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From Cores to Planetary Systems

Core

Disk

Debris Disk

Inner disk clearing:	


e-folding time t~2-3 Myr	



(but see Bell et al. 2013 for a possible revision)
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Origins of Planetary Systems
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Emission of a flared disk
Scattered light

Mid-IR

(Sub-)mm

[C. Dominic][C. Dullemond]



Disk masses



asteroids

Earth+Mars 
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Radial structure
• N.B. assumption:                 

Sg/Sd=100	



• Observations are 
consistent with the 
structure derived from 
viscous evolution models	



• Radial distribution of 
mass is consistent with 
the expectations from 
MMSN	



• g~1	



• 10AU@140pc=0.14”



Some key questions related 

• Grain growth process to form rocky cores	



• Overcoming barriers	



• Timescales and location	



• Gas/dust co-evolution and chemistry	



• Disk evolution and dissipation	



• Planet-disk interaction (migration, gaps, debris disks)	



• Environmental effects 
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Grain growth and the dawn of planets
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Grain Growth the Dawn of Planets 
è The core-accretion scenario!

ØDust growth and planetesimals 
formation!

ØFormation of rocky cores!
ØGas accretion from disk

1µm 1mm 1m 1km 1000km

!
Directly observable 
through IR and mm 

observations

End State 
Exo- 

planets

Only in the Solar System we can probe the whole range... long history!

hic sunt dracones 
(models)

mm/cm
Op/IR
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Processes and how to probe them



Grain growth in disks
• Widespread evidence for grain growth	



• K-M stars (no BDs), “single” class II YSOs

ISM

D
at

a 
fr

om
:!

R
ic

ci
 e

t a
l. 

20
10

a,
b,

c,
 !

Lo
m

m
en

 e
t a

l. 
20

07
, 2

00
9,

 2
01

0,
 !

U
ba

ch
 e

t a
l. 

20
12

M
od

el
s 

fr
om

:!
B

irn
st

ie
l e

t a
l. 

20
10

Disk Mass
[scaled]

G
ra

in
 s

iz
e



Gas-dust interactions
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Gas

50 cm

• Grain Trapping: e.g. spiral arms, vortices, density enhancements!

• Predictions will be tested observationally
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Slowing down radial drift: grain trapping



Grain properties gradient

Disks@EVLA

(P
er

ez
 e

t 
al

. 2
01

2,
 A

pJ
 7

60
, L

17
)

D
at

a 
fr

om
: P

er
ez

 e
t a

l. 
20

12
; H

ar
ris

 e
t a

l. 
20

13
!

M
od

el
s:

 B
irn

st
ie

l e
t a

l. 
20

12



• Known Transitional Disk 
(disk with inner hole, 
supposedly carved by planets 
or photoevaporation)	



• A0 central star	



• ALMA Cycle 0 Band 9 
observations at ~0.23” 
resolution	



• CO(6-5) and dust continuum

the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

Using the Atacama Large Millimeter/
submillimeter Array (ALMA), we report a high-
ly asymmetric concentration of millimeter-sized
dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44-mm (685 GHz) con-
tinuum emission (Fig. 1). We argue that this can
be understood in the framework of dust trapping
in a large anticyclonic vortex in the disk.

The young A-type star Oph IRS 48 [dis-
tance from Earth ~120 parsecs (pc), 1 pc = 3.1 ×
1013 km] has a well-studied disk with a large
inner cavity (a deficit of dust in the inner disk
region), a so-called transition disk. Mid-infrared
imaging at 18.7 mm reveals a disk ring in the
small dust grain (size ~50 mm) emission at an
inclination of ~50°, peaking at 55 AU radius or
0.46 arc sec from the star (11). Spatially resolved
observations of the 4.7-mm CO line, tracing 200
to 1000 K gas, show a ring of emission at 30 AU
radius and no warm gas in the central cavity
(12). This led to the proposal of a large planet
clearing its orbital path as a potential cause of
the central cavity. Although these observations
provide information about the inner disk dy-
namics, they do not address the bulk cold disk
material accessible in the millimeter regime.

The highly asymmetric crescent-shaped dust
structure revealed by the 0.44-mm ALMA con-
tinuum (Fig. 1) traces emission from millimeter-
sized dust grains and is located between 45 and
80 AU (T9 AU) from the star. The azimuthal
extent is less than one-third of the ring, with no
detected flux at a 3s level (2.4 mJy per beam) in
the northern part (fig. S1). The peak emission
has a very high signal-to-noise ratio of ~390, and
the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The
complete absence of dust emission in the north of
IRS 48 and resulting high contrast make the
crescent-shaped feature more extreme than earlier
dust asymmetries (10, 13). The spectral slope
a of the millimeter fluxes Fn [0.44 mm com-
bined with fluxes at lower frequencies n (14)]
is only 2.67 T 0.25 (Fn º na), suggesting that
millimeter-sized grains (15) dominate the
0.44-mm continuum emission. However, the
gas traced by the 12CO 6-5 line from the same
ALMA data set indicates a Keplerian disk pro-
file characteristic of a gas disk with an inner
cavity around the central star (Fig. 1B). 12CO 6-5
emission is detected down to a 20 AU radius,
which is consistent with the hot CO ring at 30 AU
(14). This indicates that there is indeed still some
CO inside the dust hole, with a significant drop
of the gas surface density inside of ~25 T 5 AU.
The simultaneous ALMA line and continuum
observations leave no doubt about the relative
position of gas and dust.

The observations thus indicate that large
millimeter-sized grains are distributed in an asym-
metric structure, but that the small micrometer-
sized grains are spread throughout the ring. To
our knowledge, the only known mechanism that
could generate this separation in the distribution
of the large and small grains is a long-lived gas
pressure bump in the radial and azimuthal di-
rection. The reason that dust particles get trapped
in pressure bumps is their drift with respect to the
gas in the direction of the gas pressure gradient:
v→dust − v→gas º ∇

→
p (3, 4), where v→dust and

v→gas are the dust and gas velocities and p is
the pressure. In protoplanetary disks without
vortices, this gradient typically points inward,
so dust particles experience the above-mentioned
rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the
gas pressure in the disk (i.e., where ∇

→
pgas ¼ 0

and ∇
→2pgas < 0), then particles would con-

verge toward this point and remain trapped
there (3, 5), avoiding both inward drift and
destructive collisions (14). Because small dust
particles are strongly coupled to the gas, they
will be substantially less concentrated toward
the pressure maximum along the azimuthal di-
rection than large particles. Various mechanisms
have been proposed that could produce a local
pressure maximum in disks; for instance, when
there is a “dead zone” (16) or a substellar com-
panion or planet (14, 17) in the disk, hindering
accretion. Until recently, however, the presence
of such dust pressure traps was purely speculative,

1Leiden Observatory, Leiden University, Post Office Box 9513,
2300 RA Leiden, Netherlands. 2Max-Planck-Institut für Extra-
terrestrische Physik, Giessenbachstrasse 1, 85748 Garching,
Germany. 3Harvard-Smithsonian Center for Astrophysics, 60
Garden Street, Cambridge, MA 02138, USA. 4Heidelberg Uni-
versity Center for Astronomy, Institute for Theoretical Astro-
physics, Albert Ueberle Strasse 2, 69120 Heidelberg, Germany.
5Joint Atacama Large Millimeter/submillimeter Array (ALMA)
Offices, Avenida Alonso de Cordova, Santiago, Chile. 6Kavli
Institute for Astronomy and Astrophysics, Peking University,
Yi He Yuan Lu 5, Hai Dian Qu, 100871 Beijing, People’s Re-
public of China. 7Dublin Institute for Advanced Studies, 31
Fitzwilliam Place, Dublin 2, Ireland.

*Corresponding author. E-mail: nmarel@strw.leidenuniv.nl

A

B

C

Fig. 1. IRS 48 dust and gas observations. The
inclined disk around IRS 48 as observed with ALMA
Band 9 observations, centered on the star (white
star symbol). The ALMA beam during the observa-
tions is 0.32′′ × 0.21′′ and is indicated with a white
ellipse in the lower left corner. (A) The 0.44-mm
(685 GHz) continuum emission expressed both in
flux density and relative to the root mean square
(rms) level (s = 0.82 mJy per beam). The 63 AU
radius is indicated by a dashed ellipse. (B) The
integrated CO 6-5 emission over the highest ve-
locities in contours (6,12,...,60sCO levels, sCO =
0.34 Jy km s−1): integrated over –3 to 0.8 km s−1

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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ALMA data on IRS48
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the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

Using the Atacama Large Millimeter/
submillimeter Array (ALMA), we report a high-
ly asymmetric concentration of millimeter-sized
dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44-mm (685 GHz) con-
tinuum emission (Fig. 1). We argue that this can
be understood in the framework of dust trapping
in a large anticyclonic vortex in the disk.

The young A-type star Oph IRS 48 [dis-
tance from Earth ~120 parsecs (pc), 1 pc = 3.1 ×
1013 km] has a well-studied disk with a large
inner cavity (a deficit of dust in the inner disk
region), a so-called transition disk. Mid-infrared
imaging at 18.7 mm reveals a disk ring in the
small dust grain (size ~50 mm) emission at an
inclination of ~50°, peaking at 55 AU radius or
0.46 arc sec from the star (11). Spatially resolved
observations of the 4.7-mm CO line, tracing 200
to 1000 K gas, show a ring of emission at 30 AU
radius and no warm gas in the central cavity
(12). This led to the proposal of a large planet
clearing its orbital path as a potential cause of
the central cavity. Although these observations
provide information about the inner disk dy-
namics, they do not address the bulk cold disk
material accessible in the millimeter regime.

The highly asymmetric crescent-shaped dust
structure revealed by the 0.44-mm ALMA con-
tinuum (Fig. 1) traces emission from millimeter-
sized dust grains and is located between 45 and
80 AU (T9 AU) from the star. The azimuthal
extent is less than one-third of the ring, with no
detected flux at a 3s level (2.4 mJy per beam) in
the northern part (fig. S1). The peak emission
has a very high signal-to-noise ratio of ~390, and
the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The
complete absence of dust emission in the north of
IRS 48 and resulting high contrast make the
crescent-shaped feature more extreme than earlier
dust asymmetries (10, 13). The spectral slope
a of the millimeter fluxes Fn [0.44 mm com-
bined with fluxes at lower frequencies n (14)]
is only 2.67 T 0.25 (Fn º na), suggesting that
millimeter-sized grains (15) dominate the
0.44-mm continuum emission. However, the
gas traced by the 12CO 6-5 line from the same
ALMA data set indicates a Keplerian disk pro-
file characteristic of a gas disk with an inner
cavity around the central star (Fig. 1B). 12CO 6-5
emission is detected down to a 20 AU radius,
which is consistent with the hot CO ring at 30 AU
(14). This indicates that there is indeed still some
CO inside the dust hole, with a significant drop
of the gas surface density inside of ~25 T 5 AU.
The simultaneous ALMA line and continuum
observations leave no doubt about the relative
position of gas and dust.

The observations thus indicate that large
millimeter-sized grains are distributed in an asym-
metric structure, but that the small micrometer-
sized grains are spread throughout the ring. To
our knowledge, the only known mechanism that
could generate this separation in the distribution
of the large and small grains is a long-lived gas
pressure bump in the radial and azimuthal di-
rection. The reason that dust particles get trapped
in pressure bumps is their drift with respect to the
gas in the direction of the gas pressure gradient:
v→dust − v→gas º ∇

→
p (3, 4), where v→dust and

v→gas are the dust and gas velocities and p is
the pressure. In protoplanetary disks without
vortices, this gradient typically points inward,
so dust particles experience the above-mentioned
rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the
gas pressure in the disk (i.e., where ∇

→
pgas ¼ 0

and ∇
→2pgas < 0), then particles would con-

verge toward this point and remain trapped
there (3, 5), avoiding both inward drift and
destructive collisions (14). Because small dust
particles are strongly coupled to the gas, they
will be substantially less concentrated toward
the pressure maximum along the azimuthal di-
rection than large particles. Various mechanisms
have been proposed that could produce a local
pressure maximum in disks; for instance, when
there is a “dead zone” (16) or a substellar com-
panion or planet (14, 17) in the disk, hindering
accretion. Until recently, however, the presence
of such dust pressure traps was purely speculative,
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public of China. 7Dublin Institute for Advanced Studies, 31
Fitzwilliam Place, Dublin 2, Ireland.
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A

B
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Fig. 1. IRS 48 dust and gas observations. The
inclined disk around IRS 48 as observed with ALMA
Band 9 observations, centered on the star (white
star symbol). The ALMA beam during the observa-
tions is 0.32′′ × 0.21′′ and is indicated with a white
ellipse in the lower left corner. (A) The 0.44-mm
(685 GHz) continuum emission expressed both in
flux density and relative to the root mean square
(rms) level (s = 0.82 mJy per beam). The 63 AU
radius is indicated by a dashed ellipse. (B) The
integrated CO 6-5 emission over the highest ve-
locities in contours (6,12,...,60sCO levels, sCO =
0.34 Jy km s−1): integrated over –3 to 0.8 km s−1

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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Dust size segregation
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Fig. S2. Cartoon of the proposed disk structure of IRS 48. The brown spots represent the 

large and small grains as traced by the 0.44 millimeter ALMA continuum and VISIR 18.7 

micrometer emission, the large grains concentrated in the dust trap in the south. The blue 

UHSUHVHQWV�WKH�JDV�VXUIDFH�GHQVLW\�DV�WUDFHG�E\�&2��-5 anG�IXQGDPHQWDO�URYLEUDWLRQDO�&2�
line as observed by CRIRES, with a gas hole carved out by the planet at 15-20 AU.  
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Fig. S4. Three snapshots in time of the resulting gas surface density of a disk with a 10 

MJup FRPSDQLRQ�DW����$8�DIWHU������FRPSDQLRQ�RUELWV��VLPXODWHG�ZLWK�)$5*2�
hydrodynamical code. The companion is indicated with a white cross. The gas surface 

density was used to model the trapped dust in pressure bumps (Fig. S5B), to simulate the 

observed dust trap around IRS 48 (Fig. 2).  
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Fig. S5. In both A and B, the blue dotted line indicates the location of the planet, the red 

dashed line the point of zero pressure gradient where the dust gets trapped. A) The radial 

gas surface density Ȉgas after running >1000 orbits (~0.1 Myr) with a 10 MJup planet at 20 

AU in the model disk. B) The pressure gradient dlog P/dlog r corresponding to the gas 

surface density profile in A). The grey dashed horizontal line shows where the pressure 

gradient equals zero. C) The azimuthal profile of the gas density (black line) versus the 

large dust grain density (blue) and small dust grain density (red) in the model (9). The 

contrast in the large dust is significantly higher than in the gas. 
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Dust evolution in BD disks: initial models

è To reproduce the observations, it is 
necessary to use extreme parameters!

è Very fast radial drift is the main problem!
è Especially for the disk radius and 

amplitudes of the overdensities 
necessary to stop radial drift
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Md=2 MJ, Rd=30 AU, a~10-3, vf=10km/s, p=-0.5
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Growth timescale
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è Fast!!
è Early growth in protostars?
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4
Interferometry

and Aperture Syntesis

Figure 4.1: Three of the six 22-m antennas of the Australia Telescope Compact Ar-
ray (ATCA), located about 25 km west of the town of Narrabri in rural NSW (about
500 km north-west of Sydney). The Array is used for Radio Astronomy. Mercury,
Venus and the Moon appeared very closed one to each other in the Australian sky,
on March 11th 2008.

50

CHAPTER 6. ANALYSIS

Figure 6.3: Elias 29:average values of � in the disk and in the envelope.

81

CHAPTER 6. ANALYSIS

Figure 6.5: WL 12: average values of � in the disk and in the envelope.

84

Dust evolution in Class I
è Easier to separate disk/envelope
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è Grains grow and settle in disks around all type of PMS objects!
è Grain evolution can be very fast as we see highly processed grains around 

objects of all ages between 1 and 10 Myr!
è Plausible physical structures in the disk can stop migration!
!

è Key predictions and tests:!
Ø Grain growth in Class 0 and I (Chiang et al. 2012; Miotello et al. 2013)!
Ø Radial gradient of dust properties (Guilloteau et al. 2011; Perez et al. 2012; 

Trotta et al. 2013,...)!
Ø Small-scale segregation of large grains (full ALMA resolution needed, but first 

results coming out: Casassus et al. 2013, van der Marel et al. 2013) !
Ø Disks need high gas densities for grains to grow: faint disks should be a late 

evolutionary stage disks around BDs should not grow grains !
!

è Need high angular resolution/spectral resolution MIR to link mid plane 
grain growth with surface properties and global disk evolution models!

è Early growth may imply modifications of the overall picture

State of the Art & Future Directions
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Molecular gas: water and complex 
organics



HD163296 as seen by ALMA

• CO snowline and disk tomography
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Fig. 1.— Integrated images of the TW Hya disk in (left:) DCN J=3-2 emission and (right:)
DCO+ J=3-2 emission. The contour levels are at 50%, 75% and 90% of the peak value. The

cross marks the peak of the continuum emission, which locates the position of the central
star.
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Disk masses: (sub)mm continuum

• HD has been detected with Herschel in 
the nearest disk. This is the best 
constraint on the gas mass in disks (B
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ALMA SV Science Results

■ Infall and pre-biotic molecules in IRAS16293!
Ø Jorgensen et al. 2012, ApJ 757, L4; Pineda et al. 2012, A&A 544, L7, 

Persson et al. 2012, in press!
■ First glycoaldeheyde detection in solar mass protostar!

Ø From B9 first released dataset. This simple sugar is found within ~25~AU 
from the central protostar and infalling into the inner regions of the disk.
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The path to pre-biotic molecules
■ The holy grail of pre-biotic molecules in the ISM: glycine!
■ Predicted intensities of glycine in the ALMA bands!

Ø Keys: sensitivity, spectral coverage and get the molecules out of the ices... 
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Disk-star interactions

• Accretion onto the central star	



• Disk-star-wind connection	



• Disk dissipation	



• Effects on chemical evolution of disks	
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Disk-Star Interaction Region
è Accretion is driven by viscosity!

Ø Accretion is linked to the inner 
stelalr and/or “X-”wind.!
!

è What we know:!
Ø Photoevaporation removes the disk 

inside-out

Stellar wind
X-wind

Disk-wind

Accretion columns

è Planet formation “competes” for 
resources with these two processes 
and interacts with them!
!Viscous evolution

Photoevaporation



Small VELOCITY SHIFT  
in symmetrically opposed slits (in all lines,  
corrected for uneven slit illumination)

30 AU

Bacciotti et al,  
2002 ApJ 

DG Tau disk 
rotates in the  
same sense and 
along the same  
rotation axis 
Testi, 
Bacciotti et 
al. 2002,A&A 

jet
dust  continuum

CO  emission 
lobes

First detections of jet base rotation :  DG TAU, RW AUR 

 S2  S6 90 AU



Leonardo Testi: Disk-Star Interaction, Ismaning, Feb 2013

HD163296 as seen by ALMA

è CO disk wind
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Winds in optical forbidden lines
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Stellar wind
X-wind

Disk-wind

Accretion columns

Low Velocity !
Component

è Working hypothesis: !
è Narrow component is the real wind from outer disk!
è broad component is photodissociated upper layer of the 

inner disk



Observing gaps with ALMA



Are gaps long-lived?

• Disk-Planets-Photoevaporation: initial simulations
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Transitional disks
IRS48: dust and gas 

HD142527: dust and gas 

J160421.7 (Carpenter; see also Mathews 
et al. 2012) 



Example: HD142527

Figure 1 ALMA observations of HD 142527, with a horseshoe dust continuum sur-
rounding a cavity that still contains gas. We see diffuse CO gas in Keplerian rotation
(coded in doppler-shifted colours), and filamentary emission in HCO+, with non-
Keplerian flows near the star (comparison models illustrative of Keplerian rotation
are shown in SI). The near-IR emission abuts onto the inner rim of the horseshoe-
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Inner regions of TDs
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Inner regions of TDs
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Inner regions of TDs
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• Gas rich inner disk?	



• Fast filtration of material through planets?	



• Accumulation in an “inner” disk?	





Effects of variable accretion	


on inner disk chemistry
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Outburst

Quiescence

Models

strong HI , H2 
appear organics disappear

OH increases, new 
lines appear

(Banzatti et al. 2012)
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A second chance for forming planets?
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The case of 30Dor
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Reforming the disk

• Key parameters: <Dv>~1km/s, clumps filling factor	



• A significant fraction of stars could go through this process	



• At any given time we expect at most few %
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• Grain growth in protoplanetary disks	


• We are starting to assemble a consistent picture for solids evolution 	



• ALMA+MIR observations will provide unique tests	



• Look at the “freaks”: they will provide key tests and insights	



• Is Solar System unique?	


• Very common from Exoplanets surveys, but how many like our own?	



• Is SS itself a “freak”? Difficult to believe: need to explain origin!	



• Water and prebiotic molecules in disks (and planets)	


• H2O/H218O/HDO: cold H218O will be though even for ALMA! HDO ok	



• Possibility of detecting pre-biotic molecules (but watch for weeds in your garden!)	



• Chemical evolution under the effect of the central star!

Summary


