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Fig. 9.— Gallery of imaged planets at small separations (<100 AU). HR 8799 harbors four massive planets (5–10 MJup) at orbital
distances of 15–70 AU (Marois et al. 2008; Marois et al. 2010b), β Pic hosts a nearly edge-on debris disk and a ≈13 MJup planet at
9 AU (Lagrange et al. 2009a; Lagrange et al. 2010), a ≈5 MJup planet orbits HD 95086 at 56 AU (Rameau et al. 2013c; Rameau et al.
2013b), and 51 Eri hosts a ∼2 MJup planet at 13 AU (Macintosh et al. 2015). Images are from Maire et al. (2015a), Nielsen et al. (2014),
Galicher et al. (2014), and Macintosh et al. (2015).

of Images (LOCI; Lafrenière et al. 2007a), which is
based on least-squares minimization of residual speckle
noise, and Karhunen-Loève Image Projection (KLIP;
Soummer et al. 2012), a computationally-fast method
based on principal component analysis. The introduc-
tion of these new methods gave rise to an array of
sophisticated data reduction pipelines with additional
features aimed at minimizing biases and avoiding both
self- and over-subtraction of planet flux in ADI and
SDI datasets (Marois et al. 2010a; Amara & Quanz
2012; Pueyo et al. 2012; Meshkat et al. 2013a;
Wahhaj et al. 2013a; Brandt et al. 2013; Fergus et al.
2014; Mawet et al. 2014; Marois et al. 2014; Currie et al.
2014c; Cantalloube et al. 2015; Rameau et al. 2015;
Wahhaj et al. 2015; Savransky 2015; Dou et al. 2015;
Hagelberg et al. 2016; Gonzalez et al. 2016).
The suite of instrumentation for high-contrast imag-

ing has ballooned over the past 15 years and in-
cludes dual-channel imagers, infrared wavefront sensors,

non-redundant aperture masking interferometry, adap-
tive secondary mirrors, integral field units, high-order
adaptive optics systems, and specialized coronagraphs
(e.g., apodized Lyot coronagraph, annular groove phase
mask coronagraph, vector vortex coronagraph, apodizing
phase plate, and four quadrant phase mask; Rouan et al.
2000; Guyon et al. 2005; Soummer 2005; Mawet et al.
2005; Kenworthy et al. 2007; Mawet et al. 2010). Many
of these have been implemented in the first generation of
instruments in part as testbeds for regular use in second-
generation systems. These instruments are reviewed
in detail in Guyon et al. (2006), Beuzit et al. (2007),
Oppenheimer & Hinkley (2009), Perryman (2011), and
Mawet et al. (2012b).

4.2.1. VLT and MMT Simultaneous Differential Imager
Survey

This survey (PI: B Biller) targeted 45 young stars
between 2003–2006 with ages !250 Myr and distances



 
Figure 9. Analysis Quality scattered-light images of the GO 12228 debris disks discussed in Appendix A. Arrows indicate the full physical and angular extent of the disks (except AU 

Mic) in AU and arcseconds (scaled differently for each disk), and below the inner working distances realized (though for all disks not at all azimuth angles) with PSFTSC imaging.
Schneider et al. 2014 (HST-STIS)
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Fast spin of the young extrasolar planet b Pictoris b
Ignas A. G. Snellen1, Bernhard R. Brandl1, Remco J. de Kok1,2, Matteo Brogi1, Jayne Birkby1 & Henriette Schwarz1

The spin of a planet arises from the accretion of angular momentum
during its formation1–3, but the details of this process are still unclear.
In the Solar System, the equatorial rotation velocities and, conse-
quently, spin angular momenta of most of the planets increase with
planetary mass4; the exceptions to this trend are Mercury and Venus,
which, since formation, have significantly spun down because of tidal
interactions5,6. Here we report near-infrared spectroscopic observa-
tions, at a resolving power of 100,000, of the young extrasolar gas
giant planet b Pictoris b (refs 7, 8). The absorption signal from carbon
monoxide in the planet’s thermal spectrum is found to be blueshifted
with respect to that from the parent star by approximately 15 kilo-
metres per second, consistent with a circular orbit9. The combined
line profile exhibits a rotational broadening of about 25 kilometres
per second, meaning that b Pictoris b spins significantly faster than
any planet in the Solar System, in line with the extrapolation of the
known trend in spin velocity with planet mass.

Near-infrared, high-dispersion spectroscopy has been used to char-
acterize the atmospheres of hot Jupiters in close-in orbits10,11. Such
observations use changes in the radial component of the orbital velocity
of the planet (resulting in changes in Doppler shift) to filter out the quasi-
stationary telluric and stellar contributions in the spectra. Here we make
use of the spatial separation and the difference in spectral signature
between the planet and star, which allow the starlight to be filtered out.
A similar technique12 has been applied very successfully13 at a medium
spectral dispersion to characterize the exoplanet HR8799c. We observed
the bPictoris system7,8 (apparent magnitude, K 5 3.5) using the Cryo-
genic High-Resolution Infrared Echelle Spectrograph14 (CRIRES) located
at the Nasmyth focus of Unit Telescope 1 of the Very Large Telescope (VLT)
of the European Southern Observatory (ESO) at Cerro Paranal in Chile on
the night of 17 December 2013, with the slit orientated in such way that it
encompassed the planet and star.

An important step in the data analysis is the optimal removal of the
stellar contribution along the slit, which for this class-A star consists mostly
of a telluric absorption spectrum. The resulting spectra were cross-correlated
with theoretical spectral templates constructed in a similar way as in our
previous work on hot Jupiters10,11, varying the planet’s atmospheric tem-
perature pressure (T/p) profile and the abundances of carbon monoxide,
water vapour and methane, which can also show features in the observed
wavelength range. We note that there is a strong degeneracy between the
atmospheric T/p profile and the abundance of the molecular species,
meaning that different combinations of these parameters result in nearly
identical template spectra.

At the expected planet position, a broad, blueshifted signal is apparent
(Fig. 1), which is strongest when the cross-correlation is performed with a
spectral template from an atmospheric model with deep carbon monoxide
lines and a small contribution from water. We estimate the signal to have a
signal-to-noise ratio of 6.4 by cross-correlating the residual spectrum with
a broadened model template, and compare the peak of the cross-correlation
profile with the standard deviation. If we use the cross-correlation profile
as seen in Fig. 1 to estimate the signal-to-noise ratio, we need to take into
account the width of the signal and the dependence of adjacent pixels in
the profile. This results in a signal-to-noise ratio of 7.8, but we found the
latter method to be less accurate because it does not properly include
contributions from correlated noise structures on scales of the broad
signal. Cross-correlation with the optimal spectrum of water vapour alone
provides a marginal signal at a signal-to-noise ratio of ,2, which means
we cannot claim a firm detection of water in the planet’s atmosphere. No
signal is retrieved for methane models (Extended Data Fig. 1).

We fit the planet profile using a grid of artificial cross-correlation func-
tions, produced by cross-correlating the optimal template spectrum with a
broadened and velocity-shifted copy of itself, for a range of velocities and
rotational broadening functions. The best fit (Fig. 2a) was obtained for

1Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands. 2Netherlands Institute for Space Research (SRON), Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.
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Figure 1 | Broadened cross-correlation signal of b Pictoris b. a, CO 1 H2O
cross-correlation signal (linear colour scale) as function of the position along
the slit (orientated 30u east of north), after the stellar contribution was removed.
The x axis shows the radial velocity with respect to the system velocity
(120 6 0.7 km s21) of the star15. The y axis denotes the relative position with
respect to the star bPictoris with the planet located 0.499 below, both indicated

by horizontal dashed lines. A broad signal, at a signal-to-noise ratio of 6.4 is
visible, blueshifted by 15.4 6 1.7 km s21 (1s) with respect to the parent star.
b, Cross-correlation (CC) signal at the planet position. The dotted curve shows
the arbitrarily scaled auto-correlation function of the l/Dl 5 100,000
(resolving power) model template, indicating the CC signal expected from a
non-rotating planet.
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β Pictoris b 
Mawet, Absil, Milli et al. 2013
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Where are the planets?
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Let’s zoom in 
adjust contrast



H I G H  C O N T R A S T  I M A G I N G

All the point sources 
in the field of view 

are stars!



H I G H  C O N T R A S T  I M A G I N G

Stars are bright!



Sirius A

Sirius B (white dwarf) 
10,000 x fainter !



“Imaging exoplanets directly is equivalent to 
spotting a tiny ember flying off a blazing campfire 

200 km away, while looking through a dirty window.”  

Angular separation:  
0”.1, or 0.5 μrad 

Planet to star contrast:  
10-6 (hot young giant planets),  

10-10 Earth-like planets around Solar-type stars



G I A N T  P L A N E T  C O N T R A S T
The Astrophysical Journal, 792:17 (13pp), 2014 September 1 Skemer et al.

Figure 1. Characteristic examples of exoplanet-to-star contrasts (i.e., flux ratios)
as a function of wavelength, showing that (1) gas-giant exoplanets can be
detected with lower contrasts in the mid-infrared (3–5 µm) than in the near-
infrared (1–2 µm), and (2) this difference increases at lower temperatures. While
the planets that have been directly imaged to date (β Pic b and HR 8799 c, d,
and e on this plot) are relatively warm (1600 K and 1000 K, respectively), it
is likely that the majority of self-luminous exoplanets are much cooler. Planets
that formed by core-accretion (approximated by the “cold-start” models; Fortney
et al. 2008) are never hotter than ∼700 K. Planets around average-aged stars
(5 Gyr) are never hotter than ∼400 K, regardless of formation history. Jupiter,
which may be a ubiquitous outcome of planet formation, is only ∼130 K.
(Models from Madhusudhan et al. 2011; Burrows et al. 2003).
(A color version of this figure is available in the online journal.)

To prepare for imaging “cool” planets and to understand
the “warm” planets that have already been found, it is critical
that we expand our knowledge of exoplanet spectral energy
distributions (SEDs) into the mid-infrared. In this paper, we
present deformable secondary AO9 imaging of the HR 8799
system, using LBTI/LMIRCam, and the 2M1207 system, using
MagAO/Clio2. HR 8799 is a 20–160 Myr A5V star (Cowley
et al. 1969; Moór et al. 2006; Marois et al. 2008; Hinz et al.
2010; Zuckerman et al. 2011) with four directly imaged planets
(Marois et al. 2008, 2010) whose masses and separations
are difficult to explain with standard planet formation models
(Dodson-Robinson et al. 2009; Kratter et al. 2010). 2M1207 is
a 5–13 Myr M8 brown dwarf (Gizis 2002) with a planetary-
mass companion (Chauvin et al. 2004) that is also difficult
to explain with standard planet-formation models (Chauvin
et al. 2005). Ignoring system architectures, HR 8799 bcde
and 2M1207 b are unambiguously low-gravity, planetary-mass
objects whose atmospheres offer the first opportunities to
characterize directly imaged planets. Since all five planets have
luminosities consistent with L → T transition brown dwarfs,
their atmospheres are ideal laboratories for studying how cloud
properties are affected by a low-gravity planetary environment.

For HR 8799, we build upon previous [3.3 µm] imaging
(Skemer et al. 2012) by using six narrow-band filters in the
3–4 µm window to probe the spectral shape of the 3.3 µm
methane fundamental absorption feature. For 2M1207 b, we
present photometry in the broader [3.3 µm] filter to determine
if the object has the same extreme 3.3–3.8 µm colors first
seen in the HR 8799 planets. We present our observations,
reductions, and photometry in Section 2, a comparison with

9 These adaptive optics systems employ the minimum number of warm
optics, minimizing the thermal infrared background from the telescope
(Lloyd-Hart 2000).

field brown dwarfs in Section 3, SED modeling in Section 4,
and our conclusions in Section 5. We also include filter curves
and their tabulated properties in the Appendix.

2. OBSERVATIONS AND REDUCTIONS

2.1. HR 8799

We observed the HR 8799 planetary system in six 5%
bandwidth filters from 3.0 to 3.8 µm (see filter properties in
the Appendix) on UT 2012 November 2 using LBTI (Hinz et al.
2012) and its 1–5 µm camera LMIRCam (Skrutskie et al. 2010;
Leisenring et al. 2012). The LMIRCam detector is a Hawaii-
2RG, 5 µm-doped HgCdTe device, with 32 readouts. Currently
we use 16 readouts, each of which reads 1024 rows by 64
columns, giving us a usable region of 1024 × 1024 (11 × 11′′).
Images from both LBT telescopes were corrected by the LBT’s
two deformable secondary adaptive optics (AO) systems10

and incoherently overlapped in LBTI’s beam combiner. The
resulting images at the focal plane of LMIRCam achieved the
diffraction-limited performance of a single LBT 8.4 m aperture
and the collecting area of the full 2 × 8.4 m LBT.

Ground-based high-contrast observations are usually limited
by instrumental quasi-static speckles, which can be removed by
allowing the astronomical field to rotate at a parallactic angle,
while keeping the instrument rotation fixed (Marois et al. 2006,
angular differential imaging). In this approach, sky rotation and
wall-clock time are the observational requirements, rather than
integration time. For our observations of HR 8799, we switched
filters every ∼60 s, rotating through the set and nodding every
∼10 minutes. By doing this, we were able to achieve adequate
sky rotation and clock-time in multiple filters simultaneously.
We acquired 7 minutes of data in each filter (42 minutes total)
over a period of 2 hr (with a 1 hr gap due to a telescope
malfunction), during which the parallactic angle changed by
70◦. There were occasional scattered clouds during the night,
but the AO wavefront sensor counts and thermal sky-background
remained consistent throughout the observations. The LBT’s
differential image motion monitor (DIMM) measured a natural
seeing of 0.′′8 and the nearby Submillimeter Telescope Tau-
meter measured a precipitable water vapor of ∼5–6 mm. Our
images were taken in correlated double sampling mode (reset-
read-integrate-read) so that the first read (0.029 s) could be used
as an unsaturated image of the star, while the second read (12.1,
12.1, 6.1, 4.0, 6.1, 3.0 s for the six filters, respectively) saturated
the star and filled the wells into the photon-noise regime away
from the star.

2.1.1. Detector Non-Linearity

Throughout the fall of 2012, LMIRCam suffered from detec-
tor non-linearity, caused by an incorrectly set bias voltage, which
has since been re-tuned. We constructed fluence-to-count cali-
bration curves (linearity curves) by taking sky flats of varying
integration times. Typical detector non-linearity is characterized
by decreasing gain with well filling. LMIRCam’s non-linearity
had an S-shape where gain increased with well-filling before en-
tering a linear regime and then turning over as the array reached
saturation. Over the course of the semester, the detector linearity
did change slightly, but from night to night it was quite consis-
tent. For the data reduction in this paper, we combined linearity
from consecutive nights (UT 2012 November 2 and UT 2012

10 The LBTI wavefront sensors are functionally equivalent to the First Light
Adaptive Optics System (FLAO Esposito et al. 2010).
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Taken on Feb 14, 1990, by Voyager 1 from 3.7 billion miles
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FIG.�2. IR�portion�of�the�Earth�model
spectrum,� showing� the� blackbody
spectrum�of�the�Earth’s�surface�in�the
absence� of� an� atmosphere� (upper
curve)�and�the�net�spectrum�after�the
addition�of�the�dominant�atmospheric
molecular� species� and� a� realistic
model� atmosphere� mixed� in� with� a
model�distribution�of�opaque� clouds
distributed� over� several� altitudes
(lower�curve). Two�intensity�scales�are
provided:�astrophysical�units�(left)�and
photons�(right).

FIG.� 1. Model� spectrum� of� the� sun
and� planets� as� seen� from� a� distance
comparable�to�that�of�a�nearby�star�(10
pc),� shown� in� physical� units. Simple
Planck� emission� and�wavelength-inde-
pendent�albedo�reflectance�components
are�shown.�For�Earth,�a�pure�molecular
absorption� spectrum� is� superimposed
for�reference.
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C R E AT I N G  A R T I F I C I A L  E C L I P S E S



C O R O N A G R A P H Y,  
B E R N A R D  LY O T  1 9 3 0

“The rareness of total 
eclipses of the Sun, their 
short duration and the 
distances one has to travel to 
observe them have, for more 
than half a century, led 
astronomers and physicists 
to seek for a method which 
enables them to study the 
corona at any time.”
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S O L A R  C O R O N A  I N  1 9 3 0 S  W I T H  LY O T ’ S  
C O R O N A G R A P H !





D E F I N I T I O N  A N D  T E R M I N O L O G Y

• “A coronagraph is an optical device designed to suppress (or strongly attenuate) the on-
axis coherent starlight while allowing the off-axis planet (or circumstellar disk) light to 
transmit through.” 

• Important definitions: 

• Contrast: The ratio of the peak of the stellar point spread function to the noise at the 
planet location. 

• Inner Working Angle: The smallest angle on the sky at which the needed contrast is 
achieved and the planet is reduced by no more than 50% relative to other angles. 

• Throughput: The ratio of the open telescope area remaining after high-contrast is 
achieved.  

• Bandwidth: The wavelengths at which high contrast is achieved. 

• Sensitivity: The degree to which contrast is degraded in the presence of aberrations.



LY O T  C O R O N A G R A P H  C O N T ’ D :  S T E P  B Y  S T E P  



G A M U T  O F  C O R O N A G R A P H Y

12

The four major coronagraph types perform starlight rejection with combinations of 
phase and amplitude elements placed in focal and pupil planes.  Best demonstrated  
laboratory contrast to date (October 2009) for each type are indicated at right, while 
noting that significant improvements are expected in the coming year as an outcome 
of active laboratory developments with well-understood technologies.   

Monday, 14 December 2009
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Nickel mask has been vacuum-deposited on a fused silica substrate.  

Attenuation profile was built up in a number of passes with a 

computer-controlled moving slit.  The same mechanism will be used 

to superimpose a dielectric phase layer in future work.    

THICKNESS-PROFILED NICKEL MASK 

Comparison of the prescribed transmittance profile with the measured 

profile of the mask pictured at left.  Desired profile is the red curve, the 

measured profile is the blue curve.      
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S U B T R A C T  B O T H  I M A G E S

Angular differential imaging (ADI)
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S P E C T R A L  D I F F E R E N T I A L  I M A G I N G  ( S D I )

• Requires dual beam imagers or 

integral field spectrographs  

= hyperspectral imaging 

• Speckles scale as λ 

• Real objects don’t move 

• Suffers from self subtraction  

at small IWA too 



R E F E R E N C E  S TA R  D I F F E R E N T I A L  I M A G I N G  ( R D I )

• Observe another similar star close in time, with as little telescope motion as possible 

• Polarization differential imaging (PDI) 

➡ NO geometrical limitations at small IWA



4  P I L L A R S  O F  H I G H  C O N T R A S T  I M A G I N G

• Adaptive optics 

• Coronagraphy 

• Differential imaging 

• Post-processing 

• Know your star (age, L, 
distance, proper motion, etc.)!



O P T I M A L  W AY  O F  C O M B I N I N G  D ATA

ADI  
(Marois 2006)

LOCI-ADI 
(Lafreniere 2007)

LOCI-RDI 
(Mawet 2010)

dLOCI-SDI 
(Pueyo 2011)

PCA/KLIP 
(Soummer 2012)

Image/signal processing  
community:

PCA  
Pearson 1901

2016

Sparse coding /  
machine Learning

LLSG, Gomez et al. 2016

Hotelling obs  
(Barrett/Caucci 2006/07)

See Laurent’s talk!



M A C H I N E  L E A R N I N G ?

• For a given instrument, during its 10+ year lifetime, a 
library of 1000s realizations of reference images can be 
assembled 

• Using PCA-like methods, a low-rank approximation of 
the PSF can be built  

• This method can be very powerful as it is not affected 
by the self-subtraction bias of ADI, and SDI



E X A M P L E :  L E A R N I N G  T H E  L O W - R A N K  A P P R O X I M AT I O N  
F R O M  A  L I B R A R Y  O F  R E F E R E N C E  I M A G E S

13

Sco Cen targets
HIP79124 – 2015-04-13 data

Full frame PCA-ADI Full frame PCA-RDI

ADI RDI
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• Adaptive optics 

• Coronagraphy 

• Differential imaging 

• Post-processing 

• Know your star (age, L, 
distance, proper motion, 
etc.)!
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Fig. 2.— The influence of contrast (left), age (middle), and distance (right) on mass sensitivity to planets. The bold curve in each panel
shows the 50% sensitivity contour based on the median NICI contrast from Biller et al. (2013) for a 30 Myr K1 star at 30 pc. The left
panel shows the effect of increasing or decreasing the fiducial contrast curve between –10 magnitudes to +5 magnitudes. Similarly, the
middle and right panels show changes to the fiducial age spanning 5 Myr to 5 Gyr and distances spanning 10 pc to 100 pc. Planet absolute
magnitudes depend steeply on mass and age. As a result, a small gain in contrast in the brown dwarf regime corresponds to a large gain
in limiting mass, but the same contrast gain in the planetary regime translates into a much smaller gain in mass. Mass sensitivity is
particularly sensitive to stellar age, while closer distances mean smaller physical separations can be studied.

longer. Note that in a contrast-limited regime the abso-
lute magnitude of the host star is also important. The
same contrast around low-mass stars and brown dwarfs
corresponds to lower limiting masses compared to higher-
mass stars.
Young stars are therefore attractive targets for two

principal reasons: planets are their most luminous at
early ages, and the relative contrast between young gi-
ant planets and their host stars is lower than at older
ages because stellar luminosities plateau on the main se-
quence while planets and brown dwarfs continue to cool,
creating a luminosity bifurcation. For example, evolu-
tionary models predict the H-band contrast between a
5 MJup planet orbiting a 1 M⊙ star to be ≈25 mag at
5 Gyr but only ≈10 mag at 10 Myr (Baraffe et al. 2003;
Baraffe et al. 2015). At old ages beyond ∼1 Gyr, 1–10
MJup planets are expected to have effective temperatures
between 100–500 K and cool to the late-T and Y spectral
classes with near-infrared absolute magnitudes !18 mag
(Dupuy & Kraus 2013).
Below are overviews of the most common classes of

targets in direct imaging surveys highlighting the scien-
tific context, strengths and drawbacks, and observational
results for each category.

2.1. Young Moving Group Members

In principle, younger stars make better targets for
imaging planets. In practice, the youngest T Tauri stars
reside in star-forming regions beyond 100 pc. At these
distances, the typical angular scales over which high-
contrast imaging can probe planetary masses translate to
wide physical separations beyond ∼20–50 AU (with some
notable exceptions with non-redundant aperture masking
and extreme AO systems). Moreover, these extremely
young ages of ∼1–10 Myr correspond to timescales
when giant planets may still be assembling through core

accretion and therefore might have lower luminosities
than at slightly later epochs (e.g., Marley et al. 2007b;
Mollière & Mordasini 2012; Marleau & Cumming 2013).
On the other hand, the closest stars to the Sun probe
the smallest physical scales but their old ages of ∼1–10
Gyr mean that high contrast imaging only reaches brown
dwarf masses.
Young moving groups— coeval, kinematically comov-

ing associations young stars and brown dwarfs in the
solar neighborhood— represent a compromise in age
(≈10–150 Myr) and distance (≈10–100 pc) between
the nearest star forming regions and field stars (Fig-
ure 3; see Zuckerman & Song 2004, Torres et al. 2008,
and Mamajek 2016). One distinct advantage they hold is
that their members span a wide range of masses and can
be used to age date each cluster from lithium depletion
boundaries and isochrone fitting (e.g., Bell et al. 2015;
Herczeg & Hillenbrand 2015). As a result, the ages of
these groups are generally much better constrained than
those of isolated young stars. For these reasons young
moving group members have emerged as the primary tar-
gets for high-contrast imaging planet searches over the
past decade (e.g., Chauvin et al. 2010; Biller et al. 2013;
Brandt et al. 2014c)
Identifying these nearby unbound associations of

young stars is a difficult task. Each moving group’s
UVW space velocities cluster closely together with small
velocity dispersions of ≈1–2 km s−1 but individual stars
in the same group can be separated by tens of parsecs
in space and tens of degrees across the sky. UVW kine-
matics can be precisely determined if the proper motion,
radial velocity, and parallax to a star are known. In-
complete knowledge of one or more of these parameters
(usually the radial velocity and/or distance) means the
UVW kinematics are only partially constrained, mak-
ing it challenging to unambiguously associate stars with

Contrast 
inner working angle Age Distance

Bowler B. 2016
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Fig. 3.— Typical sensitivity maps for high-contrast imaging observations of T Tauri stars (5 Myr at 150 pc), young moving group
members (30 Myr at 30 pc), and field stars (5 Gyr at 10 pc). Young moving group members are “Golidlocks targets”— not too old, not
too distant. Black curves denote 10% and 90% contour levels assuming circular orbits, Cond hot-start evolutionary models (Baraffe et al.
2003), and the median NICI contrast curve from Biller et al. (2013). Gray and orange circles are RV- and directly imaged companions,
respectively (see Figure 1).
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Fig. 4.— The census of members and candidates of young moving
groups. Prior to 2010 the M dwarf members were largely missing
owing to their faintness and lack of parallax measurements from
Hipparcos. Concerted efforts to find low-mass members over the
past few years have filled in this population and generated a wealth
of targets for dedicated direct imaging planet searches.

known groups. Historically, most groups themselves and
new members of these groups were found with the aid of
the Tycho Catalog and Hipparcos, which provided com-
plete space velocities for bright stars together with ancil-
lary information pointing to youth such as infrared ex-
cess from IRAS; X-ray emission from the Einstein or
ROSAT space observatories; strong Hα emission; and/or
Li I λ6708 absorption. As a result, most of the faint low-
mass stars and brown dwarfs have been neglected.
In recent years the population of “missing” low-mass

stars and brown dwarfs in young moving groups has
been increasingly uncovered as a result of large all-sky
dedicated searches (Figure 4; Shkolnik et al. 2009;

Lépine & Simon 2009; Schlieder et al. 2010; Kiss et al.
2010; Rodriguez et al. 2011a; Schlieder et al. 2012a;
Schlieder et al. 2012b; Shkolnik et al. 2012; Malo et al.
2013; Moor et al. 2013; Rodriguez et al. 2013;
Malo et al. 2014; Gagné et al. 2014; Riedel et al. 2014;
Kraus et al. 2014b; Gagné et al. 2015b; Gagné et al.
2015c; Binks et al. 2015). Parallaxes and radial ve-
locities are generally not available for these otherwise
anonymous objects, but by adopting the UVW kine-
matics of known groups, it is possible to invert the
problem and predict a distance, radial velocity, and
membership probability. Radial velocities are obser-
vationally cheaper to acquire en masse compared to
parallaxes, so membership confirmation has typically
been accomplished with high-resolution spectroscopy.
The exceptions are for spectroscopic binaries, which
require multiple epochs to measure a systemic velocity,
and rapidly rotating stars with high projected rotational
velocities (vsini), which produce large uncertainties
in radial velocity measurements. The abundance of
low-mass stars in the field means that some old in-
terlopers will inevitably share similar space velocities
with young moving groups. These must be distilled
from bona fide membership lists on a case-by-case basis
(Barenfeld et al. 2013; Wöllert et al. 2014; Janson et al.
2014; Mccarthy & Wilhelm 2014; Bowler et al. 2015c).
The current census of directly imaged planets and

companions near the deuterium-burning limit are listed
in Table 1. Many of these host stars are members
of young moving groups. β Pic, 51 Eri, and possi-
bly TYC 9486-927-1 are members of the β Pic mov-
ing group (Zuckerman et al. 2001; Feigelson et al. 2006;
Deacon et al. 2016). HR 8799 and possibly κ And are
thought to be members of Columba (Zuckerman et al.
2011). 2M1207–3932 is in the TW Hydrae Association
(Gizis 2002). GU Psc and 2M0122–2439 are likely mem-
bers of the AB Dor moving group (Malo et al. 2013;

Bowler B. 2016
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Fig. 6.— The current census of companions in the brown dwarf (green) and planetary (blue) mass regimes that have both age and
bolometric luminosity measurements from the compilation in Table 1. Many companions lie near the deuterium-burning limit while only a
handful of objects are unambiguously in the planetary-mass regime. Hot-start evolutionary models are from Burrows et al. (1997); orange,
green, and blue tracks denote masses >80 MJup, 14–80 MJup, and <14 MJup.

associations (Pecaut et al. 2012; Binks & Jeffries
2014; Kraus et al. 2014b; Bell et al. 2015). The
implied hot-start mass for β Pic b, for example, in-
creases by several Jupiter masses (corresponding to
several tens of percent) assuming the planet’s age
is ≈23 Myr instead of ≈12 Myr (Mamajek & Bell
2014; although see the next bullet point).

For young field stars, distant stellar companions
can help age-date the entire system. For ex-
ample, the age of Fomalhaut was recently re-
vised to ∼400 Myr from ∼200 Myr in part due
to constraints from its wide M dwarf compan-
ions (Mamajek 2012; Mamajek et al. 2013). Ul-
timately, if the age of a host star is unknown, the
significance and interpretation of a faint companion
is limited if basic physical properties like its mass
are poorly constrained.

• Epoch of planet formation. Planets take time
to form so they are not exactly coeval with their
host stars. Their ages may span the stellar age
to the stellar age minus ∼10 Myr depending on
the timescale for giant planets to assemble. Plan-
ets formed via cloud fragmentation or disk insta-
bility might be nearly coeval with their host star,
but those formed by core accretion are expected to
build mass over several Myr. While this difference
is negligible at intermediate and old ages beyond a
few tens of Myrs, it can have a large impact on the
inferred masses of the youngest planets (!20 Myr).
For example, if the age of the young planetary-mass

companion 2M1207–3932 b is assumed to be coeval
with the TW Hyrdae Association (τ = 10 ± 3 Myr)
then its hot-start mass is ≈5 MJup. On the other
hand, if its formation was delayed by 8 Myr (τ =
2 Myr) then its mass is only ≈2.5 MJup.

• Atmospheric models. Atmospheric models can
influence the inferred masses of imaged exoplan-
ets in several ways. They act as surface bound-
ary conditions for evolutionary models and regu-
late radiative cooling through molecular and con-
tinuum opacity sources. This in turn impacts the
luminosity evolution of giant planets, albeit min-
imally because of the weak dependence on mean
opacity (L(t) ∝ κ0.35; Burrows & Liebert 1993;
Burrows et al. 2001). Even the unrealistic cases
of permanently dusty and perpetually condensate-
free photospheres do not dramatically affect the lu-
minosity evolution of cooling models or mass de-
terminations using age and bolometric luminosity
(Baraffe et al. 2002; Saumon & Marley 2008), al-
though more realistic (“hybrid”) models account-
ing for the evolution and dissipation of clouds
at the L/T transition can influence the shape
of cooling curves in slight but significant ways
(Saumon & Marley 2008; Dupuy et al. 2015b).

On the other hand, mass determinations in color-
magnitude space are highly sensitive to atmo-
spheric models and can result in changes of several
tens of percent depending on the specific treatment
of atmospheric condensates. Dust reddens spec-

Bowler B. 2016
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Chauvin et al. 2015

G. Chauvin et al.: The VLT/NaCo large program to probe the occurrence of exoplanets in wide orbits. II.

Table 1. Deep imaging surveys of young (<100 Myr) and intermediate-old to old (0.1−5 Gyr), close (<100 pc) stars that are dedicated to the
search for planetary mass companions.

Reference Telescope Instr. Mode Filter FoV # SpT Age
(′′×′′) (Myr)

Chauvin et al. (2003) ESO3.6m ADONIS Cor-I H,K 13 × 13 29 GKM <∼50
Neuhäuser et al. (2003) NTT Sharp Sat-I K 11 × 11 23 AFGKM <∼50

NTT Sofi Sat-I H 13 × 13 10 AFGKM <∼50
Lowrance et al. (2005) HST NICMOS Cor-I H 19 × 19 45 AFGKM 10−600
Masciadri et al. (2005) VLT NaCo Sat-I H,K 14 × 14 28 KM <∼200
Biller et al. (2007) VLT NaCo SDI H 5 × 5 45 GKM <∼300

MMT SDI H 5 × 5 – – –
Kasper et al. (2007) VLT NaCo Sat-I L′ 28 × 28 22 GKM <∼50
Lafrenière et al. (2007) Gemini-N NIRI ADI H 22 × 22 85 10–5000
Apai et al. (2008)a VLT NaCo SDI H 3 × 3 8 FG 12–500
Chauvin et al. (2010) VLT NaCo Cor-I H,K 28 × 28 88 BAFGKM <∼100
Heinze et al. (2010a,b) MMT Clio ADI L′,M 15.5 × 12.4 54 FGK 100–5000
Janson et al. (2011) Gemini-N NIRI ADI H,K 22 × 22 15 BA 20–700
Vigan et al. (2012) Gemini-N NIRI ADI H,K 22 × 22 42 AF 10–400

VLT NaCo ADI H,K 14 × 14 – – –
Delorme et al. (2012) VLT NaCo ADI L′ 28 × 28 16 M <∼200
Rameau et al. (2013c) VLT NaCo ADI L′ 28 × 28 59 AF <∼200
Yamamoto et al. (2013) Subaru HiCIAO ADI H,K 20 × 20 20 FG 125 ± 8
Biller et al. (2013) Gemini-S NICI Cor-ASDI H 18 × 18 80 BAFGKM <∼200
Brandt et al. (2013) Subaru HiCIAO ADI H 20 × 20 63 AFGKM <∼500
Nielsen et al. (2013) Gemini-S NICI Cor-ASDI H 18 × 18 70 BA 50–500
Wahhaj et al. (2013)a Gemini-S NICI Cor-ASDI H 18 × 18 57 AFGKM ∼100
Janson et al. (2013)a Subaru HiCIAO ADI H 20 × 20 50 AFGKM <∼1000

Notes. We have indicated the telescope, the instrument, the imaging mode (Cor-I: coronagraphic imaging; Sat-I; saturated imaging; I: imaging;
SDI: simultaneous differential imaging; ADI: angular differential imaging; ASDI: angular and spectral differential imaging), the filters, the field of
view (FoV), the number of stars observed (#), their spectral types (SpT), and ages (Age). (a) Surveys dedicated to planets around debris disk stars.

(hereafter the NaCo-LP). Combined with stars already observed
in direct imaging, it represents a total of more than ∼210 stars for
studying the occurrence rate of giant planets and brown dwarf
companions at wide (10−2000 AU) orbits. This complete anal-
ysis is detailed in a series of four papers: a description of the
complete sample (Desidera et al. 2015), the NaCo-LP survey
(this paper), the statistical analysis of the giant planet population
(Vigan et al., in prep.), and that of the brown dwarf companion
population (Reggiani et al., in prep.). We therefore report here
the results of the NaCo-LP carried out between 2009 and 2013.
In Sect. 2, we describe the target sample selection. In Sect. 3,
we describe the details of the observing setup. In Sect. 4, the
data reduction strategy and analysis are reported with the results
in Sect. 5. Finally, a preliminary statistical analysis of the ob-
served sample is presented in Sect. 6 and our main conclusions
in Sect. 7.

2. Target properties

Based on a complete compilation of young, nearby stars that
have been recently identified in young co-moving groups and
from systematic spectroscopic surveys, we have selected a sam-
ple of stars according to their declination (δ ≤ 25◦), their age
(<∼200 Myr), their distance (d <∼ 100 pc), and their R-band bright-
ness (R ≤ 9.5). In addition, none of these stars had been ob-
served in a high-contrast imaging survey before. Great care has
been taken in the age selection criteria based on different youth
diagnostics (isochrones, lithium abundance, Hα emission, X-ray
activity, stellar rotation, chromospheric activity, and kinematics).
Close visual (0.1−6.0′′) and spectroscopic binaries were rejected

as they degrade the VLT/NaCo detection performances and bias
the astrophysical interpretation. Among this sample, 86 stars
were finally observed during the large program. The main tar-
get properties (spectral type, distance, age, H-band magnitude,
galactic latitude, and proper motion) are reported in Table 2.
They are also shown in Fig. 1 with the properties of the complete
statistical sample used by Vigan et al. (in prep.) and Reggiani
et al. (in prep.). A complete characterization of the NaCo-LP ob-
served sample and the archive sample, particularly, with regard
to the age and distance determination, is determined by Desidera
et al. (2015). As can be seen from Fig. 1, the core of the NaCo-
LP observed sample is mainly composed of close young (10–
200 Myr) solar-type FGK stars.

3. Observations: telescope and instrument

We used the NaCo high contrast Adaptive Optics (AO) imager of
the VLT-UT4. The NaCo instrument is equipped with the NAOS
AO system (Rousset et al. 2002), and the near-infrared imag-
ing camera CONICA (Lenzen et al. 2002). The observations
were obtained during various observing runs spread between the
end of 2009 and 2013 in visitor and service (queue-observing)
modes. The summary of the observing runs is reported in
Table 3. The NaCo-LP represents a total of 16.5 observing
nights, 10.5 nights obtained in visitor mode and 6 nights in
service.

To achieve high contrasts, we used angular differential
imaging (ADI) on pupil-stabilized mode of NaCo. A classical
Lyot-coronagraph with a diameter of 0.7′′ was used during the
first visitor run but then replaced by saturated imaging as the

A127, page 3 of 19
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Fig. 11.— Mean sensitivity maps from a meta-analysis of 384 unique stars with published high-contrast imaging observations. M dwarfs
provide the highest sensitivities to lower planet masses in the contrast-limited regime. Altogether, current surveys probe the lowest masses
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Fig. 12.— Probability distributions for the occurrence rate giant
planets from a meta-analysis of direct imaging surveys in the liter-
ature. 2.8+3.7

−2.3% of BA stars, <4.1% of FGK stars, and <3.9% of M
dwarfs harbor giant planets between 5–13 MJup and 30–300 AU.
The correlation between stellar host mass and giant planet fre-
quency at small separations (<2.5 AU) from Johnson et al. (2010)
is shown in blue. Larger sample sizes are needed to discern any
such correlation on wide orbits. 0.6+0.7

−0.5% of stars of any mass host
giant planets over the same mass and separation range.

mation and dynamically disturb planetary orbits. Most
candidate planets uncovered during these surveys are re-
jected as background stars from second epoch observa-
tions, but some candidates are either not recovered or
are newly revealed in follow-up data. Because of finite
telescope allocation, some of these candidates remain

untested for common proper motion. These ambigu-
ous candidates cannot be ignored in a statistical anal-
ysis because one (or more) could be indeed be bound.
In these cases, contrast curves are individually trun-
cated one standard deviation above the brightest can-
didate. Ages are taken from the literature except for
members of young moving groups, for which the most
recent (and systematically older) ages of young moving
groups from Bell et al. (2015) are adopted. Most ages
in the sample are less than 300 Myr and within 100 pc.
Altogether this leaves 384 unique stars spanning B2–M6
spectral types: 76 from Bowler et al. (2015b), 72 from
Biller et al. (2013), 61 from Nielsen et al. (2013), 54 from
Lafrenière et al. (2007b), 45 from Brandt et al. (2014c),
30 from Janson et al. (2013c), 25 from Vigan et al.
(2012), 14 from Wahhaj et al. (2013b), and 7 from
Janson et al. (2011a).
Sensitivity maps and planet occurrence rates are de-

rived following Bowler et al. (2015b). For a given planet
mass and semimajor axis, a population of artificial plan-
ets on random circular orbits are generated in a Monte
Carlo fashion and converted into apparent magnitudes
and separations using Cond hot-start evolutionary mod-
els from Baraffe et al. (2003), the age of the host star,
and the distance to the system, including uncertainties
in age and distance. These are compared with the mea-
sured contrast curve to infer the fractional sensitivity
at each grid point spanning 30 logarithmically-uniform
bins in mass and separation between 1–1000 AU and
0.5–100 MJup. When available, fractional field of view
coverage is taken into account. Contrasts measured in
CH4S filters are converted to H-band using an empir-
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TABLE 1
Directly Imaged Planets and Planet Candidates with Masses .13 MJup

Name Mass Luminosity Age Proj. Sep. NIR SpT Orbital Pri. Pri. Mass References
(MJup) (log (LBol/L�)) (Myr) (AU) Motion? Mult. (M�)

Close-in Planets (<100 AU)

51 Eri b 2 ± 1 –5.6 ± 0.2 23 ± 3 13 T4.5–T6 Yes S 1.75 1, 2, 3
HD 95086 b 5 ± 2 · · · 17 ± 4 56 · · · No S 1.6 4, 5
HR 8799 b 5 ± 1 –5.1 ± 0.1 40 ± 5 68 ⇠L/Tpec Yes S 1.5 6–9
LkCa 15 ba 6 ± 4 · · · 2 ± 1 20 · · · Yes S 1.0 10–13
HR 8799 c 7 ± 2 –4.7 ± 0.1 40 ± 5 38 ⇠L/Tpec Yes S 1.5 6–9
HR 8799 d 7 ± 2 –4.7 ± 0.2 40 ± 5 24 ⇠L7pec Yes S 1.5 6, 8, 9
HR 8799 e 7 ± 2 –4.7 ± 0.2 40 ± 5 14 ⇠L7pec Yes S 1.5 8, 9, 14
� Pic b 12.7 ± 0.3 –3.78 ± 0.03 23 ± 3 9 L1 Yes S 1.6 15–18

Planetary-Mass Companions on Wide Orbits (>100 AU)

WD 0806-661 b 7.5 ± 1.5 · · · 2000 ± 500 2500 Y? No S 2.0b 19–21
Ross 458 c 9 ± 3 –5.62 ± 0.03 150–800 1190 T8.5pec No B 0.6, 0.09 22–26
ROXs 42B b 10 ± 4 –3.07 ± 0.07 3 ± 2 140 L1 Yes B 0.89, 0.36 27–31
HD 106906 b 11 ± 2 –3.64 ± 0.08 13 ± 2 650 L2.5 No B 1.5 32, 33
GU Psc b 11 ± 2 –4.75 ± 0.15 120 ± 10 2000 T3.5 No S 0.30 34
CHXR 73 b 13 ± 6 –2.85 ± 0.14 2 ± 1 210 �M9.5 No S 0.30 35
SR12 C 13 ± 2 –2.87 ± 0.20 3 ± 2 1100 M9.0 No B 1.0, 0.5 29, 36
TYC 9486-927-1 b 12–15 · · · 10–45 4500 L3 No S 0.4 37, 38

Planetary-Mass Companions Orbiting Brown Dwarfs

2M1207–3932 b 5 ± 2 –4.68 ± 0.05 10 ± 3 41 L3 No S 0.024 39–42, 9
2M0441+2301 Bb 10 ± 2 –3.03 ± 0.09 2 ± 1 1800/15 L1 Yes B/S 0.2, 0.018 43–45

Candidate Planets and Companions Near the Deuterium-Burning Limit

1RXS J1609–2105 B 14 ± 2 –3.36 ± 0.09 11 ± 2 330 L2 No S 0.85 46–49
2M0103–5515 b 13–35 –3.49 ± 0.11 45 ± 4 84 · · · Yes B 0.19, 0.17 50, 51, 9
2M0122–2439 B 12–27 –4.19 ± 0.10 120 ± 10 52 L4 No S 0.4 51, 52
2M0219–3925 B 14 ± 1 –3.84 ± 0.05 45 ± 4 156 L4 No S 0.11 53
AB Pic B 13–30 –3.7 ± 0.2 45 ± 4 250 L0 No S 0.95 54, 55, 39
CFBDSIR J1458+1013 B 5–20 –6.74 ± 0.19 1000–5000 2.6 Y0: Yes S 0.01–0.04 56, 57
DH Tau B 8–22 –2.71 ± 0.12 2 ± 1 340 M9.25 No S 0.5 58, 35, 13
Fomalhaut b .2 · · · 440 ± 40 119 · · · Yes S 1.92 59–62
FU Tau B ⇠16 –2.60 2 ± 1 800 M9.25 No S 0.05 63
FW Tau b ⇠10–100 · · · 2 ± 1 330 pec No B 0.3, 0.3 27, 29, 64
G196-3 B 12–25 –3.8 ± 0.2 20–85 400 L3 No S 0.43 65–67, 51, 42
GJ 504 b 3–30 –6.13 ± 0.03 100–6500 44 T: Yes S 1.16 68–71
GJ 758 B 10–40 –6.1 ± 0.2 1000–6000 29 T8: Yes S 1.0 72–75
GSC 6214-210 B 15 ± 2 –3.1 ± 0.1 5–10 320 M9.5 No S 0.9 48, 29, 76, 77
HD 100546 b ⇠10 ± 5 · · · 5–10 53 · · · No S 2.4 78–80
HD 100546 c <20 · · · 5–10 13 · · · No S 2.4 81
HD 203030 B 12–30 –4.64 ± 0.07 130–400 490 L7.5 Yes S 0.95 82, 83
HN Peg B 12–31 –4.77 ± 0.03 300 ± 200 800 T2.5 No S 1.07 84, 85
 And b 12–66 –3.76 ± 0.06 40–300 55 L1 No S 2.8 85–87
LkCa 15 ca <10 · · · 2 ± 1 15 · · · Yes S 1.0 12, 13
LkCa 15 d <10 · · · 2 ± 1 18 · · · Yes S 1.0 12, 13
LP 261-75 B 12–26 –4.43 ± 0.09 100–200 450 L4.5 No S 0.22 88, 51
ROXs12 B 16 ± 4 · · · 8 ± 3 210 · · · Yes S 0.9 27, 31
SDSS2249+0044 A 12–60 –3.9 ± 0.3 20–300 17/2600 L3 No S/S · · · 89
SDSS2249+0044 B 8–52 –4.2 ± 0.3 20–300 17 L5 No S 0.03 89
VHS1256–1257 b 10–21 –5.05 ± 0.22 150–300 102 L7 No B 0.07, 0.07 90, 91
WISE J0146+4234 B 4–16 –7.01 ± 0.22 1000-10000 1 Y0 Yes S 0.005–0.016 92
WISE J1217+1626 B 5–20 –6.79 ± 0.18 1000–5000 8 Y0 No S 0.01–0.04 93

References. — (1) Macintosh et al. (2015); (2) De Rosa et al. (2015); (3) Mamajek & Bell (2014); (4) Rameau et al. (2013c); (5) Meshkat et al.
(2013b); (6) Marois et al. (2008); (7) Rajan et al. (2015); (8) Bonnefoy et al. (2016); (9) Bell et al. (2015); (10) Kraus & Ireland (2012); (11) Ireland
& Kraus (2014); (12) Sallum et al. (2015a); (13) Andrews et al. (2013); (14) Marois et al. (2010b); (15) Lagrange et al. (2009a); (16) Lagrange et al.
(2010); (17) Morzinski et al. (2015); (18) Bonnefoy et al. (2013); (19) Luhman et al. (2011); (20) Luhman et al. (2012); (21) Rodriguez et al. 2011b;
(22) Goldman et al. (2010); (23) Scholz (2010); (24) Burgasser et al. (2010); (25) Burningham et al. (2011); (26) Beuzit et al. (2004); (27) Kraus et al.
(2014a); (28) Currie et al. (2014b); (29) Bowler et al. (2014); (30) Currie et al. (2014a); (31) Bryan et al., submitted; (32) Bailey et al. (2014); (33)
Lagrange et al. (2016); (34) Naud et al. (2014); (35) Luhman et al. (2006); (36) Kuzuhara et al. (2011); (37) Deacon et al. (2016); (38) Reid et al.
(2008); (39) Chauvin et al. (2004); (40) Chauvin et al. (2005a); (41) Barman et al. (2011b); (42) Allers & Liu (2013); (43) Todorov et al. (2010);
(44) Todorov et al. (2014); (45) Bowler & Hillenbrand (2015); (46) Lafrenière et al. (2008); (47) Lafrenière et al. (2010); (48) Ireland et al. (2011);
(49) Wu et al. (2015); (50) Delorme et al. (2013); (51) Bowler et al. (2013); (52) Hinkley et al. (2015a); (53) Artigau et al. (2015); (54) Chauvin
et al. (2005b) (55) Bonnefoy et al. (2010); (56) Liu et al. (2011); (57) Liu et al. (2012); (58) Itoh et al. (2005); (59) Kalas et al. (2008b); (60) Kalas
et al. (2013); (61) Mamajek (2012); (62) Janson et al. (2012); (63) Luhman et al. (2009); (64) White & Ghez (2001); (65) Rebolo et al. (1998); (66)
Zapatero Osorio et al. (2010); (67) Gaidos et al. (2014); (68) Kuzuhara et al. (2013); (69) Janson et al. (2013b); (70) Fuhrmann & Chini (2015); (71)
Skemer et al. (2016); (72) Thalmann et al. (2009); (73) Currie et al. (2010); (74) Janson et al. (2011b); (75) Vigan et al. (2016); (76) Bowler et al.
(2011); (77) Lachapelle et al. (2015); (78) Quanz et al. (2013); (79) Currie et al. (2014d); (80) Quanz et al. (2015); (81) Currie et al. (2015); (82)
Metchev & Hillenbrand (2006); (83) Tokovinin (2014); (84) Luhman et al. (2007); (85) Carson et al. (2013); (86) Hinkley et al. (2013); (87) Bonnefoy
et al. (2014a); (88) Reid & Walkowicz (2006); (89) Allers et al. (2010); (90) Gauza et al. (2015); (91) Stone et al. (2016); (92) Dupuy et al. (2015b);
(93) Liu et al. (2012)
aLkCa 15 “b” from Kraus & Ireland (2012) is planet “c” in Sallum et al. (2015a). Here I use the original nomenclature from Kraus et al; LkCa15 c

in this table is the candidate planet “b” from Sallum et al.
bProgenitor mass.
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TABLE 1
Directly Imaged Planets and Planet Candidates with Masses .13 MJup

Name Mass Luminosity Age Proj. Sep. NIR SpT Orbital Pri. Pri. Mass References
(MJup) (log (LBol/L�)) (Myr) (AU) Motion? Mult. (M�)

Close-in Planets (<100 AU)

51 Eri b 2 ± 1 –5.6 ± 0.2 23 ± 3 13 T4.5–T6 Yes S 1.75 1, 2, 3
HD 95086 b 5 ± 2 · · · 17 ± 4 56 · · · No S 1.6 4, 5
HR 8799 b 5 ± 1 –5.1 ± 0.1 40 ± 5 68 ⇠L/Tpec Yes S 1.5 6–9
LkCa 15 ba 6 ± 4 · · · 2 ± 1 20 · · · Yes S 1.0 10–13
HR 8799 c 7 ± 2 –4.7 ± 0.1 40 ± 5 38 ⇠L/Tpec Yes S 1.5 6–9
HR 8799 d 7 ± 2 –4.7 ± 0.2 40 ± 5 24 ⇠L7pec Yes S 1.5 6, 8, 9
HR 8799 e 7 ± 2 –4.7 ± 0.2 40 ± 5 14 ⇠L7pec Yes S 1.5 8, 9, 14
� Pic b 12.7 ± 0.3 –3.78 ± 0.03 23 ± 3 9 L1 Yes S 1.6 15–18

Planetary-Mass Companions on Wide Orbits (>100 AU)

WD 0806-661 b 7.5 ± 1.5 · · · 2000 ± 500 2500 Y? No S 2.0b 19–21
Ross 458 c 9 ± 3 –5.62 ± 0.03 150–800 1190 T8.5pec No B 0.6, 0.09 22–26
ROXs 42B b 10 ± 4 –3.07 ± 0.07 3 ± 2 140 L1 Yes B 0.89, 0.36 27–31
HD 106906 b 11 ± 2 –3.64 ± 0.08 13 ± 2 650 L2.5 No B 1.5 32, 33
GU Psc b 11 ± 2 –4.75 ± 0.15 120 ± 10 2000 T3.5 No S 0.30 34
CHXR 73 b 13 ± 6 –2.85 ± 0.14 2 ± 1 210 �M9.5 No S 0.30 35
SR12 C 13 ± 2 –2.87 ± 0.20 3 ± 2 1100 M9.0 No B 1.0, 0.5 29, 36
TYC 9486-927-1 b 12–15 · · · 10–45 4500 L3 No S 0.4 37, 38

Planetary-Mass Companions Orbiting Brown Dwarfs

2M1207–3932 b 5 ± 2 –4.68 ± 0.05 10 ± 3 41 L3 No S 0.024 39–42, 9
2M0441+2301 Bb 10 ± 2 –3.03 ± 0.09 2 ± 1 1800/15 L1 Yes B/S 0.2, 0.018 43–45

Candidate Planets and Companions Near the Deuterium-Burning Limit

1RXS J1609–2105 B 14 ± 2 –3.36 ± 0.09 11 ± 2 330 L2 No S 0.85 46–49
2M0103–5515 b 13–35 –3.49 ± 0.11 45 ± 4 84 · · · Yes B 0.19, 0.17 50, 51, 9
2M0122–2439 B 12–27 –4.19 ± 0.10 120 ± 10 52 L4 No S 0.4 51, 52
2M0219–3925 B 14 ± 1 –3.84 ± 0.05 45 ± 4 156 L4 No S 0.11 53
AB Pic B 13–30 –3.7 ± 0.2 45 ± 4 250 L0 No S 0.95 54, 55, 39
CFBDSIR J1458+1013 B 5–20 –6.74 ± 0.19 1000–5000 2.6 Y0: Yes S 0.01–0.04 56, 57
DH Tau B 8–22 –2.71 ± 0.12 2 ± 1 340 M9.25 No S 0.5 58, 35, 13
Fomalhaut b .2 · · · 440 ± 40 119 · · · Yes S 1.92 59–62
FU Tau B ⇠16 –2.60 2 ± 1 800 M9.25 No S 0.05 63
FW Tau b ⇠10–100 · · · 2 ± 1 330 pec No B 0.3, 0.3 27, 29, 64
G196-3 B 12–25 –3.8 ± 0.2 20–85 400 L3 No S 0.43 65–67, 51, 42
GJ 504 b 3–30 –6.13 ± 0.03 100–6500 44 T: Yes S 1.16 68–71
GJ 758 B 10–40 –6.1 ± 0.2 1000–6000 29 T8: Yes S 1.0 72–75
GSC 6214-210 B 15 ± 2 –3.1 ± 0.1 5–10 320 M9.5 No S 0.9 48, 29, 76, 77
HD 100546 b ⇠10 ± 5 · · · 5–10 53 · · · No S 2.4 78–80
HD 100546 c <20 · · · 5–10 13 · · · No S 2.4 81
HD 203030 B 12–30 –4.64 ± 0.07 130–400 490 L7.5 Yes S 0.95 82, 83
HN Peg B 12–31 –4.77 ± 0.03 300 ± 200 800 T2.5 No S 1.07 84, 85
 And b 12–66 –3.76 ± 0.06 40–300 55 L1 No S 2.8 85–87
LkCa 15 ca <10 · · · 2 ± 1 15 · · · Yes S 1.0 12, 13
LkCa 15 d <10 · · · 2 ± 1 18 · · · Yes S 1.0 12, 13
LP 261-75 B 12–26 –4.43 ± 0.09 100–200 450 L4.5 No S 0.22 88, 51
ROXs12 B 16 ± 4 · · · 8 ± 3 210 · · · Yes S 0.9 27, 31
SDSS2249+0044 A 12–60 –3.9 ± 0.3 20–300 17/2600 L3 No S/S · · · 89
SDSS2249+0044 B 8–52 –4.2 ± 0.3 20–300 17 L5 No S 0.03 89
VHS1256–1257 b 10–21 –5.05 ± 0.22 150–300 102 L7 No B 0.07, 0.07 90, 91
WISE J0146+4234 B 4–16 –7.01 ± 0.22 1000-10000 1 Y0 Yes S 0.005–0.016 92
WISE J1217+1626 B 5–20 –6.79 ± 0.18 1000–5000 8 Y0 No S 0.01–0.04 93

References. — (1) Macintosh et al. (2015); (2) De Rosa et al. (2015); (3) Mamajek & Bell (2014); (4) Rameau et al. (2013c); (5) Meshkat et al.
(2013b); (6) Marois et al. (2008); (7) Rajan et al. (2015); (8) Bonnefoy et al. (2016); (9) Bell et al. (2015); (10) Kraus & Ireland (2012); (11) Ireland
& Kraus (2014); (12) Sallum et al. (2015a); (13) Andrews et al. (2013); (14) Marois et al. (2010b); (15) Lagrange et al. (2009a); (16) Lagrange et al.
(2010); (17) Morzinski et al. (2015); (18) Bonnefoy et al. (2013); (19) Luhman et al. (2011); (20) Luhman et al. (2012); (21) Rodriguez et al. 2011b;
(22) Goldman et al. (2010); (23) Scholz (2010); (24) Burgasser et al. (2010); (25) Burningham et al. (2011); (26) Beuzit et al. (2004); (27) Kraus et al.
(2014a); (28) Currie et al. (2014b); (29) Bowler et al. (2014); (30) Currie et al. (2014a); (31) Bryan et al., submitted; (32) Bailey et al. (2014); (33)
Lagrange et al. (2016); (34) Naud et al. (2014); (35) Luhman et al. (2006); (36) Kuzuhara et al. (2011); (37) Deacon et al. (2016); (38) Reid et al.
(2008); (39) Chauvin et al. (2004); (40) Chauvin et al. (2005a); (41) Barman et al. (2011b); (42) Allers & Liu (2013); (43) Todorov et al. (2010);
(44) Todorov et al. (2014); (45) Bowler & Hillenbrand (2015); (46) Lafrenière et al. (2008); (47) Lafrenière et al. (2010); (48) Ireland et al. (2011);
(49) Wu et al. (2015); (50) Delorme et al. (2013); (51) Bowler et al. (2013); (52) Hinkley et al. (2015a); (53) Artigau et al. (2015); (54) Chauvin
et al. (2005b) (55) Bonnefoy et al. (2010); (56) Liu et al. (2011); (57) Liu et al. (2012); (58) Itoh et al. (2005); (59) Kalas et al. (2008b); (60) Kalas
et al. (2013); (61) Mamajek (2012); (62) Janson et al. (2012); (63) Luhman et al. (2009); (64) White & Ghez (2001); (65) Rebolo et al. (1998); (66)
Zapatero Osorio et al. (2010); (67) Gaidos et al. (2014); (68) Kuzuhara et al. (2013); (69) Janson et al. (2013b); (70) Fuhrmann & Chini (2015); (71)
Skemer et al. (2016); (72) Thalmann et al. (2009); (73) Currie et al. (2010); (74) Janson et al. (2011b); (75) Vigan et al. (2016); (76) Bowler et al.
(2011); (77) Lachapelle et al. (2015); (78) Quanz et al. (2013); (79) Currie et al. (2014d); (80) Quanz et al. (2015); (81) Currie et al. (2015); (82)
Metchev & Hillenbrand (2006); (83) Tokovinin (2014); (84) Luhman et al. (2007); (85) Carson et al. (2013); (86) Hinkley et al. (2013); (87) Bonnefoy
et al. (2014a); (88) Reid & Walkowicz (2006); (89) Allers et al. (2010); (90) Gauza et al. (2015); (91) Stone et al. (2016); (92) Dupuy et al. (2015b);
(93) Liu et al. (2012)
aLkCa 15 “b” from Kraus & Ireland (2012) is planet “c” in Sallum et al. (2015a). Here I use the original nomenclature from Kraus et al; LkCa15 c

in this table is the candidate planet “b” from Sallum et al.
bProgenitor mass.
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2 N D  G E N E R AT I O N :  
1 S T  G E N E R AT I O N  O N  S T E R O I D S

• More DOF, faster AO 

• Better optics => excellent wavefront quality 

• Optimized for stability => slow thermal & mechanical drifts 

• Speckle control strategies are fully built in!

Table 4. Table listing (non exhaustive) the zeroth and first generation instruments that pioneered high contrast imaging.
For ground-based near-infrared instruments, the first acronym is usually for the adaptive optics system, while the second
one is for the camera. The type of coronagraph is given in the last column, when available. Note that the contrast
performance of these instruments varies a lot, depending on the instrument design itself and on the observing strategy.
Instruments marked with a † are no longer available. SH stands for Shack-Hartmann WFS. C for curvature WFS.

Instrument Telescope AO Wavelength Ang. res. Coronagraph
(µm) (mas)

WFPC2† HST NA 0.12–1.1 10–100 ...
WFPC3 HST NA 0.2–1.7 17–150 ...
NICMOS† HST NA 0.8–2.4 60–200 Lyot
ACS† HST NA 0.2–1.1 20–100 Lyot
STIS HST NA 0.2–0.8 20–60 Lyot
NAOS-CONICA VLT 16-SH 1.1–3.5 30–90 Lyot/FQPM/APP/VC
VISIR VLT no 8.5–20 200–500 FQPM/VC
COME-ON+-ADONIS† 3.6-m ESO 8-SH 1–5 60–280 Lyot
PUEO-TRIDENT† CFHT 8-SH 0.7–2.5 4–140 Lyot(/CIA)
COMICS Subaru NA 8–25 200–500 ...
HICIAO Subaru 14-C 1.1–2.5 30–70 Lyot
CanariCam GTC NA 7.5–25 150–470 ...
KeckAO-NIRC2/OSIRIS Keck 16-SH 0.9–5.0 20–100 Lyot(/VC, 2015)
LWS† Keck no 3.5–25 70–500 ...
MIRLIN† Keck no 8.0–20 160–400 ...
ALTAIR-NIRI Gemini N. no 1.1–2.5 30–70 Lyot
NICI† Gemini S. 9-C 1.1–2.5 30–70 Lyot
T-ReCS† Gemini S. no 1.1–2.5 30–70 ...
Lyot project† AEOS 30-SH 0.8–2.5 60–140 Lyot/FQPM
PALAO(WCS)†-PHARO Hale 200” 16-SH 1.1–2.5 60–140 Lyot/FQPM/VC
AO-IRCAL Shane 120” 8-SH 1.1–2.5 100–150 ...

Table 5. Table listing (non exhaustive) the zeroth and first generation instruments that pioneered high contrast imaging.
For ground-based near-infrared instruments, the first acronym is usually for the adaptive optics system, while the second
one is for the camera. The type of coronagraph is given in the last column, when available. Note that the contrast
performance of these instruments varies a lot, depending on the instrument design itself and on the observing strategy.
Instruments marked with a † are no longer available. SH stands for Shack-Hartmann WFS. C for curvature WFS.

Instrument Telescope AO Wavelength Ang. res. Coronagraph
(µm) (mas)

P3K-P1640/SDC Hale 200” 64-SH 1.1–2.4 45-90 APLC/VC
SPHERE VLT 40-SH 0.5–2.4 15-55 Lyot/APLC/FQPM
GPI Gemini South 48-SH 0.9–2.4 23-55 APLC
SCExAO Subaru 14-C & 48-P 0.55–2.4 15-55 PIAA/SP/VC
MagAO-Clio2/VisAO Magellan 25-Pyramid 0.55–5 18-160 Lyot(+APP)
LMIRCAM LBT’ 30-Pyramid 2–5 60–120 APP+VC

3. Detection of faint signal in high contrast imaging must rely on diversity and modulation: it indeed appeared
early on that calibration and correction of spurious errors is not sufficient for detecting faint signals against
the background of noise sources. Modulation tremendously helped with detection and now constitutes the
baseline for any strategy (see Section 3.3).

Other important considerations include: flexibility vs science, technical development, funding, chromatism
effects, coronagraph design, ADC, propagation effects, importance of predictive control, image quality metrics,
and error budgets, actuator count vs outer working angle (OWA), DM stability, etc.
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Fig. 2. 51 Eri b J and H band 
spectrum from GPI data after 
PSF subtraction. Strong 
methane absorption, similar to 
Jupiter, is readily apparent. Top: 
The hotter young planetary 
object 2M1207b and a high-mass 
field T6 brown dwarf from the 
SpeX library (43) are overplotted. 
Bottom: Observed J and H 
spectrum and Lp photometry 
with two model fits overlaid, a 
young low-mass partly-cloudy 
object (TB-700K) and a higher-
mass cloud-free object (SM-
750K). Note that the main source 
of error in the extracted 
spectrum is residual speckle 
artifacts, so errors in neighboring 
spectral channels are strongly 
correlated; error estimation is 
discussed in (28). 
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HD 131399Ab
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J A M E S  W E B B  S PA C E  T E L E S C O P E

See Chas’s talk on Friday!



W F I R S T- C O R O N A G R A P H

See Nikole’s talk on Friday!



T E L E S C O P E S  O F  T O M O R R O W  W I L L  B E  B I G G E R !  

B I G G E R  I S  B E T T E R !

LUVOIR/HabEx

Thirty Meter Telescope
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Wang J.,  Mawet D., Hu R., Benneke B. 2016, in prep
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Figure 9. Albedo spectrum of an Earth-like planet. We consider the average albedo between an high cloud case (high albedo)
and no cloud case (low albedo). Shaded regions are wavelength regions we consider to simulate observations for detecting
molecular species.

Figure 10. Q factors normalized by their maximum values
for CO2, O2, and H2O for wavelengths ranging from 0.5 to
1.7 µm.

Figure 11. Q factors normalized by their maximum values
for CH4, CO2, O2, and H2O for wavelengths ranging from
0.5 to 2.175 µm.

ther would (1) potentially make the angular sepa-
ration fall below the inner working angle of certain
coronagraphs (2) reduce the absolute flux from the
planet.

5.2.1. Simulating LUVOIR Observation

A Large ultraviolet, optical and infrared (LU-
VOIR) telescope is a candidate for next-generation
space telescope (10-m class). Exoplanet study will
be one of its major scientific objectives. Based on
calculations in §5.1, we consider a filter centered at
0.7 µm for O

2

detection and a filter centered at 1.5
µm for CO

2

and H
2

O detection. Both filters have
a bandwidth of 20%. We consider an optimistic
case in which detector noise (both readout noise and
dark current) is set to zeros, and an baseline case
in which detector noise is set to values that can be
currently achieved. Table 4 and 5 summarize the
parameters used in simulation.
Unlike the case for HR 8799 e and 51 Eri b, we

consider only photon noise limited case. At low SNR
regime, which is the case for Earth-like planet obser-
vation, CCF SNR is unlikely to be limited by CCF
fluctuation, which can only be seen at high SNR
regime. At low SNR regime, LSD is not likely to
be e↵ective because decomposition tends to intro-
duce noise and further decrease the SNR. Since we
use the same albedo spectrum for the input planet
spectrum and the template spectrum for cross corre-
lation, there is no mismatch spectrum case. There-
fore, the results shown below should be interpreted
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Shawn Domagal-Goldman et al. 2016, in prep
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– C A R L  S A G A N

“Somewhere, something incredible  
is waiting to be known.” 
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