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Fig. 13.— The PDS 70 system as seen with SPHERE in the near-IR (left), overplotted with blue contours from H↵ observations (center
left), and as observed in the sub-millimeter continuum (middle right, right). The difference between panels (c) and (d) is the angular
resolution of the data, the beam is provided in orange color in the bottom right corner. The SPHERE K-band data and the MUSE H↵

data both have an effective resolution of 70 mas, i.e. a factor ⇠3 worse than the ALMA data shown in panel (d).

etary system formation. At a distance of 112.4 pc (Gaia
Collaboration et al. 2020) and with an age of ⇠5 Myr
(Müller et al. 2018a), PDS 70 is a young T Tauri star sur-
rounded by a protoplanetary disk. The system has long
been suspected to host forming planets based on its large
observed central cavity (0.0043, Long et al. 2018; Dong et al.
2012b; Hashimoto et al. 2012, 2015). Multi-epoch near-
IR observations using the VLT/SPHERE instrument (Beuzit
et al. 2019) as part of the SHINE exoplanet survey (Chau-
vin et al. 2017) revealed a point source, PDS 70 b, at a
projected separation of ⇠200 mas and a position angle of
⇠150� (see Figure 13, left; Keppler et al. 2018; Müller et al.
2018a). The planet was subsequently confirmed through
the detection of accretion excess emission in the H↵ line
and in UV continuum (Wagner et al. 2018; Haffert et al.
2019; Hashimoto et al. 2020; Zhou et al. 2021). H↵ imag-
ing by Haffert et al. (2019) revealed a second accreting
planet in the system, PDS 70 c, located at a projected sep-
aration of ⇠230 mas and a position angle of ⇠270� (see
Figure13, center panel). While extraction of signal from
PDS 70 b benefits from its location well within the gap of
the disk, excluding any possible confusion with disk fea-
tures, PDS 70 c’s emission is more challenging to disentan-
gle from the disk due to its close projected separation from
the inner edge of the outer disk (Mesa et al. 2019a; Stolker
et al. 2020; Wang et al. 2020).

Current astrometric measurements of the PDS 70 planets
span a baseline of more than 7 years. Orbital fits to the as-
trometry place PDS 70 b on a slightly eccentric (✏ ⇠0.2) or-
bit, while the orbit of PDS 70 c is consistent with being cir-
cular (Wang et al. 2021). With semi-major axes of ⇠21 au
and ⇠34 au, respectively, the planets are likely locked in a
dynamically stable 2:1 mean-motion resonance (Wang et al.
2021), as supported by hydrodynamical simulations of the
system (Bae et al. 2019; Toci et al. 2020).

The masses of the two planets, are still uncertain, but
have been estimated using a range of approaches, all of
which converge on masses that lie solidly in the planetary
regime. Dynamical stability and constraints on disk ec-

centricity confer upper limits of . 10 MJupon both com-
panions (Wang et al. 2021; Bae et al. 2019). Compar-
isons of near-IR spectro-photometry to evolutionary and
atmospheric models yield masses in the range of ⇠1 to
⇠17 MJup (Keppler et al. 2018; Müller et al. 2018a; Haf-
fert et al. 2019; Mesa et al. 2019b; Stolker et al. 2020;
Wang et al. 2020). Measured H↵ line properties suggest
dynamical masses of ⇠12 and ⇠11 MJup for PDS 70 b and
c, respectively (Hashimoto et al. 2020), consistent with the
range of masses derived from near-IR spectro-photometry.

PDS 70 b and c present very red and almost feature-
less near-IR SEDs compared to other planetary mass com-
panions, hinting at the presence of dust at or near the
planets which may originate in the planetary atmosphere,
the accretion column, or in a surrounding circumplanetary
disk (Müller et al. 2018b; Christiaens et al. 2019; Stolker
et al. 2020; Wang et al. 2021; Cugno et al. 2021). Further
evidence of circumplanetary dust around PDS 70 c comes
from ALMA sub-millimeter continuum observations, re-
vealing compact emission co-located with the H↵ and near-
IR emission of the planet (Isella et al. 2019; Benisty et al.
2021). Some emission is detected close to PDS 70 b, but it
appears faint and with an unclear morphology. In Figure
13, middle right, and right panels, the sub-millimeter con-
tinuum observations are presented with two different an-
gular resolutions. At very high angular resolution (right),
the emission co-located with PDS 70 c is separated from the
outer disk, but the faint emission around PDS 70 b is not re-
trieved. The dust mass of the CPD, as inferred from these
continuum observations, is on the order of ⇠0.01 Earth
masses, where the precise value depends on the assumed
grain properties (Benisty et al. 2021). It is not clear whether
the nature of the CPDs around PDS 70 b and PDS 70 c is the
same (e.g., accretion or decretion disk) considering the fact
that one is located in a very gas-depleted cavity, while the
other is adjacent the main disk reservoir.

The presence of dust at or near the planets can also be in-
ferred from optical observations. Following the theoretical
models of Aoyama et al. (2018) and neglecting any fore-

23



Nearly every star 
has planets 

 
Large diversity in 

the architectures of 
planetary systems



Nearly every star 
has planets 

 
Large diversity in 

the architectures of 
planetary systems

 
 
 

How do they form? 



From clouds  
    to envelopes, 
          to disks,  
               to planets



From clouds  
    to envelopes, 
          to disks,  
               to planets

- Timescale for gas dispersal and 
planet formation?  
- Where are the planets forming ? 
- Relative evolution of dust and gas ?
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Gas & Dust evolution

•Inner disk clearing  
  ~ 2 Myr 

•Gas & dust evolution 
 strongly coupled

Gas and Dust Evolution

Fedele et al. (2009, Poster A 31)

VIMOS Multi-object Spectroscopy and Spitzer/IRAC in concert

Hernandez et al 2007 
Fedele et al. 2009



What is new in the last 10 years? 
the Atacama Large Millimetre/Submillimetre Array (ALMA)



LOTS of speculation 

• Magnetic fields? 

• Snow/ice lines? 

• Secular evolution ? 

• dead-zone + thermal 
waves ? 

• Planets?

HL  Tau (ALMA 2015)

What makes the rings ?
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used to find planets around young stars
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Figure 1. H band images displayed in logarithmic stretch (the exact stretch is adjusted for each disk individually to improve
the visibility of sub-structures). The data were re-scaled to represent the same physical size, thus the 100 au scale bar in the
first panel applies for all panels. Because the angular scales are different, a 1′′ bar is shown in each panel. Immediately obvious
is the extraordinary size of the IM Lup disk compared to the others, with RXJ 1615 coming in second. Areas marked green
represent places where no information is available (due to either being obscured by the coronagraph or bad detector pixels).
The red dot in the center marks the position of the star. North is up and east is to the left in all frames.

present the J band and Uφ data. The disks have been
scaled in such a way that they represent the same phys-
ical scale. While this scale is afflicted with some uncer-
tainty, due to the uncertainty in the distance specifically
for the four sources with no Gaia distance available, it
is clear that the disks are of vastly different physical
size, with IM Lup being the largest and RU Lup, almost
identical in mass and of the same age, being one of the
smallest.
All disks except RU Lup show easily visible sub-

structure (see also Fig. 12). However, it is unlikely
that the tightly spaced rings in AS 209 are real, because
they only appear in the H band and the depressions in
the Qφ image coincide with the diffraction rings in the
intensity image. We discuss this in section 5.2.8. There
are, however, fainter structures in this disk that are hard
to identify by eye, which we discuss in more detail in the
same section.

4.1. Surface brightnesses

To get a first quantitative handle on the scattered
light of the disks, we compare the brightness of their
reflected, polarized light. Despite their different struc-
tures, inclinations, host star magnitudes and distances,
we calibrate all our data with respect to the host star
brightness. This way, we can compare how much of the
incident starlight the disks reflect in total, keeping in
mind that this figure is affected by the inclination of the
disk. By comparing the J and H bands, we can get a
rough estimate of the scattering color of the dust grains.
Given the fact that we correct for the self-cancellation
effect (as described above), we expect this figure not to
be systematically affected by the difference in quality of
the PSF between the J and H band. This figure also
does not need to be corrected for distance, as both the
stellar and the disk flux, as observed from Earth, scale
the same with distance. We do have to keep in mind

VLT/SPHERE : IM Lup  
(Avenhaus et al 2018)

 Direct imaging limited by disc + distance



Protoplanet candidates have been hard to confirm
HD 100546 b

Currie, Biller, Lagrange et al. Direct Imaging and Spectroscopy of Extrasolar Planets

Fig. 7.— (left) ALMA image of PDS 70 showing a cleared protoplanetary disk cavity and a circumplanetary disk around PDS 70 c and
H-↵ image showing the detection of PDS 70 b and c (Benisty et al. 2021; Haffert et al. 2019). (right) SCExAO/CHARIS image (rescaled
by stellocentric distance) of AB Aurigae showing a bright, concentrated emission source revealing the location of a protoplanet (Currie
et al. 2022).

could be present. From RV and astrometric data, Brandt
et al. (2021a) estimate a mass of 9.3 +2.5

�2.6 MJ and 8.3 ± 1
MJ for � Pic b and c, respectively (see also Snellen and
Brown 2018; Nielsen et al. 2020, Section 3.5), although
these values heavily depend on the assumed uncertainties
on the RV data. RV and direct imaging data combined ex-
clude additional planets more massive than 2.5 MJup from
0.1 au to hundreds of au (Lagrange et al. 2020). � Pic b is
more luminous and hotter than the HR 8799 planets (Te↵ ⇠
1700–1800 K), just slightly redder than field early L-type
dwarfs, and is likely cloudy/dusty with a low gravity (Bon-
nefoy et al. 2013; Currie et al. 2013; Chilcote et al. 2017);
� Pic c probably has a temperature intermediate between its
sibling and the HR 8799 planets (Nowak et al. 2020).

51 Eri – 51 Eridani is a 29 pc-distant early F star, a mem-
ber of the ⇠20 Myr-old � Pic Moving Group, and a mem-
ber of a wide hierarchical triple system that includes an M-
dwarf binary GJ 3305 (Feigelson et al. 2006). 51 Eri has a
detected infrared excess, modeled with a cold dust belt lo-
cated approximately between 5 and 80 au (Patel et al. 2014;
Riviere-Marichalar et al. 2014).

The GPI campaign (GPIES) team discovered 51 Eri b,
a faint planet at rproj ⇠ 13 au (Figure 6, right panel; Mac-
intosh et al. 2015). The planet is the first discovered using
extreme AO and the first incontrovertible T dwarf planet,
showing strong methane absorption in H band. The planet
is likely more eccentric than either � Pic b or HR 8799 bcde
(Maire et al. 2019; De Rosa et al. 2020, e ⇠ 0.4–0.62). If
confirmed, an eccentric orbit could indicate the presence of
an additional massive body or could be due to gravitational
perturbations from GJ 3305AB. Assuming a hot-start lumi-
nosity evolution, current data rule out other planets more
massive than 4 MJ beyond 5 au and more massive than 2
MJ beyond 9 au (Samland et al. 2017).

The mass of 51 Eri b is not well constrained: values de-
rived from comparing 51 Eri b’s luminosity and age to evo-
lutionary models favor ⇠2 MJ, while atmospheric model-
ing may favor larger values, up to ⇠ 9 MJ (Macintosh et al.
2015; Samland et al. 2017). Different characterization stud-
ies also find slightly diverging atmosphere properties, il-
lustrating the challenge associated with characterizing very
faint exoplanets with direct imaging (Samland et al. 2017;
Rajan et al. 2017). Analysis of Gaia and Hipparcos astrom-
etry set an upper limit of 11 MJ for 51 Eri b (Dupuy et al.
2022). The planet likely has a temperature of ⇠700 K and
either lacks clouds or is only partially covered by clouds
(Rajan et al. 2017; Samland et al. 2017).

3.3. Protoplanets

Direct images of planets in active assembly (protoplan-
ets) around stars that still retain gas and dust-rich proto-
planetary disks clarify how and where planets form. The
large distances to the nearest star-forming regions (⇠150
pc) mean that protoplanets orbiting their host stars at solar
system scales are located at very small angular separations.
However, protoplanets can be bright (L⇠ 10�2–10�3 L�),
especially if they are surrounded by their own circumplan-
etary disks (e.g. Zhu 2015).

The 5 Myr-old 0.87 M� star PDS 70 hosts the first in-
controvertible detections of jovian protoplanets: PDS 70 b
and PDS 70 c (Keppler et al. 2018, 2019; Müller et al. 2018;
Haffert et al. 2019) (Figure 7, left). Both protoplanets are
located within the PDS 70 disk cavity, at angular separa-
tions of ⇢ ⇠ 0.0018 and 0.0024 and estimated semimajor axes
⇠20 and 34 au (Wang et al. 2021). Dynamical arguments
strongly favor masses less than 10 MJ for PDS 70 b, while
PDS 70 c’s mass is more poorly constrained. Masses in-
ferred from SED modeling range between 1 and a few jo-
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Figure 2. The comparison between the Y-band polarised intensity images obtained by Benisty et al. (2015) compared with the Y-band polarised intensity of
a timestep of our simulation (top row). We have labelled the major features noted by Benisty et al. (2015) and the analogous structures in our model. We are
able to reproduce the double spiral structure, as well as the arc in the northwest. The bottom row compares the L’-band images of MWC 758 from Reggiani
et al. (2018), with our L’-band model in the bottom right panel. Reggiani et al. (2018) claimed the detection of a third spiral (S3), which we reproduce in our
model. Our companion is also in a similar location to the companion candidate (b), and is marked with a white circle. Note that we do not necessarily expect to
see emission from the companion in the PDI images (top right panel), but still mark its location for convenience. We also label S2b, an additional faint spiral
structure outside of S2. The sky projected surface density of the simulation at the timestep when we match the observations is shown in the far right panel.

3.2 Comparison with NIR Observations of MWC 758

The scattered light images of MWC 758 presented in Benisty et al.
(2015) show two grand spiral arms with several peculiar extra fea-
tures. These are labelled in the top-left panel of Figure 2:

(i) a spiral in the southeast (which we refer to as spiral S2),
(ii) an arc in the southwest,
(iii) a spiral in the northwest (referred to as spiral S1a),
(iv) an arc located radially outward of S1a (referred to as spiral

S1b),
(v) northern substructure inside the spirals,
(vi) eastern substructure inside S1.

We compare the r
2-scaled polarised intensity image of MWC 758

from Benisty et al. (2015) to the polarised intensity image at one
particular time of our simulation after 60 orbits of the companion
(top-right panel of Figure 2), and use the same labels for corre-
sponding features found in our simulation. We use a timestep rela-
tively early in the evolution of our simulation since after prolonged
evolution the inner disc becomes depleted of SPH particles, which

is mainly due to the resolution of the simulation and size of the
central sink particle.

We qualitatively reproduce all of the major features in the po-
larised intensity image of Benisty et al. (2015), and will detail the
origin of each. The origin of each feature can be discerned from
the surface density plot in the far right panel, which has been ori-
entated to be in the sky projected plane. The spirals S1a and S2
(features iii and i) are the primary and secondary outer wakes of
the companion, respectively. Feature (ii) is then an extension of the
S1a spiral. Feature (iv) is part of the tertiary spiral seen in the top
left panel of Figure 1, the majority of which is being shadowed by
S1 and S2 (see Figure 5). Feature (v) in our simulation is the inner
wakes of the companion, and the edge of the eccentric disc around
the primary star, as discussed in Section 3.1. Since our companion
is substantially larger than the thermal mass, we expect that it to
have multiple inner wakes. Feature (vi) may be part of the spiral
structure leading the companion, or may be spiral structure collid-
ing with the inner wall of the gas cavity. This effect can be seen
when ⌫ = 180� in Figure 1, where the primary outer wake of the
companion collides with the cavity edge creating an enhancement
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Fig. 1. View of the surroundings of HD 169142 obtained from polarimetric observations. Left panel: Q� image in the J band acquired with SPHERE
(Pohl et al. 2017) on a linear scale. The two rings are clearly visible. Right panel: pseudo-ADI image of the inner regions obtained by differentiating
the Q� image (see Ligi et al. 2018, for more details). The white cross marks the position of the star, and the cyan circle shows the size of the
coronagraphic mask. The other labels refer to the blobs we discuss in this paper that are also visible in these images. The color scale of the
differential image is five times less extended to show the faint structures better. In both panels, N is up and E to the left; a segment represents 1 and
0.5 arcsec in the left and right panel, respectively.

Quanz et al. 2013a, 2015; Currie et al. 2014, 2015; Rameau et al.
2017; Sissa et al. 2018).

HD 169142 is a very young Herbig Ae-Be star with a mass
of 1.65–2 M� and an age of 5–11 Myr (Blondel & Djie 2006;
Manoj et al. 2007) that is surrounded by a gas-rich disk (i= 13�;
Raman et al. 2006; PA= 5�; Fedele et al. 2017) that is seen almost
face-on. The parallax is 8.77± 0.06 mas (Gaia DR2 2018). Disk
structures dominate the inner regions around HD 169142 (see,
e.g., Ligi et al. 2018). Figure 1 shows the view obtained from
polarimetric observations: the left panel shows the Q� image
in the J band obtained by Pohl et al. (2017) using SPHERE on
a linear scale, and the two rings are clearly visible. The right
panel shows a pseudo-ADI image of the inner regions obtained
by differentiating the Q� image (see Ligi et al. 2018, for more
details). Biller et al. (2014) and Reggiani et al. (2014) discussed
the possible presence of a point source candidate at small sep-
aration (<0.2 arcsec from the star). However, the analysis by
Ligi et al. (2018) based on SPHERE data does not support or
refute these claims; in particular, they suggested that the can-
didate identified by Biller et al. (2014) might be a disk feature
rather than a planet. Polarimetric images with the adaptive optics
system NACO at the Very Large Telescope (VLT; Quanz et al.
2013b), SPHERE (Pohl et al. 2017; Bertrang et al. 2018) and GPI
(Monnier et al. 2017) show a gap at around 36 au, with an outer
ring at a separation >40 au from the star. This agrees very well
with the position of the rings obtained from ALMA data (Fedele
et al. 2017); similar results were obtained from VLA data (Osorio
et al. 2014; Macías et al. 2017). We summarize this information
about the disk structure in Table 1 and call the ring at 0.17–0.28
arcsec from the star Ring 1 and the ring at 0.48–0.64 arcsec
Ring 2. We remark that in addition to these two rings, both the

spectral energy distribution (Wagner et al. 2015) and interfero-
metric observations (Lazareff et al. 2017; Chen et al. 2018) show
an inner disk at a separation smaller than 3 au. This inner disk
is unresolved from the star in high-contrast images and consis-
tent with ongoing accretion from it onto the young central star.
While the cavities between the rings seem devoid of small dust,
some gas is present there (Osorio et al. 2014; Macías et al. 2017;
Fedele et al. 2017). Fedele et al. (2017) and Bertrang et al. (2018)
have suggested the possibility that the gap between Rings 1 and
2 is caused by a planet with a mass slightly higher than that of
Jupiter. However, this planet has not yet been observed, possibly
because it is at the limit of or beyond current capabilities of high-
contrast imagers. On the other hand, Bertrang et al. (2018) found
a radial gap in Ring 1 at PA⇠ 50� that might correspond to a
similar radial gap found by Quanz et al. (2013b) at PA⇠ 80�. The
authors noted that if this correspondence were real, then this gap
might be caused by a planet at about 0.14 arcsec from the star.
So far, this planet has not been unambiguously detected either.

In this paper, we pursue a new view on the subject through
analyzing high-contrast images. In particular, we underline that
while polarimetric observations in the NIR and millimeter obser-
vations are best to reveal the overall structure of the disk,
pupil-stabilized NIR observations where angular differential
imaging can be applied may reveal fainter structures on a smaller
scale. The risk of false alarms inherent to the image-processing
procedures used in high-contrast imaging can be mitigated by
comparing different sets of observations taken at intervals of
months or years. In the case of HD 169142, this is exemplified
by the study of Ligi et al. (2018), who identified a number of
blobs within Ring 1. We have now accumulated a quite consis-
tent series of observations of this star with SPHERE that extends
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Direct imaging search for companions on DSHARP disks 5

Figure 1. ALMA and NaCo gallery of all observed targets. ALMA images (left panels) are from the DSHARP survey, NaCo
images (right panels) are the results from the Classical ADI reduction. White (grey) dashed lines mark the bright rings (dark
gaps) of each disk, as derived by Huang et al. (2018a). Point-like sources are marked by a white arrow when recovered after the
ADI reduction. A 10 AU scalebar is shown in the lower left corner of each cADI panel, the beam size of the ALMA images is
shown in the lower left corner of each ALMA panel. In the case of HT Lup, variation of the parallactic angle was too low for
proper cADI processing. The result from the PCA processing is presented instead.

Elias 2-24

Jorquera et al, 2021



A remarkable exception : PDS 70 b and c

• ~ 22 au orbit


• 1000-1600K


• 1.4 to 3.7 RJup

A&A 617, L2 (2018)

N_ALC_YJH_S (185 mas in diameter) apodized-Lyot coron-
agraph (Martinez et al. 2009; Carbillet et al. 2011). We used
the IRDIS (Dohlen et al. 2008) dual-band imaging camera
(Vigan et al. 2010) with the K1K2 narrow-band filter pair
(�K1 = 2.110 ± 0.102 µm, �K2 = 2.251 ± 0.109 µm). A spectrum
covering the spectral range from Y to H band (0.96–1.64 µm,
R� = 30) was acquired simultaneously with the IFS integral field
spectrograph (Claudi et al. 2008). We set the integration time
for both detectors to 96 s and acquired a total time on target of
almost 2.5 h. The total field rotation is 95.7�. During the course
of observation the average coherence time was 7.7 ms and a
Strehl ratio of 73% was measured at 1.6 µm, providing excellent
observing conditions.

2.2. Data reduction

The IRDIS data were reduced as described in Keppler et al.
(2018). The basic reduction steps consisted of bad-pixel cor-
rection, flat fielding, sky subtraction, distortion correction
(Maire et al. 2016), and frame registration.

The IFS data were reduced with the SPHERE Data Cen-
ter pipeline (Delorme et al. 2017), which uses the Data Reduc-
tion and Handling software (v0.15.0, Pavlov et al. 2008) and
additional IDL routines for the IFS data reduction (Mesa et al.
2015). The modeling and subtraction of the stellar speckle pat-
tern for both the IRDIS and IFS data set were performed with
a smart Principal Component Analysis (sPCA) algorithm based
on Absil et al. (2013) using the same setup as described in
Keppler et al. (2018). Figure 1 shows the high-quality IRDIS
combined K1K2 image of PDS 70. The outer disk and the plan-
etary companion inside the gap are clearly visible. In addi-
tion, there are several disk related features present, which are
described in Appendix B. For this image the data were processed
with a classical ADI reduction technique (Marois et al. 2006) to
minimize self-subtraction of the disk. The extraction of astro-
metric and contrast values was performed by injecting negative
point source signals into the raw data (using the unsaturated flux
measurements of PDS 70) which were varied in contrast and
position based on a predefined grid created from a first initial
estimate of the planet’s contrast and position. For every param-
eter combination of the inserted negative planet the data were
reduced with the same sPCA setup (maximum of 20 modes, pro-
tection angle of 0.75⇥ FWHM) and a �2 value within a segment
of 2⇥ FWHM and 4⇥ FWHM around the planet’s position
was computed. Following Olofsson et al. (2016), the marginal-
ized posterior probability distributions for each parameter was
computed to derive final contrast and astrometric values and
their corresponding uncertainties (the uncertainties correspond
to the 68% confidence interval). For an independent confirma-
tion of the extracted astrometry and photometry we used SpeCal
(Galicher et al. 2018) and find the values in good agreement with
each other within 1� uncertainty.

2.3. Conversion of the planet contrasts to physical fluxes

The measured contrasts of PDS 70 b from all data sets (SPHERE,
NaCo, and NICI) were converted to physical fluxes following the
approach used in Vigan et al. (2016) and Samland et al. (2017),
who used a synthetic spectrum calibrated by the stellar SED to
convert the measured planet contrasts at specific wavelengths
to physical fluxes. In our case, instead of a synthetic spec-
trum, which does not account for any (near-)infrared excess, we
made use of the flux calibrated spectrum of PDS 70 from the
SpeX spectrograph (Rayner et al. 2003), which is presented in
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Fig. 1. IRDIS combined K1K2 image of PDS 70 using classical ADI
reduction technique showing the planet inside the gap of the disk around
PDS 70. The central part of the image is masked out for better display.
North is up, East is to the left.

Long et al. (2018). The spectrum Long et al. (2018). The spec-
trum covers a wavelength the entire IFS and IRDIS data set. To
obtain flux values for our data sets taken in L0 band at 3.8 µm, we
modeled the stellar SED with simple blackbodies to account for
the observed infrared excess (Hashimoto et al. 2012; Dong et al.
2012). The final SED of the planet is shown in Fig. 2. The IFS
SED of the planet is shown in Fig. 2. The IFS spectrum has a
steep slope and displays a few features only, mainly water val-
ues are listed in Table C.1.

3. Results

3.1. Atmospheric modeling

We performed atmospheric simulations for PDS 70 b with the self-
consistent 1D radiative-convective equilibrium tool petitCODE
(Mollière et al. 2015, 2017), which resulted in three di↵erent
grids of self-luminous cloudy planetary model atmospheres (see
Table 1). These grids mainly di↵er in the treatment of clouds:
petitCODE(1) does not consider scattering and includes only
Mg2SiO4 cloud opacities; petitCODE(2) adds scattering; petit-
CODE(3) contains four more cloud species including iron (Na2S,
KCl, Mg2SiO4, Fe). Additionally, we also use the publicly avail-
ablecloud-freepetitCODEmodelgrid (herecalledpetitCODE(0);
see Samland et al. 2017 for a detailed description of this grid) and
the public PHOENIX BT-Settl grid (Allard 2014; Bara↵e et al.
2015).

In order to compare the data to the petitCODE models
we use the same tools as described in Samland et al. (2017),
using the python MCMC code emcee (Foreman-Mackey et al.
2013) on N-dimensional model grids linearly interpolated at
each evaluation. We assume a Gaussian likelihood function
and take into account the spectral correlation of the IFS
spectra (Greco & Brandt 2016). For an additional independent
confirmation of the results obtained using petitCODE, we also
used cloudy models from the Exo-REM code. The models
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petitCODE(1)

petitCODE(2)

petitCODE(3)

Exo-REM(1)

Exo-REM(2) Fig. 2. Spectral energy distribution of PDS 70 b as a func-
tion of wavelength constructed from Y- to H-band IFS
spectra (orange points), IRDIS H2H3 (first epoch in dark
blue, second epoch in light blue), and K1K2 (first epoch
in dark green, second epoch in light green), NaCo (red),
and NICI (orange) L0-band images. Plotted are the best
fits for the seven model grids smoothed to the resolution
of IFS.

Table 1. Model grids used as input for MCMC exploration.

Model Te↵ �T log g �log g (M/H) �(M/H) fsed � fsed Remarks
(K) (K) log10 (cgs) log10 (cgs) (dex) (dex)

BT-Settl 1200–3000 100 3.0–5.5 0.5 0.0 – – – –
petitCODE(0) 500–1700 50 3.0–6.0 0.5 �1.0 to 1.4 0.2 – – Cloud-free
petitCODE(1) 1000–1500 100 2.0–5.0 1.0 �1.0 to 1.0 1.0 1.5 – w/o scattering, w/o Fe clouds
petitCODE(2) 1000–1500 100 2.0–5.0 0.5 0.0–1.5 0.5 0.5–6.0 1.0a with scattering, w/o Fe clouds
petitCODE(3) 1000–2000 200 3.5–5.0 0.5 �0.3 to 0.3 0.3 1.5 – With scattering, with Fe clouds
Exo-REM(1) 400–2000 100 3.0–5.0 0.1 0.32, 1.0, 3.32 – – – Cloud particle size fixed to 20 µm
Exo-REM(2) 400–2000 100 3.0–5.0 0.1 0.32, 1.0, 3.32 – 1.0 – –

Notes. The radius of the planet was included as an additional analytic fit-parameter regardless of the model, ranging from 0.1 RJ to 5 RJ. (a)Except
additional grid point at 0.5.

Table 2. Parameters of best-fit models based on the grids listed in Table 1.

Model Te↵ log g (M/H) fsed Radius Massb K flux L0 flux
(K) log10 (cgs) (dex) RJ MJ

BT-Settl 1590 3.5 – – 1.4 2.4 Yes Yes
petitCODE(0) 1155 5.5 �1.0 – 2.7 890.0 No (Yes)
petitCODE(1) 1050 2.0 �1.0 1.5a 2.0 0.2 Yes Yes
petitCODE(2) 1100 2.65 1.0 1.24 3.3 1.9 Yes (No)
petitCODE(3) 1190 3.5 0.0 1.5 2.7 8.9 Yes Yes
Exo-REM(1) 1000 3.5 1.0 – 3.7 17 Yes Yes
Exo-REM(2) 1100 4.1 1.0 1 3.3 55 Yes Yes

Notes. The last two columns indicate qualitatively whether the corresponding model is compatible with the photometric points in K and L0 band,
whereas all models describe the Y- to H-band data well. (a)Only grid value. (b)As derived from log g and radius.

and corresponding simulations are described in Charnay et al.
(2018). Exo-REM assumes non-equilibrium chemistry, and
silicate and iron clouds. For the model grid Exo-REM(1) the
cloud particles are fixed at 20 µm and the vertical distribution
takes into account vertical mixing (with a parametrized Kzz)
and sedimentation. The Exo-REM(2) model uses a cloud
distribution with a fixed sedimentation parameter fsed = 1 as
in the model by Ackerman & Marley (2001) and petitCODE.
Table 2 provides a compilation of the best-fit values and Fig. 2
shows the respective spectra. The values quoted correspond to
the peak of the respective marginalized posterior probability
distribution. The cloud-free models fail to represent the data and
result in unphysical parameters. In contrast, the cloudy models
provide a much better representation of the data. The results
obtained by the petitCODE and Exo-REM models are consistent
with each other. However, because of higher cloud opacities in
the Exo-REM(2) models the log g values are less constrained

and the water feature at 1.4 µm is less pronounced. Therefore,
the resulting spectrum is closer to a blackbody and the resulting
mass is less constrained. All these models indicate a relatively
low temperature and surface gravity, but in some cases unreal-
istically high radii. Evolutionary models predict radii smaller
than 2 RJ for planetary-mass objects (Mordasini et al. 2017).
The radius can be pushed toward lower values if cloud opacities
are removed, for example by removing iron (petitCODE(2)).
However, a direct comparison for the same model parameters
shows that this e↵ect is very small. In petitCODE(1) this is
shown in an exaggerated way by artificially removing scattering
from the models, which leads to a significant reduction in radius.
In general, we find a wide range of models that are compatible
with the current data. The parts of the spectrum most suitable
for ruling out models are the possible water absorption feature
at 1.4 µm, and the spectral behavior at longer wavelengths (K
to L0 band). Given the low signal-to-noise ratio in the water
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MUSE : PDS 70 b, c in Hα

• Accretion rate ~ 10-8 Msun/yr


• comparable with stellar 
accretion rate
 

Fig. 1 Overview of the PDS 70 system. a, The Hα detection map with an overlay of the contours of the 
orbital radii and a white dot in the center that marks the position of the star. The contours for PDS 70 c 
are the minimum and maximum orbital radii found for the different wavelength observations. For both 
objects the square apertures that were used for the photometry are shown, with the red aperture for 
PDS 70 b and the purple aperture for PDS 70 c. b, c, d, The corresponding spectra divided by their 
standard deviation are on the right and centered around the Hα line position. The four apertures in 
orange indicate reference areas that are used to compare with PDS 70 c. The orange reference spectra 
on the right do not show any spectral feature, while both PDS 70 b and c clearly show Hα in emission. 
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Fig. 13.— The PDS 70 system as seen with SPHERE in the near-IR (left), overplotted with blue contours from H↵ observations (center
left), and as observed in the sub-millimeter continuum (middle right, right). The difference between panels (c) and (d) is the angular
resolution of the data, the beam is provided in orange color in the bottom right corner. The SPHERE K-band data and the MUSE H↵

data both have an effective resolution of 70 mas, i.e. a factor ⇠3 worse than the ALMA data shown in panel (d).

etary system formation. At a distance of 112.4 pc (Gaia
Collaboration et al. 2020) and with an age of ⇠5 Myr
(Müller et al. 2018a), PDS 70 is a young T Tauri star sur-
rounded by a protoplanetary disk. The system has long
been suspected to host forming planets based on its large
observed central cavity (0.0043, Long et al. 2018; Dong et al.
2012b; Hashimoto et al. 2012, 2015). Multi-epoch near-
IR observations using the VLT/SPHERE instrument (Beuzit
et al. 2019) as part of the SHINE exoplanet survey (Chau-
vin et al. 2017) revealed a point source, PDS 70 b, at a
projected separation of ⇠200 mas and a position angle of
⇠150� (see Figure 13, left; Keppler et al. 2018; Müller et al.
2018a). The planet was subsequently confirmed through
the detection of accretion excess emission in the H↵ line
and in UV continuum (Wagner et al. 2018; Haffert et al.
2019; Hashimoto et al. 2020; Zhou et al. 2021). H↵ imag-
ing by Haffert et al. (2019) revealed a second accreting
planet in the system, PDS 70 c, located at a projected sep-
aration of ⇠230 mas and a position angle of ⇠270� (see
Figure13, center panel). While extraction of signal from
PDS 70 b benefits from its location well within the gap of
the disk, excluding any possible confusion with disk fea-
tures, PDS 70 c’s emission is more challenging to disentan-
gle from the disk due to its close projected separation from
the inner edge of the outer disk (Mesa et al. 2019a; Stolker
et al. 2020; Wang et al. 2020).

Current astrometric measurements of the PDS 70 planets
span a baseline of more than 7 years. Orbital fits to the as-
trometry place PDS 70 b on a slightly eccentric (✏ ⇠0.2) or-
bit, while the orbit of PDS 70 c is consistent with being cir-
cular (Wang et al. 2021). With semi-major axes of ⇠21 au
and ⇠34 au, respectively, the planets are likely locked in a
dynamically stable 2:1 mean-motion resonance (Wang et al.
2021), as supported by hydrodynamical simulations of the
system (Bae et al. 2019; Toci et al. 2020).

The masses of the two planets, are still uncertain, but
have been estimated using a range of approaches, all of
which converge on masses that lie solidly in the planetary
regime. Dynamical stability and constraints on disk ec-

centricity confer upper limits of . 10 MJupon both com-
panions (Wang et al. 2021; Bae et al. 2019). Compar-
isons of near-IR spectro-photometry to evolutionary and
atmospheric models yield masses in the range of ⇠1 to
⇠17 MJup (Keppler et al. 2018; Müller et al. 2018a; Haf-
fert et al. 2019; Mesa et al. 2019b; Stolker et al. 2020;
Wang et al. 2020). Measured H↵ line properties suggest
dynamical masses of ⇠12 and ⇠11 MJup for PDS 70 b and
c, respectively (Hashimoto et al. 2020), consistent with the
range of masses derived from near-IR spectro-photometry.

PDS 70 b and c present very red and almost feature-
less near-IR SEDs compared to other planetary mass com-
panions, hinting at the presence of dust at or near the
planets which may originate in the planetary atmosphere,
the accretion column, or in a surrounding circumplanetary
disk (Müller et al. 2018b; Christiaens et al. 2019; Stolker
et al. 2020; Wang et al. 2021; Cugno et al. 2021). Further
evidence of circumplanetary dust around PDS 70 c comes
from ALMA sub-millimeter continuum observations, re-
vealing compact emission co-located with the H↵ and near-
IR emission of the planet (Isella et al. 2019; Benisty et al.
2021). Some emission is detected close to PDS 70 b, but it
appears faint and with an unclear morphology. In Figure
13, middle right, and right panels, the sub-millimeter con-
tinuum observations are presented with two different an-
gular resolutions. At very high angular resolution (right),
the emission co-located with PDS 70 c is separated from the
outer disk, but the faint emission around PDS 70 b is not re-
trieved. The dust mass of the CPD, as inferred from these
continuum observations, is on the order of ⇠0.01 Earth
masses, where the precise value depends on the assumed
grain properties (Benisty et al. 2021). It is not clear whether
the nature of the CPDs around PDS 70 b and PDS 70 c is the
same (e.g., accretion or decretion disk) considering the fact
that one is located in a very gas-depleted cavity, while the
other is adjacent the main disk reservoir.

The presence of dust at or near the planets can also be in-
ferred from optical observations. Following the theoretical
models of Aoyama et al. (2018) and neglecting any fore-
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Figure 1. Images of the new continuum observations of PDS 70 (LB19+SB16). The data were imaged with a robust parameter
of 0.5 (left) and 1 (center), with resolutions of 0.03600⇥0.03000 and 0.05100⇥0.04400, respectively. The right panel shows the same
image as in the left panel, with annotations. Beams are in the bottom left corner of each panel. Contours are 3 to 7�, spaced
by 1� (with �=8.8 and 4.8 µJy beam�1, respectively). An image gallery for all datasets is given in Appendix A.2.

ing the observations published by Isella et al. (2019)
(IB17+SB16; LB19+IB17+SB16) is given in Appendix
A.2. Depending on the dataset and the robust param-
eter, our JvM-corrected images have a rms ranging be-
tween ⇠4 and ⇠26 µJy beam�1 across beam sizes of
93 mas⇥74 mas to 20 mas⇥20 mas (Table 4). We note
that while the uv coverage and sensitivity are maximized
when all datasets are combined (LB19+IB17+SB16),
such a combination does not take into account the intrin-
sic changes of the emission that are due to the rotation
of the system, and the change in the location of the dust
surrounding the planets. Based on the orbital solutions
of Wang et al. (2021), we expect a motion of ⇠14 mas
for both planets between December 2017 and July 2019.

3. RESULTS

3.1. Continuum images

Figure 1 presents a selection of images of the contin-
uum emission of PDS 70 at 855 µm, synthesized from the
new ALMA observations combined with short baseline
data (LB19+SB16). The disk is well detected with a
spatially integrated flux density of ⇠176±18 mJy (all
images give similar values). After deprojecting the im-
age with an inclination of ⇠51.7� and a position an-
gle of ⇠160.4� (Keppler et al. 2019), we computed an
azimuthally averaged radial profile and found that the
outer disk resolves in a ring extending radially from
⇠0.400 (45 au) and ⇠0.900 (100 au). The outer disk is not

radially symmetric and shows a clear azimuthal asym-
metric feature in the North West (⇠27% brighter at
peak compared to the mean ring value), as already dis-
cussed by Long et al. (2018) and Keppler et al. (2019).
When imaged at high resolution, the outer disk resolves
into a narrow and bright ring with a faint inner shoul-
der detected in the image at the 3-4� level (Appendix
A.2). To better assess the presence of such substruc-
tures, we model the azimuthally averaged radial visi-
bility profile using the frank package (Jennings et al.
2020). Our analysis, presented in Appendix B recov-
ers a double peaked profile for the outer disk. Such a
substructure was already hinted in the data presented
in Keppler et al. (2019). Inward of the outer disk, the
dust-depleted cavity includes an inner disk that radially
extends up to 0.1600 (18 au) and presents faint additional
emission in the West and in the South of the inner disk
that will be discussed in the next subsection.

3.2. Emission within the cavity

Within the cavity, the inner disk appears well resolved
with an integrated flux ranging between 727±27 µJy and
888±59 µJy depending on the dataset (Table 5). When
imaged at high angular resolution (e.g., Figure 1, left),
it appears irregular and the emission is discontinuous in
the North.

Continuum emission is also detected near the locations
of the planets, confirming the findings of Isella et al.
(2019). We use the same nomenclature as Isella et al.

Isella et al 2019  
Benisty et al 2021



About 100 disks have been imaged

but we hardly found any protoplanets … 

Benisty, Dominik, Follette et al. Optical and Near-infrared View of Planet-forming Disks and Protoplanets

VLT/SPHERE, GPI

First PDI images
HST images

Large surveys (DARTTS, DESTINYS, LIGHTS)

Stars too faint for AO

Subaru HiCIAO, VLT/NACO

Diskless stars

Fig. 3.— Total number of protoplanetary disks imaged per year. The count includes targets with observations (both
detections and non-detections) that were published for the first time. The inset diagram shows the evolving range of stellar
properties probed by the available sample. The count does not include proplyds and disks seen in silhouette.

disks, with 18 observations so-far published, half of which
being bright T Tauri stars and the other half, Herbig Ae/Be
stars (e.g., Hashimoto et al. 2012; Kusakabe et al. 2012;
Mayama et al. 2012; Tanii et al. 2012; Takami et al. 2013;
Follette et al. 2013; Tamura 2016; Mayama et al. 2020).
PDI was also successfully employed with VLT/NACO to
image the disk around a handful of Herbig Ae stars (Quanz
et al. 2011, 2012, 2013a; Canovas et al. 2013; Garufi et al.
2013, 2014; Avenhaus et al. 2014a,b). This first PDI cam-
paign was limited by the performance of the AO system
available at the time enabling detection of only bright disks
(typically 10�2 times the central star, see Sect. 4.1) around
bright stars (typically R mag < 10). As of 2015, the two
dozens targets imaged with PDI were mainly 1–3 M� stars
older than 4 Myr (see Figure 3, top), providing therefore a
very biased sample.

The sample of observed targets was then significantly
expanded with the advent of the extreme-AO system driv-
ing VLT/SPHERE (Beuzit et al. 2019) and GPI (Macin-
tosh et al. 2014). Between 2015 and 2020, the sam-
ple size tripled, reaching more than a hundred. In addi-
tion, the range of stellar properties probed by these images
stretched to younger ages (1–2 Myr) and lower mass (0.3
M�, see Figure 3, top). The stability of the systems em-
ployed and the maturity of the post-processing techniques
have motivated systematic observations performed under
specific observing programs such as DARTTS-S (Disks
ARound TTauri Stars with SPHERE, Avenhaus et al. 2018;
Garufi et al. 2020), LIGHTS (Large Imaging with GPI Her-

big/TTauri Survey, Laws et al. 2020, Rich et al. in prep.),
and DESTINYS (Disk Evolution Study Through Imaging
of Nearby Young Stars, Ginski et al. 2020, 2021b).

Despite the significant progress in alleviating the sam-
ple bias, the stellar parameter space that is currently cov-
ered is still impacted by technical limitations. The mini-
mum stellar brightness necessary to drive the AO at the tele-
scope is in fact preventing us from accessing faint embed-
ded young stars, the brown dwarf regime, and stars lighter
than 0.3 M�. As is clear from Figure 3, the observed stars
distribute in a sort of cusp with the upper desert due to ab-
sence of disks in old massive stars and the lower desert im-
posed by the current limits of AO guiding systems.

3. Theoretical background of disk substructures

To provide context for the observed substructures in
disks we present a brief review on how such features could
be generated. Both scattered light and sub-millimeter con-
tinuum emission in these sources are probing dust grains.
The origin of the observed substructures in disks is there-
fore intimately related to the motion of dust particles em-
bedded in a gaseous medium. As the gas moves at sub-
Keplerian velocities, due to its pressure support, and the
dust grains move at Keplerian velocities, a velocity differ-
ence exists between gas and dust grains. Drag forces then
act on dust grains and influence their motions. Small grains
are well coupled to the gas, and their distribution is ex-
pected to be representative of the distribution of the gas.
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presence of magnetically induced disk winds (e.g., Pudritz21

et al. 2007). Indeed, the inclusion of non-ideal magneto-22

hydrodynamic (MHD) e↵ects in simulations is showing the23

relevance of such disk winds in disk evolution (e.g., Lesur24

et al. 2013; Bai 2016). Each of these models also provide25

clues on the final phases of the evolution of protoplanetary26

disks and how this could be connected to the properties of27

debris disks (e.g., Hughes et al. 2018). Finally, the descrip-28

tion of how the dust content of disks evolves with time (e.g.,29

Testi et al. 2014) is beginning to be coupled with global30

disk evolution models (e.g., Pinilla et al. 2020; Sellek et al.31

2020b).32

Since around the time of the Protostars and Planets VI33

(PPVI) conference, a conspicuous number of surveys of34

young stellar objects in di↵erent star-forming regions cov-35

ering a range of ages have been carried out with optical36

spectroscopy and millimeter interferometry (Fig. 1). This37

recent availability of large statistical samples of hundreds of38

young stellar objects with measured stellar and disk masses,39

mass accretion rates, disk radii and other properties opens40

new ways to test disk evolution models (e.g., Manara et al.41

2016; Tazzari et al. 2017). Similarly, improved knowledge42

of debris disks around young main sequence stars shows43

the fate of (some) protoplanetary disks and hints of a con-44

nection to planetary system formation and early evolution45

(Hughes et al. 2018).46

This chapter focuses on the results from surveys of47

young stellar objects - starting from the optically visible48

Class II stage - and debris disks, describing how stellar and49

global disk properties are derived and the main observa-50

tional results (§ 2). These results are collected and homo-51

geneized in this review, and provided to the community to52

be used in future works1. After reviewing predictions from53

the two main classes of models, the viscous framework and54

the disk-wind driven evolution model, the latter described55

with a simple analytical framework (§ 3), we perform a56

meta-analysis of the constraints on these models by com-57

paring with the measured global stellar and disk properties58

(§ 4). We briefly describe how advances in disk evolution59

inform planet formation and population synthesis models60

(§ 5) and conclude with our perspective for the future (§ 6).61

2. OBSERVATIONS OF YOUNG STARS AND DISKS62

The key observational properties needed to constrain63

disk evolution models are the stellar mass, stellar age, and64

mass accretion rate onto the central star (§ 2.1) as well as65

the disk bulk mass and size, in both the gas and dust, dur-66

ing the main disk evolution phase (§ 2.2) and at the end of67

the disk lifetime and during the debris disk phase (§ 2.3).68

These properties are observed to be related to each other69

(§ 4.1), constraining the disk evolution mechanisms to be70

used. Here we describe all these global properties, shortly71

assessing also the current biases and limitations of the per-72

formed surveys (§ 2.4), and neglecting the e↵ect of disk73

1Table 1 is available publicly at http://ppvii.org/chapter/15/

Fig. 1.— The improvement of (sub-)mm protoplanetary
disk survey dust detection limits from PPVI to now. The
left axis is 3� survey sensitivity translated into dust mass,
where the corresponding circles are colored if the region is
closer than 300 pc and included in Table 1, and gray other-
wise; dotted lines connect the same region re-observed at a
later date. The gray histogram corresponds to the right axis
for the number of disks with dust detection limits . 1 M�.

structures, discussed in the Chapter by Bae et al.. 74

2.1. Stellar and accretion properties for young stellar 75

objects from spectroscopy 76

The determination of the basic observables, stellar tem- 77

perature (Te↵) and luminosity (L?), is essential to derive 78

the physical properties such as stellar mass (M?). In young 79

stars with disks, the contribution of veiling (filling in of ab- 80

sorption lines) due to accretion and from extinction is non- 81

negligible, and must be accounted for when determining the 82

photospheric parameters. In turn, this allows one to mea- 83

sure the accretion luminosity (Lacc) and infer the mass ac- 84

cretion rate (Ṁacc). Here we review the methods currently 85

used to measure the stellar and accretion properties for pop- 86

ulations of young stars with disks. 87

2.1.1. Spectral types, stellar, and accretion luminosity 88

The determination of stellar properties for Pre-Main- 89

Sequence (PMS) stars was first carried out with optical 90

spectroscopy (e.g., Cohen and Kuhi 1979; Kenyon and 91

Hartmann 1995; Hillenbrand 1997). However, it was soon 92

realized that for these young, extincted, and accreting stars 93

it is important to simultaneously describe the expected un- 94

derlying photospheric emission and the continuum excess 95

due to accretion (e.g., Bertout et al. 1988), together with 96

a correct determination of the extinction. This requires 97

the use of broad wavelength coverage and absolute flux- 98

calibrated spectra. Whereas the spectral range from � ⇠ 99

4000 � 7000 Å allows spectral types (SpT) to be accu- 100
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2. Structures (and planets?) are everywhere



Evidence of embedded planets or  
companions ?

• gaps and rings


• inner cavities


• spirals


• shadows 
 
 

Benisty, Dominik, Follette et al. Optical and Near-infrared View of Planet-forming Disks and Protoplanets

Fig. 1.— Gallery of disks observed with the SPHERE, GPI, and HiCIAO instruments, highlighting the wide range of morphological
features present in planet-forming disks and their ubiquity across spectral types. All images are normalized within the depicted stamp
and colorbars are arcsinh scaled. A 50 au scalebar appears in the lower left corner of each image, and grey central circles mark regions
obscured by a coronagraph. North is up and East to the left in all images. The star name, instrument, and wavelength are indicated in
the upper left corner of each image. In all cases, the polarimetric Q� image is shown, with the exception of GG Tau, for which we show
polarized intensity. Images are coarsely sorted by spectral type (x axis) and morphological type (y axis), though we note that many disks
exhibit features matching multiple morphological categories. All relevant references for individual systems are listed in appendix A.
Figures 8, 9 and 10 provide additional disk images.
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Extreme AO reveals 
stunning images of disks

Maybe …  

It also means planet  
formation is messy



Depleted inner disks in transition disks 7

Figure 1. ALMA image continuum gallery of the 38 transition disks in our sample. The size is scaled to the size of the outer
disk. The beam size is shown in the bottom left; the scalebar at the bottom is 30 au in length. Note that the outer disk of AB
Aur is resolved out due to a lack of short baseline data.
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Figure 1. ALMA image continuum gallery of the 38 transition disks in our sample. The size is scaled to the size of the outer
disk. The beam size is shown in the bottom left; the scalebar at the bottom is 30 au in length. Note that the outer disk of AB
Aur is resolved out due to a lack of short baseline data.
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Aur is resolved out due to a lack of short baseline data.
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

Are	(some	of)	these	structures	caused	by	planets	?
Taurus	survey	
Long	et	al	2018

DSHARP	
Andrews	et	al	2018

synthetic visibilities computed from a model intensity profile.
Axisymmetry is assumed, since high-contrast asymmetries
in the dust emission are not seen (Figure 1; low-contrast
asymmetries will be discussed briefly in Section 3.3). Each disk
is initially approximated by combining a central Gaussian
profile with additional radial Gaussian rings, with the model
intensity profile expressed as
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where the first term represents the central emission and the
second term represents a series of peaks in the radial intensity
profile, and Ri and σi are the locations and widths of the
emission components. In some cases, the central Gaussian
profile is replaced with an exponentially tapered power law,
which reproduces the oscillation pattern in the visibility profile
(Andrews et al. 2012; Hogerheijde et al. 2016; Zhang et al.
2016) and better fits the data (with two more free parameters).
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where rt is the transition radius, γ is the surface brightness
gradient index, and β is the exponentially tapered index. The
model visibilities are then created by Fourier-transforming the
disk model intensity profile using the publicly available code
Galario (Tazzari et al. 2018). Fitting the model visibilities to
the data visibilities is later performed with the emcee25 package
(Foreman-Mackey et al. 2013), in which a Markov chain
Monte Carlo (MCMC) method is used to explore the optimal
value of free parameters.
Our choice of component type and number in the model

intensity profile for each disk is guided by the observed radial
profile along the disk major axis (Figure 2). A resolved ring or

Figure 2. Radial intensity profiles (black lines) along disk major axis for the 12 selected disks with dust substructures, in the same order as in Figure 1. The fitted
Gaussian profile is shown in red to highlight the disk substructures, except for CIDA 9 and IP Tau, which have deep inner cavities. The 1σ noise level is shown by
the dashed line.

Figure 1. Synthesized images of the 1.33 mm continuum with a Briggs weighting of robust=0.5. The images are displayed in order of decreasing millimeter
flux, from the top left panel to the bottom right panel, and are scaled to highlight the weaker outer emission. The beam for each disk is shown in the left corner of
each panel.
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synthetic visibilities computed from a model intensity profile.
Axisymmetry is assumed, since high-contrast asymmetries
in the dust emission are not seen (Figure 1; low-contrast
asymmetries will be discussed briefly in Section 3.3). Each disk
is initially approximated by combining a central Gaussian
profile with additional radial Gaussian rings, with the model
intensity profile expressed as
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second term represents a series of peaks in the radial intensity
profile, and Ri and σi are the locations and widths of the
emission components. In some cases, the central Gaussian
profile is replaced with an exponentially tapered power law,
which reproduces the oscillation pattern in the visibility profile
(Andrews et al. 2012; Hogerheijde et al. 2016; Zhang et al.
2016) and better fits the data (with two more free parameters).
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where rt is the transition radius, γ is the surface brightness
gradient index, and β is the exponentially tapered index. The
model visibilities are then created by Fourier-transforming the
disk model intensity profile using the publicly available code
Galario (Tazzari et al. 2018). Fitting the model visibilities to
the data visibilities is later performed with the emcee25 package
(Foreman-Mackey et al. 2013), in which a Markov chain
Monte Carlo (MCMC) method is used to explore the optimal
value of free parameters.
Our choice of component type and number in the model

intensity profile for each disk is guided by the observed radial
profile along the disk major axis (Figure 2). A resolved ring or

Figure 2. Radial intensity profiles (black lines) along disk major axis for the 12 selected disks with dust substructures, in the same order as in Figure 1. The fitted
Gaussian profile is shown in red to highlight the disk substructures, except for CIDA 9 and IP Tau, which have deep inner cavities. The 1σ noise level is shown by
the dashed line.

Figure 1. Synthesized images of the 1.33 mm continuum with a Briggs weighting of robust=0.5. The images are displayed in order of decreasing millimeter
flux, from the top left panel to the bottom right panel, and are scaled to highlight the weaker outer emission. The beam for each disk is shown in the left corner of
each panel.
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Depleted inner disks in transition disks 7

Figure 1. ALMA image continuum gallery of the 38 transition disks in our sample. The size is scaled to the size of the outer
disk. The beam size is shown in the bottom left; the scalebar at the bottom is 30 au in length. Note that the outer disk of AB
Aur is resolved out due to a lack of short baseline data.
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

Are	(some	of)	these	structures	caused	by	planets	?
Taurus	survey	
Long	et	al	2018

DSHARP	
Andrews	et	al	2018

synthetic visibilities computed from a model intensity profile.
Axisymmetry is assumed, since high-contrast asymmetries
in the dust emission are not seen (Figure 1; low-contrast
asymmetries will be discussed briefly in Section 3.3). Each disk
is initially approximated by combining a central Gaussian
profile with additional radial Gaussian rings, with the model
intensity profile expressed as

I r A
r

B
r R

exp
2

exp
2

, 1
i

i
i

i

2

0
2

2

2å
s s

= - + -
-⎛

⎝⎜
⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥( ) ( ) ( )

where the first term represents the central emission and the
second term represents a series of peaks in the radial intensity
profile, and Ri and σi are the locations and widths of the
emission components. In some cases, the central Gaussian
profile is replaced with an exponentially tapered power law,
which reproduces the oscillation pattern in the visibility profile
(Andrews et al. 2012; Hogerheijde et al. 2016; Zhang et al.
2016) and better fits the data (with two more free parameters).

The revised model is then described as
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where rt is the transition radius, γ is the surface brightness
gradient index, and β is the exponentially tapered index. The
model visibilities are then created by Fourier-transforming the
disk model intensity profile using the publicly available code
Galario (Tazzari et al. 2018). Fitting the model visibilities to
the data visibilities is later performed with the emcee25 package
(Foreman-Mackey et al. 2013), in which a Markov chain
Monte Carlo (MCMC) method is used to explore the optimal
value of free parameters.
Our choice of component type and number in the model

intensity profile for each disk is guided by the observed radial
profile along the disk major axis (Figure 2). A resolved ring or

Figure 2. Radial intensity profiles (black lines) along disk major axis for the 12 selected disks with dust substructures, in the same order as in Figure 1. The fitted
Gaussian profile is shown in red to highlight the disk substructures, except for CIDA 9 and IP Tau, which have deep inner cavities. The 1σ noise level is shown by
the dashed line.

Figure 1. Synthesized images of the 1.33 mm continuum with a Briggs weighting of robust=0.5. The images are displayed in order of decreasing millimeter
flux, from the top left panel to the bottom right panel, and are scaled to highlight the weaker outer emission. The beam for each disk is shown in the left corner of
each panel.
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synthetic visibilities computed from a model intensity profile.
Axisymmetry is assumed, since high-contrast asymmetries
in the dust emission are not seen (Figure 1; low-contrast
asymmetries will be discussed briefly in Section 3.3). Each disk
is initially approximated by combining a central Gaussian
profile with additional radial Gaussian rings, with the model
intensity profile expressed as
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where the first term represents the central emission and the
second term represents a series of peaks in the radial intensity
profile, and Ri and σi are the locations and widths of the
emission components. In some cases, the central Gaussian
profile is replaced with an exponentially tapered power law,
which reproduces the oscillation pattern in the visibility profile
(Andrews et al. 2012; Hogerheijde et al. 2016; Zhang et al.
2016) and better fits the data (with two more free parameters).

The revised model is then described as
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where rt is the transition radius, γ is the surface brightness
gradient index, and β is the exponentially tapered index. The
model visibilities are then created by Fourier-transforming the
disk model intensity profile using the publicly available code
Galario (Tazzari et al. 2018). Fitting the model visibilities to
the data visibilities is later performed with the emcee25 package
(Foreman-Mackey et al. 2013), in which a Markov chain
Monte Carlo (MCMC) method is used to explore the optimal
value of free parameters.
Our choice of component type and number in the model

intensity profile for each disk is guided by the observed radial
profile along the disk major axis (Figure 2). A resolved ring or

Figure 2. Radial intensity profiles (black lines) along disk major axis for the 12 selected disks with dust substructures, in the same order as in Figure 1. The fitted
Gaussian profile is shown in red to highlight the disk substructures, except for CIDA 9 and IP Tau, which have deep inner cavities. The 1σ noise level is shown by
the dashed line.

Figure 1. Synthesized images of the 1.33 mm continuum with a Briggs weighting of robust=0.5. The images are displayed in order of decreasing millimeter
flux, from the top left panel to the bottom right panel, and are scaled to highlight the weaker outer emission. The beam for each disk is shown in the left corner of
each panel.
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3. Disc kinematics: 
some structures are caused by planets



Three layers: 

 Hot atomic layer (PDR) 
 Warm molecular layer 
→ probed by ALMA in 
lines 
 Cold icy mid plane      
→ dust pebbles probed 
by ALMA in continuum 

Henning & Semenov, 2013

Discs have a layered structure



ALMA has phenomenal sensitivity and spectral resolution
 max resolution spectral of ~ 25m/s 
λ/Δλ ≈ 107

 full spectral resolution + full spatial 

resolution remains impossible

 can reach rms of 5K at 0.1”, 50m/s in ~ 10h
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 max resolution spectral of ~ 25m/s 
λ/Δλ ≈ 107

 full spectral resolution + full spatial 

resolution remains impossible

 can reach rms of 5K at 0.1”, 50m/s in ~ 10h

each integrated over a narrow range of frequencies.
The large collecting area of the ALMA interferometer

enables imaging of protoplanetary disks at high spectral res-
olution. The maximal spectral resolution of 30.5kHz trans-
lates into a velocity resolution of 26m s�1 and 40m s�1 for
the 12CO J=3-2 and J=2-1 lines for instance. This probes
a new range of physical processes that were inaccessible
to the previous generation of (sub-)millimeter instruments.
The high spectral resolution required to image kinematic
structures also means that the available bandwidth is much
narrower than for continuum observations, and line obser-
vations require long integration times, even with ALMA,
and preclude the use of the longest baselines. As such,
much of the substructure observed in disks has been de-
tected in the continuum so far. But reasonable compromises
on spatial resolution still allow fine mapping of the disk ve-
locity fields. For instance, in band 7 at 330 Ghz (e.g. 12CO
J=3-2), a brightness sensitivity of 5 K and velocity resolu-
tion of 26 m s�1 can be reached in ⇡ 30 min and 8 h on
source time at a spatial resolution of 0.2” and 0.1”, respec-
tively. While the number of sources where kinematics stud-
ies can be performed remains limited, it seems that (not sur-
prisingly), most if not all of the sources display kinematic
substructures on top of a smooth Keplerian structure when
data sets with sufficient spectral resolution and integration
time are available.

2.1. Velocity fields in protoplanetary disks
It is insightful to compare the velocity resolution ALMA

can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by
the central star and neglecting pressure gradients, the mid-
plane Keplerian velocity is given by the balance between
the gravity and centrifugal forces:
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The vertical extent of the disk reduces the gravitational
force from the star as well as its radial projection, leading
to an orbital velocity
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For a vertically isothermal disk in hydrostatic equilibiurm
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ⇡ 5% between the
disk midplane and 4 scale heights, the typical altitude of
12CO emission. At a distance of 100 au from the star, such
difference amounts to ⇡ 170 m s�1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-

ing the pressure gradient, the previous equation becomes
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The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures. But we can get an estimate of its impact on the or-
bital velocities under simple assumptions on the disk struc-
ture. If the pressure is a monotonically decreasing func-
tion, @Pgas

@r is negative, and the gas orbits at sub-Keplerian
velocities. Assuming power-laws for the surface density
⌃(r) = ⌃0(r/r0)�p and a vertically isothermal tempera-
ture T = T0(r/r0)�q (and hence a power P = P0(r/r0)�s

for the midplane pressure, with s = p + q/2 + 3/2), the
midplane azimuthal velocities become

v�(r) = v�, K(r)
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where h the local scale height. With a surface density index
p = 1, and a midplane temperature profile index q = 0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as
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r
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1

⇢gas
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where �gas is the gravitational potential of the disk. The
@�gas

@r term can be computed numerically and depends on
the details of the disk surface density (e.g. Bertin and
Lodato 1999; Veronesi et al. 2021). In the case of an in-
finitely thin disk extending to infinity with a surface density
⌃(r) / r

�1, a simple analytical expression can be derived
(Mestel 1963; Lodato 2007):

@�gas

@r
= 2⇡G⌃(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from
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the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
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sure supported, they orbit at Keplerian velocities and feel
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and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
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As both the gas temperature and density tend to decrease with r, a
corresponding negative pressure gradient causes the gas to slow
down and orbit at sub-Keplerian velocities. This phenomenon
is thought to play an important role in the radial migration
and growth of solids in these disks (Weidenschilling 1977b;
Takeuchi & Lin 2002; Birnstiel et al. 2010), but is a subtle
effect that slows down the gas from the fiducial Keplerian
velocities by a rough factor of (1 − c2

s /v
2
K )1/2 ∼ 0.99 for a

temperature of 30 K at r ∼ 500 AU in the disk (Armitage
2009). However, if the density is falling faster with radius than
a power-law, the pressure gradient will be larger and the gas
velocities markedly slower. Therefore, the significance of this
force term depends intimately upon the density and temperature
structure. The popular self-similar solution for Σgas(r) that we
have utilized features an exponential tail that will enhance this
effect.

The last force term we consider is the self-gravity of the disk.
Unlike the two previous terms which tended to slow down the
gas and produce sub-Keplerian velocities, the additional mass
contributed by the disk should increase v. The composite force
equation is then

v2

r
= GM∗r

(r2 + z2)3/2
+

1
ρgas

∂Pgas

∂r
+

∂φgas

∂r
, (17)

where φgas is the potential due to self-gravity of the disk. The
right-hand side of this equation includes three force terms:
Fstellar gravity, Fpressure gradient, and Fdisk gravity (appearing from left
to right in Equation (17)). To self-consistently construct a
disk structure now requires iteratively solving the equation of
hydrostatic equilibrium,
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and Poisson equation,

∇2φgas = 4πGρgas. (19)

For most disk configurations, the Poisson equation must
be calculated numerically which we do using a fixed grid
(Swarztrauber & Sweet 1975) without any iterations with the
hydrostatic equilibrium equation (i.e., we do not include self-
gravity when calculating the disk density structure for reasons
explained below). As an illustration, we can roughly estimate
the contribution of this correction by considering a special case
with an analytic solution to the Poisson equation: a thin disk
with a surface density profile Σgas = Σ0r0/r and no outer edge
has

∂φgas

∂r

∣∣∣∣
r=R

= 2πGΣ(R) (20)

at the midplane (Mestel 1963; Lodato 2007). In that sce-
nario, the gas velocities are increased by a factor of (1 +
2πGrΣ(r)/v2

Kep)1/2 ∼ 1.005–1.001 for radii ∼100–500 AU in
the disk. We note that throughout our analysis we have only
considered circular orbits. Including eccentricity in the disk
(e.g., Regály et al. 2011) introduces a host of new parameters,
asymmetries in the integrated line profile (which we have not
investigated), and is beyond the scope of our analysis.

We now explore whether these ALMA data can distinguish
between models that include these subtle effects on the gas
velocities: (1) the differential rotation due to the vertical ge-
ometry of the disk, (2) the sub-Keplerian velocities of the

gas due to the radial pressure gradient, and (3) the super-
Keplerian velocities introduced by self-gravity. In order to dis-
ambiguate these three effects, we will consider separately the
three force terms in Equation (17) that determine v: Fstellar gravity,
Fpressure gradient, and Fdisk gravity. When modeling the last two
disk-specific terms, we revert to the thin-disk approximation
where Fstellar gravity = GM∗/r2. We use the same observing ge-
ometry, disk density, and temperature structure introduced in
Section 4.2.2, changing only the gas velocities. As mentioned
previously, the self-gravity of the disk affects both the velocity
and density structures of the disk. Since both of these structures
will impact the observed line emission and we are interested
here in the effect of the former only, we choose to omit the disk
potential in the equation of hydrostatic equilibrium and leave
the disk density structure unaltered. For completeness, we also
calculate the emission from a model whose velocities are de-
termined by all three terms (Equation (17)). Due to the more
complicated velocity field and the fine spatial sampling of our
disk models, we found that the packaged raytracer in LIME was
prohibitively slow. Therefore, for these models we only used
LIME to calculate the non-LTE level populations. To generate
the model images, we utilized the axisymmetry of our disk mod-
els to interpolate onto a fine two-dimensional grid (Fan et al.
2005) and integrated the radiative transfer equation. None of
these four models require any additional parameters.

Figure 10 shows the fractional and absolute velocity differ-
ence compared to the fiducial Keplerian velocity field (vK

2 =
GM∗/r) for each model structure. As expected, the geometry of
the disk height and the disk pressure gradient slow down the gas
high above the midplane and at large disk radii (r ! 300 AU).
The disk self-gravity speeds up the gas, but has a smaller ef-
fect than the first two terms. Combining all three effects for our
fiducial model, the fractional difference in the gas velocities are
on the order of a few percent in the midplane. However, the
absolute velocity difference in the CO emitting region in the
outer disk can be as great as ∼0.1 km s−1, the same as the native
channel width of the Band 7 observations.

The impact of these changes to the velocity field are signif-
icant at the !3σ level across many channels. Figure 11 shows
the difference between the model with the standard Keplerian
rotation (v2 = GM∗/r; Section 4.2.2) and the individual mod-
els whose velocity fields are summarized in Figure 10. For
all of these models, the central channels were the least af-
fected since the projected velocity (for this inclination) is small
(vlos ∝ cos θ ). The model that accounts for the vertical geom-
etry of the disk differs most significantly, particularly for the
higher velocity channels (v ! 1.4 km s−1). The radial pressure
gradient impacts the emission at large radii, where the surface
density profile falls off sharply. By itself, the disk self-gravity
has the least significant effect. However, the combined model
is clearly not dominated by any one term, indicating that mod-
els for data of this high quality need to incorporate all of these
more physical and self-consistent calculations for the velocity
field. The usual assumptions can, of course, be instead tested
a posteriori as we have done here.

5. DISCUSSION

We have conducted an analysis of multiple CO emission lines
observed toward the protoplanetary disk hosted by HD 163296.
The exquisite spatial resolution and sensitivity of these ALMA
SV observations, combined with good spectral resolution of the
12CO J = 3–2 line, clearly reveals that the spatial morphology
of the emission is asymmetric across the major axis of the
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 max resolution spectral of ~ 25m/s 
λ/Δλ ≈ 107

 full spectral resolution + full spatial 

resolution remains impossible

 can reach rms of 5K at 0.1”, 50m/s in ~ 10h

each integrated over a narrow range of frequencies.
The large collecting area of the ALMA interferometer

enables imaging of protoplanetary disks at high spectral res-
olution. The maximal spectral resolution of 30.5kHz trans-
lates into a velocity resolution of 26m s�1 and 40m s�1 for
the 12CO J=3-2 and J=2-1 lines for instance. This probes
a new range of physical processes that were inaccessible
to the previous generation of (sub-)millimeter instruments.
The high spectral resolution required to image kinematic
structures also means that the available bandwidth is much
narrower than for continuum observations, and line obser-
vations require long integration times, even with ALMA,
and preclude the use of the longest baselines. As such,
much of the substructure observed in disks has been de-
tected in the continuum so far. But reasonable compromises
on spatial resolution still allow fine mapping of the disk ve-
locity fields. For instance, in band 7 at 330 Ghz (e.g. 12CO
J=3-2), a brightness sensitivity of 5 K and velocity resolu-
tion of 26 m s�1 can be reached in ⇡ 30 min and 8 h on
source time at a spatial resolution of 0.2” and 0.1”, respec-
tively. While the number of sources where kinematics stud-
ies can be performed remains limited, it seems that (not sur-
prisingly), most if not all of the sources display kinematic
substructures on top of a smooth Keplerian structure when
data sets with sufficient spectral resolution and integration
time are available.

2.1. Velocity fields in protoplanetary disks
It is insightful to compare the velocity resolution ALMA

can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by
the central star and neglecting pressure gradients, the mid-
plane Keplerian velocity is given by the balance between
the gravity and centrifugal forces:

v�, K(r) =

r
GM⇤

r
⇡ 3.0

s
M⇤
M�

r
100au

r
km s�1 (1)

The vertical extent of the disk reduces the gravitational
force from the star as well as its radial projection, leading
to an orbital velocity

v�(r, z)2

r
=

GM⇤
r2 + z2

⇥ rp
r2 + z2

(2)

For a vertically isothermal disk in hydrostatic equilibiurm
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ⇡ 5% between the
disk midplane and 4 scale heights, the typical altitude of
12CO emission. At a distance of 100 au from the star, such
difference amounts to ⇡ 170 m s�1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-

ing the pressure gradient, the previous equation becomes

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
(3)

The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures. But we can get an estimate of its impact on the or-
bital velocities under simple assumptions on the disk struc-
ture. If the pressure is a monotonically decreasing func-
tion, @Pgas

@r is negative, and the gas orbits at sub-Keplerian
velocities. Assuming power-laws for the surface density
⌃(r) = ⌃0(r/r0)�p and a vertically isothermal tempera-
ture T = T0(r/r0)�q (and hence a power P = P0(r/r0)�s

for the midplane pressure, with s = p + q/2 + 3/2), the
midplane azimuthal velocities become

v�(r) = v�, K(r)

s

1 � s

✓
h

r

◆2

(4)

where h the local scale height. With a surface density index
p = 1, and a midplane temperature profile index q = 0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
+

@�gas

@r
(5)

where �gas is the gravitational potential of the disk. The
@�gas

@r term can be computed numerically and depends on
the details of the disk surface density (e.g. Bertin and
Lodato 1999; Veronesi et al. 2021). In the case of an in-
finitely thin disk extending to infinity with a surface density
⌃(r) / r

�1, a simple analytical expression can be derived
(Mestel 1963; Lodato 2007):

@�gas

@r
= 2⇡G⌃(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from
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As both the gas temperature and density tend to decrease with r, a
corresponding negative pressure gradient causes the gas to slow
down and orbit at sub-Keplerian velocities. This phenomenon
is thought to play an important role in the radial migration
and growth of solids in these disks (Weidenschilling 1977b;
Takeuchi & Lin 2002; Birnstiel et al. 2010), but is a subtle
effect that slows down the gas from the fiducial Keplerian
velocities by a rough factor of (1 − c2

s /v
2
K )1/2 ∼ 0.99 for a

temperature of 30 K at r ∼ 500 AU in the disk (Armitage
2009). However, if the density is falling faster with radius than
a power-law, the pressure gradient will be larger and the gas
velocities markedly slower. Therefore, the significance of this
force term depends intimately upon the density and temperature
structure. The popular self-similar solution for Σgas(r) that we
have utilized features an exponential tail that will enhance this
effect.

The last force term we consider is the self-gravity of the disk.
Unlike the two previous terms which tended to slow down the
gas and produce sub-Keplerian velocities, the additional mass
contributed by the disk should increase v. The composite force
equation is then

v2

r
= GM∗r

(r2 + z2)3/2
+

1
ρgas

∂Pgas

∂r
+

∂φgas

∂r
, (17)

where φgas is the potential due to self-gravity of the disk. The
right-hand side of this equation includes three force terms:
Fstellar gravity, Fpressure gradient, and Fdisk gravity (appearing from left
to right in Equation (17)). To self-consistently construct a
disk structure now requires iteratively solving the equation of
hydrostatic equilibrium,

−
∂ ln ρgas

∂z
=

∂ ln Tgas

∂z
+

1
cs

2

[
GM∗z

(r2 + z2)3/2
+

∂φgas

∂z

]
, (18)

and Poisson equation,

∇2φgas = 4πGρgas. (19)

For most disk configurations, the Poisson equation must
be calculated numerically which we do using a fixed grid
(Swarztrauber & Sweet 1975) without any iterations with the
hydrostatic equilibrium equation (i.e., we do not include self-
gravity when calculating the disk density structure for reasons
explained below). As an illustration, we can roughly estimate
the contribution of this correction by considering a special case
with an analytic solution to the Poisson equation: a thin disk
with a surface density profile Σgas = Σ0r0/r and no outer edge
has

∂φgas

∂r

∣∣∣∣
r=R

= 2πGΣ(R) (20)

at the midplane (Mestel 1963; Lodato 2007). In that sce-
nario, the gas velocities are increased by a factor of (1 +
2πGrΣ(r)/v2

Kep)1/2 ∼ 1.005–1.001 for radii ∼100–500 AU in
the disk. We note that throughout our analysis we have only
considered circular orbits. Including eccentricity in the disk
(e.g., Regály et al. 2011) introduces a host of new parameters,
asymmetries in the integrated line profile (which we have not
investigated), and is beyond the scope of our analysis.

We now explore whether these ALMA data can distinguish
between models that include these subtle effects on the gas
velocities: (1) the differential rotation due to the vertical ge-
ometry of the disk, (2) the sub-Keplerian velocities of the

gas due to the radial pressure gradient, and (3) the super-
Keplerian velocities introduced by self-gravity. In order to dis-
ambiguate these three effects, we will consider separately the
three force terms in Equation (17) that determine v: Fstellar gravity,
Fpressure gradient, and Fdisk gravity. When modeling the last two
disk-specific terms, we revert to the thin-disk approximation
where Fstellar gravity = GM∗/r2. We use the same observing ge-
ometry, disk density, and temperature structure introduced in
Section 4.2.2, changing only the gas velocities. As mentioned
previously, the self-gravity of the disk affects both the velocity
and density structures of the disk. Since both of these structures
will impact the observed line emission and we are interested
here in the effect of the former only, we choose to omit the disk
potential in the equation of hydrostatic equilibrium and leave
the disk density structure unaltered. For completeness, we also
calculate the emission from a model whose velocities are de-
termined by all three terms (Equation (17)). Due to the more
complicated velocity field and the fine spatial sampling of our
disk models, we found that the packaged raytracer in LIME was
prohibitively slow. Therefore, for these models we only used
LIME to calculate the non-LTE level populations. To generate
the model images, we utilized the axisymmetry of our disk mod-
els to interpolate onto a fine two-dimensional grid (Fan et al.
2005) and integrated the radiative transfer equation. None of
these four models require any additional parameters.

Figure 10 shows the fractional and absolute velocity differ-
ence compared to the fiducial Keplerian velocity field (vK

2 =
GM∗/r) for each model structure. As expected, the geometry of
the disk height and the disk pressure gradient slow down the gas
high above the midplane and at large disk radii (r ! 300 AU).
The disk self-gravity speeds up the gas, but has a smaller ef-
fect than the first two terms. Combining all three effects for our
fiducial model, the fractional difference in the gas velocities are
on the order of a few percent in the midplane. However, the
absolute velocity difference in the CO emitting region in the
outer disk can be as great as ∼0.1 km s−1, the same as the native
channel width of the Band 7 observations.

The impact of these changes to the velocity field are signif-
icant at the !3σ level across many channels. Figure 11 shows
the difference between the model with the standard Keplerian
rotation (v2 = GM∗/r; Section 4.2.2) and the individual mod-
els whose velocity fields are summarized in Figure 10. For
all of these models, the central channels were the least af-
fected since the projected velocity (for this inclination) is small
(vlos ∝ cos θ ). The model that accounts for the vertical geom-
etry of the disk differs most significantly, particularly for the
higher velocity channels (v ! 1.4 km s−1). The radial pressure
gradient impacts the emission at large radii, where the surface
density profile falls off sharply. By itself, the disk self-gravity
has the least significant effect. However, the combined model
is clearly not dominated by any one term, indicating that mod-
els for data of this high quality need to incorporate all of these
more physical and self-consistent calculations for the velocity
field. The usual assumptions can, of course, be instead tested
a posteriori as we have done here.

5. DISCUSSION

We have conducted an analysis of multiple CO emission lines
observed toward the protoplanetary disk hosted by HD 163296.
The exquisite spatial resolution and sensitivity of these ALMA
SV observations, combined with good spectral resolution of the
12CO J = 3–2 line, clearly reveals that the spatial morphology
of the emission is asymmetric across the major axis of the
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λ/Δλ ≈ 107

 full spectral resolution + full spatial 

resolution remains impossible

 can reach rms of 5K at 0.1”, 50m/s in ~ 10h

each integrated over a narrow range of frequencies.
The large collecting area of the ALMA interferometer

enables imaging of protoplanetary disks at high spectral res-
olution. The maximal spectral resolution of 30.5kHz trans-
lates into a velocity resolution of 26m s�1 and 40m s�1 for
the 12CO J=3-2 and J=2-1 lines for instance. This probes
a new range of physical processes that were inaccessible
to the previous generation of (sub-)millimeter instruments.
The high spectral resolution required to image kinematic
structures also means that the available bandwidth is much
narrower than for continuum observations, and line obser-
vations require long integration times, even with ALMA,
and preclude the use of the longest baselines. As such,
much of the substructure observed in disks has been de-
tected in the continuum so far. But reasonable compromises
on spatial resolution still allow fine mapping of the disk ve-
locity fields. For instance, in band 7 at 330 Ghz (e.g. 12CO
J=3-2), a brightness sensitivity of 5 K and velocity resolu-
tion of 26 m s�1 can be reached in ⇡ 30 min and 8 h on
source time at a spatial resolution of 0.2” and 0.1”, respec-
tively. While the number of sources where kinematics stud-
ies can be performed remains limited, it seems that (not sur-
prisingly), most if not all of the sources display kinematic
substructures on top of a smooth Keplerian structure when
data sets with sufficient spectral resolution and integration
time are available.

2.1. Velocity fields in protoplanetary disks
It is insightful to compare the velocity resolution ALMA

can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by
the central star and neglecting pressure gradients, the mid-
plane Keplerian velocity is given by the balance between
the gravity and centrifugal forces:

v�, K(r) =

r
GM⇤

r
⇡ 3.0

s
M⇤
M�

r
100au

r
km s�1 (1)

The vertical extent of the disk reduces the gravitational
force from the star as well as its radial projection, leading
to an orbital velocity

v�(r, z)2

r
=

GM⇤
r2 + z2

⇥ rp
r2 + z2

(2)

For a vertically isothermal disk in hydrostatic equilibiurm
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ⇡ 5% between the
disk midplane and 4 scale heights, the typical altitude of
12CO emission. At a distance of 100 au from the star, such
difference amounts to ⇡ 170 m s�1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-

ing the pressure gradient, the previous equation becomes

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
(3)

The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures. But we can get an estimate of its impact on the or-
bital velocities under simple assumptions on the disk struc-
ture. If the pressure is a monotonically decreasing func-
tion, @Pgas

@r is negative, and the gas orbits at sub-Keplerian
velocities. Assuming power-laws for the surface density
⌃(r) = ⌃0(r/r0)�p and a vertically isothermal tempera-
ture T = T0(r/r0)�q (and hence a power P = P0(r/r0)�s

for the midplane pressure, with s = p + q/2 + 3/2), the
midplane azimuthal velocities become

v�(r) = v�, K(r)
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where h the local scale height. With a surface density index
p = 1, and a midplane temperature profile index q = 0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as

v�(r, z)2

r
=

GM⇤r

(r2 + z2)3/2
+

1

⇢gas

@Pgas

@r
+

@�gas

@r
(5)

where �gas is the gravitational potential of the disk. The
@�gas

@r term can be computed numerically and depends on
the details of the disk surface density (e.g. Bertin and
Lodato 1999; Veronesi et al. 2021). In the case of an in-
finitely thin disk extending to infinity with a surface density
⌃(r) / r

�1, a simple analytical expression can be derived
(Mestel 1963; Lodato 2007):

@�gas

@r
= 2⇡G⌃(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from
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Typical maps of protoplanetary disks

300au

Data from Andrews+2018, Huang+2018, Isella+2018
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Typical maps of protoplanetary disks

Gaseous disks significantly larger than mm continuum disks
Data from Öberg+2021, Czekala+2021, Law+2021, Teague+2021
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It is possible to extract a velocity field for the whole disk
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Typical maps of protoplanetary disks

Channel maps trace isovelocity contours
Data from Öberg+2021, Czekala+2021, Law+2021, Teague+2021
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Separating the CO layers at high spectral resolution
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Figure 2. Channel maps around the detected deviation from Keplerian velocity. The ‘kink’ is most visible in channels at
velocities between 0.8 and 1.2 km/s (top row) and is also seen in the J=3–2 transition in similar velocity channels (bottom row)
indicating it is localised in both space and velocity.

Figure 3. Geometry of the inclined and flared disc, show-
ing a schematic of the expected emission from two infinitely
thin emitting surfaces. Green shows the emission from the
lower surface of the disc, and red shows the upper surface.
We added a 10% deviation in azimuthal velocity north of the
star, which appears as a ‘kink’ in the line emission. Emission
is only seen when the projected velocity matches the chan-
nel velocity, producing the characteristic ‘butterfly’ shape.
Emission is preferentially seen on the upper surface of the
disc due to the higher inclination with respect to the line of
sight.

et al. (2015) for the kinematic signatures of an embed-
ded planet, where the wake of the spiral generated by
the planet was shown to produce a kink in the emission
due to the deviation from the Keplerian rotation around
the central star.
The basic feature of the channel maps can be ex-

plained with a simple model assuming emission from two
infinitely thin emitting surfaces. Figure 3 shows the ex-

pected emission arising from such a model, showing the
butterfly signature from the disc. Asymmetries of the
velocity field, added in an ad hoc manner in the model
for illustrative purposes, are evident as small bumps on
the line emissions.
To go beyond this simple model and infer the mass

of the putative planet, we performed a series of 3D
global simulations using the phantom Smoothed Par-
ticle Hydrodynamics (SPH) code (Price et al. 2017).
We adopted the gas disc parameters from de Gregorio-
Monsalvo et al. (2013). We employed gas-only simula-
tions, ignoring the e↵ect of dust, using 1 million SPH
particles and a central mass of 1.9M�. The inner ra-
dius of the disc in our model was set to 50 au (mainly to
speed up the calculations as the inner disc is irrelevant
for our present purpose), with an initial outer radius set
to 500 au. We set the gas mass between those radii to
10�2 M�, and use an exponentially tapered power-law
surface density profile with a critical radius of 100 au,
power-law index of p = �1.0, and an exponent � = 0.8.
The disc aspect ratio was set to 0.08 at 50 au, with a
vertically isothermal profile. We set the artificial viscos-
ity in the code in order to obtain an average Shakura &
Sunyaev (1973) viscosity of 10�3 (Lodato & Price 2010),
in agreement with the upper limits found by Flaherty
et al. (2015, 2017).
We embedded a single planet in the disc orbiting at

260 au with a mass of either 1, 2, 3, or 5MJup. We used
sink particles (Bate et al. 1995) to represent the star
and planet. We set the accretion radius of the planet
to half of the Hill radius (7.05, 8.85, 10.15 and 12 au,
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Figure 4. Left panel: surface density in 3D hydrodynamics simulations of the HD 163296 disc, shown after 35 orbits of a 2Mjup

planet and viewed at a face-on inclination. Dots mark the star and planet. Right panel: deviation of the azimuthal velocity
from Keplerian velocity.

the location of the potential planet with near-IR adap-
tive optics systems. A 2MJup planet is consistent with
the upper limits (for an unobscured planet) obtained by
adaptive optics systems, such as SPHERE (Muro-Arena
et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
formalism developed in Pinte et al. (2018), we find that
the velocity kink is located at a distance of ⇡ 260 au, and
an elevation above the midplane of ⇡ 70 au. Assuming
that the potential planet is located in the midplane, it
would be at a projected distance of 2.3±0.2” and PA
= -3±5� from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
a beam accuracy. If the planet orbit is slightly inclined
compared to the disc’s plane, the position on the sky
will be shifted along a line going from the northeast to
the southwest directions.
Can massive planets form at a distance of 250 au from

the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.

5. SUMMARY

We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two di↵erent transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-

namic and radiative transfer models of embedded plan-

ets suggests that the kinematic feature is caused by a
planet of of ⇡ 2 MJup in the midplane. Such a planet
would be located at a distance of ⇡ 260 au.
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Figure 4. Left panel: surface density in 3D hydrodynamics simulations of the HD 163296 disc, shown after 35 orbits of a 2Mjup

planet and viewed at a face-on inclination. Dots mark the star and planet. Right panel: deviation of the azimuthal velocity
from Keplerian velocity.

the location of the potential planet with near-IR adap-
tive optics systems. A 2MJup planet is consistent with
the upper limits (for an unobscured planet) obtained by
adaptive optics systems, such as SPHERE (Muro-Arena
et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
formalism developed in Pinte et al. (2018), we find that
the velocity kink is located at a distance of ⇡ 260 au, and
an elevation above the midplane of ⇡ 70 au. Assuming
that the potential planet is located in the midplane, it
would be at a projected distance of 2.3±0.2” and PA
= -3±5� from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
a beam accuracy. If the planet orbit is slightly inclined
compared to the disc’s plane, the position on the sky
will be shifted along a line going from the northeast to
the southwest directions.
Can massive planets form at a distance of 250 au from

the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.

5. SUMMARY

We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two di↵erent transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-

namic and radiative transfer models of embedded plan-

ets suggests that the kinematic feature is caused by a
planet of of ⇡ 2 MJup in the midplane. Such a planet
would be located at a distance of ⇡ 260 au.
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Figure 4. Left panel: surface density in 3D hydrodynamics simulations of the HD 163296 disc, shown after 35 orbits of a 2Mjup

planet and viewed at a face-on inclination. Dots mark the star and planet. Right panel: deviation of the azimuthal velocity
from Keplerian velocity.
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the upper limits (for an unobscured planet) obtained by
adaptive optics systems, such as SPHERE (Muro-Arena
et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
formalism developed in Pinte et al. (2018), we find that
the velocity kink is located at a distance of ⇡ 260 au, and
an elevation above the midplane of ⇡ 70 au. Assuming
that the potential planet is located in the midplane, it
would be at a projected distance of 2.3±0.2” and PA
= -3±5� from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
a beam accuracy. If the planet orbit is slightly inclined
compared to the disc’s plane, the position on the sky
will be shifted along a line going from the northeast to
the southwest directions.
Can massive planets form at a distance of 250 au from

the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.

5. SUMMARY

We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two di↵erent transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-

namic and radiative transfer models of embedded plan-

ets suggests that the kinematic feature is caused by a
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Figure 4. Left panel: surface density in 3D hydrodynamics simulations of the HD 163296 disc, shown after 35 orbits of a 2Mjup

planet and viewed at a face-on inclination. Dots mark the star and planet. Right panel: deviation of the azimuthal velocity
from Keplerian velocity.

the location of the potential planet with near-IR adap-
tive optics systems. A 2MJup planet is consistent with
the upper limits (for an unobscured planet) obtained by
adaptive optics systems, such as SPHERE (Muro-Arena
et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
formalism developed in Pinte et al. (2018), we find that
the velocity kink is located at a distance of ⇡ 260 au, and
an elevation above the midplane of ⇡ 70 au. Assuming
that the potential planet is located in the midplane, it
would be at a projected distance of 2.3±0.2” and PA
= -3±5� from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
a beam accuracy. If the planet orbit is slightly inclined
compared to the disc’s plane, the position on the sky
will be shifted along a line going from the northeast to
the southwest directions.
Can massive planets form at a distance of 250 au from

the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.

5. SUMMARY

We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two di↵erent transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-

namic and radiative transfer models of embedded plan-

ets suggests that the kinematic feature is caused by a
planet of of ⇡ 2 MJup in the midplane. Such a planet
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et al. 2018) and Keck L’ (Guidi et al. 2018). Using the
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an elevation above the midplane of ⇡ 70 au. Assuming
that the potential planet is located in the midplane, it
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= -3±5� from the star, where we estimated the uncer-
tainties by locating the velocity deviation with half of
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the star? The location of giant planets in the outer
regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.
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regions of discs would be broadly consistent with gravi-
tational instability. On the other hand, the timescale
for core accretion may also be reasonable given that
HD 163296 is a relatively old disc (⇡ 5Myr). The planet
may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.
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deviation was detected in both Band 6 and Band 7 in
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upon the initial profile of the disc. It is beyond the scope
of this Letter to speculate further.

5. SUMMARY

We detected a 15% deviation from Keplerian flow
around the star in the disc around HD 163296. The
deviation was detected in both Band 6 and Band 7 in
two di↵erent transitions of 12CO and matches the kine-
matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-

namic and radiative transfer models of embedded plan-

ets suggests that the kinematic feature is caused by a
planet of of ⇡ 2 MJup in the midplane. Such a planet
would be located at a distance of ⇡ 260 au.
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tational instability. On the other hand, the timescale
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may also have undergone outward migration, depending
upon the initial profile of the disc. It is beyond the scope
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matic signature predicted for an embedded protoplanet.
Comparing the observations to a series of 3D hydrody-
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Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km s�1 from the systemic velocity (top right, with a close-up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside of the outermost
dust ring. The corresponding emission on the opposite side of the disc (bottom left; showing �1km s�1 channel) shows no
corresponding feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is
�v = 0.1 km s�1. The white contour shows the 5-� (� = 0.1mJy beam�1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of
45�. Dotted lines in the bottom-right figure indicate 15% deviations (⇡ 0.4 km s�1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
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FIG. 4.ÈRadial surface brightness proÐles for HD 163296 (bold) and
AB Aur. For HD 163296 a wide crosscut along the disk semimajor0A.45
axis from SE to NW, at a location with minimal contamination by the PSF
subtraction residuals, is shown. Interior to 1A (SE) or (NW) from the1A.5
star PSF residuals dominate the signal. The peak at 8A to the NW of HD
163296 is due to a Ðeld star. For AB Aur, the crosscut is roughly N-S
across the disk. The AB Aur crosscut, in addition to structure due to the
spiral features discussed by Grady et al. (1999) shows a general trend of
increasing surface brightness with decreasing radius, consistent with expec-
tations for a disk or envelope extending more or less smoothly in to the
STIS occulting wedge.

the star. This lane has a width of (50 AU). Beyond thisB0A.4
dark zone, the disk surface brightness increases, and peaks
in bright ansae at (350 AU) on the SE of the star and2A.9 3A.2
(390 AU) on the NW. The peak surface brightness in the
NW ansa corresponds to a V surface brightness of
19.2 ^ 0.1 mag arcsec~2, assuming that the ansa is seen in
scattered light with a spectrum similar to that of HD
163296. A star is seen at P.A. \ 328¡ and with an angular
o†set of from HD 163296, comparable in brightness and2A.9
color to the numerous Ðeld stars seen in the coronagraphic
image. If this star is behind the HD 163296 disk, it may
indicate that the disk is optically thin at radii º415 AU
from 0.2È1.0 km. The bright ring is more conspicuous along
the NE side of the disk relative to the SW. Deeper imaging
planned for mid-2000 will be required to conÐrm a Ñux
deÐcit in this portion of the disk and the apparently bright-
ening along the semiminor axis to the NE. Spectral imaging
of the disk in Lya (Devine et al. 2000) indicates that the HH
objects to the SW of the star are part of an approaching jet,
whereas the HH objects to the NE are receding. Some
brightening of the disk to the NE of the star would be
consistent with forward scattering by dust grains in the
outer portions of the disk.

5. DISCUSSION

As noted above, HD 163296 lacks an associated dark
cloud or region of extended nebulosity, similar to that
associated with AB Aur. In its isolation, this star more
closely resembles stars such as b Pic and the TW Hya
association members, with estimated ages in the 8È20 Myr
range (Barrado y et al. 1999 ; Stau†er, Hart-Navascue" s
mann, & Barrado y Navascues 1995 ; Kastner et al. 1997),
rather than more conventional Herbig Ae stars. Of the
small number of stars which have been coronagraphically

imaged in the optical and near-IR, the disk of HD 163296
most closely resembles the Herbig Be star HD 141569 at
optical wavelengths (Weinberger et al. 1999, 2000). Like HD
163296, HD 141569 shows dark lanes in its disk, at radii of
150 and 250 AU. HD 141569 di†ers from HD 163296 in
having an IR excess consistent with central clearing of the
disk, and in not being detected at 1.1 mm (Malfait, Bogaert,
& Waelkens 1998 ; Sylvester et al. 1996), in contrast to the
400 mJy detection for HD 163296 at 1.3 mm (Mannings &
Sargent 1997). Based on its IR through millimeter excess,
HD 141569 is most commonly interpreted either as a Vega-
like debris disk or as a transitional object between actively
accreting Herbig Ae/Be stars and the main-sequence debris
disks. However, a revised evolutionary age for HD 141569
of 4 Myr (Weinberger et al. 2000), based on age estimates
for low-mass common proper-motion companions to HD
141569, suggests that HD 163296 and HD 141569 are
similar in age.

In the STIS data we detect the outer, optically thin
surface of HD 163296Ïs disk. Natta et al. (1999) note that the
presence of gas in association with the dust ensures Ñaring
of the disk. Independent of the degree of Ñaring, disks with a
constant number density of scatterers as a function of
radius are expected to show simple trends of decreasing
surface brightness with radius (Whitney & Hartmann 1992,
1993), simply due to the r~2 dependence of the stellar Ñux
with radius. Flared scattering photosurfaces have higher
surface brightness at a given distance from the star than
Ñatter distributions of scatterers, due to intercepting a
larger fraction of the stellar radiation Ðeld (Chang & Gold-
reich 1997). To produce bright ansae or dark lanes in the
disk, we require some change in the scattering properties of
the disk as a function of radius. Such changes can be caused
by changes in the degree of Ñaring of the disk, changes in the
grain composition, particle size distribution, vertical extent
of dust grains above the disk midplane, or due to changes in
the number density of grains. Some of these e†ects may
occur in combination (Nakagawa & Kohno 1999). The
STIS data alone, with only limited wavelength coverage
and lack of color information within the STIS bandpass, do
not enable us to unambigously distinguish between these
possibilities. High spatial resolution, high dynamic range
multispectral imaging, including near-IR, thermal IR, and
millimeter observations, will be required to fully explore the
structure in this and similar disks.

At this time, however, it is possible to explore two of these
possibilities : grain composition e†ects and dynamical clear-
ing. The most conspicuous features in the HD 163296 disk
are the bright ansae. These features are sufficiently far from
the star that if their enhanced visibility relative to the dark
lane is due to a change in grain composition, condensation
of a low-temperature volatile, such as CO, is a plausible
possibility. If this is a viable mechanism, it should be
capable of producing the structure seen in both the HD
163296 and HD 141569 disks. Gaseous CO is certainly
present in HD 163296Ïs disk (Mannings & Sargent 1997)
and is found throughout the region of the optically imaged
disk. Similarly, CO has been detected in association with
HD 141569 (Zuckerman et al. 1995). The dust optical depth
of the HD 141569 disk is smaller than that of HD 163296
(Weinberger et al. 1999). If the HD 141569 disk is optically
thin, the location of features in that disk should correlate
with the stellar radiation Ðeld. The later spectral type of HD
163296 should move any features in the optically thin
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Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km s�1 from the systemic velocity (top right, with a close-up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside of the outermost
dust ring. The corresponding emission on the opposite side of the disc (bottom left; showing �1km s�1 channel) shows no
corresponding feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is
�v = 0.1 km s�1. The white contour shows the 5-� (� = 0.1mJy beam�1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of
45�. Dotted lines in the bottom-right figure indicate 15% deviations (⇡ 0.4 km s�1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
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FIG. 4.ÈRadial surface brightness proÐles for HD 163296 (bold) and
AB Aur. For HD 163296 a wide crosscut along the disk semimajor0A.45
axis from SE to NW, at a location with minimal contamination by the PSF
subtraction residuals, is shown. Interior to 1A (SE) or (NW) from the1A.5
star PSF residuals dominate the signal. The peak at 8A to the NW of HD
163296 is due to a Ðeld star. For AB Aur, the crosscut is roughly N-S
across the disk. The AB Aur crosscut, in addition to structure due to the
spiral features discussed by Grady et al. (1999) shows a general trend of
increasing surface brightness with decreasing radius, consistent with expec-
tations for a disk or envelope extending more or less smoothly in to the
STIS occulting wedge.

the star. This lane has a width of (50 AU). Beyond thisB0A.4
dark zone, the disk surface brightness increases, and peaks
in bright ansae at (350 AU) on the SE of the star and2A.9 3A.2
(390 AU) on the NW. The peak surface brightness in the
NW ansa corresponds to a V surface brightness of
19.2 ^ 0.1 mag arcsec~2, assuming that the ansa is seen in
scattered light with a spectrum similar to that of HD
163296. A star is seen at P.A. \ 328¡ and with an angular
o†set of from HD 163296, comparable in brightness and2A.9
color to the numerous Ðeld stars seen in the coronagraphic
image. If this star is behind the HD 163296 disk, it may
indicate that the disk is optically thin at radii º415 AU
from 0.2È1.0 km. The bright ring is more conspicuous along
the NE side of the disk relative to the SW. Deeper imaging
planned for mid-2000 will be required to conÐrm a Ñux
deÐcit in this portion of the disk and the apparently bright-
ening along the semiminor axis to the NE. Spectral imaging
of the disk in Lya (Devine et al. 2000) indicates that the HH
objects to the SW of the star are part of an approaching jet,
whereas the HH objects to the NE are receding. Some
brightening of the disk to the NE of the star would be
consistent with forward scattering by dust grains in the
outer portions of the disk.

5. DISCUSSION

As noted above, HD 163296 lacks an associated dark
cloud or region of extended nebulosity, similar to that
associated with AB Aur. In its isolation, this star more
closely resembles stars such as b Pic and the TW Hya
association members, with estimated ages in the 8È20 Myr
range (Barrado y et al. 1999 ; Stau†er, Hart-Navascue" s
mann, & Barrado y Navascues 1995 ; Kastner et al. 1997),
rather than more conventional Herbig Ae stars. Of the
small number of stars which have been coronagraphically

imaged in the optical and near-IR, the disk of HD 163296
most closely resembles the Herbig Be star HD 141569 at
optical wavelengths (Weinberger et al. 1999, 2000). Like HD
163296, HD 141569 shows dark lanes in its disk, at radii of
150 and 250 AU. HD 141569 di†ers from HD 163296 in
having an IR excess consistent with central clearing of the
disk, and in not being detected at 1.1 mm (Malfait, Bogaert,
& Waelkens 1998 ; Sylvester et al. 1996), in contrast to the
400 mJy detection for HD 163296 at 1.3 mm (Mannings &
Sargent 1997). Based on its IR through millimeter excess,
HD 141569 is most commonly interpreted either as a Vega-
like debris disk or as a transitional object between actively
accreting Herbig Ae/Be stars and the main-sequence debris
disks. However, a revised evolutionary age for HD 141569
of 4 Myr (Weinberger et al. 2000), based on age estimates
for low-mass common proper-motion companions to HD
141569, suggests that HD 163296 and HD 141569 are
similar in age.

In the STIS data we detect the outer, optically thin
surface of HD 163296Ïs disk. Natta et al. (1999) note that the
presence of gas in association with the dust ensures Ñaring
of the disk. Independent of the degree of Ñaring, disks with a
constant number density of scatterers as a function of
radius are expected to show simple trends of decreasing
surface brightness with radius (Whitney & Hartmann 1992,
1993), simply due to the r~2 dependence of the stellar Ñux
with radius. Flared scattering photosurfaces have higher
surface brightness at a given distance from the star than
Ñatter distributions of scatterers, due to intercepting a
larger fraction of the stellar radiation Ðeld (Chang & Gold-
reich 1997). To produce bright ansae or dark lanes in the
disk, we require some change in the scattering properties of
the disk as a function of radius. Such changes can be caused
by changes in the degree of Ñaring of the disk, changes in the
grain composition, particle size distribution, vertical extent
of dust grains above the disk midplane, or due to changes in
the number density of grains. Some of these e†ects may
occur in combination (Nakagawa & Kohno 1999). The
STIS data alone, with only limited wavelength coverage
and lack of color information within the STIS bandpass, do
not enable us to unambigously distinguish between these
possibilities. High spatial resolution, high dynamic range
multispectral imaging, including near-IR, thermal IR, and
millimeter observations, will be required to fully explore the
structure in this and similar disks.

At this time, however, it is possible to explore two of these
possibilities : grain composition e†ects and dynamical clear-
ing. The most conspicuous features in the HD 163296 disk
are the bright ansae. These features are sufficiently far from
the star that if their enhanced visibility relative to the dark
lane is due to a change in grain composition, condensation
of a low-temperature volatile, such as CO, is a plausible
possibility. If this is a viable mechanism, it should be
capable of producing the structure seen in both the HD
163296 and HD 141569 disks. Gaseous CO is certainly
present in HD 163296Ïs disk (Mannings & Sargent 1997)
and is found throughout the region of the optically imaged
disk. Similarly, CO has been detected in association with
HD 141569 (Zuckerman et al. 1995). The dust optical depth
of the HD 141569 disk is smaller than that of HD 163296
(Weinberger et al. 1999). If the HD 141569 disk is optically
thin, the location of features in that disk should correlate
with the stellar radiation Ðeld. The later spectral type of HD
163296 should move any features in the optically thin
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Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km s�1 from the systemic velocity (top right, with a close-up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside of the outermost
dust ring. The corresponding emission on the opposite side of the disc (bottom left; showing �1km s�1 channel) shows no
corresponding feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is
�v = 0.1 km s�1. The white contour shows the 5-� (� = 0.1mJy beam�1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of
45�. Dotted lines in the bottom-right figure indicate 15% deviations (⇡ 0.4 km s�1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
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FIG. 4.ÈRadial surface brightness proÐles for HD 163296 (bold) and
AB Aur. For HD 163296 a wide crosscut along the disk semimajor0A.45
axis from SE to NW, at a location with minimal contamination by the PSF
subtraction residuals, is shown. Interior to 1A (SE) or (NW) from the1A.5
star PSF residuals dominate the signal. The peak at 8A to the NW of HD
163296 is due to a Ðeld star. For AB Aur, the crosscut is roughly N-S
across the disk. The AB Aur crosscut, in addition to structure due to the
spiral features discussed by Grady et al. (1999) shows a general trend of
increasing surface brightness with decreasing radius, consistent with expec-
tations for a disk or envelope extending more or less smoothly in to the
STIS occulting wedge.

the star. This lane has a width of (50 AU). Beyond thisB0A.4
dark zone, the disk surface brightness increases, and peaks
in bright ansae at (350 AU) on the SE of the star and2A.9 3A.2
(390 AU) on the NW. The peak surface brightness in the
NW ansa corresponds to a V surface brightness of
19.2 ^ 0.1 mag arcsec~2, assuming that the ansa is seen in
scattered light with a spectrum similar to that of HD
163296. A star is seen at P.A. \ 328¡ and with an angular
o†set of from HD 163296, comparable in brightness and2A.9
color to the numerous Ðeld stars seen in the coronagraphic
image. If this star is behind the HD 163296 disk, it may
indicate that the disk is optically thin at radii º415 AU
from 0.2È1.0 km. The bright ring is more conspicuous along
the NE side of the disk relative to the SW. Deeper imaging
planned for mid-2000 will be required to conÐrm a Ñux
deÐcit in this portion of the disk and the apparently bright-
ening along the semiminor axis to the NE. Spectral imaging
of the disk in Lya (Devine et al. 2000) indicates that the HH
objects to the SW of the star are part of an approaching jet,
whereas the HH objects to the NE are receding. Some
brightening of the disk to the NE of the star would be
consistent with forward scattering by dust grains in the
outer portions of the disk.

5. DISCUSSION

As noted above, HD 163296 lacks an associated dark
cloud or region of extended nebulosity, similar to that
associated with AB Aur. In its isolation, this star more
closely resembles stars such as b Pic and the TW Hya
association members, with estimated ages in the 8È20 Myr
range (Barrado y et al. 1999 ; Stau†er, Hart-Navascue" s
mann, & Barrado y Navascues 1995 ; Kastner et al. 1997),
rather than more conventional Herbig Ae stars. Of the
small number of stars which have been coronagraphically

imaged in the optical and near-IR, the disk of HD 163296
most closely resembles the Herbig Be star HD 141569 at
optical wavelengths (Weinberger et al. 1999, 2000). Like HD
163296, HD 141569 shows dark lanes in its disk, at radii of
150 and 250 AU. HD 141569 di†ers from HD 163296 in
having an IR excess consistent with central clearing of the
disk, and in not being detected at 1.1 mm (Malfait, Bogaert,
& Waelkens 1998 ; Sylvester et al. 1996), in contrast to the
400 mJy detection for HD 163296 at 1.3 mm (Mannings &
Sargent 1997). Based on its IR through millimeter excess,
HD 141569 is most commonly interpreted either as a Vega-
like debris disk or as a transitional object between actively
accreting Herbig Ae/Be stars and the main-sequence debris
disks. However, a revised evolutionary age for HD 141569
of 4 Myr (Weinberger et al. 2000), based on age estimates
for low-mass common proper-motion companions to HD
141569, suggests that HD 163296 and HD 141569 are
similar in age.

In the STIS data we detect the outer, optically thin
surface of HD 163296Ïs disk. Natta et al. (1999) note that the
presence of gas in association with the dust ensures Ñaring
of the disk. Independent of the degree of Ñaring, disks with a
constant number density of scatterers as a function of
radius are expected to show simple trends of decreasing
surface brightness with radius (Whitney & Hartmann 1992,
1993), simply due to the r~2 dependence of the stellar Ñux
with radius. Flared scattering photosurfaces have higher
surface brightness at a given distance from the star than
Ñatter distributions of scatterers, due to intercepting a
larger fraction of the stellar radiation Ðeld (Chang & Gold-
reich 1997). To produce bright ansae or dark lanes in the
disk, we require some change in the scattering properties of
the disk as a function of radius. Such changes can be caused
by changes in the degree of Ñaring of the disk, changes in the
grain composition, particle size distribution, vertical extent
of dust grains above the disk midplane, or due to changes in
the number density of grains. Some of these e†ects may
occur in combination (Nakagawa & Kohno 1999). The
STIS data alone, with only limited wavelength coverage
and lack of color information within the STIS bandpass, do
not enable us to unambigously distinguish between these
possibilities. High spatial resolution, high dynamic range
multispectral imaging, including near-IR, thermal IR, and
millimeter observations, will be required to fully explore the
structure in this and similar disks.

At this time, however, it is possible to explore two of these
possibilities : grain composition e†ects and dynamical clear-
ing. The most conspicuous features in the HD 163296 disk
are the bright ansae. These features are sufficiently far from
the star that if their enhanced visibility relative to the dark
lane is due to a change in grain composition, condensation
of a low-temperature volatile, such as CO, is a plausible
possibility. If this is a viable mechanism, it should be
capable of producing the structure seen in both the HD
163296 and HD 141569 disks. Gaseous CO is certainly
present in HD 163296Ïs disk (Mannings & Sargent 1997)
and is found throughout the region of the optically imaged
disk. Similarly, CO has been detected in association with
HD 141569 (Zuckerman et al. 1995). The dust optical depth
of the HD 141569 disk is smaller than that of HD 163296
(Weinberger et al. 1999). If the HD 141569 disk is optically
thin, the location of features in that disk should correlate
with the stellar radiation Ðeld. The later spectral type of HD
163296 should move any features in the optically thin
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Figure 1. Kinematic asymmetry in HD 163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km s�1 from the systemic velocity (top right, with a close-up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside of the outermost
dust ring. The corresponding emission on the opposite side of the disc (bottom left; showing �1km s�1 channel) shows no
corresponding feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is
�v = 0.1 km s�1. The white contour shows the 5-� (� = 0.1mJy beam�1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of
45�. Dotted lines in the bottom-right figure indicate 15% deviations (⇡ 0.4 km s�1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
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�v = 0.1 km s�1. The white contour shows the 5-� (� = 0.1mJy beam�1) level of the continuum map. The dashed line is
the expected location of the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of
45�. Dotted lines in the bottom-right figure indicate 15% deviations (⇡ 0.4 km s�1) from Keplerian flow around the star. The
potential planet location is marked by a cyan dot, assuming it is located in the midplane.
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Table 3. VLA Flux Densities

Epoch Flux Density (Jy) Spectral Index (↵)

2018 March 06 2.35 ⇥10�4 ± 5.63 ⇥10�5 0.817 ± 0.092

2018 April 14 1.873 ⇥10�4 ± 8.60⇥10�5 0.715 ± 0.082

2018 May 15 2.299⇥10�4 ± 7.15⇥10�5 0.708 ± 0.021

2018 Sept. 27 3.434⇥10�4 ± 3.23⇥10�5 1.0104 ± 0.0488

2018 Oct. 20 3.065⇥10�4 ± 2.61⇥10�5 1.080 ± 0.0246

2018 Nov. 03 3.164⇥10�4 ± 2.83⇥10�5 1.219 ± 0.029

Figure 8. A 15.002 ⇥ 15.002 view of the 2018 July epoch imagery, with features such as wthe NW Ansa, SE Ansa, disk periphery
flux, central star location (green star), and the approximate location of Pinte et al. (2018) planet candidate (green diamond)
annotated.

Rich et al 2020



Figure 1: ALMA observations of the dust and gas disk surrounding HD 97048. a) 13CO 3-
2 emission at velocity + 0.96 km.s�1 from the systemic velocity. The velocity kink revealing
the presence of an embedded perturber is marked by a dotted circle and the cyan dot repre-
sents the location of the putative planet. The kink is located above the gap detected in con-
tinuum. b) 885µm continuum emission using all the continuum channels b) and c) 13CO 3-2
emission at the opposite velocity - 0.96 km.s�1 from the systemic velocity, where the emission
displays a smooth profile. Line observations were not continuum subtracted. The ALMA beam
is 0.07”⇥0.11” and is indicated by the grey ellipse.

ate spirals, but these are large-scale structures, and would not produce a velocity kink localised

to a small region of the disk. Neither will they result in azimuthally symmetric dust gaps. The

interaction of a few Jupiter masses planet with its surrounding disk is to our knowledge the

only plausible explanation that can explain both a localized velocity kink and an azimuthally

symmetric gap.
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Velocity “kink” co-spatial with a dust gap

Pinte	et	al.	2019

13CO	emission



Velocity deviations might be common Pinte et al., 2020





JWST direct image ?

+ Roman Space Telescope (~ 2026) : coronographic contrast < 10-7 Figure 4: Simulated observation of HD 163296 after data reduction and PSF subtraction
for 5 hours on-source. The S/N ratios for the three planetary masses assumed, 0.5, 1 and
2 MJ, are reported in the images.

with a S/N of ⇡ 6.5 (corresponding to a 5� confidence at 200 when accounting for small
sample statistics; Mawet et al., 2014). In addition to the 5 hours on source, we request ⇠ 15
minutes of observations for the reference star 2MASS J17583283-2235474 in order to perform
PSF-modeling and subtraction. For these observation, the APT tool predicts an overheads
of 2.5 hours, resulting in a total requested time of ⇠ 7.8 hours.

This proposal has been designed to maximize the probability of detecting the embedded
planet in HD 163296. As the first direct detection of an embedded planet, we have purposely
remained pessimistic in the choice of planetary properties for all simulated observations and
exposure time calculations. A non-detection would therefore require a significant review in
our current understanding of planet-disk interactions. A detection, however, would usher in
a new era of exoplanet detection, serving as the foundation for future observations which
will be optimized to enable a full characterization of the youngest exoplanet detected.

Special Requirements (if any)

Justify Coordinated Parallel Observations (if any)

Justify Duplications (if any)

Analysis Plan (AR only)
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Fig. 11.— Kinematic asymmetry in the 12CO J=2-1 line emission of HD 163296 (left, Pinte et al. 2018b). Comparison
with the channel on the opposite side of the disk (right) shows no corresponding feature, indicating the disturbance to the
flow is localized in both radius and azimuth. The inferred planet location is marked, as well as its orbit and its projection
at the height traced by 12CO.

tions from buoyancy spirals, and may indicate the presence
of planet located at ⇡ 245 au.

Bae et al. (2022) reported the discovery of a circumplan-
etary disk candidate in the disk around AS 209. The CPD
is detected as a 13CO point-like source, which is detached
from the isovelocity curve, as predicted by Perez et al.
(2015). It coincides with an annular gap seen in scattered
light and 12CO emission and is collocated with a velocity
kink seen in 12CO emission. This suggests an embedded
planet as the origin of these various structures. The derived
CPD temperature (& 35 K) is higher than the surround-
ing circumstellar disk (22 K) indicating a localized heat-
ing source, while the non-detection in millimeter continuum
emission suggests a low dust-to-gas ratio (& 9⇥ 10�4).

Verrios et al. (2022) found evidence for a planet in the
IM Lupi disk from non-Keplerian motions tracing the wake
and matching the observed spiral structure in both scattered
light and mm-continuum emission.

For more face-on sources, the projection of the veloci-
ties along the line-of-sight velocities result in different com-
ponents of the velocity perturbations being traced, with a
strong weighting to the vertical motions. Using 12CO (3-2)
observations of TW Hya, Teague et al. (2019b) revealed a
large, localized velocity deviation with projected deviations
of ⇡ 40 m s�1 associated with tightly wound spirals traced
by variations peak intensity. The coincidence of this devi-
ation with the large, gas- and dust-depleted gap at ⇡ 90 au
(van Boekel et al. 2017; Teague et al. 2017) strongly sug-
gested that the cause of the velocity perturbations was likely
responsible for opening the gap. Bae et al. (2021) demon-
strated that tightly wound and highly localized velocity de-
viations could be buoyancy resonances and that a small,
< 0.5MJup planet could be responsible for such deviations.
By subtracting an azimuthally symmetric background from
high spectral CO (2-1) and CS (5-4) observations, Teague
et al. (2022) revealed a Doppler flip structure coincident
with the gap at 90 au. Comparison with analytical models

of planet wake suggests a Saturn-mass planet. The tightly
wound previously detected in CO (3-2) is also seen in CO
(2-1), but not in CS emission, suggesting a strong verti-
cal dependence of the velocity deviations, consistent with
buoyancy spirals.

Using a similar approach, Garg et al. (2022) discovered
a localised kinematic excess (a super-Keplerian structure or
a vertical flow) with a magnitude of ⇡ 75 m s�1 in the 12CO
(2-1) map of HD 169142. This excess cannot be explained
only by the pressure gradient at the edge of the gap, and
may indicate the presence of a planet at ⇡ 40 au.

5.3. Mapping the 3D gas flow in the vicinity the planet
As discussed in Section 5.1, planets are expected to drive

a range of kinematic features both in their immediate vicin-
ity and across large regions of the disk. In order to differen-
tiate these features the projected line-of-sight velocity must
be decomposed into its disk-frame cylindrical components:
v�, vr and vz . The projection of these components along
the line-of-sight is given by

v�, proj = v� cos(�) sin(|i|), (12)
vr, proj = vr sin(�) sin(i), (13)
vz, proj = �vz cos(i), (14)

where � is the polar angle in the disk frame (such that
� = 0� corresponds to the red-shifted major axis) and i

is the inclination of the disk. In this formalism we allow
i 2 (�90�, +90�) to account for the fact that the disk is
three dimensional, but we only trace one surface. Here pos-
itive i represent a disk that is rotating in a counter-clockwise
direction, while negative i described a clockwise rotating
disk. Therefore, if the geometry of the disk can be con-
strained then any velocities can be deprojected into their
disk-frame components.

While most works have focused on exploring v�, as dis-
cussed in Section 2.4, it is possible to extract information
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4. Solar systems analogues are common, 
but we cannot resolve them yet



A R E  G A P S  A N D  R I N G S  T Y P I C A L ?
8 Lucas A. Cieza et al.

Figure 3. The 53 individual detections resolved by our 1.3 mm observations, ordered by decreasing integrated flux (provided at the
bottom right of each panel).
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survey of Ophiuchus
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Figure 4. The 55 individual detections that remain unresolved in our 1.3 mm data, also ordered by decreasing integrated flux (provided
at the bottom right of each panel).

15 mJy, self-calibration does not significantly improve the
S/N. A visual inspection of our images reveal a series of
interesting substructures (see Figure 9).

Objects number 12, 22A, 62, 127, 141, and 143 show in-
ner cavities of di↵erent sizes from barely resolved (object 12)
to 100 in diameter (object 22). Object 41 shows two concen-
tric gaps at 0.4, and 0.700. Object 143 shows an external ring
in addition to the inner cavity. Objects 62, 127, 141 (best
known as EM? SR 24S, DoAr 44, and RX J1633.9-2442 ,
respectively) had their cavities resolved by pre-ALMA ob-
servations (Andrews et al. 2011; Cieza et al. 2012b). The
substructures in objects 12 and 143 (also known as IRAS
16201-2410 and WSB 82) were recently imaged by Cox et
al. (2017). Object 41 (best known as Elias 2-24) was recently
identified as a disc with remarkable substructure almost si-
multaneously by three di↵erent groups (Cieza et al. 2017;

Cox et al. 2017; Dipierro, G. et al. 2018). Object 51 (Elias
2-27) has spiral arms that were first identified by Perez et
al. (2016). Interestingly, object 22A (also known as ROXRA
3) has the disc with the largest cavity in our entire sample
but was not previously known to host such a cavity.

We note that all 8 targets discussed above showing
structures are brighter than ⇠43 mJy and therefore are
among the brightest 25 objects (⇠17% of the sample). This
implies that ⇠28% (7/25) of the brightest objects show some
type of substructures when observed at ⇠0.200 (⇠28 au) res-
olution. Whether the fainter (usually smaller) targets show
scalled-down versions of these substructures remains to be
established by deeper and higher-resolution observations.

To search for additional, more subtle substructures, we
use the coordinates, position angles and FWHM values of
the major and minor axes listed in Table 3 to deproject the

c� 2017 RAS, MNRAS 000, 1–19
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Yes, but lots of 
compact discs



5. Planet formation must be rapid 
(<1 Myr)



Ansdell+2016: ALMA survey of protoplanetary discs in Lupus molecular cloud
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Figure 3. Dust masses (top), gas masses (middle), and gas-to-dust ratios (bottom) for continuum-detected sources in our Lupus

sample. Blue points indicate detections and gray triangles indicate upper limits. Dust masses are from Table 2 and described in

Section 5.1; the associated error bars include the 10% absolute flux calibration uncertainty. Gas masses and associated ranges

are from Table 3 and described in Section 5.2; error bars with downward arrows indicate sources detected in
13
CO but not C

18
O,

for which we did not place lower limits on their gas masses. Gas-to-dust ratios and associated ranges are directly calculated

from the dust masses and the range of possible gas masses. Stars show the results of our stacking analysis (Section 5.3).

planetary disks in Miotello et al. (2014). The empirical
factor of 3 used in Figure 4 is su�cient to fit our Lu-
pus observations and lies within the range of models in
Miotello et al. (2014) for massive disks. Although our ob-
served fluxes do not match the models of Miotello et al.
(2014) for low-mass disks, those models covered a lim-
ited set of disk parameters and will be expanded to a
larger model grid to interpret the CO isotopologue de-
tections in Lupus with more sophisticated treatment of
isotope-selective e↵ects (Miotello et al., submitted).
Our derived gas masses are given in Table 3. We de-

termined these gas masses by comparing our 13CO and
C18O line luminosity measurements or upper limits to
the WB14 model grids. We considered bothWB14 model
grids (ISM and 3⇥ reduced C18O abundance) in order
to take into account possible isotope-selective photodis-

sociation e↵ects. The line luminosity uncertainties in-
cluded the statistical errors in Table 3 and a 10% abso-
lute flux calibration error (added in quadrature). For the
11 sources detected in both 13CO and C18O, we calcu-
lated the mean (in log space) of the WB14 model grid
points within ±3� of our measured 13CO and C18O line
luminosities (Mgas), and also set upper (Mgas,max) and
lower (Mgas,min) limits based on the maximum and min-
imum WB14 model grid points consistent with the data.
For the 25 sources with 13CO detections and C18O up-
per limits, we similarly calculated Mgas and Mgas,max
but set Mgas,min to zero as the e↵ect of isotope-selective
photodissociation may be stronger for low-mass disks
(Miotello et al., submitted). For the 53 disks undetected
in both lines, we set only upper limits to the gas masses
using the maximum model grid points consistent with

There is not enough mass in protoplanetary discs to form planets
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There is not enough mass in protoplanetary discs to form planets

P R O T O P L A N E TA R Y  D I S C S  A R E  P L A N E T  H O S T I N G  
D I S C S ,  N O T  P L A N E T- F O R M I N G  D I S C S  ( I . E .  T H E  

P L A N E T S  A R E  A L R E A D Y  M A D E )



6. Planet formation occurs in a dynamic 
environment



Our understanding of star formation



Our understanding of star formation



i.e. planet formation happens during this…



Figure 1. ALMA and VLA images of the disk and triple protostar system
L1448 IRS3B. (a) ALMA 1.3 mm image of the extended disk, showing an
evident bright source on the left (IRS3B-c) in the outer disk and another
blended source on the right near the disk center (IRS3B-a and IRS3B-b).
(b) VLA 8 mm image smoothed to a similar resolution as the ALMA image,
capturing some of the faint, extended disk at longer wavelengths. The contours
in panel (b) are from a higher-resolution VLA 8 mm image13 clearly showing
the individual protostars with corresponding designations. All three protostars
are embedded within apparent spiral arms that emerge from IRS3B-a/IRS3B-b
and extend to IRS3B-c in the outer disk. The positions of the three protostars
identified from the VLA data are shown by red crosses in panel (a). The
contours start at and increase with 5�, where � = 0.009 mJy beam�1. The
resolution of each image is shown with an ellipse(s) drawn in the lower right
corner, corresponding to 0.0027⇥0.0016 (62 AU ⇥ 37 AU) for the ALMA image in
panel (a), 0.0024⇥0.0020 (55 AU ⇥ 46 AU) for the VLA image in panel (b), and
0.0018⇥0.0016 (41 AU ⇥ 37 AU; blue ellipse) for the contour image in panel (b).

ALMA image of protostellar disc in L1448 IRS3B 
(Tobin et al. 2016)
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Table 3. Results from the MCMC search for best-fit param-
eters of a ring in AS 205 S. Errors correspond to 1�. Note
that the major axis corresponds to the radius of the ring.

Parameter Value.

�x �0.42+0.22
�0.3 au

�y 0.23+0.17
�0.18au

major axis 33.8+0.3
�0.4

minor axis 12.4± 0.2 au

i 68.4�+0.5
�0.7

PA 110.6�+0.5
�0.4

good agreement with the values obtained with the 2D
Gaussian fit to the image.

4.2. Gas emission in the AS 205 system

We detect CO emission from this system from v =
�7.6 km/s to +12.0 km/s, with little cloud contami-
nation over this velocity range. Figure 5 shows the
integrated intensity (moment 0) while Figure 6 also
presents the intensity-weighted velocity field (moment
1) computed from the CO datacube, clipping at 3�
and including only channels with detected emission (see
Figure 5.10 of Andrews et al. (2018) for all channel
maps,and Figure 9 in appendix for channels of inter-
est). Evidence of tidal interaction is clearly seen in the
gas tracer, with CO emission between the two contin-
uum sources on channels between v = 3.25 km/s and
5.35 km/s. The AS 205N disk shows a butterfly pattern
characteristic of Keplerian motion around the central
star, which allow us to estimate its systemic velocity
to be ⇡ 4.5 km/s (emission above 3� is observed from
v = �0.1 km/s to +8.5 km/s). However, this Keplerian
pattern only holds inside the region where the contin-
uum emission is above 3�, at approximately 60 au from
disk center. Outside this region, we observe extended
emission and several arc-like structures that extend to
the outskirts of the disk (at most at 410 au, ⇡ 3.002).
In the north and south sides of the continuum disk,

there are arc-like structures in CO that resemble spiral
arms. The most prominent arc (that starts in the west
and turns clock-wise to the south and then east, labeled
A in Figure 5), roughly coincides with the NW contin-
uum spiral, as is shown with the best-fit model for this
spiral in dotted lines in Figure 6 (left panels). However,
further out than ⇠ 80au (⇠ 0.005) the arc does not have
the same opening angle as the NW continuum spiral. In
the moment 1 map from Figure 6, the trace of arc A
appears to have constant velocity (⇠ 4.5 km/s) over its
extension outside of the continuum disk. In the moment
0 map, another spiral-like structure can be distinguished

A

B

Figure 5. Integrated emission map (moment zero) of the
CO spectral cube in the AS 205 system. The two main arcs
of emission in AS 205N are labeled A and B (See Figure 9).
The contour levels represent 5, 25 and 300� of the continuum
emission, for comparison.

towards the east (labeled B in Figure 5), but this feature
is not co-located with the best-fit SE continuum spiral.
Furthermore, arc B is not clearly observed across chan-
nels maps, and no velocity structure that corresponds
to this arc can be distinguished in the moment 1 map
either.
As can be seen in the moment 1 map of the CO

in AS 205 S (Figure 6, rightmost panel), the southern
component shows disk rotation, but quite perturbed.
First, due to its high inclination (sin i ⇡ 0.9) the in-
ner disk emission can be seen at high velocities from
v = �7.6 km/s to +12.0 km/s, which is about a fac-
tor of two wider velocity range than for AS 205N. Non-
Keplerian motion is seen in the south-east of AS 205 S
over all channels. At velocity channels near 4.3 km/s,
the gas emission appears as a broad arc towards the
south, better appreciated as the bright emission in the
south of the AS 205 S moment 0 map.

4.3. Continuum emission in the HTLup system

Three components are detected in this system, Fig-
ure 2 shows the 1.3mm continuum map where we are
able to spatially resolve the dust continuum emission
around the closest pair: HTLupA and B. The angular

S T E L L A R  F LY B Y S

AS205 in CO with ALMA 
Kurtovic et al. (2018)
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Parameter Value.

�x �0.42+0.22
�0.3 au

�y 0.23+0.17
�0.18au

major axis 33.8+0.3
�0.4

minor axis 12.4± 0.2 au

i 68.4�+0.5
�0.7

PA 110.6�+0.5
�0.4

good agreement with the values obtained with the 2D
Gaussian fit to the image.

4.2. Gas emission in the AS 205 system

We detect CO emission from this system from v =
�7.6 km/s to +12.0 km/s, with little cloud contami-
nation over this velocity range. Figure 5 shows the
integrated intensity (moment 0) while Figure 6 also
presents the intensity-weighted velocity field (moment
1) computed from the CO datacube, clipping at 3�
and including only channels with detected emission (see
Figure 5.10 of Andrews et al. (2018) for all channel
maps,and Figure 9 in appendix for channels of inter-
est). Evidence of tidal interaction is clearly seen in the
gas tracer, with CO emission between the two contin-
uum sources on channels between v = 3.25 km/s and
5.35 km/s. The AS 205N disk shows a butterfly pattern
characteristic of Keplerian motion around the central
star, which allow us to estimate its systemic velocity
to be ⇡ 4.5 km/s (emission above 3� is observed from
v = �0.1 km/s to +8.5 km/s). However, this Keplerian
pattern only holds inside the region where the contin-
uum emission is above 3�, at approximately 60 au from
disk center. Outside this region, we observe extended
emission and several arc-like structures that extend to
the outskirts of the disk (at most at 410 au, ⇡ 3.002).
In the north and south sides of the continuum disk,

there are arc-like structures in CO that resemble spiral
arms. The most prominent arc (that starts in the west
and turns clock-wise to the south and then east, labeled
A in Figure 5), roughly coincides with the NW contin-
uum spiral, as is shown with the best-fit model for this
spiral in dotted lines in Figure 6 (left panels). However,
further out than ⇠ 80au (⇠ 0.005) the arc does not have
the same opening angle as the NW continuum spiral. In
the moment 1 map from Figure 6, the trace of arc A
appears to have constant velocity (⇠ 4.5 km/s) over its
extension outside of the continuum disk. In the moment
0 map, another spiral-like structure can be distinguished

A

B

Figure 5. Integrated emission map (moment zero) of the
CO spectral cube in the AS 205 system. The two main arcs
of emission in AS 205N are labeled A and B (See Figure 9).
The contour levels represent 5, 25 and 300� of the continuum
emission, for comparison.

towards the east (labeled B in Figure 5), but this feature
is not co-located with the best-fit SE continuum spiral.
Furthermore, arc B is not clearly observed across chan-
nels maps, and no velocity structure that corresponds
to this arc can be distinguished in the moment 1 map
either.
As can be seen in the moment 1 map of the CO

in AS 205 S (Figure 6, rightmost panel), the southern
component shows disk rotation, but quite perturbed.
First, due to its high inclination (sin i ⇡ 0.9) the in-
ner disk emission can be seen at high velocities from
v = �7.6 km/s to +12.0 km/s, which is about a fac-
tor of two wider velocity range than for AS 205N. Non-
Keplerian motion is seen in the south-east of AS 205 S
over all channels. At velocity channels near 4.3 km/s,
the gas emission appears as a broad arc towards the
south, better appreciated as the bright emission in the
south of the AS 205 S moment 0 map.

4.3. Continuum emission in the HTLup system

Three components are detected in this system, Fig-
ure 2 shows the 1.3mm continuum map where we are
able to spatially resolve the dust continuum emission
around the closest pair: HTLupA and B. The angular
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Was the outer solar system shaped 
by a stellar flyby?  

(Pfalzner et al. 2018)
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Figure 1. a. ALMA continuum emission revealing the clear disk ring structure. Dust continuum contours are 15, 30, 60, 100,
120, 180 times �, the rms noise of the continuum. Note: the “tilted” asymmetry of the inner disk is likely due to the elongated
beam. b. ALMA 12CO J = 2 � 1 and c. C18O J = 2 � 1 disk emission. d. Large scale filamentary emission surrounding
the [BHB2007] 1 disk. Red-shifted and blue-shifted emission is velocity-integrated between 4.5 � 7.0 and �0.4 � 2.7 km s�1,
respectively. Increased noise at the edge of the primary beam is more visible at the bottom-left hand corner, but the filaments
in the image center and top are clear.

Molecular emission reveals large scale (⇠ 4000 au) and
narrow (⇠ 80�300 au) bipolar filaments connecting the
ambient gas and the source (Fig. 1d). These structures
are distributed in a north-south orientation, similar to
the major axis of the disk. The northern (red-shifted)
and southern (blue-shifted) filaments exhibit a velocity
shift of ⇠ ±2 � 3 km s�1 with respect to the source
ambient velocity.
No clear velocity gradients are seen along the fil-

aments, whose entire structures are visible over a ⇠
1 km s�1 velocity range in each lobe. This low velocity
width implies we are likely seeing the filament along the
plane of the sky. Interestingly, the pair of filamentary
structures have global red and blue shifts. The northern
filament is red shifted as the disk is with a similar veloc-
ity. The same is true for the southern filament, which

is largely blue shifted, consistent with the disk rotation
on the southern side of the disk.
If these features are indeed filaments, they appear

to be orbiting the system like large propellers or gas
streamers accreting into the disk (§5.1). Alternatively,
we could be seeing a limb-brightened large (> 1000 au)
scale outer disk or flattened envelope, where the central
channels are too optically thin to observe in emission.
Additional observations of higher critical density tracers
with deeper observations would be needed to disentan-
gle a filament or remnant flattened envelope. What we
can say with certainty is that we see large scale emission
associated with the disk based on its velocities that is
moving too slowly to be an outflow, and is oriented par-
allel to the disk plane rather than along a conventional
outflow axis.

Alves et al 2020



Concluding remarks
• Direct imaging of protoplanets yield a few stunning detections,  
and candidates to follow-up.  
So far probing tip of the iceberg. Exciting discovery space ahead of us. 

• Planet formation is rapid and occurs in a dynamic environment, while 
the disc is massive 

• ALMA can also detect the kinematic signatures of embedded planets.  

• At least some of the cavities and gaps are carved by planets. 

•Simultaneous detection in imaging + kinematics: 
will provide luminosity + mass of planets, as pathway to constrain 
entropy and distinguish between planet formation scenarii




