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DUSTY EXOPLANETARY SYSTEMS 
DEBRIS	
  DISKS	
  ARE	
  KUIPER-­‐	
  AND	
  MAIN-­‐BELT	
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  Sequence	
  stars	
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  years)	
  
²  Second-­‐generation	
  grains,	
  gas	
  poor	
  
²  Driven	
  by	
  photo-­‐gravitational	
  forces	
  

HD 181327 
Lebreton et al. 2012 
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 Science questions for NIRCam: 
•  Are there structures in disks and do they trace planets? 
•  Can we image disk-shaping exoplanets? 

•  Are there ices in exo-asteroids / exo-KBOs? Where are     
   the icelines? (H2O, CO, CO2, NH3) 

•  How does scattering compare to thermal emission?  
   (dust optics & physics/dynamics, disk geometry)  

Debes et al. 2009 Clampin et al. 2003 

In a Herbig  Ae star 
     Honda et al.   2009 

Collisional  
cascade 

3/15 

67P/Churyumov-Gerasimenko 



Keck Interferometer nulls across the N-band (4 baselines) pinpoint the warm dust location 

3

Table 2
KIN observations and simulator setup

Date MJD Long baseline (m) Azimuth LB (�) Azimuth SB (�)
4/17/2008/07:15:11 54573.30221 84.02 42.09 50.61
5/24/2008/07:27:41 54610.31089 69.85 41.87 106.5
5/24/2008/08:39:47 54610.36096 59.39 35.38 129.0
5/24/2008/09:21:26 54610.38990 53.47 28.72 138.2

8 9 10 11 12 13
λ [µm]

−0.05

0.00

0.05

0.10

0.15

0.20

C
a
lib

ra
te

d
 l
e
a
k

                                                                                                                                                             

MJD = 54573.30221 ; bproj = 84.01 m
MJD = 54610.31089 ; bproj = 69.82 m
MJD = 54610.36096 ; bproj = 59.35 m
MJD = 54610.38990 ; bproj = 53.41 m

Figure 1. Calibrated KIN nulls as a function of wavelength. The data include the stellar contribution, are corrected from
the system nulls and are given with 1� uncertainties (formal error + external error, Millan-Gabet et al. 2011). Four epochs
are shown corresponding to four di↵erent configurations of the interferometer, in particular in terms of baseline length b
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Figure 2. Full high-resolution Spitzer/IRS spectrum (SLSHLH) with 44 points extracted (processed by C. Chen for Lisse
et al. 2012). A NextGen stellar spectrum is depicted in red, from which the excess spectrum is computed.
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Spitzer-IRS spectroscopy probes warm silicate dust in the inner disk 
    
        Recalibration and    
       photosphere fitting 

	
  Lebreton et al., subm. to ApJ	
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• Fit to resolved Herschel PACS 70/100/160µm imaging + SED from near-IR to mm 
→ a «classical», ice-free belt in collisional equilibrium with a mass comparable to much younger disks  

 

 

 

 

 

 
 

• The Keck Interferometer refines the inner dust location w.r.t unresolved Spitzer 
       → Inner disk (exozodi): “Abnormally” high albedo Forsterite at 0.2 AU  

 (χ2 = 1.7) or Olivine at 0.8 AU  (χ2 = 2.9)  amin ~0.8 – 1.2 um  
    The mass of a 200km asteroid just in dust at 0.2 AU!  
  (Likely an exo-LHB: Lisse et al. 2012) 

• The first LBTI data validate our conclusions and favor a ~0.2AU location  
 (Defrère et al 2014) 
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Figure 3. From top to bottom: Herschel/PACS 70, 100, 160 µm images of ⌘ Crv (left) and the PSF star (alf cet, right).
The images are oversampled by a factor 10 wrt to the native resolution (1 00/pixel at 70 and 100 µm, 2 00/pixel at 160 µm.
Gaussian fits to the images are shown with countours at levels 0.3%, 10%, 50%, 90%, 99% w.r.t. the peak of the Gaussian.

Table 3
Disk parameters from Herschel

wavelength PA* Major-axis FWHM (00) Minor-axis FWHM (00) Inclination (�)
70 101.97433 14.336275 10.736725 41.503075
100 103.86286 16.558636 12.887695 38.894213
160 101.85738 17.591398 14.532713 34.297170
Mean 102.565 38.2315

	
  Lebreton et al., subm. to ApJ	
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Annulus  
at r0 = 133 AU 

amin = 5 µm 
dn(a) ∝ a-3.5da 

M = (0.7-2.9) x 10-2 M⊕ 

Herschel 
 PACS70 
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Fig. 6.— The two best-fit exozodiacal disk models derived by Lebreton et al. (in prep) to

reconcile the KIN observations with the shape of the Spitzer/IRS spectrum shown on top

of the sky transmission map of the LBTI (top row) and the KIN (bottom row). Model 1 is

on the left and model 2 on the right (see main text for model descriptions). The contours

mark regions corresponding to given ratios of the maximum disk flux density (see contour

label), assuming that the inner warm disk has the same orientation as the outer disk imaged

by Herschel (Duchêne et al. 2014). While the predicted flux transmitted through the KIN is

logically similar for both models (see value in the upper left legend), it is significantly di↵erent

in the case of the LBTI which is well matched for few AU-scale dust emission around near

main-sequence stars and allows to break the degeneracy between the models (see Figure 5 for

the corresponding expected null measurements). The LBTI sky transmission map is shown

for the first OB of our observations (Julian date: 2456700.9204, parallactic angle: -4.�9, hour

angle: -0h18). The KIN sky transmission map is shown for the same hour angle. North is

up, East is to the left.

GRaTer code 
Augereau et al. 1999a, 

Lebreton et al. 2013 

LBTI 
 
KIN 
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 η	
  Crv:	
  too	
  faint	
  for	
  NIRCam	
  	
  
but	
  a	
  great	
  target	
  for	
  MIRI	
  	
  

Planets? A companion is predicted to sculpt the belt at 5.3” (1Jupiter) to 6.5” (0.1 Jupiter) 
NIRCam can detect a 2 Jupiter-mass planet in 1hour 

 

MIRI simulations 
F2300C Lyot: The disk is well- 

detected in 1 hour (A. Boccaletti) 

Herschel 70µm 

23µm model 

? 
 
 
MIRI 23µm 10 hours 
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  Lebreton et al., subm. to ApJ	
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THE NIRCAM 
CORONAGRAPH 
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     NIRCam:  
• Near-infrared imaging from 0.6 to 5µm 
(28 broad, medium and narrow filters) 
• Angular resolution: 0.02" to 0.16” 
• 2.2'x4.4' FOV, 31.7mas/pixel (SW) or 
64.8mas/pixel (LW).  

     Coronagraph: 
• ~4-6λ/D IWA (Jupiter at 4.5µm from 8.2pc) 

• Suppress diffracted light ≤ 130nm WFE 
                  (throughput 18%) 
  ➡ ︎ Contrast: 10-5 (1”) – 10-8 (10”)  
Tolerance to 2% pupil misalignment,  
  <20 mas pointing error 

 
 

 
 

= 2.1 μm and 4.6 μm.  The occulters are 20” long and are aligned to block the image of the diffraction spike generated 
by a secondary mirror support strut.  Because they offer the closest imaging to the star and can be tuned for the 
observation wavelength, the wedge occulters are favored for detecting extrasolar planets. To prevent it from interfering 
with non-coronagraphic observations, the substrate containing the occulters is located just outside the normal field of 
view, and a telescope pointing offset places the star on the occulter. To redirect the beam onto the detector, a wedge 
prism is placed just behind the Lyot stop. 

There are three sombrero-squared circular occulters that correspond to HWHM = 6λ/D at λ = 2.1, 3.35, and 4.3 μm 
(0.4”, 0.64”, and 0.8”, respectively). While their diffraction suppression performance is less than the wedges, they and 
their matching Lyot stop generate a more uniform background in the final image. This and their uninterrupted 360º fields 
around the star make them the best choice for imaging extended sources such as circumstellar disks. 

HWHM = 0.40”
(6λ/D @ 2.1 μm)

20” (~12 mm)

HWHM = 0.64”
(6λ/D @ 3.35 μm)

HWHM = 0.82”
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HWHM=2λ/DHWHM=6λ/D

 
Figure 4.  Layout of the coronagraphic occulters on the mounting substrate.  Along the top are 5” by 5” neutral density 

squares used for target acquisition.  The wedges for the short (thin) and long (thick) wavelengths are on the right. 

 

The occulters will be halftone patterns composed of 0.8 μm diameter aluminum or gold dots created using vapor 
deposition and photo-etching on a sapphire substrate, which measures 60 mm by 12 mm (100 arcsec by 20 arcsec).    
Deposited gold neutral density (OD=3, or 10-3 transmission) squares, 5” on a side, are aligned along the top of the 
substrate and will be used for target acquisition.  

Optical modeling has been used compute tolerances for the occulters. The minimum transmission must be 10-4 or less to 
keep the contrast within a factor of two of a perfect occulter. While the profiles are theoretically infinite in extent, it 
appears that only the core and first sidelobe of the sinc2 profile need to be kept, and just the core of the sombero2 profile 
is necessary.  In a system with a simpler diffraction pattern, there would be greater sensitivities to the profiles. 

4.4 Coronagraph Lyot stops 

The Lyot stop patterns are specifically matched to the light distribution in the reimaged pupil planes after the occulters.  
Figure 5 shows the computed pupil intensity distributions for sources occulted by the 4λ/D wedge and 6λ/D spot (the 
pattern is the same regardless of wavelength for perfect optics as long as the occulter size scales with wavelength). The 
pupil image created by an unocculted source would have uniform intensity. The dark zones are created by the effective 
filtering of low spatial frequency components in the entrance pupil by the occulter. By masking the bright zones, 
corresponding to the higher spatial frequencies (the wings of the PSF), most of the light in the diffraction pattern can be 
removed. Holes in the mask matching the dark zones (Figure 6) allow light from an unocculted source to pass, though at 
a reduced intensity. 

Using the computed pupil images, for each occulter pattern the holes in its corresponding Lyot stop were defined by the 
dark zones’ isophotal contours. The contour levels were chosen to create a stop that would tolerate a 2% pupil 
misalignment and have a total mask transmission of no less than ~20% (in actuality, it is ~19% for each). The zones 
created by the wedge have fairly straight sides, which are efficiently approximated by polygonal holes, while a spot 
occulter creates rounded dark zones. 

Due to the complexity of the JWST PSF, the coronagraph cannot fully suppress the diffraction pattern (i.e. the occulters 
are not fully band-limited). A small fraction of light leaks into the dark zones and is diffracted by the Lyot stop, creating 

Layout of the coronagraphic occulters on the mounting substrate 

 
 

 

 

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 
λ = 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 6λ/D circular 

spot (left) and the 4λ/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 
6λ/D spot occulters

Lyot stop for 
4λ/D wedge occulters

Lyot stop for 
6λ/D spot occulters

Lyot stop for 
4λ/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 λc = 
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From  
Krist et al. 2007 

Pupil intensity patterns     in the Lyot stop plane 
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CORONAGRAPHIC PERFORMANCES VS SOURCE CONTRAST 
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NIRCAM DEBRIS DISK SAMPLE SELECTION 

•  A limited number of debris disks have been spatially resolved, most of them in thermal emission 
(far-IR/ mm), only 23 disks have been resolved in scattered light (as of Jan. 2015: HST, ground) 

•  Select a limited sample of extended, high surface brightness debris disks  

•  Follow-up observations of HST disks: comparable contrast & resolution  
but in the 2-5 µm range with excellent PSF stability 

•  Disk stars are great targets for planet detection down to (sub-)Neptunian masses 

+ more new  
candidates  

from the  
HST archive 

HD 141569a HD 32297
HR 4796

Beta Pic HD 15115

HD 181327

HD 139664 HD 10647 HD 107146 HD 92945

AU Mic

HD 61005

HD 15745

Fomalhaut

HD 141569a HD 32297
HR 4796

Beta Pic HD 15115

HD 181327

HD 139664 HD 10647 HD 107146 HD 92945

AU Mic

HD 61005

HD 15745

Fomalhaut
 

Figure 5. Comparison of PSF-subtraction methods revealing the HD 181327 debris ring in HST coronagraphic 

images with (A–D) derived from the same raw data (NICMOS 1.1 µm imagery) and (E) STIS 6 roll (6R) 

contemporaneous observationally matched-PSF template subtracted coronagraphy (PSFTSC). A: NICMOS 

discovery image using two (of ten) non-contemporaneously observed PSF template stars (Schneider et al, 2006; HST 

GO program 10177).  B: “LAPLACE” (HST AR program 11279) re-processing and globally optimized re-reduction 

with PSF-matching from a down-selected 53 template ensemble (Schneider et al., 2010). C: LOCI re-processing 

(without regularization) with a 232 LAPLACE recalibrated PSF template library. D: KLIP re-processing (35 

coefficients) using same PSF template library as (C) with regularization. C and D from Soummer, Pueyo, and Larkin 

2012 (HST AR program 12652). E: STIS 6R-PSFTSC (result from this program discussed in this paper). Gray circle 

indicates the location and size of the NICMOS r = 0.3" coronagraphic circular obscuration. 

 

6.2. Comparison with HST/ACS Observations 

 

While the large angular extent of the ACS coronagraphic masks (r = 0.9" and r = 1.8") preclude 

CS observations at small IWA’s the instrument (unlike NICMOS) does provide a coronagraphic 

FOV comparable to STIS. This has been used advantageously for (angularly) large CS debris 

systems, but is significantly less efficient than STIS. For example, the full extent of the HD 

181327 debris system (unseen with NICMOS) is revealed with STIS six-roll PSFTCS and 

compared in Fig. 6, over the full dynamic range of imaging sensitivity, to a discovery epoch 

PSF-subtracted ACS image at very similar central wavelength (from Schneider et al 2006). 

Nebulosity in the STIS image is traced to stellocentric distances of 9.5" with more complete 

sampling about the star, better image fidelity, and higher sensitivity to low surface-brightness 

light-scattering material in the outermost, photon-limited, portions of the HD 181327 debris 

system. The STIS instrument’s near full-throughput pupil (compared to ~ 50% for ACS in its 

coronagraphic mode), and unfiltered spectral sensitivity (∆λ/λ = 75%, compared to 25% for 

ACS/F606W) together provide an ≈ 6x gain in exposure depth per unit integration time. For 

these STIS observations, with the additional investment in exposure time of a factor ≈ 4.5x over 

the ACS images, an improvement in exposure depth by a factor of ≈ x27 and photon-limited S/N 
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   1	
  Mj	
   10	
  Mj	
  
HD10647	
   F8.5V	
   4.0E-­‐04	
   1400	
   4.76	
   4.32	
   3.97	
   3.44	
  

HD181327	
   F5.5V	
   6.0E-­‐03	
   12	
   1.72	
   1.57	
   1.45	
   1.26	
  

HD32297	
   A7V	
   2.0E-­‐03	
   30	
   1.05	
   0.96	
   0.89	
   0.79	
  

The	
  Moth	
   G8Vk	
   2.5E-­‐03	
   90	
   1.77	
   1.59	
   1.45	
   1.25	
  

AU	
  mic	
   M1Ve	
   7.6E-­‐03	
   12	
   3.53	
   3.11	
   2.80	
   2.35	
  

HD107146	
  	
   G2V	
   1.0E-­‐04	
   140	
   4.56	
   4.12	
   3.78	
   3.26	
  

HR4796A	
   A0V	
   5.0E-­‐03	
   8	
   2.10	
   1.95	
   1.82	
   1.62	
  

HD92945	
  	
   K6	
   7.7E-­‐04	
   294	
   2.09	
   1.87	
   1.71	
   1.46	
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Why are disks fainter than expected in scattered light?  
→ Adjust the grain effective albedo to correct for the phase function 

(see e.g. Stark et al. 2015) 

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

800.0

900.0

Flux in e− / pixel

HD10647, λ=3.000 µm, φ=2.026 mJy

−15

−10

−5

0

5

10

15

ar
cs

ec

−15 −10 −5 0 5 10 15
arcsec

−15

−10

−5

0

5

10

15

−15 −10 −5 0 5 10 15

500.0

1000.0

1500.0

2000.0

2500.0

3000.0

3500.0

4000.0

4500.0

Flux in e− / pixel

HD10647, λ=3.000 µm, φ=2.025 mJy

−15

−10

−5

0

5

10

15

ar
cs

ec

−15 −10 −5 0 5 10 15
arcsec

−15

−10

−5

0

5

10

15

−15 −10 −5 0 5 10 15

SIMULATIONS FOR NIRCAM GTO TARGETS: EXAMPLE OF Q1 ERI 
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HD10647, texp=3600s, pfov = 0.0648", WFE = 132 ± 5 nm
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SIMULATIONS FOR THE YOUNG EXO-KUIPER-BELT OF HD181327 

Detailed disk model across the ice 3µm feature 

Table 1

Coronagraphic modes of MIRI

Filter Coronagraph Stop transmission Central wavelength Bandwidth IWA Rejection
[%] [µm] [µm] [arcsec] on-axis

F1065C 4QPM1 62 10.575 0.75 0.33 260
F1140C 4QPM2 62 11.30 0.8 0.36 285
F1550C 4QPM3 62 15.50 0.9 0.49 310
F2300C Lyot spot 72 22.75 5.5 2.16 850
F0560W Lyot bar 100 5.60 1.15 0.72 210
F0770W Lyot bar 100 7.65 2.1 0.72 55
F1000W Lyot bar 100 9.95 1.9 0.72 50

et al. (2005). The simulation was used formerly
to derive specifications of the MIRI coronagraphs
and to estimate performances. It accounts for the
telescope pupil (18 hexagonal segments separated
by small gaps), phase aberrations (independent on
each segments), for a total of ∼130nm RMS (mid
and high frequencies) as well as a global low order
aberration in a form of defocus equivalent to 2mm
at the telescope focal plane. In the pupil plane
(filter wheel), the position of the Lyot stop can be
mis-aligned so it was offset by 3% the size of the
pupil and includes also a 0.5◦ rotation with respect
to the perfect pupil orientation. These numbers
are supposed to be conservative. To model the
telescope pointing variations the calculation of the
coronagraphic image is repeated 200 times with a
1-sigma dispersion of 7mas and all realization are
summed in the end. A reference star image is cal-
culated simultaneously (same setup as the target)
but considering different jitter realizations . We
assume that the target/reference duty cycle can
be short enough to neglect the variation of the
wavefront errors and consider that the target to
reference mismatch is driven by the pointing pre-
cision of 5mas (the JWST pointing requirement
at 1-sigma/axis). Finally, several off-axis images
(PSFs) are generated in the field at various posi-
tions (0.1”, 0.2”, 0.5”, 1”, 10”) to account for the
coronagraphic radial attenuation (see Fig. 1).

For broad band filters (any filters but F1065C,
F1140C, F1550C) polychromatic images are gen-
erated according to the tabulated transmission of
these filters. Three types of coronagraphs are
made available in the simulation, the 4QPM and
the Lyot spot mask for coronagraphic filters, and
the Lyot bar mask for imaging filters. In the lat-
ter case, the central source is offset by 6” from
the center of the field. Raw coronagraphic con-

Fig. 2.— Normalized noise-free contrasts obtained
in F1140C (red) and F1550C (blue) filters on
the PSF (solid) and the raw coronagraphic image
(dashed). Estimated 5σ contrasts using reference
star subtraction are also shown (dash-dotted).

trasts (azimuthally averaged), corresponding to
the first step of the simulation (free of detec-
tion noises) are shown in Fig. 2, together with
5σ post-processing contrasts once reference star
is subtracted which sets the maximum achievable
contrast with this technique. Since then, several
smarter post-processing techniques were proposed
(Lafrenière et al. 2007; Soummer et al. 2012) and
should be implemented in MIRI to improve this
limit of detection. Therefore, the contrast per-
formance presented in this paper are conservative.
The exact profiles of the coronagraphic images will
be depending on the power spectrum density of the
wavefront errors, which is yet difficult to predict.

The second part of the simulation includes the
detection noise. The photon noise in the corona-
graphic image depends on the star distance and
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A. Boccaletti’s simulations → 
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The Astrophysical Journal Letters, 755:L28 (5pp), 2012 August 20 Soummer, Pueyo, & Larkin

Figure 3. Left: final KLIP-subtracted image from HR8799 using HST NICMOS archival data from 1998. The result is obtained by applying KLIP locally in large
annular zones using the first 42 KL images. Right: result from forward modeling using Equation (13). Note that the left image corresponds to a single reduction and
is comparable in contrast to single images obtained previously with LOCI (Soummer et al. 2011a). Deeper images can be obtained by combining data from different
orients and by exploring the algorithm parameter space.
(A color version of this figure is available in the online journal.)

Figure 4. Left: image of HD 181327 using KLIP from a carefully selected reference library of 232 PSFs, using 35 KLIP coefficients. For comparison, the right panel
shows the image obtained with LOCI without regularization using the same data set. We were able to obtain a very similar image using appropriate regularization with
LOCI. However, there is no guarantee that the structure detected in a reduced LOCI image is not an artifact of the regularization. KLIP circumvents this degeneracy
and enables forward modeling.
(A color version of this figure is available in the online journal.)

variants to reduce the dimensionality of the reference set, using
KL eigenimages instead of reference PSFs.

The cost function associated with KLIP (Equation (4)) is very
similar to the cost function associated with LOCI (Lafrenière
et al. 2007). However, LOCI minimizes the distance between
the science target and the reference PSFs, whereas KLIP
minimizes, in the statistical sense, the distance between any
PSFs Iψ in the close vicinity of references library and the Kklip-
dimensional orthonormal basis-set {ZKL

k (n)}k=1...Kklip . It is in
principle possible to include the target to the reference library
before decomposition into principal components, but in this case
astrophysical sources can be completely subtracted and forward
modeling cannot be carried out. While such solutions might
yield slightly deeper contrasts, they might yield astrophysical
estimates with biases that are difficult to calibrate. In this
sense LOCI, with well-chosen parameters, might be optimal
for detection while KLIP is more robust for characterization.

Because the set of {Rk}k=1...N is not an orthonormal basis,
LOCI requires the inversion of the covariance matrix ERR ,
which is typically ill conditioned. This leads to noise ampli-
fication if the inversion is not properly regularized. Several ap-
proaches to regularization exist, for example, eigenvalue trun-
cation (Marois et al. 2010a) or Tikhonov regularization (Pueyo

et al. 2012; Soummer et al. 2011a). With KLIP the regulariza-
tion is implicit with the truncation of the KL basis. It is also
more easily controlled because the KL set remains optimal for
any value of Kklip. In addition, simple regularization schemes do
not reduce the dimensionality of the covariance matrix, whereas
KLIP reduces the number of references and therefore improves
speed. Once the KL transform has been generated for a given
search area geometry, the remaining free parameter Kklip can be
explored with minimal computation burden (projections). De-
pending on the implementation of the algorithm and the type of
data, KLIP can lead to considerable speed increases, especially
when considering KLIP does not require us to process synthetic
sources for characterization of detected signal.

As far as detection is concerned the most striking difference
between LOCI and KLIP resides in disk imaging. Using HST
Cycle 10 NICMOS archival data of the disk around HD 181327,
we performed a global-LOCI and global-KLIP reduction over
the entire image, using a carefully pre-selected reference library
of 232 PSFs. The disk edges imaged with KLIP, Figure 4, are
significantly better constrained when compared with state of
the art classical PSF subtraction (Schneider et al. 1999). For
comparison, we show in Figure 4 a LOCI reduction of the
same object without any regularization: the self-subtraction

4
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EXOPLANET DIRECT IMAGING SIMULATIONS 

HR 8799 b, c, d, e 
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Figure 1
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A SURVEY OF LOW MASS PLANETS ORBITING  
M STARS IN WIDE ORBITS 
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•  NIRCam spot coronagraph at 4.4 µm: excellent sensitivity 
to planets >10 AU and M>0.1 Mjup down to M*

F440W = 23.5 mag 

•  Sample of 440 late K and M stars in various associations  
with known distances and ages (Schlieder et al.) 

•  Cold star CONDO03 models. MC simulations assuming every system has 1 planet:  
10% inside 5 AU, remainder between 5-200 AU. Masses 0.1<M< 5 Mjup.  

•  376 stars have P>25% of detecting a planet. Top 25 stars: P = 57%.   

•  A survey of top 25 would yield 14 planets down to 0.1MJup at 10 AU 
(MIRI: 11 planets. NIRISS: 10 planets. GPI: 5 planets)  

Joshua Schlieder et al. Toward Imaging Sub-Jovian Planets with the JWST

Fig. 4.— Left: Simulated NIRCam coronagraphy image of M dwarf NYMG member BD+01

2447 at 7.1 pc. We have injected 0.5 - 5 MJup model planets (faint to bright) at 1-900. Close

to the star, scattered light residuals dominate the image. Right: The same image after PSF

subtraction using a simulated reference star. The residuals are greatly diminished and all of

the planets are well detected. The 0.5 and 1 MJup planets at the closest separation are within

the micro-lensing planet distribution.

3. Perceived Impact

Completing the Young M Dwarf Sample: The sub-field of nearby, young stars gar-

nered high levels of attention after the direct imaging discoveries of giant planets orbiting

HR 8799 and � Pictoris (Marois et al. 2008; Lagrange et al. 2009). The identification

and characterization of these stars is critically important to understanding giant

planet demographics, formation, and evolution. Our proposal to finish the ongoing

CASTOFFS survey for nearby, young M dwarfs and undertake a new survey to complete

the sample using Gaia data represents a new step toward providing direct imaging targets

for current and next generation facilities. Due to its modest contrast capabilities, these faint

stars are the only targets where JWST can routinely probe low-mass gas-giants via direct

imaging and are the basis for understanding the outer architectures of M dwarf exoplane-

tary systems. The proposed database of young M dwarf physical parameters and

observed data will provide the community with a legacy resource applicable to

high impact science for years into the future. By making this resource available, we

enhance the productivity of the field by eliminating the need for duplicate work.

JWST Survey and Imaging Simulations: JWST is the next flagship mission for NASA.

11

 (with J. Schlieder, C. Beichman, M. Meyer) 

Joshua Schlieder et al. Toward Imaging Sub-Jovian Planets with the JWST

Quadrant Phase Mask (FQPM) coronagraphy with the MIRI instrument provides contrasts

comparable to AMI, at close separations, but at longer wavelengths (>10 µm, Beichman

et al. 2010).

Simulations With the Current Young M Dwarf Sample: After removing binaries, we

performed survey simulations on our compiled NYMG M dwarf sample (Fig. 3) using the

Monte Carlo tool of Beichman et al. (2010). The tool simulates thousands of observations

of planets around the stellar target sample and provides planet detection probabilities in

mass-semimajor axis (SMA) parameter space. The simulation requires that each star has

one planet that is randomly drawn from a uniform distribution in log(M) and log(SMA)

with random orientations and eccentricities. Model planet luminosities in relevant JWST

passbands were provided for planets 0.1 < MJup < 5 by grids of extended COND03 models

(Bara↵e et al. 2003). For the NIRCam coronagraph at 4.3 µm, these simulations resulted in

an average detected planet mass of 0.45 MJup at an average SMA of 59 AU and generally

predict excellent sensitivity to planets with M > 0.1 MJup beyond ⇠10 AU. In the most

favorable cases (nearest, lowest mass stars) planets at the lower limit of the

models, 0.1 MJup, and SMA <10 AU were detected. These predicted capabilities

probe the micro-lensing planet population.

Updated Simulations: Our current JWST planet imaging simulations predict very promis-

ing results, but require further work. We propose to expand our simulations using a tool

developed for planning the SPHERE exoplanet imaging survey (Beuzit et al. 2006). The

key di↵erence between this tool and the previous is that it introduces a novel underlying

Fig. 3.— Left: Spectral type histogram of our compiled sample of 440 likely NYMG M

dwarf systems. Right: Estimated distance histogram for the same sample. The spectral type

histogram displays a rapid fall after M5 types, indicative of sample incompleteness. The

distance histogram indicates incompleteness in the very nearby sample and distant sample.
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key di↵erence between this tool and the previous is that it introduces a novel underlying
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Fig. 1.— Left : Final reduced L′ image of the HD 32297 debris disk, in units of detector counts/s, with North-up, East-left. The white dot
marks the location of the star and represents the size of a resolution element at L′. A 0.′′2 radius mask has been added in post-processing.
The southwest side of the disk is ∼ 0.5 magnitudes/arcsecond2 brighter than the northeast side from 0.′′5-0.′′8 (56-90 AU), which was
also seen at Ks band (Currie et al. 2012). However there is no brightness asymmetry at the location of the mm peak first identified by
Maness et al. (2008) and later seen at Ks band by Currie et al. (2012). Right : SNRE map of the final image. Both sides of the disk are
detected from ∼ 0.′′3-1.′′1 (30-120 AU) at SNRE ∼ 3-7.5.
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Fig. 2.— Left : SB profiles for the HD 32297 debris disk for the 1-2 µm HST/NICMOS and 3.8 µm LBTI data for the northeastern lobe.
Right : The same except for the southwestern lobe of the disk. Interestingly, the SB asymmetry at 0.′′5-0.′′8 (56-90 AU) first noticed by
Currie et al. (2012) is also evident in the L′ data. Inward of 0.′′5, the disk’s SB declines more steeply than at larger stellocentric separations,
and we do not find evidence for an asymmetry near 0.′′4 (45 AU) that was identified as a mm peak by Maness et al. (2008). Exterior to
0.′′8 (90 AU), the HST 1-2 µm data are generally consistent with the L′ data within the uncertainties.

at 1-2 µm with HST/NICMOS but is detected at L′.
At these close distances, the disk SB clearly falls faster,
declining like ∼ r−2.6. We do not compare our reported
power-law indices to indices reported in other works mea-
sured farther from the star because the disk is thought
to have a break in the SB distribution near 110 AU (1 ′′;
Boccaletti et al. 2012; Currie et al. 2012).

3.3. Midplane Offset Measurements

Currie et al. (2012) measured the PA of the HD 32297
debris disk as a function of separation from the star at
Ks band and found that the disk was bowed close to the
star. Similar bowing was reported by Boccaletti et al.
(2012) and Esposito et al. (2013). To test whether the
bow shape is seen at L′, we measured the offset of the

disk relative to the midplane as a function of distance
from the star. We measure the midplane offset, as op-
posed to the disk’s PA, because the former is a more
intuitive indicator of a bow-shaped disk. The offsets
were measured in manners analogous to those described
in Rodigas et al. (2012) and Currie et al. (2012). Fig. 3
shows these offsets for the northeastern and southwestern
lobes, along with the midplane offsets for the Ks band
data from Currie et al. (2012) for reference. The disk
is clearly bowed at L′, with the offsets increasing closer
to the star on both sides of the disk to a peak value of
∼ 0.′′04 (4.5 AU). This is comparable to the peak mid-
plane offset reported by Esposito et al. (2013) and agrees
with the peak offsets in the Ks band data (Fig. 3c and
Fig. 3d).
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Figure 5. Comparison of PSF-subtraction methods revealing the HD 181327 debris ring in HST coronagraphic 

images with (A–D) derived from the same raw data (NICMOS 1.1 µm imagery) and (E) STIS 6 roll (6R) 

contemporaneous observationally matched-PSF template subtracted coronagraphy (PSFTSC). A: NICMOS 

discovery image using two (of ten) non-contemporaneously observed PSF template stars (Schneider et al, 2006; HST 

GO program 10177).  B: “LAPLACE” (HST AR program 11279) re-processing and globally optimized re-reduction 

with PSF-matching from a down-selected 53 template ensemble (Schneider et al., 2010). C: LOCI re-processing 

(without regularization) with a 232 LAPLACE recalibrated PSF template library. D: KLIP re-processing (35 

coefficients) using same PSF template library as (C) with regularization. C and D from Soummer, Pueyo, and Larkin 

2012 (HST AR program 12652). E: STIS 6R-PSFTSC (result from this program discussed in this paper). Gray circle 

indicates the location and size of the NICMOS r = 0.3" coronagraphic circular obscuration. 

 

6.2. Comparison with HST/ACS Observations 

 

While the large angular extent of the ACS coronagraphic masks (r = 0.9" and r = 1.8") preclude 

CS observations at small IWA’s the instrument (unlike NICMOS) does provide a coronagraphic 

FOV comparable to STIS. This has been used advantageously for (angularly) large CS debris 

systems, but is significantly less efficient than STIS. For example, the full extent of the HD 

181327 debris system (unseen with NICMOS) is revealed with STIS six-roll PSFTCS and 

compared in Fig. 6, over the full dynamic range of imaging sensitivity, to a discovery epoch 

PSF-subtracted ACS image at very similar central wavelength (from Schneider et al 2006). 

Nebulosity in the STIS image is traced to stellocentric distances of 9.5" with more complete 

sampling about the star, better image fidelity, and higher sensitivity to low surface-brightness 

light-scattering material in the outermost, photon-limited, portions of the HD 181327 debris 

system. The STIS instrument’s near full-throughput pupil (compared to ~ 50% for ACS in its 

coronagraphic mode), and unfiltered spectral sensitivity (∆λ/λ = 75%, compared to 25% for 

ACS/F606W) together provide an ≈ 6x gain in exposure depth per unit integration time. For 

these STIS observations, with the additional investment in exposure time of a factor ≈ 4.5x over 

the ACS images, an improvement in exposure depth by a factor of ≈ x27 and photon-limited S/N 

NIRCam coronagraphic imaging of 
extrasolar Kuiper Belts 

•  Follow-up of HST disks at new λ 
•  Science driver for NIRCam  

and MIRI collaborative program 
•  Understanding material properties 

•  Scattered vs. thermal light 
•  A census of ices / ice lines 

•  Probing dust structures 
•  Collisions & dynamics 
•  Shepherding planets 
•  Planet direct imaging 
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|g| =
0

|g| =
0.15

|g| =
0.3

Fig. 12. Simulations of the cold annulus peaked at 70AU
in scattered light at λ

=
1.1

µm
for different asymmetry factors |g|; the inner hot dust

not observable has not been added. W
e assume the same spatial distribution and grains properties parameters as Fig. 11. The pixel size is 0.076 ′′

(Schneider et al., 1999).

values of the parameter |g|. As anticipated, due to the disk in-

clination
with

respect to
the line of sight, the morphology

of

the observed
disk

strongly
depends on

the anisotropic scatter-

ing properties (Fig. 12). The observed isophotes at λ
=

1.1
µm

(Schneider et al., 1999) implies that the asymmetry factor |g| is

smaller than 0.15.

At 1.1
µm, the simulated cold annulus scattered a total flux

close
to
8.6mJy

(5.0mJy
at 1.6

µm) assuming
|g| ≃

0. The

integrated flux density corresponding to the detected part of the

annulus with HST
(outside 0.65 ′′in radius) represents 5.2mJy

at λ
=

1.1
µm, i.e. only slightly smaller than 7.5±0.5mJy from

Schneider et al. (1999).

W
e
also

simulate
the
disk

in
K’ band. At 1.1 ′′

from
the

star
along

the
major

axis
of
the

annulus, the
flux

density

is
about 16

µJy
in
a
0.05 ′′×0.05 ′′

pixel. The
corresponding

surface brightness is about 12.5mag.arcsec −
2
consistent with

the
12.2±0.5mag.arcsec −

2
measured

between
1.1 ′′

and
1.2 ′′

(Sect. 2.3.2).

4.4. Summary of model results

Our model involves two dust components:

–
a cold annulus peaked at 70AU

from
the star made of ISM

-

like grains in
terms of chemical composition

(amorphous)

and porosity (P
∼

0.6) and a very few
icy. Assuming a colli-

sional grain size distribution (∝
a −

3.5), we infer aminimum

grain
size in

the ring
of

10
µm
and

we find
that bodies as

large as at least a few
meters may have already been formed.

This leads to a total dust mass of a few
Earth masses held in

a very narrow
annulus.

–
an
inner dust population

at about 9–10AU
from

the
star

made of very porous (P
∼

0.97) crystalline grains respon-

sible
for the

emission
feature

at
λ

∼
10

µm
and

for the

slight excess centered
on
the
star in

the
20.8

µm
images

(Koerner et al., 1998).

5. Im
plications of the results on

the disk
dynam

ics

5.1. Gas to dust ratio

It is of interest to assess the gas to dust ratio in the disk. Given

the
upper limit on

the
gas

mass
M

g
<

1
−

7
M

⊕

derived

by
Greaves et al. (1999) and

the dust mass
M

d ≃
4
M

⊕
from

model #13 which can be reasonably considered as a lower limit

Fig. 13. Radiation pressure force to the gravitationnal force ratio (β
p
r )

assuming
L

∗
=

20
L

⊙
and

M
∗

=
2.5

M
⊙ . The amorphous grains

characterize the cold dust annulus (solid ligne) and the crystalline ones

the
hot dust population

(dashed
ligne). Below

the
dotted

ligne, the

grains are gravitationally bound.

(see also 5.4.1), we infer a gas to dust ratio less than 1. In this

scheme, the gas would probably not play any longer an impor-

tant role, as claimed by Greaves et al. (1999).

5.2. Radiation pressure

The ratio
β

p
r of radiation

pressure to
gravity

as a function
of

the grain size is given by:

β
p
r
=

3L
∗ ⟨Q

p
r (a)⟩

16πG
M

∗ caρ
g with

⟨Q
p
r (a)⟩

=

∫

Q
p
r (a)F

∗ (λ)dλ

∫

F
∗ (λ)dλ

.

assuming
L

∗
=

20
L

⊙
and

M
∗
=

2.5
M

⊙ . W
e find a blow-out

grain size limit (β
p
r =

1) close to
5
µm
for the amorphous grains

in the cold annulus (Fig. 13). Also, amorphous grains with sizes

between
10

µm
(β

p
r ≃

0.5) and about 45
µm
(β

p
r ≃

0.1) have

orbits significantly eccentric. Interestingly, the smallest grains

we find
in
our fits in

the cold
annulus: a

m
in ≃

10
µm
is very

close
to
the
blow-out size

limit. For the
crystalline

grains at

9AU
from

the
star, the

blow-out grain
size

limit is close
to
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➔ Simulations 

are being 
performed for 
a sample of  

8 objects  
(~50 hours) 

Detailed models of η Corvi (soon in ApJ):  
• A massive 133AU-wide exo-Kuiper Belt (Herschel) 

• Its inner exozodiacal disk is closer than previously thought (0.2 
AU: KI, LBTI, IRS) and abnormally bright (high-albedo forsterite) 

• Good candidate for MIRI imaging 


