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Abstract 

 
In questa proposta si richiede un finanziamento integrativo alle attività di ricerca nel campo dello               
studio dei dischi protoplanetari attualmente inserite nel Progetto Premiale FRONTIERA          
(Fostering high ResolutiON Technology and Innovation for Exoplanets and Research in           
Astrophysics, P.I. Isabella Pagano) come parte del WP4.5 ‘Disks and Jets’ . I ricercatori              
coinvolti fanno anche parte della collaborazione JEDI (JEts & Disks@INAF) creata nell’ambito            
del progetto PRIN-INAF 2013 ‘Disks, jets and the dawn of planets’ (PI Brunella Nisini). Lo studio                
dei dischi è diventato negli ultimi anni un tema molto caldo dell’astrofisica dato il ruolo chiave,                
ormai universalmente riconosciuto, che essi giocano nel processo di formazione dei pianeti.            
Parallelamente, l’affermazione internazionale di ricercatori INAF che lavorano in questo campo           
e che partecipano a questo bando è cresciuta esponenzialmente negli ultimi dieci anni, grazie              
anche alla forte sinergia tra competenze scientifiche diverse ed utilizzo di strumentazione            
all’avanguardia in cui INAF è direttamente coinvolto, anche con programmi di tempo garantito             
(e.g. SPHERE, ALMA, X-Shooter, LBT). Il progetto FRONTIERA, a causa del taglio del 60%              
rispetto alla iniziale richiesta, è stato utilizzato in pratica solo per contratti per il personale, a                
scapito delle richieste per missioni e hardware. Si richiede quindi un intervento integrativo che              
avrà lo scopo di garantire il livello di eccellenza sin qui acquisito sui progetti presenti e futuri su                  
cui il team sta già attivamente collaborando. 
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Geographical background: Arcetri



Geographical background: Italy



Planet formation in a nutshell

The majority of stars host at least one planet.!
·!

A large variety of planetary systems exists.!
·!

Planets form in protoplanetary disks.!
·!

The formation of giant planets must be rapid (<10 Myr).!
·!

Planet formation is not “easy” for us. It is for Nature.



Out of 14 orders of magnitude involved,!
6 are not observable.

?
K. Dullemond

Planet formation in a nutshell



Out of 14 orders of magnitude involved,!
6 are not observable, and 2 are the meter barrier.

?
K. Dullemond

Planet formation in a nutshell



The molecular gas in disks!
observed by ALMA…

?

Planet formation in a nutshell

…is delivered to!
planetary atmospheres

K. Dullemond



Imaging protoplanetary disks

Imaging the planet-forming region of disks require!
high resolution and, in the visible, high contrast.

AA48CH07-Dullemond ARI 16 July 2010 20:8

1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge

0.03 AU 0.1 .. 1 AU

100 AU

Pure gas disk
Outer disk
(mass reservoir)

Magnetospheric
accretion

Near-IR interferometry

Mid-IR interferometry

Direct imaging (HST or 8-meter ground-based)

ALMA

UV continuum,
H-recombination lines

Near-IR continuum
(origin unclear so far)
+ atomic lines (Br–γ)

 + occasional molecular 
lines (H2O, CO, OH)

Near-IR dust
continuum

Mid-IR:
dust continuum

+ molecular lines
(H2O, CO2, ... )

(Sub)millimeter:
dust continuum

+ molecular rot-lines

Dust inner rim Planet-forming
region

10 AU

Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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NIR imaging: scattered light 
from μm-grains

NIR/MIR interferometry:!
thermal light from μm-grains

(sub-)mm interferometry: 
thermal light from mm-grains

Imaging protoplanetary disks
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pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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inner disk with warm gas

Optical/NIR lines:!
stellar/accretion processes

(sub-)mm lines:!
molecular layer of cold gas
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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge

0.03 AU 0.1 .. 1 AU

100 AU

Pure gas disk
Outer disk
(mass reservoir)

Magnetospheric
accretion

Near-IR interferometry

Mid-IR interferometry

Direct imaging (HST or 8-meter ground-based)

ALMA
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(origin unclear so far)
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Near-IR dust
continuum

Mid-IR:
dust continuum

+ molecular lines
(H2O, CO2, ... )

(Sub)millimeter:
dust continuum

+ molecular rot-lines

Dust inner rim Planet-forming
region

10 AU

Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.

206 Dullemond · Monnier

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
0.

48
:2

05
-2

39
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 E

T
H

- 
E

id
ge

no
ss

is
ch

e 
T

ec
hn

is
ch

e 
H

oc
hs

ch
ul

e 
Z

ur
ic

h 
- 

B
IB

L
IO

T
H

E
K

 o
n 

12
/1

7/
12

. F
or

 p
er

so
na

l 
us

e 
on

ly
.

NIR imaging: scattered light 
from μm-grains

Imaging protoplanetary disks

(sub-)mm lines:!
molecular layer of cold gas

This talk is on!
these techniques.
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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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NIR imaging: scattered light 
from μm-grains

In the visible, the stellar flux dominates.!
We need differential techniques to suppress it.

Imaging protoplanetary disks



Dual Polarization Imaging

Stellar light is mainly unpolarized.!
Scattered light from the disk is largely polarized.!

!

Polarized light traces the small grains at the surface.
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Inner working angle
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Inner working angle
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Over the last decade, about 200 disks have been!
imaged with high resolution!

(90 with ALMA, 150 with SPHERE/NACO/GPI/HiCiao)

Imaging protoplanetary disks



Over the last decade, about 200 disks have been!
imaged with high resolution!

(90 with ALMA, 150 with SPHERE/NACO/GPI/HiCiao)

Imaging protoplanetary disks

The most obvious result of this census is!
the ubiquity of disk sub-structures.



Imaging small dust grains

Rings, spirals, shadows, cavities in the NIR…

IM Lup
VLT/SPHERE

HD100453
VLT/SPHERE

HD169142
Gemini/GPI

HD143006
VLT/SPHERE

HD34700
Gemini/GPI

AB Aur
Subaru/HiCIAO

1´´

163 au

0.5´´

57 au

0.5´´

178 au

0.25´´

42 au

0.25´´

26 au

1´´

158 au

Figure 1: Polarized

scattered light observa-

tions of protoplanetary

disks show a great

variety of features:

spiral arms, cavities,

rings, and shadows.

Grey circles indicate

regions under corona-

graphic masks. From

[9, 14, 15, 16, 17, 18].

confirmed planetary systems include both wide separation massive planets at tens of astronomical units

(au) and compact (⇠ few au) Super-Earth systems close to their host stars [1, 2]. The origin of this di-

versity and whether it is driven by the early stages of planet formation are unsolved issues. It is therefore

crucial to understand the structure and evolution of protoplanetary disks at the time of planet forma-

tion and evolution, which can be traced through their morphological appearance. Planet formation and

other disk evolution processes (e.g., magneto-rotational instability, disk winds, photoevaporation and

dust growth [3, 4, 5, 6]) happen simultaneously, influence each other, and leave clear signatures in disk

structure. Until recently, disk observations were limited in angular resolution, and could not provide

clear constraints on these physical processes. Progress in instrumentation has overcome some limita-

tions, and telescopes with extreme adaptive optics enable nearly di↵raction-limited imaging (⇠4 au at

100 pc), providing a unique way to constrain the physical processes at play in disks. Since PPVI, mon-

umental progress has been achieved, with high resolution surveys of ⇠150 planet-forming disks. Most

of these have been imaged in near infrared (IR) polarized scattered light, tracing small dust grains in

disk surface layers. Another recent advancement is the first robust discovery of a protoplanetary system

still embedded in its birth environment [7, 8] and several unconfirmed protoplanet candidates.

Global disk structure. Stellar light scattered o↵ (sub-)µm dust grains in disk surface layers is sen-

sitive to the disk’s vertical height, as these grains are well coupled to the gas. While some disks show

a clear flared bowl-shaped structure, others appear faint in scattered light, indicative of a flat or self-

shadowed surface [9]. The overall shape of the scattering surface can be constrained, for example, by

the presence of rings with o↵sets along the disk minor axis, directly probing projection e↵ects [10, 11].

However, caution is required when estimating disk spatial extents in scattered light as the disks’ appar-

ent sizes are directly impacted by illumination. Polarized imagery can constrain dust grain properties

such as albedo, size, shape, porosity, and composition at di↵erent locations along the disk surface

[12, 13]. These characteristics influence fundamental processes for disk evolution and planet formation,

such as heating/cooling, surface chemistry, dust settling, and disk wind launching.

Substructures. Since PPVI, high angular resolution images have revolutionized our understanding of

disk evolution. While for decades protoplanetary disks were thought to be smooth, it is now clear that

small-scale substructures are ubiquitous, and appear as dust depleted cavities, rings, gaps, asymmetries

and spiral arms (Fig. 1; [14, 19, 20, 21]) in regions accessible to direct imaging. Time-variable dark

regions have been interpreted as shadows due to a misaligned inner disk; the inferred misalignments

range from a few degrees [22] to ⇠70-90� [23], causing either broad or narrow shadows. Spirals are

found preferentially in older (�5 Myr) systems (Fig. 2, left). Two dominant arms with large opening

angles tend to be observed around single stars [24] and multiple arms are seen preferentially in multiple

systems [17, 25]. Interestingly, all targets with spiral disks show an anomalously high near-IR excess,

2

Benisty et al.



Imaging large dust grains

…and again rings, spirals, cavities!
but also asymmetries in the millimeter.

11

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).

van der Marel from ALMA archive

Andrews et al. 2018 (DSHARP)



Imaging gas

Gas is less characterized!
because of moderate!
angular resolutions!
and biases toward!
bright lines (12CO). 

Guzman et al. 2017, Bergner et al. 2017, Long et al. 2017, Pegues et al. 2020

6 Pegues et al.

Fig. 3.— H2CO 303-202 and 404-303 Velocity-Integrated Emission Maps. The left and right groups of columns correspond to
all detected/tentatively-detected H2CO 303-202 (3-2) and 404-303 (4-3) lines, respectively. In each group, each row shows emission for a
di↵erent disk. The first column in each group shows the dust continuum at wavelengths of either 1.3mm (left group) or 1.0mm (right group),
the second shows the velocity-integrated emission maps above 2�

map

for C18O, and the third shows the H2CO velocity-integrated emission
maps above 2�

map

. Colorbars are provided for the H2CO emission maps to the right of each group. The contour lines for all subplots
are [3�, 5�, 10�, 20�...]; for the continuum emission � is the continuum rms, while for the integrated emission maps � is the corresponding
�
map

. Beams are drawn in the lower right corners. The H2CO 3-2 line is tentatively detected towards J1614-1906. All other H2CO 3-2
and 4-3 lines are detected. C18O is not observed towards GM Aur and is not detected towards J1609-1908 and J1614-1906.
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Taxonomy of protoplanetary disks
M. Benisty et al.: Shadows and spirals in the protoplanetary disk HD 100453

Fig. 1. R0 (top), I0 (middle), and J band (bottom) polarized intensity images Q� (left) and U� (right) images. In the optical images, the inner bright
region corresponds to saturated pixels inside our IWA. In the NIR images, the inner dark region is masked by the coronagraph. The color scale of
the Q� and U� are the same, and arbitrary. For all images, East is pointing towards left.

to four positions shifted by 22.5� in order to construct a set of lin-
ear Stokes vectors. The data is reduced according to the double
di↵erence method (Kuhn et al. 2001), which is described in de-
tail for the polarimetric modes of IRDIS and ZIMPOL in de Boer
et al. in press, and lead to the Stokes parameters Q and U. Un-
der the assumption of single scattering, the scattered light from
a circumstellar disk is expected to be linearly polarized in the
azimuthal direction. Hence, we describe the polarization vector
field in polar rather than Cartesian coordinates (Avenhaus et al.

2014) and define the polar-coordinate Stokes parameters Q�, U�
as:

Q� = +Q cos(2�) + U sin(2�) (1)

U� = �Q sin(2�) + U cos(2�), (2)
where � is the position angle of the location of interest (x, y)
with respect to the star location (x0,y0), and is written as:

� = arctan
x � x0

y � y0
+ ✓. (3)

Article number, page 3 of 11

A&A proofs: manuscript no. hd97048_paper_rev1

Fig. 1: 1st row: Left and Middle: Reduced SPHERE DPI Q� and U� images. Color scale and stretch are the same for both images.
North is up and East to the left. We have some residual signal in U� close to the center of the image, which may be explained
by imperfect centering of the coronagraphic data or by multiple scattering in the inner disk. 1st row: Right: Q� scaled with the
square of the separation from the central star to account for the r2 dependency of the scattered light flux (see Sect. 3.3). 2nd Row:
SPHERE ADI images of the system reduced with 3 di↵erent algorithms (simple ADI, PCA and TLOCI). In all cases the H2 and H3
band images were combined to increase the signal. 3rd and 4th Row: Left and Middle: NACO H and Ks-band Q� and U� images
re-reduced by our team. Ring 2 and Gap 2 are clearly detected in Ks-band. 3rd and 4th Row: Right: r2-scaled Q� NACO images
analog to the corresponding SPHERE image.

Article number, page 4 of 11

M. Benisty et al.: Asymmetric features in the protoplanetary disk MWC 758
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5
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5

6
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Figure 1. Left and middle: polarized intensity images (Q�) obtained in December 2014 and March 2015, respectively. East is towards left.
Right: radial map of the de-projected March 2015 Q� image using i = 21� and PA = 65�. The dashed line indicates a radius of 0.2300. Each
pixel has been scaled with the square of its distance from the star, r2, to compensate for the r�2 dependency of the stellar illumination. Colour scale
is arbitrary.

very close to the coronagraph, the exact morphology of fea-
ture (5) may be a↵ected by the e�ciency of the AO correction
and the coronagraph centering. Appendix A provides the U�
images (Fig. A.1) and SNR maps (Fig. A.2). The features are
detected above the disk background at more than 3-�, and do
not appear in the U� images. This suggests that they are real and
not di↵raction residuals that would a↵ect the Q� and U� images
alike. Although one could naturally see a single spiral arm in
the west, extending from PA ⇠ 180� to 350�, the radial map-
ping (Fig. 1, right) shows that it consists of di↵erent features
that have a very distinct dependence on the PA, with a sharp
transition at PA ⇠ 240�. In the December 2014 image, fea-
ture (2) hosts an area that is ⇠1.5 times brighter than the NW
spiral, at PA ⇠ 240� � 260�. In the March dataset, the area
at PA ⇠ 260� seems, on the contrary, fainter than the back-
ground spiral. Since it is very close to the residual spiders, it
is di�cult to conclude whether it is an instrumental e↵ect, or
if it has a physical origin which, considering the timescale of
the variations, would point to a variability in the inner disk.
While the detected structures are in agreement with the HiCIAO
H band image (Grady et al. 2013), we do not detect a significant
di↵erence in the extent of the scattered light signal between the
west and the east sides.

4. Spiral features modeling

Planets embedded in circumstellar disks are known to launch
spiral waves at Lindblad resonances both inside and outside of
their orbit (e.g. Ogilvie & Lubow 2002). The shape of the spiral
wake is determined by the disk rotation profile, and the sound
speed (i.e. temperature) distribution in the disk. In this section,
we attempt to fit the shape of the two regions where there is a sig-
nificant departure from circular symmetry, features (1) and (3),
with a model based on the spiral density wave theory. As the
spiral features are very similar in both datasets, and since
the observations in March were obtained under better con-
ditions, we only fit the corresponding dataset. We assume that
the observed scattered light traces small dust grains well coupled
to the gas, and thus, that it indirectly traces the gas. Following
the prescription of Rafikov (2002) and Muto et al. (2012), the
spiral wake in polar coordinates (r,�) follows :

�(r) = �c +
sgn(r � rc)

hc

 
r
rc

!1+�  1
1 + �

� 1
1 � ↵ + �

 
r
rc

!�↵!

� sgn(r � rc)
hc

 
1

1 + �
� 1

1 � ↵ + �

!
. (4)

where ↵ and � are the exponents of the disk rotation and
sound speed profiles, respectively: ⌦ / r�↵, cs / r��. hc =
cs(rc)/rc⌦(rc) is the ratio of the pressure scale height H to the
radius (also called disk aspect ratio) at the location of the planet
(rc,�c). The pitch angle of the spirals depends on the disk tem-
perature (hence on the aspect ratio) and the distance from the
launching planet. The flaring index, ↵���1, determines the vari-
ation of H/r with radius. Eq. 4 is valid in the linear or weakly
non-linear regimes, in which a single spiral wave is launched
by an embedded planet, and approximates well the shape of the
density wave given by the WKB theory (Rafikov 2002).

We attempt to fit both spirals simultaneously assuming that
they are launched by two planets in circular orbit at di↵erent
radii in the disk. We assume that the disk is in Keplerian ro-
tation and fix ↵=3/2. Varying � has little influence on the fit,
and we fix �=0.45, following Andrews et al. (2011). We con-
sider that hc is a global disk parameter, meaning that the values
of aspect ratios at the locations of the planets should be con-
sistent. This leads to 5 free parameters in total. We restrict our
models to planets located inside the sub-millimeter cavity, which
extent is ⇠0.3600 within large uncertainties (Isella et al. 2010;
Andrews et al. 2011) and consider disk aspect ratios of at most
0.20 to be consistent with the modelling of the spectral energy
distribution (SED) (Andrews et al. 2011). The parameters are
thus varied as: 0.03  hc  0.20, 0.0100  rc,NW/SE  0.3600,
0  �c,NW/SE  360�, in 20, 50, and 50 linearly spaced values
respectively.

We de-project the image and fit the locations of the surface
brightness maxima along a set of azimuth angles (PA ⇠70�–200�
(80 linearly spaced values) and 280�–340� (50 values), for the
SE and NW spirals, respectively). We minimize a �2 function as-
suming that the uncertainty on each location is the FWHM of the
point spread function (PSF). The best-fit parameters are for the
SE arm: (hc, rc, �c) = (0.20, 0.25300, 72�), and for the NW arm:
(hc, rc, �c) = (0.20, 0.19600, 266�). This corresponds to planets
located at ⇠55 and 71 au for the NW and SE arms, respectively.

3

Resolving the planet-hosting inner regions of the LkCa 15 disk 3

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

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

4 SPHERE GTO team

Figure 1. Left panel : The TW Hya disk in polarized intensity at 1.62 µm, scaled by R2. The position of the star is denoted by the +
sign. A distance of 54 pc has been adopted. The dark and bright patch near [-1,-2] arcseconds are artefacts. Right panel : the same image
with annotations. The adopted nomenclature of bright “rings” and radial “gaps” has been indicated. The region under the coronagraphic
mask of 93mas radius has been greyed out. The “dark spiral” is indicated with a dashed line. The ⇥ symbol denotes the position of the
compact HCO+ source found by Cleeves et al. (2015).

Hence, determining the proper value of ✓ by minimizing
the resulting U� signal in an annulus around the star is
a commonly adopted technique. If the astrophysical po-
larized signal has a non-tangential component then this
minimization will generally not yield an “empty” U� im-
age, because the spatial signature of the astrophysical
signal (e.g., Canovas et al. 2015) di↵ers from that of the
instrumental crosstalk. Conversely, if a U� image with
approximately zero signal can be obtained by an appro-
priate choice of ✓, then this means the non-tangential
component of the astrophysical polarized signal must be
very close to zero.
We selected the 18 cycles with the best signal to noise

ratio in the H-band observations to be combined into a
final image, and used the entire data set of 16 cycles
for the J-band image. For each polarimetric cycle i we
determined the appropriate value for ✓ by minimization
of the U� signal. After each ✓i was determined, Q�,i &
U�,i were computed for each polarimetric cycle. The final
Q� and U� images were obtained by median combination
of all cycles.

2.3. Data quality and PSF

The Strehl ratio of the polarimetric observations, de-
fined as the fraction of the total flux that is concentrated
in the central Airy disk, relative to the corresponding
fraction in a perfect di↵raction-limited PSF (⇡ 80% for
a VLT pupil), is approximately 13% in the R0-band and
approximately 69% in the H-band in our data. The PSF
core in the R0-band is substantially less “sharp” than that
of a perfect Airy pattern due to the combination of mod-
erate conditions and the relatively low flux of TW Hya in
the R-band, where the wavefront sensor operates. The
central PSF core is slightly elongated with a fwhm of
56⇥48mas with the major axis oriented ⇡ 127� E of N,

and contains ⇡ 30% of the total flux. In comparison, a
perfect Airy disk would have a fwhm of 16mas. The H-
Band data have a nearly di↵raction-limited PSF shape
with fwhm⇡ 48.5 mas, compared to 41.4 mas for a per-
fect Airy disk.

2.4. H-band angular di↵erential imaging

The cosmetic reduction of the coronagraphic images
included subtraction of the sky background, flat field
and bad pixel correction. One image out of 64 had to
be discarded due to an open AO loop. Image registra-
tion was performed based on “star center” frames which
were recorded before and after the coronagraphic obser-
vations. These frames display four crosswise replicas of
the star, which is hidden behind the coronagraphic mask,
with which the exact position of the star can be deter-
mined. The modeling and subtraction of the PSF is per-
formed using a principal component analysis (PCA) after
Absil et al. (2013), which is in turn based on Soummer
et al. (2012). We apply the following basis steps: (1)
Gaussian smoothing with half of the estimated FWHM;
(2) intensity scaling of the images based on the measured
peak flux of the PSF images; (3) PCA and subtraction
of the modeled noise; (4) derotation and averaging of the
images.

3. RESULTS

3.1. A first look at the images

In the left panel of Fig. 1 we show the H-band Q� im-
age of the TW Hya disk, with an e↵ective wavelength
of 1.62 µm. In the right panel we show an annotated
version of the same image to graphically illustrate the
adopted nomenclature and identification of various struc-
tural features in the TW Hya disk. The Q� image con-
tains only positive signal and the corresponding U� im-
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Fig. 1. a) Q� image of the ZIMPOL R0-band data, smoothed with a boxcar of three pixels. No radial scaling is applied. b) Q� image of the
IRDIS/DPI J-band data, without radial scaling. c) Same reduction as shown in panel b), with an inclination (i = 45�) corrected r2 scaling.
This panel has the following disk features annotated: The southern ansa of a ring (R1), a full ring R2, a clear dip in the surface brightness (G)
and an inner disk structure I1. Panels d)�f) display the U� images corresponding to and with the same dynamic range as the Q� images of
panels a)�c) respectively.

calibration, IFU flat correction, instrument anamorphism correc-
tion (0.60± 0.02%, Maire et al. 2016), and frame registering.

Then, several types of angular differential imaging (ADI,
Marois et al. 2006) based algorithms were implemented in a ded-
icated tool (SpeCal, Galicher et al., in prep.) to perform starlight
subtraction independently for each of the two IRDIS filters, and
the 39 IFS spectral chanels.

For IRDIS, we present the results obtained with classical
ADI (cADI) for the full field of view (Fig. 4b) and the Template
Locally Optimized Combination of Images algorithm (TLOCI,
Marois et al. 2014) for a 400 ⇥ 400 field (Fig. 2). The May 12 data
shows a strong vertical negative residual in the reduction, for
both IRDIS (Fig. 2a) and IFS. We ascribe this to an aberration
of the PSF, due to a loss of AO performance when coping with
high altitude winds. The May 15 data does not su↵er this effect.
Figure 3 shows the IFS TLOCI+ADI reductions for May 15,
where the first three panels show the median combination of
13 spectral chanels between 0.96�1.07 µm, 1.08�1.21 µm, and
1.22�1.33 µm, respectively. The right-hand panel shows the me-
dian combination of all 39 spectral bands.

3.4. Reduction of the NACO Ks jitter imaging data

The NACO data reduction is similar for all epochs. First, we av-
eraged all frames in each data cube, and used the jitter routine
in the ESO Eclipse package (Devillard 2001) to flat-field, shift

and combine all averaged images. An initial offset of each frame
was determined from the image header and was then refined us-
ing jitter’s cross correlation routine. Since the star was moved
to different positions on the detector, each pair of consecutive
frames can be used to estimate the sky background in Ks-band
and subtract it. To remove the stellar halo, we stacked the cen-
tered image, and subtracted the same image after we had ro-
tated it 180�. We present the resulting 180� differential image
in Fig. 4a.

The astrometric calibration of the NACO epochs was taken
from Ginski et al. (2014). They imaged the core of the glob-
ular cluster 47 Tuc for this purpose in the same filter and
imaging mode. These calibrations are within two days of the
RX J1615 observations for the 2010 and the 2012 epoch. Due
to bad conditions during the 2011 observations, no companion
candidates were recovered.

3.5. Reduction of the Keck NIRC2 SAM K 0 data

Data were reduced using the aperture masking pipeline devel-
oped at the University of Sydney. An in-depth description of the
reduction process can be found in Tuthill et al. (2000) and Kraus
et al. (2008), but a brief summary follows: data were dark sub-
tracted, flat-fielded, cleaned of bad pixels and cosmic rays, then
windowed with a super-Gaussian function. The complex visi-
bilities were extracted from the cleaned cubes and turned into
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Fig. 1.— NACO/PDI data of HD142527 in the H and K
s

band. All images in linear stretch. Because P? and Pk can be negative by
construction, we show positive values in and negative values in blue. Plots a) and b) show the final, reduced H and K

s

band images. North
is up and east is to the left. Areas where no data is available due to saturation e↵ects or the polarimetric mask are marked in grey. The
red cross marks the position of the star. A radial mapping of the H band data is shown in c). Note that the data is plotted from 0 to
450� in order to show the hole in the disk at ⇠0�/360�. In d), we mark the features seen in the disk. Spiral arms in the disk are marked
S1 through S6. Two holes in the disk can be seen in the north (H1) and in the southeast (H2) at position angles of ⇠0� and ⇠160�. The
two small dots near S6 are e↵ects from the H band filter and not seen in the K

s

image. There seems to be a kink in the disk in western
direction at the starting point of the S3 spiral arm (seen in both filters). Images c) and d) have been scaled by r2, i.e. the distance to
the central star squared, to compensate for the drop-o↵ in illumination from the star for this nearly face-on disk and to better bring out
structures in the disk, while no scaling has been applied for a) and b).

cant holes (lack of polarized flux) are seen in the disk.
As can be seen in Figure 1 c), these holes seem to ex-
tend outwards, almost as if they were casting shadows.
Interestingly, there is one spiral arm (S3) which passes
through the northern hole and re-appears on the other
side of the hole. These holes have been hinted at before
(Casassus et al. 2012; Canovas et al. 2013), but not been
seen at this resolution.
In figure 2, we trace the surface brightness of the disk

in the North, East, South and West direction. The disk
shows a similar brightness in the eastern and western di-
rection in polarized scattered light, in contrast to unpo-
larized scattered light, where the western side is brighter
(Fukagawa et al. 2006). The disk reaches its peak bright-
ness of ⇠11.7 mag

arcsec2 in H band and ⇠10.8 mag
arcsec2 in K

s

band in the northwest, at a position angle of ⇠330�.
Compared to the 2MASS H � K

s

color of the star, the
scattering is slightly red (by ⇠0.16 magnitudes). Fur-
ther out, the surface brightness drops rapidly. Fitting
power-laws to the outer parts of the disc (outside 1.200)

leads to the following results for the power-law exponent
in H / K

s

band: North: �8.6± 1.2 / �6.2± 0.7; South:
�7.0 ± 0.6 / �6.1 ± 0.3; East: �6.8 ± 0.2 / �6.6 ± 0.4;
West: �4.5 ± 0.2 / �4.5 ± 0.2. It is worth noting that
starting from 1.200 usually ignores the inner spiral arms.
It also ignores the northern hole, which strongly a↵ects
the surface brightness in the northern direction between
0.800 and 1.200. The surface brightness profiles are some-
what steeper in the H band compared to the K

s

band,
especially in the northern and southern direction. How-
ever, this result has to be taken with care as the number
of points usable for the fit in the northern and southern
direction is limited by the polarimetric mask.
To measure the fractional polarization of the disk, we

need a direct measure of the total scattered light. In
the case of HD142527, the scattering from the disk is so
strong that it can be seen directly in the intensity images
we obtained, without a coronagraph or PSF subtraction -
even in the individual frames. Because of this, we extract
the information about the (non-polarized) scattered light
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the occulted central binary and the polarization fraction is much greater than the instrumental

polarization of ⇠0.4% (Wiktorowicz et al. 2014). These results are as expected for scattering of

starlight o↵ circumstellar dust. The P? and scaled P? images in Figure 1 show a relatively narrow,

bright central ring that peaks in brightness at ⇠14 AU and is surrounded by a fainter, outer halo

detected at �2� out to ⇠45 AU. The scaled P? images, which account for dilution of incident

starlight (e.g. Garufi et al. 2014) highlight this ring/halo structure. The structure is detected at

both J and K2, but is most clearly seen in the former because this shorter near-infrared wavelength

probes dust that — in addition to being illuminated by a brighter incident stellar radiation field —

likely has a larger scattering e�ciency. The inner ring also shows radial dark features at J, which

could be shadowing from dust within or interior to the bright ring.

Fig. 1.— Left : Total intensity J (top) and K2 (bottom) images with polarization degree (p=P/I)

(pseudo-)vectors overlaid in green for pixels where the total polarized intensity is greater than 40

counts. Middle : J (top) and K2 (bottom) polarized intensity (P?) images. Right: P? scaled by r2,

where r is the distance in pixels from the central binary, corrected for projection e↵ects. All images

are shown on a linear scale. The coronagraph is represented by the black filled circles and images

are oriented with north up and east to the left. A small artifact from slight telescope mispointing

during acquisition of the J-band image sequence can be seen to the west of the coronagraph in the

P? images.

The ring structures seen in the P? images cannot be attributed to the point spread function

PDS 66 Polarimetry with GPI 3

Figure 1. Polarimetry data for PDS 66 in H band (top) and K1 band (middle), and white light optical STIS data at two spatial scales
for comparison (bottom; data from Schneider et al. 2014). Polarized intensity is shown on the left for the GPI data, while the right panels
show the same polarized intensity over-plotted with polarization vectors. The vector orientation gives the position angle for the polarized
electric field. Grey inner regions represent the coronagraphic spot size.

– 20 –

Fig. 1.— Left: GPI J band (top) and K1 band (bottom) polarized intensity (Qr) images of

the TW Hya disk. Right: Qr(i, j) scaled by r2(i, j), where r(i, j) is the distance (in pixels)

of pixel position (i, j) from the central star, corrected for projection e↵ects. All images are

shown on a linear scale. The coronagraph is represented by the black filled circles and images

are oriented with north up and east to the left.

As of 2018, nearly 100 disks were observed.
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ABSTRACT

Context. Dozens of protoplanetary disks have been imaged in scattered light during the last decade.
Aims. The variety of brightness, extension, and morphology from this census motivates a taxonomical study of protoplanetary disks
in polarimetric light to constrain their evolution and establish the current framework of this type of observation.
Methods. We classified 58 disks with available polarimetric observations into six major categories (Ring, Spiral, Giant, Rim, Faint,
and Small disks) based on their appearance in scattered light. We re-calculated the stellar and disk properties from the newly available
Gaia DR2 and related these properties with the disk categories.
Results. More than half of our sample shows disk substructures. For the remaining sources, the absence of detected features is due to
their faintness, their small size, or the disk geometry. Faint disks are typically found around young stars and typically host no cavity.
There is a possible dichotomy in the near-infrared (NIR) excess of sources with spiral-disks (high) and ring-disks (low). Like spirals,
shadows are associated with a high NIR excess. If we account for the pre-main sequence evolutionary timescale of stars with different
mass, spiral arms are likely associated with old disks. We also found a loose, shallow declining trend for the disk dust mass with time.
Conclusions. Protoplanetary disks may form substructures like rings very early in their evolution but their detectability in scattered
light is limited to relatively old sources (&5 Myr) where the recurrently detected disk cavities cause the outer disk to be illuminate. The
shallow decrease of disk mass with time might be due to a selection effect, where disks observed thus far in scattered light are typically
massive, bright transition disks with longer lifetimes than most disks. Our study points toward spirals and shadows being generated by
planets of a fraction of a Jupiter mass to a few Jupiter masses in size that leave their (observed) imprint on both the inner disk near the
star and the outer disk cavity.

Key words. planet-disk interactions – planets and satellites: formation – protoplanetary disks

1. Introduction

The most direct observational approach to study planet forma-
tion � the direct imaging of forming planets � has thus far
been unproductive, with only a handful of young planet can-
didates being found in the literature (e.g., Quanz et al. 2013a;
Sallum et al. 2015; Keppler et al. 2018; Müller et al. 2018).
On the other hand, the direct imaging of protoplanetary disks
has provided several examples of disk sub-structures (e.g., cav-
ities, annular gaps, spiral arms) that are potentially formed by
an interaction with embedded (forming) planets. Currently, the

paucity of planet detection and the lack of a known evolutionary
trend for these substructures are hindering our understanding of
planet/disk interaction processes and planet formation.

Until the advent of ALMA, optical and near-infrared (NIR)
imaging of the scattered light from protoplanetary disks was the
best method for detecting substructures (see pioneering work by
Grady et al. 1999; Augereau et al. 2001). Observations at these
wavelengths exploit the good angular resolution achieved with
single telescopes but suffer from the low contrast of any circum-
stellar emission in comparison to the star. Much of the current
focus is on Polarimetric Differential Imaging (PDI) since this

Article published by EDP Sciences A94, page 1 of 18

The large sample allows to study how disk features 
relate with stellar and other disk properties.
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Low signal. No feature visible. 
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Small

Signal on very small scale. 
Prototypes: HD150193, CS Cha. 

Rim

Mainly one ring around a cavity. 
Prototypes: J1604, PDS70. 

Spirals Giant

Symmetric, bright spirals on small scale. 
Prototypes: HD135344B, MWC758. 
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Prototypes: HD100546, HD34282. 
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Context. Dozens of protoplanetary disks have been imaged in scattered light during the last decade.
Aims. The variety of brightness, extension, and morphology from this census motivates a taxonomical study of protoplanetary disks
in polarimetric light to constrain their evolution and establish the current framework of this type of observation.
Methods. We classified 58 disks with available polarimetric observations into six major categories (Ring, Spiral, Giant, Rim, Faint,
and Small disks) based on their appearance in scattered light. We re-calculated the stellar and disk properties from the newly available
Gaia DR2 and related these properties with the disk categories.
Results. More than half of our sample shows disk substructures. For the remaining sources, the absence of detected features is due to
their faintness, their small size, or the disk geometry. Faint disks are typically found around young stars and typically host no cavity.
There is a possible dichotomy in the near-infrared (NIR) excess of sources with spiral-disks (high) and ring-disks (low). Like spirals,
shadows are associated with a high NIR excess. If we account for the pre-main sequence evolutionary timescale of stars with different
mass, spiral arms are likely associated with old disks. We also found a loose, shallow declining trend for the disk dust mass with time.
Conclusions. Protoplanetary disks may form substructures like rings very early in their evolution but their detectability in scattered
light is limited to relatively old sources (&5 Myr) where the recurrently detected disk cavities cause the outer disk to be illuminate. The
shallow decrease of disk mass with time might be due to a selection effect, where disks observed thus far in scattered light are typically
massive, bright transition disks with longer lifetimes than most disks. Our study points toward spirals and shadows being generated by
planets of a fraction of a Jupiter mass to a few Jupiter masses in size that leave their (observed) imprint on both the inner disk near the
star and the outer disk cavity.

Key words. planet-disk interactions – planets and satellites: formation – protoplanetary disks

1. Introduction

The most direct observational approach to study planet forma-
tion � the direct imaging of forming planets � has thus far
been unproductive, with only a handful of young planet can-
didates being found in the literature (e.g., Quanz et al. 2013a;
Sallum et al. 2015; Keppler et al. 2018; Müller et al. 2018).
On the other hand, the direct imaging of protoplanetary disks
has provided several examples of disk sub-structures (e.g., cav-
ities, annular gaps, spiral arms) that are potentially formed by
an interaction with embedded (forming) planets. Currently, the

paucity of planet detection and the lack of a known evolutionary
trend for these substructures are hindering our understanding of
planet/disk interaction processes and planet formation.

Until the advent of ALMA, optical and near-infrared (NIR)
imaging of the scattered light from protoplanetary disks was the
best method for detecting substructures (see pioneering work by
Grady et al. 1999; Augereau et al. 2001). Observations at these
wavelengths exploit the good angular resolution achieved with
single telescopes but suffer from the low contrast of any circum-
stellar emission in comparison to the star. Much of the current
focus is on Polarimetric Differential Imaging (PDI) since this
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Taxonomy of protoplanetary disks

Young stars (< 2 Myr) are poorly represented.
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Fig. 3. Near-/far-IR excess diagram. Panel a: average error bars are shown to the bottom right. The dashed line indicates the equality of the two
quantities. Sources with an arrow sit outside of the box. Panel b: labeled version of panel a. The presence of cavities and shadows is indicated by
circles and vertical bars.

both diagrams, HD179218, is Faint and the star is hot and young.
These aspects may suggest that the accumulation of Faint disks
around late-type stars is to be ascribed to their young age, and
the observational implication is a segregation around cold stars
(since all young, intermediate-mass stars are late-type). To test
the significance of this accumulation, we took the distribution
in age of Faint disks and of the rest of the sample and used
the Kolmogorov–Smirnov (KS) two-sided test. The maximum
deviation between the cumulative distributions is ⇠0.6, with a
low probability (⇠2%, corresponding to 2.3� significance) that
the two samples are similar. This finding is further discussed in
Sect. 5.3.

From Fig. 2b, it should also be noted that Spiral disks are
always around stars that are old for their given mass (massive
stars evolve faster). The KS two-sided test shows a low probabil-
ity (⇠2%, 2.3� significance) that disks with spirals are of similar
age to those without spirals. It should also be noted that stars
with Spiral disks are never less massive than 1.5 M�. Also, Ring
disks are typically old with only one source out of twelve being
younger than ⇠4 Myr, while Giant disks are moderately young
with none of them in the oldest tertile. These results are dis-
cussed in Sect. 5.1. Finally, Inclined disks are significantly older
than those of all other categories. Unlike the others, this behav-
ior is most likely artificial. For statistical reasons, they should in
fact not be different from the others while it is possible that in
such geometries a fraction of the stellar radiation is intercepted
by the upper disk layer. Consequently, stars will appear fainter,
and thus less massive and older (see Fig. 2a).

More generally, three deserts clearly appear in Fig. 2b.
One, to the top right, is explained by the shorter evolutionary
timescale of more massive stars, reaching the MS in a few mil-
lion years. This rapid evolution of the star should therefore reflect
a rapid dissipation of the disk making the existence of a disk
around an evolved, massive star unlikely.

Two well-known sources that lie to the left of the diagram
(i.e., the young super-Solar stars) are T Tau and RY Tau, namely
two bright TTSs associated with extended emission (Takami
et al. 2014; Csépány et al. 2015). It is possible that stars in this
regime are still partly embedded in the natal cloud.

On the other hand, the lack of old sub-solar-mass stars is
most likely a sensitivity bias. In fact, we calculated that a 6 Myr-
old TTS of 0.5 M� at a representative distance of 150 pc has
an apparent magnitude in the R band of approximately 13. This
value is around the current limit of observability for the cur-
rent generation of instruments and restricts the observability of
<0.5 M�-mass stars at 150 pc to those older than 2–3 Myr. This

limit is even more stringent for extincted and distant sources
since it impacts on all sub-solar-mass stars with either AV > 2.0
or further away than 300 pc (see Table B.1). The only object
lying in this region of the diagram is TW Hya, which is in fact
much closer to us (60 pc) than all other stars.

In Fig. 2c, the distribution of disk cavities is shown. In par-
ticular, we show whether or not disks host a resolved cavity with
either PDI or (sub)mm interferometry. Most of the sources of
this work (⇡65%) have a cavity. Sources with no evidence of a
cavity are mostly Faint, Small, and Inclined disks. Reasons and
implications of this finding are discussed in Sect. 5.2.1.

Finally, the stellar variability �V estimated as described in
Sect. 3.2 spans from 0.0 to 3.1. The distribution with disk cate-
gories is relatively uniform, except for Inclined disks having an
average �V significantly higher than the other categories (1.0
vs. 0.5) most likely because of occultation of the stellar pho-
tosphere by material in the line of sight. Interestingly, no Ring
disks have �V > 0.5 and the average is as low as 0.2 (see
Appendix A).

4.2. Disk features versus other disk properties

4.2.1. The SED

The NIR and FIR excess of the entire sample is shown in Fig. 3.
Three major clusters of objects are identified. Most sources sit to
the left of the equality line, that is, they have a NIR excess numer-
ically equal to or lower than the FIR excess. Eleven sources
have intermediate NIR excess and low FIR excess; this region
of the diagram identifies the empirical classification of Group II,
namely those sources with low far-IR excess (see Meeus et al.
2001 and Sect. 5.3). Finally, a few sources have both very high
NIR and FIR excess.

The diagram shows a hint of segregation for some of the
categories depicted in Fig. 1. In fact, the vast majority of Ring
disks lie in the major group of objects with intermediate FIR
and low NIR excess. On the other hand, five out of six Spiral
disks have high NIR excess, which corresponds to a significance
probability of 94% (1.9� significance) of actual segregation
from the KS test. Furthermore, all Small disks belong to the
Group II cluster. The other categories are spread anywhere in the
diagram.

These results suggest that although the physical conditions
that contribute to the appearance of faint, rim, and giant disks
may be diverse, the dichotomy between spiral and ring disks
might be traced back to one specific origin. This element must

A94, page 5 of 18



Taxonomy of protoplanetary disks

The few young ALMA sources show substructures
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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).
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Taxonomy of protoplanetary disks

Mostly massive disks have been observed.
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Taxonomy of protoplanetary disks

We must remember that we only know about!
massive (exceptional) disks around old stars.
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Where shall we go from here?

When, where, and how often do planets form?!
!

!

!

We need to alleviate the biases !
by imaging younger, less special disks.!

(SPHERE/DESTINYS by C. Ginski + ALMA Taurus survey by G. Herczeg).!



Where shall we go from here?

When, where, and how often do planets form?!
!

!

!

We need to alleviate the biases !
by imaging younger, less special disks.!

(SPHERE/DESTINYS by C. Ginski + ALMA Taurus survey by G. Herczeg).!

!

DARTTS (ETH & Chile) + ALMA-DOT (Arcetri).!



DESTINYS
SPHERE GTO is over but fun has just begun…

DESTINYS is a large program in open-time (P.I. Ginski)!
promising observations of >80 sources.

Figure 2: Left: a graphical representation of features indicative of disk evolution processes, based on a

sample of 58 disks [26]. Right: properties for targets covered by past and ongoing IR disk surveys.

likely indicating a perturbed inner disk. Rings, on the other hand, are associated with low near-IR

excess sources, and do not show any correlation with stellar age or mass [26]. The sample of observed

disks to date has been biased towards bright and massive disks around stars older than 3-5 Myr, and the

high occurrence rate of substructures might be due in part to the nature of this sample. These biases

have motivated ongoing surveys that include systems with a broader range of properties (Fig. 2, right),

and these surveys will be discussed in our review. The exact origin of substructures is not yet clear:

while magneto-hydrodynamical instabilities can generate annular over-densities [27], other features,

such as spiral density waves, gas/dust depleted gaps, cavities, misaligned inner disks, and vortices,

are natural outcomes of planet-disk interactions (Fig. 4 (a); [28]). Substructures’ characteristics can

be used to constrain the physical mechanisms at play, and, in the planet-induced scenario, companion

(e.g., location, mass) and disk properties (e.g., disk viscosity, cooling timescale).

Search for embedded protoplanets. Substructures can guide observers in searches for the planet(s)

responsible for them [29]. However, we cannot conclude that planets are unambiguously causing sub-

structures until we detect the planets themselves. The first robust detection of a protoplanet inside a

dust-depleted cavity was found in the PDS70 disk (Fig. 3; [7]). Spectro-photometric analysis of PDS 70 b

led to the estimate of a ⇠5-10MJup planet with a cloudy atmosphere and possible contribution from

circumplanetary dust [30, 31]. PDS 70 b and PDS70 c, subsequently discovered in H↵ imaging, are still

accreting material from the disk [8, 32, 33] and are likely in resonance [34]. Other claims of embedded

planet candidates were made in the IR and in H↵ [35, 36, 37], but remain controversial [38]. Reasons for

ambiguity include possible contamination from disk scattered light, disk winds, and intrinsic accretion

variability. Variation of parameters in image post-processing techniques can also lead to both false

positive and false negative outcomes. Non-detections also contain crucial information; detection limits

derived from IR surveys exclude companions down to a couple of Jupiter masses at distances of a few

tens of au in many planet-forming disks [39]. In the planet-induced hypothesis, observed substructures

would then be due to lower mass planets, or to planets heavily extincted by the surrounding disk.

Synergy with ALMA. While substructures are routinely observed with ALMA, only a handful of

disks show a clear correspondence between substructures observed in the IR (tracing small dust at

the surface) and in the millimeter continuum (tracing larger grains in the midplane), indicating the

complexity of disk evolution processes (Fig. 4 (b,c) and (d,e)). While joint analysis of high resolution

images at both wavelengths has only been done in a handful of cases [40], it has the potential to constrain

3



DARTTS
Disks Around TTSs with SPHERE!

·!
29 new targets studied!

individually and demographically!
(Avenhaus et al. 2018, Casassus et al. 2018, Garufi et al. 2020)!

·!
Both young (1-3 Myr) and old stars.!

·!
Only disks with available mm images.!

·!
Large variety of disk dust masses.



DARTTS  IDARTTS-S I: SPHERE/ IRDIS Polarimetric Imaging of 8 TTauri Disks 7

100au1"

IM Lup

1"

RXJ 1615

1"

RU Lup

1"

MY Lup

1"

PDS 66

1"

V4046 Sgr

1"

DoAr 44

1"

AS 209

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

Avenhaus et al. (2018)

Clear sub-structures (but no spiral) in most disks.!
General agreement in the scale height (~16 au at r=100 au).



DARTTS  II

This is the largest release of polarimetric images!
of protoplanetary disks.

DoAr 25 V1094 Sco WW Cha

J1615-1921 HT Lup J1609-1908

SR4 Sz45 IK Lup J1614-1906 DoAr 21

DoAr 16 SR9 J1606-1908 VV Sco HK Lup

J1611-1757 J1610-1904 J1614-2305 J1606-1928 J1603-2031

100 au

Garufi et al. (2020)



DARTTS  II

The sample is on average younger than what is published so far.
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DARTTS  II

Sub-structures evident from ALMA but not from SPHERE.!
Delayed effect by planets on smaller grains?
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DARTTS  II

All non-detections but one are explained by the small disk size. 
The recurrent presence of stellar companions confirms this view.
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Part II

Disks from ALMA !
millimeter imaging of!

molecular lines



Gaseous disks with ALMA

The few young ALMA sources show substructures
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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).
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The 12CO of these young disks is hardly accessible!
because of contaminating material (cloud, outflows…) 
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Figure 5.13. Channel maps of the 12CO J=2�1 line emission

from the DoAr 25 disk.

Figure 5.14. Channel maps of the 12CO J=2�1 line emission

from the Elias 24 disk.

Figure 5.15. Channel maps of the 12CO J=2�1 line emission

from the Elias 27 disk.

Figure 5.16. Channel maps of the 12CO J=2�1 line emission

from the DoAr 33 disk.

ALMA Observations of HL Tau 3

FIG. 1.— Panel (a) shows an overview of the HL Tau region with red and blue colors mapped to the integrated intensity of the redshifted (7.25 to 20 km s−1)
and blueshifted (0.0 to 6.0 km s−1) 12CO (1-0), respectively. The ALMA 1.′′1 resolution 12CO (1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view corresponds to the ∼ 15% power point. Green shows an HST R-band image (this
band includes stellar continuum, Hα, and [SII]). The darker diagonal stripe across the image (visible in some viewers) corresponds to a gap in the HST ACS
WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau (A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm primary beam
corrected continuum contours overlaid in blue at 33×(4, 14,19) µJy beam−1 (the corresponding synthesized beam is shown in the lower left of panels (b) and (c),
also see Table 1). The HST image has been precessed to epoch 2014.83 using the proper motion derived in §3.1.1.

+20◦37′34.2649′′20 before calibration, after which excellent
position agreement for HL Tau was achieved across all three
Bands (see fitted positions in Table 1)21. Additionally, the
final LBC antenna position corrections were applied before
the data were calibrated (see ALMA partnership et al. 2015).
For each execution, the bandpass and absolute flux calibrators
were dynamically chosen by the ALMA online system and
alternated between the frequently monitored quasars J0423-
20 Both final phase calibrator positions were taken from

http://astrogeo.org/vlbi/solutions/rfc_2012b/rfc_2012b_cat.txt.
21 The small shifts in position due to proper motion over the month long

observing span have been ignored.

0120 and J0510+1800, depending on the LST start time22.
Based on comparison of the resulting calibrated phase cali-
brator flux densities across the many executions for each band,
we estimate that the absolute flux calibration is good to within
5% for the final combined data at each wavelength.
The continuum images for all three bands were made us-

ing multi-frequency synthesis, and the visibility weighting
employed was mid-way between natural and uniform (i.e.,
CASA clean parameter robust=0.0). Individually, the 1.3 mm
and 0.87 mm data have a fractional bandwidth small enough
(< 10%) to ignore spectral index effects in the imaging.
In contrast, the range of continuum spws available for the

Andrews et al. 2018
ALMA et al. 2015
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Figure 5.9. Channel maps of the 12CO J=2�1 line emission

from the HD 143006 disk.

Figure 5.10. Channel maps of the 12CO J=2�1 line emission

from the AS 205 disk.

Figure 5.11. Channel maps of the 12CO J=2�1 line emission

from the SR 4 disk.

Figure 5.12. Channel maps of the 12CO J=2�1 line emission

from the Elias 20 disk.

Gaseous disks with ALMA



ALMA-DOT

ALMA chemical survey of!
Disk-Outflow sources in Taurus!

!

ALMA Cycle 4, 5, 6 in Band 5 and 6!
!

PI: L. Podio!
!

co-I: A. Garufi, C. Codella, F. Bacciotti, D. Fedele,!
S. Mercimek, C. Favre, E. Bianchi, et al. 



ALMA-DOT: motivations

1. Imaging the young gaseous disks!
with multiple molecules other than 12CO!

!

2. Imaging outflows and extended!
filamentary structures around the disk!

!

3. Detect and characterize simple organic molecules!
(formaldehyde, methanol)



ALMA-DOT: papers

0. Podio, Bacciotti et al. 2019: DG Tau!
!

I. Garufi, Podio et al. 2020: DG Tau B!
!

II. Podio, Garufi et al. 2020: IRAS 04302!
!

III. Podio, Garufi et al. subm.: DG Tau (n.2)!
!

IV. Codella, Podio et al. subm.: H2CS!
!

V. Garufi, Podio et al. in prep.: overview!
!

…



ALMA-DOT: molecules
12CO is the only molecule tracing the outflows.!

The disk emission, as expected, is contaminated. 

Haro 6-13 HL TauDG Tau B



ALMA-DOT: molecules
CN is spatially anti-correlated with the continuum.!

It likely traces the UV field, and not the disk.

Haro 6-13

DG Tau B

DG Tau

Haro 6-13

DG Tau B

DG Tau



ALMA-DOT: molecules
H2CO is bright and is the best disk proxy.!

Strong from the outer disk, dimmed in the <50 au. 

DG Tau B

DG Tau

Haro 6-13

HL Tau

IRAS 04302



ALMA-DOT: molecules

CS is impressively similar to H2CO.

DG Tau B

DG Tau

Haro 6-13

HL Tau

IRAS 04302



ALMA-DOT: molecules
H2CS is detected in two disks (2nd and 3rd ever).

HL Tau IRAS 04302

H2CS

CS



ALMA-DOT: IRAS04302
First multi-line characterization of the molecular layer.

Podio et al. 2020
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ALMA-DOT: IRAS04302
Second detection of methanol in a protoplanetary disk.
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ALMA-DOT: overview
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ALMA-DOT: distribution
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ALMA-DOT: column densities
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We have many limits or loose constraints but!
these ratios pave the way for future observations.



Closing
Ubiquity of disk sub-structures suggest planets. !

·!
The current sample is biased toward old sources.!

·!
Present and future efforts include alleviating biases.!

·!
DARTTS and DESTINYS surveys observe!
less massive disks around young sources.!

·!
ALMA-DOT observes the chemistry of!

young sources with unprecedented detail.



End

Thank you!


