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The KEPLER mission: :
Changing our view of stars and Yoplﬁnets
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* The Kepler mission

» Asteroseismology and stars

» Transits and exoplanets
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Kepler Photometer
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Focal Plane Assembly
42 CCDs with Field Flattener Lenses



One Kepler CCD:
50x25 mm (2200x1024 pixels)




Measured Responses

Koch et al. 2010
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Before Kepler:
High precision radial velocities

UCLES at the AAT UVES at the VLT
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Amplitude (ppm)

Amplitude (ppm)

Kepler... first month of data (2009)
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Stellar evolution
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Figure 1. Evolution of oscillation frequencies in a 2.2 M star, from model calculations
by J. Christensen-Dalsgaard. Only modes with £ =0,1,2 and n < 10 are shown.



White et al. 2011
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Fic. 2.— C-D diagram, with model tracks for near-solar metallicity (Zy = 0.017). Tracks increase in mass by 0.1 My, from 0.8 M, to
2.0 M. Also shown are tracks for metal-poor (Zg = 0.014; dotted) and metal-rich (Zy = 0.022; dashed) solar-mass models. The section
of the evolutionary tracks in which the models have a higher T.g than the approximate cool edge of the classical instability strip (Saio
& Gautschy 1998) are grey: they are not expected to show solar-like oscillations. Dashed black lines are isochrones, increasing from 0

syr (ZAMS) at the top to 13 Gyr at the bottom. The filled red circles are the 78 Kepler stars from this work, while open red circles are

Kepler stars with previously published frequency lists (see text). Also shown are Kepler red giants (black circles; Huber et al. 2010), and
main-sequence and subgiant stars from CoRo'T' (green triangles; see text) and ground based observations (purple diamonds; see text). The
Sun is marked by its usual svimbol.



Stellar evolution
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Gravity modes as a way to distinguish between
hydrogen- and helium-burning red giant stars

Timothy R. Bedding', Benoit Mosser?, Daniel Huber!, Josefina Montalban?, Paul Beck?, Jorgen Christensen-Dalsgaard®,
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Marie-Jo Goupil?, Jon M. Jenkins'®, Thomas Kallinger'®, Steven Kawaler”, Hans Kjeldsen®, Savita Mathur'®, Arlette Noels®,
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Constraining the Core-Rotation Rate of Red-Giant stars.
Paul G. Beckl, Josefina M011talba1'12, Thomas Kallillgel*l‘3‘4, Joris De Ridderl, Conny Aertsl"s,
Rafael A. Garcia6, Saskia Hekl(er7’8, Marc-Antoine Dupretz, Benoit Mosserg, Patrick

Eg genbergerlo, Dennis Stello'!. Yvonne Elsworthg, Soren Frandsen'”, Fabien Carrier’,
Michel Hillen', Michael Gruberbauer"’, Jorgen Christensen-Dalsgaard'”, Andrea Miglio®,
Marica Valentini’, Timothy R. Bedding'', Hans Kjeldsen'?, Forrest R. Girouard'’,

Jennifer R. HallH, Khadeejah A. Ibrahim"*
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'The Venus Path

Planet transits

SUN
Nikon D70 at prime focus
Giovanni Bartolini

VENUS

Venus' sige is scaled with the Sun, BW sensot Vesta PRO + Barlow APO 2X
Distances are not. Paolo Lazzarotti

Astrophysics AP130mm [1 6

Swedish 1-m Solar Telescope, 08 June 2004 June, 8th 3ST 08 June 2004
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Diamatre(Sun) / Diamatre(Earth) = 109

Area (Sun) / Area (Earth) = 11900




Diamatre(Sun) / Diamatre(Earth) = 109
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Kepler Exoplanet Candidates — June 2010
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Kepler Exoplanet Candidates — Feb 2011
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Kepler: 827 Single Planet Systems Detected

Period [days]

Letham et al. 2011




Kepler: 827 Single Planet Systems Detected

Period [days]

408 candidates in 170 multiple systems
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Kepler-10
Light Curve

Batalha et al. 2011
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Kepler-22b

Mass, M _ 0.970 = 0.060
Radius, R 0.979 £ 0.020
Luminosity, L _ 0.79 £0.04
Distance (pc) 190

Orbital period, P (days) 289.8623 +0.0016/-0.0020
Radius, Rg 2.38+0.13

Mass, Mg (1o, 2 0, & 30 upper limits) 36,82 124
Orbital semi-major axis, a (AU) 0.849 +0.018/-0.017

Equilibrium temperature, 7, (K) 262



David M. Kipping & David S. Spiegel. Monthly Notices of the
Royal Astronomical Society. For all models, the geometric
albedo is < 1%, and for the best-fit models it is ~0.04%



Kepler-11

=
1
400

s
I
300

P . b

1
200
t [BJD] - 2,455,000

=
1
100

A saa .

1.01+

xnjj mey

0.98

1.0000 4

0.9995 4
0.9990 4
0.9985 4
0.9980 4

Xnjj pepuasieq

Lissauer et al. 2011



— Kepler-11 System _

Solar System




Detrended flux

a 1.0005F" ",

1.0000 £ -*
0.9995 |

0.9990 |
0.9985
b 1.0005 5
1.0000 BEiEEs

.... "‘-,gy\,i

AN ks
ﬂl@_m}_‘fj ;E;ﬂ-“-._ ""f‘ia‘.“ *r
ﬁ:{‘?‘ﬁﬁ ;
e : :

Planet b

09995 - T

0.9990 |
0.9985 |
¢ 1.0005F

1.0000 £ .
0.9995 LI

0.999{32
0.9985 |
d 1.0005 -~

1.0000 Pt

0.9995 C
0.999{32
0.9985
e 1.0005 _
1.0000 37 2%
0.9995F °
0.9990 |
0.9985 |
f 1.0005F

Planet f

1.0000

0.9995
0.9990
0.9985 |

Planet g

-5

t-t

mid-transit (

0

h)

5

Observed minus calculated mid-times of planetary transits (min)

-10¢

—20¢

l P|anet b

?J#

% +
T%) T | Tﬁ‘u
Fo4 & <+> %é
AL i % ?*2 :
¢¢$¢?¢¢¢$ "’ ?
anet|e:
P é
| <L <|> J|> 4|> T + 'lf
¢ 3 "

(IRIB] -~ 2/A50, 00




11

10

R
o

-

LA

kepler-11 f @

Kepler-11 & @

Kepler-11 4 @

arlar -
wepler-11 ¢

Cll1214b®
ES Cancri e
Kepler-11 b )

aRoT-7 b® -9 {_.;:nggig'd"_--

'_..---"" k-epler-llil b

Molecular hydrogen
and helium

1

logigm (Mg)

Water
Iron and silicates
106
Haxd 4 0.4
epler-11 -
a 1 0.2
' 0.0

el



Kepler-16: A Transiting
Circumbinary Planet

Laurance R. Doyle,** Joshua A. Carter,?

Daniel C. Fabrycky,® Robert W. Slawson,*

Steve B. Howell,* Joshua N. Winn,> Jerome A. Orosz,® Andrej Pr'sa,” William F. Welsh,®

Samuel N. Quinn,® David Latham,® Guillermo Torres,®
Jonathan ]. Fortney,'? Avi Shporer,*>* Eric B. Ford, Jack ]. Lissauer,*
Michael Rucker,'® Natalie Batalha,'® Jon M. Jenkins,?

William ]. Borucki,*

Lars A. Buchhave,”*? Geoffrey W. Marcy,**

Darin Ragozzine,?

David Koch,*

Christopher K. Middour,*” Jennifer R. Hall,>” Sean McCauliff,’” Michael N. Fanelli,®

Elisa V. Quintana,* Matthew ]. Holman,? Douglas A. Caldwell,* Martin Still,*® Robert P. Stefanik,®
Warren R. Brown,® Gilbert A. Esquerdo,® Sumin Tang,® Gabor Furesz,®° John C. Geary,®
Perry Berlind,?® Michael L. Calkins,?® Donald R. Short,?* Jason H. Steffen,?? Dimitar Sasselov,®
Edward W. Dunham,?? William D. Cochran,?* Alan Boss,?®> Michael R. Haas,*

Derek Buzasi,?® Debra Fischer?’
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Gustav Kirchhoff and Robert Bunsen







The first SONG node is ready at Tenerife




