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Detecting a Star’s “Wobble” using
The Doppler Effect

Spectrum . . I -
of starlight

‘o

Doppler Effect: The wavelength of detected
light increases (redshift) or decreases
(blueshift) as the star and planet orbit their
center of mass.




Starlight Echelle Spectrometer
From Telescope

Diffraction

Grating

Collimator




Detecting Star’s Reflex Motion
as Doppler Shifts

Doppler shifts of 1/1000 pixel are revealed
as small changes in the light in neighboring pixels.
Final Doppler Precision: 1 meter / sec
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2004 Venus Transit at Sunrise




Transit Yields

Relative Brightness

Phase (hours)




Ke/o/er M/SS/on

" Dez‘erm/n/ng the frequency of Earth -size and /arger ,o/anets
* Inthe habitable zone of Sun-like stars




The Kepler Space Telescope

Schmidt Corrector
with 0.95 m dia
aperture stop

Thermal Radiator

Primary Mirror
1.4 m dia, ULE

Sunshade
55° solar avoidance

Focal Plane

Electronics:

clock drivers and

analog to digital converters

Focal Plane:
42 CCDs,

; >100 sq deq FOV
Mounting Collet 4 Fine Guidance Sensors

The overall height with the spacecraft and sunshade is 4.3 m.



The Focal Plane
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THE KEPLER SPACE TELESCOPE

Photometer

=—Solar array

Reaction
wheels

Star
lrackers

antenna

Avionics Omni-antenna
SOURCE: NASA




SPACECRAFT & INSTRUMENT

Largest focal plane

for a NASA flight mission:
94.6 million science pixels

42 science CCDs,
2 channels each

4 fine guidance
sensor (FGS) CCDs

CCDs controlled at -85C,
Readout electronics at
room temperature

/
Radiator
i .——— Electronics
‘ Boards B
(10 total)

CCD Flex— =
Cables \

'Fit check of DAA components prior
dule installation



Launched into an Earth-Trailing Orbit



Star Field: Cygnus-Lyra
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Transits Can Reveal Earth-size Planets

Planetary Orbit

—— Planet

From TRANSIT DATA obtain:
Duration, depth, orbital period and inclination.

Derive planet sizes and orbital radii (when combined with stellar information)

From ENSEMBLE of PLANETARY SYSTEMS obtain:
Estimates frequency of planet formation for inner planets.

Requires thousands of stars because most orbits won’ t be aligned properly: only

about 0.5-1.0% aligned



DETECTING EARTH-SIZE PLANETS

The relative change in brightness (AL / L) is equal to the relative
At (Aplanet/ Astar)

Jupiter: Earth or Venus
1% area of the Sun (1/100) 0.01% area of the Sun (1/10,000)
To measure 0.01% must get above the Earth’ s atmosphere

* Method is robust but you must be patient: Firm detection of 3 transits
requires ~3 years or more for detection.
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Transit Light Curves

Kepler 4b Kepler Kepler

a
Fhase (hours) Phaze [hours)

Orbital
Faraod < days o days 3.2 days
(days)

Kepler 8b




Pixel Level Data From Kepler

Module 17 Output 2 x

Zoomed Image x
near HAT-P-7b x HAT-P-7b X

LC pixels x

N

6.6x6.6 millidegrees x

28 pixels collected x
A0S Xx@.09 deprees X . “gl5ck = no data x

80x80 pixels x
6400 pixels total x

Scaled to show faint detail

1.13 (h) x1.22 (w) degrees x
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Kepler light curves of small
planets

Kepler Planet - Kepler-10b

Kepler Planet - Kepler—20e
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A Pre—Kepler Planets

Planet Radius [Rg]
-

= Candidates after 30 days, June 2010
¢ Candidates after 400 days, Feb 2011

@ Candidates after 500 days, Dec 2011

o

Earth
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" Common False Positives

Eclipsing
Binary

Background
Eclipsing
Binary




Kepler Planets

Kepler-12b

3z - Kepler-7Tb
Kepler-17b Kepler-6b Kepler-8b Kepler-5b P
Jupiter : ' .

14.79 Rg 15.86 Rg 16.00 Re 16.52 Rg 19.0 Rg

Kepler-14b

Kepler-16b Kepler-9¢ Kepler-9b
i Kepler—13d E
Kepler-11e Spes 8c .

4.52 Rg 5.49 Rg 6.98 HE 8.45 R 9.2 R 9.4 R 12.7 Rg

Kepler-i0c Kepler-22b Kepler-11f  Kepler-11c Kepler-11d Kepler-11g Neptune Kepler-4b
. . - . . . :

2.23 Rg 2.38 Rg 2.61 Rg 3.15 Rg 3.43 Rg 3.66 R 3.88 Rg 3.99 R,

Earth  Kepler-10b  Kepler-21b  Kepler-9d  Kepler-11b  Kepler-18b  Kepler-19b
& . - € . L L
1.42 Rg 1.64 Rg 1.64 Rg 1.97 Rg 2.0 Rg 2.21 Rg




Lightcurve Q1-Q6

detrended flux

1.01 1
1.00 1
0.99 1
0.98 1

raw flux

1.00051° .. -
1.0000 1
0.9995 1. :

0.9990 1
0.9985 1

0.9980 1

-
L

200 300
t [BJD] - 2455000

* Colored dots represent transits of six planets
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Kepler-11 SyStem
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Locations of Kepler Planet Candidates

@ Earth-size

@ Super-Earth size
1.25 - 2.0 Earth-size

® Neptune-size
2.0 - 6.0 Earth-size

Giant-planet size
6.0 - 22 Earth-size




anet Size Distribution




Planet Number Distribution
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Habitable Zone

Water boils Water 1s a liquid Water freezes

Hot star

Sun-like star

Cool star




Planet Temperature & Size

i.'.IF &K

3000°
Iron melts mip

2500°

Gold melts mp

20007
Molten lava mp

Kepler 6b

Kepler 7b

Kepler 4b
1500°

1000°

Lead melts mp o

Water boils mp 212

Water freezes mp  32° Jupiter
’ *Neptune
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Transit and Doppler

Measurements Yielc

Planet Density:

Mass ;
Volume = 8-8 g/cm

Density

-

_%% i/

Doppler Shift due to
Stellar Wobble




Planet Radius (Ra)
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Hunting for Planets with
World’s Largest Telescopes

Keck Telescope 4 !
Mauna Kea, Hawaii 5 |




Candidates Show Drop Off for
Shortest Orbital Periods
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Most of the Candidates Orbit
Stars Like our Sun

. 100
Earth—size Super—Earth size
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