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Gas Giant



PLANETS AROUND INTERMEDIATE 
MASS STARS

From RV planet searches:

• Higher frequency of giant planets 
within 3 AU:                           
~26+9

-8 % vs. ~10% for solar type 
stars

• Mass-period power-law distributions 
significantly different (4-sigma level) 
compared to solar-type stars

Bowler et al. 2010; 
also Johnson et al. 2007a,b, 2010



PLANETS AROUND INTERMEDIATE 
MASS STARS

From direct imaging searches:

• Gas giant planets on wide orbits are 
rare

• <20% of 2-MSun stars have 
companions >4 MJupiter in between 
59 and 460 AU (95% confidence)

Nielsen et al. 2013; 
also, e.g., Vigan et al. 2012; Rameau et al 2013; Janson et al. 2011



PLANETS AROUND INTERMEDIATE 
MASS STARS

Marois et al, 2008, 2010; 
Lagrange et al. 2010; Rameau et al. 2013

HR8799

beta Pictoris

HD95086

See poster by 
Agnes Kospal 



PLANET FORMATION AROUND 
INTERMEDIATE MASS STARS

Kennedy & Kenyon 2008
(also, e.g., Ida & Lin 2004)

beta Pic b

HR8799 e

HR8799 d

HR8799 c,b; HD95086 b



PLANET FORMATION AROUND 
INTERMEDIATE MASS STARS

Combing direct imaging surveys 
with planet formation models:

• Gravitational instability GI most likely 
not the main formation mechanism 
for gas giant planets

• <30% of stars retain low-mass 
companions from GI within 300 AU 
(99% confidence)

Janson et al. 2012
also Kratter et al. 2010 for HR8799 planets
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PLANET FORMATION AROUND 
INTERMEDIATE MASS STARS

Core accretion

Gravitational 
instability

Pebble accretion
(Lambrechts & Johansen 2012; 

Ormel & Klahr 2010)



PLANET FORMATION AROUND 
INTERMEDIATE MASS STARS

Let’s get some 
observational data! 

Let’s image disk regions 
where gas giant planets 

might form!
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POLARIMETRIC DIFFERENTIAL IMAGING (PDI): 
BASICS

Image credit: H. Avenhaus

Disk surface layer is 
probed!



PDI: SOME HISTORY

Kuhn et al. 2001; Apai et al. 2004; Hales et al. 2006
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Oppenheimer et al. 2008; Perrin et al. 2009
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1.6 µm         Fukagawa et al. 2004
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Figure 2. Near-IR imaging and polarimetry of AB Aur. Left four panels: our new NICMOS observations. These panels display the 1.1 and 2.0 µm total intensities
(using arcsinh stretches), 2.0 µm polarized intensity (using a log stretch matching that used by Opp08), and polarization fraction (shown using a linear stretch indicated
by the inset color bar and with vectors showing the polarization angles). All images have been rotated to align the disk’s minor axis at P.A. = 328◦ vertical. Right
panels: H-band total intensity and polarized intensity from previous works, for comparison. Our 2 µm polarized intensity observations reproduce the appearance seen
by Opp08 very closely, but our P/I image shows that the “depleted region,” indicated with a white dashed circle in all panels, is in fact a region of lower polarization
fraction, not lower total intensity. None of the total intensity images show any indication of an open region at that location in the disk (though we caution that in the
H-band image from Fukagawa et al. (2004), the region of interest straddles the radius, shown in black, inside of which they state PSF subtraction artifacts rendered
their data not photometrically reliable.).
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Figure 3. Our best-fit MCFOST simulated images of AB Aur, for an inclination of 35◦ and using a population of astrosilicate grains with 60% porosity, amax = 1 µm
and dN/da ∝ a−3/5. The three panels show 2 µm total intensity, polarization fraction, and polarized intensity, using the same display scales as the corresponding
panels in Figure 2; see Section 4.

The percentage polarization revealed this way varies strongly
around AB Aur: The disk’s southeastern half is much less
polarized than the opposite side, with polarizations of ∼25% ±
5% and 45%±12%, respectively. The two bright “shoulders” are
seen to be regions of maximum polarization (∼55%), separated
by the lower polarization (∼40%) region corresponding to the
“depleted region” from Opp08. The symmetry axis of the overall
polarization pattern is 328◦±3◦, aligned with both the “gap,” and
with the inferred rotation axis of the disk (Corder et al. 2005;
Piétu et al. 2005). The claimed “gap” in polarized intensity
is now seen to be a region of lower polarization fraction,

and not a region of decreased total disk-scattered light. There
is no significant decrease in surface brightness in any of the
total intensity images at this location (see the white circles in
Figure 2).

4. A MODEL FOR SCATTERING FROM AB AUR

The alignment of the polarization pattern with the disk’s
inclined rotational axis provides a convincing indication that
scattering geometry and not disk substructure predominantly
causes the observed appearance in polarized light. As shown in

AB Aur AB Aur

PDI: SOME (MORE RECENT) HISTORY



PDI TODAY: SUBARU (SEEDS) + VLT/NACO

Hashimoto et al. 2011; Quanz et al. 2011,2012; Kusakabe et al, 2012; Grady et al. 2013; 
Folette et al. 2013
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Muto et al. 2013; Quanz et al. 2013; Garufi, Quanz et al. (in prep.); Garufi, Quanz et al. 2013; 
Avenhaus, Quanz et al. 2014; Canovas et al. 2013
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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

PDI TODAY: SUBARU (SEEDS) + VLT/NACO



PDI: EVOLUTION OF DATA QUALITY

Hales et al. 2006; Quanz et al. 2013;  Grady et al. 2009; Muto et al. 2013
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PLANET FORMING DISKS?

4 OBJECTS, 4 MORPHOLOGIES 

- SAME CAUSE?

See also poster by 
Claudio Cáceres for an 

object in Lupus



PLANET FORMING DISKS?- HD142527

Avenhaus, Quanz et al. 2014; also, Canovas et al. 2013

See also 
following talks!



Rameau et al. 2012;  cf. Casassus et al. 2013

image with a 4 2” 4 2 field of view reduced with the PSF-reference technique and a s

High-contrast L band imaging constrains the existence of massive planets >50 AU

PLANET FORMING DISKS?- HD142527



Biller et al. 2012; Close et al. 2014
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Sparse aperture masking (L band) and high-contrast optical(!) imaging reveal the 
existence of close-in stellar companion

Separation: 88 mas! 

PLANET FORMING DISKS?- HD142527



PLANET FORMING DISKS? SAO206462 (HD135344B)

Muto et al. 2012

See also talk by 
Christophe Pinte



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

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

Rcavity ~ 23 AU
Rcavity ~ 40-45 AU

Rcavity ~ 23 AU

PLANET FORMING DISKS? SAO206462 (HD135344B)



Garufi, Quanz et al. 2013; Pinilla et al. 2012; de Juan Ovelar et al. 2013

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

Rcavity ~ 23 AU
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PLANET FORMING DISKS? SAO206462 (HD135344B)



Most work in 
preparation or just 

submitted!

EVEN
ER



Quanz et al. 2013

PLANET FORMING DISKS? HD169142



Osorio et al, (in prep.)

An overdensity in 7mm flux (EVLA) in the annular gap?

PLANET FORMING DISKS? HD169142



Reggiani, Quanz et al. (in prep.)

A companion in the inner cavity? L’ high-contrast imaging with NACO/AGPM

GPI follow-up 
observations in 2 weeks!

PLANET FORMING DISKS? HD169142



PLANET FORMING DISKS? HD100546

Avenhaus, Quanz et al. submitted

0.5"

New NACO/PDI images: Brightness asymmetries, inner cavity, L-band PDI



Avenhaus, Quanz et al. (subm.); Brittain et al. (subm.); 
also, Bouwman et al. 2003, Acke & van den Ancker 2006; Tatulli et al. 2011; Mulders at al. 2013

A companion candidate in the cavity; see talk by S. Brittain on Monday
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PLANET FORMING DISKS? HD100546



Quanz et al. 2013b

A companion candidate in the outer disk detected at L’ (3.8 micron)

PLANET FORMING DISKS? HD100546



Quanz et al. (in prep.)

New data confirm results and provide additional insights

Ongoing planet 
formation?

So ‘late’ and so ‘far out’ in 
the disk? 

PLANET FORMING DISKS? HD100546



Quanz et al. (in prep.)

Comparing 3.8 micron PDI data with 3.8 micron direct imaging data

PLANET FORMING DISKS? HD100546



TAKE HOME MESSAGES
•RV studies suggest that intermediate mass stars have more massive gas giant  
  planets at larger orbital radii (compared to Sun-like stars)

•Direct imaging studies suggest that massive gas giant planets in orbits >60 AU  
  around intermediate mass stars are rare

•Most directly imaged planets were detected around intermediate mass stars; 
  formation process for some of these objects is unclear

•Polarimetric Differential Imaging (PDI) allows us to spatially resolved regions in  
  HAEBE disks where (some of the) gas giant planets should form

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

•In at least 2 HAEBEs (HD169142, HD100546) we have growing *direct*  
  observational evidence that planets may (have) form(ed)



THE FUTURE IS BRIGHT...AS ALWAYS
•VLT/SPHERE and GEMINI/
  GPI planet surveys will  
  further constrain statistics of 
  gas giant exoplanets

•VLT/SPHERE and GEMINI/ 
  GPI can both do PDI,  
  allowing us to further study  
  known HAEBE disks and - 
  possibly - to image more

•ALMA now provides same  
  spatial resolution as PDI   
  studies, allowing us to study 
  the 3-D disk structure from 
  the disk surface to the mid- 
  plane with unprecedented 
  resolution and sensitivity

• VLT/SPHERE and GEMINI/
   GPI might find additional  
   planet embedded in HAEBE  
   disks

• VLT/SPHERE and GEMINI/ 
  GPI (and other instruments)  
  will help us to characterize 
  the composition of gas giant 
  planet atmospheres



MORE OF THESE, PLEASE...
R ~ 4000 spectrum of HR8799 c

Konopacky et al. 2013



•VLT/SPHERE and GEMINI/
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  gas giant exoplanets
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  known HAEBE disks and - 
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THE FUTURE IS BRIGHT...AS ALWAYS



THANK    YOU


