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PROTOPLANETARY DISK IMAGING�

YOUNG EXOPLANET IMAGING�

INTRODUCTION AND MOTIVATION�
Using high-contrast direct imaging techniques several gas giant planets orbiting young, nearby star have been imaged in the last years. At least some of these stars do not only 
harbor one (or more) gas giant planets, but also a circumstellar (debris) disk. Interestingly, some of these disks shows geometric or morphological evidence for the orbiting planet. 
Examples include a) beta Pictoris that shows warps in its disk and and a tilted inner disk (Lagrange et al. 2010); b) Fomalhaut, where the center of the large debris ring does not 
coincide with the central star (Kalas et al. 2008); and c) LkCa 15, where a young planet candidate was detected inside the large gap of the transition disk (Kraus & Ireland 
2012). Turning this around, one may think that circumstellar disks that show string sub-structures close to the star might be good targets to search for (young) planets…�
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Technique: To image disks around young Herbig Ae/Be stars with high-spatial 
resolution, high contrast and small inner working angles (IWA) we use VLT/
NACO in polarimetric differential imaging (PDI) mode in the H and K band. By 
subtracting two simultaneously recorded images from each other that have 
been taken through linear polarizers with orthogonal polarization directions, 
the light form the central star cancels out –it’s largely unpolarized – and the 
protoplanetary disks are revealed because photons scattered from dust grains 
on the disk surface are polarized. IWAs around 0.1’’ are robustly obtained. �
�
Key Results (see also Fig. 1): �
HD100546: The disk rim around ~15 is AU detected; there’s a lack of 
polarized flux detected along the northern direction; the backside of the disk 
appears brighter in polarized light than the front side (Quanz et al. 2011). �
�

HD169142: Face-on disk with an inner hole (<20 AU), then bright, unresolved 
disk rim (~25 AU), then annular gap (~40–70 AU), then outer disk out to 
~250 AU; brightness asymmetries are seen in disk rim (Quanz et al. 2013b). �
�

HD142527: Large asymmetric and eccentric inner disk hole and no indication 
for large amount of dust close to the star; several spiral arms; lack of 
polarization in two locations (Avenhaus et al. in prep.). �
�

SAO206462: Large Inner cavity in disk (<28 AU) followed by bright rim; two 
main spiral arms plus additional fainter features (Garufi et al. in prep.). �
�
Main conclusion: Disks show huge diversity in structures and geometries. �
�
Main questions: What’s creating these structures? Planets? Instabilities? �
 �

Technique: The search for (young) exoplanets is done in Angular Differential Imaging 
(ADI) mode in the L’ filter (~3.8 micron) with (or without) the Apodizing Phase Plate 
(APP) coronagraph at VLT/NACO. Prime targets are disks that show sub-structures 
possible introduced by planet-disk interaction (see above). The data reduction is done 
with PynPoint a Principal Component Analysis based software package for high-
contrast exoplanet imaging (Amara & Quanz 2012). �
�
Key Results (see also Fig. 2): A protoplanet candidate is detected in the disk around 
the Herbig Ae/Be star HD100546 (d = 97 pc, age = 5 – 10 Myr, B9Vne; Quanz et 
al. 2013a). The L-band source is found exactly along the direction where the disk 
shows a lack of polarized light in the PDI images (see above). The deprojected 
separation from the central star is ~68 AU and the emission appears slightly 
extended. The apparent brightness in L’ is 13.2±0.4 mag and the minimum luminosity 
is estimated to be 410-4 L. Best explanation combining the results from the PDI 
and the ADI images is gas giant planet in the process of formation. �
�

New data from early 2013 confirm first results. The object is re-detected in L’ and 
newly detected in M’ and first astrometric analysis indicates common proper motion 
with the central star. The emission appears again extended with a clear point source 
component at least in L’. Images obtained at shorter wavelengths in the Ks filter are 
currently analyzed, but so far object is not clearly detected. Color and brightness 
analyses are ongoing. �
�
Main conclusion: A planet might indeed be forming in the HD100546 disk. �
�
Main questions: What’s the underlying physics that leads to the formation of such an 
object? What is the extended component and what’s the heating source? �
�
�

A protoplanet candidate embedded in the circumstellar disk of HD100546 3

Fig. 1.— NACO/APP L′ images of the circumstellar environment of HD100546. From left to right: Final PynPoint images of hemisphere
1 and hemisphere 2 and final LOCI image of hemisphere 1. An emission source is clearly detected in left and right panel. The shaded area
indicates the region that was only covered by the low sensitivity hemisphere of the APP. The images are scaled with respect to their peak
flux.

It showed that the observed emission can be explained
with a point source plus some extended component. For
the point source the projected separation amounts to
∼0.48′′±0.04′′ (∼ 47±4 AU). The uncertainties in the ex-
act location of the central star and the point source com-
ponent in x and y on the detector were 0.5 and 1 pixel,
respectively. The position angle of the point source with
respect to the star is ∼8.9◦±0.9◦. This error excludes
any systemic error in the orientation of the camera with
respect to the true celestial north, which is estimated to
be !0.5◦ based on calibration data from an ongoing large
imaging program (PI: J.-L. Beuzit).
To estimate the brightness of the point source we in-

serted artificial negative planets in the individual expo-
sures and re-ran PynPoint. For the fake objects we
used an unsaturated PSF of HD100546 from one of the
photometric calibration datasets. To scale the flux of
these objects, the difference in exposure time between
the science and the calibration images had to be con-
sidered as well as the transmission curves of the two
different filters6. Using published L-band spectra for
HD100546 from ISO and VLT/ISAAC (Geers et al. 2007,
and references therein) we derived a throughput fraction
of ∼0.074± 0.002 for the narrow band filter compared to
the broadband L′ filter. The error arises from changes
in the Pfγ line emission in HD100546 between the two
datasets suggesting that the NB3.74 filter traces variable
accretion activity. Also the whole NIR and MIR contin-
uum varies with an offset of a factor of ∼1.25 between
the two datasets of Geers et al. (2007), which impacts
the error in the final photometry.
For our contrast estimates we varied the brightness of

the injected fake sources in steps of 0.1 mag and used
two independent methods. First, we searched for a neg-
ative source that, when subtracted, yielded a remaining
flux at the object’s location similar to the flux level in
the surroundings, i.e., in the extended flux component.
Secondly, we canceled out all the flux at the object’s lo-
cation. Our best estimate contrasts were ∆L′ = 9.0±0.3
mag and ∆L′ = 8.3± 0.3 mag for both methods, respec-
tively. A contrast closer ∆L′ ≈ 9.0 mag appears to be
more likely, as strong residuals become present in the

6 see, http://www.eso.org/sci/facilities/paranal/instruments/
naco/inst/filters.html for transmission curves of the NACO filters.

vicinity of the object – not at the object’s location itself
– if we cancel out its peak flux completely. For the rest
of the analyses and discussion we use ∆L′ ≈ 9.0 mag
as default value. The key points of the discussion and
conclusions remain unchanged for a smaller value of the
contrast.
The observed flux densities for HD100546 based on

the spectra mentioned above translate into an apparent
brightness of L′ ≈ 4.1 . . . 4.3 mag, which fits well to the
L= 4.02± 0.06 mag reported in de Winter et al. (2001).
Hence we derive an apparent magnitude of L′=13.2 ± 0.4
mag for the point source component. Here the error is
the root of sum of squares of 0.3 mag for the uncertainty
in the contrast and ∼0.25 mag for the uncertainties in
the MIR continuum. Compared to these uncertainties
the variability of the Pfγ line flux and the intrinsic error
in our photometric observations are negligible.

3.2. Estimating the minimum luminosity

Assuming that the flux of the point source peaks in
the L′ filter we can estimate its blackbody temperature
using Wien’s law. We can then derive a lower limit on
the object’s luminosity by taking into account its appar-
ent L′ magnitude and its distance. Integrating over all
frequencies this exercise yields a minimum luminosity of
L " 4 · 10−4L$.

3.3. Interaction with the circumstellar disk?

The VLT/NACO PDI data presented in Quanz et al.
(2011b) have sufficient spatial resolution and inner work-
ing angle to probe the disk surface on scales relevant for
the APP dataset. Those NIR observations revealed sub-
structures in the disk in the inner few tens of AU. In
particular the existence of a disk “hole” was suggested
as both the final polarization intensity images as well as
the polarization fraction images in H and Ks revealed a
local flux deficit at the same location.
In Figure 2 we show the large scale disk environment

revealed by HST/ACS (Ardila et al. 2007) and then,
zooming in the inner disk regions, the polarization frac-
tion image of the PDI study. We overplot in red the
contours of the object detected here. The disk is in-
clined by ∼47◦±3◦ and the position angle of the disk
major axis is ∼138◦±4◦ (Quanz et al. 2011b). If the
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Fig. 2.— The HD100546 disk on different scales. In the HST/ACS image obtained in the F814W filter (left) the circumsteller disk
around HD100546 can be traced out to a few hundred AU in scattered light (Ardila et al. 2007). The inner disk regions (∼1′′ in radius)
are hidden behind the coronagraph or suffer from PSF subtraction residuals. The polarization fraction image (left) obtained at the VLT
in PDI mode in the H band (Quanz et al. 2011b) probes regions very close to the star, enabling the detection of disk asymmetries not
accessible with other imaging techniques. The position of the planet candidate is overlaid in the PDI image. North is up and east to the
left in both images.

disk surface was smooth and azimuthally symmetric, the
disk image shown in Figure 2 should be mirror symmet-
ric with respect to the disk minor axis running with a
position angle of ∼48◦ through the image center (Quanz
et al. 2011b). However, there are clear asymmetries in
form of a deficit in polarization fraction in northern di-
rection, i.e., along the position of the detected object.
Based on Figure 2 the disk “hole” extends to larger sep-
arations and appears more like a “wedge”. As discussed
in Quanz et al. (2011b) the underlying physical reason
for this feature is not clear at the moment (e.g., drop
in surface density, disk surface geometry, changing dust
properties). However, finding an asymmetry at this spe-
cific location renders plausible a physical link between
those structures and the source detected here.

4. DISCUSSION

4.1. The image of an embedded exoplanet?

Based on the object’s position angle, the disk incli-
nation and the distance to HD100546, the object’s de-
projected separation from the central star is∼68±10 AU,
i.e., within the large circumstellar disk. Different scenar-
ios to explain both the L band emission and the observed
disk structure can be assessed:
Background source: A background source would be ob-

served through the HD100546 disk. Based on the disk
model presented in Mulders et al. (2011) background
flux in the L band should be attenuated by a factor of
∼6.7·10−3 ≈ 5.4 mag at a location of ∼70 AU7. Taking
this factor into account we used the Besancon galactic
model (Robin et al. 2003) to estimate the number of ob-
jects in the apparent magnitude range 7 mag ≤ L ≤ 9
mag. This yielded ∼330 objects in a 2 square degree
patch on the sky centered around HD100546. This num-

7 This factor does not include that the object is seen through an
inclined disk which would yield an even higher optical depth.

ber translates into a probability of having such a physi-
cally unrelated source in a 1′′ × 1′′ field of view around
the star of p = 1.3 · 10−5. Furthermore, the fact that the
L band emission appears to be extended argues against
a background object.
Disk feature: The observed L′ brightness and mini-

mum luminosity are difficult to explain with disk-internal
processes alone as the expected temperature in the disk
mid-plane at the location of the source is only ∼50 K
(Mulders et al. 2011). Furthermore, we are not aware
of shock-processes that act only locally and might lead
to the observed luminosity in a disk that appears to be
not very massive. If it was scattered light that we see,
one would expect that also in the NIR a maximum in
scattered light would be seen. Using the PDI images as
tracer for scattered light we find a local minimum here
as described above.
Photospheric emission: If the observed point source

flux arose solely from the photosphere of a young object
the COND and DUSTY models suggest masses between
∼15 – 20 MJupiter for an age of 5 – 10 Myr (Baraffe
et al. 2003; Chabrier et al. 2000). Models with lower
specific entropy in the initial conditions for the formation
process predict even higher masses (cf. Spiegel & Burrows
2012). Classical binary formation via core fragmentation
or formation via disk instability when the disk was still
massive would be the preferred formation mechanisms
for an object of this mass. In this case the object formed
roughly coeval with the star and would have had time
to significantly alter the structure of the main disk, e.g.,
dynamically clearing a large azimuthal gap, which has
not been observed.
Ejected planet: Another massive planet is thought to

be orbiting in the inner disk gap (e.g., Acke & van den
Ancker 2006; Tatulli et al. 2011) and we speculate that
dynamical interactions between multiple planets and the
disk could have led to an ejection event. The emission

Figure 1: HD100546 (top left, Quanz et al. 2011); �
HD169142 (top right, Quanz et al. 2013b); �
HD142527 (lower left, Avenhaus et al. in prep.); SAO206462 (lower right, Garufi et al. In prep.) �

Figure 2 �
Detection of a 
protoplanet candi-
date in the disk 
around HD100546 
at a separation of 
68 AU (top and 
middle row; Quanz 
et al. 2013a). �
New data from 
early 2013 in L’ 
and M’ (bottom 
row). Protoplanet 
clearly redected in 
both filters. �
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