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Disks: natural by-product of star formation 
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Disks studied through gas & dust 

Gas emission ! geometry, 
stellar mass, turbulence, 

disk extent 

Dust emission/absorption ! 
mass, composition, disk 

extent, lifetimes 

A. Isella R. Mann 
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L. A. Hillenbrand: Dust Disk Lifetimes 11

Figure 3. Inner accretion disk fraction vs. stellar age inferred from H-K excess (left panel)
and K-L excess (right panel) measurements, binned by cluster or association. All young stars
which we are able to locate in the HR diagram based on information in the literature (about
3500) and having inferred masses 0.3-1.0 M! are included in this figure. Individual clusters are
treated as units of single age corresponding to the median age inferred from the HR diagram. A
cut of ∆(H-K) > 0.05 mag is used to define a disk. Standard deviation of the mean (abscissa)
and Poisson (ordinate) error bars are shown. The linear and exponential fits were derived for
ages <30 Myr; the linear fit has negative slope close to unity with rms 0.3.

color excess due to the disk. In formulaic terms, using H-K color as an example, the disk
excess is quantified as ∆(H−K) = (H−K)observed−(H−K)reddening−(H−K)photosphere.
Similar indices can be derived for J-K or K-L colors which also probe inner disk regions
though sense dust at slightly different temperatures. In order to effect the above ex-
tinction and photospheric corrections, and hence assess intrinsic color excesses, several
different sets of information are required: 1) a spectral type, for intrinsic stellar color and
bolometric correction determination, 2) optical photometry, for dereddening and locat-
ing stars on the HR diagram, assuming known distance, and 3) infrared photometry, for
measurement of disk “strength”.

It should be borne in mind that disk strength, quantified as above from measurement of
the absolute value of the infrared excess, is still a relative quantity. For any given star/disk
system the infrared excess is affected by both stellar properties (mass, radius) and disk
properties (accretion rate, inclination, geometry). Meyer et al. 1997 and Hillenbrand
et al. 1998 (both in collaboration with Calvet) provide detailed discussions of these
dependencies apropos near-infrared excesses. The effects of stellar and disk parameters
on overall spectral energy distributions are discussed more comprehensively by D’Alessio
et al. (1999).

Now what about that pesky other axis of stellar age? Instead of discussing in detail
all of the inherent uncertainties in locating stars in the HR diagram (Figure 2), and in
inference of stellar ages and masses from those diagrams, I will simply assume fiducial
cluster ages based on the median apparent age of stars in the mass range 0.3-1.0 M!.
With both a disk diagnostic and a method of cluster age estimation we can now explore
the evidence for disk evolution.

Our best effort at empirically measuring the time scale for the evolution of inner
circumstellar accretion disks is represented in Figure 3, produced from a sample of ∼3000
stars located ∼50-500 pc from the Sun. To be included in the sample each star was
required to have the spectral type, optical photometry, and infrared photometry necessary

“Protoplanetary” since they are “capable” of 
forming planets AA49CH03-Williams ARI 14 July 2011 19:21
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Figure 5
The variation of protoplanetary disk mass with the mass of the central star. Upper limits are only shown at
the extremes of the stellar mass range, where no disks have been detected. The dashed diagonal line
delineates where the mass ratio is 1% and is close to the median of the detections. Almost all the disks
around stars with masses of M∗ = 0.04−10 M# lie within the gray shaded area, ±1 dex, about the median.
The exceptions are O stars, where no disks are detected at (sub)millimeter wavelengths, indicating either
very short disk lifetimes or a different star-formation scenario.

Gravitational
instability model of
planet formation:
giant planets form very
rapidly (∼103 years)
through the
gravitational collapse
of perturbations in a
young, massive disk

4.6. Section Summary

! Disk masses are best measured from (sub)millimeter observations of thermal continuum
emission from dust. Substantial, and uncertain, corrections are required for the grain-size
distribution and gas-to-dust ratio.

! Assuming an ISM gas-to-dust ratio of 100 and ignoring the mass in bodies larger than 1 mm,
the median mass of protoplanetary disks around Class II YSOs with spectral types GKM is
5 MJup.

! Protoplanetary disks have power-law surface-density profiles with an exponential taper that
produces a soft edge anywhere from 20 to 200 AU from the star. The power-law index is
approximately −1, but is extrapolated and highly uncertain within the central ∼20 AU.

! Surface densities are generally below the threshold for gravitational instability, and velocity
profiles are Keplerian.

! Mid-IR through millimeter spectroscopy reveals a warm molecular layer with PDR-like
chemistry that is strongly dependent on the stellar luminosity and a cold midplane depleted
of molecules.

! From brown dwarfs to B stars, disk masses scale with the stellar mass. The median ratio is
about 1%, but there is a large dispersion, ±0.5 dex.

5. DISK LIFETIMES
One of the most fundamental parameters on disk evolution studies is the lifetime of the disk itself.
This is not only because it reflects the relevant timescale of the physical processes driving the
dissipation of the disk but also because it sets a limit on the time available for planet formation.

www.annualreviews.org • Protoplanetary Disks 85
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Earliest phase of planet 
formation: growth of small 
dust grains into “pebbles” 



Growth of small grains: easy! 

•  Very small ISM dust grains coupled to the collapsing gas 

•  Initial (rapid) growth: Brownian motion 

AA49CH03-Williams ARI 14 July 2011 19:21
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Growth of small grains: easy! 

•  Large particles decouple from gas 
•  Settling towards disk mid-plane 
•  Sweep up other particles ! further growth 

AA49CH03-Williams ARI 14 July 2011 19:21

Fgrav*(z) 

Fgas drag 
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Grow of larger grains: it gets hard! 

•  Particles ~ few cm: sticking efficiencies drop 
•  vrel > 1 m/s: fragmentation or bouncing 

•  Also: Radial drift problem (Weidenschilling 1977)  
•  Timescale ~ 103-105 yr 

AA49CH03-Williams ARI 14 July 2011 19:21

Small dust ~ sub-Keplerian 

Large dust ~ Keplerian 

8 



From ISM Dust to Planetary Systems 

ISM 
Dust 

Planets 

Size = �m mm m km Mm 

? mm/cm 
observations 

Adapted from Chiang & Youdin (2009) 

Radial drift 
Fragmentation 

Directly observable 
(IR ! mm/cm) 

Exo-
planets 



Observational Evidence for 
Grain Growth in PPDs 



Growth to few micron-sizes: IR evidence 

•  IR spectroscopy of protoplanetary 
disks 
•  E.g. 10 �m silicate feature 

Natta et al. (2007) 

Observations 
Laboratory 

Spectra 
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Long-wavelength observations to the rescue! 

•  At long wavelengths/warm 
temperatures 

•  Raleigh-Jeans limit (hnu<< kT) 
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ABSTRACT

Solid particles with the composition of interstellar dust and power-law size distribution dn/da / a!p (for a " amax

with amax k 3k and 3 < p < 4) will have submillimeter opacity spectral index !(k) # d ln "/d ln # $ ( p! 3)! ISM,
where ! ISM $ 1:7 is the opacity spectral index of interstellar dust material in the Rayleigh limit. For the power-law
index p $ 3:5, which characterizes interstellar dust and may apply for particles growing by agglomeration in
protoplanetary disks, grain growth to sizes a k 3 mmwill result in !(1 mm) P 1. Grain growth can naturally account
for ! $ 1 observed for protoplanetary disks, provided that amaxk 3k.
Subject headinggs: dust, extinction — planetary systems: protoplanetary disks — submillimeter

Online material: color figures

1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral

A

1114

The Astrophysical Journal, 636:1114–1120, 2006 January 10
# 2006. The American Astronomical Society. All rights reserved. Printed in U.S.A.

•  At mm/cm wavelengths: 
•  Dust opacity spectrum 

•  Dust emission spectrum is also 
a power law! 
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral
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that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
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structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
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tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
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opacity spectral index has a direct effect on its derived uncertainty.

To first order, β can be constrained by taking the ratio between observations at two

different wavelengths, assuming that the dust emission is optically thin and in the Rayleigh-

Jeans regime (hν ! kBT ), where the observed emission is proportional to the dust emis-

sivity (Sν ∝ ν2κν ∝ νβ+2). In this case, the uncertainty in β directly depends on the

wavelength separation and the signal-to-noise ratio (SNR) at each wavelength:

β ±∆β =
log10(Sν1/Sν2)

log10(ν1/ν2)
− 2±

1

log10(ν1/ν2) ln 10

(

1

SNR2
ν1

+
1

SNR2
ν2

)1/2

. (1.3)

The 1σ uncertainty in β for unresolved high SNR (∼ 20) observations at λ = 1.3 and

2.8 mm is ∆β ∼ 0.1. By adding high sensitivity long-wavelength (λ > 7 mm) as well

as short wavelength (λ < 1 mm) observations, the uncertainty in the computation of β

can be reduced by at least a factor of 3. Banzatti et al. (2011) combined observations

of the dust continuum emission that had almost a factor of 10 in wavelength coverage

(0.87 − 7 mm), however, the low signal-to-noise ratio of the long wavelength observations

made this particular study very challenging, so it obtained no better constraints on β(R)

than those in Isella et al. (2010) and Guilloteau et al. (2011). To significantly improve

these constraints, and effectively compare them to theoretical predictions of grain growth,

increased wavelength coverage and enhanced sensitivity are required. The observations

presented in my thesis fulfill these two requirements, providing new constraints on the

earliest stages of planet formation for a sample of circumstellar disks studied down to ∼ 20

AU scales.

1.4 Thesis summary

I present an observational program that makes use of multi-wavelength, spatially resolved

observations of circumstellar disks, in order to constrain the degree of dust evolution and

growth inside them. By studying the dust component of protoplanetary disks we are funda-

mentally measuring the set of initial conditions for the eventual formation of planets. This

thesis consists of the following chapters:

Chapter 2 – Radio Interferometric Observations of Circumstellar Disks: This

chapter introduces the observational program carried out for this thesis, describing the
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1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,
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where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
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usually applies, and
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is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5
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for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
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structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
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tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
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being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,
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8. Far-Infrared Emission

Diffuse emission at high galactic latitudes (Li & Draine 2001).

Global SED for NGC 7331 (Draine et al. 2007)

• Local emission from dust at high galactic lat-
itudes measured by IRAS and COBE.

– This is dust heated by starlight with
spectrum and intensity similar to diffuse
starlight at location of Sun.

– Most of power radiated near ⌃140 µm
Td ⌥ (1/6)hc/⌃maxk ⌥ 17 K

– Substantial amount of power at
⌃ <⌃ 25 µm – requires dust that is
much hotter than 17K

• Global emission from normal star-forming
galaxies measured by is quite similar to local
emission, suggesting that most IR emission
from normal star-forming galaxies originates
in the diffuse ISM, with most of the dust mass
at T ⌥ 20 K.

24 B.T. Draine Observed Properties of Interstellar Dust IPMU 2010.04.20

Multi-wavelength observations constrain �disks< 1 

•  Dust in the ISM  
•  (diffuse and dark clouds) 

 

•  However, disks show flatter 
spectral index: 

�ISM ≈ 1.8 ±0.2 

e.g., Li & Draine (2001) 

2 < �disks < 3 �disks < 1 
 
(Optically thin 

emission) 

19
91
Ap
J.
..
38
1.
.2
50
B

e.g. 
Beckwith & 
Sargent 
(1991) 
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What could make � ≠ �ISM ?  (and � < 1) 

•  Dust composition 
very different from 
ISM 
•  Draine et al. (2006) 

evaluated 
candidate materials: 
changes in 
composition cannot 
account for low � 

•  Or dust grains have 
a very “fluffy” grain 
structure 
•  Natta et al. (2004) 

showed � < 1 for 
large fluffy grains: 
amax>10cm 

•  Dust emission is 
optically thick 

"  Grains in disk are 
larger than ISM 

"  As grains grow: 
"  their opacity # 
"  opacity spectrum gets 

shallow, making � small 

Grain Properties Emission Properties Grain Growth 
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infrared continuum originate in the hotter, optically thin
surface layers of the disk (the disk atmosphere), while the
emission at longer wavelengths is due to dust in the cooler
disk midplane. Using the simple two-layer approximation
developed by Chiang & Goldreich (1997, 1999), Natta et al.
(1999, 2001) found that Herbig Ae disks are in hydrostatic
equilibrium (Ñared disks ; Kenyon & Hartmann 1987). The
grains in the disk atmosphere are a mixture of amorphous
silicates and some other material, possibly carbonaceous
grains or metallic iron, which dominate the opacity in the
UV. These atmospheric grains cannot be much larger than
D1 km. In the disk midplane grains are probably much
larger.

The properties of the grains in the disk midplane can only
be studied at millimeter wavelengths, where the emission in
many objects becomes optically thin. Its dependence on
wavelength reÑects the way dust opacity depends on j and
may tell us about the grain size. However, optical depth
e†ects may still be important even at 1.3 mm. As discussed
in Natta et al. (1999) for UX Ori, both an optically thin disk
in which grains have grown to very large size (““ pebbles ÏÏ)
and a small disk, optically thick in the millimeter, have a
spectral index of D2 and may Ðt the observed SED equally
well at all wavelengths. As we will see in the following, the
new 7 mm data presented in this paper allow us to clarify
the issue, even if they are still not sufficient to decide it.

To this purpose, we have computed a large grid of models
for both UX Ori and CQ Tau, following Chiang & Gold-
reich (1997, 1999) and Natta et al. (2000). For each model
we Ðx the stellar parameters as in Table 2 and take the
values of the inclination to the line of sight of 60¡ and 66¡
for UX Ori and CQ Tau, respectively, as derived by Natta
& Whitney (2001). We vary the disk outer radius and theR

Dsurface density proÐle, deÐned as

& \ &0 [
A R

R0

B~p
, (1)

where is a reference radius. Both p and are variedR0 &0over a wide range of values. The disk mass is uniquelyM
Ddetermined once p, and are Ðxed. Since we are inter-&0, R

Dested in the disk emission at long wavelengths, the results
do not depend on the disk inner radius.

We describe the opacity of the dust in the disk midplane
as a power-law function of wavelength with exponent b :

il \ i1.3 mm [
A j

1.3 mm
)~b
B

. (2)

The long-wavelength Ñux depends on the properties of dust
in the atmosphere only if and when the disk midplane is
optically thin (to its own radiation). We choose dust proper-
ties for the grains in the disk atmosphere as in Natta et al.
(2001) ; any other choice that Ðts the SEDs at shorter wave-
lengths would not a†ect our conclusions signiÐcantly. These
““ toy ÏÏ models are very simpliÐed and can be questioned on
a variety of grounds (see, e.g., Dullemond 2000). However,
they are very useful for the general understanding of the
implications of our millimetric observations.

4.1. UX Ori
The results for UX Ori are shown in Figure 3, which

plots the computed Ñux at 1.3 mm as a function of the
spectral index between 1.3 and 7 mm. Each curve isammcomputed varying for Ðxed values of and b, as&0 i1.3mm R

D

FIG. 3.ÈValues of the 1.3 mm Ñux as function of the spectral slope amm(between 1.3 and 7 mm) are shown, predicted by disk models of UX Ori.
Each curve is computed for disks having Ðxed values of the outer radius R

Dand of the dust opacity slope b, as labeled, and decreasing values of the
product In all models, the surface density varies with radius as&0 i1.3mm.
R~1. The stellar parameters are K,T

*
\ 8600 L

*
\ 42 L

_
, M

*
\ 2.3 M

_
,

and D \ 450 pc. Inclination angle is h \ 60¡ (Natta & Whitney 2001). The
cross shows the observed position of UX Ori in this diagram.

labeled ; decreases from the upper left to the lower&0 i1.3mmright of the diagram for all models. The models shown in
Figure 3 have been computed for p \ 1.0, but the results are
not signiÐcantly di†erent for p \ 0.5 and p \ 1.5. All curves

have a similar shape. For large values of(F1.3mm, amm)
the disks are optically thick at millimeter wave-&0 i1.3mm,

lengths, is maximum, and AsF1.3mm amm D 2. &0 i1.3mmdecreases, Ðrst the emission at 7 mm becomes optically
thin ; retains its optically thick value butF1.3mm ammincreases. If decreases further, the emission at&0 i1.3mm1.3 mm becomes optically thin, decreases, andF1.3mm ammtends to its optically thin value of 2 ] b. The maximum
value of depends on the inclination h and on (seeF1.3mm R

Dalso Natta et al. 1999). For Ðxed values of p and the diskR
D
,

mass is proportional to Figure 4 plots the values of&0. ammas a function of the quantity for AUM
D

i1.3mm R
D

\ 100
(solid lines) and AU (dashed lines). As shown by theR

D
\ 30

cross in Figure 3, UX Ori has a low 1.3 mm Ñux (F1.3mm \
mJy; Natta et al. 1999) and a very Ñat spectral19.8 ^ 2

index. There are two families of models that can account for
both properties at the same time : small disks AU)(R

D
[ 30

that are still optically thick at 7 mm or disks with very large
grains, such that b [ 0.2.

We have computed, using the Mie theory, the cross
section at millimeter wavelengths for large silicates and ices,
based on data for a variety of minerals from the Jena data-
base and data for the astronomical silicates of Draine & Lee
(1984). In all cases we Ðnd that grains with b D 0.2 between
1.3 and 7 mm have radii of about 10 cm; their opacity is
very low, on the order of 2 ] 10~2 cm2 g~1 (this is the
dust-only mass opacity, assuming that the grains have a
density of 3.5 g cm~3 ; no correction has been applied for

Testi et al. (2001) 

0.6″x0.8″

Resolution is Critical

CARMA Image of the star “RY Tau”
Distance = 140 pc

!"#$%%&!"#'%%(

)!!(*+
(

10 AU

Isella et al. (2010) 
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Observational Evidence for 
Grain Growth in PPDs 
(from mm-wave obs.) 



A summary of many “global” studies… 

OVRO/CARMA JCMT/SMA VLA PdBI/IRAM ATCA 

Beckwith & 
Sargent (1990, 
1991) 
Mannings & 
Sargent 
(1997,2000) 
Ricci et al. 
(2011a, 2012) 

Mannings & 
Emerson (1994) 
Andrews & 
Williams (2005, 
2007) 
Lommen et al. 
(2007) 
Ricci et al. 
(2011b) 
 

Wilner et al. (2000) 
Calvet et al. (2002)  
Testi et al. 
(2001,2003) 
Natta et al. (2004) 
Wilner et al. (2005) 
Rodmann et al. 
(2006) 
Ricci et al. (2011b) 

Lommen et al. 
(2007, 2009) 
Ricci et al. 
(2010) 
Ricci et al. 
(2011a) 

Dutrey et al. 
(1996) 
Natta et al. 
(2004) 
Schaefer et al. 
(2009) 
Ricci et al. 
(2010) 

These observations infer small �’s  
Growth from ISM sizes (�m) to pebble sizes (cm) 19 



Grain growth: both global and local 

•  Radial variations of grain 
size are expected 

•  Observational signature 
in �(r) 
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Observational constraints on radial variations of � 

1748 ISELLA, CARPENTER, & SARGENT Vol. 714

Figure 1. Maps of the dust thermal emission observed at a wavelength of 1.3 mm (upper panels) and 2.8 mm (lower panels) toward RY Tau (left panels) and DG Tau
(right panels). The color scale shows the surface brightness starting from the 3σ level, with contours plotted every 4σ . The 1σ noise level and the size of the synthesized
beam are given in Table 1. The inset in the upper left panel shows the central 0.′′4 × 0.′′4 region of the RY Tau disk where contours start at 28σ with increments of 1σ .
The surface brightness is characterized by two peaks separated by ∼0.′′2.
(A color version of this figure is available in the online journal.)

3.1. RY Tau Disk Morphology

The 1.3 mm dust continuum emission from the RY Tau disk
shows two spatially resolved peaks separated by about 0.′′2
(28 AU), and oriented along the apparent major axis of the
disk. Details of the central 0.′′4 × 0.′′4 region are displayed in the
inset in the upper left panel of Figure 1, and the radial profile
of the surface density along the disk major axis is shown in
Figure 3. The intensity at both peaks is 29 mJy beam−1, which is
2 mJy beam−1 (i.e., 2.2σ ) higher than the intensity at the
center of the disk. We also estimated the expected central
surface brightness by fitting a Gaussian to the surface brightness
distribution at angular distances larger than 0.′′15. The fitted
Gaussian is shown as the solid curve in Figure 3. A Gaussian
function was chosen since it provides a reasonable parametric
representation of the dust emission. Interpolating this Gaussian
fit to the center of the disk suggests an expected central surface
brightness of 31 mJy beam−1, which is 4σ higher than the
measured value. The significance level of the two intensity
peaks, the fact that they appear in the map before cleaning,
their orientation along the disk major axis, and the symmetry

with respect to the central star, suggests that they are real and,
therefore, that the dust emission decreases inside an orbital
radius of about 14 AU. This is analogous to the situation in
“transitional” disks, where the inner gaps observed in the dust
emission are attributed to dusty depleted inner regions (see, e.g.,
Hughes et al. 2009; Brown et al. 2008, 2009).

At a first sight, this interpretation is incompatible with
RY Tau’s large near- and mid-infrared excesses, which suggest
the presence of warm dust within 10 AU of the star (Robitaille
et al. 2007). If, however, the inner disk is only partially depleted
and dust emission remains optically thick in the infrared,
the observed double intensity peak and the spectral energy
distribution (SED) can be reconciled. A number of physical
mechanisms could reduce the dust density in the inner region
of circumstellar disks. For example, planets less massive than
Jupiter may carve partially depleted gaps in the surface density
distribution by tidal interaction with the surrounding material
(Bryden et al. 1999). This possibility is discussed in more detail
in Section 5.3. In Paper I, we also proposed that a surface density
profile that gradually decreases toward the star may originate
naturally from the viscous evolution of a disk if viscosity

1.3 mm 

2.7 mm 

Isella et al. (2010) 
See also: Guilloteau et al. (2011)  

Banzatti et al. (2011) 

CARMA 
observations errorbar on �~ ± 1
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Improved constraints can be obtained by … 

•  Increasing wavelength coverage 

•  Increasing sensitivity of our observations 
•  Correct for atmospheric radio seeing with CARMA ! bring forward 

the C-PACS system (Pérez et al. 2010) 
•  Take advantage of VLA upgrade ! EVLA Residency program 

•  BTW: High angular resolution is a must (0.2” ~ 20-30 AU) 

SMA: 0.88mm CARMA: 1.3, 2.7 mm VLA: 7mm, 1cm 

22 



Observational Constraints 
of Grain Growth in 

Protoplanetary Disks 
Pérez et al. (2012) 



Disks@EVLA collaboration 

•  Determine prevalence of 
grain growth to cm-sized 
particles  
•  66 stars (ages ~ 1-10 Myr old) 
•  Photometry (7mm-6cm) ! � 

•  Determine location of 
large grains in disks 
•  Sub-sample imaged with ~0.2” 

res. at 7mm/1cm and 6cm 

PI: Claire Chandler 

EVLA Key Science Project 
S� 

� 5.8GHz 
(6cm) 

30GHz 
(1cm) 

100GHz 
(3mm) 

�� 
�≈ 0 

Not DUST 
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Constraints in Radial Variations of Grain Growth 

•  Increased wavelength 
coverage and sensitivity 

•  Allow us to infer 
wavelength-dependent 
disk structure 

SMA - 0.88 mm CARMA - 2.8 mm 

VLA - 8.0 mm VLA - 9.8 mm 

AS 209 disk; Pérez et al. (2012) 
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Constraints in Radial Variations of Grain Growth 

•  Simple disk model reproduces 
our observations 

•  Allow us to infer  
 ��(R) = ��×�(R) 

Wavelength-dependent  
disk structure 
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Constraints in Radial Variations of Grain Growth 

Pérez et al. (2012) 

99

inconsistent with a constant value at the 10σ level.

5.5.2 Radial variations of amax

To derive equation 5.3, the assumption of κλ ∝ λ−β must be satisfied. We caution that

for amax ∼ 0.1-1 mm this approximation may break down (Draine, 2006), as illustrated

in Figure 5.7 (right). Therefore, rather than inferring amax(R) from β(R), we constrain it

directly by fitting a specific dust opacity κλ to the constraints on the product κλ × Σλ ×

Bλ(Tλ) at each radius. With a knowledge of T (R), and for a fixed set of dust properties

(composition and grain-size distribution), we estimate the values of amax and Σ that satisfy

equation 5.2, now written as

κλ Σλ(R)
Bλ(Tλ(R))

Bλ(T (R))
= κλ(amax(R)) Σ(R) (5.4)

where the right-hand side corresponds to our model (with parameters amax and Σ), and

the left-hand side has been constrained by our multi-wavelength observations (i.e. we have

a PDF for the product κλ × Σλ(R)× Bλ(Tλ(R))
Bλ(T (R))

).
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Figure 5.7: Left: Dust opacity spectral slope, β, vs. radius, inferred from multi-wavelength obser-

vations of the AS 209 disk. Black line: best-fit β(R), colored areas: confidence interval constrained

by our observations. Vertical dashed-lines indicate the spatial resolution of our observations, error-

bar in top-left corner indicates additional systematic uncertainty on β(R) arising from amplitude

calibration uncertainty. Right: Dust opacity (normalized at 300 GHz) for amax between 0.1-10 cm.

Note that the power-law assumption, κν ∝ νβ , breaks down for (sub-)mm-sized grains.

Excludes  
�=const. 

Indicates 
difference with 
ISM dust 
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Similar constraints in many different disks 

Pérez et al. (in prep.) 

Harris et al. (subm.) 
UZ Tau Quadruple system 

– 7 –

Fig. 1.— Synthesized images of the dust continuum emission from disks in the UZ Tau system at

six different (sub)mm–radio wavelengths. Contours in each map are drawn at 3 σ intervals, with

RMS noise levels provided in Table 1. The synthesized beam dimensions are shown in the lower left

corner of each panel. A scale bar is marked in the bottom panel: each map spans 870 × 290 AU.

2.4. Final Data Products

Figure 1 shows a continuum emission map gallery of the UZ Tau system at six different radio

wavelengths. Each map was created with natural weighting of the visibilities, with the exception of

the CARMA λ = 2.9 mm data (see §2.2). Emission from UZ Tau E and W are clearly detected at all

six wavelengths, from λ = 0.88 to 50 mm. The UZ Tau E emission is resolved in all cases, although

only marginally so in the VLA C band map (bottom panel). Both of the individual components

in the UZ Tau W binary exhibit distinct emission peaks in each map, with the exception of the

comparatively low-resolution CARMA λ = 2.9 mm data. The continuum emission centroid for

Pérez et al. (2012) 
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From radial variations of dust opacity to amax(R) 

•  Dust opacity depends on 
particle-size distribution 

•  Find amax that reproduces 
multi-wavelength emission: 
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ON THE SUBMILLIMETER OPACITY OF PROTOPLANETARY DISKS
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ABSTRACT

Solid particles with the composition of interstellar dust and power-law size distribution dn/da / a!p (for a " amax

with amax k 3k and 3 < p < 4) will have submillimeter opacity spectral index !(k) # d ln "/d ln # $ ( p! 3)! ISM,
where ! ISM $ 1:7 is the opacity spectral index of interstellar dust material in the Rayleigh limit. For the power-law
index p $ 3:5, which characterizes interstellar dust and may apply for particles growing by agglomeration in
protoplanetary disks, grain growth to sizes a k 3 mmwill result in !(1 mm) P 1. Grain growth can naturally account
for ! $ 1 observed for protoplanetary disks, provided that amaxk 3k.
Subject headinggs: dust, extinction — planetary systems: protoplanetary disks — submillimeter

Online material: color figures

1. INTRODUCTION

From millimeter to mid-infrared wavelengths, the radiation
emitted by protoplanetary disks is primarily due to thermal emis-
sion from solid particles, just as it is for the interstellar clouds out
of which the protostars form. If the emitting medium is optically
thin, the observed flux density F# is proportional to the massMd

of emitting particles,

F# $ "(#)MdB#(Td)d
!2; ð1Þ

where "(#) and Td are the opacity and temperature of the solid
material, B# is the blackbody intensity, and d is the distance. At
submillimeter wavelengths, the Rayleigh-Jeans limit h#TkTd
usually applies, and

F# $
2k

c2
# 2"(#)

MdTd
d2

ð2Þ

is proportional to the productMdTd . If Td can be estimated from
the observed spectrum or other considerations, the observed F#

allowsMd to be determined, provided that " and d are known. If
the opacity has a power-law dependence on frequency, "(#)/ #!,
the observed flux F# / #$, with $ ¼ 2þ !. Even if the absolute
opacity cannot be determined,multiwavelength observations allow
the opacity spectral index !(k)# d ln"/d ln # to be measured.

Observations of the infrared and submillimeter emission from
diffuse interstellar clouds (with masses estimated independently
from observations of H i and CO) allow the opacity " of inter-
stellar dust to be determined. The observed far-infrared and
submillimeter emission from diffuse clouds is consistent with
! $ 1:7 (Finkbeiner et al. 1999; Li & Draine 2001).

The opacity spectral index ! can also be determined for dust
in dense molecular clouds. The dust near embedded infrared
sources in theOrion ridge has ! $ 1:9 between 1100 and 450%m
(Goldsmith et al. 1997). The dust in and around 17 ultracompact
H ii regions studied by Hunter (1998) has ! $ 2:00 ) 0:25 be-
tween 350 and 450 %m. Friesen et al. (2005) found ! ¼ 1:6þ0:5

!0:3
for the dust in three hot molecular cores, with densities nH $
108 cm !3. The dust in both diffuse clouds and dark clouds thus
appears to be consistent with an opacity spectral index ! ISM $
1:8 ) 0:2 in the submillimeter.

If the dust in protoplanetary disks were both optically thin and
similar to interstellar dust, we would expect $ ¼ 2þ !ISM $

3:8 ) 0:2. However, Beckwith & Sargent (1991) found that
protoplanetary disks usually have spectra with 2 < $ < 3. The
opacity spectral index !disk was estimated by fitting simple disk
models; the 24 objects studied had a median !disk ¼ 0:92, with
2/3 of the sample falling in the interval !disk ¼ 0:9 ) 0:7.
Numerous subsequent studies have also found !disk < !ISM.

Calvet et al. (2002) found !disk $ 0:5 for the material around
the 0.6 M* pre–main-sequence star TW Hya, and concluded
that grains must have grown to + centimeter size. Testi et al.
(2003) found !disk ¼ 0:6 ) 0:1 for the disk around the 1.5 M*
pre–main-sequence star CQ Tau, and interpreted this as evidence
for grain growth. Natta et al. (2004) find a median !disk ¼ 0:7
for a sample of nine disks around Herbig Ae stars observed with
the Very Large Array (VLA). Submillimeter interferometry of
a rotating disk in the star-forming region IRAS 18089!1732
indicates $ ! 2 $ 1:2 in the outer envelope, with small-scale
structure having $ ! 2 $ 0:5 (Beuther et al. 2004). Andrews &
Williams (2005) obtained submillimeter spectral energy distribu-
tions (SEDs) for 44 protoplanetary disks in Taurus-Auriga, and
found that they can be fit using disk models with !disk $ 1.
There are several possible explanations for the difference

between ! ISM and !disk:

1. Some of the emission may come from regions that are not
optically thin, even at millimeter wavelengths. This appears to
be part of the explanation, but radiative transfer models still
require material with !disk $ 1 in order to reproduce the observed
spectra (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Natta
et al. 2004; Natta & Testi 2004; Andrews & Williams 2005).
2. The chemical composition of the particles in the disk might

be very different from the composition of interstellar grains.
3. Growth by coagulation in protoplanetary disks might lead

to ‘‘fluffy’’ structures, with the difference between !ISM and !disk

being due to differing grain geometry.
4. As has been proposed by a number of authors (e.g.,

Beckwith& Sargent 1991;Miyake&Nakagawa 1993; D’Alessio
et al. 2001; Natta et al. 2004; Natta & Testi 2004), grain growth
might have put an appreciable fraction of the solid mass into
particles that are so large that they are not in the Rayleigh limit,
even at millimeter wavelengths, leading to reduced !.

Here we show that power-law size distributions dn/da / a!p

for a " amax, with 3 < p < 4 and amax k 3k, will lead to opacity
spectral index ! $ ( p! 3)!s, where !s is the opacity spectral

A
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Figure 5. Surface density (top) and maximum grain size as a function of radius (bottom), for two grain-size distributions: q = 3.5 (left), q = 3.0 (right). Black line:
best fit, shaded region: 3σ confidence interval. Assumed grain properties are specified in the figure legend. We compare our observational constraints with theoretical
grain evolution models (Birnstiel et al. 2012), which include fragmentation and radial drift.
(A color version of this figure is available in the online journal.)

barrier to be consistent with our amax(R) constraint. It remains to
be demonstrated whether these models reproduce the observed
β(R) profile and the millimeter fluxes. Such analysis requires
numerical simulations starting from the disk parameters derived
here and will be discussed in a future paper.

5.3. Summary

We have obtained multi-wavelength spatially resolved obser-
vations at 0.88, 2.8, 8.0, and 9.8 mm of the AS 209 circumstellar
disk. These observations reveal a wavelength-dependent struc-
ture, explained as radial variations of the dust opacity across the
disk. We find a change in ∆β > 1 between the inner (∼20 AU)
and outer (∼120 AU) disk, inconsistent with a constant β value.
This gradient in β(R) implies that a significant change in the
dust properties as a function of radius must exist. We interpret
this gradient as a decrease in the maximum grain size with ra-
dius: going from several centimeters or more in the inner disk
to submillimeter-sized grains in the outer disk. When compared
with theoretical models of dust size evolution (Birnstiel et al.
2012), we find that our observational constraint on amax(R)
agrees with a radial-drift-dominated population, for reasonable
values of the composition, particle-size distribution, and disk
properties.
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Figure 5. Surface density (top) and maximum grain size as a function of radius (bottom), for two grain-size distributions: q = 3.5 (left), q = 3.0 (right). Black line:
best fit, shaded region: 3σ confidence interval. Assumed grain properties are specified in the figure legend. We compare our observational constraints with theoretical
grain evolution models (Birnstiel et al. 2012), which include fragmentation and radial drift.
(A color version of this figure is available in the online journal.)

barrier to be consistent with our amax(R) constraint. It remains to
be demonstrated whether these models reproduce the observed
β(R) profile and the millimeter fluxes. Such analysis requires
numerical simulations starting from the disk parameters derived
here and will be discussed in a future paper.

5.3. Summary

We have obtained multi-wavelength spatially resolved obser-
vations at 0.88, 2.8, 8.0, and 9.8 mm of the AS 209 circumstellar
disk. These observations reveal a wavelength-dependent struc-
ture, explained as radial variations of the dust opacity across the
disk. We find a change in ∆β > 1 between the inner (∼20 AU)
and outer (∼120 AU) disk, inconsistent with a constant β value.
This gradient in β(R) implies that a significant change in the
dust properties as a function of radius must exist. We interpret
this gradient as a decrease in the maximum grain size with ra-
dius: going from several centimeters or more in the inner disk
to submillimeter-sized grains in the outer disk. When compared
with theoretical models of dust size evolution (Birnstiel et al.
2012), we find that our observational constraint on amax(R)
agrees with a radial-drift-dominated population, for reasonable
values of the composition, particle-size distribution, and disk
properties.
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Figure 6.12: Surface density (top) and maximum grain size as a function of radius (bottom), for

two grain size distributions: q = 3.5 (left), q = 3.0 (right) in the DoAr 25 disk. Black line: best-

fit, shaded region: 3σ confidence interval. Assumed grain properties are specified in figure legend.

We compare our observational constraints with theoretical grain evolution models (Birnstiel et al.,

2012), that include fragmentation and radial drift.
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Figure 6.23 presents these constraints for amax(R) and Σ(R) for CY Tau, assuming the

same dust composition as in section 6.2.2, and for a grain size distribution slopes q = 3.0.

For disk radii between 50–70 AU, solutions with a substantially large value of amax (and

hence a large Σ(R) value) were a possible fit to our data (within 3σ). However, this region

of the parameter space (shown in light-blue, Figure 6.23) is disconnected from the main

region where 3σ constraints on amax are continuous with radius (shown in darker blue,

Figure 6.23). Hence, we disregard the amax solutions in the disconnected region based on

the fact that any solution that attempts to go through this region will be discontinuous.

Across the disk, grains have grown at least up to ∼ 0.4 mm, with small grains present in

the outer disk and large grains in the inner disk.

These observational constraints on amax(R) are compared with Birnstiel et al. (2010)

models of grain growth evolution, employing the approximations presented in Birnstiel et

al. (2012) for the evolution of amax with radius. For CY Tau, we find an agreement between

our observational constraint on the maximum grain size and the growth barrier imposed by

radial drift of macroscopic particles, at least up to ∼ 70 AU. Farther out in the disk, for

R ! 70 AU, our observational constraint is above the radial drift barrier, with dust grains

in the outer disk that have managed to somehow overcome this growth barrier.
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Figure 6.23: Surface density (left) and maximum grain size as a function of radius (right), for the

CY Tau disk. Black line: best-fit, shaded region: 3σ confidence interval. Assumed grain properties

are specified in figure legend. We compare our observational constraints with theoretical grain

evolution models (Birnstiel et al., 2012), that include fragmentation and radial drift.

– 23 –

Fig. 8.— The inferred radial distributions of the dust surface densities (top) and maximum particle

sizes (bottom) for model Scenario B and particle size distributions with power-law indices p = 3.5

(left) and 3.0 (right). The shading and hatched regions are as in Fig. 6(a). The red and blue curves

represent simple predictions for the particle evolution dominated by radial drift and turbulent

fragmentation, respectively, for fiducial disk parameters (see text; Birnstiel et al. 2012b).

(from Warren 1984; Zubko et al. 1996; Semenov et al. 2003, respectively) were combined with the

Bruggeman mixing rule, and then opacity spectra for any combination of {amax, p} were calculated

with a Mie code. This analysis was performed for each modeling scenario using two representative

values of the size distribution index, p = 3.5 and 3.0 (see Draine 2006). Due to the relatively low

signal-to-noise of the Ka band optical depth profiles, we have combined the 8.0 and 9.8 mm data

by using the geometric average and and employed this average in our fits.

Figure 8 shows the results of this re-interpretation of the models, with the derived radial profiles

of Σ (top) and amax (bottom) for p = 3.5 (left) and 3.0 (right) in Scenario B. Both cases suggest that

amax increases with proximity to the central binary, and varies by a factor of !10 across the extent

of the disk, from ∼300 µm to at least 3 mm (and potentially much larger for p = 3.5). To provide

some context for these amax profiles, we also display comparisons to simple, analytic prescriptions

for the limiting particle sizes in the cases where radial drift (red) and turbulent fragmentation

(blue) are the dominant drivers of the size distribution (Birnstiel et al. 2012b), assuming a constant

gas-to-dust ratio of 100, a turbulent viscosity parameter α = 0.01, and a fragmentation velocity of
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distinguish between a truncated and smoothly varying density profiles.

Figure 7.5: Simulated ALMA Early Science observations of LkCa 15, for a disk model where the

density is sharply truncated at a finite radius and the inner disk is clear of dust (panels b.1 and b.2),

and for a smoothly varying density distribution that peaks at a finite radius (panels c.1 and c.2).

Contours are drawn every 10σ, with σ = 1.5 mJy beam−1 the RMS noise level in the map. These

ALMA simulations assume a 30 min on source integration and the default weather conditions for

Band 9.

Figure 7.6: Left panel: Simulated ALMA visibility profile for LkCa 15 at 450 µm in the extended

configuration, assuming a truncated (blue) and a smooth (orange) surface density profile. The span

of the shaded region represents the 3σ uncertainty level derived from the simulated observations.

Right panel: Difference in the visibility profile between the smooth and truncated surface density

models (solid line), compared to the sensitivity of ALMA observations (shaded region).
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models (solid line), compared to the sensitivity of ALMA observations (shaded region).
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CARMA 1.3 mm ALMA 450µm simulated observations

Fig. 1.— Panel (a): CARMA aperture synthesis image of the 1.3 mm dust continuum emission toward LkCa 15
(beam FWHM = 0.2100 ⇥ 0.1900; �RMS = 0.4 mJy/beam). Contours are drawn every 3�. Panels (b) and (c):

Simulated ALMA observations of LkCa 15 for a disk model where the density is sharply truncated at a finite
radius and the inner disk is clear of dust (panel b), and for a smoothly varying density distribution that peaks at
a finite radius (panel c). These ALMA simulations assume a 30 min on source integration and the default weather
conditions for Band 9. The remarkable sensitivity of ALMA will enable us to determine whether the inner edge of
the disk is sharply truncated (possibly due to dynamical interactions with a planet), or varies smoothly with radius
(possibly due to grain growth in the inner disk).

Fig. 2.— Left panel: Observed CARMA visibility profile for LkCa 15 at 1.3 mm (black points) compared with the
best fit models for a truncated (blue) and a smooth (orange) surface density profile. The real part of the correlated
flux has been deprojected to account for the disk geometry. Right panel: Di↵erence in the visibility profile between
the smooth and truncated surface density models (solid line), compared to the sensitivity of CARMA observations
(shaded region). This figure demonstrates that the sensitivity of current observations limits our ability to identify
the structure of the inner hole and infer the physical process responsible for the cavity in LkCa 15.
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The future with ALMA and VLA 

•  Dust trapping mechanisms: 
•  e.g. planet opening a gap 
•  expect asymmetries 

•  Prediction: grain growth 
should occur within 
asymmetries 

•  Expect segregation of dust 
particle size: radially (Pinilla et 
al., 2012) and azimuthally 
(Birnstiel et al. 2013) 
•   2D constraints on �(R) 

of the disk. Fortunately, the same physics that applies to m-size solids at 1 AU applies to cm-size dust

grains at ∼ 50 AU, and we can study the cm-size barrier as a proxy for what happens further inside the

disk. By observing dust continuum emission from mm and cm-sized grains (generally optically thin), we

constrain the spectral index of the dust continuum emission (α), which is directly related to the dust

emissivity index (β ≈ α − 2) (Beckwith et al. 1990). Recent investigations from the Disks@EVLA Key

Science Project (PI: C. Chandler), have constrained β radially inside the disk, and have observationally

shown that radial-drift is the main barrier for further growth of cm-sized particles inside a protoplanetary

disk (Pérez et al. 2012).

A promising theoretical scenario for stopping this radial drift is by dust trapping at gas pressure

maxima. Since dust particles drift towards higher gas pressure, they effectively can get ”trapped” inside

these pressure bumps. The origin of these positive pressure gradients is strongly debated: locally they may

arise from anticyclonic vortices (Klahr & Henning 1997), or turbulent eddies (Johansen & Klahr, 2005),

while in a global disk scale they may emerge from Rossby-wave instabilities (Regály et al. 2012) or from

the gap opened by one or multiple planets (Pinilla et al. 2012). Inside these pressure traps dust particles

do not experience high velocity collisions and can grow even further in size. Hence, segregation by dust

particle size is expected, both radially and azimuthally, which can be observationally characterized by

constraining the dust emissivity index β throughout the disk.

Recent theoretical prediction from Birnstiel et al. (2013) show that only a weak gas density contrast

in the azimuthal direction is necessary to produce a very strong accumulation of particles that is not

symmetric. The left panel of Figure 2 presents the calculated density profiles in the azimuthal direction

for gas and dust: only a small contrast in the gas (black line) produces a huge contrast in the dust particles

(blue line). The middle panel of Figure 2 shows the simulated ALMA dust continuum image of such a

disk structure, for a face-on disk observed at 0.88 mm, strikingly similar to our ALMA observations.

Observations at more than two wavelengths can be used to constrain the spectral index α, the expected

variations of α within the disk for this theoretical prediction is shown in the right panel of Figure 2. Inside

the particle trap (seen as an asymmetry) we expect a lower spectral index than in the rest of the disk,

since inside here grains are safe from radial drift and can quickly grow in size.

Fig. 2.— Theoretical predictions of dust trapping as a way to overcome radial drift (adapted from Birnstiel et
al., 2013). Left panel: Steady-state and numerical solutions for the azimuthal surface density of large dust grains
(blue and dashed lines), given an azimuthal gas profile (black line) that has a very small (∼ 20%) density contrast.
Middle panel: predicted ALMA observation of the azimuthally trapped dust particles, seen as an asymmetry in
the surface brightenss distribution. Right panel: predicted spectral index map, from combining two wavelengths
observations. Since dust grains will quickly grow inside the dust trap, it is expected that the spectral index in the
location of the asymmetry will be lower than in the rest of the disk.
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of the disk. Fortunately, the same physics that applies to m-size solids at 1 AU applies to cm-size dust

grains at ∼ 50 AU, and we can study the cm-size barrier as a proxy for what happens further inside the

disk. By observing dust continuum emission from mm and cm-sized grains (generally optically thin), we

constrain the spectral index of the dust continuum emission (α), which is directly related to the dust

emissivity index (β ≈ α − 2) (Beckwith et al. 1990). Recent investigations from the Disks@EVLA Key

Science Project (PI: C. Chandler), have constrained β radially inside the disk, and have observationally
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particle size is expected, both radially and azimuthally, which can be observationally characterized by

constraining the dust emissivity index β throughout the disk.

Recent theoretical prediction from Birnstiel et al. (2013) show that only a weak gas density contrast

in the azimuthal direction is necessary to produce a very strong accumulation of particles that is not

symmetric. The left panel of Figure 2 presents the calculated density profiles in the azimuthal direction

for gas and dust: only a small contrast in the gas (black line) produces a huge contrast in the dust particles

(blue line). The middle panel of Figure 2 shows the simulated ALMA dust continuum image of such a

disk structure, for a face-on disk observed at 0.88 mm, strikingly similar to our ALMA observations.

Observations at more than two wavelengths can be used to constrain the spectral index α, the expected

variations of α within the disk for this theoretical prediction is shown in the right panel of Figure 2. Inside

the particle trap (seen as an asymmetry) we expect a lower spectral index than in the rest of the disk,

since inside here grains are safe from radial drift and can quickly grow in size.

Fig. 2.— Theoretical predictions of dust trapping as a way to overcome radial drift (adapted from Birnstiel et
al., 2013). Left panel: Steady-state and numerical solutions for the azimuthal surface density of large dust grains
(blue and dashed lines), given an azimuthal gas profile (black line) that has a very small (∼ 20%) density contrast.
Middle panel: predicted ALMA observation of the azimuthally trapped dust particles, seen as an asymmetry in
the surface brightenss distribution. Right panel: predicted spectral index map, from combining two wavelengths
observations. Since dust grains will quickly grow inside the dust trap, it is expected that the spectral index in the
location of the asymmetry will be lower than in the rest of the disk.

Dust emission 

Spectral index �-map 
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The future with ALMA and VLA 

•  ALMA observations at 
0.45 mm 

•  Observational test of particle 
trapping with the VLA 

 
•  6hrs, CnB-config: 0.5” 
•  8 hrs, BnA-config: 0.2” 

SAO 206462 

0.26”x0.20” 

28 AU 

Simulated data! 
(no dust trapping) 
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And the future is here! 

•  ALMA observations at 
0.45 mm 

•  VLA observations at 9 
mm 

0.36”x0.19” 24 AU 

SR 24S 

Disks@EVLA collaboration Pérez et al. (in prep) 

0.17”x0.15” 

�≈0 

�≈1 Spectral index �-map 
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•  Observational constraints of dust growth require multi-wavelength 
observations: 

•  High angular resolution and high SNR 

•  Future with new instruments like ALMA and VLA looks 

•  Protoplanetary disks have � < 1 at mm/cm wavelengths 
•  Compelling evidence for grain growth in disks 

•  Spatially resolved observational constraints inform us: 
•  Disentangle optical depth effects from grain growth 
•  Main limitation for further particle growth ! radial drift of solids 

•  A way to overcome this problem: dust trapping of large particles 
•  Radially, azimuthally 

•  These predictions can be currently tested with ALMA and VLA 

Summary 
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