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Disks to Planets
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What is the mass distribution in the disk?

Where in the disk do planets form?

When do planets form?

McCaughrean & OʼDell 1995 Marois et al. (2011)

➡  Observe the location of the gas and dust
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Why (sub-)millimeter?

Ratzka et al. 2007

Fig. 1.— Fraction of stars with an infrared (3-
8µm) excess as a function of stellar age based on
ground-based and Spitzer observations (Hernández
et al. 2008). These results indicate that >∼80% of
inner disks (radius <∼1 AU) dissipate by an age of 5-
10 Myr. The proposed ALMA observations will tar-
get the Upper Sco OB association where only ∼20%
of the stars retain an optically thick disk.

Fig. 2.— The spectral energy distribution around
a solar-type star for three different disk masses. The
magnitude of the infrared excess does not change even
though the disk mass changes by two orders of mag-
nitudes since the infrared emission is optically thick.
The proposed ALMA 850µm continuum observations
will be optically thin over most of the disk and can
be used to trace the disk mass.

Fig. 3.— Histogram of the measured circumstellar
disk masses around young stars in Taurus (Andrews
& Williams 2005), Ophiuchus (Andrews & Williams
2007), and IC 348 (Lee et al. 2011, see also Carpenter
2002). The blue bins show data for which the survey
is complete. Compared to the ∼0.7 Myr Ophiuchus
and ∼1 Myr old Taurus regions, stars in the 2 Myr
IC 348 cluster contain fewer massive disks, suggesting
a rapid time scale for disk evolution for ages > 1 Myr.
Figure from Lee et al. (2011).



Why ALMA? Because resolution is Critical

Isella et al. (2009)

0.8″, or 110 AU at 140 pc

LkCa 15

CARMA observations @ 1.3 mm



Why ALMA? Because resolution is critical

0.20″, or 30 AU at 140 pc

250 AU

Isella et al. (in prep)

CARMA observations @ 1.3 mm

ALMA will provide angular resolution down 
to 0.01″, or 1.5 AU @ 140 pc



Dynamical Signatures of Planets

Simulation from Geoff Bryden

Embedded planets create gaps in disks
distribution) and its spatial temperature and density
distribution. In the case of young, optically thick circum-
stellar disks, the disk inclination and possible accretion on
the planet have to be considered as well.

Despite these obvious problems to investigate planets
during the final stages of their formation or early evolution
through direct imaging, the following approach is currently
under discussion. During recent years, numerical simula-
tions and analytical studies of planet–disk interactions
have shown that planets may cause characteristic large-
scale signatures in the density distribution of circumstellar
disks. The most important of these signatures are gaps and
spiral density waves in young, also called ‘‘protoplanetary’’
disks and resonance structures in evolved systems, so-called
‘‘debris disks’’. The importance of investigating these
signatures lies in the possibility to use them in the search
for embedded planets. Therefore, disk features can provide
constraints on the processes and timescales of planet
formation.

In the following sections we discuss characteristic
signatures in circumstellar disks caused by the planetary
perturbation. Moreover, we focus on the question whether
these signatures could be observed and thus be used as
tracers for planets and the physical conditions in their close
vicinity. In Section 2 we consider protoplanetary disks, and
in Section 3 debris disks. This distinction is helpful since
the main physical processes dominating the structure of a
disk with an embedded planet are different in both cases,
resulting in different characteristic features.

2. Protoplanetary disks

Protoplanetary disks are accretion disks which have been
found around TTauri and Herbig Ae/Be stars. Hydro-
dynamic simulations of gaseous, viscous protoplanetary
disks with an embedded protoplanet show that planets with
masses \0:1MJupiter produce significant perturbations in
the disk’s surface density. In particular, they may open and
maintain a large gap as illustrated in Fig. 1. (e.g., Bryden
et al., 1999; Kley, 1999; D’Angelo et al., 2002; Bate et al.,
2003). This gap, which is located along the orbit of the
planet, may extend up to several astronomical units in
width, depending on the mass of the planet and the
hydrodynamic properties of the disk (see caption of Fig. 1
for further details). Nevertheless, the disk mass flow onto
the planet continues through the gap with high efficiency.
Nearly all of the flow through the gap is accreted by the
planet at a rate comparable to the rate at which mass
accretion would occur in the disk without a planet. The gas
accretion on the planet can continue to planet masses of the
order of 10MJupiter, at which point tidal forces are
sufficiently strong to prevent flow into the gap. However,
planets with final masses of the order of 1MJupiter would
undergo migration on a timescale of about 105 years, which
could make survival difficult.

Protoplanets also launch spiral waves in the disk (see
Fig. 2 (left)). However, in the presence of turbulence, these

waves appear to be diffused (Nelson and Papaloizou,
2003). Furthermore, D’Angelo et al. (2002) found smaller-
scale spirals in the vicinity of the planet that are detached
from the main ones: Along these small spirals the gas orbits
the planet, forming a circumplanetary disk (see Fig. 2
(right); see also Lubow et al., 1999).
The observability of the features outlined above has been

first investigated by Wolf et al. (2002). It was shown that
high-resolution images in the submillimeter wavelength
range, as to be obtained with the Atacama Large Millimeter
Array1 (ALMA), will allow to trace the gap but not the
large-scale spiral structure.
We perform further simulations with the goal of

answering the question whether the planet itself and/or
the circumplanetary environment heated by the planet,
through its contraction and/or via accretion onto it, could
be detected. The detection of a gap would already represent
a strong indication of the existence of a planet, thus giving
information such as planetary mass, disk viscosity, and
pressure scale-height of the disk. The detection/non-
detection of warm dust close to the planet, however, would
additionally provide valuable constraints on the tempera-
ture and luminosity of the planet, the accretion process,
and the density structure of the surrounding medium.
This study is motivated also by the assumption that

young giant planets are expected to be very hot, compared
to their old counterparts, such as Jupiter. Even more
importantly, the accretion onto the planet is expected to
release enough energy to sufficiently heat the circumplane-
tary environment. Thus, the planet surroundings might be

ARTICLE IN PRESS

Fig. 1. Azimuthally averaged disk surface density hSi for planets with
masses from 0.01 to 1 MJupiter, around a solar-mass star (rP is the radius of
the planetary orbit). In physical units, hSi ¼ 10"4 corresponds to
33 g cm"2. The depth and width of the density gap depend mainly on
the planet’s mass (as the plot indicates), the disk temperature, and the
viscosity of the disk material. Notice that, in a cold disk with low viscosity
also a planet with a mass of a few times 10MEarth could open a deep gap.

1see, e.g., http://www.alma.nrao.edu/.

S. Wolf et al. / Planetary and Space Science 55 (2007) 569–581570

Wolf et al. (2007)



LkCa 15:  “Transition” Disk
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Protoplanet ?

Kraus & Ireland (2011)

Keck 2.2/3.4μm image



Signatures	  of	  planets	  in	  circumstellar	  disks

Dist	  =	  50	  pc
Freq = 680 GHz (Band 9)
Baseline = up to 500 m
# Ant = 16
Tint = 5 hr 
noise = 0.2 mJy/beam
Beam size = 0.23″x0.17″
Weighting = natural

1 MJ @ 10 AU
Mstar = 0.5 Msun

MODEL SIMULATED OBSERVATIONS

Detect Radial Gaps



Array Noise	  (mJy/beam)
(1hr	  @	  230	  GHz)

ALMA	  (30	  antennas) 0.02

CARMA 0.8	  (x40)

PdBI 0.4	  (x20)	  

SMA 1.5	  (x75)	  

Extending	  the	  observaVons	  to	  fainter	  disks

Andrews et al. (2011)

Large cavities (>15AU in radius) are 
quite common in mm bright disks but 
are rare/not observed in fainter 
disks. Is this result only an effect of 
the observational bias (i.e. limited 
sensitivity on the extended 
structures)? 



From	  sub-‐micron	  dust	  grains	  to	  planets



From	  sub-‐micron	  dust	  grains	  to	  planets
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From	  sub-‐micron	  dust	  grains	  to	  planets

Isella et al. (2010a)

CARMA observations

3σ
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From	  sub-‐micron	  dust	  grains	  to	  planets

ALMA 3 mm and EVLA 7 mm

Model Anticipated



EvoluVon	  of	  Dust	  Mass

Fig. 1.— Fraction of stars with an infrared (3-
8µm) excess as a function of stellar age based on
ground-based and Spitzer observations (Hernández
et al. 2008). These results indicate that >∼80% of
inner disks (radius <∼1 AU) dissipate by an age of 5-
10 Myr. The proposed ALMA observations will tar-
get the Upper Sco OB association where only ∼20%
of the stars retain an optically thick disk.

Fig. 2.— The spectral energy distribution around
a solar-type star for three different disk masses. The
magnitude of the infrared excess does not change even
though the disk mass changes by two orders of mag-
nitudes since the infrared emission is optically thick.
The proposed ALMA 850µm continuum observations
will be optically thin over most of the disk and can
be used to trace the disk mass.

Fig. 3.— Histogram of the measured circumstellar
disk masses around young stars in Taurus (Andrews
& Williams 2005), Ophiuchus (Andrews & Williams
2007), and IC 348 (Lee et al. 2011, see also Carpenter
2002). The blue bins show data for which the survey
is complete. Compared to the ∼0.7 Myr Ophiuchus
and ∼1 Myr old Taurus regions, stars in the 2 Myr
IC 348 cluster contain fewer massive disks, suggesting
a rapid time scale for disk evolution for ages > 1 Myr.
Figure from Lee et al. (2011).

Hernandez et al. (2008)

• Based	  on	  infrared	  
observaVons

• Infrared	  emission	  is	  opVcally	  
thick

• Traces	  inner	  disk	  (<	  1	  AU)

• Submillimeter	  observaVons	  
trace	  the	  dust	  mass
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will be optically thin over most of the disk and can
be used to trace the disk mass.

Fig. 3.— Histogram of the measured circumstellar
disk masses around young stars in Taurus (Andrews
& Williams 2005), Ophiuchus (Andrews & Williams
2007), and IC 348 (Lee et al. 2011, see also Carpenter
2002). The blue bins show data for which the survey
is complete. Compared to the ∼0.7 Myr Ophiuchus
and ∼1 Myr old Taurus regions, stars in the 2 Myr
IC 348 cluster contain fewer massive disks, suggesting
a rapid time scale for disk evolution for ages > 1 Myr.
Figure from Lee et al. (2011).

Lee et al. (2008)

• Lack	  of	  massive	  disks	  aaer	  
~	  2	  Myr	  (?)

• ALMA
• >	  10x	  more	  sensiVvity	  to	  
dust	  conVnuum

• Trace	  gas	  content	  with	  CO

~	  1	  Myr

~	  2-‐3	  Myr

~	  1	  Myr



Summay: Disks with ALMA

• Search for gaps/asymmetries in disks

• Trace evolution in grain growth and disk mass

• many other topics

• disk chemistry

• turbulence

• disk mass vs stellar mass


