Are There Other Earths and Life
In the Universe? A 2500 Year Quest
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“There are infinite worlds both like and unlike this world of ours... We

must believe that in all worlds there are living creatures and plants and

other things we see in this world.”--- Epicurus (c. 300 B.C)




"'-- =i

‘_'-\..- "_ -.\.ﬂ.—.:.
e i i
S _ﬁ;w

A LR TR T
= el S A T -
. o il e 5
.r; e e i -?vﬂ_;:mt.l‘ B 1
2 % ] s _-.-. Bomndng - -] -
o ir = bl 7 L
et /i : ; -
-t — 5 ; :
o
o

"There are countless suns and countless ea
rotating around their suns in exactly the same way as

the seven planets of our system... The countless worlds

in the universe are no worse and no less inhabited
than our Earth”
Giordano Bruno (1584), in De L'infinito Universo E Mondi
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...And Finally to Modern Science & Speculation

The Drake Equation

e N =The number of communicative civilizations
R. =The rate of formation of suitable stars
f,=The fraction of those stars with planets.
n_ = The number of Earth-like worlds per planetary system
f; = The fraction of those Earth-like planets where life develops
f; = The fraction of life sites where intelligence develops
f. = The fraction of communicative planets
L = The "lifetime" of communicating civilizations
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Today’s Planet Census _

Doppler Shift due to
Total planets: 1854 Stellar Wobble 8
Multiple systems: 484 Y

Radial Velocity (1995)
— 543 planets

— 306 Habitable \
— 14 R<1.25Rg in HZ
Imaging (2004) W%
— 38 planets
Microlensing
— 32 planets
Others (pulsar
timing, astrometry)

— 7 planets
http://exoplanetarchive.ipac.caltech.edu/ Lagrange et al. 2010




What Makes a Planet Habltable’>

Environment . P

— Distance from Star . W ez

— Low eccentricity orbit for . R
stable temperatures

— Long term orbital stability

— Low bombardment rate

Planet size & mass

Mass of star relative to Sun

— Reta|n a‘[mosphere - I Radius of orbit relative to Earth's s
— Plate tectonics for active ' The GOIdllﬂﬁkS ZO”,e = ‘*““*:.:
carbon cycle '

— Magnetic field for solar wind
protection
Composition

— Water and volatiles

— Solid surface for life
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Planet Characteristics

Kepler-7b Kepler-5b Kepler-8b e

* Broad range of properties . . . L =

- Gas Gia nts (JupiterS/Satu rn) 16.52 Re 16.00 Re 15.86 Re 14.79 Re 1.2 Re
Kepler-9b  Kepler-9c

— Ice Giants (Neptune/Uranus) e 5 -
P Kepl.er-9d Keple:r—1 0b  Earth
— Rocky Planets (Super Earths) '

® |nC|dence Of planets rlses R I RS I0T Kepler-11e Kepler-11f Kepler-11g

. [ ] . - . -
with smaller size S
—Transits: >15 % of stars, rocky Parameter Smallest Largest
planets (2_4REarth' P<50 d) Mass 2 Mearn >13 Myypiter
—2-4R;, ., ~100% for M stars  [RGEE 1.3 Rearty 2.2 Ryypiter
— Radial Velocity: 25 % of stars, Uit 0.08 >10 (iron,7;
have rocky pIanets (NZMEarth: (water=1) (<Styrofoam) lead,11)

Orbital Dist. 0.014 AU Few 100s AU
P<50 d) e aEE
. Orbital Period 2 days Few 100 years
e Earth analogs in Hab. Zone

Eccentricity 0 0.97
— 2-10% overall, but perhaps
Temperature  >3000 C <-150 C
25% for M stars

3.99 Re 1.64 Re 142 Re




On the subject of stars ...
What We Learn able by any means to study their chemical

composition. --- August Comte, 1835

From Transits

e Orbit distance & inclination

e Planet radius and mass =2
density & bulk composition

Star/Planet orbit alignment
* Hints of additional planets

e Presence of rings/moons?
 Reflected light (albedo)

e Atmospheric structure

e Global Circulation (Weather)

e Atmospheric structure and
composition (Visible & IR
spectra)

Planet radius (R)

We shall never be
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Mapping Weather on HD 189733b
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An infrared heat map taken by Spitzer during a whole orbit
reveals a hot spot (930C vs 650C) displaced from the subsolar
point by supersonic winds (10,000 km/h)




JWST: The Next (Very) Big Thing




JWST Exoplanet Science
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0O,

e Transit spectroscopy to

» Imaging to find and characterize Jupiters
characterize young, hot > Super Earths

planets (Jupiters to Saturns) JWST won’t find or study
Earth Analogs ®




Next Steps In The Exoplanet Census

Kepler/K2 ESA GAIA g d ® . TESS
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Planetary System
Cartography Complete

 WFIRST camera probes
architecture around the “ice-
line” where planets form |
_W|th mlcrolensmg |

_WFIRST Coronagraph makes._
- first dlrect images of |
mature gas: and ice glants in

reflected ||ght |

et i :







NIMS Data (from Galileo)

The Final Frontier: [

Finding Habitable [k :

Planets and Life JEa ;
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2045: Life Finder Lagnches

3 of 10 Habitable planets show F

evidence of photosynthetic life
Visib_le Coronagraph T




e Cocoon
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Mars colonists find non-DNA
©2012 ~axeman3d life forms in deep aquifer

One of Jill Tarter’s
scientific grandchildren
receives first SETI signal




4 billion miles from Earth,
Voyager 1, looks back at home

"We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started

And to know the place for the first time.
Through the unknown, remembered gate
When the last of earth left to discover

|s that which was the beginning "

T.S. Eliot, 'Four Quartets' 1942




