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The architectures of planetary systems span 
5 orders of magnitude in separation

Determining how they form is one of the goals of direct imaging.



Planetary atmospheres probe physical properties
Their evolution and diverstiy teach us about atmospheric physics, chemistry, and clouds.
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The origin of long-period planets
Disk Instability

• Giant planet frequency and mass scale with protostellar 
(and protoplanetary disk) mass (Boss 2011).

• Bimodal distribution in semi-major axis  (Boley 2009).

• “Runts of the litter”  (Kratter et al. 2010).

Turbulent Fragmentation
• BD companion separations scale with stellar host 
   mass (Bate 2009).

• Identical planet/host-star metallicities

• BD companion frequency independent of stellar 
   host mass  (Bate 2009).

Planet Scattering
• High eccentricities  (Scharf & Menou 2009).

• Enriched metallicities  (Helling et al. 2014).
• Mass(scatterer) > Mass(scattered)
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Young stars are the best targets for direct imaging
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Figure 2. Combinations of the sub-spaces of the UVWXYZ–space for the SACY Associations showing the clusters in both kinematical
and spatial coordinates. Associations symbols: filled stars - β Pic; filled circles - Tuc-Hor; open circles - Columba; crosses - Carina; filled
triangles - TW Hya; open triangles - ϵ Cha; open stars - Octans; open squares - Argus; filled squares - AB Dor.

Young Nearby Associations 771

Figure 8. Combinations of the sub-spaces of the UVWXYZ–space for the β Pic
Association showing a well defined clustering in both kinematical and spatial coor-
dinates.

Figure 9. Left: The HR diagram of the members proposed for the β Pic Associa-
tion; the over-plotted isochrones are the ad-hoc ones given in the text for 5, 10 and
70 Myr. Right: The distribution of the Li equivalent width as a function of (V −I)C ;
the curves are the upper and lower limits for the age of the Pleiades (Neuhäuser et
al. 1997).

Torres et al. 2008

Young stars are the best targets for direct imaging



2. Atmospheres and evolution

3. Modern surveys and statistics

1. Discoveries
The good, the “bad”, and the ugly.

Giant planets don’t look like old brown dwarfs.

Still more questions than answers.

ROXs42 B with Keck/NIRC2
Kraus et al. (2014)



Skemer et al. (2014)

Macintosh et al. (2014)

 Discoveries 
The good, the “bad”, and the ugly.



HD 95086 b: 
Rameau et al. (2013a,b)

β Pic b: 
Lagrange et al. (2009) 

GJ 504 b:
Kuzuhara et al. (2013)

HR 8799 bcde
Marois et al. 2008, 2010

Skemer et al. (2014)

Macintosh et al. (2014)



e.g., Bowler et al. 2010; Barman et al. 2011, 
Konopacky et al. 2013, Skemer et al. 2014

 HR 8799 bcde 

Reconnaissance of the HR 8799 Exosolar System II 21
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Fig. 15.— coplanarity test for the four planets in the
HR8799 system: this figure show the relative inclinations of the
orbital planes with respect to the most likely (whereas the incli-
nations in Figures 11 to 14 are with respect to the line of sight).
While this figure does not unambiguously rule out coplanarity, it
suggests that HR8799bc most likely orbit in the same plane while
HR8799d’s orbit is out of the plane. More data is needed to con-
strain the plane of the orbit of HR8799e.

the large temporal lever arm it is responsible for strong
constraints on the orbit. We tested the robustness of our
results to this bias by removing the HST-NICMOS point
from the astrometric history. This tests did yield poste-
rior distributions of orbital elements similar to Fig 13 (al-
beit with larger uncertainties in the period when remov-
ing the 1998 epoch). We can thus rule out this scenario
and conclude that, in the absence of other unidentified
pathological cases, the orbit of HR8799d is misaligned by
⇠ 15�20� compared to the roughly coplanar HR8799bce
orbits.

4.2. Eccentricities

All four planets appear to orbit HR8799 with low ec-
centricities, which has been predicted using dynamical
arguments. Indeed a circularizing mechanism ought to
have occurred in the youth of this system in order for
it to have lasted a few tens of million years (Fabrycky
& Murray-Clay 2010). Figure 16 shows the cumulative
distribution of eccentricities in the HR8799 system, with
horizontal lines denoting the 68%, 95% and 98% confi-
dence levels. The overall eccentricity distribution is con-
sistent with other studies e.g. by Soummer et al. (2011a);
Reidemeister et al. (2009); Gozdziewski & Migaszewski
(2013), which identified HR8799d as the most eccentric
planet: the 1-� upper limit for e

b
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e

are respectively
0.07, 0.06, 0.12 while the same upper limit of HR8799d
is 0.3. Thus in spite of the non-coplanarity discussed
above, our analysis of the astrometric history of this sys-
tem hints that HR8799d seems to have a special role in
the eccentric hierarchy. The fact that HR8799d orbits
at a larger eccentricity and a likely o↵-plane inclination
might be the fingerprint of dynamical interactions during
the formation of this planetary system.

4.3. Mean Motion resonnances

Mean motion resonances play a crucial role in stabiliz-
ing the HR8799 system as first pointed out by Fabrycky
& Murray-Clay (2010). While resonances are not strictly
limited to integer period ratios, we identify on Figures
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Fig. 16.— Cumulative distributions of the eccentricities
of the four planet orbiting HR8799: the dashed horizontal
lines, from bottom to top, correspond to the 68%, 95% and 98%
confidence levels. Our analysis of the current astrometric history
confirms the published eccentricity hierarchy in other works with
HR8799d being the most eccentric planet and HR8799bc featuring
almost circular orbits (e < 0.1 with 68% confidence). More orbital
coverage will be necessary to firmly establish the eccentricity of
HR8799e.

17 the lowest order ratios that are compatible with our
analysis of the astrometric history of the system:

• b-c resonance: our analysis seems to favor a pe-
riod ratio between 5b:2c and 3b:1c. Interestingly
the 2b:1c resonance which had been identified as a
promising candidate by dynamical studies assum-
ing coplanarity between the two objects can be
ruled out by our analysis.

• c-d resonance: our analysis seems to favor period
ratios commensurate with a 2c:1d resonance.

• d-e resonance: our analysis yields a period ratio
histogram centered around a 3:2e resonance but is
also compatible with a 2d:1e. Further astrometric
monitoring of HR8799e is required to disentangle
these scenarios.

Thus even if HR8799d most likely does not orbit in the
same plane as HR8799c and e, the period ratios involv-
ing these planets do not rule out a 1e:2c:4d Laplace
resonance. They however favor a 3d:2e resonance for
the inner pair of planets. The period ratio for the two
outer planets favored by our analysis does not suggest
a Laplace resonance but is consistent with Currie et al.
(2012). Since resonances are a strong mechanism to sta-
bilize multiple planetary systems the confidence inter-
vals derived in the present paper can serve as a good
first guess to study secular dynamical interaction in the
HR8799 system. Future N-body analyses of this system
should thus be carried out to complement our work and
further constrain the period ratios discussed above.

4.4. Likelihood of close encounter.

The tight bounds on the dynamical mass of
HR8799bcde can potentially be estimated via N-body
simulations over the lifetime of the system for the en-
sembles of allowable Keplerian elements derived by our
analysis. However this exercise is beyond the scope of the

The Astrophysical Journal, 780:97 (12pp), 2014 January 1 Matthews et al.

Table 4
2D Gaussian Fits to Star+Disk Emission in PACS Maps

Band beam FWHMs Deconvolved Disk Sizea Inclinationb Position Angle

(µm) (′′) major (′′) minor (′′) major (′′) minor (′′) (AU) (◦) (◦ E of N)

70 5.61 15.3 ± 0.2 13 ± 0.2 14.2 ± 0.2 12.7 ± 0.2 567 ± 8 26.2 ± 3.3 62.1 ± 5.6
100 6.79 16.4 ± 0.3 15.2 ± 0.3 15.0 ± 0.3 13.6 ± 0.3 599 ± 12 24.6 ± 5.1 62.9 ± 4.1
160 11.36 18.9 ± 0.4 17.0 ± 0.3 15.1 ± 0.5 12.6 ± 0.4 602 ± 20 33.4 ± 6.5 54.8 ± 5.3

Notes.
a Adopting a distance of 39.9 pc for HR 8799 and assuming a circular disk.
b Calculated using deconvolved disk sizes.
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Figure 3. Dust temperature map derived from the SPIRE data, illustrating the
cold large-scale emission from a background molecular cloud along the line of
sight to the position of HR 8799.

and L⋆ = 5.4 L⊙, equivalent to a late-A or early-F spectral type
star, consistent with HR 8799’s published spectral types (A5V,
F0V; Gray & Kaye 1999; Gray et al. 2003).

The Herschel photometry from 70 to 500 µm provides cover-
age over a wide range, and combined with previous data (Moshir
et al. 1990; Williams & Andrews 2006; Su et al. 2009; Ishihara
et al. 2010; Patience et al. 2011), gives a fairly complete pic-
ture of the disk spectrum. To this photometry we have fitted
a two-component modified blackbody model. The “modifica-
tion” refers to two additional parameters, called λ0 and β, with
which a pure blackbody spectrum is modified beyond λ0 by the
multiplicative factor (λ0/λ)β . This factor attempts to account
for inefficient emission by grains that are small relative to the
wavelength of their emission. Therefore, λ0 should in some way
be representative of the grain size that dominates the emission
spectrum. HR 8799 is also thought to have an unresolved inner
warm disk component. Herschel photometry for this component
is uncertain because of degeneracy with parameters for the outer
disk. (See Section 5 for further discussion.)

The best-fit model shown in Figure 4 has temperatures of
153 ± 15 K and 36 ± 1 K for the two dust components, with
λ0 = 47 ± 30 µm (upper limit 90 µm) and β = 1.0 ± 0.1
common to both. Compared with most known debris disks,
where λ0 is usually 100 µm or longer (e.g., Booth et al. 2013),
the relatively short λ0 here suggests that the disk spectrum is
dominated by smaller grains than is typical in other debris disks.
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Figure 4. Star + disk SED for HR 8799, showing flux densities (dots) and
upper limits (triangles). Shown are observed (black symbols) and star-subtracted
fluxes (gray symbols), and the Infra Red Spectrograph spectrum (green dots).
At long wavelengths, the gray dots cover the black dots completely, because
of the declining flux density of the photosphere. At intermediate wavelengths,
the star-subtracted flux densities are divided between the warm and cold disk
components; therefore, there are two flux densities plotted for those wavelengths.
The stellar photosphere model is shown as a blue line, the disk model as a red
dotted line, and the star+disk spectrum as a black line.

Given that HR 8799 is already known to be somewhat unusual
because of its very extended disk that may comprise small,
radiation-dominated grains on eccentric orbits, it seems likely
that the short λ0 is somehow related to the halo.

5. IMAGE MODELING

5.1. Herschel

Our goal here is to present a simple characterization of
the Herschel observations of HR 8799, not a detailed model
that includes possible grain properties. We therefore model the
data at each wavelength independently to arrive at a surface
brightness profile for each wavelength. For the SPIRE data,
which are strongly affected by the background level, we scale
the PACS models to make the background level look smooth to
derive disk+star flux densities.

The parameterized model is basically the same as used
previously for modeling Herschel PACS observations (Kennedy
et al. 2012a, 2012b; Wyatt et al. 2012). Because we model each
wavelength independently, however, the temperature profile is
not needed, and the model produces surface brightness images
to compare with the data. The models are inspired by the Su
et al. (2009) model, comprising three distinct components. The
first is unresolved, which we simply add to the stellar flux when

5

Matthews et al. 2014
Marois et al. 2008, 2010

• A5 host star (1.5 M  )
• 39 pc, ~30 Myr (Col MG)
• Planets cde: ~7-10 MJup
• Planet b: ~5-7 MJup
• 15-70 AU

☉

Orbits, Stability, and Masses

Two Debris Disks

e.g., Soummer et al. 2011, Esposito et al. 2013, 
Godziewski & Migaszewski 2014, Pueyo et al. 2014

Photometry and spectroscopy 
from 1-5 µm
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Figure 1. LBT First Light AO images of the HR 8799 planetary system at H band and 3.3 µm. These images constitute the first detection of HR 8799 e at either
wavelength and the first unambiguous detections of HR 8799 b and d at 3.3 µm.
(A color version of this figure is available in the online journal.)

(2007), we used Nδ = 1, NA = 300, g = 1, and a 1 pixel
subtraction region.14 The values for NA and g are adopted
from Lafrenière et al. (2007), and we use Nδ = 1 instead of
Nδ = 0.5 to suppress self-subtraction, although we note that
changing Nδ to 0.5 has a negligible effect on our photometry.
Our implementation of the LOCI algorithm also includes an
FWHM-sized mask around every subtraction region to further
suppress self-subtraction.

After reducing all 901 images with LOCI, we evaluated the
noise of the images (standard deviation of pixel count) within an
annulus from 0.′′3 to 0.′′5. The noise dramatically increased after
the 500th image, corresponding to an increase in natural seeing.
We reran LOCI using just the first 500 images (1000 s, 61◦ of
sky rotation), marginally improving our final image, which is
shown in Figure 1. HR 8799 b, c, d, and e are all clearly visible.

The LOCI algorithm assumes accurate knowledge of the star’s
position. However, the stellar core saturated even with PISCES’
fastest readout. We were able to estimate the stellar centroid to
within 0.5 pixels (0.′′01) based on the circular symmetry of the
PSF. We then reran LOCI with a set of different stellar centroid
positions composing a 1 × 1 pixel box and found no significant
astrometric or photometric discrepancies between the results.

2.2. LBTI/LMIRCam 3.3 µm

We observed HR 8799 at 3.3 µm (λ = 3.31 µm;
FWHM = 0.40 µm) with LBTI/LMIRCam (Hinz et al. 2008;
Skrutskie et al. 2010) on UT 2011 November 16. Although
LBTI will eventually be used to combine the light from both
LBT apertures, it was used in single-aperture mode for these
observations, since only one AO system was operational. LBTI
(PI: Phil Hinz) consists of a beam combiner (Universal Beam
Combiner), which combines the light from the two telescope ter-
tiary mirrors, and a science camera (Nulling Infrared Camera),

14 The general idea of LOCI with ADI is as follows. The stellar PSF is
removed in a set of subtraction regions, which together compose the image.
For each subtraction region, the stellar PSF is estimated by constructing a
linear combination of individual exposures that minimizes noise within a
corresponding optimization region, which is centered on the subtraction region
but is much larger. The optimization region is an annulus with an area of NA
PSF cores and a ratio between its radial extent and azimuthal extent of g.
Images whose parallactic angle differs by less than an amount such that a
source would move by Nδ FWHM are excluded from the optimization.

which itself contains a 2–5 µm channel (LMIRCam) and an
8–13 µm channel (Nulling Optimized Mid-Infrared Camera,
NOMIC). LMIRCam uses a Hawaii 2RG 2048 × 2048 HgCdTe
array, which oversamples λ = 2–5 µm PSFs (with a plate scale
of 0.′′0106 pixel−1) when using only one telescope primary.

Conditions during our 3.3 µm observations were photometric,
with a natural seeing (as measured by the telescope DIMM)
of ∼1.′′1. We obtained 1920 images with 3.8 s integrations
over the course of 3.3 hr (110◦ of sky rotation). The 3.8 s
exposure saturated inside of 0.′′06. We also obtained short
(0.15 s) unsaturated images for astrometry/photometry. About
1% of the images had bad tip/tilt residuals and were removed.

Images were flat fielded, and globally bad pixels (defined as
pixels further than 15% from the median flat) were replaced
with the average of the eight nearest good pixels. The images
were then nod subtracted with nods taken every 20 images.
After these basic reduction steps, we found that some pixels had
changing biases over shorter timescales than the nod subtraction.
We removed these with three steps: subtracting the 3σ -clipped
median of each column (to remove column bias-level effects),
median-binning the data with a 2 × 2 box (since the PSF is
oversampled by a factor of three for a single-aperture telescope),
and replacing isolated bad pixels (4σ from their neighboring
pixels) with the median of the neighboring pixels. For the
remainder of this paper, LMIRCam “pixels” refer to binned
pixels, which have a plate scale of 0.′′0212.

Images were processed with LOCI, using the same parameters
and implementation described in Section 2.1. We evaluated the
noise inside a 0.′′2–0.′′4 annulus in each LOCI-processed image
and removed ∼10% of the images, which had high noise, due to
residual bad pixels and/or sub-optimum AO performance. Our
final image, which is shown in Figure 1, clearly shows planets
b, c, d, and e.

3. PHOTOMETRY

Since LOCI self-subtracts, we calibrated our photometry by
subtracting fake planets from the raw data at the positions of
the detected planets and rerunning the full LOCI pipeline. Best-
fit photometry and error bars were determined by adjusting
the fluxes of the fake planets to determine the range of values
resulting in reasonable subtractions. For the PISCES H-band

3

Multiple MMRs in the HR 8799 planetary system 3145

observations. If the resonant system is observed at certain epoch,
its osculating Keplerian elements (semimajor axes, eccentricities,
arguments of pericentres, mean longitudes) take some particular
values. A configuration which fits the observations consists of ap-
propriate shapes of the orbits, their orientations as well as orbital
phases. Due to the MMR lock implying quasi-periodic conjunctions
of the planets, such particular quasi-periodic, relative orbital setup
repeats in space. This repetition may take quite a long time inter-
val. In such a case, too fast migration during the repetition interval
may tight the orbits too much and we can skip a correct, optimal
configuration. At some instant the planets may be phased correctly
by the MMR lock but their orbits are still too extended to fit the
observations. However, after the next repetition period, appropriate
orbital phases might appear when the migrating system is already
too compact to fit the data. A slower migration increases a chance
of fixing proper orbital phases simultaneously with other orbital
elements of the planets.

A slow enough migration is crucial because it helps to lock the
system into the multiple-body MMR. But the migration cannot be
also too slow or arbitrarily slow. At the initial stages of migration,
the system is strongly chaotic (see Fig. 1) until the four-planet MMR
lock appears and the whole system may be ‘missed’ at all due to a
self-disruption. The resonance locking should then occur in a time-
scale shorter than a characteristic instability time-scale. An optimal
migration rate was chosen after a number of numerical experiments.
We must underline that the multiple-body MMRs trapping does not

occur always and ‘easily’. The MCOA requires much care and a
fine tuning in this respect.

The MCOA may be further simplified and optimized for CPU
resources. Once the orbital phases and eccentricities are constrained
through a resonance, the migration causes the semimajor axes decay.
Because the N-body dynamics are essentially scale-free, the scale
of the system may be a free (fifth) geometrical parameter of the
model. We did not explore this approach in this paper, but likely
that makes the MCOA run more quickly and find better fits to the
observations. (Credits of this improvement go to the reviewer).

3.2.3 Example evolutionary tracks of migrating systems

These thoughts and the results of accompanying experiments are
illustrated in Fig. 1. The right-hand panels of this figure present the
orbital evolution during a slow migration. Subsequent panels, from
the top to the bottom are for graphs of ae(t), ee(t), and θ1: 2: 4: 8(t), re-
spectively. The migration rate for planet e is less than ∼1 au Myr−1.
After ∼1 Myr, the systems locks into exact 1e:2d:4c:8b MMR. Am-
plitudes of eccentricities ee(t) and critical angle θ1: 2: 4: 8 steadily
decrease. After ∼2 Myr the simulated configuration looks like the
actually observed HR 8799 system. Middle parts of the elements
graphs are marked in red indicating reasonably good solutions that
provide

√
χ2

ν < 2.
This simulation concerns the actual evolution of the best-fitting

four-planet model IVa, which is found rigorously stable (see

Table 1. Orbital osculating elements of the best-fitting solution IVa at the epoch 1998.83. The stellar
mass m0 = 1.56 M⊙. Note that due to the geometry the $ angle may take two values that differ by 180◦,
however the pericentre longitude ϖ is preserved after the rotation of the nodal line by 180◦.

m (mJup) a (au) e I (deg) $ (deg) ϖ (deg) M (deg)

HR 8799 e 9 ± 2 15.4 ± 0.2 0.13 ± 0.03 176 ± 6 326 ± 5
HR 8799 d 9 ± 3 25.4 ± 0.3 0.12 ± 0.02 25 ± 3 64 ± 3 91 ± 3 58 ± 3
HR 8799 c 9 ± 3 39.4 ± 0.3 0.05 ± 0.02 (244 ± 3) 151 ± 6 148 ± 6
HR 8799 b 7 ± 2 69.1 ± 0.2 0.020 ± 0.003 95 ± 10 321 ± 10

Figure 4. Relative astrometric positions of the planets (red filled circles), orbital arcs for the best-fitting model IVa (black curves), and stable solutions within
the 3σ confidence level of the best-fitting model (green curves).

MNRAS 440, 3140–3171 (2014)
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Figure 1. LBT First Light AO images of the HR 8799 planetary system at H band and 3.3 µm. These images constitute the first detection of HR 8799 e at either
wavelength and the first unambiguous detections of HR 8799 b and d at 3.3 µm.
(A color version of this figure is available in the online journal.)

(2007), we used Nδ = 1, NA = 300, g = 1, and a 1 pixel
subtraction region.14 The values for NA and g are adopted
from Lafrenière et al. (2007), and we use Nδ = 1 instead of
Nδ = 0.5 to suppress self-subtraction, although we note that
changing Nδ to 0.5 has a negligible effect on our photometry.
Our implementation of the LOCI algorithm also includes an
FWHM-sized mask around every subtraction region to further
suppress self-subtraction.

After reducing all 901 images with LOCI, we evaluated the
noise of the images (standard deviation of pixel count) within an
annulus from 0.′′3 to 0.′′5. The noise dramatically increased after
the 500th image, corresponding to an increase in natural seeing.
We reran LOCI using just the first 500 images (1000 s, 61◦ of
sky rotation), marginally improving our final image, which is
shown in Figure 1. HR 8799 b, c, d, and e are all clearly visible.

The LOCI algorithm assumes accurate knowledge of the star’s
position. However, the stellar core saturated even with PISCES’
fastest readout. We were able to estimate the stellar centroid to
within 0.5 pixels (0.′′01) based on the circular symmetry of the
PSF. We then reran LOCI with a set of different stellar centroid
positions composing a 1 × 1 pixel box and found no significant
astrometric or photometric discrepancies between the results.

2.2. LBTI/LMIRCam 3.3 µm

We observed HR 8799 at 3.3 µm (λ = 3.31 µm;
FWHM = 0.40 µm) with LBTI/LMIRCam (Hinz et al. 2008;
Skrutskie et al. 2010) on UT 2011 November 16. Although
LBTI will eventually be used to combine the light from both
LBT apertures, it was used in single-aperture mode for these
observations, since only one AO system was operational. LBTI
(PI: Phil Hinz) consists of a beam combiner (Universal Beam
Combiner), which combines the light from the two telescope ter-
tiary mirrors, and a science camera (Nulling Infrared Camera),

14 The general idea of LOCI with ADI is as follows. The stellar PSF is
removed in a set of subtraction regions, which together compose the image.
For each subtraction region, the stellar PSF is estimated by constructing a
linear combination of individual exposures that minimizes noise within a
corresponding optimization region, which is centered on the subtraction region
but is much larger. The optimization region is an annulus with an area of NA
PSF cores and a ratio between its radial extent and azimuthal extent of g.
Images whose parallactic angle differs by less than an amount such that a
source would move by Nδ FWHM are excluded from the optimization.

which itself contains a 2–5 µm channel (LMIRCam) and an
8–13 µm channel (Nulling Optimized Mid-Infrared Camera,
NOMIC). LMIRCam uses a Hawaii 2RG 2048 × 2048 HgCdTe
array, which oversamples λ = 2–5 µm PSFs (with a plate scale
of 0.′′0106 pixel−1) when using only one telescope primary.

Conditions during our 3.3 µm observations were photometric,
with a natural seeing (as measured by the telescope DIMM)
of ∼1.′′1. We obtained 1920 images with 3.8 s integrations
over the course of 3.3 hr (110◦ of sky rotation). The 3.8 s
exposure saturated inside of 0.′′06. We also obtained short
(0.15 s) unsaturated images for astrometry/photometry. About
1% of the images had bad tip/tilt residuals and were removed.

Images were flat fielded, and globally bad pixels (defined as
pixels further than 15% from the median flat) were replaced
with the average of the eight nearest good pixels. The images
were then nod subtracted with nods taken every 20 images.
After these basic reduction steps, we found that some pixels had
changing biases over shorter timescales than the nod subtraction.
We removed these with three steps: subtracting the 3σ -clipped
median of each column (to remove column bias-level effects),
median-binning the data with a 2 × 2 box (since the PSF is
oversampled by a factor of three for a single-aperture telescope),
and replacing isolated bad pixels (4σ from their neighboring
pixels) with the median of the neighboring pixels. For the
remainder of this paper, LMIRCam “pixels” refer to binned
pixels, which have a plate scale of 0.′′0212.

Images were processed with LOCI, using the same parameters
and implementation described in Section 2.1. We evaluated the
noise inside a 0.′′2–0.′′4 annulus in each LOCI-processed image
and removed ∼10% of the images, which had high noise, due to
residual bad pixels and/or sub-optimum AO performance. Our
final image, which is shown in Figure 1, clearly shows planets
b, c, d, and e.

3. PHOTOMETRY

Since LOCI self-subtracts, we calibrated our photometry by
subtracting fake planets from the raw data at the positions of
the detected planets and rerunning the full LOCI pipeline. Best-
fit photometry and error bars were determined by adjusting
the fluxes of the fake planets to determine the range of values
resulting in reasonable subtractions. For the PISCES H-band
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say much about the atmospheric properties of this particular planet;
however, given that its near-infrared colour is similar to those of the
other three planets, we can anticipate similar cloud structure and
chemistry for planet e.

Stability analyses11–13 have shown that the original three-planet sys-
tem may be in a mean motion period resonance with an upper limit on
planetary masses of ,20 MJup assuming an age of up to 100 Myr. With
the discovery of a fourth planet, we revisit the stability of this system. We
searched for stable orbital configurations with the HYBRID/Mercury
package14 using the 30-Myr (5, 7, 7 and 7 MJup for b, c, d and e respec-
tively) and 60-Myr (7, 10, 10 and 10 MJup) masses. In our preliminary
search, we held the parameters for b, c and d fixed to those matching
either the single resonance (1:2 resonance between planets c and d only)
or double resonance (1:2:4 resonance between planets b, c, and d) stable
solutions found to date13, but allowed the parameters for e to vary within
the regime allowed by our observations. On the basis of the single-
resonance configuration and using the 30-Myr masses, in 100,000 trials
seven solutions for e were found that are stable for at least 160 Myr (the
maximum estimated age of the system), and an additional five solutions
were found that are stable for over 100 Myr. All maximally stable solu-
tions have a semimajor axis of ,14.5 AU, with planets c, d and e in a 1:2:4
resonance (planet b not in resonance). A set of 100,000 trials was also
performed using the 60-Myr masses, but only two solutions were found
that are stable for over 100 Myr, each of which requires a semimajor axis
of ,12.5 AU, 4s away from our astrometry. This is suggestive that a
younger system age and lower planet masses are preferred, although a
much more thorough search of parameter space is required (see the
Supplementary Information for tables of stable solutions).

The mechanism for the formation of this system is unclear. It is
challenging for gravitational-instability fragmentation to occur at
a , 20–40 AU (refs 15,16)—ruling that mechanism out for in situ

formation of planet e. In addition, disk instability mechanisms pref-
erentially form objects more massive than these planets16,17. If the HR
8799 system represented low-mass examples of such a population,
brown-dwarf companions to young massive stars would be plentiful.
Nearby young star surveys18–20 and our nearly complete survey of 80
stars with similar masses and ages to HR 8799 have discovered no such
population of brown dwarf companions. HR 8799e and possibly d are
close enough to the primary star to have formed by bottom-up accre-
tion in situ15, but planets b and c are located where the collisional
timescale is conventionally thought to be too low for core accretion
to form giant planets before the system’s gas is depleted. A hybrid
process with different planets forming through different mechanisms
cannot be ruled out, but seems unlikely with the similar masses and
dynamical properties of the four planets. It is possible that one mech-
anism dominated the other and the planets later migrated to their
current positions. The HR 8799 debris disk is especially massive for
a star of its age (or for any older main sequence star21), which could
indicate an extremely dense protoplanetary disk. Such a disk could
have induced significant migration, moving planets formed by disk-
instability inward, or the disk could have damped the residual eccent-
ricity from multi-planet gravitational interactions that moved core-
accretion planets outward. The massive debris disk and the lack of
higher-mass analogues to this system do suggest that HR 8799 repre-
sents the high-mass end of planet formation.

The HR 8799 system does show interesting similarities with our
Solar System; all giant planets are located past the estimated snow line
of each system (,2.7 AU for the Solar System, ,6 AU for HR 8799), and
the debris belts of each system are located at similar equilibrium tem-
peratures (Fig. 4). With its four massive planets, massive debris belts
and large scale, the HR 8799 planetary system is an amazing example
of extreme systems that can form around stars.
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Figure 4 | Comparison of HR 8799 and our Solar System. Top, Solar System;
bottom, the HR 8799 system. HR 8799 infrared data indicate the existence of an
asteroid belt analogue located at 6–15 AU (we have moved the estimated outer
edge of this belt to 10 AU because of planet e’s estimated chaotic region30), a
Edgeworth-Kuiper-belt-like debris disk at .90 AU and a small particle halo
extending up to 1,000 AU (ref. 4). The red shaded regions represent the locations
of the inner and outer debris belts in both systems (the Solar System Oort comet
cloud and the HR 8799 halo are not shown). The horizontal axis of the HR 8799
plot is compressed by the square root of the ratio of the luminosity of HR 8799
(4.92 6 0.41 L[) to that of the Sun to show both systems over the same
equilibrium temperature range. Given the current apparent separations of the

four planets of HR 8799 and the preferred locations of the inner warm debris
disk and the inner edge of the outer cold disk (90 AU)4, then (1) the indicated 4:1
and 2:1 period resonances between the inner/outer edge of the warm debris belt
and planet e, and (2) a 3:2 mean motion resonance of b with the inner edge of
the outer cold disk, are both consistent with the observations. By analogy, the
inner and outer edges of the main asteroid belt of our Solar System are,
respectively, in 4:1 and 2:1 mean motion resonances with Jupiter. Many
members of the Edgeworth–Kuiper belt, including Pluto, are in a 3:2 mean
motion orbital resonance with Neptune. Solar System planet images are from
NASA; HR 8799 artwork is from Gemini Observatory and L. Cook. Planet
diameters are not to scale.
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Fig. 2.—: Left: The MagAO+VisAO detection of β Pic b. Right: The MagAO+Clio2 M ′-band detection of

β Pic b (from Paper II), taken simultaneously with the VisAO image. In each image the red ellipse denotes the

±2σ uncertainty in the Clio2 position. The color scales are relative to the peak of the planet. The inner regions

of the images, which are dominated by residuals, have been masked out in post-processing.

Lagrange et al. 2009, 2010

• A6 host star (1.8 M  )
• 19 pc, ~23 Myr
• Mass: ~7-10 MJup
• Semi-major axis: 9 AU

☉

Table 3. Keplerian orbital elements.
The quoted value is the median (50th
percentile) of the marginalized poste-
rior distributions with errors represent-
ing the 68% confidence interval (16 and
84th percentiles.) Derived quantities—
period, P , periapse and apoapse dis-
tances are also listed.

Orbital Element Value Units

a 9.04+0.82
�0.41 [AU]

⌦ �148.36± 0.45 [deg.]

i 90.69
±

0.68 [deg.]

e 0.06+0.07
�0.04

P 20.5+2.9
�1.4 [yr]

(1� e)a 8.75+0.24
�0.81 [AU]

(1 + e)a 9.39+1.55
�0.33 [AU]

N

E

GPI H Band Nov. 2013 60 sec

0.4"

7.8 AU

Fig. 1. RGB color composite of a single 60-second H band (1.5–1.8 µm) GPI image of Beta
Pictoris. The short, medium and long segments of H band are mapped to RGB. The image
has been high-pass filtered to remove di↵use background light but no PSF subtraction has been
applied. The four sharp spots at 1:00, 4:00, 7:00 and 10:00 o’clock are di↵racted images of the
star generated by a reference grid inside GPI.

Footline Author PNAS Issue Date Volume Issue Number 7

Macintosh et al. (2014)

Astrometry spanning 2003-2014
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Figure 1. Marginalized distributions of orbital parameters from our MCMC fit to the orbit of β Pic b, for the cases where the total mass of the system is fixed at
1.75 M⊙ (red solid lines) and floating as a free parameter (blue dotted lines). The distributions have been normalized so that their peaks are unity. Dashed lines mark
the median of each distribution, and green points and error bars denote the position angle of the outer main disk and inner warped disk, without the overall astrometric
calibration error of 0.◦2 that is common to the measurement of the planet and the two disks. Since the orbital fit draws on data from different instruments, the PDF for
position angle of nodes does include the absolute astrometric uncertainties, though (as expected) the uncertainty on the PDF is less than the uncertainty for the P.A.
measurement at any epoch.
(A color version of this figure is available in the online journal.)

parameter space near Ω = 212◦, the results are equally valid for
Ω = 32◦.10

Ten chains are run from the same starting parameters so
that we may test for convergence using the Gelman–Rubin
(GR) statistic, with 108 steps per chain and parameters saved
every 1000 steps. The GR statistic is essentially the ratio of
the variance in each parameter in individual chains to the total
variance for all chains. If each chain is sampling the same region
of parameter space then the GR metric will be very close to unity.
If the chains are still exploring different regions of parameter
space when the chains are terminated, then the GR statistic

10 Lagrange et al. (2012b) present HARPS radial velocity data of β Pic
between 2003 and 2010. The RV induced by the activity of the star dominates
the expected reflex motion: the measured RV varies between −1.0 and
0.66 km s−1 with a standard deviation of 0.28 km s−1, while the expected RV
variation between 2003 and 2011 for the reflex motion of a 10 MJup planet
with the median orbital parameters from the MCMC fit is 0.13 km s−1. The
linear fit to the RV computed by Lagrange et al. (2012b) indicates an
increasing RV between 2003 and 2010, consistent with Ω near 212. This
orientation is confirmed by the recent measurement of the RV of the planet by
Snellen et al. (2014), finding it to be moving toward the Earth at −15.4 ±
1.7 km s−1 on 2013 December 17 UT.

will be significantly larger than 1. A GR statistic less than 1.1
indicates the chains are converging, while less than 1.01 means
excellent convergence (Ford 2006).

3.2. Results

We present medians and confidence intervals for each param-
eter in the fixed-mass case in Table 2. The inclination angle,
argument of periastron, position angle of nodes, and epoch of
periastron passage have a GR statistic less than 1.01, and the
other two parameters have a GR statistic less than 1.1, indicating
that our posterior distributions for all parameters are reliable.

Figure 1 displays the resulting marginalized posterior prob-
ability distributions for the orbital parameters and total system
mass for both the fixed-mass and floating-mass cases. Figure 2
shows an example set of orbital parameters from the fixed-mass
MCMC chains that has the lowest χ2 within the 68% confidence
region for all parameters (χ2

ν = 1.38).
Our results for the fixed-mass case show an orbit with semi-

major axis of about 9 AU is favored, with inclination angle
and position angle of nodes (the two angles that describe the

3

The Astrophysical Journal, 794:158 (9pp), 2014 October 20 Nielsen et al.

     

-0.4

-0.2

0.0

0.2

0.4

R
A

 (
")

     

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

D
ec

 (
")

2000 2005 2010 2015 2020
Epoch

-0.05
0.00
0.05

O
-C

2000 2005 2010 2015 2020
Epoch

-0.05
0.00
0.05

O
-C

0.4 0.2 0.0 -0.2 -0.4
RA (")

-0.4

-0.2

0.0

0.2

0.4
D

ec
 (

")

-0.10 -0.15 -0.20 -0.25 -0.30
RA (")

-0.40

-0.35

-0.30

-0.25

D
ec

 (
")

Gemini/NICI
VLT/NACO
Magellan/MagAO

Figure 2. Lowest χ2 orbit within the 68% confidence interval from our fixed-mass MCMC chain, and residuals plotted as Observed – Calculated (O−C), corresponding
to χ2

ν = 1.38 for 31 degrees of freedom.
(A color version of this figure is available in the online journal.)

80% confidence lying between 8 and 14 AU. We also find a wider
range of eccentricities that fit the data, with 80% confidence
e < 0.35 compared to e < 0.15 reported by Bonnefoy et al.
(2013). Conversely, we find tighter constraints on the orientation
of the orbit on the sky. From their Figure 8, we determine that
their inclination angle distribution is centered on 88.◦7 with an
FWHM of 3.◦5, and their distribution for the position angle of
nodes is centered on 212◦ and FWHM of 2.◦7. Our distributions
for these parameters have similar centers of 88.◦9 and 211.◦8, but
with smaller FWHMs of 1.◦7 and 0.◦7.

After our paper was submitted, Macintosh et al. (2014)
presented an additional measurement of the position of β Pic
b on 2013 November 18 UT, measuring 0.434 ± 0.′′006 and
211.8 ± 0.◦5, using the Gemini Planet Imager (GPI) at Gemini-
South. They fit this new data point along with the VLT
astrometry presented in Chauvin et al. (2012). Their astrometric
coverage thus has a three-year gap between early 2011 and late
2013, and a data point one year later than the orbital coverage
we present here. They find generally similar results for the
orientation of the orbit, Ω = 211.6 ± 0.◦45 and i = 90.69 ±
0.◦68, compared to the 211.8 ± 0.◦3 and 88.9 ± 0.◦7 we present

here. The peaks of their distributions for the semi-major axis
and eccentricity are similar to ours, but their posteriors do not
reveal the same narrow degenerate tail toward large eccentricity
and large semi-major axis. (Note that Macintosh et al. 2014 plot
10%, 50%, and 90% confidence contours for their orbit fitting
results, while we show 68.3%, 95.4%, and 99.7% contours.)

When we fit their data (the combination of the Chauvin et al.
2012 and the GPI astrometry) with our MCMC method, we
do not reproduce the posteriors of Macintosh et al. (2014) and
still see the same long eccentricity tail. In fact, the lowest chi-
square orbit reached in the chain is in this tail (χ2

ν = 0.45),
with semi-major axis 47.8 AU and eccentricity of 0.81. The
cause of this discrepancy is most likely the choice of priors, as
a nonuniform prior on eccentricity can make high eccentricity
orbits sufficiently unlikely so that the chain never leaves the low-
period, low-eccentricity region of parameter space. For other
orbital parameters, including inclination angle (with a reflection
about 90◦) and position angle of nodes, we precisely reproduce
the 68% confidence intervals given by Macintosh et al. (2014).

Finally, we combine our data set with the additional GPI
astrometry point and re-fit the orbit. We find similar parameters
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Fig. 2.—: Left: The MagAO+VisAO detection of β Pic b. Right: The MagAO+Clio2 M ′-band detection of

β Pic b (from Paper II), taken simultaneously with the VisAO image. In each image the red ellipse denotes the

±2σ uncertainty in the Clio2 position. The color scales are relative to the peak of the planet. The inner regions

of the images, which are dominated by residuals, have been masked out in post-processing.
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Fig. 1.—Spectra of 1RXS J160929.1!210524 and its faint candidate com-
panion. The primary’s spectrum (row A) is as expected for a K7 spectral type.
The candidate companion’s spectrum (black curves repeated in rows B–F) is
compared with the spectra of two young BDs (red curves on rows B–C; M9,
USco J160830!233511; and L1, USco J163919!253409) and two older,
cooler field BDs (red curves on rows D–E; L3, 2MASSW J1506544"132106;
and L6, 2MASSW J1515008"484742), as well as with theoretical spectra with
different surface gravities (colored curves in row F). The spectra in rows B–
F are binned to a resolving power of ∼850 and normalized at 2.25 mm. The
inset at the top right shows our composite image of the two objects. Blue,
green, and red represent images taken in J, H, and , with intensities scaledKs

such that they are proportional to the photon rates inferred from the 2MASS
magnitudes of the primary.

observed in K before the science target, and HD 151787 in H
afterward. To confirm the reliability of the data, further sets of
H and K spectra were taken on 2008 August 21 and 2008
August 24, respectively. This time, in K, twelve 180 s exposures
were taken in four groups of three 4.44! nods, each group being
further nodded by 0.3!, and in H, nine 180 s exposures were
obtained in three similarly nodded groups. For calibration, HD
151787 was observed after the science target for both
sequences.

With the wide slit, we minimize effects from the chromatic
adaptive-optics-corrected point-spread function, atmospheric
differential refraction (!0.03! in-band), or small errors in nod
position. Based on our imaging, slit losses should vary by at
most 5% between H and K. Thus, even if the standards are
taken with slightly different image quality, residual slit effects
in the calibrated fluxes should be small. With the wide slit, the
point-spread function sets the resolution of ∼12 in H andÅ
∼18 in K.Å

The data were reduced using custom IDL routines. We first
subtracted the sky background, determined from exposures at
different nods, divided by a normalized flat field, and masked
bad pixels. The images were then rectified, using cubic inter-
polation, for the slight curvature of the traces. We extracted
optimally weighted fluxes using the normalized trace of the
spectrum, constructed separately for each image and allowed

to vary slowly with wavelength. We chose a 2.0! width for the
trace, for which chromatic effects should be less than a few
percent. The companion’s spectrum was extracted using the
same trace, but shifted in position, truncated to 0.25!, and prop-
erly renormalized to avoid introducing additional chromatic
effects. Prior to extraction, any remaining flux from the primary
was removed by subtracting a straight line along the spatial
direction fitted to both sides of the companion’s trace. Wave-
length calibration was done using exposures of an Ar arc lamp.
Next, we divided the spectra by those of the telluric standard,
corrected for their spectral slope using a 9520 K blackbody
curve, and with hydrogen absorption lines removed by dividing
by Voigt profile fits to each line. Since the K- and H-band
spectra obtained in June and August were very similar, we co-
added them to improve the signal-to-noise ratio. Finally, we
flux-calibrated the spectra relative to the 2MASS magnitudes
of the primary (using the spectral response and zero points
given in Cohen et al. 2003). Synthetic 2MASS contrasts and
colors for the companion computed from the flux-calibrated
spectra agree within a few percent with the values obtained
from the photometry.

3. ANALYSIS AND RESULTS

The position of the companion relative to the primary was
found by fitting a 2D Gaussian model to both the primary and
companion PSFs; the orientation of the image was obtained
from the FITS header. The measurements uncertainties were
estimated from the dispersions of the measurements made on
all the individual images. We obtained a separation of

pixels, corresponding to given′′ ′′103.70 ! 0.06 2.219 ! 0.002
the pixel scale of 0.0214!, and a position angle of 27.7" !
0.1". Systematic uncertainties are likely larger than measure-
ment uncertainties; based on previous experience with similar
observations we estimate them at ∼0.03! for the separation and
∼0.5" for the position angle.

The relative photometry was computed using aperture pho-
tometry with a radius of one PSF FWHM. An azimuthally
symmetric median intensity profile was subtracted from the
images prior to measuring the flux of the companion to avoid
contamination from the primary. The uncertainties were esti-
mated from the dispersion of the measurements made on all
of the individual images in each filter. The results are shown
in Table 1; the near-infrared colors of the companion suggest
a mid-L spectral type. For completeness, we note that four
other faint sources were detected farther from the primary, but
these have and thus are likely background stars.J ! K ! 1.1s

The spectra of both the primary and its candidate companion
are shown in Figure 1, alongside template spectra of known
BDs in Upper Scorpius3 (Lodieu et al. 2008), field dwarfs4

(Cushing et al. 2005), and synthetic spectra from the DUSTY
models (Chabrier et al. 2000). The spectrum of the companion
confirms that it is very cool, showing important water vapor
absorption on either sides of the H and K bands and strong
CO band heads beyond 2.29 mm. Compared with field dwarfs,
the H-band spectrum of our companion has a much more tri-
angular shape which is likely caused by lower surface gravity,
as evidenced by the much better agreement with the young
Upper Scorpius BDs and the low-gravity model spectra. Indeed,
the model spectra show that the blue side of the H-band spec-
trum is suppressed as the surface gravity decreases; a similar

3 See http://www.iac.es/galeria/nlodieu/publications.html.
4 See http://irtfweb.ifa.hawaii.edu/∼spex/spexlibrary/IRTFlibrary.html.

Lafreniere et al. 2008, 2010
Ireland et al. 2011
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Figure 1. Main: composite Gemini-South/GMOS i (blue), z (green), and
CFHT/WIRCam J (red) image of GU Psc and its companion. As expected
for a substellar object, GU Psc b is much redder in these bands than field stars
and most background galaxies. Inset: close-up on GU Psc b and the galaxy
located ∼3′′ southeast from it. The two red circles illustrate their positions at
the epoch of the WISE observations, overlaid on a WIRCam Ks-band image
that shows both objects distinctively (a slight mismatch can be seen in the
position of GU Psc b since the WIRCam image was taken about 2 yr after WISE
observations). The plus signs give the position of the flux barycenter in W1
(yellow sign, closer to the contaminating galaxy) and in W2 (blue sign, closer
to GU Psc b) fluxes in WISE images; each symbol’s size corresponds to the
position uncertainty in that bandpass.
(A color version of this figure is available in the online journal.)

It was then flux-calibrated by adjusting the J − H and J − Ks
synthetic colors with the Two Micron All Sky Survey (2MASS)
photometry.

2.1.3. High-contrast Imaging

GU Psc was observed with NICI, the high-contrast imager
on Gemini-South (Ftaclas et al. 2003; Chun et al. 2008), as part
of a survey to find closer-in companion (M.-E. Naud et al., in
preparation). It was observed twice (2011 October 21 and 2012
September 1) in two narrowband filters around 1.6 µm (CH4 H
4% S centered at 1.578 µm and the CH4 H 4% L at 1.652 µm).
Each observing sequence is composed of 35 exposures of 3
coadd × 20.14 s, taken with the 0.′′32 focal plane mask. The
reduction was carried using the method detailed in Artigau et al.
(2008).

2.2. The Companion, GU Psc b

2.2.1. Far-red Optical Photometry

The companion was originally identified as part of a survey of
young low-mass stars with Gemini-South/GMOS imaging in i
and z bands (É. Artigau et al., in preparation). The original three
300 s exposures in i and three 200 s exposures in z were taken on
2011 September 22 (see Figure 1). The custom data reduction
procedure included overscan and fringe subtraction and flat-field
correction. Astrometry was anchored to the USNO-B1 catalog.

The images were median combined and the magnitude zero
point was determined through a cross-match with the Sloan
Digital Sky Survey (SDSS). Among the 91-star sample of the
survey, GU Psc’s companion was the only credible candidate
found for separations ranging between 5′′ and 10′′ (depending
on the primary’s brightness) and the edge of the GMOS 5.′5
field of view (FoV). It was detected in the z-band image,
but not in the i band. Follow-up observations with the same
instrument and observational setup were made on 2011 October
18 to obtain a deeper i-band image: five 300 s i-band images
were taken, as well as an additional 200 s z-band image. The
z-band photometry was consistent with that of the discovery data
set, confirming that this object was not a transient or artifact.
The new i-band imaging still did not reveal the companion but
provided a 3σ upper limit on the flux of i > 25.28, indicating a
very red i − z color (>3.53, 3σ ).

2.2.2. Near-infrared Photometry and Astrometry

Follow-up NIR photometry was carried at the CFHT with
WIRCam (Puget et al. 2004). GU Psc b was first observed in
the J band on 2011 October 10 for a total integration time of
14.2 minutes with single exposures of 50 s (see Figure 1). The
target was centered on the North-East WIRCam detector and
observed using a large dither pattern (15 positions or more)
with the nominal 60′′ amplitude. The images were preprocessed
by the IDL Interpretor of WIRCam Images (‘I‘iwi)8 which
performs the dark subtraction, flat fielding, bad pixel masking,
and sky subtraction. The final stacks were produced with
SExtractor, SCAMP, and SWarp (Bertin & Arnouts 1996; Bertin
2006; Bertin et al. 2002) and the zero point was determined using
color-corrected 2MASS photometry converted to the MKO
system with Leggett et al. (2006) color transformations.

NIR photometry follow-up was also made on 2011 November
5 at the 1.6 m telescope of the Observatoire du Mont-Mégantic,
with the NIR camera CPAPIR (Artigau et al. 2004) in queue
mode (Artigau et al. 2010). A set of 270 Ks-band images, each
with two 10.1 s coadds were taken for a total exposure time
of 91 minutes. A standard image processing (same pipeline as
described in Artigau et al. 2011) was performed and yielded
Ks = 17.10 ± 0.15 for the object. The resulting Ks band ver-
sus Wide-field Infrared Survey Explorer (WISE) colors (see
Section 2.2.3) suggested a T dwarf spectral type and prompted
both additional photometric observations at the CFHT/
WIRCam and spectroscopic follow-up with Gemini-North/
GNIRS.

The second and third epoch of photometry with WIRCam in
J were thus acquired on 2011 December 26, 28, and 29 and on
2012 September 7. Images in Y, H, and Ks were also acquired
on 2012 September 7. The observation strategy was the same as
the one explained above, with total integration times of 45.8 and
30.4 minutes, respectively, in the two J-band epochs and 30.4,
19.0, and 8.3 minutes for the Y, H, and Ks stacks, respectively.
Single exposures were 150 s, 50 s, 15 s, and 25 s for Y, J, H, and
Ks, respectively. The Y-band zero point was determined through
the observation of a spectrophotometric standard. The 2011
October and 2012 September J-band images allowed precise
multi-epoch astrometric measurements: a linear astrometric
solution was determined for each based on the 2MASS point
source catalog (Cutri et al. 2003).

8 http://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/
IiwiVersion1Doc.html
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Figure 1. Top row: Clio2 J, Ks, and L′ images, with companion circled. Middle row: ACS 606W , NICI H2, and Clio2 L′ full FOV. All image scales are in arcseconds
as denoted in the ACS image, with the exception of the Clio2 full FOV. For visualization purposes, PSF subtraction and an unsharp mask were applied to each Clio
image. Bottom left: motion in R.A. and decl. relative to HD 106906 A (a comoving object stays fixed). Coordinates of each object are normalized such that the origin
(open gray square) corresponds to the object’s 2004 position. Open red and blue squares denote the expected motion of a background object, filled red and blue circles
the observed motion of “b,” and filled brown points the observed motion of three background point sources detected by both ACS and NICI. Bottom right: L′ 5σ
contrast curve derived from PCA analysis.
(A color version of this figure is available in the online journal.)

Three-epoch astrometry indicates that the companion is
comoving. With Clio2, we find a projected separation (ρ)
between the centroids of the primary and companion of 7.′′11 ±
0.′′03 at a position angle (θ ) of 307.◦3 ± 0.◦2. With NICI and
ACS, we measure ρ = 7.′′12 ± 0.′′02 and θ = 307.◦1 ± 0.◦1,
and ρ = 7.′′135 ± 0.′′02 and θ = 307.◦05 ± 0.◦1, respectively.
The expected orbital motion for a circular, face-on a = 650 AU
orbit is 0.◦18, below our Clio2 astrometric precision.

The companion’s astrometry is inconsistent with the expected
(and observed) motion of background objects at >6σ . The
proper motion of HD 106906 is −38.79 ± 0.58 mas yr−1 and
−12.21 ± 0.56 mas yr−1 in R.A. and decl., respectively (van
Leeuwen 2007). Figure 1 shows the expected relative motion

between the primary and a background object, along with
astrometry for the companion and three background sources
detected by both NICI and ACS (but not by Clio2).

3.2. Companion Properties

We constrain the companion’s spectral type, effective tem-
perature, luminosity, and mass based on its NIR SED and its
position in color–magnitude diagrams (CMDs). Figure 2 shows
the companion’s NIR SED compared to both field brown dwarfs
(BDs) and young Upper Scorpius (USco) BDs. All spectra are
binned to a resolving power of ∼500, and normalized by the av-
erage H-band flux (unless otherwise noted). The companion’s
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Figure 1. Differences in coordinates of sources near WD 0806-661 between
two epochs of IRAC images at 4.5 µm (points). We have circled WD 0806-661
and a new companion that shows the same motion. We also include 1σ error
bars for the latter.

WCSmosaic IDL package (Gutermuth et al. 2008). Pipeline
versions S18.7.0 and S18.12.0 were used for the data discussed
in this Letter.

For each nearby star, we used the task starfind within IRAF
to measure positions for all point sources in the images from
the multiple epochs. We converted the pixel coordinates to
equatorial coordinates using the World Coordinate Systems
produced by the pipeline and matched the source lists between
the epochs. We then measured a new World Coordinate System
for the first epoch image using the pixel coordinates from the
first epoch and the equatorial coordinates from the second epoch,
which enabled more accurate relative astrometry between the
two epochs. To identify possible companions, we checked for
sources with motions that were consistent with the motions
measured for the primaries from these data. If accurate positions
were unavailable for the primary because of saturation in the
IRAC data, we instead computed the motion expected for the
primary based on its published proper motion and the elapsed
time between the two epochs.

We have identified a new companion to the DQ white dwarf
WD 0806-661 (L97-3), which we refer to as WD 0806-661
B. The primary was observed by IRAC on 2004 December 15
and 2009 August 24 through programs 2313 (M. Kuchner) and
60161 (M. Burleigh) with total exposure times of 134 and 536 s,
respectively. The companion has a projected separation of 130′′,
corresponding to 2500 AU at the distance of the white dwarf
(19.2 pc; Subasavage et al. 2009). The motion of WD 0806-661
B between the two epochs of IRAC data agrees closely with
that of the primary and is significantly greater than the zero
motion expected for a background source. This is demonstrated
in Figure 1, which shows the differences in equatorial coor-
dinates between the two epochs for all stars with photometric
errors less than 0.1 mag in the second epoch. For stars that have
fluxes within ±0.5 mag of WD 0806-661 B, the standard de-
viations of the differences in right ascension and declination in
Figure 1 are 0.′′17, whereas WD 0806-661 B exhibits a motion
of 2′′. The astrometric accuracy for the primary is higher since
it is 3 mag brighter than WD 0806-661 B.

A

B

N

E
20"

Figure 2. IRAC 4.5 µm image of WD 0806-661 A and B (3′ × 3′).

Table 1
Properties of WD 0806-661 A and B

Parameter Value

WD 0806-661 Aa

Distance 19.2 ± 0.6 pc
µα +340.3 ± 1.8 mas yr−1

µδ −289.6 ± 1.8 mas yr−1

Mass 0.62 ± 0.03 M⊙
Progenitor mass 2.1 ± 0.3 M⊙
Age 1.5+0.5

−0.3 Gyr

WD 0806-661 Bb

Separation 130.2 ± 0.′′2 (2500 AU)
Position angle 104.◦2 ± 0.◦2
J >20 mag
[4.5] 16.75 ± 0.05 mag
Estimated Teff ∼300 K
Estimated mass ∼7 MJup

Notes.
a Distance, µ, and mass of the primary are from
Subasavage et al. (2009). The progenitor mass and to-
tal age are estimated in Section 4.
b This work.

We measured photometry at 4.5 µm for WD 0806-661 B with
the methods described by Luhman et al. (2010). We present
the astrometry and photometry for this object as well as other
properties of the system in Table 1. The 4.5 µm image of
WD 0806-661 A and B from the second epoch is shown in
Figure 2.

3. COLOR CONSTRAINTS

To investigate the nature of WD 0806-661 B, we have
examined the available constraints on its colors. It was not
observed at 3.6 or 5.8 µm by IRAC in either epoch. It was
encompassed by the 8.0 µm images from the first epoch but
was not detected. The resulting limit of [8.0] > 15 implies
[4.5] − [8.0] < 1.7, which is consistent with a stellar object at
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Figure 8. Same as Figure 7 in the case in which the object is resolved. The
magenta line give the expected fluxes from a cloud of refractory carbonaceous
material (see the text).
(A color version of this figure is available in the online journal.)

received from Fomalhaut b. Then, we show that the amount of
dust can be the result of a collision of two 50 km radius colliders.
We evaluate the rate of collisions of two such KBOs around
Fomalhaut. Finally, we estimate when the collision may have
occurred to reproduce the size of the Fomalhaut b images.

If the particles of dust are spheres with radius a and if the
cross section of the particles equals their geometric albedo, the
mass Md of a cloud of dust that lies at a distance D from its star
is (Jura et al. 1995)

Md ! 16 π

3
ρ D2 a

Lsc

L∗
, (4)

where ρ is the mass density of the dust grains, and Lsc and L∗
are the luminosity of the light scattered by the cloud and the
luminosity of the star, respectively. Instead of estimating the
ratio of the luminosities, we work with the fluxes Fsc and F∗
received at the telescope. We estimate Fsc from the measured
fluxes (Fi) in the ACS filters (i = F435W, F606W, and F814W;
Table 5)

Fsc =
∑

i

Fi∆νi (5)

with ∆νi the bandwidths of the filters. Our estimation of Fsc
only includes the scattered energy in the F435W, F606W,
and F814W bandpasses. F∗ has to be calculated for the same
bandpass. Assuming a Planck law, F∗ in the bandpass [λmin =
435–50 nm, λmax = 825 + 115 nm] is

F∗ = F∗,tot

∫ umax

umin
u3/(exp u − 1) du

∫ ∞
0 u3/(exp u − 1) du

, (6)

where umin,max = h c/(k T λmax,min) with the Planck constant h,
the speed of light in vacuum c, the Boltzmann constant k, the
stellar effective temperature T (8751 K; Di Folco et al. 2004),
and the stellar flux F∗,tot received at the telescope (8.914e−6 erg

cm−2; Kalas et al. 2008). For D ∼ 120 AU and dust grains
with radius a =10 µm and ρ = 2 g cm−3, we find from
Equations (4), (5), and (6) that the total grain mass needed
to reproduce the photometry of Fomalhaut b is Md ∼ 4.1019 g.

Jewitt (2012) estimates the mass me of particles that are
ejected after a collision of two KBOs with a mass Mkbo, a radius
r, a density ρ, and a relative velocity U

me

Mkbo
= A

[

r

√
8 π G ρ

3

]−1.5

U 1.5, (7)

where A equals 0.01 and G = 6.67 10−11 m3 kg−1 s−2 is the
gravitational constant. Jewitt (2012) assumes the particles have
radii in the range 0.1 µm " a " 0.1 m with a power-law
distribution in radii with index ∼3.5 (see also Kadono et al.
2010). For typical KBOs in the ring, U is the orbital velocity
times hr/(2D) with hr the full vertical height of the ring at radius
D. With hr ∼ 3.5 AU (Kalas et al. 2005) at D ∼ 120 AU, U is
close to 60 m s−1. Assuming KBOs with radius r = 50 km, the
total debris mass me after the collision is roughly 1% of the mass
Mkbo of one of the two colliders with a density ρ = 2 g cm−3.
Given the approximations in the models, the expected mass of
dust (1% Mkbo) that is ejected after a collision of two 50 km
radius KBOs is consistent with the mass estimated from the
photometry of Fomalhaut b (4% Mkbo for a 50 km radius KBO).

We assume a maximum post-collision outflow velocity at
infinity equal to the escape velocity, r

√
8 π G ρ/3. Considering

this upper limit, the diameter s of the cloud is 2 r t
√

8 π G ρ/3
at the date t after the collision and reaches the observed size
s = 1.16 AU (Section 4.4.1) after ∼50 yr, which is then a
lower limit to the time since the collision of the putative KBOs.
We can also estimate from the expansion expression that, after
∼150 yr, the source would have a diameter ∼3.5 AU and would
be ∼10 times fainter than the current detections assuming the
same amount of reflecting dust. It would not be detected in our
images. Thus, if Fomalhaut b is the product of a collision, the
event should have occurred between ∼50 and 150 yr ago to
be consistent with our detections. This range is consistent with
the possible trajectories that put Fomalhaut b inside the ring of
dust 50–150 yr ago (Section 4.2). As the size of the possible
extended source is very approximative, we keep in mind that
these numbers are coarse estimations.

Finally, we evaluate the rate of a collision of two r = 50 km
KBOs inside the ring of dust. We first find the collision time,
which reads

tcol = 1
4 π n r2

1
U

(8)

with n being the number of KBOs with radius r per unit
volume. To estimate n we need the mass Mdisk of the debris
disk around Fomalhaut. We assume Mdisk = 40 MEarth because
(1) estimates of the mass of the Sun’s early Kuiper Belt are
40 MEarth (Schlichting & Sari 2006), and (2) estimates of the
mass of the Vega debris belt are 10 MEarth in objects with radii
<100 km (Müller et al. 2010) whereas the Vega IR luminosity is
four times fainter than that of Fomalhaut. Simplifying by setting
the radii of all the KBOs to 50 km does not qualitatively alter
the collision frequency estimated below. Under these conditions
and considering the belt surrounding Fomalhaut A has a volume
2 π D ∆D hr with ∆D ∼ 0.13 D (Kalas et al. 2005), the number
of KBOs is

n 2 π D ∆D hr = Mdisk

Mkbo
∼ 2 × 108. (9)
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Figure 3. Best-fit flared and flat-disk models for 2MASS 1207 A. The black, dashed curve is the AMES-DUSTY model spectrum for 2MASS 1207 A’s photosphere;
the red, dot-dashed curve is the flared disk model; the blue, solid curve is the flat-disk model; and the black dotted curve is the Spitzer IRS spectrum (Morrow et al.
2008). Both models adequately fit the near-infrared data (!10 µm), but only the flat model adequately fits the mid-infrared data ("10 µm). Thus, we conclude that
the flat-disk model is better for 2MASS 1207 A, and along with evidence that flat-disk models are better for most brown dwarfs (Szűcs et al. 2010), we use this to
justify modeling 2MASS 1207 b’s hypothetical disk as flat.
(A color version of this figure is available in the online journal.)

with the results of Morrow et al. (2008). Both models suggest
advanced dust processing and dust settling in the disk around
2MASS 1207 A.

To model the hypothetical disk around 2MASS 1207 b, we
scaled down the flared and flat-disk models of 2MASS 1207 A.
For the central source, we use an AMES-DUSTY model
with Teff = 1600 K, RA = 0.16 R⊙, and log(g) = 4.5
(Patience et al. 2010). We used the relevant disk parame-
ters from 2MASS 1207 A: Hp/r = 0.06, Mdisk = 0.01 Mb,
Rin = 1.14 Rb (the dust sublimation radius), and Rdisk = 10 AU
(∼0.2 × projected binary separation; Artymowicz & Lubow
1994). Our best-fit flared and flat models are shown for four
different values of amin in Figure 4. The lack of (λ > 10 µm)
mid-infrared data makes it impossible to distinguish between the
flared and flat-disk models, although we note that disks around
low-mass stars/brown dwarfs are found to be flatter than disks
around higher-mass stars (Szűcs et al. 2010). We varied amin
from 0.1 µm to 5 µm and find that the amin = 0.1 µm flat-disk
models cannot simultaneously fit the Ks and L′, and NICMOS
observations. Models with amin ! 0.5 µm fit the data adequately,
although the disk models with amin = 1 µm or 5 µm do not fit
the data quite as well as the amin = 0.5 µm due to the redness
observed between L′ and the shorter wavelength data. In each
case, the models have been fit by varying inclination, which is
constrained by our requirement that the disk extincts the central
source by ∼2.5 mag at the J band in order to fit 2MASS 1207 b’s
near-infrared photometry. Figure 5 shows the amin = 0.5 µm flat
model from Figure 4, but with varying inclination. This model
is consistent with the measured data for an inclination range of
80.◦6 < i < 80.◦9. Different disk models have similarly tightly
constrained inclinations, although the actual ranges vary be-
tween models. For a given model, the inclination of the disk (or
non-axisymmetric structure) cannot significantly vary in time
without producing strong variability (see Section 3.2).

For the remainder of this paper, we use the amin = 0.5 µm
models for 2MASS 1207 b. We continue to discuss the flared
and flat models, although we prefer the flat models due to the

presence of one around 2MASS 1207 A, and more generally,
because of the ubiquity of flat disks around low-mass stars/
brown dwarfs (Szűcs et al. 2010).

3.2. Variability in Near Edge-on Disks

The lack of near-infrared variability exhibited by 2MASS 1207 b
would be unusual for a system with a partially extincting,
near edge-on disk. Young systems with edge-on or near edge-
on disks have been shown to exhibit variability over a va-
riety of masses (brown dwarfs, T Tauri stars, and Herbig
Ae-Be stars). This variability is generally the result of eclips-
ing non-axisymmetric structures in Keplerian orbit, such as
warps, hydrostatic fluctuations, gaps, spirals, and clumpiness.
The best studied edge-on variables are UX Ori type stars,
which display frequent eclipse-like extinction events caused
by hydrodynamic fluctuations along their puffed-up inner rims.
However, the UX Ori phenomenon is thought to only exist in
completely self-shadowed disks, which are usually around Her-
big Ae-Be stars (Dullemond et al. 2003). In lower-mass T-Tauri
stars and brown dwarfs, disk flaring causes the outer parts of
the disk to be the dominant source of extinction (Dullemond
et al. 2003). The structural sources of variability in the outer
parts of disks are less well understood than inner-rim variabil-
ity. A far-away companion, misaligned with the plane of the disk
(i.e., 2MASS 1207 A), can cause warps in the outer parts of the
disk (Fragner & Nelson 2010), but in this case the warp will
orbit with the period of the binary, which is much longer than
the orbital period of the disk, and is unlikely to cause short-term
variability. Other sources of non-axisymmetric structure have
been studied with regard to specific perturbations (Flaherty &
Muzerolle 2010; Flaherty et al. 2011), but a general theory does
not yet exist.

Empirically, we know that edge-on and near edge-on disks
that extinct their host star exhibit variability over many
timescales. Famous examples include the T Tauri stars AA
Tau, which exhibits ∼1 mag variability on periods of days/
weeks (Bouvier et al. 1999, 2003), HH 30, which shows
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Figure 2. Atmospheric properties for the best-fitting model for 2M1207b.
Top: temperature–pressure structure compared to condensation curves for two
abundant cloud species. Middle: CO and CH4 mole fractions for equilibrium
(dashed, red) and non-equilibrium (solid, with Kzz = 108 cm2 s−1) chemistry.
Chemical and mixing timescales are also plotted (dotted lines). Bottom: dust-
to-gas ratio for the intermediate cloud model (ICM) and the pure equilibrium
cloud model.
(A color version of this figure is available in the online journal.)

cloud extends across the photospheric depths. Also, Pq (∼3 bar)
is well below the N(CO)eq = N(CH4)eq point (P ∼ 0.3 bar),
with the CO mole fractions set to the maximum value and CH4
is close to its minimum value.

While the model cloud and non-LCE properties are deter-
mined by free parameters, they are likely supported by low
gravity and efficient vertical mixing. In the convection zone
τmix ∝ HP/Vc, where Vc is the convective velocity and HP is
the local pressure scale height. With Kzz ∝H 2

p/τmix ∝ VcHP,
Kzz increases with decreasing gravity in the convection zone
as velocity and scale height increase. The radiative–convective

boundary also shifts toward the photosphere as surface gravity
decreases, further suggesting that vertical mixing in the radiative
zone near this boundary will also be enhanced in low gravity
atmospheres. In the radiative zone it is unclear whether the ver-
tical mixing is predominantly driven by convective overshoot or
gravity waves, but the picture emerging from multi-dimensional
hydrodynamical simulations in M dwarfs and brown dwarfs in-
dicates that Kzz is both depth dependent and easily achieves
values >108 cm2 s−1 (Ludwig et al. 2006; Freytag et al. 2010).

Figure 3 compares the best-fitting model photometry and
spectrum to the observations. The model photometry agrees
very well with the observations in nearly ever bandpass, with
most bands agreeing at 1σ . The model J-band spectrum has
about the right slope and nicely reproduces the water absorption
starting at 1.33 µm. At H band, the model also has roughly
the correct shape but is slightly too linear across the central
wavelengths. The CO band in the K band is very well reproduced
by the model but the central wavelength region is again too flat.
Skemer et al. (2011) also compare models (Burrows et al. 2006;
Madhusudhan et al. 2011) with similar Teff and log(g) to the
same observations; however, these models likely underestimate
the non-LCE, as they do not adequately reproduce the near-
IR spectrum, especially the CO band at 2.3 µm. An LCE
version of the best-fit non-LCE model is shown in Figure 3 and
demonstrates the impact non-LCE has on the near-IR spectrum.

Also shown in Figure 3 is the 1600 K “Dusty” (Allard et al.
2001) equilibrium cloud model often selected as the best match
to the near-IR spectra (Mohanty et al. 2007; Patience et al.
2010). The 1600 K model photometry does not agree well with
the observations across the full wavelength range. The 1600 K
model spectrum, however, is very similar to the best-fit 1000 K
model across the K band, but only when the near-IR bands are
scaled to match individually (to account for the photometric
disagreement for the 1600 K model). In both J and H bands,
the 1600 K model overpredicts the peak flux and is noticeably
more triangular at H than the observations. At K band, the
1600 K model provides only slightly better agreement with the
observations than the 1000 K model.

The remaining differences between the 1000 K model and
near-IR spectra can be attributed to an incorrect proportion of
dust opacity relative to molecular opacity. Given the simplicity

Figure 3. Photometric (top) and spectroscopic (bottom) comparison between 2M1207b observations (shown in black, see the text for details) and best-fitting model
(blue). For comparison, synthetic photometry and spectra from a 1600 K model (red) with an equilibrium cloud model (aka “Dusty”) along with an LCE model (green)
with the same parameters as the non-LCE model. Surface gravities, radii, and effective temperatures are indicated in the legend. All fluxes have been scaled to 10 pc.
(A color version of this figure is available in the online journal.)
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Figure 2. Comparison of synthetic spectra with the data for planets c and d. The fluxes for planet d have been shifted upward by 0.5 mJy for clarity. Photometric data
compiled by Skemer et al. (2014) are shown as red error bars. Project 1640 spectra (Oppenheimer et al. 2013) are shown in green, and the GPI spectra in blue. The
black curves are cloudy models with Teff = 1100 K, g = 104 cm s−2, and solar abundances. The model for planet c has a cloud sedimentation parameter fsed = 0.25
and a partial cloud cover with 5% holes (see text). The model for planet d has fsed = 0.5 and no holes. Black dots show the corresponding synthetic photometry. These
model fluxes are scaled with the radius from the evolution models (Saumon & Marley 2008). The magenta lines indicate the best-fitting models (discussed in the text)
to the GPI K-band data alone, where the radii are normalized to produce the observed K-band flux.
(A color version of this figure is available in the online journal.)

Further increasing the efficiency of vertical mixing does not
help as nearly all the carbon is already locked in CO for eddy
diffusion coefficient Kzz = 104 cm2 s−1 (see Skemer et al.
(2014) for further explanation). Excess CO2 and perhaps PH3
over that predicted by the model might account for the remaining
discrepancies. Higher than solar metallicity, as suggested by
Barman et al. (2011a) for planet b, could also be responsible.
Additionally these models do not fit the GPI K-band spectra
particularly well.

For HR 8799c none of the models we explored were able to
reproduce the broad, deep water absorption band at 1.4 µm seen
in the Project 1640 data (Oppenheimer et al. 2013) while still
maintaining consistency with the water-band depth seen in the
GPI data at 1.9 µm. The modeled relative depth of these two
water bands is, however, generally consistent with trends seen
in the spectra of late L-dwarfs (Cushing et al. 2005; Stephens
et al. 2009).

4.3. Fitting Normalized Atmosphere Models

As noted in the discovery paper (Marois et al. 2008) and
summarized in Table 1 of Marley et al. (2012), better fits to the
observations of some of the HR 8799 planets can be obtained
by relaxing the requirement that the planet radius for a specified
Teff and log g be consistent with that expected from evolution
models. Thus for our second modeling approach we fit spectra
only to the GPI K-band data for 8799 c and d. For each model
we simply normalized the model spectrum to the observations
and identified which model spectrum best fit the data in a least
squares sense. We then chose a model radius that would account
for the necessary flux normalization and compared the resulting
spectrum to all of the available data. The results of this exercise
are shown in Figure 2 (magenta lines).

For planet d, the model that best fits the K-band data was
for Teff = 1300 K, log g = 4, fsed = 0.5, and with 5% spatial
coverage of cloud opacity “holes” that had 1% of the background
cloud opacity. The normalized radius is 59,000 km (0.84 RJ ),
or about 56% of the evolution radius for these parameters of
106,000 km (1.52 RJ ). Although this model was only fit to the
K band, the agreement with most of the remaining photometry is
quite good. The M-band photometric point that the other models
could not fit is notably well matched. Taken at face value, such a

radius implies a planet mass of ∼3 MJ for log g = 4. However,
a solar composition gas giant planet with this mass would
have a radius in excess of 100,000 km (1.43 RJ) for standard
evolution model assumptions (Fortney et al. 2007). A planet
with a massive core, equal to about 60% to 70% of the mass
of the planet, with a solar composition H2-He envelope, would
have the appropriate radius (Fortney et al. 2007; Baraffe et al.
2008). However, evolution models have never been computed
for such a planet and it is unclear if such a high Teff could be
maintained for as long as the age of the system.

For planet c, the best K-band fits, driven by the spectral slope
to the blue side of the band, also favor lower gravity models,
although the gravity is poorly constrained. Figure 2 illustrates
an example with Teff = 1300 K, log g = 3.75, fsed = 1. This
is a slightly lower gravity and less cloudy model than the best
fit for planet d, but with no cloud holes. With the same radius
scaling method as planet d, the K-band photometric point is
matched but the overall fit to the other available data is not as
good. A planet with this gravity and such a scaling from the
evolution radius would have a radius of 63, 200 km (0.90 RJ )
and a mass of ∼2 MJ . Again only a planet with a heavy element
fraction in excess of 50% of the total mass would match such
parameters although we stress that both the mass and radius are
poorly constrained by the fit.

We regard these small radii solutions as unlikely and do not
explore them in detail as they imply exceptionally massive cores.
Furthermore, a new class of evolution models for such planets
are required to evaluate the plausibility of such a combination of
parameters at this age. We expect that the most likely solution
would be models that combine many of the characteristics that
have been previously recognized: thick clouds with some holes,
vertical mixing, enhanced heavy element abundances leading to
smaller radii (but not as extreme as these examples), and higher
metallicity atmospheres, such as already inferred for HR 8799b
(Lee et al. 2013).

5. CONCLUSION

As noted in Skemer et al. (2014), the 3 to 4 µm photometry
suggests the presence of a small amount of CH4 in the atmo-
sphere of planet d. This provides a rather strong constraint on
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Fig. 1.— Left: An average combined set of GPI images of β Pic b from November 2013 with no additional post processing removal of
the background. Right: An average combined set of images from November with a circular annulus defined around the estimated location
of the planet, which has been used to define a surface in each image and spectral channel to subtract the remaining halo light. In order to
remove this halo, we fit a third-order spline surface to an aperture of radius=57.2–114.4 mas centered on the location of the planet, which
includes the space around the planet but does not include the planet itself. A PSF, generated by the average of the four satellite spot
cores, was scaled and subtracted from the planet position in parallel to the spline fit. Images are averaged along the 37 spectral channels
in H -band (∼ 1.5− 1.8µm).

Fig. 2.— H-band spectra of β Pic b using both November and December 2013 observations from GPI. Both spectra are in agreement.
The spectra were taken at different phases of the GPI commissioning process resulting in different effects on the light in the halo and PSF
shape.
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Many direct imaging surveys...

...but few planets

Chauvin et al.: The VLT/NaCo large program for exoplanets at wide orbits II.

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

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. 2008a 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. 2010ab 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. 2013b 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. 2013a Gemini-S NICI Cor-ASDI H 18× 18 57 AFGKM ∼ 100
Janson et al. 2013a Subaru HiCIAO ADI H 20× 20 50 AFGKM ! 1000

- (a): surveys dedicated to planets around debris disk stars.
- (b): paper submitted.

searches of EPs in direct imaging with an increasing num-
ber of large scale surveys (see Table 1; nine new surveys
published between 2012 and 2013). The number of tar-
gets surveyed and the detection performances will increase
with the new generation of planet finders LMIRCam at
LBT (Skrustkie et al. 2010), MagAO (Close et al. 2012),
ScExAO at Subaru (Guyon et al. 2010), SPHERE at VLT
(Beuzit et al. 2008), GPI at Gemini (Macintosh et al. 2008)
with the goal to provide better statistics on larger sam-
ples and a greater number of giants planets to be char-
acterized. It should enable to test alternative mechanisms
to the standard planetary formation theories of core ac-
cretion and gravitation instability such as pebble accre-
tion (Lambrechts & Johansen 2012; Morbidelli & Nesvorny
2012) or tidal downsizing (Boley et al. 2010; Nayakshin
2010; Forgan & Rice 2013) that are currently proposed to
explain the existence of a population of giant planets at
wide orbits. In the context of the VLT/SPHERE scientific
preparation, we have conducted a large observing program
(ESO: 184.C-0157) of 86 stars with NaCo (hereafter the
NaCo-LP). Combined with stars already observed in direct
imaging, it represents a total of more than ∼ 210 stars to
study the occurrence rate of giant planets and brown dwarf
companions at wide (10− 2000 AU) orbits. This complete
analysis is detailed in series of four papers: a description of
the complete sample (Desidera et al. 2013, submitted), the
NaCo-LP survey (this paper) and the statistical analysis of
the giant planet population (Vigan et al. 2014, in prep) and
of the brown dwarf companion population (Reggianni et al.

2014, in prep). We therefore report here the results of the
NaCo-LP carried out between 2009 and 2013. In Section 2,
we describe the target sample selection. In Section 3, we
detail the observing setup. In Section 4, the data reduc-
tion strategy and analysis are reported with the results in
Section 5. Finally, a preliminary statistical analysis of the
observed sample is presented in Section 6 and our main
conclusions in Section 7.

2. Target Properties

Based on a complete compilation of young, nearby stars,
recently identified in young co-moving groups and from sys-
tematic spectroscopic surveys, we have selected a sample of
stars according to: their declination (δ ≤ 25o), their age
(! 200 Myr), their distance (d ! 100 pc), their R-band
brightness (R ≤ 9.5). In addition, none of these stars had
been observed in a high-contrast imaging survey before.
Great care has been taken in the age selection criteria based
on different youth diagnostics (isochrones, lithium abun-
dance, Hα emission, X-ray activity, stellar rotation, chro-
mospheric 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 astro-
physical interpretation. Among this sample, 86 stars were
finally observed during the large program. The main target
properties (spectral type, distance, age, H-band magnitude,
galactic latitude, proper motion) are reported in Tables 2
and 3. They are also shown in Fig. 1 together with the prop-
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• Mostly upper limits, implying low intrinsic frequencies beyond 10 AU. 
• Currently no evidence for a frequency-host mass correlation beyond 10 AU. 
• Samples need to be in hundreds to distinguish differences at the few    
   percent level.

- e.g., if f=3% for AFG-stars and f=1% for M dwarfs, N=500 is needed to distinguish at 95% CL

• Ongoing surveys will reach these numbers
    - GPI Campaign, SPHERE Campaign, PALMS, LEECH, SEEDS, NICI, IDPS

The planet frequency-stellar host mass correlation 
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The companion mass function
Brandt et al. 2014: 250 star meta-analysis of SEEDS and NICI
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Figure 1. Completeness of our combined survey, calculated using the BT-Settl
hot-start models (top panel) and a warm start model (initial entropy halfway
between the hottest and coldest starts), and weighting all stars equally. At
separations of 50–100 AU, we are about 70% complete at the deuterium burning
threshold of ∼13 MJ under both models.
(A color version of this figure is available in the online journal.)

3 AU. We extrapolate this up to the deuterium burning limit
of ∼13 MJ and out to a semimajor axis of amax, which we
seek to constrain. The normalization of the Cumming et al.
distribution function is not free: 10.5% of 1 M⊙ stars have a
planet with a mass between 0.3 and 10 MJ and a semimajor
axis between 0.03 and 3 AU. With the normalization fixed, we
integrate Equation (10) over separations and sum over stars to
get the expected number of detections, ⟨Nobj⟩. We then compare
⟨Nobj⟩ to the actual number of planet candidates in our sample
using the Poisson distribution.

If an extrapolated RV planet distribution is to explain re-
cent discoveries like GJ 504b, HR 8799b, κ And b, and HD
95086b, amax must be !50 AU, where these companions have
been found. The sample we present here, depending on whether
κ And b is hypothesized to arise from an RV-like distribution, has
at most one detection in total, and zero around FGKM stars. If
κ And b is more than ∼15 MJ, as would be the case
if, as suggested by Hinkley et al. (2013) and Bonnefoy
et al. (2014), it is older than the ∼30 Myr implied by
membership in the Columba MG (Carson et al. 2013), we

Figure 2. Expected number of planetary-mass detections as a function of
semimajor axis cutoff and cooling model, computed by extrapolating the
measured distribution function for RV planets (Cumming et al. 2008). The solid
lines assume the number of companions to be proportional to host stellar mass,
while the dashed lines assume no proportionality. The gray hatched regions
are excluded at 2σ assuming κ And b to be drawn from this distribution (top,
⟨Npl⟩ ≈ 4.7), or to belong to a separate distribution (bottom, ⟨Npl⟩ ≈ 3).
(A color version of this figure is available in the online journal.)

can exclude models that predict more than 3 detections
with 95% confidence. If κ And b is considered to be a
candidate member of an extrapolated RV distribution, the
2σ threshold rises to 4.7 predicted detections. We truncate the
distribution at the deuterium burning threshold of 13 MJ for
comparison to previous results and to facilitate the use of the
SB12 models, which are only calculated for masses up to 15 MJ.

Figure 2 shows the predicted number of detections as a
function of amax for the BT-Settl model and for SB12 warm-start
models spanning the range from hot to cold starts. For the BT-
Settl hot start models, the 2σ upper limit on amax varies from
30 to 50 AU, depending on whether we scale the companion
frequency with stellar mass and whether we consider κ And b
to arise from this distribution. If we adopt the SB12 models,
the equivalent 2σ upper limits vary from 40 to 70 AU as long
as we do not consider the very coldest start models (those with
η " 0.1). If we do adopt these cold-start models, the upper limit
on amax rises to as much as ∼150 AU. We note that cold-start
models would predict a mass for κ And b well in excess of the
deuterium burning limit (Carson et al. 2013) and would justify
that object’s classification as a nonmember of this distribution,
regardless of its membership in Columba.

Our finding that the RV distribution function of Cumming
et al. (2008) cannot be extrapolated past a semimajor axis of
∼30–70 AU for most assumptions about the substellar cooling
model is similar to the earlier results of Nielsen & Close (2010)
and Chauvin et al. (2010). Nielsen & Close (2010) used a
smaller sample of 118 targets dominated by the GDPS, finding
limits on amax from ∼65–200 AU depending on the substellar
cooling model and on the correlation between planet frequency
and stellar mass. Chauvin et al. (2010) used 88 young stars to
constrain this outer limit to be ∼80 AU, again depending on
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including the power-law indices and mass and semimajor axis
limits, we may then use the likelihood function (in the form of
Equation (7)) to compare the distribution to our actual detec-
tions. We assume uniform priors on the power law indices α
and β, integrate the likelihood function, and treat it as a poste-
rior probability distribution. The additional effect of including
GJ 504b and GJ 758B in a full analysis may be crudely es-
timated by scaling up our sample size to qualitatively account
for the as-yet-unpublished non-detections. Such a scaling would
simply multiply ⟨Nobj⟩ in Equation (7) by a constant, dropping
out when constraining α and β. This implicitly assumes that the
ages, distances, and masses probed by the as-yet-unpublished
non-detections are similar to those of the sample presented here.
Given the heterogeneity of both our combined sample and the
unpublished SEEDS data, this is not a bad approximation. We
set amin = 1 AU and amax = 1000 AU, well outside the regions
of interest, and use a lower mass cutoff of 5 MJ, appropriate to
a gravitational collapse scenario.

Including all of the detections in our merged sample, and
adding GJ 504b and GJ 758B. we obtain a best-fit distribution
function p(M,a) ∝ M−0.65±0.60a−0.85±0.39 (1σ errors). Aban-
doning the lower limit on companion mass favors a distribution
function with somewhat more high-mass objects, with the mass
exponent becoming −0.4 ± 0.5 (1σ errors). However, as dis-
cussed in Section 2, there are theoretical reasons to impose
such a lower mass limit for gravitational collapse, and a cutoff
is also suggested by the dearth of companions <5 MJ in other
high-contrast surveys.

The normalization of the distribution function is given by a
gamma distribution at fixed α and β; its maximum likelihood
value produces five detections (the observed number) in our
sample of 248 stars. With (α,β) = (−0.85,−0.65), the max-
imum likelihood normalization constant gives 1.7% of stars
with substellar companions between 5 and 70 MJ and between
10 and 100 AU. The gamma distribution is asymmetric; the 68%
and 95% confidence intervals are 1.2%–2.8% and 0.74%–3.9%,
respectively, of stars with companions in the given mass and
semimajor axis range. If we also include uncertainty in α and
β by integrating the likelihood function and treating it as a pos-
terior distribution, the uncertainty in the normalization constant
increases somewhat. For companions between 5 and 70 MJ and
between 10 and 100 AU, the 68% and 95% confidence intervals
become 1.0%–3.1% and 0.52%–4.9% of stars, respectively.

We also extrapolate our distribution out to a = 1600 AU
to facilitate comparison with Metchev & Hillenbrand (2009),
again using both the gamma distribution and uncertainties in α
and β to derive the full probability distribution of the fraction
of stars hosting companions. We find that, at 68% confidence,
1.8%–6.2% of stars host brown dwarfs between 12 and 72 MJ
and between 28 and 1600 AU (0.92%–11% at 95% confidence).
These results agree very well with the Metchev & Hillenbrand
value of 3.2+3.1

−2.7% (2σ limits). The latter analysis fixed α = −1
and assumed a continuous mass function extending to stellar
companions, making the agreement particularly gratifying.
Omitting the uncertainty in α and β, our results imply that
1.4%–7.2% of stars host 12–72 MJ with semimajor axes from
28–1600 AU at 95% confidence.

The results from many other surveys in the H and K bands
would fit nicely on Figure 4, and further suggest a smooth
distribution across the deuterium burning threshold. Chauvin
et al. (2010) reported the detection of three substellar objects
in their survey, of which two, GSC-08047-00232B (Chauvin
et al. 2005a), and AB Pic b (Chauvin et al. 2005b), are

Figure 4. Probability distribution, dp/d log M/d log D, for the maximum like-
lihood power law distribution including all seven detections shown: p(M,a) ∝
M−0.65±0.60a−0.85±0.39 (1σ errors). NICI discoveries are in green, while com-
panions imaged by HiCIAO are in red. This result should be interpreted with
caution, but is compatible with the distributions published in both Metchev &
Hillenbrand (2009) and Zuckerman & Song (2009) within 1σ . It suggests that
we cannot reject a single substellar distribution function extending from massive
brown dwarfs to massive exoplanets based solely on the sample presented here.
(A color version of this figure is available in the online journal.)

∼20 and ∼15 MJ brown dwarf companions 250–300 AU from
their host stars. These data suggest that a smooth distribution
extending all the way from massive brown dwarfs down to a
theoretically motivated cutoff at ∼5 MJ is capable of explaining
the vast majority of wide-separation companions below or near
the deuterium-burning limit nominally separating planets from
brown dwarfs.

7.3. Limitations
Our statistical analysis makes several assumptions that are not

true in detail. For example, we do not distinguish between single
stars and binaries (which make up a relatively small fraction of
our sample, ∼10%). Some orbits are unstable around binaries
(Holman & Wiegert 1999); however, simply excluding these
regions of parameter space and considering the rest other orbits
to be as probable as around a single star is not a well-motivated
solution. Low-mass companions could be scattered to distant
orbits by a close stellar binary, possibly making binaries better
systems to find substellar objects. In most cases, the orbital
elements of the stellar binary are unknown anyway. We therefore
accept that our neglect of binarity might introduce a modest
bias, but we lack a good solution other than excluding binaries
altogether.

Our analysis also neglects sample biases, which can appear
in many ways. Stars hosting debris disks may be more likely
to harbor planets. Treating them identically to stars without
infrared excesses, as we do here, could artificially depress the
derived planet frequency. SEEDS also avoided including known
planet hosts and attempted to avoid observing stars targeted by
other high-contrast instruments. A tendency to avoid observing
the same targets as other surveys, but to repeat some targets
around which nothing was found, would likewise bias us against
finding planets.
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ABSTRACT

We conduct a statistical analysis of a combined sample of direct imaging data, totalling nearly 250 stars. The stars
cover a wide range of ages and spectral types, and include five detections (κ And b, two ∼60 MJ brown dwarf
companions in the Pleiades, PZ Tel B, and CD−35 2722B). For some analyses we add a currently unpublished set
of SEEDS observations, including the detections GJ 504b and GJ 758B. We conduct a uniform, Bayesian analysis
of all stellar ages using both membership in a kinematic moving group and activity/rotation age indicators. We then
present a new statistical method for computing the likelihood of a substellar distribution function. By performing
most of the integrals analytically, we achieve an enormous speedup over brute-force Monte Carlo. We use this
method to place upper limits on the maximum semimajor axis of the distribution function derived from radial-
velocity planets, finding model-dependent values of ∼30–100 AU. Finally, we model the entire substellar sample,
from massive brown dwarfs to a theoretically motivated cutoff at ∼5 MJ, with a single power-law distribution.
We find that p(M,a) ∝ M−0.65±0.60a−0.85±0.39 (1σ errors) provides an adequate fit to our data, with 1.0%–3.1%
(68% confidence) of stars hosting 5–70 MJ companions between 10 and 100 AU. This suggests that many of the
directly imaged exoplanets known, including most (if not all) of the low-mass companions in our sample, formed
by fragmentation in a cloud or disk, and represent the low-mass tail of the brown dwarfs.

Key words: brown dwarfs – methods: statistical – open clusters and associations: general – planetary systems –
stars: activity – stars: imaging
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1. INTRODUCTION

Since the first exoplanet around a main-sequence star was
discovered in 1995 (Mayor & Queloz 1995), large radial velocity
(RV; e.g., Cumming et al. 2008; Bonfils et al. 2013) and transit

∗ Based on data collected at Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan.

surveys (Bakos et al. 2004; Pollacco et al. 2006; Batalha et al.
2013) have found many hundreds of worlds. Previous models
of planet formation, extending back decades (e.g., Kuiper 1951;
Hayashi 1981), were based heavily on the solar system. New
discoveries have enabled a much fuller characterization of
exoplanets within ∼3 AU of their host stars, around both main
sequence (Cumming et al. 2008) and evolved (Johnson et al.

1

• Substellar companions (5-70 MJup) are well-described by a single, 
smooth power law distribution in m and a 



The not-too-distant future...
Statistics in the 3-10 AU, 0.5-5 MJup range.
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WFIRST will complement current imaging capabilities

• Detect planets in thermal emission • Detect planets in reflected light

• Search for planets in the NIR • Search for planets in visible light

• Classic/extreme adaptive optics • Stable PSF in space

• Sweet spot: ~5-100 AU (disk instability) • Sweet spot: ~2-10 AU (core accretion)

• Primarily probes young stars • Primarily probes old nearby stars





Marley et al. 2007
Fortney et al. 2008

“Cold Start”
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