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Outline

Motivation (generic and direct-imaging specific)
Direct imaging with current AO: Keck search
HR8799 system

Comparison of science reach to microlensing

Near-future: Gemini Planet Imager
— Science plans for the GPI campaign

Future: AO on Extreme Large Telescopes

— Science reach

Far future: Space-based planet detection

— Information microlensing can provide to plan space missions
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Formation history is encoded in distribution:

(&5 Core Accretion + Migration -2
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'_j Disk instability distribution
gﬁ Stamatellos & Whitworth 2008
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Orbital
scattering in
3 body

systems;
Chatterjee et
al. 2008
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Flanets kmowm 2006
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10-m W.M. Keck Il Telescope




e

L_é} Keck AO Image of a bright star
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L_\éx Luminosity encodes formation history
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‘\5 Keck planet search




Rotation

Nasmyth focus

Cassegrain focus

Incoming light

Secondary mirror

Tertiary mirror

36-segment
primary mirror




r_}i ADI processing sequence and example

Angular Differential Imaging (ADI)

ADI-processed 10s integration Combined ADI

Total integration time (s) = 10




L_\é} 2009-2010 observations
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a 21 July 2010, L" band b 13 July 2010, Ks band
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¢ 1 November 2009, L’ band




L_\éx HR8799 bcd color-magnitude (corrected)
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Properties of the star

CfAQ

HR 8799

RA 23h Q7 28.7
DEC +21 08 03.3
Spectral type ASV

Visual mag. 6.0

Distance 39 pe (130 ly)
Mass 1.5 Mg,
Luminosity 5 Lsun
Temperature 7400K (1.2 Tom)

Age 60 Myr [30—160]

HR 8799
)
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é‘ Gratuitous comparison to our solar system
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Nominal mass
5+-2 M,

7+-3 M,
7+-3 M,
7+-3 M,

Brown
dwarfs

1:2m 1207 b
2: AB Pic b

3: 1RXS 1609 b
4: B Picb
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@ Objects not reproduced by extreme cold start

CfAQ
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':\é} OSIRIS spectra of HR8799b (Barman et al 2011)
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Atmosphere of HR8799 planets

CO gas
Mg-silicates
iron metal liquid
CO gas

Ca-Ti-oxides Ca-Al-oxides

CO gas CO gas

' Methane

Ca-Ti-oxides corundum
Mg-silicates
iron metal liquid
CO gas
CH, gas
LiF

LinS
NaZS Z

CO gas

Clouds & CcO

Ca-Ti-oxides Ca-Al-oxides

Ca-Ti-oxides Ca-Al-oxides

CO gas
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Estimating the orbits

@ HR 87998
@ HR 8799C
O HR 8799D
@ Astrometric Data Points
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Orbital parameters
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CfAQ

B Numerical integration of orbits with MERCURY

20 AU

4.62482 Morois et ol. 2010




Lfé} 2010 Lifetime for M=5,7,7 as a function of a,
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Formation?

Core accretion + migration

+produces reasonably circular
orbits

+can trap into resonances

-very hard to produce big planets
this far out with plausible
disks

-planet brightness not consistent
with “cold start”

Core accretion + scattering

+can produce range of orbital
separations

+evidence for dynamical
instability

-predicts generally very elliptical
orbits

-needs extra planets

Disk instability

+can produce big planets at wide
separations

+can produce range of
inclinations

+planet brightness consistent
with hot start

-has trouble producing objects
this small

-no evidence of large population
of high-mass equivalents




'-_g_‘ Other direct images
|- CfAQ

Fomalhaut System Hubble Space Telescope « ACS/HRC

Wide-orbit massive
planets more common
around early-type stars?
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Beta Pictoris b (LaGrange et al 2010)




L'_f’_J Depth of search comparisons (ExoPTF)
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Cassan et al 2012

PLANET 200Z—-2007
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Survey comparison

IDPS 100 A—star survey PLANET 2002—-2007
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10000.0

Planets known 2017
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Older stars = more stars

Extreme AO goal

Low-entropy core
accretion models

109 Marley et al 2007
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HR8799 system

a 21 July 2010, L" band

b 13 July 2010, Ks band




Gemini Planet Imager
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AO + diffraction
control
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L_g_} Multiwavelength data cube
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Christian Marois, HIA







'é‘ Gemini Planet Imager Exoplanet Survey

Gemini has allocated 890
¥*' hours for a 3 year |
;o eXxoplanet survey campaign
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CfAQ

':\é} Model planet discoveries (McBride et al 2011)
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Survey comparison

WF ground microlensing GPI 600—star survey
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'__ Mass and luminosity function comparisons will
gﬁ illuminate formation and evolution A
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L_\é} Orbital eccentricity measurements
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Fj Distinguishing high and low-eccentricity

populations

CAQ
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L_\é} Spectral characterization T=400-800 K
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Planets known 2016
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Contrast at 1.65 pum
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Future: Thirty Meter Telescope




Contrast at 1.65 um
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2020 capabilities

1000
Microlensing Planet Finder 4yr 30-m 2.5 »/D advanced ExAQ, all planets
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Contrast at 1.65 um
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Space coronagraphs




Occultor missions

Jeremy Kasdin




Space coronagraphs
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r J Capabilities are uncertain even for flagship-

class missions
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Planets known 2017
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Microlensing Planet Finder (Dave Bennett)

Kepler Byr Microlensing Planet Finder 4yr
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Conclusions

Direct imaging and microlensing (and other techniques)
have significant synergy

— Complete picture of planet distribution from 0.05 to 500 AU
Different techniques provide different windows beyond
distribution

— Composition from imaging %or transit spectra)

— Mass/radii comparisons

— Planet population as a function of age

HR8799 system shows ability to characterize through
dynamics, spectra

— Future free-floating planets?

Both microlensing and direct imaging have shown their
promise and with next-generation surveys will achieve
statistical maturity

Occultor solar-system-twin simulation by B. Vanderbei (Princeton)




