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Speculation on the existence of
other habitable worlds is age-old

There are infinite worlds both like
and unlike this world of ours ... we
must believe thatin all worlds
there are living creatures‘and
plants and other things we'see In
this world....




And modern ...

 "There are perhaps as many as ten
billion trillion [planets]. In the face of
such overpowering numbers, what is
the likelihood that only one ordinary
star, the Sun, is accompanied by an
inhabited planet?”

 “Why should we, tucked away in some
forgotten corner of the Cosmos, be so
fortunate? To me, it seems far more
likely that the universe is brimming
over with life.”

Carl Sagan - Cosmos (1980)



There are 200 billion stars in our galaxy...

There ought to be some other Earths.



How do we look for them?

Take their pictures?

Taking pictures of extrasolar
planets is hard.

Even then can’t see close in
ones like Earth.

What about other ways?



Planets Move Stars

Moves more Moves less



We See this Motion in the Star’s Spectrum

Planet moves toward you
Star moves away

shift

Planet moves away from you
Star moves toward you
shift
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Radial Velocity measurement can find planet's MASS

RV measurements good for finding large planets

Also too slow.



Planets Cast Shadows

Planetary Transits

Transit measurements can find
the size of the planet and
distance from its star but not its
mass.
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Transit Photometry
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Transits Have Different Depths
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Transits Won’t Find ALL Planets

Not all planetary orbits are aligned to produce a transit

d*
) Range of Pole Positions =—

Only a few percent chance for a given planet to transit
Earth and Sun have only 0.5% chance

Transits last only a few hours each orbit

Must stare constantly at many thousands of stars to find
many planets.
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A pitfall: False Positives

_—
—
—
—
—
—
—
—_—
—
_—

Other things can look like \
transiting planets.

Candidate transiting planets
need to be carefully examined to
look for false positives.
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Ways to See Exoplanets

Mass, orbital period and shape:
distance from star

Size, orbital period: distance
from star

With both mass and size get planet
density. Then can tell if the planet is:
Gas : Low density

Ice : Medium density

Rock : High density
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How do we know it when we find
another Earth?
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Right temperature
Liquid water

Atmosphere
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Planets come is several types

Too big (about >10 M__ )

Holds onto light gases (Hydrogen and
Helium) too well and turns into a gas giant.
(Jupiter, Saturn, Uranus, Neptune)

Just right (0.5-10 M__ )

Holds on to heavier gasses (Nitrogen,
Oxygen) long enough to have a
potentially habitable atmosphere (Earth,

Venus)

Too small (about <0.5 M__ )

Can’ t hold onto a life sustaining
atmosphere.
(Moon, Mercury)




And a range of temperatures
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Too hot! Just right Too cold!

(too close) (too far)



The Habitable Zone

The regron around a star where liquid water might exrst ona planet’s surface
| | ‘ The Goldilocks Zone

— Too hot

_Too cold

g 9 months to 3.5y ~ Just right

| '-'Cooler Stars
- K5 _
i 3, to 13 months
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History of Exoplanet Discovery

* First surveys looked for wobble with RV

— 1989: First exoplanet discovered

« Very hot gas giant in close orbit around solar-like
star

 Many more discoveries followed

— More RV discoveries, ground based transit
surveys, direct imaging, pulsar timing

— By ; exoplanets known, with
measured size and density

— None like Earth. Mostly to big and too hot.
Some too cold.
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Why no Earths?

* Low sensitivity

— RV wobble measurements not sensitive
enough for low mass planets

— Ground based transit surveys can’t see
small enough planets

 Haven't looked at enough stars
— RV surveys are slow: one star at a time

— Long periods required for habitable
zones make planets hard to catch and
make transit line-up probability low
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So, what to do?

Build a special transit detecting
telescope with high sensitivity that can
look at lots of stars at once —



Kepler Telescope-Photometer

Sunshade Schmidt corrector

Focal plane

15° diameter field detectors

Monitor 150,000 stars at once

95 cm aperture

No variability from atmosphere to mask
small transits
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Kepler’s 95 Megapixel Camera

>100 square degree
field of view
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Kepler in final assembly




Kepler Launched March 6, 2009

©2009 Ben Cooper
http://www.launchphotography.com






Milky Wa‘y‘ Galaxy

" Portrait of the Milky Way © Jon Lomberg www.jén_l_d_m_bérg.cbri'l




Kepler Full Field Image
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What has Kepler found?

Yesterday exoplanets were known. /' of
those from Kepler observations

Still no habitable zone Earth-size planets

But, Kepler has found LOTS more planet
candidates: Over with more coming

90% of candidates are expected to be real planets
Expect Kepler to announce new confirmed
planets by fall.
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Size Relative to Earth

Candidates as of Feb 2012

2312 total

K 4 10 40 100
Orbital Period in days

Jupiter-size

1 Neptune-size

| Earth-size



Numbers of Planet Candidates
As of February 27, 2012

1 1 18 Neptune-size
*x (2 -6 Rg)

2321 total

Super Earth-size - 676
(1.25 - 2 Ry) SV ET

e

Earth-size - 246

(<1.25 Re) 388

71 - Larger, (> 15 Rg)
‘}ix‘;:w




Kepler  Candidates in the Habitable Zone
W As of February 27, 2012
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—oq [T . e | '
@201 T .
= N d
_% 10 L Jupiter ’
o | 158
= |
t
N

4 * Neptune | &
e w -
O
= o
®© v .
O .
o 4
(]N_) 1 | : Earth Ps
) N .

[
i | ce o,

500 1000 1500 2{0[0]0 24s10]0
Equiliorium Temperature (K)



HZ Candidates

48 with Teq between 185 and 303 K
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Earth: Our Reference Planet

Known habitable

Size: 1.0 Re,
Density: 5.5 g/cm?
Surface: rocky/water
Atmosphere: thin

Location: habitable zone

Temperature: 57F (287K)
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Kepler Planets

As of February 27, 2012

Kepler-12b
Kepler-14b  Kepler-30c Kepler-17b Kepler-6b Kepler-8b Kepler-5b Kepler-7b
j27 Re 14.4 Re AT 14.79 Re 15.86 Re 16.00 Re 16.52 Re

Kepler-18d Kepler-35b Kepler-16b Kepler-34b Kepler-9c Kepler-ob Kepler-30d  Kepler-15b | Jupiter

Kepler-27c Kepler-18c . . . . .
4.9 Re 5.49 Rg

69Re 816R:  845R:  85R:  02R:  94R:  107R:  108R. 112 Re

Kepler-32c Kepler-33f Neptune Kepler-4b Kepler-27b Kepler-32b Kepler-31c Kepler-31b Kepler-25¢c Kepler-11e Kepler-33d

=

3.7 Re 383Re 38R: 3.99R: 4.0R; 4.1 Rg 4.2 Rg 4.3 Rg 4.5 Rg 452Rg  4.56 Rg

Kepler-11c Kepler-23c Kepler-28c Kepler-11d Kepler-33e Kepler-26b Kepler-26c Kepler-28b  Kepler-29b  Kepler-11g  Kepler-30b

¢ @ + e e + + & @ o =
3.15Rg 3.2Re 3.4Re 3.43 Rg 3.45 Rg 3.6 Re 3.6 Rg 3.6 Rg 3.6 Rg 3.66 R 3.7 Rg
Kepler-19b Kepler-10c Kepler-22b Kepler-24b Kepler-25b  Kepler-11f Kepler-33c Kepler-20d Kepler-24c Kepler-29c Kepler-20c
. . . . . . . . ® L
221 Re 2.23 Re 2.38 Re 24Re 2.6 Re 261Rg  275Rg 2.75 Re 2.8 Rg 2.9 Rg 3.07 Re

Kepler-20e | Earth | Kepler-20f Kepler-10b Kepler-33b Kepler-21b  Kepler-9d  Kepler-23b Keple;-ZOb Kepler-11b KEP':"-" 8b
. L ] . ® b LJ] ' .
-87 R 1.03 Re 1.42 Rg 1.5 Rg 1.64 Rg 1.64 Rg 1.9 Rg 1.91 R 1.97 Rg 2.0 Rg
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Kepler-10b

Rocky planet around a star a lot like the Sun | EATE s 3
560 light-years away - 5wt

'JJ: 3 .

1.4 x Earth size ' | _ \ > ‘ x i
4.6 x Earth mass =i . L

Definitely rocky
(8.8 g/cm?, denser than iron)
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70 x closer to its star ’rhan Ear’rh i o ¥ | e o8
19 hour orbit | e ISR
Scorching hot 2800 F (1833K) surface ’remperafure TR e
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Canyon on the surface of Kepler 10b (artist's conception)
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R About Neptune S|ze Sl e
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Kepler-16b

. Size of Our Sun
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Sunset on Kepler 16b
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Kepler-20c

¢

| \ Kepler-20b
[ Kepler-20a (G-star)

Kepler-20d

Kepler-
20f

L))
Kepler-
20e




Kepler 20e: a world smaller than Earth around a Solar type star

But far inside the habitable zone: 1900 F (1040°K)... .=
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Kepler-20e Venus
1040 K 299/753 K

Kepler 20 small planet lineup

Earth
255/288 K

Kepler-20f
705 K
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Habitable Zone

Planets and orbits to scale

Kepler-22b

Solar System



. Kepler 22b

In the habrtable zone of a Solar-lrke star
but 2. 4 times the size of Earth L A

Temperature 14 F ;
(but warmer with an atmosph

Water planet? R\ock’y'surface’_? '_Deep atmosphere?.
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Mars KOlI- KOlI- KOlI-
961.03 961.02 961.01
207/210K 450K 720K 519K

¢ ¢ € ¢

KOI 961 planet lineup

Kepler-20e
1040K

Earth
255/288K

Kepler-20f
705K
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KOI-961 and Its 3 Known Planets

02 Ol

Jupiter and Its 4 Largest Moons

lo Europa Ganymede Callisto

03
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Multiple Planet Systems

Unéxpestéd find

Tells us about planet system notjust planets

“Self confirming because multlple occurrence of false posmves
-_|s really unllkely
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Kepler’s Confirmed Multiple Planet Systems

®» Solar System Planetary systems known prior to January 26, 2012 » Planetary systems announced January 26, 2012 ®» Unconfirmed planet candidates
. L ] » L ] » ‘ . ‘ . » » L)
Sol-b Kepler-9d = Kepler-10b =~ Kepler-11b | Kepler-18b  Kepler-20b = K0I-961.02  Kepler-23b = KOI-1102.04 Kepler-25b = KO0I-250.03  Kepler-27b = Kepler-28b = Kepler-29b Kepler-30b K0I-935.04  KO0I-952.05  Kepler-33b

Sol-¢ Kepler-9b | Kepler-10c = Kepler-11c = Kepler-18c = Kepler-20e =~ KO0I-961.01  Kepler-23c = Kepler-24b  Kepler-25c ~ Kepler-26b = Kepler-27c = Kepler-28c = Kepler-29¢c Kepler-30c Kepler-31b = KO0I-952.04 = Kepler-33c
- o ) L] . . L) .
Sol-d Kepler-9¢c Kepler-11d = Kepler-18d = Kepler-20c =~ KO0I-961.03 = KO0I-168.02 = Kepler-24c Kepler-26c Kepler-30d Kepler-31c = Kepler-32b  Kepler-33d
. » A A N
Sol-e Kepler-11e Kepler-20f K0I-1102.03 K0I-935.03  Kepler-32c ~ Kepler-33f
Sol-f Kepler-11f Kepler-20d K0I-952.03 = Kepler-33e
Sol- Kepler-11g

Sol-h
Sol-i

>150 more multiple planet systems with >800 planet candidates
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- 6 transiting planets

" Kepler-11 System

o ~.___ ‘Solar System ‘
o LissaUe_l'r,l et al., Na_tu'r.e' v470, pp 53-58 (03 February ‘20.1_1) &
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Many habitable zone planets.
Lots of Earth-size planets.
No confirmed Earth-size HZ planet yet. But soon!

Potential Habitable Exoplanets

(4 confirmed and 27 unconfirmed NASA Kepler Candidates)

Confirmed Exoplanets e Solar System Terrestrial Planets

(for comparison)

Mercury Venus Earth Mars

Gliese 667C ¢ Kepler-22 b HD 85512 b Gliese 581 d

NASA Kepler Candidates

268.01 438.02 463.01 701.03 812.03 854.01 947.01 1361.01 1422.02
1430.03 1686.01 1739.01 1871.01 1876.01 1938.01 2020.01 2124.01 2290.01

2311.01 2410.01 2418.01 2469.01 24740 2553.01 2626.01 2650.01 2770.01

Credit: Planetary Habitability Laboratory, UPR Arecibo (phLupr.edu) April 2012

Batalha et al. 2012, arXiv: 1202.5852



Size Relative to Earth

Kepler Extended Mission Target:

Habitable Zone Earths

@ Jun 2010 O Feb 2011 @ Jan 2012
20- > o o* . ’- . & .. ] . . .. ‘.o
) L ) o:i .:.g : . | e:.i .. - : a ® 7
o et T OO We s, " 2

1 Jupiter-size

Neptune-size

j\ Earth

Earth-size

analogs

B 4 10 40 100
Orbital Period in days



What about life?
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Habitable zone planets (or their moons) COULD have life.

Compare Earth and Venus.
Same size
Both in the habitable zone

carth: Surface temperature that melts water
Life

Venus: Surface temperature that melts lead
Probably no life

Can’t tell the difference between Earth-like
and Venus-like habitable zone exoplanets.

Need new telescopes to measure exoplanet
atmospheres.
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Intelligent Life?

Deep ocean
worm feeds on
methane eating
bacteria

Life is probably frequent

How often does it become intelligent?
How long does intelligent life last?

We are now performing this experiment.

200 million years of evolution
Walnut-size brains
No tools

or
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: °_ (But we ’rre"working-on'it. ),
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"One day, from the shores c
new world, we'll gaze at thg
that took us there. And its w
will be stars."

http://kepler.nasa.gov/education/sagan
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