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Figure 3. Left: the transitional disk around LkCa 15, as seen at a wavelength of 850 µm (Andrews et al. 2011). All of the flux at this wavelength is emitted by cold
dust in the disk; the deficit in the center denotes an inner gap with radius of ∼55 AU. Right: an expanded view of the central part of the cleared region, showing a
composite of two reconstructed images (blue: K ′ or λ = 2.1 µm, from 2010 November; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the
central star is also marked. Most of the L′ flux appears to come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint
point sources.

3.2. Orbital, Morphological, and Atmospheric Properties

The observed morphology of LkCa 15’s candidate companion
is more complicated than that of older directly imaged exoplan-
ets, which are seen as unresolved point sources (Marois et al.
2008; Kalas et al. 2008; Lagrange et al. 2009). The flux is mostly
concentrated in a single unresolved location at 2.1 µm, but it is
clearly extended at 3.7 µm. The most simple interpretation is
that the central source is therefore a newly formed exoplanet,
which emits significant flux at 2.1 µm due to either a warm
atmospheric temperature or accretion of hot material. The sur-
rounding 3.7 µm dominated emission would then trace extended
circumplanetary material, most likely as it is accreting down to
the planet, though perhaps as it accretes past the planet and onto
the inner disk (e.g., Dodson-Robinson & Salyk 2011). We can
extrapolate the orbital radii, absolute magnitudes, and colors of
these structures from our global fit of all observations (Table 2,
bottom section) using the apparent magnitudes, distance, and
age for LkCa 15 which we describe further in Appendix.

We converted the observed separation and P.A. for each
source into a deprojected orbital radius using the observed
disk geometry (i = 49◦, P.A. = 241◦; Andrews et al. 2011):
RNE = 20.1 ± 2.8 AU, RCEN = 15.9 ± 2.1 AU, RSW =
18.4 ± 2.6 AU. Model fits for disks typically vary by ∼5–10◦

between different observations and models of the same targets,
so we adopt a systematic uncertainty of ±5◦ in the inclination;
combined with the distance uncertainty of ±15 pc, the total
uncertainty in deprojected radii is ∼15%. Given deprojected
orbital radii of ∼16–20 AU, then the corresponding orbital
period and orbital motion around a solar-type star are ∼90 years
and ∼4 deg year−1. Our astrometric precision for the central
source (i.e., the proposed planet itself) is ∼1.◦5 (for its K ′

emission), so it is plausible that we could see orbital motion
at the 3σ level within the next 1–2 years. Orbit determinations
for other high-contrast companions (such as GJ 802 B; Ireland
et al. 2008) show that the astrometric errors predicted by NRM
are typically valid. The L′ astrometry for the SW source might
already be showing orbital motion, since the offset between
2009 and 2010 is almost entirely in the P.A. direction and has
a magnitude of 1.7σ . However, if the emission comes from

a spatially resolved region, then it could be subject to two
uncertainties. Since we are fitting a potentially resolved source
as a point source, model mismatch could cause systematic
astrometric errors. More seriously, if the emission comes from
an extended dusty structure, then the centroid of the emission
itself could change (with respect to that structure’s position)
over time. Even if the dust producing the L′ emission is orbiting
at a Keplerian velocity, the emission from different points in the
structure might wax or wane. A conservative estimate of orbital
motion should be based on at least several additional epochs,
in order to determine the residuals around its apparent orbital
velocity.

The observed contrasts can be converted into absolute
magnitudes using the observed photometry for LkCa 15 A
(Appendix) and the distance to Taurus–Auriga, 145 ± 15 pc
(Torres et al. 2009); the combined absolute magnitude and
color for all three components are ML′ = 6.8 ± 0.2 mag and
K ′ − L′ = 1.7 ± 0.2 mag. Young hot-start planets should have
SEDs similar to L dwarfs, so assuming an approximate tempera-
ture of 1500 K and appropriate bolometric corrections (Leggett
et al. 2002), then the corresponding bolometric luminosity is
Lbol = 2 × 10−3 L&, with an uncertainty of at least a factor of
2–3 (depending on the actual temperature).

Since the observed flux comes from spatially resolved struc-
tures and not a single point source, then the physical properties
of each component must be considered individually. If the flux
seen from the central source (near the K ′ peak) corresponds
to the planet, then its brightness and color (MK ′ = 9.1 ± 0.2;
K ′ −L′ = 0.98 ± 0.22) are more consistent with a photosphere
than with warm dust. For ages of 1 Myr or 5 Myr (bracketing
the 1σ limits on the age of LkCa 15), then this brightness would
naively be consistent with a mass of 6 MJup or 15 MJup accord-
ing to the “hot start” models (Chabrier et al. 2000). However,
if this planet is newly formed, then even the value for 1 Myr
might be an overestimate. Furthermore, the presence of signif-
icant circumplanetary material suggests that it is quite likely to
be accreting, and current planet formation models suggest that a
giant planet should intercept much of the disk mass that would
otherwise accrete onto the central star (Lubow & D’Angelo
2006; Machida et al. 2010), typically Ṁ = 10−7–10−9 M& yr−1
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•  0.5	  λ/D	  resoluPon	  (~	  30	  mas	  in	  GPI	  H	  band)	  
	  
•  Interferometric	  technique,	  pushes	  a	  more	  

aggressive	  inner	  working	  angle	  

	  

	  	  	  	  	  
•  Probes	  contrasts	  down	  to	  102	  –	  103	  	  	  	  	  	  	  	  	  	  	  	  

@	  5-‐15	  AU	  scales	  
•  Excellent	  tool	  for	  studying	  planet	  formaPon	  

Inside	  the	  gap	  with	  NRM	  
NRM	  –	  Non-‐Redundant	  mask	  interferometry	  
Splits	  up	  the	  pupil	  into	  a	  set	  of	  unique	  baselines	  
to	  measure	  interference	  fringes	  

GPI	  10-‐hole	  mask	  

à Σ Σ =  



Blended Source Confidence: a framework to compare 
high-spatial resolution techniques

  
 

 

High-resolution image of KOI-1546 
obtained with AstraLux at Calar Alto 

Observatory (Almería, Spain).
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Sensitivity curves for the candidate planetary system  
KOI-0082 obtained with different techniques.

High-resolution follow-up observations of planet candidates are crucial in the confirmation 
process. An exhaustive analysis of these images is necessary to quantify how they 
improve the quality of the candidate. The Blended Source Confidence (BSC) parameter 
provides this quantification and allows comparison between different techniques.   

Howell et al. (2011)!
Law et al. (2013)!

Adams et al. (2012)!
Lillo-Box et al. (2014) 

Jorge Lillo-Box (Astrobiology Center, INTA-CSIC, Spain)Sagan Summer Workshop 2014



Blended Source Confidence: a framework to compare 
high-spatial resolution techniques

Density of stars with 
magnitudes between m and 
m+∆m at galactic latitude b

Now we remove the region where our 
high-resolution images have not 

detected any companion from the PBS,0.

The BSC is an easily computable parameter given the sensitivity curve of a high-
resolution image so that different methods can be compared. In Lillo-Box et al. (2014), we 
have obtained it for the 301 Kepler candidates observed with lucky imaging, improving the 
probability of being isolated in more than 50% for the 62% of the studied candidates. 
Comparison to other works show that our optical high-resolution survey combines a 
large number of observed sources with a high quality of the observations, reflected 
in the low BSC obtained for most of them.!

Lillo-Box et al. (2014)

Jorge Lillo-Box (Astrobiology Center, INTA-CSIC, Spain)Sagan Summer Workshop 2014
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Low	  Background	  Counts	  
Fast	  Exposures	  
Small	  Pixels	  
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DARKNESS: A MKID based IFS 
 for high-contrast imaging at Palomar 
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STORY OF A NEW METHOD … 
CONTEXT 

= +
• Evolutive method:

• Diverse type of instruments
• Diverse type of objects (planets, disks, brown dwarfs …)
• Detection and characterization
• Combination of spectral and temporal information possible

• All-in-one method: 
• Joint estimation of aberrations and object of interest: paves the way for 

calibration by post-processing

• Joint design

• PhD

• From September 2009 to 
December 2012

• Two laboratories ONERA & 
IPAG

IDEA A NEW METHOD IS BORN

PEOPLE 

Simulated image Speckle field Object image

• Spectral « deconvolution » [Sparks and Ford, 2002] 

• + imaging model [Sauvage et al., 2010]



THE STORY CONTINUES … 
NEW HORIZONS 

FOR MORE INFORMATION ABOUT.. 

• Post-doc - Marie Ygouf
• From September 2014

• STScI

• AFTA project

• Second PhD - Faustine Cantalloube
• From September 2013

• Two laboratories ONERA & IPAG

• See Faustine’s POP & Poster 

• The model used

• The criterion we minimize

• Strategies of minimization

• Perspectives

• References

RESULTS 

SEE MY POSTER!



A retrieval approach to 
modeling giant planet spectra
Statia H. Luszcz-Cook1, M. Ádámkovics2, K. de Kleer2

1AMNH  2UC Berkeley 
contact me: shcook@amnh.org

Forward model:    a flexible, python-based radiative transfer code 
Retrieval:    emcee.py — an affine invariant MCMC ensemble 
sampler by Dan Foreman-Mackey (NYU) 
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Keck OSIRIS image of 
Neptune, July 2009
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Current work: extension to exoplanets

Advantages:

contact me: shcook@amnh.org

• Ability to explore a broad parameter space (e.g. of cloud 
properties, carbon/oxygen ratio, …) 

• Flexibility

• Greater range of temperatures, pressures, compositions 
• Fewer constraints; fewer data points

Example retrieval: Projection of samples
tol :      tolerance (measure of 

            model errors)

Pmax :   haze bottom pressure

⍵ :        haze single scattering 

            albedo

𝝉 :        haze optical depth

H :       haze scale height 

            (relative to gas)

mailto:shcook@amnh.org


The	  World’s	  First	  Diffrac3on-‐Limited	  	  
Doppler	  Spectrometer	  
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Revolutionizing the Doppler  
RV method using Extreme AO  
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A Diffraction Limited Doppler 
Spectrometer for the LBT 

Andrew Bechter 
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Consistent reprocessing of NICMOS archive:
~ 400 targets, 5600 images, mostly in J and H bands
 Large PSF libraries for PCA reprocessing
 New disks & companion candidates 

Soummer et al. 2014
Choquet et al. 2014

HST cycle 21: PI L. Pueyo (WFC3), PI M. Perrin (STIS)
HST cycle 22: PI E. Choquet (STIS)
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Image processing for exoplanet detection and characterizationImage processing for exoplanet detection and characterization

Method: Bayesian inverse problem solving

ANDROMEDAANDROMEDA

1- ADI based algorithm:

2- Model for the pseudo-image:

See my poster for more nice results!

3- Maximum likelihood:

Flux map
→ Flux

Likelihood map
→ Detection + position

&

Ingredients:
- Coronagraphic / saturated images
- Pupil tracking mode
-1 PSF (unsaturrated exposure)

4-Comparison to other algorithms
Beta-Pictoris b

Annulus(t1) Annulus(t2)

-     x  =
Pseudo-annulus

Signature

LOCI PCAANDROMEDAx   Flux    +  

Position
Main interest:

-Thresholding for detection
-Direct flux retrieval
-Speed and accuracy

    (unknown)

(unknown)

noise



  
See Marie Ygouf's poster for more 

info about the inner method

Joint estimation of object and aberrations
Start from Marie Ygouf PhD results 

Preparation for real data application: 
- Refined model of coronagraphic image
- Introduce field rotation
- Introduce prior knowledge on planets

Application to real data (SPHERE):
- Improvements, optimization ...
- Performances assessment
- Comparison to other algorithms

What we know...
 -Spectrum star ≠ planet
 -Planet's position is still
 -Spreading of the speckles

What we want to distinguish...
-Planets: position and spectrum
-Speckle distribution: Aberrations

How I will do that...

Bonnefoy et al. 2013

λ ↑

IFS range

planet

λ ↑

Star
spectrum Planet

spectrum (?)

speckle

Image processing for exoplanet detection and characterizationImage processing for exoplanet detection and characterization

Method: Bayesian inverse problem solving

Multispectral dataMultispectral data
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High-Contrast Imaging and Planet Detection with Project 1640

Ricky Nilsson1,2, AAron Veicht1, B. R. Oppenheimer1, Douglas Brenner1, Neil Zimmerman1,3, Rob Fergus4, 
Ian R. Parry5, Eleanor Bacchus5

1Department of Astrophysics, American Museum of Natural History, New York, USA
2Department of Astronomy, Stockholm University, AlbaNova University Center, Stockholm, Sweden

3Now at Max Planck Institute for Astronomy, Heidelberg, Germany
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Figure 10. Schematic of the S4 Algorithm. Left: mean over wavelength λ and N exposures for an example star, FU Ori, whose companion is obvious, along with a
polar representation of the annular region at radius d. The green and red regions shown training and test zones, respectively. Right top: the PCA basis W, computed
from the training zone, showing the diagonal structure of the speckles in the joint radius–wavelength space. Right bottom: reconstructions using the PCA model with
K = 30 components. (a) Original data slice, containing only speckles. (b) Reconstruction using PCA model with k = 30. (c) Error residual. Note the lack of structure.
(d) Companion model, which has low correlation with (c). Next row: (e) Slice containing companion. (f) Reconstruction of PCA model. (g) The error residual
shows clear structure associated with the companion, i.e., the PCA speckle model cannot reconstruct the companion signal. (h) Companion model, which has a high
correlation with (g).

APPENDIX B

THE S4 SPECKLE SUPPRESSION ALGORITHM

B.1. Detection

The S4, algorithm for post-processing speckle suppression
(Fergus et al. 2013), based on principal component analysis
(PCA), has not yet been published. Thus, we provide some
details of it here.

S4 takes as input a 4D data block of dimension Npixelsy ×
Npixelsx × Nλ × NExposures which has been pre-processed as
follows: (1) application of a 2 × 2 median filter to each
band/exposure to remove dead pixels; (2) spatial alignment of
all bands and exposures relative to one another; and (3) spatial
centering so that the star lies precisely (within 0.1 pixel) at
(Npixelsy/2, Npixelsx/2).

In S4, the data at each spatial position is decomposed into
a speckle component and a companion component, whose sum
reconstructs the original data to the limit of Gaussian noise. To
model the speckle component effectively, which evolves radially
with wavelength, this decomposition is performed in a polar
reference frame, as shown in Figure 10 (left). To examine a
location at radius d and angle θ from the center, an annular
region of width R at a radius d is transformed into a region
of size Θ × R × Nλ × NExposures, where Θ = 2πd to ensure
the region is well-sampled. This region is divided into a test
zone around the location θ (of size δθ ) and a training zone
of all other angles, as shown in red and green, respectively, in
Figure 10 (left). We use the training zone to build a model of
the speckles that is then applied to the test region, decomposing
it into speckle and companion components.

We treat the speckles in both the training and test zones as
being independent over angle θ and exposure n, justified by the
limited angular extent of the speckles and their variation due to
atmospheric turbulence and instrument flexure or temperature
variations between exposures. We thus assume the structure of
the speckles to be confined to a joint radius–wavelength space

(of dimension λR), as illustrated in Figure 10 (right). This
joint space is modeled using PCA, which approximates each
λR-dimensional slice of the data at angle θ cube n as a linear
combination of K orthonormal basis vectors W = [w1, . . . , wK ]
(K being a user-defined parameter). These basis vectors capture
the majority of the variance in the radius–wavelength space
and are computed by performing an eigendecomposition of the
covariance matrix built from the training region, reshaped into
a matrix of λR dimensions by (Θ − δθ )NExposures samples. We
then use the PCA basis W to infer the speckle component of the
test zone. W is visualized in Figure 10 (upper right).

In detection, we first use the PCA basis W to fit the data in
the test zone and then correlate the residual error with a fixed
companion model P (previously obtained by calibration with
a point white light source). The response for position (θ, d) is
stored in a correlation map. The intuition is that the PCA basis W
will effectively model the speckles, but not the companion, thus
the residual should only contain the companion signal which
will respond strongly to the matched filter P (see Figure 10,
lower right). The location of the test zone is systematically
moved across all angles θ at a given radius, with the PCA basis
being recomputed at each location, because the training zone
also changes. The process is then repeated for a new radius d,
until all spatial locations in the visual field have been examined.

Finally, a normalization is performed on the correlation map
that compensates for the variation in flux with radius in the
original data. The resulting normalized map is then converted
back to the Cartesian coordinate frame and is the output of the
detection algorithm. (See Figures 3 and 10(c) for examples.)

B.2. Spectrum Extraction

Promising peaks in the normalized detection map are then
selected for spectrum extraction. This follows the same overall
modeling approach as detection, except that the spectrum of the
companion model P is no longer fixed to be white. For a peak
at location (d, θ ), let the observed data for exposure n be yn
(represented as λR dimensional vector). We now must estimate

15

~10 hrs

SPECKLE SUPPRESSION Modeling of speckles using Principal 
Component Analysis (PCA).

S4d

1 (2)
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HIP97319_Occulted_CACS2013−10−13_120349396_S4d2013−10−13_080105154
 Raw spectrum of planet 1 at (189,109)

 

 
Planet at (189,109)
Background from 5 points at same radius

LOCAL S/N MAP 
Automated search for significant peaks 
and extraction of raw spectrum. 

Raw spectrum

PlanetFinder 20 min/cube
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Preliminary spectrum of companion for optimal number theta size and number of principal components

 

 

Companion spectrum
Random background

SPECTRUM OF PLANET CANDIDATE 
PCA modeling and extraction of calibrated spectrum, including noise and 
stability analysis (see POP by Veicht).  

~ 5 hrsS4s
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Oppenheimer et al. (2014, 2013, 
2012)
Zimmerman et al. (2011)

2 (2)



  

KLIP speckle suppression and spectrum 
extraction at Project 1640

KLIP: Karhunen-Loeve Image Projection
1)Scale and align slices (1/λ)
2)Partition the image into search zones
3)Remove adjacent wavelengths from PSF lib
4)Compute the K-L transform of each zone
5)Reconstruct the zones based on top n 

modes
6)Subtract reconstructed zones from the true 

image to remove speckles

Jonathan Aguilar (Johns Hopkins University)
Laurent Pueyo (Space Telescope Science Institute)

λ



  

Direct Imaging of HD 19467

Crepp et al., 2013

Brown dwarf in a high mass-ratio 
system with both RV trend and NIR 
colors (Keck)

with Justin Crepp (Notre Dame) and Emily Rice (CUNY) and 
the P1640 team

● NIR spec of prob. a T6 dwarf
● If it's 10 Gy old, evolutionary 

models give m~52 M
J
, right at 

the dynamical mass limit
● If it's younger... the models are 

way off

Proj.sep. [AU] 51.1 +/- 1.0 

M
J

15.16 +/- 0.12

T
eff

 [K] 1050 +/- 40

Dynamical mass [M
J
] >51.9 +3.6/-4.6

Model mass [M
J
] 56.7 +4.6/-7.2

Project 1640 imaged HD 19467 B with 32 wavelengths

Fitting atmospheric models 
to the P1640 spectrum

JA is funded by the National 
Physical Science Consortium
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