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• The whole picture

• Challenges of high contrast imaging

• Planet candidates in prototype systems

• Young system with an optically thick disk

• Evolved debris disk

• Lessons learned for both age ranges
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DIRECT IMAGING FOR SYSTEM 
CHARACTERIZATION

• Planet composition through 
spectro-photometric analysis

• Orbital properties

• In context analysis:

• interaction with disk

• other planets

• Transient events

Figure 1: Near-infrared photometry and spectroscopy of HR 8799b, comparing observations (black
points) to the model atmosphere of Barman et al. (2011), (red line). Clouds, methane depletion,
and low surface gravity are indicated by the model fit.

1.2 Exoplanets and Disks
It is very significant that the first imaged exoplanets that burst upon the scene in 2008 were found in
systems with bright debris disks. Debris disks are tenuous dust clouds found around main sequence
stars, formed from the ongoing collisions of rocky or icy parent bodies; see Wyatt 2008 for a review.
The presence of a debris disk thus identifies a star as hosting a planetary system. The gravitational
influence of giant planets determines where belts of minor bodies can exist in stable orbits around a
star, sculpts the dust distribution through resonant interactions, and stirs up collisions that produce
the dust whose presence is inferred from far-infrared excess emission. While debris disks are not
preferentially associated with RV planets (Bryden et al. 2009), they are prominent in the three
best examples of imaged extrasolar planets. In the HR 8799 system, the four planets (Marois et al.
2008, 2010) are found within a cleared zone between inner and outer dust belts (Su et al. 2009;
see Fig. 2). In the case of Fomalhaut, the planet (Kalas et al. 2008) shepherds the inner edge of
the large debris ring (Quillen et al. 2006). For β Pictoris, the planet appears to orbit in an inner
zone relatively cleared of dust and force a warp in the inner disk (Lagrange et al. 2010). The
young debris disk star PZ Tel was recently found to possess a brown dwarf companion at 16 AU
separation (Biller et al. 2010). Other resolved debris disks show central holes suggestive of clearing
by interior planets (Schneider et al. 1999; Ardila et al. 2004; Kalas et al. 2006; Backman et al.
2009) that still await imaging detection.
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CHALLENGES OF DIRECT 
IMAGING

• Observational: instrumental limitations, strategy

• Data reduction

• Interpretation - model:

• Age determination

• Proper motion
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INSTRUMENTAL LIMITATIONS

• 1st gen AO systems on 8-m 
class telescope, typically limited 
to SR<30% in H, <45% in Ks, 
and <80% in L-band

• Static aberrations on the order 
of 100 nm rms

• Quasi-static speckle field 
prominent

• Various drifts and instabilities
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OBSERVING STRATEGY
GOAL: subtract out the PSF 

It’s all about stability => differential imaging
RSDI - ADI - DBI - SDI - PDI 
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MODELS 
• Models are very poorly constrained by observation

• Interpretation of DI observation heavily relies on models

published evolution tracks, they estimated a mass of just 5MJ for
the mass of the companion.

The early modelers certainly did not foresee that direct detec-
tions of putative young planets would be compared against the
models at exceptionally young ages, at timeswhen themodel planet
may not yet have forgotten its hot start. Stevenson (1982)wrote that
evolution calculations ‘‘. . .cannot be expected to provide accurate
information on the first 105–108 years of evolution because of the
artificiality of an initially adiabatic, homologously contracting1

state.’’ More recently, Baraffe et al. (2002) examined the uncer-
tainties in evolution tracks of brown dwarfs at young ages and cau-
tioned about the applicability of evolution models at ages less than
a few million years, on the lower end of Stevenson’s uncertainty
range. Wuchterl (2005) has also expressed concern that standard
evolutionmodels do not capture the early evolution correctly.Given
the clear imperatives to interpret observations of young, low-mass
objects and to plan for future direct detections of giant planets
formed in orbit about solar type stars, there is a need to connect
models of giant planet formation to giant planet evolution.

Our goals here are both to help fill the void in physically plau-
sible models of extrasolar giant planets (EGPs) at young ages and
to better quantify the age beyond which the evolution models are
robust and applicable. We aim to understand whether or not the
current generation of evolution models can reliably predict the lu-
minosity of giant planets at young ages and, if not, then define the
age beyond which current models are reliable. Instead of using an
arbitrary starting condition, we employ planets formed by one im-
plementation of the core-accretionmodel. In this scenario, gas giant
planets form by rapid accretion of gas onto a solid core that grew by
accretion of planetesimals in the nebula. This mechanism is one of
two competing scenarios for gas giant formation, the other being the
gas instability model, by which giants form from a local disk insta-
bility (Boss 1998) that creates a self-gravitating clump of gas.
The planet resulting from such a clump could also be used as the
starting point of an evolutionary calculation (see Bodenheimer
1974,1976; Bodenheimer et al. 1980), but we choose here to fo-
cus solely on the core-accretion mechanism, as it currently seems
the more promising mechanism for explaining the formation of
the giant planets (see Lissauer & Stevenson 2006 for a review).

For specificity, we rely on the implementation byHubickyj et al.
(2005) of the core-accretion mechanism. By necessity, their work
makes a host of assumptions that ultimately affect the properties of
newly born giant planets. As we will demonstrate, following the
end of accretion this model predicts that giant planets are substan-
tially fainter than in standard evolution models. While we believe
that this conclusion is secure, we stress that the precise numerical
value of the postaccretion luminosity depends on the particular as-
sumptions employed byHubickyj et al. (2005). Therefore, we first
briefly review this model and highlight the assumptions on which
the work rests in x 2. We describe our method of evolving these
model planets over time in x 3 and compare our results with stan-
dard giant planet evolution models. We find in x 4 that the initial
conditions influence subsequent planetary evolution for longer than
generally appreciated and that planets formed by theHubickyj et al.
(2005) recipe for core accretion are substantially fainter than stan-
dard models have previously predicted. We end by cautioning that
thosewhowish to rely on evolutionmodels to characterize detected
young giant planets that may have grown by the core-accretion
mechanism would be wise to be judicious in their estimation of
the model-dependent uncertainties.

2. ACCRETION

The core-accretionmodel describing the formation of giant plan-
ets (Mizuno 1980; Bodenheimer & Pollack 1986; Pollack et al.
1996) suggests that any planet that becomes more massive than
about 10M! (Earth masses) while residingwithin a gas-rich pro-
toplanetary nebula should accrete a gaseous envelope. This leads
to the expectation that massive planets acquire a thick envelope
of roughly nebular composition surrounding a denser core of rock
and ice. In this section, we briefly review the particular implemen-
tation of this model by Pollack et al. (1996) and collaborators
(Bodenheimer et al. 2000; Hubickyj et al. 2005) and inform the
reader of important model assumptions. The newborn planets de-
livered by this modeling approach are then used as initial condi-
tions to our own evolution calculations as described in x 3.

2.1. Model Overview

Bodenheimer et al. (2000) describe the core-accretion, gas-
capture process. The stages described below are chosen for clarity,
and do not match the accretion phases as defined in Bodenheimer
et al. (2000). Each stage is keyed to Figure 1, which illustrates the
luminosity evolution of an accreting 1MJ planet.

1. Dust particles in the solar nebula form planetesimals that ac-
crete into a solid core surrounded by a very low mass gaseous en-
velope. During runaway solid accretion, the gas accretion rate is
much lower than that of solids. As the solid material in the feeding
zone is depleted, the solid mass accretion rate and consequently
the luminosity fall. At the end of this stage,most of themass of the
planet consists of solids.
2. The protoplanet continues to grow as the gas accretion rate

steadily increases, eventually exceeding the solids’ accretion rate.
The mass of both components grow until the core and envelope
masses become equal.
3. Runaway gas accretion occurs and the protoplanet grows rap-

idly. The evolution up to this point is referred to as the ‘‘nebular
stage,’’ because the outer boundary of the protoplanetary envelope
is in contact with the solar nebula, and the density and temperature
at this interface merge with nebular values. During this stage, the
nebula is assumed to provide the planet with enough mass that1 See Stahler (1988) for a discussion of homologous contraction.

Fig. 1.—Luminosity of a 1MJ planet as a function of time. Numbers refer to
various stages in the formation/contraction process as discussed in the text. In this
figure, time t " 0 is chosen to be the start of the growth of the solid core. Model,
through stage 4, is the 10L1 case of Hubickyj et al. (2005). Subsequent evolu-
tion is calculated as described in x 3.
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YOUNG SYSTEM PROTOTYPE

• IM Lupi (Sz82)

• ID card:
• M0
• WT Tauri
• Age: <1.5 Myr
• d: 140-190 pc
• Surrounded by optically 

thick disk
• Low proper motion
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disk upper surface

envelope?

disk lower surface

dark lane

Fig. 2. NICMOS F160W image in log stretch. The field of view is 11 !
11"" with North up and East to the left. The dashed box corresponds
to the field of view in Fig. 1. The central white circle represents the
0.3"" radius coronagraphic obscuration. The full green lines indicate the
upper and lower scattering surfaces of the disc (separated by the dark
lane which corresponds to the disc midplane). The green dashed circle
represents the possible envelope surrounding the disc.

is 11.8 mJy (uncertainty #4%). This flux density excludes the
small near-central area, shown in black in Fig. 1, which is insuf-
ficiently sampled due to masked optical artifacts. From the direct
and target acquisition images we measure the F160W-band stel-
lar flux density as 0.616±0.012 Jy (F160Wmag = 8.11±0.02) via
TinyTim2 (Krist & Hook 1997) model PSF fitting and aperture
photometry. Thus, the fraction of 1.6 µm starlight scattered by
the disc (beyond 0.3"" from the star) is 0.019 ± 0.001, consistent
with the F814W value.

In the F160W image, a large scale fainter halo is sensitively
detected to a distance of #4.""4 from the central star, along the
morphological major axis (see Fig. 2). This large scale nebula
may indicate the presence of a tentative envelope surrounding
the circumstellar disc. Because the dark lane and counter nebula
of the disc, which are seen through the potential envelope, are
detected, this envelope must be optically thin at optical wave-
lengths. It is not detected in the F606W and F814W images. In
the following, we focus on the disc properties and do not try to
reproduce the halo in our modelling.

2.2. Spitzer IRS and MIPSSED spectra

IM Lupi was observed with the IRS spectrograph installed on-
board the Spitzer Space Telescope as part of the “Cores to
Discs” (c2d) legacy program (AOR: 0005644800, PI: Evans,
Kessler-Silacci et al. 2006). The observations took place on
2004 August 30 using the four proposed modules (Short-Low,
Long-Low, Short-High and Long-High), corresponding to a
wavelength coverage of 5.2$38.0 µm with a spectral resolution R
between 60$127 for the two “low” modules and R % 600 for the
two “high” modules. The data reduction was performed using

2 http://www.stsci.edu/software/tinytim/tinytim.html

Table 1. Details of the Spitzer/IRS observations. SL, SH, LL, and LH re-
fer to Short-Low, Short-High, Long-Low, Long-High respectively. R is
the spectral resolution and SNR the signal to noise ratio.

Module R Integration time SNR Pointing
(tint ! ndce ! nexp) o!set ("")

SL 60$127 14 ! 1 ! 2 20 –0.8–0.2
SH %600 31 ! 2 ! 2 71 0.7–1.3
LL 60$127 14 ! 1 ! 2 35 –1.4–$0.3
LH %600 60 ! 1 ! 2 66 3.0–1.2
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Fig. 3. Spitzer/IRS spectrum of IM Lupi. The large features of amor-
phous silicates are seen at 10 and 18 µm, as well as crystalline features
at 9.3 µm and around 27 µm. A blend around 24 µm is tentatively de-
tected. The spectrum has been slightly smoothed to reduced the noise.
The jump at 20 µm is an instrumental artifact resulting from the transi-
tion between the Long-Low and Long-High modules of IRS. The inset
shows the fit of the 10 µm continuum subtracted silicates feature. The
thick grey line represents the observed spectrum (corresponding to the
black line in the main panel) and the dot-dashed black line is the fitted
synthetic spectrum (see Sect. 5.1).

the c2d legacy team pipeline (Lahuis et al. 2006) with the S13
pre-reduced (BCD) data, using the aperture extraction method3.
Pointing errors of the telescope can produce o!sets between
the di!erent modules which were corrected for by the reduc-
tion pipeline. Table 1 summarises the details of the observations
while the spectrum is presented in Fig. 3.

The 52$97 µm MIPSSED data (R % 15$25) were taken on
2006 March 31 (Program ID 1098, PI: Kessler-Silacci). The ba-
sic calibrated data (BCDs) were coadded using the MOsaicking
and Point source EXtractor (MOPEX) software. Because the
flux from IM Lupi is weak, the automated MOPEX extraction
failed to extract the flux. MOPEX indeed focused on the edge of
the detector, where there are a lot of hot pixels, rather than on the
signal from the source. The MIPSSED spectrum was therefore
extracted with IRAF since it allows the user to set the centre of
the aperture (around Cols. 12$16) and performs an optimised ex-
traction. The resulting spectrum remains too noisy to detect any
spectral features, such as the 70µm cystalline emission band. In
order to increase the signal-to-noise and get a better estimate of

3 The extraction was done following two di!erent methods: full aper-
ture extraction and PSF extraction. PSF extraction is less sensitive to
bad data samples but for some modules the estimated PSF is subpixel-
sized. As a consequence, the PSF extraction becomes unstable. In this
paper,we adopt the spectrum obtained with the full aperture extraction
method because of its better stability.

Pinte et al. 2008: HST NICMOS
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THE DISK OF IM LUPI
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A pixel-by-pixel comparison between models and observa-
tions is very sensitive to observation artifacts. It requires a pre-
cise map of the observational uncertainties in the image in order
to make optimal use of its information. This procedure is com-
plex for high contrast PSF subtracted images. Large deviations
in small regions of the image can strongly bias the fitting proce-
dure. Also, PSF subtraction uncertainties introduce systematic,
as opposed to random, errors, which are not properly taken into
account in a !2 minimisation. Instead, we adopt an image fitting
performed by extracting geometrical observables. Our goal here
is to reproduce the main characteristics of the images, allow-
ing small parts of the model images to not be in perfect agree-
ment with the observations, if necessary. We therefore adopt the
following method, illustrated in Fig. 8, which is based on the
azimuthal intensity variations. For both wavelengths, we calcu-
late the observed intensity variations normalised to the average
flux in the azimuthal angle range [!15",+15"] (centered on the
disc’s semi-minor axis). For each 10" sector, we extract the av-
erage flux of the pixels encompassed between two ellipses of
eccentricity e = 0.65 (corresponding to a circularly-symmetric
structure observed at an inclination of 50") and of semi-major
axis of 1.5 and 2.1##. Regions presenting di!raction artifacts are
moreover excluded from these sectors. Uncertainties were calcu-
lated by repeating the same procedure on the observations from
which we have added and subtracted the estimated error maps.
These error maps are constructed by taking the shot noise from
photon statistics and adding in a PSF scaled by the uncertainty
factor in the normalisation used for PSF subtraction.

The synthetic brightness profiles were extracted in the same
way from Monte Carlo images. We do not consider any uncer-
tainties for these synthetic profiles. For the 1.6 µm image we fur-
ther use the positions of the dark lane and second nebula as ge-
ometrical observables to fit for. We compare the synthetic maps
and the observations using reduced !2 based on the previously
defined observables5: !2

0.6µm and !2
1.6µm.

Model comparison with SMA and ATCA data was performed
in (u, v) plane to avoid additional uncertainties from the image
reconstruction with the CLEAN algorithm. Synthetic visibili-
ties were computed by Fourier transform of the MCFOST emis-
sion maps. The visibilities were then binned in circular annuli
as done for the observed visibilities, and the reduced !2 is com-
puted from these binned visibilities: !2

mm. Because only 6 data
points are available for the ATCA observations, it is not possible
to define a meaningful reduced !2 for these observations alone.
Instead, we fit simultaneously the ATCA and SMA data by defin-
ing a unique reduced !2. To avoid an eventual contamination by
a potential envelope and/or surrounding cloud, fitting was only
performed for baselines larger than 40 k" which probe spatial
scales smaller than 5 ##, i.e. corresponding to the disc observed
in scattered light.

We compute a total !2
tot defined as the sum of all the re-

duced !2:

!2
tot = !

2
SED + !

2
0.6µm + !

2
1.6 µm + !

2
mm. (2)

This !2
tot allows us to do a global fitting of all observations

simultaneously.

4.3. Best model

The parameters of the model with the lowest !2
tot are described

in Table 4. Overall, the best fit model is in very good agreement
5 A total of number of 31 and 34 measurements were used at 0.6 and
1.6 µm respectively.

Table 4. Best model parameters. The best model is the model with the
lowest !2

tot. The valid range for each parameter is defined as the range of
values which symmetrically enclose the central 68% of the probability
(see text for details). This is equivalent to a 1# confidence interval.

Parameter Best model Valid range
Te! (K) 3900 fixed
Rstar (R$) 3.0 fixed
distance (pc) 190 fixed
rout (AU) 400 fixed
Mdust (M$) 10!3 fixed
dust composition 100% amorphous olivine, fixed
amin 0.03 µm fixed
amax 3 mm fixed
i (") 50 45–53
surface dens. exp –1 –0.84!!1.21
flaring exponent 1.15 1.13–1.17
rin (AU) 0.32 AU 0.25–0.4
h"(amin) 10 AU 9.5–10.3
settling exponent $ 0.05 0.02–0.07

Table 5. Reduced !2 values for the best models.

Model !2
0.6 µm !2

1.6 µm !2
SED !2

mm !2
tot

Best 0.6 µm 1.16 17.24 83.47 83.60 185.47
Best 1.6 µm 3.02 0.48 29.75 18.64 51.89
Best SED 22.83 139.53 9.87 51.24 223.48
Best mm 22.69 46.13 560.75 0.43 630.00
Best all obs. 1.56 0.68 14.02 1.18 17.44

with all observations, especially taking into account the range
of wavelengths and the variety of observations analysed in the
fitting procedure. Table 5 shows the !2 corresponding to best
models fitting only one of the observations and to the global best
model. The global best models has !2 values only slightly larger
than the !2 of the best models fitting each of the observations,
showing that it o!ers a good representation of all observations.

The SED of this model is represented in Fig. 7. It is in
very good agreement with observations from the optical to the
millimetre regimes. In particular, it reproduces both the sili-
cate bands and millimetre fluxes, and hence the millimetre spec-
tral index. The silicates features are roughly reproduced but the
shape is not exactly identical to the observed one, resulting in
relatively high values of the !2. This is due to our very simple
approximation on optical properties, with dust grains only com-
posed of amorphous silicates. We recall here that a precise match
of the silicate emission bands was not our goal at this stage of
the modelling and that we were only interested in the amplitude
of the silicate features.

Synthetic images of the best model are compared with ob-
servations in Fig. 8. The general shape is well reproduced at
both wavelengths, with the right roundness, brightness distribu-
tion and a dark lane in good agreement with observations. The
central and right panels show a quantitative comparison of the
azimuthal brightness profiles. The agreement is good as shown
by the values of the !2 in Table 5. The model predicts profiles
that are very similar at both wavelengths whereas the observa-
tions suggest (given the relatively low SNR and large PSF uncer-
tainty) a stronger contrast at 0.6µm, with a back side compatible
with a non-detection. We discuss this point in detail in Sect. 5.2.

Figure 5 shows the results of the fit of the 1.3 and 3.3 mm
visibilities. The agreement is also very good for the base-
lines >40 k" on which the fitting was performed. At smaller
baselines, the best models are marginally below the data points.

• Strong mm continuum emission 
(Nuernberger et al. 1997).

• SED compiled by Padgett et al. (2006): 
modest near-infrared excess, which starts to 
rise at 5.8μm and is nearly flat between 8 
and 70μm. 

• CO lines observations: disk is gas rich and 
consistent with a rotating disk model (van 
Kempen et al. 2007).  

• Scattered light image in 1999 in the visible 
with HST/WFPC2 (PI: Stapelfeldt), followed 
in the near-infrared by HST/NICMOS 
images obtained in 2005 (PI: G. Schneider). 

• An extensive multi-wavelength modeling 
study by Pinte et al. (2008): quantitative 
evidence of dust evolution in the disk was 
obtained.
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Fig. 8. Scattered light images of the best models compared to observations. Left panel: the upper row corresponds to the images at 0.606 µm and the
lower row to those at 1.6µm. Synthetic maps (right) were convolved by the core of the PSF (up to 5 pixels from the peak). Central panel: 0.6 µm
azimuthal brightness profile. Right panel: 1.6 µm azimuthal brightness profile. In both central and right panels, the red dashed line correspond to
the best fit of the scattered light only, the full green line to the best fit of all observations simultaneously and the blue dotted to the scattered light
images with porous grains. The azimuthal angle is 0! in the front side of the disc, i.e. towards bottom in the first panel.

1.0

1.0

1.0

1.0

1.0
1.0

1.0

0.5

0.5

0.50.5
0.5

0.5

0.00.00.0

0.00.00.0
0.0 0 !1 !2 1.1 1.2

0.1

0.2
0.2

0.2 5 10 15 0.00 0.050.05 0.10 0.15 0.20

0.4

0.4

0.6

0.6

cos(i)cos(i)cos(i)cos(i)cos(i) surface density !surface density !surface density !surface density !surface density ! flaring "flaring "flaring "flaring "flaring "

rin (AU)rin (AU)rin (AU)rin (AU)rin (AU) h0 (AU)h0 (AU)h0 (AU)h0 (AU)h0 (AU) settling #settling #settling #settling #settling #

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

P
ro

ba
bi

lit
y

Fig. 9. Bayesian probabilities of the various parameters for the scattered light images at 0.6 µm (dashed blue) and 1.6 µm (dotted red), the SED
(dot-dash green), the millimetre visibilities (dot-dot-dash pink) and for the images, SED and mm visibilities simultaneously (full black line). The
triangles represent the parameters of the best model.

Comparing synthetic images with observations is a more del-
icate procedure due to the presence of the star that dominates
the flux in the synthetic images. Observational e!ects are taken
into account by choosing pixel sizes similar to those of obser-
vations, i.e. 0.045 ""/pixel at 0.6 µm and 0.076 ""/pixel at 1.6 µm.
Real scattered light images were obtained by manual subtraction
of the PSF. Such a procedure cannot be considered for the mod-
els however, given the large number of models dealt with here.
To make the problem of PSF subtraction tractable, we choose

to convolve our models only with the PSF core (up to 5 pixels
from the peak) in order to reproduce its smoothing e!ect, but
at the same time avoiding the superimposition of the convolved
direct stellar light on the disc, where it is detected in the actual
PSF-subtracted images. The disc appears left-right symmetrical
in both WFPC2 and NICMOS images. To increase the signal-
to-noise ratio and to reduce artifacts, the observed images were
symmetrised relative to the semi-minor axis of the disc, prior to
comparison with models.
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Fig. 6. Qualitative analysis of the SED of IM Lupi. The blue dotted
line presents a SED calculated with submicron particles (amax = 3 µm).
Silicates emission bands are well reproduced but the millimetre fluxes
are too low, even with a disc mass of Mdisc = 0.1 M!. A model with
millimetre grains (amax = 3 mm, green dashed line) performs much bet-
ter at long wavelengths but the silicate features then disappear. A model
including millimetre grains (amax = 3 mm) close to the midplane and
submicron grains in the upper layers (i.e. with a stratified structure as
described in section 3.6), can reproduce both the silicates bands and the
millimetre fluxes (red full line). The thin black dot-dash line represents
the stellar photosphere.

characterised by small grains on the disc surface, which produce
the silicate emission, and larger grains in the midplane which
emit most of the thermal radiation in the millimetre regime. We
discuss other possible explanations for the grain size stratifica-
tion in Sect. 6. We describe this dust stratification by a simple
parametric law, the reference scale height being a function of
the grain size

h"(a) = h"(amin)
!

a
amin

"#!
· (1)

In the case where the dust and gas are perfectly mixed, ! = 0,
and h"(a) = h"(amin) is independent of the grain size and is equal
to the scale height of the gas disc.

The full red line in Fig. 6 presents a SED calculated with
amax = 3 mm and the stratification described above, taking ! =
0.1. This kind of model reproduces both the silicate emission
bands and millimetre fluxes and gives support to the presence
of a stratified structure in the disc of IM Lupi. We would like
to emphasise that, at this point, this model is not a fit, just an
educated guess as far as disc parameters are concerned, meant
only to illustrate the impact of settling on the SED. A similar
e!ect was also found by D04 and D’Alessio et al. (2006). In the
following, we fix the maximum grain size to amax = 3 mm to
match the spectral index and consider ! as a free parameter.

4. Inferred disc model parameters
from multi-technique model fitting

Encouraged by the previously described qualitative behaviour,
we then moved to a quantitative analysis by exploring a full
grid of models. The goal is to find a single model which self-
consistently fits all observables and estimates the parameters as
well as their range of validity and uncertainties. Because the
F606W and F814W images are very similar, we restrict our fit-
ting of the scattered light images to the F606W and F160W

Table 3. Ranges of parameters explored in our grid of models.

Parameter Min. Max Nsampl Sampling

i (") 0 90 10 linear in cos
" –2.0 0.0 5 linear
# 1.0 1.25 6 linear
rin (AU) 0.05 1.5 12 logarithmic
h"(amin) (AU) 8 16 13 linear
! 0.0 0.2 9 linear
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Fig. 7. SEDs of the best models. The dashed red line corresponds to best
model for the fit of the SED only and the full green line corresponds to
the simultaneous fit of all observations.

bands. Since they are the shortest and longest wavelengths: the
intermediate F814W image is likely to be well fitted by a model
that adequately represents these 2 wavelengths.

4.1. Explored parameter space

Exploration of the parameter space was performed by varying
the geometrical properties of the disc (rin, #, ", h"(amin)) and
the degree of the dust settling !. Scattered light images give us
a good idea of the inclination angle, around 50", but we con-
sider it as a free parameter in order to fine tune our estimation.
This results in a total of 6 independently varied parameters. The
range explored for each parameter is summarised in Table 3. All
combinations of parameters were explored, resulting in a total
of 421 200 calculated models. The ranges were chosen to sam-
ple physically plausible values for the di!erent parameters, and
adapted during the course of the modelling to calculate all the
models which may be a reasonably good representation of data.
The probability curves we obtain (Fig. 9) for the di!erent pa-
rameters show that we have sampled a large enough fraction of
the parameter space.

4.2. Fitting procedure

The fitting of the SED is performed through the definition of a
reduced $2: $2

SED from the observed and synthetic fluxes, and
from the observational uncertainties. Because synthetic SEDs
are sampled with a large number of packets, we neglect the
model Monte Carlo error bars which are significantly smaller
(<1%). We can get a sense of their amplitude in the silicate fea-
ture (inset in Fig. 7).

Grain growth up to at least millimetre- sized 
particles, vertical stratification of micron-
sized grains close to the disk surface, and 
larger grains that have settled towards the 
disk midplane, as well as the possible 
formation of fluffy aggregates and/or ice 
mantles around grains.
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UNSTABLE DISK

• Pinte et al. 2008: “Considering a probable stellar 
mass of ≈1 M⊙ and a gas to dust mass ratio of 
100, the disc to star mass ratio is ≈0.1, meaning 
the disc may be unstable through gravitational 
collapse. “

• “[...] The disc of IM Lupi representing about 1/10 
of the star mass, local enhancement of density 
may be sufficient to start planet formation in the 
disc following this process.”

?
15

Friday, March 23, 2012



PLANET SEARCH 
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Direct imaging of exoplanets around young distant stars 5

TABLE 1
Observing Log for IM Lup and reference stars for all the data used in this work.

Target ! (J2000) " (J2000) Filter UT date / exp. time Telescope / instrument Strategy Seeing #!
0

Im Lup 15h 56’ 09” -37" 56’ 06” H 29/03/2005 / 1350s HST/NICMOS ADI+RDI - -
Im Lup 15h 56’ 09” -37" 56’ 06” K 29/03/2008 / 1350s VLT/NACO RDI 0.##7 3 ms

CD-37 8989ref1 13h 54’ 27” -38" 14’ 54”.6 K 29/03/2008 / 1200s VLT/NACO - 0.##7 3 ms
CD-35 9033ref2 13h 50’ 00”.8 -36" 33’ 40”.7 K 30/03/2008 / 1200s VLT/NACO - 0.##8 2.5 ms

Im Lup 15h 56’ 09” -37" 56’ 06” L’ 19/04/2010 / 1350s VLT/NACO RDI 0.##6 3 ms
LHS3286ref 17h 23’ 49” -32" 15’ 16” L’ 19/04/2010 / 1350s VLT/NACO - 0.##6 3 ms
Im Lup 15h 56’ 09” -37" 56’ 06” 22/07/2011 / 1350s K VLT/NACO I 0.##6 3 ms
Im Lup 15h 56’ 09” -37" 56’ 06” 25/07/2011 / 1350s H VLT/NACO I 0.##6 3 ms

! #0 corresponds to the atmospheric correlation time at 0.5 µm.

ref Reference star.

TABLE 2
Data reduction strategies used in this work.

Parameter cADI rADI LOCI point-source LOCI disk
HFF no no yes no

# reference frames all 16 16 16
Exclusion cone (FWHM) N/A 1.5*r 1.5*r 1.5*r

Ref. frame sel. N/A !t Max corr. Max corr.
Na Full FoV Full FoV 50 100
g N/A N/A 1 2

Coe". det. method median median SVD NNLS
Mask zone s no no no yes

8. Description of the proposed programme and attachments

Description of the proposed programme (continued)

B – Immediate Objective: The main objective of this proposal is to firmly confirm the bound nature
of the faint candidate companion. The proper motion, 21.2mas per year, represents 4.4 pixels in three years,
using the finest sampling of NACO (13mas/pixel). With a conservative astrometric precision of 4 mas (1/3 of
a pixel), we can arguably reach a 10σ confidence on the bound nature of the companion, based on the NACO
data only; and more than 10σ if we add the 2005 NICMOS data. Our second, and optional objective is to
confirm and improve the NICMOS H-band photometric measurement. If confirmed, such a discovery would be
of great interest in the context of planet formation models. Not only would it provide new constraints on the
initial conditions of cooling tracks (initial conditions being one of the main sources of uncertainty), but also
give a striking illustration that planets can form far from their parent stars (> 400AU in this case, including
inclination effects), even for low-mass primaries. This would strongly (even unambiguously) favor a formation
scenario based on disk instabilities rather than core accretion, unlike most observations so far. This scenario
would be consistent with the conclusion in Pinte et al. (2008), pointing towards a massive disk very close to the
instability limit, and most strikingly to the prediction made by Panic et al. (2009).

Attachments (Figures)

Fig. 1: Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the
northeast of IM Lup. The disk is detected as an arc to the SW, consistent with previous HST observations.
The right-hand image shows the results of an ADI-like speckle subtraction technique favoring the detection of
point-like sources over extended objects. The detection is clear and unambiguous (> 10σ).
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2008
if not bound

Fig. 2, left: Re-analysis of archival NICMOS observation of IM Lup obtained in 2005. A point source is detected
at the same location within astrometric error bars as the point source detected 992 days later with NACO (green
circle). Speckles in the image are identified as leftovers of the disk image after roll-angle subtraction, which
favors point-like sources over extended objects. Diffraction spiders pinned speckles are also present. Right:
astrometric analysis of the 2005 NICMOS data and 2008 NACO data. The dark circle is the 2005 data point
with associated error bars. The empty circle is the extrapolation of the position of the object relative to the star
if it was a background object. For that, we use the 21.2 mas/yr proper motion determined by Ducourant et al.
(2005). The gray circle is our NACO data point in 2008, within the error bars of the 2005 NICMOS detection.
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Description of the proposed programme (continued)

B – Immediate Objective: The main objective of this proposal is to firmly confirm the bound nature
of the faint candidate companion. The proper motion, 21.2mas per year, represents 4.4 pixels in three years,
using the finest sampling of NACO (13mas/pixel). With a conservative astrometric precision of 4 mas (1/3 of
a pixel), we can arguably reach a 10σ confidence on the bound nature of the companion, based on the NACO
data only; and more than 10σ if we add the 2005 NICMOS data. Our second, and optional objective is to
confirm and improve the NICMOS H-band photometric measurement. If confirmed, such a discovery would be
of great interest in the context of planet formation models. Not only would it provide new constraints on the
initial conditions of cooling tracks (initial conditions being one of the main sources of uncertainty), but also
give a striking illustration that planets can form far from their parent stars (> 400AU in this case, including
inclination effects), even for low-mass primaries. This would strongly (even unambiguously) favor a formation
scenario based on disk instabilities rather than core accretion, unlike most observations so far. This scenario
would be consistent with the conclusion in Pinte et al. (2008), pointing towards a massive disk very close to the
instability limit, and most strikingly to the prediction made by Panic et al. (2009).

Attachments (Figures)

Fig. 1: Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the
northeast of IM Lup. The disk is detected as an arc to the SW, consistent with previous HST observations.
The right-hand image shows the results of an ADI-like speckle subtraction technique favoring the detection of
point-like sources over extended objects. The detection is clear and unambiguous (> 10σ).
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Fig. 2, left: Re-analysis of archival NICMOS observation of IM Lup obtained in 2005. A point source is detected
at the same location within astrometric error bars as the point source detected 992 days later with NACO (green
circle). Speckles in the image are identified as leftovers of the disk image after roll-angle subtraction, which
favors point-like sources over extended objects. Diffraction spiders pinned speckles are also present. Right:
astrometric analysis of the 2005 NICMOS data and 2008 NACO data. The dark circle is the 2005 data point
with associated error bars. The empty circle is the extrapolation of the position of the object relative to the star
if it was a background object. For that, we use the 21.2 mas/yr proper motion determined by Ducourant et al.
(2005). The gray circle is our NACO data point in 2008, within the error bars of the 2005 NICMOS detection.
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NICMOS 2005:
-Roll angle, iterative subtraction
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TABLE 1
Observing Log for IM Lup and reference stars for all the data used in this work.

Target ! (J2000) " (J2000) Filter UT date / exp. time Telescope / instrument Strategy Seeing #!
0

Im Lup 15h 56’ 09” -37" 56’ 06” H 29/03/2005 / 1350s HST/NICMOS ADI+RDI - -
Im Lup 15h 56’ 09” -37" 56’ 06” K 29/03/2008 / 1350s VLT/NACO RDI 0.##7 3 ms

CD-37 8989ref1 13h 54’ 27” -38" 14’ 54”.6 K 29/03/2008 / 1200s VLT/NACO - 0.##7 3 ms
CD-35 9033ref2 13h 50’ 00”.8 -36" 33’ 40”.7 K 30/03/2008 / 1200s VLT/NACO - 0.##8 2.5 ms

Im Lup 15h 56’ 09” -37" 56’ 06” L’ 19/04/2010 / 1350s VLT/NACO RDI 0.##6 3 ms
LHS3286ref 17h 23’ 49” -32" 15’ 16” L’ 19/04/2010 / 1350s VLT/NACO - 0.##6 3 ms
Im Lup 15h 56’ 09” -37" 56’ 06” 22/07/2011 / 1350s K VLT/NACO I 0.##6 3 ms
Im Lup 15h 56’ 09” -37" 56’ 06” 25/07/2011 / 1350s H VLT/NACO I 0.##6 3 ms

! #0 corresponds to the atmospheric correlation time at 0.5 µm.

ref Reference star.

TABLE 2
Data reduction strategies used in this work.

Parameter cADI rADI LOCI point-source LOCI disk
HFF no no yes no

# reference frames all 16 16 16
Exclusion cone (FWHM) N/A 1.5*r 1.5*r 1.5*r

Ref. frame sel. N/A !t Max corr. Max corr.
Na Full FoV Full FoV 50 100
g N/A N/A 1 2

Coe". det. method median median SVD NNLS
Mask zone s no no no yes

8. Description of the proposed programme and attachments

Description of the proposed programme (continued)

B – Immediate Objective: The main objective of this proposal is to firmly confirm the bound nature
of the faint candidate companion. The proper motion, 21.2mas per year, represents 4.4 pixels in three years,
using the finest sampling of NACO (13mas/pixel). With a conservative astrometric precision of 4 mas (1/3 of
a pixel), we can arguably reach a 10σ confidence on the bound nature of the companion, based on the NACO
data only; and more than 10σ if we add the 2005 NICMOS data. Our second, and optional objective is to
confirm and improve the NICMOS H-band photometric measurement. If confirmed, such a discovery would be
of great interest in the context of planet formation models. Not only would it provide new constraints on the
initial conditions of cooling tracks (initial conditions being one of the main sources of uncertainty), but also
give a striking illustration that planets can form far from their parent stars (> 400AU in this case, including
inclination effects), even for low-mass primaries. This would strongly (even unambiguously) favor a formation
scenario based on disk instabilities rather than core accretion, unlike most observations so far. This scenario
would be consistent with the conclusion in Pinte et al. (2008), pointing towards a massive disk very close to the
instability limit, and most strikingly to the prediction made by Panic et al. (2009).

Attachments (Figures)

Fig. 1: Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the
northeast of IM Lup. The disk is detected as an arc to the SW, consistent with previous HST observations.
The right-hand image shows the results of an ADI-like speckle subtraction technique favoring the detection of
point-like sources over extended objects. The detection is clear and unambiguous (> 10σ).
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Fig. 2, left: Re-analysis of archival NICMOS observation of IM Lup obtained in 2005. A point source is detected
at the same location within astrometric error bars as the point source detected 992 days later with NACO (green
circle). Speckles in the image are identified as leftovers of the disk image after roll-angle subtraction, which
favors point-like sources over extended objects. Diffraction spiders pinned speckles are also present. Right:
astrometric analysis of the 2005 NICMOS data and 2008 NACO data. The dark circle is the 2005 data point
with associated error bars. The empty circle is the extrapolation of the position of the object relative to the star
if it was a background object. For that, we use the 21.2 mas/yr proper motion determined by Ducourant et al.
(2005). The gray circle is our NACO data point in 2008, within the error bars of the 2005 NICMOS detection.
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B – Immediate Objective: The main objective of this proposal is to firmly confirm the bound nature
of the faint candidate companion. The proper motion, 21.2mas per year, represents 4.4 pixels in three years,
using the finest sampling of NACO (13mas/pixel). With a conservative astrometric precision of 4 mas (1/3 of
a pixel), we can arguably reach a 10σ confidence on the bound nature of the companion, based on the NACO
data only; and more than 10σ if we add the 2005 NICMOS data. Our second, and optional objective is to
confirm and improve the NICMOS H-band photometric measurement. If confirmed, such a discovery would be
of great interest in the context of planet formation models. Not only would it provide new constraints on the
initial conditions of cooling tracks (initial conditions being one of the main sources of uncertainty), but also
give a striking illustration that planets can form far from their parent stars (> 400AU in this case, including
inclination effects), even for low-mass primaries. This would strongly (even unambiguously) favor a formation
scenario based on disk instabilities rather than core accretion, unlike most observations so far. This scenario
would be consistent with the conclusion in Pinte et al. (2008), pointing towards a massive disk very close to the
instability limit, and most strikingly to the prediction made by Panic et al. (2009).

Attachments (Figures)

Fig. 1: Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the
northeast of IM Lup. The disk is detected as an arc to the SW, consistent with previous HST observations.
The right-hand image shows the results of an ADI-like speckle subtraction technique favoring the detection of
point-like sources over extended objects. The detection is clear and unambiguous (> 10σ).
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Fig. 2, left: Re-analysis of archival NICMOS observation of IM Lup obtained in 2005. A point source is detected
at the same location within astrometric error bars as the point source detected 992 days later with NACO (green
circle). Speckles in the image are identified as leftovers of the disk image after roll-angle subtraction, which
favors point-like sources over extended objects. Diffraction spiders pinned speckles are also present. Right:
astrometric analysis of the 2005 NICMOS data and 2008 NACO data. The dark circle is the 2005 data point
with associated error bars. The empty circle is the extrapolation of the position of the object relative to the star
if it was a background object. For that, we use the 21.2 mas/yr proper motion determined by Ducourant et al.
(2005). The gray circle is our NACO data point in 2008, within the error bars of the 2005 NICMOS detection.
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Description of the proposed programme (continued)

B – Immediate Objective: The main objective of this proposal is to firmly confirm the bound nature
of the faint candidate companion. The proper motion, 21.2mas per year, represents 4.4 pixels in three years,
using the finest sampling of NACO (13mas/pixel). With a conservative astrometric precision of 4 mas (1/3 of
a pixel), we can arguably reach a 10σ confidence on the bound nature of the companion, based on the NACO
data only; and more than 10σ if we add the 2005 NICMOS data. Our second, and optional objective is to
confirm and improve the NICMOS H-band photometric measurement. If confirmed, such a discovery would be
of great interest in the context of planet formation models. Not only would it provide new constraints on the
initial conditions of cooling tracks (initial conditions being one of the main sources of uncertainty), but also
give a striking illustration that planets can form far from their parent stars (> 400AU in this case, including
inclination effects), even for low-mass primaries. This would strongly (even unambiguously) favor a formation
scenario based on disk instabilities rather than core accretion, unlike most observations so far. This scenario
would be consistent with the conclusion in Pinte et al. (2008), pointing towards a massive disk very close to the
instability limit, and most strikingly to the prediction made by Panic et al. (2009).
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Fig. 1: Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the
northeast of IM Lup. The disk is detected as an arc to the SW, consistent with previous HST observations.
The right-hand image shows the results of an ADI-like speckle subtraction technique favoring the detection of
point-like sources over extended objects. The detection is clear and unambiguous (> 10σ).
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Fig. 2, left: Re-analysis of archival NICMOS observation of IM Lup obtained in 2005. A point source is detected
at the same location within astrometric error bars as the point source detected 992 days later with NACO (green
circle). Speckles in the image are identified as leftovers of the disk image after roll-angle subtraction, which
favors point-like sources over extended objects. Diffraction spiders pinned speckles are also present. Right:
astrometric analysis of the 2005 NICMOS data and 2008 NACO data. The dark circle is the 2005 data point
with associated error bars. The empty circle is the extrapolation of the position of the object relative to the star
if it was a background object. For that, we use the 21.2 mas/yr proper motion determined by Ducourant et al.
(2005). The gray circle is our NACO data point in 2008, within the error bars of the 2005 NICMOS detection.
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HURDLES
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ASTROMETRY - 
PROPER MOTION

• Hipparcos proper motion (mas/yr):
• -56.66 	
 -49.97 	
 +/- 	
 15.41 	
 7.31

• Ducourant et al. 2005:
• for young, distant and obscured (thick disk) objects, 

Hipparcos measurement bogus!
• New measurement based on 100+ years of astrometric 

data (> 10 data points)
• PMS (Ducourant 2005): -3 	
  -21 	
 +/-	
 1 	
2

• Consequence: wait 3 times longer for proper motion 
confirmation, alas !!! Patience is a virtue !!! 

18

Friday, March 23, 2012



AGE 

• Redetermined for our work by Sarah Röttinger (J.-C. Augereau, O. Absil):

• Place the star in the HR diagram where the surface temperature is given 
by the spectral type (conversion from Luhman et al (2003) for M dwarfs) 
and the bolometric luminosity for the I and J-band is taken from Kenyon 
and Hartman (1995). Evolutionary models from Siess and Baraffe are then 
used to draw isochrones and evolutionary tracks in the HRDs and to 
interpolate for the observed object. 

• Results for d=140 pc: 0.8 - 1.7 Myr

• Results for d=190 pc: 0.5 - 0.6 Myr
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IN THE MEANTIME: PANIC!

• Panic et al. 2009:
• SMA
• Disk of gas and dust extends to 900 AU 

(vs 400)
• Break in density at 400 AU

• Interpretation: “A companion body.  Another 
explanation for the break in the disc density 
structure around 400 AU would be the 
presence of a companion near this radius. A 
companion of ∼1 MJup at 400 AU could 
open a gap in the disc and affect the viscous 
disc spreading. No companions at this 
separation are visible in the HST images of 
(Pinte et al. 2008) or in K-band direct imaging 
(Ghez et al. 1997).”

276 O. Panić et al.: A break in the gas and dust surface density of the disc around IM Lupi

Fig. 10. Gas surface density in our disc models is plotted as a func-
tion of radius. Within 400 AU, it is identical to the Pinte et al. model
shown with the full blue line. Outside 400 AU, we explore di!er-
ent power-law distributions, each plotted in black and marked with
the corresponding slope p. The models which overestimate the ob-
served 12CO emission are plotted with dashed lines, while those that
underpredict it are shown in dotted lines. The full black lines repre-
sent the models that fit well the 12CO J = 2!1 emission, and de-
fine the shaded region which shows our constraint on "CO/[CO] in the
outer disc, where a CO abundance of [CO] = 10!4 is used. The up-
per limit on "dust g/d placed by scattered light images is shown with
a dark grey line, with a gas-to-dust mass ratio g/d = 100. For com-
parison, the red lines correspond to disc models with an exponential
drop o! as described in Hughes et al. (2008). The model shown with
the long-dashed red line has parameters ! = 0.3, c1 = 340 AU and
c2 = 3.1 " 1024 cm!2 and fits the gas constraints. The model with the
dash-dotted red line ! = 0.6, c1 = 340 AU and c2 = 1.8 " 1023 cm!2

fits the scattered light constraints. No single model with a tapered outer
edge can fit both these constraints and the constraints within 400 AU
simultaneously.

Pinte et al. model (full red line), with the radius of 400 AU, com-
pares well to the observed continuum flux at all projected base-
line lengths. On the other hand, the comparison of the 1.3 mm
visibilities to our extended disc model with "400 = 2"1021 cm!2

and p = 1 shows that the model overestimates emission at short
uv-distances (large spatial scales). A constant dust emissivity of
2.0 cm2 g!1 (emissivity of mm-sized grains, as in Draine 2006)
was used throughout the disc in the calculation of 1.3 mm fluxes.
Our model indicates that any dust present in the outer disc re-
gions must be poor in mm-sized grains, i.e., have low millimetre
wavelength opacities, while dust within 400 AU has likely un-
dergone grain growth as found by Pinte et al. (2008). This fur-
ther supports our choice of " at 0.8 µm when estimating the up-
per limit on dust column (see above). Therefore, a viable model
for the disc of IM Lup consists of an ‘inner’ disc extending to
400 AU as described in Pinte et al. augmented with an ‘outer
disc’ extending from 400 to 900 AU with a significantly reduced
surface density (with negligible mass) but standard gas-to-dust
mass ratio and CO-to-H2 ratios. The SED of this new model
should not di!er significantly to that of Pinte et al. model, and is

therefore expected to provide a good match to the observed SED
of IM Lup.

Hughes et al. (2008) find that the apparent di!erence be-
tween the extent of submillimetre dust and gas emission in sev-
eral circumstellar discs can be explained by an exponential drop-
o! of surface density which naturally arises at the outer edge of
a viscous disc. In Fig. 10 we show how, with a careful choice of
parameters (! = 0.3, c1 = 340 AU and c2 = 3.1 " 1024 cm!2),
the model of Hughes et al. (2008) (red long-dashed line) can
reproduce the surface density distribution of the models which
describe well the 12CO 2–1 line emission. This model, and the
one discussed below, are only examples. A proper modelling of
IM Lup in the context of viscous disc models would require a
revision of the entire disc structure both in terms of temperature
and density, which is outside of the scope of the current work.
We notice that the Hughes et al. models cannot simultaneously
comply with the gas and dust constraints in the outer disc and
the surface density derived by Pinte et al. (2008) in the inner
disc. This is illustrated by the Hughes et al. (2008) model with
parameters ! = 0.6, c1 = 340 AU and c2 = 1.8 " 1023 cm!2,
shown with the red dash-dotted line in Fig. 10. The surface den-
sity of this model outside 400 AU is in agreement with observa-
tional constraints from gas and dust, but it is roughly two orders
of magnitude lower than suface density from Pinte et al. (2008)
within 400 AU.

In the standard theory of viscous discs (see Pringle 1981),
irrespective of the initial density distribution, a radially smooth
surface density distribution with a tapered outer edge is rapidly
reached. If there is a significant change in the nature of the vis-
cosity inside and outside of 400 AU, discontinuities in the equi-
librium surface density may follow. Such changes could, for ex-
ample, result from di!erences in the ionization structure of the
disc or from a drop of the surface density below some critical
level. Here we explore some scenarios that could explain this:

A young disc. An extreme example of such a configuration is
a disc where the inner 400 AU follows the standard picture of a
viscous accretion disc, but where the region outside 400 AU has
not (yet) interacted viscously with the inner disc. This outer re-
gion may be the remnant of the flattened, rotating prestellar core
that has not yet made it onto the viscous inner disc. This config-
uration, reminiscent of the material around the object L1489 IRS
(Brinch et al. 2007), suggests that IM Lup would only recently
have emerged from the embedded phase. L1489 IRS showed
clear inward motion in its rotating envelope. Our observations
limit any radial motions in the gas between 400 and 900 AU to
<0.2 km s!1, or 20% of the Keplerian orbital velocities at these
radii. Furthermore, for the 900 AU structure to survive for the
lifetime of IM Lup of 0.1–0.6 Myr, inward motions cannot ex-
ceed #10!2 km s!1. Any mass inflow is therefore small, and the
material between 400 and 900 AU is likely on Keplerian orbits.

A companion body. Another explanation for the break in the
disc density structure around 400 AU would be the presence
of a companion near this radius. A companion of #1 MJup at
400 AU could open a gap in the disc and a!ect the viscous disc
spreading. No companions at this separation are visible in the
HST images of (Pinte et al. 2008) or in K-band direct imaging
(Ghez et al. 1997). Whether these observations exclude this sce-
nario is unclear: it requires modelling of the orbital evolution of
a companion in a viscously spreading disc and calculation of the
observational mass limits at the age of IM Lup. This is beyond
the scope of this paper.

Gas to dust ratio. While our model is consistent with stan-
dard gas-to-dust and CO-to-H2 ratios beyond 400 AU, this
is not the only solution. Instead of adopting these standard

Excitement meter
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2011 NACO DATA4 Mawet et al.

Fig. 1.— Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the northeast of IM Lup. The
disk is detected as an arc to the SW, consistent with previous HST observations. The right-hand image shows the results of an ADI-like
speckle subtraction technique favoring the detection of point-like sources over extended objects. The detection is clear and unambiguous
(> 10!).
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Fig. 2.— Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the northeast of IM Lup. The
disk is detected as an arc to the SW, consistent with previous HST observations. The right-hand image shows the results of an ADI-like
speckle subtraction technique favoring the detection of point-like sources over extended objects. The detection is clear and unambiguous
(> 10!).

LOCI Damped-LOCI 
(Pueyo et al. 2012)
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AND... BUSTED!!!
And we found... a quasar (or more likely a reddened 

background star)!

NACO 2008

NACO 2011
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CONSTRAINTS

4 Mawet et al.

Fig. 1.— Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the northeast of IM Lup. The
disk is detected as an arc to the SW, consistent with previous HST observations. The right-hand image shows the results of an ADI-like
speckle subtraction technique favoring the detection of point-like sources over extended objects. The detection is clear and unambiguous
(> 10!).
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Fig. 2.— Our March 2008 NACO observations in Ks band, showing a very faint companion (Ks = 21.6) to the northeast of IM Lup. The
disk is detected as an arc to the SW, consistent with previous HST observations. The right-hand image shows the results of an ADI-like
speckle subtraction technique favoring the detection of point-like sources over extended objects. The detection is clear and unambiguous
(> 10!).

COND03
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LESSONS LEARNED FOR 
YOUNG SYSTEMS

• Don’t trust hipparcos measurement > 100 pc, for young 
objects, and objects with disks

• Absolute astrometric precision is a chimera

• Relative astrometric precision between different instruments is 
a nightmare (e.g. HST-NACO, NIRC2-NACO, NICI-NACO)

• Age determination is tricky, depends on distance
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NEW DISK

• New disk around G5V star (STIS, 
Krist et al. 2011, 2012, submitted)

• Faintest disk ever imaged in 
scattered light (excess at 70 μm)

• Inclined ring offset by ~19 AU from 
the star

An Offset Debris Ring Around HD 202628 
Observed with the HST/STIS Coronagraph

John Krist (JPL), Karl Stapelfeldt (GSFC), Dimitri Mawet (ESO), 
Geoff Bryden (JPL), Peter Plavchan (NExSci)

 Targets in HST Program 12291

       Spec     V     D
Name      Type  mag  pc

HD 377     G2V  7.6  39
HD 7590    G0V  6.6  23
HD 38858*   G4V  6.0  15
HD 45184    G2V  6.4  22 
HD 73350*   G5V  6.7  24 
HD 135599   K0V  6.9  16 
HD 145229   G0V  7.5  35 
HD 187897   G5V  7.1  35
HD 201219   G5V  8.0  38 
HD 202628   G2V  6.8  24 
*Yet to be observed

Overview
We are conducting an HST/STIS coronagraphic imaging program (HST 
Cycle 18 GO 12291) to detect scattered light from debris disks around 
nearby (<40 pc) solar-type (G,K) stars that have significant Spitzer-
measured excesses.  To date, eight of the targets have been observed, 
but only one, HD 202628, has a detected disk.  It is seen as an inclined 
ring that is offset by ~19 AU from the star and has a sharp inner edge, 
strongly suggestive of a planetary mass companion interior to the disk, 
like Fomalhaut. It is the faintest disk seen in scattered light so far.

HD 202628 observations and PSF subtraction

We used the STIS coronagraph, which suppresses the diffraction pattern 
wings by 2x-7x.  PSF subtraction is required to remove the remaining star-
light, and typically images of a reference PSF star are taken for this pur-
pose.  In coronagraphic mode, STIS provides only unfiltered imaging over 
the ! = 200 - 1100 nm CCD bandpass.  This very broad range means that 
even tiny differences in color between the target and reference stars can 
result in PSF mismatches and significant subtraction artifacts that could 
hide faint disks. 

To avoid color differences, we used an iterative roll-subtraction algorithm 
that solves for the source and the PSF.  This method has been used for 
Beta Pic (Heap et al.  2000) and HD 207129 (Krist et al. 2010).  Our observa-
tions (2256 sec/exposure) were taken at two orientations of the target 
separated by 28º.  Note that this technique will self-subtract any disk that 
is in a nearly face-on orientation. We also attempted PSF subtraction 
using other targets from our program, but the residuals overwhelmed 
any signal from the disk. 

HD 202628 Quick Facts

Star

Names = HIP 105184, SAO 230622, GJ 9730

Type = G5V

V = 6.8

Mass = 1.044 MSun (Takeda et al., 2007)

Distance = 24 pc

RA = 21h 18m      DEC = -43° 20’

Proper motion = 242 mas/yr

Estimated age (X-ray based) = 1 Gyr ± 0.5 Gyr

Dust

70 µm excess, but no 24 µm

Ldust / Lstar = 1.4 x 10-4 (Koerner et al., 2010)

Tdust < 65 K

N

Unsubtracted
Roll 1

Unsubtracted
Roll 2 ("=28°)

Roll1 - Roll 2
(no rotation registration)

Iterative Roll Subtraction

52”

Signature of a Companion

The HD 202628 disk shows signs of tidal effects from a planetary-mass com-
panion: the dust is in a eccentric ring whose center is offset from the star with 
a sharp inner edge and asymmetric distribution.  It resembles the disk around 
Fomalhaut, though HD 202628 is estimated to be somewhat older (~1 Gyr).  
The apparent disk inner radius is ~163 AU along the SE axis and ~146 AU 
along the NW.  The disk can be seen out to ~10.5” (256 AU) in the SE and ~8.3” 
(203 AU) in the NW.
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Disk radial surface brightness (assuming neutral scattering) measured
as the mean in each column of a 1.6” high band that is oriented along
the apparent major axis.  HD 202628 has the faintest debris disk yet
detected in scattered light (HD 207129 is second at V=23.7 mag/arcsec2). 

Why don’t we detect more disks?

We predicted that half of our targets would have detectable disks, but so far it 
is only one out of eight.  The targets were selected based on the following cri-
teria:

 -  Ld/Lstar > 10-4 to have enough scatterers to be visible to HST
 -  Assumed ring-like dust distribution with "R/R = 0.2 width
 -  Inner predicted ring radius > 1.8” to be well resolved;
       radius estimated from Spitzer-derived dust temperature and an
       assumption of the minimum grainsize (calibrated by analyses of
       HD 207129, HD 9294, HD 10647 disks)
 -  Disk albedo of 10% based on the above analyses
 -  Disk inclination of 30° from edge-on

If the dust in a disk were distributed not in a ring but instead over a large radial 
extent, the surface brightness could decrease below the detection limit.  The 
predicted disk size is dependent on the assumptions of the grain size; if the 
grains were much larger, the disk could be smaller and be hidden within the 
bright residuals near the star.  An albedo <10% would reduce the surface 
brightness, but most of the disks detected so far have comparable or larger al-
bedoes.  If the disk were face-on, it would subtract itself out using our PSF sub-
traction method; however, it is extremely unlikely that more than a couple of 
the targets would be nearly face-on. 

N

6.9” (168 AU) Inclined circle (i = 29° from edge-on, r=168 AU) 
centered on the star fitted by-eye to the SE inner 
edge of the ring.  The apparent semimajor axis is 
along PA=125°. Note that the circle overshoots the 
NW inner edge.

Inclined ellipse (i = 26° from edge-on , e = 0.13) 
fitted by-eye to the visible inner edge of the ring.  
Its major axis (a = 159 AU) is aligned to within ±30° 
of the line of sight.

Inclined circle (i = 26° from edge-on, r=161 AU) 
with center (red cross) offset from the star (white 
cross), fitted by-eye to the inner ring edge.  The 
apparent major axis is along PA=130°. The de-
projected offset of the circle’s center from the star 
is ~18.8 AU.  The image has been median filtered.

Galaxy

A Candidate Companion?

This LOCI-processed L’ image of HD 202628, taken with the 
VLT/NACO coronagraph in November 2010, shows a point source 
inside of the ring.  It is located 5.32” from the star at PA=130°.  The 
red ellipse corresponds to the inclined, star-centered circle shown 
elsewhere here.  The L’ absolute magnitude of 13-14 suggests that 
this would be a fairly massive companion, given the age of the star 
(~1 Gyr), perhaps too massive to have not completely distrupted 
the disk.  There are also a large number of galaxies in the field (it is 
not the galaxy noted on the HST image), so it is also quite possible 
that it is a background source.  We plan to obtain second epoch VLT 
observations to determine if it is co-moving with the star.

An Offset Debris Ring Around HD 202628 
Observed with the HST/STIS Coronagraph
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We are conducting an HST/STIS coronagraphic imaging program (HST 
Cycle 18 GO 12291) to detect scattered light from debris disks around 
nearby (<40 pc) solar-type (G,K) stars that have significant Spitzer-
measured excesses.  To date, eight of the targets have been observed, 
but only one, HD 202628, has a detected disk.  It is seen as an inclined 
ring that is offset by ~19 AU from the star and has a sharp inner edge, 
strongly suggestive of a planetary mass companion interior to the disk, 
like Fomalhaut. It is the faintest disk seen in scattered light so far.

HD 202628 observations and PSF subtraction

We used the STIS coronagraph, which suppresses the diffraction pattern 
wings by 2x-7x.  PSF subtraction is required to remove the remaining star-
light, and typically images of a reference PSF star are taken for this pur-
pose.  In coronagraphic mode, STIS provides only unfiltered imaging over 
the ! = 200 - 1100 nm CCD bandpass.  This very broad range means that 
even tiny differences in color between the target and reference stars can 
result in PSF mismatches and significant subtraction artifacts that could 
hide faint disks. 

To avoid color differences, we used an iterative roll-subtraction algorithm 
that solves for the source and the PSF.  This method has been used for 
Beta Pic (Heap et al.  2000) and HD 207129 (Krist et al. 2010).  Our observa-
tions (2256 sec/exposure) were taken at two orientations of the target 
separated by 28º.  Note that this technique will self-subtract any disk that 
is in a nearly face-on orientation. We also attempted PSF subtraction 
using other targets from our program, but the residuals overwhelmed 
any signal from the disk. 
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Signature of a Companion

The HD 202628 disk shows signs of tidal effects from a planetary-mass com-
panion: the dust is in a eccentric ring whose center is offset from the star with 
a sharp inner edge and asymmetric distribution.  It resembles the disk around 
Fomalhaut, though HD 202628 is estimated to be somewhat older (~1 Gyr).  
The apparent disk inner radius is ~163 AU along the SE axis and ~146 AU 
along the NW.  The disk can be seen out to ~10.5” (256 AU) in the SE and ~8.3” 
(203 AU) in the NW.
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Disk radial surface brightness (assuming neutral scattering) measured
as the mean in each column of a 1.6” high band that is oriented along
the apparent major axis.  HD 202628 has the faintest debris disk yet
detected in scattered light (HD 207129 is second at V=23.7 mag/arcsec2). 

Why don’t we detect more disks?

We predicted that half of our targets would have detectable disks, but so far it 
is only one out of eight.  The targets were selected based on the following cri-
teria:

 -  Ld/Lstar > 10-4 to have enough scatterers to be visible to HST
 -  Assumed ring-like dust distribution with "R/R = 0.2 width
 -  Inner predicted ring radius > 1.8” to be well resolved;
       radius estimated from Spitzer-derived dust temperature and an
       assumption of the minimum grainsize (calibrated by analyses of
       HD 207129, HD 9294, HD 10647 disks)
 -  Disk albedo of 10% based on the above analyses
 -  Disk inclination of 30° from edge-on

If the dust in a disk were distributed not in a ring but instead over a large radial 
extent, the surface brightness could decrease below the detection limit.  The 
predicted disk size is dependent on the assumptions of the grain size; if the 
grains were much larger, the disk could be smaller and be hidden within the 
bright residuals near the star.  An albedo <10% would reduce the surface 
brightness, but most of the disks detected so far have comparable or larger al-
bedoes.  If the disk were face-on, it would subtract itself out using our PSF sub-
traction method; however, it is extremely unlikely that more than a couple of 
the targets would be nearly face-on. 

N

6.9” (168 AU) Inclined circle (i = 29° from edge-on, r=168 AU) 
centered on the star fitted by-eye to the SE inner 
edge of the ring.  The apparent semimajor axis is 
along PA=125°. Note that the circle overshoots the 
NW inner edge.

Inclined ellipse (i = 26° from edge-on , e = 0.13) 
fitted by-eye to the visible inner edge of the ring.  
Its major axis (a = 159 AU) is aligned to within ±30° 
of the line of sight.

Inclined circle (i = 26° from edge-on, r=161 AU) 
with center (red cross) offset from the star (white 
cross), fitted by-eye to the inner ring edge.  The 
apparent major axis is along PA=130°. The de-
projected offset of the circle’s center from the star 
is ~18.8 AU.  The image has been median filtered.

Galaxy

A Candidate Companion?

This LOCI-processed L’ image of HD 202628, taken with the 
VLT/NACO coronagraph in November 2010, shows a point source 
inside of the ring.  It is located 5.32” from the star at PA=130°.  The 
red ellipse corresponds to the inclined, star-centered circle shown 
elsewhere here.  The L’ absolute magnitude of 13-14 suggests that 
this would be a fairly massive companion, given the age of the star 
(~1 Gyr), perhaps too massive to have not completely distrupted 
the disk.  There are also a large number of galaxies in the field (it is 
not the galaxy noted on the HST image), so it is also quite possible 
that it is a background source.  We plan to obtain second epoch VLT 
observations to determine if it is co-moving with the star.
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L’ NACO IMAGING 2010

• L’  / ADI image processed with LOCI
• Detection of a point source (sole point source detected in the whole FoV) > 5 σ

• PA matching that of the disk and radius right at the inner edge!
• L’ absolute magnitude ~ 14 +/- 0.5
• Age very uncertain (0.3-2 Gyr)
• >10 MJ

An Offset Debris Ring Around HD 202628 
Observed with the HST/STIS Coronagraph

John Krist (JPL), Karl Stapelfeldt (GSFC), Dimitri Mawet (ESO), 
Geoff Bryden (JPL), Peter Plavchan (NExSci)

 Targets in HST Program 12291
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Overview
We are conducting an HST/STIS coronagraphic imaging program (HST 
Cycle 18 GO 12291) to detect scattered light from debris disks around 
nearby (<40 pc) solar-type (G,K) stars that have significant Spitzer-
measured excesses.  To date, eight of the targets have been observed, 
but only one, HD 202628, has a detected disk.  It is seen as an inclined 
ring that is offset by ~19 AU from the star and has a sharp inner edge, 
strongly suggestive of a planetary mass companion interior to the disk, 
like Fomalhaut. It is the faintest disk seen in scattered light so far.

HD 202628 observations and PSF subtraction

We used the STIS coronagraph, which suppresses the diffraction pattern 
wings by 2x-7x.  PSF subtraction is required to remove the remaining star-
light, and typically images of a reference PSF star are taken for this pur-
pose.  In coronagraphic mode, STIS provides only unfiltered imaging over 
the ! = 200 - 1100 nm CCD bandpass.  This very broad range means that 
even tiny differences in color between the target and reference stars can 
result in PSF mismatches and significant subtraction artifacts that could 
hide faint disks. 

To avoid color differences, we used an iterative roll-subtraction algorithm 
that solves for the source and the PSF.  This method has been used for 
Beta Pic (Heap et al.  2000) and HD 207129 (Krist et al. 2010).  Our observa-
tions (2256 sec/exposure) were taken at two orientations of the target 
separated by 28º.  Note that this technique will self-subtract any disk that 
is in a nearly face-on orientation. We also attempted PSF subtraction 
using other targets from our program, but the residuals overwhelmed 
any signal from the disk. 

HD 202628 Quick Facts

Star

Names = HIP 105184, SAO 230622, GJ 9730

Type = G5V

V = 6.8

Mass = 1.044 MSun (Takeda et al., 2007)

Distance = 24 pc

RA = 21h 18m      DEC = -43° 20’

Proper motion = 242 mas/yr

Estimated age (X-ray based) = 1 Gyr ± 0.5 Gyr

Dust

70 µm excess, but no 24 µm

Ldust / Lstar = 1.4 x 10-4 (Koerner et al., 2010)

Tdust < 65 K
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Signature of a Companion

The HD 202628 disk shows signs of tidal effects from a planetary-mass com-
panion: the dust is in a eccentric ring whose center is offset from the star with 
a sharp inner edge and asymmetric distribution.  It resembles the disk around 
Fomalhaut, though HD 202628 is estimated to be somewhat older (~1 Gyr).  
The apparent disk inner radius is ~163 AU along the SE axis and ~146 AU 
along the NW.  The disk can be seen out to ~10.5” (256 AU) in the SE and ~8.3” 
(203 AU) in the NW.
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Disk radial surface brightness (assuming neutral scattering) measured
as the mean in each column of a 1.6” high band that is oriented along
the apparent major axis.  HD 202628 has the faintest debris disk yet
detected in scattered light (HD 207129 is second at V=23.7 mag/arcsec2). 

Why don’t we detect more disks?

We predicted that half of our targets would have detectable disks, but so far it 
is only one out of eight.  The targets were selected based on the following cri-
teria:

 -  Ld/Lstar > 10-4 to have enough scatterers to be visible to HST
 -  Assumed ring-like dust distribution with "R/R = 0.2 width
 -  Inner predicted ring radius > 1.8” to be well resolved;
       radius estimated from Spitzer-derived dust temperature and an
       assumption of the minimum grainsize (calibrated by analyses of
       HD 207129, HD 9294, HD 10647 disks)
 -  Disk albedo of 10% based on the above analyses
 -  Disk inclination of 30° from edge-on

If the dust in a disk were distributed not in a ring but instead over a large radial 
extent, the surface brightness could decrease below the detection limit.  The 
predicted disk size is dependent on the assumptions of the grain size; if the 
grains were much larger, the disk could be smaller and be hidden within the 
bright residuals near the star.  An albedo <10% would reduce the surface 
brightness, but most of the disks detected so far have comparable or larger al-
bedoes.  If the disk were face-on, it would subtract itself out using our PSF sub-
traction method; however, it is extremely unlikely that more than a couple of 
the targets would be nearly face-on. 
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6.9” (168 AU) Inclined circle (i = 29° from edge-on, r=168 AU) 
centered on the star fitted by-eye to the SE inner 
edge of the ring.  The apparent semimajor axis is 
along PA=125°. Note that the circle overshoots the 
NW inner edge.

Inclined ellipse (i = 26° from edge-on , e = 0.13) 
fitted by-eye to the visible inner edge of the ring.  
Its major axis (a = 159 AU) is aligned to within ±30° 
of the line of sight.

Inclined circle (i = 26° from edge-on, r=161 AU) 
with center (red cross) offset from the star (white 
cross), fitted by-eye to the inner ring edge.  The 
apparent major axis is along PA=130°. The de-
projected offset of the circle’s center from the star 
is ~18.8 AU.  The image has been median filtered.

Galaxy

A Candidate Companion?

This LOCI-processed L’ image of HD 202628, taken with the 
VLT/NACO coronagraph in November 2010, shows a point source 
inside of the ring.  It is located 5.32” from the star at PA=130°.  The 
red ellipse corresponds to the inclined, star-centered circle shown 
elsewhere here.  The L’ absolute magnitude of 13-14 suggests that 
this would be a fairly massive companion, given the age of the star 
(~1 Gyr), perhaps too massive to have not completely distrupted 
the disk.  There are also a large number of galaxies in the field (it is 
not the galaxy noted on the HST image), so it is also quite possible 
that it is a background source.  We plan to obtain second epoch VLT 
observations to determine if it is co-moving with the star.
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TO BE CONTINUED...
HIGH PROPER MOTION STAR
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LESSONS LEARNED FOR 
EVOLVED SYSTEMS 

• Age determination is prevalent to any further progress

• Evolved system => only more massive companions 
detectable with current and even nextgen systems

• Generally closer (selection effect of course)

• Proper motion analysis should be easy

•  Angular separation of objects makes them easy to detect
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