. Kronk, 659�676; Mumma, M. J. & Charnley, S. B 2011, ARA&A, 49, 471; Paganini, L. et al.
2012, ApJ, 748, L13; Villanueva, G. L. et al. 2012, Icarus, 220, 291
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Asteroid polarimetry
R. Gil-Hutton 1

1CASLEO - CONICET, Av. España sur 1512, J5402DSP, San Juan, Argentina

The discovery of the polarization of moonlight by Arago in 1811 was the �rst step in the polarization studies
of atmosphereless bodies. In the last 20 years, the optical polarimetry of Solar System bodies has had a fast
development due to the availability of new equipment, and the e�orts of several research groups to study
di�erent objects and to increase the database of polarimetric observations. These e�orts led to the discovery
of objects with anomalous polarimetric properties and the polarimetric characterization of many taxonomic
types. Since several theoretical aspects of the polarimetric phenomena will be addressed in other talks, I
will present here the recent achievements in asteroid polarimetry from the observational point of view and
the role of polarimetry in the overall scenario of asteroid science.
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Preliminary results of observations in January, 2014 of a meteor shower of comet
C/2012 S1 (ISON)

A. Golubaev1, I. Brukhanov 2, A. Tabolich 2, T. Tabolich 2, A. Kulakovskaya2, and I. Sergey3
1Astronomical Institute of Kharkiv V.N. Karazin National University, Ukraine

2Amateur astronomers, the Republican center of technical creativity, team "Astrobloknot", Belarus, Mins
3Amateur astronomers, team "Astrobloknot", Belarus, Molodechno

Special research on the detection of possible meteoric activity in January 2014 connected with the remains
of the comet C/2012 S1 (ISON) are conducted. This work is based on the observational material received in
various points on the Earth, by means of CCD cameras (10 CCD cameras), equipped with lenses like �Fish
eye� (All-sky camera) and radio observations in the FM range.
43 meteor phenomena were revealed during viewing of 54,000 images on January 17, 2014. As a result of
position measurements of images and calculations coordinates of a meteor radiant were received:� R = 156
deg, � R = +38 deg (Fig. 1).
During this period (January 08-24, 2014) increase of meteor activity over the level of a sporadic meteor
background is con�rmed by FM-radio observations in Molodechno (Belarus) and Jaen (Spain) (Fig. 2a,b).

Figure: Fig. 1: Results of CCD observations in January 2014 of a meteor shower of comet C/2012 S1
(ISON). R � theoretical meteor shower radiant; Fig. 2: Observations of a meteor background in FM radio
frequency range: (a) January 2012, 2013, and 2014, at the frequency of 88.6 MHz, observations were carried
out in Belarus; (b) January 2014, at the frequency of 143.05 MHz, observations were carried out in Spain.
QUA designates the Quadrantids meteor shower.

Acknowledgements: We thank William E. Smith and Evgeniya N. Baturina for help in the work.
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Unbiased dynamical and physical characteristics of the near-Earth-object
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Recent years have witnessed a renewed interest in the population-level characteristics of near-Earth objects
(NEOs) in terms of their unbiased orbital and absolute-magnitude distributions. The interest has been
driven by the realization that the Bottke et al. NEO model [1,2] has started fraying at the edges after a
decade of success. The number of known NEOs is currently about two orders of magnitude larger than
the number of calibration targets used for the Bottke model and a new population model is needed to
explain the discrepancy between the observed and predicted NEO distributions. The recent update [3] of
the Bottke model improved the statistics of the orbital distributions and made some new predictions such
as the existence of near-Earth asteroids on retrograde orbits, but did not attempt a full re-calibration of the
model.
Our new NEO model is an improvement on the approach originally developed by Bottke et al. [1,2]. The
orbital distributions for NEOs originating in di�erent regions of the main asteroid belt have been re-computed
from scratch. We start with a forward integration of an unbiased sample of known main-belt objects (MBOs)
to locate all possible NEO source regions in the main asteroid belt. We then record the orbital evolution
of particles that enter the NEO region until they are ejected from the solar system or collide with the Sun
or the planets in order to build up the so-called NEO residence-time distributions. We calibrate the model
with some 4,550 NEOs detected by the Catalina Sky Survey's (CSS) Mt. Lemmon (G96) and Catalina
(703) stations in 2005�2012 during untargeted observations. The nightly detection e�ciencies measured by
CSS are turned into likelihoods that an NEO with a given semimajor axis0:6 au < a < 3:5 au, eccentricity
0 < e < 1, inclination 0� < i < 180� and absolute magnitude15 < H < 25 would have been detected by
CSS in the above timeframe. We use a novel, computationally e�cient approach to numerically estimate the
selection e�ects which provides a high-resolution map of the observational biases with an absolute calibration.
The absolute calibration of the selection e�ects allows us to use an extended maximum-likelihood scheme
for estimating the model parameters which simultaneously �ts for all model parameters. We utilize an
analytical function to describe the absolute-magnitude distribution. The functional form permits a simple
powerlaw �t but also a wavy distribution as suggested in the literature.
We have the option to use up to two dozen di�erent NEO source regions for our model but decided to
combine them into 7 complexes due to apparent degeneracies in models with more sources. The 7 sources
are the Hungarias, the Phocaeas, the� 6 complex, the 3:1 complex, the 5:2 complex, the 2:1 complex, and the
Jupiter-family comets. Each source is modelled with a separate absolute-magnitude and orbit distribution.
The NEO orbital distribution therefore depends on the absolute-magnitude interval under consideration.
We �nd a generally very good agreement when comparing models based on data from G96 only and 703
only. The combined G96 and 703 dataset leads to a model which almost perfectly reproduces the observed
population. The only discrepancy between model and reality is found for low-perihelion-distance NEOs
where the model predicts more NEOs than are observed. We will discuss potential explanations for this
apparent discrepancy. We will end the talk with a discussion of the completeness of the current NEO
inventory in light of our new model as a function of absolute magnitude and NEO type.

Acknowledgements: The research was funded by the Academy of Finland (grant #137853), ESA, and
NASA. Computational resources were provided by CSC � IT Center for Science Ltd.

References: [1] W. F. Bottke, A. Morbidelli, R. Jedicke, J.-M. Petit, H. F. Levison, P. Michel, T. S. Metcalfe
(2002). Debiased Orbital and Absolute Magnitude Distribution of the Near-Earth Objects. Icarus 156(2),
399�433. [2] W. F. Bottke, R. Jedicke, A. Morbidelli, J.-M. Petit, B. Gladman (2000). Understanding
the Distribution of Near-Earth Asteroids. Science 288(5474), 2190�2194. [3] S. Greenstreet, H. Ngo,
B. Gladman (2012). The orbital distribution of Near-Earth Objects inside Earth's orbit. Icarus 217(1),
355�366.
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Asteroid regoliths: The development of a database
A. Graps1

1Institute of Astronomy, University of Latvia

There is a variety of evidence that asteroids, including the smallest asteroids, possess regoliths. This layer
is our interface between the asteroid's interior physical processes and its exterior manifestation. By going
beyond the remote study of asteroids with Hayabusa's brief touchdown onto Itokowa's surface, scientists,
engineers, mission planners have new immediate questions and concerns about the asteroid regolith. For
example: What if some asteroid surface features are transient due to dust transport? What are the risks
about electrostatically sticky dust? Which alteration process (impact cratering, tectonics, shaking, dust
levitation, and space weathering) can best explain the regolith properties of a particular asteroid?
To address these questions, a method has been developed which will lead to a database of asteroid regolith
properties to aid asteroid investigators. The method is illustrated in the �owchart below. Three types of
information is included: spacecraft-based in-situ data, laboratory-based meteorite samples, and telescopic
remote data provide a system of cross-checking to increase the accuracy and the probability of gaining new
information. Theoretical studies can provide additional cross-checking. A critical perspective, included here,
is the assignment of the spatial scales where the bulk density and porosity of an asteroid is related to the
average density and porosity of its constituent rocks, which is further distinguished from the average density
of the mineral assemblages within the rocks.
This presentation will step through the method and provide �rst regolith database results of the regolith
properties: grain density, size, thermal conductivity, porosity, and volume �lling factor for the asteroids
(1) Ceres, (2) Pallas, (21) Lutetia, and (4) Vesta.

Figure: Data processing �owchart for an asteroid regolith database.

References: �Regolith properties of asteroid surfaces� (2012), http://www.boulder.swri.edu/ � amara/
Graps_QuickLookResults.pdf.
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NEOWISE: The distribution of the large primitive asteroids
T. Grav 1, A. Mainzer2, J. Bauer2, J. Masiero2, C. Nugent2, R. Stevenson2, and S. Sonnett2
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The Wide-�eld Infrared Survey Explorer (WISE) is a NASA Medium-class Explorer mission that surveyed
the entire sky in four infrared wavelengths at 3.4, 4.6, 12, and 22 microns (denoted W1, W2, W3, and W4,
respectively) [1,2]. The solar-system speci�c portion of the WISE project, known as NEOWISE, collected
more than 2 million observations of more than 158,000 asteroids, including near-Earth objects, main-belt
asteroids, comets, Hildas, Jovian Trojans, Centaurs, and scattered-disk objects [3]. The methods used
for data extraction and thermal modeling have been extensively detailed in [3�6]. The resulting physical
properties have been reported in a series of papers [3�13]. In [6] and [9], it was shown that the visible albedo
in the V band and the near-infrared albedo in the W1 and W2 bands can be used to taxonomically classify
a signi�cant number of the largest members of the Hilda and Jovian Trojan populations (see Figure 1). This
allows for the study of the distribution of primitive asteroids in the region between the main asteroid and
the giant planets, down to sizes where the populations are completely sampled. Figure 2 shows that for the
Hilda population, where the sample is observationally complete to about 40 km, the C/P types dominated
over the D types at the larger sizes. However, for the smaller sizes, the D types become signi�cantly more
numerous. For the Jovian Trojan population, for which the sample is observationally complete to about 50
km, the D types are slightly more numerous at the largest sizes. As smaller sizes are included, the D types
become more dominant, with more than 80 % of the objects larger than 50 km having this taxonomic type.
We have now extended the study to include thermal �ts and taxonomic classi�cation of the outer main belt,
Cybeles, irregular satellites of Jupiter and Saturn, and the Centaur population [13], and will present the
results of this work. The distribution of primitive asteroids in the di�erent populations from the outer main
belt outwards to the region of the giant planets is key in understanding and testing current theories of how
the early solar system formed and evolved.

Figure: Left: Diameter vs. W1 band albedo for the thermal �ts of the observed Jupiter Trojan population.
A distinct separation between the red-sloped D types and the �atter C/P types is apparent among the
objects larger than � 50 km; Right: Fraction of C/P type vs. D type for objects larger than a diameter
for the Hilda and Jovian Trojan populations. The dashed and solid vertical lines show the diameter for
which the taxonomic classi�cation of the Hilda and Jovian Trojan populations, respectively, are thought to
be complete.

Acknowledgements: This work makes use of data products from the Wide-�eld Infrared Survey Explorer,
which is a joint project of UCLA, and JPL/Caltech, funded by NASA. This work also makes use of data
products from NEOWISE, which is a project of JPL/Caltech, funded by the Planetary Science Division of
NASA.

References: [1] Wright E. L. et al. (2010) AJ, 140, 1868. [2] Mainzer A. et al. (2012) Proc. SPIE, 5899,
262. [3] Mainzer A. et al. (2011) ApJ, 731, 53. [4] Mainzer A. et al. (2011) ApJ, 736, 100. [5] Grav T. et
al. (2011) ApJ, 742, 40. [6] Grav T. et al. (2012) ApJ, 759, 49. [7] Masiero J. R. et al. (2011) ApJ, 741,
68. [8] Mainzer A. et al. (2011) ApJ, 743, 156. [9] Grav T. et al. (2012) ApJ, 744, 197. [10] Mainzer A.
et al. (2012) ApJ, 760, L12. [11] Masiero J. R. et al. (2012) ApJ, 759, L8. [12] Mainzer A. et al. (2012)
ApJ, 760, L12. [13] Bauer J. M. et al. (2013) ApJ, 773, 22.
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Pre-atmospheric parameters and fragment distribution: Case study for the Kosice
meteoroid
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We present results on our investigation on the Ko²ice meteorite � one of the recent falls with a well-derived
trajectory and large number of recovered fragments. A �reball appeared over central-eastern Slovakia on
February 28, 2010. The bolide reached an absolute magnitude of at least -18, enabling radiometers of the
European Fireball Network to track the �reball despite the cloudy and rainy weather. The landing area was
successfully computed on the basis of data from the surveillance cameras operating in Hungary and led to
a fast meteorite recovery (Borovi£ka et al. 2013). The �rst reported fragment of the meteorite was located
northwest of the city of Ko²ice in eastern Slovakia (Tóth et al. 2014). 218 fragments of the Ko²ice meteorite,
with a total mass of 11.285 kg, have been documented with almost 7 kg belonging to the collection of the
Comenius University in Bratislava and Astronomical Institute of Slovak Academy of Sciences (Gritsevich et
al. 2014).
Based on the statistical investigation of the recovered fragments, bimodal Weibull, bimodal Grady, and
bimodal lognormal distributions are found to be the most appropriate distributions for describing the Ko²ice
fragmentation process. The most probable scenario suggests that the Ko²ice meteoroid, prior to further
extensive fragmentation in the lower atmosphere, was initially represented by two independent pieces with
cumulative residual masses of approximately 2 kg and 9 kg respectively (Gritsevich et al. 2014). About 1/3
of the recovered Ko²ice fragments were thoroughly studied, including magnetic susceptibility, bulk and grain
density measurements reported by Kohout et al. (2014). This analysis revealed that the Ko²ice meteorites
are H5 ordinary chondrites that originated from a homogenous parent meteoroid.
To estimate the dynamic mass of the main fragment, we studied the �rst integral of the drag and mass-
loss equations, and the geometrical relation along the meteor trajectory in the atmosphere. By matching
these equations to the trajectory data obtained by Borovi£ka et al. (2013), we determine key dimensionless
parameters responsible for the meteoroid drag and ablation rate along its visual path in the atmosphere.
These parameters allow us to estimate the pre-atmospheric mass, which is in good agreement with the
photometric estimate derived by Borovi£ka et al. (2013). Throughout this study, we permit changes in
meteoroid shape along the trajectory. Additionally, we estimate the initial shape of the Ko²ice meteoroid
based on a statistical analysis (Vinnikov et al. 2014). We also conclude that two to three larger Ko²ice
fragments of 500-1000g each should exist, but were either not recovered or not reported by illegal meteorite
hunters.

References:
[1] Borovi£ka J. et al., Meteoritics and Planetary Science 48(10): 1757�1779, 2013. http://dx.doi.org/10.
1111/maps.12078. [2] Gritsevich M. et al., Meteoritics and Planetary Science 49(3): 328�345, 2014, http://
dx.doi.org/10.1111/maps.12252. [3] Kohout T. et al., Planetary and Space Science, 93-94: 96�100, 2014,
http://dx.doi.org/10.1016/j.pss.2014.02.003. [4] Tóth J. et al., Meteoritics and Planetary Science, 2014, in
preparation. [5] Vinnikov V. et al., LPI Contribution No. 1777, 2014, http://www.hou.usra.edu/meetings/
lpsc2014/pdf/1439.pdf.
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FIGIFIGO as a tool to characterize and identify planetary analogue sites
M. Gritsevich 1, J. Peltoniemi1,2, T. Hakala1, and K. Muinonen1,2
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We present an overview of the Finnish Geodetic Institute's �eld goniospectrometer (FIGIFIGO) and high-
light its usability to study extraterrestrial analogues on the Earth. The design concept of this custom-made
instrument has been proved to have a number of advantages, such as a well-adopted user-friendly inter-
face, a high level of automation, and excellent suitability for �eld measurements within a wide range of
weather conditions. It is perfect for collection of reference data on a given target in natural undisturbed
(and well-recorded for further data interpretation) conditions. The instrument communicates via a con-
trolled computer with an implemented simple and user-friendly interface. This allows users to easily set up
optional parameters at the beginning of the measurement series. Thus a number of details may be modi�ed,
such as the initial position of the sensor, the range and speed of further automated zenith turns, and length
of the turnable arm holding the selected optics (including an option for a computer-turned linear polarizer)
above the target. The assembly and operation of the instrument are fast and e�cient in both laboratory and
�eld conditions. It is battery powered and easily portable, including possible transportation by plane, car,
boat, or sledge. The system includes a sky camera to detect the goniometer orientation and a pyranome-
ter to monitor the actual illumination conditions. A �ne-tune mirror is used for spatial correction of the
optics footprint. Recent calibration of the system has signi�cantly increased the measurement robustness
and data reliability, and has provided the operators with information on how to operate the instrument
in the most e�cient and accurate way. Measurement campaigns are organized frequently and signi�cant
amount of reference data has been already collected. The identi�cation of new planetary analogue sites and
characterization of known ones using FIGIFIGO could o�er new possibilities and provide great insights for
the planetary research community.

Figure: FIGIFIGO consists of the following main components: casing, measurement arm, rugged computer,
and a sunphotometer on a tripod. The casing contains the main sensor ASD FieldSpec Pro FR optical �ber
spectroradiometer (350�2500 nm), most of the electronics, and batteries. The active optics system is located
horizontally at the top of the measuring arm, and is looking down to the target through a mirror.
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Physical properties of meteoroids based on middle and upper atmosphere radar
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We present a novel approach to reliably interpret the meteor head-echo scattering measurements detected
by the 46.5 MHz MU radar system near Shigaraki, Japan. A meteor head echo is caused by radio waves
scattered from the dense region of plasma surrounding and co-moving with a meteoroid during atmospheric
�ight. The signal Doppler shift and/or range rate of the target can therefore be used to determine meteoroid
velocity. The data reduction steps include determining the exact trajectory of the meteoroids entering the
observation volume of the antenna beam and calculating meteoroid mass and velocity as a function of time.
The model is built using physically-based parametrization. The considered observation volume is narrow,
elongated in the vertical direction, and its area of greatest sensitivity covers a circular area of about 10 km
diameter at an altitude of 100 km above the radar. Over 100,000 meteor head echoes have been detected
over past years of observations. Most of the events are faint with no alternative to be detected visually
or with intensi�ed video (ICCD) cameras. In this study we are focusing on objects which have entered
the atmosphere with almost vertical trajectories, to ensure the observed segment of the trajectory to be as
complete as possible, without loss of its beginning or end part due to beam-pattern-related loss of signal
power. The analysis output parameters are range, altitude, radial velocity, meteoroid velocity, instantaneous
target position, Radar Cross Section (RCS), meteor radiant, meteoroid ballistic and ablation coe�cients,
mass loss parameter and meteoroid mass, with possibility to derive other parameters.
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The fracture of meteoroids with di�erent composition and structure
V. Grokhovsky1

1Ural Federal University, Ekaterinburg, 620002, Russian Federation

Knowledge of extraterrestrial material properties and internal structure is important for the asteroid and
comet collision risk evaluation and mitigation. Physical and mechanical properties of meteoroids' material
in�uence not only the way how they fracture during space collisions or high-velocity atmospheric entry, but
they also in�uence the formation of craters on the surface of planets and minor bodies of the Solar System.
Chelyabinsk LL5 meteorite structure contains several lithologies in�uenced by di�erent degrees of impact
metamorphism in its space history. All fragments can be divided into three groups: white, grey and black.
There are numerous thin shock-melt veins in the white pieces and fragmentation occurred along these
veins. Porosity of white fragments is more than 10% and this value is overestimated because of material
crumbling out. Bright and unusual character of fracture and fragmentation of Chelyabinsk meteoritic body
is determined by its structure in macro-, meso- and microscales and a very low mechanical strength.
Meteoritic microstructure varies considerably even within one type of meteorites. Structure determines
character of fracture in the case of dynamic loading. There are very limited data about mechanical prop-
erties and behavior of meteorites under loading. Mechanical test results of meteorites which have di�erent
compositions and structures are summarized in this report. Both dynamic and static loading tests have been
performed. The fracture surface analyses have been compared. The values of impact strength and ratio of
energy of crack propagation and crack initiation have been acquired during this study for Chinga IVB-an,
Dronino Iron-ung, Sikhote-Alin IIB iron meteorites and ice. The highest values of impact-strength ratio
were obtained for Chinga and Dronino, which had submicroscopical (kamasite+martensite2+taenite) and
duplex (kamasite+martensite) structures, respectively. Decreasing of the test temperature to 77 K led to
decrease of impact strength values down for Dronino and Chinga meteorites. Monocrystalline Sikhote-Alin
meteorite samples demonstrated brittle trans-crystalline fracture mechanism. In this case fracture energy
was less than that for Tsarev L5 chondrite. This study implies that the fracture process for meteoritic
materials strongly depends on mineralogical chemical composition, type of microstructure and test temper-
ature. It may be in�uenced by di�erent values of impact strength, impact testing parameters (ratio of crack
initiation, propagation and total fracture energy) along with fracture mechanism transfer from ductile to
brittle trans-crystalline mode.

Acknowledgements: This work was supported by the basic �nancing from the Ministry of Science and
Education of the Russian Federation. Author thank T. Kohout for editing assistance.
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Selection e�ects in the discovery of near-Earth asteroids
G. Gronchi1, G. Valsecchi2,3

1Dipartimento di Matematica, Universita' di Pisa, Italy
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3IFAC-CNR, Sesto Fiorentino, Italy

We consider the known population of near-Earth asteroids (NEAs), in particular the faint objects with
absolute magnitudeH � 22, roughly corresponding to a diameter smaller than 200 m. One of the purposes
of next generation surveys is to substantially increase the discovery of NEAs with diameters between 100 m
and 1 km, whose catalog today is by far incomplete.
The distribution of the orbital elements of the known NEAs, projected onto the plane (q; ! ), where q is the
perihelion distance and! is the argument of perihelion, clearly shows some patterns (see Figure). These
patterns re�ect the occurrence of selection e�ects in the detection of faint NEAs.
In this talk we show that, among several e�ects involved in the detection of an asteroid, the geometry of its
orbit seems to play a very relevant role to explain the existence of such patterns.
For this purpose, we consider the possible values of the minimum orbital intersection distance (MOID)
between a generic asteroid orbit with perihelion distance� 1:3 au and the Earth, assumed on a circular
trajectory with radius 1 au. We characterize the extremal values of the MOID as explicit functions of(q; ! ),
and also of other pairs of orbital elements. Then we show that these results yield an explanation for the
distribution of the known population of faint NEAs.
These results can also be used in a predictive way, therefore are relevant for planning a NEA survey both
with ground-based and space- based observations.

Figure: Orbital distribution of the known NEAs in the plane (q; ! ). The black dots correspond to the
fainter asteroids, that have absolute magnitudeH > 22. The gray dots represent all the others.

References: Gronchi, G.F., Valsecchi, G.B. : 2013 'On the possible values of the orbit distance between a
near-Earth asteroid and the Earth', MNRAS, 429/3, 2687�2699.
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Analysis of infrared spectra of a stellar occultation by the active Centaur (2060)
Chiron

A. Gulbis1,2, J. Emery3, J. Ruprecht2, A. Bosh2, M. Person2, F. Bianco4, S. Bus5, and A. Zangari6
1South African Astronomical Observatory, Cape Town, South Africa

2Massachusetts Institute of Technology, Cambridge, MA, USA
3University of Tennessee, Knoxville, TN, USA

4New York University, New York, NY, USA
5University of Hawaii, Hilo, HI, USA

6Southwest Research Institute, Boulder, CO, USA

Chiron, the �rst known Centaur, orbits primarily between Saturn and Uranus. It was originally thought
to be an asteroid, but has since exhibited cometary-like behavior [e.g., 1,2]. This behavior is unusual given
Chiron's relatively large distance from the Sun and its nucleus being larger than that of other comets.
Previous stellar occultation data suggested that Chiron is greater than approximately 180 km in diameter
and detected narrow jets as well as a gravitationally-bound dust coma [3,4]. More recent measurements
from Herschel place the size at 218� 20 km [5].
On 29 November 2011, Chiron occulted a fairly bright star (R = 14:8) as seen from Hawai'i. We observed the
event from the 3-m NASA Infrared Telescope Facility (IRTF) on Mauna Kea and the 2-m Faulkes Telescope
North at Haleakala (run by the Las Cumbres Observatory Global Telescope network, LCOGT). Data were
taken as visible wavelength images at the Faulkes, using an Andor iXon 888 camera, and at the IRTF, using
the MIT Optical Rapid Imaging System (MORIS [6]). Simultaneously, low-resolution, near-infrared, 0.9�2.4
micron spectra were taken using SpeX [7] on the IRTF.
The MORIS lightcurve contains an occultation by Chiron's nucleus, with a chord corresponding to a min-
imum radius of 158 � 14 km [8,9]. The Faulkes lightcurve, a station located 97 km to the north, contains
deep, symmetric dips before and after the predicted midtime and no solid-body occultation. The extinction
features are located roughly 300 km from Chiron's center, and are approximately 3 and 7 km in extent
separated by 10�14 km [8,9]. The MORIS data were taken at ten times slower cadence (2 s) and show
shallow dips at roughly the same distance from Chiron's center. These lightcurve features indicate optically
thick material in a roughly circular distribution, suggesting the presence of a near-circular ring or shell of
material.
Here, we present an analysis of the IRTF SpeX data of the occultation. Although the cadence was relatively
slow (at 9.6 s), we investigate the �ux versus wavelength dependence of the data in order to characterize
the dust coma and shell/ring particles. This work is placed in context with other active Centaurs, given the
recent discovery of rings around (10199) Chariklo [10] and the dust/gas coma observed on 174P/Echeclus
[e.g. 11].

References: [1] Hartmann, W.K. et al. (1990), Icarus, 83, 1. [2] Meech, K.J. & M.J.S. Belton (1990),
100, 1323. [3] Bus, S.J. et al. (1996), Icarus, 123, 478. [4] Elliot, J.L. et al. (1995), Nature, 373, 46. [5]
Fornasier, J. et al. (2013) A&A, 555, A15. [6] Gulbis, A.A.S. et al. (2011) PASP, 123, 461. [7] Rayner,
J.T. et al. (2003) PASP, 115, 362. [8] Ruprecht, J.D. et al. (2014) Icarus, in prep. [9] Ruprecht, J.D. et
al. (2013) AAS DPS meeting 45, 414.07. [10] Sicardy, B. et al. (2014) Nature, in press. [11] Bauer, J.M.
et al. (2008), PASP, 120, 393.

209



ACM 2014, Helsinki, Finland Conference abstracts

Features of sporadic hyperbolic meteors observed in the period 2007-2009
A. Guliyev 1

1Shamakhy Astrophysical Observatory, National Academy of Sciences of Azerbaijan

We have analyzed 238 hyperbolic meteors observed within the framework of the Japanese SonotaCo program
in 2007�2009. A variety of eccentricities was noticed as well as irregular distribution of angular orbital
elements. Also no cases were found with domination of perihelia near the ecliptic. The derived eccentricities
are distibuted exponentially ranging from 1 to 1.31. A possible errors in determination of meteor orbits
could partly explain these results. It was found that perihelion of these orbits are concentrated close
to the anti-apex of the Sun. Additionaly we consider a distribution of orbital elements in the galactic
coordinate system, however no regularity was found. Distribution of distant nodes and MOID of hyperbolic
meteors relatively to the orbits of planets-giants were investigated as well. However, in majority of cases the
hyperbolic excess of speed was not possible to explain with the gravitational in�uence of the giant planets.
Thus the question of interaction with 14 known transneptunian planetary bodies (TNOs) brighter than 3m

: 5
was also considered. This investigation of distant nodes and MOID values speci�ed 3 TNOs (2003 MW12,
2007 OR10 and Qaoaor) most in�uencing the system of hyperbolic meteors.
In the next stage we evaluated 78 TNOs with absolute brightness up to5m

: 5. From these objects we identi�ed
9 additiobnal TNOs in�uencing the system of hyperbolic meteors. Based on our results we conclude that
distant planetary bodies may have more signi�cant e�ects on the system than giant planets.

210



Conference abstracts ACM 2014, Helsinki, Finland

Early observations of comet Churyumov-Gerasimenko with the Rosetta MIRO
submillimeter instrument

S. Gulkis1, M. Allen 1, P. Von Allmen 1, G. Beaudin2, N. Biver2, D. Bockelee-Morvan2, M. Choukroun1, J.
Crovisier2, P. Encrenaz2, T. Encrenaz2, M. Frerking 1, P. Hartogh3, M. Hofstadter1, W. Ip 4, M. Janssen1,

C. Jarchow3, L. Kamp 1, S. Keihm1, S. Lee1, E. Lellouch2, C. Leyrat2, L. Rezac3, F. Schloerb5, and T.
Spilker6

1Jet Propulsion Laboratory/California Institute of Technology, California, USA
2Observatory of Paris, Meudon, France

3Max Planck Institute, Gottingen, Germany
4Institute of Astronomy and Space Science, Jhongli, Taiwan

5University of Massachusetts, Massachusetts, USA
6Solar System Science and Exploration, California, USA

The Rosetta spacecraft is now approaching comet 67P/Churyumov- Gerasimenko, preparing to enter orbit
in August 2014 and place a lander on the nucleus in November. The Microwave Instrument on the Rosetta
Orbiter (MIRO) is designed to study the coma and immediate sub-surface of the nucleus. It has two broad-
band continuum channels (center frequencies near 560 and 190 GHz, or wavelengths near 0.5 and 1.6 mm)
which probe the thermal and dielectric properties of the upper� centimeters of the nucleus. It also contains
a high spectral resolution (44 kHz) spectrometer working in the submillimeter band to study the abundance,
velocity, temperature, and three-dimensional structure of select species in the coma. Those species are H2O,
H17

2 O, H18
2 O, CO, NH3, and CH3OH.

Scienti�c observations with the MIRO instrument were started in early May 2014, when the comet-spacecraft
separation distance was 1.8 million kilometers. Initial observations were designed to search for H2O and
CO in the coma and for thermal emission from the nucleus. Early detection of the coma is expected only if
gas production rates are relatively high (� 1 � 1026 water molecules/second at a heliocentric distance near
4 au). We will present the results of our initial measurements, describe the detailed mapping of the coma
and nucleus we plan to do over the coming months.

Acknowledgements: The authors acknowledge the Rosetta Project (a European Space Agency mission
with the participation of the National Aeronautics and Space Administration). Part of this work was carried
out at the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National
Aeronautics and Space Administration.
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The tensile strength of the cometary surface: Laboratory experiments and
implications on formation scenarios

B. Gundlach1, J. Blum1

1Institut für Geophysik und extraterrestrischer Physik, TU Braunschweig

One big question in cometary physics is how the gas pressure can overcome the tensile strength of the
surface material to e�ectively release dust from the cometary surface. Thus, we have performed laboratory
experiments in order to measure the tensile strength of the cometary surface by using silica aggregates as
an analog sample material. During this conference we would like to present our experimental results and to
discuss how di�erent formation scenarios can have in�uenced the activity of comets.
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Solar System object image search: A precovery search engine
S. Gwyn1, N. Hill 1, and J. Kavelaars1

1Canadian Astronomy Data Centre

While regular archive searches can �nd images at a �xed location, they cannot �nd images of moving targets
such as asteroids or comets. The Solar System Object Image Search (SSOIS) at the Canadian Astronomy
Data Centre allows users to search for images of moving objects, allowing precoveries. SSOIS accepts as input
either a list of observations, an object designation, a set of orbital elements, or a user-generated ephemeris for
an object. It then searches for observations of that object over a range of dates. The user is then presented
with a list of images containing that object from a variety of archives. Initially created to search the CFHT
MegaCam archive, SSOIS has been extended to other telescopes including Gemini, Subaru/SuprimeCam,
HST, the SDSS, AAT, the ESO telescopes, and the NOAO telescopes (KPNO/CTIO/WIYN), for a to-
tal of 7.6 million images. The SSOIS tool is located on the web at http://www.cadc-ccda.hia-iha.nrc-
cnrc.gc.ca/en/ssois/.
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Polarization imaging of comets at geocentric distances smaller than 0.5 au: Comet
73P/Schwassmann-Wachmann 3
E. Hadamcik1, A.-C. Levasseur-Regourd2

1Sorbonne Universités, UPMC Univ. Paris 06; CNRS/INSU, LATMOS-IPSL; Université Versailles St-Quentin, 11
bld d'Alembert, 78280 Guyancourt, France

2Sorbonne Universités, UPMC Univ. Paris 06; CNRS/INSU, LATMOS-IPSL; Université Versailles St-Quentin, 4
Place Jussieu, 75005 Paris, France

Remote observations of sunlight scattered by solid particles provide information on the particle properties
for a large variety of comets. When comets approach the Sun, solid particles and gases are released from
the surface or from the inner layers [1,2]. If the comet is close enough to the Earth, the inner coma may be
studied. Di�erent coma regions are observed corresponding to di�erent dust properties, e.g., in jets or fresh
ejected dust around the coma. Narrow-band continuum �lters or broader-band �lters in less contaminated
spectral domains (red or near infrared) are currently used to avoid or reduce the contributions from gaseous
emission.
Comet 73P/Schwassmann-Wachmann 3 is a fascinating fragmenting comet. Di�erent observations in 1995
revealed an increase of activity and at least four fragments of the nucleus. In its 2011 apparition, the
fragments were well separated and appeared like small individual comets. In 2006, its apparition was
very favorable and allowed high- spatial resolution imaging by di�erent complementary techniques. We
observed three fragments of comet 73P/Schwassmann-Wachmann 3 from April 27 to May 3, 2006, by imaging
polarimetry with the 80-cm telescope at Observatoire de Haute-Provence. The distance to the Earth was
smaller than 0.2 au. Fragment C resembles a classical active comet. Regions of high and lower polarization
were observed in the inner coma, appearing to change almost periodically. The variation of polarization in
the inner coma was important from one night to the next one, the whole coma polarization being about
constant for nucleus distances greater than 2000 km and increasing with the phase angle. Fragment B
continued its (sequential) fragmentation, with a region of secondary fragments progressively moving away
from the main nucleus in the antisolar direction. The chemical composition has been reported as being
similar in all the fragments [3], but di�erences were observed between them in polarization underlining
di�erences in, e.g., structure or size distribution of the particles during their ejection and fragmentation.
The variation of polarization in the coma and around the fragments will be presented. Finally, a comparison
to other comets, including split comets observed at small geocentric distances, will be provided.

Acknowledgements: We acknowledge Programme National de Planetologie (PNP) for funding the obser-
vations.

References: [1] Hadamcik et al., Icarus 190, 459-468 (2007). [2] Hadamcik et al., A&A 517, A86 (2010).
[3] Dello Russo et al., Nature 448, issue 7150, 172-175 (2007).
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Linear polarization of light scattered by cometary analogs: New samples
E. Hadamcik1, J. Renard2, A. Buch3, N. Carrasco1, N. Johnson4, and J. Nuth4
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Mixtures of silicates (Mg and Fe) with carbonaceous compounds (carbon and/or organics) are currently
proposed as cometary analogs. The particles are �u�y aggregates of submicron-sized constituent grains and
compact grains (tens of micrometers), similar to those captured in the Earth's stratosphere (interplanetary
dust particles or IDPs) and deduced from the Stardust results. They are lifted or in microgravity or levitated
by an air-draught. The light source is unpolarized. The linear polarization of the scattered light �oating in
the beam is studied as a function of the phase angle.
In previous experiments with the PROGRA2 instrument (Hadamcik et al., 2011), the general shape of the
cometary polarimetric phase curves is reproduced with a shallow negative branch and a more developed pos-
itive branch (maximum polarization around 20�30 %) depending on the size distributions of the particles
(compact and/or aggregates) and their constituent grains. To observe the increase of polarization with wave-
length, the organic materials were necessary. When �u�y aggregates (silicates and carbon black mixtures)
and compact silicate grains of tens of micrometers are present, the whole cometary coma polarization phase
curve is well �tted by the phase curves obtained. The maximum polarization value decreases when the ratio
of compact silicates to �u�y aggregates increases. The observed di�erences in polarization between di�erent
coma regions may be also simulated. When only �u�y aggregates are used, the maximum polarization cor-
responds to the polarization in jets of `high polarization' active comets (Hadamcik and Levasseur-Regourd,
2003). A high polarization region may exist in some `low polarization' comets, with large slowly moving
particles; using the experimental results, we suggest the presence of dark relatively compact particles larger
than 20 micrometers (Hadamcik et al., 2007; 2011).
When not hidden by jets, a polarimetric halo is sometimes observed in the inner coma. The negative branch
can be as deep as -6% and the positive branch is smaller as compared to the whole coma (Hadamcik et al.,
2003). Zubko et al. (2012) have proposed an increased fraction of silicates. From the experiments, we suggest
some carbonaceous compounds with refractive indices close to those of silicates (relatively transparent). This
material, if heated by the Sun after ejection, should be darker as observed when these materials are heated
to 200�300°C. We are working on new analogs with mixtures of silicates and organics (not only carbon),
silicates coated by organics (Johnson et al., 2004), or organics heated or not and with di�erent elemental
compositions (N/C ratios).

Acknowledgements: We acknowledge CNES and ESA for the microgravity �ights.

References: Hadamcik E. and Levasseur-Regourd A.C., JQSRT 79�80, 661-678 (2003); Hadamcik E. and
Levasseur-Regourd A.C, AandA 403, 757�768 (2003); Hadamcik E., Levasseur-Regourd A.C., Leroi V.,
Bardin D., Icarus 190, 459�468 (2007); Hadamcik E., Renard, J.-B., Levasseur-Regourd, A.C., and Lasue,
J., (2011) In: Polarimetric detection, characterization, and remote sensing (Mishchenko, M.I., Yatskiv, Y.S.,
Rosenbush, V.K., Videen, G., Eds.), 137�175 NATO science for peace and security programme, Springer,
Dordrecht; Johnson N.M., Cody G.D., Nuth J.A., LPI XXXV, 1876 (2004); Zubko et al., A&A 544, L8
(2012).
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Origin of main-belt comets: In-situ formation vs. implanted interlopers from the
outer Solar System

N. Haghighipour1, H. Hsieh2

1Institute for Astronomy, University of Hawaii
2Institute of Astronomy and Astrophysics, Academia Sinica

Since the recognition of the main-belt comets (MBCs) as a new cometary class in 2006 [1], the origin of these
objects and the mechanism of their activation have been the subject of intense debate. Much of the interest
in this subject is due to the implication that the comet-like activity of MBCs is driven by the sublimation
of water ice, presenting these bodies as probable candidates for the delivery of a signi�cant fraction of the
Earth's water. An analysis of the dynamics of the �rst three detected MBCs favored the in-situ formation
as a more probable scenario for the origin of these objects [2]. Similar analysis for other MBCs suggests
that these bodies were likely formed in the asteroid belt and were scattered from their original positions to
their current orbits [3�6]. Despite these analyses, the real origin of MBCs is still unknown.
One quantity that may shed light on the origin of these objects is their Tisserand parameter with respect
to Jupiter (TJ = aJ =a+ 2[(1 � e2)a=aJ ]1=2 cosi ). This parameter is frequently used to distinguish between
asteroids (TJ > 3) and comets (TJ < 3). An interesting characteristic of MBCs is that while similar to
comets, they have comae and dusty tails, they resemble asteroids, dynamically (i.e., theirTJ > 3). To
determine the extent to which the value of TJ can be used as an indicator of the origin of MBCs, we
integrated the orbits of a large number of small, test bodies with semimajor axes ranging from 1 au to 5.204
au, eccentricities of 0 to 0.99, and with2:8 < T J < 3:2. Results indicated that, as expected,TJ is not a
hard boundary between asteroids and comets, and that we can expect to �nd objects that are dynamically
stable with TJ < 3 as well as objects that are dynamically unstable withTJ > 3. Test objects close to the
canonical TJ = 3 boundary between asteroids and comets are even seen to cross that boundary multiple
times over the course of the integrations (Fig. 1). Considering the region of orbital-element space occupied
by the main asteroid belt, we �nd that 80 percent of the objects with 2:8 < T J < 3:2 are dynamically
stable over the course of our simulations. Considering theTJ range where most MBCs reside, the fraction of
stable bodies with 3:1 < T J < 3:2 increases to 86 percent, with the majority of ejected particles originating
near major mean-motion resonances with Jupiter. These results strongly suggest that objects found within
the orbital element ranges of the main asteroid belt that are not near major mean-motion resonances, like
nearly all MBCs known to date, are generally stable over timescales longer than those typically attributed
to Jupiter-family comets or Halley-type comets, and are therefore highly unlikely to be recently implanted
interlopers from the outer solar system.

Figure: Initial orbital elements, distribution of survival times, and Tisserand parameter of test objects.

References: [1] Hsieh, H. H. & Jewitt, D. 2006, Science, 312, 561. [2] Haghighipour, N. 2009, MAPS,
44,1863. [3] Jewitt, D., Yang, B. & Haghighipour, N. 2009, AJ, 137, 4313. [4] Hsieh et al., 2012, AJ, 143,
104. [5] Hsieh et al., 2012, ApJ, 748, L15. [6] Hsieh et al., 2013, ApJ, 771, L1.

216



Conference abstracts ACM 2014, Helsinki, Finland

P/2013 P5 PANSTARRS � a rubbing binary?
O. Hainaut1, C. Snodgrass2
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P/2013 P5 PANSTARRS (hereafter P5) was discovered [1] on a Main Belt orbit, with a cometary appearance,
thereby joining the small but growing collection of objects with such characteristics, loosely called the Main
Belt Comets.
The dust-lifting process at play on these bodies is not known, although several hypotheses are considered.
Furthermore, it is likely that di�erent objects are associated with di�erent processes. For instance, 133P
[2,3] and 238P [4] were active for extended periods of time on consecutive passage through perihelion;
traditional cometary activity, i.e. caused by the sublimation of volatile ice, is the most likely candidate. In
other cases, e.g. (596) Scheila [5,6], P/2012 F5 [7,8] or P/2010 A2 [9�11], the morphology of the dust cloud
was compatible with a short, impulsive dust release; they are interpreted as the result of an impact with a
smaller body. Finally, in some cases, rotational disruption was proposed as the process causing the activity:
a gentle centrifugal lift (proposed by Agarwal et al. [12] for A2) or a complete disruption for P/2013 R3
[13]. Other additional processes were proposed by Jewitt [14], but they do not apply in the case of P5.
P5 displayed a dust pattern [15�17] that had not been observed before in other objects. The dust cloud
appeared as a series of radial fans and streaks, including some extremely narrow ones. The straight streaks
matched synchrones, i.e. loci of dust particles emitted at a given time, and spread radially by the radiation
pressure acting di�erently over a broad range of particle sizes. The narrowness of these lines, especially as
observed with HST [15], indicated that the emission episodes were very short. Through a Finson-Probstein
[18] analysis, it was shown that the dust release started at least 8 months before the observations, and had
a series of very short episodes of dust releases.
Because of the location of P5 in the inner Main Belt, sublimation-driven activity is unlikely. Rotational
disruption is a possible interpretation [15�17]: the peaks of activity would represent the e�ects of centrifugal
landslides and surface readjustments.
We propose another process [17]: we suggest that P5 is a small, quasi-contact binary, whose components are
either occasionally touching, or settling together into a full-contact binary. The object would then release
dust liberated by these repeated low velocity impact, or rather rubbing between its components.
Sharma [19] studied the equilibrium of rubble-pile binaries, and concluded that many stable solutions exist
for contact and near-contact objects, with a range of prolateness for both components and for a range of shear
resistance of the rubble pile. In other words, such an object, if it can be formed, can be stable. Descamp
[20] reviewed observations of known binaries in the context of the Roche systems, i.e. fully synchronized
binary objects in �uid equilibrium. Several objects appear to be contact binaries, including some very small
objects in the same size range as P5, e.g., 2002 NY40 and 2005 CR37. Radar observations [21] showed
that (69230) Hermes is a fully synchronized binary, with components only slightly larger than P5 (630 and
560 m), separated by a few radii (1200 m). While their formation process is not known, these observations
suggest that small, fully synchronized contact binaries do exist. In the case of P5, this hypothesis can be
tested observationally, as the 3rd Kepler law indicates that the rotation period of the system should be of
several hours, while a rotationally disrupted object should have a period of around 2 h or less. In the mean
time, this idea is submitted to ACM.

References: [1] Bolin, B., et al (2013), Central Bureau Electronic Telegrams, 3639:1. [2] Boehnhardt,
H. et al. (1998), Highlights of Astronomy, 11, 233. [3] Hsieh, H. H., Jewitt, D. C., & Fernández, Y. R.
(2004), AJ, 127, 2997. [4] Hsieh, H. H., Meech, K. J., & Pittichová, J. (2011), ApJ, 736, L18. [5] Hsieh,
H. H., Yang, B., & Haghighipour, N. (2012), ApJ, 744, 9. [6] Ishiguro, M., et al (2011), ApJ, 740:L11. [7]
Stevenson, et al (2012), ApJ, 759, 142. [8] Moreno, F., et al (2012), ApJ, 761, L12. [9] Snodgrass, C., et
al (2010), Nature, 467:814�816. [10] Hainaut, O. R., et al (2012), A&A, 537:A69. [11] Jewitt, D., et al
(2010), Nature, 467:817�819. [12] Agarwal, J., Jewitt, D., and Weaver H. (2013), ApJ 769, 46. [13] Jewitt,
D., et al (2014), ApJL 784, L8. [14] Jewitt, D. (2012). The Active Asteroids. AJ, 143:66. [15] Jewitt, D.,
et al (2013) ApJL 778, L21. [16] Hainaut, O.R. et al (2014), A&A 563, A75. [17] Moreno, F. et al (2014)
ApJ 781, 118. [18] Finson, M. and Probstein, R. (1968), ApJ, 154:327�380. [19] Sharma, I. (2010) Icarus
205, 638. [20] Descamp, P. (2008) P&SS 56, 1839. [21] Margot, J.L. et al (2003) IAU Circ. 8227.
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ESA/ESO collaboration to track potentially threatening near-Earth objects
O. Hainaut1, D. Koschny2, and M. Micheli3
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A collaboration has been set up between ESA and ESO, within the global e�ort by the United Nations and
its Committee on the Peaceful Uses of Outer Space (UN-COPUOS).
The UN-COPUOS Action Team 14 put forward recommendations for an international response to the near-
Earth-object (NEO) impact threat to form an International Asteroid Warning Network, which the UN
General Assembly approved in October 2013.
The NEO Segment of ESA's Space Situational Awareness (SSA) aims to coordinate and combine information
from di�erent sources, and analyse them to predict possible impacts with the Earth, and assess danger,
and analyse possible mitigations, including the de�ection of a menacing asteroid. With the VLT, ESO's
capabilities to observe very faint (but still threatening) NEOs complement ESA's e�orts to discover and
track these objects. The ESA/ESO campaign focuses on faint objects, with a high value on the Palermo
scale, which cannot be observed with smaller telescopes, and on recently discovered NEOs, which are rapidly
fading below the detection threshold for smaller telescopes before their orbit can be secured.
Technically, the campaign is implemented as a 'Target of Opportunity� program, in which observations can
be queued on VLT's UT1 with FORS at short notice. The �rst observations targeted 2009 FD, which had
been ranked among the top �ve objects on the NEODyS Risk List. The VLT observations, processed by
the European NEODyS system and the JPL-based Sentry system, decreased its Palermo index from -1.8 to
-2.6. The campaign currently has a telescope time credit corresponding to 15�20 recoveries per year.
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Video Orbits of the Geminids
M. Hajdukova1
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Geminid meteoroids, observed by the video technique, were analysed with the aim of determining the actual
dispersion of their reciprocal semimajor axes 1/a within the stream. Orbits were selected from the European
Video Meteor Network Database, EDMOND, (Kornos et al., 2013), from the SonotaCo Shower Catalogue
(SonotaCo, 2009), and from the Czech Catalogue of Video Meteor Orbits (Koten et al., 2003). The observed
orbital dispersion, including the measurement errors, was compared with that obtained from the precisely-
reduced photographic orbits of Geminids from the IAU Meteor Data Center (Lindblad et al., 2003). In
this paper, we concentrate on the in�uence of errors on the orbital dispersion. The size and distribution of
observational errors determined from the long-period meteoroid streams (Hajdukova 2013), were applied to
determine the real dispersion within this short-period meteoroid stream.
The observed dispersions, described by the median absolute deviation in terms of 1/a, range from 0.041
to 0.050 1/au. The deviation of the median reciprocal semimajor axis from the parent (3200) Phaethon,
obtained from Japanese video orbits, is 0.009 1/au, and that from the EDMOND data 0.01 1/au. This
deviation obtained from the photographic orbits of the IAU Meteor Data Center was signi�cantly greater
(Hajdukova 2009). Similar results were obtained from the Czech Video Orbits Catalogue, where the value
is 0.05 1/au. The investigation showed that semimajor axes of meteor orbits in both the SonotaCo and
EDMOND datasets are systematically biased as a consequence of the method used for the video orbit
determination, probably because corrections for atmospheric deceleration were either incorrectly made or
were not done at all. Thus, the determined heliocentric velocities are underestimated, and the semimajor
axes medians shifted towards smaller values. The observed distributions in 1/a from these video data become
biased towards higher values of 1/a.
The orbits of the Geminid meteoroids, with aphelia far inside the orbit of Jupiter, indicate that the gravi-
tational e�ects of the other outer planets are negligible. Therefore, the structure of the Geminid meteoroid
stream is dominated by the initial spread of meteoroid orbits. The deviations which may have accumulated
since the formation of the stream can hardly exceed a few thousandths in 1/a (Kresakova, 1974). This study
demonstrates that the original orbital dispersion can be smeared by larger observational and measurement
errors. This fact has to be taken into consideration when studying the �ne structure of the stream.

Acknowledgements: This article was supported by the Slovak Research and Development Agency under
the contract No. APVV-0517-12.
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Comet C/1917 F1 (Mellish) meteor shower complex
M. Hajdukova1, L. Neslusan2

1Astronomical Institute, Slovak Academy of Science, Dubravska cesta 9, 84504 Bratislava, Slovakia
2Astronomical Institute, Slovak Academy of Science, 05960 Tatranska Lomnica, Slovakia

In this study, we mapped the whole meteor complex of the long-period comet C/1917 F1 (Mellish), using
a procedure of proven reliability when investigating the 96P/Machholz and 2003 EH1 streams (Neslusan et
al., 2013a; 2013b). For �ve perihelion passages of the comet C/1917 F1 in the past, we modeled associated
theoretical streams, each consisting of 10000 test particles, and followed their dynamical evolution until
the present. Subsequently, we analyzed the orbital characteristics of the parts of a stream that approach
the Earth's orbit. These particles were used to predict the corresponding meteor showers. The predicted
showers were searched for in the databases of actually observed meteors.
According to our modeling, the meteoroid stream of the comet Mellish can be split into 4 �laments (F1
to F4), with 4 distinct radiant areas. The most numerous shower that originates in the comet nucleus of
C/1917 F1 corresponds to theoretical �lament F3. The meteoroids of this �lament approach to the Earth's
orbit relatively soon after their ejection from the nucleus. We identi�ed this �lament as the December
Monocerotids (No. 19 in the IAU MDC list of the established showers). In the phase space of orbital
elements, the shower occurs in the vicinity of another established shower, 250 November Orionids. However,
shower No. 250 is obviously not related to C/1917 F1 since no single theoretical particle, in all �ve models,
is in an orbit similar to the mean orbit of this shower.
Filament F1 might be identi�ed to 348 April rho-Cygnids, the meteoroid stream that was recently discovered
by the Canadian Meteor Orbit Radar (Brown et al., 2010). In our models, this �lament is numerous and,
hence, the shower is well predicted. The particles of �lament F1 and, therefore, the real April rho-Cygnids
originating in C/1917 F1 can approach the Earth's orbit and collide with our planet not earlier than about
20 millennia after their release from the parent-comet nucleus. Despite this relatively long evolutionary
period, we found a minor shower corresponding, in a more or less degree, to 348 in the radar data. A
�trace� of the shower can also be discerned in the video data. The similarity of mean characteristics of the
predicted and real showers is, however, vague.
The �laments F2 and F4 occur only in the models corresponding to the orbital evolution of particles lasting
40 and 50 millennia, in which their prediction is made from a relatively low number of particles. Some
real meteor associations corresponding to the predicted showers seem to exist in the video and radio data.
However, they are present neither in the IAU MDC list of established nor in that of working showers.
To summarise the above data, we have con�rmed the relationship between the studied parent comet C1917
F1 (Mellish) and 19 December Monocerotids, as noticed earlier (Porter, 1952; Hasegawa, 1962; McCrosky
and Posen, 1961; Lindblad, 1971; Kresakova, 1974; Drummond, 1981; Olson-Steel, 1987; Ohtsuka, 1989;
Lindblad and Olson-Steel, 1990; Veres et al., 2011), and suggested its possible relationship to the 348 April
rho-Cygnids.
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April rho Cygnids and comet C/1917 F1 Mellish
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We have examined the recently-established April� Cygnids meteor shower (ARC, IAU#348). The ARC
was discovered by the Canadian Meteor Orbit Radar survey (Brown et al., 2010), and later con�rmed by
video observations made by the Cameras for Allsky Meteor Surveillance project (Phillips et al., 2011). As
reported by Neslusan and Hajdukova (2014), the stream could be a part of a broader complex of showers,
possibly associated with the long-period comet C/1917 F1 (Mellish), which is the known parent body of the
December Monocerotids (MON, IAU#019). According to their model of the meteoroid stream originating
from the comet, one of the �laments corresponds to the April � Cygnids. However, the similarity between
the mean characteristics of the predicted and the real showers is not clear.
The present study is based on an analysis of the orbital parameters of the April� Cygnids extracted from
several catalogues, using an independent identi�cation methodology proposed by Rudawska et al. (2014).
The catalogues used include the radio meteor database of the IAU Meteor Data Center (Lindblad, 2003),
the EDMOND database (Kornos et al., 2014 a, b), and the SonotaCo catalogue (SonotaCo, 2009). The
results of the orbital evolution of the meteoroid stream and the comet, as well as the conclusion as to their
common origin, will be presented.
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American Meteor Society Fireball reporting system and mobile application
M. Hankey1
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The American Meteor Society (AMS) founded in 1911 pioneered the visual study of meteors and has collected
data relating to meteor observations and bright �reballs for over 100 years. In December 2010, the online
�reball reporting system was upgraded to an interactive application that utilizes Google Maps and other
programmatic methods to pinpoint the observer's location, azimuth and elevation values with a high degree
of precision. The AMS has collected 10s of 1000s of witness reports relating to 100s of events each year
since the new application was released.
Three dimensional triangulation methods that average the data collected from witnesses have been developed
that can determine the start and end points of the meteor with an accuracy of <50 km (when compared
to published solutions provided by operators of all sky cameras). RA and DEC radiant estimates can also
be computed for all signi�cant events reported to the AMS. With the release of the mobile application, the
AMS is able to collect more precise elevation angles than through the web application. Users can �le a
new report directly on the phone or update the values submitted through a web report. After web users
complete their �reball report online, they are prompted to download the app and update their observation
with the more precise data provided by the sensors in the mobile device. The mobile app also provides an
accurate means for the witness to report the elapsed time of the �reball. To log this value, the user drags
the device across the sky where they saw the �reball. This process is designed to require no button click or
user interaction to start and stop the time recording. A count down initiates the process and once the user's
phone crosses the plane of azimuth for the end point of the �reball the velocity timer automatically stops.
Users are asked to log the recording three times in an e�ort to minimize error. The three values are then
averaged into a �nal score. Once enough witnesses have �led reports, elapsed time data collected from the
mobile phone can be used to determine the velocity of the �reball. With the velocity, trajectory solution
and RA/DEC the AMS can plot orbital estimates for signi�cant �reball events reported to the society. Our
hope is that overtime this catalog of events will reveal patterns relating to the origins of bright �reballs at
certain times of year. The AMS also hopes to be able to associate �reball events reported to the society
with known meteor showers when RA/DEC radiant estimates fall close enough to those of known showers.
In addition to the enhanced �reball reporting application, the AMS Mobile App provides a meteor shower
calendar with information, radiant maps and moon conditions for all upcoming showers. There is also a
meteor observing function inside the app that enables meteor observers to log meteor observations directly
on the phone and have that data uploaded to the AMS online database and associated with that users
observing pro�le. To record observations the user simply points the device at the part of the sky where they
saw the meteor. They then drag their �nger across the screen in the direction the meteor traveled. The
user is then prompted to enter the magnitude of the event and associate the meteor with a known shower
that is active for that date. When the user completes their session, all of the data for each meteor along
with the information relating to the session is uploaded to the AMS website. Users can then review the
data online in the AMS member's area. Data across all users can be aggregated for statistical analysis and
ZHR estimates.
Currently the AMS has over 10,000 registered users and facebook followers. In 2013 over 680,000 people
visited the AMS website and the society received over 18,000 witness reports relating to 713 con�rmed
unique �reball events.
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Thermophysical modeling of main-belt asteroids from WISE data
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We determine asteroid physical parameters such as size, surface roughness, albedo, and thermal inertia by
applying the implementation of the thermophysical model (TPM) of Lagerros (1996; 1997; 1998) to the
thermal data obtained by the NASA WISE satellite.
We present thermophysical parameters for� 150 asteroids, which gives us so far the largest sample of
asteroids with determined values of thermal inertia. On several individual cases, we discuss the reliability
of our determinations and limitations of the TPM method we use.
As initial shapes, we adopt convex shape models from the DAMIT database („urech et al., 2010) and
present new determinations based on combined dense and sparse-in-time disk-integrated photometry and
the lightcurve inversion method (Kaasalainen & Torppa 2001; Kaasalainen et al., 2001). We use thermal
data from the WISE �lters W3 and W4, as well as the data observed by the IRAS satellite. However, due
to the intriguing accuracy of the �uxes and larger amount of measurements, the WISE data are signi�cantly
more important and dominate the modeling. The WISE data are processed the same way as in Alí-Lagoa
et al. (2014) for asteroid (341 843) 2008 EV5.
We show the main results of the study of derived thermophysical parameters within the whole population of
MBAs and within several asteroid families with the main focus on the thermal inertia. The thermal inertia
increases with decreasing size (as previously shown by Delbó et al., 2007), but a large range of thermal
inertia values is observed within the similar size ranges between D� 10�100 km. Surprisingly, we derived
very low (<10 J m � 2 s� 1=2 K � 1) thermal inertias for many asteroids (� 20) with various sizes. The range of
thermal inertia values is large even within a few asteroid families.
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Near-Earth-object survey progress and population of small near-Earth asteroids
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Estimating the total population vs. size of NEAs and the completion of surveys is the same thing since the
total population is just the number discovered divided by the estimated completion. I review the method of
completion estimation based on ratio of re-detected objects to total detections (known plus new discoveries).
The method is quite general and can be used for population estimations of all sorts, from wildlife to various
classes of solar system bodies. Since 2001, I have been making estimates of population and survey progress
approximately every two years. Plotted below, left, is my latest estimate, including NEA discoveries up to
August, 2012. I plan to present an update at the meeting.
All asteroids of a given size are not equally easy to detect because of speci�c orbital geometries. Thus a
model of the orbital distribution is necessary, and computer simulations using those orbits need to establish
the relation between the raw re-detection ratio and the actual completion fraction. This can be done for
any sub-group population, allowing to estimate the population of a subgroup and the expected current
completion. Once a reliable survey computer model has been developed and �calibrated� with respect to
actual survey re-detections versus size, it can be extrapolated to smaller sizes to estimate completion even
at very small size where re-detections are rare or even zero. I have recently investigated the subgroup of
extremely low encounter velocity NEAs, the class of interest for the Asteroid Redirect Mission (ARM),
recently proposed by NASA. I found that asteroids of diameter � 10 m with encounter velocity with the
Earth lower than 2.5 km/sec are detected by current surveys nearly 1,000 times more e�ciently than the
general background of NEAs of that size. Thus the current completion of these slow relative velocity objects
may be around 1%, compared to10� 6 for that size objects of the general velocity distribution. Current
surveys are nowhere near complete, but there may be fewer such objects than have been suggested. This
conclusion is reinforced by the fact that at least a couple such discovered objects are known to be not real
asteroids but spent rocket bodies in heliocentric orbit, of which there are only of the order of a hundred.
Brown et al. (Nature 503, 238�241, 2013, below right, green squares are a re-plot of my blue circles on
left plot) recently suggested that the population of small NEAs in the size range from roughly 5 to 50
meters in diameter may have been substantially under-estimated. To be sure, the greatest uncertainty in
population estimates is in that range, since there are very few bolide events to use for estimation, and the
surveys are extremely incomplete in that size range, so a factor of 3 or so discrepancy is not signi�cant.
However, the population estimated from surveys carried still smaller, where the bolide frequency becomes
more secure, disagrees from the bolide estimate by even less than a factor of 3 and in fact intersects at about
3 m diameter. On the other hand, the shallow-sloping size-frequency distribution derived from the sparse
large bolide data diverges badly from the survey estimates, in sizes where the survey estimates become ever-
increasingly reliable, even by 100�200 m diameter. It appears that the bolide data provides a good �anchor�
of the population in the size range up to about 5 m diameter, but above that one might do better just
connecting that population with a straight line (on a log-log plot) with the survey-determined population
at larger size, 50-100 m diameter or so.
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How to �nd metal-rich asteroids � a NEOShield study
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The metal content of asteroids is of great interest, not only for theories of their origins and the evolution
of the Solar System but, in the case of near-Earth objects (NEOs), also for impact mitigation planning and
endeavors in the �eld of planetary resources. However, since the re�ection spectra of metallic asteroids are
largely featureless, it is di�cult to identify them and relatively few are known. Furthermore, due to their
robustness and ability to survive passage through the atmosphere, metallic objects are disproportionately
well represented in meteorite collections on the Earth. Understanding the true number of metal-rich objects
in the Solar System remains as a longstanding problem.
With reference to radar albedos and taxonomic classi�cations, we show that data from the Wide-�eld
Infrared Survey Explorer (WISE)/NEOWISE thermal-infrared survey and similar surveys, �tted with a
simple thermal model, can reveal asteroids likely to be metal rich. Objects revealed in this way should
become priority targets for further optical, thermal-infrared and radar observations, and thermophysical
modeling, in order to improve our knowledge of the factors governing NEO thermal and spectral properties,
especially metal content.
An important implication of our work is that there are many more metal-rich asteroids waiting to be iden-
ti�ed. Future infrared surveys, equipped with sensors operating at multiple thermally-dominated infrared
wavelengths, could therefore provide valuable information not only for assessment of the impact hazard, but
also on the potential of NEOs as reservoirs of valuable materials for future interplanetary space activities
and, eventually perhaps, for use on the Earth.
A �rst paper describing this work has recently been published: Harris, A. W. & Drube, L., 2014, Astrophys.
J., 785, L4.
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Dust levitation about Itokawa's equator
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Introduction: Electrostatic dust motion has been hypothesized to occur on the asteroids, due to the obser-
vations of the Eros dust ponds [1] and the potential presence of such a phenomenon on the Moon [2]. There
are two phases of electrostatic dust motion: lofting and the subsequent trajectories. The feasibility of elec-
trostatic dust lofting can be assessed by comparing the strength of the electrostatic force to the gravity and
cohesion which hold the grain on to the surface [3�5]. The motion of the dust grains after they detach from
the surface can be described as either ballistic, escaping, or levitating. We are interested in dust levitation
because it could potentially redistribute grains on the surface of an asteroid (for instance, producing the
Eros dust ponds) and it could also be hazardous to spacecraft. Speci�cally, levitating dust could obscure
the observations of surface-based spacecraft or possibly trigger obstacle avoidance routines during landing.
Dust Levitation: Dust levitation is de�ned as the altitude oscillation of grains prior to their redeposition
on the surface of an asteroid. Levitation occurs about equilibria where the electrostatic and gravity forces
on the grain are equal and opposite. An equilibrium state is de�ned as a position and charge for a speci�c
grain size. We have previously identi�ed equilibria using a 1D plasma model and a simple gravity model
for Itokawa [6]. In this simple model, the largest grain that was capable of stable levitation above Itokawa
was 3 microns (in radius) [6]. Additionally, we have shown that levitating dust grains follow the variation
in the equilibria for a rotating asteroid (i.e., the grain continues to oscillate about an equilibrium state
that approaches the surface) [7]. Due to the nonspherical shape of Itokawa, both the gravity and plasma
environments are much more complicated than the 1D approximations made in our previous work. Thus, in
order to accurately assess the feasibility of dust levitation about Itokawa, we must include accurate plasma
and gravity models. We use a 2D PIC code (described in [8]) to model the plasma environment about
Itokawa's equator. The plasma model includes photoemission and shadowing. Thus, we model the plasma
environment for various solar incidence angles. The plasma model gives us the 2D electric �eld components
and the plasma potential. We model the gravity �eld around the equatorial cross-section using an Interior
Gravity model [9]. The gravity model is based on the shape model acquired by the Hayabusa mission team
and, unlike other models, is quick and accurate close to the surface of the body. Due to the nonspherical
shape of Itokawa, the electrostatic force and the gravity may not be collinear.
Given our accurate plasma and gravity environments, we are able to simulate the trajectories of dust grains
about the equator of Itokawa. When modeling the trajectories of the grains, the current to the grains is
calculated using Nitter et al.'s formulation [10] with the plasma sheath parameters provided by our PIC
model (i.e., the potential minimum, the potential at the surface, and the sheath type). Additionally, we are
able to numerically locate the equilibria about which dust grains may levitate. Interestingly, we observe that
equilibria exist for grains up to 20 microns in radius about Itokawa's equator when the Sun is illuminating
Itokawa's 'otter tail'. This grain size is signi�cantly larger than the stably levitating grains we observed
using our 1D plasma and gravity models.
Conclusions and Future Work: The possibility of dust levitation above asteroids has implications both for our
understanding of their evolution and for the design of future missions to these bodies. Using detailed gravity
and plasma models, we are above to propagate the trajectories of dust particles about Itokawa's equator
and identify the equilibria about which these grains will levitate. Using these simulations, we see that grains
up to 20 microns in radius may be able to levitate about Itokawa's equator, which is signi�cantly larger
than had previously been considered. In the future, we plan to improve the �delity of our grain-charging
model by using plasma species densities rather than Nitter et al.'s model. Additionally, we will explore the
stability of the numerically identi�ed equilibria for a range of dust grain sizes.

References: [1] M.S. Robinson et al. (2001) Nature, 413, 396�400. [2] J.J. Rennilson and D.R. Criswell.
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D.J. Scheeres (2011) Planetary and Space Science, 59, 1758�1768. [5] C.M. Hartzell et al. (2013) GRL, 40,
1038�1042. [6] C.M. Hartzell and D.J. Scheeres (2013) JGR, 118, 116�125. [7] C.M. Hartzell, (2013). PhD
Thesis, University of Colorado. [8] M.I. Zimmerman, W.M. Farrell and T.J. Stubbs, (2013) Icarus, 226,
992�998. [9] Y. Takahashi, D.J. Scheeres, and R.A. Werner, (2013). J. of Guidance, Control and Dynamics,
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The Sloan Digital Sky Survey Moving Objects Catalog (SDSSMOC, Izevic et al. 2002) provides magnitudes
in u'g'r'i'z' bands (Fukugita et al. 1996) for 471,569 moving objects. For this large sample of numbered
and unnumbered asteroids, as well as comets and other small bodies, it is possible to derive colors and,
thus, broad-band photometric spectra in the visible. However, looking at the SDSS re�ectance plots derived
from the magnitude system, no sharp distinction are seen when superposing asteroid taxonomic types. The
continuity through spectral slope and silicate band depth continues even when limiting the SDSSMOC
dataset to the smaller-error observations. In the present work, we analyzed the behavior of the 4th release
of the SDSSMOC in the Principal Component space (PC space) aiming to provide a scheme to discriminate
between the diverse spectral behavior.
This scheme showed two alignments connected to the presence or absence of the 1-micron absorption band
in the asteroid spectra. The �rst track corresponds to the variation in spectral slope of asteroids without the
1-micron absorption band. While the other track corresponds to an interchange in slope and silicate band
depth, evolving from shallow and inclined spectra to deeper and �atter ones. We obtain linear equations for
the two tracks, which are used to group the observations according to vicinity in the PC space.
In a �nal step, Carvano taxonomic groups (Carvano et al. 2010) were superposed in the PC space. This new
method provides a tool to give a taxonomic characterization for observations that could not be classi�ed by
Carvano taxonomic scheme and to search for objects with unusual spectra.

References: Fukugita, M., Ichikawa, T., Gunn, J. E., et al. 1996, Astrophysical Journal, 111, 1748; Ivezí c,
š., Tabachnik, S., Ra�kov, R., et al. 2001, Astrophysical Journal, 122, 2749; Carvano, J. M., Hasselmann,
P. H., Lazzaro, D., & Mothé-Diniz, T. 2010, Astronomy and Astrophysics, 510, A43+.
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A photometric model for asteroid (21) Lutetia
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1Observatório Nacional (COAA), Rua General José Cristino 77, São Cristóvão, CEP20921-400, Rio de Janeiro RJ,
Brazil.
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(21) Lutetia has been successfully observed (July 10, 2010) by the ESA Rosetta spacecraft during its journey
toward the comet 67P/Churyumov-Gerasimenko (Sierks et al. 2011, Coradini et al. 2011). All the available
data show intriguing characteristics with a complex surface composition interpretation (Barucci et al. 2012).
The quite high mean density estimation (3:4� 0:3, Pätzold et al. 2011) together with the unmatching density
derived from the most probable surface compositions raise a hypothesis of (21) Lutetia having a metal core
(Weiss et al 2012). The surface geology of (21) Lutetia is also highly complex with signi�cant interactions
between ancient and more recent structures (Thomas et al; 2012). The large craters and lineaments show
that the object was heavily battered in the past, probably losing almost all of its crust in the process
(Massironi et al 2012). If (21) Lutetia is a partially di�erentiated asteroid with an impact-stripped crust,
a complete study of variegations might help in elucidating this event. Regions or strips of di�erent albedo
might indicate heavier- or lighter-battered surface histories. Albedo variations have been detected by Leyrat
et al. (2012) in the visible wavelengths. In this work, we present a deeper analysis of the Lutetia photometric
properties.
For such analysis, a full set of pipelines was developed in the Python 2.7.6 language. Images obtained by
the OSIRIS cameras, NAC and WAC, were used alongside the shape model provided by L. Jorda to derive
for each facet the luminance angles and the correctI=F . The pipeline takes image pixels and matches with
facets on di�erent observational conditions. Facets are iteratively �tted by a phase function and a disk
function. Several phase functions were tested as Akimov (1976), Kaasalainen (Kaasalainen et al. 2003),
Schroder (Schroder et al; 2013) and polynomial and were implemented; for disk function, McEwen (1991),
Akimov and Minnaert (1941) were used. The method can be also applicable for any body with resolved
images and precise shape model.
As a result, all phase and topological e�ects are removed and equigonal albedo maps (Shkuratov et al.
2011) were retrieved showing (21) Lutetia real variegations. Images close to the opposition surge, o� linear
regime, were handled with the Akimov or Kaasalainen functions. The obtained results will be presented
and discussed, in particular maps with a distribution of opposition surge properties, such as angular width
and amplitude of the surge. The opposition parameters give additional information about the grain-size
distribution and grain transparency, and were only retrieved for facets with I=F of phase angles lower than
3 degrees.

References: Sierks et al., Science, Volume 334, Issue 6055, pp. 487� (2011); Coradini et al., Science,
Volume 334, Issue 6055, pp. 492� (2011); Barucci et al., Planetary and Space Science, Volume 66, Issue
1, p. 23�30 (2012); Patzold et al., Science, Volume 334, Issue 6055, pp. 491� (2011); Massironi et al.,
Planetary and Space Science, Volume 66, Issue 1, p. 125�136 (2012); Leyrat et al., European Planetary
Science Congress 2012, id. EPSC2012�534 (2012); Akimov, Soviet Astronomy, vol. 19, no. 3, 1976, p.
385�388. Translation; Kaasalainen et al., Icarus, Volume 161, Issue 1, p. 34�46 (2003); Schroder et al.,
Planetary and Space Science, Volume 85, p. 198�213 (2013); McEwen, Icarus, vol. 92, Aug., p. 298�311
(1991); Minnaert, Astrophysical Journal, vol. 93, p. 403�410 (1941); Shkuratov et al., Planetary and
Space Science, Volume 59, Issue 13, p. 1326�1371 (2011).
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cuSwift � a suite of numerical integration methods for modelling planetary
systems implemented in C/CUDA
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2Department of computer science, Leipzig University, Augustusplatz 10, 04109 Leipzig

Simulations of dynamical processes in planetary systems represent an important tool for studying the orbital
evolution of the systems [1�3]. Using modern numerical integration methods, it is possible to model systems
containing many thousands of objects over timescales of several hundred million years. However, in general,
supercomputers are needed to get reasonable simulation results in acceptable execution times [3]. To exploit
the ever-growing computation power of Graphics Processing Units (GPUs) in modern desktop computers, we
implemented cuSwift, a library of numerical integration methods for studying long-term dynamical processes
in planetary systems. cuSwift can be seen as a re-implementation of the famous SWIFT integrator package
written by Hal Levison and Martin Duncan. cuSwift is written in C/CUDA and contains di�erent integration
methods for various purposes. So far, we have implemented three algorithms: a 15th-order Radau integrator
[4], the Wisdom-Holman Mapping (WHM) integrator [5], and the Regularized Mixed Variable Symplectic
(RMVS) Method [6]. These algorithms treat only the planets as mutually gravitationally interacting bodies
whereas asteroids and comets (or other minor bodies of interest) are treated as massless test particles which
are gravitationally in�uenced by the massive bodies but do not a�ect each other or the massive bodies.
The main focus of this work is on the symplectic methods (WHM and RMVS) which use a larger time step
and thus are capable of integrating many particles over a large time span. As an additional feature, we
implemented the non-gravitational Yarkovsky e�ect as described by M. Broº [7].
With cuSwift, we show that the use of modern GPUs makes it possible to speed up these methods by more
than one order of magnitude compared to the single-core CPU implementation, thereby enabling modest
workstation computers to perform long-term dynamical simulations. We use these methods to study the
in�uence of the Yarkovsky e�ect on resonant asteroids. We present �rst results and compare them with
integrations done with the original algorithms implemented in SWIFT in order to assess the numerical
precision of cuSwift and to demonstrate the speed-up we achieved using the GPU.

References: [1] W. Bottke, �Debiased Orbital and Absolute Magnitude Distribution of the Near-Earth
Objects,� Icarus, vol. 156, no. 2, pp. 399�433, 2002. [2] A. Morbidelli, R. Brasser, R. Gomes, H. F.
Levison, and K. Tsiganis, �Evidence from the asteroid belt for a violent past evolution of Jupiter's orbit,�
The Astronomical Journal, vol. 140, no. 5, pp. 1391�1401, 2010. [3] S. Greenstreet, H. Ngo, and B.
Gladman, �The orbital distribution of Near-Earth Objects inside Earth's orbit,� Icarus, vol. 217, no. 1, pp.
355�366, 2012. [4] E. Everhart, �An e�cient Integrator that uses Gauss-Radau Spacings,� in Dynamics of
Comets: Their Origin and Evolution, vol. 115, Springer Netherlands, 1985, pp. 185�202. [5] J. Wisdom
and M. Holman, �Symplectic maps for the n-body problem,� The Astronomical Journal, vol. 102, p. 1528,
1991. [6] H. F. Levison and M. J. Duncan, �The Long-term Dynamical Behavior of Short-Period Comets,�
Icarus, vol. 108, no. 1, pp. 18�36, 1994. [7] M. Broº, �Yarkovsky E�ect and the Dynamics of the Solar
System,� Charles University, Faculty of Mathematics and Physics Astronomical Institute, Praha, 2006.

229



ACM 2014, Helsinki, Finland Conference abstracts

The Calar Alto Serendipitous Asteroid Discovery and Observation program �
CASADO
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In the past years much e�ort was put into programs for asteroid discovery. Large-scale programs like
LINEAR[1] and Catalina Sky Survey were introduced and powerful telescopes like Pan-STARRS[3] were
built only for the purpose of �nding asteroids, to name just a few. Thus, the rate of asteroid discoveries
literally exploded. Although by far the largest number of observations is done by the big surveys also smaller
observation programs can provide valuable data. Telescopes, whether they hunt asteroids or do other tasks,
image them all the time. By searching the images for serendipitously observed asteroids one can contribute
to re�ne orbits of already known asteroids, �nd new objects and sometimes even determine basic physical
properties which are unknown for most of the known asteroids.
In October 2012 we started CASADO, a program for secondary usage of the data collected within a long
term observation program carried out at the 1.23m telescope at Calar Alto. The telescope is equipped with
a 4k by 4k CCD covering a �eld of view of about 22 by 22 arcmin. We use the telescope for 100 nights
per year mainly for photometric observations of Jupiter Trojans[4] but also main-belt objects, satellites of
Jupiter and comets are sometimes observed. In a typical observation campaign, we focus on about 15 to 20
minor bodies of which we repetitively observe 10 to 15 during a single night.
To search the �elds for serendipitously-observed objects we implemented a semi-automated software which
performs the astrometric calibration, searches the images for moving objects, identi�es already known aster-
oids and prepares MPC reports. By calculating preliminary orbital elements for the newly-discovered objects
using OpenOrb[2] we are also able to compute ephemeris and reliably link the observations of these objects
over multiple nights. Not only do we process the images of ongoing campaigns, but also went back in time
to July 2011. While the astrometry of the objects which have been found is reported to the Minor Planet
Center we also look for asteroids imaged over several nights to combine the observations to lightcurves. As
of March 2014, CASADO, which also serves the purpose of educating and training young students and ob-
servers, has obtained 151 provisional designations assigned by the MPC. Among them 2013 SA87, according
to the MPC the only TNO discovered in 2013. Form the carefully-selected candidate objects for lightcurve
analysis we were able to determine 9 reliable rotational periods.

References: [1] J. B. Evans, F. C. Shelly, and G. H. Stokes, �Detection and discovery of near-Earth asteroids
by the LINEAR program�, Lincoln Laboratory Journal, vol. 14, no. 2, pp. 199�215, 2003 . [2] M. Granvik,
J. Virtanen, D. Oszkiewicz, and K. Muinonen, �OpenOrb: Open-source asteroid orbit computation software
including statistical ranging�, Meteoritics & Planetary Science, vol. 44, no. 12, pp. 1853�1861, 2009. [3] R.
Jedicke, E. A. Magnier, N. Kaiser, and K. C. Chambers, �The next decade of Solar System discovery with
Pan-STARRS�, Proceedings of the International Astronomical Union, vol. 2, no. S236, pp. 341�352, 2006.
[4] S. Mottola, M. Di Martino, A. Erikson, M. Gonano-Beurer, A. Carbognani, U. Carsenty, G. Hahn, H.-J.
Schober, F. Lahulla, M. Delbò, and C.-I. Lagerkvist, �Rotational Properties of Jupiter Trojans. I. Light
Curves of 80 Objects�, The Astronomical Journal, vol. 141, no. 5, p. 170, 2011.
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UV signatures of carbonaceous species on low-albedo asteroids
A. Hendrix 1, F. Vilas1

1Planetary Science Institute

Asteroids in the low-albedo classes (C, B, G, F) are known to have spectra that are relatively feature-free
in the visible/near-infrared (VNIR) spectral region, making them classically di�cult to study in terms of
surface mineralogy. Many of these bodies exhibit a 3-micron absorption band (e.g., [1]), which can be used
to study hydration and organics. The primary other spectrally active region � less well studied so far �
is the ultraviolet (UV). In this study, we utilize UV spectra of low-albedo asteroids (C, B, G, and F class)
to study surface composition. In particular, we investigate implications for the presence of carbonaceous
compounds, including tholins and Polycyclic Aromatic Hydrocarbons (PAHs), which have unique spectral
features in the UV.
Low-albedo asteroids are typically rather bland spectrally at VNIR wavelengths. Many of these objects
exhibit an absorption band near 3 microns, indicative of some type of hydration (OH and-or H2O). A subset
of the asteroids with the 3-micron features also exhibit absorption near 0.7 microns, due to a ferrous-ferric
charge-transfer transition likely resulting from aqueous alteration (the interaction of material with liquid
water formed by melting of water upon a heating event). Some asteroids likely do not exhibit these features
due to a history of heating experienced at some point in the asteroid's evolution. Despite having little
spectral activity in the VNIR, all low-albedo asteroids absorb at wavelengths shorter than � 500 nm. This
has been generally attributed to a ferric-iron intervalence charge-transfer transition absorption.
Carbon-bearing phases have long been assumed to be important on low-albedo asteroids (e.g., [2]) due to
the dark, mostly-featureless VNIR spectra of these bodies. However, there are many forms of carbonaceous
species and the species are expected to undergo phase modi�cations (e.g., due to thermal, aqueous, and
radiation processes) that a�ect the spectra [3,7]. Tholins are residues remaining after irradiation of di�erent
ice combinations. The fundamental subunits of tholins are PAHs � small clusters of 5�10 carbon rings.
Tholins often produce a C-H stretch feature near 3.3�3.4 microns; a feature closer to 3.3 microns could be
due to aromatics [4]. Existing laboratory spectra of tholins show that they absorb strongly in the UV and
are featureless in the visible. So far, organics have only been decisively detected on (24) Themis ([4,5]) using
the 3.4-micron feature. However, most primitive meteorites (especially CM2 carbonaceous chondrites) have
abundant organic molecules, as evidenced by the 3.4-micron feature.
We utilize data from the International Ultraviolet Explorer (IUE) in the � 210�320 nm region. This is a
continuation of some of our earlier work [6]; we also combine these data with new UV/blue wavelength
data from MMT 6.5-m telescope Blue Channel spectrograph, as well as from other asteroid data sets, to
understand trends into the visible. Ceres is the only low-albedo asteroid for which far-UV data exist (from
Hubble Space Telescope [8,9]), so we can use this body to check spectral e�ects at shorter wavelengths. We
compare the UV-visible asteroid spectra with those of tholins (ice tholin and ice tholin II), graphites, coal,
anthracite, graphite, kerogen, amorphous carbon, and PAHs which have been extensively studied in the UV
due to the ISM �bump� in extinction near 217.5 nm.

References: [1] Jones, T. D., L. A. Lebofsky, J. S. Lewis, M. S. Marley 1990. Icarus 88, 172. [2] Ga�ey,
M. J., J. F. Bell, D. P. Cruikshank 1989. In Asteroids II, pp. 98�127. [3] Cloutis, E., M. J. Ga�ey, T. F.
Moslow 1994. Icarus 107, 276. [4] Rivkin, A. S. and J. P. Emery 2010. Nature 464, 1322. [5] Campins, H.,
K. Hargrove, N. Pinilla-Alonso, E. S. Howell, M. S. Kelley, J. Licandro, T. Mothe-Diniz, Y. Fernandez, J.
Zi�er 2010. Nature 464, 1320. [6] Hendrix, A. R. and F. Vilas 2006. Astron. J. 132, 1396. [7] Cloutis, E.
A., T. Hiroi, M. J. Ga�ey, C. M. O.'D. Alexander, P. Mann. 2011. Icarus 212, 180. [8] 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. [9] Li, J.-Y., L.A. McFadden, J.Wm. Parker, E.F. Young, S.A. Stern, P.C. Thomas, C.T. Russell,
M.V. Sykes 2006. Icarus 182, 143.
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Dynamics of single and multiple asteroids based on Gaia observations
D. Hestro�er 1
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The Gaia mission from the European Space Agency (ESA) has been launched in December 2013, and is
currently under commissioning phase. Gaia is expected to provide huge improvements in the science of Solar
System Objects (SSO) [1]. Indeed, depending on the actual limiting magnitude that will be achieved by the
telescope (mag.V < 20 nominally) about 300,000 asteroids will be observed (mostly known). These include
near-Earth objects (NEOs), main-belt bodies, Trojans, as well as bright Centaurs and transneptunian objects
(TNOs), and, moreover, several comets and a few planetary satellites.
The Gaia telescope will regularly scan the sky during its 5 years operation, down to the solar elongation
of 45°, providing one of the largest systematic surveys of such bodies. The observation and data reduction
for Solar System Objects is speci�cally included in the data-reduction pipeline, and the �nal Gaia cata-
logue will contain very important data for planetary science. After resuming the general aspects of Gaia
observations of SSOs, and some of their limitations, we will focus on the astrometric information, dynam-
ics, orbit determination, and improvements that can be performed on asteroids. The direct outcome from
Gaia astrometric measurements (orbit improvement, binary-asteroid and multiple-system orbits, mass and
bulk density determination for a signi�cant number of large asteroids, local test of general relativity, detec-
tion of non-gravitational e�ects, etc.) will be presented, as well as their link to imaging and photometric
measurements (size, shape, spin rate and spin direction, albedo, taxonomy, etc.). A ground-based network
Gaia-FUN-SSO dedicated to the follow-up of critical objects such as newly discovered NEOs has been set
up. Detection of new objects, computation of orbits, and ground- based follow-up will also be addressed.
At the end of its mission, Gaia will provide a much broader view of the dynamical and physical characteristics
of the Small Bodies of the Solar System. Gaia will also, indirectly, enhance our knowledge of the Solar System
based on the use of the stellar catalogue itself. It will generally improve the astrometry of these bodies (from
new CCD measurements or old photographic plate rereduction) or prediction and observation of stellar
occultations, opening again the way to new developments in the studies of Solar System bodies. Beyond the
mission itself, the scienti�c exploitation of the collected data and the use of complementary observations
(larger time span, higher spatial resolution, time frequency, etc.) will also bring major contributions to the
study of Small Bodies of the Solar System.

Acknowledgements: The DPAC/CU4 members, Action Spéci�que Gaia, and CNES.

References: [1] Mignard F. et al. (2007) EM&P, 101, 97�125.
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Outward transport and capture of main-belt asteroids by Jupiter and Saturn
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We have investigated the possibility of irregular satellites having their origin in the asteroid belt. The
irregular satellites may not have been formed by accretion in a circumplanetary disk, as in the case of the
regular satellites. The inclination distribution and large semimajor axes of the irregular satellites tell us
that they must have formed elsewhere and later been captured into their current orbits around their host
planets. Nesvorny et al. (2007, 2014) examined the possibility that irregular satellites were captured from
the outer planetesimal disk during the early solar system instability when encounters between the outer
planets occurred. In contrast, we calculate the orbital evolution of particles in the main asteroid belt due
to gravitational scattering by Jupiter and Saturn for 20 Myrs or longer and investigate the possibility that
the origin of the irregular satellites is in the main asteroid belt. The initial orbital elements of the particles
are chose uniformly on the semimajor axis - Tisserand parameter plane. The range of Tisserand parameter
with respect to Jupiter is around 3. During the calculation, we count the number of particles being the
candidates for the irregular satellites of Jupiter and Saturn. We de�ne that a particle staying within 3 Hill
radius of the planet for time longer than the Kepler period of the host planet is a candidate for the irregular
satellite. The orbits of the planets are given using the solution for the secular evolution obtained by a
modi�ed Fourier analysis in Laskar (1988). The values in Tables 6�13 in Laskar (1988) are used to calculate
the orbits. The gravitational e�ects of the planets not included in the calculation are indirectly re�ected in
the orbital evolutions of Jupiter and Saturn. For example, the eccentricities and inclinations of Jupiter and
Saturn oscillate with periods near 50 000 years. We compare the results with our previous study that we
calculated with circular restricted 4-body problem and show how the secular changes of orbital elements of
the planets a�ect on the capture process and the lifetime of the irregular satellites.

References: Nesvorný, D., Vokrouhlický, D., and Deienno, R. The Astrophysical Journal, Volume 784, Issue
1, article id. 22, 6 pp. 2014; Nesvorný, D., Vokrouhlický, D., and Morbidelli, A. The Astronomical Journal,
Volume 133, Issue 5, pp. 1962�1976, 2007; Laskar, J., Astronomy and Astrophysics (ISSN 0004-6361), vol.
198, no. 1-2, p. 341�362, 1988.
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Dust-grain fragmentation envisaged at comet 67P/Churyumov-Gerasimenko in
view of potential ROSETTA COSIMA observations
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Dust grains lifted o� the comet nucleus are subject to fragmentation processes. Observations and models on
fragmentation are based on data collected several hundred kilometers o� the comet nucleus. Rosetta will be
the �rst spacecraft operated in near vicinity of a comet nucleus during its passage through the inner solar
system, and will, on a few occasions, even pass through the dust acceleration region. In the forthcoming
2 years, the instrument COSIMA onboard ROSETTA will collect cometary grains at various distances
o� the nucleus and analyze cometary grains with a microscope and a secondary ion mass spectrometer.
The instrument determines the organic and mineral composition as revealed on dust-grain surfaces. While
break-up of dust grains on the collecting metal target foams are part of the COSIMA instrument function,
fragmentation of grains prior to collection by COSIMA is part of the inner-coma physics to be studied with
Rosetta. Grain collection and detection e�ciencies of COSIMA are a function of grain size, shape, and
optical and mechanical properties, and have been studied with the COSIMA reference laboratory model.
Dust fragmentation prior to collection is due to interaction of grains with the coma, solar radiation and
solar-wind plasma as well as the grain composition. Fragmentation might include the continuous seeding of
tiny attogram dust grains as well as breaking up of grains into pieces of comparable sizes. We will discuss
the potential fragmentation processes in view of the optimum COSIMA operation strategy and the impact
of the inner-coma dust fragmentation on COSIMA mass-spectrometer data interpretation.
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Polarimetry of comets
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Linear polarimetry is a powerful diagnostic tool that can provide information that may not be available
from total intensity alone. While total-intensity imaging in two band-passes yields a color and places some
constraints on the gross dust properties in a comet, there remain signi�cant di�culties in interpreting such
color information, and especially determining the detailed structure, composition, shape/size, or orientation
of the dust particles. By adding polarimetry observations (even in a single band-pass) these properties can
be highly constrained, improving signi�cantly the characterization of cometary dust particles (e.g., [1,2]).
The polarization of light scattered by cometary dust depends on the angle through which the light is
scattered, often parameterized using the Sun-Target-Observer (STO) angle, or phase angle� , which is
related to the physical scattering angle via � = 180 - scattering angle. Maximum polarization occurs at
� � 90�100 degrees with the plane of the scattered-light dominant electric vector (plane of polarization)
perpendicular to the STO scattering plane. However, for� . 20 degrees, the plane of polarization often
can be in the STO plane, a phenomenon referred to as �negative polarization�.
While aperture polarimetry can yield the globally averaged properties of dust particles, imaging polarimetry
provides even more diagnostic power by enabling di�erent populations of particles, in structures such as
jets, to be identi�ed and characterized. Ground-based imaging polarimetry of comets obtained at various
phase angles usually show di�erent polarization levels throughout the coma, indicating an inhomogeneous
distribution of dust particles [3�6]. While much of the coma is often positively (or slightly negatively)
polarized, the innermost region, called the circum-nucleus halo, can have a large negative polarization
(� � 6 percent) at small phase angles (� � 10�15 degrees). This implies that particles in the circum-nucleus
halo must have composition, shape/size, or orientation di�erent from other particles in the coma.
The spatial resolutions achieved with typical ground-based imaging polarimetry can still be problematic,
because polarimetric features can become beam-diluted and washed-out and, as with aperture polarimetry,
the net measured polarization may not represent the polarization of a given feature correctly. While ground-
based systems are beginning to achieve spatial resolutions at near-infrared wavelengths approaching those
available from, e.g., the Hubble Space Telescope (HST), none has such resolution at visual wavelengths.
Therefore, detailed imaging polarimetry of structures on comets at visual wavelengths has typically been
con�ned to objects fairly close to the Earth, and rarely more distant than the water-ice sublimation distance
from the Sun.
In this talk, I will brie�y review the general state of imaging polarimetry observations of comets, and discuss
a few problems that can confound interpretation of measured polarizations. I also will present state-of-the-
art imaging polarimetry of Comet ISON (C/2012 S1) taken at two epochs with HST ([7]: 1) when the comet
was at 3.81 au from the Sun and thus beyond the water-ice sublimation distance; 2) when the comet was at
1.12 au about a month before perihelion.

Acknowledgements: I would like to thank the colleagues who have helped me use my favorite astronom-
ical tool, polarimetry, to expand the focus of my research from imaging polarimetry of extragalactic and
galactic objects to objects in the Solar System, and especially comets. They are: Gorden Videen (SSI, ARL),
Yuriy Shkuratov, Vadym Kaydash, Evgenij Zubko, (Kharkov University), Chantal Levasseur-Regourd (LAT-
MOS, CNRS), Karri Muinonen (University of Helsinki), Matthew M. Knight (Lowell), Michael L. Sitko (U
Cincinnati, SSI), Carey M. Lisse (JHU/APL), Max Mutchler (STScI), Padma Yanamandra-Fisher (SSI),
Ludmilla Kolokolova (University of Maryland). Support for the HST observations was provided by NASA
through grant GO 13199 from the Space Telescope Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., under NASA contract NAS5-26555.
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A.C. 2003b, J. Quant. Spectr. Rad. Trans., 79, 661. [6] Levasseur-Regourd, A.C. and Hadamcik, E. 2003,
JQRST, 79, 911. [7] Hines, D.C. et al. 2014, ApJ, 780, L32.
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Constraining the distribution of regolith deposits from the gravitational potential
�eld on small asteroids
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The relationship between the global distribution of regolith deposits and the gravitational potential �elds on
small asteroids is investigated in this paper. It is expected that the global distribution of regolith deposits is
controlled by the gravitational potential �elds on small asteroids, because they are formed on low potential
regions on a small asteroid by gravitational migration [1].
Regolith deposits would be formed on the polar regions of an oblate body with slow rotation, because
gravitational potential is low on the polar regions. Smooth terrains found on the polar regions of asteroid
Itokawa are representatives of this case [2, 3]. Oppositely, regolith deposits would be found on the equatorial
region of a spherical body with fast rotation, where the latitudinal gradient of the centrifugal potential from
the pole to the equator overcome the gravitational potential gradient. Equatorial bulges found on fast-
rotating near-Earth asteroids with oblate shapes may have this kind of regolith deposit [4,5]. When two
gradients are canceled by each other, an equipotential state over the whole surface of the body is achieved.
The equilibrium rotation period is de�ned as the period at which the equipotential state is accomplished.
In this case, local topographic features would a�ect the distribution of regolith deposits.
We modeled the gravity potential on the spheroidal surface by considering a balance between the gravi-
tational attraction and the centrifugal force. The �gure represents equilibrium rotation periods for given
axial ratios of spheroidal bodies and densities. Itokawa (density: 1950 kg/m3, axial ratio: 2.5 for a/c and
1.2 for a/c) [3] is located above the equilibrium line of its rotation period 12.132 h, indicating that low
potential regions and smooth terrains are formed on the polar region, whereas Bennu (density 1260 kg/m3,
axial ratio: 1.1) [6,7] is far below of its equilibrium line (P: 4.3 h), suggesting that its equatorial region has
regolith deposits. Even though only limited constraints on shape and density are obtained on asteroid 1999
JU3 (P: 7.63 h) [8], the target of the Japanese Hayabusa2 mission, we will discuss the expected distribution
of regolith deposits on this asteroid, because smooth regolith deposits are strong candidates of landing sites
for the mission.

Figure: Equilibrium rotation periods for given axial ratios of spheroidal bodies and densities. Known axial
ratios and densities of asteroids Itokawa (open circle) and Bennu (open square) are plotted. Also, known
rotational periods of Itokawa, Bennu, and 1999 JU3 are indicated as thin dashed lines.

References: [1] Richardson, Bowling (2014) Icarus 234, 53. [2] Miyamoto et al. (2007) Science 316, 1011.
[3] Fujiwara et al. (2006) Science 312, 1330. [4] Scheeres (2014) LPSC 45, #1930. [5] Busch et al. (2011)
Icarus 212, 649. [6] Chesley et al. (2014) Icarus (accepted), arXiv:1402.5573. [7] Nolan et al. (2013) Icarus
226, 629. [8] Müller et al. (2011) A&A 525.
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spectral properties on (4) Vesta
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Introduction: Vesta's surface material is characterized as a deep regolith [1,2], mobilized by countless im-
pacts. The almost catastrophic impact near Vesta's south pole, which has created the Rheasilvia basin, and
the partly overlapping older impact of similar size, Veneneia, have not only reshaped the areas of their inte-
rior (roughly 50 % of the Vesta surface), but also emplaced each time a huge ejecta blanket of similar size,
thus covering the whole remaining surface. In this context, pristine and even younger morphologic features
have been erased. However, the spectral signatures of the early di�erentiation and alteration products by
impacts have partially remained in situ. While near the north pole several large old eroded impact features
are visible, the equatorial zone close to the basin rims seems to be void of those. Since it is unlikely, that
this zone has been entirely avoided by large projectiles, in this area the results of such impacts may have
left morphologically not detectable remnants: Individual distribution of particle sizes and altered photomet-
ric properties, excavated layers, shock metamorphism, melt generation inside particles and on macroscopic
scales, and emplacement of exogenous projectile material. An analysis by color ratio images and spatial
pro�les of diagnostic spectral parameters reveals such features.
Results: Based on local spectroscopic evidence we have detected eroded impact features of three categories:
1) Small craters with diameters of a few kilometers, 2) Large craters or, if even larger, incipient impact
basins, 3) Sub-global ejecta blankets. The eastern part of Feralia Planitia, diameter 140 km, has little
evidence of a round outline in the shape model, but it features spectral gradients towards its center. A
feature of similar size, centered north of Lucaria Tholus becomes only visible by a similar spectra gradient
and a circular outline in speci�c spectral ratio mosaics. These features seem to be related to the excavation
of deeper layers of Vesta's crust and gradients of space weathering, the latter showing up also at smaller
highly eroded craters. As an example of the third type, a global mosaic demonstrates the relationship of
re�ectance level and band I depth. A non-uniform distribution appears, with an anomaly emerging from the
large crater Albana in one of its sectors. This association seems to be caused by ejected material from this
crater. Only the spectral signature has remained to identify the original pattern. The spectral properties
appear to be related to an enhanced presence of shocked material [3] and impact glass [4].
Conclusions: Today's non-uniformity of impact structures, dominated by the Rheasilvia basin, re�ects
a singular event in a late stage of Vesta's surface evolution. Some earlier large impacts have left their
footprints in speci�c remnants resembling the cases of lunar cryptomaria [5]. Vesta has escaped the fate
of other di�erentiated protoplanets, which have been disrupted, but the crust has been shattered, which
does not change the spatial distribution of the surface material entirely. This is associated with linear
fragmentation features of various sizes (grabens, troughs, cracks, pit chains) which are correlated with some
of the features described here.

References: References: [1] Denevi, B. W., et al., 2012, EPSC2012-813. [2] Jaumann, R., et al., 2012,
Science 336, 687. [3] Keil, K., et al., 1992, Icarus 98, 43. [4] Tompkins, S. and Pieters,C. M., 2010,
Meteoritics and Planetary Sci. 45, 1152. [5] Antonenko, I., et al., 1997, Lunar Planet Sci 28, 1670.

237



ACM 2014, Helsinki, Finland Conference abstracts

Small-scale impacts as a trigger for an avalanche in a low-gravity environment
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1Max-Planck-Institut für Sonnensystemforschung, Justus-von-Liebig-Weg 3, 37077 Göttingen, Germany
2Institut für Geophysik und extraterrestrische Physik der TU Braunschweig, Mendelssohnstr. 3, 38106

Braunschweig, Germany

The European Space Agency's Rosetta spacecraft was launched in 2004 and will rendezvous with comet
67P/Churyumov-Gerasimenko in 2014. On its route towards the comet, it �ew by asteroid (21) Lutetia
on 10 July 2010, with a closest approach distance of 3170 km. OSIRIS � the Optical, Spectroscopic, and
Infrared Remote Imaging System onboard Rosetta [1] � took 462 images of Lutetia, using 21 broad- and
narrow-band �lters covering a wavelength range from 240 to 1000 nm [2].
The surface of Lutetia is covered with a thick layer of regolith. On the slopes of several craters, this regolith
layer collapsed in landslide-like events. A possible trigger mechanism for these low-gravity avalanches is the
impact of a small mm to cm-sized body.
We conducted an experiment, where samples of di�erent granular materials were tilted at di�erent angles
with respect to the vector of gravity. We accelerated a small mm-sized metal sphere to velocities up to 1.5
m/s and shot it into the sloped granular material. The impacts and any events triggered by the impact were
recorded using a high-speed high-resolution camera.
The experiment was implemented at the center of applied space technology and microgravity (ZARM)
vacuum drop tower in Bremen in August 2012. The experiment was placed in an evacuated cylinder and
mounted on a centrifuge that was spun with varying rotation rates to accommodate the vacuum and low
gravity present on the surfaces of asteroids.
A total of 20 experiments, as described above, were realized during 10 drops. The tilt angle and the
magnitude of arti�cial gravity were varied for two di�erent materials, a ground HED meteorite and the JSC
MARS-1 Martian soil simulant. Additional ground-based experiments in 1g environment were conducted at
a later time.
We analyzed the images using an image subtraction algorithm to track movement from one frame to the
next. In subsequent steps, we observed the behavior of the material on the surface as well as in deeper layers
to characterize the e�ects of the impact with changing gravitational acceleration, impactor velocity and tilt
angle of the material.
The analysis of the experimental data indicates that small scale impacts can, under certain conditions, trigger
avalanches in both normal and reduced gravity. Furthermore, the gravitational acceleration in�uences the
limiting slope angle below which no e�ect can be observed. The probability of an avalanche appears to be
lower for coarser material.
Additional computer simulations using a particle code as well as a hydro code are being conducted.

References: [1] H. U. Keller et al. (2007). OSIRIS�The scienti�c camera system onboard Rosetta. Space
Sci. Rev. 128, 433. [2] H. Sierks et al. (2011). Images of Asteroid (21) Lutetia: A Remnant Planetesimal
from the Early Solar System. Science 334, 487.
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Activity of cometary nuclei is closely linked to thermophysical processes. The main catalyst to activity is the
temperature wave induced by solar heating. So far, remote sensing of the nucleus surface temperature has
been the single method of direct measurement. However, while remote sensing is of undisputed relevance,
it only reveals surface properties and their thermal signatures. Additionally, these are quite dependent on
the geometric setup of the observation (angles of solar incidence, azimuth, and emission): Thermal models
of cometary nuclei still show a deviation between predicted temperatures and measurements, especially at
higher irradiance angles [1,2].
Understanding the heat �ux towards the comet interior is crucial to predict activity not only on global but
also local level. A thermal model has been set up to derive the temperature gradient from the top layer
down to depths of 10 m; one of the �ndings was that no temperature �uctuations were found in deeper
layers. The model takes into account radiative heat transfer for surface facets and conductive �uxes in
depth direction. Among the parametric variations were surface topological features (such as smooth terrain
compared to crater-like structures), and di�erences in the bulk material, e.g., building blocks, porosity, and
grain size. We apply a great variety of illuminating conditions to account for shadowing e�ects and solar
exposure time deviations.
In a previous work, we discussed the in�uence of micro-roughness [3]. We present here the e�ects of macro-
roughness, taking into account topographic features likely to be found on a cometary surface. One of the
�rst examples are pits/impact craters. They are found in all comets but their origin is not fully understood
[4]. It is assumed that most of them are a consequence of the activity; but some of these features can
de�nitely be related to impact craters. We analyzed such features described by Vincent et al. [5,6] and
looked at the e�ect of impact craters on the thermal wave. In this work, we compare temperatures of a �at
porous terrain analog to a nucleus surface to the temperatures found under the �oor of an impact crater
formed in the same terrain. We show that both crater morphology and compaction of material a�ect the
thermal properties of the surface.
The �gure outlines the temperature wave at several depths for comet 67P/Churyumov-Gerasimenko, the
target of the Rosetta mission. The plot covers one orbital revolution, starting at perihelion. The line width,
especially at depths lower than 5 cm, is related to the diurnal heat wave; both its amplitude and the average
temperature declines with the growing distance to the Sun. The graphs exhibit a rising thermal lag in depth
as well. We noted that both thermal lag time and extremum position are dependent on the e�ective thermal
conductivity of the assumed material. Another contributing e�ect (in the �gure, right side) is the shadowing
and the heat transfer to the crater walls � the crater might act as a heat trap.
The goal of this study is to develop a tool that can be used to derive local thermal behavior depending on
shape and roughness (macro and micro). The results of this analysis will be used to better constrain the
onset and decay of activity in various terrains of comet 67P, allowing us to better understand and quantify
the thermophysical e�ects that trigger cometary activity.

Figure: Temperature wave for two scenarios (left: porous terrain, right: compacted material below a crater)

References: [1] Groussin et al, Icarus 2012. [2] Davidsson et al, Icarus 2012. [3] Höfner et al, EPSC 2013.
[4] Belton et al, Icarus, 2013. [5] Vincent et al, EPSC 2012. [6] Vincent et al, PSS, submitted 2014.
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Reconstructing the spin distributions of main-belt asteroids
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INTRODUCTION: We now have spin data for almost six thousand asteroids, each value being a result of
that asteroid's history. Some features of that distribution are now evident. The gravity spin limit at the
period of about 2.3 h for asteroids with a diameter greater than a few kilometers is well established (Harris
1996, Pravec and Harris 2000, Holsapple 2001, and others). The strength of smaller asteroids as inferred
from the �fast spinners� has been presented by Holsapple (2007), Sanchez and Scheeres (2014), and others.
Several statistical analyses of the database have been presented (e.g., Pravec and Harris 2002). Here that
database is used as a means of investigating the prior history of the asteroid belt.
THEORETICAL APPROACHES: A way to understand the data is to attempt to reproduce it using theo-
retical models and numerical simulations of the physics of the processes that created it. Such studies have
evolved since McAdoo and Burns (1973) �rst suggested collisions as a source of the spins; they include Davis
et al. (1979), Dobrovolskis and Burns (1984), Harris (1979), Davis et al. (1989), Farinella et al. (1992),
Henych and Pravec (2013), and others. These analyses are based upon averaging the e�ects of a number of
individual impacts into a given target asteroid.
I retrace the path and analyses of those authors in this work, but make important modi�cations and updates.
The primary elements introduced in those prior studies include: 1) a population of asteroids in a given space;
2) a distribution of impact velocities and angles; 3) the e�ciency of angular-momentum transfer in an impact;
4) the loss or gain of mass and angular inertia; 5) the amount, direction, and speed of the cratering ejecta.
The characteristics of the ejecta are especially important: they determine the �angular-momentum drain�
�rst identi�ed by Dobrovolskis and Burns (1984). It is caused by the preferential escape of ejecta in the
downrange spin direction.
Here I revisit, update, and improve the analysis of those authors. The ejecta analysis is upgraded to include
recent results on ejecta scaling (Housen and Holsapple 2011, Holsapple and Housen 2012). I use some recent
experimental results about the e�ciency of the angular momentum transfer e�ciency (e.g., Yanagisawa and
Hasegawa 2000) for oblique impacts. I also use more recent population estimates.
Those considerations determine the outcome of a given single impact into a target asteroid. To estimate the
cumulative e�ects of multiple impacts, one can take averages over the distributions of the impact velocities
and angles. That was done in the above references; the key assumption was of a quadratic accumulation
of spin magnitudes from averaged single impacts. However, here that approach is rejected, for two reasons.
First, because of the momentum drain e�ect, the result of any one impact is not independent of the prior
ones. The spin-up of a body is not a result of multiple random events. Second, it has been found that the
current spin of an asteroid is more likely caused by a very few large impacts and not by an accumulation
of random small ones. So, instead of a quadratic accumulation over averages, I've performed Monte Carlo
analyses of the e�ects of a large number of impacts into a large number of target asteroids. The outcomes
are distributions of spin versus asteroid size, which can then be compared to the actual data.
SOME RESULTS: Analyses to date are interesting. First (and as found by others), the spins of the large
asteroids cannot have resulted from impacts with the current population. Second, both the average spin
and the maximum spin at any given size falls o� with increasing asteroid size. Third, there exist �average
equilibrium spin states�, de�ned by a curve of spin versus diameter. For asteroids spinning faster than that
state, the average next impact will always slow the spin; but for an asteroid with a spin below that state,
the average impact will increase its spin. There are reasonable parameter choices that result in the average
equilibrium curve consistent with the average spins, and with the resulting distributions centered along that
curve. Then there is also a �maximum equilibrium spin curve� de�ned as the maximum possible spin an
asteroid can attain, again as a function of asteroid size. That bounds the upper limit of asteroid spins, and
has a downward power slope of 0.65. The fact that the maximum equilibrium curve intersection with the
gravity limit curve occurs right at the 10 km upper bound of the data for binary asteroids strongly suggests
that it is collision spin-up and not YORP that creates the spins that result in binaries. Finally, a single large
impact into an asteroid with a pre-existing average spin can easily reduce its spin to near zero. That may
explain the excess of slow spinners (as compared to Maxwellian) for the spin distributions of the asteroids
with diameters larger than 10 km. These results and others will be presented at the conference.
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Cometary remote sensing, in many cases, depends on measurement of �ne spectral features from targets
covering relatively large angular areas on the sky. The range of studies in cometary science is highly diverse.
Size scales and perspectives vary dramatically, with opportunities for both Earth-based andin situ studies.
Many characteristics of comets, such as coma dynamics, out�ow/escape, radiative transfer, and isotopic
ratios, are best addressed with high-resolving-power studies that integrate a large FOV. In addition, it
is of great importance to obtain high-resolution data to resolve small Doppler shifts, �ne structure, line
shapes, and atomic multiplets/molecular bands. However, more detection is not enough, because the coma
is inherently active; it can manifest substantial variation both temporally and spatially. As a result, we
must combine a study of the target's global evolution parallel to the ability to measure with some spatial
�delity across the FOV and to map its variation in time. This combination of requirements is a challenge
that modern instrumental approaches are limited in their ability to meet.
One method for addressing these needs is through the use of a broadly tunable all-re�ective Special Hetero-
dyne Spectrometer (SHS). SHS instruments are common-path two-beam Fourier-transform spectrometers
that produce 2-D spatial interference patterns without the requirement for moving parts. The utility of
SHS comes from its combination of a wide input acceptance angle (0.5�1� ), high resolving power (of order
� 105), compact format, high dynamic range, and relaxed optical tolerances compared with other interfer-
ometer designs. This combination makes them extremely useful for velocity-resolved observations of wide
�eld targets from both small and large telescopes. We have constructed a tunable SHS, Khayyam, at �xed
focal plane of the Coudé Auxiliary Telescope (CAT) at Mt. Hamilton. The CAT provides a test case for
on-axis use of SHS, and the impact of the resulting �eld non-uniformity caused by the spider pattern will
be discussed.
The major thrust of this project is to monitor isotopic and chemical ratios of comet volatiles, both of which
are directly relatable to di�erent aspects of early solar nebula and to the evolution and identi�cation of
heterogeneity in comet nuclei. The majority of cometary isotopic measurements come from a few well-
characterized molecular species. In this work, we would present the preliminary observation results of CN,
C2, NH2, Na, and O(1D) in comets C/2012 K1 (PanSTARRS) and C/2012 X1 (LINEAR) with the aim of
characterizing production rate ratios, measuring Swings and Greenstein line shifts, and determining the C
and N isotope fractionation. These ratios are thought to be tied directly to the original conditions of the
solar nebula and protoplanetary disk and the stellar processing in the region where the Sun formed. The
observational statistics on these types of studies are improving, but the limited sample is mainly due to the
contradictory needs for high resolving power and s/n which has often limited studies to bright objects or
to observations from large aperture observatories. Completion of Khayyam would provide a large temporal
sample of data which would enable us to monitor isotopic and chemical ratios of comets at high resolving
power and wide FOV.

Acknowledgements: This research was supported by NASA NESSF program and NASA awards NNX12
AC15G and NNX07AU10G to University of California Davis. Also, we gratefully acknowledge the assistance
provided by Guillaume Grono�, and Mt. Hamilton sta� and business o�ce.

References: Fink, U., A taxonomic survey of comet composition 1985�2004 using CCD spectroscopy.
Icarus, 2009. 201: p. 24; Bockelée-Morvan, et.al., The Composition of Cometary Volatiles. Comets II, 2005:
p. 34; A'Hearn, M.F., et.al., The ensemble properties of comets Results from narrowband photometry of 85
comets, 1976�1992. Icarus, 1995. 118: p. 48; Hosseini, Sona, Harris, Walter, �Developing and calibrating
a Tunable spatial heterodyne spectroscopy (SHS) for visible and UV interferometry of extended targets�,
DPS meeting #45, Denver, CO, October 2013; Hosseini, Sona, Harris, Walter, �Khayyam, a tunable Spatial
Heterodyne Spectrometer for observing di�use target emission lines�, SPIE conference of �UV/Optical/IR
Space Telescopes and Instruments: Innovative Technologies and Concepts VI�, San Diego, CA, August 2013.
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Impact cratering and ejection of material on porous asteroids
K. Housen1, W. Sweet1
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The manner in which an impact crater and its ejecta blanket are created involves an interplay between
gravity and the strength properties of the target material. Gravity is important because the overburden
stress at depth in an asteroid determines the material shear strength, which a�ects the mechanics of crater
and ejecta formation. This has important implications when attempting to use lab experiments to simulate
large-crater formation on asteroids.
The only way to perform small-scale experimental simulations of cratering events on asteroids is to adjust
the ambient �gravity�, g, such that the experiment has the same product ofgL as the actual impact event
being simulated, whereL is an important length scale, such as the projectile or crater size [1]. In this way,
the lab crater has the same overburden stress (and shear strength) and ejecta ballistics as a much larger
cratering event on an asteroid. Even though asteroids have weak gravity �elds, the overburden stress of a
multiple-km crater is larger than can be reproduced in the lab at 1 G. Therefore, simulation of large impacts
on asteroids requires that the �gravity� of the experiment is greater than 1 G.
Here we report on a series of impact experiments conducted at elevated gravity on a geotechnical centrifuge.
These experimental craters are subscale replicas of the much larger craters they simulate; larger G-levels
simulate larger craters. Using the Boeing 600-G centrifuge, we directly simulate the formation of asteroid
(g � 0:001 G) craters as large as several tens of km. The target materials are cohesionless with porosity
ranging from 35 % to 95 %.
Cratering experiments in soils with small or moderate porosity (<30 %) show a decrease in cratering e�ciency
(crater volume/impactor volume) with increasing size scale or, equivalently, increasing G in a centrifuge
experiment. This well-known gravity-regime behavior is due to the fact that the shear strength of the target
material goes up due to the increased lithostatic overburden stresses at large scales.
When the target material has signi�cant porosity, much of the crater volume forms by permanent compaction
of void spaces. This compaction volume depends only on the crushing strength of the material, independent
of size scale. The crater volume cannot be less than the volume created by compaction. Therefore, at
large size scales, the cratering e�ciency for porous materials levels out to a constant value rather than
decreasing as in the usual gravity-dominated cratering. The transition to this asymptote represents the
onset of compaction-dominated cratering.
The presence of a compaction regime of cratering is important because, as our experiments and scaling
arguments have shown, the mass of material that is emplaced in a crater's ejecta blanket drops sharply
upon transition into the compaction regime. This causes craters to form without ejecting material outside
the crater, resulting in an absence of ejecta blankets on porous asteroids, less erosion of existing pre-existing
craters, and reduced gardening of the regolith by impacts.
Our experiments now allow us to determine the conditions under which this compaction-dominated cratering
and suppression of ejecta occur. In the presentation, these experiments will be summarized, we will show
how they are consistent with observations of a lack of ejecta around large craters on Mathilde and Hyperion
[2�4], and will discuss the mechanics of cratering on porous bodies.

Acknowledgements: This work was supported by the NASA Planetary Geology and Geophysics program.

References: References: [1] Housen K.R. and Holsapple K.A. (2003) Icarus, 163, 102�119. [2] Veverka et
al. (1999) Icarus, 140, 3�16. [3] Chapman C.R. and Merline W.J. (1999) Icarus, 140, 28�33. [4] Thomas
P.C. et al. (2007) Nature (Letters), 448, 50�53.
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Radar observations are one of the few ground-based techniques that reveal shapes and surface details of
asteroids and comets. Since 1998, over 400 asteroids and 15 comets have been detected by radar at either
the Arecibo Observatory, the Goldstone Solar System Radar, or both. With resolution as �ne as 7.5 m
at Arecibo and 3.75 m at Goldstone for the highest signal-to-noise (SNR) observations, the images show a
variety of shapes. Nearly 60 percent of near-Earth asteroids (NEAs) detected are of high-enough SNR or
have enough time coverage to at least categorize the shape. At least 35 percent of the NEAs are spheroidal,
including the 15 percent that are binary or multiple systems. These NEAs, with diameters less than a few
kilometers, must have little or no internal strength, in order to have a spheroidal shape. Contact binary,
or two-lobed objects, where the lobes are nearly the same size, may also be strengthless. NEA contact
binaries may have formed by being spun up, but then failing to form a stable binary system. Few cometary
nuclei have been imaged using radar, but several of those also seem to have a contact binary, or two-lobed
structure. 103P/Hartley 2, and 8P/Tuttle both have nearly equal lobes joined by a narrow waist [1,2]. The
very slow rotation rates of comet nuclei compared to most asteroids suggests that they may not share a
common formation mechanism.
Radar measurements also give an instantaneous measure of the line-of-sight velocity of the asteroid limb,
which is proportional to the rotation rate for an equatorial view. NEAs with H > 21 (diameter smaller than
150�300 m) frequently have rotation rates well beyond the spin limit for a strengthless body. However, not
all small asteroids are rotating at very rapid rates. Lightcurve measurements become di�cult for very small
asteroids, which are not observable for long periods of time and have rapidly changing viewing geometries.
Radar measurements of the rotation rates, while a�ected by projection e�ects, can give useful statistics and
are not biased against very slow rotation rates. Comparison of lightcurve rotation rates [3] and those derived
from radar measurements agree very well overall. We do see some slowly rotating asteroids with radar, but
we do not seem to be missing a large population of these objects.
Both shape and spin rate give clues to internal structure, and, as we sample smaller sizes, we may be
able to determine the size at which the transition occurs from strenghless rubble piles to those having
components with internal strength. Compositional characterization has lagged behind discovery and orbital
characterization, but has steadily increased nonetheless. Binary NEAs are seen in all taxonomic classes, and
formation e�ciency does not seem to depend strongly on composition. Other shapes and spin con�gurations
also do not seem to be correlated with composition, although the statistics are not yet very large. The e�ort
to characterize NEAs and comets using radar observations, in concert with observations at other wavelengths
whenever possible, will be presented.

References: [1] Harmon et al. (2010) Icarus 207, 499�502. [2] Harmon et al. (2011) Ap.J., 734, L2. [3]
Warner, B. D. (2009) Icarus 202, 134�146.
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In recent years, an increasing number of objects have been discovered in the main asteroid belt that exhibit
comet-like activity. Some instances of activity are believed to result from sublimation of volatile sub-surface
ice, and the objects exhibiting this type of activity have come to be known as main-belt comets (MBCs; Hsieh
& Jewitt 2006). For most MBCs, the presence of gas is only inferred from visible dust emission, although
water vapor outgassing has recently been directly detected from (1) Ceres (Kuppers et al. 2014), indicating
that water sublimation on MBCs could also be possible. In other instances, comet-like dust emission has
been found to result from impacts onto otherwise inert objects, rotational disruption, or a combination of
e�ects (cf., Jewitt 2012). In these cases, the objects can be referred to as disrupted asteroids. Collectively,
MBCs and disrupted asteroids are known as active asteroids.
MBCs have attracted interest in astrobiology due to theoretical studies indicating that material from the
asteroid belt region could have been a signi�cant primordial source of the water and other volatiles on the
Earth. Icy asteroids also contain some of the least altered material from the inner protosolar disk still in
existence today, presenting us with opportunities to learn about the earliest stages of our solar system's
formation. The added bonus of the MBCs' relatively close proximity in the asteroid belt means that in situ
spacecraft studies are entirely feasible using present-day technology.
Pan-STARRS1 (PS1) is a wide-�eld synoptic survey telescope located on Halekala in Hawaii. It employs
a 3.2� 3.2 deg 1.4 gigapixel camera and uses an SDSS-like �lter system. As of 2014 March 31, the Pan-
STARRS1 survey has discovered three MBCs � P/2006 VW139, P/2012 T1 (PANSTARRS), and P/2013
R3 (Catalina-PANSTARRS) � as well as one disrupted asteroid (P/2013 P5 (PANSTARRS)), two active
Centaurs, 33 Jupiter-family comets, and 17 long-period comets. For the analysis presented here, we focus
on the period between 2012 May 20 and 2013 Nov 9, during which PS1 made 760 475 total observations
(which meet certain data quality criteria) of 333 026 unique main-belt objects, including two of its three
MBC discoveries. This time period was selected to ensure consistent screening rigor across our sample, since
our comet screening procedures have evolved over time.
Analysis of the discovery statistics of the PS1 survey over the time period in question indicates that there
should be >50 currently active MBCs in the outer main belt within the detectability limits of a survey
like PS1. We note, however, that a much larger population of MBCs will likely be detectable by more
sensitive future surveys, and discuss prospects and recommendations for these future surveys based on
our experiences with PS1. Considering the total currently known population of MBCs, including PS1-
discovered objects, we �nd that examination of their orbital-element distributions reveals an excess of MBCs
at moderate eccentricities (0:1 < e < 0:3) relative to the background asteroid population. We suggest that
this eccentricity distribution could point to a plausible physical mechanism for explaining observed patterns
of MBC activity.

Figure: Semimajor axis vs. eccentricity (left) and semimajor axis vs. inclination (right) plots of asteroids
(small black dots) and classical comets (blue �lled circles), where PS1-discovered MBCs and disrupted
asteroids are indicated with large open red circles and open green squares, respectively, and MBCs and
disrupted asteroids discovered by others are marked with small open red circles and open green squares.

References: Hsieh, H. H., Jewitt, D. 2006, Science, 312, 561�563; Jewitt, D. 2012, AJ, 143, 66; Kuppers,
M., et al. 2014, Nature, 505, 525�527.
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Rendezvous with Toutatis from the Moon: The Chang'e-2 mission
J. Huang1, X. Tang2, and L. Meng1

1China Academy of Space Technology
2Harbin Institute of Technology

Chang'e-2 probe was the second lunar probe of China, with the main objectives to demonstrate some key
features of the new lunar soft landing technology, and its applications to future exploration missions. After
completing the planned mission successfully, Chang'e-2 �ew away from the Moon and entered into the
interplanetary space. Later, at a distance of 7 million km from the Earth, Chang'e-2 encountered asteroid
(4179) Toutatis with a very close �y-by distance and obtained colorful images with a 3-m resolution.
Given some surplus velocity increment as well as the promotion of autonomous �ight ability and improvement
of control, propulsion, and thermal systems in the initial design, Chang'e-2 had the capabilities necessary
for escaping from the Moon. By taking advantage of the unique features of the Lagrangian point, the �rst
close �y-by of asteroid Toutatis was realized despite the tight constraints of propellant allocation, spacecraft-
Earth communication, and coordination of execution sequences. Chang'e-2 realized the Toutatis �yby with a
km-level distance at closest approach. In the absence of direct measurement method, based on the principle
of relative navigation and through the use of the sequence of target images, we calculated the rendezvous
parameters such as relative distance and image resolution. With the help of these parameters, some �ne
and new scienti�c discoveries about the asteroid were obtained by techniques of optical measurements and
image processing.
Starting with an innovative design, followed by high-�delity testing and demonstration, elaborative imple-
mentation, and optimal usage of residual propellant, Chang'e-2 has for the �rst time successfully explored
the Moon, L2 point and an asteroid, while achieving the purpose of 'faster, better, cheaper'. What Chang'e-2
has accomplished was far beyond our expectations.
*J. Huang is the chief designer (PI) of Chang'e-2 probe, planned Chang'e-2's multi-objective and multitask-
ing exploration mission.
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Shapes and spins of asteroids Lohja, Ermolova, and Silver from the observations at
the Skalnate Pleso Observatory

M. Husarik1

1Astronomical Institute of the Slovak Academy of Sciences, SK-05960 Tatranska Lomnica, The Slovak Republic

We present lightcurves, shapes, and spin-axis models for three main-belt asteroids: (2501) Lohja, (3657)
Ermolova, and (5325) Silver. The photometric data was obtained at the Skalnate Pleso Observatory, High
Tatras, Slovakia. The models were obtained with the lightcurve inversion process [1,2] using combined dense
photometric data from the apparitions in 2007, 2011, 2012, and 2013 for Lohja, in 2006, 2010, and 2013
for Ermolova, and in 2006, 2010, and 2013 for Silver. The analysis of the resulting data found a sidereal
period P = 3 :808348h and possible ecliptic pole solution (J2000.0) at(� = 124� ; � = 81 � ) for Lohja,
P = 2 :606513h and (� = 261� ; � = � 41� ) for Ermolova, and P = 4 :023569h and (� = 288� ; � = 72 � )
for Silver. Knowledge of individual asteroid shapes and spin axes is vital for the understanding the Solar
System. However, currently only 648 models are known for 381 asteroids.

Figure: Model of the asteroid Lohja.

Acknowledgements: This work has been supported by the Slovak Grant Agency for Sciences VEGA
(Grant No. 2/0032/14).

References: [1] Kaasalainen, M., Torppa, J. (2001). Optimization Methods for Asteroid Lightcurve Inver-
sion. I. Shape Determination. Icarus 153, 24�36. [2] Kaasalainen, M., Torppa, J., Muinonen, K. (2001).
Optimization Methods for Asteroid Lightcurve Inversion. II. The Complete Inverse Problem. Icarus 153,
37�51.
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The Vesta/non-vestoids connection: Is there another di�erentiated object out
there?

S. Ieva1,2,3, D. Lazzaro4, E. Dotto 1, D. Perna2, M. De Sanctis5, D. Fulvio 6, and M. Fulchignoni2
1INAF - OAR, Rome, Italy

2LESIA - Observatoire de Paris, France
3Università di Roma Tor Vergata, Italy

4Observatorio Nacional, MCT, Brasil
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6Laboratory Astrophysics Group of the Max Planck Institute for Astronomy, Germany

(4) Vesta, an asteroid of 530-km diameter, is the biggest �small body� to show a basaltic crust. Because of the
spectroscopic similarity, Vesta was considered to be the parent body for Diogenite, Howardite, and Eucrite
meteorites [1], collectively known as the HED meteorites. The discovery of small chunks of basaltic material
in the proximity of our planet [2] led to the classical scenario: multiple giant impacts in the south pole of
Vesta, observed by HST and Dawn [3,4], generated a swarm of basaltic objects, the so-called �vestoids�.
Some were ejected on close orbital elements and created Vesta's dynamical family [5]. Others, extracted
from a close encounter with a terrestrial planet, became near-Earth objects (NEOs) [6], or Mars-crossers
[7]. This scenario is strengthened by a number of facts: the HED meteorites share a similar oxygen isotopic
ratio [8] and members of the dynamical family show a basaltic, V-type composition, according to the current
taxonomy [9], similar to that of (4) Vesta.
V-type asteroids were also found outside the boundaries of the dynamical family: while at least one group
could be considered as �fugitives� from the Vesta family [10]), it is di�cult to explain the low-inclination
middle-belt vestoids, as well as the outer-main-belt V-types, beyond 2.7 au. (1459) Magnya, the �rst basaltic
asteroid discovered beyond Vesta's limits [11], raised the possibility that a second, di�erentiated asteroid
exists in the main belt. The discovery of (21238) Panarea, a second basaltic asteroid not conventionally
linked to Vesta, called the classical model into question [12].
These �V-type non-vestoids� in the middle and outer belt are generally very faint [12,13], and the noise
in the spectrum can lead to an erroneous taxonomic classi�cation, particularly if based only on the visible
spectrum: in the current taxonomy [9], there are at least four classes with a deep 1-µm absorption band. Up
to now, only three of them were con�rmed as basaltic asteroids, with the discovery of the prominent 2-µm
band: (1459) Magnya, (10537) 1991 RY16, and (21238) Panarea. It is noteworthy to underline that they all
lie on the other side of the 3:1 resonance, and, according to our current understanding of dynamical models,
it would be very unlikely that a fragment survived through the passage of such a powerful resonance.
We therefore analyzed V-type asteroids belonging to di�erent dynamical families � i) vestoids, ii) fugitives,
iii) low-inclination vestoids, iv) NEOs, and v) non vestoids � to highlight possible di�erences among dy-
namical types and to compare each class with the HED meteorites. In the visible range, we made use of
several spectral parameters, such as the re�ectivity gradients in the 0.5�0.7-µm and 0.8�0.92-µm ranges, the
relative maximum, and the apparent depth [14]. In the NIR range, we made use of parameters normally
compared in the literature (band centres, band depths, band separation) to infer mineralogical properties
[15], as well as di�erent pyroxene compositions [16]. Finally, we compared band parameters from V-types
with data available from the Visible and InfraRed spectrometer (VIR) onboard the Dawn mission [17], which
mapped almost the whole surface of Vesta and acquired a total amount of 20 million spectra in 864 spectral
channels. All of the data are currently under analysis and the results will be presented at the ACM meeting.

References: [1] Drake, M. J. 2001, Meteoritics Planet. Sci., 36, 501. [2] Binzel, R. P. & Xu, S. 1993,
Science, 260, 186. [3] Thomas, P. C., Binzel, R. P., Ga�ey, M. J. et al. 1997, Science, 277, 1492. [4] Marchi,
S., McSween, H. Y., O'Brien, D. P. et al. 2012, Science, 336, 690. [5] Zappalà, V., Cellino, A., Farinella,
P. et al. 1990, AJ, 100, 2030. [6] Cruikshank, D. P., Tholen, D. J., Hartmann, W. K. et al. 1991, Icarus,
89, 1. [7] Ribeiro, A. O., Roig, F., Canada-Assandri, M. et al 2014, P&SS, 92, 57. [8] Stolper, E. 1977,
Earth Planet. Sci. Lett., 42, 239. [9] DeMeo, F. E., Binzel, R. P., Slivan, S. M. et al. 2009, Icarus, 202,
160. [10] Nesvorný, D., Roig, F., Gladman, B. et al. 2008, Icarus, 193, 85. [11] Lazzaro, D. Michtchenko,
T., Carvano, J. M. et al. 2000, Science, 288, 2030. [12] Binzel, R. P., Masi, G. & Foglia, S. 2006, BAAS,
38, 627. [13] Moskovitz, N. A., Willman, M., Lawrence, S. J. et al. 2007, Lunar Planet. Sci. Conf., 38,
1663. [14] Lazzaro, D., Mothé-Diniz, T., Carvano, J.M. et al. 1999, Icarus, 142, 445. [15] Ga�ey, M. J.,
Cloutis, E. A., Kelley et al. 2002, in Asteroids III, Univ. of Arizona Press, Tucson, 183. [16] Mayne, R.
G., Sunshine, J. M., McSween, H. Y et al. 2011, Icarus, 214, 147. [17] De Sanctis, M.C., Coradini, A.,
Ammannito, E. et al. 2011, SSRv, 163, 329.
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The Earth-Moon system as a typical binary in the Solar System
S. Ipatov1,2
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In recent years new arguments in favor of the formation of solid planetesimals by contraction of rare�ed
preplanetesimals (RPPs) have been found. It is often considered that masses of some RPPs can correspond
to masses of solid bodies of diameter about 1000 km. [1] showed that in the vortices launched by the Rossby
wave instability in the borders of the dead zone, the solids quickly achieve critical densities and undergo
gravitational collapse into protoplanetary embryos in the mass range 0.1�0.6M E (where M E is the mass of
the Earth). [2] and [3] supposed that transneptunian binaries were formed from RPPs. It was shown in [2]
that the angular momenta acquired at collisions of RPPs moving in circular heliocentric orbits could have
the same values as the angular momenta of discovered transneptunian and asteroid binaries. [4] obtained
that the angular momenta used in [3] as initial data in calculations of the contraction of RPPs leading
to formation of transneptunian binaries could be acquired at collisions of two RPPs moving in circular
heliocentric orbits. I supposed that the fraction of RPPs collided with other RPPs during their contraction
can be about the fraction of small bodies of diameterd > 100 km with satellites (among all such small
bodies), i.e., it can be about 0.3 for objects formed in the transneptunian belt.
The model of collisions of RPPs explains negative angular momenta of some observed binaries, as about
20 percent of collisions of RPPs moving in circular heliocentric orbits lead to retrograde rotation. Note
that if all RPPs got their angular momenta at their formation without mutual collisions, then the angular
momenta of small bodies without satellites and those with satellites could be similar (but actually they
di�er considerably). Most of rare�ed preasteroids could turn into solid asteroids before they collided with
other preasteroids. Some present asteroids can be debris of larger solid bodies, and the formation of many
binaries with primaries with d < 100 km can be explained by other models (not by contraction of RPPs).
[5] noted that the giant impact concept, which is a popular model of the Moon formation, has several
weaknesses. In particular, they calculated formation of the Earth-Moon system from a rare�ed protoplanet
which mass equaled to the mass of the Earth-Moon system. Using the formulas presented in [2], we obtained
that the ratio rK = K EM =Ks2 of the angular momentum K EM of the Earth-Moon system to the angular
momentum K s2 at a typical collision of two identical RPPs - Hill spheres, which massesm2 are equal to
0.5�1:0123M E and heliocentric orbits are circular, is about 0.0335. AsK s2 / (m2)3=5 [2], then K s2= K EM at
2m2= 0:03353=5 � 1:0123M E =0.13M E . For circular heliocentric orbits, the maximum value of K s2 is greater
by a factor of 0:6� 1 than the above typical value. In this case,rK =0.02 and 0.023=5=0.096. Therefore, the
angular momentum of the Earth-Moon system can be acquired at a collision of two RPPs with a total mass
not smaller than the mass of Mars. We suppose that solid proto-Earth and proto-Moon (with massesmEo
and mMo ) could be formed from a RPP (e.g., according to the models of contraction of a RPP [3,5]).
Let us consider the model of the growth of proto-Earth and proto-Moon to the present masses of the Earth
and the Moon (M E and 0.0123M E , respectively) by accumulation of smaller planetesimals for the case when
the e�ective radii of proto-Earth and proto-Moon are proportional to r (where r is a radius of a considered
object). Such proportionality can be considered for large enough eccentricities of planetesimals. In this case,
rMo = mMo =ME = [(0 :0123)� 2=3 � k + k � (mEo=ME ) � 2=3)] � 3=2, where k= (kd) � 2=3, and kd is the ratio of the
density of the growing Moon to that of the growing Earth ( kd=0.6 for the present Earth and Moon). For
rEo= mEo=ME =0.1, we haverMo =0.0094 at k=1 and rMo =0.0086 at k= 0:6� 2=3. At these values ofrMo , the
ratio f M =(0.0123-rMo )/0.0123 of the mass of planetesimals that were accreted by the Moon at the stage of
the solid body accumulation to the present mass of the Moon is 0.24 and 0.30, respectively. If we consider
that e�ective radii of the objects are proportional to r 2 (the case of relatively small relative velocities of
planetesimals), then at rEo=0.1 for kd equal 1 and 0.6, we obtainf M equal to 0.04 and 0.05, respectively.
In the above model, the Moon could acquire up to 1/3 of its mass at the stage of accumulation of solid
bodies, while the mass of the growing Earth increased by a factor of ten, but probably the initial mass of a
solid proto-Earth exceeded 0.1M E . Probably, the RPPs that contracted and formed the embryos of other
terrestrial planets did not collide with massive RPPs, and therefore they did not get large enough angular
momentum needed to form massive satellites.

References: [1] Lyra W., et al. (2008). A&A 491, L41�L44. [2] Ipatov S.I. (2010). Mon. Not. R. Astron.
Soc. 403, 405�414. [3] Nesvorny D., Youdin A.N., Richardson D.C. (2010). Astron. J. 140, 785�793. [4]
Ipatov S.I. (2013). Abstracts of 44th LPSC. 1488. [5] Galimov E.M., Krivtsov A.M. (2012). Origin of the
Moon. New concept. / De Gruyter. Berlin. 168 p.
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Outbursts from cavities in comets
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In 2005 the impact module of the Deep Impact (DI) spacecraft collided with Comet 9P/Tempel 1. Based on
analysis of the images made during the �rst 13 minutes after the collision of the DI impact module with the
comet, Ipatov and A'Hearn [1] studied time variations of ejection of material after this impact. Observed
brightness of the cloud of ejected material was mainly due to particles with diametersd < 3 micron, and
so we discussed ejection of such particles. It was shown that, besides the normal ejection of material from
the crater, at time te after the DI collision between 8 s and 60 s there was a considerable additional ejection
(a triggered outburst) of small (micron size) particles. It increased the mean velocities of observed small
ejected particles (compared with the normal ejection). It is di�cult to explain the time variations in the
brightness of the DI cloud at distance1 < R < 10 km without considering a triggered outburst of particles
with velocities of about 100 m/s.
The outburst could be caused by excavation of a large cavity with dust and gas under pressure. Though the
model of a layered target can play some role in an explanation of the variation in brightness of the DI cloud,
it cannot explain all details of such variation (for example, at tesim10 s there was simultaneously a jump in
the direction from the place of ejection to the brightest pixel in an image of the DI cloud by 50 degrees, an
increase in the rate of ejection of small particles, and an increase in the brightness of the brightest pixel; at
te � 60 s there was a sharp decrease in the rate of ejection of small particles, and atte � 60 s the direction
from the place of ejection to the brightest pixel returned to the direction at 1 < t e < 12 s; the mean ejection
velocities of observed particles were almost the same atte about 10�20 s, etc.). In [1] it was concluded that
particles could not increase their velocities by more than a few meters per second during those few minutes
when they moved fromR = 1 to 10 km.
The largest cavity excavated after the collision could be relatively deep because a considerable excess ejection
lasted during about 50 s. According to Schultz et al. [2], the diameterdtc of the DI transient crater was
about 200 m, but some authors support smaller values ofdtc . I estimated [3] the depth of the DI crater
at te = 8 s to be about 6 m for dtc = 200 m and 4 m for dtc = 100 m. The cavity could be located not
exactly below the center of the crater (i.e., at a little smaller depth of the crater), but the gas and dust
could begin to eject via cracks. The distance between the pre-impact surface of Comet 9P/Tempel 1 and
the upper border of the largest excavated cavity of about 4�6 m, and sizes of particles inside the cavities of a
few microns are in good agreement with the results obtained by Kossacki and Szutowicz [4]. These authors
concluded that the rapid sublimation of the CO ice in a cavity could lead to a rise of gas pressure above the
tensile strength of the nucleus. In their models of the explosion of Comet 17P/Holmes, the pressure of CO
vapor can rise to the threshold value of 10 kPa only when the nucleus is composed of very �ne grains, a few
microns in radius. The porous structure of comets provides enough space for sublimation.
The projection of the velocity of the leading edge of the DI cloud (onto the plane perpendicular to the line
of sight) was about 100�200 m/s and is typical for outburst particles ejected from comets (references to the
papers devoted to natural outbursts can be found in [5]). The similarity of velocities of particles ejected at
triggered and natural outbursts shows that these outbursts could be caused by similar internal processes in
comets. It is possible that cavities with dust and gas under pressure can be located a few meters below the
surfaces of comets. After some time, gas under pressure can make its way from a cavity to the surface of a
comet, and the gas formed later can follow this path at a relatively low pressure. Therefore, probably, the
more time a comet has spent close to the Sun, the greater are the distances from the surface of the comet
to the upper borders of cavities containing dust and gas under considerable pressure.

References: [1] Ipatov S.I. and A'Hearn M.F. (2011). MNRAS. 414, 76�107. [2] Schultz P.H., Hermalyn
B., Veverka J. (2013). Icarus. 222, 502�515. [3] Ipatov S.I. (2012). MNRAS. 423, 3474�3477. [4] Kossacki
K.J. and Szutowicz S. (2011). Icarus. 212, 847�857. [5] Ipatov S.I. (2012) in: P.G. Melark (ed.), Comets:
Characteristics, Composition and Orbits, 101�112.

249



ACM 2014, Helsinki, Finland Conference abstracts

Dynamical lifetime of the new Oort Cloud comets under planetary perturbations
T. Ito 1, A. Higuchi2
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Nearly-isotropic comets with very long orbital period are supposed to come from the Oort Cloud. Recent
observational and theoretical studies have greatly revealed the dynamical nature of this cloud and its evo-
lutional history, but many issues are yet to be known. Our goal is to trace the dynamical evolution of the
Oort Cloud new comets (OCNCs) produced by an evolving comet cloud, hopefully estimating the fraction
of OCNCs embedded in the current populations of the solar system small bodies. We combine two models
to follow the dynamical evolution of OCNCs beginning from their production until their ejection out of the
solar system, obtaining statistics of the dynamical lifetime of OCNCs: The �rst model is a semi-analytical
one about the OCNC production in an evolving comet cloud under the perturbation of the galactic tide and
stellar encounters. The second model numerically deals with planetary perturbation over OCNCs' dynamics
in planetary region. The main results of the present study are: (1) Typical dynamical lifetime of OCNCs
in our models turned out to be O(107) years. Once entering into the planetary region, most OCNCs stay
there just for this timespan, then get ejected out of the solar system on hyperbolic orbits. (2) While average
orbital inclination of OCNCs is small, the so-called �planet barrier� works rather e�ectively, preventing some
OCNCs from penetrating into the terrestrial planetary region.
Models. Recently a series of detailed dynamical studies with similar scienti�c objects to ours are published
[1�3]. Our present study is an extension of our own independent project [4], using a pair of dynamical
models. The �rst model is for the evolving Oort Cloud that produces OCNCs along its evolution [5,6].
The model initially starts from a planar planetesimal disk, which evolves into a three- dimensional, nearly
isotropic shape over a timespan of Gyr under the perturbation by the galactic tide and stellar encounters.
This model is largely analytical in order to reduce the amount of computation. The second one is a numerical
model for incorporating planetary perturbation from the major seven planets except Mercury, similar to the
framework of our previous studies [7,8]. It receives OCNCs from the �rst model, and traces the orbital
evolution of the comets up to 500 Myr until they get ejected out of the solar system by being scattered
away. The second model does not include the galactic tide or stellar perturbation. For further reduction of
computation amount, we assume that OCNCs go along their Keplerian orbits beyondr = 800 au without
any perturbations. The e�ect of the galactic tide that OCNCs would have during this period is separately
evaluated using a perturbation function that includes the galactic tide used in the �rst model.
Results. We selected two di�erent eras among the Oort Cloud history: (a) the initial 1 Gyr while the
comet cloud is still nearly planar with a high OCNC production rate, and (b) the period t = 4 �5 Gyr when
the comet cloud is almost in an isotropic shape with nearly constant supply of OCNCs. It turned out that
most of the OCNCs got scattered away by the four giant planets (i.e. being ejected out of the system with
r > 800 au and e > 1, or aphelion distance becoming larger thanQ > 2 � 105 au) with a typical timespan
of O(107) years in the planetary region. This timescale is roughly consistent with an analytical estimate
in [9]. Also, this timescale does not strongly dependent on which era we choose, as the range of OCNC's
semimajor axis is similar to each other. To get an estimate as to which planet has the largest dynamical
in�uence on the fate of OCNCs, we calculated the number of planetary encounters de�ned by OCNC's close
approaches within 500� scatter radius of planets,r s (r s is a typical distance when a massless body's orbit
gets bent 90 degrees by scattering. It is proportional to (relative velocity)� 2). A simple analysis shows that
Jupiter and Saturn play a dominant role on scattering OCNCs away from the system.
There has been a concept called the �Jupiter barrier� where giant planets such as Jupiter protect the Earth
from cometary bombardments (e.g. [10,11]). Our study partially validates this hypothesis, showing that the
planetary barrier actually works when the incoming OCNC �ux is nearly planar as in the era (a). The main
barrier is composed by Saturn with an aid by Jupiter, making OCNCs' perihelia stick around Saturn's orbit.
Once the comet cloud has become isotropic as in the era (b), OCNCs come from almost any directions, and
the barrier no longer works. This is just the situation in the current solar system.

References: [1] Fouchard et al. (2013) Icarus 222, 20�31. [2] Fouchard et al. (2014a) Icarus 231, 110�
121. [3] Fouchard et al. (2014b) Icarus 231, 99�109. [4] Ito and Higuchi (2012) ACM 2012 abstract,
LPI Contribution 1667, id. 6209. [5] Higuchi et al. (2006) Astron. J. 131, 1119�1129. [6] Higuchi et al.
(2007) Astron. J. 134, 1693�1706. [7] Ito and Malhotra (2006) Adv. Space Res. 38, 817�825. [8] Ito and
Malhotra (2010) Astron. Astrophys. 519, A63. [9] Tremaine (1993) ASP Conference Series 36, 335�344.
[10] Everhart (1973) Astron. J. 78, 329�337. [11] Wetherill (1994) Astrophys. Space Sci. 212, 23�32.
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CCD polarimetry of distant comets with the 6-m telescope at SAO RAN
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Usually, polarimetric measurements are used to study the physical properties of comets approaching the Sun.
Since the dust in distant comets di�ers from the dust in short-period comets, the study of polarization of the
distant comets is very important for the investigation of their physical properties. However, little is known
about the dust properties in the cometary coma as well as about the cometary nuclei at large heliocentric
distances. So far, there are no comets studied with polarimetric techniques at heliocentric distances more
than 4 au.
We have started a comprehensive program of polarimetric, photometric, and spectral investigations of active
distant comets (or without noticeable activity) with the focal reducer SCORPIO attached in the prime
focus of the 6-m telescope BTA (Special Astrophysical Observatory, Russia). We performed broad-band
polarimetry and long-slit spectroscopy of comets C/2011 S1 (LINEAR) and C/2010 R1 (LINEAR) in the
visible wavelength range. The data were obtained on November 12, 2012, at the phase angle of10:4� , when
the comet C/2011 S1 (LINEAR) was at the heliocentric distance of 6 au, and, on February 6, 2013, at
the phase angle of9:1� , when the comet C/2010 R1 (LINEAR) was at the heliocentric distance of 5.9 au,
respectively. The data on the degree of linear polarization of the distant comets C/2011 S1 (LINEAR) and
C/2010 R1 (LINEAR) are the �rst ever obtained at such large heliocentric distances.
We present the results and preliminary analysis of imaging polarimetric observations of comets C/2011 S1
(LINEAR) and C/2010 R1 (LINEAR). These comets show considerable levels of activity not only within the
zone of water sublimation (up to 3 au), but also at heliocentric distances far exceeding this limit. Molecular
emissions are not detected in the observed cometary spectra. The cometary comae display a degree of linear
polarization of about -2% and -2.2%, respectively. This value is signi�cantly higher, in absolute terms, than
that ( � 1.5%) typical for comets close to the Sun. We have made an attempt to compare the obtained
observational data with the results of numerical modeling performed for light scattering media composed
of particles of di�erent refractive index, shape, and size. Our computations have been performed by using
the T-matrix and superposition T-matrix methods. Firstly, we have adopted the cometary particles in the
form of densely packed aggregates composed of di�erent numbers of submicron spherical monomers with
refractive index m = 1 :65+ i0:05. The morphology of the aggregates is described by a statistical scaling law.
For a wavelength � = 0 :55 µm, we have obtained a negative branch of polarization in the range of phase
angles� < 20� , which is somewhat weaker than the observed one, but at� = 0 :4 µm the negative branch
of polarization disappears. Also, we have assumed the cometary particles to have a chemical composition
close to the water ice. The results of computations show that the model of optically thick layers composed
of oblate spheroids with refractive index in the range 1.28�1.33, e�ective radius in the range 0.28�0.33µm
and aspect ratio in the range 1.2�1.6 permit to obtain a satisfactory agreement between the observed and
computed values of the degree of linear polarization. But it should be emphasized that the small amount of
observational data does not permit to make reliable conclusions about the physical properties of particles
in the atmospheres of the investigated comets.
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Photometric investigation of the comet C/2009 P1 (Garradd) at pre-perihelion
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We present an analysis of the photometric observations of comet C/2009 P1 (Garradd). The comet was
observed at the heliocentric distance of 1.7 au and the geocentric distance of 2.0 au. Observations were
obtained with the 60-cm telescope Zeiss-600 (ICAMER, KB). Narrow-band �lters were used for selecting the
BC (� 4450/67 Å), GC (� 5260/56 Å), RC (� 7128/58 Å), continuum, and C2 (� 5141/118 Å), CN (� 3870/62
Å), and C3 (� 4062/62 Å) emissions. The production rate for dust particles and the spectral gradient of
re�ectivity of the dust in the blue and red continuum have been obtained from the photometric observations.
The following quantities have been estimated: the column density of molecules and their production rates.
According to our results, the physical parameters of comet C/2009 P1 (Garradd) are close to the average
characteristics of typical dynamically new comets and Oort cloud comets.
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Forming the wide asynchronous binary asteroid population
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We propose and analyze a new mechanism for the formation of the wide asynchronous binary population.
These binary asteroids have wide semi-major axes relative to most near-Earth-asteroid and main-belt-
asteroid systems as shown in the attached table. Con�rmed members have rapidly rotating primaries and
satellites that are not tidally locked. Previously suggested formation mechanisms from impact ejecta, from
planetary �ybys, and directly from rotational-�ssion events cannot satisfy all of the observations.
The newly hypothesized mechanism works as follows: (1) these systems are formed from rotational �ssion, (2)
their satellites are tidally locked, (3) their orbits are expanded by the binary Yarkovsky-O'Keefe-Radzievskii-
Paddack (BYORP) e�ect, (4) their satellites desynchronize as a result of the adiabatic invariance between
the libration of the secondary and the mutual orbit, and (5) the secondary avoids resynchronization because
of the YORP e�ect. This seemingly complex chain of events is a natural pathway for binaries with satellites
that have particular shapes, which de�ne the BYORP e�ect torque that acts on the system. After detailing
the theory, we analyze each of the wide-asynchronous-binary members and candidates to assess their most
likely formation mechanism. Finally, we suggest possible future observations to check and constrain our
hypothesis.

Figure: The con�rmed and suspected members of the wide-asynchronous-binary population.

Acknowledgements: Seth Jacobson would like to acknowledge the NESSF program for sponsoring his
PhD thesis.
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Using asteroid families to test planetesimal di�erentiation hypotheses
S. Jacobson1, H. Campins2, M. Delbo'1, P. Michel1, P. Tanga1, J. Hanu²1, and A. Morbidelli 1
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There have been a series of papers (e.g., Weiss et al. 2008, 2010, 2012; Carporzen et al. 2011; Elkins-Tanton
et al. 2011) suggesting that large planetesimals should have metamorphic grading within their crusts and
possibly fully-di�erentiated interiors with mantles and cores. This is a very attractive hypothesis consistent
with ideas that planetesimals form as large bodies (Johansen et al. 2007, Cuzzi et al. 2008, Morbidelli et
al. 2009) and form early in Solar System history when radioactive heating is still important.
It is natural to look to the asteroid belt, our prime reservoir of terrestrial planet building blocks (i.e.,
left-over planetesimals), for con�rmation of this idea. Asteroid families, long known to be the debris from
catastrophic disruptions (Hirayama 1918, Michel et al. 2003) conveniently expose the interiors of these
left-overs.
From simulations of the catastrophic disruption process, we know that not all material is ejected equally.
Material near the surface is given higher expulsion velocities and divided into smaller pieces (Michel et al.
2004). Furthermore, while catastrophic disruptions appear to be a messy process, the largest remnants,
including those formed by re-accumulation of smaller fragments, come from coherent sections of the pro-
genitor body, although the extent and depth of these sections within the progenitor depend on its internal
structure (Michel et al. 2014). This suggests that the ejected material should also maintain a coherent com-
positional structure (Michel et al., 2004). Therefore, compositional gradients within planetesimals should
expose themselves within asteroid families.
While all asteroid families share a number of common features, there is a large diversity of membership
numbers, progenitor masses, collision energy, formation times, and spectroscopic type and sub-type both
between and within families (Zappala et al. 1995, Nesvorny 2012). This compositional diversity allows for
a thorough exploration of the consequences of the hypothesized compositional radial gradients within the
planetesimal population. The circumstantial diversity (membership number, progenitor mass, and collision
energy) determines how exposed the interior of the planetesimal is.
Using estimates of the progenitor mass and the mass of the largest remnant (Tanga et al. 1999, Durda et
al. 2007, Broz et al. 2013), we can assess the exposed nature of di�erent asteroid families. Those with the
lowest ratio of largest remnant to planetesimal mass are more exposed since more of their mass is within the
asteroid family membership as opposed to being sequestered in the largest remnant. Furthermore, models
of the planetesimal di�erentiation process are strongly size dependent since smaller bodies cool much more
e�ectively. Therefore, progenitor mass is also a proxy for the expected degree of di�erentiation.
Using this set of proxies, we examine a diverse array of asteroid families to test the hypothesis of di�erenti-
ation or metamorphic grading.
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From the results of a comprehensive asteroid-population-evolution model, we conclude that the YORP-
induced rotational-�ssion hypothesis has strong repercussions for the small size end of the main-belt asteroid
size-frequency distribution and is consistent with observed asteroid-population statistics and with the ob-
served sub-populations of binary asteroids, asteroid pairs and contact binaries. The foundation of this model
is the asteroid-rotation model of Marzari et al. (2011) and Rossi et al. (2009), which incorporates both
the YORP e�ect and collisional evolution. This work adds to that model the rotational �ssion hypothesis
(i.e. when the rotation rate exceeds a critical value, erosion and binary formation occur; Scheeres 2007) and
binary-asteroid evolution (Jacobson & Scheeres, 2011).
The YORP-e�ect timescale for large asteroids with diameters D > � 6 km is longer than the collision
timescale in the main belt, thus the frequency of large asteroids is determined by a collisional equilibrium (e.g.
Bottke 2005), but for small asteroids with diameters D < � 6 km, the asteroid-population evolution model
con�rms that YORP-induced rotational �ssion destroys small asteroids more frequently than collisions.
Therefore, the frequency of these small asteroids is determined by an equilibrium between the creation
of new asteroids out of the impact debris of larger asteroids and the destruction of these asteroids by
YORP-induced rotational �ssion. By introducing a new source of destruction that varies strongly with
size, YORP-induced rotational �ssion alters the slope of the size-frequency distribution. Using the outputs
of the asteroid-population evolution model and a 1-D collision evolution model, we can generate this new
size-frequency distribution and it matches the change in slope observed by the SKADS survey (Gladman
2009). This agreement is achieved with both an accretional power-law or a truncated �Asteroids were Born
Big� size-frequency distribution (Weidenschilling 2010, Morbidelli 2009).
The binary-asteroid evolution model is highly constrained by the modeling done in Jacobson & Scheeres, and
therefore the asteroid-population evolution model has only two signi�cant free parameters: the ratio of low-
to-high-mass-ratio binaries formed after rotational �ssion events and the mean strength of the binary YORP
(BYORP) e�ect. Using this model, we successfully reproduce the observed small-asteroid sub-populations,
which orthogonally constrain the two free parameters. We �nd the outcome of rotational �ssion most
likely produces an initial mass-ratio fraction that is four to eight times as likely to produce high-mass-ratio
systems as low-mass-ratio systems, which is consistent with rotational �ssion creating binary systems in a
�at distribution with respect to mass ratio. We also �nd that the mean of the log-normal BYORP coe�cient
distribution B � 10� 2.

Figure: Binary-asteroid-system evolution after a rotational-�ssion event. The upper pathway corresponds
to high mass ratio q > 0:2 and the lower pathway corresponds to low mass ratioq < 0:2.
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Radar detectability studies of slow and small zodiacal dust cloud particles using
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The total amount of meteoric input in the upper atmosphere is a hotly debated quantity, for which estimates
vary by two orders of magnitude, depending on measuring techniques. The majority of the input is in the
form of microgram size particles, which, in most cases, completely ablate injecting metals in the mesosphere.
These metals are the primordial material for most of the layered phenomena (LP) occurring in the mesopause
region (MR). Accurate knowledge of this quantity is crucial for the study of LPMR and, in many cases,
it can contribute to the improvement of Whole Atmosphere Models (WAMs) by constraining parameters
such as the vertical transport in the middle atmosphere. In an e�ort that ultimately aims to estimate
this quantity, we utilize a new Zodiacal Dust Cloud (ZDC) model that follows the dynamical evolution
of dust particles after ejection, utilizing the orbital properties of comets and asteroids. One of the main
results of this model is that it predicts that 85�95 % of the dust in the inner solar system comes from
Jupiter family comets (JFCs), with the remainder coming from the asteroid belt and Oort Cloud comets
(OCCs)(Nesvorny et al., 2010). Furthermore, the modeled results show that most of the dust, which drifts
down towards the inner solar system under the in�uence of the Poynting-Robertson drag, has a mass in
the range 1�10 µg at a near-prograde orbit with a mean speed of about 14 km/s, producing a global
meteoric mass input around 32 t/d (Nesvorny et al., 2011a). The low average speed and the absence of
signi�cant orbital eccentricities, also a result of the model, do not agree with various types of meteor radar
observations, which record average speeds closer to 30 km/s. One of the key problems with this model is that
it is currently quantitatively only constrained by the Infrared Astronomical Satellite (IRAS) observations
of the ZDC and only qualitatively constrained with terrestrial observations using radars (Nesvorny et al,
2011b). Furthermore, the radars utilized do not have the sensitivity to observe the particle masses dominant
in the ZDC model when they travel at low speed (i.e., low ionization production) and thus it remains
unbound by ground-based observations. In this paper, we discuss a methodology to better constrain the
ZDC physical model utilizing ground-based meteor radar observations of head echoes and modelling. For
this, we integrate and employ existing comprehensive models of meteoroid ablation, ionization, and radar
detection and thus enable accurate interpretation of radar observations. This will address potential biases
that could, in principle, prevent them to detect the large population of small slow particles predicted by the
ZDC model.

Acknowledgements: This work was supported by the NASA awards 12-PAST12-0007 and 12-PATM12-
0006. The Arecibo Observatory is operated by SRI International under a cooperative agreement with the
National Science Foundation.

References: Nesvorny, D. et al., Cometary Origin of the Zodiacal Cloud and Carbonaceous Microm-
eteorites. Implications for Hot Debris Disks. Ap. J., 713:816836,31 April 2010. doi: 10.1088/0004-
637X/713/2/816; Nesvorny et al., Dynamical Model for the Zodiacal Cloud and Sporadic Meteors. Ap. J.,
743:129, December 2011a. doi: 10.1088/0004-637X/743/2/129; Nesvorny et al.,.Dynamics of Dust Particles
Released from Oort Cloud Comets and Their Contribution to Radar Meteors. Ap. J., 743:37, December
2011b. doi: 10.1088/0004-637X/743/1/37.
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Meteor stream survey in the southern hemisphere using SAAMER
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We present in this manuscript two meteor shower surveys in the Southern Hemisphere utilizing the Southern
Argentina Agile Meteor Radar (SAAMER). SAAMER, which operates at the southern most region of South
America, is a new generation SKiYMET system designed with signi�cant di�erences from typical meteor
radars including high transmitted power and an 8-antenna transmitting array enabling large detected rates at
low zenith angles. For the �rst survey, we applied the statistical methodology developed by Jones and Jones
(2006) to the data collected each day during 4 years and compiled the results into 1 composite representative
year at 1-degree resolution in Solar Longitude. We then search for enhancements in the activity, which last
for at least 3 days and evolve temporally as is expected for a meteor shower. Using this methodology,
we have identi�ed in our data 32 shower radiants, two of which were not part of the IAU commission 22
meteor shower working list (Janches et al., 2014). Recently, SAAMER's capabilities were enhanced by
adding two remote stations to receive meteor forward scatter signals from meteor trails and thus enable the
determination of meteoroid orbital parameters. SAAMER started recording orbits in January 2012. We
also present a 1-year survey using a wavelet-transform approach (Galligan and Baggaley, 2002ab; Brown et
al., 2008) of this new orbital dataset to isolate enhancements in radiant density in geocentric coordinates
resulting in not only radiant information but shower orbital properties.

Acknowledgements: The deployment of SAAMER and its remote receiving stations as well as the work
presented in this paper was supported by NSF awards AGS - 0634650, AGS - 0944104, and AST - 0908118,
as well as NASA awards 12-PAST12-0007 and 12-PATM12-0006. We wish to give special thanks to the
EARG personnel for their invaluable assistance with the operation and day-to-day overseeing of SAAMER.
Without their help, operating a system on the other side of the planet would be impossible!

References: Brown, P., Weryk, R.J., Wong, D.K., Jones, J., 2008. A meteoroid stream survey us-
ing the Canadian Meteor Orbit Radar. I: Methodology and radiant catalogue. Icarus 195, 317�339.
http://dx.doi.org/10.1016/j.icarus.2007.12.002; Galligan, D.P., Baggaley, W.J., 2002a. Wavelet enhance-
ment for detecting shower structure in radar meteoroid data. II. Application to the AMOR data. In: Green,
S.F., Williams, I.P., McDonnell, J.A.M., McBride, N. (Eds.), IAU Colloq. 181: Dust in the Solar System
and Other Planetary Systems. Pergamon Press, Amsterdam, p. 48; Galligan, D.P., Baggaley, W.J., 2002b.
Wavelet enhancement for detecting shower structure in radar meteoroid data. I. Methodology. In: Green,
S.F., Williams, I.P., McDonnell, J.A.M., McBride, N. (Eds.), IAU Colloq.181: Dust in the Solar System
and Other Planetary Systems. Pergamon Press, Amsterdam, p. 42; Janches, D., J.L. Hormaechea, C.
Brunini, W. Hocking and D.C. Fritts, An initial meteoroid stream survey in the southern hemisphere using
the Southern Argentina Agile Meteor Radar (SAAMER), (2013) Icarus 223 677�683; Jones, J., Jones, W.,
2006. Meteor radiant activity mapping using single-station radar observations. Month. Not. R. Astron.
Soc. 367, 1050�1056. http://dx.doi.org/10.1111/j.1365-2966.2006.10025.x
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The Southern Argentina Agile Meteor Radar (SAAMER) is a new generation system deployed in Rio Grande,
Tierra del Fuego, Argentina (53oS) in May 2008 (Janches et al., 2013,2014). SAAMER transmits 10 times
more power than regular meteor radars, and uses a newly developed transmitting array, which focuses power
upward instead of the traditional single-antenna-all-sky con�guration. The system is con�gured such that
the transmitter array can also be utilized as a receiver. The new design greatly increases the sensitivity of
the radar enabling the detection of large numbers of particles at low zenith angles. The more concentrated
transmitted power enables additional meteor studies besides those typical of these systems based on the
detection of specular re�ections, such as routine detections of head echoes and non-specular trails, previously
only possible with High Power and Large Aperture radars (Janches et al., 2014). In August 2010, SAAMER
was upgraded to a system capable to determine meteoroid orbital parameters. This was achieved by adding
two remote receiving stations approximately 10 km away from the main site in near perpendicular directions
(Pifko et al., 2014). The upgrade signi�cantly expands the science that is achieved with this new radar
enabling us to study the orbital properties of the interplanetary dust environment. Because of the unique
geographical location, the SAAMER allows for additional inter-hemispheric comparison with measurements
from Canadian Meteor Orbit Radar, which is geographically conjugate. Initial surveys show, for example,
that SAAMER observes a very strong contribution of the South Toroidal Sporadic meteor source (Pifko
et al., 2014), of which limited observational data is available. In addition, SAAMER o�ers similar unique
capabilities for meteor showers and streams studies given the range of ecliptic latitudes that the system
enables to survey (Janches et al., 2013). It can e�ectively observe radiants from the ecliptic south pole
to approximately 30°N, and thus enable a detailed study of showers at high southern latitudes (e.g., July
Phoenicids or Puppids complex), which are unobservable from the CMOR's location. Finally, SAAMER is
ideal for the deployment of complementary instrumentation in both permanent and campaign operational
modes. Results from various radar meteor investigations as well as radar/optical observation campaigns will
be presented in this paper.

Acknowledgements: The deployment of SAAMER and its remote receiving stations as well as the work
presented in this paper was supported by NSF awards AGS - 0634650, AGS - 0944104, and AST - 0908118,
as well as NASA awards 12-PAST12-0007 and 12-PATM12-0006. We wish to give special thanks to the
EARG personnel for their invaluable assistance with the operation and day-to-day overseeing of SAAMER.
Without their help, operating a system on the other side of the planet would be impossible!
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R. Michell and M. Samara. Interferometric Meteor Head Echo Observations using the Southern Ar-
gentina Agile Meteor Radar (SAAMER). (2014) Journal of Geophysical Research: Space Physics doi:
10.1002/2013JA019241; Pifko, S., D. Janches, S. Close, J.L. Hormaechea, A. Murphy, D. O'Connor, B. Van-
depeer, B. Fuller , D. C. Fritts and C. Brunini, THE SOUTHERN ARGENTINA AGILE METEOR RADAR
ORBITAL SYSTEM (SAAMER-OS): A TWO-YEAR SURVEY OF METEOROID ORBITS,(2014) Icarus,
In preparation.
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Electric solar-wind sail for asteroid touring missions and planetary protection
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The electric solar-wind sail (electric sail, E-sail [1,2]) is a relatively new concept for moving around in the
solar system without consuming propellant and by using the thrust provided by the natural solar wind to
produce propulsion. The E-sail is based on deploying, using the centrifugal force, a set of long, thin metallic
tethers and charging them to high positive voltage by actively removing negative charge from the system
by an electron gun. To make the tethers resistant towards inevitable wire cuts by micrometeoroids, they
must be made by bonding from multiple (typically 4) thin (25�50 µm) aluminium wires. Production of the
tethers was a technical challenge which was recently overcome.
According to present numerical estimates, the E-sail could produce up to 1 N of propellantless thrust out
of less than 200 kg package which is enough to give characteristic acceleration of 1 mm/s2 to a spacecraft
weighing 1 tonne, thus producing 30 km/s of delta-v per year. The thrust scales as� 1=r wherer is the solar
distance. There are ways to control and vector the thrust enough to enable inward and outward spiralling
missions in the solar system.
The E-sail working principle has been indirectly measured in a laboratory, and ESTCube-1 CubeSat exper-
iment is underway in orbit (in late March 2014 it was waiting to be started) to measure the E-sail thrust
acting on a short 10-m long tether. A full-scale mission requires� 1000km of tether altogether (weighing
� 10 kg). The production of a 1-km piece of tether has been demonstrated in laboratory [3].
If the E-sail holds up its present promise, it would be ideally suited for asteroid missions because it enables
production of similar level of thrust than ion engines, but needs only a small fraction of the electric power
and never runs out of propellant because it does not use any (the �propellant� being the natural solar-
wind plasma �ow). Here we consider especially a mission which would tour the asteroid belt for a long
time, moving from asteroid to asteroid in a bit similar way as, e.g., Mars rovers move from rock to rock
on the planet's surface. After starting from the Earth, the mission would slowly spiral outward, making
rendezvous with interesting asteroids along the way, as well as �ybys or even a larger number of asteroids
as opportunities arise. The spacecraft would do remote sensing of the bodies and perhaps also deploy small
CubeSat-sized expendable landers on them (the mother spacecraft cannot land on an asteroid or else it
would lose the E-sail tethers). The mission would �rst explore near-Earth objects, then pass through the
main belt and end up with the Trojans, exploring asteroids in rendezvous and �yby modes all the time.
Asteroids in roughly circular orbits and at low inclination would be the easiest and most likely targets for
rendezvous mode encounters, while there would be less restrictions for �yby mode observations.
Besides for pure asteroid science, the E-sail could also be used for planetary protection, either through
direct propulsive de�ection of a dangerous asteroid [4] or by accelerating a relatively lightweight impactor
spacecraft to a retrograde orbit and in that way maximizing the available de�ecting impact energy for given
impactor mass. E-sails could take a number of such impactors to retrograde storage orbits from which they
could be commanded to impact a dangerous asteroid with relatively short warning time. Such impactor
�eet would not be dangerous to the Earth because the vehicles can be designed to burn completely in the
atmosphere, in the unlikely event that due to some mishap one of them would collide with the Earth.
The E-sail has potentially large applicability to asteroids as it promises �free� transportation in the solar
system. As a next step, a solar-wind test mission is needed to demonstrate the technology in the authentic
environment.

Acknowledgements: The research was partially funded by the Academy of Finland.
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We will present an overview of our recent work on understanding the population of natural objects that are
temporarily captured in the Earth-Moon system. We use the term 'minimoon' to refer to objects that i) have
negative total energy (kinetic+potential) relative to the Earth-Moon barycenter that ii) make at least one
full revolution around the barycenter in a co-rotating frame relative to the Earth-Sun axis iii) while they are
within 3 Earth Hill-sphere radii. There has been one con�rmed minimoon, the 2�3 meter diameter object
designated 2006 RH120 that was discovered by the Catalina Sky Survey [1]. That object's size, capture
duration, geocentric trajectory, and pre-and post-capture heliocentric orbits are in perfect agreement with
the minimoon model proposed by Granvik et al. (2012) [2]. We expect that there are one or two 1 to 2
meter diameter minimoons in the steady state population at any time and about a dozen larger than 50 cm
diameter. Minimoons have an average lifetime of about 9 months. 'Drifters' are like minimoons except
that they do not ful�ll the requirement of making at least one revolution in the Earth-Moon system. The
population of drifters is about 10� the minimoon population so that the largest drifter in the steady state
is about 5�10 meters in diameter and there are perhaps ten of about 1 meter diameter at any time. The
combined population of minimoons and drifters, henceforth 'cis-lunar objects' (CLO), provide a formerly
unrecognized opportunity for scienti�c exploration and testing concepts for in-situ resource utilization [3].
They could provide large samples of main-belt asteroids that are una�ected by passage through Earth's
atmosphere or weathering on the ground, with the added convenience of already being gravitationally
bound in the Earth-Moon system. The CLOs provide interesting challenges for rendezvous missions because
of their limited lifetime and non-elliptical trajectories while they are bound objects [4]. The problem is that
detecting the CLOs is di�cult � they are small, captured for only limited time periods, and their apparent
rates of motion are more like arti�cial satellites than the more distant NEOs [5]. New technology may enable
the detection of a small number of CLOs from the ground in the next few years [5,6] but the only way to
discover a reliable stream of these interesting objects is from a space-based platform.

Figure: A synthetic minimoon's trajectory through the Earth-Moon system.

Acknowledgements: This work was funded by a combination of grants from the NASA NEOO program
and the Academy of Finland. The CLO trajectory integrations were executed on the Jade SGI supercluster
at CINES, France.
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M. et al. (2014) ApJ, 782.
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The TRAPPIST comet survey
E. Jehin1, C. Opitom1, J. Manfroid 1, D. Hutsemékers1, and M. Gillon 1
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TRAPPIST (TRAnsiting Planets and PlanetesImals Small Telescope) is a 60-cm robotic telescope that has
been installed in June 2010 at the ESO La Silla Observatory [1]. Operated from Liège (Belgium) it is devoted
to the detection and characterisation of exoplanets and to the study of comets and other small bodies in
the Solar System. We describe here the hardware and the goals of the project and give an overview of the
comet production rates monitoring after three years of operations.
The telescope and observatory � TRAPPIST's optical tube unit is a Ritchey-Chretien 0.6 meter telescope
with a focal length of 4.8 meter. It is associated with a German equatorial mount that is, thanks to its direct
drive system, extremely fast (up to 50 deg/s), accurate (tracking accuracy without autoguider better than
2� in 10 min), and free of periodic error. The instrument is a Peltier cooled commercial camera equipped
with a Fairchild 3041 back-illuminated 2k� 2k chip. The pixel scale is 0.64�/pixel. Three read-out modes
are available, the shortest read-out time being 2s. The total �eld of view of the camera is 22'� 22'. It is
associated to a custom-made dual �lter wheel. One of the �lter wheel contains broad band �lters (Johnson
B, V, R, Cousins Ic, Sloan z, and a special I+z �lter), while the other contains the narrow-band NASA HB
cometary �lters (OH, NH, CN, CO+, C3, and C2 gaseous species; UC, BC, GC and RC solar continuum
windows and a NaI D �lter) [2]. The telescope is protected by a 5 meter diameter dome that was totally
refurbished and automatized. The observatory is fully robotic and equipped with a weather station, an UPS
and webcams. The la Silla site is excellent with more than 300 clear nights per year and the telescope has
proven to be very reliable with a small amount of technical downtime.
Comet monitoring � For relatively bright comets ( V < 12) we measure several times a week the gaseous
production rates (using a Haser model) and the spatial distribution of several species among which OH,
NH, CN, C2 and C3 as well as ions like CO+. The dust production rates (Afrho) and color of the dust are
determined through four dust continuum bands (UC, BC, GC, RC). Such regular measurements are rare
because of the lack of observing time on larger telescopes. Yet they are very valuable as they show how
the gas production rate of each species evolves with respect to the distance to the Sun. Those observations
allow to determine the composition of the comets and the chemical class to which they belong (rich or poor
in carbon for instance [3]), possibly revealing the origin of those classes but also if there are some changes
of the abundance ratios along the orbit (evolutionary e�ects). Indeed with half a dozen of comets observed
each year � and as long as possible along their orbit � this program will provide a good statistical sample
after a few years. We will present the results of this monitoring after three years of operations.
Thanks to the way the telescope is operated, follow-up of split comets and of special outburst events
is possible right after an alert is given and can bring important information on the nature of comets. In
addition to providing the productions rates of the di�erent species through a proper photometric calibration,
image analysis can reveal coma features (jets, fans, tails), that can lead to the detection of active regions
and measure the rotation period of the nucleus. The monitoring is also useful to assess the gas and dust
activity of a given comet in order to prepare more detailed observations with larger telescopes. Such data
can be obtained at any time under request. Finally a dozen of faint comets (V < 20) are monitored once a
week through B, V, Rc, Ic �lters and magnitudes and positions are sent to the MPC.

Acknowledgements: E.J. and M.G. are Research Associate FNRS, C.O is FNRS Research Fellow, D.H. is
Senior Research Associate at the FNRS, J.M. is Research Director of the FNRS, and P.M. is Professor. We
would like to thank David Schleicher from Lowell Observatory for having recovered and lent one complete
set of NASA cometary �lters.
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2000. [3] A'Hearn et al., Icarus, 118, 223�270, 1995.
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New survey of meteor showers
P. Jenniskens1

1SETI Institute, 189 Bernardo Ave, Mountain View, CA 94043, USA.

In order to con�rm the many showers listed in the IAU Working List of Meteor Showers in need of veri�cation,
a 60-camera three-station video surveillance of the night sky is being conducted in the San Francisco Bay
Area in California (http://cams.seti.org), called the Cameras for Allsky Meteor Surveillance (CAMS) project
[1]. Now, the �rst 2.5 years of observations were reduced and analyzed, comprised of 112,024 meteoroid
trajectories from mostly +4 to -2 magnitude meteors. The trajectories were calculated with a mean precision
of 0.24� in radiant direction and 2 % in speed. An interactive tool was developed to study the distribution
of meteoroid radiant and speed after correction for Earth's motion around the Sun. A report was submitted
for publication in Icarus [2]. Our team assigned 30,801 meteors to 320 showers (27.5 %). This included
72 established showers and 64 known but now con�rmed showers. An additional 24 previously reported
showers were tentatively detected, but need further study. This study adds 105 potential new showers and
23 newly identi�ed components of established showers to the IAU Working List of Meteor Showers. Another
32 showers previously reported based all or in part on CAMS data were detected again. The Northern and
Southern Taurids, especially, are found to be composed of a series of individual streams. In this presentation,
I will summarize statistical aspects of these shower detections and their relation to parent body near-Earth
objects to shed light on the role of mostly dormant comets in contributing dust to the inner solar system.

Acknowledgements: NASA Ames Exploration Academy student Quentin Nénon developed the interactive
stream �nding tool. Peter S. Gural is responsible for the development of the CAMS meteor detection and
interactive trajectory reconstruction software suite. Jim Albers and Dave Samuels contributed to scripts
and operational procedures. Bryant Grigsby (Lick Observatory), Jim Albers (Sunnyvale Station), and Rick
Morales (Fremont Peak Observatory) operate the CAMS stations in California. Dave Samuels and Carl
Johannink coordinated the use of single-CAMS stations in California and the Netherlands. Bob Haberman,
Dave Holman, Meridel Phillips, Kathryn Steakley and Beth Johnson assisted in the data reduction e�ort.
The CAMS project is supported by the NASA Near Earth Object Observation Program.

References: [1] Jenniskens, P., Gural, P. S., Dynneson, L., Grigsby, B. J., Newman, K. E., Borden, M.,
Koop, M., Holman, D., 2011. CAMS: Cameras for Allsky Meteor Surveillance to establish minor meteor
showers. Icarus 216, 40�61. [2] Jenniskens, P., Nénon, Q., Albers, J., Gural, P. S., Haberman, B., Holman,
D., Morales, R., Grigsby, B. J., Samuels, D., Johannink, C., 2014. CAMS: A survey of meteor showers from
+37ºN. Icarus (submitted).
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Rapid response strategies to announced small asteroid impacts
P. Jenniskens1
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Asteroids 2008 TC3 and 2014 AA were detected in space a similar 20 and 21 hours prior to impacting the
Earth, respectively. While 2008 TC3 was well observed prior to impact on October 7, 2008, and meteorites
were recovered on the ground in the Nubian desert of Sudan [1], asteroid 2014 AA was lost soon after the
initial detection on January 1, 2014. Shortly after impact, two infrasound stations detected a faint rumble
from a direction over the Atlantic ocean, north of Brazil. That rumble signaled a lost science opportunity
to forge links between meteorite types and asteroid classes.
Now, a program is being established to prepare for, and help execute, a rapid and e�ective response to a
predicted Earth impactor. By developing an e�ective alert system, the program brings together the asteroid
survey projects that can detect such an asteroid and the astronomers that can respond. Strategies to respond
rapidly to an announced small asteroid impact are being developed. Goal is to facilitate the astronomical
observations of small asteroids on their way in, to measure the meteoroid kinetic energy, internal structure
and composition during impact in the Earth's atmosphere, even if the impact is over water, and to increase
the likelihood that meteorites are recovered pristinely for laboratory investigations. For that purpose, an
international consortium was formed to further these goals.

Acknowledgements: This program is supported by the NASA Near Earth Object Observation program.
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asteroid 2008 TC3. Nature 458, 485�488.
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Data processing and experimental design for micrometeorite impacts in small
bodies

E. Jensen1, S. Lederer2, D. Smith3, C. Strojia3, M. Cintala 2, M. Zolensky2, and L. Keller2

1Planetary Science Institute
2NASA/Johnson Space Center
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Comets and asteroids have been altered from their original �pristine� state by impacts occurring throughout
their 4.5-billion-year lives [1]. Proof of shock deformation has been detected in the crystal structure of several
Stardust samples from comet Wild 2 [2,3]. Analyses indicated that the planar dislocations in the crystal
structure of the minerals had been imparted by impacts sustained during their lives, and not due to the
aerogel capture process. Distortions to crystal structure also a�ect the ideal absorption spectra in the
infrared [4], thus providing indirect evidence of its impact history and a means of remotely investigating the
impact history of small bodies through comparing laboratory spectra with spectra observed by telescopes
or spacecraft.
The e�ects of impacts propagating shock waves through minerals were investigated through laboratory
impact experiments. Utilizing NASA Johnson Space Center's Experimental Impact Laboratory, projectiles
were �red from the vertical gun at velocities ranging from 2.0 to 2.8 km/s, projected impact velocities
between Kuiper-belt objects. Two types of projectiles were used, including spherical alumina ceramic,
whose density mimics that of rock, and cylinders made from the same material that they impacted. The
target materials chosen for testing included: olivines forsterite (Mg2SiO4) and fayalite, Fe2SiO4); pyroxenes
enstatite (Mg2Si2O6) and diopside (MgCaSi2O6); and carbonates magnesite (MgCO3) and siderite (FeCO3).
Targets were impacted at either 25� C or cooled to -20� C to examine the e�ects of temperature, if any, on
lattice distortions during the shock propagation. As comets and asteroids can undergo a wide range of
temperatures in their orbital lifetimes, the e�ect of temperature on the equation of state of minerals being
shocked needs to be examined for interpreting the results of these experiments. The porosity of the target
mineral is varied by either grinding it into a powder/granular texture or as whole mineral rocks to investigate
the di�erences in shock propagation when voids are present. By varying velocity, ambient temperature, and
porosity, we can investigate di�erent variables a�ecting impacts in the solar system.
Data indicates that there is a nonlinear relationship between the peak shock pressure and the variation in
infrared spectral absorbances by the distorted crystal structure. The maximum variability occurs around
37 GPa in enstatite and forsterite. The particle size distribution of the impacted material similarly changes
with velocity/peak shock pressure.
The experiments described above are designed to measure the near-to-mid-IR e�ects from these changes to
the mineral structure. See Lederer et al., this meeting for additional experimental results.

Acknowledgements: Funding for these experiments was provided by the NASA PG&G grant 09-PGG09-
0115, the NSF grant AST-1010012, and a Cottrell College Scholarship through the Research Corporation.
Special thanks to F. Cardenas and R. Montes of the NASA Experimental Impact Laboratory at NASA JSC.
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Geochim. Cosmochim. Acta, 72, A459. [3] Tomeoka K. et al. (2007) LPS XXXVIII, 1267. [4] Imai Y. et
al. (2009) Astronomy and Astrophysics, 507, 277�281.
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The active asteroids
D. Jewitt 1

1UCLA

Active asteroids simultaneously possess the orbits of main-belt asteroids and the physical appearances of
comets; they show transient dust comae and solar-radiation pressure-swept tails. Apart from the shear
surprise at �nding such strange objects in the asteroid belt, the active asteroids are scienti�cally interesting
for several reasons. Although we are limited to scarcely more than a dozen examples, the active asteroids
already reveal the distinct action of di�erent physical processes, each previously unobserved and carrying
big-picture importance for understanding the solar system.
1. IMPACT. An unambiguous asteroid-asteroid impact was observed in 2010, when a 30-m scale body struck
100-km diameter (596) Scheila. Direct observations of impacts hold scienti�c importance both by sampling
this natural process at full scale (compared with laboratory impacts conducted at tiny scales) and because
impact statistics will allow us to assess the erosion rate in the asteroid belt and the contribution of asteroid
dust to the interplanetary medium.
2. CRITICAL ROTATION. Several objects have been observed in which the best explanation seems to lie
with spin-up to critical periods, presumably (but not certainly) caused by YORP. Examples of both likely
mass-shedding (P/2010 A2, P/2013 P5) and full break-up (P/2013 R3, shown below) exist. It has been
suggested that, at sub-kilometer sizes, spin-up disruption rates may surpass impact disruption rates. Future
observations will show whether or not this is true, and may ultimately lead to an improved understanding
of the physics of break-up.
3. THERMAL DISINTEGRATION. Geminid parent (3200) Phaethon shows on-going mass-loss at perihe-
lion, driven by the 1000-K surface temperatures found there. The mechanisms appear to be some combina-
tion of thermal fracture and desiccation stress.
4. SUBLIMATION. Two objects have shown repeated activity that appears to be correlated with position
in the orbit. The best example is 133P, which has been observed to re-activate at four consecutive perihelia.
Such repetition indicates the action of a thermal trigger, the simplest example of which is the sublimation
of near-surface water ice. The scienti�c signi�cance arises because the outer asteroid belt is a likely source
region for terrestrial planet volatiles, including some fraction of the Earth's oceans. Some asteroids may
preserve samples of ice formed at much smaller distances (and higher temperatures) than Kuiper-belt and
Oort-cloud comets.
5. UNKNOWN. In a majority of active asteroids, the driving mechanism cannot yet be unambiguously
identi�ed as a result of inadequate observations. This is good news for future work, which we hope will reveal
even more unexpected phenomena and perhaps the action of processes currently beyond our imagination.

Figure: Active Asteroid P/2013 R3
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New observations of (4179) Toutatis from the Chang'e-2 �yby mission and future
Chinese missions to asteroids

J. Ji1,2
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Primitive asteroids are remnant building blocks in the Solar System formation. They provide key clues
for us to reach in-depth understanding of the process of planetary formation, the complex environment
of early Solar nebula, and even the occurrence of life on the Earth. On 13 December 2012, Chang'e-2
completed a successful �yby of the near-Earth asteroid (4179) Toutatis at a closest distance of 770 meters
from the asteroid's surface. The observations show that Toutatis has an irregular surface and its shape
resembles a ginger-root with a smaller lobe (head) and a larger lobe (body). Such bifurcated con�guration
is indicative of a contact binary origin for Toutatis. In addition, the images with a 3-m resolution or
higher provide a number of new discoveries about this asteroid, such as an 800-meter basin at the end of
the large lobe, a sharply perpendicular silhouette near the neck region, and direct evidence of boulders
and regolith, indicating that Toutatis is probably a rubble-pile asteroid. The Chang'e-2 observations have
provided signi�cant new insights into the geological features and the formation and evolution of this asteroid.
Moreover, a conceptual introduction to future Chinese missions to asteroids, such as the major scienti�c
objectives, scienti�c payloads, and potential targets, will be brie�y given. The proposed mission will bene�t
a lot from potential international collaboration in the future.

Acknowledgements: This research is supported by the National Natural Science Foundation of China
(Grants No. 11273068), the innovative and interdisciplinary program by CAS (Grant No. KJZD-EW-
Z001), the Foundation of Minor Planets of the Purple Mountain Observatory, and the Strategic Priority
Research Program-The Emergence of Cosmological Structures of the Chinese Academy of Sciences (Grant
No. XDB09000000).
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Key technology investigations of landing and attaching on an asteroid's surface
C. Jiang1, W. Jiang1, Y. Wang1, and W. Huang1

1Beijing Institue of Space Mechanics & Electricity(BISME)

For asteroid missions, landing and attaching on the asteroid surface is an important step, and has therefore
recently become a focus point for research. Because of the extremely low gravity on an asteroid's surface,
the key technology is very di�erent from the technology required for landing on a large celestial body. In
this paper, we will �rst discuss the signi�cance of and key technology required for landing and attaching on
an asteroid's surface. Then, we will present the research about the landing absorbing technology, attaching
technology, landing dynamics and test technology for simulating low gravity on ground. Finally, we give our
suggestions for landing and attaching on an asteroid's surface.
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Concept design and dynamical simulation of a landing device for an asteroid
surface probe

W. Jiang1, C. Jiang1, and W. Huang1
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The Rosetta lander will soon land on the surface of a cometary nucleus and carry out its scienti�c investiga-
tions. Thus, the technology about landing and attachment comes to the focus in the �eld of space research
all over the world. In this paper, a mechanism for landing on an asteroid is presented including a detailed
description about its operation. It has a novel con�guration of side folding and deployment, di�erent from
the traditional ones, thus having a high e�ciency of deployment to fold (nearly 2) and has a very strong
landing stability. Besides, its position of locking signi�cantly helps the sti�ness design. This paper also
gives some simulation results on touchdown dynamics of a lander based on the software ADAMS and its
subroutines.
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New paradigms for asteroid formation
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Asteroids provide key evidence about the formation of planetesimals in the solar system. Traditionally
thought to form bottom-up by accretion of a population of km-scale planetesimals, new models challenge
this idea by showing that asteroids of sizes from 100 to 1000 km can form directly from gravitational collapse
of overdense �laments of cm-sized particles. Particles concentrate passively in pressure bumps or actively
through streaming instabilities developing in the coupled �ow of gas and particles. In this chapter we review
new paradigms for asteroid formation and compare critically against the observed properties of the asteroid
belt as well as meteoritical evidence. We highlight several properties of asteroids and meteorite parent
bodies which may be explained within an expanded asteroid-formation theory framework.
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Dust tail striae: Lessons from recent comets
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Striae are features rarely observed in cometary dust tails. These are near-linear structures that, unlike
synchronic bands, are not aligned with the nucleus position, and have only been clearly observed in a few
high-production-rate comets, including C/1957 P1 (Mrkos), C/1962 C1 (Seki-Lines), C/1975 V1 (West),
and C/1996 O1 (Hale-Bopp).
The formation of striae is di�cult to explain, but several scenarios for their creation have been proposed
[1]. These include that of Sekanina & Farrell [2], who proposed that striae are the result of a two-step
fragmentation process, where parent particles are released from the nucleus which, after a delay, all fragment
over a very short period of time. The fragmentation products then separate according to their� parameter,
i.e., the degree to which the particles are in�uenced by radiation pressure force compared to gravitational
force, to form the linear structures we observe as striae. Although there are issues with identifying a process
through which many particles will collectively delay their break-up and then fragment within a short period,
this scenario does �t many observations well [3]. Other proposed scenarios are more complex, including the
formation of striae through a continuous cascade of fragmentation to ever smaller particle sizes [4].
As these formation scenarios result in di�erent distributions of dust-particle sizes within individual striae, the
processes occurring may therefore be identi�able if these distributions can be inferred. If the fragmentation
processes taking place can be identi�ed, then, in turn, more could be learnt about the structure of the
original dust grains that go on to form these sometimes beautiful tail structures.
Here, we present the analysis of striae in several comets observed from space by the SOHO LASCO coron-
agraph [5] and SECCHI heliospheric imagers aboard the twin STEREO spacecraft [6]. The comets studied
are C/2002 V1 (NEAT) in January 2002, C/2006 P1 (McNaught) during its perihelion passage in January-
February 2007, and the complex striae of C/2011 L4 (Pan-STARRS) in March 2013. We simulate the
formation of individual striae in these comets, and successfully reproduce many aspects of their morphology
and dynamics. The results are compared to those of other striae models, and we attempt to gauge the
in�uence on non-gravitational forces acting on these comets' dust populations. The inferences that can be
drawn regarding the comets' dust populations are discussed.

Figure: Striae in a portion of the dust tail of C/2006 P1, imaged by STEREO SECCHI.

Acknowledgements: We are grateful to the respective instrument teams for the use of the SOHO LASCO
and STEREO SECCHI data (PI: R. Howard, NRL).
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Imaging and mapping the circumsolar dust ring near the orbit of Venus
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Asteroids and comets are the dominant source of dust feeding the zodiacal cloud [1,2]. The orbits of grains
of size 10�100 microns are expected to decay by Poynting-Robertson drag [3], but in the vicinity of planetary
orbits dust may get trapped into exterior mean motion resonances [4] to form a circumsolar dust ring. It
has long been known that such a ring exists close to the Earth's orbit [5], but even now, little is known
about its detailed structure. No such ring or associated resonance feature has been detected at the orbits of
Mars or Jupiter [6]. While re-analysis of photometry data from the Helios mission provided some evidence
of a ring associated with Venus [7], the existence of such a ring could not be conclusively demonstrated.
Here we report on recent work that con�rms the existence of a circumsolar ring at Venus from sensitive
optical photometry of the zodiacal cloud [8]. Our analysis uses synoptic images from the HI-2 instrument
on STEREO [9]. We discuss the techniques that we have developed to extract images of the Venus ring,
and describe the approach taken towards creating a simple parametric model of the ring. We note that the
maximum over-density in the ring is about 10% that of the smooth zodiacal cloud, and we highlight other
aspects of the ring structure that we have already determined. We demonstrate that the STEREO HI-2
data allow the density structure of the Venus ring to be mapped in much greater detail than the Earth ring.
Thus the Venus ring has the potential to provide a stringent test of models of resonance ring formation. Not
only is this relevant to understanding the structure of the zodiacal cloud, it is of importance in the context
of exoplanetary systems which are also expected to display analogous circumstellar dust rings [10,11]. We
conclude by discussing current progress in mapping the density distribution of the Venus circumsolar ring.

References: [1] Hahn J.M., et al., 2002, Icarus, 158, 360. [2] Nesvorny D., et al. 2010, Astrophys. J., 713,
816. [3] Burns J.A., Lamy P.L., Soter, S., 1979, Icarus, 40, 1. [4] Jackson A.A., Zook, H.A., 1989, Nature,
337, 629. [5] Dermott S., et al., 1994, Nature, 369, 719. [6] Kuchner M.J., Reach W.T., Brown M.E., 2000,
Icarus, 145, 44. [7] Leinert C., Moster B., 2007, Astron. Astrophys., 472, 335. [8] Jones M.H., Bewsher
D., Brown D.S., 2013, Science, 342, 960. [9] Eyles C., et al., 2009, Sol. Phys., 254, 387. [10] Kuchner M.J.,
Holman M.J., 2003, Astrophys. J., 588, 1110. [11] Stark C.C, Kuchner M.J., 2008, Astophys. J, 686, 637.
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Revised scaling laws for asteroid disruptions
M. Jutzi 1

1Physikalisches Institut, Center for Space and Habitability, University of Bern, Switzerland

Models for the evolution of small-body populations (e.g., the asteroid main belt) of the solar system compute
the time-dependent size and velocity distributions of the objects as a result of both collisional and dynamical
processes. A scaling parameter often used in such numerical models is the critical speci�c impact energy
Q�

D , which results in the escape of half of the target's mass in a collision. The parameterQ�
D is called the

catastrophic impact energy threshold. We present recent improvements of the Smooth Particle Hydrody-
namics (SPH) technique (Benz and Asphaug 1995, Jutzi et al. 2008, Jutzi 2014) for the modeling of the
disruption of small bodies. Using the improved models, we then systematically study the e�ects of various
target properties (e.g., strength, porosity, and friction) on the outcome of disruptive collisions (Figure), and
we compute the correspondingQ�

D curves as a function of target size.
For a given speci�c impact energy and impact angle, the outcome of a collision in terms ofQ�

D does not
only depend on the properties of the bodies involved, but also on the impact velocity and the size ratio of
target/impactor. Leinhardt and Stewardt (2012) proposed scaling laws to predict the outcome of collisions
with a wide range of impact velocities (m/s to km/s), target sizes and target/impactor mass ratios. These
scaling laws are based on a �principal disruption curve� de�ned for collisions between equal-sized bodies:
Q�

RD; =1 = c� 4=5��GR 2
C1, where the parameter c� is a measure of the dissipation of energy within the

target, RC1 the radius of a body with the combined mass of target and projectile and a density� = 1000
kg/m 3, and  is the mass ratio. The dissipation parameterc� is proposed to be5� 2 for bodies with strength
and 1:9 � 0:3 for hydrodynamic bodies (Leinhardt and Stewardt 2012). We will present values forc� based
on our SPH simulations using various target properties and impact conditions. We will also discuss the
validity of the principal disruption curve (with a single parameter c� ) for a wide range of sizes and impact
velocities. Our preliminary results indicate that for a given target, c� can vary signi�cantly (by a factor of
� 10) as the impact velocity changes from subsonic to supersonic.

Figure: Cross section of SPH simulations of collisions usingRt = 100 km, Rp = 27 km, and vimp = 3 km/s.

Acknowledgements: M.J. is supported by the Ambizione program of the Swiss National Science Founda-
tion.

References: Benz, W. and Asphaug, E. 1995. Comp. Ph. Com. 87, 253�265; Jutzi, M., Benz, W., Michel,
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Perseid meteor shower in 2012�2013 by TV meteor observations
A. Kartashova1, G. Bolgova1

1Institute of Astronomy RAS

We present results of TV observations that were obtained during the Perseid meteor shower activity (18
July � 19 August) in 2012 and 2013. The observations were carried out in Moscow region using the TV
system PatrolCa with FOV of 50� � 40� and a limiting magnitude (for meteors) of 4m � 5m [1]. The individual
radiants of Perseid meteors and the radiant drift (for 2012�2013) are given. The Perseids orbits obtained
by double-station observations are shown. The brightness distributions of the Perseids are also presented.
The maximum activity occurs at 12 August with the Index of Meteor Activity (particles to the Earth per 1
hour [2,3]) of 7 � 104 in 2012 and1� 104 in 2013. An additional peak was detected in 10 August 2013. The
distributions of IMA for 2012�2013 Perseids are presented.

Acknowledgements: We would like to thank Dr. A.V. Bagrov for his help in observations.

References: [1] Kartashova A. (2013). Television meteor observations in INASAN. Proceedings of Inter-
national Meteor Conference IMC -2012, La Palma Island, Canary, Spain pp. 174�177. [2] Bagrov A. V.,
Leonov V. A., Maslennikova E. (2007). Determining the in�ux rate of meteor matter to the Earth based
on measurements with a patrol TV camera from a single station. Solar System Research, Volume 41, Issue
6, pp. 498�504. [3] Kartashova A. (2011). Determination of meteor in�ux (Index of meteors activity) for
August - December 2006.Proceedings of IMC-2010, Armagh, North Ireland, pp.32�36.
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Meteor shower analysis using a Hausdor� metrization function
D. Kastinen1, J. Kero2, and T. Nakamura3

1Luleå University of Technology, Assistentvägen 76, 97752 Luleå, Sweden (dankas-1@student.ltu.se)
2Swedish Institute of Space Physics (IRF), Box 812, SE-98128 Kiruna, Sweden (kero@irf.se)

3National Institute of Polar Research, 10-3 Midoricho, Tachikawa, 190-8518 Tokyo, Japan
(nakamura.takuji@nipr.ac.jp)

Introduction: Since 2009 orbital data of about 120,000 meteors have been collected using a novel head-
echo analysis algorithm for the lower VHF band [1]. The data was collected using the middle and upper
atmosphere radar (MU radar) of Kyoto University at Shigaraki. We now perform a shower-association
analysis of the database [2] using a new Hausdor� metrization functiondH [5] and compare the results with
an analysis using two D-criterion's DSH [3] and DN [4]. The D criterion is based on a sum of weighted
di�erences between the orbits' dependent variables. There are, however, no indications that these satis�es
the metric requirements and some of the weight functions have no direct physical explanation. Since the
spaces representing elliptic orbits cannot carry a norm compatible with their standard topology [6] we
choose to develop the new Hausdor�-based metrization that acts on the subsets in three-dimensional space
representing the trajectories. These calculated distances are then used, together with statistical simulations,
to perform a cluster analysis of the set of data. In all cases we use the same type of cluster analysis, using
a critical threshold for association, but with a di�erent distance function as a basis. The results are also
compared to IAU Meteor Data Center's shower list to examine if some of the listed showers can be repeated
and perhaps improved upon.
Discussion: The statistical analysis of the new Hausdor� metrization function exhibit interesting prop-
erties. A Monte Carlo simulation of false association, where we generate a pseudo-random set of orbits,
calculate the distances with the three di�erent distance functions and then perform a series of cluster analy-
sis with di�erent critical thresholds, shows that the Hausdor� based function is linear in its false association
while the D-criterions generate a convex curve [4]. Another interesting feature of the Hausdor� distance
function is that the metrization is the same regardless of the examined problem. All physical modeling is
used only to create the corresponding subsets in three dimensions for the examined objects, which is often
not a problem. In the case of phase-space functions, if one tries to introduce physics beyond a static Kepler
trajectory, the phase-space becomes complicated and much harder to work with and some times one cannot
even create an appropriate space in which the points are static. The downside is that the speed of the
algorithm is very slow compared to a phase-space function. There is, however, a possibility that due to
the di�erent properties of the Hausdor� distance one can �nd a mathematical prediction for the critical
thresholds. This would remove the need for Monte Carlo simulations, thereby greatly reducing computing
time.

References: [1] Kero J., Szasz C., Nakamura T., Terasawa T., Miyamoto H., Nishimura K., A meteor head
echo analysis algorithm for the lower VHF band,Ann. Geophys., 30, 639. (2012); [2] Kero, J., Szasz, C.,
Nakamura, T., Meisel, D. D., Ueda, M., Fujiwara, Y., Terasawa, T., Nishimura, K. and Watanabe, J., The
2009�2010 MU radar head echo observation programme for sporadic and shower meteors: radiant densities
and diurnal rates. Monthly Notices of the Royal Astronomical Society, 425: 135�146. doi: 10.1111/j.1365-
2966.2012.21407.x (2012); [3] Hawkins G. Southworth, R. Statistics of meteor streams.Smithson. Contrib.
Astrophys. 7, 261285, (1963); [4] Valsecchi, G.B., Jopek T.J., Froeschl Cl. Meteoroid stream identi�cation:
a new approach. I. Theory. Mon. Notic. Roy. Astron. Soc. 304(4), 743750, (1999); [5] D. Kastinen.
Metrization of trajectories. (2014); [6] D. Todorov. Non-normability of spaces of Keplerian orbits. ArXiv
e-prints, October (2012).
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High-albedo C-complex outer-belt asteroids: The near-infrared spectra
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Primitive, outer-belt asteroids are generally of low albedo, re�ecting carbonaceous compositions like those of
CI and CM meteorites. However, a few outer-belt asteroids having high albedos are known, suggesting the
presence of unusually re�ective surface minerals or, conceivably, even exposed water ice. Here, we present
near-infrared (1.1�2.5 micron) spectra of four outer-belt C-complex asteroids with albedos> 0:1. We �nd
no absorption features characteristic of water ice (near 1.5 and 2.0 micron) in the objects. Intimate mixture
models set limits to the water ice by weight < 2 %. Asteroids (723) Hammonia and (936) Kunigunde are
featureless and have (60�95 %) amorphous Mg pyroxenes that might explain the high albedos. Asteroid
(1276) Ucclia also shows a featureless re�ection spectrum with (50�60 %) amorphous Mg pyroxenes. As-
teroid (1576) Fabiola shows a possible weak, broad absorption band (1.5�2.1 micron). The feature can be
reproduced by either (80 %) amorphous Mg pyroxenes or orthopyroxene (crystalline silicate), being likely
to cause its high albedo. We discuss the origin of high-albedo components in primitive asteroids.

This study is published in The Astronomical Journal, Volume 146, Issue 1, article id. 1, 6 pp. (2013).

Figure: The re�ection spectrum of asteroid (1576) Fabiola (black) and the model (green) using 0 % H2O,
54 % AC, and 46 percent Opyx (orthopyroxene) by weight and grain size 3 micron.
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Outcome of impact disruption of iron meteorites at room temperature
T. Katsura 1, A. Nakamura1, A. Takabe1, T. Okamoto1, K. Sangen1, S. Hasegawa2, X. Liu 3, and T.

Mashimo3

1Department of Earth and Planetary Sciences, Kobe University
2Institute of Space and Astronautical Science

3Institute of Pulsed Power Science, Kumamoto University

The iron meteorites and some M-class asteroids are generally understood to originate in the cores of dif-
ferentiated planetesimals or in the local melt pools of primitive bodies. On these primitive bodies and
planetesimals, a wide range of collisional events at di�erent mass scales, temperatures, and impact veloci-
ties would have occurred. Iron materials have a brittle�ductile transition at a certain temperature, which
depends on metallurgical factors such as grain size and purity, and on conditions such as strain-rate and
con�ning pressure [1]. An evolutional scenario of iron meteorite parent bodies was proposed in which they
formed in the terrestrial planet region, after which they were scattered into the main belt by collisions,
Yarkovsky thermal forces, and resonances [2]. In this case, they may have experienced collisional evolution
in the vicinity of the Earth before they were scattered into the main belt. The size distribution of iron bodies
in the main belt may therefore have depended on the disruption threshold of iron bodies at temperature
above the brittle-ductile transition.
This paper presents the results of impact-disruption experiments of iron meteorite and steel specimens mm-
cm in size as projectiles or targets conducted at room temperature using three light-gas guns and one powder
gun. Our iron specimens were almost all smaller in size than their counterparts (as targets or projectiles,
respectively). The fragment size distribution of iron material was di�erent from that of rocks. In iron
fragmentation, a higher percentage of the mass is concentrated in larger fragments, i.e., the mass fraction of
�ne fragments is much less than that of rocks shown in the Figure (left). This is probably due to the ductile
nature of the iron materials at room temperature. Furthermore, the Figure (right) shows that the largest
fragment mass fractionf is dependent not only on the energy density but also on the size of the specimens.
In order to obtain a generalized empirical relationship for f , we assumed a power-law dependence off on
initial peak pressure P0 normalized by a dynamic strength, Y , which was de�ned to be dependent on the
size of the iron material. A least-squares �t to the data of iron meteorite specimens resulted in the following
relationship: f / ( P0

Y ) � 2:1. The deformation of the iron materials was found to be most signi�cant when
the initial pressure greatly exceeded the dynamic strength of the material.

Figure: Left: Total mass of fragments having mass smaller thanm normalized by initial mass. Right: The
largest fragment mass fraction versus energy density. Di�erent mass ranges of the iron specimens are shown
by di�erent marks.

Acknowledgements: This work was supported by the Space Plasma Laboratory, ISAS, JAXA, Japan and
by the Global Center of Excellence Program of Pulsed Power Science, Kumamoto University.
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Searching for a Kuiper-belt �yby target for the New Horizons spacecraft
J. Kavelaars1, J. Spencer2, B. Susan3, D. Borncamp2, M. Buie2, C. Fuentes4, A. Parker5, D. Tholen6, and

D. Osip7

1National Research Council of Canada
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The New Horizons spacecraft will �y past Pluto in July 2015 and then continue deeper into the Kuiper Belt,
providing an opportunity to encounter one or more small (less than 50 km) KBOs. This �rst �yby of a
typical small KBO would revolutionize our understanding of these bodies, providing information that can be
extrapolated to hundreds of thousands of similar objects in the Kuiper Belt. Statistically, we expect several
KBOs with ground based V magnitude less than 26.0 to be accessible with the delta-V available onboard
New Horizons. At this point (spring 2014), however, no known KBOs are reachable by the spacecraft. For
the past 4 years we have been conducting a dedicated search for suitable targets, using the Subaru, Magellan
and CFH Telescopes. The search is complicated by the fact that targetable objects are currently in the Milky
Way, so search depth is limited by confusion with background stars unless seeing is exceptional. We are now
requesting 150 orbits with HST to continue our search to fainter limiting magnitudes. We have discovered
dozens of KBOs near the spacecraft trajectory, none of which are accessible to the spacecraft. Several of
the targets could be reached with less than twice the available delta-V, and much of the accessible volume
has not yet been searched to su�cient depth. Several objects already discovered will be observable at long
range from New Horizons, providing opportunities for (for example) searches for binarity with much higher
spatial resolution than is possible from Earth.

Figure: Delta-V statistics for the most nearly accessible KBOs discovered by our ground-based campaign
from 2011�2013 (blue histogram). This is compared to predictions from the CFEPS model extended to
small sizes, with the plausible assumption that our search is complete toR = 26:5 and has covered 75 %
of potential targets (red curve). We have not yet reached the �promised land� (green box) of at least one
object requiring less than the available 130 m/sec delta-V for targeting.
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On the cutting edge technology enabling the challenging missions to asteroids and
comets, our primitive neighbors

J. Kawaguchi1
1Japan Aerospace Exploration Agency (JAXA)

The world's �rst sample-and-return mission from an object orbiting outside the sphere of in�uence of the
Earth was successfully performed through Hayabusa in 2010, an engineering demonstration mission of JAXA.
And it was followed by another technology demonstrator, Ikaros, the world's �rst solar-sail mission launched
in 2010, the same year of the Hayabusa return. These two demonstrations represent the signi�cance of the
technology development that shall precede the real science missions that will follow. The space-exploration
community focuses its attention on the use of asteroids and comets as one of the most immediate destinations.
Humans will perform voyages to those objects sooner or later. And we will initiate a kind of research as
scienti�c activity for those objects. The missions may include even sample-and-return missions to those
bodies for assessing the chance of possible resource utilization in future. The �rst step for it is, needless
to say, science. Combining the sample-and-return technology using the ultra-high-speed reentry for sample
recovery with the new propulsion system using both electric and photon force will be the direct conclusion
from Hayabusa and Ikaros. And key elements such as autonomy are also among the essential factors
in making the sophisticated operation possible around asteroids and comets avoiding the communication
di�culty. This presentation will comprehensively touch on what those technology skills are, and how they
are applicable to the subsequent new missions, from the mission leader's point of view. They are probably
real requisites for planning brand-new innovative challenges in the ACM community.

Figure: Cutting-edge technology, capsule and sail, represented by Hayabusa and Ikaros � and their succes-
sors.
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On the Trojan asteroid sample and return mission via solar-power sail � an
innovative engineering demonstration
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1Japan Aerospace Exploration Agency (JAXA)

The science and engineering communities in the world are seeking what comes next. Especially for asteroids
and comets, as those objects lie in relatively far area in our solar system, and new engineering solutions
are essential to explore them. JAXA has studied the next-step mission since 2000, a solar-power sail
demonstrator combining the use of photon propulsion with electric propulsion, ion thruster, targeting the
untrodden challenge for the sample return attempt from a Trojan asteroid around the libration points in the
Sun-Jupiter system. The Ikaros spacecraft was literally developed and launched as a preliminary technology
demonstration. The mission will perform in-situ measurement and on-site analysis of the samples in addition
to the sample return to the Earth, and will also deploy a small lander on the surface for collecting surface
samples and convey them to the mother spacecraft. From a scienti�c point of view, there is an enormous
reward in the most primitive samples containing information about the ancient solar system and also about
the origin of life in our solar system. JAXA presently looks for international partners to develop and build
the lander. The presentation will elaborate the current mission scenario as well as what we think the
international collaboration will be.

Figure: A solar-power sail �ying to Jupiter.
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Pre-perihelion near-infrared spectroscopy from Keck and IRTF of comet C/2013
R1 (Lovejoy)
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Comet C/2013 R1 (Lovejoy) was discovered at a heliocentric distance ofRh = 1.94 au pre-perihelion by Terry
Lovejoy on UT 2013 September 7 (Lovejoy et al. 2013). Its orbital elements indicate that the comet probably
originated in the Oort cloud. Lovejoy became a bright comet pre-perihelion and observational conditions were
favorable making Lovejoy a primary target for Earth-based observers, especially, after the post-perihelion
observations of disintegrated comet C/2012 S1 (ISON) were not possible. Comet Lovejoy reached a maximum
brightness of � 5th magnitude (in V-band) in the middle of November 2013. Early observations at optical
wavelengths revealed that the comet was relatively gas-rich and typical in composition (Opitom et al. 2013).
However, to date there are no reports on the composition of organic parent molecules. We report the mixing
ratios of organic volatiles in comet Lovejoy determined from high-dispersion spectroscopic observations
in the near-infrared (L- and M-bands). Spectroscopic observations were carried out using the NIRSPEC
spectrometer mounted on the 10-m Keck-2 telescope at the W. M. Keck observatory and the CSHELL
spectrometer mounted on the 3-m IRTF telescope. We report pre-perihelion (perihelion was on UT 2013
December 22.7 when the comet was at Rh = 0.81 au) volatile abundances in comet Lovejoy as determined
from high-resolution (R � 25,000) infrared spectra taken on UT 2013 October 28 (Rh = 1.29 au, � =
0.71 au) with NIRSPEC and on UT 2013 December 10, 11, and 12 (Rh= 0.84�0.82 au, � = 0.67�0.71 au)
with CSHELL. These spectra show emission lines attributed to H2O, CO, HCN, CH4, C2H2, C2H6, H2CO,
CH3OH, NH3, NH2, and OH. We present the mixing ratios of volatiles and discuss the physico-chemical
evolution and the origin of the molecules in comet Lovejoy.

Acknowledgements: The NASA Planetary Atmospheres and Planetary Astronomy Programs supported
this work. Data were obtained at the W. M. Keck Observatory, which is operated as a scienti�c partnership
among the California Institute of Technology, the University of California, and the National Aeronautics
and Space Administration. The Observatory was made possible by the generous �nancial support of the
W. M. Keck Foundation. Data were also obtained at the NASA IRTF which is operated by the University
of Hawaii under Cooperative Agreement Number NNX-08AE38A with the National Aeronautics and Space
Administration, Science Mission Directorate, Planetary Astronomy Program. The authors also wish to
acknowledge the signi�cant cultural role and reverence that the summit of Mauna Kea has always had
within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct
observations from this mountain.
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Thermal emission from large solid particles in the coma of comet C/2012 S1
(ISON) around perihelion
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We report submillimeter dust-continuum observations for comet C/2012 S1 (ISON) obtained during the
time period immediately before perihelion on 2013 November 28 (r = 0 :0125au). The variability and time
resolution obtained in these images has revealed signi�cant dust outbursts and have likely captured the onset
of the �nal disruption event of comet ISON. The measured 450-µm and 850-µm submillimeter continuua are
the strongest yet detected from a comet.
Data were obtained with the SCUBA-2 submillimetre camera on the James Clerk Maxwell Telescope (JCMT)
located at the 4000-m level of Mauna Kea, Hawaii during a week of scheduled day-time observing. Imaging
is achieved simultaneously at wavelengths of 850µm and 450µm. Conditions necessary to obtain valuable
results at 450µm occur relatively infrequently, and while atmospheric zenith opacities on the days involved
were good (low), ranging between 0.08 (nepers at 225 GHz on the �rst day) and 0.05 (on the day of
perihelion), the relatively low elevations of the observations (30�45 degrees), and consequent high line-of-
sight opacities, limit the impact of the 450-µm data. Each of the focal planes of SCUBA-2 is populated
with 5000 bolometers, and provides an instantaneous Field of View of almost 10 arc minutes. In order to
account e�ectively for the rapidly varying sky transmissions, the observational strategies adopted at JCMT
involve scanning the telescope rapidly around the target in a daisy pattern, which produces fairly uniform
coverage in exposure time of an area of diameter 3 arc minutes around the target centre.
When comet ISON was �rst detected at 850 µm, the 1-mm-sized dust particles were tightly bound to the
comet nucleus until at least November 23. Three days later the dust was less tightly bound and became
elongated and di�use, spread out over as much as 120 arc seconds (80,000 km) in the anti-solar direction.
Preliminary analyses of these observations suggest the detection of either a large-scale fragmentation event
and/or the comet's disruption. The ratio of �uxes at 450 µm and 850µm is 3:5 � 0:4, which compares well
with the expected value of 3.7 if both data come from the Rayleigh-Jeans tail of a black-body spectrum of
these temperatures. We discuss both the signi�cance and limitations of our �ndings and compare them to
other investigations obtained simultaneously at complementary wavelengths (such as SOHO and STEREO).

Acknowledgements: We are grateful to JCMT for their support during the course of our observing
campaigns, and notably during the week of perihelion. The experience of Telescope Systems Specialist
Jim Hoge during that week was particularly valuable. We also gratefully acknowledge the Time Allocation
Committees of JCMT - the UKTAG, the International TAC, and the University of Hawaii TAC for their
support of long-term cometary science on JCMT. These particular data were taken for programs m13bi07
and m13bh32a. JVK, KJM, and RE acknowledge support through the NASA Astrobiology Institute under
CooperativeAgreementNNA08DA77A.

281



ACM 2014, Helsinki, Finland Conference abstracts

The role of super volatiles (CO and CO2) for cometary activity
H. Keller1, Y. Skorov1
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Cometary activity is often observed at large heliocentric distances where water sublimation is negligible.
More volatile compounds are needed to maintain activity. Both CO2 and CO are di�cult to observe in
cometary comae. The relative amounts (H2O:CO2:CO) seem to vary strongly from comet to comet but also
as a function of heliocentric distance (see A'Hearn et al. 2012 for a compilation and critical assessment). A
correlation of higher volatility with orbital evolution of the comets (Jupiter Family, Halley Type, or Long
Period comets) could not be established. Variation of super-volatile (CO2, CO) content may depend on
the exact location of cometary formation in between the snowlines of CO2 and CO of the planetary nebula.
Observed CO2:H2O ratios of up to 0.25 suggest that the activity of comets even close to the Sun will be
strongly in�uenced by super volatiles. This requires that the sublimation fronts of the super volatiles and
water stay close together. Observations of the CO production of, for example, comet Hale Bopp, show
that even this sublimation follows essentially the solar heat input. This requires its sublimation front to be
very close to the surface of the nucleus (Gortsas et al. 2011). The heat conductivity of the very porous
nucleus material is very low in agreement with laboratory experiments (Gundlach and Blum 2012) and
recent modeling (Skorov and Blum 2012). Water ice could be released together with dust in solid state.
Close to the Sun, the dirty ice particles will have a very short lifetime and their contribution to the overall
water vapor production is indistinguishable for remote observations.

References: M. F. A'Hearn, Lori M. Feaga, H. Uwe Keller, Hideyo Kawakita, Donald L. Hampton, Jochen
Kissel, Kenneth P. Klaasen, Lucy A. McFadden, Karen J. Meech, Peter H. Schultz, Jessica M. Sunshine,
Peter C. Thomas, Joseph Veverka, Donald K. Yeomans, Sebastien Besse, Dennis Bodewits, Tony L. Farn-
ham, Olivier Groussin, Michael S. Kelley, Carey M. Lisse, Frederic Merlin, Silvia Protopapa, and Dennis
D. Wellnitz (2012) ApJ 758 29 doi:10.1088/0004-637X/758/1/29; N. Gortsas, E. Kührt, U. Motschmann,
and H.U. Keller (2011) Icarus 212 858; B. Gundlach and J. Blum (2012) Icarus 219 518; Y. Skorov and J.
Blum (2012) Icarus 221 1.
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Ice aggregates in the coma of Hartley 2
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Comet 103P/Hartley 2 is a hyperactive comet: the comet's total water production rate implies almost the
entire surface is strongly active. Surprisingly, �yby images of this comet from Deep Impact instead show
many discrete locations of activity, similar to images of other �normal-activity� comets like 9P/Tempel 1
and 81P/Wild 2. However, Hartley 2 does possess a coma rich in water ice, even at 1.1 au, and rich in
very large particles, with sizes of order centimeters and greater. These latter properties present a possible
solution to Hartley 2's hyperactivity: icy particles, whether large or small, increase the total sublimating
surface area yielding an e�ectively high water production rate for the nucleus size. However, the analyses
of the large particles by Kelley et al. (2013) and of the ice by Protopapa et al. (2014) only account for
a few percent of the comet's total water production rate, leaving over 90 % to come directly from the
nucleus. Both investigations necessarily assume grain sublimation rates based on spherical ice grains, even
though their analyses suggest the grains around Hartley 2 are aggregates. We are investigating whether
aggregates of water ice can provide the sublimation rates necessary to solve the problem of comet Hartley
2's hyperactivity. By combining observations of Hartley 2's icy particles (total brightness, color, 1- to 3-
micron spectra) with models of light scattered by icy aggregates, we seek to constrain their sizes, albedos,
temperatures, and compositions, allowing us to better estimate the coma's total water production rate. In
this presentation, we use theT-matrix method to simulate light scattering by aggregates of water ice, taking
the results of Protopapa et al. (2014) as an initial guide, and compare our results to spectra of Hartley 2's
ice taken by Deep Impact.
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