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SUNDAY RECEPTION / MONDAY SESSIONS

RECEPTION
Sunday, December 4
5:00 - 7:00 pm     Opening Reception        Bldg 943A, Exploration Center, 
		    NASA Ames Research Center
5:00 - 7:00              Registration + pick up materials      at reception

SESSIONS & PAPER TITLES
Monday, December 5
8:00 - 8:30 am       Registration + pick up materials       Building 152, Rooms 105-106
			    Unless specified, all sessions, breaks and poster sessions will be in Bldg. 152

8:30 - 8:45              Welcome Remarks
			     Pete Worden, Center Dir., NASA ARC; Roger Hunter, Kepler Mission Project 	
			     Mgr., NASA ARC; William Borucki, PI Kepler Mission, NASA ARC; Matt Holman, 	
			     Kepler Science Conf. Chair, Harvard-Smithsonian Center for Astrophysics

	SESSION A - KEPLER MISSION AND EXOPLANET STATISTICS
Alan Boss (chair) Carnegie Institution
8:45 - 9:15              101 · The Kepler Mission and Exoplanet Statistics
                        Greg Laughlin (invited) University of California, Santa Cruz

9:15 - 9:45              102 · CoRoT Exoplanet Search
                                Claire Moutou (invited) Laboratory of Astrophysics, Marseille

9:45 - 10:15            103 · Kepler Mission and Exoplanet Statistics
                        William Borucki (invited) NASA Ames Research Center

10:15 - 10:45          104 · Kepler's Exoplanet Survey: Honing in on eta-Earth
                        Natalie Batalha (invited) San Jose State University

10:45 - 11:15          BREAK

11:15 - 11:30          105 · Overview of the Kepler Science Operations Center Pipeline
                        Jon Jenkins, SETI Institute/NASA Ames Research Center

11:30 - 11:45          106 · Detection of Threshold Crossing Events in the First Three
                        	 Quarters of Kepler Data
                        Peter Tenenbaum, SETI Institute/NASA Ames Research Center

11:45 - 12:00          107 · Uniform Modeling of the Kepler Objects of Interest Catalog
                        Jason Rowe, SETI Institute/NASA Ames Research Center

12:00 - 12:15          108 · Kepler Completeness Study
                        Jessie Christiansen, SETI Institute/NASA Ames Research Center

12:15 - 12:30          109 · Noise Sources Impacting Kepler's Photometry and Mission Goals
                        Douglas Caldwell, SETI Institute/NASA Ames Research Center

12:30 - 12:45          110 · Using Spitzer to Estimate the Kepler False Positive Rate and to
				    Validate Kepler Candidates
                        Jean-Michel Desert, Harvard-Smithsonian Center for Astrophysics
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MONDAY SESSIONS

Monday sessions continued
12:45 - 2:15            LUNCH ON SITE, Building 3 
			     Demos of Kepler User Data

SESSION B - EARTH ANALOG AND SUB-NEPTUNE-SIZE PLANETS
Sara Seager (chair) Massachusetts Institute of Technology
2:15 - 2:45              111 · Patterns of Low-mass Planet Occurrence from Kepler and
				    Doppler Planet Searches
                        Andrew Howard (invited) University of California, Berkeley

2:45 - 3:15              112 · Occurrence, Mass Distribution and Orbital Properties of Super-
				    Earths and Neptune-Mass Planets from the HARPS Survey
                        Christophe Lovis (invited) University of Geneva

3:15 - 3:30              113 · Formation and Structure of Neptune-size Exoplanets
                        Peter Bodenheimer, UCO/Lick Observatory, Univ. of California, Santa Cruz

3:30 - 3:45              114 · RV Follow-Up of Small Planets from Kepler: Verification, Masses,
				    and Densities
                        Geoff Marcy, University of California, Berkeley

3:45 - 4:00              115 · RV Follow-Up of Small Planets from Kepler: Planet Bulk 
				    Composition and Interior Structure
                        Leslie Rogers, Massachusetts Institute of Technology

4:00 - 4:30              BREAK

4:30 - 4:45              116 · Limits from Kepler and the MEarch Project on the Occurrence 
				    Rate of Super-Earths and Neptunes Around M Dwarfs
                        Courtney Dressing, Harvard-Smithsonian Center for Astrophysics

4:45 - 5:00              117 · Kepler Transit Frequency Statistics in the Presence of
				    Statistical False Positives
                        Philip Nutzman, University of California, Santa Cruz

5:00 - 5:15              118 · The Validation of Earth-size Planets
                        Francois Fressin, Harvard-Smithsonian Center for Astrophysics

5:15 - 5:30              119 · Kepler-11: Super-Earths or Mini-Neptunes? Constraints from
				    Mass Loss
                        Eric Lopez, University of California, Santa Cruz

5:30 - 5:45              120 · The Chemistry of Planet Formation: Detailed Abundances of
				    Stars with Low-Mass Planets Discovered by Kepler
                        Simon Schuler, NOAO

5:45 - 6:00              121 · When is an Earth-analog Really an Earth-analog?
                        Jill Tarter, SETI Institute

6:00 - 8:00              POSTER SESSION, Room 117
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TUESDAY SESSIONS

Tuesday, December 6
8:00 - 8:30 am        Registration + pick up materials       Building 152, Rooms 105-106

	SESSION A CONTINUED - KEPLER MISSION AND EXOPLANET STATISTICS
8:30 - 8:45              201 · Kepler Exoplanet Candidate Host Stars are Preferentially
				    Metal Rich
                        Kevin Schlaufman, University of California, Santa Cruz

8:45 - 9:00              202 · Follow-up Observations and Modelling of Kepler Circumbinary 
				    Planet Candidates
                        Jerome Orosz, San Diego State University

9:00 - 9:15              203 · Validation of Habitable-Zone Super Earth Kepler Candidates with
				    Warm Spitzer
                        Sarah Ballard, Harvard-Smithsonian Center for Astrophysics

9:15 - 9:30              204 · Accurate Stellar Parameters of Low-Mass Kepler Planet Hosts
                        Philip Muirhead, California Institute of Technology

9:30 - 9:45              205 · Measuring the Physical Properties of Kepler's M Dwarf
				    Planet Hosts
                        John Johnson, Caltech

10:00 - 10:30          BREAK

10:30 - 10:45          206 · Assessing the Kepler Inventory with Planet Hunters
                        Megan Schwamb, Yale University

10:45 - 11:00          207 · What will Gaia do for Kepler?
                        Alessandro Sozzetti, INAF-Osservatorio Astronomico di Torino

11:00 - 11:15          208 · Transiting Exoplanet Survey Satellite (TESS)
                        George Ricker, Massachusetts Institute of Technology

11:15 - 11:30          209 · SOFIA: Capabilities for Studying Exoplanets in the Kepler Era
				    and Beyond
                        Edward Dunham, Lowell Observatory

11:30 - 11:45          210 · Astrophysics with Kepler During an Extended Mission
                        Martin Still, NASA Ames Research Ctr/ Bay Area Environmental Research Inst.

11:45 - 12:00          TBD

12:00 - 2:00            LUNCH ON SITE, Building 3, Support for Community Involvement in Kepler 	
			     for Follow-up Observing and the Extended Mission, Chair: Steve Howell
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TUESDAY SESSIONS

Tuesday sessions continued
SESSION C - MULTIPLE PLANET SYSTEMS
Jack Lissauer (chair) NASA Ames Research Center
2:00 - 2:15              211 · Statistical Arguments that Most Kepler Multi-Planet Candidates
				    are Real Planets
                        Jack Lissauer, NASA Ames Research Center

2:15 - 2:45               212 · Detailed Dynamical Portraits of Other Planetary Systems
                        Daniel Fabrycky (invited) University of California, Santa Cruz

2:45 - 3:00               213 · The Kepler-18 Three Planet System
                        William Cochran, McDonald Observatory, The University of Texas at Austin

3:00 - 3:15               214 · The Multiple Planet System Kepler-20
                        Nick Gautier, Jet Propulsion Laboratory

3:15 - 3:30               215 · In Situ Planet Formation Models of the Kepler-11 Six 
				     Planet System
                        Elisa Quintana, SETI Institute/NASA Ames Research Center

3:30 - 4:00               BREAK

4:00 - 4:15               216 · Detection of Quasi-periodic Transiting Planets with Kepler
                        Eric Agol, University of Washington

4:15 - 4:30               217 · Eccentricities & Inclinations in Kepler's Planetary Systems
                        Eric Ford, University of Florida

4:30 - 4:45               218 · Constraining Orbital Eccentricity through Transit Photometry
				     Alone: Multibody Asterodensity Profiling (MAP)
                        Varun Manthri, University College London

4:45 - 5:00               219 · Confirmation and Characterization of Multitransiting Exoplanet
				     Systems with Anti-Correlated Transit Timing Variations
                        Jason Steffen, Fermilab Center for Particle Astrophysics

5:00 - 5:15               220 · The Secular Character of Multi-planet Systems: Kepler-10, 11
				     and 16
                        Christa Van Laerhoven, The University of Arizona

5:15 - 5:30               221 · Analysis of 224 Kepler Exoplanets in 93 Multiple Systems
                        David Ciardi, NASA Exoplanet Science Institute/Caltech

5:30                         ADJOURN

7:00                         PUBLIC TALKS, Building 152, Room 171
7:00 - 7:30               Natalie Batalha
7:45 - 8:15               Donald Kurtz



2011 Kepler Science Conference - NASA Ames Research Center10

WEDNESDAY SESSIONS

Wednesday, December 7
8:00 - 8:30 am       Registration + pick up materials       Building 152, Rooms 105-106

SESSION D · EXOPLANET THEORY
Dimitar Sasselov (chair) Harvard-Smithsonian Center for Astrophysics
8:30 - 9:00              301 · Using the Composition of Super-Earths to Track
				    Formation Processes
                        Diana Valencia (invited) Massachusetts Institute of Technology

9:00 - 9:15              302 · Accumulation of Hydrogen-Rich Atmospheres of Nebular Origin
				    on Short-Period Super-Earths: Implications for Kepler-11 Planets
                        Masahiro Ikoma, Tokyo Institute of Technology

9:15 - 9:30              303 · Core Erosion in Gas Giant Exoplanets Predicted from Ab Initio
				    Simulations
                        Burkhard Militzer, University of California, Berkeley

9:30 - 9:45              304 · Theoretical Issues for Rocky Planet Interiors Near 1.0 Earth-mass
			   	 and M-R Relations
                        Dimitar Sasselov, Harvard-Smithsonian Center for Astrophysics

9:45 - 10:00            305 · Planet Formation and the Diversity of Planetary Systems
                        Benjamin Bromley, University of Utah

10:00 - 10:30          BREAK

10:30 - 10:45          306 · The Final Stage of Terrestrial Planet Formation
                        Eiichiro Kokubo, National Astronomical Observatory of Japan

10:45 - 11:00          307 · Snagging an Earth-Class Exoplanetary Moon
                        Darren Williams, Penn State Erie, The Behrend College

11:00 - 11:15          308 · Are Hot Neptunes Partially Evaporated Hot Jupiters?
                        Gwenael Boue, CAUP

11:15 - 11:30          309 · Transit Constraints for a General Planet Formation Theory 
				    Provided by CoRoT and Kepler
                        Gunther Wuchterl, Thüringer Landessternwarte, CoRoT (DLR)

11:30 - 11:45          310 · Formation and Diversity of Planetary Systems around M dwarfs:
				    Toward the Next-Generation Observations
                        Yasunori Hori, National Astronomical Observatory of Japan

11:45 - 2:00            LUNCH ON SITE, Building 3
				    Discussion, Kepler Data Analysis Workshop

SESSION E · GIANT PLANETS AND PLANET ATMOSPHERES
Jonathan Fortney (chair) University of California, Santa Cruz
2:00 - 2:30               311 · Kepler Giant Planet Discoveries
                        Sara Seager (invited) Massachusetts Institute of Technology
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WEDNESDAY SESSIONS

Wednesday sessions continued 
2:30 - 2:45               312 · The Heavy-Element Masses of Extrasolar Giant Planets, Revealed
                        Jonathan Fortney, University of California, Santa Cruz

2:45 - 3:00               313 · Kepler's Dark and Reflective Worlds
                        Brice-Olivier Demory, Massachusetts Institute of Technology

3:00 - 3:15               314 · Albedo Spectra of Extrasolar Giant Planets
                        Mark Marley, NASA Ames Research Center

3:15 - 3:45               BREAK

3:45 - 4:00               315 · Search for Secondary Eclipses of Hot Jupiters in Kepler Q2 
				     Light Curves
                        Mercedes Lopez-Morales, Inst. de Ciencies de L'Espai (CSIC-IEEC), Spain

4:00 - 4:15               316 · Asymmetric Transit Curves as Indication of Orbital Obliquity:
				     Stars and Companion in KOI-13
                        Gyula Szabo, Konkoly Observatory, Hungarian Academy of Sciences

4:15 - 4:30               317 · Interpreting Geometric Albedos, Phase Curves, and
				     Polarization of Reflected Light from Exoplanets
                        Nikku Madhusudhan, Princeton University

4:30 - 4:45               318 · Constraints on the True Obliquity of the Orbit of HAT-P-7b
                        Joshua Carter, Harvard-Smithsonian Center for Astrophysics

4:45 - 5:00               319 · Measuring the Spin-Orbit Misalignment of KOI-13.01 from 
				     Kepler Transit Photometry Using Gravity Darkening
                        Jason Barnes, University of Idaho

5:00 - 5:15               320 · Clues of the Origins of Hot Jupiters
                        Amaury Triaud, Observatoire Astronomique de l'Université de Genève

5:15                         ADJOURN
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THURSDAY SESSIONS

Thursday, December 8
8:00 - 8:30 am       Registration + pick up materials       Building 152, Rooms 105-106

SESSION F · ECLIPSING AND INTERACTING BINARIES
William Welsh (chair) San Diego State University
8:30 - 9:00              401 · Kepler Harvest of Eclipsing Binary Stars
                        Andrej Prsa (invited) Villanova University

9:00 - 9:15              402 · KOI-54: A Remarkable Periastron-Pumped Pulsating Binary Star
                        William Welsh, San Diego State University

9:15 - 9:30              403 · Heartbeat Stars: A Class of Tidally Excited Eccentric Binaries
                        Susan Thompson, SETI Institute/NASA Ames Research Center

9:30 - 9:45              404 · Tests of Age, Mass, and Radius from Binary Stars in Open Clusters
                        Eric Sandquist, San Diego State University

9:45 - 10:00            405 · An Eclipsing White Dwarf-M Dwarf System Observed with Kepler
                        Roi Alonso, Observatoire Astronomique de l'Univ. de Genève, Switzerland

10:00 - 10:30          BREAK

10:30 - 10:45          406 · Circumbinary Companions of Intermediate-Mass Eclipsing
				    Binary Stars
                        Douglas Gies, Georgia State University

10:45 - 11:00          407 · Photometric Detection of Non-transiting Short-period Binaries
				    Through the Beaming, Ellipsoidal and Reflection Effects in the
				    Kepler Light Curves
                        Tsevi Mazeh, Tel Aviv University

11:00 - 11:15          408 · Dynamical Tides in Aeccentric Binaries and Tidally Excited
				    Stellar Pulsations in Kepler KOI-54
                        Jim Fuller, Cornell University

11:15 - 11:30          409 · Kepler Observations of Rapid Optical Variability in Active
				    Galactic Nuclei
                        Rick Edelson, University of Maryland

11:30 - 1:30            LUNCH OFF SITE

SESSION G · STELLAR ACTIVITY AND ROTATION
Andrea Dupree (chair) Smithsonian Astrophysical Observatory
1:30 - 2:00              410 · Early Results from Kepler on Stellar Activity
                        Gibor Basri (invited) University of California, Berkeley

2:00 - 2:15              411 · The Flaring Behavior of G Stars Observed by Kepler
                        David Soderblom, Space Telescope Science Institute
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THURSDAY SESSIONS

SESSION G CONTINUED · STELLAR ACTIVITY AND ROTATION
2:15 - 2:45              412 · Starspotting: Looking at Kepler Data for Insight into Stellar
				    Magnetic Activity
                        Lucianne Walkowicz (invited) Princeton University

2:45 - 3:00              413 · Spot Evolution and Differential Rotation on Sun-like Stars
                        Svetlana Berdyugina, KIS, Freiburg

3:00 - 3:30               BREAK + POSTER SESSION, Room 117

3:30 - 3:45               414 · New Methods to Model Activity-Induced Signals in Photometry
				     and Radial Velocity
                        Suzanne Aigrain, University of Oxford

3:45 - 4:00               415 · Starspots and Spin-orbit Alignment for Kepler Planetary Systems
                        Roberto Sanchis Ojeda, Massachusetts Institute of Technology

4:00 - 4:30              416 · The Kepler Cluster Study and Stellar Rotation in Clusters
                        Soren Meibom (invited) Harvard-Smithsonian Center for Astrophysics

4:30 - 6:30               POSTER SESSION, Room 117

6:30                         ADJOURN
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FRIDAY SESSIONS

Friday, December 9
8:00 - 8:30 am       Registration + pick up materials       Building 152, Rooms 105-106

SESSION H · ASTEROSEISMOLOGY
Jørgen Christensen-Dalsgaard (chair) University of Aarhus, Denmark
8:30 - 9:00              501 · Asteroseismology: New Insights in Variable Stars in the 
				    Classical Instability Strip
                        Donald Kurtz (invited) University of Central Lancashire

9:00 - 9:30              502 · The Physics of Stochastic Excitation
                        Peter Goldreich (invited) California Institute of Technology

9:30 - 9:45              503 · Asteroseismology of the Solar Analogs 16 Cyg A & B from
				    Kepler Observations
                        Travis Metcalfe, High Altitude Observatory, NCAR

9:45 - 10:00            504 · Observational Constraints, Stellar Models, and Kepler Data for
				    Theta Cyg, the Brightest Star Observable in the Kepler Field of View
                        Joyce Guzik, Los Alamos National Laboratory

10:00 - 10:15          505 · Seismic Age Calibration and Heavy-element Abundance in
				    Solar-type Stars
                        Guenter Houdek, Institute of Astronomy, University of Vienna

10:15 - 10:45          BREAK

SESSION I · ENSEMBLE ASTEROSEISMOLOGY OF SOLAR-TYPE STARS
Hans Kjeldsen (chair) University of Aarhus, Denmark
10:45 - 11:15          506 · Ensemble Asteroseismology of Solar-type Stars
                        Bill Chaplin (invited) University of Birmingham

11:15 - 11:45          507 · Asteroseismic Modelling of Kepler Stars
                        Sarbani Basu (invited) Yale University

11:45 - 12:00          508 · Long-baseline Interferometry Follow-up of Kepler Stars Using
				    the CHARA Array
                        Daniel Huber, NASA Ames Research Center/ University of Sydney

12:00 - 12:15          509 · Asteroseismic Analysis of Two Sun-like Kepler Subgiants:
				         KIC11395018 and KIC10920273
                        Gulnur Dogan, NCAR/High Altitude Observatory

12:15 - 2:15            LUNCH OFF SITE
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FRIDAY SESSIONS

Friday sessions continued 
SESSION J · RED GIANT OSCILLATIONS
Thomas Kallinger (chair) Ku Leuven
2:15 - 2:45              510 · Asteroseismology of Red Giants
                        Tim Bedding (invited) School of Physics, University of Sydney

2:45 - 3:00              511 · Red Giants Unveiled
                        Benoit Mosser, LESIA, Observatoire de Paris

3:00 - 3:15              512 · The Intersection of Asteroseismology and Abundances
                        Courtney Epstein, Ohio State University

3:15 - 3:30              513 · Probing the Inner Rotation Profile of the Subgiant KIC7341231
                        Sebastien Deheuvels, Yale University

FINAL TALK ·  ASTROBIOLOGY
3:30 - 4:00               514 · Astrobiology
                        Carl Pilcher (invited) NASA Ames Research Center

4:00                         ADJOURN
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POSTER SESSIONS

POSTER SESSIONS & PAPER TITLES
Monday, December 5 • Poster Session I

Monday AM: Posters in Poster Session I go up
Monday PM: Poster Session I as scheduled

Note* - Session I posters to be removed by noon on Wednesday

KEPLER MISSION AND EXOPLANET STATISTICS
P0101		 Adaptive Optics Images of Kepler Objects of Interest • Elisabeth Adams
P0102	 The NASA Exoplanet Archive and Support for the Kepler Science Community • Rachel Akeson
P0103	 Radial Velocity Follow-up of CoRoT Transiting Candidates with HARPS • Francois Bouchy
P0104	 Measuring the Rate of Non-Planetary Background Transit Events in Kepler Data • Steve Bryson
P0105	 Efficient Formation of Terrestrial Planets around Low-metallicity Stars Inferred from Kepler Data • Lars	
	 Buchhave
P0106	 The Search for Jupiter Analogs in Kepler's First Three Quarters • Jennifer Bur
P0107	 Linear and Nonlinear Noise Reduction Techniques for Kepler Data • Derek Buzasi
P0108	 Transit Verification Photometry with the Faulkes - North Telescope, Hawaii • Emily Chang
P0109	 Photometric Analysis in the Kepler Science Operations Center Pipeline • Bruce Clarke
P0110	 Vetting Kepler Planet Candidates with Multi-Color Photometry from the Gran Telescopio Canarias • 		
	 Knicole Colon
P0111	 Detecting Circumbinary Planets by Eclipse Echo • Laurance Doyle
P0112	 Statistics of Neptune-mass Planets and Super-Earths in a Quiescent-disk Planet Formation Model • Paul	
	 Estrada
P0113	 The Case for M Dwarf Stars in the Kepler Field • Eric Gaidos
P0114	 Transiting planets search and characterization with the SOPHIE spectrograph at OHP • Guillaume		
	 Hebrard
P0115	 Safronov Numbers for Transiting Exoplanets • John Hodgson II
P0116	 Kepler 21b - Kepler's Brightest Host Star Harbors a 1.6 R_Earth Planet • Steve Howell
P0117	 Dynamic Black-Level Correction and Artifact Flagging for Kepler Pixel Time Series • Jeffery 			
	 Kolodziejczak
P0118	 Transit Model Fitting in the Kepler Science Operations Center Pipeline • Jie	Li
P0119	 To Be or Not To Be (a Planet)? Lucky-Imaging for Kepler Host Candidates • Jorge Lillo-Box
P0120	 Extraction of low-SNR signals from Kepler light curves by virtue of the KLT • Claudio Maccone
P0121	 They Might Be Giants: the Luminosity Class of Late-type Kepler Targets • Andrew Mann
P0122	 Exploiting the Accuracy of Kepler: Discovery of the Hottest Largest Exoplanet • Dimitris Mislis
P0123	 Detection and Correction of Step Discontinuities in Kepler Light Curves • Robert Morris
P0124	 Investigating the Planet-Metallicity Correlation with Kepler • Timothy Morton
P0125	 Planet Frequency as a Function of Stellar Mass in a Quiescent-disk Planet Formation Model • Ignacio 	
	 Mosqueira
P0126	 A Revised Effective Temperature Scale for the Kepler Input Catalog • Marc Pinsonneault
P0127	 Empirical Constraints on Planet Migration Halting Mechanisms • Peter Plavchan
P0128	 Calibration in the Kepler Science Operations Pipeline • Elisa Quintana
P0129	 SOPHIE Velocimetry and Independent Establishment of Kepler Transit Candidates • Alexandre Santerne
P0130	 A Robust Detection Statistic And Its Implementation In The Transiting Planet Search Software • Shawn	
	 Seader
P0131	 Studying Orbital Photometry of Kepler Objects of Interest • Avi Shporer
P0132	 Wavelet-Based Band Splitting for Improved Systematic Error Correction and Noise Reduction in Kepler 	
	 Light Curves • Martin Stumpe
P0133	 Kepler: An Astrometric Mission to Detect Giant Planets and Brown Dwarfs around Nearby Stars? • 		
	 Angelle Tanner
P0134	 Application of Wavelet-Based Analysis in the Transiting Planet Search Algorithm • Peter Tenenbaum
P0135	 Overview of the Transiting Planet Search Software in the Kepler Analysis Pipeline • Peter Tenenbaum
P0136	 Terrestrial, Habitable-Zone Exoplanet Frequency from Kepler • Wes Traub
P0137	 Difference Imaging for Automated Validation of Planet Candidates in the Kepler Science Operations 		
	 Center Pipeline • Joseph Twicken
P0138	 New Directions in Kepler Corrections • Jeffrey Van Cleve

EARTH ANALOG AND SUB-NEPTUNE-SIZE PLANETS
P0201		 Estimating the Distribution of Habitable Surface Area in the Solar Neighborhood • Ruslan Belikov
P0202	 The Occurrence Rate of Earth Analog Planets Orbiting Sun-like Stars  • Joseph Catanzarite
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POSTER SESSIONS

P0203	 Searching for Evidence of a Magnetic Field in the Exotic Super-Earth 55 Cancri e • Diana Dragomir
P0204	 Spitzer Evidence for a Planet-Driven Late Heavy Bombardment in &#951; Corvi at ~1 Gyr • Carey Lisse
P0205	 Transit Spectroscopy of sub-Neptune-sized Planets GJ1214b and HD97658b with HST WFC3 • Peter 		
	 McCullough
P0206	 Carmenes: A Radial-Velocity Survey for Terrestrial Planets in The Habitable Zones of M Dwarfs • Andreas 	
	 Quirrenbach
P0207	 An astronomical criterion for association of the four fundamental interactions • Murat Zhussupov

MULTIPLE PLANET SYSTEMS
P0301	 Exoplanet Migration and the Distribution of Period Ratios in Multiple Planet Systems • Katherine Deck
P0302	 Predicting Planets in Kepler Candidate Multi-Planet Systems • Julia Fang
P0303	 A new analysis of WASP-3b • Marco Montalto
P0304	 The TASTE Project: a ground-based search for Transit Time Variations • Valerio Nascimbeni

EXOPLANET THEORY
P0401	 Spin-orbit Alignment of Transiting Planetary Systems from RM Effect Observations Using CYCLOPS • 	
	 Brett Addison
P0402	 Orbital Migration Models of Earths and Super-Earths • Gennaro D'Angelo
P0403	 THERMAL EVOLUTION AND MASS LOSS OF WATER-RICH SUPER-EARTHS • Kenji Kurosaki
P0404	 The Habitable Exoplanets Catalog: An Extensive Quantitative Assessment of the Habitability of 		
	 Exoplanets • Abel Mendez
P0405	 Planet Migration Towards Destruction: Distribution Evolution and Roche Lobe Overflow • Stuart Taylor
P0406	 Protoplanetary Disk Resonances and Type I Migration • David Tsang

GIANT PLANETS AND PLANET ATMOSPHERES
P0501	 Kepler-15b: A Hot Jupiter Enriched In Heavy Elements And The First Kepler Mission Planet Confirmed 	
	 With The Hobby-Eberly Telescope • Michael Endl
P0502	 The Connection Between Solar- and Extrasolar- Giant Planets • Ravit Helled
P0503	 Near-Infrared Spectroscopic View of GJ1214b • Valentin Ivanov
P0504	 Constraints on Exoplanet Transit Observations Using JWST NIRSpec • Douglas Long
P0505	 The Effect of Exotic Clouds on the Transmission Spectra of Transiting Super-Earths • Caroline Morley
P0506	 Refraction of Light in Exoplanet Atmospheres • Taishi Nakamoto
P0507	 On atmospheric temperature inversions and the sizes of exoplanets • Vivien Parmentier

Tuesday, December 6 • Monday's posters will remain up for viewing

Wednesday, December 7 • Poster Session II
Wednesday after 1:00 PM & Thursday AM: Posters in Poster Session II go up

ECLIPSING AND INTERACTING BINARIES
P0601	 Doppler beaming and Romer delay versus ellipsoidal modulation in the Kepler data of KOI-74 • Steven 	
	 Bloemen
P0602	 A very precise age for the old metal-rich open cluster NGC6791  •  Karsten Brogaard
P0603	 Low-Mass Eclipsing Binaries from Kepler: Reaching the Natural Rotation Rate of M and K Dwarfs • 		
	 Jeffrey Coughlin
P0604	 Radial Velocity follow-up of Kepler Eclipsing Binaries on the Hobby-Eberly Telescope • Rohit Deshpande
P0605	 The Low-Mass, Stellar Mass-Radius Relationship • Gregory Feiden
P0606	 APOGEE Near-IR Radial Velocity Measurements of Kepler Eclipsing Binaries • Scott Fleming
P0607	 Cataclysmic Variables in the Super Metal-Rich Cluster NGC 6791 • Peter Garnavich
P0608	 KIC 4544587: An Asteroseismically Interesting, Eccentric, Short Period Binary • Kelly Hambleton
P0609	 Advanced Analysis of Surface Features on Active Close Binaries • Geraldine Peters
P0610	 Two Unusual Binaries in the Old, Metal-Rich Open Cluster NGC 6791 • Ruth Peterson
P0611	 Kepler Observations of the SU UMa Cataclysmic Variables V344 Lyr, V1504 Cyg, and V447 Lyr • Mat Wood

STELLAR ACTIVITY AND ROTATION
P0701	 The Exact Solution of The Pioneer Anomaly According to The General Theory of Relativity and The 		
	 Hubble's Law • Azzam AlMosallami
P0702	 Surveying Magnetic Activity On Late-Type Stars: Starspot Rotational Modulation And Evolution And 		
	 Other Temporal Variability In KEPLER Photometry • Alexander Brown
P0703	 Rotation of Cluster Dwarfs and Spectroscopic Diagnostics • Andrea Dupree
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POSTER SESSIONS

P0704	 Cycle 1 Observations of Low Mass Stars: New Eclipsing Binaries, Single Star Rotation Rates, and the		
	 Nature and Frequency of Starspots • Thomas Harrison
P0705	 The Flaring Activity of the M Dwarf GJ 1243 • Suzanne Hawley
P0706	 Using Kepler Data To Characterize the Flare Properties of GK Stars • Adam Kowalski
P0707	 Statistics of Stellar Variability in Kepler Data with ARC Systematics Removal • Amy McQuillan
P0708	 Impact of magnetic field on oscillation frequencies of solar-type stars • Laurent Piau
P0709	 Differential Rotation in Kepler Open Cluster Stars • Steven Saar
P0710	 Stellar variability from DASCH vs. Kepler Data • Sumin Tang
P0711	 Stellar Differential Rotation Estimates from Planetary Transits • Ariana Valio

ASTEROSEISMOLOGY
P0801	 Kepler & Blazhko Effect: mission (im)possible? • Merieme Chadid
P0802	 Asteroseismic Analysis of Two Sun-like Kepler Subgiants: KIC11395018 and KIC10920273 • Gulnur 		
	 Dogan
P0803	 Asteroseismology of HAT-P-7: impact on the characterisation of its exoplanet companion • Ahmed 		
	 Grigahcene
P0804	 The Frequency Spectra of B Stars in Kepler • Jean McKeever
P0805	 Are the constant Kepler A-stars chemically peculiar? • Simon Murphy
P0806	 Spectroscopic and photometric observations of large sample of the Kepler targets • Marek Steslicki
P0807	 Standard Photometry of Kepler Asteroseismic Targets • Marek Steslicki

RED GIANT OSCILLATIONS
P0901	 A Cycle 2 Study of RV Tauri and Semi-Regular Variable Using Kepler • Jennifer Cash
P0902	 Granulation properties in red giants observed by Kepler • Savita	 Mathur

EXTRAGALACTIC AND OTHER ASTROPHYSICS, AND EPO
P1001	 Kepler Data Analysis Tools Developed by the Guest Observer Office • Thomas Barclay
P1002	 Recent Operational Improvements to High Precision Photometric Observations with Warm IRAC • Sean	
	 Carey
P1003	 Kepler Observations of II ZW 229.015 • Michael Carini
P1004	 Kepler and the Next Generation: Effective Application of Education/Public Outreach in the High School 	
	 Science Classroom • Nicoline Chambers
P1005	 Follow-up of the WTS/RoPACS candidates: detection of false positives • Patricia Cruz
P1006	 Searching for Earth's Twin and STEM Education--the Kepler Mission's Education and Public Outreach 	
	 Program • Edna DeVore
P1007	 A UBV Photometric Survey of the Kepler Field • Mark Everett
P1008	 Extragalactic Science with Kepler • Michael Fanelli
P1009	 EChO: An exoplanetary mission under study • Kate Isaak
P1010	 ATMOSPHERE: Origin Of Atmosphere & Space Pollution (Aerosols, Clouds, Water Cycle) and study of key 
sources of satellites, Space Shuttle & Rockets • Adil Khan
P1011	 Atmospheric Pollution - A cause study of Air plane Space Shuttle & Rockets Pollution & Space disaster • 	
	 Adil Khan
P1012	 Selecting New Variable Star Targets from the Kepler Full Frame Image Variability Catalog • Karen 		
	 Kinemuchi
P1013	 Science from Kepler Collateral Data: 50 ksec/year from 13 million stars • Jeffery Kolodziejczak
P1014	 Kepler Science Operations Software Infrastructure • Sean McCauliff
P1015	 Using Multicolor Photometry to Confirm Transiting Planet Candidates • Hannu Parviainen
P1016	 Demystifying Kepler Data: A Beginner's Guide • Joshua Pepper
P1017	 A deep, high cadence photometric survey of the Kepler field • Gavin Ramsay
P1018	 Removing the Noise While Preserving the Signal - An Empirical Bayesian Approach to Kepler Light Curve 	
	 Systematic Error Correction • Jeffrey Smith
P1019	 Celestial orbits: new theory • Necat Tasdelen
P1020	 A search for ultracool dwarfs in the Kepler field • Ramarao Tata
P1021	 A Comparison of the Characteristics of the Central Stars of M57 and NGC 6826 • Paul Temple
P1022	 Dynamics Of Protoplanetary Disks In Stellar Cluster • Santiago Rodriguez Torres
P1023	 Zodiacal Dust Bands Observed In The Kepler Background • Jeffrey Van Cleve
P1024	 Understanding Quasar Variability Through Kepler • Ann Wehrle

Thursday, December 8. PM • Poster Session II

Friday, December 9, PM: all Poster Session II posters removed
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ABSTRACTS

THE KEPLER MISSION AND EXOPLANET STATISTICS.  G. Laughlin1, 1Department of Astronomy and 
Astrophysics, University of California at Santa Cruz, Santa Cruz, CA 95064, glaughli@ucsc.edu. 

 
ABSTRACT: Data from the Kepler Mission are 

profoundly expanding what is known about the galac-
tic planetary census. The catalog of planets and high-
quality planet candidates now numbers in the thou-
sands, and large regions of orbital and physical param-
eter space (such as the zone harboring short-period 
planets with masses greater than Neptune’s mass) are 
statistically well-described. Substantial numbers of 
planets with masses in the super-Earth range, or peri-
ods substantially longer than a year, have been detect-
ed. Planets are being discovered using transit photome-
try, Doppler spectroscopy, microlensing, astrometry, 
and direct imaging.  

 
In this talk, I will attempt to delineate the salient 

feautres of the overall distribution. Of particular inter-
est is a possible tension between the results of the Kep-
ler Q0-Q3 data releases and the results of high-
precision Doppler velocity surves such as the Geneva 
Observatory’s HARPS GTO program. The HARPS 
radial velocity survey suggests that the occurrence 
fraction of planets with P<100 days and M<MNeptune is 
of order 50% among chromospherically quiet nearby 
stars, whereas a straightforward interpretation of the 
Kepler data suggests a substantially smaller occurrence 
rate for planets having these properties. I will discuss 
how these results can be brought into concordance, and 
I will outline the interesting possible consequences for 
planet formation theory. Also of interest is the distribu-
tion of orbital mean-motion resonances within extraso-
lar planetary systems. The Kepler Mission, with its 
accurate timing measurments of systems that contain 
multiple transiting planets, directly infers the distribu-
tion of low-order resonances, and confirms that a sub-
dominant fraction of multiple-planet systems have 
planets that are deeply in resonance. This finding also 
has important consequences for planetary formation 
theories, and I will try to make the implications clear. 
Finally, with the planetary distribution that is currently 
in hand, it is possible to make (marginally) informed 
speculations regarding the frequency of analogs of 
solar system planets such as Earth and Jupiter. At the 
risk of going on record with statements that will be 
revealed in time as hopelessly naïve, I will make pre-
dictions (with error estimates) regarding the number of 
Earth-mass planets, and the frequency of systems that 
are true solar-system analogs. 
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ABSTRACTS

COROT EXOPLANET SEARCH.  C. Moutou1, M. Deleuil1,  A. Baglin2 and the CoRoT Exoplanet Science Team 
1LAM (38 rue Frédéric Joliot-Curie, 13388 Marseille, France, Claire.Moutou@oamp.fr), 2LESIA (Observatoire de 

Paris, France)

Introduction:  The CoRoT instrument is in 

operations since February 2007, searching for 

transiting planets and recording stellar oscillations. 

From light curve analyses to ground-based 

complementary observations, the team reports 

hundreds of candidates and a large family of confirmed 

planets. Figure 1 shows the present satistics of CoRoT 

planetary candidates as a function of the stellar 

magnitude. More than half of the candidates brighter 

than 14 are solved by the aid of follow-up 

observations, whereas faint stars are less well 

characterized. 

We will discuss the status of the CoRoT program, 

the major breakthroughs, the recent findings, the 

small-planet statistics [1], and future prospects.

Figure 1: statistics of CoRoT planetary candidates 

known in the beginning of 2011. The bottom green 

area shows the proportion of solved configurations.

Planet population:  The CoRoT  field of view 

crosses the Galactic Plane towards two opposite direc-

tions, a major difference from the Kepler mission, 

since the stellar populations may strongly differ from 

one pointing to the next. The potential impact on the 

characteristics of planets is discussed.

Figure 2 shows a recent planet discovered by 

CoRoT and characterized by HARPS, CoRoT-20 b [2]. 

It is a short-period eccentric massive giant planet, 

which characteristics bring new constraints into the 

global picture of tidal history and orbital evolution. 

Figure 2: the transit light curve and radial-velocity 

curve of CoRoT-20 b [2].

Prospects: CoRoT will complete soon 5 years of 

observations,  accompanied since the beginning by 

heavy ground-based observational effort. The objec-

tives for extending the operations in the context of 

Kepler will be presented.

References::

[1] Bonomo A. et al, 2012, A&A subm

[2] Deleuil M. et al, 2011, A&A in press
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ABSTRACTS

Kepler Mission and Exoplanet Statistics   
W. J. Borucki1 and D. G. Koch2, (1NASA Ames Research Center, Mail Stop 244-30, Moffett Field, CA 94035, Wil-
liam.J.Borucki@nasa.gov), (2NASA Ames Research Center, Mail Stop 244-30, Moffett Field, CA 94035, 
dkochx@gmail.com)  

 
Kepler got its start more than a decade before the first 
‘exoplanets’ were discovered around main-sequence 
stars when Audry Summers and I published a paper in 
1984 that discussed the requirements for detecting ex-
oplanets via transit photometry. [1] This simple – but 
technically challenging – technique requires detecting 
patterns of dips with amplitudes as low as 80 ppm in 
the presence of stellar variability many times higher.  
The requirements include high precision CCD detec-
tors not yet demonstrated, space-borne observations, 
and the need to monitor many thousands of quiescent 
stars.  That same year, the first NASA Ames Workshop 
on high-precision photometry was organized. A year 
later, a second published paper discussed the photo-
metric limitations imposed by stellar variability. [2]   
 
In 1987 a second NASA Ames Workshop on high-
precision photometry, co-sponsored by the National 
Institute of Standards and Technology was organized.  
Workshop attendees mapped out a plan to operate a 
robotic telescope to assess the precision achievable 
from ground-based observations, to test CCDs, and to 
evaluate new-generation silicon diode detectors. 
 
In 1992, NASA issued a solicitation for mission con-
cepts that could be developed for moderate cost.  The 
transit idea was favorably reviewed scientifically, but 
rejected for requiring detectors then thought not to ex-
ist.  The first proposal to the newly created Discovery 
Program, in which a spacecraft would operate from a 
Lagrange point, was rejected for cost reasons in 1994.  
In 1995, Robinson et al [3] published the first results 
from a laboratory demonstration of detectors with the 
required precision to detect Earth-size planets.   A less 
expensive mission proposed for solar orbit was rejected 
in 1996 because automated photometry of thousands of 
stars had not been demonstrated.  During 1997 a fully 
automated photometric telescope was built and in-
stalled in the Crocker Dome at Lick Observatory. It 
communicated to NASA Ames by radio link where a 
pipeline had been installed to analyze the data. Team 
members did follow up observations of the discovered 
candidates.  The successful operation of this facility 
demonstrated multi-target photometry with pipeline 
processing and follow up.  A third Discovery proposal 
in 1998 was rejected because the anticipated on-orbit 
noise and performance had not been fully addressed.  
By this time, exoplanets were known to exist and HQ 
was sufficiently intrigued by the science potential to 
provide funding to develop a testbed facility to demon-

strate the ability to generate and detect 80 ppm transits 
and to accommodate anticipated on-orbit noise. 
 
The fourth attempt, in 2001, was successful and the 
Kepler mission began development. During develop-
ment, many obstacles had to be overcome such as de-
tector and filter problems, delays in delivery of the 
optics due to competing military programs, and unex-
pected cost increases.  Compromises, such as removing 
onboard compensation for energetic particle hits, and 
the articulated antenna, were  made as necessary. 
 
Prior to the Kepler launch in March 2009, team mem-
bers observed and classified 4.4 million stars in Kepler 
FOV to generate the Kepler Input Catalog (KIC) that 
was used to select those stars most suitable for planet 
detection.  Since the launch, Kepler has been operating 
superbly, yielding data of phenomenal quality.  A criti-
cal element in the scientific productivity of the Mission 
is the worldwide network of hundreds of scientists us-
ing many of the world’s largest telescopes to conduct 
crucial follow-up observations to confirm  planets. In 
addition, newly-developed theoretical models that in-
terpret the transit timing variations are elucidating the 
structure of planetary systems and their planets.   
 
Ongoing follow-up spectroscopic observations and 
their analyses are providing improved values of stellar 
temperatures, sizes, and metallicities for the stars that 
host planetary candidates. These new values contribute 
to better estimates of candidate size and association 
with stellar characteristics. Improvements to the data 
analysis pipeline now allow data taken during all quar-
ters to be stitched together to form a contiguous time 
series that enhance the detection of small planetary 
candidates in long-period orbits. Intrinsic distributions 
of the candidates are being derived that allow estimates 
of the frequency distributions of planet size with semi-
major axis and orbital period and to associate the re-
sults with stellar characteristics. Updated distributions 
are presented as well as a preliminary estimate of the 
frequency of Earth-size planets in the habitable zone 
based on the current candidate discoveries. 
 

References:  
[1] Borucki W. J. and Summer A. L. (1984) Ica-

rus., 58, 121–134. [2] Borucki W. J. et al. (1985) ApJ, 
291, 852-854. [3] Robinson L. et al (1995) P 
ASP 107, 1094–1098.  
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ABSTRACTS

KEPLER’S EXOPLANET SURVEY: HONING IN ON ETA-EARTH N.M Batalha1 and The Kepler Team, 1San 
Jose State University (Department of Physics and Astronomy, One Washington Square, San Jose, CA 95192) 
Natalie.Batalha@sjsu.edu

Introduction: In the 2.5 years since launch, the 
Kepler Mission has changed the landscape of both 
exoplanet science and stellar astrophysics owing to its 
long-baseline, continuous, part-per-million precision.  
This contribution is a retrospective of exoplanet sci-
ence from the Kepler science team, a look forward at 
the final year of the baseline mission, and prospects for 
an extended mission.

Planet Confirmations:  The number of confirmed 
and characterized transiting planets has more than 
doubled this year.  Major milestones include: our first 
rocky planet, Kepler 10-b[1],  a six planet system, 
Kepler-11, characterized with the aid of transit timing 
variations[2], an unseen planet inferred from the transit 
time variations of Kepler-19b[3], and our first cir-
cumbinary planet, Kepler-16ABb[4].  Previously unex-
plored regions of the mass-radius diagram are now 
being studied, and the potential for measuring the 
masses of sub-Neptunian size planets via transit timing 
measurements is being fully exploited.

KOI Catalogs: Arguably the most important con-
tribution of the Kepler Mission is the ever-growing 
catalog of viable planet candidates and the statistical 
information it contains.  The team has scrutinized tens 
of thousands of transit events identified by the data 
analysis pipeline, has improved upon the suite of statis-
tical tests used to assess the viability of the planet in-
terpretation, and has collated the data products that 
speak to planet candidate properties and viability[5,6].  
As of Feb 2011, 1,235 planet candidates associated 
with 997 stars had been identified from analysis of the 
first five quarters of data (May 09 - Jun 10).   Planet 
frequency increases with decreasing size down to at 
least 2 Re[7]. Future work will determine whether or 
not this trend continues down to 1 Re.

Before year’s end, the team will provide a catalog 
of new candidates identified from the analysis of six 
quarters of data (May 09 - Sep 10).  We report the re-
sults of that effort here, including an update to the 
number of stars harboring earth-size, HZ, and multiple 
candidates.  Larger than expected growth in the num-
ber of candidates is a byproduct of pipeline improve-
ments such as the ability to join data from different 
quarters to identify longer-period and smaller planet 
candidates.  It is exactly these niches of the parameters 
space that have seen the largest gains.

Future Direction:  We focus on strategies that lead 
toward the determination of eta-Earth, namely: 1) pipe-
line improvements which yield the largest numbers of 
earth-size transit detections, 2) knowledge of pipeline 
detection efficiency, and 3) determination of  the rate 
of astrophysical false positives.    Instrument noise and 
intrinsic stellar variability on the 6.5-hr timescale have 
been quantified[8].  The data reveal that the Sun is qui-
eter on this time scale than most solar-type stars in the 
Kepler sample.  Pre-launch estimates of the detectabil-
ity of earth-size planets based on extrapolations from 
solar data can now be recomputed using the observed 
distributions. The results drive planning for the re-
mainder of the baseline mission and beyond in which 
the determination of eta-Earth is our continued priority.

References: 
[1] Batalha, N.M. et al. (2011) ApJ, 729, 27.
[2] Lissauer, J.J. et al. (2011) Nature, 470, 53.
[3] Ballard, S. et al. (2011) arXiv:1109.1561.
[4] Doyle, L. (2011) Science, 222, 1602,.
[5] Borucki, W.J. (2011) ApJ, 728, 117.
[6] Borucki, W.J. (2011) ApJ, 736, 19.
[7] Howard, A. et al. (2011), arXiv:1103.2541
[8] Gilliland et al. (2011) ApJS, 197, 6

104. KEPLER MISSION AND EXOPLANET STATISTICS



2011 Kepler Science Conference - NASA Ames Research Center 23

ABSTRACTS

105. KEPLER MISSION AND EXOPLANET STATISTICS

Overview of the Kepler Science Operations Center Pipeline.  J. M. Jenkins1 and the Kepler SOC/SO Teams, 
1SETI Institute, M/S 244-30, NASA Ames Research Center, Moffett Field, CA 94035; Jon.Jenkins@nasa.gov. 

 
Introduction: The Kepler Science Operations Cen-

ter (SOC) processes the ~160,000 Long Cadence (29.4 
min) and 512 (per month) Short Cadence (58.8 Sec) 
data downlinked by the Kepler spacecraft each quarter 
to produce calibrated pixels (from the CAL pipeline), 
and for each target star, several time series products:  

1) simple aperture photometric flux time series and 
brightness-weighted centroids from the Photometric 
Analysis (PA) pipeline, systematic error-corrected flux 
time series from the Presearch Data Conditioning 
(PDC) pipeline.  

The Transiting Planet Search (TPS) pipeline scours 
the PDC lightcurves for signatures of transiting planets 
using a wavelet-based, adaptive matched filter [1], and 
stars with signatures >7.1! are subjected to a series of 
diagnostic tests by the Data Validation (DV) pipeline 
which also extracts physical parameters for the planet 
using a general least-squares approach, and then 
searches for additional transit signatures in the residual 
light curves. 

SOC 8.0: A Brand New Pipeline:  The SOC has 
recently completed testing a new codebase and has 
deployed it to operations. We are processing all new 
data sets with this code base and are reprocessing all 
existing data sets with SOC 8.0 as quickly as practical 
and estimate that quarters Q0 – 3 will be reprocessed 
and archived by March 2012 and we expect to com-
plete reprocessing Q4 – 9  in July 2012.  

We highlight the most important improvements to 
the data products for the astrophysicist in this talk. 

The most striking improvement in SOC 8.0 is the 
correction of systematic errors by PDC, as illustrated 
by Fig. 2. Other improvements include better handling 
of 1-D black corrections to account for known scene-
dependent artifacts in CAL, higher robustness against 
transient artifacts through the use of a robust detection 
statistic in TPS. Pixel Response Function-based cen-
troiding and centroid offset analysis were also added to 
DV to help discriminate between real transiting planets 
and astrophysical false positives. 

References:  
[1] Jenkins, J. (2002) ApJ, 575, 493. 

 

!"#
!"#$%&'$($%
)*%"+,*-"./0

1*2
3*-*

$"
!4.-.5$-,"6
7/*%80"0

$%!
!,$0$*,64
3*-*

)./9"-"./"/:

&$'
;,*/0"-"/:
!%*/$-
<$*,64

%(
3*-*&=*%"9*-"./

)*%+,*-$9
!"#$%0

).,,$6-$9
'":4-
)>,($0

;4,$04.%9
),.00"/:
?($/-0

3"*:/.0-"60

1*2&'":4-
)>,($0&*/9
)$/-,."90

 
Figure 1: Data flow through the SOC Pipeline 
 

 
Figure 2: Example of the Bayesian Maximum A 
Posteriori (MAP) approach in SOC 8.0 to correct-
ing systematic errors. KOI 102 is a planet candi-
date with a 7 Re radius. The original Presearch 
Data Conditioning over-fitted the data, removing 
intrinsic stellar variations on timescales longward 
of days and introduced additional short timescale 
noise. The new MAP approach does a beautiful 
job of preserving the intrinsic stellar variations 
due to spots that were completely wiped out by 
the original PDC software. 
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OVERVIEW OF THE TRANSITING PLANET SEARCH SOFTWARE IN THE KEPLER ANALYSIS 
PIPELINE.  P. Tenenbaum1, J.M. Jenkins2 and S. Seader3, 1SETI Institute, NASA Ames Research Center, Mail 
Stop 244-30, Building N244 R301, Moffett Field, CA 94035; peter.tenenbaum@nasa.gov. 2SETI Institute, 
jon.jenkins@nasa.gov.  3SETI Institute, shawn.seader@nasa.gov. 

 
Introduction:  The Kepler dataset includes flux 

time series from almost 200,000 stars.  Each flux time 
series includes samples taken every 29.4 minutes, and 
most of the flux time series cover the full duration of 
the Kepler mission (about 2.5 years so far).  The Tran-
siting Planet Search (TPS) module performs an auto-
mated search of each light curve for periodic transit-
like signals with durations from 1.5 hours to 15 hours 
and periods from 0.5 days to the full duration of the 
dataset. 

Quarter Stitching:  TPS is the first stage of the 
pipeline which receives flux time series from multiple 
seasonal orientations (“quarterly rolls”) of the Kepler 
spacecraft.  The different CCDs can have significantly 
different properties, and additionally the corrected 
light curves from different quarters can also have dif-
ferent behaviors.  TPS needs to combine the data from 
multiple quarters into a contiguous flux time series. 

The first step in “quarter stitching” is to median-
correct the flux time series from the individual quar-
ters.  Each quarter’s flux is divided by the median flux 
value for that quarter, and 1 is subtracted.  This con-

verts from absolute flux in photoelectrons to fractional 
deviation from median flux, thus eliminating scale 
variations from the time series. 

The second step corrects trends at the leading and 
trailing edges of a quarter.  The data from each quar-
ter is fitted with a detrending function composed of a 
straight line plus two exponentials (one for the leading 
edge, one for the trailing).  The detrending function is 

subtracted from the data.  This allows the edges of the 
time series to be connected without severe discontinui-
ties. 

The third step removes highly-sinusoidal oscilla-
tions (narrow band harmonics) from each quarter of 
the flux time series.  These highly-harmonic signa-
tures cause confusion in subsequent stages of analysis 
if not removed. 

Finally, the gaps between quarters are filled in a 
manner which minimizes the impact on the power 
spectral density of the flux time series.  The resulting 
contiguous and well-conditioned time series can now 
be subjected to the subsequent analysis steps. 

Figure 1 illustrates the steps in quarter stitching of 
a flux time series. 

Wavelet Analysis:  Detection of small transit-like 
features within the non-stationary, non-white stellar 
variability is made possible by performing a joint 
time-frequency decomposition of the light curve.  This 
is accomplished using a wavelet-based whitening filter 
[1,2].  This analysis allows us to determine the Com-
bined Differential Photometric Precision (CDPP) and 
the single event detection statistic at all sample times 
in the time series.  

Folding in Time:  The Single Event Statistic time 
series is analyzed for evidence of a periodic transit-
like signature.  This is accomplished by taking the 
Single Event Statistics and “folding” them over one 
another at periods from 0.5 days to the mission dura-
tion to date.  At each period a Multiple Event Statistic 
is computed, which specifies the SNR for a transit 
detection at the given period.  Stars which have a 
Multiple Event Statistic greater than 7.1 sigmas are 
then subjected to additional tests designed to identify 
false positives [3].  Targets which pass that test are 
then sent to the Data Validation (DV) pipeline module 
[4,5] for additional automated study. 

Acknowledgements:  Funding for the Kepler Mis-
sion is provided by the National Aeronautics and 
Space Administration (NASA) Science Mission Direc-
torate. 

 
References: [1] Jenkins, J.M (2002) ApJ,575, 

493-505. [2] P. Tenenbaum et al, these proceedings 
(2011).  [3] S. Seader et al, these proceedings (2011).  
[4] J. Li et al, these proceedings (2011).  [5] J. Twick-
en et al, these proceedings (2011). [6]  

Figure 1.  Steps in the quarter stitching of a flux time se-
ries.  Horizontal axis is sample number; vertical axis is 
photoelectrons for the top plot and fractional deviation 
from median for all others. 
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Uniform Modeling of the Kepler Objects of Interest Catalog. J.F. Rowe1 the Kepler Team, 1
The SETI Institute/NASA-Ames, NASA-Ames Research Park, MS-244-30, Moffett Field, CA 
94035-1000, Jason.Rowe@nasa.gov

Introduction: We present the first catalog of 
uniform state-of-the-art lightcurve modeling 
for Kepler's list of planetary candidates using 
tested and validated algorithms. This process 
involved modeling planetary transits, phase 
curves and orbits. We used observables 
obtained from Kepler-photometry and 
ground-based follow-up to determine key 
planetary parameters such as the radius and 
mass. More importantly, we deter-mined 
posterior probability distributions for the 
fitted parameters by employing a Markov 
chain Monte Carlo algorithm. 

We have measured with uncertainties: stellar 
parameters, orbital periods, planet radii, 
inclinations. When sufficient groundbased 
radial velocities are available we have 
modeled orbital solutions and planetary 
densities. We also model multi-planet, 
transiting systems by fitting for each planet-
candidate simultaneously. 
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Kepler Completeness Study.  J. L. Christiansen1, C. J. Burke1, and the Kepler Completeness Team 1SETI Insti-
tute/NASA Ames Research Center, M/S 244-30, NASA Ames Research Center, Moffett Field, CA, 94035; 
jessie.l.christiansen@nasa.gov 

 
Introduction: We describe the ongoing efforts in 

the Kepler Science Office to characterize the com-
pleteness of the Kepler results, which is fundamental to 
measuring the frequency of Earth-size planets in the 
habitable zone.  

We present the first results from an initial test of 
the detection completeness of the pipeline. For each 
target, for a set of trial durations (from 1.5 to 15 
hours), the pipeline generates a Combined Differential 
Photometric Precision (CDPP) time series (see Figure 
1 for an example). The time series is a cadence-by-
cadence measure of the depth of a signal of that dur-
ation that would produce a 1-sigma detection [1]. 

 

 
Figure 1: The 6-hour CDPP time series for a typi-

cal 12th magnitude Kepler target. The red lines are the 
mean (dashed) and median (solid) CDPP values over 
the time series. 

 
We consider the full set of Kepler targets as a large 

number of independent statistical tests for calibration 
of the CDPP time series, and use those time series to 
measure the overall detection efficiency. For each tar-
get, we select a set of planet parameters from a prior 
distribution, and inject the resulting signal train into 
the calibrated pixels. We choose to space the transits at 
a higher cadence than the orbital period of the injected 
planet in order to maximise the number of independent 
tests per target (see Figure 2 for an example of such a 
signal). We then investigate any systematic changes to 
the signal through the pipeline. We expect the most 
shallow (and therefore, most interesting) signals, to be 
the least perturbed by the pipeline. 

 We then determine a set of completeness metrics 
over a grid of planet radii and periods. For a given de-
tection threshold (7.1 sigma in our case), we can use 
the CDPP time series to determine whether a transit 

signal produced by a planet of a particular size, period 
and orbital inclination would produce a detection (see 
Figure 3). Working towards a complete end-to-end 
measurement of the pipeline detection completeness 
will enable characterization of the underlying planet 
population with Kepler. 
 

 
     Figure 2: A sample transit signal for injection. The 
transit shape is defined by the orbital period of the test 
planet, however the spacing is reduced to maximize the 
number of tests.  
 

 
Figure 3: The detection efficiency of a typical 12th 

magnitude Kepler target as a function of completeness, 
from 5% complete in blue (very few planets could 
have been detected) to 95% complete (nearly all plan-
ets could have been detected) 

 
References:  
[1] Jenkins J. M. et al. (2010), SPIE, 7740, 10 
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Introduction: The pre-eminent scientific goal of 

the Kepler Mission is to determine the frequency of 

Earth-size and larger habitable zone planets. The sci-

ence requirements of the mission were designed to 

support this goal.  Two related key requirements are 

the photometric precision for 12
th

 magnitude dwarf 

stars and mission lifetime.  The precision requirement 

was necessarily set without knowledge of typical levels 

of stellar variability.  We find the noise for Kp=12 

dwarf stars is dominated by stellar variability and the 

overall noise is ~50% higher than the required value.  

The increased noise substantially reduces Kepler’s 

ability to achieve its scientific objectives within the 3.5 

year baseline mission, but extending the duration of the 

mission to allow averaging of more transits will regain 

Kepler’s initially envisioned capability.  

Noise Measurements: Kepler’s ability to detect 

transits by small planets in habitable-zone orbits de-

pends on the total noise on transit timescales, called 

Combined Differential Photometric Precision (CDPP). 

CDPP includes intrinsic stellar variability, Poisson + 

readout noise, detector noise, and the mitigations in-

cluded in the processing software. Measured CDPP 

from Quarter-4 is shown in Figure 1. The mode of the 

distribution for dwarf targets at Kp=12 is 30ppm. Only 

~1% of the dwarfs meet the 20 ppm requirement. We 

investigated several different approaches for photome-

try and none makes a significant improvement in 

CDPP. Gilliland et al. [1] demonstrate that larger than 

expected stellar variability (19.5 ppm vs 10 ppm allo-

cated) is responsible for the bulk of the increase in 

CDPP over predictions and that there are only modest 

increases in Poission + readout noise (16.8 vs 14.1 

ppm) and intrinsic detector noise (10.8 vs 10.0 ppm).  

Planet Yield Predictions: In order to quantify the 

impact of increased CDPP on projected mission re-

sults, we calculate the detection probability –including 

geometric alignment probability– for a variety of 

planet sizes following the approach given in [2]. Our 

predictions depend strongly on the stellar parameters 

as determined in the Kepler Input Catalog[3]. We are 

especially sensitive to stellar radius as transit S/N ~ 

(Rp/R*)
2
. The distribution of dwarf targets in R*, Teff 

space is shown in Figure 2. We will present the ex-

pected number of Earth-size habitable zone planet de-

tections under the assumption that each star has such a 

planet and explore the sensitivity to uncertainties in the 

stellar parameters and the length of the mission. 

The current Kepler Objects of Interest (KOIs) with 

Rp < 2 REarth are overlayed on Figures 1&2. The Earth-

size planet candidates are biased to bright stars, but 

span the distribution of R* and Teff. While these KOIs 

tend to be short period candidates –well inside the hab-

itable zone- they give us an indication that there is not 

a significant undetected bias in our stellar parameters.  

References: [1] Gilliland R. L., et al. (2011) ac-

cepted by ApJ (2011arXiv1107.5207G). [2] Borucki, W. 

J., et al. (2011) ApJ 728, 117. [3] Brown, T. M., et al. 

(2011) AJ, 142, 112 

 
Figure 1: 6.5 hr CDPP for all targets. Stars with 

log(g)>4 are shown in red, evolved stars in blue. 

The clear breaks in the distribution at Kp=14 & 16 

result from target selection. KOIs with Rp< 2 REarth 

are overlayed. Terrestrial-size candidates span the 

entire magnitude range of the Kepler planetary 

target set. 

 
Figure 2: Teff versus R* for Q4 dwarf targets. The 2-

D histogram shows the number of targets per bin in 

R*, Teff space (bin sizes ~ 0.02 RSun and 45K). KOIs 

with Rp< 2 REarth are overlayed, indicating no 

strong bias in the location of KOIs relative to the 

target list. 
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USING SPITZER TO ESTIMATE THE KEPLER FALSE POSITIVE RATE AND TO VALIDATE 
KEPLER CANDIDATES. J. M. Désert1, D. Charbonneau1, F. Fressin1, G. Torres1, and the Kepler Science Team 
1Harvard-Smithsonian Center for Astrophysics, Cambridge, MA02138, USA. (jdesert@cfa.harvard.edu) 

 
 
I present the results from an 800 hour cam-

paign with the Spitzer Space Telescope to gather 
near-infrared photometric measurements of Ke-
pler Objects of Interest (KOI). Our goals are (1) 
to validate the planetary status of these Kepler 
candidates, (2) to estimate observationally the 
false positive rate, and (3) to study the atmos-
pheres of confirmed planets through measure-
ments of their secondary eclipses. Our target list 
consists of 34 candidates ranging in size from 15 
to 1.6 Earth radii, orbiting stars which range in 
spectral type from F8V to MIV,  with orbital pe-
riods up to 100 days.  

 
 
Our Spitzer observations provide two con-

straints on the possibility of astrophysical false 
positives resulting from stellar blends, including 
eclipsing binaries and hierarchical triples: First, 
true planetary transits should be achromatic, 
whereas stellar blends will show a difference in 
transit depths between Kepler and Spitzer (see 
Figure 1). Second, the color (Spitzer4.5µm - g) also 
provides a strong constraint on the presence of a 
second star. 

 
 
A substantial effort in this project resides on 

obtening precise stellar characterization for the 
stars of interest. This is done using spectroscopic 
reconnaissance. The Spitzer results and the 
knowledge of the star allows to set limits on the 
stellar properties of potential blend scenarios. 
Since, the number of stars within the Kepler pho-
tometric apertures vary with the position of the 
KOI on the field of view, the number of possible 
blends vary for each candidate. This number is 
estimated using stellar population synthesis mod-
els and observational probes of the KOI close en-
vironements from direct imaging (e.g. Adaptive 
Optics, Speckle images, Kepler centroids). Com-
bining all the above information, we compute odd 
ratios for all the 34 candidates in order to deter-
mine their false positive probability. Our results 
suggest that the Kepler false positive rate in this 
subset of candidates is extremely low. 

 
We also anticipate validating several of the 

candidates and presenting these new planets dur-
ing the conference. 
 
 

 
 

 
Figure 1: Transit depths measured with Kepler (in red) 
and with Spitzer (in black) for the 34 Kepler candi-
dates that we followed-up for this large program on 
Warm-Spitzer. The target are ordered with increasing 
transit depths towards the right. For 32 of the 34 tar-
gets, the depths measured with Spitzer are in agree-
ment with those from Kepler. For the remaning two, 
the disagreements are explained by the larger PSF of 
Kepler which include a known nearby star, and hence 
the planet interpretation is valid. 
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Patterns of Low-mass Planet Occurrence from Kepler and Doppler Planet Searches.  A. W. Howard1, G. W. 
Marcy1, and the Kepler Team.  1Department of Astronomy, University of California, Berkeley, CA 94720; 
howard@astro.berkeley.edu, gmarcy@berkeley.edu.  

 
Introduction:  The distribution of planets as a 

function of their size, orbital period, and host star spec-
tral type offers key probes of planet formation, migra-
tion, and evolution.  We measured these distributions 
using Kepler data [1] and compare the occurrence pat-
terns with Doppler planet searches from Keck/HIRES 
[2] and HARPS [3]. 

Patterns of Planet Occurrence from Kepler:  
Planet occurrence varies by three orders of magnitude 
for planets having orbital periods shorter than 50 days, 
with smaller and more distant planets being the most 
common (Figure 1).  Summing over these orbital peri-
ods, the planet radius function (Figure 2) increases in 
logarithmic planet radius bins as a power law with 
exponent -2.01 ± 0.09.  The rapid increase with de-
creasing planet size agrees with core-accretion, but 
disagrees with population synthesis models.  

Planet occurrence versus orbital period has a more 
complicated dependence.  Occurrence falls off steeply 
for periods shorter than a cut-off of ~2-10 days, per-
haps owing to star-disk-planet interactions.  For peri-
ods longer than the cutoff, planet occurrence increases 
modestly as a power law with increasing period.   

The occurrence of close-in planets smaller than 
Neptune (2-4 Earth-radii) increases by a factor of 
seven from the hottest stars in the Kepler sample (~F2 
dwarfs, Teff = 6600-7100 K) to the coolest (~M0 
dwarfs, 3600–4100 K). 

This talk will emphasize how planet occurrence can 
be reliably measured in Kepler data, the occurrence 
trends from the Feb. 2011 data release [4], and will 
show how planets from the Sept. 2011 data release [5] 
can be used to probe planets smaller than 2 Earth-radii 
and beyond 50-day orbits. 

Concurrence between Kepler and Doppler Oc-
currence Measurements:  Planet occurrence has also 
been measured by Doppler surveys using Keck/HIRES 
[2] and HARPS [3].  The qualitative patterns of in-
creasing occurrence with decreasing planet radius/mass 
and increasing orbital period are seen in each data set.  
The HIRES and HARPS measurements agree with 
each other to within ~1-σ for their overlapping region 
of high completeness (Msini > 3 Me, P < 50 days). 
Comparisons with Kepler are complicated because 
Kepler measures planet radius, not Msini.  Neverthe-
less, for reasonable lower bounds on planet radius and 
Msini, the three results are at least approximately con-
sistent.  A more detailed comparison [1] has shown 
that the HIRES and Kepler occurrence measurements 

are compatible for a physically plausible planet density 
function. 

References: [1] Howard, A. W. et al. 2011. ApJ 
(submitted, arXiv: 1103.2541).  [2] Howard, A. W. et 
al. 2010. Science, 330, 653. [3] Mayor, M. et al. 2011. 
A&A (submitted, arXiv: 1109.2497). [4] Borucki W. J. 
et al. 2011. ApJ, 736, 19. [5] Batalha, N. M. 2011. Ex-
treme Solar Systems II meeting, Jackson Lake Lodge, 
Wyoming, abstract #01.01. 

 

 
Figure 1. Close-in planet occurrence versus orbital 

period and planet radius, as measured by Kepler [1].  
Planet occurrence is highest for smaller planets and 
longer orbital periods (red tiles in lower right), and is 
corrected for non-uniform transit probability and de-
tection completeness over this plane. 

 

 
Figure 2. Intrinsic close-in planet occurrence as a 

function of planet radius, as measured by Kepler [1].  
Only high signal-to-noise transits of planets orbiting 
bright, GK dwarf stars were used to compute occur-
rence.  For planets smaller than 2 Earth-radii, Kepler 
occurrence measurements are likely incomplete. 
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OCCURRENCE, MASS DISTRIBUTION AND ORBITAL PROPERTIES OF SUPER-EARTHS AND 
NEPTUNE-MASS PLANETS FROM THE HARPS SURVEY. C. Lovis1, M. Mayor1, M. Marmier1, S. Udry1, D. 
Ségransan1, F. Pepe1, W. Benz2, J.-L. Bertaux3, F. Bouchy4, X. Dumusque1, G. Lo Curto5, C. Mordasini6, D. Que-
loz1, N.C. Santos7,8, 1Geneva Observatory, University of Geneva (christophe.lovis@unige.ch), 2Physikalisches Insti-
tut, Universität Bern, 3LATMOS, CNRS/UVSQ Université de Versailles, 4Observatoire de Haute-Provence, 
5European Southern Observatory, 6Max-Planck-Institut für Astronomie, 7Centro de Astrofísica, Universidade do 
Porto, 8Departamento de Física e Astronomia, Faculdade de Ciências, Universidade do Porto. 

 
Introduction: We report on the results of an 8-year 

survey carried out at the La Silla Observatory with the 
HARPS spectrograph to detect and characterize planets 
in the super-Earth and Neptune mass regime. The size 
of our star sample and the precision achieved with 
HARPS have led to the detection of a sufficiently large 
number of low-mass planets to study the statistical 
properties of their orbital elements, the correlation of 
the host-star metallicity with the planet masses, as well 
as the occurrence rate of planetary systems around 
solar-type stars. 

Results: A robust estimate of the frequency of sys-
tems shows that more than 50% of solar-type stars 
harbor at least one planet of any mass and with period 
below 100 days. Different properties are observed for 
the population of planets less massive than about 30 
M⊕ compared to the population of gaseous giant plan-
ets. The mass distribution of Super-Earths and Nep-
tune-mass planets (SEN) is strongly increasing be-
tween 30 and 15 M⊕ . The SEN occurence rate does not 
exhibit a preference for metal-rich stars. Most of the 
SEN planets belong to multi-planetary systems. The 
orbital eccentricities of the SEN planets seems limited 
to 0.45. At the opposite, the occurence rate of gaseous 
giant planets is growing with the logarithm of the pe-
riod, and is strongly increasing with host-star metallic-
ity. About 14% of solar-type stars have a planetary 
companion more massive than 50 M⊕ on an orbit with 
a period shorter than 10 years. Orbital eccentricities of 
giant planets are observed up to 0.9 and beyond. 

Conclusions: The precision of HARPS-type spec-
trographs opens the possibility to detect planets in the 
habitable zone of solar-type stars. Identification of a 
significant number of super-Earths and Neptunes orbit-
ing solar-type stars in the vicinity of the Sun has been 
achieved by Doppler spectroscopy. The detected planet 
population, corrected from instrumental biases, can be 
compared to the population detected by Kepler with 
the goal of constraining the bulk composition and or-
bital architecture of low-mass planetary systems. 
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   Introduction: Transit  measurements  by  Kepler 

have  revealed  hundreds  of  planet  candidates  with 

radii between 2 and 6 Earth radii within 0.5 AU from 

their stars. For most of these objects, the masses,  and 

therefore the mean densities, have not been measured. 

By using  numerical  simulations  of planet  formation, 

structure, and evolution, we explore the range of pos-

sible  masses  for these  objects,  with an emphasis  on 

determining  their  minimum  plausible  masses.  The 

models  focus  on  highly  irradiated  exoplanets  with 

equilibrium  temperatures  of  500  K or  above.   The 

main  question  to  be  investigated  is  the  formation 

mechanism for these objects. We consider two possi-

ble formation mechanisms  for low-mass  planets with 

low-density envelopes of hydrogen and helium: core-

nucleated accretion, and outgassing of hydrogen from 

dissociated ices. 

    Core-nucleated accretion models: Core accretion 

models in the past [1] have emphasized the formation 

of Jupiter-  or Saturn-like objects with heavy-element 

cores  of  5-15  Earth  masses  and  light-element  en-

velopes of 100 or more Earth masses. In this study we 

consider a new regime of parameter space. Models of 

protoplanetary disks are chosen with surface densities 

of  solid  material  at  4  to 5  AU low enough  so  that 

cores of only 2-4 Earth masses  are able to form on a 

time scale of 2-4 Myrs. The nebular gas dissipates be-

fore the planet has a chance to collect a high-mass en-

velope.  The planets  then are assumed  to migrate in-

wards  until  they  reach  equilibrium  temperatures  of 

500 to 1000 K.  After accretion stops, the evolution is 

calculated at constant mass up to times of 1 to 4 Gyrs, 

at which times the outer radius is determined. Models 

are  also  considered  in  which  the  planet  forms  at 

smaller  distances,  from 0.5  to 2 AU. In these  cases 

the disk  surface  densities  are  high  enough so that  a 

core  of  about  2.2  Earth masses  forms,  and  the disk 

temperatures are high enough to preclude  the forma-

tion of a high-mass  envelope. The models  calculated 

here include the settling and coagulation of grains for 

the determination of the opacity of the gaseous enve-

lope [2].  Plausible models with radii in the observed 

range  are  found,  having  heavy-element  core  masses 

in the range 2-3 Earth masses  and gaseous  envelope 

masses of order 0.1 Earth masses. 

    Formation  by outgassing  of hydrogen: For the 

cases  of  rocky  planets  with outgassed  hydrogen  en-

velopes,  we consider  the mechanism in which water 

reacts with metallic  iron to form molecular hydrogen 

[3] during planet formation. We consider the limiting 

case in which the iron and the water react to the maxi-

mum extent possible,  leaving  the planet  with no ex-

cess surface water. This assumption leads to the max-

imum radii possible for planets with outgassed atmos-

pheres.  The  derived  limiting  mass-radius  relation 

shows that radii are typically well below 3 Earth radii 

for   masses  in  the range  4-30  Earth  masses.   Thus 

outgassing  of hydrogen  from planets  formed  mainly 

from  rocky  material  is  unlikely  to  account  for  the 

planets observed by Kepler to have radii in the range 

3 to 6 Earth radii.

    Equilibrium models: For both formation mecha-

nisms  we  employ  equilibrium  models  of  planets 

[4,5].   Such models  allow the exploration of a much 

larger range in parameter space than is possible by the 

use of detailed formation models.  For cases  with the 

same parameters,  the radii of the equilibrium models 

agree  well  with those  derived from the full  core-ac-

cretion calculation. We determine the range of the pa-

rameters  (planet  mass,  envelope  mass,  equilibrium 

temperature)  that is  consistent  with the range  of ob-

served radii.  Atmospheric mass  loss  is considered in 

order  to  eliminate  some  portions  of  this  parameter 

space.  The  results  show  that  the  Kepler candidates 

with radii  of 2 to 6 Earth radii  could plausibly  have 

masses  of 4 Earth masses  or less,  although masses  a 

few times  higher  are  also  possible.   For  example,  a 

model planet with a mass of 5 Earth masses and a ra-

dius  of  4  Earth radii  must  have  a gaseous  envelope 

mass  in the range 5 to 15 percent of the total planet 

mass  for  an  equilibrium  temperature  of  500  K,  and 

only 2-6 percent of the planet mass for 1000 K. Thus 

warm  exoplanets  of  Neptune  size  can  have  masses 

substantially  smaller  than that of Neptune  itself.  Al-

though  the  numerical  results  depend  on  several  as-

sumptions, this qualitative conclusion is robust. 
     Acknowledgements: P. B. and J. L. acknowledge 
support from the NASA Origins program. P. B. acknowl-
edges support from NSF grant AST-0908807,
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Introduction:  All KOIs remain “candidate plan-

ets” until a verification is carried out that provides 
strong (>99%) confidence that the transit signature in 
the photometry is actually caused by an orbiting planet. 
If so verified, the masses of the planets remain un-
known until some dynamical technique measures the 
gravitational effect of that planet on other objects, ei-
ther the star (with RV measurements) or other planets 
(with TTVs).   Measuring planet masses is particularly 
important as, when combined with the transit-based 
planet radii, they yield the bulk density of the planets, 
constraining conditions in the interior, notably the 
amount of metal, rock, water, and gas. For planets 
much smaller than 4 Earth-radii, the transition between 
Neptune-like and rocky planets is particularly intrigu-
ing, bearing on formation, evolution, and habitability.   

The RV Data:  We provide precise (~2 m/s) Dop-
pler RVs for 15 KOIs having planet radii considerably 
smaller than 4 Earth radii (sub-Neptune) to probe the 
transition toward rocky planets.  New techniques are 
employed to obtain  RV measurements for faint stars 
of ~13th mag, notably real-time, long-slit sky subtrac-
tion and statistical priors for PSF and wavelength scale 
in the Doppler analysis.  The RV observations are 
timed at moments near orbital quadrature to maximize 
the RV differences. We obtained 10-20 RVs for each 
of 15 KOIs, with typical exposure times of 30 min. 

The Orbital Models: The RVs are first fit with 
circular orbit, Keplerian models that include all tran-
sisting planets and their known ephemerides from the 
Kepler photometry.   The free parameters are only the 
masses of the planets (and RV zero point).  Both ran-
dom and systematic errors will not be correlated with 
orbital phase, ensuring that the RV signal-to-noise im-
proves as the square root of the number of RV obser-
vations.   Orbital fits provide planet mass, density, and 
in some cases contraints on eccentricity. For RV non-
detections,  MCMC analyses provide upper limits to 
planet mass and density. Some of the RV non-
detections may be false positives, the probability of 
which requires a BLENDER analysis to anticipate pos-
sible eclipsing binary scenarios that reproduce the light 
curve without a planet. Detailed analysis of the spec-
trum of a KOI can rule out (or in) the presence of such 
an eclipsing binary. For the multi-planet systems, the 
false-positive probability is normally under 1%.  

The Results:  Figure 1 shows measured RV versus 
phase for a representative KOI having a planet radius 
of 2.4 Earth-radii. This KOI exhibits RVs that are high 
and low as predicted by the ephemeris from the transit 
photometry, supporting the planet hypothesis.  The RV 
amplitude is K = 2.6 m/s, implying a planet mass of 
9.8 Earth-masses and density of 3.8 g/cc. With a den-
sity intermediate between that of a purely rocky planet 
and a Neptune-like planet, it may represent the transi-
tion object between the two types. The planet mass and 
radius constrain its interior structure (see presentation 
by L.Rogers, this meeting.) The formation and evolu-
tion of such planets remain to be explained. 

Summary:  We will present RV orbital results for 
some 15 KOIs having small planet candidates, offering 
support for the planet hypothesis, as well as masses 
and densities, or upper limits thereto.  Some have den-
sities clearly less than 2 g/cc rendering them composed 
in part of water or gas while others are apparently 
solid.  Companion presentations will be given by Les-
lie Rogers, Sara Seager, and Dimitar Sasselov offering 
interpretations for interior structure and formation.  

 

 

Figure 1. RV measurements vs. orbital phase, from 
Keck Observatory for a KOI having a radius of 2.4 
Earth-radii. Bold dots are RVs binned in 1/10 phase 
bins. The planet mass is 9.8 Earth-masses and the den-
sity is 3.8 g/cc, a new regime for exoplanet interiors. 

Acknowledgements:  Funding for the Kepler Mis-
sion is provided by the National Aeronautics and 
Space Administration (NASA) Science Mission Direc-
torate.  Observations were made possible by the Keck 
Observatory. 



2011 Kepler Science Conference - NASA Ames Research Center 33

ABSTRACTS

115. EARTH ANALOG AND SUB-NEPTUNE-SIZE PLANETS

RV Follow-Up of Small Planets from Kepler: Planet Bulk Composition and Interior Structure 
L. Rogers1, S. Seager1, D. Sasselov2, G. Marcy3, H. Isaacson3, A. Howard3, and the Kepler Team. 1Department of 
Physics, Massachusetts Institute of Technology, Cambridge MA, 02139, 2Department of Astronomy, Harvard Uni-
versity, Cambridge MA, 02138, 3Department of Astronomy, University of California, Berkeley, CA 94708. larog-
ers@mit.edu, seager@mit.edu, dsasselov@cfa.harvard.edu, gmarcy@astro.berkeley.edu, hisaacson@berkeley.edu, 
howard@astro.berkeley.edu. 

 
Introduction: The Kepler Space Telescope has 

discovered hundreds of small transiting planet candi-
dates with radii smaller than Neptune (Rp<4R⊕) [1, 2]. 
To determine the planet mass, the gravitational influ-
ence of the planet candidate must be observed, either 
through radial velocities (RVs) or transit timing varia-
tions (TTVs). Constraints on the planet interior struc-
ture are possible for the valuable subset of exoplanets 
with measurements for both the planet mass and the 
planet radius. The resulting planet average densities 
can be used for both a compositional interpretation of 
individual planets and a statistical interpretation of the 
ensemble exoplanet properties.  

Observational Data: In a companion presentation, 
G. Marcy et al. will unveil new Keck HIRES RV or-
bital solutions for 15 sub-Neptune size Kepler planet 
candidates. A mean velocity precision of ~2m/s was 
achieved for the KOIs, which have Kepler magnitudes 
ranging from 10th to 13th. Orbital fits and MCMC anal-
yses were employed to derive planet masses and mass 
upper limits from the Doppler RVs.  

In addition to the new Keck RV orbital solutions, 
Kepler has previously announced 10 confirmed planets 
with radii smaller than 4R⊕. Of these, 2 have RV-
measured masses (Kepler-10b [3] and Kepler-4b [4]), 
4 have TTV-measured masses (Kepler-11b, c, d, and f 
[5]), and 4 have mass upper limits (Kepler-9d [6], Kep-
ler-10c [7], Kepler-11g [5], and Kepler-19b [8]).  

Model and Approach: We constrain the bulk 
compositions of Kepler’s small planet candidates using 
planet interior structure models. Our model (based on 
[9]) considers fully differentiated planets comprised of 
up to four layers: a metal core, a silicate mantle, a wa-
ter mantle, and a gas envelope. We calculate the planet 
interior structure by integrating the coupled differential 
equations describing a self-gravitating body in hydro-
static equilibrium, employing modern equations of 
state for the metal, silicates, water, and gas.  

For any individual planet candidate, a wide range 
of compositions is consistent with the measured mass 
and radius. We consider the planet candidates as an 
ensemble, and categorize each candidate according to 
whether it may be purely rocky, it may harbor a vapor-
rich (high mean molecular weight) envelope, or its  
mean planet density is low enough to demand a volu-
minous hydrogen-rich envelope.  

Goals: We will frame our presentation in context 
of the exoplanet mass-radius distribution (Figure 1). 
We will present an updated distribution including the 
15 new small Kepler planet candidates with Keck 
RV-measured masses (or mass upper limits). From 
the observed planet mass-radius distribution, we 
will theorize about why parts of the distribution are 
unpopulated and about whether this could be a sig-
nature of planet formation and evolution.  

We will also focus on the intriguing transition 
between rocky exoplanets and exo-Neptunes. The 
threshold between predominantly rocky planets and 
planets with voluminous gas layers has implications 
for planet formation, evolution, and habitability. We 
will explore whether the current census of sub-Neptune 
size exoplanets yet constrains this transition. 

Finally, we will look to the future and describe the 
methods and prospects for constraining the de-
mographics of small planet bulk compositions from an 
ensemble of Kepler plane candidates with RV follow-
up.  

Acknowledgements: Funding for the Kepler Mis-
sion is provided by the National Aeronautics and 
Space Administration (NASA) Science Mission Direc-
torate. Observations were made possible by the Keck 
Observatory. 
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Figure 1: Mass-
radius distribution 
of exoplanets (cur-
rent as of 09/28/11). 
Mass-radius rela-
tions for cold solid 
planets [10] are 
shown. Solar System 
planets are indicat-
ed by their first 
initial. 
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Introduction:  The  Kepler target  list  contains 

5252 stars  cooler  than 4000K [1]  but previous  work 

on the Kepler data has focused on the occurrence rate 

of planets around FGK stars [1,2,3,4,5].  Results from 

Kepler show that the occurrence rate of 2-4 R⊕ plan-

ets (with periods < 50 days) rises sharply toward low-

er mass  stellar hosts,  with roughly 1/4 of M0 dwarfs 

hosting such a planet  [2,6].  Because  the stellar  mass 

function  peaks  at  M3-M4  dwarfs  [7],  how  far  this 

trend extends to later type stars  is  of paramount  im-

portance to the Galactic exoplanet census.  To answer 

this  question  we  investigate  the  occurrence  rate  of 

planets  around  the  coolest  Kepler  target  stars and 

compare  our  results  to  preliminary  statistical  limits 

from the MEarth Project,  a ground-based transit  sur-

vey of M3-M6 dwarfs.  

Early M Dwarfs from  Kepler:  We use the pho-

tometry provided  by [8]  in the  Kepler Input Catalog 

(KIC)  to  improve  the  radius  and  temperature  esti-

mates  for the cool stars  in the  Kepler target list  and 

refine the estimates of the planet candidate radii.  We 

estimate  the completeness  of the current  Kepler  Ob-

jects of Interest (KOI) list for cool stars by simulating 

the likelihood of detecting a transit of a planet with a 

given radius and period around each of the stars (see 

Fig. 1).  We investigate the dependence  of the occur-

rence rate on stellar  and planetary parameters  by as-

signing planets from a variety of underlying distribu-

tions to the cool stars listed in the KIC and comparing 

the  populations  of  detected  simulated  planets  to the 

population of KOIs.

Mid-Late M Dwarfs from MEarth:  We present 

preliminary  statistical  limits  on  the  occurrence  rate 

from observations of 1,000 very nearby M dwarfs ob-

served by the MEarth Project.  MEarth has published 

only one planet,  the super-Earth GJ1214b  [9],  but is 

sensitive to 2-4 R  ⊕ planets in the two-week habitable 

zones of its cool target stars. We simulate the end-to-

end  sensitivity  of  the  survey  so  far  and  discuss  the 

implications for the occurrence rate of Super-Earth to 

Neptune-sized exoplanets as cool as 300K.

In addition to the ramifications for the sheer num-

ber of 2-4 R⊕ planets in the Galaxy, these results bear 

upon the potential yield from proposed all-sky space-

based transit surveys such as TESS or ELEKTRA and 

on our prospects for characterizing the atmospheres of 

habitable  worlds  with  JWST  or  immense  ground-

based telescopes in the coming decade [10,11].

Fig 1.  The fraction of cool stars in the Kepler target  

list for which a central transit of a planet with the in-

dicated radius and period could have been detected  

in the first four months of observation.

Fig 2. An example calculation of the planet discovery 

sensitivity of 1 of the 1,000 M dwarfs that have been  

observed  by  the  MEarth  survey,  combining  simula-

tions of transits running through the MEarth pipeline  

(left)  with  the  estimated  stellar  properties  for  this  

well-characterized, nearby sample of stars (right).

References:  [1]  Borucki  W. et al.  (2011),  ApJ,  

736, 19.  [2]  Howard et al.  (2011),  submitted to  ApJ, 

(arXiv:1103.2541).  [3]  Youdin  (2011),  submitted  to 

ApJ (arXiv:1105.1782).  [4]  Catanzarite  &  Shao 

(2011),  ApJ, 738, 115. [5] Traub (2011), accepted by 

ApJ  (arXiv:arXiv:1109.4682).  [6]  Gaidos  et  al. 

(2011),  submitted  to  ApJ,  (arXiv:1108.5686).  [7] 

Bochanski,  J.  et al.  (2010),  AJ,  139,  2679-2699. [8] 

Brown et al. (2011),  AJ, 142,  112. [9]  Charbonneau, 

D. et al.  (2009)  Nature, 462,  891-894. [10]  Deming, 

D. et al. (2009) PASP, 121, 952-967. [11] Pallé, E. et 

al. (2011) ApJ, 728, 19.



2011 Kepler Science Conference - NASA Ames Research Center 35

ABSTRACTS

117. EARTH ANALOG AND SUB-NEPTUNE-SIZE PLANETS

Kepler transit frequency statistics in the presence of statistical false positives.  P. Nutzman1, K. Schlaufman2, J. 

Mulder3, G. Laughlin4, and J. Fortney5. 1 UCSC Dept. of Astronomy & Astrophysics, 1156 High St., 275 

Interdisciplinary Sciences Building, Santa Cruz, CA 95064, pnutzman@ucolick.org. 2 UCSC, kcs@ucolick.org. 3 

UCSC, jmulder_xf@hotmail.com. 4 UCSC, laugh@ucolick.org. 5  UCSC,  jfortney@ucolick.org.

Introduction:  Kepler has been enormously 

successful in detecting hundreds of super-Earth/mini-

Neptune size planets. However, the transit signal/noise 

thresholds necessary to minimize the number of false 

positive exoplanet candidates may limit Kepler's 

ability to accurately quantify the frequency of small 

radius planets. Reducing the transit significance 

threshold, while precisely quantifying the false positive 

rate, may provide a better estimate of the true 

frequency of small planets.  We argue that reducing the 

significance threshold will improve frequency 

estimates until the rate of false positives is comparable 

to the rate of real signals.  A modest reduction in the 

signal/noise threshold spoils our ability to confidently 

distinguish real signals from statistical flukes, but may 

open up a significant population of small-radius 

candidates for statistical studies.  We also investigate 

whether the rate of periodic "anti-transits" may be used 

as a proxy for the rate of false positives.  This 

possibility relies on the up/down symmetry of most 

Kepler photometric noise, and the fact that many forms 

of stellar variability (e.g., pulsations, granulation 

noise) are also symmetrical about the mean stellar flux.
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The validation of Earth-size planets.  F. Fressin1, G. Torres1, and the Kepler team, 1Harvard-
Smithsonian Center for Astrophysics (60, Garden street, 02140 Cambridge, MA, USA, ffressin@cfa.harvard.edu). 

The Kepler Mission is subtitled "a search for Earth-size 
planets". Kepler observations have already demonstrated that 
we can detect very shallow signals that may be interpreted as 
transits by Earth-size planets. However, confirming the pla-
netary nature of those signals by spectroscopic means 
through detection of the reflex motion of the parent star is 
extremely challenging. The Kepler team has developed ways 
of "validating" these candidates statistically by modeling the 
photometry to place constraints on the wide range of false 
positives ("blends") that can mimic the transit light curves. I 
will describe our updated "BLENDER1,2,3" methodology that 
allows us to further tighten those constraints for planets as 
small as the Earth, or even smaller, and makes use of addi-
tional constraints from follow-up observations including 
spectroscopy, high-resolution imaging, and centroid motion 
analysis.  This presentation will illustrate how we estimate 
the frequency of blends, and ultimately the probability that a 
candidate is a bona-fide Earth-size planet.  

References:  
[1] Torres G. (2004), ApJ, 614, 979  
[2] Torres G. (2011), ApJ, 727, 24.  
[3] Fressin F.(2011), ApJ, arXiv:1105.4647 
[4] Robin A. (2003), A&A, 409, 523. 

Top: Density contours (stars per square degree) for 
background stars around one of our targets, taken from the 
Besancon4 model of the galaxy.  Bottom: Contours indicat-
ing the density of background stars orbited by a larger tran-
siting planet that could be mimicking the transit light curve 
for an Earth-size planet, and that are allowed by BLENDER. 
Note that the peak in the density distribution is displaced 
compared to the maximum stellar density in the top panel, a 
result of BLENDER that depends on the properties of this 
particular target. This means that only a small fraction of 
background stars are able to match the signal for this candi-
date, which reduces the frequency of possible blends.
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Introduction: Low-density  Super-Earths,  like 

those in Kepler-111, represent members of a new class 

of  planets.  Basic  questions  about  their  structure  and 

bulk composition still need to be addressed. Are they, 

in fact, scaled up rocky planets with thick hydrogen-

-rich atmospheres; or are they instead miniature Nep-

tunes, with much of their mass in water? 

Formation models2,3 show that Neptune-like planets 

must form beyond the snow-line and migrate inward to 

reach  ~10 day orbits.  Given the closely packed,  co-

planar, circular obits in Kepler-111, if we can rule out 

Super-Earth  compositions,  then  the  system  likely 

formed beyond the snow line a type I migrated in.

Using interior structure models4,5, we constrain the 

present-day compositions for the five inner planets in 

Kepler-11.  Using  thermal  evolution  models6 coupled 

with  XUV driven  mass  loss7,8,  we  then  explore  the 

mass, radius, and composition history of each planet. 

By comparing to planet formation models, we put con-

straints on the composition and formation of the sys-

tem.

Results:  

Mass-Radius Diagram.

     

     Above are mass-radius curves that we produced for 

the Kepler-11 discovery paper1. Solar and extra-solar 

low mass planets  are plotted in  radius  vs.  mass  and 

colored  by  their  effective  temperatures.  In  general, 

there  is  a  degeneracy  between  models  with  large 

amounts of water and models with small amounts of 

hydrogen and helium. 

    We propose using mass loss models to break this de-

generacy.  Super-Earths  with  hydrogen dominated  at-

mospheres are much more vulnerable to mass loss than 

water planets. In particular Kepler-11b, is highly vul-

nerable to mass loss since it is both low gravity and 

highly irradiated.

Current and Initial Compositions.

Here we plot composition vs. mass for the five in-

ner planets in Kepler-11, assuming a super-Earth scen-

ario,  i.e., H/He on a rock/iron core without any water. 

The squares indicate the current mass and composition, 

while the circles show the results of our model when 

the  system  was  100  Myr  old.  Colors  indicate  each 

planet.  Kepler-11b  is  extremely  vulnerable  to  mass 

loss; although only ≈ 0.5% H/He today it would have 

had to be ≈ 30% H/He when it formed. 

We compare to planet formation models2 with dif-

ferent  values  for  the  proto-planetary  dust  opacity, 

which  regulates  the  amount  of  atmosphere  a  given 

planetary core can accrete. We conclude that Kepler-11 

can only be a system of Super-Earths if both dust grain 

opacity and a mass loss efficiency are very low.
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THE CHEMISTRY OF PLANET FORMATION: DETAILED ABUNDANCES OF STARS WITH LOW-
MASS PLANETS DISCOVERED BY KEPLER.  S.C. Schuler1, V.V. Smith1, S.B. Howell2, and K. Cunha1,3,4 
1National Optical Astronomy Observatory, 950 N. Cherry Ave., Tucson, AZ  85719  USA, sschuler@noao.edu, 
vvsmith@noao.edu, kcunha@noao.edu; 2NASA Ames Research Center, steve.b.howell@nasa.gov; 3Steward Obser-
vatory/University of Arizona; 4Observatório Nacional, Brazil 

 
Introduction:  Initial results of a detailed abun-

dance analysis of solar-type stars with low-mass plan-
ets discovered by Kepler are presented.  Recent studies 
suggest that planet formation, possibly terrestrial 
planet formation in particular, leaves an observable 
signature in the compositions of the planet host stars.  
The signature is manifested as a decreasing trend in the 
abunances of refractory elements as a function of in-
creasing condesation temperture (Tc) of the elements 
[1,2].  It has been suggested that the refractory ele-
ments depleted in stars displaying such trends may be 
locked inside terrestrial planets.  Our group has shown 
that the refractory element abundances may also be 
sensitive to the dynamical evolution of planetary sys-
tems [3].  We have expanded our study of  planet host 
star abundances to solar-type dwarfs in the Kepler 
field.  These stars have an increasing planet occurrence 
with decreasing planet size [4] and are an ideal sample 
with which to determine if terrestrial planet formation 
alters the bulk composition of the host stars.   Here we 
present the results of a detailed abundance analysis 
(abundances of up to 18 elements have beed derived 
for each star) of the first few Kepler stars from our 
study.   

 
References: [1] Meléndez, J. Asplund, M., 

Gustafsson, B., and Yong, D. (2009), ApJ, 704, L66. 
[2] Ramírez, I., Meléndez, J., and Asplund, M. (2009), 
A&A, 508, L17. [3] Schuler et al. (2011), ApJ, 732, 55. 
[4] Howard et al. (2011), ApJ, submitted 
(arXiv:1103.2541). 
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When Is an Earth‐analog Really an Earth‐analog? 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In terms most commonly used within the Kepler community, an Earth-analog would be an Earth-

sized planet orbiting a solar-type star at a distance of ~1 AU.  The authors of Rare Earth: Why 

Complex Life is Uncommon in the Universe might add to the requirements for analog status, a 

large moon, a Jovian counterpart at ~5AU, at least one asteroid belt or reservoir, the absence of 

close companion stars, a terrestrial-scale planetary magnetic field, a density ~ 5 gm cm
-3

, a 2:1 

ratio of ocean to continental area, an age of several billion years and other things that allowed the 

improbable (in their view) evolution of complex animal life.  Those of us working on the search 

for extraterrestrial intelligence (SETI) have yet another definition of what makes an Earth-analog, 

and that is the existence of some technology on that planet that we here on Earth can detect 

remotely.  That technology bespeaks the presence (at least at some time) of intelligent 

technologists.  From our point of view, the origin and evolution of an intelligent species on an 

exoplanet is what uniquely qualifies that body as an Earth-analog.     

 

This paper will present a summary of the SETI observations with the Allen Telescope Array and 

other radio and optical facilities that have been conducted over the past three years that have 

focused on exoplanets and the initial Kepler list of 1235 candidate exoplanets. 
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KEPLER EXOPLANET CANDIDATE HOST STARS ARE PREFERENTIALLY  METAL RICH.  K.  C. 

Schlaufman1 and G. P. Laughlin1, 1Astronomy and Astrophysics Department, University of California, Santa Cruz, 

1156 High St., Santa Cruz, CA 95064-1077, kcs@ucolick.org and laughlin@ucolick.org

ABSTRACT

We  find  that  Kepler exoplanet  candidate  (EC)  host 

stars are preferentially metal-rich,  including the low-

mass  stellar  hosts of small-radius ECs.   The last ob-

servation confirms a tentative hint that there is a cor-

relation between the metallicity of low-mass stars and 

the presence  of low-mass  and  small-radius  exoplan-

ets.   In particular,  we compare  the  J-H---g-r color--

color distribution of Kepler EC host stars with a con-

trol sample of dwarf stars selected from the ~150,000 

stars observed during Q1 and Q2 of the  Kepler mis-

sion but with no detected planets.  We find that at J-H 

= 0.30  characteristic  of solar-type stars,  the average 

g-r color of stars that host giant ECs is 4σ redder than 

the average  color  of the stars  in the control  sample. 

At the same J-H color, the average g-r color of solar-

type stars that host small-radius ECs is indistinguish-

able from the average color of the stars in the control 

sample.   In addition,  we find that at  J-H = 0.62 in-

dicative  of  late  K dwarfs,  the  average  g-r color  of 

stars that host small-radius ECs is 4σ redder than the 

average  color  of  the  stars  in  the  control  sample. 

These offsets are unlikely to be caused by differential 

reddening,  age  differences  between  the  two popula-

tions, or the presence of giant stars in the control sam-

ple.  Stellar  models  suggest that the first color offset 

is due to a 0.2 dex enhancement in [Fe/H] of the giant 

EC  host  population  at  M_star  ≈ 1  M_Sun,  while 

Sloan  photometry of M 67 and  NGC 6791 suggests 

that the second color offset is due to a similar [Fe/H] 

enhancement  of the small-radius  EC host population 

at M_star ≈ 0.7 M_Sun. These correlations are a nat-

ural consequence of the core-accretion model of plan-

et formation.

Figure 1. Kepler EC host stars in a  J-H---g-r color--

color plot.  We plot in red stars that host at least one 

giant  EC (i.e.,  R_p > 5  R_Earth),  while  we  plot  in 

blue stars that host an EC system with no giant plan-

ets.  We plot in gray a control sample of 10,000 stars 

randomly  selected from the ~150,000 stars  observed 

in Q1 and Q2 of the Kepler mission that have no de-

tected ECs.  The black curve is a 2 Gyr, solar metal-

licity Padova isochrone, and the orange curve is the M 

67 fiducial  sequence  from.  We indicate with yellow 

arrows the affect of increasing metallicity 0.2 dex in 

[Fe/H]  on  g-r at constant  J-H.   Note though that the 

yellow arrows do not connect stars of constant mass,  

as a metal-enriched star will be about 5% more mas-

sive than a solar metallicity star at constant J-H color. 

We give approximate stellar mass and spectral type as 

a function of J-H color at the top of the plot.  At J-H 

≳ 0.6  (typical  of late  K dwarfs),  giant  ECs  become 

very rare relative to smaller ECs.  In other words, the 

Kepler ECs confirm the correlation between host stel-

lar  mass  and  frequency  of  giant  planet  occurrence. 

Moreover,  at  J-H ≈ 0.62  characteristic  of  late  K 

dwarfs,  the  effect  of  metallicity  moves  metal-rich 

stars to redder  g-r at constant  J-H.  At that color,  the 

population of K dwarfs that host ECs has a redder g-r 

color than the control sample.
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We have measured accurate eclipse times in a sample of 1040 eclipsing binaries 

(EBs) observed by Kepler.  A large number of EBs show significant eclipse timing 

variations (ETVs) which indicate the presence of a third body.  In many cases the 

inferred mass of the third (circumbinary) body is relatively small and is a strong 

planet candidate.  We will give an update on the status of the follow‐up observations 

and modeling efforts on these systems. 

Jerome Orosz
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VALIDATION OF HABITABLE-ZONE SUPER EARTH KEPLER CANDIDATES WITH WARM 
SPITZER.  Sarah Ballard1, Jean-Michel Desert1, Francois Fressin1, David Charbonneau1, 1Harvard-Smithsonian 
Center for Astrophysics (60 Garden St. MS-10, Cambridge MA 02138; sballard@cfa.harvard.edu) 

 
Beginning in August 2011, we initiated a new 600-

hour campaign with Warm Spitzer to measure transits 
of habitable-zone super Earths. This program is dis-
tinct from our earlier 800-hour campaign, the results of 
which will be presented separately at this conference 
(see abstract by J.-M. Desert et al.). Our new campaign 
exclusively targets planets ranging in radius from 1.5-3 
Earth radii and orbiting in or near their stellar habitable 
zones. By comparing the transit depth at infrared 
wavelengths as observed with Spitzer with that at visi-
ble wavelengths as observed by Kepler, we address the 
alternate hypothesis that the light curve results not 
from a transiting planet, but from a blend containing an 
eclipsing binary star.  

We have already demonstrated this use of Spitzer 
to validate the planets Kepler-10c [1] and Kepler 19b 
[2, see Figure 1], among others. We will present the 
Spitzer light curves for the first habitable-zone super 
Earth candidates observed as part of our new program. 
The small masses and large orbital distances of these 
candidates preclude their traditional confirmation with 
radial velocity measurements.  

We developed a novel reduction technique of Spit-
zer photometry [3] which resulted in demonstrably 
improved precision. The higher-order intrapixel sen-
sivity features that we identified in that work are visi-
ble in Figure 2. We discuss the use of this technique, as 
well as other alternative methods [4][5] to treat the 
systematics inherent in Warm Spitzer observations. 

 
References: [1] Fressin, F. et al. (2011) ApJ ac-

cepted (arXiv:1105.4647). [2] Ballard et al. (2011) ApJ 
accepted (arXiv:1109.1561). [3] Ballard et al. (2010) 
PASP, 122, 897, 1341-1352. [4] Stevenson, K. et al. 
(2011) ApJ submitted (arXiv:1108.2057). [5] Demory, 
D. et al. (2011) A&A, 533, A114. 

 
 
 

 
Figure 1: The binned Spitzer observations of Ke-
pler-19b, with the best-fit transit depths independ-
ently derived from Kepler (green) and Spitzer (red) 
overplotted. By combining these data with addi-
tional constraints from adaptive optics imaging, 
high-resolution spectroscopy, and photometric 
blend models, we validated Kepler-19b as a  
2 REarth planet [2]. 

 

 
Figure 2: Intrapixel sensitivity map of the Spitzer 
Infrared Array Camera (taken from [3]). Our novel 
technique accounts for higher-order features (seen 
here as ripples), which are not corrected with a tra-
ditional treatment. 
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ACCURATE STELLAR PARAMETERS OF LOW-MASS KEPLER PLANET HOSTS.  P. S. Muirhead1, K. 
Hamren2, E. Schlawin3, B. Rojas-Ayala4, K. Covey3, and J. P. Lloyd3, 1California Institute of Technology, 1200 Cal-
ifornia Blvd, MC 249-17, Pasadena, CA 91125, 2Department of Astronomy and Astrophysics, University of Califor-
nia Santa Cruz, 1156 High Street, Santa Cruz, CA  95064, 3Department of Astronomy, Cornell University, 122 Sci-
ences Drive, Ithaca, NY 14853, 4Astrophysics Department, American Museum of Natural History, Central Park 
West at 79th Street, New York, NY 10024 

 
Introduction:  We report stellar parameters for low-
mass planet-candidate host stars recently announced by 
the Kepler Mission [1].  We obtained medium-
resolution, K-band spectra of 84 low-mass Kepler Ob-
jects of Interest (KOIs) [2].  We identified one KOI as 
a giant; for the remaining dwarfs, we estimated effec-
tive temperatures by comparing measurements of K-
band regions dominated by H2O opacity with predic-
tions of synthetic spectra for low-mass stars.  We 
measured overall metallicities ([M/H]) using the 
equivalent widths of Na I and Ca I absorption features 
and an empirical metallicity relation calibrated with 
nearby stars [3].  With effective temperatures and me-
tallicities, we estimate the masses and radii of the low-
mass KOIs by interpolation onto two sets of evolution-
ary isochrones [4,5].  The resultant stellar radii are 
significantly less than the values reported in the Kepler 
Input Catalogue and, by construction, correlate better 
with effective temperature. Using either set of iso-
chrones, our results significantly reduce the sizes of the 
corresponding planet candidates, with many less than 1 
Earth radius.  We report recalculated equilibrium tem-
peratures for the planet-candidates and the implications 
for Kepler’s yield of terrestrial exoplanets in the habit-
able zones of their host stars. 

 
 
References:  
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Muirhead, P. S. et al (2011), submitted to ApJL, avail-
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The Masses and Metallicities of Kepler’s Planet-hosting M Dwarfs
John Johnson (Caltech), Sebastian Pineda (Caltech), Michael Bottom (Caltech)

johnjohn@astro.caltech.edu
 
While much attention is focused on Kepler’s Sun-like target stars, there are many target stars 
that reside at the bottom of the main sequence. Thus, Kepler provides valuable information 
about planet formation around the Galaxy’s most numerous denizens, the M dwarfs. I will 
present recent advances in understanding the fundamental physical properties of M dwarfs 
using both broadband photometry and optical spectroscopy. These techniques provide revised 
estimates of stellar masses and radii, thereby elucidating the radius distribution of planets 
orbiting low-mass stars. We will present the specific case studies LHS6343C and KOI-254.01, a 
transiting brown dwarf and hot Jupiter, respectively, orbiting two of Kepler’s least massive and 
most proximate target stars.  
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Assessing the Kepler Inventory with Planet Hunters M.E. Schwamb1,2, C. J. Lintott3, D. A. 
Fischer4, M. J. Giguere4, S. Lynn5, J. M. Brewer4, M. Parrish5, K. Schawinski1,2, R. J. Simpson3, 
A. Smith5, J. Spronck4,  1Yale Center for Astronomy and Astrophysics, Yale University, P.O. 
Box 208121, New Haven, CT 06520 (megan.schwamb@yale.edu), 2Department of Physics, Yale 
University, 3Department of Physics, University of Oxford, 4Department of Astronomy, Yale 
University, 5Adler Planetarium 

 
Introduction: The human brain is well 

suited to picking out most transits that cannot 
be detected in periodograms and may be 
missed by the automated search algorithms. 
With Planet Hunters(http://planethunters.org), 
part of the Zooniverse collection of citizen 
science projects [2,3],  we enlist members of 
the general public, via the World Wide Web, 
to visually inspect the 150,000 publicly re-
leased Kepler light curves for exoplanet 
tranits. Planet Hunters is a novel and com-
plementary technique to the automated transit 
detection algorithms, providing an independ-
ent assessment of the completeness of the 
Kepler exoplanet inventory.  

Planet Hunters: Since launch in Decem-
ber 2010, ~45,000 volunteers have made over 
3.6 million classifications, with the average 
Planet Hunters user contributing more than 50 
classifications. For each of the ~150,000 Kep-
ler-monitored stars, approximately 10 users 
examine  30-day segments of the star’s light 
curve, identifying potential transits. Planet 
Hunters classifications are processed through 
a pipeline which uses  simulated short-period 
planet transit light curves to assess the capa-
bilities of individual volunteers. Weightings 
are assigned to individuals and an iterative 
process is used to converge on final classifi-
cations and identify planet candidates.  

Summary: We present the first results 
from Planet Hunters with an analysis of the 
detection efficiency of human classifiers to 
identify planetary transits. We present the 
planet candidates identified by Planet Hunters 
comparing to the Kepler team’s published 
lists of planet candidates [1]. In particular, we 
discuss the abundance of large planets (> 2 
earth radii) on short period (< 15 days) orbits 

based on Planet Hunters detections for the 
first 33.5 days of the Kepler mission. 
Acknowledgements: MES is supported by a 
NSF Astronomy and Astrophysics Postdoc-
toral Fellowship under award AST-1003258. 
DAF acknowledges funding support from 
Yale University and support from the NASA 
Supplemental Outreach Award, 10- 
OUTRCH210-0001. KS is supported by 
NASA through Einstein Postdoctoral Fellow-
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oniverse is supported by The Leverhulme 
Trust. 
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WHAT WILL GAIA DO FOR KEPLER?  A. Sozzetti
1
, 

1
INAF-Osservatorio Astronomico di Torino, Via Osser-

vatorio 20, I-10025 Pino Torinese, Italy (email: sozzetti@oato.inaf.it) 

 

Abstract:  With a nominal launch date of May 

2013, ESA’s Gaia global astrometry mission will soon 

herald us into the era of micro-arcsecond-level (µas) 

precision positional astronomy. The wealth of informa-

tion in the Gaia catalogue of exoplanets [1] will consti-

tute a fundamental contribution to several areas of 

exoplanet science.  

I will briefly address some of the relevant technical 

issues (choose your preferred algorithm, make sure 

your solution is robust, then double-check using a 

completely different approach!) associated with the 

precise and accurate determination of astrometric or-

bits of planetary systems using Gaia data (see e.g., [2], 

and references therein, for details).  

I will then highlight some of the important syner-

gies between Gaia high-precision astrometry and other 

ongoing and planned, indirect and direct planet-finding 

and characterization programs, both from the ground 

and in space, and over a broad range of wavelengths. I 

will particularly focus on the potential for improved 

understanding of planetary systems orbital architecture 

and physical properties when Kepler’s exquisitely ac-

curate photometry (supported by high-precision 

ground-based radial-velocity measurements where pos-

sible) will be combined with Gaia’s superbly precise 

distance estimates (<1%) for all bright Kepler Objects 

of Interest  (KOIs, V<14.5) in the Kepler field and with 

the 5-yr time baseline of Gaia astrometry. For example, 

as a direct consequence of the use of Gaia parallaxes in 

the Kepler field, the fundamental stellar properties 

(e.g., masses, radii) of transiting planet hosts in the 

Kepler field will have to be revised, and this will im-

pact the composition estimates of the planets them-

selves. Furthermore, being sensitive to giant planetary 

companions on outer orbits around many of the KOIs, 

Gaia’s astrometric time-series in the Kepler field will 

help to better the characterization of multiple-planet 

systems architectures.   

The potentially spectacular synergy between Kepler 

and Gaia will be particularly reinforced if an extension 

of operations were to be granted to Kepler at least dou-

bling its mission lifetime, thus providing a significant 

time interval for ‘quasi-simultaneous’ observations of 

the Kepler field with both spacecrafts.  

 

References:                                                       

[1] Sozzetti A. (2011) EAS Pub. Ser., 45, 273–378. 
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TRANSITING EXOPLANET SURVEY SATELLITE (TESS).  G. R. Ricker1, D. W. Lath-
am2, S. Seager3, R. K. Vanderspek4, J. S. Villasenor5, J. N. Winn6, and the TESS Science Team.   
1MIT Kavli Institute for Astrophysics and Space Research, Room 37-501, 77 Massachusetts 
Avenue, Cambridge MA 02139, grr@space.mit.edu  2Smithsonian Astrophysical Observatory, 
latham@cfa.harvard.edu 3MIT, seager@mit.edu  4MIT, roland@space.mit.edu  5MIT, 
jsvilla@space.mit.edu  6MIT, jwinn@mit.edu 

Introduction:  The Transiting Exoplanet 
Survey Satellite (TESS) will discover thou-
sands of exoplanets in orbit around the 
brightest stars in the sky. In a two-year sur-
vey, TESS will monitor more than 500,000 
stars for temporary  drops in brightness caused 
by planetary transits. This first-ever space-
borne all-sky transit survey  will identify plan-
ets ranging from Earth-sized to gas giants, 
around a wide range of stellar types and or-
bital distances. No ground-based survey can 
achieve this feat. A large fraction of TESS 
target stars will be 30-100 times brighter than 
those observed by Kepler satellite, and there-
fore TESS planets will be far easier to charac-
terize with follow-up observations. TESS will 
make it  possible to study the masses, sizes, 
densities, orbits, and atmospheres of a large 
cohort of small planets, including a sample of 
rocky worlds in the habitable zones of their 
host stars. TESS will provide prime targets 
for observation with the James Webb Space 
Telescope (JWST), as well as other large 
ground-based and space-based telescopes of 
the future. TESS data will be made public six 
months after collection, inviting immediate 
community-wide efforts to study the new 
planets. The TESS legacy will be a catalog of 
the very nearest and brightest  main-sequence 
stars hosting transiting exoplanets, thus pro-
viding future observers with the most favor-
able targets for detailed investigations.

Team:  TESS Team members include 
MIT, NASA’s Goddard Spaceflight Center, 
Orbital Sciences Corporation, NASA’s Ames 
Research Center, the Harvard-Smithsonian 
Center for Astrophysics, Space Telescope 
Science Institute, Geneva Observatory, the 
Las Cumbres Observatory Global Telescope 
Network, as well as additional participants in 
the USA, China, Denmark, France, Germany, 
Italy, Japan, and Spain.

Mission:	
   TESS is a low-risk, high-value 
Explorer-class planet finder, directly in line 
with U.S. National Space policy and NASA 
science goals related to the "...search for 
planetary bodies and Earth-like planets in or-
bit around other stars" (2010 NASA Science 
Plan), as well as the highest priorities defined 
by the NRC Astro2010 Decadal Survey. The 
TESS mission has been selected for a Phase A 
study by NASA, with a proposed launch in 
2016.
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SOFIA: CAPABILITIES FOR STUDYING EXOPLANETS IN THE KEPLER ERA AND BEYOND. 
Edward Dunham1, Ian McLean2, Jürgen Wolf3, Jeonghee Rho4, Dana Backman5, Scott Horner6, William Reach4, Erin Smith6, 
and the  SOFIA team 
1. Lowell Observatory, 1400, W. Mars Hill Rd., Flagstaff, AZ 86001, dunham@lowell.edu; 2. UCLA, 405 Hilgard Avenue, Los 
Angeles, CA 90095; 3. Deutsches SOFIA Insititute, Universitaet Stuttgart, Pfaffenwaldring 31, 70569 Stuttgart, Germany; 4. 
SOFIA Science Center, USRA, NASA Ames Research Center, Moffett Field, CA 94035; 5. SETI Institute, 189 Bernardo Ave., 
Suite 100, Mountain View, CA 94043; 6. NASA Ames Research Center, Moffett Field, CA 94035 

With its precise photometry and relentless observ-
ing cadence Kepler has found a rich variety of planets 
orbiting stars of various spectral types. The Strato-
spheric Observatory for Infrared Astronomy (SOFIA) 
can provide complementary precise multispectral tran-
sit observations of Kepler planet candidates and similar 
objects in other parts of the sky.  As with Kepler, we 
anticipate that the same precise photometry capability 
will be valuable in the context of asteroseismic and 
stellar astrophysics observations.  Finally, SOFIA can 
help advance our understanding of the processes of star 
and planet formation. 

SOFIA is an airborne observatory for infrared and 
submillimeter astronomy funded by NASA (80%) and 
the German Space Agency (20%) which began early 
science operations in late 2010.  It is a Boeing 747SP 
carrying a 2.5-meter telescope flying at 41,000 to 
45,000 feet, above most of Earth's atmospheric water 
vapor, opening most of the far-infrared and sub-mm 
spectrum to its instrument suite.  The photometric sta-
bility and low scintillation noise found in airborne data 
is an important factor for precise photometry. 

First generation SOFIA instruments include the 
High-speed Imaging Photometer for Occultations 
(HIPO; P.I. Ted Dunham, Lowell Observatory, 0.3-1 
µm), the First Light Infrared Test Experiment CAMera 
(FLITECAM; P.I. Ian MacLean, UCLA, 1-5 µm) with 
grisms, a mid-infrared camera (FORCAST; PI Terry 
Herter, Cornell U., 5- 40 µm) with grisms, an infrared 
Heterodyne Spectrometer (GREAT; PI Rolf Güsten, 
MPIfR Bonn, 1.2 - 1.9 THz), a far-IR Bolometer Cam-
era, (HAWC; PI Al Harper, Yerkes Observatory, 50-
240 µm), an ultra-high resolution mid-infrared Spec-
trograph (EXES, Echelon-Cross-Echelle Spectrograph, 
PI Matt Richter, 5-28 µm), and the Field Imaging Far 
Infrared Line Spectrometer (FIFI-LS, 41-210 µm).  
SOFIA Second Generation instruments will open new 
opportunities to study exoplanets. 

The SOFIA instruments of primary interest for 
transit photometry work are HIPO and FLITECAM.  
In fact these two instruments can be co-mounted to 
provide simultaneous photometric coverage at two 
wavelengths from 0.3-1 micron and one in the 1-5 mi-
cron range.  In the near term the SOFIA tertiary mirror 
is a dichroic reflector and about half the light in the 

0.3-1 micron range is diverted to the focal plane 
imager (FPI).  It is possible to recover this loss by sub-
stituting the Fast Diagnostic Camera (FDC) for the 
FPI, a capability demonstrated by a successful obser-
vation of a stellar occultation by Pluto on 23 June 
2011.  In the longer term an aluminized tertiary will be 
available. 

SOFIA spectroscopy, particularly the FLITECAM 
grism capability, will allow spectrally resolved obser-
vations of extrasolar planets in both transit and occul-
tation to constrain physical and chemical characteris-
tics of these planets.  HIPO does not have a grism ca-
pability at this time, though one could be added if 
needed. 

In comparison to Kepler, SOFIA provides a larger 
aperture and wide wavelength coverage but short ob-
servation durations (3-10 hours).  By virtue of 
SOFIA’s stratospheric location we hope to achieve 
photometric precision comparable to that of Kepler. 
We will be obtaining initial precise photometry test 
data in the co-mounted HIPO/FLITECAM/FDC con-
figuration in the months leading up to the Kepler Sci-
ence Conference and will present a status report on this 
work. 

At longer wavelengths SOFIA will make unique 
contributions to the characterization of the physical 
properties of proto-planetary disks around young stel-
lar objects. This is important for understanding how 
planets are formed as stars and surrounding disks de-
velop. Does the size of  planet depend on the size of 
stars, initial mass of debris disks or the size of 
clearency of the hole in the disks? Debris disks and 
comets have shown various types of dust features such 
as carbon, water ice, silicates and olivines. HAWC will 
be able to detect disks with low temperatures. SOFIA 
will allow study of the more massive analogs to Sun-
like stars such as the Herbig Ae/Be stars.   

We will present SOFIA’s science capabilities to-
gether with the sensitivities of instruments and status 
of SOFIA project. This will include brief discussions 
of the basic science observations of FORCAST and 
GREAT and the HIPO and FLITECAM integration 
and testing experience this year.  
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ASTROPHYSICS WITH KEPLER DURING AN EXTENDED MISSION.  M. Still1, 1Bay Area Environmental 
Research Association/NASA Ames Research Center, Moffett Field, CA 94035. 

 
Introduction: Kepler’s primary scientific focus is 

an exoplanet survey, yet publications from the Kepler 
community are dominated in number by astrophysics 
(Figs. 1 and 2). Kepler provides high-precision pho-
tometry, a 116 sq. deg, near-monatonic cadence, 3 
years of continuous observing and >92% duty cycle. 
Individually, none of these characteristics are unique, 
but collectively they are a unique and powerful re-
source. 

 

 
Figure 1:  A comparison of the number of refereed 
non-exoplanet astrophysics papers in press to the num-
ber of refereed exoplanet papers in press, as of Sep 28, 
2011.  
 

Fundamental questions that can and should be tack-
led during mission extension are: what are the physical 
conditions internal and external to stars in our galactic 
neighborhood? How do those physical conditions drive 
stellar behavior? Hold old are the stars in our neigh-
borhood? How does stellar behavior and age impact 
exoplanet physics and the development of ecosystems? 
Is the sun a typical or atypical star? What impact does 
this have for solar system phsics and life on Earth? 

Kepler’s “tool kit” for answering these questions is 
dominated by asteroseismology, magnetic activity, 
gyrochronology, and binary stars.  

For asteroseismology, a mission extended to 8 
years means longer baselines, more targets and greater 
signal-to-noise. The size of stellar ensembles will in-
crease, the accuracy of stellar parameters will increase. 
Fainter pulsations will be detectable pushing astero-
seismology in the regions of hotter and cooler stars. 
Asteroseismology will reveal potentially stellar rota-
tion and differential rotation within stellar interiors. 

8 years will allow Kepler to monitor complete dy-
namo cycles in thousands of stars. While the longer 

baselines and critical innovations in Kepler data analy-
sis will combine to test how typical the sun is over 
timescales from a few hours to many years (Gilliland 
et al. 2011, Walkowicz et al. 2011). What are the con-
sequences of quiet or noisy sun for life on Earth? 

It is predicted that the Kepler community will be 
able to age stars using rotation rate as a proxy, cali-
brated against the 4 open clusters of known age in the 
field. (Meibom et al. 2011) Longer baselines provide 
sensitivity to lower levels of spot activity, pushing our 
ability to age increasingly older stars and their planets. 

For binary stars, the Kepler community will extend 
and the survey to orbital periods > 1 year (Slawson et 
al 2011). Sensitivity to triple and hierarchical system, 
and their dynamics will increase dramatically. The 
long-term effects of binarity on magnetic cycles will 
be measured. Eclipse timings will indentify new stellar 
and sub-stellar objects. 

The observing community have responded vigor-
ously to the call for multiwavelwength broadband and 
timing source surveys of the Kepler field. Surveys are 
required in order to identify the targets of highest ob-
servational interest and optimize the target lists for 
astrophysics content. However these programs have 
been large and long-term projects. The 3.5 year base-
line mission will not benefit from the new surveys 
greatly. The extended mission phase however will 
benefit from a greatly more diverse series of target-
selection resources. 

 
References: 
Basri, G. et al., 2011, AJ, 141, 20 
Gilliland, R. et al., 2011, ApJ, in press 
Meibom, S. et al., 2011, ApJ, 733, 9L 
Slawson, R.W. et al., 2011, AJ, in press 
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STATISTICAL ARGUMENTS THAT MOST KEPLER MULTI-PLANET CANDIDATES ARE REAL  

PLANETS  J. J. Lissauer
1
 and the Kepler Science Team, 

1
 NASA Ames Research Center (MS 245-3, Moffett Field, 

CA 94035, Jack.Lissauer@nasa.gov)  

 

Summary:  Roughly one-third of Kepler's planet can-

didates announced by [1] are associated with targets 

that have more than one candidate  planet.  Eclipsing 

binaries shouldn’t be correlated with planets, so very  

few targets should have both a false positive and an-

other signal that would together make them appear as a 

candidate multi-planet system.  The high number of 

stars with more than one planet candidate compared to 

the number expected were the candidates distributed 

randomly implies that the false positive fraction among 

multiple planet candidates is likely to be quite small. 

We present and quantify the statistical basis of this  

conclusion.   

 

References:  

[1] Borucki, W. B. et al. (2011)  ApJ, 736, 19.  
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DETAILED DYNAMICAL PORTRAITS OF OTHER PLANETARY SYSTEMS.  D. C. Fabrycky1 and the 
Kepler team, 1Department of Astronomy and Astrophysics, University of California, Santa Cruz (UCO/Lick, Uni-
versity of California, Santa Cruz, CA 95064; fabrycky@ucolick.org). 

 
 
For the planets of the Solar System, we can measure 
masses, radii, orbital distance, eccentricity, and incli-
nation.  By detecting transiting extrasolar systems, 
Kepler has made the greatest strides to date in discov-
ering those characteristics for other cases, energizing 
the fledgling field of comparative planetary systems.   
 Aside from hearty statistics of multiplanet 
candidates, we now have about a dozen systems in 
which multiple confirmed planets show transit timing 
variations due to each other.  I take stock of those re-
sults, asking what we have learned and what we will 
learn about them through continued monitoring.  
Moreover, I discuss what observations are necessary 
for inverting the transit timing problem to uniquely 
reveal the characteristics of the planetary system.  A 
key goal is to confirm and measure the mass of planets 
in the habitable zone, using transit timing alone.    

 With the discovery of Kepler-16(AB)b and 
other candidates, Kepler has opened the field of cir-
cumbinary planets, worlds with dynamical environ-
ments that are much more dramatic than our own.  I 
discuss how the interpretation of timing variations of 
stellar eclipses is much easier than the planetary transit 
case, arguing that we can expect unique dynamical 
models for many of these exotic systems.  The results 
will give fresh input to both the statistics and the for-
mation of planetary systems. 
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The Kepler-18 Three Planet System.  W. D. Cochran1 and the Kepler Science Team, 1McDonald Observatory, The 
University of Texas at Austin, 1 University Station C1402, Austin TX 78712-0259 (wdc@astro.as.utexas.edu) 

 
Kepler-18b, c and d are three transiting planets or-

biting around a Sunlike star.  The transit signals were 
detected in photometric data from the Kepler space-
craft, and were confirmed to arise from planets orbiting 
a single star using a combination of large transit-timing 
variations, radial-velocity variations, Warm-Spitzer 
observations, and statistical analysis of false-positive 
probabilities. The host-star star has a mass of 0.97 so-
lar masses, radius 1.1 solar radii, effective temperature 
5345K, and iron abundance [Fe/H]= +0.19.  The plane-
tary orbits and their physical properties are given in 
Table 1. Kepler-18c and Kepler-18d are very near a 
2:1 mean motion orbital resonance.  We have detected 
transit timing variations (TTVs) in these two planets 
caused by their mutual gravitational interactions.  
These TTV signals are shown in Figure 1. We gener-
ated a joint solution to the transit times and radial ve-
locities, which gave the masses reported above.  This 
same dynamical model also constrains the mass of the 
inner planet Kepler-18b, but does not provide a direct 
confirmation of this planet. 

The lack of a clear dynamical confirmation of the 
nature of Kepler-18b requires us to examine the wide 
variety of astrophysical false positives (blends) that 
might mimic the photometric transit, and to assess their 
a priori likelihood compared to that of a true planet. 
For this we apply the BLENDER technique described 
by Torres et al. (2004, 2011), with further develop-
ments as reported by Fressin et al. (2011). From this 
BLENDER analysis, the likelihood of a planet is more 
than 700 times greater than that of a false positive, 
which we consider sufficient to validate Kepler-18b as 
a true planet with a high degree of confidence. 

 Primary transits of Kepler-18c and Kepler-18d 
were observed with Warm Spitzer and the observed 
transit depths at 4.5µm agree well with the Kepler pho-
tometry. This strongly suggests that the radius-ratios of 
the candidate Kepler-18c and Kepler-18d to their host 
star is a wavelength independent function, in agree-
ment with the expectation for a dark planetary object. 

 
Kepler was competitively selected as the tenth Dis-

covery mission. Funding for the Kepler Mission is 
provided by NASA's Science Mission Directorate.   
We are deeply grateful for the very hard work of the 
entire Kepler team. 

 

 
Figure 1: The observed minus calculated (based on a 

linear ephemeris) values of transit times, for planets c 
and d.  The diamonds are transit times calculated using 
a dynamical model.  The RV variations from this 
model are plotted along with the RV data.  

 
Figure 2: Folded light curves for Kepler-18. The 

top row is Kepler-18b (K00137.03), the middle row is 
Kepler-18c (K00137.01), and the bottom row is Ke-
pler-18d (K00137.02). The light curves are folded on 
the mean period listed in Table 1 (below). 
 
Fressin, F., et al. 2011, ApJ, in press, arXiv:1105.4647 
Torres, G., Konacki, M., Sasselov, D. D., & Jha, S. 
2004, ApJ, 614, 979 
Torres, G., et al. 2011, ApJ, 727, 24 

 
Table 1:  Planet Properties 

 Kepler-18b Kepler-18c Kepler-18d 
Period (days) 3.50473±0.00003 7.64159±0.00003 14.85888±0.00004 

a (AU) 0.0447±0.0006 0.0752±0.0011 0.1172±0.0017 

Radius (R⊕) 2.00±0.10 5.49±0.26 6.98±0.33 

Mass (M⊕) 6.9±3.4 17.3±1.9 16.4±1.4 

ρ (cgs) 4.9±2.4 0.59±0.07 0.27±0.03 
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The Multiple Planet System Kepler-20.  T. N. Gautier III1, Steven Bryson2, David Charbonneau3, Daniel Fab-
rycky3, Francois Fressin3, R. L. Gilliland4, Howard Isaacson5, David W. Latham3, Jack J. Lissauer2, Geoffrey W. 
Marcy5, Jason F. Rowe2, Guillermo Torres3,  
1Jet Propulsion Laboratory, 2NASA Ames Research Center 3Harvard Smithsonian Center for Astrophysics, 4Space 
Telescope Science Institute, 5University of California, Berkeley 

 
Introduction: Initial examination of light curve 

data obtained with the Kepler observatory of the 12.4 
magnitude star KIC 6850504 revealed the presence of 
4 probable transiting objects. These transit events be-
came Kepler Objects of Interest, and planetary candi-
dates, KOI 70.01 through KOI 70.04 [1]. Further anal-
ysis of KIC 6850504 (now KOI 70) revealed a 5th 
planet candidate, KOI 70.05. Follow-up observations 
with several ground based telescopes and the Spitzer 
Space Telescope have been made to assess the likely 
hood that these KOIs are true planets. 

Kepler photometry and astrometry: A search for 
transits in 484 days of the light curve of Kepler-20 
from quarters 1 through 6, 13 May 2009 to 12 Septem-
ber 2010, yielded 5 planetary candidates with the peri-
ods given in Table 1. Detailed examination of the light 
curve provided no indication that any of the transit 
signals were likely due to transits of stellar compan-
ions in binary stars. Analysis of the motion of the pho-
tocenter of Kepler 20 during transits [2] showed no 
indication that a background object was producing any 
of the transit signals. 

Follow-up observations: Moderate signal to noise 
ratio spectroscopy at several epochs showed no radial 
velocity variation indicating that any of the transit sig-
nals were due to a grazing eclipse by a stellar mass 
object. Analysis of these same spectra and measure-
ments from the Kepler Input Catalog [3] produced the 
stellar parameters given in Table 1. 

Twenty-eight high SNR spectra taken over a period 
of 449 days with the Keck HIRES spectrometer and an 
iodine cell produced a radial velocity curve with an 
uncertainty of a few meters per second. 
Spitzer observations at 4.5µ of transits of KOIs 

70.01 and 70.03 were obtained. 
Confirmation and validation: A co-analysis of 

the Kepler photometry data and the Keck radial veloci-
ty data, assuming an eccentricity of zero for all plane-
tary objects, was made to obtain an estimate of the 
masses of all candidates. 

In addition a detailed analysis of the transit shapes 
and depths from Kepler and Spitzer photometry com-
bined with the Kepler centroid motion results using the 
BLENDER program [2] was made to estimate the prob-
ability that each of the candidates was a true planet 
rather than a stellar blend mistaken for a planet. 

The results of these analyses will be presented. 

 
References: [1] Borucki, W., et al. (2011) ApJ, 

736, 19. [2] Torres, G. et al. 2011, ApJ, 727, 24. [3] 
Brown, T. M., et al. (2011) AJ, 142, 112. 
 

Table 1. Kepler 20 Properties 
Mass Radius Log g Teff 
(Msun) (Rsun) (cgs) (K) 
0.96 0.98 4.43 5456 
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In Situ Planet Formation Models of the Kepler-11 Six Planet System 

E. V. Quintana
1
 and the Kepler Team, SETI Institute/NASA Ames Research Center, M/S 244-30, NASA Ames Re-

search Center, Moffett Field, CA 94035 

 

Introduction: 

Kepler-11 is a G dwarf star with a system of six tran-

siting planets that were announced by the Kepler Team 

in February 2011 [1]. This system is extremely com-

pact, all six planets orbit within 0.5 AU of Kepler-11, 

providing a remarkable testbed for planet formation 

theories. The inner five planets are on nearly circular, 

coplanar orbits within 0.25 AU of the star, and have a 

combined mass of 34.6 M⊕ indicating that they must 

have formed from a very massive protoplanetary disk.  

Most of the mass of these inner five planets is in rock 

or H20, but most of the volume is in H/He (or H20 for 

Kepler-11b).  These significant light gas components 

imply that the gas was still around in the disk during 

their formation. Although planet migration cannot be 

ruled out, the lack of strong orbital resonances argues 

against against slow migration of the planets. We pre-

sent results from a suite of numerical simulations of 

the final stages of planet formation within a massive 

protoplanetary disk around Kepler-11. We recently 

modified the Mercury integration package to include 

eccentricity damping to mimic the presence of small 

bodies and gas in the disk. We will present the results 

from our simulations and discuss the feasibility of the 

In Situ formation of this dynamically compact system. 

 

References:  

[1] Lissauer, J. J. et al. (2011) Nat., 470, 53-58. 

 

 

 

 

 

 

 



2011 Kepler Science Conference - NASA Ames Research Center 55

ABSTRACTS

216. MULTIPLE PLANET SYSTEMS

DETECTION OF QUASI-PERIODIC TRANSITING PLANETS WITH KEPLER.  E. Agol
1
 and J. A. Car-

ter
2,3

, 
1
Dept. of Astronomy, Box 351580, Univ. of Washington, Seattle, WA 98195; agol@astro.washington.edu, 

2
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138; jacarter@cfa.harvard.edu, 

3
Hubble Fellow. 

 

Dynamical interactions between transiting extraso-

lar planets can cause the times of transit to vary sig-

nificantly.  The smallest planets undergo the largest 

variations when in resonance, and since these have a 

small transit depth, they can be missed by transit detec-

tion algorithms that assume a fixed period for the 

planet.  We present a new solution for detecting these 

planets, the Quasi-periodic Automated Transit Search 

(QATS) algorithm, which adapts an existing technique 

to the transiting planet problem. The algorithm does a 

global search for transits in continuous photometric 

light curves, assuming that the spacing between suc-

cessive transits falls within a specified range of dura-

tions.  We will show examples of the algorithm applied 

to simulated and actual Kepler data, discuss the false-

alarm probability of the algorithm, and demonstrate its 

performance in finding nearly periodic transiting plan-

ets, as well as other potential applications.  
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ECCENTRICITIES AND INCLINATIONS IN KEPLER’S PLANETARY SYSTEMS.  E. B. Ford1,  
A.V. Moorhead1, R.C. Morehead1 and the Kepler Science Team, 1University of Florida (211 Bryant Space Science 
Center, Gainesville, FL 32611-2055, USA, eford@astro.ufl.edu). 

Abstract:  NASA’s Kepler mission has identified 
over 1200 planet candidates, including hundreds of 
Earth-size and super-Earth-size planet candidates [1].  
While Kepler can measure the orbital period and star-
planet size ratio precisely, it is considerably more diffi-
cult to characterize the orbital eccentricities and incli-
nations of planets identified by Kepler.  Both eccen-
triccities and inclinations can provide clues into the 
history of planet formation and orbital evolution.  We 
provide an update on the use of transit durations and 
the frequency of systems with multiple transiting plan-
ets to constrain the eccentricity distribution [2] and 
inclination distributions [3] of Kepler planet candi-
dates.  In particular, we revisit whether the distribution 
of orbital eccentricities is correlated with planet size, 
number of transiting planets in the system or host star 
properties.  These results are significantly more robust 
than [2] thanks to improved characterization of host 
stars by the Kepler Follow-Up Observation Program 
and the Kepler Astroseismic Consortium.  

Next, we investigate eccentricities and inclinations 
in systems with multiple transiting planet candidates.  
These systems can provide several additional con-
straints (e.g., orbital stability [3], transit timing varia-
tions [4], transit duration variations [5] and the transit 
duration ratio [5]) that make them fertile ground for 
testing planet formation models.   We summarize the 
implications of our results for the frequency of plane-
tary systems with small planets on nearly circular orbits 
like the solar system and the climate of the small plan-
ets being identified by Kepler.  Funding for this mis-
sion is provided by NASA, Science Mission Director-
ate. 

References: [1] Borucki, W. B. et al. (2011) ApJ, 
736, 19.  [2] Moorhead, A. V. et al. (2011) accepted to 
ApJS, arxiv:1102.0547. [3] Lissauer, J. J. (2011) ac-
cepted to ApJS, arxiv:1102.0543. [4] Ford, E. B.
(2011) accepted to ApJS, arxiv:1102.0544.
[5] Holman, M.J. (2011) Science, 330, 31.  
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CONSTRAINING ORBITAL ECCENTRICITY THROUGH TRANSIT 
PHOTOMETRY ALONE: MULTIBODY ASTERODENSITY PROFILING 
(MAP). V. P. Manthri1, D. M. Kipping2, W. R. Dunn3 and J. M. Jasinski4, 
1Department of Physics and Astronomy, University College London, Gower St., 
London WC1E 6BT, email: zcapd85@ucl.ac.uk, 2Harvard-Smithsonian Center for 
Astrophysics, email: kippingdavid@gmail.com, 3University College London, 
email: zcapd28@ucl.ac.uk, 4Mullard Space Science Laboratory, email: ja-
mie.jasinski@ucl.ac.uk 

 
Abstract: The high-calibre pho-

tometry of recent transit surveys, like 
the Kepler Mission, has allowed obser-
vations of targets that are too faint or 
too small to be observed by high-
precision spectroscopy. This loss of in-
tensive RV follow-up has lead to a loss 
in information about the orbital eccen-
tricity. Should a planet be on an eccen-
tric orbit, the stellar density, as derived 
from the transit curve, will deviate 
from the true density [1]. This devia-
tion contains information on the orbital 
eccentricity but is inaccessible for a 
single-planet system without priors on 
the stellar density. 

Multibody Asterodensity Profiling, 
or MAP, works around this problem by 
exploiting targets that exhibit multiple 
transiting systems. In this special, but 
still rather frequent (406 Kepler candi-
dates as of Q2 [2]), case a ratio of the 
derived densities will eliminate the true 
density, leaving only the quantity de-
pendent on eccentricity. MAP is a use-
ful technique as it is model-
independent; it requires no prior infor-
mation about the host star and the only 
assumption is that both (or all) planets 
orbit the same star. Furthermore, MAP 
acts as a new observable and opens up 

the possibility of combination with 
TTV and RV for an extension of ob-
servable constraints. 

As well as presenting the theory of 
this new method, we present the testing 
of MAP on a synthetic system, as proof 
of principle, and implementation of 
MAP on several multibody systems 
from the Kepler Mission, including the 
three-planet system Kepler-9 and the 
candidates KOI-209 and KOI-152, 
which exhibit two and three signals re-
spectively. 

References: [1] Kipping, D. M. 
(2010) MNRAS, 407, 301. [2] Lissauer, 
J. J. et al. (2011) ApJ, accepted. 
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CONFIRMATION AND CHARACTERIZATION OF MULTITRANSITING EXOPLANET SYSTEMS WITH 
ANTI-CORRELATED TRANSIT TIMING VARIATIONS . J. H. Steffen, Institution: Fermilab Center for 
Particle Astrophysics, jsteffen@fnal.gov

The study of anticorrelated transit timing variations in a system with multiple transiting 
exoplanet candidates can be used to both confirm and to characterize the planets in those 
systems. Studies of these correlated variations, in conjunction with stability analyses, have been 
used to confirm several planets in suitable systems using a minimalist criteria for planethood. 
However, more information is likely to be present in the TTV residuals that was used for this 
confirmation. The ratio of the TTV amplitudes gives information about the mass ratio of the 
planets and dynamical interactions that correspond to higher order mean motion resonances may 
provide insight into the eccentricities of their orbits. I present the results of a TTV correlation 
analysis of several Kepler systems and discuss some of the insights that can be gleaned from the 
characteristics of those correlations.
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THE SECULAR CHARACTER OF MULTI-PLANET SYSTEMS: KEPLER-10, 11 AND 16.  C. Van Laer-

hoven1 and R. Greenberg1, 1Department of Planetary Science, The University of Arizona, 1629 E University Blvd.,  

Tucson, AZ, 85721-0092, cvl@lpl.arizona.edu

Introduction: In  a  multi-planet  system  with  no 

mean-motion resonances, orbital angular  momentum, 

but not energy, is exchanged through secular interac-

tions. Secular interactions cause periodic variations in 

eccentricities  e and  arguments  of  pericenter  ϖ 

(Kepler-discovered systems are likely to be nearly co-

planar). The state of a system can be characterized by 

the  amplitudes of the  eigenmodes given  by classical 

secular theory. Although classical theory becomes less 

accurate for planets with large  e  [1], it is still  useful 

for gaining  insight  on the  qualitative character  of a 

multi-planet system in several ways [2,3]:

Dynamical  grouping.  Inspection  of the degree of 

sharing  of each  eigenmode among the  planets  helps 

characterize how closely the planets are dynamically 

linked.  If a planet is affected by only one eigenmode 

that affects no other planet, it is in effect dynamically 

isolated. At the other extreme, if all modes are shared 

among all the planets,  the planets are strongly inter-

active. Dynamical grouping revealed in this way is an 

indication of the degree of planetary packing with im-

plications  for  a  system’s  formation.   The  grouping 

also  indicates  how strongly the  effects  of processes 

like tidal damping are shared among the planets.

Variation of eccentricities. Secular theory can dia-

gnose  variability  of  a  planet's  eccentricity  under  a 

wide range of conditions, without a need to numeric-

ally integrate  a  large  number  of specific  cases,  and 

with application to key issues: The signature of plan-

et-planet  scattering  can  be recognized in  the secular 

constants;  and  habitability can  be challenged  where 

eccentrcities may reach extremes.

Eccentricity damping. If one planet's  e is damped 

(e.g. by tides), the effect is shared among all planets, 

and secular theory yields the relative damping rate of 

each  eigenmode.  The  amplitudes  of the  eigenmodes 

for  an  observed system thus  constrain  its  past  tidal 

evolution.  When  only  one  eigenmode  remains,  the 

pericenters would be aligned.

Kepler-10: Given  the  best  mass  values  [4],  the 

two planets of Kepler-10 are decoupled: Each of the 

eigenmodes is strongly concentrated in its own planet. 

If one planet’s e is damped, the other may not be, and 

even with substantial damping,  one would not expect 

to see pericenter alignment.

Kepler-11: The six planets’  e’s are unknown [5], 

but the normalized eigenvectors (Fig.  1) characterize 

the secular interactions. For mg = 0.05MJ (Fig. 1a) the 

outer planet is dynamically uncoupled from the rest of 

the system.  The other 5 planets are strongly coupled 

through the other modes. For the the maximum pos-

sible  mg (Fig.  1b) the dynamical  linking of the outer 

planet (through mode 6) would be less anomalous.

If the inner planet undergoes tidal damping, mode 

1 damps  almost  as  quickly as  if  this  were the  only 

planet, but the other planets would be affected through 

damping of modes 2, 4, and 5. Eccentricity damping 

on  planet  c kills  the  same modes on  similar  times-

cales, so one would be unable to differentiate between 

e-damping on solely b versus on both b and c.

After those shorter-lived modes damp out, Fig.  1 

shows planets d and e would be dominated by mode 3 

and thus have aligned major axes, while planet  g or-

bits  independently with  its  constant  e.  If  planet  g’s 

mass is near its upper limit (Fig. 1b), planet f will also 

be uncoupled from the damping.  As  e values are de-

termined in the future, they can be interpreted in this 

context.

Kepler-16: The planet’s behavior [6] is dominated 

by classical  secular  interaction with the smaller  star,  

and  appears  to be near  the  libration/circulation  sep-

aratrix [7], but the reported small  e implies discovery 

at a improbably special time in the secular cycle. 

Consideration  of  secular  interactions  can  be  a 

powerful  tool  for  interpreting  the  origin,  evolution, 

and physical character of planetary systems discovered 

by Kepler.

References: [1]  Veras  D.  and  Armitage  P.  J. 

(2007)  ApJ,  661,  1311  [2]  Van  Laerhoven  C.  and 

Greenberg R. (2011) arXiv:1108.5149 [3] Greenberg 

R. and Van Laerhoven C. (2011) ApJ, 733, article id 8 

[4] Batalha  N. M.  et al.  2011  ApJ, 729,  27  [5] Lis-

sauer J. et al. (2011) Nat.,  470, 53 [6] Doyle L. et al. 

(2011)  Science, 333,  1602 [7] Barnes R. and Green-

berg (2006) ApJ, 638, 478 

Figure 1: Normalized eigenvectors for Kepler-11 with (a) mg 

= 0.05 MJ and (b) mg = 0.95 MJ. Matrix values are shown by 

shading (black =1, white = 0). Damping rates for each mode 

relative to damping of the inner planet are shown at right.
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Analysis of 224 Kepler Exoplanets in 93 Multiple Systems.  D. R. Ciardi1, S. B. Howell2, J. J. Lissauer3,  M. E. 
Everett4 and the Kepler Science Team 1NASA Exoplanet Science Institute/Caltech, Pasadena, CA USA 91350 
(ciardi@caltech.edu), 2NASA Ames Research Center (steve.b.howell@nasa.gov), 3NASA Ames Research Center 
(jack.j.lissauer@nasa.gov), 4National Optical Astronomy Observatory (everett@noao.edu)  

 
Introduction:  We present an analysis of 224 ex-

oplanets in 93 systems in the Kepler field.  These sys-
tems are all fainter than Kepmag > 14.5 mag and are 
difficult to confirm with follow-up radial velocity ob-
servations from the ground.  All of the these planets 
occur in systems where multiple transiting planetary 
candidates have been identified.  Based upon the work 
of Lissauer et al. (2011) [1], the false positive probabil-
ity for each multiple system is significantly lower than 
that of single planet systems. We have obtained spectra 
for all of the stars in the sample and determined their 
effective temperatures, surface gravities and radii, and 
we have also utilized imaging to assess the blend con-
tamination for each of the Kepler targets.  Coupling the 
derived stellar parameters and the deblended light 
curves, we have determined the transit and planetary 
parameters for these systems. We then present a statis-
tical analysis of these multiple systems.   

Early Analysis: Analysis is still on-going at the 
time of this writing, but Figure 1 shows an example of 
the work performed. The planet candidate sizes appear 
to be independent of the stellar sizes, although the big-
gest planets are preferentially found around the larger 
stars, and large planets in multiple systems do not ap-
pear in K and M stellar systems. Additionally, in the 
multiple systems, there is a strong correlation between 
the planet size and the orbital period of the planet – the 
largest planets appear in the longest orbital periods, 
suggesting that giant planets that migrate into short 
orbital periods sweep out other planets within the sys-
tems (see also [2]).  A discussion of the biases in the 
sample is also presented. 

 
References:  
[1] Lissauer, J. J. et al., 2011  submitted 
[2] Latham, D. L. et al. 2011, ApJ, 732, 24 
 
 
 

 

Figure 1: Top: Distribution of the planet sizes as a 
function of stellar size.  The dashed line represents 
the median planet radius of the sample (2.47 
Rearth). Bottom:  Distribution of the planet sizes as 
a function of the planet orbital period showing a 
strong correlation; i.e., the largest planets are in the 
longest orbits. 
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Using the composition of super-Earths to track formation processes 
Diana Valencia (1) 
(1) Earth, Atmospheric and Planetary Sciences Department, Massachusetts Institute of 
Technology, 77 Cambridge MA, 02139; dianav@mit.edu 
 
The composition of super-Earths reflects the initial chemical inventory of building blocks 
during formation, plus any subsequent evolution such as mass loss from evaporation or 
giant impacts. With measured masses and radii of now several super-Earths, and in 
combination with internal structure models, it is possible to place constrains on their 
composition. The results show that both CoRoT-7b and Kepler-10b are rocky planets 
similarly enriched in iron with respect to Earth.  This composition can either have a 
primordial origin, or be the result of collisional stripping due to giant impacts, or erosion 
due to atmospheric evaporation.   Taken from a sample of stars with and without planets, 
the Fe/Si ratio of stars cannot account for a primordial composition. In fact, most stars are 
slightly enriched in Si (a factor of 1.5 in Si/Fe) with respect to solar.  Collisional stripping 
is an effective process to remove part of the silicate mantle of a differentiated planet, and 
thus, increase its iron content. However, this process is also stochastic and would lead to 
a wide range of outcomes. On the other hand, erosion of a silicate mantle through 
atmospheric evaporation is a more systematic process and may also account for iron 
enrichment.  With a simple atmospheric evaporation model, I obtain evaporation tracks 
that can connect the composition of the solar nebula to the current composition of the 
high-density exoplanets.  
 
In addition, within the same mass range, there are a handful of low mass planets that have 
too large a radius to be rocky. In particular, while sharing the same irradiation level than 
CoRoT-7b and Kepler-10b, 55 Cnc-e is a volatile planet, with a water-vapor envelope.  I 
will present results on the composition of the volatile low-mass planets and focus on 
GJ1214b. This planet stands out because of the transmission spectra observations that 
have been taken.  While most studies indicate a water-dominated atmosphere, one 
suggests a H/He composition. With internal structure models, we show that this planet 
can be fitted with a 100% water-vapor composition.  Based on formation arguments, this 
extreme composition is unlikely, and refractory material, which condenses first from the 
nebula, is expected.  Thus, requiring the presence of lighter abundant gases (such as 
H/He) as well.   
 
In summary, because of the connection to formation, inferring the composition of super-
Earths can help us understand better how planets form and acquire their chemical 
inventories.  
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ACCUMULATION OF HYDROGEN-RICH ATMOSPHERES OF NEBULAR ORIGIN ON SHORT-
PERIOD SUPER-EARTHS: IMPLICATIONS FOR KEPLER-11 PLANETS.  M. Ikoma1 and Y. Hori2, 
1Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152-
8551, Japan; mikoma@geo.titech.ac.jp. 2Division of Theoretical Astronomy, National Astronomical Observatory of 
Japan, Osawa, Mitaka, Tokyo 181-8588, Japan; yasunori.hori@nao.ac.jp. 

 
Introduction:  The space telescope Kepler detect-

ed five super-Earths orbiting a Sun-like star named 
Kepler-11 [1]. The transit measurements revealed that 
those planets were large in size. This suggests the 
presence of thick hydrogen-rich atmospheres on the 
planets. Indeed, according to detailed modeling, the 
atmospheres of, at least, two of the five, Kepler-11d 
and 11e, constitute approximately 10-20% of the 
planetary total masses, provided they are rocky planets 
[1]. If so, they are a new type of planet that we have 
never seen in the current solar system. Furthermore, 
estimates of atmospheric mass loss due to intense stel-
lar-XUV irradiation suggest that they all had such 
thick atmospheres in the early stages [1, 2].  

Those atmospheres, if primordial, came from the 
protoplanetary disk in which the planets formed. In the 
framework of the core accretion model [3], solid plane-
tary embryos first form, and then collect the surround-
ing disk gas gravitationally to form hydrogen-rich at-
mospheres. If this occurs well before disk dispersal, 
the disk gas accretion proceeds in a runaway fashion 
beyond some critical point. This results in the forma-
tion of massive hydrogen-rich envelopes of gas giants 
[4, 5]. The critical point is when the atmospheric mass 
is approximately 20-30% of the protoplanetary total 
mass [6], the fraction being similar to those of the at-
mospheres of interest. This means that the inferred 
masses of the atmospheres of the Kepler-11 planets are 
close to critical. In this sense, the origin of their pre-
dicted atmospheres interests us. 

In this study, we examine how likely the Kepler-11 
planets are to have gained such intermediate-mass at-
mospheres from a protoplanetary disk within the con-
text of recent theories of planetary accretion and disk 
evolution. 

Methods: We have simulated the accumulation of 
hydrogen-rich atmospheres on rocky protoplanets em-
bedded in the ambient disk gas with temperatures ap-
propriate to the Kepler-11 planets. We newly include 
the effects of the concurrent disk dispersal. Recent N-
body simulations demonstrate that final collisions of 
protoplanets occur during disk gas dissipation [7]. Af-
ter the final giant collisions, the protoplanets cool, los-
ing the collision energy, which results in the contrac-
tion and accumulation of the atmospheres.  

Results: Our simulations demonstrate that the at-
mospheric growth has two distinctly different out-
comes, depending on planetary mass. Light proto-

super-Earths undergo significant atmospheric erosion 
during disk dispersal. At relatively high disk tempera-
tures appropriate to the Kepler-11planets, they gain 
atmospheres only with mass of, at most, a few % of the 
planetary masses. In contrast, heavy proto-super-Earths 
undergo runaway disk-gas accretion to gain massive 
atmospheres like gas giants' envelopes. Thus, there are 
few solutions where the atmosphere constitute 10-20% 
of the planetary mass.  

Conclusions:  This study demonstrates that proto-
planets with mass of 1-10 Earth masses, namely, proto-
super-Earths rarely gain intermediate-mass hydrogen-
rich atmospheres from protoplanetary disks. If the Ke-
pler-11 planets were rocky planets with the predicted 
intermediate-mass hydrogen-rich atmospheres, those 
atmospheres would be unlikely to be primordial.  

References: [1] Lissauer, J. J. et al. (2011) Nat., 
470, 53-58. [2] Ikoma, M. and Hori, Y. in preparation. 
[3] Hayashi, C. et al. (1985) Protostars and Planets, 
1100-1153. [4] Mizuno, H. (1980) Prog. Theor. Phys. 
64, 544-557. [5] Bodenheimer, P. and Pollack, J. B. 
(1986) Icarus, 67, 391-408. [6] Stevenson, D. (1982) 
Planet. Space Sci., 30, 755-764. [7] Ogihara, M. and 
Ida, S. (2009) ApJ, 699, 824-838. 
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Core Erosion in Gas Giant Exoplanets Predicted from Ab Initio Simulations 
 
B. Militzer and H. F. Wilson (University of California, Berkeley)  
 
The observed mass-radius relationships of several transiting gas giant exoplanets have 
revealed that they are substantially heavier than a planet composed of just a mixture of 
hydrogen, helium, and heavier elements in stellar proportion. This is typically interpreted 
as evidence of a dense rocky core. Alternatively, models with a homogeneous enrichment 
of the gas envelope has also been considered. Here we employ ab initio Gibbs free energy 
calculations to investigate whether the materials in the core of gas giant exoplanets are 
thermodynamically stable when exposed to the layers of metallic hydrogen above at 
expected pressure-temperature conditions at the core-mantle boundaries. We focus on 
two typical core materials: water and magnesium oxide. We demonstrate that both 
materials are unstable and will insetad dissolve into metallic hydrogen. This implies that 
the core of all gas giant planets are, at least partially, eroded and, furthermore, that the 
observed mass-radius relationships are not sufficient to demonstrate the existence of a 
rocky core today.       
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THEORETICAL ISSUES FOR ROCKY PLANET INTERIORS NEAR 1.0 EARTH-MASS AND M-R
RELATIONS. Dimitar D. Sasselov, Harvard-Smithsonian Center for Astrophysics, 60 Garden St. Cambridge, MA 
02138, dsasselov@cfa.harvard.edu

Introduction: We review several aspects of 
Earth’s geodynamics that are uncertain under extrapo-
lation. Our goal is to map the theoretical mass-radius 
parameter space for rocky planets in the vicinity cen-
tered on 1.0 M_e, 1.0 R_e. We focus on diverse com-
positional models, corresponding atmospheres and 
surface evolution, with an eye on reducing the inherent 
degeneracy of the M-R diagram for small planets. We 
consider only the region up to 1.25 R_e, the so called 
Earth-size planets, and implications for Kepler.
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PLANET FORMATION AND THE DIVERSITY OF PLANETARY SYSTEMS.   
B. C. Bromley1 and S. J. Kenyon2  
1Department of Physics & Astronomy, University of Utah, SLC, UT 84112, bromley@physics.utah.edu,  
2Smithsonian Astrophysical Observatory, 60 Garden Street, Cambridge, MA 02138, skenyon@cfa.harvard.edu 

 
Introduction: We present new simulation results 

of planets growing from a sea of planetesimals within a 
protoplanetary disk. We track the viscous evolution of 
the disk, coagulation and fragmentation of planetesi-
mals, gravitational dynamics of protoplanets, and ac-
cretion of gas by icy or rocky cores.  The key physical 
parameters for our code include the initial mass of the 
disk (Mdisk), the gas viscosity (α), and the disk's pho-
toevaporation rate. Our results demonstrate how each 
parameter impacts the properties of newly-formed 
planetary systems. High Mdisk and low α favor Jupiters 
over Neptunes. High photoevaporation rates favor 
Neptunes over Jupiters. We compare predicted mass 
distributions of planets inside ~1 AU with results from 
Kepler. 
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THE FINAL STAGE OF TERRESTRIAL PLANET FORMATION. E. Kokubo1

and H. Genda2, 1National Astronomical Observatory of Japan (2-21-1 Osawa Mitaka Tokyo 181-8588 Japan),
2University of Tokyo

Introduction: The final stage of terrestrial planet
formation is known as the giant impact stage where
protoplanets collide with one another to form plan-
ets. So far this stage has been mainly investigated
by N -body simulations with an assumption of per-
fect accretion in which all collisions lead to accre-
tion. However, this assumption breaks for collisions
with high velocity and/or a large impact parameter.
In order to understand the final stage of terrestrial
planet formation, we have to take into account the
effects of imperfect accretion on orbital and accre-
tionary dynamics.

Methods: We derive an accretion condition for
protoplanet collisions in terms of impact velocity and
angle and masses of colliding bodies, from the results
of numerical collision experiments[1]. We adopt this
realistic accretion condition in N -body simulations
of terrestrial planet formation from protoplanets and
compare the results with those with perfect accretion
and show how the accretion condition affects terres-
trial planet formation[2]. We also perform N -body
simulations with collisional debris to investigate the
orbital evolution of terrestrial planets due to the in-
teraction with the debris.

Results: We find that in the realistic accretion
model, about half of collisions do not lead to ac-
cretion. However, the final number, mass, orbital
elements, and even growth timescale of planets are
barely affected by the accretion condition. For the
standard protoplanetary disk model, typically two
Earth-sized planets form in the terrestrial planet re-
gion over about 100 Myears in both realistic and per-
fect accretion models.

We also find that typically 10-20% of the total
protoplanet mass is released as collisional debris in
this stage. We demonstrate that if the debris is dis-
tributed locally around a planet orbit, the orbital ec-
centricity of an Earth-sized planet can be damped to
∼ 0.01 through dynamical friction from the debris in
about 100 Myears (Fig.1).

Figure 1: An example of the orbital evolution of a
terrestrial planet with collisional debris on the semi-
major axis-eccentricity plane. The initial planet mass
is 0.9M⊕ and the initial total mass of the debris is
0.1M⊕. The initial planet semimajor axis and eccen-
tricity are 1 AU and 0.1, respectively. The debris
is initially represented by 20 particles with high ec-
centricity that are distributed between 0.75 AU and
1.25 AU. The planet eccentricity decreases from 0.1
to � 0.01 due to the dynamical friction from the de-
bris in 100 Myears.

References

[1] Genda H., Kokubo E., and Ida S. (2011) ApJ, in
press.

[2] Kokubo E. and Genda H. (2010) ApJ, 714, L21-
L25.
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SNAGGING AN EARTH-CLASS EXOPLANETARY MOON.  D. M. Williams1 and A. I. Collins-Hed2, 1Penn 
State Erie, The Behrend College; 4205 College Drive, Erie PA, 16563; dmw145@psu.edu; 2aic110@psu.edu 

 
Introduction:  Planets are now expected to migrate 
towards [1] and sometimes towards and away [2] from 
their host stars as they form. Such motion could desta-
bilize the orbits of terrestrial planets that form in the 
same vicinity. This may result in close encounters be-
tween giant planets and terrestrial objects that produce 
a three-body “binary exchange” capture.  In such an 
event, a binary terrestrial object – presumably formed 
through pairwise accretion - is tidally disrupted by a 
giant planet and one member of the binary is lost while 
the other member is retained as a moon [3]. Whether a 
moon is captured depends sensitively on the encounter 
distance and velocity, as well as the masses of the ter-
restrial binary, the planet, and the host star. Here we 
show that such encounters sometimes produce moons 
exceeding a Mars mass around Jupiter-class planets. 
Binary-exchange capture might then be the best way to 
form moons large enough to have atmospheres and to 
harbor water-dependent life [4]. 
 

References: [1] Trilling D.E. et al. (1998) ApJ., 
500, 428–439. [2] Walsh K. J. et al. (2011) Nat., 475, 
206–209. [3] Agnor, C. B. Hamilton D. P. (2006) Nat., 
441, 192–194. [4] Williams D. M. et al. (1997) Nat., 
385, 235–237.  

 
 
 
 
 

 



2011 Kepler Science Conference - NASA Ames Research Center68

ABSTRACTS

308. EXOPLANET THEORY

Are hot Neptunes partially evaporated
hot Jupiters?

G. Boué (1), P. Figueira (1), A.C.M. Correia (2) and N.C. Santos (1)
(1) Centro de Astrof́ısica da Universidade do Porto, Rua das Estrelas, 4150-762
Porto, Portugal (gwenael.boue@astro.up.pt)

(2) Department of Physics, I3N, University of Aveiro, Campus Universitário de

Santiago, 3810-193 Aveiro, Portugal

Abstract

The detection of short period planets (hot Jupiters and their lower mass
counterparts, hot Neptunes and super-Earths) still defies the models of planet
formation and evolution. Several possibilities have been proposed to explain
the nature and formation process of the lower mass population, including in
situ formation, disk migration, planet-planet scattering and kozai evolution,
and the evaporation of a higher mass hot Jupiter. Using dynamical models

and the best estimates for evaporation velocities, we show that under
reasonable (and observed) physical conditions, hot Jupiter evaporation may

explain the observed population of hot Neptunes/super-Earths.
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TRANSIT CONSTRAINTS FOR A GENERAL PLANET FORMATION THEORY 

PROVIDED BY CoRoT AND KEPLER.  G. Wuchterl1, 1 CoRoT (DLR), Thüringer Landessternwarte, Sternwarte 

5, D-07778 Tautenburg, Germany.

Introduction:  I present results on a probabilistic 

general theory of planet formation. It is general in the 

sense that 

(1) it does not distinguish a-priori between planet-

formation driven by a core and not driven by a core, 

and,

(2) makes no a-priori assumption about the planet 

forming nebulae, except they are gravitationally stable. 

The goal of this approach is to understand the di-

versity of the exoplanet population as a consequence of 

the diversity of nebulae and with a minimum number of 

basic physical principles. 

Methods: Planetary masses are determined by cal-

culating all  physically possible planetary equilibria  – 

hydrostatic  and  thermal  -  in  arbitrary  gravitationally 

stable nebulae, cf. [1].  Planetary radii are determined 

by calculating the evolution of all planets found in the 

mass determination step. Frequencies of planets are ob-

tained for given system age, host-star mass and planet-

ary orbital period. 

Results: We  compare  the  theoretical  planet 

frewuencies to detected transiting planets in a probabil-

istic mass-radius diagram (see Figure).

The theory is confronted to the discoveries of Kepler 

and CoRoT with the strength of the constraints for the 

theory  estimated  by  the  amount  of  volume  of  the 

"phase"-space of all physically possible planets that is 

excluded by the observed planetary properties. 

Finally,  in  a  less  statistical  approach  we discuss 

how this approach helps to understand the extreme ob-

jects CoRoT-2b, CoRoT-18b, CoRoT-3b, CoRoT-15b, 

CoRoT-13b and CoRoT-20b.  

References:  [1] Broeg, C.H. (2009)  Icarus,  204,  

1,  15-31.  [2]  http://exoplanet.eu .[3]  Schneider,  J., 

Dedieu, C., Le Sidaner, P., Savalle, R., Zolotukhin, I. 

(2011) Astron. Astrophys. 532, 79

Acknowledgment:  Supported  by  the  Deutsches 

Zentrum für Luft- und Raumfahrt (DLR) under grant 

50-OW0603. 

Figure: Probabilistic theoretical mass-radius  
diagram for planets in orbits of 1 to 128 days  
near a solar mass star for ages of 0.01 to 12 
Ga. The number of planetary models is dis-
played with equidistant colour-enhanced con-
tours. Exoplanets from the Extrasolar Planets  
Encyclopedia, [2] are plotted as of Oct. 2010 
(blue dots) and Mai 2011 (red dots). The new 
proposed planet mass limit, [3] is plotted as  
a magenta vertical line, the WGESP-limit as  
a red vertical line. Yellow  and blue straight  
lines mark masses and radii of Jupiter, Ur-
anus and Neptune.
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Formation and Diversity of Planetary Systems around M dwarfs : 
Toward the Next-Generation Observations

○Yasunori Hori 1, Eiichiro Kokubo 1, Shoichi Oshino 1 and Shigeru Ida 2

1 National Astronomical Observatory of Japan
2 Tokyo Institute of Technology

The existence of low-mass planets gives us a key milestone for our 
understanding of the pathway from planetesimals to planets. Recently, the 
CoRoT and the Kepler missions have enabled us to detect low-mass 
planets with typically several times Earth-mass. However, target stars of 
those missions are mainly F, G, and K dwarfs. Planets around low-mass 
stars such as M dwarfs still remain to be poorly known. This motivates us 
to unveil planets orbiting M dwarfs as a next step. Although the HARPS 
has employed planet surveys around faint M dwarfs via high-precision 
radial velocity measurements at optical wavelengths, the number of 
planets around M dwarfs is limited to about 30. Nowadays the projects of 
IR doppler surveys and IR transit photometry for M dwarfs harboring 
planets as an alternative methodology are ongoing. Thus, in order to 
predict the properties of planets around M dwarfs to be discovered by the 
next-generation observations, we have investigated planet formation 
around M dwarfs on the basis of the standard framework of planetary 
accretion. In this talk, we review orbital properties of discovered planets 
around M dwarfs and then demonstrate the expected diversity of planetary 
systems around M dwarfs through a semi-analytical approach and 
population synthesis. We also discuss impacts of planetary migration, disk 
dispersal, stellar metallicity, and initial masses of protoplanetary disks on 
final configurations of planetary systems around M dwarfs. Finally, taking 
into account both mass loss of planets and tidal evolution, we present the 
expected planetary mass-semimajor axis distribution for M dwarfs.
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Kepler Giant Planet Discoveries S. Seager1,2, B. Demory1, and the Kepler Team. 1Department of Earth, Atmos-

pheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge MA, 02139, 1Department of 

Physics, Massachusetts Institute of Technology, Cambridge MA, 02139. seager@mit.edu, demory@mit.edu.   

 

Introduction: The Kepler Space Telescope has dis-

covered nearly one dozen confirmed giant planets and 

has additionally identified more than one hundred giant 

planet candidates.  Based on Kepler Q0-Q2 data (1235 

planet total candidates; [1]), there are 165 giant planet 

candidates  with 6 R⊕ < Rp < 15 R⊕ and 19 candidates 

with 15 R⊕ < Rp < 22 R⊕ for a total of 184 objects. Ke-

pler is changing giant exoplanet science by providing 

enough planet candidates for statistical studies, while 

at the same time because of large pool of planet candi-

dates is yielding interesting individual giant planets. 

 

The Power of Kepler Giant Planet Statistics:  

Giant planet radius vs. semi-major axis. A 

long-standing question in giant exoplanets is the origin 

of the inflated radii. In a detailed analysis of 116 giant 

planet candidate light curves from Q0-Q2 public data 

we find a lack of inflated radii for Kepler giant planet 

candidates receiving modest stellar irradiation [2]. 

Here “modest irradiation” is observationally derived as 

a stellar irradiation level of less than  ~2 x 10
8 erg s-1 

cm-2. At this or lower irradiation levels the giant planet 

radii appear to be independent of host star luminosity. 

We discuss the analysis and results and point out 

which radius inflation theories still stand. 

Giant planet albedos. For a second example of the 

science from Kepler’s large number of giant planet 

candidate light curves, we investigate hot Jupiter al-

beos using using Q0-Q6 data (presented by Demory et 

al., this conference).  We summarize a comparative 

study aiming to identify and interpret secondary 

eclipses of Kepler hot-Jupiters. The secondary eclipse 

in the Kepler bandpass has both reflected light and 

thermal emission contributions, depending on the esti-

mated planet atmosphere temperature. Our results 

show that irradiated giant planets have both reflective 

and dark atmospheres.  

 

Individual Kepler Giant Planet Highlights: For a 

comprehensive overview we list the Kepler giant 

planet discoveries and emphasize any new constraints 

on planet formation and migration theories. The giant 

planet discovery highlights include: the first circumbi-

nary planet (Kepler-16 (AB)b, [3]); the first non-

transiting planet detected via transit timing variations 

(Kepler-19c, [4]); a low density inflated hot Jupiter 

(Kepler-12b, [5]); a massive hot Jupiter orbiting an F-

star which is a member of a binary system (Kepler-

14b, [6]); a hot-Jupiter orbiting a metal rich star 

([Fe/H]=0.36) (Kepler-15b, [7]); a short period hot 

Jupiter with the determination of obliquity using star-

spots and a stroboscopic effect (Kepler-17b, [8]).  

Giant Planet False Positives: As a byproduct of our 

statistical analysis described above, we find a giant 

planet false positive rate of 17%  as compared to the 

planet candidates identified by the Kepler data pipeline 

[1]. Our false positive rate comes from  identifying 

secondary eclipses and by determining if the secondary 

eclipse depth is too large for a planetary origin [2]. The 

motivation for a false positive analysis is that the Ke-

pler giant planet candidates understandably receive a 

lower priority for radial velocity followup and for 

“blender analysis” than the sub-Neptune-size planet 

candidates.  

  

Outlook: We will conclude with  Kepler’s   future 

outlook for giant exoplanet science.  
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THE HEAVY-ELEMENT MASSES OF EXTRASOLAR GIANT PLANETS, REVEALED.  J. J. Fortney
1
 and 

N. Miller, 
1
Department of Astronomy and Astrophysics, University of California, Santa Cruz, 1156 High St., Santa 

Cruz, CA, USA 95064 

 

We investigate a population of transiting planets 

that receive relatively modest stellar insolation, indi-

cating equilibrium temperatures <1000 K, and for 

which the heating mechanism that inflates hot Jupiters 

does not appear to be significantly active. We use 

structural evolution models to infer the amount of 

heavy elements within each of these planets. There is a 

correlation between the stellar metallicity and the mass 

of heavy elements in its transiting planet(s). It appears 

that all giant planets possess a minimum of ∼10–15 

Earth masses of heavy elements, with planets around 

metal-rich stars having larger heavy-element masses. 

There is also an inverse relationship between the mass 

of the planet and the metal enrichment (Zpl/Zstar), 

which appears to have little dependency on the metal-

licity of the star. Saturn- and Jupiter-like erichments 

above solar composition are a hallmark of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

all the gas giants in the sample, even planets of several 

Jupiter masses. These relationships provide an impor-

tant constraint on planet formation and suggest large 

amounts of heavy elements within planetary H/He en-

velopes. We suggest that the observed correlation can 

soon also be applied to inflated planets, such that the 

interior heavy-element abundance of these planets 

could be estimated, yielding better constraints on their 

interior energy sources. We point to future directions 

for planetary population synthesis models and suggest 

future correlations. This appears to be the first evi-

dence that extrasolar giant planets, as a class, are en-

hanced in heavy elements.[1] 

 

 [1] Miller, N. & Fortney, J. J., 2011.  The Heavy-

element Masses of Extrasolar Giant Planets, Revealed, 

Astrophysical Journal, 736, L29 
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Kepler's Dark And Reflective Worlds.  B.-O. Demory1, P. Nutzman2, S. Seager1 and J. Fortney2 1MIT, 77 Mass. 
Ave, 02139, Cambridge, MA – demory@mit.edu, seager@mit.edu,  2University of California, pnutz-
man@ucolick.org, jfortney@ucolick.org  

 
Introduction:  Only a handful of giant planets do 

have constraints on their emission at visible wave-
lengths. Therefore, little is known about the processes 
that make those objects bright or dark. Incident stellar 
flux, atmosphere composition and dynamics play a 
salient role in producing the planetary emission. The 
precise photometry obtained with the Kepler mission 
allows to probe the planetary emission at visible wave-
lengths for a large sample of giant planets exhibiting 
various orbital and physical properties. 

We present a comparative study aiming at charac-
terizing hot-Jupiters visible flux in the Kepler band-
pass, using Q0-Q6 data. Our results show that irradiat-
ed giant planets do have both reflective and dark at-
mospheres. We discuss the influence of planetary den-
sity and incident flux on the observed patterns. The 
statistical significance of our sample allows to con-
strain the possible origins of this diversity and empha-
sizes how Kepler contributes to the growing field of 
comparative exoplanetology. 
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ALBEDO SPECTRA OF EXTRASOLAR GIANT PLANETS.   M. S. Marley1, K. L. Cahoy2, and J. J.  Fortney3, 
1NASA Ames Research Center; Mail Stop 245-3; Moffett Field, CA 94035 (Mark.S.Marley@NASA.gov), 2MIT 
(kcahoy@mit.edu), 3UCSC (jfortney@uclick.org)

Introduction:  The geometric albedo spectrum of a 
giant planet is controlled by a balance between absorp-
tion and scattering by gasses and condensates.  Typi-
cally Rayleigh scattering and photochemical haze ab-
sorption dominate at UV and blue wavelengths while 
molecular and atomic absorption and cloud scattering 
are primary at red wavelengths.  As a result the geo-
metric albedo of any given planet can vary dramati-
cally as a function of wavelength.  Meanwhile the 
Bond albedo, which measures the overall energy bal-
ance of a planet, depends both on the geometric albedo 
and the spectrum of incident light.  The same planet 
with a fixed geometric albedo spectrum can have very 
different Bond albedos under the light of an A star and 
an M star [1] for example.  Thus any constraint on a 
planet’s geometric albedo spectrum can provide greater 
insight into atmospheric structure and chemistry than 
the Bond albedo. 

Observational Constraints: Berdyugina and col-
leagues [2] recently employed polarimetry to constrain 
the geometric albedo of the non-transiting planet Upsi-
lon Andromedae b in U, B, and V bands.  They also 
combined their constraints with measurements of geo-
metric albedo for various other hot Jupiters from the 
literature to construct a generic hot Jupiter albedo 
spectrum.  They found that the geometric albedo of hot 
Jupiters varies from 0.5 at 365 nm to 0.3 at 500 nm to 
less than 0.1 at 800 nm.  This very blue spectra--
somewhat reminiscent of Neptune--matches well the 
expectations from planetary atmosphere models.

Modeling:  In [3] we combined self-consistent 
radiative-convective equilibrium models of exoplanet 
atmospheres with a code that computes the geometric 
albedo spectrum and phase curves of arbitrary planets.  
In that paper we focused on planets which might be 
directly imaged, for example by space-based corona-
graphs.  The role of clouds in controlling the reflec-
tance spectra of such planets is clearly seen here in 
Figure 1.  Planets with clouds typically have a fairly 
neutral overall spectrum with deep absorption bands in 
the red.   Cloud-free planets in contrast show a strong 
blue slope such as seen in the composite exoplanet 
spectrum constructed by Berdyugina et al. [2].

While the spectrum shown in Figure 1 is for a 
cloudless Jupiter,  it is nevertheless a planet at 0.8 AU 
and thus not a “hot Jupiter”. We are now computing 
similar geometric albedo spectra for true hot Jupiter 
cases, employing the atmospheric models of Fortney 
and collaborators.  In our presentation we will discuss 
the geometric albedo spectra of such models and com-

pare them both to the available exoplanet data and so-
lar system observations.  As albedo spectra are meas-
ured for more planets it may be possible to detect the 
transition from clear to cloudy atmospheres and thus 
place new constraints on the atmospheric physics of 
these exotic worlds.

References: [1] Marley M. S. et al. (1999) ApJ., 
513, 879. [2] Berdyugina S. V. et al. (2011) 
arxiv:1109.3116v1 [3] Cahoy K. L. et al. (2010) ApJ., 
724, 189.

Figure 1: Geometric albedo spectra of various model 
Jupiter-mass planets (from [3]).  Solar composition 
models are shown as solid lines, models with three 
times solar abundance of heavy elements are shown as 
dash-dotted lines.  Note that Jupiters lacking atmos-
pheric clouds (here the red curves) have a very blue 
spectrum while cloudy models have a much flatter 
reflection spectrum.
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Title:	
  Search	
  for	
  Secondary	
  Eclipses	
  of	
  Hot	
  Jupiters	
  in	
  Kepler	
  Q2	
  Light	
  Curves	
  

	
  Authors:	
  Mercedes	
  López-­‐Morales	
  (CSIC-­‐IEEC,	
  Spain)	
  &	
  Jeffrey	
  L.	
  Coughlin	
  
(NMSU,	
  USA)	
  

	
  Abstract:	
  	
  
	
  
	
  	
   We	
  present	
  the	
  results	
  of	
  searching	
  the	
  Kepler	
  Q2	
  public	
  dataset	
   for	
  the	
  
secondary	
   eclipses	
   of	
   76	
   hot	
   Jupiter	
   planet	
   candidates	
   from	
   the	
   list	
   of	
   1,235	
  
candidates	
  published	
  by	
  Borucki	
  et	
  al.	
  (2011).	
  The	
  search	
  has	
  been	
  performed	
  by	
  
modeling	
   both	
   the	
   original	
   Kepler	
   PDC	
   light	
   curves	
   and	
   new	
   light	
   curves	
  
produced	
  via	
  our	
  own	
  photometric	
  pipeline.	
  We	
  derive	
  new	
  stellar	
  and	
  planetary	
  
parameters	
  for	
  each	
  system,	
  while	
  calculating	
  robust	
  errors	
  for	
  both.	
  We	
  find	
  16	
  
systems	
  with	
   1-­‐2σ,	
   14	
   systems	
  with	
   2-­‐3σ,	
   and	
   6	
   systems	
  with	
   >3σ	
   confidence	
  
level	
   secondary	
   eclipse	
   detections	
   in	
   at	
   least	
   one	
   light	
   curve,	
   however,	
   results	
  
can	
   vary	
   depending	
   on	
   the	
   light	
   curve	
   modeled	
   and	
   whether	
   eccentricity	
   is	
  
allowed	
  to	
  vary	
  or	
  not.	
  We	
  estimate	
  false	
  alarm	
  probabilities	
  of	
  31%,	
  10%,	
  and	
  
6%	
   for	
   the	
   1-­‐2σ,	
   2-­‐3σ,	
   and	
   >3σ	
   confidence	
   intervals	
   respectively.	
   Comparing	
  
each	
   secondary	
  eclipse	
   result	
   to	
   theoretical	
   expectations,	
  we	
   find	
   that	
  many	
  of	
  
the	
  detected	
  planet	
  candidates	
  emit	
  more	
   light	
   than	
  expected,	
   indicating	
  either	
  
high	
  albedos,	
  strong	
  non-­‐LTE	
  processes,	
  or	
  mis-­‐identification	
  of	
  brown	
  dwarfs	
  or	
  
stellar	
  blends.	
  Based	
  on	
  these	
  results	
  we	
  estimate	
  an	
  11%	
  false	
  positive	
  rate	
  in	
  
the	
   current	
   Kepler	
   planet	
   candidate	
   sample	
   of	
   hot	
   Jupiters.	
   We	
   also	
   establish	
  
robust	
  upper	
  limits	
  on	
  the	
  eclipse	
  depth	
  for	
  the	
  remaining	
  systems,	
  and	
  find	
  that	
  
the	
  emission	
  of	
  most	
  of	
  those	
  systems	
  is	
  consistent	
  with	
  the	
  planets	
  having	
  very	
  
low	
  albedos,	
  i.e.,	
  at	
  least	
  30%	
  of	
  all	
  systems	
  have	
  Ag	
  <	
  0.3	
  at	
  1σ	
  confidence	
  levels.	
  
This	
   result	
   augments	
   the	
   current	
   number	
   of	
   constrained	
   exoplanetary	
   albedos	
  
and	
   extends	
   the	
   sample	
   of	
   low	
   albedo	
   determinations	
   to	
   planets	
   with	
  
temperatures	
   as	
   low	
   as	
   1200	
   K.	
   Finally,	
   we	
   note	
   that	
   continued	
   observations	
  
with	
  the	
  Kepler	
  spacecraft,	
  are	
  needed	
  to	
  better	
  characterize	
  these	
  systems.	
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Asymmetric transit curves as indication of orbital obliquity: stars and companion in KOI-13   Gy. M. Szabó1, 

R.  Szabó1,  J.  M. Benkő1,  H.  Lehmann2,  Gy.  Mező1,  A.  E.  Simon1,  Zs.  Kővári1,  G.  Hodosán1,  Zs.  Regály1,  B. 

Sipőcz3, L. L. Kiss1,4,  1Konkoly Observatory of the Hungarian Academy of Sciences, PO. Box 67, H-1525 Buda-

pest, szgy@konkoly.hu,  2Thüringer Landessternwarte, 07778 Tautenburg, Germany,3Centre for Astrophysics Re-

search, University of Hertfordshire, Hatfield AL10 9AB, 4Sydney Institute for Astronomy, School of Physics A28, 

University of Sydney, NSW 2006, Australia

Introduction: Exoplanets orbiting rapidly rotating 

stars may have unusual light curve shapes. These ob-

jects  transit  across  an  oblate disk with non-isotropic 

surface brightness, caused by the gravitational darken-

ing[1]. If such asymmetries are measured, one can in-

fer  on the orbital  obliquity of  the exoplanet  and  the 

gravity darkened star, even without the analysis of the 

Rossiter-McLaughlin effect or interferometry. 

KOI-13.01, a planet-sized companion in an A-type 

optical double star, was announced as one of the 1235 

Kepler planet candidates in 2011 February[2]. On 23 

September, new data (Q3 SC) become available,  and 

now the whole dataset covers ~220 days.

Results: KOI-13 is a common proper motion bina-

ry, with two rapidly rotating components (vsin i~65-70 

km/s)  at  1.18  arcsec  separation.  The  transit  curves 

show significant distortion that is stable in shape. and 

the transit curve asymmetry is consistent with a com-

panion orbiting a rapidly rotating star on an oblique or-

bit [3]. In August, 2011, new time-resolved high-reso-

lution spectroscopy of a transit was performed with the 

Nordic Optical Telescope (NOT) in DDT, and 3 weeks 

later,  an  out-of-transit  spectum was  taken  with  high 

S/N. Preliminary results confirm the oblique orbit.

With  pixel-level  photometry  of  Kepler  data,  and 

additional, complementary fast photometry of a transit 

we identified the host star of KOI-13.01 which is the 

brighter component, KOI-13 A. The transit depth, cor-

rected to the second light (containing 45% of the total 

flux)  is  8400 ppm.  This  implies  a  relative  radius  of 

0.0884, setting the size of KOI-13.01 at around 2 RJ. 

KOI-13.01  can  also  be  detected  in  secondary 

eclipse (Figure 1, bottom panel), with an eclipse depth 

of 0.00012 ± 0.00001 and eclipse duration (t1 to t4) of 

3.0  ±  0.2  hr,  while  its  mid-time occurs  at  0.5004  ± 

0.0004 phase. There is no hint for an eccentric orbit of 

KOI-13.01. The variation of the reflected light is ob-

served in the out-of-transit phases, and it is also asym-

metric  in  shape.  The  temperature  of  KOI-13.01  is 

about  3150 K from the eclipse depth,  which is 17% 

more than the equilibrium temperature on the compan-

ion's orbit. This difference is not unprecedented for ex-

oplanets,  and  there  is  no  hint  for  excessive  internal 

heat production of the companion [3].

Fig.  1.  Top:  Stellar  temperature  gradient  due  to  

gravity  darkening  causes  light  curve  distortions  

(based  on  the Barnes  2009 models).  Middle:  folded  

Kepler light curve of KOI-13 Bottom: the out-of-tran-

sit  phase  and the eclipse.  Note the grid lines  which  

emphasize the distortions.

There  are  indicative  signs  of  non-axisymmetric 

flux distribution in our NOT spectroscopy. A variation 

of the line profile in a few week's timescale is suggest-

ed. Also, the out-of-transit light variation (Q2-Q3, Ke-

pler  SC)  shows  a  complex  structure  of  frequencies, 

which is probably related to stellar rotation. The scat-

ter of the folded light curve is significantly larger than 

what  is  expected  from photometric  errors,  also  sug-

gesting  a  slight  variation  of  the  transit  light  curve 

shape, and hence, structures on the stellar surface. 

KOI-13 is a spectacular astrophysical laboratory of 

close-in companions in an oblique orbit. Two blue gi-

ants orbit each other, one of them hosts and an over-

heated close-in companion that glows in red light.
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Interpreting Geometric Albedos, Phase Curves, and Polarization of Reflected Light from Exoplanets.  N. 
Madhusudhan1 and A. Burrows1, 1Princeton University (4 Ivy Lane, Peyton Hall, Princeton, NJ 08544; Email: 
nmadhu@astro.princeton.edu, burrows@astro.princeton.edu.) 

 
Abstract: New observational facilities are becom-

ing increasingly capable of observing reflected light 
from extrasolar planets. Kepler observations of occul-
tations and phase curves have been reported for several 
hot-Jupiters [1-3]. In this study, we provide an analytic 
framework to interpret such observations of phase 
curves, geometric albedos, and polarization of giant 
exoplanetary atmospheres. We compute these observ-
ables for non-conservative Rayleigh scattering in ho-
mogeneous semi-infinite atmospheres using both scalar 
and vector formalisms [4,5]. We compare phase curves 
and albedos obtained for Rayleigh scattering with 
those obtained for Lambertian, isotropic, and asym-
metric scattering phase functions [6], and discuss ob-
servable diagnostics to differentiate between the dif-
ferent scattering sources. We provide analytic expres-
sions for geometric and spherical albedos as functions 
of the scattering albedo for semi-infinite Rayleigh scat-
tering. Given an observed geometric albedo, our pre-
scriptions can be used to estimate the underlying scat-
tering albedo which is indicative of the scattering and 
absorptive properties of the atmosphere [7]. Using a 
combination of analytic and numerical approaches, we 
demonstrate how Kepler observations of occultations 
and phase curves of transiting exoplanets can be used 
to constrain their atmospheric properties: their scatter-
ing mechanisms, geometric albedos, presence of  
stratospheric absorbers, chemistry, and photospheric 
temperatures. We also study the dependence of polari-
zation [8,9] of reflected light from Rayleigh scattering 
atmospheres on the orbital parameters of the system, 
particularly on the orbital inclination.  
 

 
Fig. 1: Geometric albedos as a function of scattering 
albedo for different single-scattering phase functions. 

The red and blue curves in the main panel in Fig.1 
show geometric albedos for Rayleigh scattering using 
the full phase matrix and using only the scalar phase 
function, respectively. The inset shows the percent 
difference between the two curves. The green and or-
ange curves in the main panel correspond to isotropic 
and Lambert scattering, respectively. The scattering 
albedo (ω) is given by ω = σscat/(σabs + σscat), where 
σscat is the single-scattering cross section and σabs is the 
absorption cross section.  
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Fig. 2.— Comparison of phase curves for different 
single-scattering phase functions. The phase curves for 
Rayleigh scattering (both scalar and vector) and iso-
tropic scattering are shown for several scattering al-
bedos between 0 and 1; higher phase curves corre-
spond to larger scattering albedos. For Lambert scatter-
ing, the phase curve is independent of the scattering 
albedo. 
 
References: [1] Christiansen, J. L. et al. (2010), ApJ, 
710, 97. [2] Desert, J.-M., et al. (2011), 
arXiv:1102.0555. [3] Demory, B-O. et al. (2011), ApJ, 
735, L12. [4] Abhyankar, K.D., Fymat, A.L. (1970), 
A&A 4, 101. [5] Horak, H.G. & Chandrasekhar, S. 
(1961), ApJ, 134, 45. [6] Horak, H. G. (1950), ApJ, 
112, 445. [7] Sudarsky, D., Burrows, A., & Pinto, P. 
(2000), ApJ, 538, 885. [8] Seager, S., Whitney, B.A., 
& Sasselov, D.D. (2000), ApJ, 540, 504 [9] Stam, D. 
M., Hovenier, J. W., & Waters, L. B. F. M. (2004), 
A&A, 428, 663. 
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Constraints on the True Obliquity of the Orbit of HAT-P-7b.  J. A. Carter1, J. A. Johnson, J. 
N. Winn, G. W. Marcy, A. W. Howard, M. J. Holman, D. Fischer, R. Sanchis-Ojeda, 1Harvard-
Smithsonian Center for Astrophysics, Cambridge, MA; jacarter@cfa.harvard.edu

Abstract:  The orbit of the exoplanet 
HAT-P-7b is known to be significantly 
inclined relative to the spin-directed 
equatorial plane of its host, based upon 
analyses of the Rossiter-McLaughlin anomaly 
(e.g., Winn et al. 2009).  These previous 
observations were only  sensitive to sky 
projections of the stellar-rotational and orbital 
angular momentum vectors but  favored two 
different, but equally  extraordinary orbital 
configurations: polar or retrograde.  

We present the light  curve of HAT-P-7, 
observed over many quarters with Kepler, and 
describe a number of analyses of this data that 
may  help  resolve the true spin-orbital 
configuration. We focus on photometric 
indications of spin-orbit obliquity including 
but not limited to transit light curve anomalies 
resulting from stellar rotational brightening 
(e.g., Barnes 2009) and/or those due to 
coherent starspot crossings during transit 
(e.g., Sanchis-Ojeda et al. 2011). 

We describe how we combine the Kepler 
data with new radial velocity data (including 
new observations of the Rossiter-McLaughlin 
effect) to address the true spin-orbit obliquity 
and better constrain the bulk properties of the 
planet and star.

References: 
[1] Winn J. N. et al. (2009) ApJL, 730, 

L99. [2] Barnes J. W. (2009) ApJ, 705, 683. 
[3] Sanchis-Ojeda R. et al. (2011) ApJ, 733, 
127.
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Measuring the Spin-Orbit Misalignment of KOI-13.01 from Kepler Transit Photometry Using Gravity Dark-

ening  Jason W. Barnes1, Ethan Linscott2, and Avi Shporer3 1University of Idaho, Department of Physics, Campus 

Box 440903, Moscow, ID 83844-0903  (jwbarnes@uidaho.edu),  2Oklahoma Baptist University, Department 

of Physics, Shawnee, OK 74804, 3University of California Santa Barbara, Department of Physics, Santa Barbara, CA 

93106  4Los Cumbres Observatory Global Telescope Network, Santa Barbara, CA 83117.

Abstract:  Barnes (2009) showed that gravity dark-

ening in rapidly-rotating stars can lead to unusual and 

asymmetric transit lightcurves for objects orbiting such 

stars.  Gravity darkening can be used to identify the rel-

ative angle between the angular momentum vectors of 

the star's rotation and the planet's orbit – the spin-orbit 

angle.  Building from the discovery of an asymmetric 

transit lightcurve for Kepler Object of Interest (KOI) 

13.01  by  Szabo  et  al.  (2011),  we  use  a  gravity-

darkened stellar model to fit the KOI-13.01 lightcurve. 

We find that a model with plausible parameters can fit 

the KOI-13.01 lightcurve much better than a non-rotat-

ing stellar model (Figure 1).  The fit tightly constrains 

the  spin-orbit  angle.  We measure  the  full  spin  orbit 

angle for KOI-13.01 to be 56o+/-4o, composed of a stel-

lar obliquity of 48o+/-4o  and a projected orbital angle 

of  23o+/-4o.   This represents  the first  instance where 

gravity darkening has been used to determine the spin-

orbit  angle  of  a  planetary  system.   As  such  gravity 

darkening is the third demonstrated technique to meas-

ure  spin-orbit  angles  (after  the  Rossiter-McLaughlin 

Effect and transits of starspots).  This purely photomet-

ric  technique  presently  leaves  a  degeneracy  between 

prograde and retrograde planetary orbit solutions (Fig-

ure 2).  Future Kepler data should improve the photo-

metric  precision  of  the  lightcurve  for  this  system. 

Those  future,  higher  precision  data  may be  able  to 

break  the  prograde-retrograde  degeneracy  using  the 

photometric Rossiter-McLaughlin Effect.

The origin of such a high obliquity for KOI-13.01 

is difficult to explain when considered in conjunction 

with the orbit's circularity as evidenced by secondary 

eclipse  timing.   Influence  from KOI-13's  companion 

star via the Kozai mechanism should have left  KOI-

13.01  in  a  highly  eccentric  orbit,  like  that  of 

HD80606b,  that should not have been able to tidally 

circularize in the star's 1 Gyr lifetime.  Hence planet-

planet scattering would seem to be the most plausible 

origin for  KOI-13.01's  spin-orbit  misalignment.   The 

KOI-13 system bears resemblance to WASP-33, which 

is also a short-period, spin-orbit-misaligned giant plan-

et orbiting an A-type star.

Figure 1:  Kepler lightcurve for KOI-13.01,  

along with best-fit models and residuals both 

with (blue) and without (red) gravity darken-

ing.  

Figure 2:  Allowed geometries for the orbit of  

KOI-13.01.
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CLUES ON THE ORIGINS OF HOT JUPITERS.  Amaury H.M.J. Triaud    amaury.triaud@unige.ch 
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We now know that hot Jupiters are around only one 

in 200 solar type star. Volume limited surveys using 

radial velocities discovered those unexpected objects 

and demonstrated the potential of the transit method. 

While they found only a handful of hot Jupiters, the 

transit method allowed the discovery of dozens of 

those worlds, in addition with providing many observ-

ables otherwise unreachable via the Doppler method. 

These strange planets, unknown to our Solar System, 

are outliers to the general planet population and as 

such deserve our attention as they can strongly con-

straint the theoretical framework aiming to understand 

planetary systems, which in turns helps in refining our 

position in the Universe. We are now studying these 

worlds using various methods. 

One such characterization method is to observe the 

transit spectroscopically. Thanks to the Rossiter-

McLaughlin effect is possible to measure the sky pro-

jection of the angle between the stellar spin and the 

planet’s orbital spin. 

I will present the state of the on-going effort to sur-

vey the spin/orbit angle distribution of hot Jupiters, 

and, combining it with other observables, I will com-

front current theories of planetary orbital migration and 

orbital reorganization.  

Then I will show how the Kepler mission can help 

refining our current image on the origins of hot Jupi-

ters. 

 

 

GAUDI & WINN 2007

In function of the spin/orbit angle, the shape changes

! = -"

where I is the orbital inclination with respect to the sky plane. In
the latter equality we have assumed mTM and e ¼ 0.

Assuming that the width of the absorption line is dominated
by rotational broadening, and further assuming that the stellar
Doppler shift is small, the first-moment approximation mentioned
previously gives (Ohta et al. 2005)

�VR(t) ¼ �VS sin IS

R R
xI (x; y) dx dyR R
I (x; y) dx dy

: ð4Þ

Here, VS is the equatorial rotation speed of the stellar photo-
sphere, IS is the inclination of the stellar spin axis relative to the
sky plane, and I (x; y) is the surface brightness of the observed
stellar disk (including the dark spot due to the planet). The sky-
plane coordinates x and y are measured in units of the stellar
radius, have their origin at the projected center of the star, and
are perpendicular and parallel to the projected stellar rotation
axis, respectively. In fact, equation (4) also holds for lines that
have additional broadening mechanisms, such as thermal broad-
ening, provided that the additional broadening mechanisms pro-
duce no net Doppler shift (i.e., the broadening kernel is symmetric
about its centroid).

For convenience, we write the RM effect as

�VR(t) ¼ KRg(t; xp; yp; �; �; : : :); ð5Þ

separating the overall amplitude KR of the RM effect from the
dimensionless function g(t) P 1. The amplitude is given by

KR � VS sin IS
�2

1� �2

¼ 52:8 m s�1 VS sin IS

5 km s�1

� �
r

RJup

� �2
R

R�

� ��2

; ð6Þ

where � � r/R. In the latter equality, we have assumed �T1.
For convenience, we will define V � VS sin IS . The dimen-
sionless function g depends primarily on the projected position
of the planet (xp; yp), but also on � and the limb-darkening
function. For simplicity, we use a single-parameter ‘‘linear’’

description of the limb-darkening law, such that the (unocculted)
surface brightness of the star is

I (x; y)

I0

¼ 1� �
h
1� 1� x2 � y2

� �1=2i
; ð7Þ

with � the linear limb-darkening parameter. Note that in some
circumstances—for example, the case of differential rotation,
as discussed in x 3—the function g will depend on additional
parameters.

Figure 2 shows three different trajectories of a transiting planet
across the stellar disk. These trajectories all have the same impact
parameter b, and consequently they all produce exactly the same
photometric signal.3 However, the trajectories differ in the value
of k, and consequently produce different RM waveforms, as
plotted in the lower row of panels. The sensitivity of the RM
waveform to k is what enables the observer to assess spin-orbit
alignment. The question of the achievable accuracy in k will be
taken up in x 3.

An especially simple case is when the planetary disk is fully
contained within the stellar disk, and limb darkening is negli-
gible (� ¼ 0). In that case, g is the perpendicular distance from
the projected stellar spin axis, g(t) ¼ xp(t). If we consider a
rectilinear trajectory across the face of the star with impact
parameter b, we can write the position of the center of the planet
as a function of time as

xp(t) ¼ � cos k� b sin k;

yp(t) ¼ � sin kþ b cos k; ð8Þ

where � � (t � ttra)/Ttra, ttra is the time of the transit midpoint,
Ttra ¼ R/vorb is the radius crossing time corresponding to the
planet’s orbital velocity at the time of transit [so that the transit
duration is approximately 2Ttra 1� b2ð Þ�1=2], and k is the angle
of the trajectory with respect to the apparent stellar equator. We
define k to be between �180� and +180�, such that for k > 0,
the planet moves toward the stellar north pole as it proceeds

Fig. 2.—Dependence of the RMwaveform on k. Three different possible trajectories of a transiting planet are shown, alongwith the corresponding RMwaveform (as
computedwith the formulae of Ohta et al. 2005). The trajectories all have the same impact parameter and produce the same light curve, but they differ ink and produce different
RM curves. The dotted lines are for the case of no limb darkening (� ¼ 0), and the solid lines are for � ¼ 0:6.

3 The impact parameter is given by b ¼ a cos I /R, where a is the orbital
semimajor axis.

TRANSITING EXOPLANETS 553No. 1, 2007

The Rossiter-McLaughlin effect in various situations, for an aligned orbit and two inclined orbits 
Graphics from Gaudi & Winn 2007, coloured. 
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Kepler Harvest of Eclipsing Binary Stars

A. Prša & the Kepler Team

Villanova University, Dept. of Astronomy and Astrophysics, 800 Lancaster

Ave, Villanova, PA 19085; email: andrej.prsa@villanova.edu

Abstract

The eclipsing binary field witnessed its scientific rebirth with the
ultra-high precision Kepler data. The practically uninterrupted data
acquisition and photometry of unprecedented quality revealed physi-
cal phenomena at a level of detail that challenges even the most so-
phisticated of models. We discovered and characterized over 2400
eclipsing binaries in the first three quarters of data. Here we sum-
marize the approach and tools to process eclipsing binary data. We
present statistical results of the observed sample, show some of the
most interesting light curves with significant eclipse timing variations,
tertiary events due to circumbinary objects, eccentric close binaries
exhibiting ”heartbeat“ patterns, and identify future goals to keep the
sample as complete as possible. A survey program is underway at
Kitt Peak’s 4-m telescope to acquire high-resolution spectroscopy of
the scientifically most interesting targets. These observations comple-
ment Kepler photometry and allow us to determine the fundamental
parameters of binary components (masses, radii and luminosities) in
absolute units. Recent and ongoing modeling advancements targeted
for the Kepler level of accuracy in the PHOEBE modeling code are
also discussed, notably the Doppler beaming effect, axial misalign-
ment, pulsating components in binaries, and error estimates based on
Bayesian inference. Finally, we touch on the likelihood of background
eclipsing binaries contaminating foreground stars and thus being po-
tentially confused with planet candidates.

1
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KOI-54: A Remarkable Periastron-Pumped Pulsating Binary Star
W. F. Welsh1 and the Kepler Team,
1Department of Astronomy, 5500 Campanile Drive, San Diego State University, San Diego, CA 92182-1221 USA
wfw@sciences.sdsu.edu

Kepler  observations of a previously-known bright but 
unremarkable A star revealed a fascinating light curve: 
KOI-54  exhibits  sharp  periodic  brightening  events 
every 41.8 days  with  a  superimposed  set  of  oscilla-
tions forming a beat pattern in phase with the brighten-
ings.  Spectroscopy revealed that  this  is  a  highly ec-
centric (e=0.83) binary star. We are able to match the 
Kepler light curve and radial velocities with a nearly 
face-on  binary  star  model  in  which  the  brightening 
events are caused by tidal distortion and irradiation of 
nearly  identical  A stars  during their  close  periastron 
passage [1]. There are two dominant oscillations in the 
light curve that are responsible for the beat pattern and 
have frequencies that are the 91st and 90th harmonic 
of  the  orbital  frequency.  The power spectrum of the 
light  curve reveals  at  least  30  significant  pulsations, 
nearly all of which have frequencies that are either in-
teger multiples of the orbital frequency or are tidally-
split  multiples  of  the  orbital  frequency.  This  pattern 
unambiguously  establishes  the  pulsations  as  reson-
ances between the dynamic tides at periastron and the 
free oscillation modes of one (or both) of the stars.

Yet despite our detailed understanding of this system, 
some  intriguing  puzzles  remain.  In  this  talk,  I  will 
show updated  Kepler observations, present the details 
of the modeling, and discuss the puzzles and potential 
discoveries that may be possible from this rich system.

References:
[1] Welsh, W.F. et al. (2011) ApJ (in press);
arXiv:1102.1730v2 
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Heartbeat Stars: A Class of Tidally Excited Eccentric Binaries  
S. E. Thompson1, T. Barclay2, F. Mullally3, M. Everett4, S. B. Howell5, M. Still6, J. L. Christiansen7, and J. Rowe8 
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martin.still@nasa.gov, 7SETI/NASA Ames, jessie.l.christiansen@nasa.gov, 8SETI/NASA Ames, jason-
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Introduction: We have discovered a class of ec-

centric binary systems undergoing dynamic tidal dis-
tortions and tidally induced pulsations in the Kepler 
data.  Each has a uniquely shaped light curve that is 
characterized by periodic brightening or variability at 
time scales of 4-20 days which is frequently accompa-
nied by shorter period oscillations (Figure 1).  We can 
explain the dominant features of the entire class with 
changing tidal forces that occur in close, eccentric bi-
nary systems. In this case the large variety of light 
curve shapes arises from viewing systems at different 
angles. A hypothesis that is confirmed with radial ve-
locity measurements that show an eccentric orbit (Fig-
ure 2).  

Prior to the discovery of these 17 new systems, 
KOI-54 [1] was the only system with direct detection 
of these dynamic tides and tidally induced oscillations. 
While significant work remains to include all the phys-
ics required to accurately model these systems and 
begin to understand how tidal effects influence the 
system, in this presentation we present preliminary fits 
to the light curves (Figure 3) and describe the proper-
ties of this class of stars as a whole. 

References:  
[1] Welsh et al. (2011) ApJ, accepted 
[2] Kumar et al. (1995) ApJ, 449: 294 

 
 

 
 
 

 
 
 
 
 
 
 
 

 
 

 
 

 
 
 

Figure 1. Example light curves.  

Figure 3. Folded light curve (blue) and pre-
liminary fit (green). The bottom panel con-
tains the residuals of the fit.  The fit was per-
formed using only the dynamic tidal distor-
tions that occur as the star passes through 
periastron [2].   

Figure 2. Folded light curve (red) and phased 
radial velocity measurements (black) of one ec-
centric binary system. 
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Tests of Age, Mass, and Radius from Binary Stars in Open Clusters.  E. L. Sandquist1, K. Brogaard2, et al.3   
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Abstract: 
The unprecedented observations of open star clus-

ters in the Kepler field provides the opportunity to de-
velop a more complete catalog of their eclipsing binary 
populations.  Here we present a current tally of cur-
rently identified eclipsing binaries and probability of 
cluster membership, focusing on the rich old (~2.5 
Gyr) open cluster NGC 6819. NGC 6819 has been the 
subject of a long-term radial velocity monitoring pro-
gram by Robert Mathieu and collaborators[1], making 
precise mass measurements possible for many of the 
systems. 

The masses and radii for stars at or brighter than 
the turnoff will be used to derive a statistical age con-
straint for the cluster, and to constrain the physics of 
convective overshoot in the stellar cores. A precise 
turnoff mass measurement for the cluster also removes 
one of the larger uncertainties in determining points on 
the white dwarf initial-final mass relationship. Obser-
vations of fainter stars within detached binaries will 
also provide a scaffolding of precise stellar masses for 
testing main sequence models for other uses, and in 
particular, helping to identify the helium abundance for 
cluster stars. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Interesting discoveries among cluster members in-
clude a near-contact binary with period 0.349 d and a 
light curve that modulates from a continuously varying 
W UMa-type to a detached eclipsing binary every 1.89 
d, and (we believe) the longest period totally-eclipsing 
binary containing two main sequence stars detected to 
date. 

References:  
[1] Hole, K. T.. et al. (2009) AJ, 138, 159.  
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The system KIC 10544976 is one of the few in the 

Kepler FOV that contains an eclipsing white dwarf [1]. 
It is composed of a ~20500 K DA white dwarf and an 
active M4V star in a close 0.35 d orbit, and it is 
thought to have formed after a binary system evolved 
through a common envelope phase. There are only a 
handful of such systems known in the sky, and none 
has been observed photometrically with the good cov-
erage provided by Kepler. 

 
We have observed in 1-min cadence the system as 

part of a Guest Observer program since the beginning 
of this program. We will present the results of the Cy-
cle 1 and Cycle 2 (Q2-Q8) observations of the system. 
The target is faint (Kepmag=18.679), and contami-
nated by at least three fainter stars that provide a sig-
nificant amount of extra flux to the aperture mask. We 
used the measurement of the motion of the sky across 
the center of the CCD channel (the POS_CORR1 and 
POS_CORR2 vectors), the astrometry of the Full 
Frame Images, and the knowledge of the relative posi-
tions between the contaminants to try to deduce the 
relative contribution of the contaminants to the aper-
ture mask. In this case, the optimal aperture mask was 
only one or two pixels, depending on the position of 
the target in the detector.  

 
The final light curve, containing more than 1500 

complete orbits of the system in a span of two years, is 
used to investigate the stellar activity and its depend-
ence on the orbital phase. There are many flares re-
corded in the Kepler curve; we will describe their 
properties and their evolution since the beginning of 
the Kepler observations. We searched for pulsations in 
the system, and we will give upper limits to their am-
plitudes. 

 
The out of eclipse portion of the orbit is dominated 

by the "reflection" effect, but ellipsoidal modulation 
and relativistic doppler boosting (or beaming effect) 
are also detected in the data. The precise shape of the 
short ingress and egress phases (when the white dwarf 
dissappears and reappears from behind the M dwarf) 
are used to attempt a detection of features in the sur-
face of the white dwarf. The centers of the eclipses are 

measured to a precision of about 5 s, and used to inves-
tigate the presence or absence of departures from a 
linear ephemeris. There are several systems in the lit-
erature where departures have been reported (e.g. 
[2],[3],[4]), while their interpretation is controversial in 
some cases. The KIC 10544976 is thus a valuable sys-
tem for this type of studies, as the eclipses are being 
observed continuosly for several years.       

   
References:  
[1] Almenara et al., submitted to MNRAS  
[2] Guinan & Ribas, ApJ 546, L43 
[3] Qian et al. 2009, ApJ 706, L96 
[4] Parsons et al. 2010, MNRAS 407, 2362 
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Kepler Survey:  Binaries are commonplace 

among stars, and the binary frequency increases from 
low mass to high mass stars (≈100%).  This suggests 
that the formation of binary stars is intrinsic to the for-
mation process of more massive stars [1] and that the 
angular momentum of the natal cloud is transformed 
into orbital angular momentum of binary stars. Many 
close binaries (often eclipsing) have distant third com-
panions.  These companions may have drained angular 
momentum from the inner region during the star for-
mation process, leading to a close, central binary [2]. 

We are conducting a Kepler program to search for 
such companions by recording the time shifts in the 
eclipses of the central binary due to the light travel 
time across the span of the reflex orbit.  We use the 
orbital eclipses as a basic clock whose “pulse” arrival 
times vary as the central binary orbits the center of 
mass with the distant third star.  Measurements of the 
eclipse times then provide the displacement of the bi-
nary along the line of sight as a function of time.  In 
addition, the gravitational pull of the third star will 
impose changes on the inner orbit that lead to osculat-
ing orbital elements that cause additional variations in 
the eclipse timings [3].  

We are involved in a 3 cycle program of Kepler ob-
servations of 41 eclipsing binaries that are detached 
systems with components of similar brightness, masses 
greater than the Sun’s, and that display deep eclipses.  
These are the gems of the Kepler field of view, because 
we can obtain very accurate eclipse timings (within a 
few seconds in long cadence observations) and we can 
determine a double-lined spectroscopic orbit for the 
central binary from spectroscopy.  

From the eclipse timings of this accuracy we should 
be able to detect companions as small as a few Jupiter 
masses [4] and from the spectroscopy and light curve 
we can find the masses of the central stars, a key com-
ponent in the analysis of the eclipse timing variations.  
Here we present a summary of the eclipse timing re-
sults to date and the associated spectroscopy. 

Spectroscopy:  Our goal is to determine the mass 
of each eclipsing binary through a combined spectro-
scopic and photometric study.  We have now collected 
moderate resolution spectra of most of the targets in 
observing runs with the KPNO 4 m, Lowell Observato-
ry 2 m, and DAO/HIA 2 m telescopes.  We aim to col-
lect at least six spectra per target at the important quad-
rature phases.  We employ cross-correlation methods to 
measure radial velocities, and use the program ELC [5] 
to make a joint light and velocity solution of the orbital 
elements.  In addition to the critical mass data, this data 

set will also provide accurate stellar temperature, radi-
us, and metallicity for the components of each binary 
system.  We show an example for KIC 5513861 of the 
radial velocity curve and individual spectra recon-
structed using a Doppler tomography algorithm [6] in 
Figures 1 and 2. 

Our survey of intermediate mass eclipsing binaries 
will determine the frequency and masses of these low 
mass companions (detecting all stellar companions 
with orbits of three years or less). These properties will 
offer important insight about the star formation process 
for intermediate mass stars.  

We gratefully acknowledge support from NASA 
awards NNX10AC39G and NNX11AB70G. 

References:  [1] Zinnecker H. & Yorke H. W. 
(2007) ARA&A, 45, 481. [2] Larson R. B. (2010) Rep. 
Prog. Phys., 73, 014901. [3] Schwarz R. et al. (2011) 
2011, MNRAS, 414, 2763. [4] Sybilski P. et al. (2010) 
MNRAS, 405, 657. [5] Orosz J. A. & Hauschildt P. H. 
(2000) A&A, 364, 265. [6] Bagnuolo W. G. Jr. et al. 
(1994) ApJ, 423, 446. 

 
FIG. 1- The radial velocity curves of KIC5513861. 

 
FIG. 2 - Reconstructed spectra of KIC5513861 (top = 
primary, middle = model, bottom = secondary). 
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PHOTOMETRIC DETECTION OF NON-TRANSITING SHORT-PERIOD BINARIES 
THROUGH THE BEAMING, ELLIPSOIDAL AND REFLECTION EFFECTS IN THE 
KEPLER LIGHT CURVES 

T. Mazeh1, S. Faigler1, S.N. Quinn2, and D.W. Latham2

1Wise Observatory, Tel Aviv University, Tel Aviv, Israel (mazeh@post.tau.ac.il),
2Harvard-Smithsonian Center for Astrophysics, 60 Garden St, Cambridge, MA 02138 

We present a simple algorithm, BEER, to find 
non-transiting short-period binaries by using pre-
cise light curves. The algorithm is based on the 
beaming (aka Doppler boosting) effect, which 
causes an increase (decrease) of the brightness of 
a light source approaching (receding from) the 
observer [1,2]. Because the beaming effect is very 
small, on the order of 4V/c, where V is the stellar 
velocity and c is the speed of light, the effect has 
become relevant only recently, when CoRoT and 
Kepler are producing hundreds of thousands of 
uninterrupted light curves with high precision. 

The BEER algorithm searches for a combination 
of the BEaming effect together with two other 
well-known modulations – the Ellipsoidal and the 
Reflection/heating periodic effects, induced by 
non-transiting companions [3]. 

We present seven newly discovered non-eclipsing 
short-period binary systems with low-mass com-
panions, identified by the BEER algorithm, ap-
plied to the Q0, Q1 and Q2 Kepler data. The sev-
en detections were confirmed by spectroscopic 
radial-velocity follow-up observations performed 
with the TRES spectrograph, indicating secondary 
masses in the range 0.07-0.4 Solar masses [4].  

The discovered binaries establish for the first time 
the feasibility of the BEER algorithm as a new 
detection method for short-period non-eclipsing 
binaries, with the potential to detect in the near 
future non-transiting brown-dwarf secondaries, or 
even massive planets. The BEER project has the 
potential of substantially changing our knowledge 
of the short-period binary population, as it is 
equivalent to a radial-velocity survey of a quarter 
of a million stars, which are being observed by 
the Kepler and CoRoT satellites. 

References:

[1] Loeb A., Gaudi B. S. (2003) ApJ, 588, L117-
L120.

[2] Zucker S., Mazeh T., Alexander T. (2007) ApJ,
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Dynamical Tides in Eccentric Binaries and Tidally-Excited Stellar Pulsations in KEPLER KOI-54
Jim Fuller and Dong Lai,  Department of Astronomy, Cornell University, Ithaca, NY 14853; 
derg@astro.cornell.edu; dong@astro.cornell.edu

Recent observation of the tidally-excited stellar oscillations in the main-sequence binary KOI-54 by the 
KEPLER satellite provides a unique opportunity for studying dynamical tides in eccentric binary systems. 
We develop a general theory of tidal excitation of oscillation modes of rotating binary stars, and apply our 
theory to tidally excited gravity modes (g-modes) in KOI-54. The strongest observed oscillations, which 
occur at 90 and 91 times the orbital frequency, are likely due to prograde m=2 modes (relative to the stellar 
spin axis) locked in resonance with the orbit. The remaining flux oscillations with frequencies that are inte-
ger multiples of the orbital frequency are likely due to nearly resonant m=0 g-modes; such axisymmetric 
modes generate larger flux variations compared to the m=2 modes, assuming that the spin inclination angle 
of the star is comparable to the orbital inclination angle. We examine the process of resonance mode lock-
ing under the combined effects of dynamical tides on the stellar spin and orbit and the intrinsic stellar spin-
down. We show that KOI-54 can naturally evolve into a state in which at least one m=2 mode is locked in 
resonance with the orbital frequency. Our analysis provides an explanation for the fact that only oscillations 
with frequencies less than 90-100 times the orbital frequency are observed. We have also found evidence 
from the published KEPLER result that three-mode nonlinear coupling occurs in the KOI-54 system. We 
suggest that such nonlinear mode coupling may explain the observed oscillations that are not harmonics of 
the orbital frequency.

References:  http://arxiv.org/abs/1107.4594

KOI-54 Tidally Excited Oscillations:  Jim Fuller & Dong Lai
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Kepler observations of rapid optical variability in active galactic nuclei
R. Edelson 1,2 , R. F. Mushotzky 1,3, W. Baumgartner 3, P. Gandhi 4,1 Department of Astronomy, University of 
Maryland, College Park, MD 20742, 2 Email: rickedelson@gmail.com, 3 Laboratory for High Energy Astrophysics, 
NASA/GSFC, Code 662, Greenbelt, MD 20771, 4  Institute of Space and Astronautical Science, Japan Aerospace 
Exploration Agency, 3-1-1 Yoshinodai, chuo-ku, Sagamihara, Kanagawa 252-5210, Japan 

Abstract:  Over three quarters in 2010-2011, Ke-

pler monitored optical emission from four active 

galactic nuclei (AGN) with ~30 min sampling, 

>90% duty cycle and d0.1% repeatability.  These 

data were used in the first direct determination of 

AGN optical fluctuation power spectral density 

functions (PSDs) over a wide range in temporal 

frequency.  Fits to these PSDs yielded power-law 

slopes of -2.6 to -3.3, much steeper than typically 

seen in the x-rays.  We find evidence that individ-

ual AGN exhibit intrinsically different PSD slopes.  

The steep PSD fits are a challenge to recent AGN 

variability models but seem consistent with first 

order MRI theoretical calculations of accretion 

disk fluctuations.
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Early Results from Kepler on Stellar Activity
Gibor Basri, UC Berkeley 

I review current science that results from the unprecedented ability of the
Kepler mission to study the precision photometric variability of stars. The
data are of a precision, longevity, and continuity that brings stellar science
into a realm that has been previously restricted to only our Sun. I begin by
discussing the data characteristics, especially some challenges that must
be overcome to fully realize the promise of the data. I next discuss
characteristics of the main sequence stars in bulk, particularly their levels
of variability on different timescales. One interesting result has been that
the Sun may be typical in some respects, but atypical in others. Next I
touch on the kinds of analysis that are beginning to bear fruit, such as
determination of stellar rotation periods, differential rotation, starspot
modeling, starspot evolution and lifetimes, flaring rates and energetics,
cluster studies, and stellar cycles. In a few cases, exoplanets transit across
starspots and provide an opportunity for more detailed information on spot
sizes and stellar orientation. One broad scientific goal is better
characterization of rotation-activity-age relations on convective stars of
different masses.
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The flaring behavior of G stars observed by Kepler.  David R. Soderblom1, Ron Ballouz1, Rachel Osten1, and Jeff 
Valenti1, 1Space Telescope Science Institute, 3700 San Martin Drive, Baltimore MD 21218 USA; drs@stsci.edu 

 
 

Kepler’s capabilities (precision, cadence, persistence, 
and sample size) make it possible to study stellar phe-
nomena at a previously-impossible level.  As a dra-
matic example, the Sun is the only G star that previ-
ously exhibited flares in integrated broad-band light 
(and just barely), yet a significant number (~1%) of 
Kepler’s G targets show white-light flares. 
 The Kepler photometry makes it possible to 
determine properties of the flares themselves: 

• Their total energies can exceed 1036 ergs, at 
least 4 orders of magnitude greater than the 
largest solar flares ever seen. 

• Flare shapes are classic FREDs (fast rise with 
exponential decay), with secondary events of-
ten seen during the decay phase. 

• Decay times are 1-4 hours (this is partly be-
cause most of the data have 30-minute ca-
dence). 

• The distribution of flare energies follows a 
power law for one especially well-studied 
star. 

In a few cases there exists one-minute data for flaring 
G stars, and in those instances more complete infor-
mation can be measured. 
 The Kepler photometry by itself, however, is 
not sufficient for determining the nature of the flaring 
stars.  Their nominal (KIC) radii imply that G stars 
over a broad range of evolutionary states (ZAMS to 
subgiants and giants) are capable of flaring.  The Kep-
ler light curves reveal rotation periods, but there is no 
obvious connection between, say, rapid rotation and 
flaring behavior. 
 Spectra of the flaring stars are needed to elu-
cidate the nature of the stars.  This is probably not just 
an age-related phenomenon, both because of the range 
of apparent radii seen and because the Kepler field is 
well out of the Galactic plane. 
 The phenomenology of the flaring behavior in 
these G stars and what information is known on the 
stars themselves will be summarized. 
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Starspotting: Looking at Kepler Data for Insight into Stellar Magnetic Activity  L. M. Walkowicz
1
 and G. 

Basri
2
, 

1
Princeton University, Peyton Hall, 4 Ivy Lane, Princeton NJ 08544-1001, lucianne@astro.princeton.edu, 

2
University of California at Berkeley, basri@berkeley.edu 

 

Introduction: Stellar magnetic activity leads to 

observable phenomena on a range of timescales, from 

spots that cause variation at the stellar rotation rate, to 

flares that result in rapid emission from subseconds to 

hours. Now in its third year of operations, NASA’s 

Kepler Mission is providing a new view into stellar 

activity through its precision photometry and continu-

ous time coverage.  

Starspots in Kepler data: Kepler’s photometry al-

lows us to measure stellar variation due to starspots on 

a unprecedently large sample of stars, both like the sun 

and quite different from it. These spots modulate the 

lightcurve as the star rotates, and are themselves mani-

festations of the magnetic field generated by the star’s 

rotation. Because of the intimate link between stellar 

rotation and the generation of the magnetic field, 

measuring the rotation periods, differential rotation and 

spot parameters for a large sample of stars provides 

feedback to our understanding of magnetic activity.  

In this talk, I will discuss how modeling starspots 

can provide insight into stellar activity, as well as our 

ongoing work to measure stellar rotation in the Kepler 

data and to develop a simple yet reliable starspot mod-

eling code that may be applied to a large sample of 

stars.  

 

 
Figure 1. Example fit to a Kepler lightcurve wfith diferen-

tial rotation for KIC11296561, using the starspot modeling 

code Cheetah (Walkowicz et al. 2011).  
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SPOT EVOLUTION AND DIFFERENTIAL ROTATION ON SUN-LIKE STARS.
S. V. Berdyugina1, H. Korhonen2, A. Brown3, S. Hawley4, A. Kowalski4, G. Harper5, L. Walkowicz6, T. Ayres3,

1Kiepenheuer Instut fuer Sonnenphysik, Schoeneckstr 6, D-79104 Freiburg, Germany, svetla-
na.berdyugina@kis.uni-freiburg.de; 2Niels-Bohr Institute, University of Copenhagen, Denmark, hei-
di.korhonen@nbi.ku.dk; 3University of Colorado, USA, alexander.brown@colorado.edu, tho-
mas.ayres@colorado.edu; 4University of Washington, USA, slh@astro.washington.edu, kowals-
ki@astro.washington.edu, 5Trinity College Dublin, Ireland, graham.harper@tcd.ie; 6Princeton University, USA, 
lucianne@astro.princeton.edu.

Starspots: Stellar activity is expressed in various, 
frequently eruptive phenomena, such as starspots, 
flares, prominences, and coronal mass ejections, which 
are driven by magnetic fields generated in differential-
ly rotating convective envelopes. Spots on sun-like 
stars harbour the strongest magnetic field and the cold-
est plasma on the stellar surface. Therefore, they are 
readily detected from periodic dimming of the star's 
brightness as it rotates dark starspots into view. Kepler
mission provides continuous photometric light-curves 
of unprecedented accuracy, allowing for detecting a 
multitude of starspots, investigating their properies and 
evolution, and constraining global magnetic dynamo 
mechanisms. 

Novel Light Curve Inversions:  We present a new 
light-curve inversion technique which fully exploits 
the benefits of continuous monitoring of stellar varia-
bility by Kepler. In contrast to earlier inversions, we 
are able to constrain the differential rotation of the star 
and reconstruct spots at a genuine 2D stellar surface, 
i.e., obtain both longitudes and latitudes of spots, 
which can also evolve in time. This results in a com-
prehensive picture of stellar rotation and spot evolu-
tion. In particular, we can investigate stellar butterfly 
diagrams and spot migration. 

Sun-like Active Stars:  We apply our new tech-
nique to Kepler Q1-Q7 data for a sample of active so-
lar-type stars (GALEX-selected) with typical rotation 
periods of a few days, that we have observed as part of 
our 200 target Kepler Cycle 1/2 Guest Observer pro-
grams. We obtain synoptic maps of stellar activity, 
determine stellar rotation and differential rotation 
rates, and evaluate starspot properties. One example is 
presented in Fig. 1. 

Figure 1: Synoptic maps of one of our targets for 
three latitude ranges revealing the differential rotation 
and evolution of starspots. 
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NEW METHODS TO MODEL ACTIVITY-INDUCED SIGNALS IN PHOTOMETRY AND RADIAL 
VELOCITY.  S. Aigrain1 , F. Pont2, S. Zucker3 and S. Roberts4  
1Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, OX1 3RA, United King-
dom, suzanne.aigrain@astro.ox.ac.uk; 2Astrophysics Group, School of Physics, University of Exeter, Exeter EX4 
4QL, United Kingdom, fpont@astro.ox.ac.uk; 3Department of Geophysics and Planetary Science, Raymond and 
Beverly Sackler Faculty of Exact Sciences, Tel Aviv University, Tel Aviv 69978, Israel, shayz@post.tau.ac.il; 
4Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, sjrob@robots.ox.ac.uk 
 

Introduction: Transit surveys such as Kepler are a 
treasure trove of information about relatively poorly 
understood process in stellar physics, in particular rota-
tion and magnetic activity. Unverstanding this signal is 
also a necessary step to maximize the exoplanet detec-
tion and characterization performance of this kind of 
mission. In this contribution I will discuss new tools I 
have developed in the past year to model activity-
induced signals in stellar light curves, and to predict 
and mitigate the corresponding activity-induced radial 
velocity variations. 

Quasi-periodic Gaussian process models: I will 
first present a class of quasi-periodic models [1,2] 
which can be used to measure rotation periods in long-
baseline light curves, allowing for the evolution of 
active regions and the overall activity level. The use of 
a Gaussian process framework [3] enables complex 
variations to be modeled using only a handful of pa-
rameters, which are directly related to physical quanti-
ties of interest. Using simulations, I will show that they 
can be used to recover accurate periods in cases where 
standard periodogram methods fail. They also be used 
to gather information on the statistics of active regions, 
including their lifetime, and to test for evidence of ac-
tivity cycles. I will then apply them to Kepler public 
datasets, and in particular the light curves of Kepler 
transit candidate host stars. 

Predicting activity-induced RV variations: I will 
then present a new, simple method to predict activity-
induced radial velocity variations using high-precision 
time-series photometry [4]. It is based on insights from 
a simple spot model, has only two free parameters (one 
of which can be estimated from the light curve) and 
does not require knowledge of the stellar rotation pe-
riod. I will illustrate its performance using tests on 
simulated data, simultaneous MOST/SOPHIE observa-
tions of the planet host-star HD 189733, and the Sun, 
where I will demonstrate that it can reproduce varia-
tions well below the m/s level. We have also applied it 
to Quarter 1 data for Kepler transit candidate host 
stars, where it can be used to estimate RV variations 
down to the 2–3 m/s level, and show that RV ampli-
tudes above that level may be expected for approxi-
mately two thirds of the candidates we examined. By 
coupling this method with the aforementioned quasi-
periodic Gaussian process models, it is possible to ap-

ply it also to stars monitored only from the ground, 
with much sparser time-coverage, and to compute RV 
variability estimates with robust error bars.  

[1] Aigrain et al. in prep. [2] Pont et al. in prep. [3] 
Rassmussen & Williams 2006, MIT Press. [4] Aigrain, 
Pont & Zucker, MNRAS, in press. 

 
 

 



2011 Kepler Science Conference - NASA Ames Research Center 95

ABSTRACTS

415. STELLAR ACTIVITY AND ROTATION

STARSPOTS AND SPIN-ORBIT ALIGNMENT FOR KEPLER EXOPLANETARY SYSTEMS.  R. Sanchis-
Ojeda1 and J. N. Winn1, 1Massachusetts Institute of Technology (first author address: 77 Massachusetts Avenue,
Office 37-602, 02139, MA), (emails, RSO: rsanchis@mit.edu, JNW: jwinn@mit.edu).

Introduction:
When a transiting planet passes in front of a star-

spot on the photosphere of its host star, an anomaly is
observed in the light curve. We have been developing
a new method that exploits these spot-crossing anoma-
lies to measure the obliquity of the star with respect to
the orbital plane of a transiting planet. Traditionally,
obliquities have been measured through the Rossiter-
McLaughlin effect, and have provided interesting in-
formation about exoplanetary systems.  Obliquities are
important because they are fundamental geometric pa-
rameters, and because they bear clues about the forma-
tion, migration, and tidal evolution of close-in planets
[1-8].

If the spot-crossing anomalies are observed to recur
with a progressively increasing phase during consecu-
tive transits, we may conclude the trajectory of the
spots is parallel to the orbital motion of the planet, and
the host star has a low obliquity.  This phenomenon
has been observed in the WASP-4b [9], CoRoT-2b
[10] and Kepler-17b [11] systems.

Knowledge of the stellar rotation period can help
us predict the position of spots on the surface of the
star for different values of the obliquity, and hence test
whether the star is aligned or misaligned in a simple
way. For Kepler stars, this test is often available due to
the rotation induced variations of the flux of the star,
which permit a measurement of the rotation period of
the star, and could be potentially implemented for hun-
dreds of exoplanetary systems.

In this contribution we will also explain how,
thanks to the continuous monitoring of its planetary
candidates, Kepler is also allowing us to measure the
obliquity for misaligned systems. In particular, the
appearance of active latitudes on the host star has al-
lowed us to measure the obliquity of HAT-P-11b with
high precision [12].  Knowledge of the orientation of
the star allowed us to measure the latitude of the spots
transited by the planet, information that can be used to
construct an analog of the solar butterfly diagram. This
method of obtaining the butterfly diagram could be
potentially used for any misaligned system, so long as
the star is active enough to show spot anomalies.

Many more systems show these spot-anomalies
among the released 1235 Kepler candidates. We will
show our current effort to develop techniques to meas-
ure the obliquity of many of these systems, and par-
ticular examples that show the strength of our methods.

References:
[1] Queloz D. et al. (2000) A&A, 359, L13.
[2] Ohta Y et al. (2005) ApJ, 622, 1118.
[3] Gaudi B. S. and Winn J. N. (2007) ApJ, 655, 1230.
[4] Winn J. N. et al. (2005) ApJ, 631, 1215.
[5] Winn J. N. et al. (2010) ApJ, 718, L145.
[6] Fabrycky D. C. and Winn J. N. (2009) ApJ, 696 ,
123.
[7] Triaud A. H. M. J. et al. (2010) A&A, 524, A25.
[8] Morton T. D. and Johnson J. A. (2011) ApJ, 729,
138.
[9] Sanchis-Ojeda R. et al (2011) ApJ, 733 , 127S.
[10] Nutzman P. A. et al. (2011) ApJL , in press
[arxiv:1107.2106N].
[11] Désert J. M. et al. (2011) ApJ, in press [arxiv:
1107.5750D].
[12] Sanchis-Ojeda R. et al. (2011) ApJ, in press
[arxiv: 1107.2920S].
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THE KEPLER CLUSTER STUDY AND STELLAR ROTATION IN CLUSTERS.
S.Meibom1

1Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA, 02138,
smeibom@cfa.harvard.edu

Today, ground- and space-based time-
domain observations are revolutionizing the 
study of stellar rotation with photometric 
measurements of unprecedented precision, 
cadence, and duration. Open clusters -
young and old - are targeted and the data 
promise a leap in our empirical knowledge 
of the dependencies of stellar rotation on the 
most fundamental stellar properties - age 
and mass. Observations in young clusters 
probe the early rotational evolution and have 
revealed well-defined and age-dependent 
relations between surface rotation period 
and mass. However, because of the 
challenge of measuring - from the ground -
the spot-induced photometric fluctuations 
for old and slowly rotating stars, the Hyades 
has long been the oldest cluster with 
measured rotation periods. Kepler offers a 
special opportunity to overcome this 
difficulty. The Kepler Cluster Study is 
targeting 3 clusters older than the Hyades 
with the goal of deriving rotation periods for 
late-type main-sequence members! 

I will present results from the Kepler Cluster 
Study, and discuss the implications for 
understanding the rotational evolution of 
late-type stars and for the prospect of 
determining their ages from measurements 
of their rotation periods and colors alone 
(Gyrochronology). 
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ASTEROSEISMOLOGY: NEW INSIGHTS IN VARIABLE STARS IN THE
CLASSICAL INSTABILITY STRIP.  D. W. Kurtz, Jeremiah Horrocks Institute, University of
Central Lancashire, Preston PR1 2HE, UK; kurtzdw@gmail.com

In 1926 in the opening paragraph of his now-
classic book, The Internal Constitution of the
Stars, Sir Arthur Eddington lamented, “What ap-
pliance can pierce through the outer layers of a
star and test the conditions within?” While he
considered theory to be the proper answer to that
question, there is now an observational answer:
asteroseismology. This talk will introduce the
concepts of asteroseismology, then look at a se-
lection of discoveries made with the micromag-
nitude precision the Kepler Mission data that have
revolutionised the study of classical pulsating
stars. Here are but three examples from an abun-
dance of new results:

The discovery of solar-like oscillations in a δ
Scuti star: Solar-like oscillators are the prime
targets of Kepler asteroseismology, since they
yield stellar masses and radii that are needed for
full characterisation of discovered planets. Theory
has long predicted the existence of hotter solar-
like pulsators in the instability strip, but there has
been no success in finding them with the world’s
largest telescopes and the most precise ground-
based data. Now solar-like oscillations have been
found for the first time in a δ Scuti star in the Ke-
pler field. Convection transports energy through
the outer 30% of the Sun, yet only through a
shallow layer in delta Scuti stars. The Kepler dis-
covery shows that convection in hotter stars in
much more efficient than in the Sun, hence illu-
minates our understanding of this important
physical process. [1]

The century-old mystery of the Blazhko Effect:
The “Blazhko Effect” is an amplitude and phase
modulation of the light curves of RR Lyrae stars
that has been known since 1907. Understanding
the physics of these 12-hour period pulsators is
important, since they are a “standard candle” for
determining distances within the Milky Way and
in nearby galaxies, thus are a foundation of ga-
lactic structure. Kepler data now show that as
many as 50% of all RR Lyrae stars are Blazhko
stars. They also show that three competing mod-
els to understand this are not viable. After a cen-
tury of work we now know from Kepler data for
RR Lyrae itself that the physics of the Blazhko

Effect is an unsolved mystery and that the Blaz-
hko cycles are not fully repetitive. We have also
discovered a new phenomenon, period doubling,
that is caused by a resonance for which we have
good models; this phenomenon was predicted, but
never observed before Kepler precision brought it
to light. The long-term observing of RR Lyrae
may finally solved the problem of the Blazhko
Effect and improve the galactic and nearby ex-
tragalactic distance relationship for these impor-
tant stars. [2]

The discovery of the first bi-axial pulsating
star: It has been a useful simplification in stellar
astrophysics to characterise stars as spheres. But
real stars rotate, and they have magnetic fields,
both of which distort the spherical symmetry.
Now Kepler data are so precise that we can begin
to probe the effects of these distortions. An ex-
treme example is the strongly magnetic peculiar
star KIC10195926. Kepler data show that this star
pulsates with two separate pulsation axes which
are neither the rotation axis nor the magnetic axis,
confirming a previously untested theoretical pre-
diction. The star also shows the first evidence of
torsional modes in a classical pulsator. But for
spots on the star these would normally be invisi-
ble. Only with Kepler precision can this new
physical phenomenon be seen. Observations over
years are needed to explore this in detail. [3]

[1] Antoci et al. (2011), Nat.,
doi:10.1038/nature10389
 [2] Kolenberg et al., (2011) MNRAS, 411, 878.
[3] Kurtz et al. (2011), MNRAS, 414, 2550.
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THE PHYSICS OF STOCHASTIC EXCITATION.   P. Goldreich1 and J. A. Johnson2,  1Division of Physics, 

Mathematics  and  Astronomy,  Caltech  350-17,  Pasadena  CA.  91125,  pmg@ias.edu,  2  Caltech,  johnasherjohn-

son@gmail.com

Introduction:  

A stellar mode achieves energy equipartition with 

the kinetic energy of convective eddies whose corre-

lation times  are comparable to its  period.  The ener -

gies of the most visible modes are similar to those of 

individual granules, or equivalently to the stellar flux 

that passes through a granule during its lifetime.

Interactions  that  excite  and  damp  an  acoustic  

mode  take  place  above  the  mode's  acoustic  cavity; 

they  merely  tickle  the  mode's  evanescent  tail.  As  a 

consequence,  the  mode's  linewidth  is  much smaller 

than its frequency and the modal peak rises above the  

level of the convective noise in velocity and intensity  

power spectra.

Scaling observational properties  of stochastically  

excited  modes  from  helioseismology  to  asteroseis-

mology implicity assumes that the maximum convec-

tive  Mach number,  M,  is  the same in all stars  with 

convective  envelopes.  For  some properties,  such  as 

the  frequency  of  maximum  visibility,  this  works  

pretty well; M is expected to be of order a few tenths  

and only enters to the first power. Other observation-

al quantities depend more sensitively on M.  Peaks of 

low  degree  modes  rise  by  of  order  M⁻⁴ above the 

convective  noise  in  velocity  and  intensity  power  

spectra  formed  from  observations  of  an unresolved  

star, and the ratio of linewidth to mode frequency de-

pends on even higher powers of M. Scaling of veloci-

ty is more direct than that of intensity since the latter  

is sensitive to the opacity.
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ASTEROSEISMOLOGY OF THE SOLAR ANALOGS 16 CYG A & B FROM KEPLER OBSERVATIONS.  
T. S. Metcalfe1, 1High Altitude Observatory, NCAR, P.O. Box 3000, Boulder CO 80307 USA; travis@ucar.edu

 
Abstract:  The evolved solar-type stars 16 Cyg 

A & B have long been studied as solar analogs, 
yielding a glimpse into the future of our own Sun. The 
orbital period of the binary system is too long to 
provide meaningful astrometric constraints on the 
stellar properties, but asteroseismology can help 
because the stars are among the brightest in the Kepler 
field. We present an analysis of three months of nearly 
uninterrupted photometry of 16 Cyg A & B from the 
Kepler satellite. We extract a total of 46 and 41 
oscillation frequencies for the two components 
respectively, including a clear detection of l=3 modes 
in both stars. We derive the properties of both stars 
using the Asteroseismic Modeling Portal (AMP), 
fitting the individual oscillation frequencies and other 
observational constraints simultaneously. We evaluate 
the systematic uncertainties from an ensemble of 
results generated by a variety of stellar evolution codes 
and fitting methods. The longer data sets that will 
ultimately become available will allow future studies 
of differential rotation, convection zone depths, and 
long-term changes due to stellar activity.
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Observational Constraints, Stellar Models, and Kepler Data for θ Cyg, the 

Brightest Star Observable in the Kepler Field of View 
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θ Cyg (13 Cyg) is an F4 main sequence star that, at 

visual magnitude V=4.48, is the brightest star observ-

able by the Kepler spacecraft.  Short-cadence pho-

tometric data using a custom aperture were obtained 

for this star during Quarter 6 (June-Sept 2010) and 

Quarter 8 (Jan-March 2011). 

We will present analyses of the solar-like oscilla-

tions first discovered in the Q6 data [1, 2]. We use 

observational constraints from the literature and recent 

ground-based observations including angular diameters 

from optical interferometry to construct stellar evolu-

tion and pulsation models of this star.  We discuss the 

expectations for solar-like oscillations, and the pros-

pects for detecting longer-period gravity-mode pulsa-

tions as seen in gamma Doradus variable stars of spec-

tral type A-F, given these constraints. 

With an effective temperature near 6500 K and 

near ‘solar’ element abundances, θ Cyg is near the 

edge of the gamma Doradus instability strip, where 

high-order gravity-mode pulsations with periods of ~1 

day may be present.  If the envelope convection zone 

of the star is not too deep, these gravity-mode pulsa-

tions may be driven by the convective blocking 

mechanism. The calculated envelope convection zone 

depth depends on the element abundance mixtures 

adopted for the stellar models [2].  Asteroseismic stud-

ies of θ Cyg therefore have potential to shed light on 

the solar abundance problem [3, 4], as well as to put 

constraints on the presence and detectability of g-mode 

pulsations for main-sequence solar-like stars. 

References: 

[1] Haas, M.R. et al. 2011, BAAS, 43, No. 2, 140.07. 

[2] Guzik, J.A. et al. 2011, in Resolving the Future of 

Astronomy with Long Baseline Interferometry, 

Soccoro, NM, March 2011, ASP, in press. 

[3] Guzik, J.A. and Mussack, K. 2010, ApJ 713, 1108. 

[4] Basu, S. and Antia, H.M. 2008, Phys. Rep. 457, 

217. 
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Seismic age calibration and heavy-element abundance in solar-type stars.  G. Houdek1, 1Institute of Astronomy, 
University of Vienna, 1180 Vienna, Austria (guenter.houdek@univie.ac.at). 

Introduction:  We introduce a new method for es-
timating the seismic age and heavy-element abundance 
in the Sun and solar-type stars. The method uses an 
asteroseismic calibration of theoretical stellar models 
using only low-degree acoustic modes. It can therefore 
be applied to solar-type stars, such as those observed 
by the NASA satellite Kepler and the planned ground-
based Danish-led SONG network. 

For the Sun, using this new seismic method and 
BiSON data, we obtain the age, 4.60 ± 0.04 Gy, which 
is similar to, although somewhat greater than, today’s 
commonly adopted values, and the surface heavy-
element abundance by mass, Zs = 0.0142 ± 0.0005, 
lies between the values quoted recently by Asplund et 
al. (2009) and by Caffau et al. (2009).   

References:
[1] Asplund et al. (2009) ARA&A, 47, 481.
[2] Caffau et al. (2009) A&A, 498, 877.
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ENSEMBLE ASTEROSEISMOLOGY OF SOLAR-TYPE STARS.   

W. J. Chaplin, School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT, 

UK (w.j.chaplin@bham.ac.uk) 

 

Our ability to constrain the fundamental properties 

and to "see" the interiors of other solar-type stars has 

taken a major step forward thanks to the NASA Kepler 

Mission, which, in addition to its search for potentially 

habitable exoplanets, is providing exquisite data for 

asteroseismology, the study of the natural oscillations 

of stars. 

During the first ten months of science operations 

the Kepler Asteroseismic Science Consortium (KASC) 

undertook an asteroseismic survey of solar-type stars 

that met with unprecedented success, yielding detec-

tions of solar-like oscillations in more than 500 stars 

[1]. Around 100 of these stars are now being monitored 

continuously for asteroseismology. In this talk I shall 

review the science that these unprecedented astero-

seismic data are making possible, including results 

from ensemble and statistical studies. I shall also dis-

cuss exciting science opportunities that will be made 

possible by the analysis of multi-year Kepler datasets. 

There are strong synergies between asteroseismol-

ogy and exoplanet science.  Asteroseismology can pro-

vide key input to characterize exoplanet systems, e.g., 

through measurement of accurate and precise stellar 

radii (for placing tight constraints on planetary radii), 

stellar ages, and stellar dynamics (including stellar an-

gles of inclination). I shall discuss the work of the Ke-

pler Asteroseismic Science Operations Centre 

(KASOC), which is providing asteroseismic input on 

exoplanet candidate host stars to Kepler Science Team. 

 

[1] Chaplin, W. J., et al.. (2011) Science, 332, 213 – 

216.  
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ASTEROSEISMIC MODELLING OF KEPLER STARS Sarbani Basu1  
1Department of Astronomy. Yale University , P.O. Box 208101, New Haven, CT 06520-8101, 

sarbani.basu@yale.edu 

The  Kepler  mission  is  providing  us  exquisitely 

precise data on stellar oscillations.  These oscillations 

allow us to study stellar  properties with amazing de-

tail.  In this talk I shall review how we use asteroseis-

mic data to study the properties  of stars.  I shall  start 

with the basics of how we asteroseismic data can con-

strain stellar  masses  and  radii  and  go on to detailed 

modelling  of a stars interior structure and physics  of 

stars.  Some the methods that I shall describe are also 

being  applied  to  data  obtained  from  exoplanet  host 

stars to provide  inputs that can characterize the exo-

planet systems.



2011 Kepler Science Conference - NASA Ames Research Center104

ABSTRACTS

508. ENSEMBLE ASTEROSEISMOLOGY OF SOLAR-TYPE STARS

LONG-BASELINE INTERFEROMETRY FOLLOW-UP OF KEPLER STARS USING THE CHARA AR-
RAY.  D. Huber1, M. J. Ireland2,  T. R. Bedding1, O. Benomar1, I. Brandao3, H. Bruntt4, W. J. Chaplin5, M. Cunha3,  J. 
De Ridder6, C. Farrington7, S.  Frandsen4, P.  J. Goldfinger7, V. Maestro1, H. A. McAlister7, T. S. Metcalfe8, A. Mi-
glio5, J. Molenda-Zakowicz9, M. J. P. F. G. Monteiro3, L. Piau10, G. Schaefer7, D. Stello1, J. Sturmann7, L. Stur-
mann7,  T. ten Brummelaar7, M. Thompson8, N. Turner7, P.  G. Tuthill1, K. Uytterhoeven11, and T. R. White1.  1Sydney 
Institute for Astronomy (SIfA), School of Physics, University of Sydney, NSW 2006, Australia; 
dhuber@physics.usyd.edu.au, 2Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia, 
3Centro de Astrofisica and Faculdade de Ciencias, Universidade do Porto, Rua das Estrelas, 4150-762 Porto,  Portu-
gal, 4Danish AsteroSeismology Centre (DASC), Department of Physics and Astronomy, Aarhus University, DK-
8000 Aarhus C, Denmark, 5School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, 
UK, 6Instituut voor Sterrenkunde, K.U.Leuven, Belgium, 7Center for High Angular Resolution Astronomy, Georgia 
State University, P.O. Box 3969, Atlanta, GA 30302-3969, USA, 8High Altitude Observatory, NCAR, P.O. Box 
3000, Boulder, CO 80307, USA, 9Astronomical Institute of the University of Wroclaw, ul. Kopernika 11,  51-622 
Wroclaw, Poland, 10Laboratoire AIM, CEA/DSM-CNRS, Universite Paris 7 Diderot, IRFU/SAp, Centre de Saclay, 
91191, Gif-sur-Yvette, France, 11Instituto de Astrofisica de Canarias,  Calle Via Lactea s/n, E - 38205 La Laguna, 
Spain

Introduction:  The direct determination of stellar 
radii and effective temperatures is essential for improv-
ing our understanding of stellar structure and evolution 
and our ability to predict fundamental parameters of 
faint stars. We present results of a campaign using the 
PAVO beam combiner at the CHARA Array to meas-
ure the angular sizes for a sample of main-sequence, 
subgiant and red-giant stars for which solar-like oscil-
lations have been detected by the Kepler mission and 
the CoRoT space telescope (see Figure 1). By combin-
ing angular diameters with parallaxes we measure lin-
ear radii and compare these to radii determined using 
asteroseismology. By combining bolometric fluxes 
with angular diameters we measure effective tempera-
tures and compare these to determinations using spec-
troscopy, as well as comment on the possibility of us-
ing independent constraints from asteroseismology, 
interferometry and spectroscopy to improve model 
physics of low-mass stars such as the calibration of 
convection formalisms. Finally, we comment on the 
possibility of using CHARA observations to help con-
firm exoplanet candidates around the brightest Kepler 
Objects of Interest by constraining or eliminating stel-
lar companions at small angular separations.

Figure 1: H-R diagram with the position of all Kepler 
and CoRoT stars included in the follow-up campaign 
using the CHARA Array. Grey lines show 0.8-2.6M� 

model tracks in steps of 0.1M�. The dashed line marks 
the cool edge of the instability strip.
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ASTEROSEISMIC ANALYSIS OF TWO SUN-LIKE KEPLER SUBGIANTS:
KIC11395018 AND KIC10920273

G. Doğan1,2, T.S. Metcalfe1, S. Deheuvels3, M.P. Di Mauro4, P. Eggenberger5, M.J. Monteiro6, 

I.M. Brandão6, O. Creevey7,  and several other KASC Working Group-1 members
 

1High Altitude Observatory, NCAR, P.O. Box 3000, Boulder, CO 80307, USA, gulnur@ucar.edu,  travis@ucar.edu,  
2Department of Physics and Astronomy, Aarhus University, 3Department of Astronomy, Yale University, 

sebastien.deheuvels@yale.edu, 4INAF – IASF, Istituto di Astrofisica Spaziale e Fisica Cosmica, 

mariapia.dimauro@iasf-roma.inaf.it, 5Observatoire de Genève, Université de Genève, 

patrick.eggenberger@unige.ch, 6Centro de Astrofísica da Universidade do Porto, mjm@astro.up.pt, isa@astro.up.pt, 
7 Université de Nice, Laboratoire Cassiopée, Observatoire de la Côte d’Azur, ocreevey@oca.eu

We performed asteroseismic modeling of two
G-type  subgiant  stars  using  8  months  of
Kepler data. The extraction of individual 
oscillation frequencies was carried out by the
Kepler  Asteroseismic  Science  Consortium
(KASC) -- Working Group1, and the 
atmospheric constraints ([Fe/H], Teff and logg)
were determined through spectroscopic 
observations at Nordic Optical Telescope, La
Palma, Spain. From a classical point of view,
these two stars  have very similar  properties
(almost  the  same  Teff and  logg),  however,
thanks to asteroseismology we can determine
their  own  global  parameters  and  compare
their predicted internal structures.
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510. RED GIANT OSCILLATIONS

ASTEROSEISMOLOGY OF RED GIANTS.  T. R. Bedding, School of Physics, University of Sydney 2006, Aus-
tralia, t.bedding@physics.usyd.edu.au 

 
The Kepler Mission has produced some spectacular 

results for red giant stars.  It was already known from 
ground-based spectroscopy and CoRoT photometry 
that red giants oscillate in a similar way to the Sun, but 
with longer periods and higher amplitudes. Now, 
thanks to the long time series from Kepler, we are able 
to carry out asteroseismology on hundreds of stars. I 
will review some of the key results, which include the 
detection of gravity-dominated mixed modes that allow 
us to distinguish between stars that have begun core 
helium burning and those still burning only hydrogen.  
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511. RED GIANT OSCILLATIONS

Red giants unveiled 
Benoît Mosser, LESIA, Observatoire de Paris, 5 place J. Janssen, F-92195 Meudon, France 
benoit.mosser@obspm.fr 
 
The Kepler mission provides us with thousands of red-giant light curves that allow a very precise 
asteroseismic study of these objects. Before CoRoT and Kepler, the red-giant oscillation patterns 
remained obscure. Now, these spectra are much more clear and unveil many crucial interior 
structure properties. For thousands of red giants, we can derive from the seismic data: precise 
estimates of the stellar mass and radius, the evolutionary status of the giants (with a clear difference 
between clump and RGB stars), the internal differential rotation, the mass loss, the distance of the 
stars... Analyzing this mass of information is made easy by the identification of the largely 
homologous red-giant oscillation patterns. For the first time, both pressure and mixed mode 
oscillation patterns can be precisely depicted. The mixed-mode analysis allows us, for instance, to 
probe directly the helium core and the thin region around the stellar core where hydrogen is burning. 
Fine details completing the red-giant oscillation pattern then provide further information for a more 
detailed view on the interior structure, including differential rotation. 
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The Intersection of Asteroseismology and Abundances.  C. R. Epstein1, M. Pinsonneault1,  and J. A. Johnson1,
1The Ohio State University, Department of Astronomy, McPherson Laboratory, 140 W 18th Ave.,Columbus, Ohio 

43210; epstein,pinsono,jaj@astronomy.ohio-state.edu

Introduction:  Stellar  ages  provide  fundamental

information on the dynamical and chemical evolution of 

the Milky Way, but they are one of the most difficult 

parameters  to  measure.  Asteroseismology  presents  a 

new technique capable  of  determining  stellar  ages  to 

18%, if supplemented by accurate chemical abundance 

information.

Current  Work: As part  of  SDSS-III,  the Apache 

Point  Observatory  Galactic  Evolution  Experiment 

(APOGEE)  is  obtaining  high-resolution  (R~20,000), 

high  signal-to-noise  (S/N~100)  H-band  spectra  of 

100,000  red  giant  stars  spanning  the  Galactic  bulge, 

halo, and thin and thick disks. In recognition of the wide 

variety  of  opportunities  made  possible  by  combining 

Kepler  asteroseismic  information  with  abundance

measurements,  APOGEE will  observe  12,000 stars  in 

the  Kepler  field.  This  cross-survey  collaboration

between the APOGEE and Kepler teams will produce a 

large sample of stars, mostly giants, identified with an 

evolutionary state  and precise measurements  of  mass, 

radii, age, and chemical abundances.

In  addition,  we  have  obtained  high-resolution

optical  spectra  of  ~100  Kepler  dwarfs  and  giants.

Preliminary  results,  the  current  status  of  the

collaboration with APOGEE, and scientific possibilities 

stemming from this work will be discussed. 
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PROBING  THE INNER  ROTATION  PROFILE OF THE SUBGIANT  KIC7341231.  S.  Deheuvels1 and 

KASC,  1Department of Astronomy,  Yale University,  P.O. Box 208101,  New Haven,  CT 06520-8101, USA,  se-

bastien.deheuvels@yale.edu

Rotation is  suspected to have  an important  influ-

ence on the structure and the evolution of stars. How-

ever,  the transport  processes  induced  by rotation are 

still uncertain and taking them into account in stellar 

models  is  very complex.  To  achieve  a better under-

standing  of  these  processes,  we  desperately  need  to 

obtain  observational  constraints  on  the  rotation  pro-

files of stars. To date, this has only been possible for 

the Sun.

We  here  present  the  case  of  the  subgiant 

KIC7341231,  which  was  observed  with  the  Kepler 

satellite over a 9-month period. In its oscillation spec-

trum, we have detected  mixed modes, i.e. modes that 

behave as p modes near the surface and as g modes in 

the  core.  Very  interestingly,  non-radial  modes  are 

clearly rotationally split in this star. This provides the 

exciting  opportunity  to  probe  the  rotation  profile  in 

the star,  including  in the most  central  layers,  where 

the  rotation  is  uncertain  even  in  the  Sun.  We  first 

search for a stellar  model  reproducing  both the seis-

mic  and  spectroscopic  constraints  available  for 

KIC7341231.  We then perform inversions of the ob-

served rotational splittings of the modes to obtain esti-

mates of the rotation profile in the star. We show that 

to  reproduce  the  observations,  the  core  has  to  spin 

about 6 times faster than the surface. This result sheds 

new  light  on  the  evolution  of  rotation  in  solar-like 

stars because the mass of KIC7341231 happens to be 

close to 1 M⊙.
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EXOPLANETS AND ASTROBIOLOGY.  C. B. Pilcher, NASA Astrobiology Institute, NASA Ames Research 
Center, MS247-6, Moffett Field, CA 94035 carl.b.pilcher@nasa.gov  

 
The first discoveries of extrasolar planets in the 

mid-1990’s contributed to the scientific foundation and 
programmatic motivation for establishing NASA’s 
Astrobiology Program and the NASA Astrobiology 
Institute (NAI).  The Kepler Mission is now making a 
pivotal contribution to that foundation, further 
strengthening the field of astrobiology and advancing 
our understanding of the potential of the universe to 
harbor life beyond Earth.  Since its inception in 1998, 
the NAI has supported a rich portfolio of extrasolar 
planet research, including the Virtual Planetary Labo-
ratory’s modeling of potential exoplanetary biospheres 
[1, 2] and the extension of precision radial velocity 
measurement capability into the near-infrared to im-
prove our ability to detect planets around M-stars, the 
most common stellar type in the galaxy [3, 4].  In this 
talk I will summarize the exoplanet research supported 
by the NAI and look toward the future of the field.  

 
References:  

[1] Segura, A., J.F. Kasting, V. Meadows, M. Cohen., 
J. Scalo,. D. Crisp, R. A. H.  Butler, G. Tinetti, Biosig-
natures from Earth-like planets around M dwarfs, As-
trobiology, 5(6): 706-725, 2005. [2] Domagal-
Goldman, S. D., Meadows, V. S., Claire, M. W. and 
Kasting, J. F. (2011), Using Biogenic Sulfur Gases as 
Remotely Detectable Biosignatures on Anoxic Planets, 
Astrobiology, Volume 11, Issue 5, pp. 419-441. 
(DOI:10.1089/ast.2010.0509). [3] Mahadevan, S. L. 
Ramsey, J. Wright, M. Endl, S. Redman, C. Bender, A. 
Roy, S. Zonak, N. Troupe, L. Engel, S. Sigurdsson, A. 
Wolszczan, B. Zhao, The Habitable Zone Planet 
Finder: A proposed high-resolution NIR spectrograph 
for the Hobby Eberly Telescope to discover low-mass 
exoplanets around M dwarfs, SPIE. 7735, 227, 2010 
(arXiv:1007.3235). [4] Ramsey, L.W., S. Mahadevan, 
S. Redman, C. Bender, A. Roy, S. Zonak, S. Sig-
urdsson, A. Wolszczan, The Pathfinder Testbed: Ex-
ploring techniques for achieving precision radial ve-
locities in the near infrared, SPIE, 7735, 231, 2010 
(arXiv:1009.0477) 
. 
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ADAPTIVE OPTICS IMAGES OF KEPLER OBJECTS OF INTEREST.  E. R. Adams1, D. R. Ciardi2, A. K. 
Dupree1, T. N. Gautier III3, C. Kulesa4, and D. McCarthy4, 1Harvard-Smithsonian Center for Astrophysics (60 Gar-
den St., Cambridge, MA, 02138, eadams@cfa.harvard.edu, adupree@cfa.harvard.edu), 2NASA Exoplanet Science 
Institute/Caltech (ciardi@ipac.caltech.edu), 3Jet Propulsion Laboratory/Caltech (thomas.n.gautier@jpl.nasa.gov), 
4University of Arizona (ckulesa@as.arizona.edu, dmccarthy@as.arizona.edu). 

 
Introduction: High-resolution images are a critical 

component of the Kepler validation effort. With sub-
arcsecond resolution, it is possible to detect very close 
companion stars, which can dilute the transit signal or 
even introduce false positive signals.  Here we present 
adaptive optics (AO) images of 90 Kepler Objects of 
Interest (KOIs) observed with two instruments: 
ARIES, a near-infrared PI instrument using adaptive 
optics on the MMT, and PHARO on Palomar. Most 
objects (60%) had at least one star within 6", and 20 
objects (22%) had one or more companion within 2" of 
the target star, the closest with separations of only 0.1". 
We also place limits on the allowed magnitudes of 
still-undetected stars from 0.1-4" of each star. 

 
Ruling Out False Positives: A variety of complemen-
tary methods are used to vet each Kepler candidate. 
When possible, high quality radial velocity measure-
ments can uniquely confirm planetary mass, but they 
are unfortunately quite difficult or impossible to obtain 
for the smallest, most interesting objects or those 
around faint stars. A variety of other tests are used for 
such objects. The centroid of each candidate star is 
examined both in and out of transit to be sure there is 
no motion, indicating that the correct transit host has 
been identified. High-resolution images are used to 
search for close companion stars, ideally in multiple 
wavelengths to provide additional color constraints on 
blend scenarios. All of these parameters are used in 
BLENDER analyses, a comprehensive approach that is 
used to validate the planetary nature of Kepler Objects 
of Interest, such as Kepler-9d [1]. The magnitude lim-
its placed at a range of distances by high-resolution 
images are particularly important, since they are used 
to decrease the area in which background events can 
exist and dramatically decrease the false positive prob-
ability. 
 
Accurate Sizes: Even if the object that transits is still a 
planet, the dilution caused by another star will make 
the planet appear smaller than it actually is. Account-
ing for even a little dilution could make a big differ-
ence in determining whether a candidate planet is actu-
ally Earth-sized. 
 
Examples:  Two objects that have benefitted from AO 
images are shown in Figure 1. Kepler-7, aka KOI-97, 
has a stellar companion at 1.8" that is 4 mag fainter in 
J and Ks [2]. This results in a dilution factor of 2.7% in 

both the primary transit and the planetary occultation. 
A larger effect can be seen for Kepler-14, aka KOI-98, 
which has a stellar neighbor 0.3" away that is 0.3 and 
0.4 mag fainter in J and Ks respectively [3]. Comple-
mentary speckle images were also taken in optical 
wavelengths [4]. When combined with an analysis of 
the centroids, it was determined that the planetary can-
didate orbits the brighter star, and, while still planetary, 
the object is both 10% larger in radius and 60% more 
massive than would be estimated without knowledge 
of the companion star. 

 
Figure 1. Inner 4" field of view of AO images of Ke-
pler-7, aka K00097, and Kepler-14, aka K00098. In 
both cases a nearby companion star is present, affect-
ing the planetary parameters determined. The compan-
ion to K00097 is 1.8" away and 4 mag fainter in J and 
Ks, while the companion to K00098 is 0.3" away and 
0.3 and 0.4 mag fainter in J and Ks. 
 
 
References: [1] Torres, G. et al. (2011) ApJ, 727, 24. 
[2] Demory, B.-O., et al. (2011) ApJL 735, L12.  [3] 
Buchhave, L. A., et. al. (2011) arXiv:1106.5510. [4] 
Howell, S. B. et. al. (2011) AJ, 142, 19. 
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The NASA Exoplanet Archive and support for the Kepler science community.  Rachel Akeson1 and the 
Exoplanet Archive Team, 1NASA Exoplanet Science Institute, California Institute of Technology, 1200 E. Califor-
nia Blvd, Pasadena, CA, 91125, rla@ipac.caltech. 
 

Introduction: The NASA Exoplanet Science Insti-
tute (NExScI) will be releasing the first version of the 
NASA Exoplanet Archive in late fall 2011.    One of 
the primary goals for this archive is to support the as-
tronomical community in utilizing Kepler data for 
exoplanet searches and other astrophysics and to sup-
port the Kepler project during the extended mission. 

I will describe both the near-term capabilities of 
this archive and the longer-term plans which include: 

- Tools for viewing and working with light 
curves (phasing, normalization, periodogram, 
see figure) 

- Integrated table of Kepler planets and candi-
dates including mission data validation values 
and follow-up data 

- Support for community-wide follow-up ob-
serving of Kepler candidates 

- Support for new Kepler candidates during the 
extended mission 

Community Input:  At the Kepler Science confer-
ence we will be soliciting feedback for future de-
veloment and support of the Exoplanet Archive such 
as: 

- How should the community be organized for 
the follow-up observing of Kepler candidates 
during the extended mission to minimize du-
plication of effort? 

- What additional tools are needed to work with 
Kepler data? 

- What additional data products should be inte-
grated into the environment?  

 
Figure 1: The normalized light curve, periodogram and 
phased light curve for Kepler 7 and a variable A star, 
KIC 9711267. 
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Radial velocity follow-up of CoRoT transiting candidates with HARPS.   

F. Bouchy
1,2

, A. Santerne
3
, C. Moutou

3
, G. Hébrard

1,2
, R. Diaz

1,2
, M. Deleuil
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, D. Queloz
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, A. Haztes

5
  

1
Institut d’Astrophysique de Paris, UMR7095, CNRS/UPMC, 98bis Bd Arago, 75014 Paris, France (bouchy@iap.fr, 

hebrard@iap.fr, diaz@iap.fr) 
2
Observatoire de Haute-Provence, CNRS/OAMP, 04870 St Michel l'Observatoire, 

France, 
3
Laboratoire d'Astrophysique de Marseille, CNRS/OAMP, 38 rue Frederic Joliot-Curie, 13388 Marseille, 

France (claire.moutou@oamp.fr, magali.deleuil@oamp.fr), 
4
Thuringer Landessternwarte, Sternwarte 5, Tautenburg 

5, D-07778 Tautenburg, Germany (artie@tls-tautenburg.de), 
5
Observatoire de l'Université de Genève, 51 chemin 

des Maillettes, 1290 Sauverny, Switzerland (didier.queloz@unige.ch) 

 

 

Abstract: Radial velocity follow-up is essential and 

mandatory to establish or exclude the planetary nature 

of a transiting companion as well as to accurately de-

termine its mass. Here we present our large program of 

Doppler follow-up conducted these 5 last years with 

the high-precision spectrograph HARPS (3.6-m ESO) 

on the CoRoT transiting candidates. We discuss and 

present our observing strategy, the main difficulties 

and limitations, as well as the obtained and on-going 

results. We also discuss the different diagnostics to 

reveal the impostors among the transiting exoplanet 

candidates and we point out the high rate of false posi-

tives revealed by our Doppler follow-up. 
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Measuring the Rate of Non-Planetary Background Transit Events in Kepler Data.  S. T. Bryson1, M. R. Haas2, 
J. M. Jenkins3, C. J. Burke4, and D. A. Caldwell5, 1MS 244-30 NASA Ames Research Center Moffett Field, CA 
94035 steve.bryson@nasa.gov, 2NASA Ames Research Center, michael.r.haas@nasa.gov, 3SETI Institute, 
jon.jenkins@nasa.gov, 4SETI Institute, christopher.j.burke@nasa.gov, 5SETI Institute, douglas.caldwell@nasa.gov. 

 
Introduction:  The Kepler mission finds exoplan-

ets through the detection of transit signatures.   How-
ever, transit-like signatures can be due to phenomena 
other than exoplanets.  One of the dominant sources of 
such false-positive transit signatures is an eclipsing 
binary nearly aligned with the observed target star, 
referred to as a Background Eclipsing Binary (BGEB).  
While eclipsing binaries in isolation generally have 
eclipses that are much deeper than a planetary transit, 
dilution by the flux of the target star can reduce the 
apparent depth of the eclipse so it appears very similar 
to a planetary transit.  

The Kepler data analysis pipeline uses a variety of 
methods to detect BGEBs, primarily by detecting an 
offset of the transit signal from the target star.  This 
method fails when the BGEB is very well aligned with 
the target star.  Therefore it is critical to know the 
probability of an aligned BGEB when determining the 
confidence that a transit signal is due to an exoplanet 
orbiting the target star.  Available binary density mod-
els [1] provide an estimate of the expected background 
binary density, but these models have a high degree of 
uncertainty because they are based on the observed 
bright binary population. 

We describe a direct measurement of the density of 
eclipsing binary signals in the Kepler field of view that 
would appear as planetary transits if diluted by a fore-
ground target star.  We expect that some of these sig-
nals are due to extremely faint binary systems that 
cannot be distinguished from the general stellar back-
ground. We do not attempt to characterize these binary 
systems, as we are interested only in the density of 
possibly confounding BGEB signatures. 

The Observed Data:  Starting in quarter 5 (Spring 
2010) a 36 x 60 pixel (143 x 239 arcsec) region (Fig. 
1) on each of the 80 active channels of the Kepler focal 
plane has been observed with the standard Kepler 30-
minute long cadence.  These regions contain relatively 
few bright stars.  The size of these regions was dictated 
by the number of pixels that became available when 
four channels of the Kepler focal plane failed in quar-
ter 4. 

These regions total 0.2% of the focal plane, com-
pared with 6% of the focal plane observed in the plane-
tary search.  Eclipsing binary density models predict 
that the number of BGEB signatures in each region 
will range from a few for channels towards the Galac-
tic plane to less than one for channels away from the 
Galactic plane.   

Measuring the BGEB Signal Density:  BGEB 
signals will be detected by tiling each region with 
overlapping 2x2 pixel apertures and searching these 
apertures for eclipsing binary signatures using the 
standard Kepler data analysis pipeline.  This search 
will be part of standard Kepler processing [2] begin-
ning in mid 2012. Preliminary searches are underway 
and available results will be presented.  The 2x2 tiling 
produces about 130,000 targets to be searched. 

The use of 2x2 pixel apertures is driven by the de-
sire to minimize background noise while still capturing 
the flux of the BGEB in at least one aperture.  We ex-
pect that the resulting search will be complete to about 
Kepler magnitude Kp = 22.  For comparison, Zodiacal 
light is about Kp = 20.   

This study will provide an estimate of the density 
per square arc second of eclipsing binary signals that 
would appear planetary (have depth < 1%) when di-
luted by a target star as a function of eclipse period and 
depth.  This estimate can be used to calibrate binary 
population models.  

Several challenges arise in this study.  Channels 
away from the Galactic plane are predicted to have 
fewer than 1 BGEB in each region, so our result will 
be based on small statistics.  We will discuss the com-
pleteness of our study, specifically the detectability of 
very dim BGEBs. 

We welcome collaborators in the analysis of this 
background data.  Formal collaborators will have ac-
cess to all background data.   

References: [1] Raghavan, D. et. Al. (2011) ApJ., 
to appear. [2] Jenkins, J. J., et al. (2010) Proc. SPIE, Vol. 
7740, 77400D. 

 
Fig 1: All Kepler channels averaged together, showing 
the BGEB search region as the shaded rectangle.  Left: 
all 1024 x 1100 pixels per channel.  Right: close-up of 
the BGEB search region. 
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Ground-based exoplanet surveys find that the 
probability for a star to be orbited by a gas-giant planet 
increases with the abundance of heavy elements (me-
tallicity) in the stellar photosphere. This is in agree-
ment with theoretical models of accumulation of dust 
grains and planetesimals into gas-giant cores. Howev-
er, how the planet-metallicity relationship extends to 
terrestrial planets is unknown. The unprecedented sen-
sitivity of the Kepler mission provides a unique oppor-
tunity to probe the planet-metallicity correlation down 
to low-radius planets. Here we report spectral observa-
tions yielding an abundance analysis of the host stars 
of 250 exoplanets discovered by the Kepler mission. 
The data reveal with statistical significance that planets 
with small radii orbit stars that are on the average of 
lower metallicity than planets with larger radii. This 
implies that the planet formation process converts dust 
much more efficiently into terrestrial planets than into 
cores of gas giants around low-metallicity stars.

We thank all the Kepler follow-up observers who have 
worked hard to obtain reconnaissance spectra of Kep-
ler Objects of Interest, which were the basis for this 
study:  William D. Cochran, Michael Endl, Phillip J. 
MacQueen, Paul Robertson, Erik J. Brugamyer, Caro-
line Caldwell, Anita L. Cochran, Geoff Marcy, An-
drew Howard, Debra Fischer, Christian Schwab, Julien 
Spronck, John Johnson, Tim Morton, Justin Crepp, 
John Pineda, Mike Bottom, Chris Clanton, Gaspar 
Bakos and Guillermo Torres. We also thank the Kepler 
team for the remarkable photometry that has provided 
the planet radius estimates. Kepler was competitively 
selected as the tenth Discovery mission. Funding for 
this mission is provided by NASAs Science Mission 
Directorate. 
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In the past three years the Kepler team has be-
gun to determine the commonality of Earth-like 
planets in our galaxy through their use of phase-
folding lightcurve analysis [1].  While these de-
tections help astronomers to understand the fre-
quency with which short period planets occur, 
they are insensitive to planets with long orbital 
periods [2] (figure 1).  Thus we are unable to as-
sess the commonality of our solar system as a 
whole because the data processing method is 
highly unlikely to detect the signature of planets 
with periods exceeding the current observational 
baseline, such as our Jupiter.  These “true Jupiter 
analogs” are an important factor in understanding 
the dynamics of other star systems and as such 
merit a focused attempt at detection. 

Figure 1: Periods of Kepler's planet candidates. For 
comparison, Jupiter's period is ~4332 days. 

 We adopt an analysis method focused on de-
tecting long duration, single transit events.  The 
traditional starting point of fitting high order pol-
ynomials to the entire lightcurve poses the possi-
bility of also fitting a long duration transit and is 
therefore avoided. Thus the algorithm must be 
robust enough to deal with numerous changes in 
curvature due to both stellar variability and large 
flux discontinuities caused by the equipment that 
cannot be divided out.  The magnitude of these 
affects varies strongly between stars, so the algo-

rithm must be able to handle such transitions 
quickly and proficiently. 

Lightcurves are searched piecewise for evi-
dence of large scale changes in the photometric 
scatter that characterize of planetary transits.  
Once a transit is detected, the code works through 
suspected transit points, verifying them one at a 
time through an iterative fitting process.  While 
the code is currently tuned for Jupiter-sized 
events, its thresholds can be manipulated to 
search for planets on shorter-period orbits as well.

Work is currently in progress to apply the al-
gorithm to the publicly released Kepler data (Q1 – 
Q3).  Preliminary results will be presented. 

References:
[1] Jenkins et al. (2010) Proc. of  SPIE, 7740. D1-

D11
[2] Borucki et al (2011) ApJ, 736:19 



2011 Kepler Science Conference - NASA Ames Research Center 117

POSTER ABSTRACTS

P0107. POSTER SESSION I

LINEAR AND NONLINEAR NOISE REDUCTION TECHNIQUES FOR KEPLER DATA.  D. L. Buzasi1, 
1Eureka Scientific, 2452 Delmer St., Ste. 100, Oakland, CA 94602, dbuzasi@gmail.com.

The Kepler pipeline produces simple aperture pho­

tometry on each target, and engineering data and other 

diagnostics are used to remove systematic errors in the 

resulting time series. Time series are then searched for 

planet  signatures  using  an  adaptive  matched  filter 

(Jenkins et  al.  2010),  and for  stellar  oscillations and 

other  astrophysically  interesting  phenomena  using  a 

variety of techniques (Hekker et al. 2011, Mathur et al. 

2011). Noise levels found in these time series are up to 

50% higher than originally anticipated for the mission, 

with  a  large  contribution  to  the  noise  level  coming 

from intrinsic stellar signals such as activity and gran­

ulation (Gilliland et al. 2011). 

Buzasi (2007) suggested that use of a Wiener filter 

based  on  the  known  signature  of  stellar  granulation 

might improve noise characteristics of the time series. 

However, this appears to be a significant improvement 

on the current (mostly time domain) filtering approach 

only in certain portions of parameter  space. Alterna­

tively,  nonlinear  noise  reduction  techniques  can  be 

used for such broad­band noise spectra. In this paper, 

we compare the performance of linear and nonlinear 

noise reduction on Kepler data, with both planetary de­

tection and stellar oscillation applications in mind.
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Introduction:  Exoplanet science is important to 

understanding the formation of planets and stars and 
the possibility of habitable planets and life elsewhere;  
[1-2].  Late K and early M dwarf stars are ideal candi-
dates for exoplanets detection because their relatively 
small size  and low stellar noise and lower luminosity 
increase the possibility of to detecting smaller transit-
ing planets around them [3-4].  The Kepler Mission is 
surveying approximately 150,000 stars for transiting 
planets; despite the bias of its magnitude-limited target 
catalog, this includes more than 10,000 late K- and 
early M stars [5].  However most of these stars are too 
faint for follow-up observations.  

Approach: We study nearby late K and early M 
stars as a comparison/complementary sample to that of 
Kepler.  We use SuperWASP lightcurves to identify 
candidate transiting planets to follow-up with more 
precise ground-based photometry.  SuperWASP con-
sists of two telescope arrays (in La Palma and South 
Africa) of 8 wide-angle cameras, each with 20482 
CCDs having a 61 square degree field of view [6-7]. 
SuperWASP can detect Neptune-size planets around 
M dwarfs (transit depth ~5 mmag) but with a high 
false-positive rate.  Our approach is to identify candi-
dates for rapid screening with high-precision (≤1 
mmag) photometry from 1-2m ground-based tele-
scopes.  We identified 1763 late K and early M stars 
with V<14 or J<10 from the SUPERBLINK proper 
motion-selected catalog [8] that are within 45" of 
sources falling in the inaugural (2004) fields of 
WASP-North: most sources have >10,000 measure-
ments.   

Candidate screening: After detrending, each 
lightcurve was searched for transit-like events in the 
range 0.3-30 days [7].  Over 1000 candidate transit 
signals were individually inspected and selected for 
follow-up using several criteria designed to eliminate 
false positives due to systematic noise and binary or 
spotted stars (Figure 1). Selection is based on signal to 
red-noise ratio (>3), elliptical variance, signal to red-
noise transit/anti-transit (>1), quality and number of 
transits, Δχ2, transit width and period, and transit 
depth. Signals with period within 5% of the alias sig-
nals at 1/3, 1/2, 2/3, 2, and 3 days or within 10% of 1 
day are rejected. 

Follow-up photometry:  Transit predictions are 
based on the SuperWASP-based ephemerides.  Events 

within 3 hr of sunrise/sunset or at airmass >1.4 are 
ignored.  The target is observed the entire night, until it 
sets, or airmass reaches 2.  Observations  are con-
ducted on the 2-m Faulkes-North telescope on Halea-
kula, Hawaii with a Spectra Physics 40962 CCD cam-
era.  The field of view is 10.5 ×10.5 arc-minutes.  All 
observations are obtained through a Pan-STARRS Z 
filter (center wavelength of 870 nm) to maximize sig-
nal from these red stars, minimize errors due to atmos-
pheric absorption, and intrinsic stellar variability [9].  
Fields are optimized to include one or more compari-
son stars of similar J magnitude and J-K color and 
avoid CCD cosmetics. Images are defocused to aver-
age out flatfield errors and reduce lightcurve noise to 
increase duty cycle. Each integration is 2-3 minutes 
and acquires a few million electrons.    
 

 
Figure 1. Normalized flux ratio between J=8.5 target  
and reference stars (RMS=1.3×10-3). The solid line is 
the predicted transit time; no transit was detected. 
 

Analysis and results:  The images are flat-fielded 
and aperture photometry is performed on the target and 
reference stars using a circular aperture and an annular 
sky aperture.  Thus far, usable data has been obtained 
on 6 nights, and we have achieved photometric  stabili-
ty (RMS) as good as 1.3×10-3 per 2 min integration, 
allowing us to detect Neptune-size planets.
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Introduction: We describe the Photometric Analy-

sis (PA) software component and its context in the 
Kepler Science Operations Center (SOC) Science Pro-
cessing Pipeline. The primary tasks of this module are 
to compute the photometric flux and photocenters (cen-
troids) for over 160,000 long cadence (30 minute inte-
gration) and 512 short cadence (one minute integra-
tion) stellar targets from the calibrated pixels in their 
respective apertures. We discuss science algorithms for 
long and short cadence PA: cosmic ray cleaning; back-
ground estimation and removal; aperture photometry; 
and target centroiding. We present examples of photo-
metric apertures, raw flux light curves, and centroid 
time series from Kepler flight data.  

Cosmic Ray Cleaning: Outlier values are identi-
fied and replaced in each background and target pixel 
time series. Detrending and median filtering are per-
formed on each time series, the Median Absolute Devi-
ation (MAD) of the residuals after median filtering is 
computed, and a detection threshold is applied. Outli-
ers may be both positive and negative, although a 
threshold multiplier may be specified for negative 
events. The expected cosmic ray flux rate for the Kep-
ler CCD array is 5 cm-2 sec-1 (three direct hits per pixel 
per day). 

Background Estimation and Removal: Back-
ground pixels are acquired at the long cadence rate in a 
grid pattern on each of the focal plane module outputs. 
A robust two-dimensional polynomial is fit to these 
background pixels on each cadence, and the polynomi-
al is evaluated at the coordinates of the target pixels in 
each stellar aperture to estimate the background level 
for each target pixel. The background is removed by 
subtracting the background estimates from the respec-
tive target pixels. Robust fitting is required because 
background pixels may be corrupted by flux from 
nearby targets. 

Aperture Photometry: Simple Aperture Photome-
try (SAP) is the only photometry method supported in 
the current PA release (SOC 8.0). For SAP, the un-
weighted sum of the background-removed pixels in the 
optimal aperture of each target is computed to obtain 
the raw flux per target and cadence. Uncertainties in 
the raw flux values are propagated by standard meth-
ods from uncertainties in the calibrated background 
pixels and calibrated pixels in the optimal apertures of 
the respective targets. 

Target Centroiding: The center of photometric 
flux is computed for each target and cadence from 
background-removed pixels in the associated centroid 
aperture. Two different centroiding methods are sup-
ported by PA. Flux-weighted (first moment) centroids 
are computed for all targets. Centroids may also be 
computed for select targets by fitting a predetermined 
Pixel Response Function (PRF) to pixel values in the 
respective target apertures. Flux-weighted centroids are 
computed in an aperture that includes the optimal aper-
ture plus a single halo ring for each target. PRF-based 
centroids are computed in an aperture that includes all 
available pixels for each target. Uncertainties in the 
row and column centroid values are propagated by 
standard methods from uncertainties in the calibrated 
background pixels and calibrated pixels in the centroid 
apertures of the respective targets. 

Barycentric Timestamp Correction: A barycen-
tric timestamp offset is computed for each stellar target 
such that the sum of the timestamp plus offset yields 
the time that flux from the given target would have 
been captured at the solar system barycenter. Barycen-
tric offsets allow investigators to account for modula-
tion of the timing of observed transits due to the helio-
centric orbit of the photometer. This correction also 
accounts for the small time slice offsets introduced in 
the multiplexed readout of the focal plane array. The 
corrections must be computed separately for each tar-
get due to the wide field of view of the Kepler photom-
eter. 

Summary: PA light curves, centroid time series, 
and barycentric timestamp corrections for each stellar 
target are exported to the Multi-mission Archive at 
Space Telescope [Science Institute] (MAST) and are 
made available to the general public in accordance with 
the NASA/Kepler data release policy. 

References:  
[1] Bryson, S.T., et al. (2010), “Selecting pixels 

for Kepler downlink,” Proc. SPIE 7740. 
[2] Jenkins, J.M., et al. (2010), “Overview of the 

Kepler Science Processing Pipeline,” ApJL, 713 (2), 
L87-L91. 
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SPIE 7740. 



2011 Kepler Science Conference - NASA Ames Research Center120

POSTER ABSTRACTS

P0110. POSTER SESSION I

VETTING KEPLER PLANET CANDIDATES WITH MULTI-COLOR PHOTOMETRY FROM THE 
GRAN TELESCOPIO CANARIAS.  K. D. Colón1, E.  B. Ford2,  R. C. Morehead3,  M. Shabram4, 1Department of 
Astronomy, University of Florida, 211 Bryant Space Science Center, PO Box 112055, Gainesville, FL 32611; 
knicole@astro.ufl .edu, 2University of Florida; eford@astro.ufl .edu, 3University of Florida; 
rmorehead@astro.ufl.edu, 4University of Florida; mshabram@astro.ufl.edu.

Introduction:  We present multi-color observations 
of several planet candidates recently identified by the 
Kepler space mission [1].   By applying the unique ca-
pabilities of OSIRIS (installed on the 10.4-meter Gran 
Telescopio Canarias) for near-simultaneous multi-color 
photometry, we use the color of Kepler candidates as 
measured during predicted transit events to reject can-
didates that are false positives (e.g., a blend with an 
eclipsing binary either in the background or bound to 
the target star).  Because a majority of Kepler’s eclips-
ing binaries have short orbital periods [2,3], and be-
cause hierarchical triple star systems can mimic 
Neptune-size transits [4], we specifically target small 
planets (less than ~6 Earth radii in size) with short or-
bital periods (less than ~6 days).  Our results include 
the identification of KOI 225.01 and KOI 1187.01 as 
false positives.  These observations are part of a pro-
gram to observationally determine the false positive 
rate for a subset of Kepler planet candidates (i.e. plan-
ets with radii less than ~6 Earth radii and orbital peri-
ods of less than ~6 days) and are complementary to a 
similar program being conducted using warm-Spitzer 
[e.g., 5,6,7].   The results of this program will be com-
pared to recent estimates made for the false positive 
rates for the Kepler sample [4,7].  This material is 
based upon work supported by the National Science 
Foundation Graduate Research Fellowship under Grant 
No. DGE-0802270.  This work was also aided by 
grants from the American Philosophical Society and 
the National Geographic Society.

References: [1] Borucki W. J. et al. (2011) ApJ, 
736, 19. [2] Prsa A. et al. (2011) AJ,  141, 83. [3] Slaw-
son R. W. et al .  (2011) submitted to AJ , 
arXiv:1103.1659. [4] Morton T. D. and Johnson J.  A. 
(2011) ApJ, 738, 170. [5] Ballard S. et al. (2011)  ac-
cepted to AJ, arXiv:1109.1561. [6]  Fressin F. et al. 
(2011) accepted to AJ, arXiv: 1105.4647. [7] Desert 
J.-M. et al.  (2011) Bulletin of the AAS,  Abstract 
#211.06.
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A photometric method to detect planets orbiting around
short-period binary stars is presented. It is based on the de-
tection of stellar eclipse signatures in the reflected light of
circumbinary planets. Amplitudes of such “eclipse echos”
(EEs) will depend on the orbital configurations of the stellar
binary and circumbinary planet(s) relative to the observer,
and theoretically could be detectable even for binary systems
not eclipsing along our line-of-sight. These reflected eclipses
will occur, to the observer, with a period that is distinct from
the binary eclipse periods themselves because, 1) the planet
will “see” eclipses at various times different from the ob-
server because of its orbital motion, and 2) by a much
smaller effect, the light travel time to/from the planet will
cause a variable delay in the reflected EE. At the photometric
precision of Kepler, dozens of known eclipsing binary sys-
tems may potentially show evidence of such EE signals if
short-period circumbinary planets are present.
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Figure 1: Plot of the final mass for an inviscid disk of the
gap-opening masses. We show three different values for the
gas surface density powerlaw exponent to cover a reasonable
range of potential initial conditions. The solid red curve corre-
sponds to the standard model value n = 3/2. Kinks seen are
due to transition from the disk back reaction being important
to not important.

Introduction: In a weakly turbulent disk the Type I inward
migration of objects of ∼ 10 M⊕ stalls due to the feedback
effect [1,2]. Since in the core-accretion model of planet forma-
tion such objects can form in a time (105

−106 yrs) comparable
to their migration time, provided that the nebula was enhanced
in solids with respect to solar abundances, gap-opening can
explain planet survival. The required enhancement in solids in
the planet-forming region can result from the gas-drag migra-
tion of planetesimals during the early evolution of the extended
solar nebula. Once such a core forms gap-opening occurs both
due to rapid gas accretion and because of the tidal interaction
with the gas disk. The final mass of an isolated planet then de-
pends on a competition between these two processes; however,
multiple giant planets complicate this picture as one planet can
replenish the feeding zone of its neighbor. Here we investi-
gate planetary properties using simple parameterized models
for the gas accretion rate onto the core and the evolution of the
gaseous disk [3] and the results from N-body accretion simu-
lations (e.g., [4]). We will discuss whether this framework of
planet formation yields planetary masses that are generally in
agreement with recent observational constraints [5].

Methodology: The non-linear evolution of sound waves
as they travel away from the planet leads to the formation
of a shock [6]. For a planet mass M , the distance at which
the wave first begins to deposit its angular momentum (for
a constant surface density disk) is given approximately by
lsh ≈ ζ(2H/3)(M/M1)

−2/5, where H is the local disk scale
height, M1 is the upper limit of the mass that may not open a
gap, and ζ = 1.4. More generally, the gap-opening conditions
on the limiting mass of the perturber for an inviscid disk [1]

can be expressed in terms of the Toomre parameter Q as

M/M1 > min[5.2Q−5/7, 3.8(Q/h)−5/13], (1)

where h = H/r. In the right limit, the feedback reaction of
the disk from the density perturbations to the drift velocity
causes the migrating protoplanet to stall, eventually stopping
migration and begins to open a gap in place [7,8]. The left
limit corresponds to the case for which the disk back reaction is
unimportant and fails to slow a rapidly migrating protoplanet
enough for it to stall. Instead, a gap is opened behind the
protoplanet (opposite the direction of migration). In Figure 1
we show the final mass of the giant planet with distance from
a solar like star using Eq. (1), for a standard “optically thin”
minimum mass model [9, solid curve], under the idealized
assumption that the protoplanet can accrete all of the available
gas within its shocking distance. These examples demonstrate
that gap-opening, and subsequently final masses can decrease
sharply as you approach the star.

In order to begin to properly model the physical processes
involved in gap-opening by a protoplanet, numerical mod-
els are required. We have developed a code that incorpo-
rates the growth of the giant planet with the disk evolution.
The gas accretion rate of the giant planet is parameterized us-
ing Ṁgas = M/τKH , where τKH is the Kelvin-Helmholtz
timescale [e.g., 10], and by drawing gas from the protoplanet’s
feeding zone. The half-width of this zone is defined by the
minimum of the accretion radius (Ra = GM/c2, where c is
the local sound speed), and 2.5 RHill.

We solve the self-consistent equation for the surface den-
sity evolution by combining the equations of continuity and
angular momentum:
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)
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where Gν and F are the viscous and gas tidal torque, respec-
tively. For the tidal torque F , we employ two methods. The
first is the damping prescription of [6] where the disk is ver-
tically isothermal and the disk response is strictly 2D[1,3,6].
However, the prescription of [6] only takes into account the
contribution of the torque from resonances that lie within a
(linear) “launch zone”. These authors calculate the form of
the wake in the linear zone which they allow to damp in the
non-linear region (beyond ∼ (4/3)H from the protoplanet).
Although this accounts for bulk of the torque, we supplement
this treatment by adding those resonant m-numbers that fall in
the non-linear region using the tidal torque formulae of [8].

References [1] Rafikov, R. R. 2002. Astrophys. J. 572,
566. [2] Li, H. et al. 2009. Astrophys. J. 690, L52. [3]
Estrada, P. R., and I. Mosqueira 2004. 35th LPSC, #1854. [4]
Chambers, J. E. 2001. Icarus 152, 205. [5] Howard, A. W.
et al. 2010. Astro ph. [6] Goodman, J., and R. R. Rafikov
2001. Astrophys, J. 552, 793. [7] Hourigan, K., and W. R.
Ward 1984. Icarus 60, 29. [8] Ward, W. R., 1997. Icarus 126,
261. [9] Hayashi, C. 1981. Prog. Theor. Phys. Supp. 70, 35.
[10] Ikoma, M., et al. 2000. Astrophys. J. 537, 1013.
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3
Dept. of Astrophysics, American Museum of Natural History, New York, NY 10024. 

 

 M dwarfs are attractive targets for planet searches 

because planets produce larger, unambiguous transits, 

and planets within the habitable zone (HZ) are more 

likely to transit and more frequently.  But most M 

dwarfs are faint and excluded from the magnitude-

limited Kepler target list, although fainter (14<Kp<16) 

proper motion-selected stars were included [1].  Dop-

pler follow-up is difficult and resource-intensive for 

faint stars (Kp>12), but there are alternatives methods 

to identify false positives and constrain mass [2-6].      

TRILEGAL [7] predictions of M star (Te<4000 K) 

counts in the Kepler field show that Kp>14 giants are 

scarce while dwarfs are abundant.  Only 4% of these 

are in the thick disk or halo and thus metal-poor and 

perhaps lacking planets. The number of stars for which 

a transiting HZ planet is detectable (SNR>7, 3 transits) 

in 1 yr, and the total number of detections assuming 1 

HZ  planet around each star were calculated assuming 

stellar radius~mass, circular orbits, and uncorrelated 

noise 2× the nominal limit [8].  We predict that obser-

vations of 5000 stars may yield many HZ planets.    

The prior false positive rate is predicted to be ≤10% 

[9].  Inclusion of late K stars (Te<4500K) doubles the 

number of super-Earth detections but the number of 

Earth-size planet detections increases by only 7%. 

Finally, determinations of M dwarf radii are re-

quired for planet radii.   Transit data suggest stellar 

densities/radii are intermediate those of the KIC and of 

Muirhead et al. [10], and roughly consistent with Yale-

Yonsei predictions [12]; further analysis is underway.   

 

Figure 1.  Predicted counts per 10 sq. deg. of M giants 

(black), M dwarfs around which planets of a given radius 

could be detected  (red/blue/green), and SUPERBLINK [9] 

proper-motion-selected M dwarfs with V-J>2.7 (purple).   

 

Figure 2. Total number of detections vs Kp magnitude in 1 

year if 1 planet of a given radius is in the HZ of each star. 

 

Figure 3.  M dwarf densities from the KIC (red), Muirhead 

[10] (blue), and transit duration assuming Rayleigh-

distributed eccentricities with dispersion of 0.05 (purple).  

Black points are interferometer measurements [11] and solid 

green is a Yale-Yonsei 5 Gyr [Fe/H] = 0 isochrone [12]. 

References: [1] Batalha N. et al. (2010) ApJ 713, 

L109. [2] Torres G. et al. (2011) ApJ 727, 24. 

[3] Lissauer J. et al. (2011) Nature 470, 53. [4] An-

derson H. et al. arXiv1103.2541. [5] Gaidos E. et al. 

arXiv1108.5686. [6] Wolfgang A. & Laughman G. 

arXiv1108.5842.  [7] Girardi L. et al. (2005) A&A 436, 

895. [8] Koch D. et al. (2010) ApJ 713, L79. [9] 

Morton T. & Johnson J. (2011) ApJ 738, 170. [9] Lé-

pine S. (2008) AJ 135, 2177. [10] Muirhead et al. ar-

Xiv1109.1819 [11] Casagrande (2008) MNRAS 389, 

585. [12] Demarque et al. (2004) ApJSS 155, 667.  
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Transiting planets search and characterization with the SOPHIE spectrograph at OHP.  
G. Hébrard1,2, F. Bouchy1,2, R. F. Diaz1,2, C. Moutou3, A. Santerne2,3 
1 Institut d’Astrophysique de Paris (hebrard@iap.fr, bouchy@iap.fr, diaz@iap.fr) 
2 Observatoire de Haute-Provence 
3 Laboratoire d’Astrophysique de Marseille (claire.moutou@oamp.fr, Alexandre.Santerne@oamp.fr) 
 
The SOPHIE environmentally stabilized echelle spec-
trograph at Haute-Provence Observatory, France, is 
widely used for the radial velocity follow-up of space- 
and ground-based photometric surveys for transiting 
planets, including Kepler, CoRoT, SuperWASP or 
HAT. Such spectroscopic observations are mandatory 
to establish the planetary nature of transiting candi-
dates for most of the systems, then to characterize the 
detected planets. The performances of SOPHIE have 
been dramatically improved in June 2011 with the use 
of octogonal optical fibers for the injection of the spec-
trograph. Latest SOPHIE results will be presented 
here.  
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Safronov Numbers for Transiting Exoplanets.  J. Hodgson II1, M. Lund1, and D.J. Christian1 1 California State 

University, Department of Physics and Astronomy, Northridge, CA, USA, 91330, John.Hodgson.71@my.csun.edu

Introduction: Planetary radii can be derived from 

the transits of Extra-solar planets (ESPs).  The result-

ing mass-radius relations promise information on their 

internal structures.  In the present work, we calculate 

Safronov numbers for the current sample of 147 tran-

siting ESPs and  find the distinction between Class I 

and Class II Safronov numbers (Hansen et al. 2007) to 

be  significant  based  on  the  Kolmogorov-Smirnov 

statistic.  We also present the search for correlations of 

other planet parameters with Safronov numbers.  Al-

though the usefulness of Safronov numbers has been 

the topic of recent discussion (e.g. Southworth 2010), 

it  may still  be useful  to  investigate possible correla-

tions between them and other  planet  parameters  that 

may give insights into different ESP populations and 

formation mechanisms.

[1] Hansen  B.  M.  and  Barman T.   (2007)  ApJ.,  

671, 861.  [2] Southworth J.  K. et al.  (2010)  MNRAS, 

408, 1689. 
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Kepler 21b – Kepler’s Brightest Host Star Harbors a 1.6 REarth Planet.   
Steve B. Howell and the Kepler Team; NASA Ames Research Center; steve.b.howell@nasa.gov 

 
Introduction: We present Kepler observations of 

the bright (V=8.3), oscillating star HD 179070. The 
observations show transit-like events that reveal that 
the star is orbited every 2.8 days by a small, 1.6 REarth 
object. The planet’s mass is likely to be 6-10 MEarth. 

Seismic studies of HD 179070 using short cadence 
Kepler observations show that HD 179070 has a fre-
quency-power spectrum consistent with solar-like os-
cillations that are acoustic p-modes. Asteroseismic 
analysis provides robust values for the mass and radius 
of HD 179070, 1.34+/-0.06 Msun  and 1.86+/-0.04 Rsun 
respectively, as well as yielding an age of 2.84+/-0.34 
Gyr for this F5 subgiant. 

Together with ground-based follow-up observa-
tions, analysis of the Kepler light curves and image 
data, and blend scenario models, we conservatively 
show at the >$99.7% confidence level (3 sigma) that 
the transit event is caused by a 1.64+/-0.04 REarth ex-
oplanet in a 2.785755+/-0.000032 day orbit. 

The exoplanet is only 0.04 AU away from the star 
and our spectroscopic observations provide an upper 
limit to its mass of ~10 MEarth (2 sigma). 

HD 179070 is the brightest exoplanet host star yet 
discovered by Kepler. 
 

Limits to the Density and Mass for Kepler-21b:  
To determine a statistically firm upper limit to the 
planet mass, we carried out an MCMC analysis of the 
Keck radial velocities with a Keplerian model for the 
planet's orbit. The resulting 2-sigma upper limit to the 
mass the following upper limits: RV amplitude of 
K<3.9 m s-1; a planet mass of M=10.4 MEarth (2 sigma), 
and a corresponding density of < 12.9 g cm-3. 

This upper limit to the density of 12.9 g cm-3 is so 
high that the planet could be (compressed) solid or 
composed of admixtures of rocky, water, and gas in 
various amounts, unconstrained by this large upper 
limit to density.  The 1-sigma upper limit to density is 
7.4 g cm-3, still consistent with all types of interior 
compositions and would yield a planet mass of ~5.9 
MEarth. 

If Kepler-21b contains a large rocky core, the high 
pressure inside such a massive planet would cause the 
silicate mantle minerals to compress to dense phases of 
post-perovskite; the iron core is also at higher density 
than inside Earth. However, Kepler-21b could also 
have a small rocky core, be mostly gas and not be 
nearly as massive. The maximum core fraction ex-
pected for rocky planets of this radius corresponds to a 
planet with mass of 10.0 MEarth and a mean density of 

12.5 g/cc with a corresponding RV semi-amplitude of 
2.3 m sec-1 still below our detection limit. If Kepler-
21b were a water planet with low silicate-to-iron ratio 
and 50% water by mass, its mass would be merely 2.2 
MEarth, similar to that of Kepler-11f, but at mean densi-
ty of 2.7 g/cc. The measured radial velocities provide 
neither a confirmation nor a robust limit (~10 Earth-
masses) on the mass of Kepler-21b but suggests an 
upper limit near that of the maximum rocky core frac-
tion theoretically allowed. 
 
The full paper (Howell et al. 2011) will be published in 
the Astrophysical Journal. 
 
 

 
 
 
Fig 1: Kepler light curve of HD 179070 covering 
Quarters 0 to 5. The top raw light curve covers 164 
separate transit events for the small exoplanet orbiting 
the star. The middle panel shows a typical normalized 
section from the full light curve in which transits are 
visible (positions marked with dotted lines). The bot-
tom panel shows the detrended, binned, and phase 
folded-data  overplotted by our model fit (red line). 
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Introduction:  Methods applied to the calibration 

stage of Kepler pipeline data processing [1] (CAL) do 
not currently use all of the information available to 
identify and correct several instrument-induced arti-
facts. These include time-varying crosstalk from the 
fine guidance sensor (FGS) clock signals, and manifes-
tations of drifting moiré pattern as locally correlated 
nonstationary noise, and rolling bands in the images 
which find their way into the time series [2], [3].  As 
the Kepler Mission continues to improve the fidelity of 
its science data products, we are evaluating the benefits 
of adding pipeline steps to more completely model and 
dynamically correct the FGS crosstalk, then use the 
residuals from these model fits to detect and flag spa-
tial regions and time intervals of strong time-varying 
black-level which may complicate later processing or 
lead to misinterpretation of instrument behavior as 
stellar activity. 

FGS Crosstalk: This artifact appears in the images 
as a pattern like that shown in figure 1. To mitigate 
prelaunch risk, we defined a set of long cadence arti-
fact removal pixel (ARP) targets and continue to col-
lect them throughout the mission. These pixels are read 
out at the same time as the offending periods of FGS 
readout and are fit cadence-by-cadence, along with the 
trailing black collateral data, to extract the time-
dependent profile of the crosstalk.  Examples of this 
variation over nearly 2 years are shown in figure 2.  

Rolling Bands:  The residuals of the FGS crosstalk 
spatial model fits reveal time-varying features in the 
black level caused by the drifting moiré patterns and 
scene dependent response to variable stars. These fea-

tures are too complex to correct, but the presence of 
the largest variations, the rolling bands, can be flagged 
in the pixel time series and the flags can then be car-
ried forward to the light curves to provide end users 
with knowledge of affected time intervals. Figure 3 
shows an example of recurring strong rolling bands in 
the trailing black over a 2 year interval.  The band re-
peats annually, but not at precisely the same time in the 
same region. 

Summary:  The FGS crosstalk pixels are present 
in 20-25% of targets but typically vary slowly enough 
to create a very small risk of reduced sensitivity or 
increased false positive rate in the transit search.  They 
do have the potential to complicate or reduce the effec-
tiveness of cotrending algorithms by introducing addi-
tional cotrending terms into the light curves which are 
not associated with prior relations. We will present 
results regarding the improvement in cotrending per-
formance as a result of including FGS corrections in 
the calibration. 

The rolling bands appear in only ~10% of channels 
and are present only in 3% of the total exposure, but 
we estimate that because of the rotation of stars 
through the affected sky groups, about 30% of light 
curves are ultimately affected. Thus the utility of this is 
expected to be high.  We will discuss the effectiveness 
of the proposed flagging and illustrate with some af-
fected light curves. 

References: [1] J. M. Jenkins, et al. (2010) ApJ, 
713, L87. [2] D. A. Caldwell et al. (2010) ApJ, 713, 
L92. [3] J. J. Kolodziejczak. (2010) Proc. SPIE, 7742, 
38. 
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TRANSIT MODEL FITTING IN THE KEPLER SCIENCE OPERATIONS CENTER PIPELINE.  J. Li*, C. 
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Light curves of long cadence targets are subjected 
to the Transiting Planet Search (TPS) [1]  component 
of the Kepler Science Operations Center (SOC) Pipe-
line. Those targets for which a Threshold Crossing 
Event (TCE) is generated in the transit search are sub-
sequently processed in the Data Validation (DV) Pipe-
line component [2], [3]. The light curves may span one 
or more Kepler observing quarters, and data may not 
be available for any given target in all quarters. 

Transit model parameters are fitted in DV to tran-
sit-like signatures in the light curves of target stars 
with TCEs. The fitted parameters are used to generate 
a predicted light curve based on the transit model. The 
residual flux time series of the target star, with the 
predicted light curve removed, is fed back to TPS to 
search for additional TCEs. The iterative process of 
transit model fitting and transiting planet search con-
tinues until no TCE is generated from the residual flux 
time series or a planet candidate limit is reached. 

The transit model includes five parameters to be 
fitted: transit epoch time (i.e. central time of first tran-
sit), orbital period, impact parameter, ratio of planet 
radius to star radius and ratio of semi-major axis to star 
radius. The initial values of the fit parameters are de-
termined from the TCE values provided by TPS. A 
limb darkening model is included in the transit model 
to generate the predicted light curve. The limb darken-
ing coefficients are interpolated in multiple dimensions 
from tables provided by Prsa [4]. 

For each TCE generated by TPS, the transit fitting 
is implemented with a loop which includes a whitening 
filter and robust Levenberg-Marquardt fitter. The whi-
tening filter removes the colored noise in the flux time 
series. The predicted light curve is subjected to the 
same whitening filter, so the parameters of the transit 
model are determined by least-squares fitting in the 
whitened domain. The fit residual is utilized to update 
the parameters of the whitening filter on each iteration. 
Robust weights are assigned to each point of the flux 
time series so that data with large errors are assigned 
small weights in the least-squares fitting algorithm. 
The iterative whitening and fitting loop is terminated 
when both the whitening filter and the robust fitter 
converge or a predefined iteration limit is reached. 

After the whitening filter and robust fitter con-
verge, a metric of signal-to-noise ratio is calculated to 
determine the strength of the planet candidate. A cova-
riance matrix describing variances and correlations in 
the fitted parameters is produced by computation of 

numerical Jacobians and standard propagation of un-
certainty methodology. 

To demonstrate the performance of the transit 
model fitting in the Kepler SOC pipeline, Figure 1 
shows the flux time series of the target star Kepler-11
from Q1 to Q4. The transits of six planets are marked 
with the transit epoch time and orbital period deter-
mined by the DV transit model fitter. Figure 2 shows 
the folded averaged whitened flux time series (with 
blue circles) and the whitened light curve determined 
from the fitted parameters of the transit model (with 
red line) for the planet Kepler-11g.

Fig.1  Kepler-11 Flux Time Series and Transits with 
DV Fitted Epoch/Period 

Fig.2  Kepler-11g Folded Averaged Whitened Flux 
Time Series and Whitened Fitted Model Light Curve 

Funding for the Kepler Mission has been provided 
by the NASA Science Mission Directorate. 

References:
[1] Jenkins, J. M. et al. (2010) Proc. SPIE 7740,
77400D 1-11. [2] Wu, H. et al. (2010) Proc. SPIE 
7740, 774019 1-12. [3] Tenenbaum, P. et al. (2010) 
Proc. SPIE 7740, 77400J 1-12. [4] Prsa, A. (2011) 
http://keplerEBs.villanova.edu/LD.
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Introduction:  The huge planet host candidates' 

catalog provided by the Kepler Space Telescope is 

causing a revolution in the exoplanet search.  To date, 

21 planets (out of the 1235 candidates) have been con-

firmed from the Q0+Q1+Q2 releases. This clearly 

shows the great effort that the scientific community 

have to perform in a follow-up program of the candi-

dates in order to confirm them as real planets and char-

acterize their properties. In that sense, several ground-

based observing techniques have been used (see, for 

example, [1]).  

However, after the candidates selection, there is a 

mandatory step to reject false positives, since the Ke-

pler point-spread function is very large (6”-10”, de-

pending on the particular target), and its pixel size is 

about 4”. There are four configurations which mimic 

an exoplanet transit: a./ a small stellar or substellar 

object (the smallest stars and brown dwarfs have the 

same size as Jupiter), b./ a grazing binary (which has 

not been ruled out by additional photometry), c./ a stel-

lar binary blended with a background star, d./ a long-

term spot. While cases a./ and b./ are well rejected by 

the Kepler pipeline for images reduction and individual 

studies of the lightcurves by the Kepler team, case c./ 

is the main source of false positives in the sample of 

exoplanet candidates. Due to the Kepler long base-line, 

we expect few or no case d./. 

In [2], the authors have reported an estimation of 

the false positive probability (FPP) of Kepler targets 

(see Fig. 3). Under some assumptions, they conclude 

that the fainter the target and the shallower the depth of 

the transtit, the greater the FPP, achieving a 40% of 

FPP for planets with 1.1 REarth transiting stars as faint 

as 15 magnitudes in the Kepler band. They also calcu-

late that restricting the blended radius to 2” with a high 

resolution image, this probability would decrease ten 

times until 3-4% for the same conditions. 

Hence, an accurate high-resolution imaging follow-

up is crucial to confirm the planetary nature of the Ke-

pler candidates. 

Our results:  We have performed an extensive fol-

low-up program by observing 111 KOIs with the 

Lucky-Imaging technique. It allows us to go as close to 

the star  as 0.1”. Our preliminar results show that only 

25 KOIs (22.5%) were completely isolated (Group 1). 

Instead, we found clear detections of stellar compan-

ions (either bounded or visual) for 77 KOIs at 3”-10” 

(Group 3). Finally, 16 KOIs present at least one object 

closer than 3” (Group 2). In Fig. 1 we summarize the 

results of our observations. 

 
Figure 1: Results of our Lucky-Imaging program with the AstraLux 

instrument at CAHA. The diagram shows the number of KOIs with 

stellar (visual?) companions at different distances. 

 

A great variety of scientific analysis can be done 

with this data. Firstly, KOIs from Group 1 become the 

best targets for a subsequent radial velocity follow-up 

to characterize the planet properties. Secondly, stellar 

companions of objects from Groups 2 and 3 are poten-

tial false positives due to case c./. Furthermore, even if 

the planetary system is actually real, the presence of a 

blended background source modifies the planet proper-

ties as they depend on the host star’s luminisity. Fi-

nally, close objects to KOIs in Group 2 could be 

bounded, forming a binary system suitable for a multi-

plicity study in planetary systems. Some of our com-

panions to KOIs have (i-z) colors typical for brown 

dwarfs.    

 

 
 

Figure 2: AstraLux image of one KOI. A clear detection of a close 

companion at less than 1.8"compared with the pixel size of the Ke-

pler telescope (black square of 4") and its PSF of 6" (black open 

circle). Another object is also detected at 2.8". 

 

References: [1] Muirhead P. et al., 2011, arXiv, 

1109.1819v1 [2] Timothy et al. 2011, ApJ, submitted.  
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EXTRACTION OF LOW-SNR SIGNALS FROM KEPLER LIGHT CURVES BY VIRTUE OF THE KLT  
C. Maccone, International Academy of Astronautics, Via Martorelli 43, I-10155 Torino (Turin), Italy, 

E-mail: clmaccon@libero.it

The KLT (acronym for Karhunen-Loève Transform) is 
a mathematical algorithm superior to the classical FFT 
in many regards: 
1)  The KLT can filter signals out of the background 

noise over both wide and narrow bands. That is in 
sharp contrast to the FFT that rigorously applies to 
narrow-band signals only. 

2)   The KLT can be applied to random functions that 
are non-stationary in time, i.e. whose autocorrela-
tion is a function of the two independent variables 

1t  and 2t  separately. Again, this is a sheer advan-
tage of the KLT over the FFT, inasmuch as the 
FFT rigorously applies to stationary processes on-
ly, i.e. processes whose autocorrelation is a func-
tion of the absolute value of the difference of 1t
and 2t  only. 

3)   The KLT can detect signals embedded in noise to 
unbelievably small values of the Signal-to-Noise 
Ratio (SNR), like 10-3 or so. This feature of the 
KLT appears to be particularly useful to detect an 
Earth-transiting signal in the noisy data of its own 
central star, as it is just the case with the new 1235 
planetary candidates discovered by the Kepler 
mission.   

4) An excellent filtering algorithm like the KLT, 
however, comes with a cost that one must be ready 
to pay for: its computational burden is much high-
er than for the FFT. In fact, for an autocorrelation 
matrix of size N, the calculations must be of the 
order of N2, rather than N*log(N). Nevertheless, in 
the case of extracting Earth-sized transits from this 
noise, computational time would not be a limita-
tion as many people on the Kepler project already 
use the supercomputing center at NASA Ames.  

Because of all these reasons, we suggest that the KLT 
should be considered as a superior algorithm enabling 
the detection of Earth-sized planets found by Kepler.  

REFERENCES 
1) Claudio Maccone, “The KLT (Karhunen–Loève 

Transform) to extend SETI searches to broad-band 
and extremely feeble signals”, Acta Astronautica, 
Vol. 67 (2010), pages 1427–1439. This is the key 
paper about both the classical KLT and the BAM-
KLT that was later used by the following author to 
apply them to Global Navigation Satellite Systems. 

2) Arkadiusz Szumski, “Finding the Interference – the 
Karhunen–Loève Transform as an Instrument to 
Detect Weak RF Signals”, InsideGNSS (“Working 
Papers” section), May-June 2011 issue, pages 56-
63.  
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We determine the properties of Kepler target stars 
with Kp-J>2 (late K and M spectral type) to better de-
termine the frequency and properties of their planets. 
Planets around cool stars (late K to and M spectral 
type) are critical tests of planet formation models [1,2], 
and Kepler results have been used to determine the 
frequency of short-period planets around stars as late 
as M0 [3], and to extend the well-established correla-
tion between stellar metallicity/mass and giant planet 
frequency [4,5] to small-radius planets around late-
type stars [6]. 

Studies such as these depend heavily on the proper-
ties of the target stars of the Kepler sample.   There is 
significant evidence that late-type Kepler targets in-
clude a large number of interloping giant stars [7].  
Inclusion or improper removal of these giant stars from 
the sample will result in an inaccurate planet frequency 
and planet-metallicity correlation [6]. 

We determine the fraction of late-type giant stars in 
the Kepler field using moderate resolution optical 
spectra for a sample of Kepler target stars with Kp-J > 
2.0 (~K5 spectral type or later).  We use CaH, TiO, K I, 
CaT and NaI as indicators of gravity and spectral type 
(Fig. 1).   For bright (Kp < 14) targets, we find that gi-
ant stars make up 98.8 ± 0.6% of late-type Kepler tar-
gets, while for dimmer (Kp > 14) targets, giants consti-
tute only 5 ± 1% of targets.  The fraction of giant stars 
does not significantly decrease for these subsamples 
when we only consider stars with log(g) > 4 as deter-
mined by the Kepler Input Catalog [8-9].  

We use a corrected giant star fraction to calculate 
the frequency of planets around late-type as well as the 
metallicity difference between Kepler exoplanet hosts 
and non-hosts [6] (Figure 2).  We show that the results 
are significantly different than when we rely solely on 
KIC log(g) values to remove giant stars (Fig. 2).   

Figure 1. CaH index as defined by [10] shows a 
clear separation of giants and dwarfs with spectral type 
for robust giant/dwarf discrimination.

Figure 2.  Kepler planet hosting stars show a large 
color offset from the general population of field stars, 
suggesting planet hosts are significantly more metal 
rich.   When comparing planet hosts to just confirmed 
dwarfs, the two g-r distributions are not significantly 
different based on K-S and Welch t tests (70% of hav-
ing consistent g-r color means/distributions).

References: [1] Laughlin G.  et al.  (2004) ApJL 612 
L73.  [2] Kennedy G. M. and Kenyon S. J.  (2008) ApJ 
673 502.  [3] Howard et al. (2011) arXiv1103.2541.  
[4] Fischer D. A. and Valenti J.  (2005) ApJ 622 1102.  
[5] Johnson J. A. et al. (2010) PASP 122 905.  [6] 
Schlaufman K. C. and Laughlin G. (2011) ApJ 738 
177.  [7] Gaidos E. et al (2011) arXiv1108.5686G.  [8] 
Brown T. M. et al.  (2011) AJ 142, 112. [9] Batalha N. 
M. (2010) ApJL 713 L109.  [10] Lepine et al (2007) AJ 
669 1235.
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Exploiting  the  accuracy  of  Kepler  :  Discovery  of  the  hottest  and  

largest exoplanet.  D. Mislis and S. Hodgkin, Institute of Astronomy, University of Cambridge, UK, 

misldim@ast.cam.ac.uk, sth@ast.cam.ac.uk 

Introduction:  We present a new approach to de-

termine the parameters of transiting extrasolar plane-

tary systems using photometric light curves (LCs). An 

analysis that combines a treatment of various phenom-

ena in high-accuracy LCs allows a derivation of orbital 

and  physical  parameters.  Our  method  considers  the 

primary transit, the secondary eclipses, and the overall 

phase shape of a LC between the occultations. Phase 

variations are induced by reflected and thermally emit-

ted  light  from  the  planet.  Moreover,  the  ellipsoidal 

shape of the star due to the gravitational pull from the 

planet induce phase variations.  As we find, the com-

plete  decipherment  of  LCs  yields  information  about 

the planetary mass, orbital eccentricity, orientation of 

periastron,  and  the planet’s  albedo.  Furthermore,  we 

present the analysis of a Kepler candidate exoplanet  

system. Using the LC from Kepler mission, we have 

found ellipsoidal  variations  due to  tidal  forces  (star-

planet), thermal emission from the planet and possible 

signature due to planetary reflected light. The analysis 

has shown that the system is a hot Jupiter with mass 

Mp = 1.20MJ.  Because  the  high  temperature  of  the 

host star (SP = A0V , Teff = 8848oK), the exoplanet 

becomes  one  of  the  hottest  exoplanets,  with  strong 

thermal  emission  (Tp  =  3341.5o  K  ).  Except  ellip-

soidal variations and thermal emission, a weak reflec 

ed light component is also present in the LC. 
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Introduction: Approximately one in 30 raw light 

curves in a typical quarter of Kepler data contains one 
or more noticeable downward step discontinuities. The 
vast majority of such discontinuities are the result of 
cosmic rays or solar energetic particles striking the 
photometer and causing permanent local changes 
(typically -0.5%) in quantum efficiency, though a par-
tial exponential recovery is often observed [1]. Since 
these features, dubbed Sudden Pixel Sensitivity Drop-
outs (SPSDs), are not correlated systematics, they can-
not be removed by the systematic error correction al-
gorithm in the Presearch Data Conditioning (PDC) 
module of the Kepler data analysis pipeline. Correction 
of SPSD signatures prior to removing systematics not 
only rectifies the light curves of affected targets, but 
can improve the overall performance of PDC. 

We present a new algorithm for detecting and cor-
recting SPSD signatures in long-cadence Kepler data. 
The algorithm consists of three components: filter de-
sign, detection, and correction. The design of the linear 
shift-invariant detection filter is based on the method 
of Savitzky and Golay [2] with an added multi-scale 
analysis step to improve localization of the peak re-
sponse. Detection and correction are performed itera-
tively on all targets of a given channel until no remain-
ing SPSD signatures are identified. 

The detection step begins with preconditioning of 
each time series by filling gaps and padding endpoints. 
Conditioned time series are then convolved with the 
detection filter and responses are normalized over all 
targets on the current channel. The maximum normal-
ized detector response for each target is evaluated in 
the context of its light curve to decide first whether it is 
likely to be the leading edge of a transit or other tran-
sient stellar phenomenon, and second whether it indi-
cates an SPSD event.  

Correction is a two-stage process. The first stage 
estimates a persistent step height from analysis of the 
entire flux time series, excluding a short recovery win-
dow following the SPSD, which typically contains a 
transient signal. The second stage models the recovery 
window using a series of exponentials of varing time 
constant. The algorithm also detects and preserves si-
nusoids in the signal while removing only the step and 
recovery transient components. 

The algorithm has been tested both on unaltered 
flight data containing signatures of real SPSD events, 
and on flight data with SPSD-affected targets removed 

and simulated SPSDs injected. Examples of correction 
results for both cases are shown in figures 1 and 2. 
Figure 2 illustrates the quality of a typical correction 
by comparing corrected and uncorrected light curves to 
ground truth. 

References: [1] J. M. Jenkins, et al. (2010) ApJ, 
713, L87. [2] A. Savitzky and M. Golay (1964) Ana-
lytical Chem., 36 (8), 1627-1639.  
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Figure 1. Correction of an actual SPSD event in Ke-
pler flight data (channel 13.1, quarter 7). In this case, 
the amplitude of the signal's intrinsic variability is 
comparable to that of the downward step. 
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Figure 2. Simulation testing indicates a significant 
reduction in residual errors. 
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INVESTIGATING THE PLANET-METALLICITY CORRELATION WITH KEPLER
Morton, T.D., Caltech, tdm@astro.caltech.edu

One of the most striking results from the early days of exoplanet science is the strong correlation 
between a star's metallicity and the probability of it hosting a giant planet. This planet-metallicity 
correlation is predicted to be weaker for smaller planets but remains unmeasured for Neptune-
and Earth-sized planets. The planet detections from the Kepler mission provide an enticing 
opportunity to test the planet-metallicity relationship for small planets, but the host stars in the 
Kepler field have unknown metallicities. To this end, we present preliminary results from the
California Kepler Survey (CKS), which is designed to measure the stellar properties of Kepler 
Objects of Interest, as well as characterizing the metallicity distribution of parent sample of 
Kepler target stars.
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Planet Frequency as a Function of Stellar Mass in a Quiescent-disk Planet Formation Model.  I. Mosqueira
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Kepler has measured the planet frequency over 

stellar spectral types ranging from M0 to F2 dwarves. 

Over this range, the occurrence of 2-4 Earth-radius 

planets has been found to increase with decreasing 

stellar mass [1]. On the other hand, the California 

Planet Survey finds that the giant planet frequency 

increases with increasing stellar mass from M dwarves 

to A stars at fixed metallicity [2]. 

These contrasting results can be naturally recon-

ciled within a quiescent-disk core accretion model of 

planet formation. In such a model higher disk masses 

lead to the formation of larger cores but also to the loss 

of smaller objects by Type I migration. While Type I 

migration is faster for larger objects, sufficiently large 

planetary cores (with mass ratio to the central object ~ 

10
-4

) can stall, open a gap in the disk and survive [3, 

4], whereas smaller objects can be lost. It should noted, 

however, that even if a planet is too small to survive in 

isolation, it is still possible that it will survive in the 

presence of planetary companions, albeit with a lower 

survival probability. 

At the other end of the mass spectrum, the forma-

tion of giant planets is modulated by the depletion of 

gas in the planet’s feeding-zone. Assuming the forma-

tion of a critical core large enough to rapidly accrete 

gas from the nebula, the question arises whether it can 

grow into a Jovian-sized giant planet. In the limit that 

the core accretes all the gas in its feeding zone, the 

final mass of the planet (in a weakly turbulent disk) is 

given by the gaseous isolation mass. In general, how-

ever, there is a competition between the disk clearing 

due to the planet’s tidal torque and that resulting from 

gas accretion [5, 6]. Although, the presence of com-

panions can play a role in setting the final masses of 

non-isolated planets, the frequency of giant planet 

formation is expected to increase with increasing disk 

mass (and stellar mass).  

The Kepler results concern the planet occurrence 

within 0.25 AU of solar-type stars. One of the main 

issues facing the in-situ accretion of a core mass close-

in is that the isolation mass generally decreases with 

semimajor axis [7]. Numerous migration mechanisms 

have been suggested. In the present context, it is possi-

ble to grow a core large and fast enough to survive 

Type I migration, taking place in a timescale of ~10
5
-

10
6
 years [8], provided that the solids in the planet 

forming region are enhanced with respect to cosmic 

mixtures. Furthermore, a core that stalls close-in may 

continue to grow as a result of the capture of smaller 

inwardly migrating cores (a related mechanism is dis-

cussed in [9]). Therefore, super-Earths can originate 

further out in the disk or coalesce with other passing 

objects. 

Here we investigate the interplay of these effects in 

the context of a simple quiescent-disk model enhanced 

in solids with respect to solar compositions [6], and 

discuss the implications for recent observations of 

planetary frequency as a function of stellar mass. 

References: [1] Howard A. W., et al. (2011) astro-

ph. [2] Johnson, J. A., et al. (2010) ApJ, 721, L153. [3] 

Rafikov, R. R., (2002) ApJ, 572, 566. [4] Li, H., 

Lubow, S. H., Li, S., and Lin, D. N. C., (2009) ApJ, 

690, L52. [5] Estrada, P. R., and Mosqueira, I., (2004) 

LPS XXXV, Abstract #1854. [6] Estrada, P. R., and 

Mosqueira, I., this conference. [7] Kokubo, E., and Ida, 

S., (1998) Icarus, 131, 171. [8] Bate, M. R., et al. 

(2003) MNRAS, 341, 213. [9] Ward, W., (1997) ApJ, 

482, L211.  
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A REVISED EFFECTIVE TEMPERATURE SCALE FOR THE KEPLER INPUT CATALOG.  M.H Pin-
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Introduction:  We present a revised effective tem-
perature scale for stars in the Kepler Input Catalog 
(KIC).  Two independent photometric temperature 
scales (griz and JK) are in agreement with one another, 
but predict systematically hotter temperatures than 
those in the KIC by about 200 K.  We trace the origin 
of these differences, and present a revised catalog con-
sistent with the photometric fundamental scale.  Cor-
rections for binaries, metallicity, and surface gravity 
are included.  The consequences for stellar and plane-
tary properties are briefly discussed.
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Abstract The discovery of ``hot Jupiters'' very 

close to their parent stars confirmed that Jovian planets 

migrate inward via several potential mechanisms.  We 

present empirical constraints on planet migration halt-

ing mechanisms.  We compute theoretical distributions 

of planets in the semi-major axis - stellar mass plane 

for planet migration that is halted at the interior 2:1 

resonance with the magnetospheric truncation radius, 

the interior 2:1 resonance with the dust sublimation 

radius, and the tidal disruption radius.  We also com-

pute theoretical distributions with a planet halting dis-

tance that has no dependence on stellar mass, and a 

distribution that is uniform random in the semi-major 

axis - stellar mass plane.  We fit these distributions to 

empirical distributions of known exoplanets and Ke-

pler candidates at semi-major axes of less than 0.1 AU.  

We find that the magnetospheric truncation radius pro-

vides the best fit to the empirical distributions.  We can 

rule out migration halting at the tidal disruption and 

2:1 resonant dust sublimation radii.  Our results favor a 

weak dependence of the halting distance with stellar 

mass. 
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Introduction: We present an overview of the Cali-

bration (CAL) software component and its context in 
the Kepler Science Operations Center (SOC) Science 
Processing Pipeline.  CAL operates on original space-
craft data to remove instrument effects and other arti-
facts that affect the data. Figure 1 shows the CCD ar-
chitecture, including the location of the collateral data 
used for calibration. Traditional CCD data reduction is 
performed, including: (1) removal of the static 2D 
black (bias) and a dynamic 1D black (see Figure 2); (2) 
gain and non-linearity correction; (3) correction for 
distortions induced by the local detector electronics 
(LDE) (see Figure 3); (4) cosmic ray correction; (5) 
correction for bleeding charge in the collateral regions 
due to saturated targets near the edge of the CCD; (6) 
dark current correction; (7) removal of smear signals 
that result from the lack of a shutter on the photometer 
(see Figure 3); (8) flat field correction for variation in 
pixel sensitivity; and (9) additional operations that are 
needed due to the complexity and large volume of 
flight data.  CAL also propagates the uncertainty 
values on the calibrated pixels. CAL operates on long 
cadence (~30 min) and short cadence (~1 min) sam-
pled data, as well as full-frame images (FFIs), and pro-
duces calibrated pixel flux time series, uncertainties, 
and other metrics that are used in subsequent Pipeline 
modules. The raw and calibrated data are also archived 
in the Multi-mission Archive at Space Telescope [Sci-
ence Institute] (MAST) for use by the community.   

 

 

Figure 1: A schematic of the CCD module/outputs, 
of which Kepler has 84, consisting of a 1070x1132 
pixel array that includes science (photometric) pixels 
and collateral data collected for calibration. 

 
 

 
Figure 2: The static 2D black for one of the Kepler 

CCDs. The structure includes image artifacts due to 
heating of the readout electronics, start-of-line tran-
sients, parallel frame transfer signals, and fine guid-
ance sensor crosstalk clocking signals that are injected 
into the photometric region as the image is read out 
[1]. 
 
 

 
     Figure 3: A small section of a Kepler CCD, before 
(left) and after (right) calibration. Two saturated stars 
create undershoot (a decrease in the measured flux, 
shown in black) in the downstream pixels. The fainter 
vertical lines are smeared starlight from stars on those 
columns closer to the readout. 
 
 

Funding for the Kepler Mission has been provided 
by the NASA Science Mission Directorate. 
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Introduction: As CoRoT, the Kepler space mission 

found a large amount of planetary transit candidates 
for which radial velocity follow-up is necessary in or-
der to secure the planetary nature and then, to charac-
terize the systems (planetary mass, orbital eccentricity, 
stellar parameters...). We performed follow-up obser-
vations of Kepler transit candidates using the SOPHIE 
spectrograph [2], [6] mounted on the 1.93-m telescope 
in Observatoire de Haute-Provence (France).  SOPHIE 
is a key instrument of  the follow-up of CoRoT [1] and 
SuperWASP [4] transit candidates since end of 2006 
and was used to caracterize ~50% of the northern tran-
siting planets. 

 
Candidates selection: Using the experience of 

about 5 years of CoRoT, Super-WASP and HAT radial 
velocity follow-up, we select a subsample of about 30 
transiting candidates, out of the 1235 Kepler candi-
dates released in February 2011. This subsample was 
defined using several criteria: the orbital period, the 
shape, duration and depth of the transits compared with 
the estimated parameters of their host stars, and finally 
their expected radial velocity semi-amplitude com-
pared with the expected photon noise of SOPHIE. In 
this talk, we will report on this candidates selection. 

 
Follow-up results: We performed 2 observationnal 

campaigns in 2010 and 2011 during which we fol-
lowed up these Kepler candidates with the SOPHIE 
spectrograph. We identified several planets and find a 
few false positives that we will highlight during this 
talk: 

1) Planet caracterization: The new planets were 
fully caracterized by combinning the publicly-available 
Kepler light-curves and SOPHIE velocimetry, e.g. 
KOI-428b [7], KOI-423b [3], KOI-196b [8]. Star’s 
typing were determined using SOPHIE spectra. Sev-
eral new planets will be presented during this confer-
ence. 

2) False positives : In our candidates selection, we 
found several high-priority candidates that turned 
down to be false positives (eclipsing binaries, triple 
system, ...). We will briefly report on these false posi-
tives and present our estimation of the Kepler false 

positive probability (FPP) and how it compares with 
other FPP estimations (e.g. [3]). 

 
Phase-folded radial velocity curve of KOI-196 ob-

tained with SOPHIE. With a Kp=14.5, KOI-196 hosts 
a planetary companion with a period of ~1.85d and a 

mass of ~ 0.5Mjup. 

 
Kepler phase-folded light-curve of KOI-196 show-

ing the primary and secondary transits as well as the 
phase-variation of the planet. 
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Introduction:  The Transiting Planet Search (TPS) 

software computes a Multiple Event Statistic (MES) at 
each discrete point of three-dimensional parameter space 
in period, epoch, and transit duration.  The MES values 
are compared to a threshold to separate the Threshold 
Crossing Events (TCEs) from background.  The false 
alarm rate of the MES is larger than what Gaussian statis-
tics predicts, largely due to artifacts and noise events in 
the data that can masquerade as transits.  To lend further 
credibility to the MES and more strictly discriminate 
against cases where transit depths are not consistent, a 
Robust Detection Statistic (RDS) is employed algorith-
mically.  A description of how the RDS is calculated and 
how it is currently implemented in the Kepler analysis 
pipeline is given.  Several deficiencies are pointed out 
and some recent results are given.  

RDS Algorithm:   

 
Figure 1: RDS Algorithm Flowchart 
The first step in the RDS algorithm is to compute 

the MES [1,2].  If the MES is below threshold then the 
search is terminated, otherwise, the RDS is computed.  
The period, epoch, and trial pulse duration corresponding 
to the maximum MES are used to construct a model 
pulse train of square waves.  The data and the model are 
then whitened using a whitener computed from the data.  
Since the square pulses of the model do not match a true 
planetary transit signature, we window the data and mod-
el using a simple rectangular window centered around 
each transit and of equal length to the transit duration 
plus one extra cadence on each side to permit the highest 
energy term in the tail to contribute. The windowing is 
necessary to prevent the fitter from fitting the more nu-
merous out-of-transit cadences to noise, thereby driving 
the robust weights of in-transit cadences toward zero.  
The RDS is then computed as follows: 

                 
where  is a model transit pulse train,  is the data used 
to form the MES,  is a diagonal matrix of robust fit 
weights,  denotes the transpose of a vector, and  de-
notes a whitened vector. 
 The RDS is compared to a threshold to deter-
mine whether a robust detection has been made.  If the 
RDS is below threshold, then we gap cadences that had 
poor robust fit weights and start over with the computa-
tion of the MES.  Otherwise, if the fit weights are all 
above some threshold then we terminate and fail to make 
a robust detection.  To prevent costly looping through 
the folder, the change in fit depth is monitored and con-
vergence is claimed when the fit depth fails to change by 
some fraction of the error in the depth.  We also prevent 
the case where we might be fitting only one transit worth 
of cadences when many of the cadences have fit weights of 
zero. 
     Improvements:  Currently we know of three minor 
and one major improvement in the RDS algorithm.  The 
data anomaly deemphasis weights are applied now by 
simply ignoring cadences with weights less than one.  
Instead, the dot product of the weights with the whitened 
model and data will be formed prior to the fit.  These 
deemphasized vectors will be used in the RDS calcula-
tion.  The current handling of the deemphasis weights 
can lead to situations where we are fitting less than one 
transit duration of cadences and still achieving an RDS 
above threshold.  With the proposed change however, we 
can instead just prevent the fitting of a single transit, 
which is inline with what is done in the MES calcula-
tion.  The convergence criteria on the change in the fitted 
depth will also be modified so that it is only applied 
when the period and epoch returned from the folder are 
also changing very little between iterations.  The major 
improvement being worked out now is that the algorithm 
only operates on the maximum MES.  If we fail to make 
a robust detection for the maximum MES then we should 
fall back to the next largest MES that is above threshold 
(if one exists), and try again to make a robust detection.  
The computational burden of such a search warrants fur-
ther study, which is currently being undertaken.  
   

References: [1] Jenkins, J.M. (2002) ApJ, 575, 493-
505. [2] P. Tenenbaum et al, these proceedings (2011).  
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Kepler high precision measurements allow the 

detection of the minute photometric modulations corre-
lated with the orbit, induced by low-mass companions 
down to the planetary mass range. Those modulations 
include the beaming effect, tidal ellipsoidal distortion, 
and reflection or heating of the companion. They rep-
resent an opportunity to study these systems in detail 
using Kepler photometry alone. For transiting systems 
the known ephemeris allows a more accurate meas-
urement of the orbital modulations amplitude. We will 
present results from a search for the photometric or-
bital signal, including the beaming effect, in short-
period Jupiter-mass transiting planets. 
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Kepler photometric data contain significant systematic 
and stochastic errors as they come from the Kepler 
Spacecraft. The main cause for the systematic errors 
are changes in the focus of the photometer due to 
intrinsic and extrinsic thermal changes in the 
instrument, and also residual spacecraft pointing 
errors. It is the main purpose of the Presearch-Data-
Conditioning (PDC) module of the Kepler Science 
processing pipeline to remove these systematic errors 
from the light curves. While PDC has recently seen a 
dramatic performance improvement by means of a 
Bayesian approach to systematic error correction (see 
companion poster by J. C. Smith et al.) and improved 
discontinuity correction (see poster by R. L. Morris et 
al.), there is still room for improvement. 
 
One problem of the current (Kepler 8.0) 
implementation of PDC is that injection of high 
frequency noise can be observed in a few cases (see 
Figure 1). Although this high frequency noise does not 
negatively impact the general co-trending, an increased 
noise level can make detection of planet transits or 
other astrophysical signals more difficult. 
 

 
Figure 1: Injection of high frequency noise into corrected 
light curves. While the co-trending itself is very good 
(upper panel), the MAP fit (red curve) has a higher noise 
level than the Normalized Flux (blue curve). 

The origin of this noise-injection is that high frequency 
components of light curves sometimes get included 
into co-trending basis vectors characterizing long term 
trends. Similarly, small scale features like edges can 
sometimes get included in basis vectors which 
otherwise describe low frequency trends. As a side 

effect to removing the trends, co-trending with these 
basis vectors can then also mistakenly introduce these 
small scale features into the light curves. 
 
A solution to this problem is to perform a separation of 
scales, such that small scale features and low 
frequency trends are described by different basis 
vectors. We present our investigation of a wavelet-
based band splitting approach to separate small scale 
from large scale features in the light curves. The PDC 
Bayesian co-trending can then be performed on each 
band individually, such that low frequency trends and 
high frequency features will be contained in 
independent basis vectors (see Figure 2). 
 

 
Figure 2: Band splitting of the light curves leads to a 
decomposition of small scale and large scale features. 

Aside from eliminating the problems of noise and 
small scale feature injection, this wavelet-based scale 
decomposition will also allow an investigation of 
characteristic scales and amplitudes of systematic 
errors, which may lead to further improvements in the 
systematic error correction. 
 
Funding for this work is provided by the NASA 
Science Mission Directorate. 
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     Introduction: While the primary science goal for 
the Kepler mission is the characterization of terrestrial 
and giant exoplanets through ultra-precise photometry, 
the telescope is capable of collecting astrometric data 
at 0.001 pixel precision or better (see Figure 1). These 
data have been used to rule out false positives due to 
blends with eclipsing binaries and could be used to 
derive trigonometric parallaxes and proper motions, as 
well as search for 10-40 Jupiter-mass companions 
around a subset of high priority Kepler targets (see 
Figure 2). Alas, precise Kepler astrometry remains an 
elusive goal. The astrometric accuracy is compromised 
by as yet un-modeled "wiggles" (i.e., slow drifts in the 
stellar positions).  Many numerical experiments have 
been devoted to understanding these apparent motions, 
but a predictive model has yet to be found. These mo-
tions are at the level of 0.01 pixel and preclude the 
measurement of proper motion, parallax, and perturba-
tions. The current status of efforts to model these drifts 
will be reviewed as well as the full impact of the sci-
ence that will be gained from this unique data set.  
 
References:  

[1] Monet, D. et al. (2010) arXiv:1001.0305 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Plot of initial estimates of the as-
trometric errors from 30 minute (LC) obser-
vations as a function of Kepler magnitude1. 
There is a substantial portion of the Kepler 
catalog that achieves mili-arcsecond preci-
sion or better sufficient to detect brown 
dwarf and low mass companions to many 
Kepler targets and Jupiter-mass companion 
for the closest members.  
 

– 12 –

Fig. 1.— Astrometric error as a function of Kp magnitude for stars on Channel 2 in the

Quarter 1 data collection.

Fig. 2.— Astrometric residuals from a blended variable (top) and a non-variable star (bot-

tom) taken from a solution for a single channel. Red symbols are from the columns and blue

symbols are from the rows.
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Figure 2: Histogram of the astrometric amplitude 
of 10 MJ (dashed) and 40 MJ (solid) companions 
in a 3.5 year orbit around the ~1000 Kepler tar-
gets with planetary transit candidates (Borucki et 
al. 2011). Also plotted (dash-dot) is the 0.2 mas 
astrometric detection limit that results from as-
suming a S/N of 5, single measurement precision 
of 4 mas and 22k observations over the lifetime of 
the mission.  
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Introduction:  The Transiting Planet Search 

(TPS) module is the SOC Pipeline software which 
performs automated searches for periodic reductions 
in light from target stars which are consistent with the 
signature of a transiting planet (Threshold Crossing 
Events, or “TCEs”) [1].  We used TPS to search for 
TCEs in all of the data collected in the first 3 quarters 
of Kepler science operations. 

The Data:  The first 3 “quarters” span 218 days 
from the start of May 12, 2009 to the end of December 
17, 2009.  Data is acquired at 29.4 minute intervals 
(“long cadence” data).  When taking account of gaps 
in the observations necessary for downlinking data, 
spacecraft operations, safe mode events, and other 
interruptions, a total of 9,853 long cadence integra-
tions were acquired. 

A total of 170,854 stars were observed in the first 
3 quarters.  The vast majority, 151,722, are observed 
in all 3 quarters.  Other targets were observed in a 
subset of quarters due to positioning (stars which fall 
on a CCD only in some orientations of the spacecraft) 
or improvements in target selection:  2,659 stars were 
observed only in Q1, 1,723 only in Q2, 1,394 only in 
Q3; 1,085 in Q1 and Q2, 11,671 in Q2 and Q3, 690 in 
Q1 and Q3.  

The Cuts:  The threshold for a TCE adopted by 
the Kepler Mission is a Multiple Event Statistic of 7.1 
sigmas.  A total of 66,593 stars are passed by this cut. 

In addition, TPS requires that the ratio between 
the Multiple Event Statistic and the largest Single 
Event Statistic in a TCE exceed 1.4142.  This cut eli-
minates cases in which a single large event is com-
bined with a significantly smaller event to yield a 
TCE, since such detections are most likely false posi-
tives.  A total of 5,392 stars are passed by the combi-
nation of this cut and the cut on Multiple Event Statis-
tic. 

The Results:  Figure 1 shows the distribution of 
detected period in days vs detected epoch in Kepler-
modified Julian Date (KJD, defined as JD-2454833).  
Note that the figure is dominated by short-period de-
tections, but that there are no strong “bands” in the 
plane which would indicate an event which causes 
large numbers of false positives.  The “dead zones” 
are combinations of period and epoch which are ruled 
out by the timing and duration of interruptions in data 
acquisition. 

 

Figure 1Epoch and period of TPS TCEs in 
Q1-Q3 data. 

Figure 2 shows the distribution of transit depths in 
the TPS detections. 

 

Figure 2Distribution of transit depths of TPS 
TCEs in Q1-Q3 data. 

Acknowledgements:  Funding for the Kepler Mis-
sion is provided by the National Aeronautics and 
Space Administration (NASA) Science Mission Direc-
torate. 

 
References: [1] P. Tenenbaum et al, these procee-

dings (2011).  
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Introduction:  Detection of signals of transiting 

planets in Kepler data requires the ability to detect 
reductions in the stellar flux as small as 84 parts per 
million (PPM) which last for a few hours and repeat 
on time scales of hours to years.  This detection must 
take place against a background due to stellar variabil-
ity.  Stellar variability can be much larger than 100 
PPM, but has a time signature which is extremely dif-
ferent from that of a transit [2].  Each star has a 
unique pattern of flux variations, and these patterns 
are typically non-white and non-stationary (ie, varying 
with time).  A wavelet-based matched filter is used to 
extract the transit signal from the background of stel-
lar variability. 

Data Conditioning:  Each flux time series must be 
free of data gaps, sampled uniformly in time, and con-
tain a sample count which is a power of 2.  Gap filling 
and flux extension are applied to each flux time series 
to achieve these requirements. 

Filter Bank:  The 12-tap Daubechies low-pass fil-
ter and the corresponding high-pass filter are used [1]. 
The filters are used to construct a set of band-pass 
filters with 1 octave bandwidth.  These filters are then 
applied to the flux time series x, yielding a set of time 
series (1 per filter) xi, each of which contains 1 octave 
of the original time series. 

Whitener:  For each xi, the time-dependent in-
band power σi is estimated by computing a moving 
RMS of the filtered time series.  The window of the 
RMS must be long compared to the duration of the 
transits which are being searched for, and also must 
be long compared to the period of signals in each 
band. Vector division of xi by σi has the effect of whi-
tening the time series.  

Sensitivity to Transits:  We can now take the trial 
transit waveform (a square pulse with a selected dura-
tion and unit depth), s, and decompose it into a set of 
single-octave time series si, using the filter bank 
which performed the decomposition on the flux time 
series.  The whitening filter at a time t can be applied 
to this set of time series by offsetting the σi time series 
and vector-dividing (si(τ) ./ σi(τ-t)).  This shows how a 
square pulse in the data would be distorted by the whi-
tener at each time t in the time series.  It also shows 
what the in-band signal-to-noise ratio (SNR) is for 
detection of a unit-depth square pulse at each time in 
the time series. 

The overall SNR as a function of time can be ob-
tained by combining in inverse quadrature the band-
by-band SNRs computed as described above.  The 
reciprocal of this overall SNR is the smallest square 
pulse transit which can be detected with 1 σ signific-
ance, the Combined Differential Photometric Preci-
sion (CDPP).  The CDPP is a time series, since the 
non-stationary noise implies that the detectability of a 
transit pulse varies with time. 

Detection Statistic:  The detection statistic as a 
function of time (qualitatively, “How much does the 
data look like a transit at each location?”) can be de-
termined by doing a band-by-band correlation of the 
whitened data with the whitened transit pulse (or 
equivalently, the doubly-whitened data and the unwhi-
tened transit pulse), summing those correlations to 
combine the signals from each band, and dividing by 
the overall SNR as a function of time, computed 
above.   

Whitened Flux Time Series:  The wavelet filter 
bank used to divide the flux time series into single-
octave time series can be reversed, which allows the 
time series to be synthesized back into the original 
signal.  More usefully, the whitened band-by-band 
time series can be recombined.  The resulting time 
series is a whitened flux time series, in which all of 
the non-stationary, non-white noise on time scales 
long compared to a transit has been removed, yielding 
a time series which is dominated by (approximately) 
white (approximately) Gaussian noise, and which con-
tains transit signatures which are distorted by the local 
noise characteristics. 

Acknowledgements:  Funding for the Kepler Mis-
sion is provided by the National Aeronautics and 
Space Administration (NASA) Science Mission Direc-
torate. 

 
References: [1] Daubechies, I. (1988) Com-

mun.Pure Appl.Math.41,909. [2] Jenkins, J.M. (2002) 
ApJ 575, 493. 
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Introduction:  Data from Kepler's first 136 days of 

operation are analyzed to determine the distribution of 
exoplanets with respect to radius, period, and host-star 
spectral type [1]. The analysis is extrapolated to esti-
mate the percentage of terrestrial, habitable-zone exo-
planets. The Kepler census is assumed to be complete 
for bright stars (magnitude <14.0) having transiting 
planets >0.5 Earth radius and periods <42 days. It is 
also assumed that the size distribution of planets is 
independent of orbital period, and that there are no 
hidden biases in the data.  

Results: I find six significant statistical results:  
(1) there is a paucity of small planet detections around  
faint target stars, probably an instrumental effect;  
(2) the frequency of mid-size planet detections is inde-
pendent of whether the host star is bright or faint;  
(3) there are significantly fewer planets detected with 
periods <3 days, compared to longer periods, almost 
certainly an astrophysical effect;  
(4) the frequency of all planets in the population with 
periods <42 days is 29%, broken down as terrestrials 
(r/r⊕ ≤ 2) 9%, ice giants (2 < r/r⊕ ≤ 8) 18%, and gas 
giants (8 < r/r⊕ ) 3%;  
(5) the population has a planet frequency with respect 
to period following a power-law relation dN/dP ~ Pβ-1, 
with β ~ 0.71 ± 0.08. 

Implication: Extrapolating the power law to long-
er periods gives the frequency of terrestrial planets in 
the habitable zones of FGK stars as η⊕ ≅ (34 ± 14)%.   
(6) Thus about one-third of FGK stars are predicted to 
have at least one terrestrial, habitable-zone planet.
 

Reference: [1] W. A. Traub (2011) ApJ, Nov. is-
sue.  

 
Figure. Distribution of planets in the population is 
shown as a function of period. The distribution is 
based on a projection from bright stars in the sample 
database, using the probability of transit as a projec-
tion factor for each planet. The data are fit by a power 
law dN/d ln P  Pβ with β = 0.71 ± 0.08 (thick line), 
and extrapolated to longer periods, along the upper 
dashed line, labeled “a”. The habitable zone ranges for 
FGK stars are indicated. The integrated number of 
planets in these ranges, multiplied by the fraction of 
terrestrial planets, gives the estimated value of η . The 
lower dashed line, labeled “b,” is a fit to the data with 
periods >42 days, however these data are not com-
plete, so the projection is not expected to be a true 
representation of the distribution in the population.  
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Long cadence targets for which a Threshold Cross-
ing Event (TCE) is generated in the Science Opera-
tions Center (SOC) Transiting Planet Search module 
are then processed in the Data Validation (DV) com-
ponent [1], [2] of the SOC Pipeline. A transiting planet 
model is fitted to the light curve for each target, and a 
search for additional planets is conducted by repeating 
the transit search on the residual light curve after the 
model flux has been removed. The process is repeated 
until all planet candidates have been identified. 

A suite of automated tests is performed on all pla-
net candidates in DV for the purpose of aiding in the 
discrimination between true planets and false positives. 
The validation tests that were implemented in the ini-
tial release of DV have been documented in [1]. In 
subsequent releases, a difference imaging technique 
has been implemented to enhance the validation 
process for planet candidates. This technique aims to 
locate the source of a transit signature in the photome-
tric mask for the given target, and to estimate the offset 
between the transit source and the target itself.  

Difference imaging is proving to be a powerful di-
agnostic for identifying astrophysical false positive 
detections due to background eclipsing binaries. It is 
also proving to be valuable for identifying the true 
transit source in crowded apertures. Difference images, 
centroids and offsets are computed on a quarterly basis 
for each planet candidate due to the quarterly roll of 
the spacecraft. The offsets may be averaged, however, 
over multiple quarters to improve the sensitivity of this 
difference image diagnostic. 

For each planet candidate, mean in- and out-of-
transit images are constructed by averaging the flux in 
and near each transit on a per pixel basis, and then by 
averaging over all transits for the given observing 
quarter. In- and out-of-transit cadences are identified 
through the transiting planet model that is fitted to the 
target light curve. A difference image is then generated 
by subtracting the mean in-transit flux for each pixel 
from the mean out-of-transit flux. 

Transits  are excluded from the respective images if 
the associated in- or out-of-transit cadences overlap (1) 
the transit of another planet candidate for the given 
target, (2) a known spacecraft anomaly (e.g. Earth-
point for data downlink, safe mode, attitude tweak, and 
multiple-cadence loss of fine point), or (3) the start or 
end of the given quarter. 

The photocenters of the out-of-transit and differ-
ence images are computed by fitting the appropriate 
Pixel Response Function (PRF) for the given channel. 
The out-of-transit centroid locates the target itself, 
subject to aperture crowding. The difference image 
centroid precisely locates the source of the transit sig-
nature (which may or may not be the given target). The 
offset between difference and out-of-transit image cen-
troids provides both absolute and statistical measures 
of the separation between target and transit source. 

The offset is also computed per planet candidate 
and observing quarter between the difference image 
centroid and the target location specified by its Kepler 
Input Catalog (KIC) celestial coordinates. The offset 
from the KIC reference position is not subject to aper-
ture crowding but is subject to centroid bias. 

A difference image for KOI 140 in quarter 3 is 
shown in the figure below. This KOI has been identi-
fied as an astrophysical false positive. The mean out-
of-transit image is shown in the upper right panel and 
the mean in-transit image is shown in the lower left. 
The difference image in the upper left panel indicates 
that the “transit” source is offset by 1.5 pixels (5.9 
arcseconds) from the target which is marked by the 
out-of-transit image centroid and the KIC reference 
position. 

Funding for the Kepler Mission has been provided 
by the NASA Science Mission Directorate. 

References:
[1] Wu, H. et al. (2010) Proc. SPIE 7740, 774019 1-
12. [2] Tenenbaum, P. et al. (2010) Proc. SPIE 7740, 
77400J 1-12. 
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Introduction: The Presearch Data Conditioning 

(PDC) module of the Kepler science data analysis 

Pipeline does well at the task for which it was origi-

nally designed:  removing systematic errors from flux 

time series while preserving transit signals for the 

>70% of planetary search target stars which are not 

intrinsically variable.  However, astrophysically inter-

esting signals from variable stars were often distorted 

or destroyed by the versions of PDC used on data re-

leased before 10/1/2011.  A companion poster by 

Smith et al. decribes the great progress made in PDC 

8.0 towards preserving astrophysical signals while 

maintaining sensitivity to transits, using an empirical 

Bayesian approach [1,2].  In a nutshell, this approach 

uses the distribution of least-squares fit parameters in a 

reference ensemble of light curves as prior information 

to moderate the values of the coeffieients for each tar-

get.  An obvious area of further progress is to decouple 

low and high frequency systematic noise, using wave-

let-based band splitting as described in the companion 

poster by Stumpe et al.  Detection and repair of single-

pixel sensitivity dropouts (SPSDs), while not system-

atic errors in themselves, are an integral part of PDC 

and the current algorithms and improvements are de-

scribed in a companion poster by Morris and Kolodzie-

jczak. 

Current Investigations:  In this poster, we de-

scribe other ongoing efforts to further improve system-

atic error correction in PDC after Release 8.0, which 

include  

 

1. Development of a goodness metric which 

detects noise injection, signal distortion, 

and residual correlations between cor-

rected light curves, as a guide to progress 

in items below. 

2. Improved reference light curve ensemble 

selection and resulting cotrending basis 

vector (CBV) set generation. 

3. Adaptive selection of the number of CBVs 

used to fit and remove systematic errors 

4. Improvement of the prior distribution, by 

a) generalizing the coefficient distribution 

space to dimensions beyond the currently-

used  RA, DEC, and Kepler magnitude b) 

Using cluster analysis to identify groups 

of stars with similar systematic errors and 

generating cluster-specific CBVs 

5. Joint fitting of CBVs, cosmic-ray induced 

single-pixel sensitivity dropouts (SPSDs), 

and low-frequency astrophysical signals 

represented by polynomials. 

 

Funding for this work is provided by the NASA 

Science Mission Directorate. 
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The release of data on Kepler planet candidates [1] 
was shortly followed by several papers analyzing pla-
net frequency statistics (e.g. [2], [3]) as well as ones 
that attempt to extrapolate the data to Earth-like planet 
sizes and distances from the star (e.g. [4], [5]). Even 
though these papers took care to compensate for in-
completeness and observational biases, results for ηEarth
based on different extapolations vary by two orders of 
magnitude, from about 1% to 50%. It would seem that 
at present the Kepler statistics alone may not be com-
plete enough yet to get a firm handle on ηEarth.

However, certain firm conclusions can nevertheless 
be drawn when considering the Kepler data not by it-
self, but in combination with the requirement that sta-
ble planetary systems must not have more planets than 
allowed by full dynamical packing.
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Figure 1. Planet distribution functions in log period. 
The dynamical packing hypothesis explains the 
asymptoting behavior of the data and motivates an  
extrapolation to longer periods that does not rely on
incomplete statistics.

Figure 1 illustrates this idea, which shows several 
planet frequency distributions as a function of log-
period for Sun-like stars. The blue lines represent pla-
nets with radii down to 2 REarth and green lines 
represent planets with radii down to 0.5 REarth. The blue 
curved line out to period of ~40 days represents the 
expected frequency measured by the Kepler science 
team based on relatively complete debiased data [2]. 
The horizontal lines on the top show the limits on the 
frequency of planets imposed by dynamical packing 

(i.e. any more planets and the system will become unst-
able). These limits were calculated based on the work 
in [6] and planet masses were converted to radii based 
on the mass-radius relationships predicted in [7].

It has been hypothesized that most planetary sys-
tems may be close to being dynamically packed [8]. 
Figure 1 shows that this is indeed the case at least in 
the vicinity of 20-40-day periods, where the frequency 
of planets down to 0.5 REarth are within an order of 
magnitude (21%) of the dynamical packing limit. The 
21% number assumes conservatively that there are no 
planets or other objects smaller than 0.5 REarth around 
any Kepler stars (where there is very little Kepler data). 
Should the observed Kepler planet size power law hold 
down to ~0.1 REarth, then all systems would be fully
dynamically packed, and if any objects exist that are 
smaller than 0.1 REarth, they would not be on stable 
isolated orbits. Notably, this is exactly the case with the 
Solar System, where objects smaller than ~ 0.1 REarth,
e.g. asteroids, tend to exist in a dynamic belt.

This suggests an explanation for why the measured 
planet frequencies on Figure 1 are starting to level off 
beyond 10-day periods: they are asymptoting to the 
dynamical packing limit. If this is so, we would expect 
the planet frequency to remain flat beyond 40 day pe-
riods, as shown by the dashed line in Figure 1. Such a 
curve would imply that ηEarth is 23% and 89% for pla-
nets between 1 and 2 REarth, and 0.5 and 2 REarth, re-
spectively (using the more conservative definition of 
the habitable zone as having a semi-major axis between 
0.95 and 1.37 (L/LSun)1/2 a.u.)

The combination of the dynamical packing hypo-
thesis and Kepler statistics also allows us to predict the 
distribution of planet distrubution around many other 
parameters, such as star mass, and we perform a gener-
al analysis of this in our paper.

References:
[1] Borucki, W. J., et. al. 2011, ApJ, 736, 19B.
[2] Howard, A. W., et. al., 2011, ApJ submitted.
[3] Youdin, A. N., et. al., 2011, ApJ submitted.
[4] Catanzarite, J., Shao, M., 2011, ApJ, 738, 151C
[5] Traub, W. A., 2011, ApJ submitted.
[6] Chambers, J.E., et. al., 1996, Icarus 119, 261.
[7] Seager, S., 2007, ApJ 669, 1279.
[8] Barnes, R., Raymond, S.N 2004, ApJ, 617,569.
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THE OCCURRENCE RATE OF EARTH ANALOG PLANETS ORBITING SUN-LIKE 
STARS. J. Catanzarite, Affiliation: Jet Propulsion Laboratory / California Institute of 
Technology, 4800 Oak Grove Drive, M/S 302-355, Pasadena, CA 91109, 
Joseph.H.Catanzarite@jpl.nasa.gov

Kepler is a space telescope that searches Sun-like stars for planets. Its major goal is to determine 
ηEarth, the fraction of Sun-like stars that have planets like Earth. When a planet “transits” or 
moves in front of a star, Kepler can measure the concomitant dimming of the starlight. From 
analysis of the first four months of those measurements for over 150,000 stars, Kepler’s Science 
Team has determined sizes, surface temperatures, orbit sizes, and periods for over a thousand 
new planet candidates. In this paper, we characterize the probability distribution function of the 
orbit periods of the super-Earth and Neptune planet candidates with periods up to 132 days, 
finding three distinct period regimes. For candidates with periods below 3 days, the density 
increases sharply with increasing period; for periods between 3 and 30 days, the density rises 
more gradually with increasing period, and for periods longer than 30 days, the density drops 
gradually with increasing period. We estimate that 1% to 3% of stars like the Sun are expected to 
have Earth analog planets, based on the Kepler data release of 2011 February. This estimate of 
ηEarth is based on extrapolation from a fiducial subsample of the Kepler planet candidates that 
we chose to be nearly “complete” (i.e., no missed detections) to the realm of the Earth-like 
planets, by means of simple power-law models. The accuracy of the extrapolation will improve 
as new from the Kepler mission are folded in. Accurate knowledge of ηEarth is essential for the 
planning of future missions that will image and take spectra of Earth-like planets. Our result that 
Earths are relatively scarce means that a substantial effort will be needed to identify suitable 
target stars prior to these future missions.
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Searching for evidence of a magnetic field in the exotic super-Earth 55 Cancri e, D. Dragomir1 and Jaymie M. 

Matthews1,  1Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural road, Van-

couver, BC, V6T 1Z1 Canada; diana@phas.ubc.ca, matthews@astro.ubc.ca

Observations of star-exoplanet interactions are the 

only way at present to investigate the magnetic fields 

of exoplanets. The category of super-Earth exoplanets 

(with masses about 2 - 10 times that of Earth, metallic 

cores and rocky mantles) represents  an exciting new 

hunting ground to study planetary magnetism. 55 Can-

cri e is a transiting superEarth with two notable distinc-

tions: (1) It orbits the brightest star (V = 6) known to 

have a transiting planet, and (2) it has the shortest or-

bital period (about 18 hours) of any known planet. 

We  propose  to  obtain  ESPaDOnS  spectropolari-

metry of the 55 Cnc system to measure the star's mag-

netic field and to search for evidence of interactions 

between it and the exoplanet's magnetosphere (if it has 

one). There is circumstantial evidence for such an in-

teraction in MOST space telescope photometry of 55 

Cnc:  Subtle  modulation  in  the  system  brightness 

phased with the planet's orbital period, too large to be 

explained solely by reflected light from the planet. The 

modulation may be due to a concentration of starspots 

and/or a different granulation pattern on the planet-fa-

cing hemisphere of the star, as seen already in MOST 

and ESPaDOnS data  for  the  'hot  Jupiter'  system tau 

Bootis. 

Evidence  of  star-exoplanet  interaction  in  the  55 

Cnc system would be the first (indirect) detection of a 

magnetic field in a super-Earth.
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SPITZER EVIDENCE FOR A PLANET DRIVEN LATE HEAVY BOMBARDMENT IN η  CORVI 

AT ~1 GYR. C.M. Lisse
1
, 

1
Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins 

Road, Laurel, MD 20723; carey.lisse@jhuapl.edu 

 
      Abstract. We have analyzed Spitzer and 

NASA/IRTF 2 – 35 µm spectra of the warm, 

~350 K circumstellar dust around the nearby MS 

star η Corvi (F2V, 1.4 ± 0.3 Gyr). The spectra 

show clear evidence for warm, water- and 

carbon-rich dust at ~3 AU from the central star, 

in the system’s Terrestrial Habitability Zone. 

Spectral features due to ultra-primitive cometary 

material were found, in addition to features due 

to impact produced silica and high temperature 

carbonaceous phases. At least 9 x 10
18 

kg of 0.1 

– 100 µm warm dust is present in a collisional 

equilibrium distribution with dn/da ~ a
-3.5

, the 

equivalent of a 130 km radius KBO of 1.0 g/cm
3
 

density and similar to recent estimates of the 

mass delivered to the Earth at 0.6 – 0.8 Gyr 

during the Late Heavy Bombardment. We 

conclude that the parent body was a Kuiper-Belt 

body or bodies which captured a large amount of 

early primitive material in the first Myrs of the 

system’s lifetime and preserved it in deep freeze 

at ~150 AU. At ~1.4 Gyr they were prompted by 

dynamical stirring of the parent Kuiper Belt into 

spiraling into the inner system, eventually 

colliding at 5-10 km/sec with a rocky planetary 

body of mass ≤ MEarth at ~3 AU, delivering large 

amounts of water (>0.1% of MEarth’s Oceans) and 

carbon-rich material. The Spitzer spectrum also 

closely matches spectra reported for the Ureilite 

meteorites of the Sudan Almahata Sitta fall in 

2008, suggesting that one of the Ureilite parent 

bodies was a KBO. 



2011 Kepler Science Conference - NASA Ames Research Center 153

POSTER ABSTRACTS

P0205. POSTER SESSION I

Transit Spectroscopy of sub-Neptune-sized Planets GJ1214b and HD97658b with HST WFC3.  P. R. 
McCullough1, 1STScI (3700 San Martin Dr., Baltimore MD 21218, pmcc@stsci.edu). 

 
Abstract: We analyze 1.1-1.7 micron spectra of a 

transit of the super-Earth GJ1214b obtained 2011-4-18 
during re-commissioning of a technique for spatially 
scanning the Hubble Space Telescope (Figure 1).   
These are the first data of this type obtained with the 
HST instrument WFC3. Results are directly compared 
to staring-mode observations with the same instrument 
of the same target by Berta et al. [1]. Spatial scanning 
is expected to have some advantages  over staring-
mode observations with existing HST instruments, 
especially for very bright stars, i.e. those that intrinsi-
cally can provide the highest sensitivity observations. 
We also describe a case study of the sub-Neptune-
sized planet HD 97658b in terms of proposed observa-
tions and what they may reveal of that planet. We also 
summarize publicly-available descriptions of addition-
al HST programs that use the spatial-scanning tech-
nique (Table 1). 

 
References: 

 
[1] Berta, Z. K. et al. 2011, submitted to ApJ. 

 
Table 1 

HST program, Title, Investigators, Scanned Targets  
12181 The Atmospheric Structure of Giant Hot 

Exoplanets, Deming, L. D. et al., HD 209458 and HD 
189733 

12325 Photometry with Spatial Scans, MacKenty, 
J. W., & McCullough, P. R., GJ1214 

12336 Scan Enabled Photometry, MacKenty, J. W., 
McCullough, P. R., & Deustua, S., Vega and other 
calibration stars 

12449 Atmospheric Composition of the ExoNep-
tune HAT-P-11, Deming, L. D., et al., HAT-P-11 

12473 An Optical Transmission Spectral Survey of 
hot-Jupiter Exoplanetary Atmospheres, Sing, D. K. et 
al., WASP-31, HAT-P-1 

12495 Near-IR Spectroscopy of the Hottest Known 
Exoplanet, WASP-33b, Deming, L. D. et al., WASP-
33 

12679 Luminosity-Distance Standards from Gaia 
and HST, Riess, A., et al., Milky Way Cepheids 

 

 
 

Figure 1: The spatially scanned spectrum of the star 
GJ1214 is labeled with its 0th and 1st order light and 
compared to a nominal staring-mode slitless spectrum 
of the same field (below the blue line). The scan was 
40 pixels high (4.8 arcsec). 
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CARMENES: A RADIAL-VELOCITY SURVEY FOR TERRESTRIAL PLANETS IN THE HABITABLE 
ZONES OF M DWARFS.  A. Quirrenbach1 and the CARMENES Consortium, 1Landessternwarte, Zentrum für 
Astronomie der Universität Heidelberg (ZAH), Königstuhl 12, D-69117 Heidelberg, Germany 

 
Introduction:  CARMENES (Calar Alto high-

Resolution search for M dwarfs with Exo-earths with 
Near-infrared and optical Echelle Spectrographs) is a 
next-generation instrument to be built for the 3.5m 
telescope at the Calar Alto Observatory by a consorti-
um of eleven Spanish and German institutions. Con-
ducting a five-year exoplanet survey targeting ~300 M 
dwarfs with the completed instrument is an integral 
part of the project. The CARMENES instrument con-
sists of two separate échelle spectrographs covering the 
wavelength range from 0.55 to 1.7 μm at a spectral 
resolution of R = 85,000, fed by fibers from the Casse-
grain focus of the telescope. The spectrographs are 
housed in vacuum tanks providing the temperature-
stabilized environments necessary to enable a 1m/s 
radial velocity precision employing a simultaneous 
calibration with an emission-line lamp. 

   
Science Case:  The fundamental scientific objec-

tive of CARMENES is to carry out a survey of late-
type main sequence stars with the goals of characteriz-
ing the population of planets around these stars, and of 
detecting low-mass planets in their habitable zones 
(HZs). In the focus of the project are very cool stars 
later than spectral type M4V and moderately active 
stars, but the target list will also comprise earlier and 
therefore brighter M dwarfs. In particular, we aim at 
being able to detect a 2M⊕ planet in the HZs of M5 
stars. A long-term radial velocity precision of 1m/s per 
measurement will permit to attain this goal. For stars 
later than M4 (M < 0.25M⊙), such precision will yield 
detections of super-Earths of 5M⊕ and smaller inside 
the entire width of the HZ. For a star near the hydro-
gen-burning limit, a planet with the mass of our own 
Earth in the HZ could be detected at a precision of 
1m/s. In addition, the HZ of all M-type dwarfs can be 
probed for super-Earths. Thus, a RV precision of 1m/s 
can trigger a breakthrough in exoplanet research in the 
spectral range of mid and late M-type stars. 

We plan to survey a sample of 300 M-type stars for 
low-mass planet companions. Besides the detection of 
the individual planets themselves, the ensemble of ob-
jects will provide sufficient statistics to assess the 
overall distribution of planets around M dwarfs: fre-
quency, masses, and orbital parameters. The survey 
will confirm or falsify the seemingly low occurrence of 
Jovian planets around M stars, and the frequency of ice 
giants and terrestrial planets will be established along 
with their typical separations, eccentricities, multiplici-
ties, and dynamics. Thus, the CARMENES survey can 

provide the first robust statements about planet for-
mation in the low-mass star regime. 

 
Instrument:  For late-M spectral types, the wave-

length range around 1000 nm (Y band) is the most im-
portant wavelength region for RV work. Therefore, the 
efficiency of CARMENES will be optimized in this 
range. Since CCDs do not provide high enough effi-
ciency around 1000 nm and no signal at all beyond the 
Si cutoff at 1100 nm, a near-IR detector is required. 

It is thus natural to adopt an instrument concept 
with two spectrographs, one equipped with a CCD for 
the range 550-1050 nm, and one with HgCdTe detec-
tors for the range from 0.9-1.7 μm. Each spectrograph 
will be coupled to the 3.5m telescope with its own op-
tical fiber. The front end will contain a dichroic beam 
splitter and an atmospheric dispersion corrector, to 
feed the light into the fibers leading to the spectro-
graphs. Guiding is performed with a separate camera. 
Additional fibers are available for simultaneous injec-
tion of light from emission line lamps for RV calibra-
tion.  

The spectrographs are mounted on benches inside 
vacuum tanks located in the coudé laboratory of the 
3.5m dome. Each vacuum tank is equipped with a tem-
perature stabilization system capable of keeping the 
temperature constant to within ±0.01°C over 24h. The 
visible-light spectrograph will be operated near room 
temperature, the NIR spectrograph will be cooled to 
−80°C. 

The CARMENES instrument passed its preliminary 
design review in July 2011; completion of the instru-
ment is planned for late 2013. At least 600 useable 
nights have been allocated at the Calar Alto 3.5m Tele-
scope for the CARMENES survey in the time frame 
from 2014 to 2018. The instrument is also well-suited 
for RV follow-up of planet candidates from transit sur-
veys. More details can be found on the project web 
page and in Quirrenbach et al. (2010). 

 
References:  
https://carmenes.caha.es/ext/index.html 

(CARMENES project public web page) 
Quirrenbach, A., Amado, P.J., Mandel, H., et al. 

(2010). CARMENES: Calar Alto high-Resolution 
search for M dwarfs with Exo-earths with Near-
infrared and optical Echelle Spectrographs. In  
Ground-based and airborne instrumentation for as-
tronomy III. Eds. McLean, I.S., Ramsay, S.K., & 
Takami, H., SPIE Vol. 7735, 773513, p. 1-14 
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An astronomical criterion for association of the four fundamental interactions. Murat Zhussupov  (24, Buhar-
Zhyrau Street, Almaty, Kazakhstan, mjalmata@mail.ru) 

[ S t o r y  S u b t i t l e  o r  s u m m a r y ]

Introduction: The whole diversity of nature and life 
around us is caused by such fundamental phenomena, as 
gravitation, electromagnetism, strong and weak 
interaction. Accordingly, researches in all areas of 
modern science - physics, astronomy, chemistry, biology 
and other, are compelled to prefer to one of this 
phenomena. As a result often receive too complicated and 
inconsistent the picture of the description the nature. 
Historically sights at these interactions consistently 
formed to a measure of opening and studying of 
phenomena accompanying them.  Simultaneously, for the 
purpose of creation of complete and objective picture of 
physical laws of the Universe, were conducted searches of 
ways of their association as, for example, it has been 
successfully carried out in the end of the last century for 
electromagnetism [1]. At present work on creation of the 
theory of association of four fundamental interactions has 
the continuation, mainly, within the frames of the 
theoretical physics.  In this direction the essential 
contribution can make also the astronomy. The astronomy 
is the purest for virtual experiment by the tool of research 
so as all spatial relations of heavenly bodies are defined 
uniform force of gravitation. Laws of behavior of 
heavenly bodies are one of main criterion which can to 
associate the fundamental interaction. Taken together 
with researches in other areas of science - physics, 
astrophysics, thermo-dynamics and mineralogy, author 
discovered the principle of unity of the gravitational, 
electromagnetic, strong and weak interactions. This 
principle is based on the fact that the source of all the 
fundamental relationships in nature is a unified force of 
Transpressure [2]. This is unknown a previously type of 
pressure, which exist in "vacuum", penetrates through 
environment of various substances and influences only 
fundamental particles. It exists in the nature along with 
molecular pressure and pressure of light. Numerically 
pressure is equal 4,775e24 Pa (round-off). Pressure 
resembles hydrostatic and probably spread within the 
Universe everywhere - in vacuum and molecular 
environments of stars and planets. The pressure operates 
only a surface of fundamental particles - electrons, 
nucleons, mesons, etc., and does not influences in space 
free from these particles, even inside molecules and 
atoms. Reaction of fundamental particles to pressure, 
according to Newton's third law, is expressed in 
occurrence of forces of counteraction. The directions of 
these forces depend on structural, morphological features 
of objects which structure includes fundamental particles 
and symmetry of the environment. The size of 
transpressure seems an enormous, but live organism does 
not feel it, because it operates only on an electronic and 
nucleon lattice of molecules from which these organisms 
consist. In essence this lattice fastened from this pressure. 
Behavior of planet Earth under the influence of 
transpressure: Any moving material bodies behave as a 
wave. They have received the wave name de Broglie. Is 

considered, that wave properties of macroscopic objects 
are not appreciably because of small length of a wave. 
However in plan of action the transpressure it is no so. In 
Fig.1 schematically shown movement of the Earth (E) 
round the Sun (S), where r - radius of the Earth, a - radius 
of an orbit of its rotation round the Sun. Torus which is  

 
Fig.1. Scheme of rotation of Earth around Sun 

formed from moving of planet has volume  
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  , where em – mass of electron, c – 

speed of light, o – magnetic constant) – shown what the 
orbit of Earth around  Sun is the wave of de Broglie. Now 
it is possible to notice that in calculations necessity of use 
the gravitational constant disappears. 
Conclusion: Laws of behavior of heavenly bodies are one 
of main criterion which can to associate the all four 
fundamental interaction. Is established unknown a 
previously type of pressure with action in "vacuum", it 
penetrates through of various substances and influences 
only fundamental particles. This pressure is a unique 
source of forces for gravitational, electromagnetic, the 
strong and weak interactions. Mutual relations of 
heavenly bodies depend from their reactions to this 
pressure and from symmetry of environment. Thus, the 
orbit of the Earth round the Sun is represented as wave de 
Broglie generated under the influence of transpressure. 
References: [1] Davies P., (1989), NY, 10-15,               
[2] Zhussupov M. (2011), Thermodynamics2011, 
Abstract #431, #508 
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Exoplanet Migration and the Distribution of Period Ratios in Multiple Planet Systems  Katherine 
M. Deck1 and Matthew J. Holman2, 1Massachussetts Institute of Technology, Physics Department, 
kdeck@mit.edu, 2Harvard-Smithsonian Center for Astrophysics, mholman@cfa.harvard.edu 

 
Capture into resonance is a natural conse-

quence of convergent migration in multiple planet 
systems [1,2,3,4]. As planets migrate, the ratios 
of orbital periods within the system slowly 
change. When they approach a commensurability, 
there is some probability of capture into reson-
ance. An interesting observational result from the 
Kepler data is that planets in multiple planet sys-
tems found near first order mean motion reson-
ances tend to be grouped outside of the nominal 
resonance value [5]. If this result holds as more 
planets are discovered, it could constrain planeta-
ry migration theories.  

We are studying the process of capture 
into the 2:1 resonance in particular, as period ra-
tios near two are common among the systems dis-
covered [5]. By numerically evolving a planetary 
system with two planets, according to the usual 
Hamiltonian gravitational dynamics as well as a 
very general migration mechanism, we confirm 
that capture into the 2:1 resonance can occur and 
show that period ratios greater than two can be 
achieved for specific dissipation rates. We are 
exploring whether or not these rates are physical. 
In addition, we are also studying the evolution 
semi-analytically by modeling the system as be-
ing governed by an adiabatically changing Hamil-
tonian. This will allow us to better understand the 
distribution of period ratios that result from con-
vergent migration, capture into resonance, and 
subsequent termination of migration. 

 
  
[1] Goldreich, P. 1965, MNRAS, 130, 159 
[2] Lee, M. H., and Peale, S. J., 2002, ApJ, 

567, 596. 
[3] Lee, M. H., 2004, ApJ, 611, 517 
[4] C. Beaugé, S. Ferraz-Mello & T.A. Micht-

chenko, 2003, ApJ, 593, 1124-1133 
[5] JJ Lissauer et al, November 2011, ApJs, & 

arXiv:1102.0543v4 
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Predicting Planets in Kepler Candidate Multi-Planet Systems.  J. Fang1 and J. L. Margot2, 1Department of Phys-
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fang@astro.ucla.edu, 2University of California, Los Angeles, e-mail: jlm@astro.ucla.edu 

 
Introduction:  Early studies of extrasolar planetary 

systems showed residual velocity trends in Keplerian 
orbit fits to radial velocity data [1-5], suggesting that 
these systems may harbor additional, yet-undetected 
companions. Many of these systems were later discov-
ered to host additional planet(s). In more recent years, 
the study and prediction of undiscovered planets have 
been boosted by long-term N-body simulations. These 
numerical investigations searched for stability zones in 
multi-planet systems by integrating many test bodies, 
which were injected into empty regions between 
known planets [6-10]. In the case of exoplanet HD 
74156d [11], this Saturn-mass planet was first pre-
dicted through numerical simulations showing a stable 
region between planets b and c [8], and then later dis-
covered [12]. This successful prediction was motivated 
by the “packed planetary systems” (PPS) hypothesis. 

The PPS hypothesis is the idea that planetary sys-
tems are formed “dynamically full” and filled to capac-
ity, and any additional planets will cause the system to 
be unstable [7-8,13-14]. Consequently, planetary sys-
tems with stable stability zones between the innermost 
and outermost planets are suggestive of additional, yet-
undetected planets. The orbital properties of predicted 
planets can be identified through long-term numerical 
simulations. 

In the present study, we apply the PPS hypothesis 
to multi-planet candidate systems discovered by the 
Kepler mission [15]. Given the high frequency of 
packing found in known planetary systems, we seek to 
test the PPS hypothesis and predict additional planets 
in Kepler candidate multi-planet systems through ana-
lytical and numerical methods. 

Methods:  We use publicly available Kepler data 
covering the first four and a half months of observa-
tions [16]. One-third of the planetary candidates in this 
dataset are hosted in a total of 170 multi-planet sys-
tems [17]. Of these systems, we analytically calculate 
the Hill stability of all adjacent planet pairs to discern 
the extent of packing in the systems. Fulfillment or 
over-fulfillment of the Hill stability criterion, implying 
that the considered planet pair is not on the verge of 
instability, suggests the presence of additional planets. 
We find that many of the systems are packed and we 
focus on <10 two-planet systems that are most likely to 
harbor additional planet(s). 

For these non-packed 2-planet systems, we conduct 
numerical simulations by placing thousands of test 
particles in each system to map out their zones of sta-
bility. For each system, our simulations include the star 

and its two detected planets as well as thousands of test 
particles placed in between the locations of the inner 
and outer planets. These test particles are massless, 
which can be good proxies for terrestrial-class planets. 
We integrate for 107 years and test particles that sur-
vive the length of the integration are considered stable 
test particles. We record the starting orbital elements 
such as the semi-major axis and eccentricity of all sta-
ble and unstable test particles. 

Results and Summary:  We calculate which Ke-
pler candidate multi-planet systems may be capable of 
harboring additional planet(s) between the inner and 
outer detected planets. For each non-packed system 
under consideration, we perform a numerical investiga-
tion and map out the regions in parameter space (semi-
major axis and eccentricity) that have stable test parti-
cles. We quantify the ranges of semi-major axis and 
eccentricity of these stable regions and predict the ex-
istence of additional planet(s) in these stability zones. 
Additional quarters of Kepler data may reveal addi-
tional planets in the stable gaps suggested by our simu-
lations. 

References: [1] Marcy, G. W. & Butler, R. P. 
(1998) ARA&A, 36, 57. [2] Butler, R. P. et al. (1998) 
PASP, 110, 1389. [3] Marcy, G. W. et al. (1999) ApJ, 
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Abstract

A battery of new transits of WASP-3b has been observed by our group. In this poster we present
our re-analysis of the properties of this planet. In particular we studied the entire sample of
transit timing and radial velocity measurements acquired so far, constraining the presence of
other perturbing planets in the system.
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Introduction:  Photometric  transits  represent  a 

great  opportunity to discover and characterize  extra-

solar  planets.  They are,  for instance,  the only direct  

method to estimate  the planetary  radius and to  con-

strain other important physical and orbital parameters.  

A new powerful technique is emerging in this field, 

able to detect low-mass companions in systems where 

at least one planet is transiting. In principle, a single 

planet orbiting the host star in a Keplerian orbit is ex-

pected to transit at strictly periodic time intervals, un-

less it is perturbed by a third body [1]. By performing 

accurate measurements of the central instant time of a 

known transiting planet, it is possible to detect devia-

tions from a linear ephemeris, and to infer the param-

eters of the perturber [2]. Such a search for other bod-

ies via transit time variations (TTV) is very sensitive 

to  low-mass  planets  when  they  are  locked  in  low-

order orbital  resonances.  In these  orbits,  even earth-

mass perturbers would cause TTVs of the order of a 

few minutes, i.e. easily detectable with ground-based 

techniques. 

In the past few years, some authors have claimed 

TTV detections using ground-based facilities,  for in-

stance from WASP-3b [3] and HAT-P-13b [4], though 

none  have  been  independently  confirmed  so  far.  In 

contrast, the Kepler mission found astonishing mutual 

TTVs  for  many  systems,  including five  among  six 

planets transiting on Kepler-11 [5]. These works have 

lead  to  the  validation  of  those  planets,  as  well  as  a 

deep characterization of their systems.

The TASTE project. Our group started  in 2010 

the TASTE project, previously known as The Asiago 

Search  for  Transit  Timing  Variations  of  Exoplanets 

[6].  Our goal  is to perform an accurate  photometric 

follow-up of a small sample of transiting exoplanets, 

purposely chosen as suitable targets for a TTV search. 

We developed an independent pipeline for the data re-

duction (STARSKY, [6]).  STARSKY is optimized to 

carry out high-precision differential  photometry over 

defocused images.  It  implements  empirical,  iterative 

algorithms to weight a set of reference stars, aiming at 

minimizing  the final  photometric  scatter.  Additional  

routines  analyze  the  light  curve  itself  to  identify,  

model, and decorrelate any residual systematic error. 

A transit model is then fitted to the light curve by a 

modified version of JKTEBOP [7]. The uncertainties 

over each  fitted  parameter  (including the central  in-

stant T0) are estimated in the most conservative way, 

using  both  resampling  and  bootstrapping  techniques 

such as the “residual-permutation” algorithm. 

TASTE observations started at the Asiago 1.82m 

telescope in 2010, and are currently ongoing or sched-

uled  at  other  medium-class  facilities  around  the 

world: IAC-80, TCS (Observatorio del Teide, Canary 

Islands),  NOT, TNG (ORM, Canary Islands), CTIO-

0.9m (Cerro Tololo), REM (La Silla), and others.

First results. On most targets, TASTE is able to 

achieve  a  photometric  scatter  of  the  order  of  0.5 

mmag  (120s  bins)  or  better.  The  first  light  curves, 

published  as  test  case  (HAT-P-3b  and  HAT-P-14b, 

[6]) demonstrate a timing accuracy spanning ΔT0=10-

25 s on typical targets. Recently we published a TTV 

study that shed some light on the controversial case of 

HAT-P-13b  [7].  New results from the IAC facilities 

are going to be published.

Fig. 1: Folded light curve of two  TASTE  transits of  

WASP-3b observed at IAC-80 in 2011.  
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ence, 307, 1288 [2] Agol et al. (2005), MNRAS, 359, 

567 [3]  Maciejewski  et  al.  (2010),  MNRAS,  411, 
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Introduction:  Over 500 extrasolar planets have 

been discovered over the last decade and a half with 

many more to be discovered in the next couple of 

years.  In addition to discovering new extrasolar plan-

ets, a detailed analysis of their structure, composition, 

and other bulk properties is also needed in order to 

gain an understanding of the processes involved in the 

formation of planets in other systems as well as in our 

own solar system.   

The Exoplanetary Science group at UNSW is 

commissioning a Cassegrain-fed optical-fiber bundle 

called CYCLOPS at the Anglo-Australian Telescope 

(AAT) to carry out Doppler spectroscopy of transiting 

planet candidate stars arising from Southern Hemi-

sphere transit searches.  In addition, our team will 

carry out measurments of the Rossiter-McLaughlin 

(RM) effect in transiting exoplanets.  The RM effect is 

a spectroscopic anomaly in the radial velocity curve 

that arises when a planet occults a small spot on the 

rotating disk of its host star. This in turn causes asym-

metric distortions in the line profiles of a star's spec-

trum creating the apparent anomaly seen in the radial 

velocity curve (1). The detection of this effect allows 

us to estimate the spin-orbit alignment of transiting 

planetary system which is a critical component in order 

to study the processes involved in planetary formation 

and migration.  

     CYCLOPS: CYCLOPS  is an upgrade for the 

AAT’s existing UCLES coude-echelle spectrograph. It 

replaces the five mirror Coude train, with a 

Cassegrain-fed optical-fiber bundle, which reformats 

an area of 4.7 square arcseconds on the sky (formatted 

as fifteen 0.6” diameter hexagons) into a pseudo-slit of 

15 fibers at the entrance of UCLES. Each fibre at the  

entrance slit has a diameter of 0.61”, which delivers a 

resolution of λ/Δλ = 70,000. Commissioning tests 

demonstrate CYCLOPS delivers 70% more photons to 

our spectrograph than the old mirror train, and does so 

at 50% higher resolution (2). 

Spin-orbit Alignment of Transiting Exoplanets 

and the Rossiter-McLaughlin Effect:  Observing the 

RM effect provides an estimate of the alignment of the 

projected stellar spin axis to the orbital plane of the 

planet known as “spin-orbit” alignment, measured by 

the angle (λ).  This information is critical in order to 

place constraints and test different theories on plane-

tary formation and migration (1).  Using both 

CYCLOPS and UCLES, our team will follow up a 

number of transiting planet candidate stars arising from 

the HAT-South transit search with high precision ra-

dial velocity both during and out of the transit phase.  

Our team has also developed a chi squared minimiza-

tion analysis model called ExOSAM (Exoplanetary 

Orbital and Simulation Analysis Model) to estimate 

vsini and λ by comparing the observed RM effect data 

to our theoretical model. We have tested ExOSAM 

with actual data obtained for Wasp-18 (3). We find 

that λ = 4° and vsini = 11.6 km/s for this system.  Fig-

ure 1 shows the RM anomaly in the radial velocity 

modeled using ExOSAM with Wasp-18 data during 

transit. 

Conclusion:  The Exoplanetary Science group at 

UNSW has commissioned a Cassegrain-fed optical-

fibre bundle spectrograph called Cyclops at the AAT 

to carry out Doppler spectroscopy and measurmenets 

of the RM effect of transiting planet candidate stars 

arising from the HAT South transit survey. This re-

search will allow us to estimate the orbital parameters 

and mass of transiting exoplanets, critical components 

needed to study their structure and formation processes 

as well as their migration history. 

References: [1] Ohta, Taruya & Suto (2004) Nat., 

90, 1151–1154. 

[2] http://www.phys.unsw.edu.au/~cgt/CYCLOPS/CY

CLOPS.html. [3] Triaud et al. (2010) A&A, 524, A25. 

 

 

 
Figure 1 RM anomaly in the radial velocity modeled 

by ExOSAM with data obtained during the transit of 

WASP-18 b (Triaud et al. 2010). The underlying Ke-

plerian trend of the star’s orbit due to the planet has 

been removed for clarity. 
 



2011 Kepler Science Conference - NASA Ames Research Center 161

POSTER ABSTRACTS

P0402. POSTER SESSION I

ORBITAL MIGRATION MODELS OF EARTHS AND SUPER-EARTHS. G. D'Angelo1,2 and U. Gorti2,1,
1NASA-ARC, MS245-3, Moffett Field, CA 94035 (gennaro.dangelo@nasa.gov), 2SETI Institute, 189 Bernardo Ave.,
Mountain View, CA 94043 (uma.gorti-1@nasa.gov).

Introduction: Transit data from the Kepler mis-
sion indicate that over 10% of solar-type stars may
host planets with radii between 2 and 4 R⊕ and orbital
periods shorter than 50 days [1]. Radial velocity data
show that nearly 20% of solar-type stars may harbor
planets with masses smaller than 10 M⊕ and periods
less than 50 days [2]. 

The assembly of a planet of a few Earth masses at
0.25 AU from a solar-mass star requires high surface
densities of solid material, on the order of 2000 g/cm2

or higher. Additionally, a large fraction of it should be
icy material. In fact, recent studies, e.g., [1,3], imply
that Super-Earths may have a wide range of possible
compositions, including ice/water-dominated planets.
It appears therefore improbable that all these planets
formed at their current locations. More likely, most of
them formed at larger orbital distances and afterward
moved closer to the star. One mechanism that may ex-
plain this long-range mobility is orbital migration driv-
en by tidal torques exerted by a gaseous protoplanetary
disk. We present detailed models of such mechanism.
Model Description: We have constructed time-de-

pendent models that describe the orbital evolution of
planets in the Earth-to-Super-Earth mass range. These
models self-consistently take into account the viscous
evolution of the gaseous disk, the photo-evaporation of
the gas that originates from Far-Ultraviolet (FUV), Ex-
treme-Ultraviolet (EUV), and X-ray radiation emitted
by a solar-mass star, and the gravitational torques that
are exchanged between the planet and the disk.

Viscous model. The disk evolution driven by vis-
cous stresses is obtained from the solution of a 1-D
equation that governs conservation of angular mo-
mentum and accounts for photo-evaporation and tidal
torques [4]. The equation is solved numerically using
an implicit scheme, allowing us to include disk regions
extending very close to the star.

Photo-evaporation model. The rates at which disk
gas evaporates are computed by solving the 1+1-D ra-
dial-vertical structure of the disk [5]. These rates de-
pend on both radial distance and time, and their calcu-
lation is embedded in the disk evolution calculation
outlined above.

Tidal torque model. Gravitational perturbations
produced by the planet give rise to a torque density
distribution that acts on the disk. In response, the disk
exerts the same torques on the planet. We use torque
density fields derived from 3-D hydrodynamics, high-
resolution calculations of disk-planet interactions [6].  

Physical Parameters: We have performed simula-
tions of radially extended disks, from 0.02 AU to 1000
AU, surrounding a solar-mass star. The initial surface
density follows that derived from [7] for an early Solar
Nebula. The X-rays and EUV luminosities are ~10-3 L⊙,
whereas FUV luminosities depend on the time-varying
accretion rate of the star, but lies in the range from
~10-4 to ~0.1 L⊙. We have investigated different viscos-
ity regimes, with characteristic kinematic viscosity
ν=ν1(R/AU)1/2, where viscosity ν1 is between 10-6 and
2×10-5 in units of (G M⊙ AU)1/2. The planet mass
grows from 0.1 M⊕ to Miso, the isolation mass, over the
time Tiso. The growth proceeds at an oligarchic rate,
dM/dt∝M2/3. The values of Miso and Tiso are chosen ran-
domly within the ranges, respectively, from 1 to 10 M⊕

and from 104 to 105 local orbital periods. The initial or-
bital radius varies randomly between 1 and 10 AU.

Results: We find that the final orbital distributions
are dependent on the applied viscosity regime. When
ν1~10-6, about 90% of the planets orbit within ~0.5 AU,
whereas, for ν1~10-5, only ~30% have orbital radii
smaller than 1 AU. About 50% of the planets settle on
orbits beyond ~3 AU when ν1~2×10-5. The total distri-
bution shows that ~6% of the planets orbit within 0.07
AU and ~50% within 1 AU. No region appears devoid
of planets. Cumulative distributions for the total popu-
lation and for selected values of  ν1 are shown above.
References: [1] Howard A. W. et al. (2011)
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Introduction: Recent progresses in transit pho-

tometry—especially, operation of the two space-based 
telescope Kepler and CoRoT—have enabled us to find 
relatively small short-period exoplanets with radii of a 
few to several Earth radii. Combined with planerary 
masses measured by radial-velocity or transit-timing-
variation methods, many of the planets and planetary 
candidates are inferred to be water-rich objects like 
Uranus and Neptune. Such objects are often called hot 
Neprunes. The radii of hot Neptunes are relatively sen-
sitive to their thermal and gravitational energy. Thus, 
understanding the distribution of hot Neptunes in the 
mass-radius (or bulk density) diagram gives us great 
insights into the formation and evolution of the planets 
which include the histories of accretion, impact/erosion, 
and loss of energy and mass. 

Similarly to gas giants, water-dominanted planets 
are born big in size. Then they shrink or become dens-
er losing their accrerion energy into space. Further-
more, since transiting planets orbit close to their host 
stars, they experience mass loss driven by intense stel-
lar X-ray and UV irradiation (XUV). Thus, interesting 
questions are how large is the maximum radius (or the 
minimum bulk density) of a hot Neptune of a given 
mass that we observe and how large is the minimum 
mass of a hot Neptune that survives the mass loss. 

Previously, the thermal evolution and mass loss of 
hot-Jupiters were investigated [1,2]. The mass and 
radius relationships of water-rich planets were calcu-
lated for relatively wide ranges of intrinsic and equilib-
rium temperatures by Rogers et al. (2011) and Valen-
cia et al. (2010); they also estimated the possible 
amounts of mass loss [3,4]. However, to our 
knowledge, there is no study that simulates the thermal 
evolution and mass loss of water-rich planets concur-
rently.  

Methods: In this study, we have simulated the 
spherically symmetric structure and thermal evolution 
of planets that are composed mainly of water. The 
mass loss is assumed to be due to stellar XUV irradia-
tion; the mass loss rate is calculated, based on theory 
of the energy limited hydrodynamic escape through the 
Roche lobe of the planet. The structure of the atmos-
phere is integrated, following Guillot (2010) [5]. 

Results:  The planet gets cold and shrinks by emit-
ting its intrinsic heat. Inside the planet, the boundary 
between the radiative and convective layers becomes 
deeper and deeper. This controls the thermal evolution. 

On a timescale of 1-10 Gyr, the intrinsic temperature 
decreases to a few ten Kelvin. At that time, the radii 
are several to ten Earth radii for 1-10 Earth-mass wa-
ter-dominated planets, provided the mass loss is ig-
nored. However, if the mass loss is included, the low-
mass and large-radius planets evaporate completely. 
Since the stellar XUV declines and the planetary radius 
becomes small with time, we have found there are dis-
tinct threshold masses beyond which the planet sur-
vives the evporation due to XUV irradiation from the 
host star. While the threshold mass depends on several 
properties of the planet and the star, it is found to be 
around 10 Earth masses. 

Conclusions: We have found that the thermal evo-
lution of water-rich planets has a significant impact on 
their radius and mass loss rate. Besides, there is the 
lower limit to the mass of the planet that survives the 
mass loss due to XUV irradiation from the host stars 
for 10 billion years. These results give constraints to 
the distribution of water-rich super-Earths on the mass-
radius (or bulk density) diagram. 

 
References: [1] Baraffe, I. et al. (2003) A&A, 402, 
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Introduction:  There are many catalogs compiling 
and describing the nearly 700 exoplanets that have 
been confirmed such as the Extrasolar Planets Ency-
clopaedia (exoplanet.eu), the Exoplanet Data Explorer 
(exoplanets.org), and The Visual Exoplanet Catalogue 
(exoplanet.hanno-rein.de). New ground and orbital 
observations with telescopes, like Kepler, is helping to 
identify and confirm hundreds or thousands of addi-
tional exoplanets in the coming years. Catalogs are 
getting quite large and is becoming more difficult to 
sort out those habitable exoplanets that are of special 
interest for the astrobiology field. 

The Habitable Exoplanets Catalog (HEC) is a new 
project by the Planetary Habitability Laboratory (PHL) 
of the University of Puerto Rico at Arecibo to help 
identify, compare, and visualize habitable exoplanets 
from current discoveries [1]. The HEC is using new 
developments by the PHL on habitability metrics and 
classifications like the Earth Similarity Index (ESI) [2], 
the Habitable Zones Distance (HZD), and comparisons 
with Earth past and present to help quantify the habita-
bility of exoplanets, including potential exomoons. 

Habitability Metrics: Habitability metrics can be 
used to assess and compare the potential for life of 
exoplanets as a function of many stellar and planetary 
properties. They provide a system for their identifica-
tion, ranking, prioritization of observations, and even 
recognize those probably even more habitable than 
Earth itself. Most of these metrics requires stellar and 
planetary properties that are already available for many 
exoplanets but models can be used otherwise. Four 
habitability metrics were used as first assessments. 

Habitable Zones Distance (HZD). The HZD is a 
measure of how far a planet is from the center of its 
parent star habitable zone (HZ) in habitable zone units 
(HZU). Planets inside the HZ have HZD values be-
tween -1 to +1 HZU, with zero being the exact center 
of the HZ. The negative and positive values correspond 
to locations closer and farther to the star, respectively. 
The HZD is a function of the star’s luminosity and 
temperature, and the planet’s distance. 

Earth Similarity Index (ESI). The ESI or the "easy 
scale," measures how similar is a planet to Earth in a 
scale from zero to one, with one being identical [2]. 
Planets with ESI values between 0.8 and 1.0 are classi-
fied as Earth-like because they potentially have a rocky 
composition that is able to hold a terrestrial atmos-
phere under temperate conditions. The ESI is a func-
tion of the planet's radius, density, escape velocity, and 
surface temperature. 

Global Primary Habitability (GPH). The GPH or 
"gp-hab," measures the surface suitability of a plane-
tary body for a global biosphere of primary producers 
in a scale from zero to one, with one being more habit-
able. The GPH is a function of the star's luminosity, 
temperature, age, and metallicity, and the planet's al-
bedo, distance, mass and radius. It provides the most 
complete evaluation of planetary habitability given the 
information we already know for many exoplanets. 

Standard Primary Habitability (SPH). The SPH or 
'sp-hab,' measures the thermal-water climate suitability 
of a planet for land primary producers in a scale from 
zero to one, with one being more habitable [3]. It is 
correlated with the distribution of vegetation and net 
primary productivity (NPP). The SPH is a function of 
the planet's surface temperature and relative humidity. 
The SPH was originally developed for terrestrial ecol-
ogy assessments but it was also extended for exoplan-
ets studies. 

Conclusion: The HEC identifies, organizes, and 
visualizes potential habitable exoplanets, including 
exomoons, in new ways. All metrics focus on surface 
habitability and does no consider yet subsurface envi-
ronments. They are limited to what we can measure 
today for exoplanets and assume that all the other re-
quirements of life are present. The GPH and the SPH 
metrics are better indicators of habitability than the 
HZD and the ESI, but require more information about 
the exoplanets. So far, there are two potential habitable 
exoplanets identified and ranked in the catalog and 
fourteen from Kepler candidates, but more are ex-
pected in the near future. 

The HEC provides tools for both scientists and ed-
ucators studying the habitability of exoplanets. We 
also developed various media and web tools to help 
understand and visualize the number, diversity, and 
characteristics of exoplanets. The HEC is an initiative 
of the PHL at the UPR Arecibo with the collaboration 
of various international scientists and educators, and it 
will be freely available on the PHL web site 
(phl.upr.edu) on December 5, 2011. We expect that 
input from scientists, educators, and the general public 
will help improve the catalog, and probably take it in 
new directions.  

References: [1] Méndez A. et al. (2011) The Hab-
itable Exoplanets Catalog (in preparation). [2] Schulze-
Makuch D. et al. (2011) Astrobiology (in press). 
[3] Méndez A. (2010) AbSciCon 2010, 5483–5484. 
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  We explore the tidal migration of 

the hot Jupiter distribution found from Kepler data to 
show that the three day pile up is consistent with a 
higher rate of inmigration for the most massive planets 
(Figure 1). The manner in which the distribution of the 
most massive planets turns over closer to the star may 
be due to a population of eccentric planets being rap
idly migrated towards the star by processes such as 
planet scattering and Kozai migration. 

  We show that planets undergoing Roche lobe 
overflow may a very long time (Figure 2). Such events 
may last longer than the 50,000 years which Spezzi et 
al. [1] (hereafter S11) suggest explains objects they 
found that appear as overluminous bright brown dwarf
like objects. S11 found nine objects with temperatures 
more typical of brown dwarfs (BDs) in the massive 
galactic cluster NGC 3603 but with luminosities much 
too high. They conclude that planets filling their Roche 
lobe provide the best explanation for these objects. We 
also show that planets more massive than Jupiter may 
observably increase the luminosity of the star, but Jupi
termass planet might not. We show that a broad range 
of planet masses will migrate outwards during their 
overflow mass loss, but once a more dense core starts 
to overflow, the planet will migrate back in. 

      We 
consider the hypothesis that the three day pileup of 
“giant planets” may be a region where inward migra
tion due to planetary tides slows but before migration 
due to stellar tides is strong (where giant planets are 
considered to be at or above one Jupiter mass, or in 
Kepler data, 8 earth radii). In Figure 1, we show that 
such a scenario would allow for a little higher value of 
tidal friction, represented by a little lower value of the 
stellar tidal quality factor . A  value of  107.5 can 
be seen to have maintained a reasonable distribution, while a 
 value of  106.5 can be seen to have unreasonably 
changed the distribution. A  value such as shown here 
for  = 107..0   need not be excluded even if it requires a 
pileup, since a pileup does exist.  To comprehensively de
termine what value of tidal friction is indicated by the Kepler 
distribution will require that the distribution be characterized 
with a pileup (next section). 

  The Kepler 
distribution modeled by [2] did not seek to parameterize the 
pileup. It is clear from Figures 4 and 7 of [2] that the modi
fied power law found there has not been designed to fit for 
the pileup. We are preparing a fit to include a pileup, with 
the goal of finding what value of the tidal friction may ex
plain the location of the cutoff. A comparison with the much 

stronger three day pileup seen in radial velocity and previous 
transit measurements. 

 
Figure 1. The distribution of giant planets ( ≥8   

REarth) from Kepler, with what distribution this would 
imply 4.5×109 years ago for three different values of  
the stellar tidal friction . The Kepler distribution 
from [2] is given by the “+” symbols connected by the 
line, below the other curves. The crosses represent the 
most tidal friction, or  =107.5, the triangles  =107.0, and 
the diamonds the least tidal friction,  =106.5.  

 

 
Figure 2. The migration of a 2 MJupiter planet hosted 

by a 1 MSun star from 4 solar radii to the point of Roche 
lobe overflow and subsequent outward migration, for 
 =106.0. 
 

     We will also address 
how common systems with Roche lobe accretion or 
collision planet accretion may be. 

 
 [1] Spezzi, L. et al., (2011) 

  [2] Howard et al., 2011, eprint arXiv:astro
ph:1103.2541. 
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Protoplanetary Disk Resonances and Type I Migration. D. Tsang1,
1Theoretical Astrophysics, California Institute of Technology, 1200 E. California Blvd MC 350-17, Pasadena CA, 
91105. dtsang@caltech.edu

Waves reflected by the inner edge of a protop-
lanetary disk are shown to significantly modify 
Type I migration, even allowing the trapping of 
planets near the inner disk edge for small pla-
nets in a range of disk parameters. This may 
inform the distribution planets close to their 
central stars, as observed recently by the Kepler 
mission. Implications of this process for multi-
planet systems will also be discussed. 
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Haas7  , M. J. Holman14 , E. Horch15 , J. M. Jenkins9 , D. J. Koch7  , J. J. Lissauer7  , P. Machalek4, M. Still7  , W. F. 

Welsh16, D. T. Sanderfer9 , S. E. Seader9 , J. C. Smith9 , S. E. Thompson9 , J. D. Twicken9 

1 McDonald Observatory, University of Texas at Austin, Austin, TX 78712,  mike@astro.as.utexas.edu,  pjm@as-

tro.as.utexas.edu, wdc@astro.as.utexas.edu, 2Department of Astronomy, University of Texas at Austin,3 Niels Bohr 

Institute, University of Copenhagen,  4 SETI Institute,  5  Centre for Astrophysics Research, University of Hertford-

shire,  6  Department of Astronomy,  University of California,  Berkeley,  7  NASA-Ames Research Center,  8  Depart-

ment of Astronomy and Astrophysics, University of California, Santa Cruz,9 SETI Institute/NASA Ames Research 

Center,  10 NASA Exoplanet  Science  Institute/Caltech,  11 Department  of  Earth,  Atmospheric  and  Planetary  Sci-
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da,14 Harvard-Smithsonian Center for Astrophysics,  15Southern Connecticut State University, 16Astronomy Depart-

ment, San Diego State University

Abstract:  

We report the discovery of Kepler-15b (KOI-128), 

a  new transiting  exoplanet  detected  by NASA's  Ke-

pler mission. The transit signal  with a period of 4.94  

days was detected in the quarter 1 (Q1)  Kepler pho-

tometry. For  the first  time,  we  have  used  the High-

Resolution-Spectrograph  (HRS)  at  the Hobby-Eberly 

Telescope  (HET) to determine  the mass  of a  Kepler 

planet via precise radial velocity (RV) measurements. 

The 24 HET/HRS radial  velocities  (RV) and 6 addi-

tional  measurements from the  FIES  spectrograph  at  

the Nordic Optical Telescope (NOT) reveal a Doppler 

signal  with the same  period and  phase  as  the transit  

ephemeris. We used one HET/HRS spectrum of Ke -

pler-15 taken without the iodine cell to determine ac-

curate stellar parameters. The host star is a metal-rich 

([Fe/H]=0.36±0.07) G-type main  sequence star  with  

Teff=5515±124 K. The semi-amplitude  K of the RV-

orbit  is  78.7+8.5
-9.5 m s-1 which yields  a  mass  of  the  

planet  of  0.66±0.1  MJup.  The  planet  has  a  radius  of 

0.96±0.06 RJup and a mean bulk density of 0.9±0.2 g 

cm-3.  The  radius  of  Kepler-15b  is  smaller  than  the 

majority  of transiting  planets  with similar  mass  and  

irradiation level. This suggests that the planet is more 

enriched in heavy elements than most other transiting  

giant planets. For Kepler-15b we estimate a heavy el-

ement mass of 30-40 MEarth.
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THE CONNECTION BETWEEN SOLAR- AND EXTRASOLAR- GIANT PLANETS  

R. Helled
1
, 

1
Departement of Geophysics and Planetary Sciences, Tel-Aviv University, Tel-Aviv 69978, Israel 

(r.helled@gmail.com). 

 

Introduction:  The fields of Extrasolar Planets and 

Planetary Sciences are flourishing. In order to improve 

our understanding of planet formation and evolution 

we must study solar and extrasolar planets simultane-

ously. While the number of discovered extrasolar plan-

ets is large, their physical properties are not well con-

strained. On the other hand, we have only a few plan-

ets in the solar system but we know much more about 

them. Often, extrasolar planets are studied by “astro-

physicists” while solar-system planets are studied by 

“planetary scientists”, however, as discussed below, by 

studying solar and extrasolar planet together a more 

complete understanding of planetary formation, evolu-

tion, and internal structure can be achieved. It is also 

important to understand the limitations of the available 

observations. Below we summarize some of the avail-

able constraints and measurements for solar and extra-

solar giant planets, present the questions that should be 

asked, and discuss how measurements can be used to 

improve our understanding of gas giant planets.  

Physical Constraints and Observed Properties:  

Formation Timescale: In order to desciminate between 

giant planet formation mechanisms we must know how 

long it takes for gas giant planets to form. Constraints 

on the formation timescale are available from observa-

tions of protoplanetary disks suggesting that gas is 

present up to ~ 10 million years. While on one hand 

giant planets must form fast enough to accrete suffi-

cient amounts of hydrogen and helium, one explaian-

tion for the existence of noble gases in Jupiter’s at-

mosphere is by relatively late formation [1].  How long 

does it take for gas giant planets to form?  

Core Mass and Heavy Element Enrichment: Measure-

ments of the gravitational fields of Jupiter and Saturn 

indicate that the planets consists of a few tens Earth 

masses of heavy elements and possibly have cores 

(e.g., [2]). Transiting planets also seem to conisits of 

tens of Earth masses, or more, of heavy elements [3]. 

While the internal structures of the solar system giant 

planets can be modeled in detail, for extrasolar planets 

only constraints on the mean density are available (al-

though in some cases more constraints on the density 

profile can be derived [4]). Planetary enrichment / in-

ternal structure, however, cannot be used to discrimi-

nate between formation mechanisms (e.g., [5]). A 

complication arises from the fact that the current inter-

nal structures of the planets can be different from the 

ones shortly after formation. Different physical proc-

esses such as core erosion, grain settling, etc., can 

change the internal structure over time. Do all giant 

planets have cores? What are the core masses and 

enrichments of giant planets, and how large is this 

range?   

Orbital Location: Extrasolar giant planets have been 

observed in orbits very close to their host stars. Even if 

this observed feature is caused by a selection effect, 

the fact that giant planets can reach such small radial 

distances (or possibly form there) introduces important 

dynamical constraints. On the other hand, Jupiter and 

Saturn orbit the Sun at ~ 5.2 and 9.5 AU, respectively,  

significantly farther. What determines the final orbital 

location of giant planets? Do most giant planets have 

small or large radial distances?Where in the disk can 

giant planets form? 

Atmospheric Properties: The composition of planetary 

atmospheres is crucial for our understanding of plane-

tary formation, internal dynamics, and chemical proc-

esses. Constraints on the composition and dynamics of 

the solar-system giant planet are available from differ-

ent measurements although many open questions re-

main. Recently, spectroscopy observations of extraso-

lar planet atmospheres became available and provided  

constraints on the chemical composition and thermal 

structure of the observed atmospheres. While Jupiter 

represents a “cold giant planet” measurements of ex-

trasolar atmospheres are so far limited to “hot Jupiters” 

which are typically tidally locked to the star, and are 

strongly irradiated. In addition, measurements of 

exoplanets’ atmospheres represent only a limited re-

gion of the planetary atmosphere.  How can we use the 

available measurements to better understand planetary 

atmospheres? What are the data limitations? What is 

the atmospheric composition of gas giant planets? and 

how much can it vary? Are giant planets adiabatic? 

What are the dynamical/chemical processes in the at-

mosphere? 

Summary: The discovery of planets outside our 

solar system opens an opportunity to learn about giant 

planets as a class, and to improve our understanding of 

the planets in our own solar system. It is important to 

combine the available physical constraints of extraso-

lar and solar gas giant planets in order to achieve a 

more complete picture of the nature of these planets. 

 

References: [1] Guillot, T. and Hueso, R., (2006), 

MNRAS, 367, L47. [2] Saumon, D. and Guillot, T. 

(2004) Nat., 90, 1151–1154. [3] Miller, N. and Fort-

ney, J. J. (2011) ApJ, 32, A74. [4] Ragozzine, D. and 

Wolf, A. S. (2009) ApJ, 698, 1778. [5] Boley. A., 

Helled, R., and Payne, M. (2011), ApJ, 735, 30. 
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V.D. Ivanov1, P. Kabath1, P. Rojo2, C. Caceres3, J. Girard1, J. Fortney4, and E. Miller-Ricci4

1European Southern Observatory, Alsono de Cordova 3107, Vitacura, Santiago 19001, Chile (vivanov, pkabath, jgi-
rard@eso.org); 2Departamento de Astronomia, Universidad de Chile, Santiago, Chile (pato@das.uchile.cl); 
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Introduction:  Th handful of transiting super-
Earths known today typically have few Earth masses, 
and they are very interesting for the further studies be-
cause of their potential similarities with our life-
bearing planet, Earth. Knowing the composition of 
their atmospheres is a most critical piece of informa-
tion.

GJ1214b has an advantage over the rest  because it 
orbits a late-type star, which boosts the planet-to-star 
ratio, and makes this planet more accessible than the 
others, orbiting Solar analogs.

Current theoretical models predict that GJ1214b is 
either water world with thin atmosphere or it has an 
extensive H/He atmosphere.

Observations: We present 1.5-2.5 micron trans-
mission spectra of the super-Earth GJ1214b, obtained 
during three different transits with the SofI spectro-
graph [1] at the ESO NTT on La Silla. An additional 
parallel Ks-band light curve was obtained with the INT 
during one of the transits.

Results: Our data agree with the conclusion of [3] 
that the GJ1214b atmosphere must have a cloud layer.

References: [1] Moorwood, A., Cuby, J.G., Lid-
man, C. 1998, The Messenger 91, 9. [2] Miller-Ricci, 
E., et al. 2010, ApJ, 716, 74. [3] Bean, J. et a., 2011, 
ApJ, submitted (astro-ph/)1109.0582).
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Constraints on Exoplanet Transit Observations Using JWST NIRSpec.  D. R. Long, Space Telescope Science 
Institute (3700 San Martin Drive, Baltimore, MD 21218. drl@stsci.edu)  

 
Introduction:  Characterization of exoplanet at-

mospheres is a high-profile goal of the James Webb 
Space Telescope [1]. In this poster I describe likely 
observing strategies using JWST NIRSpec as part of 
ongoing work so observers may get the best results 
during the mission's limited lifetime. Constraints im-
posed by the observatory, instrument, and nature of the 
targets are discussed. These constraints are examined 
in light of the Kepler candidates and confirmed planets 
through Cycle 1 Quarter 3. 

 
References:  
[1] Gardner, J. P. et al. (2006) Space Sci. Rev., 123, 

4. 
 
 
 
 
.  
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The Effect of Exotic Clouds on the Transmission Spectra of Transiting Super-Earths.  
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1UC Santa Cruz, 1156 High St, Santa Cruz,  CA (cmorley@ucolick.org),  2UC Santa Cruz (jfortney@ucolick.org), 
NASA Ames Research Center (mark.s.marley@nasa.gov),  4Southwest Research Institute, Boulder 
(visscher@boulder.swri.edu).

 The formation of clouds in exoplanet 
atmospheres is expected to significantly 
change the observable spectra. This is widely 
understood for solar system planets and 
brown dwarfs. For exoplanets, the gray  opac-
ity  of hazes or clouds has been invoked as a 
possible explanation for the observed flat 
transmission spectrum of transiting super-
Earth  GJ 1214b [1]. Previous atmosphere 
models for irradiated planets have included 
the most important condensates expected to 
form in brown dwarf and giant planet atmos-
pheres — iron, silicate, and corundum — but 
have not included the condensates expected to 
form at colder temperatures. 
 The most important of these new 
clouds are sodium sulfide, potassium chlo-
ride, and zinc sulfide. These clouds should be 
most prominent at low surface gravity, 
strongly super-solar atmospheric abundances, 
and at the slant viewing geometry appropriate 
for transits. Hence they could be quite impor-
tant for affecting the transmission spectra of 
cool low density  super-Earth and Neptune-
class planets. 
 Here, we present  results from a series 
of 1D atmospheric models that include these 
previously  ignored condensates for the tran-
siting super-Earths GJ 1214b and HD 97658b 
[2]. We vary  both the metallicity of the at-
mosphere and the thickness of the cloud 
layer, and we determine whether these exotic 
clouds could be sufficiently optically thick to 
reproduce observations of GJ 1214b. 

[1] Bean et al. (2011) submitted to ApJ. 
[2] Henry et al. (2011) submitted to ApJ. 

Pressure-Temperature Profiles with 
Condensation Curves:
Pressure-Temperature profiles of transiting 
Super-Earths GJ 1214b and HD 97658b are 
plotted with the condensation curves of all 
clouds expected to form. Cloud bases are 
located at the intersection between profiles and 
condensation curves. Note that the pressure 
temperature profiles cross the sodium sulfide, 
zinc sulfide, and potassium chloride 
condensation curves; these clouds will form in 
the upper atmosphere of both planets. 
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Introduction:  Some exoplanet atmospheres have 

been observed by transit photometry and spectroscopy. 
Their composition, temperature, and stratified structure 
have been investigated based on those observations 
[e.g., 1 and references therein]. In the analyses, paths 
of light that is emitted from the central star and passes 
through the atmosphere are assumed to be straight [2]. 
In general, however, the path of light in the atmosphere 
would be curved due to the refraction by the atmos-
phere. In addition, the refraction is generally dependent 
on the wavelength of light. Thus, the color dependent 
refraction may affect the observed quantities. If it is 
the case, we would be able to obtain some information 
about the exoplanet atmosphere by observing the re-
fraction. The refraction of light by exoplanet atmos-
pher was studied by [3]. In this study, we derive a 
higher order analytic formula for the refraction angle, 
and examine the effect of refraction. 

Refraction Angle:  We derive an analytic formula 
for the refraction angle. We assume that the planet 
including the atmosphere is spherically symmetric, the 
atmosphere is isothermal, and the atmosphere is in the 
hydrostatic equilibrium. The refraction angle Θ is then 
given as, 

 
 

 

Figure 1: Paths of light passing through the atmos-
phere. Green and red curves correspond to the light 
with wavelengths of 500 µm and 800 µm, respectively. 
Light blue curves show height from the solid surface in 
unit of the atmospheric scale height. 

where b is the impact parameter, ω is the frequency of 
the light, H is the scale height of the atmosphere, R is 
the radius of the solid part of the planet, S0 = 0.0858 is 
a constant, and Δ(b) is given by, 
 
 
where n(R) is the refractive index of the atmospheric 
gas at the bottom of the atmosphere. This formula is a 
higher order one than that given by [3]. 

Figures 1 and 2 show paths of light in the atmos-
phere and the refraction angle of the light obtained by 
numerical calculations and the analytic formula. In 
these calculations, an Earth-like model planet is used: 
the radius of the solid part of the model planet and the 
composition of its atmosphere are equal to those of the 
current Earth, and the temperature is 290K. We can see 
that the light passing through the planetary atmosphere 
can be refracted. 

 
 
Figure 2: Refraction angle as a function of impact 

parameter. 
 
 
References: [1] Seager S. and Drake D. (2010) 

ARA&A, 48, 631–672. [2] Brown T. M. (2001) ApJ, 
553, 1006–1026. [3] Sidis O. and Sari R. (2010) ApJ, 
720, 904–911.  
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On atmospheric temperature inversions and the sizes of exoplanets.  V.  Parmentier1, T. Guillot1, A. P. Showman2 

1Université de Nice-Sophia Antipolis, Observatoire de la Côte d’Azur, CNRS UMR 6202, Nice, France – vivien.par-

mentier@oca.eu – tristan.guillot@oca.eu, 2 Department of Planetary Sciences and Lunar and Planetary Laboratory, 

The University of Arizona, Tucson, USA -  showman@lpl.arizona.edu 

 Summary :  Simulations suggest that TiO can re-

main in the upper atmosphere of hot-Jupiters provided 

it condensates in grains smaller than 1 micrometer. The 

resulting temperature inversion would lead to smaller 

planets, an hypothesis that can be tested with Kepler.

 Introduction:  Temperature inversions leading to 

a hot stratosphere have been inferred in the atmosphere 

of several hot-Jupiters. The presence of titanium oxide 

(TiO) in the upper atmosphere of these planets is usu-

ally invoked to explain such a hot stratosphere. Thus a 

distinction between cold planets without either TiO or 

a  temperature inversion (pL planets)  and hot planets 

with both a temperature inversion and TiO (pM plan-

ets)  have  been  proposed  [1].  Nevertheless,  the  huge 

day-side temperature contrast of these planets coupled 

with a very dynamic atmosphere can lead to a deple-

tion of TiO due to its condensation on the night-side. 

Here,  we  study  how  the  dynamics  affects  the  TiO 

abundance in the upper atmosphere and thus the pres-

ence or not of a temperature inversion. We then look at 

the influence of the temperature inversion on the evol-

ution of the planet and its observational consequences 

in terms of radius.

Figure 1 : Abundance of TiO at 1mbar as a function of  

the particle size and the vertical diffusion coefficient.  

An abundance of 0.5 is needed to maintain a hot stra-

tosphere.

Day/night cold trap for TiO: 

1D model : We derived a 1D analytical model to 

determine the equilibrium atmospheric TiO abundance 

from a  balance  between  downward  transport  due  to 

particle settling and upward transport due to turbulent 

transport. We obtain constraints on the diffusion coeffi-

cient necessary to maintain a high abundance of TiO in 

the upper atmosphere despite its depletion by the day-

night temperature contrast.  Our results (see  figure 1) 

are very similar to the ones from Spiegel [2] for the 

vertical cold trap but hold for all the planets, including 

the ones that are too hot for having a vertical cold trap.

3D model : The vertical diffusion coefficient being 

poorly known in hot-Jupiter atmospheres, we used a 3 

dimensional  global  circulation model of  HD209458b 

[3] to better constrain the TiO abundance. The simu-

lated flows cause strong vertical mixing and suggest 

that  TiO can remain suspended in the  atmosphere if 

particle  size are micrometer  or  less.  The simulations 

moreover  suggest  the  possibility  of  strong  temporal 

variability in the dayside TiO abundance, which could 

cause significant time-dependence in the stratospheric 

temperature and thus in the observed spectrum of the 

planet.

Influence on the size of exoplanets:  We expanded 

the 1-dimensional plane-parallel  model for  the atmo-

sphere from [4] to a three-band model, which is accur-

ate  enough to model  a  temperature  inversion  due to 

TiO.  We included this model into CEPAM, a code to 

model the internal structure and evolution of gas giant 

planets [5].  Then we performed evolution models for 

planets  with  a  wide  range  of  irradiation  with  and 

without temperature inversion. Planets with a temper-

ature inversion appear to be smaller by 2 to 10% de-

pending on the irradiation flux (figure 2). This could be 

tested with the high-precision Kepler measurements.

Figure 2 : Final radius of a 0.69Mj  planet at different  

distances from a solar-type star. The vertical line is the

hypothetical limit between pM and pL class planets as

proposed by [1]. The dashed black line represents the  

possible radius-distance relationship for the planet un-

der the pM/pL planets hypothesis

References  :  [1]  Fortney  J.  et  al.  (2008)  ApJ, 

679,1419.  [2]  Spiegel,  D.  S.  et  al.  (2009)  ApJ, 699, 

1487. [3] Showman, A. et al. (2009), ApJ, 699, 564  [4] 

Guillot T. (2010) A&A, Vol.150, A27. [5] Guillot, T. & 

Morel, P. (1995), A&AS, 109, 109.
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Doppler beaming and Römer delay versus ellipsoidal modulation in the Kepler data of 
KOI-74.
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2Department of Physics, University of Warwick, Coventry CV4 7AL, UK,
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We have analyzed the Q0, Q1 and Q2 data 
of the eclipsing binary KOI-74, which 
consists of an A star and a low mass white 
dwarf. The light curve shows clear Doppler 
beaming, ellipsoidal modulation and 
eclipses. In addition to these effects, we 
have detected an effect similar to the Römer 
delay. As shown in van Kerkwijk et al. 
(2010), the observed ellipsoidal modulation 
amplitude is not consistent with the mass 
ratio determined from the Doppler beaming 
amplitude. The amplitude of the observed 
Römer delay confirms that the mass ratio 
that one would derive from the ellipsoidal 
modulation amplitude cannot be the true 
mass ratio of the system. It has been 
suggested that the unexpected ellipsoidal 
modulation amplitude could be due to the 
rapid rotation rate of the primary. We have 
remodeled the light curve, trying to account 
for the effects of rapid rotation, but found 
this to only increase the discrepancy.
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A very precise age for the old metal-rich open cluster NGC6791  

K. Brogaard1 and E. Sandquist2 et al.3,4

1Department of Physics and Astronomy, University of Victoria, P.O. Box 3055, Victoria, BC V8W 3P6, Canada,  

kfb@phys.au.dk 
2Department of Astronomy, San Diego State University, San Diego, CA 92182, USA, erics@mintaka.sdsu.edu
3The team behind Kepler Guest Observer programme 20044
4The KASC working group #2 on 'Oscillations in clusters'

Abstract: 

Exploiting synergies  among the measurements  of 

cluster  member  eclipsing  binaries  [1],  color-magni-

tude  diagrams  and  ensemble  asteroseismology  of 

cluster  stars  [2,3]  allows  unprecedented  constraints  

on  stellar  models  and  cluster  parameters,  including 

their ages.

We show here how  Kepler is aiding such proce-

dures  and  bringing  us  closer  to  a consistent  under-

standing  of  stellar  evolution  in  the  old  metal-rich 

open cluster NGC6791 [3,4]. 

The age of NGC6791 is determined more precise-

ly than for any other old open cluster [4] and we ask 

the  question  whether  this  age  is  also  accurate?  As  

part  of  this,  we  demonstrate  remaining inconsisten-

cies and how Kepler will help solve them. 

References:  
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LOW-MASS ECLIPSING BINARIES FROM KEPLER: REACHING THE NATURAL ROTATION RATE 
OF M AND K DWARFS.  J. L. Coughlin1, M. López-Morales2, T. E. Harrison1, and N. Ule1,
1Department of Astronomy, New Mexico State University, P.O. Box 30001, MSC 4500, Las Cruces, NM 
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Introduction: An outstanding problem in stellar 
astrophysics is that the radii of low-mass, main-
sequence stars in eclipsing binary systems are 
consistently ~10-15% larger than predicted by stellar 
models. This inflation is hypothesized to be primarily 
due to enhanced magnetic activity as a result of their 
binarity, and thus artificially enhanced rotation rates. 
Thus, such an effect should diminish with increasing 
period, but only a small number of low-mass eclipsing 
binary systems are known in general, fewer are well-
studied with precise light and radial-velocity curves, 
and barely any of these are at long periods. In addition 
to exploring the physics of low-mass stars, research 
into this area helps to better characterize the radii of 
extrasolar planets around low-mass stars, whose values 
are dependent on those assumed for the host star.

New Low-Mass EB’s from Kepler: We have 
previously presented results from our search for new 
low-mass eclipsing binary systems via our Kepler 
Guest Observer programs and a search through the 
publicly available data [1][2]. We identified over 100+

low-mass eclipsing binaries suitable for ground-based 
follow-up, with 30 of them having periods greater than 
10 days. We also modeled the Kepler light curves of 
these systems, and found preliminary evidence for a 
trend of decreasing stellar radii with increasing orbital 
period [1].

Ground-based Follow-Up: We present results of 
our ongoing effort to obtain ground-based multi-color 
light and radial velocity curves of these systems via the 
Kitt Peak National Observatory 4-meter, the Apache 
Point Observatory 3.5-meter, and New Mexico State 
University 1-meter telescopes. We also present 
preliminary modeling of these data combined with that 
from the Kepler mission, and examine what future 
work is needed to make progress in this area.

References: [1] Coughlin et al. (2011) AJ, 141, 78. 
[2] Harrison et al. (2011), AJ, Submitted.
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Radial Velocity follow-up of Kepler Eclipsing Binaries on the Hobby-Eberly Telescope.  Rohit Deshpande1, 
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Introduction:  We present first results from our 

radial velocity (RV) survey, carried out on the 10m 
Hobby Eberly Telescope (HET), to precisely measure 
mass and radii of Kepler eclipsing binaries. The obser-
vations were taken using the high resolution (R 
~30,000) fiber-fed spectrograph in the V-band. We 
selected a sample of 30 detached binaries with varied 
periods and masses. Using information from the Kep-
ler light curve modeling, the queue-based system on 
the HET enabled us to plan and observe targets at spe-
cific phases. This process thus reduced the total num-
ber of observations required to determine orbital pa-
rameters, and masses to six. With RV precision of ~ 
50m/s and model parameter constraints from the Kep-
ler photometry, we expect to determine masses and 
radii at the 1% level. We also discuss results from our 
follow-up observations of Kepler-16. 
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THE LOW-MASS, STELLAR MASS-RADIUS RELATIONSHIP.  G. A. Feiden1, 2 and B. Chaboyer3, 1Depart-

ment of Physics & Astronomy, Dartmouth College, 6127 Wilder Laboratory, Hanover, NH 03755. 2Neukom Grad-

uate Fellow, gregory.a.feiden@dartmouth.edu, 3Dartmouth College, brian.chaboyer@dartmouth.edu 

The characterization of exoplanets detected by the 

Kepler Space Telescope requires an accurate knowl-

edge  of  the  fundamental  physical  parameters  of  the 

host stars. Obtaining the properties of the host stars is, 

generally, a model dependent task relying on the pre-

dictions of stellar  evolution theory [1].  Thus,  to en-

sure  a  proper  characterization,  we  need  verification 

that  stellar  models  are  able  to  accurately  reproduce 

the physical  properties of stars. This verification can 

be achieved using results from studies of eclipsing bi-

naries (EBs). 

Up until now, results of EB studies have indicated 

that below 0.8 solar masses, stellar evolution models 

are unable to correctly predict  the observed mass-ra-

dius  relation  [2].  Recently,  however,  models  of  the 

KOI-126  [3]  stars  were  found  to  be  in  agreement 

with observations (see Figure) [4] and early results in-

dicate  that  models  of the Kepler-16 [5] components 

may also be consistent  with observations.  Both sys-

tems contain at least one component below fully con-

vective boundary. In the case of KOI-126, both stars 

have masses around 0.2 solar masses and the models 

had the added constraint that they must also be able to 

reproduce  the  properties  of  a  third  metal  rich  star, 

which has started to evolve off the main sequence. In-

terestingly,  it  was only when super-solar  metallicity 

models were considered that agreement was obtained 

between  the  models  and  the  observed  parameters. 

These  results  have  led  us  to  reevaluate  the  current 

state of low-mass stellar evolution theory. 

Here, we present the results of an extensive com-

parison  of  EB  systems  with  models  from  the  Dart-

mouth Stellar Evolution Program (DSEP). The latest 

version of DSEP utilizes non-grey PHOENIX atmos-

phere  surface  boundary  conditions  [6]  and  a  robust 

equation of state, FreeEOS [7], allowing DSEP to re-

liably model stars down close to the hydrogen burning 

minimum  mass  with  an  arbitrary  metal  abundance. 

Our results indicate that stars which show discrepan-

cies with models are not as common as previously be-

lieved and that DSEP is capable of deriving physical 

parameters  consistent  with  most  observations.  It  is 

likely  that  the  better  agreement  seen  with  DSEP is 

due to its equation of state, which allows it to model 

super-solar metallicity stars more reliably. With exo-

planet parameters having such a strong model depen-

dence, the results suggest that adopting DSEP models 

could  potentially  have  important  ramifications  for 

identification  of  potential  Earth-sized  or  habitable 

planets [1].

While  Kepler  has  only  provided  two  confirmed 

low-mass EB systems, there are over 2,100 candidate 

EB systems identified, many with estimated effective 

temperatures  placing  them  in  the  low-mass  regime 

[8]. In the future,  this wealth of data will place tight 

constraints on low-mass stellar evolution models. To 

facilitate these studies, DSEP isochrones and theoreti-

cal  stellar  evolution  tracks  are  publicly  available  at 

http://stellar.dartmouth.edu/~models/ and  in  the  near 

future a web-interface  will  be implemented to allow 

for individual models to be generated with any set of 

user-specified input parameters.

Acknowledgments:  GAF and BC are grateful for 
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0908345. GAF would also like to acknowledge sup-

port from the William H. Neukom 1964 Institute for 

Computational Science.
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APOGEE Near-IR Radial Velocity Measurements of Kepler Eclipsing Binaries.  S. W. Fleming1 and R. Desh-
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We present the latest results from our APOGEE 

ancillary science project to measure radial velocities of 
Kepler eclipsing binaries and, after combining with 
Kepler photometry, derive precise masses and radii.  
The multi-object, fiber-fed APOGEE spectrograph 
operates in the H band and provides a spectral resolu-
tion of ~20000.  A total of 110 eclipsing binaries will 
be observed from two fields at three or six epochs, 
depending on the field.  The order-of-magnitude im-
provement in contrast ratio by observing in the H band, 
combined with a two-dimensional cross-correlation 
technique and model parameter constraints from the 
Kepler photometry will enable stellar masses and radii 
to be measured at the ~1% level.  With orbital periods 
ranging from a few days to a few months, a large num-
ber of benchmark systems will be defined spanning a 
range of orbital periods and stellar masses.  These sys-
tems will provide critical observational constraints to 
next-generation stellar models that seek to include the 
effects of magnetic fields on convective stellar atmos-
pheres. 
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CATACLYSMIC VARIABLES IN THE SUPER METAL-RICH CLUSTER NGC 6791.  P. M. Garnavich, 
Physics Department, University of Notre Dame, Notre Dame, IN 46566; pgarnavi@nd.edu 

 
Introduction: NGC 6791 is a remarkable open 

cluster. A number of photometric and spectroscopic 
studies have shown that it is both very old (~10 Gyr) 
and extremely metal rich (~3 times Solar [1]). This 
combination is rare in the Milky Way and it provides a 
laboratory to study stellar physics in a unique envi-
ronment. 

The high metallicty of NGC 6791 means it has a 
rich red-clump, but oddly it also has a well-populated 
blue horizontal branch. Variability searches in the clus-
ter have identified two blue stars, named B7 and B8, as 
cataclysmic candidates and spectroscopy confirmed 
their nature [2].  Kepler monitored these two CVs over 
Cycle 2. 

 
NGC6791-B7:  Ground-based monitoring of B7 

showed irregular variations with an amplitude of 0.5 
mag., although a 3 magnitude drop over ten days was 
seen on one occasion [3].  The Kepler light curve is 
difficult to interpret. The variations are not periodic, 
but do show correlations on scales of  30 to 50 days. 
No orbital modulation is apparent in the 30-minute 
cadence observations. 

 
NGC6791-B8:  The faintness of B8 has made it 

difficult to study and its orbital period was unknown. 
Ground-based light curves of B8 displayed dwarf nova 
outbursts [3].  Kepler light curves confirm the dwarf 
nova outbursts with a typical recurrence time of 20 
days and an amplitude of 1.5 mag. In Q8 the CV went 
into superoutburst providing clues to its class and or-
bital period [4]. The superoutburst lasted two weeks 
with an amplitude of 3 mag. Superhumps with an aver-
age period of 2.097+/-0.003 hours are clearly seen. 
This suggests that the orbital period is just under the 
period gap and that B8 belongs to the SU UMa class of 
CV. In the first two days of the outburst the superhump 
peak-to-peak amplitude is 0.3 mag and the period is 
2.109+/-0.003 hours. The superhump period decreases 
with time at a rate of P-dot=2x10-4.  

 
References: [1] Garnavich, P. M., et al. 1994, AJ, 

107, 1097; [2] Kaluzny, J., Stanek, K. Z., Garnavich, 
P., & Challis, P. 1997, ApJ, 491, 153 ; [3] Mochejska, 
B. J., Stanek, K. Z., & Kaluzny, J. 2003, AJ, 125, 
3175 ; [4] Garnavich, P., Still, M., & Barclay, T. 2011, 
ATel 3507. 

 
 

 
Fig 1- The Q6 light curve of star B7. Note the  
similarity of the variations separated by 55 days. 
 

 
 
Fig 2- Part of the  Q8 light curve of star B8 
centered on the superoutburst. The variations 
during the outburst are the 2.1 hour period 
superhumps. 
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KIC 4544587: An Asteroseismically Interesting, Eccentric, Short Period Binary.  K. Hambleton,1 D. 
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KIC 4544587 is an eclipsing binary star 

with rapid apsidal motion, tidal excitation 

of g modes, and p modes modulated by the 

Doppler shift. The primary component is an 

early A‐type δ Scuti variable, with a tempera‐

ture of 8270±250K, whilst the secondary com‐

ponent is an early G‐type main sequence star 

with a temperature of 6500±310K. The orbital 

period of this system is 2.18911(1) d, with the 

light curve demonstrating a hump after secon‐

dary minimum due to proximity affects. The 

frequency spectrum of the residual data (the 

original data with the binary characteristics 

removed) shows the presence of both pressure 

(p) and gravity (g) modes. Eight of the g modes 

are precise multiples of the orbital frequency, 

with statistical confidence greater than 3 σ. 

This is a signature of resonant excitation. Fur‐

thermore, many of the p modes that are not 

orbital harmonics are separated 

by the orbital frequency. We present our work‐

ing hypothesis that the Doppler effect, caused 

by the orbital motion, has generated side lobes 

on the prominent p mode oscillations, which 

are of comparable amplitude to the oscillations 

themselves.  
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ADVANCED ANALYSIS OF SURFACE FEATURES ON ACTIVE CLOSE BINARIES. G. J. Peters1 and 
R. E. Wilson2, 1Space Sciences Center & Department of Physics & Astronomy, University of Southern California, 
835 W. 37 St., Los Angeles, CA 90089-1341, gjpeters@mucen.usc.edu, 2Department of Astronomy,  University of 
Florida, wilson@astro.ufl.edu.

Introduction: Close binaries show photometric and 
spectroscopic activity that includes mass transfer in 
direct impact Algol systems and magnetic spot varia-
bility in some cooler systems. Although the generic 
process of mass transfer in Algol binaries has been 
understood now for about a half century, little is known 
about the detailed physics. For example, how is the 
mass actually deposited on the mass gainer? What is 
the extent of shock-induced heating in the photosphere 
and circumstellar material? Are there accretion-
induced pulsations on the photosphere of the mass 
gainer? Is the mass transfer rate uniform, or is the gas 
stream clumpy? What are typical fluctuations in 
amount and location of matter deposition due to source 
and stream fluctuations? How much mass and angular 
momentum is lost from the system? The latter is impor-
tant for computing the evolutionary tracks of Algols 
[1]. The physics of magnetic spot activity on the mass 
losers in Algol systems or in cool systems such as RS 
CVn binaries is a topic of current interest because of 
implications for convective envelope structure.

The Kepler Program on Active Binaries: Among our 
targets are the Algol systems that have separations 
close enough that the gas stream impacts the photos-
phere of the mass gainer. The seven systems listed in 
Table 1 were identified as possible Algol binaries from 
the online Catalogue of Variable Stars in the Kepler
Field of View [2]. Stars designated as EA with periods 
greater than 1.3d were considered, as these are likely 
direct-impact Algols. Each system has been monitored 
at the long cadence for the duration of Kepler Cycle 2
to investigate the basic variability in the light curves.
Short cadence observations were obtained of each sys-
tem for a duration of one month to look for micro-
flaring and other short-term activity.

Table 1 - Program Stars
Star Period1

(days)
Spectral Types1 Kepler 

Mag.
BR Cyg 1.3326 A3 V + G IV: 10.028
WX Dra 1.8020 A8 V + K0 IV: 12.796
UZ Lyr 1.8913 B9V + G-K1 IV: 10.672
V995 Cyg 3.5565 B8: + G6 IV 11.882
V461 Lyr 3.7217 A2 V: + K3 IV 12.746
V810 Cyg 3.7363 A0 V: + G6 IV 13.931
V850 Cyg 4.5645 A-B: + ? 11.246

1From catalogs of Budding [3] and Malkov et al. [4] and 
Simbad database.

Light Curve Analysis: The light curves are being 
analyzed with an updated version the Wilson & Devin-
ney code [5],[6],[7],[8]. The most recent addition is a 
thorough makeover of the program's spot capability,
including major precision improvement for spotted star 
light (and velocity) curves, spot motions due to drift 
and star rotation, and spot growth and decay [9]. 
These enhancements apply to both accretion hot spots 
and magnetic cool spots. The program's analysis capa-
bility includes parameters for times of spot appearance, 
development, and disappearance. Important is that the 
information input is Kepler light curve data that exist in 
long, essentially continuous, trains. A sample calcula-
tion from the new program is shown below (Fig.1). 
One type of variability that is often seen is unequal flux 
levels at the quadrature points that slowly disappears 
(or grows) during the course of a few orbital cycles. 
We have modeled this with a decaying hot spot that 
initially has a temperature of twice that of the local 
photosphere. It should be mentioned that each of the 
program binaries has a unique light curve with its own 
variability pattern. UZ Lyr and BR Cyg are typical 
short-period Algol systems. V850 Cyg appears to con-
sist of a cool pair with spectacular spot behavior. The 
Kepler light curves are revealing activity in short-
period systems that has never before been observed.

We appreciate support from NASA NNX11AC78G.

Fig. 1 - Calculated light curve for a 4.5d binary with Teff 
=18000/14000 K and a decaying hot spot on the trailing hemisphere.
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[4] Malkov O. Y., et al.  (2006) A&A, 446, 785-789.
[5] Wilson R. E. (1979) ApJ, 234, 1054-1066 .
[6] Wilson R. E. (1990) ApJ, 356, 613-622. [7] Wil-
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E. & Devinney E. J. (1971) ApJ, 166, 605-619. [9] 
Wilson, R. E. (2012) in prep.



2011 Kepler Science Conference - NASA Ames Research Center182

POSTER ABSTRACTS

P0610. POSTER SESSION II

Two Unusual Binaries in the Old, Metal-Rich Open Cluster NGC 6791
Peterson R.C., Institution: Astrophysical Advances, peterson@ucolick.org

The cluster NGC 6791 is a template for old elliptical galaxies, being 8 Gyr old, metal-rich, and
containing blue stars formed in binaries that may lead to spuriously low ages for old galaxies.
Understanding the cluster's stellar and binary constituents will help to characterize how such 
stars are formed and evolve, and what role they play in shaping the spectral energy distribution 
of old galaxies. Within this old cluster, our GO-13 Kepler program has uncovered two unusual 
binaries. One is a triplyeclipsing system of near-main-sequence stars with a ~1.5-day period. The 
light curve is complex, but with spectral monitoring, could constrain geometry, masses, and radii 
as well as provide the temperatures of detectable components and the distance to the system. 
This should significantly tighten comparisons of the cluster color-magnitude diagram to the 
stellar main sequence and turnoff. The other binary is a ~15-day pair of stars midway up the 
giant branch that are near or beyond Roche-lobe overflow, whose characterization should 
elucidate when and how mass is transferred between evolved stars.
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KEPLER OBSERVATIONS OF THE SU UMA CATACLYSMIC VARIABLES V344 LYR, V1504 CYG, 
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land, Baltimore County, 6NASA/Goddard Space Flight Center (alan.p.smale@nasa.gov) 

 
We report on the analysis of the Kepler short-

cadence (SC) light curve of  V344 Lyr (Porb = 2.11 hr) 
and V1504 Cyg (Porb =1.67 hr) obtained during Q2—
Q8, and the SC and long-cadence (LC)  light curves of 
V447 Lyr (Porb = 3.73 hr) during Q6-Q8.  All three 
systems are SU UMa cataclysmic variables showing 
superout bursts and superhumps.  V344 Lyr and V1504 
Cyg both show Porb as well as positive and negative 
superhump periodicities.  Positive superhumps occur 
during superoutbursts and are the result of a disk osci-
lation driven to resonance when the disk expands to the 
3:1 Keplerian co-rotation resonance.  The oscillating 
disk precesses in the prograde direction, resulting in a 
fractional period excess a few percent longer than Porb 
and increasing with Porb.  The Kepler data are consis-
tent with the two-source model for positive super-
humps, where early in the superoutburst the signal is 
generated by viscous dissipation in the flexing disk 
itself, and later once the disk has returned to quies-
cence is caused by the periodically varying dissipation 
at the accretion stream impact point as it sweeps 
around the rim of the still flexing and asymmetric disk.  
The negative superhumps are the result of 

accretion onto an accretion disk tilted out of the orbital 
plane and precessing in the retrograde direction.  The 
modulation of the brightness in this case is a function 
of the variable depth in the primary potential well of 
the accretion stream bright spot as it sweeps across the 
face of the tilted accretion disk.  For the first time, 
Kepler data reveal that the precession period of the 
tilted accretion disk increases between dwarf nova out-
bursts, and jumps rapidly to shorter period during 
dwarf nova outbursts (see Figure 1), providing a probe 
of the changing mass distribution and viscosity of the 
accretion disk as a function of time.  Finally, V447 Lyr 
is an eclipsing binary system that shows positive su-
perhumps.  It is one of the longest-period eclipsing SU 
UMa systems, and as such provides a solid anchor to 
the superhump period excess versus Porb relation at 
large Porb. 
 

 
 

 

 
Figure 1: Spectrogram of V1504 Cyg for quarters Q2-Q8.  The color scale shows the amplitude of  log of the 
residual counts once the large amplitude dwarf nova outbursts and superoutburst have been subtracted.  Note 
that during the second year of Kepler observations, the negative superhump signal at ~14.5 c/d is excited and 
persists for over 4000 orbits.  During that time, the period increases between dwarf nova outbursts and rapidly 
jumps to shorter period during outbursts, reflecting the changing moment of inertia of the tilted precessing disk 
as the disk mass increases and drains, respectively.  Intensive studies of the Kepler-field cataclysmic variables 
hold the promise significant advancement in our understanding of the nature of astrophysical viscosity.  
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The Exact Solution of The Pioneer Anomaly According to The General 
Theory of Relativity and The Hubble’s Law 

By Azzam AlMosallami 
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Abstract 

Radio metric data from  Pioneer 10/11 indicate an apparent anomalous, constant, acceleration 
acting on the spacecraft with a magnitude ∼ , directed towards the Sun[1,2]. 
Turyshev [7] examined the constancy and direction of the Pioneer anomaly, and concluded that 
the data a temporally decaying anomalous acceleration  with an over 10% 

improvement in the residuals compared to a constant acceleration model. Anderson, who is 
retired from NASA’s Jet Propulsion Laboratory (JPL), is that study’s first author. He finds, so “it’s 
either new physics or old physics we haven’t discovered yet.” New physics could be a variation 
on Newton’s laws, whereas an example of as-yet-to-be-discovered old physics would be a cloud 
of dark matter trapped around the sun[12]. 
In this paper I introduce the exact solution for the Pioneer anomaly depending on the general 
theory of relativity and the Hubble’s law. According to my solution, there are two terms of 
decelerations that controls the Pioneer anomaly. The first is produced by moving the Pioneer 
spacecraft through the gravitational field of the Sun, which causes the velocity of the spacecraft 
to be decreased according to the Schwarzschild Geometry of freely infalling particle. This 
deceleration is responsible for varying behaviour of the Pioneer anomaly in Turyshev [7], 
depending on  the distance from the sun. The second term is produced by the attractive 
force of the dark matter which is constant and equals to the Hubble’s constant multiplied by 
the speed of light in vacuum.  
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SURVEYING MAGNETIC ACTIVITY ON LATE-TYPE STARS:   STARSPOT ROTATIONAL MODULA-
TION AND EVOLUTION AND OTHER TEMPORAL VARIABILITY IN KEPLER PHOTOMETRY.
A. Brown1 , J. E. Neff2, A. F. Kowalski3, S. L. Hawley3, H. Korhonen4, S. V. Berdyugina5,  G. M. Harper6,  L.  Wal-
kowicz7,  T. R. Ayres1, B. Tofany1, N. Piskunov8, G. Basri9,  S. Saar10,  and L. Ramsey11, 1 CASA, 593 UCB, Univer-
sity of Colorado, Boulder, CO 80309-0593, USA, alexander.brown@colorado.edu; thomas.ayres@colorado.edu;  2 

College of Charleston,  neffj@cofc.edu; 3 University of Washington, kowalski@astro.uw.edu, slh@astro.uw.edu; 4 

Niels Bohr Institute, University of Copenhagen, Denmark, heidi.korhonen@nbi.ku.dk; 5 KIS, Freiburg, Germany, 
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basri@astro.berkeley.edu; 10 SAO, ssaar@cfa.harvard.edu; 11  Penn State University,  lwr@astro.psu.edu

Introduction: Starspots are direct tracers of re-
gions of strong  magnetic fields in the photospheres of 
late-type (F-G-K-M) stars. Starspots are dark, and thus 
conspicuous, because their intense magnetic fields 
suppress convective heat flux locally, resulting in a 
cooler atmosphere within the spot. These  magnetic 
fields originate from a internal “dynamo'' process po-
wered by the interaction of subphotospheric convec-
tion and differential rotation.  Observations of the sur-
face distribution of starspots and how it evolves can 
provide important information on the dynamo process 
and the magnetic activity that it generates.

The Kepler satellite is providing spectacular optical 
photometric light curves of unprecedented precision 
and duration that routinely allow detailed studies of 
stellar magnetic activity on late-type stars that were 
difficult, if not impossible, to attempt previously. Rota-
tional modulation due to starspots is commonly seen in 
the Kepler light-curves of late-type stars, allowing de-
tailed study of the surface distribution of their photos-
pheric magnetic activity.  Kepler is providing multi-
year duration light-curves that allow us to investigate 
how activity phenomena -- such as the growth, migra-
tion, and decay of starspots, differential rotation, ac-
tivity cycles, and flaring --  operate on single and bi-
nary stars with a wide range of mass and convection 
zone depth.

Our Kepler GO program: We are observing a 
sample of F-G-K-type stars in our Kepler Cycles 1/2/3 
Guest Observer programs that consists of over 220 
stars that were selected for strong stellar activity using 
GALEX FUV and NUV photometry. These stars have 
V magnitudes between 9 and 15. The sample shows a 
wide variety of variability, as is illustrated in Fig.1, 
including starspot modulation and flaring.

We present data for a range of stars that illustrate 
the detailed variability found in Kepler light-curves 
and show how starspots evolve on a wide range of 
timescales for stars with typical rotation periods of a 
few days to a week.  The physical properties of the 
stars are being measured using high resolution optical 
spectroscopy, which allows the Kepler results to be 

placed within the existing framework of knowledge 
regarding stellar magnetic activity. These results dem-
onstrate the powerful diagnostic capability provided by 
tracking starspot evolution essentially continuously for 
more than 18 months.  The starspots are clearly sam-
pling the stellar rotation rate at different latitudes, 
enabling us to measure the differential rotation and 
starspot lifetimes. We describe the methods by which 
we are investigating the detailed physical properties of 
these stars using multi-spectral region observations. 

Fig. 1  Teff vs log g H-R diagram displaying the domi-
nant form of variability shown by our Kepler Cycles 1 
and 2 GO sample, based on Kepler Input Catalog pa-
rameters.
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ROTATION OF CLUSTER DWARFS AND SPECTROSCOPIC DIAGNOSTICS.  Andrea K. Dupree,1  Elisa-
beth R. Adams1, and Andy Szentgyorgyi1,  Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, 
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 Optical spectroscopic diagnostics (Ca II H and K, 

H-α, Ca IRT, Li I) are widely used to infer  stellar 
properties such as age, magnetic activity, and winds 
from cool stars.  Rotation of a cool star affects the 
strength of a magnetic dynamo which in turn deter-
mines the strength of magnetically associated spectral 
diagnostics.   

We calibrate these diagnostics against rotation pe-
riods from Kepler using spectra from the multi-object 
spectrograph Hectochelle on the MMT [1].  Hecto-
chelle provides echelle resolution (~35,000) for se-
lected wavelength regions spanning ~150Ǻ. 

NGC 6811, an open cluster of age 1 Gyr in the 
Kepler field  has stellar rotation periods derived for 
single dwarf stars [2] from Q1-Q4 of Kepler photome-
try.  Here, we compare these rotation periods to several 
diagnostics from the optical spectra to establish the 
relations generally applied to  individual stars in the 
field and evaluate their consistency.  This cluster is part 
of a study of a larger sample of open clusters studied 
with Hectochelle spanning ages of 450 Myr (Melotte 
111) to 4.4 Gyr (NGC 6791, also in the Kepler field) . 

 
References: [1] Szentgyorgi, A. et al. 2011, PASP, 

in press [2] Meibom. S. et al. 2011, Ap.J., 733, L9 
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Cycle 1 Observations of Low Mass Stars: New Eclipsing Binaries, Single Star Rotation Rates, and the Nature 

and Frequency of Starspots  Thomas E Harrison1,, J. L. Coughlin1, Nick M. Ule1, and Mercedes Lopez-Morales2, 
1Astronomy  Department,  New  Mexico  State  University,  Las  Cruces,  NM  88003,  tharriso@nmsu.edu,  jl-

cough@nmsu.edu, nmule@nmsu.edu, 2Institut de Ciencies de L'Espai (CSIC-IEEC), mlopez@ieec.uab.es

Introduction:  We  have  analyzed  Kepler light 

curves for 849 stars with Teff ≤ 5200 K from our Cycle 

1  Guest  Observer  program.  We identify  six  new ec-

lipsing binaries, one of which has an orbital period of 

29.91 d, and two of which are probable W UMa vari-

ables.  In  addition,  we  identify  a  candidate  “warm 

Jupiter” exoplanet. We further examine a subset of 670 

sources  for  variability.  Of  these  objects,  265  stars 

clearly show periodic variability that we assign to rota-

tion of the low-mass star. At the photometric precision 

level provided by Kepler, 251 of our objects showed no 

evidence for variability. We were unable to determine 

periods for 154 variable objects. We find that 79\% of 

stars with  Teff ≤ 5200 K are variable. The rotation peri-

ods we derive for the periodic variables span the range 

0.31 ≤ Prot ≤ 126.5 d. A considerable number of stars 

with  rotation  periods  similar  to  the  solar  value  show 

activity levels that are 100 times higher than the Sun. 

This is consistent with results for solar-like field stars. 

As has been found in previous studies, stars with shorter 

rotation  periods  generally  exhibit  larger  modulations. 

This  trend flattens beyond Prot = 25 d,  demonstrating 

that even long period binaries may still have compon-

ents  with  high  levels  of  activity  and  investigating 

whether  the masses and radii of the stellar components 

in these systems are consistent with stellar models could 

remain problematic. Surprisingly, our modeling of the 

light  curves  suggests  that  the active regions on these 

cool stars are either preferentially located near the rota-

tional poles, or that there are two spot groups located at 

lower latitudes, but in opposing hemispheres.
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Abstract: We analyze high time resolution (one 

minute cadence) data from our Kepler Cycle 2 GO 
program to investigate flares on the active M dwarf 
GJ 1243.  In our preliminary analysis for one month 
of data (shown in Figure 1), we find a significant 
periodic variation in the light curve, as well as more 
than 270 flares.  Neither the flare energy nor the 
number of flares appears to correlate with the phase 
of the 0.6 day periodic variation.  We will present 
further results that incorporate the second month of 
Kepler data and our ground-based followup spectros-
copy using the ARC 3.5m telescope at Apache Point 
Observatory.  We will also discuss the flare frequen-
cy distribution for the GJ 1243 Kepler data and com-
pare with ground-based data for similar stars.  Final-
ly, we will describe our analysis of the variability 
structure function for the Kepler data. 

 

 
Figure 1: Top panel – the phase folded light curve for 
one month of 1-minute cadence Kepler data on GJ 
1243.  The periodic variation is evident, as are the 
flare excursions.  Flare energies (middle panel) and 
number of flares (bottom panel) show no obvious 
correlation with phase.  
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Due to their high occurrence rate and large contrast 

against the background stellar emission, white-light 
flares on a handful of young, rapidly rotating, low-
mass M stars have been the primary source for our 
understanding of optical flare emission.  Kepler’s high-
precision, long baseline lightcurves have opened up the 
characterization of white-light emission to new do-
mains of stars with various rotation rates, masses, and 
magnetic dynamo strengths. We present the properties 
of white-light flares on GALEX-selected solar-type 
stars from GO data in Q1-Q7.  The flares are discussed 
in relation to intrinsic stellar properties, which are con-
strained by a vast amount of follow-up characterization 
of the sample.  We compare the flare properties with 
those previously studied on M dwarfs and the Sun; 
such comparisons will provide important constraints 
for models of internal magnetic dynamos and atmos-
pheric radiative-hydrodynamic flare simulations.  An 
example light curve of a flare star from our sample is 
shown in Figure 1. 

 
References: Use the brief numbered style common 

in many abstracts, e.g., [1], [2], etc. References should 
then appear in numerical order in the reference list, and 
should use the following abbreviated style: 

[1] Author A. B. and Author C. D. (1997) Nat., 90, 
1151–1154. [2] Author E. F. et al. (1997) ApJ, 32, 
A74. [3] Author G. H. (1996) LPS XXVII, 1344–1345. 
[4] Author I. J. (2002) LPS XXXIII, Abstract #1402. 

 
 
 
 

 
Figure 1: Kepler (30-minute cadence) data for a dG2 star 
reveals a handful of flares superposed on underlying rota-
tional modulation.  The vertical dotted line in the top panel 
indicates the flare event showcased in the bottom panel. A 
movie of an entire light curve (for this star and for two other 
flare stars) is located at the following link: 
www.astro.washington.edu/kowalski/flare_stars_movie.mpeg 
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Systematics Correction: We investigate the varia-

bility properties of main sequence stars in the public 
Kepler data.  The Kepler pipeline (PDC), like other 
current reduction methods, is unsuitable for the study 
of stellar variability so a new Astrophysically Robust 
Correction for systematics (ARC) was developed. The 
key feature of our reduction is the removal of a set of 
basis functions that are determined to be present in 
small amounts across many light curves, therefore ef-
fectively removing systematics while leaving the true 
variability signal unchanged. Full details of this 
method can be found in Roberts et al. [1]. The im-
provement can be seen in Figure 1, which shows an 
apparent bimodality in variability where the PDC has 
removed intrinsic stellar signals at medium variability 
levels, while the ARC preserves them. 

 

 
 

Figure 1. Variability (defined as 5th – 95th percentile of 
normalized flux) for the PDC and ARC data, with the 
photometric uncertainty (red solid line) and twice the 
solar value (red dashed line). 

 
Variability Statistics: Using the ARC data we re-

visit and confirm many of the relationships presented 
by Basri et al. [2],[3] and Ciardi et al. [4], and extend 
this work to a more thorough study of the periodic and 
stochastic nature of the variability. 

We divide the targets into high- and low-variability 
groups by comparison to the active Sun (dashed red 
line in Figure 1), allowing us to examine the stellar 
properties of each sample. Using this method, 36% of 
dwarf stars observed by Kepler appear more variable 
than the active Sun on a 33 day timescale.  

We determine the variability statistics per spectral 
type, and show tenuous evidence that that the high-
variability sample typically have lower proper motion. 
Variability is seen to increase with decreasing tempera-
ture and there exist significant differences in the nature 
of variability between spectral types.  

The frequency content of the light curves shows 
evidence for periodic or quasi-periodic behaviour in 
16% of dwarf stars. The fraction and typical period 
vary between spectral types, as shown in Figure 2. It 
should be noted that there are specific caveats that ap-
ply to this distribution, based on the length of the 
dataset and the period selection method. Full details of 
this can be found in McQuillan et al. [5]. 

 

 
Figure 2. Period distribution for each spectral type, for 
stars displaying a significant period, showing a clear 
trend towards longer periods for later type stars. See 
McQuillan et al. [5] for caveats.  

 
The stochastic component of variability associated 

with each spectral type was parameterised by fitting 
autoregressive models to the periodograms, as used by 
Aigrain et al. [6]. This analysis shows a trend of in-
creasing amplitude and timescale towards later spectral 
types. 

Most A and F stars have short periods (< 2 days) 
and highly sinusoidal variability, suggestive of pulsa-
tions. Their spectral density distribution implies they 
are accompanied by small scale, short-lived active re-
gions. G, K and M stars tend to have longer periods   
(> 5 days, with a trend towards longer periods at later 
spectral types) and show a mixture of periodic and 
stochastic variability, indicative of activity. For these 
late type stars the activity regions also appear larger 
and more stable.  

References: [1] Roberts et al. (in prep.). [2] Basri 
et al. (2010) ApJ Letters, 713, L155. [3] Basri et al. 
(2011) AJ, 141, 20. [4] Ciardi et al. (2011) AJ, 141, 
108. [5] McQuillan et al. (in prep). [6] Aigrain et al. 
(2004) A&A, 414, 1139. 
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We combine 3D simulations of the surface convection and 1D secular modeling of the whole 

Sun. The 3D hydrodynamical simulations are performed in a box domain of a few thousand 

kilometers of horizontal and vertical extension around the solar surface. They are made with 

and without magnetic field to mimic the solar activity. Thus we compute the thermal gradient 

and the turbulent pressure in the superadiabatic region and we estimate how they are 

affected by the surface activity. In a second step, horizontal averages of these quantities are 

introduced as boundary conditions of the 1D models that we use to calculate the eigenmodes. 

We compare the absolute seismic frequencies with those coming from more classical 1D 

models i.e. relying on the usual phenomenologies of surface convection: the mixing length 

theory and the full spectrum of turbulence phenomenology. We compare the oscillations 

frequencies we compute with the observed ones. Finally we show how the absolute 

oscillations frequencies change in presence of a magnetic field. 

 
Thermal gradients ∂lnT/∂lnP around the stellar surface (solar conditions) : solid 

blue line : horizontal & time average of 3D simulation; dotted blue line : Canuto 

and Mazzitelli 1D phenomenology, solid white line : adiabatic gradient. 
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DIFFERENTIAL ROTATION IN KEPLER OPEN CLUSTER STARS.  
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Starspots are regions of magnetic flux on cool stars 

that is so concentrated convective heat transport is lo-
cally suppressed. The precision and cadence of Kepler 
make it a superb instrument for studying the rotation 
and temporal/spatial evolution of starspots. Analysis of 
these starspot properties can yield important informa-
tion on how the magnetic dynamo that generates them 
actually operates. Open clusters are ideal laboratories 
for stellar studies since they comprise stars of roughly 
fixed age and metallicity. We report on our observa-
tions of spots on cool stars in two open clusters in the 
Kepler field; NGC 6811 (age ~1 Gyr) and NGC 6819 
(age ~2.5 Gyr).  Rotation, differential rotation, and 
spot growth/decay are all clearly seen by eye in the 
data, but other sources of variablility introduce some 
confusion.  We use a principle components analysis 
PDC MAP to remove non-intrinsic variability in our 
sources, and then apply a number of methods (perio-
dogram, gapped wavelet, and modeling) to measure 
differential rotation and growth/decay timscales for the 
observed spots. We present our first results, and com-
pare our measurements with other stellar properties 
and previous results.  
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Stellar Variability From DASCH vs. Kepler Data
Sumin Tang*, Jonathan Grindlay and Soren Meibom
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DASCH (Digital Access to a Sky Cen-
tury@Harvard) has similar magnitude range 
to Kepler, and therefore Kepler targets are 
also covered by DASCH over 100 years. 
Combining the long-term variations from 
DASCH, and the short-term variations from 
Kepler of great accuracy, enables a unique 
study of stellar variability on the widest range 
of timescale. Here we present our study of a 
group of peculiar long-term K giant variables 
with slow variations over decades. Most of 
them show strong star spots and flaring activi-
ties in the Kepler light curves, which suggests 
that the mysterious long-term variations may 
be related to strong star spots and magnetic 
activities which may be a new mechanism for 
dust formation or ejection. Preliminary study 
of a few other unusual variables are also pre-
sented.

Figure 1: DASCH light curves of 5 long-term 
K giant variables in the Kepler FOV. 

Figure 2: Kepler light curve of 5095511.

Figure 3: Kepler light curve of 5630212.

Figure 4: Kepler light curve of 7869590.

This work was supported in part by NSF 
grants AST-0407380 and AST-0909073 and 
now also the Cornel and Cynthia K.Sarosdy 
Fund for DASCH.
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About 25% of  the extra solar planets discovered so 

far transit their host star. During the eclipse of star by 

its orbiting planet, spots on the surface of the star may 

be occulted, causing small variation in the transit light-

curve.  These  variations  can  be  modeled  using  the 

method described in [1] that yields the starspots physi-

cal properties such as size,  position, and temperature 

(or intensity). Presently, the transit light curves of HD 

209458 [1], CoRoT-2 [2,3,4], CoRoT-4 [5], CoRoT-5, 

CoRoT-6 [5],  CoRoT-8,  CoRoT-11,  CoRoT-12,  and 

CoRoT-17 have been analyzed, and their spots charac-

teristics determined.

Just like Galileo did four centuries ago for the Sun, 

from the spot analysis it is also possible to calculate 

the stellar  rotation period and  whether  it  presents  or 

not differential  rotation. The mean rotation period of 

the star is obtained from the out-of-transit light curve, 

whereas the differential rotation is estimated from the 

successive transits of the supposedly same spot. Hence 

we  obtain  the  value  of  the  rotation  period  at  the 

latitude  of  the  transit.  Moreover,  using  the  known 

value of the average rotation period (the out-of-transit 

rotation period), it is possible to determine the profile 

of  stellar  rotation as a function of  latitude.  So far,  I 

have considered a profile similar to that of the Sun:

                       P α = 360
o

A−B sin
2α 

                 (1)

where  α is the latitude, A  and  B are constants to be 

determined  for  each  star.  The  relative  differential 

rotation is defined as:

                          



=

Ppole−Peq

P
                     (2)

where  P is  the  average  rotation  period.  The 

estimated  relative  diferential  rotation  of  the  stars 

studied thus far varies from 3 to 50%.

    For systems with multiple planets such as those that 

Kepler has discovered [6,7], that transit their host star 

on different projected stellar latitudes, it is possible to 

confirm if the differential rotation profiles are similar 

or not to the solar profile given by Eq.(1).
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Kepler & Blazhko Effect: mission (im)possible?  M. Chadid
Université Nice Sophia-Antipolis, Observatoire de la Côte d’Azur, UMR 6525, Parc Valrose, 06108 Nice 
Cedex 02, France (Chadid@unice.fr).
Antarctica Reaserch Station, South Pole, TAAF, Antarctica.

 A large fraction of RR Lyrae stars has been 
known to  exhibit  amplitude  and  phase  modula-
tions  – the Blazhko effect [1] –  for about a cen-
tury. We still lack quantitative constraints of the 
physical  mechanisms driving and governing  the 
Blazhko effect, thus limiting our understanding of 
the pulsation characteristics of RR Lyrae stars. 

Thanks to extensive  ground based observations, 
and those from the Antarctica [2] and the satellite 
mission, CoRoT [3]  & [4] ,  a continuous stream 
of data have been obtained  to monitor  in detail 
light  curve changes  during various  Blazhko cy-
cles. The ground based observations clearly show 
that  consecutive Blazhko cycles  are  not  exactly 
periodic and also that the Blazhko period differs 
from  cycle–to–cycle.  The  CoRoT  data,  have 
found that the Blazhko phenomenon manifests it-
self as equidistantly spaced multiplets around the 
main  pulsation  frequency  and  its  harmonics, 
which are not only triplet and quintuplet (as de-
tected  in  ground  based  observations)  but  also 
tenth  order  side  peaks.  Strong   cycle–to–cycle 
changes   in  the  Blazhko modulation  have  been 
reported  as well  (Fig.  1).  These findings place 
strong constraints on the theoretical models pro-
posed to explain the Blazhko effect. Stothers  [6] 
& [7] suggested that  the turbulent/rotational dy-
namo mechanism generates,  in  some RR Lyrae 
stars,  the  magnetic  fields  that  grow  over  the 
Blazhko cycle and suppress turbulent convection, 
and in turn small changes in the period of the fun-
damental  radial  mode.  The  physical  mechanism 
suggested by Stothers appears promising, howev-
er  no  magnetic  field  has  been  detected  in  RR 
Lyrae stars [5]. 

Here, I discuss recent photometric results 
of Kepler Blazhko & non-Blazhko RR ab stars to-
wards an understanding of the Blazhko enigma. 

References: 

[1] Blazhko, S. 1907, Astr. Nachr., 175, 325.
[2] Chadid, M., Vernin, J., et al. 2010, A&A, 

516, 15.
[3] Chadid, M. et al. 2010, A&A, 510, 39.
[4] Chadid, M., Perini, C.,et al, 2011, A&A,  

527, 146.
[5] Chadid, M., Wade, G. A., Shorlin, S. L. S., 

Landstreet, J. D. 2004, A&A, 413, 1087.
[6] Stothers, R. B. 2006, ApJ, 652, 643.
[7] Stothers, R. B. 2010, PASP, 122, 536.

Fig.  1  Two–dimensional  CoRoT  light  curve  of 
CoRoT ID 0105288363 folded with the pulsation 
period  (0.5676d)  over  four  Blazhko  cycles. 
Strong  cycle-to-cycle  changes  in  the  Blazhko 
modulation  [4].
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Solar type pulsators on and near the Main Sequence E. Michel1, 1Observatoire de Paris, LESIA, pl. J. Janssen, 
F92195 Meudon, France, Eric.Michel@obspm.fr.

Introduction: Since acoustic oscillations have 
been observed in the Sun and their excitation mecha-
nism understood, it has been clear that such oscilla-
tions had to be present in a noticeably large domain of 
mass and age covering low-mass stars to intermediate 
ones and all the Main Sequence evolution phase at 
least. The great success of helioseismology thus has
logically motivated a great interest for extending this 
technique to such stars. While first detections have 
been achieved from the ground, first precise measure-
ments of the modes in terms of eigenfrequencies, am-
plitudes and lifetimes, came only recently with space 
photometry observations. After more than four years in 
orbit, CoRoT has observed and measured oscillations 
in about a dozen of such stars, most of them on the 
Main Sequence, from early F stars to objects very 
close to our Sun in terms of effective temperature and 
evolution stage. This sample is being enlarged by new 
CoRoT observations and by the Kepler data. 

I will discuss these results and show to which ex-
tent they satisfy the expectation of the community in 
terms of precision on the determination of the oscilla-
tion modes parameters. I will also use this sample to 
discuss what we already learned from them in terms of 
stellar physics and beyond, for instance in the case of 
stars hosting planets. 
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Asteroseismology of the solar-like star HAT-P-7: impact on the 
characterisation of its exoplanet companion

A. Grigahcène, M. Oshagh, O. BenOmar, M.-A. Dupret and M. J. P. F. G.
Monteiro

Hat-P-7 is a very interesting star for more than one reason. First, it is a pulsating solar-like star, which
allows us to characterize it and probe its interior through the study of its pulsations. Second, it lies
within the field of view of the NASA spacecraft Kepler. Which is areal advantage since it allows us to
accede to very high quality and continuous observational data. In these conditions, a seismological
study of this star is expected to give very good estimations of the star parameters, such as its mass, age,
radius, ... These results can be used as input for the characterisation of the exoplanet orbiting it, which
is the third reason to be interested by this star. 
In this work:
1- we use the public Kepler data to estimate the star pulsation frequencies; 
2- we perform an asteroseismic study of the pulsating star using Time-Dependent-Convection 
models;
3- and we make a revision of the planet properties using the astroseismic results.
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The Frequency Spectra of B Stars in Kepler.  J. McKeever,1 J. Jackiewicz,1 B. McNamara,1 R.T.J. McAteer,1 L. 
Boucheron,2 H. Cao,3 D. Voelz,2 M. Kirk,1 G.  Taylor,1 K. Degrave,1 A. Al-Ghraibah,2 A. Petsov,1 and B. Calabro,1 

1New Mexico State University, Department of Astronomy, PO Box 30001, MSC 4500, Las Cruces, NM 88003-
8001, jeanm12@nmsu.edu, 2New Mexico State University, Department of Computer and Electrical Engineering, 
3New Mexico State University, Department of Computer Sciences 
 

 
Abstract:  Balona et al. [1] has surveyed 48 B stars in 
the Kepler field and have noted that with space based 
observations, unprecedented details in the power 
spectra can been seen. We are expanding upon this 
study with a larger sample of approximately 200 B 
stars, of which only about 10% overlap with their 
sample. Here we present the results of our analysis, 
detailing the types of B star pulsations we find and the 
properties of their power spectra. 

[1] Balona et al. (2011) MNRAS, 413, 2403-2420 
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Are the constant Kepler A-stars chemically peculiar?  Simon. J. Murphy, Jeremiah Horrocks Institute, University 
of Cenral Lancashire, Preston, PR1 2HE, UK; email: smurphy6@uclan.ac.uk 

 
Introduction: The delta Scuti instability strip lies 

at the junction between the classical Cepheid instabil-
ity strip and the main sequence. Amongst the delta 
Scuti stars in this region lie the rather more constant 
metallic-lined (Am) stars. These represent a significant 
fraction of A stars – up to 50% at A8 [1]. Of the ten 
known Am stars in the Kepler field, six are known to 
pulsate [2]. 

Now that it is known that some Am stars do pul-
sate, we must question whether the constant A-stars all 
have Am spectra. Given that 70% of non-chemically 
peculiar stars are delta Scuti stars and are therefore 
variable (based on pre-Kepler photometric sensitivity 
levels; [3]), we might expect almost all of the non-
variable stars in the Kepler field of view to be chemi-
cally peculiar. 

The unprecedented precision of the Kepler space-
craft allows stars to be studied photometrically at the 
micro-magnitude variability level. Stars that are con-
stant at this level are unusual indeed. Pulsation, spots 
and activity all contribute to total variability, hence 
these A-stars are probably the only stars in the HR-
diagram that are truly constant. 

Method:  This study uses Q3 long-cadence Kepler 
data to investigate nine of the most constant A-stars in 
the Kepler field of view. This is accompanied by spec-
troscopic observations to investigate atmospheric pa-
rameters and chemical peculiarity. 

References: [1] Smalley B. et al., 2011, A&A, 535, 
A3+ [2] Balona L. A. et al., 2011, MNRAS, 396 [3] 
Turcotte S., Richer J., Michaud G., Christensen-
Dalsgaard J., 2000, A&A, 360, 603. 
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STANDARD PHOTOMETRY OF KEPLER ASTEROSEISMIC TARGETS.  M. Stęślicki1, D. Drobek1, M. 
Jerzykiewicz1, J. Molenda-Żakowicz1, K. Uytterhoeven2,3,5,6, O. Creevey3,4, J. Gutierrez-Soto7, P. Papics8 and J. C. 
Suárez7, 1Instytut Astronomiczny Uniwersytetu Wrocławskiego, ul. Kopernika 11, 51-622 Wrocław, Poland  (stes-
licki@astro.uni.wroc.pl),  2Departamento de Astrofísica,  Universidad de La Laguna, 38205 La Laguna, Tenerife, 
Spain (TF), Spain, 3Instituto de Astrofísica de Canarias, C/Via Lactea s/n, E-38200 Tenerife, Spain, 4Universidad de 
La  Laguna,  Avda.  Astrofísico  Francisco  Sànchez  s/n,  38206  La  Laguna,  Tenerife,  Spain,  5Laboratoire  AIM, 
CEA/DSM-CNRS-Université Paris Diderot; CEA, IRFU, SAp, Centre de Saclay, 91191, Gif-sur-Yvette, France, 
6Kiepenheuer-Institut für Sonnenphysik, Schöneckstraße 6, 79104 Freiburg im Breisgau, Germany, 6Instituto de As-
trofísica de Andalucía (CSIC), Glorieta de la Astronomía s/n 18008, Granada, Spain,  7Instituut voor Sterrenkunde, 
K.U. Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium 

Introduction:  The  main  scientific  goal  of  the 
NASA space mission Kepler is to discover Earth-sized 
planets. Kepler photometry is also used for detecting 
pulsations in thousands of stars selected as asteroseis-
mic targets by the Kepler Asteroseismic Science Con-
sortium. Unfortunately the Kepler data does not pro-
vide colour information. Moreover, the majority of the 
Kepler targets is poorly studied in the literature and the 
precision of Teff, logg, and E(B−V) available in the Ke-
pler Input Catalogue (KIC-10) is generally too low for 
asteroseismic modelling, especially for hot and pecu-
liar stars. We report the status of ground-based multi-
colour standard photometry of Kepler targets acquired 
in 2010 and 2011.
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SPECTOSCOPIC  AND  PHOTOMETRIC  OBSERVATIONS OF LARGE SAMPLE OF THE KEPLER 

TARGETS.  M.  Stęślicki1,  E.  Niemczura1,  K.  Uytterhoeven2,3,4,5 et  al.,  1Instytut  Astronomiczny  Uniwersytetu 

Wrocławskiego, ul. Kopernika 11, 51-622 Wrocław, Poland (steslicki@astro.uni.wroc.pl),  2Departamento de As-

trofísica, Universidad de La Laguna, 38205 La Laguna, Tenerife, Spain (TF), Spain, 3Instituto de Astrofísica de Ca-

narias, C/Via Lactea s/n, E-38200 Tenerife, Spain, 4Laboratoire AIM, CEA/DSM-CNRS-Université Paris Diderot; 

CEA, IRFU, SAp, Centre de Saclay, 91191, Gif-sur-Yvette, France, 5Kiepenheuer-Institut für Sonnenphysik, Schö-

neckstraße 6, 79104 Freiburg im Breisgau, Germany

Introduction: The Kepler space mission is provid-

ing continuous and high-precision photometry of thou-

sands of stars. Such data are essential for asteroseismic 

studies. However, the Kepler data do not provide in-

formation on the stellar physical parameters, which are 

also  crucial  for  successful  seismic  modeling.  There-

fore, additional ground-based data are needed. We re-

port the status of spectroscopic and photometric obser-

vations of middle main sequence stars (spectral types 

A-F) from the Kepler field. For a large sample of stars 

observed by various instruments we obtained effective 

temperatures, surface gravities, projected rotational ve-

locities and abundances of  chemical elements.  These 

determinations are fundamental  for seismic modeling 

of these objects.
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A CYCLE 2 STUDY OF RV TAURI AND SEMI-REGULAR VARIABLES USING KEPLER.  J. L. Cash1 

D.K. Walter2 and S. B. Howell3, 1 SC State University, Dept of Biological and Physical Science, Orangeburg, SC 
29117,  jcash@physics.scsu.edu , 2SC State University, dkw@physics.scsu.edu, 3NASA Ames, steve.b.howell@nasa.gov

Introduction:  We present the results of our analy-

sis of Cycle 2 observations of eleven (11) previously 

classified Semi-Regular and one (1) RV Tauri star in 

the Kepler Field of View. The high precision photome-

try  and  continuous  monitoring  capability  of  Kepler 

have allowed us to examine the light curves of these 

objects in unprecedented detail. We discuss the variety 

of behavior exhibited in the light curves of these stars. 

Some of our objects show very small or effectively no 

variation in their light output, while others show dis-

tinct  variation  over  a  magnitude  or  more. The  light 

curve of the one previously classified RV Tauri type in 

our  sample exhibits  the well  known alternating deep 

and  shallow minima  while one  of  the  Semi-Regular 

types also hints at similar behavior. Several other stars 

show clear patterns of oscillation, and we present our 

results of the period determination along with the light 

curve fits and residuals for these stars. Over the time 

span of available observations, some of the light curves 

are highly irregular and longer timescales will be need-

ed to resolve any multi-periodicity or determine the un-

derlying semi-regular nature of the variability. 

Support for this work has been provided to South 

Carolina  State  University  through  NASA  award 

NNX11AB82G  and NSF award AST-070814.



2011 Kepler Science Conference - NASA Ames Research Center 203

POSTER ABSTRACTS

P0902. POSTER SESSION II

GRANULATION PROPERTIES IN RED GIANTS OBSERVED BY KEPLER.  S. Mathur1 , S. Hekker2,3, R. 
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Bedding11, Y. Elsworth3, C. Régulo12,13, D. Stello11, W. J. Chaplin3, J. De Ridder8, S. J. Hale3, K. Kinemuchi15, H. 
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Introduction:  The Kepler mission has been ob-

serving more than 1000 red giants during a nearly con-
tinuous period of ~13 months. With the resulting fre-
quency resolution (< 0.03 µHz), we were able to study 
the granulation properties of these stars [1]. The granu-
lation pattern is the visible manifestation of the con-
vection taking place in the outer layers of the stars. 
Briefly, it is due to hot plasma from the interior rising 
to the photosphere where it cools down, and descends 
back into the interior at the edges of the granules. To 
estimate the granulation time scale and amplitude, 
Harvey-like functions [2] are fitted to the power spec-
tra.  

We found relations between the granulation param-
eters and acoustic-mode global parameters as well as 
with fundamental stellar parameters. These relations 
agree with what is expected from theory [3]. We also 
compared the observed granulation parameters with 
3D hydrodynamics simulations of the convection [4]. 
Observations and simulations present similar trends 
though the absolute values still show some discrepan-
cies.  

References: [1] Mathur S. et al. (2011) ApJ, in 
press. [2] Harvey J. (1985) ESASP, 235, 199. 
[3] Kjeldsen H. and Bedding T. R. (2011) A&A, 529, 
L8. [4] Trampedach R. and Stein R. F. (2011) ApJ, 
731, 78. 
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Kepler Data Analysis Tools Developed by the Guest Observer Office 

Tom Barclay1,2 and  Martin Still1,2.  
1NASA Ames Research Center, MS 244-30, Moffett Field, CA 94035, 2Bay Area Environmental Research Institute. 
*thomas.barclay@nasa.gov 

 
Introduction:  The Kepler Guest Observer Office 

has developed a suite of software tools for the 
reduction and analysis of Kepler pixel-level, light 
curve and full-frame image data. Most-critically, these 
tools can extract new light curves from pixel level data 
using manually-derived pixel apertures, and mitigate 
for instrumental artifacts using both detrending and 
cotrending algorithms.  

Target Pixel Files: Pixel level data consists of a 
series of images of a target star and is distributed with 
each archived light curve. We have developed tools 
that allow the user to inspect pixel data, define new 
pixel extraction apertures and extract new light curves. 
Fig. 1 illustrates a case where a background eclipsing 
binary contaminates the archived light curve of a 
survey target. By employing two different apertures, 
two entirely different light curves are extracted.  

 
Figure 1: The upper panels showcase the pixel image of a 
star. The white pixels are employed to extract the time 
series photometry in the lower panels. The right-hand 
panel contains the extraction of just the target star, which 
the light curve reveals to be approximately non-variable. 
The left-hand panels reveal that there is an eclipsing 
binary star blended with, and to the left of, the target. 

 
Cotrending Basis Vectors: The Kepler Mission 

has released data products to the public archive at 
MAST containing time-tagged characterizations of the 
instrumental systematics identified in the ensemble 
time-series of hundreds of intrinsically quiet stars 
collected each operational quarter. This product is 
known as the Cotrending Basis Vectors. We have 
developed a tool which fits these data to light curves 
and removes or reduces the instrumental structure, 
leaving calibrated photometric time series dominated 
by astrophysical variability.  

Fig. 2 showcases 16 light curves chosen at random 
from a single CCD channel collected over quarter 5. 
The upper panel contains the archived data obtained 
from simple aperture photometry. All light curves 
contain both intrinsic astrophysical signal and 
instrumental systematics. The plots in the lower panel 
contain the same data after Cotrending Basis Vectors 
have been fit and removed. This leaves light curves 
with significantly reduced systematics. 

 
 
Figure 2: The upper panel exhibits 16 typical, long 
cadence light curves from the Kepler archive, constructed 
from calibrated, simple aperture photometry. The lower 
panel contains these same 16 light curves but with 
instrumental systematics reduced by fitting and 
subtracting Cotrending Basis Vectors. 

 
Where to find these products and tools: The light 

curve and target pixel files are available from MAST: 
archive.stsci.edu/kepler. The Cotrending Basis Vectors 
are available from archive.stsci.edu/kepler/cbv.html. 
The Kepler data analysis tools come in the form of a 
PyRAF/IRAF package called PyKE, available from 
keplergo.arc.nasa.gov/ContributedSoftware.shtml 
 

Summary: The Kepler Guest Observer and 
Science Offices continue to make available data and 
software tools that facilitate more accurate exploitation 
of Kepler photometry.  
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RECENT OPERATIONAL IMPROVEMENTS TO HIGH PRECISION PHOTOMETRIC 
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The Spitzer project has recently made several im-

provements to the warm IRAC staring mode observa-
tions. This type of observation is critical not only for 
confirming Kepler planet candidates [1], but also for 
measuring transiting exoplanet atmospheric thermal 
profiles [2], atmospheric chemical compositions [3], 
and global wind and energy transport mechanisms. The 
IRAC 3.6 and 4.5 µm observations have significant 
photometric systematics due to a coupling of telescope 
motions with intra-pixel gain variations. These sys-
tematics are being trended with increasingly sophisti-
cated techniques [4,5]. To mitigate the effect of these 
systematics in the data themselves, a cycling of a on-
board heater was modified to reduce by ~50% both the 
amplitude and period of the pointing wobble, thereby 
reducing the aliasing of transits and improving pho-
tometric accuracy. 

Most recently, we have commissioned a peakup 
mode to improve pointing for IRAC observations. Fig-
ure 1 displays the results of an experiment testing the 
repeatability and stability of the peakup mode. As 
shown, almost all of the ten individual observations 
land in the same 0.2 x 0.2 pixel region (which has 
minimal gain variation, the sweet-spot) with each ep-
och having excellent scatter (0.03 arcsec, 1σ radial rms 
over 2 minutes). This is a factor of 10 improvement 
over blind pointing. The peakup uses the optical 
peakup instrument (PCRS [6]) on the cryogenic focal 
plane previously used with great effectiveness with the 
IRS spectrometer. Preliminary high-precision (~10-4) 
gain maps of the sweet-spots will be presented. Cou-
pled with science data taken at these sweet-spots, the 
gain maps permit observers to remove systematics in 
the photometry due to intra-pixel gain without self-
calibrating their observations. Not only will this im-
prove the removal of the systematics and precision of 
the observations, but it also lessens the likelihood of 
modifying scientifically interesting signatures such as 
atmospheric variations of the exoplanet or host star. 

The peakup mode has been demonstrated for target 
stars with visible magnitude between 7 and 12.5 with 
fainter targets limited by the amount of data that can be 
stored and processed by the on-board computer while 
brighter sources saturate the PCRS detector. For 
sources outside of the peakup magnitude limits, pre-
liminary tests have shown that the available PCRS 
guide stars can be used to accurately place the target 
on the IRAC arrays. These tests suggest that the 

peakup will be available for the full magnitude range 
of Kepler exoplanets. We present results of a recent 
demonstration using KOI-069. 

Use of the peakup mode should prove beneficial 
for full-phase light curve observations and other stares 
of greater than 24 hours. By performing peakups every 
~8 hours, the ~0.3 arcsec/day pointing drift seen in 
long stares can be mitigated, while other solutions con-
tinue to be explored. In addition, tests are ongoing to 
demonstrate that light curves can be sampled sparsely 
and still recover phase variations. Sparse sampling has 
two benefits over traditional full-phase monitoring; 1) 
the curve can be sampled using ~50% of the observing 
time, and 2) the observations can be scheduled more 
flexibly, improving the likelihood of having the obser-
vation executed. 

Full commissioning of the mode is ongoing with 
the expectation that all high-precision photometric 
observations will use peakups by the beginning of 
2012. Use of the mode can continue as long as Spitzer 
is operating and should permit photon-limited follow-
up and characteriztion of all Kepler discoveries. 

 References: [1] Fressin et al. (2011) 
arXiv:1105.4647. [2] Beerer et al. (2011) ApJ, 727, 23. 
[3] Fortney et al. (2011) arXiv:1109:1611. [4] Ballard 
et al. (2010) PASP, 122, 897. [5] Demory et al. (2011) 
A&A, 533, A114. [6] Mainzer & Young (2004) SPIE, 
5487, 93. 

 
Figure 1: Centroid positions for ten epochs of the 

4.5 µm subarray PCRS peakup test. Each epoch (repre-
sented by a different color) consists of an initial slew 
to the PCRS, peakup on the PCRS, offset to IRAC and 
2.25 minutes of 0.4 second frames while staring. The 
box indicates the 0.2 x 0.2 region of the pixel with 
minimal gain variations that (sweet-spot). 
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Kepler Observations of II ZW 229.015 M.T. Carini
1
, W.T. Ryle

2
, 

1
Western Kentucky University, Department of 

Physics and Astronomy, 1906 College Heights Blvd. Bowling Green, KY. 42103, mike.carini@wku.edu, 
2
Thomas 

More College, wesley.ryle@thomasmore.edu. 

 

Introduction: The seyfert 1 galaxy II ZW 229.015 has 

been observed with the Kepler spacecraft since quarter 4 of 

Kepler science operations.  The results of the quarters 4-7 (1 

year) Kepler observations will be presented. We find the 

source to be highly variable, with discrete variations occur-

ring on timescales as short as days and with amplitudes as 

small as 0.5%. Such small amplitude, rapid variability was 

previously undetected in seyfert galaxies. We compare the 

Kepler results with contemporaneous ground based optical 

observations derived from the literature[1]. The results of a 

PSRESP analysis searching for a break in the PDS and the 

resulting characteristic timescale and corresponding mass 

estimate will be presented. 

 

References:  

[1] Barth, A. J. et al. ApJ 732,121 
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KEPLER AND THE NEXT GENERATION:  EFFECTIVE APPLICATION OF EDUCATION/PUBLIC 
OUTREACH IN THE HIGH SCHOOL SCIENCE CLASSROOM.  N. M. Chambers1, West High School, 
20401 Victor Street, Torrance, CA 905030, nchambers@etusd.org. 

 
Introduction:  One goal of the Kepler Mission’s 

Education and Public Outreach is effective and mea-
ningful communication of the concepts, process, and 
outcomes of the mission to high school age students in 
a formal education setting.  After the author’s partici-
pation in the 2009 E/PO workshop at the Jet Propul-
sion Laboratory, the Transit Tracks activity [1] was 
incorporated into a high school astrobiology curricu-
lum at two different learning levels (9th/10th grade in-
troductory, and 11th/12th grade advanced).  The author 
will discuss initial success stories and explain how the 
activity was modified, extended and enriched with ad-
ditional outside resources and original ideas in 2010 
and 2011.   

The original activity, which is taught in a know-
ledge forming context, is revisited and incorporated 
into a unit-summarizing final assessment of student 
understanding.  This final assessment incorporates the 
use of transit light curves and absorption spectroscopy 
to simulate the identification of a potentially habitable 
extrasolar planet.  Concept mastery, data analysis, and 
synthesis of evidence-based conclusions are an ex-
pected outcome of this project.  The author will present 
both the assignment and student products. 

General feedback on the E/PO effort, including 
what elements translate successfully into a 9-12 class-
room as well as suggestions for improvement, will be 
included. 

 References: 
[1] http://kepler.nasa.gov/education/activities/transitTr
acks/ 
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FOLLOW-UP OF THE WTS/ROPACS CANDIDATES: DETECTION OF FALSE POSITIVES.  P. Cruz1,  D. 

Barrado1,2, S. Hodgkin3, J. Birkby4, and the RoPACS Consortium.  1Center of Astrobiology (CAB/INTA-CSIC), ESA 

P.O Box 78, 28691 Villanueva de la Canada, Madrid, Spain e-mail: pcruz@cab.inta-csic.es , 2Calar Alto Observat-

ory,  German-Spanish  Astronomical  Center  (CAHA) e-mail:  barrado@cab.inta-csic.es  ,  3Institute  of  Astronomy, 

Cambridge e-mail: sth@ast.cam.ac.uk , 4Leiden Observatory, Leiden University email: birkby@strw.leidenuniv.nl .

Abstract:  This work is dedicated to identify false 

positives within the list of planet-host candidates from 

the  WFCAM Transit  Survey  (WTS).  The  RoPACS* 

network  utilizes  WTS to  discover  and  study planets 

around  cool  stars,  at  infrared  wavelengths,  via  the 

transit method.

Spectroscopic  follow-up  has  been  performed  for 

some of the planet-host candidates to find their spectral 

types and to exclude non-planetary companions. Those 

candidates from late-type stars undergo a more detailed 

follow-up with intermediate resolution spectroscopy in 

order to detect changes in their  radial  velocities that 

could  correspond  to  a  more  massive  object  such  as 

brown-dwarfs or low-mass stars.

Partial results from observations taken with the 3.5-

meter telescope at the Calar Alto Observatory will be 

presented in this poster. Future plans are to apply the 

same  technique  to  the  Kepler  candidates  that  have 

Jupiter-like radius.

* The RoPACS Project is a Marie Curie Initial Training 

Network  funded by  the  European  Commission's  Seventh 

Framework Programme (http://star.herts.ac.uk/RoPACS/).
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Searching for Earth’s Twin and STEM Education—the Kepler Mission’s Education and Public Outreach 

Program.  E. K. DeVore1, A. G. Gould2, P. K. Harman1, D. G. Koch3, and S. B. Howell3, 1SETI Institute, 189 Ber-

nardo Ave, Mountain View, CA 94043, edevore@seti.org, 2Lawrence Hall of Science, University of California at 

Berkeley, CA 94720, 3Kepler Science Office, NASA Ames Research Center, Moffett Field, CA 94035  

 

Introduction: Are we alone? Are there other 

worlds like our own? Astronomers are discovering 

many exoplanets, but can smaller planets - new Earths 

- be found? These are powerful and exciting questions 

that motivate student learning and public interest in the 

Kepler search for planets. The Kepler Mission Educa-

tion and Public Outreach (EPO) program capitalizes on 

the excitement of discovering Earth-size planets in the 

habitable zone, stimulating student learning and public 

interest in Science, Technology, Engineering and 

Mathematics (STEM) education, particularly astron-

omy and physics. 

Who is the Audience for Kepler Mission EPO? 

The EPO program aims to bring Kepler science and 

discoveries to multiple audiences: students and teach-

ers in formal educational institutions, the general pub-

lic in informal settings such as museums and planetari-

ums, and the general public though the media and out-

reach activities such as radio programs, star parties and 

a robust website. See Figure 1.   

 

 
Figure 1: The Scope of Kepler EPO Program  

 

High Impact Leverage and Partnerships: The 

Kepler EPO goals are to increase public awareness and 

understanding of the Kepler Mission by embodying 

key principles set forth in NASA's Partners in Educa-

tion and Implementing the OSS Education/ Public Out-

reach Strategy: involve scientists and contractors in 

EPO efforts, establish collaborations with planetarium 

programs and science museums, and build on existing 

programs and networks that maximize the leverage of 

NASA EPO funding in this project. The Kepler EPO 

plan is designed to take advantage of existing collabo-

rations, networks, experience, and relationships to  

optimize the impact of EPO. These partnerships bring 

EPO expertise plus existing networks of educators and 

outreach agents to the Kepler Mission, which amplify 

the EPO program’s reach to students, teachers and the 

public. Examples: Kepler lessons are reaching thou-

sands of schools across the nation through the Law-

rence Hall of Science’s GEMS Space Science Se-

quence for grades 3-5 and 6-8,  and the FOSS Plane-

tary Science unit for middle schools. The production 

and distribution of the Kepler Mission  poster with 

published articles via science education organizations 

brings Kepler to about 80,000 US STEM teachers in 

middle and high schools, plus planetarium directors 

internationally[1]. The Shadows and Silhouettes  kit 

for amateur astronomers supports outreach to the pub-

lic as well as schools, and has been used by hundreds 

of clubs in every state (reaching more than 100,000 

people) to explain lunar phases, eclipses and planetary 

transits; it was developed and distributed in partnership 

with the Astronomical Society of the Pacific, which 

leads the Night Sky Network. A partnership with the 

Space Science Institute (Boulder, CO), created a set of 

museum exhibits that features the search for life be-

yond Earth, Alien Earths, that toured the national for 

five years, and are now a part of the permanent exhib-

its at the Virginia Air and Space Museum. These pro-

jects and others that leverage the Kepler EPO program 

will be discussed as models for NASA EPO programs. 

Partnerships offer both a greater impact in terms of the 

reach of programs and the effectiveness of NASA 

funding in enhancing STEM education. 

Reflections on Long-Duration EPO Programs:   

The Kepler mission EPO program has been in exis-

tence the entire duration of the Kepler Mission. The 

long-duration of the program has required that the EPO 

program team adapt to new opportunities and to new 

challenges. These include spin-off projects developed 

with Kepler data that engage the public in citizen sci-

ence. The presentation will close with a brief discus-

sion on the evolution of the Kepler EPO program.  

References:   [1] Koch, D. G., DeVore, E., Gould, 

A., Harman, P. Seeking Other Worlds, Vol. 33 No. 4, 

2009 Science Scope, NSTA. and Koch, D. G., DeVore, 

E., Gould, A., Harman, P. Take Off With NASA’s 

Kepler Mission! V. 76 No. 1, 2009 Science Teacher, 

NSTA. and Gould, A., Komatso T., DeVore, E., Har-

man, P., Koch, D. G., Share the Hunt for Other Earths, 

March 2009, The Planetarian, IPS.   
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A UBV Photometric Survey of the Kepler Field. M. E. Everett1 , S. B. Howell2 and K. Kinemuchi2, 1NOAO (950 
N. Cherry Ave., Tucson, AZ 85719; everett@noao.edu), 2NASA Ames. 

 
Abstract: We present first results from an optical 

photometric survey of the Kepler field in the Johnson 
UBV filters.  The primary goal of the survey is to pro-
duce a catalog that identifies blue objects for spectro-
scopic follow-up studies and inclusion as Kepler tar-
gets.  We have used the NOAO Mosaic 1.1 CCD cam-
era at the WIYN 0.9m telescope to cover the field in a 
series of 207 overlapping pointings.  Each pointing 
was observed using consecutive 40s exposures in B 
and V and 180s in U.  Calibration is done by setting 
our magnitudes and colors according to the trans-
formed KIC magnitudes of selected stars in each point-
ing and by minimizing any remaining differences in 
sources observed in areas of image overlap.  The UBV 
colors reveal a rich set of blue sources that include 
objects such as hot subdwarfs and white dwarfs, plane-
tary nebula nuclei, and cataclysmic variables. 
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Extragalactic Science With Kepler 
 
Michael N. Fanelli1, Pamela M. Marcum2 and Cassidy Newton3,  
1NASA-Ames Research Center, MS 244-30, Moffett Field, CA, michael.n.fanelli@nasa.gov; 2NASA-Ames Re-
search Center, pamela.m.marcum@nasa.gov; 3Texas Christian Unversity, csmith2@tcu.edu 

 
Although designed as an exoplanet and stellar astro-
physics experiment, the Kepler mission provides a 
unique capability to explore the essentially unknown 
photometric stability of galactic systems at millimag 
levels using Kepler's blend of high precision and con-
tinuous monitoring. Time series observations of galax-
ies are sensitive to both quasi-continuous variability, 
especially low-level variations from embedded active 
nuclei, and random, episodic events, such as superno-
vae. In general, galaxies lacking active nuclei are not 
expected to be variable on the timescales and ampli-
tudes observed in stellar sources and are free of source 
motions that affect stars (e.g., parallax).  These sources 
can serve as a population of quiescent, non-variable 
sources, which can be used to quantify the photometric 
stability and noise characteristics of the Kepler pho-
tometer.  

A factor limiting robust galaxy source selections in 
the Kepler FOV is the lack of detailed quantitative 
information about the galaxy population. The only 
systematic census of galaxies in this low galactic lati-
tude field is the 2MASS extended source catalog, 
which list ~11K sources at JHK magnitudes.  Optical 
photometric and spectroscopic information is lacking, 
constraining for example the identification of AGN 
candidates in this field.  

Despite these limitations, a significant and growing 
number of galaxies are being observed, forming the 
Kepler Galaxy Archive.  Galaxy time series were/are 
being obtained by dedicated Guest Observer programs 
in Cycle 1-3 along with a small number of serendipi-
tous sources found in the exoplanet survey. Observed 
sources total approximately 100, 250, and 700 in Cy-
cles 1-3 (Cycle 3 began in June 2011). 

In this poster we interpret the properties of a set of 
~20 galaxies monitored during quarters 4-8, their asso-
ciated light curves, photometric and astrometric preci-
sion and potential variability as revealed by periodo-
grams. Data analysis issues relevant to extended 
sources and available software tools will be discussed. 
In addition, we detail ongoing surveys which are 
providing new photometric and morphological infor-
mation on galaxies over the entire field.  These new 
datasets will both aid the interpretation of the time 
series and improve source selection, e.g., help identify 
candidate AGNs and starburst systems, for further 
monitoring.  
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EChO: an exoplanetary mission under study 
K. G. Isaak1, the EChO study science team  ( P. Drossart2, O. Krause3, C. Lovis4, M. Ollivier5, I. Ribas6, I. Snellen7, 
B. Swinyard8, G.Tinetti9) and the ESA EChO study team (L. Puig10, I. Escudero Sanz11 ,P-E. Crouzet12, D. Martin13, 
N. Rando14) 
 
 1ESA/ESTEC, Keplerlaan 1, Noordwijk 2201-AZ, Netherlands: kate.isaak@esa.int , 2LESIA, France: 
pierre.drossart@obspm.fr , 3MPIA, Germany: krause@mpia.de , 4Observatoire Astronomique de l'Université de 
Genève, Switzerland: christophe.lovis@unige.ch , 5 IAS, France; marc.ollivier@ias.u-psud.fr ,  6 CSIC/IEEC, Spain: 
iribas@ice.csic.es , 7Leiden University, Netherlands: snellen@strw.leidenuniv.nl, 8RAL, UK: 
bruce.swinyard@stfc.ac.uk, 9University College London, UK: g.tinetti@ucl.ac.uk , 10ESA/ESTEC, Netherlands: 
ludovic.puig@esa.int , 11ESA/ESTEC, Netherlands: isabel.escudero.sanz@esa.int, 12ESA/ESTEC, Netherlands: 
pierre-elie.crouzet@esa.int, 13 ESA/ESTEC, Netherlands: didier.martin@esa.int, 14ESA/ESTEC, Netherlands: 
nicola.rando@esa.int. 

 
Introduction:   

The Exoplanet Characterization Observatory (EChO) 
is a medium class mission under study within the 
framework of the Cosmic Vision 2015-2025 progam of 
the European Space Agency. It is one of four candi-
dates currently competing for the M3 launch slot in the 
2020-2022 timeframe. EChO will be dedicated to, and 
optimized for, transit spectroscopy, and will character-
ise the atmospheres of exoplanets ranging from hot 
Jupiters down to more temperate, super Earths through 
measurement of transmission, reflection and absorp-
tion spectra covering the 0.4 - 16 micron wavelength 
range.  
 

In this poster we outline the primary science goals 
of the EChO mission, detail the high-level science re-
quirements necessary to achieve these goals and pre-
sent a preliminary mission reference concept that has 
been developed during a recent assessment activity 
within the ESA Concurrent Design Facility. 
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Prof. Adil. H Khan 
Jiwagi University India Govt. Kasturba Girls College Guna M.P.India 
Atmospheric Pollution "A cause study of Air plane Space Shuttle & Rockets Pollution & 
Space disaster 
In the space disaster January 28, 1986, the space shuttle Challenger damaged seventy 
three seconds into its flight in air , killing the seven members . This accident was believed 
the temperature of the day .Actually, the space shuttle main engines run based on 
hydrogen and oxygen as stated above, which are mixed together to form good old 
fashioned H2O. Space shuttle launched produces tons of carbon dioxide and Its 
derivatives. About lot of tons harmful particulate matter settle around the launch area and 
nearly tons of acid kill animals. Air operation has carbon dioxide emissions of nearly tons 
a month and data shows the 66000 airplanes that fly in and out of the airport each month 
emit about 16,00000 tons of carbon dioxide. 
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Prof. Adil. H Khan
Jiwagi University India Govt. Kasturba Girls College Guna M.P.India

ATMOSPHERE: Origin Of Atmosphere & Space Pollution (Aerosols, Clouds , Water Cycle) 
and study of key sources of satellites , Space Shuttle & Rockets "

Aerosols is the smallest part of the atmosphere it’s activity creating unbalanced the atmospheric 
composition . The composition of the clouds Aerosols and hydrological cycle are connected with 
radiation In single word we can say that it’s a reaction of various exited and non exited Chemical 
in the atmosphere . Aerosols origin based on soil erosion , dust particles , Val cones ,forest and 
the activity of the wild life animals , human activities(Industry , Vehicle Pollution, & etc.) , such 
as the burning of fossil fuel , dust storms ,Sea spray etc. In similarly the origin of aerosols is 
effecting to all the part of pollution in other word we can say that aerosols is the smallest unit of 
the pollution .In the origin of aerosols is the starting process of pollution . The tiny particles 
(aerosols ) origin depend in to the human activity in the atmospheric planet . These aerosols start
the absorption of radiation or in other word we can say that start the reaction between the
aerosols and radiation because both origin are chemically and the similarity is that both are the 
exited state of the chemical’s in the atmosphere . They also produce brighter clouds that are less 
efficient at releasing precipitation. These in turn lead to large reductions in the parts of the 
radiation reaching Earth's surface, these radiation’s heating of the atmosphere, changes the 
composition of the atmospheric temperature, unbalanced rainfall, and small amount removal of 
pollutants. These aerosol are creating the weaker hydrological cycle in day by day , which is 
connecting directly to availability and quality of water in the river and other sources of water , a
major environmental problem of the today scenario.
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Selecting New Variable Star Targets from the Kepler Full Frame Image Variability Catalog.  K. Kinemuchi1,2 
, M. Still1,2, S. Howell1   and R. Szabo3  (1NASA-Ames Research Center, Mail Stop 244-30, Moffett Field, CA 94035 
, 2 Bay Area Environmental Research Institute, 560 Third St. West, Sonoma, CA 95476, 3 Konkoly Observatory of 
the Hungarian Academy of Sciences, P.O. Box 67, H-1525 Budapest, Hungary.) 

 
Abstract: Kepler provides an unique and powerful re-
source for performing serendipitous time-domain as-
trophysics.  However, due to telemetry restrictions, 
only 170,000 targets are observed each quarter, of 
which 4% are reserved through the Guest Observer and 
Kepler Asteroseismic Science Consortium (KASC) 
programs for targets of specific stellar and extragalac-
tic interest.  There exists 10^7 sources within the Ke-
pler field of view brighter than Kp=21 confusion limit.  
For providing Kepler with the highest impact to astro-
physics, survey resources are needed to aid the com-
munity in selecting the highest value targets through 
multiwavelength, color, and timing information.   

One method for identifying targets of high po-
tential astrophysical interest is to extract variable stars 
from the Kepler Full Frame Images (FFIs).  These im-
ages are taken principally for engineering purposes at 
one month intervals with 30-minutes exposure times. 
We can find variable objects in the Kepler field of 
view from the FFI frames through difference imaging, 
and we performed aperture photometry to those stars.  
We used the eight FFI frames collected during the 
spacecraft commissioning phase (Quarter 0) to create a 
catalog of variable objects.  

We find over 200,000 variable objects in the 
Kepler field, and there are a variety of pulsators, rota-
tors, eruptive, or eclipsing stars, as well as other exotic 
variable stars exhibiting subtle or large brightness 
changes over a short timescale.  Kepler is currently not 
observing approximately 50% of the detected variable 
stars from our catalog.  

The FFI catalog increases the number of 
known variable stars in the Kepler field and provides 
new targets for astrophysical studies.  It will also pro-
vide a target selection resource of high value for Ke-
pler astrophysics projects through the KASC, the 
Guest Observer Program, or Guest Observer Director's 
Discretionary Time during an extended Kepler mis-
sion.  The catalog will be made available through the 
Multi-Mission Archive at STScI (MAST). 
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Science from Kepler Collateral Data: 50 ksec/year from 13 million stars.  J. J. Kolodziejczak1 and D. A. 
Caldwell2, 1Space Science Office, NASA Marshall Space Flight Center, Huntsville, AL 35812; kolodz@nasa.gov, 
2SETI Institute, NASA Ames Research Center; Douglas.Caldwell@nasa.gov. 

 
Introduction:  As each Kepler frame is read out 

unshuttered, light from each star in a CCD column 
accumulates in successive pixels as they wait for the 
next row to be read out. This accumulation is the same 
in the masked rows at the start of the readout and vir-
tual rows at the end of the readout as it is in the science 
data. A range of these "smear" rows are added together 
for each long cadence and sent to the ground for cali-
bration purposes.  We will introduce and describe this 
smear collateral data, discuss and demonstrate its po-
tential use for scientific studies exclusive of Kepler 
calibration,[1,2] including global characteristics of 
stellar variability, which are influenced by parameters 
of galactic evolution. 

Photometric Precision: The smear data consists of 
individual column data for 24 rows, which represents a 
0.178% duty cycle or ~50 ksec of observing time / year 
on every star in the Kepler field. This amounts to con-
tinuous 1/2 hour sampling of all stars at a sensitivity 

level 1/23rd that of the regular science targets with the 
significant limitation that stars sharing the same CCD 
column are summed.   

Applications:  The smear data contain projected 
information on zodiacal light and background,  vari-
able stars, variability of stellar populations. The figures 
below show an example of background estimation, and 
a sample light curve including data from a bright vari-
able star during Q0-Q8 from the sky group cycling 
through Ch. 7.3, 17.3, 19.3, and 9.3 during Q1-Q4, 
respectively.  Additional examples will be show along 
with discussion of the necessary steps required to ana-
lyze this unique data set, methods for accounting for 
image artifacts[3], and peculiar limitations arising from 
the short exposures and projected nature of the data.  

References: [1] J. M. Jenkins, et al. (2010) ApJ, 
713, L87. [2] D. A. Caldwell et al. (2010) ApJ, 713, 
L92. [3] J. J. Kolodziejczak. (2010) Proc. SPIE, 7742, 
38. 
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USING  MULTICOLOR  PHOTOMETRY  TO  CONFIRM  TRANSITING  PLANET  CANDIDATES. 

H. Parviainen1, B.Tingley2, and H. Deeg3. Instituto de Astrofísica de Canarias, C/ Vía Láctea, s/n, E38205 - La La-

guna (Tenerife). España. 1hannu@iac.es, 2btingley@iac.es, 3hdeeg@iac.es

Introduction:  If transits of planets are observed in 

multiple  colors,  a  color  signature  is  revealed  that  is 

very distinct  from those produced by eclipsing bina-

ries, blended or otherwise. It arises due to the interplay 

between the  comparatively  small  size  of  the  planets 

relative to its parent star and differential limb darken-

ing. While this technique has its limitations, it can pro-

vide relatively quick confirmations without heavy con-

sumption of telescope resources for some candidates. 

In addition to this use, these same observations can 

also be used to test model stellar atmospheres, both to 

determine  if  their  accuracy  is  sufficient  for  PLATO 

mission  goals  and  to  evaluate  if  the  one-dimension 

models currently used to generate limb-darkening co-

efficients are sufficient to explain the observations. If 

not,  the  new  3-D  model  stellar  atmospheres  might 

need to be used, which has implications that extend far 

beyond the exoplanet field.

In  this  talk,  we also present  high  cadence  multi-

color observations of two Kepler candidates with the 

GTC that demonstrate the usefulness -- and limits -- of 

this technique.
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Demystifying Kepler Data: A Beginner's Guide
Joshua Pepper (1), Karen Kinemuchi (2), Martin Still (2), Michael Fanelli (2), Thomas Barclay (2)
(1) Vanderbilt University (2) NASA Ames Research Center & Bay Area Environmental Research Institute
joshua.pepper.v@vanderbilt.edu
 
Kepler is producing the best photometric data ever recorded.  However, the sheer detail of the 
data, combined with the technical challenges and characteristics of a space-based mission, has 
resulted in a data set and accompanying metadata that can be difficult for astronomers who are 
used to ground-based photometry to start working with.  The extensive Kepler documentation 
does not offer an easy place to begin learning how to employ the Kepler lightcurves.  Our paper 
is designed to be a useful primer for the average astronomer to understand the characteristics 
and capabilities of the Kepler data, metadata, mission, documentation, and websites.
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A deep, high cadence photometric survey of the Kepler field.  
Gavin Ramsay1 , Adam Brooks1,, Tom Barclay2,    Martin Still2,  Pasi Hakala3:1 Armagh Observatory,  Northern Ire-
land, 2 NASA Ames Research Center, USA, 2 Finnish Center for Astronomy with ESO, FINCA, Finland.

This summer we commenced a deep,  high cadence, 
photometric survey of the Kepler field using  the 
2.5m Isaac Newton Telescope and the Wide Field 
Camera on La Palma. We take a series of  20 sec 
exposures in the g band lasting one hour. Light 
curves are obtained for all sources in the field and 
those which are variable identified. We are sensitive 
to objects in the range 13.5<g<21 and variability on 
timescale of 2 mins to one hour. Unlike other sur-
veys, we aim to cover the whole of the Kepler field. 
Currently we have covered more than 1/4 of  the 
field with further observations expected in the 
summer of  2012. Initial results suggests our existing 
data contains nearly 1000 sources which have vari-
ability timescales less than 40 mins.  Our ultimate 
goal is to obtain photometry of our most astro-
physically interesting sources using Kepler in Short 
Cadence mode. Our data has already led to one 
object, a PG1159 star, being scheduled for SC mode 
observations. We will make the results of  our survey 
public.

Figure 1: This shows the period of variability as a 
function of the Lomb-Scargle False Alarm Probability 
for nearly half a million stars in the Kepler field. The 
light curves were obtained using the INT and Wide 
Field Camera on La Palma. Strongly variable sources 
have more negative values.  This figure contains only a 
sub-set of our existing data as further data is currently 
being analysed.
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Removing the Noise While Preserving the Signal – An Empirical Bayesian Approach to Kepler Light Curve 
Systematic Error Correction.  
 
Jeffrey C. Smith*,1, T. Barclay2, M. N. Fanelli2, J. M. Jenkins1, J. Kolodziejczak3, R. Morris1, Martin C. Stumpe1, J. 
Twicken1, J. Van Cleve1,  
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Introduction: With the unprecedented photometric 

precision of the Kepler Spacecraft, significant system-
atic and stochastic errors on transit signal levels are 
observable in the Kepler photometric data [1]. These 
errors, which include discontinuities, outliers, system-
atic trends and other instrumental signatures obscure 
astrophysical signals. The Presearch Data Conditioning 
(PDC) module of the Kepler data analysis pipeline 
tries to remove these errors while preserving planet 
transits and other astrophysically interesting signals. 
The old implementation of PDC used for previous data 
releases performed  well for simulated data with SoHo 
solar measurements but the completely new 
noise/stellar variability regime observed in Kepler data 
posed a significant problem [2]. These variable stars 
are often of particular astrophysical interest and the old 
PDC did not perform optimally by suppressing the 
variability. A completely new version of PDC has been 
developed and is included in the Kepler 8.0 pipeline 
software release.  

We present a Bayesian Maximum A Posteriori 
(MAP) [3] approach where a subset of highly corre-
lated and quiet stars is used to generate a cotrending 
basis vector set which is in turn used to establish a 
range of "reasonable" robust fit parameters. These ro-
bust fit parameters are then used to generate a "Baye-
sian Prior" and a "Bayesian Posterior" PDF (Probabil-
ity Distribution Function). When maximized, the pos-
terior PDF finds the best fit that simultaneously re-
moves systematic effects while reducing the signal 
distortion and noise injection which commonly afflicts 
simple Least Squares (LS) fitting. A numerical and 
empirical approach is taken where the Bayesian Prior 
PDFs are generated from fits to the light curve distri-
butions themselves versus an analytical approach. 

The figures below show examples of PDC-MAP 
performance on two variable stars. The blue curve is 
the uncorrected light curve, the green is a robust fit of 
the basis vectors to the data, the cyan is a fit based on 
the prior PDF of surrounding light curves and the red 
is the posterior PDF MAP fit which weighs both the 
prior and robust fit curves. The resultant removes the 
systematic trends yet preserves the intrinsic stellar 
variability without introducing noise. The new PDC 
drastically improves Kepler's ability to understand the 
properties of parent stars and therefore ultimately im-

prove Kepler's primary mission of detecting Earth-like 
planets. But PDC-MAP also improves the Kepler 
data's utility to the broader astrophysical community. 
Future improvements to the current design are pre-
sented in a companion poster by M. C. Stumpe et al. 
Also, along with the systematic effects there are Sud-
den Pixel Sensitivity Dropouts (SPSDs) resulting in 
abrupt steps in the light curves and its removal is pre-
sented in another companion poster by R. L. Morris et 
al. 
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[1] Jenkins, J. M., et al., ApJL 713, L87 (2010) 
[2] Ciardi, David R. et al. AJ 141 p. 108 (2010) 
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Abstract:  

 celestial theory is based on his 3 laws: elliptical orbits, swept out area equality in 

mechanical laws a new celestial theory should be considered. 
 
Keywords:  
Celestial orbits, Kepler laws, elliptic orbits, Newton laws, spiraled orbits 
 
Introduction:  

  
(F*dt=m*dv) expression;           (1) 

Where F is a vector and its components are Fradial=Fr and Fperpendicular=Fp and, 
Work=F*L  where (L) is the displacement length      (2)  
dWr=dFr*L+Fr*dL 

   dWp=dFp*L+Fp*dL 
and we write 
   dWp=m*d(dVp/dt)*L+m*dVp/dt*dL 
   dL=r*da     where (da) is the polar angular differential  
   dWp=m*d(dVp/dt)*L+m*dVp/dt*r*da 
 

the work in the perpendicular direction to the attraction field equal zero  
   dWp=0 
   d(dVp/dt)*L+dVp/dt*r*da=0 
   dVp/dt=0   which means, when integrating        (3) 

Vp=Ct                        (4)
          

That is:           
 law about the equality of swept out area in equal time interval is not correct. 

Kepler says: (r*Vp=Ct ) (area law which is pronounced as r and Vp variables) 
Newton says: (Vp=Ct ) (no area law. even r is variable) 
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Introduction:  Despite of the tremendous progress in 
the discovery and understanding of ultracool dwarfs 
(very low-mass stars and brown dwarfs with spectral 
types later than about M6) in the last 2 decades,only a 
handful of these objects have been detected at low ga-
lactic latitudes (|b| < 5), and little is known about their 
photometric variability properties. We use selection 
criteria based onphotometry and proper motions to 
select ultracool dwarf candidates from the Kepler Input 
Catalog (KIC). We have obtained follow-up low-
resolution optical spectroscopy for 5 of these candi-
dates at the 4m Mayall telescope at KPNO which allow 
us to confirm that their spectral properties are those of 
ultracool dwarfs (4 late-M and one L-type). These can-
didates provide excellent targets for transit searches 
and variability studies at the ultracool end of the spec-
trum. We estimate that, given the Kepler precision 
expected, for their brightness and their small radii, a 
detection of earth sized planets is feasible around them. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure : A plot showing an L0 dwarf from literature 

(in yellow) overplotted against the  spectrum of a can-
didate observed at 4m Mayall Telescope (in white) in 
September 2011 using RcSPEC. 
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  In scientific and popular literature 

there has been a question of whether the central stars of 
planetary nebulae are variable. Due to the difficulties 
of observing these objects from ground based tele-
scopes the answer to this question is only now being 
investigated. Without a space based instrument like 
Kepler obtaining high precision photometry and deter-
mining variability required a precision photometer or 
specialized CCD techniques and software. Even with 
these limitations in mind progress was made. 

Grauer and Bond 19841 used a high speed photo-
meter to discover low amplitude pulsations in PN of 
Kohoutek I-16. This study led to further discovery of 
16 PN and 5 pulsating PN with binary central stars  
Bond23. Handler4 points out 3 kinds of variability in 
central stars. Variability seems to be common in the 
stars studied but these studies are limited to a very 
small percentage of known PN due to the difficulty of 
observation. 

   In the fall of 2009 a short 
imaging run of 56 images was taken of PN M57with 
the 11” AAVSONET 5telescope at Astrokolholz obser-
vatory in Cloudcroft, NM. Each image was a 90 second 
exposure using an I filter. The period is ≈.19 of a day, 
with a magnitude change of .6 magnitude. There are 
hints in the light curve of a possible close contact bi-
nary of a very short period, with lots of brightening and 
dimming that confuse the interpretation. However, the 
data run was of too short a duration and the telescope 
aperture too small to feel confident in the results on its 
own merits. 

Now with recent Kepler data (4 runs at this time) 
there is enough information on  NGC 6826 to compare 
it with the ground based M57 data. NGC 6826 has a 
period of .619 of a day and a magnitude change of 10 
mmag,. These figures are much more precise than what 
can be obtained by an 11” ground based telescope 
making direct comparison difficult. The time scale of 
the Kepler data stretches over days while the M57 data 
is only over 1.5 hours. However, there is still a similar 
pattern to the two light curves, a close approximation 
to a contact binary interspersed with chaotic light 
spikes of an unknown nature. Douchin et al 6 confirms 
the binary properties of NGC6826 in a recent paper. 
This opens the possibility that M57 is also a binary 
system with a much faster period and greater magni-
tude fluctuation. With both M57 and NGC 6826 there 
is a familiar appearing pattern to the light curves but it 
does not comfortably fit any known models of variable 
stars at this time. Without much more ground and 

space observations of more stars the astrophysics of 
these objects can only be speculated. 

  The question of variability has been 
definitively answered! There is obvious variability in 
many planetary nebulae. The next question is how 
widespread is this variability, as well as what is causing 
the variability. The current model of star formation and 
death may be challenged if it is found that a binary 
configuration is needed to cause the winds that define a 
planetary, Bond7.  

With the 5 PN in the Kepler FOV it may be possi-
ble to start answering this second set of questions over 
the next several years. The mmag precision and 30 
minute to 60 minute integration times over several 
months time should provide a great deal of data to 
process and from the subsequent light curves, better 
astrophysical information can be gleaned.  

Further ground based and space based observations 
are needed to complete a picture of the physics of these 
most interesting stars. Careful ground based differential 
photometry or high speed photometry of a much larger 
sampling of PN are needed from ground and space. 
Time series taken over many nights of different PNe 
coupled with the precision of the Kepler data would at 
least begin to give a more complete model of the phys-
ics of the central stars of PN until more spaced based 
data is available. 

 
 
  

 
                                                                 
1 Grauer and Bond 1984, APJ 277:211-215 
2 Bond and Meakes 1990 AJ, v100 # 3 
3 Bond and Ciardullo 1990 ASPC 11:529B 
4 Handler 1997 IAUS 180:109H 
5 AAVSO Wright 28 
6 Douchin and Jacoby  2011 Proceedings IAU Sympo-
sium #283 
7 Bond 2000 ASPC 199:115B 
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Introduction: Most stars are born in stellar clus-

ters[1],[2], these are environments where stellar densi-
ty reaches 1M¤/pc3 to 104M¤/pc3. 

Planetary disks around stars in these environments 
are affected by gravitational interactions along their 
passage through these stellar regions. Disk interactions 
with stars cause truncations of the disks. The most 
abundant stars in the Galaxy (∼ 75%) are called very 
low mass stars, this is because the small stars [0.013 to 
0.6] M¤, burn their fuel slowly and stay a much longer 
time on the main sequence. With the development of 
technology, astromers have been able to detect planets 
around other stars (688 (26/09/11)), a significant num-
ber of them corresponds to very low mass stars. 

In this paper we analyzed the dynamics of plane-
tary disks in very low mass stars that belong the star 
clusters. We study orbital parameters (eccentricity, 
inclination, pericenter and apocentre) after the interac-
tion between the host and the flyby stars. To achieve 
this goal we use a code of stellar encounters (EEC). 

Methodology and Numerical Implementation: 
The code of stellar encounters simulates the gravitatio-
nal interaction between a planetary system characteri-
zed by a cold disk of test particles in a Keplerian po-
tential and a hyperbolic orbit of the flyby star. In gene-
ral, the EEC solves the equations of motion in the non-
inertial reference system of the central star, providing 
the required orbital parameters. 

The code is 3D. The sampling of orbits goes as a ∝ 
n−3/2, where a is the semimajor axis of the particle’s 
orbit, and n is the number of orbits. Particles are under 
the influence of the stellar forces (main and flyby star), 
and the equations of motion are solved from the Sun’s 
non-inertial frame of reference. The code calculates the 
main orbital characteristics of the debris disks after a 
flyby, such as eccentricity, pericenter, apocenter and 
inclinations. The Bulirsh-Stoer integrator gives a ma-
ximum relative error before the flyby of 10−14 and 
10−13 in the energy and angular momentum integrals, 
respectively. 

Simulations and Preliminary Results: To make 
the simulations we used the following parameters: 
1. Host star: For brown dwarfs mass range is [0.013-
0.075]M⊙, for these simulations we take the upper 
limit, 0.075M⊙ this because they are the most abun-
dant in star clusters. On the other hand, the case of red 
dwarf mass range is [0.08 to 0.6]M⊙ we know the ave-
rage mass of stars in open clusters is 0.5M⊙[3], that 

correspond to red dwarfs so this mass taken for the 
simulations. 
2.  Flyby star: The most abundant stars in open clusters 
are red dwarfs with a mass of 0.5M ⊙ average, we use 
this mass for the simulations. 
3.Velocity dispersion: The typical velocity dispersion 
in open clusters is between 1-3km/s. For these simula-
tions we take  3km/s because this speed is more com-
mon in these environments,[3]. While for the globular 
clusters, the range  is from 5-15km/s. For these simula-
tions we worked with 8km/s. 
4.Interaction time: The code is structured as that the 
interaction of the perturbing star with the planetary 
disk is in a period of 10.000 years. 
5.Disk: Since dwarf stars have little mass, its planetary 
disks have small radii ~ 20 - 80AU (Bate et al. 2002), 
for brown dwarfs we take an interval [0.1 to 60] AU, 
while for red dwarfs we work with [0.5-70] AU. 
6. Interaction angle: We take φ = 0, θ = 45 and α = 45. 
7. Impact parameter: we working  with: 1000, 500, 
300, 200, 100 AU. 
       Brown Dwarfs (Open Clusters): For 1000AU im-
pact parameter of the disc is not altered. For the impact 
parameter 300AU the particles in the range of 30-60 
AU, obtained eccentricities up to 0.7 and  inclinations 
at 35 degrees. On the other hand the particles at the 
periphery of the disk is ejected to more than 100AU. 
Brown Dwarf (Globular Clusters): For 1000AU inter-
action the effect on the disk is negligible, while for 
200AU the particles are ejected more than 100AU, 
attain inclinations at 30 degrees and eccentricities up to 
0.7, the particles between 0 and 15 AU remain un-
changed.  

Red Dwarf (Open Clusters): For 500UA of impact 
parameter is not altered in the orbital parameters. At 
200AU begins to be a significant change in the orbital 
parameters, since the particles are on the edge of the 
disk come to reach 0.5 eccentricities and inclinations 
of 40 degrees and are ejected to 100AU. The particles 
that remain unchanged are between 0.5 and 20UA. 
Red Dwarf (Globular Clusters): For interactions of 500 
AU, the effect is zero, while for 200AU the interaction 
of particles in the periphery of the disk (50-70) AU 
undergo changes in their orbital parameters obtained  
inclinations  at 20 degrees and eccentricities of 0.2. 
     Conclusion: The Preliminary results show us that 
brown dwarfs stars are more vulnerable than red 
dwarfs stars to gravitational encounters in stellar clus-
ters, which means it is more difficult the planet forma-
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Introduction:  Kepler measures the brightness of 

the background on each Long Cadence (LC) using a 

dedicated array of background pixels on each channel. 

This background is the sum of zodiacal light and unre-

solved stars in roughly equal proportion.  Since the 

unresolved stellar contribution is unchanging in Ke-

pler’s fixed field of view (FOV), the time-varying 

component of these background observations is due to 

the zodiacal light. Within this  FOV, Kepler offers a 

combination of spatial and temporal resolution, preci-

sion, and data continuity not matched by any other 

single instrument for the study of the three-

dimensional structure of zodiacal light.  Kepler thus 

complements the all-sky maps of infrared survey mis-

sions such as IRAS, COBE, and WISE. 

Detection and Imaging of Events: Early Kepler 

operations showed transient background phenomena 

lasting at most a few minutes, which were attributed to 

sunlight scattered from debris spalled off Kepler by 

micrometeoroids [1].  In the course of that earlier 

study, we also found a few transients on time scales of 

2-48 hrs, with amplitude of a few percent of the large-

scale background in the Kepler FOV, which move as 

coherent structures across the focal plane (Figures 1 

and 2), which we interpreted as scattered light from 

dust particles of cometary or asteroidal origin in our 

Solar System. 

Here we report a more thorough study of these 

slow events in the first two years of Kepler data, using 

a detection filter which is better matched spatially and 

temporally to these slower events than the one used for 

the debris events. We construct event images by sub-

tracting background maps from times well-removed 

from the event from background maps based on pixels 

collected during the detected event.  We then relate the 

heliocentric longitude and orientation of the structures 

observed at a given point in Kepler’s earth-trailing 

orbit to those expected from known comet and asteroid 

dust trails [2, 3, 4], compare the low spatial and tempo-

ral frequency component of the observed zodiacal light 

to the predictions of the three dimensional  model of 

Reach [4], and examine the year-to-year reproducibil-

ity of events at the same ecliptic longitude.  Based on 

the early results shown in Witteborn [1], we expect to 

be able to detect events as faint as 0.5% of the large-

scale zodiacal brightness, with spatial resolution of 

small as 0.25 degrees.  An initial inspection of the 

background flux time series suggests 2 or 3 events per 

observing quarter will be found. 

 
Figure 1:  Early event image from LC #13395 of an 

elongated object that stayed in the focal plane for 

over 6 hours on MJD 55215. The image is 13.0x13.0 

degrees; flux units are e-/cadence per pixel. The 

maximum on the scale corresponds to only 0.8% of 

the large-scale sky brightness.  

 
Figure 2: The elongated object as seen 6 hr later on 

LC #13407. It maintained about the same size and 

shape in all the intervening images, but slowly 

moved upward in the field-of-view as one would 

expect for an object, which Kepler passes “under-

neath” in the course of its earth-trailing heliocentric 

orbit.  Image scale and flux units are the same as in 

Figure 1. 

Funding for this work is provided by the NASA 

Science Mission Directorate. 
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We are monitoring four flat spectrum radio quasars 
(blazars) and one powerful radio galaxy, Cygnus A, to 
search for variability on timescales comparable to the 
light crossing time of the accretion disk around the 
central supermassive black hole and the base of the 
relativistic jet. We want to see if some optical variabil-
ity in quasars is due to a bright feature in the accretion 
disk as it approaches the last stable orbit, or if it is due 
to inhomogeneities in the jet, possibly in a helical 
structure. When the quasars are in quiescent, faint 
states, a quasi-periodic light curve indicates an accre-
tion disk origin, and provides a dynamical means of 
measuring a lower limit to the mass of the supermas-
sive black hole which may be compared to those de-
rived by other methods, such as the shape of X-ray iron 
K$\alpha$ lines and stellar velocity dispersions. When 
the quasars are in bright states, then long-lived quasi-
periodic oscillations (QPOs) are very probably from 
helical features in the jets, but if several different 
short-lived QPOs are seen in one quasar, then the 
emission is probably coming from turbulence behind a 
shock. If during a faint state, instead of QPOs, we de-
tect aperiodic variations, including high and low 
breaks in the power spectrum density (PSD), then we 
may obtain the physical scales of the inner and outer 
edges of accretion disks and hence the BH mass. Ape-
riodic variations during a high state, with breaks in the 
PSD, could yield the smallest and largest physical 
scales corresponding to light travel times, modulo the 
Doppler factor, in the relativistic jet.  
 
Kepler is ideally suited to the necessary measurements 
by delivering highly stable photometry continuously 
on timescales from minutes to days. The principal 
challenge of our Kepler data analysis is that the auto-
matic pipeline removal of day-to-week-scale drifts also 
removes  real astrophysical brightness variations. We 
will present preliminary results on short timescale 
variations. 
 



INDEX OF SPEAKERS AND POSTERS

2011 Kepler Science Conference - NASA Ames Research Center228

Adams, Elisabeth  Adaptive Optics Images of Kepler Objects of Interest  Poster – P0101  Kepler Mission & 
Exoplanet Statistics 

Addison, Brett  Spin-orbit Alignment of Transiting Planetary Systems from RM Effect Observations Using 
CYCLOPS.  Poster – P0401  Exoplanet Theory 

Agol, Eric  Detection of quasi-periodic transiting planets with Kepler  Oral – 216  Multiple Planet Systems 

Aigrain, Suzanne  New Methods tp Model Activity -Induced Signals in Photometry and Radial
Velocity   Oral  –  414  Stellar Activity and Rotation 

Akeson, Rachel  The NASA Exoplanet Archive and support for the Kepler science community  Poster – P0102  
Kepler Mission & Exoplanet Statistics 

AlMosallami, Azzam  The Exact Solution of The Pioneer Anomaly According to The General Theory of Relativity 
and The Hubble's Law  Poster – P0701  Stellar Activity and Rotation 

Alonso, Roi  An eclipsing white dwarf - M dwarf system observed with Kepler  Oral – 405  Eclipsing and 
Interacting Binaries 

Ballard, Sarah  Validation of Habitable-Zone Super Earth Kepler Candidates with Warm Spitzer  Oral – 203  
Kepler Mission & Exoplanet Statistics 

Barclay, Thomas  Kepler Data Analysis Tools Developed by the Guest Observer Office  Poster – P1001  
Extragalactic & other Astrophysics & EPO 

Barnes, Jason  Measuring the Spin-Orbit Misalignment of KOI-13.01 from Kepler Transit Photometry Using 
Gravity Darkening  Oral – 319  Giant Planets & Planet Atmospheres 

Basri, Gibor  Early Results from Kepler on Stellar Activity  Oral (invited) – 410  Stellar Activity and Rotation 

Basu, Sarbani  Asteroseismic Modelling of Kepler Stars  Oral (invited) – 507  Ensemble Asteroseismology of 
Solar-type Stars 

Batalha, Natalie  Kepler's Exoplanet Survey: Honing in on eta-Earth  Oral (invited) – 104  Kepler Mission & 
Exoplanet Statistics 

Bedding, Tim  Asteroseismology of Red Giants  Oral (invited) – 510  Red Giant Oscillations 

Belikov, Ruslan  Estimating the Distribution of Habitable Surface Area in the Solar Neighborhood.  Poster – 
P0201  Earth-Analog & Sub-Neptune-size Planets 

Berdyugina, Svetlana  Spot Evolution and Differential Rotation on Sun-like Stars  Oral – 413  Stellar Activity 
and Rotation 

Bloemen, Steven  Doppler beaming and Romer delay versus ellipsoidal modulation in the Kepler data of KOI-74 
 Poster – P0601  Eclipsing and Interacting Binaries 

Bodenheimer, Peter  Formation and Structure of Neptune-size Exoplanets  Oral – 113  Earth-Analog & Sub-
Neptune-size Planets 

Borucki, William  Kepler Mission and Exoplanet Statistics  Oral (invited) – 103  Kepler Mission & Exoplanet 
Statistics 

Bouchy, Francois  Radial velocity follow-up of CoRoT transiting candidates with HARPS  Poster – P0103  
Kepler Mission & Exoplanet Statistics 

Boue, Gwenael  Are hot Neptunes partially evaporated hot Jupiters?  Oral – 308  Exoplanet Theory 

Brogaard, Karsten  A very precise age for the old metal-rich open cluster NGC6791  Poster – P0602  Eclipsing 
and Interacting Binaries 

Bromley, Benjamin  Planet formation and the diversity of planetary systems  Oral – 305  Exoplanet Theory 

Brown, Alexander  Surveying Magnetic Activity On Late-Type Stars: Starspot Rotational Modulation And 
Evolution And Other Temporal Variability In Kepler Photometry   Poster – P0702  Stellar Activity and 
Rotation 

Bryson, Steve  Measuring the Rate of Non-Planetary Background Transit Events in Kepler Data  Poster – P0104 
 Kepler Mission & Exoplanet Statistics 

Buchhave, Lars  Efficient formation of terrestrial planets around low-metallicity stars inferred from Kepler data 
 Poster – P0105  Kepler Mission & Exoplanet Statistics 

Burt, Jennifer  The Search for Jupiter Analogs in Kepler's First Three Quarters  Poster – P0106  Kepler 
Mission & Exoplanet Statistics 

Buzasi, Derek  Linear and Nonlinear Noise Reduction Techniques for Kepler Data  Poster – P0107  Kepler 
Mission & Exoplanet Statistics 

Caldwell, Douglas  Noise Sources Impacting Kepler's Photometry and Mission Goals  Oral – 109  Kepler 
Mission & Exoplanet Statistics 



2011 Kepler Science Conference - NASA Ames Research Center 229

INDEX OF SPEAKERS AND POSTERS

Carey, Sean  Recent Operational Improvements to High Precision Photometric Observations with Warm IRAC  
Poster – P1002  Extragalactic & other Astrophysics & EPO 

Carini, Michael  Kepler Observations of II ZW 229.015  Poster – P1003  Extragalactic & other Astrophysics & 
EPO 

Carter, Joshua  Constraints on the True Obliquity of the Orbit of HAT-P-7b  Oral – 318  Giant Planets & Planet 
Atmospheres 

Cash, Jennifer  A Cycle 2 Study of RV Tauri and Semi-Regular Variable Using Kepler  Poster – P0901  Red 
Giant Oscillations 

Catanzarite, Joseph  The Occurrence Rate of Earth Analog Planets Orbiting Sun -Like Stars  
Poster – P0202  Earth-Analog & Sub-Neptune-size Planets 

Chadid, Merieme  Kepler & Blazhko Effect: mission (im)possible?  Poster – P0801  Asteroseismology 

Chambers, Nicoline  Kepler and the Next Generation: Effective Application of Education/Public Outreach in the 
High School Science Classroom  Poster – P1004  Extragalactic & other Astrophysics & EPO 

Chang, Emily  Transit Verification Photometry with the Faulkes - North Telescope, Hawaii.  Poster – P0108  
Kepler Mission & Exoplanet Statistics 

Chaplin, Bill  Ensemble Asteroseismology of Solar-type Stars  Oral (invited) – 506  Ensemble 
Asteroseismology of Solar-type Stars 

Christiansen, Jessie  Kepler Completeness Study  Oral – 108  Kepler Mission & Exoplanet Statistics 

Ciardi, David  Analysis of 224 Kepler Exoplanets in 93 Multiple Systems  Oral – 221  Multiple Planet Systems 

Clarke, Bruce  Photometric Analysis in the Kepler Science Operations Center Pipeline  Poster – P0109  Kepler 
Mission & Exoplanet Statistics 

Cochran, William  The Kepler-18 Three Planet System  Oral – 213  Multiple Planet Systems 

Colon, Knicole  Vetting Kepler Planet Candidates with Multi-Color Photometry from the Gran Telescopio 
Canarias  Poster – P0110  Kepler Mission & Exoplanet Statistics 

Coughlin, Jeffrey  Low-Mass Eclipsing Binaries from Kepler: Reaching the Natural Rotation Rate of M and K 
Dwarfs  Poster – P0603  Eclipsing and Interacting Binaries 

Cruz, Patricia  Follow-up of the WTS/RoPACS candidates: detection of false positives  Poster – P1005  
Extragalactic & other Astrophysics & EPO 

D'Angelo, Gennaro  Orbital Migration Models of Earths and Super-Earths  Poster – P0402  Exoplanet Theory 

Deck, Katherine  Exoplanet Migration and the Distribution of Period Ratios in Multiple Planet Systems  Poster – 
P0301  Multiple Planet Systems 

Deheuvels, Sebastien  Probing the inner rotation profile of the subgiant KIC7341231  Oral – 513  Red Giant 
Oscillations 

Demory, Brice-Olivier  Kepler's Dark And Reflective Worlds  Oral – 313  Giant Planets & Planet Atmospheres 

Desert, Jean-Michel  Using Spitzer to Estimate the Kepler False Positive Rate and to Validate
Kepler Candidates  Oral – 110  Kepler Mission & Exoplanet Statistics 

Deshpande, Rohit  Radial Velocity follow-up of Kepler Eclipsing Binaries on the Hobby-Eberly Telescope  
Poster – P0604  Eclipsing and Interacting Binaries 

DeVore, Edna  Searching for Earth's Twin and STEM Education--the Kepler Mission's Education and Public 
Outreach Program  Poster – P1006  Extragalactic & other Astrophysics & EPO 

Dogan, Gulnur  Asteroseismic Analysis of Two Sun-like Kepler Subgiants: KIC11395018 and KIC10920273  Oral 
– 509  Ensemble Asteroseismology of Solar-type Stars 

Doyle, Laurance  Detecting Circumbinary Planets by Eclipse Echo  Poster – P0111  Kepler Mission & 
Exoplanet Statistics 

Dragomir, Diana  Searching for evidence of a magnetic field in the exotic super-Earth 55 Cancri e  Poster – 
P0203  Earth-Analog & Sub-Neptune-size Planets 

Dressing, Courtney  Limits from Kepler and the MEarth Project on the Occurrence Rate of Super-Earths and 
Neptunes Around M Dwarfs  Oral – 116  Earth-Analog & Sub-Neptune-size Planets 

Dunham, Edward  SOFIA: Capabilities for Studying Exoplanets in the Kepler Era and Beyond   
Oral – 209  Kepler Mission & Exoplanet Statistics 

Dupree, Andrea  Rotation of Cluster Dwarfs and Spectroscopic Diagnostics  Poster – P0703  Stellar Activity 
and Rotation 

Edelson, Rick  Kepler observations of rapid optical variability in active galactic nuclei  Oral – 409  Eclipsing 
and Interacting Binaries 



INDEX OF SPEAKERS AND POSTERS

2011 Kepler Science Conference - NASA Ames Research Center230

Endl, Michael  Kepler-15b: A Hot Jupiter Enriched In Heavy Elements And The First Kepler Mission Planet 
Confirmed With The Hobby-Eberly Telescope  Poster – P0501  Giant Planets & Planet Atmospheres 

Epstein, Courtney  The Intersection of Asteroseismology and Abundances  Oral – 512  Red Giant Oscillations 

Estrada, Paul  Statistics of Neptune-mass Planets and Super-Earths in a Quiescent-disk Planet Formation 
Model  Poster – P0112  Kepler Mission & Exoplanet Statistics 

Everett, Mark  A UBV Photometric Survey of the Kepler Field  Poster – P1007  Extragalactic & other 
Astrophysics & EPO 

Fabrycky, Daniel  Detailed Dynamical Portraits of Other Planetary Systems  Oral (invited) – 212  Multiple 
Planet Systems 

Fanelli, Michael  Extragalactic Science with Kepler  Poster – P1008  Extragalactic & other Astrophysics & EPO 

Fang, Julia  Predicting Planets in Kepler Candidate Multi-Planet Systems  Poster – P0302  Multiple Planet 
Systems 

Feiden, Gregory  The Low-Mass, Stellar Mass-Radius Relationship  Poster – P0605  Eclipsing and Interacting 
Binaries 

Fleming, Scott  APOGEE Near-IR Radial Velocity Measurements of Kepler Eclipsing Binaries  Poster – P0606  
Eclipsing and Interacting Binaries 

Ford, Eric  Eccentricities & Inclinations in Kepler's Planetary Systems  Oral – 217  Multiple Planet Systems 

Fortney, Jonathan  The Heavy-Element Masses of Extrasolar Giant Planets, Revealed  Oral – 312  Giant 
Planets & Planet Atmospheres 

Fressin, Francois  The validation Earth-size planets.  Oral – 118  Earth-Analog & Sub-Neptune-size Planets 

Fuller, Jim  Dynamical Tides in Aeccentric Binaries and Tidally Excited Stellar Pulsations in Kepler KOI-54  Oral 
– 408  Eclipsing and Interacting Binaries 

Gaidos, Eric  The Case for M Dwarf Stars in the Kepler Field  Poster – P0113  Kepler Mission & Exoplanet 
Statistics 

Garnavich, Peter  Cataclysmic Variables in the Super Metal-Rich Cluster NGC 6791  Poster – P0607  Eclipsing 
and Interacting Binaries 

Gautier, Nick  The Multiple Planet System Kepler-20  Oral – 214  Multiple Planet Systems 

Gies, Douglas  Circumbinary Companions of Intermediate-Mass Eclipsing Binary Stars  Oral – 406  Eclipsing 
and Interacting Binaries 

Goldreich, Peter  The Physics of Stochastic Excitation  Oral (invited) – 502  Asteroseismology 

Grigahcene, Ahmed  Asteroseismology of HAT-P-7: impact on the characterisation of its exoplanet companion  
Poster – P0803  Asteroseismology 

Guzik, Joyce  Observational Constraints, Stellar Models, and Kepler Data for theta Cyg, the Brightest Star 
Observable in the Kepler Field of View  Oral – 504  Asteroseismology 

Hambleton, Kelly  KIC 4544587: An Asteroseismically Interesting, Eccentric, Short Period Binary  Poster – 
P0608  Eclipsing and Interacting Binaries 

Harrison, Thomas  Cycle 1 Observations of Low Mass Stars: New Eclipsing Binaries, Single Star Rotation Rates, 
and the Nature and Frequency of Starspots  Poster – P0704  Stellar Activity and Rotation 

Hawley, Suzanne  The Flaring Activity of the M Dwarf GJ 1243  Poster – P0705  Stellar Activity and Rotation 

Hebrard, Guillaume  Transiting planets search and characterization with the SOPHIE spectrograph at OHP  
Poster – P0114  Kepler Mission & Exoplanet Statistics 

Helled, Ravit  The Connection Between Solar- and Extrasolar- Giant Planets  Poster – P0502  Giant Planets & 
Planet Atmospheres 

Hodgson II, John  Safronov Numbers for Transiting Exoplanets  Poster – P0115  Kepler Mission & Exoplanet 
Statistics 

Hori, Yasunori  Formation and Diversity of Planetary Systems around M dwarfs : Toward the Next-Generation 
Observations  Oral – 310  Exoplanet Theory 

Houdek, Guenter  Seismic age calibration and heavy-element abundance in solar-type stars  Oral – 505  
Asteroseismology 

Howard, Andrew  Patterns of Low-mass Planet Occurrence from Kepler and Doppler Planet Searches  Oral 
(invited) – 111  Earth-Analog & Sub-Neptune-size Planets 

Howell, Steve  Kepler 21b - Kepler's Brightest Host Star Harbors a 1.6 R_Earth Planet  Poster – P0116  Kepler 
Mission & Exoplanet Statistics 



2011 Kepler Science Conference - NASA Ames Research Center 231

INDEX OF SPEAKERS AND POSTERS

Huber, Daniel  Long-baseline interferometry follow-up of Kepler stars using the CHARA Array  Oral – 508  
Ensemble Asteroseismology of Solar-type Stars 

Ikoma, Masahiro  Accumulation of Hydrogen-Rich Atmospheres of Nebular Origin on Short-Period Super-
Earths: Implications for Kepler-11 Planets  Oral – 302  Exoplanet Theory 

Isaak, Kate  EChO: An exoplanetary mission under study  Poster – P1009  Extragalactic & other Astrophysics 
& EPO 

Ivanov, Valentin  Near-Infrared Spectroscopic View of GJ1214b  Poster – P0503  Giant Planets & Planet 
Atmospheres 

Jenkins, Jon  Overview of the Kepler Science Operations Center Pipeline  Oral – 105  Kepler Mission & 
Exoplanet Statistics 

Johnson, John  Measuring the Physical Properties of Kepler's M Dwarf Planet Hosts  Oral – 205  Kepler 
Mission & Exoplanet Statistics 

Khan, adil  ATMOSPHERE: Origin Of Atmosphere & Space Pollution (Aerosols, Clouds, Water Cycle) and study 
of key sources of satellites, Space Shuttle & Rockets  Poster – P1010  Extragalactic & other Astrophysics 
& EPO 

Khan, adil  Atmospheric Pollution - A cause study of Air plane Space Shuttle & Rockets Pollution & Space 
disaster  Poster – P1011  Extragalactic & other Astrophysics & EPO 

Kinemuchi, Karen  Selecting New Variable Star Targets from the Kepler Full Frame Image Variability Catalog  
Poster – P1012  Extragalactic & other Astrophysics & EPO 

Kokubo, Eiichiro  The Final Stage of Terrestrial Planet Formation  Oral – 306  Exoplanet Theory 

Kolodziejczak, Jeffery  Dynamic Black-Level Correction and Artifact Flagging for Kepler Pixel Time Series  
Poster – P0117  Kepler Mission & Exoplanet Statistics 

Kolodziejczak, Jeffery  Science from Kepler Collateral Data: 50 ksec/year from 13 million stars.  Poster – P1013 
 Extragalactic & other Astrophysics & EPO 

Kowalski, Adam  Using Kepler Data To Characterize the Flare Properties of GK Stars  Poster – P0706  Stellar 
Activity and Rotation 

Kurosaki, Kenji  Thermal Evolution and Mass Loss of Water -Rich Super-Earths  Poster – P0403  
Exoplanet Theory 

Kurtz, Donald  Asteroseismology: new insights in variable stars in the classical instability strip  Oral (invited) – 
501  Asteroseismology 

Laughlin, Greg  The Kepler Mission and Exoplanet Statistics  Oral (invited) – 101  Kepler Mission & Exoplanet 
Statistics 

Li, Jie  Transit Model Fitting in the Kepler Science Operations Center Pipeline  Poster – P0118  Kepler Mission 
& Exoplanet Statistics 

Lillo-Box, Jorge  To Be or Not To Be (a Planet)? Lucky-Imaging for Kepler Host Candidates.  Poster – P0119  
Kepler Mission & Exoplanet Statistics 

Lissauer, Jack  Statistical Arguments that Most Kepler Multi-Planet Candidates are Real Planets  Oral – 211  
Multiple Planet Systems 

Lisse, Carey  Spitzer Evidence for a Planet-Driven Late Heavy Bombardment in &#951; Corvi at ~1 Gyr  Poster – 
P0204  Earth-Analog & Sub-Neptune-size Planets 

Long, Douglas  Constraints on Exoplanet Transit Observations Using JWST NIRSpec  Poster – P0504  Giant 
Planets & Planet Atmospheres 

Lopez, Eric  Kepler-11: Super-Earths or Mini-Neptunes? Constraints from Mass Loss.  Oral – 119  Earth-
Analog & Sub-Neptune-size Planets 

Lopez-Morales, Mercedes  Search for Secondary Eclipses of Hot Jupiters in Kepler Q2 Light Curves  Oral – 315 
 Giant Planets & Planet Atmospheres 

Lovis, Christophe  Occurrence, Mass Distribution and Orbital Properties of Super-Earths and Neptune-Mass 
Planets from the HARPS Survey  Oral (invited) – 112  Earth-Analog & Sub-Neptune-size Planets 

Maccone, Claudio  Extraction of low-SNR signals from Kepler light curves by virtue of the KLT  Poster – P0120 
 Kepler Mission & Exoplanet Statistics 

Madhusudhan, Nikku  Interpreting Geometric Albedos, Phase Curves, and Polarization of Reflected Light from 
Exoplanets  Oral – 317  Giant Planets & Planet Atmospheres 

Mann, Andrew  They Might Be Giants: the luminosity class of late-type Kepler targets  Poster – P0121  Kepler 
Mission & Exoplanet Statistics 



INDEX OF SPEAKERS AND POSTERS

2011 Kepler Science Conference - NASA Ames Research Center232

Manthri, Varun  Constraining Orbital Eccentricity through Transit Photometry Alone: Multibody Asterodensity 
Profiling (MAP)  Oral – 218  Multiple Planet Systems 

Marcy, Geoff  RV Follow-Up of Small Planets from Kepler: Verification, Masses, and Densities  Oral – 114  
Earth-Analog & Sub-Neptune-size Planets 

Marley, Mark  Albedo Spectra of Extrasolar Giant Planets  Oral – 314  Giant Planets & Planet Atmospheres 

Mathur, Savita  Granulation properties in red giants observed by Kepler  Poster – P0902  Red Giant 
Oscillations 

Mazeh, Tsevi  Photometric Detection of Non -Transiting Short -Period Binaries Through the 
Beaming, Ellipsoidal and Reflection Effects in the Kepler Light Curves   Oral – 407  
and Interacting Binaries  

McCauliff, Sean  Kepler Science Operations Software Infrastructure  Poster – P1014  Extragalactic & other 
Astrophysics & EPO 

McCullough, Peter  Transit Spectroscopy of sub-Neptune-sized Planets GJ1214b and HD97658b with HST WFC3 
 Poster – P0205  Earth-Analog & Sub-Neptune-size Planets 

McKeever, Jean  The Frequency Spectra of B Stars in Kepler  Poster – P0804  Asteroseismology 

McQuillan, Amy  Statistics of Stellar Variability in Kepler Data with ARC Systematics Removal  Poster – P0707 
 Stellar Activity and Rotation 

Meibom, Soren  The Kepler Cluster Study and Stellar Rotation in Clusters  Oral (invited) – 416  Stellar Activity 
and Rotation 

Mendez, Abel  The Habitable Exoplanets Catalog: An Extensive Quantitative Assessment of the Habitability of 
Exoplanets  Poster – P0404  Exoplanet Theory 

Metcalfe, Travis  Asteroseismology of the solar analogs 16 Cyg A & B from Kepler observations  Oral – 503  
Asteroseismology 

Michel, Eric  Solar type pulsators on and near the Main Sequence  Poster – P0802  Asteroseismology 

Militzer, Burkhard  Core Erosion in Gas Giant Exoplanets Predicted from Ab Initio Simulations  Oral – 303  
Exoplanet Theory 

Mislis, Dimitris  Exploiting the accuracy of Kepler: Discovery of the hottest largest exoplanet  Poster – P0122  
Kepler Mission & Exoplanet Statistics 

Montalto, Marco  A new analysis of WASP-3b  Poster – P0303  Multiple Planet Systems 

Morley, Caroline  The Effect of Exotic Clouds on the Transmission Spectra of Transiting Super-Earths  Poster – 
P0505  Giant Planets & Planet Atmospheres 

Morris, Robert  Detection and Correction of Step Discontinuities in Kepler Light Curves  Poster – P0123  
Kepler Mission & Exoplanet Statistics  

Morton, Timothy  Investigating the Planet-Metallicity Correlation with Kepler  Poster – P0124  Kepler Mission 
& Exoplanet Statistics 

Mosqueira, Ignacio  Planet frequency as a function of stellar mass in a quiescent-disk planet formation model  
Poster – P0125  Kepler Mission & Exoplanet Statistics 

Mosser, Benoit  Red Giants Unveiled  Oral – 511  Red Giant Oscillations 

Moutou, Claire  CoRoT exoplanet search  Oral (invited) – 102  Kepler Mission & Exoplanet Statistics 

Muirhead, Philip  Accurate Stellar Parameters of Low-Mass Kepler Planet Hosts  Oral – 204  Kepler Mission & 
Exoplanet Statistics 

Murphy, Simon  Are the constant Kepler A-stars chemically peculiar?  Poster – P0805  Asteroseismology 

Nakamoto, Taishi  Refraction of Light in Exoplanet Atmospheres  Poster – P0506  Giant Planets & Planet 
Atmospheres 

Nascimbeni, Valerio  The TASTE Project: a ground-based search for Transit Time Variations  Poster – P0304  
Multiple Planet Systems 

Nutzman, Philip  Kepler transit frequency statistics in the presence of statistical false positives  Oral – 117  
Earth-Analog & Sub-Neptune-size Planets 

Orosz, Jerome  Follow-up Observations and Modelling of Kepler Circumbinary Planet Candidates  Oral – 202  
Kepler Mission & Exoplanet Statistics 

Parmentier, Vivien  On atmospheric temperature inversions and the sizes of exoplanets  Poster – P0507  Giant 
Planets & Planet Atmospheres 

Parviainen, Hannu  Using Multicolor Photometry to Confirm Transiting Planet Candidates  Poster – P1015  
Extragalactic & other Astrophysics & EPO 

Eclipsing 



2011 Kepler Science Conference - NASA Ames Research Center 233

INDEX OF SPEAKERS AND POSTERS

Pepper, Joshua  Demystifying Kepler Data: A Beginner's Guide  Poster – P1016  Extragalactic & other 
Astrophysics & EPO 

Peters, Geraldine  Advanced Analysis of Surface Features on Active Close Binaries  Poster – P0609  Eclipsing 
and Interacting Binaries 

Peterson, Ruth  Two Unusual Binaries in the Old, Metal-Rich Open Cluster NGC 6791  Poster – P0610  
Eclipsing and Interacting Binaries 

Piau, Laurent  Impact of magnetic field on oscillation frequencies of solar-type stars  Poster – P0708  Stellar 
Activity and Rotation 

Pilcher, Carl  Astrobiology  Oral (invited) – 514  Astrobiology 

Pinsonneault, Marc  A Revised Effective Temperature Scale for the Kepler Input Catalog  Poster – P0126  
Kepler Mission & Exoplanet Statistics 

Plavchan, Peter  Empirical Constraints on Planet Migration Halting Mechanisms  Poster – P0127  Kepler 
Mission & Exoplanet Statistics 

Prsa, Andrej  Kepler Harvest of Eclipsing Binary Stars  Oral (invited) – 401  Eclipsing and Interacting Binaries 

Quintana, Elisa  In Situ Planet Formation Models of the Kepler-11 Six Planet System  Oral – 215  Multiple 
Planet Systems 

Quintana, Elisa  Calibration in the Kepler Science Operations Pipeline  Poster – P0128  Kepler Mission & 
Exoplanet Statistics 

Quirrenbach, Andreas  Carmenes: A Radial-Velocity Survey for Terrestrial Planets in The Habitable Zones of M 
Dwarfs  Poster – P0206  Earth-Analog & Sub-Neptune-size Planets 

Ramsay, Gavin  A deep, high cadence photometric survey of the Kepler field  Poster – P1017  Extragalactic & 
other Astrophysics & EPO 

Ricker, George  Transiting Exoplanet Survey Satellite (TESS)  Oral – 208  Kepler Mission & Exoplanet 
Statistics 

Rogers, Leslie  RV Follow-Up of Small Planets from Kepler: Planet Bulk Composition and Interior Structure  
Oral – 115  Earth-Analog & Sub-Neptune-size Planets 

Rowe, Jason  Uniform Modeling of the Kepler Objects of Interest Catalog.  Oral – 107  Kepler Mission & 
Exoplanet Statistics 

Saar, Steven  Differential Rotation in Kepler Open Cluster Stars  Poster – P0709  Stellar Activity and Rotation 

Sanchis Ojeda, Roberto  Starspots and spin-orbit alignment for Kepler planetary systems  Oral – 415  Stellar 
Activity and Rotation 

Sandquist, Eric  Tests of Age, Mass, and Radius from Binary Stars in Open Clusters  Oral – 404  Eclipsing and 
Interacting Binaries 

Santerne, Alexandre  SOPHIE velocimetry and independent establishment of Kepler transit candidates  Poster 
– P0129  Kepler Mission & Exoplanet Statistics 

Sasselov, Dimitar  Theoretical Issues for Rocky Planet Interiors near 1.0 Earth-mass and M-R Relations  Oral – 
304  Exoplanet Theory 

Schlaufman, Kevin  Kepler Exoplanet Candidate Host Stars are Preferentially Metal Rich  Oral – 201  Kepler 
Mission & Exoplanet Statistics 

Schuler, Simon  The Chemistry of Planet Formation: Detailed Abundances of Stars with Low-Mass Planets 
Discovered by Kepler  Oral – 120  Earth-Analog & Sub-Neptune-size Planets 

Schwamb, Megan  Assessing the Kepler Inventory with Planet Hunters  Oral – 206  Kepler Mission & 
Exoplanet Statistics 

Seader, Shawn  A Robust Detection Statistic And Its Implementation In The Transiting Planet Search Software  
Poster – P0130  Kepler Mission & Exoplanet Statistics 

Seager, Sara  Kepler Giant Planet Discoveries  Oral (invited) – 311  Giant Planets & Planet Atmospheres 

Shporer, Avi  Studying orbital photometry of Kepler objects of interest  Poster – P0131  Kepler Mission & 
Exoplanet Statistics 

Smith, Jeffrey  Removing the Noise While Preserving the Signal - An Empirical Bayesian Approach to Kepler 
Light Curve Systematic Error Correction  Poster – P1018  Extragalactic & other Astrophysics & EPO 

Soderblom, David  The flaring behavior of G stars observed by Kepler  Oral – 411  Stellar Activity and Rotation 

Sozzetti, Alessandro  What will Gaia do for Kepler?  Oral – 207  Kepler Mission & Exoplanet Statistics 

Steffen, Jason  Confirmation and characterization of multitransiting exoplanet systems with anti-correlated 
transit timing variations  Oral – 219  Multiple Planet Systems 



INDEX OF SPEAKERS AND POSTERS

2011 Kepler Science Conference - NASA Ames Research Center234

Steslicki, Marek  Spectroscopic and photometric observations of large sample of the Kepler targets  Poster – 
P0806  Asteroseismology 

Steslicki, Marek  Standard Photometry of Kepler Asteroseismic Targets  Poster – P0807  Asteroseismology 

Still, Martin  Astrophysics with Kepler during an extended mission  Oral – 210  Kepler Mission & Exoplanet 
Statistics 

Stumpe, Martin  Wavelet-Based Band Splitting for Improved Systematic Error Correction and Noise Reduction 
in Kepler Light Curves  Poster – P0132  Kepler Mission & Exoplanet Statistics 

Szabo, Gyula  Asymmetric transit curves as indication of orbital obliquity: stars and companion in KOI-13  Oral 
– 316  Giant Planets & Planet Atmospheres 

Tang, Sumin  Stellar variability from DASCH vs. Kepler Data  Poster – P0710  Stellar Activity and Rotation 

Tanner, Angelle  Kepler: An Astrometric Mission to Detect Giant Planets and Brown Dwarfs around Nearby 
Stars?  Poster – P0133  Kepler Mission & Exoplanet Statistics 

Tarter, Jill  When Is an Earth-analog Really an Earth-analog?  Oral – 121  Earth-Analog & Sub-Neptune-size 
Planets 

Tasdelen, Necat  Celestial orbits: new theory  Poster – P1019  Extragalactic & other Astrophysics & EPO 

Tata, Ramarao  A search for ultracool dwarfs in the Kepler field  Poster – P1020  Extragalactic & other 
Astrophysics & EPO 

Taylor, Stuart  Planet Migration Towards Destruction: Distribution Evolution and Roche Lobe Overflow  Poster 
– P0405  Exoplanet Theory 

Temple, Paul  A Comparison of the Characteristics of the Central Stars of M57 and NGC 6826  Poster – P1021  
Extragalactic & other Astrophysics & EPO 

Tenenbaum, Peter  Detection of Threshold Crossing Events in the First Three Quarters of Kepler Data  Oral – 
106  Kepler Mission & Exoplanet Statistics 

Tenenbaum, Peter  Application of Wavelet-Based Analysis in the Transiting Planet Search Algorithm  Poster – 
P0134  Kepler Mission & Exoplanet Statistics 

Tenenbaum, Peter  Overview of the Transiting Planet Search Software in the Kepler Analysis Pipeline  Poster – 
P0135  Kepler Mission & Exoplanet Statistics 

Thompson, Susan  Heartbeat Stars: A Class of Tidally Excited Eccentric Binaries  Oral – 403  Eclipsing and 
Interacting Binaries 

Torres, Santiago Rodriguez  Dynamics Of Protoplanetary Disks In Stellar Cluster  Poster – P1022  
Extragalactic & other Astrophysics & EPO 

Traub, Wes  Terrestrial, Habitable-Zone Exoplanet Frequency from Kepler  Poster – P0136  Kepler Mission & 
Exoplanet Statistics 

Triaud, Amaury  Clues of the Origins of hot Jupiters  Oral – 320  Giant Planets & Planet Atmospheres 

Tsang, David  Protoplanetary Disk Resonances and Type I Migration  Poster – P0406  Exoplanet Theory 

Twicken, Joseph  Difference Imaging for Automated Validation of Planet Candidates in the Kepler Science 
Operations Center Pipeline.  Poster – P0137  Kepler Mission & Exoplanet Statistics 

Valencia, Diana  Using the composition of super-Earths to track formation processes  Oral (invited) – 301  
Exoplanet Theory 

Valio, Ariana  Stellar Differential Rotation Estimates from Planetary Transits  Poster – P0711  Stellar Activity 
and Rotation 

Van Cleve, Jeffrey  New Directions in Kepler Corrections  Poster – P0138  Kepler Mission & Exoplanet 
Statistics 

Van Cleve, Jeffrey  Zodiacal Dust Bands Observed In The Kepler Background  Poster – P1023  Extragalactic & 
other Astrophysics & EPO 

Van Laerhoven, Christa  The Secular Character of Multi-planet Systems: Kepler-10, 11 and 16  Oral – 220  
Multiple Planet Systems 

Walkowicz, Lucianne  Starspotting: Looking at Kepler Data for Insight into Stellar Magnetic Activity  Oral 
(invited) – 412  Stellar Activity and Rotation 

Wehrle, Ann  Understanding Quasar Variability Through Kepler  Poster – P1024  Extragalactic & other 
Astrophysics & EPO 

Welsh, William  KOI-54: A Remarkable Periastron-Pumped Pulsating Binary Star  Oral – 402  Eclipsing and 
Interacting Binaries 

Williams, Darren  Snagging an Earth-Class Exoplanetary Moon  Oral – 307  Exoplanet Theory 



2011 Kepler Science Conference - NASA Ames Research Center 235

INDEX OF SPEAKERS AND POSTERS

Wood, Matt  Kepler Observations of the SU UMa Cataclysmic Variables V344 Lyr, V1504 Cyg, and V447 Lyr  
Poster – P0611  Eclipsing and Interacting Binaries 

Wuchterl, Gunther  Transit constraints for a general planet formation theory provided by CoRoT and Kepler  
Oral – 309  Exoplanet Theory 

Zhussupov, Murat  An astronomical criterion for association of the four fundamental interactions.  Poster – 
P0207  Earth-Analog & Sub-Neptune-size Planets 

 



NOTES



NOTES



NOTES



12
0

11
6

12
2

10
4

10
3

10
6

10
5

10
8

10
9

11
0

11
4 11

3
11

2
L1

03

12
1

11
8

11
7

10
1

17
1

'53
'0

N
A

T
IO

N
A

L 
A

E
R

O
N

A
U

T
IC

S
 A

N
D

 S
P

A
C

E
 A

D
M

IN
IS

T
R

A
T

IO
N

A
M

ES
 R

ES
EA

R
C

H
 C

EN
TE

R
A

R
C

 R
E

S
E

A
R

C
H

 C
O

M
P

LE
X

A
D

D
R

E
S

S
:

E
V

E
N

T
 D

A
T

E
:

T
IT

LE
:

B
LD

G
. N

O
:

K
EP

LE
R

 S
C

IE
N

C
E 

C
O

N
FE

R
EN

C
E,

 F
lo

or
 1

1
5

2
D

ec
 4

 - 
9,

 2
01

1
20

0 
D

ai
le

y 
R

d
.

Pr
in

te
d 

on
 2

01
1-

05
-1

6 
13

:2
0:

55

PO
ST

ER
 D

IS
PL

A
Y 

&
B

R
EA

KS

PL
EN

A
R

Y 
R

O
O

M

R
EG

IS
TR

A
TI

O
N

/
LO

B
B

Y

PR
ES

S

EN
TR

A
N

CE

SO
CI

A
L

A
D

D
IT

IO
N

A
L

PA
R

KI
N

G

ST
A

FF
PR

ES
S

LO
CK

ER
S

LO
CK

ER
S

CM
PT

R
CH

RG
NG

B
R

EA
KO

UT

B
R

EA
KO

UT

CO
N

F.
R

M
.

CO
N

F.
R

M
.

CO
N

F.
R

M
.

A
re

as
 o

f 
bu

ild
in

g 
no

t 
op

en
 t

o 
co

nf
er

en
ce

 a
tt

en
de

es

D
ai

le
y 

R
oa

d

STAGE

AV STATION /
SPEAKER CHECKIN

SE
SS

IO
N

 S
PE

A
KE

R
S

B
R

EA
KO

UT

B
R

EA
KO

UT

B
R

EA
KO

UT

Kepler Science Conference
NASA Ames Research Center
Building 152, 200 Daley Road



Kepler Science Conference
NASA Ames Research Center

Moffett Field, Mountain View, CA
December 5 - 9, 2011

PARKING

42
1

40
0

32
9

MACON RD.

14
6

PARKING

25
8

77

54
4

55
4

PARKING

52
5

503

88

10
4

557
PARKING

530

CODY   ROAD

14
914
8

15
0

15
1

15
4

15
5

15
6

15
2

47
6

223

54
7

51
2

GORSKY RD.

KAISER  RD.

24
4

BETTIO  RD.

29
3

24
5

29
2

38
3

26
7

520

G
IR

AR
D 

 R
D.

58
3B583ADAILEY RD.

26
6

82
25

1
34

3
11

1
40

4

355

50
337

1

N-
20

0N-201N-202

N-203
N-204

A332- N

N-
25

3
N-

23
2

N-
20

2A
KI

NG
 R

O
AD

N-
23

7

N-
20

5

56
9

31

18

15

76

85

25

24

26

N-
20

6A

29
N-

20
9

CL
AR

K 
RO

AD

ARNOLD AVE.

R.T. JONES RD.

N

2
1

3

N-
20

4A

re
v.

 J
ul

y 
20

11

BU
SH

NE
LL

 S
TR

EE
T

SAYRE AVENUE

CUMMINS AVE

NO
RT

H 
AK

RO
N 

RD
.

SO
UT

H 
AK

RO
N 

RD
.

W
ES

CO
AT

 R
O

AD
 

SEVERYNS AVE

McCORD AVE.

DUGAN AVE.

51
0

16

10

6

64

12
61

13

14

45

94
1 94

2

19

19
17

20
23

67

12

Na
tio

na
l A

er
on

au
tic

s a
nd

Sp
ac

e A
dm

ini
str

at
ion

Am
es

 R
es

ea
rc

h 
Ce

nt
er

M
of

fe
tt 

Fi
el

d,
 C

al
ifo

rn
ia

 9
40

35
-1

00
0

50
9

A352- N

BU
SH

 C
IR

CLE 

FR
EE

M
AN

 L
N.

Lo
dg

e
Pa

rk
in

g

Co
nf

er
en

ce
Ce

nt
er

Pa
rk

in
g

Ha
ng

ar

 B
ld

g 
3

 N
AC

C

52
5

34

ED
Q

UI
BA

 R
D

55
4

PA
RK

IN
G

56
7

15
8

Ch
as

e
Pa

rk

55
6

532

52
9

59
6

47
6

107

55
5

10
9Po

st
Of

fic
e

N-241

MOFFETT   BLVD.

Sa
n 

Jo
se

To
 H

w
y.

 2
37

To Hwy. 85

Sa
n 

Fr
an

ci
sc

o

MOFFETT  FIELD EXI
T 3

98

15
3

El
lis

 S
t. 

Ex
it 

39
7

N-23
3

36

56
6

T3
6

543

10
1

10
1

85

NA
SA

 A
me

s

Co
nfe

ren
ce

 C
en

ter

943A

NA
SA

 A
m

es
Re

se
ar

ch
 C

en
te

r
(A

rn
ol

d 
Av

e.
 G

at
e)

N-
27

2

NA
SA

 R
es

ea
rc

h
Pa

rk
 M

ai
n 

G
at

e
Vi

si
to

rs
’ E

xp
lo

ra
tio

n
Ce

nt
er

 

(B
ld

g.
 9

43
A)

M
of

fe
tt 

Fi
el

d
Ex

it 
39

8
Gi

ft 
Sh

op

NA
SA

Ex
ch

an
ge

Lo
dg

e
Bl

dg
. 1

9

Ba
dg

in
g 

Of
fic

e
fo

r N
AS

A 
Am

es
Re

se
ar

ch
 C

en
te

r

NA
SA

 E
xc

ha
ng

e 
Lo

dg
e

Bl
dg

s.
 5

83
A 

& 
58

3B

So
ut

h
Ma

in
 G

at
e

(O
pe

n 
6A

M
 to

6P
M

)

Bl
dg

. 1
52

Co
nf

er
en

ce
 A

re
a

Pa
rk

ing
 fo

r
Bl

dg
. 1

52

Pa
rk

ing
 fo

r
Bl

dg
. 1

52

PO
O
L

W
el

co
m

e 
Re

ce
pt

io
n

A

2
1

3

2
1

3

A


