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The Search Extra-Solar Planets
Hard: Earth 10'° (10 billion) x fainter than Sun!

« Stellar Reflex Motion:
- Periodic Doppler variation
- Periodic Position change
 Transits (planet blocks light)
 Gravitational Lensing
 Direct detection in images




Direct imaging of exo-planets is Hard:
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> 200 planets:

Most located
INside Earth’s orbit

:
iz

5
8
spfefeiseepe

. v, T

: Tﬁi@

g
Jpfepiet

=8
L
kG
:

223
L
s

3 -‘.Mr

A
™
Th

333053
E’E%E 5

ggi 5
NEERE
a ju i
ha

3

0 1 2 3 4
Orbital Semimajor Axis (AU)



N
o)

N
-

Number of Planets
o o

o)

> 200 planets: Gas Giants like Jupiter

Extrasolar Planet Mass Distribution
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The Metallicity Effect:
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The Search Extra-Solar Planets
Hard: Earth 10'° (10 billion) x fainter than Sun!

« Stellar Reflex Motion:
- Periodic Doppler variation
- Periodic Position change
 Transits (planet blocks light)
 Gravitational Lensing
 Direct detection in images




Quantitative estimate of reflex motion:

M.
’ ’
D. ‘ D,
CM

D. M= D,m,
‘ D* — (mp/M*) rorbit

Vi = (mp/M*) Vorbit

Dp ~ T orbit




Reflex Motion:

To Earth

—>

Center of Mass

Parent Star




Quantitative estimate of reflex motion:

Me,q =6 X107 g De.n = 1.5 x 1013 cm (1AU)

Miupiter =1.7X 1009 Djy e, =7.8x10% cm
Mg,, =2x10%3¢g

D. = (mp/M*) Forbit

Earth @ 1AU 45x 107 cm
Jupiter@ 1AU 1.3 x101%cm

Jupiter @ 5.2 AU 6.6 x 1019 ¢cm




Quantitative estimate of reflex motion:

Orbital speed of planet: V= (GM../ D)
Orbital speed of star: V.=V, (D«/D,)

\VA
Earth @ 1AU 8.9 cm/s

Jupiter@ 1AU 25.4 m/s
Jupiter @ 5.2 AU 11.1 m/s




The Doppler Effect:

Av/v = AN/N = V./c VASYY)

v = Frequency

Av =C (speed of light)
A = Wavelength
V. AN/A
Earth @ 1AU 8.9 cm/s 3 x 10-10
Jupiter@ 1AU 25.4 m/s 8 x 108

Jupiter @ 5.2 AU 11.1 m/s 4 x 108
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Astrometnc displacement of the Sun due to Jupiter
as seen from 10 parsecs




Doppler Shift due to
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w PSR B1257 + 12

The first exo-planets: . PLANETA
Use radio tlmlng of MERCURY =  rianers
Pulse-arival P

- Doppler

DISTANCE FROM STAR
(EARTH TO SUN = 1)
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Mass = 0.46 My, /sin 4

P = 4.230 day
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Gas-Giants Close-In: “Hot Jupiters”
Oribital Periods: 1 day =>1 year
D~005AU to >1AU
T~ 1400 K to <300K

Gilants => Composed of H, He (like Jupiter)
Evaporation of outer H in atmosphere

Earth-like planets, moons ?







Transits:
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Transit decreases light of star
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UV absorption:

Escaping H and Na
Detected towards
HD209458

Recently, C and O
Have been detected
- escaping atmosphere!



HST detects Wavelength (nm)
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Gravitational Lensing:
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Gravitational Lensing:
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Gravitational Lensing:
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Gravitational Lensmg OGLE 2003-BLG0253
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Gravitational Lensing:

MAGNIFICATION

MAGNIFICATION

LENSED IMAGES
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Radio emission:
Jupiters




Exo-planet detection methods
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Methods for direct detection
and characterization of exo-planets :

Direct imaging with a coronagraph:
UV, visual, near IR

Mask light of star
control scattered light, diffraction
Large filled-aperture telescope

Interferometry
IR, radio
Link several telescope
pre-detection/post-detection



Ground vs. Space:

Ground:
- 10 — 100 meter vVviIs/NIR
- Extreme adaptive optics to
correct turbulent images
- radio Iinterferometry
(VLA, eVLA, SKA)

Space:
-10m + UV, VIS, NIR
- Interferometers




Future Projects for finding Planets:
Kepler: transits (2008+)
Atacama Large Millimeter Array (ALMA): 2010+
- mm interferometer:
direct detection of young gas giants
Next Generation Space Telescope
James Webb Space Telescope (JWST).
- direct imaging of forming gas giants?
Space Interferometry Mission (SIM):
- Astrometry (“defered”)
Terrestrial Planet Finder (TPF): (““defered”)
- Coronagraph
- IR Interferometer
- Star Shade (Web Cash et al.)
Terrestrial Planet Imager (TPI): (?)
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- Large next-generation space telescopes
(near-infrared & visual wavelength)

block parent star's light

e AT .";',. e IR .
Next Generation Space Telescope




Finding planets around
other stars: (2010+)

-Space Interferometry
Mission (SIM)

- Terrestrial Planet Finder
(TPF)

Direct detection of
Earth-sized planets

- Infrared ‘interferometer’ | .
[ ] AN ’ . \ L. ' i ¢ m . . .
- visual "coronagraph - . - Darwin - -

“ interferometer




Diffraction pattern of a circular aperture




Shaped telescopes: 0.3 <A <3 pm

o Circular aperture diffracts light
In all directions.
- Light is scattered perpendicular to edges.

o Shaped aperture: Edges have limited
orientations

- Scatter light only into selected (unwanted)
directions

@ -




Diffraction patterns of shaped apertures

G-Pupil Rectangnla




Earth as seen from 10 pc with various interferometers

ﬁp.'::ti' ';';::: ::,g interferometer Requirements
Collecting Area Baseline
IR 144 km? 100,000 km
400 32 Visible 1,296 km? 5,000 km
100 128 IR 0.64 km? 24,000 km
Visible 5.76 km? 1,200 km

mm, :'.:':::: Interferometer Requirements
Collecting Area Baseline
IR 1,024 m® 6,000 km
25 510 Visible 9,216 m2 303 km
10 12786 IR §4m? 2,4m
Visible 576 m* 120 km
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