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Marois et al, 2008, 2010; Lagrange et al. 2010; Rameau et al. 2013a,b; Kuzuhara et al. 2013

HR8799

beta Pictoris

HD95086

Gas giant planets do exist at wide orbital separations...

GJ 504



From RV planet searches:

• # of gas giant planets strongly 
increases with period 

• Early-type stars have higher 
frequency of giant planets within 3 
AU (~26+9

-8 % vs. ~10% for solar-
type stars) and also increasing for 
longer periods

Mayor et al. 2011 (arxiv:1109.2497); Bowler et al. 2010; also Johnson et al. 2007a,b, 2010

...and their peak occurrence rate is somewhere >4 AU 

M. Mayor et al.: The HARPS search for southern extra-solar planets

planetary rate:  14% ± 2
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Fig. 6. Same as Fig. 5 with detection probability curves super-
imposed. These detection probabilities are valid for the whole
sample of 822 stars. After correcting for the detection bias, the
fraction of stars with at least one planet more massive than
50 M⊕ and with a period smaller than 10 years is estimated to be
14± 2 %. The red points represent the planets which have been
used to compute the corrected occurrence rate in the box indi-
cated by the dashed line. The planets lying outside the box or
being part of a system already taken into account are excluded;
they are shown in black.

to the habitable zone around the stars as being of no significance
the time being. This is also true for the distribution towards very
low masses, at any given period. An exponential extrapolation of
the mass distribution towards very low mass planets is not jus-
tified if, for instance, a third, distinct population of Earth-mass
planets is supposed, as suggested by Monte-Carlo simulations of
planet population synthesis based on the core-accretion scenario
(e.g. Mordasini et al. 2009b,a).

Based on the η-Earth survey carried out at Keck observa-
tory, Howard et al. (2010) have derived an estimate of the oc-
currence rate of low-mass planets on tight orbits (≤ 50 days) as
well as their mass distribution. The comparison of our results
in the same range of parameter space with the eta-Earth esti-
mate is given in Table 2. The results are also shown graphically
in Fig. 9, where the occurrence rate is indicated for the boxes
defined by Howard et al. (2010). As a result of our much larger
stellar sample, but also due to the better sensitivity of HARPS
with regard to low-mass planets, the number of detected plan-
ets is significantly larger than the one issued from the Keck sur-
vey. This is specifically important for super-Earths and Neptune-
mass planets (see Fig. 2. Our estimate for the occurrence rate
of planetary systems is stunningly large. Table 1 lists the esti-
mation of the frequency of planetary systems for different part
of the m2 sin i − log P plane. We should emphasize for example
that 75 % of solar type stars have a planet with a period smaller
than 10 years. This result is limited to the domain of detectable
planets, and does not involve extrapolations out of that domain.
Another interesting result is obtained for the low-mass planets
on tight orbits: about half of solar-type stars is an host of this
type of planets.
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Fig. 7. Same as Fig. 5 but only for the HARPS subsample. The
occurrence rate of planetary systems in the limited region be-
tween 3 and 100 M⊕, and with P < 1 year, is 47 ± 7 %. Again,
only the red dots and the blue triangles (candidates) have been
considered for the computation of the occurrence rate.
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Fig. 8. Histogram of the planet frequency for planets with masses
(m2 sin i > 50 M⊕). The occurrence rate for gaseous giant planets
is strongly increasing with the logarithm of the period log P.

Despite the significant size of our sample of 822 stars, the
number of hot Jupiters is quite small (5 planets with P <
11 days). The estimated frequency, 0.9 ± 0.4% is compatible
with previous estimates. (For a more complete discussion of the
CORALIE-alone sample we refer to Marmier et al. (in prep). We
know that the mass distribution of planets hosted by G dwarfs
is different from its equivalent for planets hosted by M dwarfs
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Disk surface layer is 
probed!

Polarimetric Differential Imaging (PDI) probes relevant disk regions



Kuhn et al. 2001; Apai et al. 2004; Hales et al. 2006; Oppenheimer et al. 2008; Perrin et al. 2009

HD169142
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PDI is not a new technique...
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Hashimoto et al. 2011; Quanz et al. 2011,2012; Kusakabe et al, 2012; Grady et al. 2013; Folette et al. 2013; Garufi et al. 2014
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...but in the last 3 years a lot of new results came out
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Muto et al. 2013; Garufi et al. 2013; Avenhaus et al. 2014; Canovas et al. 2013; Tsukagoshi et al. 2014; Mayama et al 2012; Hashimoto et a;. 2012

AB Aur

SAO206462
HD135344B

SAO206462
HD135344B

HD142527 HD142527

H. Canovas et al.: Near-infrared imaging polarimetry of HD 142527

Fig. 1. Processed images of HD 142527 (top row) and HD 161743 (bottom row) in H band. From left to right: intensity image (I) in logarithmic
scale, Stokes Q, U and PI images in linear scale. For comparison purposes, HD 161743 has been scaled by an arbitrary factor. Units are given in
counts. The area corresponding to the saturated pixels (rsat ≤ 0.32��) in HD 142527 has been masked out in all images. The polarized images of
HD 142527 show a complex structure, while the comparison star only shows remnant noise. In all images north is up and east is left. This applies
to all the figures in this paper.

Fig. 2. Idisk images at H band. Left: without rotating the flux-scaled
HD 161743 image. Right: rotating the HD 161743 image to match the
spider’s pattern (indicated by dashed-lines) in the HD 142527 image.
The innermost (r ≤ 0.67��) regions are masked out to remove arti-
facts. The white arrows point to previously identified ghosts, which are
enhanced when rotating the PSF to correct for the spiders. Bar units
are given in counts. The bright path to the east, immediately above the
dotted spider line, is an artifact of the PSF-subtraction process.

PI (top row) and Idisk (bottom row) images at H (left column)
and Ks band (right column). The two PI images are plotted with
the same color scale, as is done with the Idisk images in the bot-
tom row. All the bright clumps in the Idisk image at Ks band are
caused by instrumental, unpolarized artifacts. The overall disk
structure recovered from the PSF-subtracted images matches
previous images at Ks band (Fukagawa et al. 2006; Casassus
et al. 2012) and L band (Rameau et al. 2012) well. The polar-
ized signal inside the gap is within 3σPI of the sky background.
We estimated σPI of the background by computing the median
of the standard deviation in four sky regions (5 × 5 px each) of
the PI image. There is a marginal detection of the spiral feature
(PA ≈ 260◦) labeled as “2” in Fig. 2 by Casassus et al. (2012).
Both the PSF-subtracted and the PI images at H and Ks bands
show two nulls or gaps at position angles of PA: [340◦ to 10◦]
(northern null) and PA: [130◦ to 165◦] (southern null). Inside the
cavity, the best detection limit for a point source in the intensity

Fig. 3. PI (top row) and Idisk (bottom row) images at H (left column) and
Ks band (right column) of HD 142527. Masked area in the PI images
cover the saturate region, while in the PSF-subtracted images cover the
artifact-dominated regions. The PI are plotted with the same scale to
enhance differences/similarities. The same is done with the Idisk images.
The bright patch in the Idisk image at north-east direction in Ks band is
an artifact due to the PSF-subtraction (as it is the bright path on the east
direction in the Idisk image at H band, see also the caption in Fig. 2).
Color bar units are given in counts.

image is ∆mH = 5.5 mag at 0.6�� from the central star. In polar-
ized intensity, the best 3σ limit is 13.5 mags/arcsec2 at the same
position. With these limits we do not detect the HCO+ streamers
claimed by Casassus et al. (2013) and cannot verify the putative
companion claimed by Biller et al. (2012).

4.1. Brightness asymmetries and color of the PI images

The eastern side of the disk is more extended than the western
side in the PI images at both H and Ks bands. The eastern side

A123, page 5 of 10

Sz91

2MJ1604-2130 PDS70

...but in the last 3 years a lot of new results came out



AB Aur

Have learned anything about planet formation?
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4 case studies:

SAO206462 HD169142 HD100546A&A proofs: manuscript no. ms

Fig. 10. Best-fit models for the LkCa 15 disk. The columns represent the four epochs of observation, K1–K4. (a–d) ADI output images from
science data; (e–h) ADI output images from the simulated model disks; (i–l) science–model subtraction residuals at the same linear stretch; (m–p)
unprocessed model disk images at logarithmic stretch; (q–t) S/N maps of the science ADI output images at a linear stretch of [−5σ, 5σ]; (u–x)
S/N maps of the subtraction residuals at the same stretch.
Article number, page 12 of 24

LkCa 15

0 planets (yet) 1 planet 2(?) planets 2(?) planets



Is there a planet hiding in the disk of SAO206462?

Different cavity sizes for different observing wavelengths (i.e., grain sizes)

Muto et al. 2013; Garufi et al. 2013

PDI images in the NIR

•Inner cavity <28 AU
•Strong spiral arm structure



Is there a planet hiding in the disk of SAO206462?

Different cavity sizes for different observing wavelengths (i.e., grain sizes)

Muto et al. 2013; Garufi et al. 2013; Perez et al. 2014; also, Brown et al. 2009

PDI images in the NIR ALMA / SMA image

•Inner cavity <28 AU
•Strong spiral arm structure

•Inner cavity ~40-45 AU
•Some brightness asymmetry



Garufi et al. 2013; e.g., Pinilla et al. 2012; Zhu et al. 2012; de Juan Ovelar et al. 2013

Rcavity ~ 23 AU

Is there a planet hiding in the disk of SAO206462?

Dust filtration due to the presence of a planet might explain different cavity sizes

See also poster from 
Ke Zhang



Is there a planet hiding in the disk of SAO206462?

NACO PDI image scaled to ALMA resolution ALMA / SMA image



The planet candidate in the LkCa 15 disk

Thalmann et al. 2011,2014

Scattered light Subaru KsA&A proofs: manuscript no. ms

Fig. 10. Best-fit models for the LkCa 15 disk. The columns represent the four epochs of observation, K1–K4. (a–d) ADI output images from
science data; (e–h) ADI output images from the simulated model disks; (i–l) science–model subtraction residuals at the same linear stretch; (m–p)
unprocessed model disk images at logarithmic stretch; (q–t) S/N maps of the science ADI output images at a linear stretch of [−5σ, 5σ]; (u–x)
S/N maps of the subtraction residuals at the same stretch.
Article number, page 12 of 24

•Inner cavity <40-50 AU
•Eccentric cavity?
•Strong forward scattering

Not PDI! 



The planet candidate in the LkCa 15 disk

Thalmann et al. 2011,2014; Kraus & Ireland 2012; Andrews et al. 2011

SMA 850 micron + Keck aperture maskingA&A proofs: manuscript no. ms

Fig. 10. Best-fit models for the LkCa 15 disk. The columns represent the four epochs of observation, K1–K4. (a–d) ADI output images from
science data; (e–h) ADI output images from the simulated model disks; (i–l) science–model subtraction residuals at the same linear stretch; (m–p)
unprocessed model disk images at logarithmic stretch; (q–t) S/N maps of the science ADI output images at a linear stretch of [−5σ, 5σ]; (u–x)
S/N maps of the subtraction residuals at the same stretch.
Article number, page 12 of 24

•Inner cavity <40-50 AU
•Eccentric cavity?
•Strong forward scattering

•Cavity with comparable radius
•Companion candidate in the cavity

Scattered light Subaru Ks

Not PDI! 

See also poster from 
Andrea Isella



Quanz et al. 2013

HD169142 - sequential planet formation?

H band PDI image

•Inner cavity <25 AU
•Annular gap ~40-70 AU



Quanz et al. 2013; Osorio et al. 2014

HD169142 - sequential planet formation?
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Fig. 1.— VLA images of the 7 mm dust thermal emission in several array configurations.
Panels (a) and (b) show, respectively, the CnB and B configuration images. Panel (c) shows
the image obtained by combining the CnB, B, and A configuration visibilities with a uvrange
<1500 kλ (rms=18 µJy beam−1; beam=0.23�� × 0.16��, PA=5◦). Panel (d) shows an overlay
of the image shown in panel (c) (contours) and the VLT/NACO H-band (1.6 µm) polarized
light image from Quanz et al. (2013) (color-scale). Saturated pixels in the central region of
the H-band image have been masked out. In all panels, contour levels are −3, 3, 5, 7, 9, and
11 times the rms. Synthesized beams are plotted in the lower-right corners. The apparent
decrease of the 7 mm emission in the north and south edges of the source is most probably
a consequence of the elongated beam. The larger cross marks the position of the HD 169142
star and the smaller one that of the protoplanet candidate.

H band PDI image 7 mm VLA

•~5 sigma ‘overdensity’ - planet?•Inner cavity <25 AU
•Annular gap ~40-70 AU



Quanz et al. 2013; Reggiani et al. 2014; also Biller et al. 2014

HD169142 - sequential planet formation?

H band PDI image L band high-contrast image 

•7mm source not detected in L’•L band point source
•Not (yet) detected in J with GPI
•Not detected with MagAO

•Inner cavity <25 AU
•Annular gap ~40-70 AU



Avenhaus et al. 2014; Quanz et al. 2011

0.5"

HD100546 - sequential planet formation again?

H band PDI image

50 au

•Inner cavity <14 AU
•Brightness asymmetry



Avenhaus et al. 2014; Quanz et al. 2011; Brittain et al. 2013,2014

0.5"

HD100546 - sequential planet formation again?

H band PDI image

50 au

E.
E

PA=140o

2006
vp=+6±1 km s-1

=47±10o

PA= 5o E of N

2013
vp= 6±1 km s-1

=133±10o

PA=105o E of N

2003
=0o

PA= 40o E of N
2010
vp= 1±1 km s-1

=97±7o

PA=60o E of N

The Astrophysical Journal, 791:136 (7pp), 2014 August 20 Brittain et al.

Table 3
Properties of Excess CO v = 1–0 Emission

Date Scaled Equivalent Excess Equivalent Doppler Shift FWHM Position Angle Orbital Phase Red Blue
Widtha Width of Excess of Excess of Excess of Excessb Offset Offset

(10−2 cm−1) (10−2 cm−1) (km s−1) (km s−1) (mas) (mas)

2003 Jan 7 4.50 ± 0.14 · · · · · · · · · −40◦ 0◦ 12.7 ± 3.3 14.0 ± 3.3
2006 Jan 14 5.69 ± 0.59 1.19 ± 0.61 +6 ± 1 6 −5◦ 47◦ ± 10◦ 1.6 ± 4.3 17.8 ± 4.3
2010 Dec 23 6.39 ± 0.57 1.89 ± 0.58 −1 ± 1 12 60◦ 97◦ ± 7◦ 5.7 ± 4.8 25.9 ± 4.8
2013 Mar 18 5.89 ± 0.20 1.12 ± 0.15 −6 ± 1 6 105◦ 133◦ ± 10◦ 10.9 ± 0.9 35.8 ± 0.9

Notes.
a The spectra were scaled such that the average hot band line profiles observed in 2006 and 2010 had the same equivalent widths as the average line profile observed
in 2003.
b The phase is measured counter clockwise from the northwest end of the semimajor axis of the disk.

(A)

CO Emission 
2003: Black
2006: Red
2010: Blue
2013: Green

OH Emission
2010: Black
2013: Red

(B)

Figure 3. Multi-epoch observations of the of the OH (panel (A)) and CO
(panel (B)) lines. In panel (A), the average of the OH emission lines observed in
2010 (black) and 2013 (red) are plotted over one another. Both lines have been
scaled to a constant equivalent width. The difference between these spectra is
plotted above. While the equivalent width of the lines varied, the shape of the
lines has not varied to within the signal to noise of our measurement. In panel
(B) we plot the overlapping region of the CO spectra observed over four epochs.
The spectra have been scaled so that the equivalent width of the average of the
hotband lines is constant. While the shape of the hotband lines has not changed
over the four epochs spanning 2003–2013, the v = 1–0 P26 line has varied. In
2006, the P26 line shows a red excess relative to the 2003 spectrum. In 2010,
the excess shows a minimal Doppler shift (−1 ± 1 km s−1) relative to 2003. In
2013, the P26 line shows a blueshifted excess.
(A color version of this figure is available in the online journal.)

vary relative to previous epochs (Figures 3(B) and 4(A)–(D)).
We analyze the CO v = 1–0 emission using the procedure and
rationale outlined in Paper II. We first normalize the spectrum
so that the CO hotband lines have the same equivalent width as
in the 2003 spectrum. Table 3 shows the scaled EW of the CO
v = 1–0 emission in the resulting spectrum. We then subtract
the 2003 spectrum to obtain the spectrum of the CO v = 1–0
excess emission component (Figure 4). The EW of the excess
CO emission component and its velocity centroid and FWHM
are shown in Table 3 where they are compared with the values
from all earlier epochs.

As described in Paper II and summarized in Table 3, between
2003 and 2006, the red side of the P26 line brightened, the spatial
offset of the red side of the line decreased, and the CO excess
emission component had a velocity centroid of +6 ± 1 km s−1

(compare Figures 4(A) and (B)). Similarly, in 2010 the P26 line
brightened further, and the excess emission was centered near
zero velocity (−1 ± 1 km s−1). In this part of the line profile,
the spatial centroid of the line became offset further to the east
(Figure 4(C)). In the 2013 epoch reported here, the blue side of
the P26 line is again brighter than in 2003 and the excess is now
blueshifted (−6 ± 1 km s−1). The spatial centroid of the red side
of the line is comparable to that in 2003 (Table 3), but the blue
side of the line is now extended further to the east (Figure 4(D)).

4. DISCUSSION

4.1. Orbital Analysis

In Paper II, we suggested that the variations in the v =
1–0 line emission could be explained by the presence of a
spatially concentrated source of CO emission that orbits the
star within the disk wall. A schematic of this scenario is shown
in Figure 4(E). We can obtain a rough constraint on the orbit of
the CO excess component given the velocity centroids observed
in 2006, 2010, and 2013. Assuming a system inclination of
42◦ (Ardila et al. 2007; Pineda et al. 2014) and a stellar mass
of 2.4 M#, we fit a circular orbit to the measured velocities
with the orbital radius R and the orbital phase of the excess in
2003 as free parameters. The result of a χ2 fit (Figure 5) gives
R = 12.9+1.5

−1.3 AU and an orbital phase of φ = 6◦+15◦
−20◦ , where

φ = 0◦ corresponds to the NW end of the semimajor axis. If
we adopt a higher inclination (e.g., 50◦; compare for example
Quanz et al. 2011 and Panić et al. 2014), our best fit shifts to
R = 14.0+1.6

−1.3 AU and an orbital phase of φ = 15◦+13◦
−15◦ .

Hence, the velocity centroids at the three measured epochs
are consistent with circular motion and locate the excess source

4

High dispersed M band spectroscopy

•Fundamental CO ro-vibrational lines
•Hot-band lines static
•v=1-0 P26 line varies

•Spectro-astrometric signal   
  consistent with orbiting body

•Inner cavity <14 AU
•Brightness asymmetry



Avenhaus et al. 2014; Quanz et al. 2011, 2013, under review

0.5"

HD100546 - sequential planet formation again?

H band PDI image

50 au

•Inner cavity <14 AU
•Brightness asymmetry

L and M band high contrast images

•Point source + plus extended emission at 0.48’’
•Very red: L=13.9 mag; M=13.3 mag; K>15.4 mag
•Teff ~ 1030 K; R = 6 RJupiter; L = 2.3*10-4 LSun



Avenhaus et al. 2014; Quanz et al. 2011; Pineda et al. 2014

0.5"

HD100546 - sequential planet formation again?

H band PDI image

50 au

•Inner cavity <14 AU
•Brightness asymmetry

ALMA dust continuum data for HD100546
ALMA observations of HD100546 3

Fig. 1.— Top left panel shows the HD100546 dust continuum emission at 870µm. Remaining top row panels show the dust continuum
emission predicted by models for different outer radii of millimeter-sized dust particles. Bottom panels show the difference between data
and each model. Dotted lines show the major and minor axes direction from the visibility fit. Contours are shown at [3,6,12,24,48,96]× rms,
where rms is 5.7mJy beam−1, with negative contours shown by dashed lines. Filled circles show the positions of the two planet candidates
identified (Brittain et al. 2013; Quanz et al. 2013). The synthetized beam, 0.93��×0.37�� (PA=39◦), is shown at bottom left corners.

Fig. 2.— De-projected and de-rotated uv-distances. Top and
bottom panels show the real and imaginary components. The red
curve shows the best fit model for a ring with an inner radius fixed
at 14 au.

From the dust emission model comparison and by the

position of the null in the visibilities it is clear that

the bulk of the millimeter-sized dust particles are con-

tained within a 60 au radius. How is it possible to keep

the millimeter-sized dust particles within 60 au? In or-

der to study how well coupled the millimeter-sized par-

ticles are to the gas, we calculate the Stokes number,

St=
√
2π ρs a/Σgas (Garaud et al. 2013, see also Birnstiel

et al. 2010), where ρs is the solid density of particles,

which we assume to be 1 g cm
−3

for silicates, a=1mm

is the particle size, and Σgas is the surface density of

the gas disk. Using Σgas(r)=18 (r/au) g cm−2
(Mulders

et al. 2013) the Stokes number at 50 au is approximately

unity, suggesting that millimeter-sized particles are only

marginally coupled to the gas. Consequently, we expect

that they can be subject to radial drift.

Radial drift alone could remove millimeter-sized par-

ticles from large radii (Weidenschilling 1977; Fouchet

Fig. 3.— The CO (3–2) moment maps for the HD100546 disk.
The zeroth moment (velocity integrated intensity) map is over-
laid in contours shown at [3,6,12,24,48,96]×rms, where rms is
0.125 Jy beam−1 km s−1. The first moment (intensity weighted ve-
locity) map is shown in color. Dotted lines show the major and
minor axes obtained from fitting the dust continuum visibilities.
Filled circles show the positions of the two planet candidates for
HD100546 (Brittain et al. 2013; Quanz et al. 2013). The syn-
thetized beam is shown at the bottom left corner.

et al. 2010; Birnstiel & Andrews 2014). The net effect of
this process is to set an outer truncation radius to the

millimeter-sized particles, while keeping the small par-

ticles and gas disk unaltered. Moreover, the suggested

presence of a companion in the annular gap (∼1–14 au)

would produce a pressure maximum within the outer

disk. It would enhance particle accumulation and reduce

radial drift (Pinilla et al. 2012). This would set an inner

truncation radius to the millimeter-sized particle disk.

Numerical simulations from Pinilla et al. (2012) provide

an example of a truncated disk morphology under the

presence of radial drift and an inner planet. For their spe-

cific star, disk and planet setup they find truncated disks

(or ring-like structures) of ∼20 au width. Future high-

resolution observations with ALMA will directly con-

strain the inner and outer radii of the (sub)-millimeter

emission. These data could also be directly compared to

•Large grains are confined to within 50-60 au
•Gas extends out to >350 au



Avenhaus et al. 2014; Quanz et al. 2011; Walsh et al. 2014

0.5"

HD100546 - sequential planet formation again?

H band PDI image

50 au

•Inner cavity <14 AU
•Brightness asymmetry

ALMA dust continuum data for HD100546

•Double-ring model fits data best

The Astrophysical Journal Letters, 791:L6 (6pp), 2014 August 10 Walsh et al.

Emission at 1.3 and 3.4 mm was detected using the Swedish-
ESO 15 m Submillimeter Telescope and the Australia Tele-
scope Compact Array (ATCA), yielding a total flux density of
465 ± 20 and 36 ± 3 mJy, respectively (Henning et al. 1994;
Wilner et al. 2003). A plethora of molecular lines have been ob-
served at far-infrared to (sub)millimeter wavelengths including
emission from 12CO, 13CO, OH, and CH+ (see, e.g., Panić et al.
2010; Sturm et al. 2010; Thi et al. 2011; Meeus et al. 2012;
Fedele et al. 2013a). These data have allowed constraints on the
radial behavior of the gas temperature structure, and indicate
thermal decoupling of the gas and dust in the disk atmosphere
(Bruderer et al. 2012; Fedele et al. 2013b; Meeus et al. 2013).

The detection of significant emission from a point source
at a deprojected radius of 68 ± 10 AU (Quanz et al. 2013)
is of utmost importance in indicating planet formation around
HD 100546. High-contrast angular differential imaging revealed
that the source emission coincides with a reduction in surface
brightness seen in corresponding polarimetric differential imag-
ing (Quanz et al. 2011). Quanz et al. (2013) conclude that the
most likely explanation is a young gas-giant planet (or proto-
planet) caught in the act of formation, reasoning that a mature
massive planet (coeval with the star) would have had sufficient
time to significantly perturb the structure of the disk.

3. OBSERVATIONS

HD 100546 was observed during ALMA Cycle 0 operations
on 2012 November 18 using 24 antennas with baseline lengths
between 21 and 375 m (program 2011.0.00863.S, P. I. C. Walsh).
The source was observed in seven spectral windows in Band 7,
each with a bandwidth of 469 MHz and a channel width of
0.122 MHz (0.24 and 0.21 km s−1 at 300 and 345 GHz, respec-
tively, applying Hanning smoothing). The central frequencies in
each spectral window are 300.506, 301.286, and 303.927 GHz
for the first execution, and 344.311, 345.798, 346.998, and
347.331 GHz for the second execution. The total on-source
observation time was 13 and 14 minutes, respectively. The
data were calibrated using the Common Astronomy Software
Package (CASA), version 3.4. The quasar, 3C 297, was used
as bandpass calibrator with Titan and a quasar, J1147-6753,
used for amplitude and phase calibration, respectively. Self-
calibration and imaging were performed using CASA version
4.1. During imaging it was noticed that the telescope pointing
had not taken into account the proper motions of the source
(α2000 = 11h33m25.s44058, µα = −38.93 mas yr−1; δ2000 =
−70◦11′41.′′2363, µδ = +0.29 mas yr−1). The phase center of
the observations was subsequently corrected using the CASA
task, fixvis. The continuum bandwidth amounted to 1.48 and
1.83 GHz averaged at 302 and 346 GHz. Continuum and line
imaging were performed using the CLEAN algorithm with
Briggs weighting (robust = 0.5) resulting in synthetic beam
sizes of 1.′′0 × 0.′′48 (23◦) and 0.′′95 × 0.′′42 (38◦) at 302 and
346 GHz. The synthesized beam is elongated perpendicular to
the major axis of the disk owing, in part, to the low declina-
tion of the source (−70◦). The continuum was subtracted from
line-containing channels using the CASA task, uvcontsub, in
advance of imaging the CO emission. The achieved rms for the
continuum was 0.4 and 0.5 mJy beam−1 at 302 and 346 GHz,
respectively, with an rms of 19 mJy beam−1 channel−1 attained
for the CO-containing channels.

4. RESULTS

Figure 1 presents the CO J = 3–2 first moment map
overlaid with contours of the integrated intensity and the

Figure 1. First-moment map of CO J = 3–2 emission (color map) overlaid
with integrated intensity contours (in white) and 870 µm continuum emission
contours (in black). The intensity contours correspond to 3, 10, 30, 100, and
300 times the rms (30 mJy beam−1 km s−1) and the continuum contours
correspond to 3, 10, 30, 100, 300, and 1000 times the rms (0.5 mJy beam−1).
The CO integrated intensity reaches 5% of its peak value at ≈20 × rms, whereas
the continuum emission reaches 5% at ≈60 × rms. The synthesized beam is the
same for both observations.
(A color version of this figure is available in the online journal.)

continuum emission at 870 µm. The integrated intensity was
determined between −12 and +12 km s−1 relative to the source
velocity (constrained by these data to 5.7 km s−1), corresponding
to channels containing significant emission (!3σ ). The CO
emission is detected with a peak signal-to-noise of 163 in the
channel maps. The continuum emission is detected with a peak
signal-to-noise of 1525 and 1320 and a total flux density of
0.980 and 1.240 Jy (summing over all flux !3σ ) at 302 and
346 GHz, respectively. The estimated absolute flux calibration
uncertainties are ≈10%. These flux densities are consistent
with previous millimeter observations (Henning et al. 1994;
Wilner et al. 2003) and yield a dust spectral index (Fν ∝ νβ+2),
β ≈ 0.7–0.8 between 3.4 and 1.0 mm, which falls to ≈−0.4
between 1.0 mm and 870 µm, indicating that the continuum
emission is entering the optically thick regime at submillimeter
wavelengths. The total dust mass, Mdust ≈ D2Fν/κνBν(Tdust),
is ≈0.035 MJup, assuming κν = 10 cm2 g−1 at 300 GHz, and
Tdust = 60 K (see, e.g., Andrews et al. 2011; Bruderer et al.
2012).

Figure 2 shows the continuum flux density at 346 GHz and
CO integrated intensity along the major axis of the disk. The
data confirm the radius of the molecular disk, 390 ± 20 AU
(the error corresponds to half the width of the synthesized
beam). The CO emission is similar in extent to the scattered
light images from Ardila et al. (2007), suggesting that the
molecular gas and micron-sized grains are well mixed in the
disk atmosphere. The CO brightness distribution follows a r−2

behavior similar to that seen for the micron-sized grains. The
size of the molecular disk is approaching the largest resolvable
angular scale; hence, the drop beyond 3′′ may be caused by
spatial filtering. However, the total integrated CO flux in these
data is 151 Jy km s−1 which is around 92% of the flux measured
with APEX (Panić et al. 2010). Hence, it is unlikely that the

2
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(a) (b)

(c) (d)

Figure 4. Residual images (color map) and contours (white lines) overlaid with observed 3σ contour (black lines) for the single-ring (left-hand panels) and double-ring
(right-hand panels) models. The colorbar scale is truncated to highlight the significance of the residual outer ring. The dashed contours indicate negative residuals
(−3, −10, and −30σ ).
(A color version of this figure is available in the online journal.)

of the direction of the u-axis relative to right ascension (Berger
& Segransan 2007; Hughes et al. 2007).

For a ring, the real component of the visibilities is given by

VRe(ruv) = 2π

∫ ∞

0
I (θ )J0(2πruvθ )θ dθ (1)

(Berger & Segransan 2007). The intensity, I (θ ), is modeled as
a power law,

I (θ ) =
{
C · θ−γ for θ ! θin and θ " θout
0 otherwise. (2)

The flux scaling factor, C, is determined using the total observed
flux, VRe(0), i.e., C = VRe(0)/

∫ ∞
0 I (θ )J0(0)θdθ . θin and θout

were varied between 0 and 50 AU and 20 and 400 AU,
respectively, for γ = 0, 1, and 2, using a small step size (1 AU)
to adequately sample the parameter space.

The best-fit model has an inner and outer radius of 16
and 51 AU, and a power-law index of 2 (see Figure 3). This

model corresponds to a deep global minimum in the χ2 value,
indicating that the estimated uncertainties are smaller than the
step size of the grid (1 AU). The model residuals were imaged
using a uv coverage identical to the observations (see Figure 4).
The residuals in both the visibility and image domains are
large (#3σ ), indicating a poor fit. The images reveal significant
extended, weak continuum emission (peak residuals = 6–8σ ).
Pineda et al. (2014) do not see this extended emission because
no self calibration of the data was performed.

To include this more extended component, the model was
adapted to include (1) a compact ring with a Gaussian brightness
distribution,

I (θ ) = C exp
(−(θ − θpeak)2

2θ2
width

)
, (3)

(Pérez et al. 2014) and (2) an extended disk/ring with a flat
brightness distribution (γ = 0). A low-resolution grid was run
(5 AU) to determine the location of the global minimum in
the χ2 value. A subsequently denser grid was run in which
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•Polarimetric Differential Imaging (PDI) allows us to spatially resolve regions in  
  protoplanetary disks as close as 0.1” (~10 au) and with a resolution of 10 au;  
  ideal to study potential formation sites of gas giant planets

•In a number of disks, PDI revealed unexpected variety of disk structures (gaps,  
  cavities, spiral arms) part of which could be immediately related to recent /   
  ongoing planet formation

•In a few targets we have growing observational evidence that planet(s) may   
  (have) form(ed) in particular where various datasets (e.g., PDI, (sub-)mm imaging,  
  high-contrast imaging) are combined

Take home messages



•Increase the sample of resolved disks with PDI using Gemini/GPI and VLT/SPHERE 

•Combine PDI images with ALMA data with same spatial resolution to get 3D 
picture of protoplanetary disks

•Derive the “big picture” messages from PDI results; a lot of in depth studies of 
individual objects so far, but more overarching results need to be synthesized

•Use spatially resolved information at multiple wavelengths to determine dust 
properties on disk surface as a function of wavelength

What’s next?



Thank you

Image credit: ESO/L. Calçada 


