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Exoplanets and the Potential
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Solar Sgstem Formation

‘.ixoplanets

* Dehinition

* Detection Methods

* Whatwe Found

Modified Theorg of Formation
PFOPCr‘tICS Of __xoplane’ts
Whats The Point of all This?
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“Frost line”
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Accreting rock-ice
planetesimals













r - e e A 8 g i e il g e s i gl < g b

s ]

L el g e ————_

! g T . L LR =



— i =

e — e e | e

Gas Bubble
NG

Tail

Protoplanetary
Disk

1

Wind Shock

Ultraviolet
Light

/Stellar Wind



First Exoplanet

& [irst - 1988 Bruce Campbe”, G. A. H. Walker,

and Stephenson Yang but Not Confirmed until
2005
& From Wikipeclia

* In earlg J9O2.; radio astronomers Aleksander Wolszczan and Dale Frall

announced the cliscoverg of two Planets orbiting the !:)ulsar PSRAZO L2
[6] This cliscovexy was com(irmeci, and is general|9 considered to be the

first definitive detection of exoplanets. These Pulsar Planets are believed

to l’rave Formecl From tl’)e unusual remnants OF the supernova that
Procluced the Pulsar, in a second round of Plane’t Formation) or else to

be the remaining rockg cores 01(: £as giants tha’c somehow survived the

sUpernova and then clecagecl into their current orbits.
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http://en.wikipedia.org/wiki/Aleksander_Wolszczan
http://en.wikipedia.org/wiki/Dale_Frail
http://en.wikipedia.org/wiki/Pulsar
http://en.wikipedia.org/wiki/PSR_1257%2B12
http://en.wikipedia.org/wiki/Extrasolar_planet#cite_note-Wolszczan-5
http://en.wikipedia.org/wiki/Supernova
http://en.wikipedia.org/wiki/Gas_giant

exoplanetarchive.ipac.caltech.edu

Discovery Year

Radial Velocity

Transits
Pulsar Timing

Microlensing
Imaging
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How Do We Find Them?

RaCllal Gravitation Microlensing
Velocitu
a
AR i .
Pulsar iming v o Lo sotee
Transits
Gravitational
Microlensing
Direct Imaging o
Astrometry ) w]
Star : >/
< Planet { | —
; | Light curve
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Doppler Technique

* Measuring a star's
Doppler shift can tell

stellar motion caused us |tS mOtion toward
by tug of planet

and away from us.

* Current techniques
can measure motions
as small as 1 m/s

e ER (walking speed!).

© 2014 Pearson Education, Inc.
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Jupiter

Sun half an
orbit later
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Jupiter half
an orbit later

Not to scale!
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First Extrasolar Planet

100

velocity (m/s)

1 2 3 4 > 6

time (days)

a A periodic Doppler shift in the spectrum of the star 51
Pegasi shows the presence of a large planet with an orbital
period of about 4 days. Dots are actual data points; bars
through dots represent measurement uncertainty.

© 2014 Pearson Education, Inc.

Doppler shifts of the
star 51 Pegasi indirectly
revealed a planet with
4-day orbital period.

This short period means
that the planet has a
small orbital distance.

This was the first
extrasolar planet to be
discovered around a
Sun-like star (1995).
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HD 4208b HD 10697b

This graph shows the Doppler curve °
for a Sun-like star with a 0.6M
planet in a nearly circular orbit at an For a more massive planet *++4-.......
orbital distance of 1.67 AU. in a similar orbit, we i
observe a larger Doppler
shift with the same period.
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HD 27442b HD 187085b

For a planet with a similar mass
in a closer orbit, we observe a
larger Doppler shift with a shorter
period. -,
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For a planet in a more
eccentric orbit, we observe
an asymmetric Doppler
curve.
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How can changes In a star's brightness

reveal the presence of planets ?

We observe a transit when the planet
passes in front of the star.
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© 2014 Pearson Education, Inc.

e wwﬁ—\._ﬁ- "

The planet is eclipsed when it passes
.. behind the star.
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Surface Temperature Map

center of day side

center of night side

* Measuring the change in infrared brightness during an
eclipse enables us to map a planet's surface temperature.

© 2014 Pearson Education, Inc.
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Figure 4: Combined eclipse and phase map of the hot Jupiter HD 189733b.
Courtesy of Julien de Wit [40].
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Also starting to get chemistrg
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o What We Get
* Semi Major AXIS
* Eccentricit9

2 Longitucle of

Periastron
® Time OFf Periastron

o What We Don’t

« Inclination (unless

via transit method)

° Longitucle of the
Ascencling Node

Celestial body

True anomaly v

Argument of pgriapsis

- fY'I
Reference
direction

Longtude of ascending node

P"ng
ofre ference T
0 Inclination

Ascending node
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Observations of planetary systems

To observer
-~
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Also

Calculating density

« Using mass,
determined using
the Doppler
technique, and
size, determined
using the transit
technique, density
can be calculated.

© 2014 Pearson Education, Inc.

relative brightness

§ Mass = 4.5Mg 1,
T 9 -
= For transiting planets,
© 0 _ the Doppler method
5 _y TW ' .. gives an accurate mass.
= .
S -5 )
Ko
> | | |
-10 0 10 planet density:
time (hours Ty m
( ) ass _gg -
> volume
100.1% Size = 1~4REarth
g The transit method yields a
100% " radius, from which we can
calculate the planets volume.
99.9%
|

time (hours)
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Some Properties Of the
1800 (and increasing
weeklg) Discovered

Planets




How do extrasolar planets compare with
planets in our solar system?

SR

planetary mass (Jupiter units)

1 0.01 0.1
1
f
i
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| The three dashed curves represent
constant density. For example, all
planets along the middle curve have
3 the same average density as water.
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| Venus
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| terrestrial planets

} (rock and metal) KEPLER 16
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[} . K planet orbiting
' S binary star
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rocky super-E

, member of probably molten

a 6-planet system
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exoplanets.org | 12/8/2011
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Orbits of Extrasolar Planets

Orbital Properties of Extrasolar Planets

Most kno

wn extrasolar planets orbit their

1.0 — stars much more closely .
L < 0.01M,
0.1M,
I =1 OMJ
= [= ...and follow
fg) 0.6 — # more elliptical
5 - i oorbits. ..
Q :
3 =
o)
I
3 0.4 — ;‘
o — i ... thanthe
— / planets in our
L. " Solar system
2 - - :
0 Mercury/
i o Uranus
i Mars=="a¢ Jupiter \
| @ g .
U - B / /
B Venus Earth  Saturn Neptune
Ll Ll Ll [
0.01 0.10 1.00 10.00

© 2014 Pearson Education, Inc.

average orbital distance (AU)

* Most of the detected
planets have orbits
smaller than
Jupiter's.

* Planets at greater
distances are harder
to detect with the

Doppler technique.
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What Are Theg | ike?

Paracligm

Within fost line, rocks and metals
condense, hydrogen compounds

Within the solar nebula,
S8% of the matenal is hycrogen
and helium gas that doesn’t condense anywhere

Beyond frost line, hydrogen compounds,
rocks, and metals condense

e e






What We Found

® ©
MERCURY VENUS

-._

0 L 1

2

ORBITAL SEMIMAJOR AXIS (AU)

Iraage courtesy of Geoffrey Marcy, San Francisco State Unversity
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This Can’t Happen With The Conventional
Theory Of Planet Formation
* SoWe Changeft
+ Planets MUST movewhen theyform
* TypelMigration
o Smaler Planets moved bg torques fromdisk
* Type2Migration
* Biggerplancts effect disk, moveinward
» Gravitational scattering,

TR A P —




- =imige

Pyl

S e . o R EE T b

Planetary Migration

nudges gas and
-

© 2014 Pearson Education, Inc.

* A young planet's
motion can create
waves in a planet-
forming disk.

 Models show that

matter in these
waves can tug on
a planet, causing
its orbit to migrate
inward.
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Gap opening and planet migration

Low mass planets:
Type I migration

Phil Armitage

Gap formation:

Type II migration

Suppression of accretion
at high planet masses
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So What’sThe Point?
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Are We Alone?

We aren’t the center ot the universe

~

We aren’t the center ot our galaxg

~

We aren’t the center of our solar sytem
We aren’t even the center of the Earth
Star formation is ubiquitous

Planet formation is ubiquitous

Nieesec HZCGINEIS CTE and complex organic molecules all
through space

There’s no reason to conclude our formation is unique

BUT planet formation and (Probablu) evolutionarg processes are
stochastic

BUT There are ~10" stars in each of the ~ 10" galaxies in the
observable universe

o That’s alot of times to roll the dice
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Cosmic EPOCHS e

after the Blg Bang HEWIBH0oN era

200 ( 070
“JJU,)'JU/ :

"Da K ac , egin

~400 million years: Stars
and nascent galaxies form

~1 billion years: Dark ages end

~9.2 billion years: Sun, Earth, and solar system have formed

~13.7 billion years: Present
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the Miky Way Galaxy

o Sclar System
(net 30 scale)
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Carl Sagan had the Voyager spacecraft take a picture
of Earth from the edge of the solar system.

How significant are we in the scheme of things?

It's amusing that we take ourselves so seriously.

Planet Earth
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TheHoly Grail - Habitable Planets

€

Gliese 581

Mass of star (in solar masses)

- Possible extension of the habitable
zone due to vanous uncertainties

0.1 1.0
Distance from star (AU)
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Habitabilitg
* We mean habitable bg Us!!!
+ Suitable Star

FG,M stars

* longlives
Long Term Stabilitg
High Meta”icitg

g RO ¢

o Planet Characteristics

2 4

9.0 90 @

Rocky (water?)

Massive but not too massive
| ow eccentricitg

Slower rotation

Suitable Atmosl:)here

Small Axial wobble

Maybe we also

Energy to Warm The Planet HCCCl d Moon

and a Jupitcr
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o Lifeis aself replicating chemical system
capable of evolving such that its ogspring
might be better suited for survival
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. l ngreclients for Lite

o Life Requires Chemistrg

) J Bonding elements onlg no noble elements
2 J Strong Bonds

D 4

Carbon, 4th most abundant element

» Silicon too weak, no ComPlex silicon chains
*» Solvent

) 4

2 4
) J
) J

high liquicl range N temperature
High heat capacitg
High dielectric constant

High molar densitg
* Waterl!lll
o Floats when ice

& Second - chlrogen Flouride 1 74 lO0,000th as abundant
as oxygen
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Kepler22-5 [

° Kepler.nasa. f2(0)Y

Solar System

—

* We may have found one
* Kepler 22-B
§ 5 Farth Radius %y
* 10-35 Earth Mass a3 Kepler-22b

» Surface Temperature P B

» Surface Gravity = 2-7 x
Earth’s

o Fitherice Planet or Waterg
Earth

F
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How Likely Is Lite?

The Drake Equation

N=N, f,f,n, £ f,F, |

N = number of communicating civilizations i our Galaxy right now

N.=number of stars in the galaxy (2x10'!)

f. = fraction of stars suitable for life (0.05-0.3) [1x10'° - 6x10'!]

f, = fraction of suitable stars with planets (~0.1) [1x10° - 6x10'7]

n, = average number of habitable planets or moons per solar system (0.01-0.5)
[1x107 - 3x107]

f, = fraction on which life develops (0.01 - 1.0) [1x10° - 3x10°]

f, = fraction on which intelligence develops (0.001-0.5) [100 - 1.5x107]

f. = fraction which try to communicate (~0.5) [50 - 7.5x10°]

F, = fraction of the star’s life during which communicative civilization lasts
(1x10% - 1x107)




THE DrAKE EquATiON

NUMBER OF

COMMUNICATING PROBABILITY THAT
CIVILIZATIONS LIFE ON A PLANET
INOUR GALAXY BECOMES INTELLIGENT

rl{T= R* fo neﬁr)f{ﬁLBs
T

NUMBER OF LIFE- AMOUNT OF BULLSHIT

SUPPORTING PLANETS YOU'RE WILLING

PER SOLAR SYSTEM TO BLY FROM
FRANK DRAKE




_f We See Evidence For Atmosl:)heres On

;

.__xoplanets

fSo lets go see it we can see evidence for IIFC

i
i
&

SO WHERE ARE WE? |
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We see

* Winds
o Carbon Dioxide
e ot SPo‘cs

* More To Come
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We want to see

Biosignatures In SPectra
o Water
o CYZONE
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- But this is very hard , you are su'otracting |
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We Aren’t Where We Can See The
A’cmospher@s On Other Earths

3ut we didn’t know other Planets existed 20
years ago

A

i

« Now we are ﬁnding several a month!!!

* We are characterizing the numbers of Planets
& aswe speak |
i * We are getting statistics for habitable Planets In

{ the Mil y Way

{

. While we aren’t there yet| ﬁrmlg believe we will
| be in your lifetime |
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Un?ortunatelg Kepler 's dead and so

IS a Purelg exoplanetarg atmospr’]eric

satellite mission

|

¥
|



What’s on the horizon?
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Future Missions

* Tess - Transiting Exoplanetarg Survey Satellite (NASA)
* 2017
* 400 times 5|<9 coverage of Kepler
* Transit survey
. O S- (CHaracterising ExOPlanets Satellite) (ESA)
* 2017 (University of Bern)
* PLATO - Planetar9 Transits and Oscillations of stars (ESA)
$ L0

* Looking at 1 million stars
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Keel:) your eyes Peelecl

* We're characterizing the statistics of exol:)lanets

and Potentia”g habitable Planets

* We're taking ruclimentarg atmospheric spectra

* We're Putting |oo|<ing for ET on firm scientific
Footing
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Thanks for your time




