ma!ao.as.arizona.edu

Direct imaging of exoplanets:
Remote sensing of planetary
systems and processes

Katie Morzinski
NASA Sagan Fellow, University of Arizona

Exoplanets & Brown Dwarfs: Mind the Gap
2 Sep. 2013



A

B Removing scattered starlight
/ I !

- Lo -
Direct | .m |
I RN ERES P S L SENRRR A et ey
|mag|ng 5o q&ﬁr R £24% ]
Where are

we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

High-contrast imaging with adaptive optics:

X 00108y 0

::::::::::::::




ZS Direct imaging of planets...
Direct

Where are

we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

IViag AL




...has gone beyond our solar system

Voyager 1
Direct
Imaging

Where are
we going? , < ~Pioneer 11

Where are s : oE g
we now? |

Why is e L

it hard? Moyaghe 25

What's
next?

K. Morzinski
—Pioneer 10

MagAC




A@ I.‘. : A0 0.0.‘-‘ -.0..0: -0000 0

Direct
Imaging

Where are
we going?

778 mas
S5 AU at 70 pe

Fomalhaut b — Kalas+ 2008

Where are

E -
we now? 2M 1207 b — Chauvin+ 2004

M
Why is
it hard?

What's
next?

K. Morzinski

1IRXS 1609 b
Lafreniere+ 2010

+2013 G K

Kappa And b — Carson+ 2013

5
HD 95086 b — Rameau

B A

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

Planet Mass [MJup]

3.0

2.0

1e01
9.0

8.0
7.0

6.0

5.0

4.0

20U |0 C 0]0ll=
Directly imaged planets
T T T ) T T
2M Q215220820 b ocP352722b
. _
50 Luo b HIP 78530 b
up
oM 2140+16 b o G ]
GSC 06214-00210 b
() CEHL108 b
@®OrU Tau b
2 AB) b.1 RXS160®b
gt CHXR 73 b
oPH Taub
HR 8798 8799 ¢
o R 8799 e Ross 458 i
°® AB Sed
oM 044144 b () 3
beta M b HR 8799 b
CFBDS 1458 b L .
o LKCA 15 b

. _
HD 95086 b ]
VBT b |

| | | | | |

5.0 1e01 5.0 102 5.0 1e03 5.0

Semimajor axis [AU]

1.75

1.5

1.25

1S

(ﬂosw] SSe Je

©
\l

0.5

0.25



e e e

C C 00C 0
20 10 5 3 L5 wavelfnzgth / microln8
Imaging ( (@ |
A H, (\\ BB 350K
[Where are] ?
we going? D B
% BB 125K
Where are f
we now? :;3 l ALBEDO=1.0
E-m S = &
Why is 2 }[ e o
it hard? = CHy CHy CH, CH, CH,
ARSI N
| NHy | 1~ NH, NH
What's : : . ; :j “x _sﬂ! ’ \
next? i oo 2000 3o, Leo0 1 500 Seam s b
K. Morzinski Energy balance indicates internal heat source

Gehrels, ed. 1976
Jupiter: studies of the interior, atmosphere, magnetosphere, and satellites

magao.as.arizona.edu




®
Jupiter Contribution Functions Temperature Structure
(0000 ) LA L B~ L B S L B 0.00111.1..r|'x.]_1.r1frvr]v.1
I m ag I n g 1275. cm'} Saturn 1
1258. cm' i j
0.010 : 3 0.010F 3
Where are || = )
8 8 1
we going? || ¢ |, ] 2 ]
3 I’ V. 758.2 cm' ] 3 | ]
o t / 573.9 cm’] @ . -
a | 556.2 cm'] o " ]
0.100f E 0.100F ]
{ 533.
Where are | 4759 o’
' 408.9crn" )
we now? N
R~ o = — - 1167.0m} : Jupiter ]
. b e P e — "~ 1136.cm?} L ]
r . e T e 1081, om) F 1
Why IS b e ST S a— 970.3 cm’] ! ]
c 1.000" i = 931.3 em] 1.000F 1
it hard? i 8858 o’ |
s 820.1 cm’ .
fl L l ded L l - l Al L l F—— l - l -1 1 L A A L l A L 'l l A A A l A A ' l L A L l A A A
00 02 04 06 08 10 12 14 80 100 120 140 160 180 200
Wh at’s Normalised Contribution Function Temperature (K)
Wavelength (microns
next? %5.0 20.0 180 160  14.0 aygenalh frierensd o 9.0 80 75
< 180 R " ' SR " " 7 i ]
= u Jupiter Spectrum (0.5 cm™ Resolution) 1
\5 -
© 160_—
. . 2 -
K. Morzinski § 140/ H, CH, CHe
2 u L
8 . oF ]
2 120~ -
£ F NH, PH, CH, |
& 1000 ‘ . ‘ ]
400 600 800 1000 1200 1400

Wavenumber (cm™)

madao.as.arizona.edu| L-N. Fletcher etal. /Icarus 200 (2009) 154175




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

Incoming Solar Flux

Outgoing Radiation

Reflected by ~13-
Aerosols/Clouds 18> ] i“l ?
~4.9
Reflected
UV+Visible Near-IR ’<0.01 Mid-IR
~93
Absorbed ~1.5-1.7
by Aerosol Emitted by
and CH
Stratosphere ~06 _047 4 g:
. . 2
B, :" 09 CaHs
< . @ Absorbed :::ieccl;:
by CHa
\ 1"3-5 X”3'3 ~1213
. -
. ]

Troposhere

Internal Heat Flux ~5.4 W/m?2

Zhang 2013

Energy balance
Energy transport
Winds, storms
Composition, clouds
Energetic processes

+90°
+60°
+30°

o B

LATITUDE

-30°

-60° F

-90°

The New Solar System — Ingersoll



Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

ALTITUDE (kilomneters above | 00-rmilibar lewe!

200

100 g

-200 g

100°

Jupiter

100°

Saturn

200° 300°
TEMPERATURE (Kelvin)

00

Uranus

100°

200° 0°

The New Solar System — Ingersoll 1999

Neptune

I
100°

200°



v e
. " 1 ]
Direct | ; 4
. 06! e ‘ .
Imaging P Jupiter
044~ oW k
02| '
Where are 0
we going? 806
204
Where are < 02|
we now? = .
5 0} -
Why is S 06 ary WMy :
thard? | “oal || WA, Uranus |
0.2} | 'nY 3
What's . o Y e
next? i : ]
O YW, q
oal T \ Neptune -
. . r ' : \L. .
K. Morzinski 0.2+ U, 1 :
- e ‘F\)‘\\‘M '
‘\/ Y _, Spm—
0 L A Eecdinil . 'j
0.5 0.7 1.0 2.0 3.0

Wavelength (um) de Pater
: Planetary Sciences
magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

Normalized f, + Const. (arb. units)

10

CH, C0,°

NH, CH

1800
Oppenheimer et al 2013



L : 0O N1 a a a
T I L] ] I L] 1 L ] l ] 1 1 T I 1 T 9 l_l rrrrrruea I Trrrrrruea I rrrrrrrnrid l rrrrrruna l_
. | * HR 8799 b ' [ o HR 8799 b
Direct g k| mHR 8799 ¢ 4 | mHR 8799 ¢
- ® HR 8799 d oBb ! | ® HR 8799 d
Imaglng (| AHR 8799 e| [ | 4 HR 8799 e ]
| OM dwarfs 4 10 F| * Equilibrium Models 4
| | © L dwarfs | ; 1
AT dwaorfs o : 1400 K
10F m] i p ]
Where are L Og : :
i 1M ‘_
we going? : o © : :
5 ;
i o : -
Where are N 12 390% _ : 2
i < — = &
we now? _ B % 12
A OO0
Why 1S 14 r A A & e ‘- . i d ]
it hard? - a : 13F ;
- A a® ¢ - ! ]
] A L -
What's 161 2 ab 4 3 600 K %
next? A . 14 ¢ ;
A
- - 18 . 1 1 1 L I 1 1 1 L I 1 1 1 1 I 1 1 - 15 E! L1 i i ei1 i | LA L L i a1l I Lia i a1 a1l I L i i1 11 I:
K. Morzinski —05 0.0 0.5 1.0 0 : 2 3 4
H-K 3.3um—L"

Skemer et al 2012

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

® (O
® [ = 0l0=
[ T T T ] 10T T T
1.2 CF:R=0.63R,, log g = 4.95 CF, T = 909K
UG, T., = 838K
UC:R=0.75R,, log g = 4.95 ,
~ ' - 102k IN, T = 901K
E IN : R =0.66R,, log g 4.95
=
e 08 B
= 8
3 o 107F
- 2
= b
c o
§ i o
Llf- 0.4 100-
[ 10
0 1 1 ] | | |
1 2 3 4 5 500 1000 1500 2000
A (um) Temperature (K)

Cloud-free with high mean molecular
weight OK, or intermediate clouds.
Heavy element enhanced, high C:O.
Radius too small in model.

CF = Cloud Free
UC = Uniformly Cloudy
IN = Intermediate

Lee et al 2013



A@ --;o:.o.o ent o O ratio

2.0 T ] | I T | T L T L L L] | l L L T T T ] | T T I L L ] T L | | L] T I' T | | | T T |
Direct - igd) CH, |
Imagin i ‘ ‘ ]
ging [ co .
Where are
we going?
Where are ?
we now? 8
@2
Why is L=
it hard?
, L HR 8799¢ — .
Whatt?S Uncertainties |
NExt: Model Spectrum (Teff = 1100 K, log(g) = 4.0) |
: : 0.0 —
K. Morzinski |
1L l lllllllll l lllllllll I lllllllll l lllllll
2.0 2.1 2.2 2.3

| Wavelength (um)
Konopacky et al 2013

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

10

12

14

16

-1.0 -0.5 0.0 05 1.0 1.5 2.0 2.5

A 0/ 0

lll][lllllllllllllilllllllllllllll

®m HR8799b A

€ HR8799c¢
- @ HR8799d

‘LDworfs AA‘

o7

0 2M1207b

IIIIIIIIIIIIIIIIIIJIIlllll..l.-'blllll‘-l"

H — K

Barman et al 2011



. YTy aaTE I IIIIIIIII I IIIIIIIII I lllllllll l lllllllll l
3.0} dl
| Dlre_ct - H,0 CH, i
maging : :
i | | cO )
25} Ii -
Where are i ]
we going? - J
Whereare || § [ f
we now? '« . -
O 15[ =
Why is TR )
it hard? - -
1.0 )
What's - ]
next? - HR 8799¢ -
05 HR 8799b -
[ 2M1207b 1
_ ; - Model (T,,=1100K, log(g)=4.0) -
K. Morzinski 00 s i inss L — —— — o il
2.0 2.1 2.2 2.3 2.4
Wavelength (um)

Konopacky et al 2013

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

vvvvvvv

Marois et al 2010




, distance increases T L
Direct edge-on view of s 4
| ) a planetary system temperature decreases
magin
ging planetesimal belt
terrestrial
Wherg arg planets
we going”~
- L I ‘ "ﬁ
2 ot mar. @ O ReNNEEFOENER
Where are : ‘ ” giant
5 - - disk halo
we now? . | ” planets
~1500 K : |
Why is | |
. ~300 K : :
it hard? R u
terrestrial . : l
: zone ' ~150 Kl ~50K
What?S asteroidal Kuiper-belt
next" zone
£ONE > wavelength increases
2 um ~10 um ~24 um ~60-70 pm
K. Morzinski very hot  hot warm cold
Su et al 2013

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

-

wuu.yr\;

magao.as.arizona.edu

Fomalhaut System

Kalas et al 2012

STScl-PRC13-01a

(if any;
see Lyra
et al
2013)



Beta Pictoris — One of the first stars known to
host an analagous system to ours —> Comets

Direct
Imaging

Where are
we going?

Where are -
we now?

Why is
it hard?

What's
next?

K. Morzinski

} 25 arcsec '

- 500 AU
bﬁ

VY

F IGANA S N

. Smith & Terrile 1984




The existence of a planet around Beta Pictoris
was long suspected, due to the inner disk warp

0.5 arcsec

size of Saturn’s orbit
10 AU
around the Sun

Direct

dust disk

|mag|ng inJband (1.3 um)

Where are
we going?

Lagrange et al 2009

Where are
we n0W7 giant planet B Pic b

seen in L band (3.8 um)
in October 2003

Why iS B Pictoris

position of the star (artificially subtracted) ~ in November 2009
it hard?

What's
next?

K. Morzinski

P
\ /I /\(- Infrared view of the planetary system around the young star B Pictoris
b V Hu H 7\ composed with images taken at the European Southern Observatory telescopes in Chile:
e the 3.6-m telescope + ADONIS instrument in La Silla (Mouillet et al. 1997)

magao.as.arizona.edu * the Very Large Telescope + NACO instrument in Paranal (Lagrange et al. 2009-2010)




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

‘[3.1]|Jr’n

_ Morzinski et al 2013 in prep
magao.as.arizona.edu




7, [

~ i:::%iii:iiiiil%iiiiiiiliililiililiilili""
Direct 15__ i
Imaain BT-SETTL2012 / [M/H]=+0.5
ging |+~ BT-SETTL2010 / [M/H]=0.0 -
2 | :
Where are S L i
we going? m; 10
Where are ,C_’
we now? :;,
k%)
Why is o
it hard? M
=
What's =
next?
0
K. Morzinski

_ Bonnefoy et al 2013
magao.as.arizona.edu




Are e |10 s U D) combpanio 0

«
U

~ . A 'A ~ . ) -'- ;a ..

20

» Frequency
©° of Stars

60
50
40
30
20
10

0

"= All confirmed

Direct st planets (NASA

- €016
Imaging ... €xoplanet
0:2f @rchive)
§0,10‘
20,08‘

Where are 006f
we going? | °%[

0021
0.00

O B A F G K M

Where are 1.0 15 2.0 25 3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0
BO B5 A0 A5 FO F5 GO'G5 KO K5 MO M5 LO 2M1207
we now? 2M2140+16
2M2206-20
Why is 2M0122-2439
it hard? GQ Lup 2R|\/|o44415484
HkCa -15 ISLSJSTau o &
What's AB Pic N Ta o %8
next? SR12 GSC 06214-00210 8 % 8 (D\fl 8
Kappa And HR 8799 1RXS 1609 Ooh 1'1 5 S ;«) 5
HD 100546 Fomalhaut Sco 1610-1913 P S o @ &
GJ 50 USco CTIO 108 S ©
Hip 77900 Beta Pic HN Ped/Sco 1602-2401 S 2 4 m@og
K. Morzinski - °d T ch USco1602-1800 = § 3 &2
. Hip 78530 HD 95086 HD 203030 a CHXR 73 N O O®

magao.as.arizona.edu




A

Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

2M 10441
M 107
Gl 225

40
GO Lup
Lrarus

[ ] -
Sstum Mepturne=

Sun

HR 8795

O
- Oe.
O

Famalhaut

\ || 1

0 25 50

Projected orbital distance (AU)

Perryman 2011 Exoplanet handbook

75

100

125

A



)
Direct <20% of B & A
Imaging 10T ] stars have
1 planets >4
| MJup beyond
Where are 1 60 AU.
we going? ~ _
[Where are] é | <10% of B & A
we now? o stars have
| L | planets >10
I = MJup beyond
it hard? 40 AU,
What's
next? 1r
K. Morzinski o o

1 10 100 1000
Semi—Major Axis (AU)
magao.as.arizona.edu Nielsen et al 2013




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

maiao.as.arizona.edu

Mass (M,,,)

Semi-major axis (AU)

<20% of A
stars have
planets >3
MJup
beyond 5
AU.

<10% of A
stars have
BDs >15
MJup
beyond 5
AU.

Vigan et al 2012



A ) : aS & 0N Q 2113 o
- "l "l 'l
- ° ¢¢‘
Direct i . ¢ O
Imaging 102 L Opiuchus o HAeBe -4 7
: : e e
E o ° .' .. ° il e Y
° o
Where are - .’ PR
we going? 8 g1 k.. MMSN s T ..;.9:.;,";.... ........ .33—
= - .o H . o $
- - ® e °
Where are < i RSN o
o 7 e O stars ¥ Y
we now? - 2 e 0 @,
100 :_ . "¢ - ° .. ®
Why is - i o Taurus ,
it hard? [ T e ® i
Ry
L [ ]
What's 10-' & Brown dwarfs
next? :
llll 1 llll Illl
102 10- 100 107
K. Morzinski m, (M)

Williams JP, Cieza LA. 2011.
Annu. Rev. Astron. Astrophys. 49:67-117

magao.as.arizona.edu




13.0
Direct 9.4
Imaging
6.8 <13% of 57
stars with debris
Where arS 4.9 disks have
we going . planets >5 MJup
[Where areJ E-g: ' beyond 80 AU
we now? ‘J; 25
S
Why is £ 1.8
it hard?
1.3
What's
next? 1.0
- 0.7
K. Morzinski

0.5 Up[l)er |IImItS Ion FI

056 1 2 4 8 16 32 64 128 256 500
semi—-major axis (AU)

Wahhaj et al 2013

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

DSE cU
100 T T
80—
s 60
w |
v
i)
= 40}
20+
1 |
107 102 102 10° 10'
Semimajor axis (AU)
e Radial velocity 4 Pulsar timing Devoid of objects
® Transiting ¢ Solar system planets Mostly unobserved
® Microlensing ® Directimaging | Direct imaging constraints

Oppenheimer & Hinkley 2009 ARA&A



Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

Angular Separation (mas)

100 1000 r

| L I:élglll L IIIII-I 1 .l I-Illll g

‘!“-; g Keck Masking lelts_ > 3

@ 10 Debris Disk o
[ - =t

g " 3

© 100F . s S

(1) n ";: 6 &

- E .o\ [\

8 1000 F- N\ s o

® = -

R/ 10¢F : 0 F

-l Marois eté al (2 )

1||1|| N nm Z 2 @

| 10 100 L)

Orbital Separation (AU)
Hinkley 2011



Direct
Imaging | u |

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

[o—
(@)}
/
1
1
]
|
]
1
]
]
|
]
1
]
]
]
1
]
1
;1

Contrast (50, 1 hour)

i

K. Morzinski 0.2 0.4 0.6 0.8 1.0
Separation (arcsec)

McBride et al 2011

magao.as.arizona.edu




Intensity

Inner working
distance ~3-5 A/D

.-.I.;|.‘....I,...ll...l.ull....l

T | | | I I I I I'I I I I I | | | | I I I I I IH»
/Dark Hole

N
(&)
o)
a
0
v
1]
0

Outer working'
distance ~A\/2d

Y

,\.\,\\f

20 30 40) o0
Radius (Iom bdo/D) Slide courtesy Bruce A. Macintosh




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

Typical Keck H-band PSF, circa 2009

K. Morzinski

magao.as.arizona.edu




A

Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

magao.as.arizona.edu

a0AO & LBTAO are d-gen. adaptive op
Pyramid e Control
— Better low-spatial-frequency — 1/10% pixel camera lens loop
performance — Optimized for each set-up
— Fainter guide stars e (Calibrations

Adaptive Secondary Mirror _
— Thermal throughput -

378 modes interaction matrix

Calibrated on the telescope,
including secondary and tertiary

Fernando Quiros-Pacheco, Arcetri



Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

‘[3.1]|Jr’n

_ Morzinski et al 2013 in prep
magao.as.arizona.edu




Imageis Pupil is
made reimaged
Direct
Imaging
Where are
we going? Final image after
Telescope pupil Image is Pupil is coronagraph has only
evenly illuminated occulted partially blocked 0.5% of original starlight
Where are
we now?
Why is
it hard?
What's l
next?
K. Morzinski >< I T—
Occulting spot
i i Lyot stop
maaao.as arizona.edu | 2 PPENNEIMEr & Hinkley 2009




1 1 I I 1 1 1 I 1 1 1 I 1 1 I I ] I I I I
: —_ mAt = 4.2 days o Cen A ;
Dll’e_C'[ 1.0 wAt = 6.2 days
Imaging " mAt = 8.2 days GMT 10um
- mAt = 10.2 days T
Where are 0.8 F
we going? i
Where are . i
we now? g 0.6
8 i
Why is © i
it hard? ]
0.4+
What's i
next? i
002—
K. Morzinski i
o.o» 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0

arcsec Males, Close, & Skemer 2013

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

maiao.as.arizona.edu

rrrrrrrrrr




L]
Direct i ¢ I
: °s
Imaging | =
~ 10 —
w0 I~ -
W - —
=) - —
= B v -
Where are s F ~ * NaCo/NIRI -
we going? | < | - Vigon+2012 -
s . .3
E b .o -
Whereare | ¢ |~ %% 4 o J
we now? RREFL FE LI
o Ao st ot 2 . LEECH
. T ot & L e e % " . il . . PR
Why is
: 1 10 100 1000
it hard?

Projected Separation (AU)

next? « LEECH — LBTI Exozodi-Exoplanet Common Hunt — LBT, Arizona

 NaCo/NIRI — IDPS — International Deep Planet Survey — VLT, Chile &
Gemini N, Hawaii

[ What's ]  GPI - Gemini Planet Imager — Gemini South, Chile

K. Morzinski

Skemer et al 2013

magao.as.arizona.edu




R e

12 T T T 300
270 Young stars:
Direct 101 240 t <100 Myr
Imag|ng 8 .o L . _210 d<75 pC
< . ® 11803
S =
n  6F ® 1 11150~
Where are | 4 >
i ? = ® * a - 120< *
We going- 4 . 1 Hoo Adolescent stars:
Wh ISR . 50 t <300 Myr
ere are - ¥ 0. o i
we now? o o % e 30 d <35 pc
0 ® 070 , l |
10 20 30 40 50 60 70
Why is Semi-major axis (au) Age [Mfr(l
it hard? 1 00 100 0 300 -
McBride et al 2011 =125 Myr : :
What's § 08F ------ Age 5 ;
next? E S L 4600 s
< 0.6 B " ! -5
=2 . 4400
; - © 0.4 mm—ft 1 9
K. Morzinski 2 p g d.,=45 pc ] E
S L - Distonce | 200 =z
0.0 [ ; ; 1o
0 50 100
Distance [pc] Song & Patience

magao.as.arizona.edu




Direct
Imaging

Where are
we going?

Where are
we now?

Why is
it hard?

What's
next?

K. Morzinski

maiao.as.arizona.edu

 Ground
— MagAO
* ViSAO
— LBTI
— GPI
— SPHERE
— CHARIS

* ELTs
~ E-ELT
~ GMT
~ TMT

I eX0plallc C
U
e Space
— JWST
— NWO
— TPF/Darwin/AFTA...



. e System and
Direct opulation statistics
Imaging pop
— Architecture of
planetary systems
Where are
we going? — Frequency of planets
Whereare | © Atmospheric
we now? characterization
Why is — Constituents Lol
it hard? — Thermal balance e
What's — Winds, dynamics
next? — Variability
K. Morzinski Echo
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— Opacities, model e Formation models
Imaging atmospheres — Pebble accretion
— Unidentified lines — Migration
Where are — Pressure broadening — Population synthesis
we going? — Temperature-intensity
anomalies
Where are

wenow? |* \Where observers
should be looking

Why is
it hard? — spectrally
_ I Gemini Near Infrared and Hubble Visible Imagin
What's spatially ging
next?
K. Morzinski

Gemini-N/ Hubble/WFC3
NIRI 2.12 um Visible

June 4 2010 June 7 2010
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Imaging results have found ~ <10-20% of
stars host wide massive planets

— Have not yet probed solar-system-like parameter
space

— Kepler: ~15% stars have an Earth-size planet in
the habitable zone

— Microlensing: ~17% stars host Jupiter-mass
planets

" CFBDS 1458
Gliese 504

WD 0806-661I

beta Pic
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s ~eMmote Se 0 OT exoplane
2M 1207 b
— Thick clouds, low gravity effects
HR 8799

— b — Little CH4, non-equilibrium chemistry.
Thick mixed clouds? Or cloud-free with high mean-
molecular weight atmosphere? Or what?

— ¢ — High C:O, core accretion
Beta Pic b — Is it an early-L brown dwarf? Is it a

planet that is similar to the early-L dwarfs?

— Further characterization, and formation modeling

— Orbital analysis — Disk warp, also upper limit on mass from
r.v.

Fomalhaut b — what is it?
— Is there another object in there responsible for the disk?



/g Conclusi

 We are still in a data-driven discovery space
Direct : : : : . :
e — Modeling is crucial but data is critical to improve
models too
. — Finally the r.v. and direct imaging search spaces
we going? are starting to overlap. Kepler and microlensing
Where are too — Diverse ways to probe planetary systems will
we now? help improve understanding
Why is — New instrumentation and new technigues will
it hard? continue to provide big payoff
What's
next? MagAO/VisAO: Diffraction-limited visible-light imaging — Close et al 2013
[O-I;?((e;z(}n(r)nr; g ac r' (570-680nm) 60 sec Halpha (656 nm) 60 sec
K. Morzinski
% . .

FWHM 26 mas, Strehl 35% FWHM 29 mas, Strehl 28% FWHM 29 mas, Strehl 31%
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