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Stars, Planets, and Disks
Solar system; http://ssd.jpl.nasa.gov/orbits_outer.html

Illustration of 4-planet system r Cancri
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Stars, Planets, and Disks
• Proto-solar nebula

• Extra-solar planets 

Solar system; http://ssd.jpl.nasa.gov/orbits_outer.html
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Stars, Planets, and Disks
• Proto-solar nebula

• Extra-solar planets 

• Disks integral to star and 
planet formation

Solar system; http://ssd.jpl.nasa.gov/orbits_outer.html

Illustration of 4-planet system r Cancri
by Lynette Cook
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Planet-Disk Connection
• Initial conditions for planet formation

• Building blocks present in terrestrial zone? 

• T suitable for dust, ice? 

• Water, volatiles available for formation of 
atmospheres, oceans?

• Enough raw material?

• Timescales: accretion/dispersal versus dust 
grain agglomeration/planet formation

R~0.1 AU
T~2000 K
l ~ mm

R ~ 1 AU
T~100 K
l ~ 10mm

R > 10 AU
T~10 K
l ~ mm
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R~0.1 AU
T~2000 K
l ~ mm

R ~ 1 AU
T~100 K

l ~ 10mm

R > 10 AU
T~10 K
l ~ mm

Focus: ‘Terrestrial’ Regions

• Earth-like planet formation

• Hot Jupiters: Migration

• Disk Accretion / Outflow
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Focus: ‘Terrestrial’ Regions

• Earth-like planet formation

• Hot Jupiters: Migration

• Disk Accretion / Outflow

exoplanets.org
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Shu et al.

Focus: ‘Terrestrial’ Regions

• Earth-like planet formation

• Hot Jupiters: Migration

• Disk Accretion / Outflow
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The Challenge

• Inner disks are small

• nearest star forming 
regions at100+ pc

• 1 AU < 10 mas

• Available resolution 

• qHST ~ 100 mas

• qKeckAO ~ 50 mas

• qTMT ~ 20 mas

d~400 pc (Orion)
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The Challenge

• Inner disks are small

• nearest star forming 
regions at100+ pc

• 1 AU < 10 mas

• Available resolution 

• qHST ~ 100 mas

• qKeckAO ~ 50 mas

• qTMT ~ 20 mas

d~400 pc (Orion)

HST Res ~ 100 mas
(~40 AU)

1 AU
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Interferometers

• Synthesize large aperture using 
smaller apertures

• q~l/B

•  ~mas for Keck-I

B ~ 85 m
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Resolving Inner Disk Regions
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Resolving Inner Disk Regions

• Dust continuum
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Resolving Inner Disk Regions

• Dust continuum

• Gas (pseudo-)continuum?
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Resolving Inner Disk Regions

• Dust continuum

• Gas (pseudo-)continuum?

• Gaseous line emission
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Adapted from Millan-Gabet et al. PPV Review

data from Eisner et al. 2003,2004,2005,2007; Millan-
Gabet et al. 2001; Monnier et al. 2005; Akeson et al. 

2000,2005,2006

Rin ∝
 L

3/8 : Geom. thin

Inner Disk Dust:
Measured Inner Disk Radii consistent with Dust Sublimation

Rin 
∝ L

1/2
 : Puffe

d-UpRing

Disk

Eisner et al.  2007
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Inner Disk Gas

• Sample of T Tauri and 
HAeBe stars with KI

• Emission from dust 
near Tsub would 
produce flat size vs. l

• Observed size 
increases with l: 
evidence of gas 
(pseudo) continuum 

• Many show evidence 
for Brg emission 
distributed compactly

Tuesday, May 3, 2011



Inner Disk Gas

• Sample of T Tauri and 
HAeBe stars with KI

• Emission from dust 
near Tsub would 
produce flat size vs. l

• Observed size 
increases with l: 
evidence of gas 
(pseudo) continuum 

• Many show evidence 
for Brg emission 
distributed compactly

KI data
Eisner et al. 2009
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Gas Kinematics: Higher Dispersion
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100 km/s (although blends can be broader)
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Gas Kinematics: Higher Dispersion
• Brg line-widths a few hundred km/s

• CO, H2O lines have (Keplerian) line-widths less than 
100 km/s (although blends can be broader)

• Need to extend spectro-interferometry to higher R

• Requires more sensitivity in interferometric 
measurement
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Phase Referencing Buys Sensitivity: 
ASTRA

• Two interferometers

- one tracks atmospheric phase

- other is phase-stabilized, can 
integrate longer while 
maintaining coherence

- phase difference between two 
arms gives relative positions

!

!
!

"#$#%&'(#)*!&+!*,#!-#./!0)*#1+#1&(#*#1!+&1!23.1&41.5#.&)6!75*1&(#*18!!

!

!

"#$%#&'!()*!(++)! ,),!

!

-./!01!2'2345!62!6$!784&#367$!#$9!8&79%:6$;!658&4226<4!2:64$:4*!#$9!=7&>!?#2!&4:4$3@'!A4;%$!7$!3?4!B4:>!C!-./!

2'2345! D=63?! 658&7<454$32*! 6$:@%96$;! #$! E/F,G%$949! :7554&:6#@! 27@69! 23#34! @#24&HI! ! /44! 24:367$! JIK! G7&! #!

962:%2267$! 7G! 3?4! 658@6:#367$2! 7G! 3?4! 1A24&<#37&'L2! 8@#$2! G7&! 3?62! 8&7;&#5I! ! 13?4&! 658@454$3#367$! 622%42! #&4!

962:%2249!6$!24:367$!JIMI!

!

!!
Figure B-1:!1AN4:32!DOH!#$9!D(H!#&4!24@4:349!A'!#!23#&!248#&#37&!@7:#349!

#3! 3?4! G7:%2! 7G! 4#:?! B4:>! 34@42:784! DBO! P! B(HI! -6;?3! 62! 96&4:349!

3?&7%;?!6$9484$94$3!A4#5!3&#6$2I!Q?4!243%8!#@@7=2!3?4!7A24&<#367$!7G!#!

G#6$3! 7AN4:3! D(H! %26$;! #! A&6;?3! 7AN4:3! DOH! #2! #! &4G4&4$:4! D8?#24!

&4G4&4$:6$;H! #$9R7&! 3?4! 54#2%&454$3! 7G! 3?4! #$;@4! !! A43=44$! 3?45!

3?&7%;?!3?4!7836:#@!8#3?!96GG4&4$:4!D96GG4&4$36#@!#23&7543&'HI!

!

!

!

!

!

!

!

!

!

Figure B-2: F&6$;4!3&#:>4&!7836:2!#$9!:#54&#!6$!3?4!A4#5!

:75A6$4&!@#A*!263%#349!A43=44$!3?4!3=7!B4:>!34@42:7842I!!

 

!
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B.2.1 Current Interferometer Capability 
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Phase Referencing Buys Sensitivity: 
ASTRA

• Two interferometers

- one tracks atmospheric phase

- other is phase-stabilized, can 
integrate longer while 
maintaining coherence

- phase difference between two 
arms gives relative positions
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Phase Referencing Buys Sensitivity: 
ASTRA

• Two interferometers

- one tracks atmospheric phase

- other is phase-stabilized, can 
integrate longer while 
maintaining coherence

- phase difference between two 
arms gives relative positions
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B.2 Phase Referencing: Increasing the Science Object Faint Magnitude Limit 

B.2.1 Current Interferometer Capability 
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Phase Referencing Buys Sensitivity: 
ASTRA

• Two interferometers

- one tracks atmospheric phase

- other is phase-stabilized, can 
integrate longer while 
maintaining coherence

- phase difference between two 
arms gives relative positions
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B.2 Phase Referencing: Increasing the Science Object Faint Magnitude Limit 

B.2.1 Current Interferometer Capability 
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On-Sky Phase Referencing
Keck-ASTRA Phase Referencing
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KI SPR Results: Hydrogen
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KI SPR Results: Hydrogen
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Eisner et al. 2010

Infall/outflow models favored.  
Consistent with some emission from infall funnel 

and some from compact wind (e.g., X-wind).
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Probing H2O and volatiles
• grism resolutions insufficient to resolve lines 

(vkepler < 100 km/s), but can resolve blends

• for individual lines, need NIRSPEC behind 
interferometer (quite feasible)
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What we’ve learned... Building blocks of planets 
(dust) exists at >0.1 AU...

Terrestrial planet formation 
feasible.

No dust at <0.1 AU...

Hot Jupiters can’t 
form in situ.

T(R=1 AU) > 300 K
No water ice.

Underlying Image from Akeson et al. 2005

Gas composition?
Habitability?

Gas at <0.1 AU
Migration can occur, 

maybe halt?

Tuesday, May 3, 2011



Thank you.
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Thank you.

Take home message: Keck 
Interferometer can provide 

great insights into planet 
formation and exoplanets!
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