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;*)<24/)01$+,$='9),+4*)'$

>$"?#%$%*/@0.02$

"#$$%&#'%(#')*!!+%,-)!.'%/%,0!123-!42(56-'%$70!1%'3!"$%,829!
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•! Disk morphology: !

!!  scattered light (NIRCam)!

!!  emission (NIRCam/MIRI)!

•!  Indirect evidence of exoplanets!

"!  e.g. Kalas et al. (2008), "

     Stark and Kuchner (2008)!

Spitzer (24 µm)  ACS (Visible)  JWST (20 µm)  

TFI: Simulation of HR 8799 - Beaulieu (2009)!

•! Spatially resolved spectroscopy!

-! Disk mineralogy!
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Debrs Disk Science 

Paul Kalas 

Observations 

1984 

1998 

2004 

2010 

Theory 

1500 

STATE of AFFAIRS 
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Debrs Disk Science 

Paul Kalas 

Observations 

1500 

STATE of AFFAIRS 
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#2442/04)'9$</G$?N04'02442/04)'9$?4+/)+*$

Terrestrial:  Leonardo Da Vinci (1500) 

Extraterrestrial  
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Debrs Disk Science 

Paul Kalas 

Observations Theory 

1700 

STATE of AFFAIRS 

1984 

Smith & Terrile 1984, Aumann et al. 1984, Dermott et al. 1994, Artymowicz 1997 
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Debrs Disk Science 

Paul Kalas 

Observations 

1984 

1998 

Theory 

1700 

STATE of AFFAIRS 
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Debrs Disk Science 

Paul Kalas 

Observations 

1984 

1998 

2004 

2010 

Theory 

1700 

STATE of AFFAIRS 

•! Unexpected diversity 
•! Hints for planetary systems 
•! Rapid progess & many new questions 

•! Future: GPI, SPHERE, JWST, ALMA 

A
C

S
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One way to find exosolar planets:  Follow the dust 
But quite a few challenges before getting something to look like the theoretical simulations. 

Dermott et al. 1994!
Azimuthal!
(Zody & KB)!

Radial!
(most common)!

Vertical!
(! Pic)!

Mouillet et al. 1997!

Roques et al. 1994!
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O)629)01$+,$!)(7$=+*04'/0$%&'()*($
"2P'4'@*($'4@,'B0/$,4+&$072$'/04+P71/)B'9$

Smith & Terrile 1984 

Kalas & Jewitt 1993 
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ACS Coronagraphic Survey for Debris Disks Around Nearby Stars#

PI: Kalas#

" Lep, V=3.5, SpT=A2V, d = 22 pc, #IR = 0.1 x ! Pic #

8'.9$:'9'/A$"B)2*B2$C)07$!"#D%%%A$E2*)B2A$%0'91$F+<G$HHDHIA$JKHK$



" Lep, V=3.5, SpT=A2V, d = 22 pc, #IR = 0.1 x ! Pic #

Telescope Roll with PSF Self Subtraction 

8'.9$:'9'/A$"B)2*B2$C)07$!"#D%%%A$E2*)B2A$%0'91$F+<G$HHDHIA$JKHK$



M7)B7$'/04+P71/)B'9$,2'0.42/$'42$6.2$0+$P9'*20/Q$

HR 4796A Model 

Schneider et al. 1999  

Gas & Dust; small grains find stable orbits 
where they corotate with the gas disk 
(Takeuchi & Artymowicz 2001, see also 

Klahr & Lin 2005) 

8'.9$:'9'/A$"B)2*B2$C)07$!"#D%%%A$E2*)B2A$%0'91$F+<G$HHDHIA$JKHK$



Beta Pictoris  
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R20'$8)B$%**24$-)/5S$%*6)42B0$2<)62*B2$,+4$'$P9'*20$

Burrows et al. 1995 (WFPC2) 

Heap et al. 2000 (STIS) 

Mouillet et al. 1997 

Beuzit et al. 1997  

optical  / space 
near-IR  / ground 

Planet at 1-20 AU radius, with mass 6000 - 6 M$,  inclined 

relative to mean disk plane by a few degrees produces local 
vertical warp in ! Pic disk. 
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Beta Pic's Double Disk 
The Very Latest Optical Image with Hubble 

Golimowski et al. 2006 

Okamoto et al. 2005 
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TDP4)&2$)&'()*($+,$R20'$8)B$3$
T'(4'*(2$20$'9G$JKKU$$

-'0'$,4+&$JKKV$C)07$ET#$

Lagrange et al. 2008 
6 - 12 MJ Could it be spurious feature of diffraction rings? 
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R20'$8)B$3$"GH4ID1:E$
T'(4'*(2$20$'9G$JKHK$

2003          2009-2010   

a ~ 8 AU (near ice-line, Jupiter analog), P ~ 17yr 
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Beta Pic's Double Disk & Planet 
The Very Latest Optical Image with Hubble 

Golimowski et al. 2006 

Okamoto et al. 2005 
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  Fomalhaut 
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@/A!)-%'J/!?#'!%!8$%9-(!%'#;97!4#,%$/%;(K!

•! HUWI$S$$%XY"$&)//)+*$Z*6/$6./0$(4')*/$+43)@*($$O+&'97'.0A$'/$

C299$'/$+0724$/0'4/$/.B7$'/$?P/)9+*$?4)6'*)A$E2('A$'*6$R20'$

8)B0+4)/$

•! O+&'97'.0$)/$*2'431$[\G\$PB]G$$!)(7$P4+P24$&+@+*$[KGI^_14]G$

•! O+&'97'.0$)/$'$1+.*(A$&')*$/2`.2*B2$/0'4$[JKK$a$HKK$b14]G$

•! O+&'97'.0$P9'*20/$'42$Z*)/726$C)07$072)4$,+4&'@+*A$3.0$0721$

'42$/@99$(9+C)*($7+0$32B'./2$*+0$2*+.(7$@&2$7'/$P'//26$,+4$

072&$0+$B++9$6+C*G$$
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4#,%$/%;(!
!IDC>!-LJ-))!)(%'0!&;(!9#!72)3!7-(-J(-7!29!)J%B-'-7!$26/(!

G$7-'!%97!$-))!7;)(A!(/%9 b!M2J$

1993:  Optical observations from 

Mauna Kea (Paul Kalas) 

1999:  Hubble observations with 

WFPC2 (Al Schultz) 

 mv = 1.3 mag 
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FOMALHAUT: 450 & 850 microns 

A non-uniform ring 

Holland et al. 2003; also Wyatt & Dent 2002 

smoothed 

deconvolved 
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Fomalhaut’s debris belt with Spitzer 

spatially resolved at 24, 70 & 160 µm 

Asymmetry could be due to a secular 
perturbation of a planet at 40 AU.   
(see also Marsh et al. 2005, planet at 86 AU) 

Stapelfeldt et al. 2004 
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2004 Planet Search Using the Advanced Camera for Surveys 

•!  No planet found, but dust belt seen for the first time in reflected light 
•!  Remarkable properties:  Not centered on the star and very sharp inner edge 

•!  Explanation:  Gravitational Perturbations by a Planet (Wyatt et al. 1999, Moro-Martin & Malhotra 2002) 

Kalas, Graham & Clampin 

“A planetary system as the origin of structure in Fomalhaut’s dust belt” 
2005, Nature, Vol. 435, pp. 1067 

orbital period at 140 AU = 1200 yr 
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4WXY@0!4POP@0!4Z[W@!

8'.9$:'9'/A$"B)2*B2$C)07$!"#D%%%A$E2*)B2A$%0'91$F+<G$HHDHIA$JKHK$



O+&'97'.0$3$

JKKI$

8'.9$:'9'/$[;*)<24/)01$+,$='9),+4*)'A$R2452921]$
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O+&'97'.0$3$

JKKc$

8'.9$:'9'/$[;*)<24/)01$+,$='9),+4*)'A$R2452921]$
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O+&'97'.0$3$

JKKI$

8'.9$:'9'/$[;*)<24/)01$+,$='9),+4*)'A$R2452921]$
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O+&'97'.0$3$

JKKc$

8'.9$:'9'/$[;*)<24/)01$+,$='9),+4*)'A$R2452921]$
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O4+&$072$+3/24<26$P4+N)&)01$+,$

O+&D3$0+$072$3290$)**24$26(2$[HW$

Y;]A$'*6$072$/7'P2$+,$072$4'6)'9$

6./0$P4+Z92S$$HK$bL$.*9)5291A$

dVGK$bL$&+/0$P4+3'391$

@/%(!2)!(/-!,%))!#?!

4#,%$/%;(!&K!

See Chiang et al. 
2009, Astrophysical Journal, 693, 734 

Also, Quillen (2006) 
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@/%(!2)!(/-!,%))!#?!4#,%$/%;(!&K!
#2  From how bright it is in the optical, and non-detection in the infrared…. less than 3 

Jupiter masses.   

Other sources of optical luminosity are possible:  glowing hot gas and/or reflected 

light from a circumplanetary disk 

Teff = 400 K, M = 1.7 – 3.5 MJ  
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O+&'97'.0$3$*+0$6202B026A$120A$'0$)*,4'426$C'<292*(07/$$

:2B5$[HGc$e$JGJ$m&]$'*6$f2&)*)$[VGW$m&]$
/22$'9/+$b'42*(+$20$'9G$JKKU$,+4$"P)0g24_%XY=$VDW$m&$.PP24$9)&)0/$

L’ (3.8 microns) 

Gemini North 8-m 
NIRI 22”x22” field 

1-% limit 19 mJy 

Michael Fitzgerald (UCLA) 
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M')0$'$&)*.02h$

Is the optical detection of Fomalhaut b real? 

"+&2$P+//)3)9)@2/Q$

•! #C+$/P2B592/G$

•! R'B5(4+.*6$/0'4G$
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R'B5(4+.*6$/0'4Q$
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84+0+('9)92'*A$

B)4B.&P9'*20'41$6)/5$
89'*20$i$Hc$D$Vj$XP$4)*(/$

O+4$B+&P'4)/+*A$='99)/0+$'0$kJ\$L.P)024$4'6))$

#'$

%442(.9'4$"'0299)02$=9+.6$
:2**261$>$M1'l$JKHKA$/.3&)l26$

m#72$+3/24<'@+*/$+,$072$P9'*20$O+&'97'.0$3$B'*$32$

2NP9')*26$'/$/B'l2426$9)(70$,4+&$6./0$P4+6.B26$31$072$

B+99)/)+*'9$62B'1$+,$'*$)442(.9'4$/'0299)02$/C'4&$'4+.*6$'$

!HK$b
"
$P9'*20G$".B7$'$/C'4&$B+&P4)/2/$'3+.0$j$T.*'4$

&'//2/$C+407$+,$)442(.9'4$/'0299)02/Ĝ $$

•!  Planet mass <<3 MJ 

•!  Belt crossing orbit? 
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2009 - 2010"

WFC3/IR Follow Up!
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MO=V_%X$

OHHKMA$O+.4$#292/B+P2$X+99/$

O)4/0$6)42B0$)&'()*($+,$'$34)(70$/0'4$C)07$MO=V_%X$

“Cat’s Whiskers” 

Difference image  

between two rolls 
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H-<!<#'3!29!8'#6'-))$

!"#!$%&'&()*')+,-$
"2PG$HVA$JKHK$

I$+43)0/$[I$4+99/]$D$M26(2$RJGj$
b'*1$07'*5/$0+$b'l$b+.*0')*A$f'9)*'$"+.0B75+<'$>$E'*$-)N+*$$
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Fomalhaut’s 
belt detected 
in two orbits 



!+0$+n$072$P42//$
8'.9$:'9'/A$"B)2*B2$C)07$!"#D%%%A$E2*)B2A$%0'91$F+<G$HHDHIA$JKHK$

Fomalhaut b 

recovered in 
2010 



O+&'97'.0$3$7'6$'9/+$322*$o'((26$)*$L.*2$6'0'$

+30')*26$C)07$'$6)n242*0$0292/B+P2$+4)2*0'@+*$
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M'-$2,29%'A$Y/04+&2041$$

"1/02&'@B$?44+4/$*+0$=+442B026$

[(2+&204)B$6)/0+4@+*$'*6$P+/)@+*$'*(92]$

F2/026$p43)0$"7+C*$

I\$



M+45$)*$P4+(42//$
")(*)ZB'*0$/+.4B2/$+,$'/04+&204)B$244+4$

IW$

!.  Distortion?   We find parabolic diffraction spikes after using pipeline geometric correction 

2.  Position angle uncertainty ~1˚ [250 mas at Fom b] due to single guide star used. 



".&&'41$

•! O+&'97'.0q/$3290$'*6$P9'*20$)&'(26$C)07$!"#!$)*$,+.4$+43)0/$

•! $%&'()*(+&%,&-..('.*)'/0(*$.''&'$)()1-2023$24%,$)2$

54)(67-0(*$4(%&''.%8./$/028&'6&(9$

•! R290DB4+//)*($+43)0/$*+0$4.926$+.0A$120G$

•! %,$3290$B4+//)*(A$072*$&'*1$*2C$+3/24<'@+*/$P+//)392A/.B7$'/$

"TDU$)&P'B0/$0+$2NP9+42$'0&+/P724)B$B72&)/041G$

•! %,$3290$B4+//)*(A$C71$)/$)0$3290$B4+//)*(Q$$"0.61$61*'&)B'9$

2<+9.@+*G$

•! b./0$42<)/)0$O+&'97'.0$)*$,.0.42$!"#$=1B92/$$$
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The near future with the Gemini Planet Imager 

When:  2011 
Where:   Gemini South 
Who:   PI’s B. Macintosh 

How:  High-order AO with coronagraphy 
What:   0.9 – 2.4 µ, mI < 9 mag stars,    

 polarimetry, R~40 spectroscopy 
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•! Disk morphology: !
!!  scattered light (NIRCam)!

!!  emission (NIRCam/MIRI)!

•!  Indirect evidence of exoplanets!
"!  e.g. Kalas et al. (2008), "
     Stark and Kuchner (2008)!

Spitzer (24 µm)  ACS (Visible)  JWST (20 µm)  

TFI: Simulation of HR 8799 - Beaulieu (2009)!

•! Spatially resolved spectroscopy!

-! Disk mineralogy!
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