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Where and how do (gas giant) 
planets form? 



The physical processes involved in planet formation are largely unconstrained

Spiegel & Burrows 2012 (see also, e.g., Marley et al. 2007)

Predictions from evolutionary models for gas giant planets

Formation 
mechanism:  

GI? Core Accretion?

Entropy Radius

Effect. temperature



The properties of the suspected circumplanetary disks are also unknown

The Astrophysical Journal, 799:16 (9pp), 2015 January 20 Zhu

Figure 1. SEDs of accreting circumplanetary disks at 100 pc (black curves) with different disk inner radii (Rin). The solid curves represent the cases with Rout = 1000Rin
while the dotted curves are calculated with Rout = 50Rin. The product of the planet mass and the disk accretion rate ranges from 10−7 to 10−2 M2

J yr−1. For comparison,
the red curves are the SEDs of the 1 Myr old planets at 100 pc based on the “hot start” models (SB). The red curve with a brighter flux is from a 10 MJ planet while
the red curve with a weaker flux is from a 1 MJ planet. We have also plotted the SEDs based on the “cold start” planet models as the blue curves (SB). Similarly, the
blue curve with a brighter flux is from a 10 MJ planet while the blue curve with a weaker flux is from a 1 MJ planet. Since SB only gives the spectra from 0.8–15 µm,
we also plot the SEDs from the blackbody having the corresponding planet size and effective temperature (labeled along the curves) as the dotted color curves. For
another comparison, the green curve is the SED of the protostar GM Aur (model spectrum from Zhu et al. 2012) scaled to 100 pc. At the top of each panel, the black
curves indicate the transmission functions of J, H, K, L′, M, and N bands.

blackbody (e.g., a late-M-type brown dwarf, Burrows et al.
2001; or a 10 MJ planet with a “hot start,” SB).

The true luminosity of a flat disk Ldisk is determined by

Ldisk = 2πd2 F

cos i
= GMpṀ

2Rin
(4)

∼1.46 × 10−3 L⊙

(
Mp

MJ

) (
Ṁ
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)(
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RJ

)−1
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where d is the distance to the system, i is the inclination angle
of the disk to the line of sight, and F is the observed total flux
corrected for extinction. Thus, accreting circumplanetary disks

can be quite bright. A disk accreting at 10−8 M⊙ yr−1 is as bright
as a late-M-/early-L-type brown dwarf.

Figure 1 shows that, at near to mid IR, the accreting circum-
planetary disk is normally brighter than a 1 Myr old 1 MJ planet
no matter whether the planet is “cold start” or “hot start” as
long as MpṀ ! 10−7 M2

J yr−1. Furthermore, the disk spectrum
is redder than a single blackbody spectrum, providing a way to
distinguish the accretion disk from a planet or a background star.
It also demonstrates that direct imaging at longer wavelengths
will provide a higher contrast ratio for the circumplanetary disk
with respect to the planet.

The absolute J-, H-, K-, L′-, M-, and N-band magnitudes
(magnitudes when the disk is at 10 pc away) of the SEDs are
given in Table 1 when the disk is observed face on. When the disk
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Predictions for combined SEDs: young planets + circumplanetary disks 

Zhu 2015 (cf. Eisner 2015)

‘Classical’ ad-hoc 
analytical accretion 

disk models!

See following talks on 
CPDs and predicted 

properties!



…and of course everything is connected
Hydrodynamic simulations of a forming gas giant

Image courtesy: Judit Szulagyi



So, you probably want to empirically 
measure Lplanet & LCPD and local 

circumstellar disk properties



inner truncation radius for the dusty ring 190 au. The difference
in apparent inner radii is likely due to the high contrast in
opacity between the 13CO 3–2 and 0.9 mm dust emissions,
which is on the order of 3500 assuming standard dust
properties (Beckwith et al. 1990), a local line width of
0.3 km s−1, a temperature of 20 K and a 13CO abundance of
1.4×10−6 (see Dutrey et al. 1996 for details). A very small
amount of dust and gas inside the inner edge of the ring can
thus remain optically thick in 13CO, but be undetectable
in dust.

The Gaussians at ∼250 and ∼370 au trace features at the
outer radius and beyond the dense, dust ring. Instead of being
interpreted in terms of bumps, these radial profiles can be
equally well interpreted as resulting from the presence of two
“dips” or unresolved gaps at radii ∼250 and ∼350 au on top of
a monotonic decrease with radius.

3.2. The Gas Dynamics Traced by CO

In Figure 4, we present spectra of 12CO and 13CO 3–2 lines
extracted from the images with natural weighting near the hot
spot and at positions on the western side of the disk opposite
the hot spot. Because all the images were self-calibrated,
deconvolution artifacts should be negligible here. Even if most
spectra are more complex than a simple Gaussian, some
general trends can be found. On the western side, the spectra
are mostly centered around the expected Keplerian velocity, as
indicated by the vertical red lines. The 13CO spectra essentially

show a single smooth component, while the 12CO spectra are
broader, with some blue- or redshifted tails, or even double-
peaked. Double-peaked profiles can appear when CO is located
only at the upper layers of the gas disk, as in the case of the CO
disk orbiting the single star HD163296 (de Gregorio-
Monsalvo et al. 2013). This happens because the two layers
of CO gas (above and below the mid-plane) do not project
identically.
Around the hot spot on the eastern side of the disk, the 12CO

and 13CO 3–2 spectra exhibit a component at the Keplerian
velocity (indicated by the vertical blue lines) and a redshifted
tail (at velocity 5.7 km s−1), which traces receding gas along
the line of sight. On the hot spot itself, the 13CO spectrum
obtained in robust weighting, although noisier, further suggests
a double-peaked profile with a separation of 0.16 km s−1,
centered around the local Keplerian velocity. In addition, the
redshifted component is more intense on the hot spot,
suggesting an intrinsic origin at the location of the hot spot.

3.3. Excitation Conditions

We also use locations 6 and 12–14 shown in Figure 4 to
derive the excitation conditions from the 12CO and 13CO 3–2
intensities.
On the western side, both lines have roughly the same

intensity. Because the 13CO molecule is 70 times less abundant
than the 12CO molecule, the former should trace emission
closer to the mid-plane of the disk if both lines are optically

Figure 1. Panels (a) and (b): continuum emission map at 0.9 mm (contours) overlaid on the intensity weighted velocity map (color scale) of 13CO 3–2 in panel (a) and
of 12CO 3–2 in panel (b). Contours are 10, 20, 30,K, 80, 90% of the peak intensity 42.8 mJy beam−1. Panel (c): 12CO 3–2 moment 0 map overlaid on the HST
polarization image from Silber et al. (2000) in color scale. Panel (d): moment 0 map of 12CO 3–2 overlaid on the 0.9 mm continuum (color scale). Panel (e): 12CO
(contours) moment 0 map overlaid on the 13CO 3–2 moment 0 map (color scale). Panel (f): 12CO (contours) moment 0 map overlaid on the 12CO 6–5 moment 0 map
(color scale). The triangles and the square mark the peak locations of CO 6–5 and 2–1, respectively. The contours in panels (c)–(f) are 20, 30, 40,K, 80, 90% of the
peak intensity 0.85 Jy beam−1 km s−1. Note that the 12CO 3–2 emission is not shown in its full extension. Pluses mark the locations of Aa and Ab stars. The ellipses
are the inner and outer radii of the dust ring at 191 au and at 266 au, respectively.
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3.2. Dust Particle-size Distribution

Grain growth and mixing lead to changes in particle-size
distribution and dust composition throughout the disk (Henning
& Meeus 2011). This has been recently studied in several
objects for which segregation by particle-size (e.g., Menu et al.
2014) and radial changes in dust optical properties (e.g.,
Guilloteau et al. 2011; Pérez et al. 2012, 2015) are observed.

The fully resolved ALMA and VLA images of the HLTau
disk nowoffer an excellent opportunity for a detailed study of
the properties of the particle-size distribution in a very young
disk. In particular, changes in the dust properties can be
inferred from changes in the spectral index of the emission, α,
but only for optically thin emission in the Rayleigh–Jeans

regime (e.g., Beckwith et al. 2000). When derived from the
short ALMA wavelengths, the observed radial variations of α,
from ∼2 to 2.5 (Figure 3(d)), reflect high optical depths
inwardof ∼50 au. Thus, these ALMA observations cannot be
used to infer grain growth in the densest, inner disk regions. In
contrast, the observed radial variations of α derived from the
two most optically thin wavelengths, 7.0 and 2.9 mm, show a
different behavior: (1) at all radii, except at the location of the
dark gap D5, we obtain a a>- -7.0 2.9 mm 1.3 0.87 mm, consistent
with the emission at shorter wavelengths being more optically
thick and not in the R-J regime, and (2) a clear gradient in
a -7.0 2.9 mm is observed between ∼10 and50 au, consistent with
a change in the dust optical properties and a differential grain-

Figure 2. (a) Superposition of the VLA 7.0 mm image (contours; naturally weighted image; beam size ;0 067) over the ALMA 1.3 mm image (colorscale). Contour
levels are −4, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 100, and 150 times the rms of the 7.0 mm map, 3.5 μJybeam−1. The two arrows mark the direction of the collimated
jet at a P.A. of ∼45° (Anglada et al. 2007). (b) A close-up to the center of the disk. Colorscale is the ALMA 1.3 mm image,and contours are from the high angular
resolution VLA 7.0 mm image (robust 0 weighted image; beam size ;0 04). Contour levels are 3, 4, 5, 6, 7, 8, 12, 16, 20, 24, 28, 32, 40, 48, and 56 times
7μJybeam−1. (c) and (d) Comparison between sub-bandcontour images at 7.3 mm and 6.7 mm (robust 0.4 weighting; beam sizes ;0 053) over the 7.0 mm
colorscale image. Contours in both panels are 8, 9, 10, 11, 12, 13, 14, 15, and 16 times 6μJybeam−1.
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inner truncation radius for the dusty ring 190 au. The difference
in apparent inner radii is likely due to the high contrast in
opacity between the 13CO 3–2 and 0.9 mm dust emissions,
which is on the order of 3500 assuming standard dust
properties (Beckwith et al. 1990), a local line width of
0.3 km s−1, a temperature of 20 K and a 13CO abundance of
1.4×10−6 (see Dutrey et al. 1996 for details). A very small
amount of dust and gas inside the inner edge of the ring can
thus remain optically thick in 13CO, but be undetectable
in dust.

The Gaussians at ∼250 and ∼370 au trace features at the
outer radius and beyond the dense, dust ring. Instead of being
interpreted in terms of bumps, these radial profiles can be
equally well interpreted as resulting from the presence of two
“dips” or unresolved gaps at radii ∼250 and ∼350 au on top of
a monotonic decrease with radius.

3.2. The Gas Dynamics Traced by CO

In Figure 4, we present spectra of 12CO and 13CO 3–2 lines
extracted from the images with natural weighting near the hot
spot and at positions on the western side of the disk opposite
the hot spot. Because all the images were self-calibrated,
deconvolution artifacts should be negligible here. Even if most
spectra are more complex than a simple Gaussian, some
general trends can be found. On the western side, the spectra
are mostly centered around the expected Keplerian velocity, as
indicated by the vertical red lines. The 13CO spectra essentially

show a single smooth component, while the 12CO spectra are
broader, with some blue- or redshifted tails, or even double-
peaked. Double-peaked profiles can appear when CO is located
only at the upper layers of the gas disk, as in the case of the CO
disk orbiting the single star HD163296 (de Gregorio-
Monsalvo et al. 2013). This happens because the two layers
of CO gas (above and below the mid-plane) do not project
identically.
Around the hot spot on the eastern side of the disk, the 12CO

and 13CO 3–2 spectra exhibit a component at the Keplerian
velocity (indicated by the vertical blue lines) and a redshifted
tail (at velocity 5.7 km s−1), which traces receding gas along
the line of sight. On the hot spot itself, the 13CO spectrum
obtained in robust weighting, although noisier, further suggests
a double-peaked profile with a separation of 0.16 km s−1,
centered around the local Keplerian velocity. In addition, the
redshifted component is more intense on the hot spot,
suggesting an intrinsic origin at the location of the hot spot.

3.3. Excitation Conditions

We also use locations 6 and 12–14 shown in Figure 4 to
derive the excitation conditions from the 12CO and 13CO 3–2
intensities.
On the western side, both lines have roughly the same

intensity. Because the 13CO molecule is 70 times less abundant
than the 12CO molecule, the former should trace emission
closer to the mid-plane of the disk if both lines are optically

Figure 1. Panels (a) and (b): continuum emission map at 0.9 mm (contours) overlaid on the intensity weighted velocity map (color scale) of 13CO 3–2 in panel (a) and
of 12CO 3–2 in panel (b). Contours are 10, 20, 30,K, 80, 90% of the peak intensity 42.8 mJy beam−1. Panel (c): 12CO 3–2 moment 0 map overlaid on the HST
polarization image from Silber et al. (2000) in color scale. Panel (d): moment 0 map of 12CO 3–2 overlaid on the 0.9 mm continuum (color scale). Panel (e): 12CO
(contours) moment 0 map overlaid on the 13CO 3–2 moment 0 map (color scale). Panel (f): 12CO (contours) moment 0 map overlaid on the 12CO 6–5 moment 0 map
(color scale). The triangles and the square mark the peak locations of CO 6–5 and 2–1, respectively. The contours in panels (c)–(f) are 20, 30, 40,K, 80, 90% of the
peak intensity 0.85 Jy beam−1 km s−1. Note that the 12CO 3–2 emission is not shown in its full extension. Pluses mark the locations of Aa and Ab stars. The ellipses
are the inner and outer radii of the dust ring at 191 au and at 266 au, respectively.
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I will not really talk about these two interesting objects…

Tang et al. 2016; Carrasco-González et al. 2016

GG Tau HL Tau

See talk by Mario 
Flock and Poster by 
Emmanuel Di Folco



…but rather about these three

HD 169142 LkCa 15 HD 100546

Sp. Type
Mass
Distance
Age

Transition 
Disk?
Accretion?

>1 planets?

A7-A9 IV
~1.6 MSun 
~150 pc
3-12 Myr

K5V
~1 MSun
~145 pc
~2 Myr

B9Vne
~2.4 MSun
~100 pc
5-10 Myr



Quanz et al. 2013b (see, also Momose et al. 2015); Osorio et al. 2014

The planet candidates around HD169142
1.6 micron polarized light image 
NACO PDI

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



Quanz et al. 2013b (see, also Momose et al. 2015); Osorio et al. 2014

The planet candidates around HD169142
1.6 micron polarized light image 
NACO PDI

•Inner cavity <25 AU
•Annular gap ~40-70 AU
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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 k� (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.

7 mm VLA data

• ~5 sigma ‘overdensity’ 
   inside the cavity ~50 AU



Quanz et al. 2013b; Reggiani, Quanz et al. 2014; Biller et al. 2015

The planet candidates around HD169142
1.6 micron polarized light image 
NACO PDI

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

3.8 micron high contrast image
NACO ADI

•3.8 micron point source
   at ~20-23 AU (inside cavity)
•Not (yet) detected at shorter       
   wavelengths (more data coming soon)



The planet candidates around LkCa 15

Kraus & Ireland 2012; Andrews et al. 2011

SMA 850 micron + Keck aperture masking (2.3 and 3.8 micron)

•Dust cavity R~40-50 AU (also in scattered light)
•Companion candidate in the cavity at ~11 AU



The planet candidates around LkCa 15

Isella et al. 2014; Sallum et al. 2015

VLA 7mm + LMIRCam aperture masking (2.3 / 3.8 micron) 
+ MagAO (H_alpha)

•Multiple sources compatible with orbital motion from discovery paper
•One component shows H-alpha excess emission                                         
(potential tracer of ongoing accretion)

!

See also talk by 
Steph Sallum 



The planet candidates around LkCa 15

Thalmann et al. 2011, 2014, 2015, in prep.

•There is small dust inside the disk cavity and scattered light from the inner disk

SPHERE polarized light J-band
New data from 

SPHERE GTO 
program

PSF

Signal Noise

2 Thalmann et al.

Figure 1. SPHERE IRDIS J-band imaging polarimetry of LkCa 15. Each panel shows the Q� and U� images side-by-side at the same scale, with insets showing
the shape of the PSF core. (a) Polarized flux of the Deep data at linear stretch. The inner disk saturates the color scale. (b) The corresponding S/N map at a stretch
of [�10�, 10�]. (c) Polarized flux of the Deep after scaling with an inclined r2 map to render the faint disk structures visible. (d–f) The same three images for
the Fast data. While overall sensitivity is lower in these data, they a↵ord a mask-less view onto the inner disk. In all panels, the star’s location is marked with a
white disk. The black wedges on the color scales mark the zero level.

Figure 2. Structures in the inner disk of LkCa 15. (a) A close-in view of the r2-scaled Deep Q� image. The coronagraph’s IWA is 0.0008. (b) The same for
the Fast data. The inner disk appears sharper than in (a), perhaps due to better image registration. (c) Image (b) with annotated features. The dark blue circles
marked “b, c, d” represent the positions of the three point sources reported in Sallum et al. (2015). Source “b” is the one detected in H↵ imaging, whereas source
“c” is thought to correspond to the planet candidate reported in Kraus & Ireland (2012). The light blue markings label identify potential persistent structures in
the inner disk: Two curved structures that may represent a disk edge or spiral arms (“x”, “y”) and a di↵use region along the minor axis (“z”). (d) The visible-light
image from SPHERE ZIMPOL (Thalmann et al. 2015) for comparison, which reproduces those structures at least qualitatively. The small inset illustrates the
shape of the PSF core.

See also talk by 
Claudio Caceres 

Steph Sallum 



Avenhaus, Quanz et al. 2014; Quanz et al. 2011; Garufi, Quanz et al. 2016
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P⇥, capturing the structure of the disk,
P⇤, which is expected to be zero and dominated by noise, P⇤ scaled by a factor of five to better show the noise signature, and P , which
is identical to P⇥ in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e�ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e�ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.62�� (� 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

3.1. Global Scattering Signature

With our new data, we confirm the basic disk structure
already described in (Quanz et al. 2011): The major axis
of the disk runs in southeast-northwest direction, and
the brightest parts of the disk are along this axis. The
northeastern part of the disk appears brighter compared
to the southwestern part. For the first time, we identify
a dark lane on this forward-scattering side in all H and
Ks filter observations including the cube mode observa-
tions between �0.2⇥⇥ and �0.6⇥⇥, while the scattered light
picks up (in this representation scaled with r2) outside

of �0.6⇥⇥.
The grains in the disk are preferentially backscattering

in polarization (scattering albedo multiplied with polar-
ization fraction, which is what our data measure), which
makes the far (northeastern) side of the disk appear sig-
nificantly brighter. Furthermore, the polarization e⇥-
ciency in scattering usually peaks around 90� (e.g., Per-
rin et al. 2009), which explains the two bright lobes in
the southeast and northwest: The semi-major axis of the
disk runs along this direction, and the scattering angle
at these positions is close to 90� depending on the exact

The planet candidates around HD100546

50 au

•Inner cavity <14 AU
•Brightness asymmetry

1.6 micron polarized 
light image (VLT/NACO)

0.6 micron polarized 
light image (VLT/SPHERE)A&A proofs: manuscript no. aa
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Fig. 1. SPHERE/ZIMPOL polarized light imagery of HD100546. (a): Q� images in coronagraphic SlowPol mode. (b): Q� images in FastPol
mode. (c): same as (a) with labels, where the white dashed line indicates the disk major axis and the inner grey spot the coronagraph size. (d): U�

images in SlowPol mode, with color stretch twice as hard as in (a). (e): Unsharp masking of the Q� image (see Sect. 3.1.3). The predicted locations
of b (Quanz et al. 2015) and of c in May 2015 with relative azimuthal uncertainty (Brittain S., private comm.) are shown in purple and green. All
images except (e) are scaled by the squared distance from the star and are shown with linear stretch. North is up, East is left.

(FWHM) of our observations and changed the disk inner edge
over a discrete range of values to qualitatively reproduce the
signal distribution observed along the major axis.2 Both tech-
niques led to a inner radius of 0.1100 ± 0.0100. For consistency,
we applied the same techniques to the NACO datasets and found
0.1300 ± 0.0200 for both H and KS bands. Even though the error
bars from these estimates overlap, the small o↵set from the ra-
dial profiles derived from the two datasets might be real rather
than due to the di↵erent angular resolution of the observations.

We also extracted the brightness distribution along the in-
ner rim (Fig. 2c) by averaging the contribution from a 5 pixel-
wide ellipse at 0.1500, obtained by projecting a circular ring by
i = 42�. We centered the ellipse slightly outside of the intensity
peak (0.1300) to include only regions with detectable signal. The
location of the main peak well matches the major axis. On the
contrary, the peak to the NW is ⇠ 30� o↵set toward North (con-
sistently with the NACO dataset, Avenhaus et al. 2014a). The
same amount of o↵set is found between the intensity peak on
the near side and the location of the minor axis.

3.1.2. Outer disk

The azimuthal brightness distribution at large radii is highly
asymmetric. The NE half of the image (the far side) is signifi-
cantly brighter than the SW half (the near side). The distribution
on the far side seems to be also discontinuous. As highlighted in
Fig. 1c, a dark wedge to East separates two wide bright regions

2 The elliptic annuli technique may yield di↵erent results by changing
the adopted inclination and position angle. However, we did not find
any relevant di↵erence over a reasonable range of values. The results
from the toy model are valid under the assumption that the disk inner
edge is sharp, which is not necessarily true (see Mulders et al. 2013b;
Panić et al. 2014). However, for the purpose of comparison of the two
datasets this uncertainty is not an issue.

(centered at 10� and 120�). On the near side, a bright wedge
(spanning 220�-280�) stands out. A sharp bright blob is also visi-
ble to West (marked as AO artifact in Fig. 1c). This is most prob-
ably an instrument artifact as it does not appear in di↵erently
sky-oriented frames while it is seen in the total intensity images
at the radial location of the main AO ring (corresponding to the
AO correction radius at ⇡ 20 �/D, inside of which the AO system
provides almost perfect corrections).

In Fig. 2d we show the normalized azimuthal profile from
both NACO and SPHERE images, obtained at r = 0.4700 (i.e.
the predicted radial location of b, Quanz et al. 2015) similar
to Fig. 2c. Interestingly, the intensity peak from the three wave-
bands lie at the same azimuthal position, which is ⇠ 15� farther
East of North of HD100546b. The normalized distributions from
the three wavebands are consistent within the error bars almost
everywhere. The only exception is the SW bright wedge from the
SPHERE image, which is roughly 40% brighter than the same
structures from the NACO datasets. The azimuthal width of this
wedge is similar to what we found along the rim (Fig. 2c) but it
is ⇠ 20� displaced.

3.1.3. Disk structures

No significant sub-structures can easily be spotted from the outer
disk. Only a spiral arm to the NW at r ⇠ 0.200 can be seen from
Fig. 1a and Fig. 2a. To reveal any additional elusive features in
the disk, we applied an unsharp masking technique to our im-
ages. This technique consists in adding a blurred, negative ver-
sion of the original image to sharpen its details. It has been ap-
plied to protoplanetary disks images by e.g., Ardila et al. (2007)
and Quanz et al. (2011). The resulting image must be interpreted
with caution as, although sharper, it is most certainly not a more
accurate representation of the real disk structure.

Article number, page 4 of 13

See also talk by 
Elena Sissa
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P⇥, capturing the structure of the disk,
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3.1. Global Scattering Signature

With our new data, we confirm the basic disk structure
already described in (Quanz et al. 2011): The major axis
of the disk runs in southeast-northwest direction, and
the brightest parts of the disk are along this axis. The
northeastern part of the disk appears brighter compared
to the southwestern part. For the first time, we identify
a dark lane on this forward-scattering side in all H and
Ks filter observations including the cube mode observa-
tions between �0.2⇥⇥ and �0.6⇥⇥, while the scattered light
picks up (in this representation scaled with r2) outside

of �0.6⇥⇥.
The grains in the disk are preferentially backscattering

in polarization (scattering albedo multiplied with polar-
ization fraction, which is what our data measure), which
makes the far (northeastern) side of the disk appear sig-
nificantly brighter. Furthermore, the polarization e⇥-
ciency in scattering usually peaks around 90� (e.g., Per-
rin et al. 2009), which explains the two bright lobes in
the southeast and northwest: The semi-major axis of the
disk runs along this direction, and the scattering angle
at these positions is close to 90� depending on the exact
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Fig. 4.— Spectroastrometric signal of the P26 line and schematic of the geometry of the system. In Panels A–D the spectro-astrometric
signal of the P26 line is plotted. The excess flux of the P26 line is plotted below the spectro-astrometric signal in Panels B–D. For each
epoch the spectro-astrometric signal is calculated from our excitation model with the excess emission added for the data acquired in 2006,
2010, and 2013 (red dot-dashed line). In Panel E, a schematic of the disk and extra emission source is presented. The orbit is represented
by the black dashed line. The inner wall of the disk orange. The location of the source of the emission excess is labeled with a black dot,
and the uncertainty in the phase of the orbit is represented by the red triangle. In 2003 we assume the emission is hidden by the near side
of the circumstellar disk. The phase of the orbit is calculated from the Doppler shift of the excess emission assuming the disk is inclined
42� and the orbital radius is 12.5 AU (just inside the inner rim of the disk). In 2006, the excess emission pulled the center of light of the
red side of the line closer to the the center of the PSF. In 2010, the excess emission pulled both sides of the line eastward along the slit
axis. In 2013, the excess emission on the blue side of the line pulled the spectro-astrometric signal eastward.
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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
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High dispersed 4.6 micron spectroscopy

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

•Spectro-astrometric signal   
  consistent with orbiting body 
  at ~10-12 AU

•Inner cavity <14 AU
•Brightness asymmetry

1.6 micron polarized 
light image (VLT/NACO)



Avenhaus, Quanz et al. 2014; Quanz et al. 2011; Currie et al. 2015; Garufi, Quanz et al. 2016
Other ‘indirect evidence’: Bouwman et al. 2001; Acke & van den Ancker 2006; Mulders et al. 2013
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P⇥, capturing the structure of the disk,
P⇤, which is expected to be zero and dominated by noise, P⇤ scaled by a factor of five to better show the noise signature, and P , which
is identical to P⇥ in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e�ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e�ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.62�� (� 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

3.1. Global Scattering Signature

With our new data, we confirm the basic disk structure
already described in (Quanz et al. 2011): The major axis
of the disk runs in southeast-northwest direction, and
the brightest parts of the disk are along this axis. The
northeastern part of the disk appears brighter compared
to the southwestern part. For the first time, we identify
a dark lane on this forward-scattering side in all H and
Ks filter observations including the cube mode observa-
tions between �0.2⇥⇥ and �0.6⇥⇥, while the scattered light
picks up (in this representation scaled with r2) outside

of �0.6⇥⇥.
The grains in the disk are preferentially backscattering

in polarization (scattering albedo multiplied with polar-
ization fraction, which is what our data measure), which
makes the far (northeastern) side of the disk appear sig-
nificantly brighter. Furthermore, the polarization e⇥-
ciency in scattering usually peaks around 90� (e.g., Per-
rin et al. 2009), which explains the two bright lobes in
the southeast and northwest: The semi-major axis of the
disk runs along this direction, and the scattering angle
at these positions is close to 90� depending on the exact
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50 au

High contrast imaging with GPI and SPHERE

•GPI ADI imaging H band •SPHERE ADI imaging in H 
and K band

•Inner cavity <14 AU
•Brightness asymmetry
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light image (VLT/NACO)
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Fig. 1.— HD 100546 stellocentric distance-scaled disk images; an x denotes the positions of HD 100546 b and the candidate “HD 100546
c”. (left) Polarized intensity image, showing the inner working angle (magenta dashed line) and the star’s position (cross). The polarized
intensity drops interior to 0.′′15-0.′′2. The dark blue regions the west of the visible disk identify the dark lane (Grady et al. 2001, 2005).
(right) Spatially-filtered, wavelength collapsed IFS image, showing the thermal IR bright spiral-like feature (1), a second spiral (2), the
position of the proposed spiral identified by Avenhaus et al. (2014) (3), and the western rim of the visible disk (4).

Fig. 2.— (Top) PSF-subtracted, wavelength-collapsed image of HD 100546 from IFS data, showing HD 100546 b (left) and a second
point source-like feature that may be a bright disk rim or a candidate planet “HD 100546 c” (right; image stretch multiplied by ten). HD
100546 b and ”c” are about 5.5% and 9.4% as bright as the rms of the speckle halo+disk in the raw data, about a factor of 2–3 brighter
relative to the halo noise than HR 8799 bcde in H-band extreme-AO data from Project 1640 (Oppenheimer et al. 2013). (Bottom) (left)
SNR map for the IFS image and (right) the positions of the (candidate) protoplanets relative to disk material in a box-car smoothed (5x5
pixels) image.

See also talk by 
Elena Sissa



Avenhaus, Quanz et al. 2014; Quanz et al. 2011, 2013a, 2015; cf. Currie et al. 2014
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P⇥, capturing the structure of the disk,
P⇤, which is expected to be zero and dominated by noise, P⇤ scaled by a factor of five to better show the noise signature, and P , which
is identical to P⇥ in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e�ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e�ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.62�� (� 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

3.1. Global Scattering Signature

With our new data, we confirm the basic disk structure
already described in (Quanz et al. 2011): The major axis
of the disk runs in southeast-northwest direction, and
the brightest parts of the disk are along this axis. The
northeastern part of the disk appears brighter compared
to the southwestern part. For the first time, we identify
a dark lane on this forward-scattering side in all H and
Ks filter observations including the cube mode observa-
tions between �0.2⇥⇥ and �0.6⇥⇥, while the scattered light
picks up (in this representation scaled with r2) outside

of �0.6⇥⇥.
The grains in the disk are preferentially backscattering

in polarization (scattering albedo multiplied with polar-
ization fraction, which is what our data measure), which
makes the far (northeastern) side of the disk appear sig-
nificantly brighter. Furthermore, the polarization e⇥-
ciency in scattering usually peaks around 90� (e.g., Per-
rin et al. 2009), which explains the two bright lobes in
the southeast and northwest: The semi-major axis of the
disk runs along this direction, and the scattering angle
at these positions is close to 90� depending on the exact
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•Brightness asymmetry

•Point source + plus extended emission at ~52 AU
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High contrast imaging (VLT/NACO)
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Fig. 1.— NACO PDI results in H and Ks filter from epochs 2006 and 2013. From left to right: P⇥, capturing the structure of the disk,
P⇤, which is expected to be zero and dominated by noise, P⇤ scaled by a factor of five to better show the noise signature, and P , which
is identical to P⇥ in the absence of any noise and when there is no rotation of the polarization due to multiple-scattering e�ects (see also
text). Positive values are in orange, negative values in blue. The grey area in the center represents positions where no data is available
due to saturation e�ects. The red cross marks the position of the star. North is up and east is to the left in all images. The images are
1.62�� (� 160 AU) on each side, they all show the same section of the disk. For reference, there is a scale in each of the P images. All
images scaled with r2.

3.1. Global Scattering Signature

With our new data, we confirm the basic disk structure
already described in (Quanz et al. 2011): The major axis
of the disk runs in southeast-northwest direction, and
the brightest parts of the disk are along this axis. The
northeastern part of the disk appears brighter compared
to the southwestern part. For the first time, we identify
a dark lane on this forward-scattering side in all H and
Ks filter observations including the cube mode observa-
tions between �0.2⇥⇥ and �0.6⇥⇥, while the scattered light
picks up (in this representation scaled with r2) outside

of �0.6⇥⇥.
The grains in the disk are preferentially backscattering

in polarization (scattering albedo multiplied with polar-
ization fraction, which is what our data measure), which
makes the far (northeastern) side of the disk appear sig-
nificantly brighter. Furthermore, the polarization e⇥-
ciency in scattering usually peaks around 90� (e.g., Per-
rin et al. 2009), which explains the two bright lobes in
the southeast and northwest: The semi-major axis of the
disk runs along this direction, and the scattering angle
at these positions is close to 90� depending on the exact
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Fig. 1.— HD 100546 stellocentric distance-scaled disk images; an x denotes the positions of HD 100546 b and the candidate “HD 100546
c”. (left) Polarized intensity image, showing the inner working angle (magenta dashed line) and the star’s position (cross). The polarized
intensity drops interior to 0.′′15-0.′′2. The dark blue regions the west of the visible disk identify the dark lane (Grady et al. 2001, 2005).
(right) Spatially-filtered, wavelength collapsed IFS image, showing the thermal IR bright spiral-like feature (1), a second spiral (2), the
position of the proposed spiral identified by Avenhaus et al. (2014) (3), and the western rim of the visible disk (4).

Fig. 2.— (Top) PSF-subtracted, wavelength-collapsed image of HD 100546 from IFS data, showing HD 100546 b (left) and a second
point source-like feature that may be a bright disk rim or a candidate planet “HD 100546 c” (right; image stretch multiplied by ten). HD
100546 b and ”c” are about 5.5% and 9.4% as bright as the rms of the speckle halo+disk in the raw data, about a factor of 2–3 brighter
relative to the halo noise than HR 8799 bcde in H-band extreme-AO data from Project 1640 (Oppenheimer et al. 2013). (Bottom) (left)
SNR map for the IFS image and (right) the positions of the (candidate) protoplanets relative to disk material in a box-car smoothed (5x5
pixels) image.



The planet candidates around HD100546

ALMA cycle 3 data (345 GHz)

HD100546 b

HD100546 c

Figure 2: ALMA Cycle 3 observations of HD100546. Left: 870µm continuum map at 50mas resolu-
tion. Right: CO (3-2) centroid velocity map, with contours showing the continuum. The dust and
gas emission are clearly detected, but they are a↵ected by poor uv–sampling at intermediate scales.
Dotted lines show the disk major and minor axes. Circles indicate the planet candidates location.

limit rules-out standard GI formation scenarios for HD100546 b, and an important fraction of CA
models. This result shows the power of our method. With the requested observations, we will achieve
4⇥ better noise level.

Figure 3: CPD to planet mass ratio as a func-
tion of planetary mass for HD100546 b. Gray
area shows the region of space ruled out by
our ALMA C3 observations. Red and blue
shaded regions show the areas populated by
simulations of planet formation through GI
and CA, respectively. Green points show the
range of possible values for the CPDs of young
Jupiter and Saturn. Our observations clearly
suggest a CA origin for HD100546b.

The continuum emission reveals a sharp inner edge
and a smooth outer edge of the dust disk. This sug-
gests that the inner gap is carved out by a massive
planet, while the outer edge could be explained by
radial drift or a low-mass planet (Pinilla et al. 2015).
Moreover, young embedded planets are expected to
create pressure bumps which e�ciently traps large
grains, dramatically changing the spectral index (as
much as ±1) between 1–3mm. A direct test of these
conclusions is to observe the disk at longer wave-
lengths: di↵erent radius for the CSD outer edge at
di↵erent wavelengths implies grain drift (Birnstiel &
Andrews 2014; Pineda et al. 2014). The CO (3-2) line
was also observed and it shows the CSD gas kinemat-
ics (Fig. 2-Right). Unfortunately, the ALMA C3 CO
map shows extended emission and we need to com-
bine them with shorter baselines to achieve a reliable
image (ALMA C0 data are not appropriate because
there are no overlapping baselines). The proposed
data will reveal the CSD kinematics to search for de-
partures from Keplerian rotation due to the planet
(Perez et al. 2015).
Immediate objective:

Our observations will constrain the mass and size of
CPDs both in dust continuum and CO, in addition to determine its dust properties via the spectral
index. The Hill radius for the planet candidates ranges between ⇠1-10 au, depending on the planet
mass estimate. Therefore, high-angular resolution observations (<0.100) are needed to match the
Hill radius. Synthetic observations of the CSD models (Mulders et al. 2011; Maaskant et al. 2013)
with and without a point source are used to identify the best band to carry out this study. ALMA
Band-7 observations in two configurations (C40-7 and C40-4, only C40-5 for HD100546) provide

3

Pineda et al., in prep.

New data from 
ALMA cycle 3
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limit rules-out standard GI formation scenarios for HD100546 b, and an important fraction of CA
models. This result shows the power of our method. With the requested observations, we will achieve
4⇥ better noise level.
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area shows the region of space ruled out by
our ALMA C3 observations. Red and blue
shaded regions show the areas populated by
simulations of planet formation through GI
and CA, respectively. Green points show the
range of possible values for the CPDs of young
Jupiter and Saturn. Our observations clearly
suggest a CA origin for HD100546b.

The continuum emission reveals a sharp inner edge
and a smooth outer edge of the dust disk. This sug-
gests that the inner gap is carved out by a massive
planet, while the outer edge could be explained by
radial drift or a low-mass planet (Pinilla et al. 2015).
Moreover, young embedded planets are expected to
create pressure bumps which e�ciently traps large
grains, dramatically changing the spectral index (as
much as ±1) between 1–3mm. A direct test of these
conclusions is to observe the disk at longer wave-
lengths: di↵erent radius for the CSD outer edge at
di↵erent wavelengths implies grain drift (Birnstiel &
Andrews 2014; Pineda et al. 2014). The CO (3-2) line
was also observed and it shows the CSD gas kinemat-
ics (Fig. 2-Right). Unfortunately, the ALMA C3 CO
map shows extended emission and we need to com-
bine them with shorter baselines to achieve a reliable
image (ALMA C0 data are not appropriate because
there are no overlapping baselines). The proposed
data will reveal the CSD kinematics to search for de-
partures from Keplerian rotation due to the planet
(Perez et al. 2015).
Immediate objective:

Our observations will constrain the mass and size of
CPDs both in dust continuum and CO, in addition to determine its dust properties via the spectral
index. The Hill radius for the planet candidates ranges between ⇠1-10 au, depending on the planet
mass estimate. Therefore, high-angular resolution observations (<0.100) are needed to match the
Hill radius. Synthetic observations of the CSD models (Mulders et al. 2011; Maaskant et al. 2013)
with and without a point source are used to identify the best band to carry out this study. ALMA
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models. This result shows the power of our method. With the requested observations, we will achieve
4⇥ better noise level.
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was also observed and it shows the CSD gas kinemat-
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data will reveal the CSD kinematics to search for de-
partures from Keplerian rotation due to the planet
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Band-7 observations in two configurations (C40-7 and C40-4, only C40-5 for HD100546) provide
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How do we link the data to the 
questions?



Compile ‘simple’ SEDs of planet+disk systems and compare
Caution - very 

simplistic!

!

LkCa 15 b - SED fitting

Data from Sallum et al. 2015; Ireland & Kraus 2014
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LkCa 15 b - SED fitting

Data from Sallum et al. 2015; Ireland & Kraus 2014

T and L of the planet 
(L~6x10-4 LSun)  
->’hot’-start conditions

Assuming RCPD ~0.3 RHill   
-> M~1.8 MJupiter

LCPD comparable to 
accreting CPDs with of 
10−6 -10−5 MJupiter2yr−1 
comparable to what was 
estimated from Halpha



Compile ‘simple’ SEDs of planet+disk systems and compare

!

Caution - very 
simplistic!

HD100546 b - SED fitting

Data from Quanz et al. 2015; Currie et al. 2015



Compile ‘simple’ SEDs of planet+disk systems and compare

!

Caution - very 
simplistic!

HD100546 b - SED fitting

Data from Quanz et al. 2015; Currie et al. 2015; Mordasini et al. 2012

Effective radius and T are     
7 RJupiter and ~850 K

Luminosity ~2x10-4 LSun

One component only?
Younger stage, still deeper 
embedded?



Compile ‘simple’ SEDs of planet+disk systems and compare
Caution - very 

simplistic!

Mordasini et al. 2012

Effective radius and T are     
7 RJupiter and ~850 K

Luminosity ~2x10-4 LSun

One component only?
Younger stage, still deeper 
embedded?

C. Mordasini et al.: Characterization of exoplanets from their formation. I.

Fig. 3. Left panel: radius R (blue dashed line), core radius Rcore (red solid line), and capture radius Rcapt (green dotted line) as a function of time.
The inset figure is a zoom-in onto the late evolution and shows the radius as found in this work (solid line), in Baraffe et al. (2003) (dashed), and
in Burrows et al. (1997) (dotted). Right panel: total luminosity L as a function of time (red solid line). The dashed line shows Baraffe et al. (2003),
and the dotted one is Burrows et al. (1997).

Looking at the core radius, we note that in the gas runaway
accretion phase when the planet grows very quickly in mass, it
first increases a bit in size, but then decreases, even though the
core grows in this phase by about 20 M⊕. The reason is that
the external pressure on the core by the accreted gas increases
so much that the resulting strong increase of the core density
over-compensates the mass increase (see Paper II for a dedicated
discussion).

The bottom right panel of Fig. 2 shows the core lumi-
nosity Lcore, the total luminosity L, and the luminosity within
the planetary structure Lint. The difference L − Lint is thus the
shock/accretion luminosity Lacc. The first peak in the curve is
due to the rapid accretion of the core and the second to the com-
bined effects of runaway gas accretion and envelope collapse.
During the second peak, for about 2 × 104 years, the accretional
luminosity is larger than Lint by up to a factor ∼3. For more mas-
sive planets discussed below, this ratio can become much larger.
The second luminosity maximum occurs at 0.94 Myr, with L =
2.6×106 L! corresponding to log(L/L⊙) = −2.65. Lissauer et al.
(2009) find in their simulations with the same limiting gas accre-
tion rate peak luminosities of about log(L/L⊙) = −2.35, which
is similar to our value.

We note that the classical Pollack et al. (1996) picture with
three well-defined phases might not be a realistic formation sce-
nario for Jupiter. Several factors, including migration (Alibert
et al. 2004), a slower core growth (Fortier et al. 2007), and
the opening of a gap in the planetesimal disk (Shiraishi & Ida
2008), might suppress in particular phase II. We have two rea-
sons for investigating the classical scenario: we want to compare
our model with previous studies and we are primarily interested
in the collapse and evolutionary phase, which should be similar
in modified scenarios.

6.2.3. Evolution phase: radius and luminosity

Figure 3 shows the radius and luminosity of the planet as a func-
tion of time, including the long-term evolution over Gigayears

when the mass is constant. The evolution now occurs slowly by
gradual contraction and cooling. For comparison, the temporal
evolution of the radius and the luminosity of a 1 M! planet as
found by Baraffe et al. (2003) and Burrows et al. (1997) is also
shown. The temporal zero point in these models has been associ-
ated with the time the planet reaches its final mass in our calcu-
lations. Baraffe et al. (2003) and Burrows et al. (1997) use non-
gray atmospheric boundary conditions and the standard method
based on the −T∂S/∂t term to calculate the evolution. As we
can seen, there is good agreement among the models. The differ-
ences between our model and the other two ones are of the same
order as the mutual differences between Baraffe et al. (2003) and
Burrows et al. (1997). The different internal compositions (mass
of heavy elements) have a certain influence on the exact value
of R, so that we cannot expect exactly identical results.

After 4.6 Gyr, the planet has a radius of 0.99 R! and a lu-
minosity of 1.13 L!, corresponding to log(L/L⊙) = −9.01. At
the same age, Burrows et al. (1997) found a radius of 1.11 R!
and a luminosity of 1.52 L!. Larger values are expected, as the
models in Burrows et al. (1997) are core-less models.

6.2.4. Central conditions

In Fig. 4, left panel, we show various central conditions during
both the formation and evolution phase. With “central” condi-
tions, we mean here the envelope-core boundary and not the ac-
tual center of the planet.

The solid red line in the left panel shows the central tem-
perature. It belongs to the scale on the left. Initially, the temper-
ature at the bottom of the envelope is about 3000 K, rising to
values between 10 000 and 20 000 K during phase II. When gas
runaway accretion starts and the envelope collapses, there is a
sharp upturn of Tcent. The maximal value of 69 700 K is reached
at 0.98 Myr, afterward it declines again. At an age of 4.6 Gyr,
Tcent has fallen to about 17 600 K, which is in good agreement
with the estimates of Guillot (1999), which range from 15 000
to 21 000 K.
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What’s next? 



Find more objects…and get more data…
A VLT/NACO L band survey

~30 nights of GTO observations     
to search for planets in disks
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Find more objects…and get more data…
A VLT/NACO L band survey

~30 nights of GTO observations     
to search for planets in disks

H_alpha with VLT/SPHERE

New data from 
SPHERE GTO 

program

ALMA data on “prime targets”

HD169142

HD100546



For at least three young stars we have direct observational evidence that young 
planets might orbit in their disks

If these are indeed forming giant planets then they are located between ~10-50 
AU, i.e., at rather large separations

Detected objects have very red IR colors indicating the possible existence of warm 
circumplanetary material; one objects shows signs of accretion  

More data, coming from ongoing ALMA and high-contrast imaging campaigns, will 
help us to characterize the SEDs of planet+disk systems

These objects allow us to constrain planet formation models with empirical data

Take home messages


