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Exoplanet Science Questions for JWST

What are the properties of giant planets in terms of atmospheres, 
composition, temperature, radius?  Formation histories?

How common are lower mass planets  
on wide orbits? (sub-Jupiter mass)

What about free floating planets?

What are the characteristics  
of sub-Neptunes and super-Earths?

Tests of planet formation mechanisms?  
Hot start vs cold star,t, core accretion vs instability.

What are the compositions of circumstellar disks?  
How common are ices?

How do planets and debris disks interact?



Outline

• JWST: 	


• Telescope Design	



• Project Status	



• Exoplanet Imaging with JWST:	


• Stability and active wavefront control in space	



• NIRCam coronagraphs	



• MIRI coronagraphs	



• NIRISS aperture masking interferometry



JWST as a telescope



Hubble Spitzer JWST

Primary diameter 2.4 0.85 6.6

Collecting Area (m 4.24 0.5 26.3

Observatory Mass (kg) 11,000 860 6,300

Observatory Volume, 	


when stowed (m 190 13 155

Orbit Location LEO Earth-trailing solar Sun-Earth L2

Spitzer primary !
mirror



• Thick mirrors (100s of kg/m2)	


• Passive stability	


• Slow optics (> f/3)	


• Equatorial mounts

“Pre-1980” telescopes “Modern” telescopes

• Lightweight mirrors (10s of kg/m2)	


• Active & adaptive wavefront control	


• Fast optics (< f/3)	


• Altitude-azimuth mounts	


• Frequently segmented
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Integrated Science 	


Instrument Module 	


(ISIM)

Optical Telescope 	


Element (OTE)

Sunshield

Spacecraft
9

• Passively cooled, open telescope	



• Beryllium optics, gold coated	


Lightweight and stiff,  very low CTE	



• Three Mirror Anastigmat	


Relatively wide field diffraction 
limited performance.	



• Fine steering mirror  
driven by FGS at 15 Hz 	


7 mas rms pointing control	



• Baffles for stray light at 
intermediate image and focal 
planes.

JWST Observatory Design

Cold side (40 K)

Hot side (270 K)



Deep, wide field imaging

Multi-Object, 
IR spectroscopy IFU spectroscopy

Long Slit spectroscopy

IFU spectroscopy

Wavefront!
Sensing

Coronagraphic  
 Imaging

Fine Guidance 
Sensor

Slitless  
Spectroscopy

Mid-IR, wide-field Imaging

Mid-IR  
Coronagraphy  

Moving Target 
Support

NIRCam NIRSpec

MIRIFGS & NIRISS

High Contrast 
Interferometry

Near-IR imaging

JWST’s Science Instruments



JWST ScheduleSCHEDULE

Telescope

Science Instruments

Spacecraft
Spacecraft Component Development Spacecraft Fabrication and Assembly

Observ I&TSpacecraft I & T

Sunshield Des. & Development Flight Sunshield Fabrication, Assembly and Test I & T

Segment Gear Motor replacement

Optical Telescope Element Fabrication and Testing

OTE 6

4

ISIM Integration ISIM Cryo Testing & Detector Changeout OTIS 3

Spacecraft panels to I&T

Spacecraft Structure to I&T

Northrop-Grumman

Goddard Space Flight Center

Ball Aerospace

ATK

Johnson Space Center

Guiana Space Center

k months of project funded critical path (mission pacing) schedule reserve

OTE = Optical Telescope Element
OTIS = Optical Telescope + ISIM

6
Faded areas are completed

Tuesday, January 14, 14

slide adapted from Eric Smith, JWST town Hall, Jan ’14

 Cryo 1  Cryo 2  Cryo 3

 Spacecraft Component Development



Flight Instruments Delivered
NIRCam NIRSpec

FGS & NIRISS MIRI  



Complete Instrument Module with Flight Instruments

NIRCam

MIRI  

NIRSpec

FGS & NIRISS



ISIM into Space Environment Simulator        	


for ongoing cryovac tests  (June-Sept)



  Primary Mirror Segment Secondary Mirror Tertiary Mirror Fine Steering Mirror

All flight mirrors complete 2011 Mirrors in storage for now



Primary Mirror	


Backplane Support



Pathfinder: Dry runs of telescope integration,  
secondary deployment,  and cryo-optical test  



Trial Assembly with Flight Spare Segment & Backplate Test Article



Spacecraft test unit



Sunshield full size test membrane



First 5 layer deployment test	


2 weeks ago, here in Los Angeles



Refurbished Chamber-A test facility, NASA Johnson Space Center 

Apollo Program in Chamber-A



Project Milestones

• 2014:    Manufacturing the spacecraft, 
            & testing the instruments	



• 2015:    Telescope Integration	



• 2016:   Observatory assembly	



• 2017:   Observatory Testing	



• 2018:   Observatory Test  ⇒  Launch
 Cycle 1 proposals due November 2017



Factors affecting  
JWST coronagraphy



JWST Imaging Sensitivity 
JWST will have exquisite sensitivity

50x Spitzer at 8 µm100x Gemini at 2 µm
Large aperture cryogenic telescopeLow infrared background in space



Field of Regard and Orientation are constrained

49.8% of the sky at a time 

Pitch: 85º-135º from the sun	


 Continuous Viewing Zone	



     above ±85º at ecliptic poles 	


!
Roll: Only ±5º at any one time	


     non-instantaneous roll depends on ecliptic latitude.  
     0-360 range at poles;  only 0 &180 at equator.

JWST Primer 13 

 

Figure 4.  The Field of Regard for JWST.  

4.3 The Integrated Science Instrument Module 

 

The Integrated Science Instrument Module (ISIM) is the Observatory element that 
provides the structure and thermal environment for the Science Instruments (SI) and the 
Fine Guidance Sensor (FGS), as well as their control electronics. The ISIM also provides 
command and data handling for the science instruments. 
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• Commissioning	


• Post Launch Deployments	



• Converging from millimeters  
to nanometers of misalignment	



• Approx. from 40 to 120 days  
after launch	



• Maintenance	


• Thermal perturbations are primary driver on long time scales. (hours to weeks)  

Dynamic effects, vibration on short time scales (seconds to hours)	



• Thermal e-folding time constant ~ 5 days;    
JWST is never in thermal equilibrium, but it’s a slow drift.	



• Planned sensing cadence is every 2 days. 

The telescope will be actively aligned
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Simulation for wavefront error vs time during maintenance

Corrections needed

Time in weeks  See Gersh-Range & Perrin, 2014



!
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•  

• Study using semianalytic model (derived from results of detailed finite element modeling)  
to estimate temperature and WFE evolution for SODRM-derived schedules. 	



• Method 1: Add weighting function to schedule generation to minimize thermal drifts.  
Tradeoffs vs. added scheduling complexity. 	



• Method 2: Predictive thermal+optical model could estimate corrections in advance.  
Appears promising even with model uncertainties.

We’re developing control strategies to maximize stability

Jessica Gersh-Range & Perrin 2014,  JATIS, in press.	





So how stable will the telescope be? 

• Benefits both exoplanet imaging & transit spectrophotometry, & lots more...	



• JWST requirement is < 54 nm WFE stability over 2 weeks for the maximum 
possible attitude change before applying wavefront control.	



• High fidelity integrated finite element modeling has not yet been completed for 
realistic coronagraphic science cases.	



• But based on simplified models and latest (2014) optical performance budget,  
it appears not unreasonable to expect...

• 2-3 nanometer delta wavefront error over 12 hours,  
with mid-spatial frequency WFE mostly from vibration.	



• <20 nm delta wavefront error on arbitrarily long timescales after 
 active control, limited by sensing precision & control model accuracy.	



• sub-nanometer stability for back-to-back PSF star observations. 



JWST Coronagraph Science



NIRCam coronagraphs: Band Limited Lyot

• Optimized for 2.1 - 4.6 µm.    
22 wide, medium, narrow filters from 0.7-4.8 µm	



• Spot occulters provide 360º azimuthal coverage 
for disk observations and planet search.	



• Wedge occulters provide better diffraction 
suppression at small separations for 
characterization of known planets, and allow 
selection of inner working angle. 	



• Inner working angles ~ 4-6 lam/D	



• See Krist et al. 2007, 2010; Beichman et al. 2010. 
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low-intensity residual patterns in the final image. With the wedge occulters, a broad spike appears perpendicular to the 
wedge long axis. Using the spot occulters, the residual light is more uniformly distributed in azimuth around the star by 
the rounded holes. The occulters also do nothing to suppress the mid-spatial-frequency optical errors in the telescope, 
which scatter light within the dark zones of the pupil (Figure 5). 

The Lyot stops define the PSF of unocculted field sources in coronagraphic images. Compared to non-coronagraphic 
imaging, the aggressive masking of the pupil redistributes a significant fraction of light from the core into the wings. At 
Ȝ = 4.6 µm, for instance, the non-coronagraphic PSF has 68% of its total flux within the first Airy ring, while the PSF 
created by either Lyot stop has only 16% within the same area (not including the 81% reduction in total intensity due to 
the stop transmission). 

 

 
Figure 5.  Computed pupil intensity patterns viewed in the Lyot stop plane for a point source occulted by the 6Ȝ/D circular 

spot (left) and the 4Ȝ/D wedge (middle) without aberrations.  On the right is the pattern including JWST-level 
wavefront aberrations (the fine grid structure is print-through from the primary mirror backplane).  The images have 
been displayed to emphasize the low-level features.  The bright regions will be masked by the Lyot stops. 

 

Lyot stop for 
6O/D spot occulters

Lyot stop for 
4O/D wedge occulters

Lyot stop for 
6O/D spot occulters

Lyot stop for 
4O/D wedge occulters  

Figure 6.  Openings in the Lyot stops (white) superposed on the JWST pupil pattern.  The throughput for each is ~19%. 
 

Each Lyot stop is placed on top of a wedge prism that redirects the beam onto the detector. There are two methods under 
consideration for constructing the stops: depositing gold or aluminum coatings directly on the prisms or cutting masks 
out of thin metal plates that are placed just in front of the prisms. The short wavelength prisms are made of BaF2 and the 
long of silicon. BaF2 was chosen to minimize chromatic dispersion at the shorter wavelengths, though it does not 
eliminate it (the core of the PSF is elongated along the dispersion direction by a factor of ~2 over a 10% bandpass at Ȝc = 

Proc. of SPIE Vol. 6693  66930H-6
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  1-5 µm	


   	


   5 Band-limited coron.	


      3 circular, 2 wedge	


!
  

Circles above are 0.6 and 1.4 arcsec	


(4 and 8 lam/D)

May  2011

May  2011
May  2011



MIRI Coronagraphs: Quad Phase Masks + Lyot

5-25 µm    

3x 4 quadrant phase masks  
     at 10.65, 11.4, 15.5 µm 
 
     to get NH3 abundances  
     and continuum slope	



!
Inner working angle ~ 1 lam/D  
  	


  

Classical Lyot coron  
     for 23 µm  

Inner working angle  
   = 2.1 arcsec  

MIRI Lyot masksMIRI coronagraph filters

Also: imaging with any other 
NIRCam filter, using the spot  
or its narrow support bar 
but no matching Lyot stops



Observing planets with NIRCam & MIRI
~2 µm



Observing planets with NIRCam & MIRI
~2 µm



Observing planets with NIRCam & MIRI
~3.5 µm



Observing planets with NIRCam & MIRI
~4.5 µm



Observing planets with NIRCam & MIRI
10-15 µm

7
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Pointing strategy and calibrationPointing strategy and calibration
 Because of pointing error and telescope aberrations, calibration by a

reference star is mandatory to detect a planet

 Centering of the target star on the 4 quadrant must be  < 10mas
 Reference star must be as close as 5 mas from target position
 On-board algorithm to do the peak-up and final centering

 see poster by Cavarroc et al.
 Use of a neutral density for coarse centering

 1 or 2 steps for the target ;  4 steps for the reference
 Iterative algorithm to compute the position : Gaussian Weighted

Center of Gravity or floating window CoG
=> 3 mas accuracy on position estimate in 10s

 Science filter + Lyot stop put in place

T

R
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Performance in Performance in pictures pictures ……

raw image substracted image +
planets

substracted image

1.5!/D

500K - 10AU400K - 20AU

300K - 30AU

M2V, 10pc
M2V @10 pc    Rouan et al. 2007

Subtracted



What about disks? 

THEJAMESWEBBSPACETELESCOPE551

areseeninbothspectra,withthemostprominentbeingattributedtocrystalline
silicates.Thisobservationconfirmsthekeyroleofcometsinunderstandingthe
chemicalnatureofdustindebrisdisks.

5.2.1.Observations
CircumstellarDisks:JWSTwillresolvethedetailsofnearbydebrisdiskstructures
todeterminethedynamicaleffectsofplanetsandthroughspectra,theradialand
evenazimuthaldistributionofmajorelementsandtheirmolecularormineralogical
carriers.JWSTwillalsobeabletoconstraintheradialtemperaturedistributionon
thesurfaceandintheinteriorsofthedisks.

JWSTwilltestmodelsofdebris-diskevolutioninthepresenceofplanetsout
todistancesof40–50pc.Atthesedistances,itwillprovidethesamespatialres-
olutionavailablewithSpitzerontheVegadisk(8parsecaway),whichhasbeen
sufficienttodeterminethefirst-ordereffectsofagiantplanetondiskmorphology
(Suetal.,2005).AroundVega,Fomalhaut,andothernearbydisksystems,details
oftheperturbationsindiskstructureon10AUscalesarelikelytobediscernable
(Figure23),sothatthenatureofdebrisdiskscanbeconstrained.

Spectroscopicresolutionof1000inthenearandmid-IRwillresolvethespectral
signaturesofkeyicesandsilicatesinthedisks,andcoronagraphiccapabilityis
necessarytoblockthelightofthecentralstarandobserveplanetsperturbingthe
diskstructures.Thegraintemperaturesinthedisksaregenerallylowenoughso

Figure23.Dustydebrisdisks.WeshowtheFomalhautdebrisdiskasitappearstoSpitzerat24µm
(right;Stapelfeldtetal.,2004),andinasimulatedJWSTimage.Structurewithinthediskisclearly
resolvablebyJWST.

Spitzer MIPS JWST MIRI 24 µm

Fomalhaut’s Disk

Stapelfeldt et al. 2004

- /i.(t- rrji
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Figure 10.  Simulated scattered-light images of a circumstellar dust disk based on a simplified model of the HD 141569A 
disk8. The images are 9” wide. The disk has a 8 × 10-3 fractional infrared luminosity (3× more than Beta Pictoris). The 
simulated disk model without the star is shown in the top left, and below it is the disk and star (A0V at 100 pc) 
observed with the NIRCam coronagraph in F200W using the 0.4” spot occulter, prior to PSF subtraction. The panel on 
the right shows images of the simulated disk after subtraction of a similarly exposed image of an A1V reference star. 
The differences between the target and reference image wavefront errors are indicated (in addition to a ~131 nm static 
wavefront error prior to the occulter). The bottom row shows the same disk if it had 1/50 the optical depth (1.6 × 10-4 
fractional IR luminosity), and those images have been smoothed by a 5 x 5 pixel boxcar. The observations include 
noise and represent a 5000 sec exposure time. 
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Model disk based on HD 141569

Krist et al. 2007

NIRCam  2 µm

PSF subtractions assuming  
5 nm rms delta WFE

optical depth= 
8e-3

optical depth	


50x lower



Studying Disk Compositions through Imaging

NIRCAM SIMULATIONS OF HD 181327 

J. LEBRETON            -            DETAILED MODELS OF A SAMPLE OF DEBRIS DISKS            -             SF2A 03/06/14 

•  Realistic disk model + J.Krist performance model, including PSF 
subtraction and 5 nm of WFE drift between target & reference 
Star-only Disk subtracted 
 
 
 
4.44 µm, no-noise 

Water ice > 
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MIRI SIMULATIONS OF HD181327 
• Simulation from A.Boccaletti 
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Table1

CoronagraphicmodesofMIRI

FilterCoronagraphStoptransmissionCentralwavelengthBandwidthIWARejection
[%][µm][µm][arcsec]on-axis

F1065C4QPM16210.5750.750.33260
F1140C4QPM26211.300.80.36285
F1550C4QPM36215.500.90.49310
F2300CLyotspot7222.755.52.16850
F0560WLyotbar1005.601.150.72210
F0770WLyotbar1007.652.10.7255
F1000WLyotbar1009.951.90.7250

etal.(2005).Thesimulationwasusedformerly
toderivespecificationsoftheMIRIcoronagraphs
andtoestimateperformances.Itaccountsforthe
telescopepupil(18hexagonalsegmentsseparated
bysmallgaps),phaseaberrations(independenton
eachsegments),foratotalof∼130nmRMS(mid
andhighfrequencies)aswellasagloballoworder
aberrationinaformofdefocusequivalentto2mm
atthetelescopefocalplane.Inthepupilplane
(filterwheel),thepositionoftheLyotstopcanbe
mis-alignedsoitwasoffsetby3%thesizeofthe
pupilandincludesalsoa0.5

◦
rotationwithrespect

totheperfectpupilorientation.Thesenumbers
aresupposedtobeconservative.Tomodelthe
telescopepointingvariationsthecalculationofthe
coronagraphicimageisrepeated200timeswitha
1-sigmadispersionof7masandallrealizationare
summedintheend.Areferencestarimageiscal-
culatedsimultaneously(samesetupasthetarget)
butconsideringdifferentjitterrealizations.We
assumethatthetarget/referencedutycyclecan
beshortenoughtoneglectthevariationofthe
wavefronterrorsandconsiderthatthetargetto
referencemismatchisdrivenbythepointingpre-
cisionof5mas(theJWSTpointingrequirement
at1-sigma/axis).Finally,severaloff-axisimages
(PSFs)aregeneratedinthefieldatvariousposi-
tions(0.1”,0.2”,0.5”,1”,10”)toaccountforthe
coronagraphicradialattenuation(seeFig.1).

Forbroadbandfilters(anyfiltersbutF1065C,
F1140C,F1550C)polychromaticimagesaregen-
eratedaccordingtothetabulatedtransmissionof
thesefilters.Threetypesofcoronagraphsare
madeavailableinthesimulation,the4QPMand
theLyotspotmaskforcoronagraphicfilters,and
theLyotbarmaskforimagingfilters.Inthelat-
tercase,thecentralsourceisoffsetby6”from
thecenterofthefield.Rawcoronagraphiccon-

Fig.2.—Normalizednoise-freecontrastsobtained
inF1140C(red)andF1550C(blue)filterson
thePSF(solid)andtherawcoronagraphicimage
(dashed).Estimated5σcontrastsusingreference
starsubtractionarealsoshown(dash-dotted).

trasts(azimuthallyaveraged),correspondingto
thefirststepofthesimulation(freeofdetec-
tionnoises)areshowninFig.2,togetherwith
5σpost-processingcontrastsoncereferencestar
issubtractedwhichsetsthemaximumachievable
contrastwiththistechnique.Sincethen,several
smarterpost-processingtechniqueswereproposed
(Lafrenièreetal.2007;Soummeretal.2012)and
shouldbeimplementedinMIRItoimprovethis
limitofdetection.Therefore,thecontrastper-
formancepresentedinthispaperareconservative.
Theexactprofilesofthecoronagraphicimageswill
bedependingonthepowerspectrumdensityofthe
wavefronterrors,whichisyetdifficulttopredict.

Thesecondpartofthesimulationincludesthe
detectionnoise.Thephotonnoiseinthecorona-
graphicimagedependsonthestardistanceand

3

            F1140C   F1550C 
PSF 
Raw 
PSF-subtr. (5σ) 

Contrasts (noise free) 
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toderivespecificationsoftheMIRIcoronagraphs
andtoestimateperformances.Itaccountsforthe
telescopepupil(18hexagonalsegmentsseparated
bysmallgaps),phaseaberrations(independenton
eachsegments),foratotalof∼130nmRMS(mid
andhighfrequencies)aswellasagloballoworder
aberrationinaformofdefocusequivalentto2mm
atthetelescopefocalplane.Inthepupilplane
(filterwheel),thepositionoftheLyotstopcanbe
mis-alignedsoitwasoffsetby3%thesizeofthe
pupilandincludesalsoa0.5

◦
rotationwithrespect

totheperfectpupilorientation.Thesenumbers
aresupposedtobeconservative.Tomodelthe
telescopepointingvariationsthecalculationofthe
coronagraphicimageisrepeated200timeswitha
1-sigmadispersionof7masandallrealizationare
summedintheend.Areferencestarimageiscal-
culatedsimultaneously(samesetupasthetarget)
butconsideringdifferentjitterrealizations.We
assumethatthetarget/referencedutycyclecan
beshortenoughtoneglectthevariationofthe
wavefronterrorsandconsiderthatthetargetto
referencemismatchisdrivenbythepointingpre-
cisionof5mas(theJWSTpointingrequirement
at1-sigma/axis).Finally,severaloff-axisimages
(PSFs)aregeneratedinthefieldatvariousposi-
tions(0.1”,0.2”,0.5”,1”,10”)toaccountforthe
coronagraphicradialattenuation(seeFig.1).

Forbroadbandfilters(anyfiltersbutF1065C,
F1140C,F1550C)polychromaticimagesaregen-
eratedaccordingtothetabulatedtransmissionof
thesefilters.Threetypesofcoronagraphsare
madeavailableinthesimulation,the4QPMand
theLyotspotmaskforcoronagraphicfilters,and
theLyotbarmaskforimagingfilters.Inthelat-
tercase,thecentralsourceisoffsetby6”from
thecenterofthefield.Rawcoronagraphiccon-

Fig.2.—Normalizednoise-freecontrastsobtained
inF1140C(red)andF1550C(blue)filterson
thePSF(solid)andtherawcoronagraphicimage
(dashed).Estimated5σcontrastsusingreference
starsubtractionarealsoshown(dash-dotted).

trasts(azimuthallyaveraged),correspondingto
thefirststepofthesimulation(freeofdetec-
tionnoises)areshowninFig.2,togetherwith
5σpost-processingcontrastsoncereferencestar
issubtractedwhichsetsthemaximumachievable
contrastwiththistechnique.Sincethen,several
smarterpost-processingtechniqueswereproposed
(Lafrenièreetal.2007;Soummeretal.2012)and
shouldbeimplementedinMIRItoimprovethis
limitofdetection.Therefore,thecontrastper-
formancepresentedinthispaperareconservative.
Theexactprofilesofthecoronagraphicimageswill
bedependingonthepowerspectrumdensityofthe
wavefronterrors,whichisyetdifficulttopredict.

Thesecondpartofthesimulationincludesthe
detectionnoise.Thephotonnoiseinthecorona-
graphicimagedependsonthestardistanceand
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            F1140C   F1550C 
PSF 
Raw 
PSF-subtr. (5σ) 

Contrasts (noise free) 

F1140C F2300C

MIRI Coronagraph Simulations

from J. Lebreton from A. Boccaletti

Colors, albedos, phase functions of scattering particles	


Ices at 3.3 µm	



Silicates at 10-11 µm	



NIRCam & MIRI Integral Field Spectrographs. 	


R~700 - 2700, from 0.7 to 27 µm. 
How much can we do with PSF subtraction with these image slicers?	





NIRISS Aperture Masking Interferometry

• 7 hole nonredundant mask in 
NIRISS pupil wheel. 21 baselines.	



• Inner working angle about 70 mas	



• 5% filters at 3.8, 4.3, 4.8 µm	



• 25% filter at 2.7 µm  
(undersampled but image plane forward 
model algorithms enable model fitting.)

Sivaramakrishnan et al. 2009, 2010, 2012,    	


Ford et al. 2014,	



Greenbaum et al. in prep.	


 NIRISS cryovac test data, Oct 2013



NIRISS Aperture Masking Interferometry 
 

 

In actual observations, the detection limit is set by the flux of the planet relative to the local background noise as 
measured either in an aperture or with a matched filter (i.e. PSF fitting). In PSF-subtracted images the total noise is a 
combination of read noise in the target and reference star images, shot noise from the wings of the PSF and sky 
background in each image, subtraction residuals caused by PSF mismatches, and shot noise from planet itself. Increasing 
the total exposure time will reduce the shot and read noise relative to the planet flux, but it will not affect the ratio of the 
planet flux to the PSF subtraction residuals.  The primary advantage of the NIRCam coronagraph over direct imaging is 
not the immediate reduction in the brightness of the PSF wings but rather the reduced sensitivity to PSF mismatches that 
result in subtraction residuals. 
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Figure 9.  Mean azimuthal contrast at which a signal-to-noise ratio of 5 detection of a planet around an M0V star at 4 pc is 
obtained in filter F460M with the wedge occulter (wedge region excluded). The corresponding planet masses and ages 
are shown on the right. The profiles are derived from roll-subtracted model images (20 nm RMS wavefront difference 
between rolls in addition to static aberrations) for both non-coronagraphic and coronagraphic observations. At each 
orientation, a 10000 sec exposure was obtained. Detector and zodiacal background noise is included. The thick green 
line shows the contrast of the same coronagraph (roll subtraction) with the sky background seen at Mauna Kea. 

7. SCIENCE WITH THE NIRCAM CORONAGRAPH 
7.1 Extrasolar planets 

The most exciting science expected from the NIRCam coronagraph is the detection of planets around other stars.  
NIRCam can take advantage of the peak in thermal emission at Ȝ = 4.6 µm where a large planet is magnitudes brighter 
relative to the star than it is at other wavelengths. As shown in Figures 2 and 8, observations in different NIRCam filters 
can be used to distinguish planets from other objects such as background stars that would have more uniform flux 
distributions. 

Because it is seen in emitted rather than reflected light at these wavelengths, a planet’s brightness is not dependent on its 
distance from or the luminosity of the star at the observable separations. The NIRCam coronagraph will enable imaging 
of planets with masses <1 MJup and ages of up to a few billion years around nearby, low-luminosity stars. As shown in 
Figure 9, a 1 Gyr-old Jupiter would have a contrast of 10-6 relative to an M0V star. As the star’s luminosity increases, the 
planet’s contrast decreases, so planet searches will likely concentrate on K, M, and L stars. Nearby associations of young 
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Followup to  
small separation planets

←NIRISS NIRCam→

Imaging disks, AGN,  
quasar hosts...

Figures from Sivaramakrishnan & Artigau 2014 
(article in next month’s STScI newsletter)

1 arcsec FOV = 50 pc at 10 Mpc distance	


Imaging at 100:1 contrast at subarcsec scales at 4.8 µm



Transits, transits, transits...

• JWST will excel at transit and eclipse spectrophotometry. 	


• Photon noise limited SNR ~ 3-8x better than HST or Spitzer	



• Exquisite spectra of gas giants from 0.7 to beyond 10 µm.	



• But not transiting Earth twins. 	



• Wide spectral range & various resolutions - 	


• NIRISS:  0.6-2.4 µm, R ~700,  entire range simultaneously,  

slitless, and cross-dispersion defocused for enhanced dynamic range	



• NIRSpec: 0.7-2.5 µm,  R~100, 1000, 2700,  square 1.6” aperture, 	



• NIRCam:  can be defocused w/ weak lenses for very bright star photometry 
        2.5-5 µm, R~1700 slitless spectroscopy	



• MIRI: 5-12+ µm, R~70, slitless spectroscopy	



• TESS & JWST synergy.  PLATO beyond 2024. 



High Contrast AO

Jovian planet detection	



Disk imaging in the near-IR	



Higher angular resolution	



Smaller inner working angles	



Polarimetry	



Young Jupiter twins	



Some results in visible light

JWST

Planet spectroscopy & characterization	



Disk imaging & spectroscopy in the mid-IR	



Greater sensitivity	



Larger field of view	



Total intensity with fewer subtraction biases	



Young Saturn twins	



Fainter (younger/farther) science targets

Complimentary strengths for exoplanet imaging in the 2020s



Backup Slides 



The bottom line

• Active and adaptive optics are essential for extending our vision with 
future large telescopes, from both Earth and space.	



• JWST is “Keck 1990 in space”: Active, but not adaptive, optics enable a 
giant leap in aperture above Hubble’s “Mt Wilson 100 inch in space.”	



• Future high contrast imaging missions will use “Extreme AO in space” to 
spectroscopically characterize nearby worlds.  
    AFTA Coronagraph: Jovian & Neptunian planets  
    ATLAST:  Terrestrial planets in habitable zones	



• Whatever we do, it will take a decade or two per mission, and cost  
“one great observatory quantum”; Bringing such missions into reality  
will take both technological boldness and management discipline. 



Courtesy of Duccio Machetta, 	


shown at “20 years of HST” meeting in Venice 2010



JWST Mirrors Completed in 2011 
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Mirror Measured 
(nm rms SFE) 

Uncertainty 
(nm rms SFE) 

Total 
(nm rms SFE) 

Req 
(nm rms SFE) 

Margin 
(nm rms SFE) 

Primary Mirror  
(18 mirror composite) 23.6 8.1 25.0 25.8 6.4 

Secondary Mirror 14.7 13.2 19.8 23.5 12.7 

Tertiary Mirror 18.1 9.5 20.5 23.2 10.9 

Fine Steering Mirror 13.9 4.9 14.7 18.7 11.6 

Slide from Lee Feinberg





Slide from Lee Feinberg

Mirror Fabrication and Test Now Complete 
(As Run Schedule) 



JWST Imaging Sensitivity 



JWST Spectroscopic Sensitivity 

JWST 

Spitzer 

SOFIA 



Exoplanet  
Direct Imaging 

WFIRST-AFTA Coronagraph Capability 

04/30/2014 WFIRST-AFTA SDT Interim Report 28 

Bandpass 400 – 1000 nm Measured sequentially in five ~10% bands 
Inner working angle 100 – 250 mas ~3λ/D 
Outer working angle 0.75 – 1.8 arcsec By 48x48 DM 
Detection Limit Contrast ≤ 10-9 

(after post processing) 
Cold Jupiters, Neptunes, and icy planets 
down to ~2 RE 

Spectral Resolution ~70 With IFS, R~70 across 600 – 980 nm 
Spatial Sampling 17 mas Nyquist for λ~430nm 

Coronagraph Architecture: 
Primary: Occulting Mask (OMC) 
Backup: Phase Induced Amplitude 

Apodization (PIAA) 

Exoplanet  
Spectroscopy 

2 AU  R=70
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