Jason H. Steffen

Northwestern University

ASA Big Data Conference ‘
January 25, 2012
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e Kepler mission overview

e Kepler’s data

e From candidates to planets

e Exoplanet science with Kepler

e Kepler’s future



Kepler Mission Goals

1) Determine the frequency of terrestrial and larger planets in or near the
habitable zone of a wide variety of spectral types of stars.

2) Etc.



Planet Finding Methods

Planetary Transits
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Planet Finding Methods

Planetary Transits

Jupiter: 1 part per 1000 Earth: 1 part per 100,000



From one “Goldilocks” to Another

1) Spacecraft Size:
* Too large = over budget
* Too small 2 not enough precision

2) Target List:
* Too few —> statistical sample too small
 Too many =2 loss of data due to downlink time

3) Field of View:
* Too dispersed —> statistical sample too small
* Too crowded = confusion from background stars

4) Observing Cadence:
* Too fast = loss of data due to downlink time
* Too slow =2 planet transits are no longer visible



Kepler Spacecraft

95 em Schmidt
Corrector (Fused Silica)

Focal Plane Radiator

1.4m Primary Mirror

Focal Plane w/ 42 Science CCD’s
& 4 Fine Guidance Sensors



Kepler Photometer

50 micromagnitudes in 6 hours
30 minute cadence

Continuously monitor
~150,000 target stars

Images are de-focused

Only target pixels are
sent back to Earth




Kepler Field of View

~100 square degrees

First light image




So, how good are these data?
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Detrended flux

It’s not all fun and games
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Raw Time Series
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Cotrending Basis Vectors

Fractional Amplitude
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Raw Time Series
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From Candidate to Planet

Validation: demonstrate the planet nature of a candidate
by eliminating alternative explanations

Confirmation: demonstrate the planet nature of a candidate
through a dynamical constraint on its mass



Planet Validation

The least massive planets do not produce large dynamical signals.

Kepler-20e Venus Kepler-20f
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Alternative explanations, such as background eclipsing binaries,

or background transiting planet, must be eliminated.

The smallest planets that Kepler discovers will use this approach.



Planet Confirmation

Radial Velocity

x % o !



Planet Confirmation

Transit Timing Variations

Known transiting planet

Transit times are equally spaced.

Agol, Steffen, Sari, Clarkson (2005), Holman and Murray (2005)



Planet Confirmation

Transit Timing Variations

Known transiting planet

Transit times are NOT equally spaced.

Agol, Steffen, Sari, Clarkson (2005), Holman and Murray (2005)



Kepler 9

Holman et al. 2010




A first definitive TTV detection, Kepler 9
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Planet Confirmation with TTVs

Kepler—30b

L |
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t[BJD]—2455000

Kepler—30c Some systems show very large TTVs.

This is a problem if you are nominally
looking for strictly periodic signals
and need to stack multiple transits in
order to detect a small planet.
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Less Intensive Planet Confirmation

Criterion for planethood:
« an object has the mass of a planet



Less Intensive Planet Confirmation

Criterion for planethood:
« an object has the mass of a planet

In a multitransiting system:
« use TTVs to show that two candidates
are in the same system

« use dynamical stability to show that
their masses are planetary



Kepler 18 (KOI 137)

Dynamical interactions within the system
cause changes in orbital period.
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Anticorrelated TTVs expected from conservation laws.

Demonstrates with high confidence that this is a single system.
(This is a sufficient criterion, but not necessary.)



Kepler 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33
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Kepler—1lg

Blue: Solar System

Red: Known planets in multi-transiting systems
Gray: KOlIs in multi-transiting systems

Green: Newly confirmed planets

Ford et al. (2012a), Fabrycky et al. (2012a), Steffen et al. (2012a), Lissauer et al. (2012)



Kepler 48 — Kepler 60 (and a few others)

Kepler 48
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Two independent papers
confirm 41 planets in
20 multiplanet systems.

Steffen et al. (2012e)

Xie (2012)




Exoplanet Science



Kepler 36

Large TTVs required the T T ]
development of a new search 3
algorithm, U 10% HHe 3
__________ -
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How do you make such a system? (Meann)

Good question. Carter, Agol, et al. 2011



Kepler 36

y

© NASA; Frank Melchior, frankacaba. com; [ric Agol




KOI=351
KOI-1426
KO1--806
KOI==935
KOl=152
KOi—111
KOI=567
KOl-94
KOI-829
KOI-=528
KOI-408
KOI-757
KOI-284
KOl=934
KOL-701
KOL-623
KOl=520
ROt 156
KOl=8398
KOI--168
KO1-907
KOI—-148
KOI=718
KOI-864
KOI=723
KOI=571
KOL-921
KOi=1422
KOI=711
KO1=250
KOI=137

KOI-—-812

KOl-884
KOI—-899
KOI—=733
KO1=248
KOI=756
KOI—941
KOi=85
KOI=1306
KOI—-398
KOI--665
KOI—=377
KOi—481

Multiple Candidate Systems

T T T T T T

T

KOI-961

10 100
P (days)

1000

.- 0@e KQOl—157
PR KOI=500 |
—0-00 KOl=707
.o KOI=730_]
. - KOI=70 ]
. KOl=117 ]
> @ KOI=952
° ® KOI=880 |
—e KOl-834
. . KOl—191 |
o N
1 10 100 1000
P (days)

Lissauer et al. (2011)



Candidate Radius Comparison
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Inclination Distribution
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Resonance Proximity

500 | | I | | | |

450 .
Kepler adjacent pairings
- = = RV adjacent pairings

S

o

o
T
1

350 y

300

250

N

o

o
T

Slope of Cumulative Period Ratio
&
o

100

50} V

1 1.5 2 2.5 3 3.5 4 4.5 5
Period Ratio

Slope of the CDF in period ratio averaged over four adjacent candidates.



Planet Radius (Jupiter)

Different planet populations

Multiple Candidate Systems
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Planet Radius (Jupiter)

Different planet populations

Multiple Candidate Systems and Single Candidate Systems
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Different planet populations

Multiple Candidate Systems and Single Candidate Systems
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Hot Jupiter Systems




Hot Jupiter Systems

No known multiple planet systems

No evidence for companions with TTVs

No evidence for high inclination perturbers
Known multiple systems in adjacent samples

Observed TTV signals in adjacent samples

Hot Jupiters are really lonely



Other System Architectures
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Other System Architectures

Pout/Pin
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Other System Architectures

Pout/Pin
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Kepler Future

e Kepler is moving into new regimes
e Longer periods
e Smaller candidates
e More transits
e Habitable Zones for larger stars

e |[mportant constraints on planet formation through
dynamical interactions and geometry

e TTVs are proving an important component for
planet confirmation and characterization

e Spacecraft able to operate for several more years
e Mission was extended earlier this year



Kepler Future




