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1235 Vetted Candidates

Single: one periodic
sequence of transits 

Multiple: two or more
sequences of transits
(different periods and
different depths)

827 singles (red)
408 in multiples (blue)

115  two planets
45  three
8  four
1  five
1 six

170 multiple systems

Multiples!



1235 Vetted Candidates

Rejected:
498 false positives  29%
486 singles        98%
12 in multiples   2%

Candidates in multiples
(about 1/3 of total) are
almost all planets!

Multiple systems are
coplanar to ~1 degree,
flatter than Solar System!

Giant planets are less
common in multiples 

Why didn’t CoRoT

 
find

multiples? (green points)     

Multiples!



Rejecting False Positives

•
 

Motion of image centroid
 

during transit  (60%)
–

 
Background eclipsing binaries, misaligned by more 

 than ~1 or 2 arcseconds

–
 

Need high‐resolution images to see inside ~1”

•
 

Light curve features (35%)
–

 
Secondary eclipses, ellipsoidal variations, ETVs

•
 

Large radial velocity variations  (5%)
–

 
At least two stars in the target system



KIC 5041847 --
 

An extreme example:
Most of the signal comes from the selected target
(KIC 5041847) on two pixels [49,918] & [50,918]

The “transit”
 

signal comes from a nearby fainter star
(KIC 5041843) on pixel [49,920]  (4 arcsec pixels)

Centroid Motion



Difference of two images: 
--

 
One during (all) the transits, 

--
 

One outside (but nearby) the transits



“We find that the false positive probability for 
candidates that pass preliminary Kepler vetting 
procedures is generally <10% and often <5%,”



Gallery of Candidate Multiply‐Transiting 
 Planetary Systems



Kepler‐9

Holman, Fabrycky, Ragozzine et al. 2010



Kepler‐9 b/c/d
Ragozzine

P = 19.2 d P

 

=38.9 d

P

 

= 1.59 d



Kepler‐11

Lissauer, Fabrycky, Ford et al. 2011



P

 

= 10.3 d

P

 

= 13.0 d 

P = 22.7 d

P

 

= 32.0 d

P

 

= 46.7 d

P

 

= 118.4 d



Kepler‐11 parameters

Vorführender
Präsentationsnotizen
Fix spacings.  







Kepler‐10: Kepler hits solid ground

•
 

Batalha et al. 2011, ApJ, 729, 27

•
 

Bright enough (Kp=11) for good spectroscopy

•
 

A multiplanet host: a second candidate at 45.3 days

•
 

Period = 0.84 d



Orbital Solution – Keck HIRES

•
 

Rp
 

=  1.4 RE
•

 
Mp

 

= 4.6 ME

•
 

Density = 9 g/cm3

•
 

Period = 0.84 d

•
 

11th
 

Kepler
 

mag

•
 

Quiet G dwarf

•
 

Near HIRES limit

•
 

Need HARPS‐N

•
 

TTVs
 

may be the 
 best way to confirm 

 small planets in HZ





HARPS-N Collaboration



HARPS-N Collaboration:
Geneva, CfA, UK, INAF-TNG



Carter - AAS 1/11/11

p y  
Eclipsing 

Hierarchical 
Triple with Two 
Low-Mass Stars

Josh Carter, Daniel Fabrycky, Darin 
Ragozzine, Matthew Holman, Sam Quinn, 
David Latham, Lars Buchhave, Jeffrey 

Van Cleve, William Cochran, Miles Cote, 
Michael Endl, Eric Ford, Michael Haas, 
Jon Jenkins, David Koch,  Jie

 
Li, Jack 

Lissauer, Phillip MacQueen, Christopher 
Middour, Jerome Orosz, Jason Rowe, 

Jason Steffen, William Welsh

Vorführender
Präsentationsnotizen
I’m introducing a new butterfly which emerged from the Kepler mission, I we refer to by its internal Kepler classification: KOI-126.  As you see from the title, this a triple stellar system in hierarchical configuration which is eclipsing among all its components, the two in the close binary are roughly a quarter solar mass.



Carter - AAS 1/11/11

“KOI-126:”
 

Long Cadence Kepler
 

Photometry

Vorführender
Präsentationsnotizen
Here I am showing all the available long cadence Kepler photometry from quarters 0 to 5 spanning roughly 400 days of continuous observation.  Outside of the stellar and systematic trends and some discontinuities coincidence quarterly downlinks and spacecraft rolls you see the very obvious periodic 1-3% drops in flux occurring every 34 days.  The drops are very roughly consistent with a planetary transit however, upon closer inspection



Carter - AAS 1/11/11

Short Cadence Kepler
 

Photometry Near Events

Vorführender
Präsentationsnotizen
We found rather unusual eclipse profiles which indicate the transit of two objects, many times occurring simultaneously.  Beyond that, there are signs of accelerations transverse to the line-of-sight between events and within events - evident through the variable eclipse durations and asymmetries.  The basic conclusion is that the light curves are showing the transit of a close binary across the face of a star.  The 34 day periodicity is that of the center-of-mass of the close binary orbiting the third object.



Carter - AAS 1/11/11

Vorführender
Präsentationsnotizen
In fact we find that the data are explained by a stellar triple in the configuration shown to scale in this diagram.  The close binary (B, and C) has a 1.767 day orbit and is inclined by about 10 degrees relative to the orbit of the center of mass about the A component. 



Carter - AAS 1/11/11

Vorführender
Präsentationsnotizen
To actually fit the data we are required to use a full 3-body integration which can account for the quick secular timescales in the system.  For example, the inclined orbit of (B and C) is observed to precess like a top completing a cycle in a little under a thousand days.  We also must account for finite speed of light.  The rich dynamics are excellent photometric signatures permits us the to determine absolute masses and radii of all three objects subject only to the photometric data in a model independent fashion.  The table of values on this slide are actually those find fitting both the photometry and a radial velocity curve for A.  With this fit the masses are determined to better than 3% and radii to better than 0.5%. The lower two panels of data are not showing the transit of (B and C) across A but rather their passage behind A.  We additionally detect the eclipses between B and C so we all possible eclipse configurations.



Carter - AAS 1/11/11

CM Dra
 

A, B

KOI-126 B, C

Vorführender
Präsentationsnotizen
The close binary B and C is a low-mass binary comparable to CM Dra in both mass and radius and accuracy .  So, the first question is how do they compare theoretical expectations. Here I have plotted a mass radius diagram for systems with dynamical mass and radius estimates to better than 3% fractional accuracy.  Prior to KOI-126 B and C, CM Dra AB were the only reliable benchmarks in the fully convective stellar class.  As you can see in the inset, KOI-126 B and C are closer to the theoretical curve but still slightly inflated.  I also note that thanks to component A we have a good handle on the metallicity, distance and age of this system.



Carter - AAS 1/11/11

Vorführender
Präsentationsnotizen
So this system really begs for a movie 



Carter - AAS 1/11/11

Evolution of Keplerian
 

Orbital Elements



(SMEX version shown here)

Explorer proposal submitted
last week.  New partners,
more capable mission.



Drake Deming & Mark ClampinDrake Deming
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