Direct imaging of extrasolar planets

s Bruce Macintosh (Stanford)
“ LLNL: Dave Palmer, Lisa Poyneer, Brian Bauman
g UC Berkeley: James Graham, Jason Wang, Paul Kalas

Toronto: Quinn Konopacky, Jerome Marie, Max Millar-Blanchaer
UC Santa Cruz: Don Gavel, Daren Dillon, Jim Ward, Sloane Wiktorowicz
JPL: Kent Wallace, John Angione, Bijan Nemati, Chris Shelton, Fred Vescelus
UCLA: James Larkin, Jeff Chilcote, Jason Weiss, Mike Fizgerald, Evan Kress

Gemini: Stephen Goodsell, Markus Hartung, Kayla Harding, Brian Wolf, Carlos Quiroz, Fredrik
Rantakyro, Pascale Hibon, Andrew Cardwell, Markus Hartung

HIA: Les Saddimyer, Jennifer Dunn, Dan Kerley, Kris Kaputa, Andre Anthony, Christian Marois,
Zach Draper, Darren Erikson, Malcolm Smith, Alexis Hill, Vlad Reshitov, John Pazder

AMNH/STScl/JHU: R. Oppenheimer, Remi Soummer, Anand Sivaramakrishnan, Lauret Puyeo
Marshall Perrin, Schuyler Wolfe, Alex Greenbaum Stanford: Patrick Ingraham

Other: Dmitry Savransky, Sandrine Thomas, Mark Marley, Franck Marchis, Katie Morzinski, Rene
Doyon, Simon Thibaut Arizona: Abi Rajan, Joanna Bulger, Jennifer Patience, Rob deRosa, Travis

Barman g

#% Dunlap Institute for g '\ational Aeronautics and Space
Astronomy & Astrophysics 2 Adm|n|Strat'9n

Yy - : Jet Propulsion Laboratory
California Institute of Technology

AMERICAN

MUSEUM & ) . l'”\
NATURAL Université
HISTORY de Montréal




s view of the universe

J

Ptolemy

< W
5 - J >
_\./ Mo

# \ EE
gl 0 7

| 1.'.* -

)/ - e




Copernicus to Kepler @' il
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Galileo’s view of Jupiter
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Movie was created by Massimo Mogi Vicentini for public education use,
l originally at the Civico Planetario di Milano.
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Hlanets known 1988
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Doppler detection of exoplanets @'

Observation of Stellar Motions Due
to Presence of Extra-Solar Planet

Orbit of Star Around
System's Center of Mass
(Viewed from above)

Astrometric Displacement
(Detects movement across
line of sight)

Doppler Shift
(Detects movement along
line of sight)

Mayor & Queloz 1995
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Flanets known 1996
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Mass (ME)

Planets known 2012
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Transiting extrasolar planets @ e

Transit Detection of Exoplanets

Photometric
Light Curve

|
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HATNET 11-cm telescopes




@ Earth-size
@ Super-Earth size
1.25 - 2.0 Earth-size

@ Neptune-size
2.0 - 6.0 Earth-size

@ Giant-planet size
6.0 - 22 Earth-size
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Kepler planet candidates
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Planets and orbits to scale
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Core accretion + migration

Animation by F. Masset
http://www.maths.gmul.ac.uk/~masset/moviesmpegs.html
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10-m W.M. Keck Il Telescope €
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Fourier Optics 101 e

Pupil plane Focal plane

e(&,m) = FT(A(x,y)e™ ™)

p(E.m) =le(E.m)f
A(x,y) = Amplitude

®(x,y) = Phase ~ ‘FT(A)‘Z +[...]+ ‘FT((I))‘Z
©E(X,Y)

e (En)

FOURIER
TRANSFORM %

(Sivaramakrishnan et al 2002 Ap.J. 581, L59; Perrin et al 2003)



Keck AO Image of a bright star
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Inner part of image
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108
High-entropy adiabatic

Reachable with first-generation AO eeretion

107

1 0 Low-entropy core
accretion models
107°

107°

Marley et al 2007 see also Splegel & Burrows 2013
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30 Myr FO primary

\/ b

1100K planet

Keck L image of HR8799
Marois et al 2010
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Integral Field Spectroscopy of the HR8799

JENES

 Diffraction scaling
with wavelength can
partially remove
artifacts
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Extracted spectra of HR8799b
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[ HR 8799 b (at 10 pc)
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%% Enhanced C/O -> Core accretion?

Oberg&Murray-Clay
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Motivation for smaller IWA




Gemini Planet Imager: 2004-2013 @'
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AO + diffraction
control




Gemini Planet Imager

Gemini
I Planet
Imager

Super-smooth optics
reduce scattered

starlight

Infrared
calibration
sensor (JPL)
measures small
systematic
erorrs

Infrared integral field spectrograph

(UCLA & U. Montreal) makes images

and spectra of planets

[ AO system
I CAL system
IFS system

Coronagraph masks
(AMNH) block
diffracted light from
the star

Mechanical structure
and top-level software
(NRC Canada) holds
and connects
subsystems

Adaptive optics
system (LLNL)
corrects for
atmospheric
turbulence and
optical imperfections
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Woofer
DM
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‘ 16-core Intel system
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N=8 actuators, tip/
tilt platform

MEMS 0.4 mm pitch,
N=43.2 actuators

Modal Fourier
control + matrix
woofer offload

Spatially-filtered SH

700-900 nm

WFS detector LL CCID-66,
160x160 pix, ~3 e-
noise

Frame rate 1000 Hz (goal 1300)
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<1 nm RMS wavefront error @

- zugo e

- +0.00620

wave

)
-0.01524 )

PV 0.021 wave f

Save Dataf &£,




B & | > Qe
Bean data/mm

Ctr x -0.079

Ctr y -0.047

Dia x 6.598

Dia y §.501
Wavefront/pn

(User Cal. Ref.)
{pupil interior)
PV 0.093

RMS 0.013
wRMS 0.013
Fourier
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Total science path (to coronagraph)

GPI AO relay science path (input fold to FPM with WFS B/S, no window no ADC )
measured with Thorlabs WFS - calibrated to fiber with collimator
pupil diameter 4. 4mm with 300mm fl collimator ( F/68 )
36 term zernike fit less pistion, tipditt focus reconstructed wavefront

June 24, 2010 measured @ HIA by JSP

13 nm RMS WFE post-alignment

; Thorlabs Shack-Hartmann Wavefront Sensor WFS300-14AR {MLA300M-14AR)
File Setup Measurement Calibration Display Help

1 i 1 ‘K
Measured Reconstructed Difference

Lineview

J Spot Field

Beam View

‘wavefront

Zemike Coefficients

\ iNo instrument errors:
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Apodized-pupil Lyot coronagraph

(Soummer 2005)
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Apodizer measurements (BNL) @' et
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«* Applications

Type convel

PP RE DL RE PR RE

Type cor]
Detected]
Program
Program
GPITY::9

e ne B

e e

% GPITY::9
Spot 1 seg
% CURVEFIT]

13223253
13:23:53
13123153
13:23:53
# GPI_GET]

f113+23t53]
-postremec|
13:23:53
13:23:53

% LAUNCHER
132355

| | B Terminal

Type conversion error: Unable to convert

Detected at: GPITV::SETHERDER 7273 /home/|

Detected at: GPITY::SETHEADER 7280 /home/|
Type corfiesl

Places

idl: GPI DRP G GPI IFS Auto GPI

Directory being watched: /mnt/ifs/Det File ColorMap Sc

rsion error: Unable to convert
Filename: |S20120!

GPItv #5 contrast profile

Sat spot flux rati

Satl detec, window cente

Sat2 detec, window center x

Sat3 detec, window center x=

Satd de window

Half-length of max box (pix

Plot Options...
Save contrast profile data
Save contrast profile plot

Half-length of Gauss, box (pi

165,0000 y=
30,00000 y=
119,0000 y= 87.,00000
194,0000 y= 116,0000
Warnings: Possible Misdetection: Fluxes wary >25%

192,0000
163,0000

Sat4 positions

Warnings: Possible
03T

Misdetection

. Fluxes vary =25

T
sl

Contrast

T
Ll

0.4 0.6 0.8 1.0
Angular separation [Arcsec]

ST
=B

3 idl: GPID...

View Images in Directory for GPItv #5

3 xterm [GDS Ma... || 3 idl: GPI Pi...

File

[ GPIDRPL...

Gemini

Planet

Imager
1:26 PM

GPItv #5: /mnt/ifs/Reduced//120621/S20120621S0003-spdc.fits Slice: 0

ColorMap Scaling Labels Blink Zoom Imagelnfo

Filenames
Date Obs:
Filter:

Exp Time [s]:

52012062150003-spde, fits

Time Obs:
Prism:
Readmode:
Target:
() ¢
Hin=

( 141, 141)
-806,1307
120,886 31:10:00,12

Hax=

Units: ADUpercoadd —
House Mode: Pos/Color ~

353,109 NN

—

O GPIData ... | O GPIIFS Au... | O GPitv #4... || 3 GPitv #5:... || 3 GPitv #5 ... | O] view Ima... | TiH =]
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GPI integrated and tested at UC Santa Cruz ®|

Imager

2011-2013
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Gemini 1st light ever”

Science verification concentrated on known
exoplanets
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GPI spectral cube of Neptune




Massive planet orbiting Beta Pictoris b @' oo

GPI H Band November 2013
H band — Dec. 2010
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Reaction to first planet images
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Composite VLT image




Orbit fitting with GPI + VLT >

Exoplanet Survey
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GPI data shows edge-on circular orbit @i

Exoplanet Survey

a=93+1.0AU i =90.7+ 0.7 [deg]

Q) =-148.4+ 0.5 [deq] e =0.08+ 0.08

—-150 —148 —146 8.0
Q [deq]




Y
Transit? |

Exoplanet Survey

v F S ey
TR

XY

57900 58000 58100 58200 58300 58400 58500
MJD [day]

O
O]
n
(@)
l
©
4
O]
el
4
O

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Date [year]




Imaging polarimetry mode

Exoplanet Survev

/ " continued
L 5 on next line

Deformable Coron. Focusing  Focal  Collimating Modulator Coron.
Telescope Mirrors Apodizer  optics Plane  optics Lyot Mask
Mask

Atmosphere

Data
Pipeline

Difference Image

Focusing Lenslet Array  Collimating Polarizing Focusing Polarization spot pairs

optics optics Beamsplitter  optics x36,000 Orthogonal

Polarizations

Perrin et al. 2010, 2014 in prep.







%% GPIl Observations of HR 4796A

Individual 60 s images

One linear polarization shown.
Waveplate rotates 0, 22.5, 45...
& the parallactic angle changes

Slide by Marshall Perrin



GPIl Observations of HR 4796A

N
)
Individual 60 s images Combined 12 minutes
One linear polarization shown. Total intensity

Waveplate rotates 0, 22.5, 45...
& the parallactic angle changes

Slide by Marshall Perrin



GPIl Observations of HR 4796A

N
. J 0.5
Indivi_dual 60 s i!nages Combined 12 minutes Combined 12 minutes
One linear polarization shown. Total intensity Linear polarized intensity

Waveplate rotates 0, 22.5, 45...
& the parallactic angle changes

Slide by Marshall Perrin



Polarization imaging




Polarization imaging @i
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Polarization imaging
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%% Implications

Total intensity image canbe ~—
reproduced with small (sub-um)
dust grains but polarized intensity
IS iInconsistent with this
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96A’s ring is:

Polarized Intensity Total Intensity

. babty-stightly S

optically thick at 2 pym. n e SideJs r : Optically thick near side

(t ~ 3-5?) ?o?gii:;%h:gr is partially shadowed,

. i thus lower total intensity

* Dominated by dust " targer-grains -’

particles ~5-10 pm, in : %

the Fresnel scattering E %

regime }1 &
« Geometrically narrow : -

and dynamically cold D S|

a .
T Forward scattering r
Predictions: ‘_ peak near smallest
- - scattering angles?,

o sk

Strong.ly peqk gl th.e ﬁearest to 180° scattering? / .

near side minor axis. (st too faint to see) Far side is more directly
e Far side minor axis illuminated, thus higher

might exhibit negative jotalutensity

polarization, similar to No major brightening _ :

comet dust. e e Previously noticed

brightness minimum
here is due to opt.
thick shadowing.

slightly optically thick

Slide by Marshall Perrin



Optically thick disk with large grains

Exoplanet Survey

Side View

Back scattering
Low polarization
Direct view to T=1 surface

To Earth

Forward scattering

High polarization

Crosses indicate Obscured view to T=1 surface
orthogonal polarizations Brightness is self-attenuated

Front View
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60 Hz vibration from cryocoolers couples into ®|
telescope structure

Imager




Contrast ~107-6 in 30 min @'
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Model planet discoveries from a 600-star GPI

campaign (McBride et al 2011)
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Future

10+ science papers in press /
accepted / submitted

Campaign operations began
November 2014

— 88 stars observed so far

— 600 stars, 900 hours, 3 years




End of first light run

We would especially like to recognize the unique contributions of Gary
Sommargren, Steven Varlese, Christopher Lockwood, Russell Makidon,

Murray Fletcher, and Vincent Fesquet, who passed away during the course of
this project.



