
The formation of planetesimals 
in proto-planetary disks, 
observed with the Jansky VLA 

Claire Chandler, NRAO 
Laura Pérez*, Stuartt Corder (NRAO) 
Andrea Isella, John Carpenter, Luca Ricci, Anneila Sargent (Caltech) 
Adam Deller (ASTRON), Woojin Kwon (SRON) 
Sean Andrews, David Wilner, Robert Harris* (CfA) 
Lee Mundy, Shaye Storm* (U. Maryland) 
Kees Dullemond, Thomas Henning, Hendrik Linz (MPIA) 
Jane Greaves (St. Andrews), Joe Lazio (JPL), Nuria Calvet (U. Michigan) 
Leonardo Testi, Marco Tazzari* (ESO), Jonathan Menu* (Leuven) 



Disks: natural by-product of star formation 

  

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk

Debris + planets?

0
2
4
6
8

10
12
14
16
18

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

Time 

Graphic from 
Dauphas & Chaussidon (2011) 

  



From ISM Dust to Planetary Systems 

ISM 
Dust 

Planets 

Size = µm mm m km Mm 

? mm/cm-
wave 

observations 

Adapted from Chiang & Youdin (2009) 

Fragmentation 
Radial drift 

Directly observable 
(IR à mm/cm) 

Exo-
planets 



Long-λ dust emission 
Ü  Optically-thin ⇒ traces mass 

Ü  Long-λ ⇒ in Rayleigh-Jeans for typical disk temperatures 
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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
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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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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-
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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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Ü  Spectral index, β, is a measure 
of the size of the dust grains in 
a disk! 

Ü  Can be derived directly from α	


Ü  Need long-λ to measure big 
grains 



Multi-λ observations constrain βdisks< 1 
Ü  Dust in the ISM  

Ü  (diffuse and dark clouds) 

βISM ≈ 1.8 ± 0.2 

E.g., Li & Draine (2001) 

Ü  Integrated disk spectra 
show flatter spectral index: 

2 < αdisks < 3 ⇒ βdisks< 1 

E.g., Beckwith & Sargent (1991) 



Expect spatial variations: observational 
constraints on radial variations of β 

Ü  CARMA observations of RYTau 

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

Banzatti et al. (2011) 
 

Δβ~ 

1.3mm 

2.7mm 



Ü  Survey statistically significant sample of protoplanetary disks 
(65 sources) at cm wavelengths with the VLA; goals: 
Ü  Determine prevalence of grain growth to cm-sized particles in 

disks with ages 1-10 Myr from spectral indices 

Ü  Use high resolution to image location of large dust grains in disks 
Ü  Investigate dependence of particle populations on properties of 

the central stars, disk structure, and star forming environment 

Ü  See https://safe.nrao.edu/evla/disks/ for project information 

The Disks@EVLA project 



Ü  Breakdown by type: 
Ü  Taurus-Auriga  34 
Ü  Ophiuchus  25 

Ü  Isolated   6 

Ü  Single   49 

Ü  Multiple   16 
 

Ü  “Classical”  50 
Ü  “Transition”  15 

Ü  49 sources imaged, 40 resolved 

Sample 

Ü  Spectral type: 
Ü  A     8 
Ü  F      1 

Ü  G     2 
Ü  K      31 

Ü  M     18 

Ü  ?      5 

K0-4     9 
K5-8     22 

TWHya: Menu et al. (2013) 



Observations 
Ü  Observations from July 2010 through December 2012 

Ü  376.5 hrs observed in 138 scheduling blocks, 10.5 TB raw data 
Ü  First wide bandwidth data taken with the new EVLA hardware! 

Ü   New wide bandwidth capabilities with the EVLA 
Ü  1 GHz BW per IF, two IFs 
Ü  Photometry at C/K/Ka/Q bands: contiguous 2 GHz BW 

Ü  Imaging at Ka/Q (+C) bands: separated 1 GHz IFs (Ka/C)  

Ü  Complications 
Ü  First wide bandwidth data taken with the new EVLA hardware! 
Ü  Early datasets are challenging 

Ü  Most of the photometry data were taken first: focus on imaging 
results today 

Ü  Some SBs observed with resolved calibrators → need to model 

Sν 

ν 5.8GHz 
(6cm) 

30GHz 
(1cm) 

100GHz 
(3mm) 

να 
α≈ 0 

Not DUST 



Observation/reduction summary 
Ü  49 sources imaged, 27 at the highest resolution in A-config: 

SFR C/CnB B/BnA A 
Taurus-Auriga GGTau, 

Haro6-37, 
GMAur, ABAur, 
HD35187 

FTTau, UXTau, 
DMTau, DNTau, 
HPTau, DRTau, 
UYAur, CQTau, 
DLTau 

MHO1/2, CYTau, 
V892Tau, RYTau, 
UZTau*, MWC480, 
TTau, DGTau, DGTauB, 
GVTau, HLTau, XZTau, 
Haro6-13, DOTau, 
DQTau  

TW Hydra 
Association 

TWHya*, HD98800 

ρ Ophiuchus DoAr24, IRS41, 
WSB52, RNO90, 
RNO91, Elias49 

WSB60, AS209* AS205, GSS26, DoAr25, 
Elias24, Elias27, SR24, 
IRS51, WaOph6 

Other isolated HD142666, MWC275 



Imaging: sensitivity 
Ü  Typical resolution of targets observed in A+B+C configs is 

0.1 arcsec ~ 14 AU 

Ü  Typical rms noise is 10µJy/beam 

Ü  Brightness temperature: 
Ü  In Rayleigh-Jeans, S = 2 k TB Ω / λ2, so if emission is resolved (no 

beam dilution) and detected at the 10-σ level (0.1 mJy/beam) 
the source brightness temperature is ~ 11 K 

Ü  For source radiation temperature TR the optical depth is then 
just τ = TB/TR 
Ü  To be detected at 10-σ dust emission from a disk must have optical 

depth ~0.1 to 1 

Ü  Potential contamination from optically thin (and beam-diluted) free-
free emission from ionized wind or jet close to star 



A protoplanetary disk picture gallery 

Ü  θB~0.7” 
(100 AU) 

 

 

Ü  θB~0.25” 
(35 AU) 

 
 

Ü  θB~0.1” 
(14 AU) 

GGTau Elias49 GMAur ABAur 

AS209 UXTau DMTau CQTau 

MHO1 α=1.9 
MHO2 α=2.5  

V892Tau α=0.4  MWC275 α=1.1  
RYTau α=0.8 at 
peak, α∼2 
elsewhere (K1) 



Ü  Ka-band imaging provides spectral index information, even for unresolved 
sources: many consistent with contributions from dust; S ∝ να	


	


Ü  Marginally resolved emission; transition disks denoted in GOLD 

 

Ü  Resolved sources: no spectral index info for those observed at Q-band 

“Low” resolution images (θB~0.7”) 

Elias49(SW) 
α=1.44±0.35 

HD35187 
N: α=1.97±0.31	

S: α=0.20±0.14	


DoAr24 
NW: α=1.16±0.10	

SE: α=1.6±0.06	


IRS41 
α=1.60±0.13	


Elias49(NE) α=1.7 WSB52 α=1.7 RNO90 α=1.2	
 RNO91 α=0.6 

GGTau (Q) Haro 6-37 (Q) GMAur α=2.4 ABAur (Q) 



UYAur(NE) α=1.3 

Ü  Resolved sources: “classical” disks 

AS209 α=1.8 

FTTau α=2.3 

DRTau (Q) CQTau α=3.0 

DNTau (Q) 

“Medium” resolution images (θB~0.25”) 
Ü  Sources unresolved at 35AU resolution 

HPTau  
α=1.89±0.09	


UYAur(SW) 
α=1.68±0.35 

Ü  Resolved sources: “transition” disks 
Ü  inner holes, spectral index consistent with dust emission 

UXTau (Q) DMTau (Q) WSB60 α=2.0	




“High” resolution images (θB~0.1”) 
Ü  All sources resolved on these size scales; classical disks: 

MHO1 α=1.9 
MHO2 α=2.5  

V892Tau α=0.4  
AS205(NE) α=1.9 
AS205(SW) α=1.8  CYTau (Q) 

UZTauE α∼3	

UZTauWa/b α∼2 

GSS26 α=1.1  IRS51 α=1.5  

WaOph6 α=1.4 Elias24 α=1.0  Elias27 α=1.2  MWC275 α=1.1  



“High” resolution images (θB~0.1”) 
Ü  Transition disks: free-free component coincident with star 

(all spectral types) 

TWHya α=1.1 (K7) SR24 α=0.2 (K1) 

DoAr25 α=1.4 (K5) 

RYTau α=0.8 at 
peak, α∼2 
elsewhere (K1) 

HD142666 α=1.7 (Α8) 



Constraints on grain growth 
Ü  AS209: Pérez et al. (2012): combine SMA+CARMA+VLA 

Ü  Increase lever arm for measuring slope of dust opacity 
Ü  Extends sensitivity to large dust grains 



Dust emissivity index, β	

Ü  τλ(R) = κλ(R)Σ(R), dust emissivity usually modeled as κλ ∝ λ-β 	


Ü  Turn measurement of τλ(R) into constraint on β(R) 
Ü  Inconsistent with a constant value of β as a function of radius! 

Big grains → 

Small grains → 



Results for other sources 
Ü  Pérez (2012, PhD Thesis)  



Multiple systems: UZTau, UXTau, AS205 
Ü  Harris (2013, PhD Thesis): dust properties similar to single 

systems 



What does κ tell us about the grain size? 

Ü  Assume grain size distribution n(a) ∝ a-q up to max grain size 
amax; use models of κλ to constrain amax 

κ(1cm) as 
function of amax 
for q=3.5 

Miyake & Nakagawa (1993) 

β ~ 0.6 

κ as function of ν for various values 
of amax (Pérez et al. 2012) 



amax vs. radius for AS209 
Ü  Find amax that reproduces multi-wavelength emission, 

Fν~κ(ν)MdBν(Td)d-2 

The Astrophysical Journal Letters, 760:L17 (7pp), 2012 November 20 Pérez et al.
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What about the barriers to grain growth? 

Ü  Physical barriers to grain growth: fragmentation and radial 
drift (Birnstiel et al. 2012) 

a
m

a
x 

(c
m

) 
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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.

We acknowledge T. Birnstiel for useful discussions.
A.I., J.M.C., L.M.P acknowledge support from NSF award
AST-1109334. The National Radio Astronomy Observatory is
a facility of the National Science Foundation operated under
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project between the Smithsonian Astrophysical Observatory and
the Academia Sinica Institute of Astronomy and Astrophysics,
funded by the Smithsonian Institution and Academia Sinica.
Part of this research was carried out at the Jet Propulsion Labo-
ratory, Caltech, under a contract with the National Aeronautics
and Space Administration.
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Results for other sources 

Ü  All have amax larger than can be explained by fragmentation-
dominated particle sizes for “standard” viscosity parameter 
α=0.01, but instead are consistent with amax limited by drift 

⇒ disks are not very turbulent (tentative conclusion!) 
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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.

DoAr25 

134

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.
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TWHydra 
Ü  Similar conclusion for the transition disk around TW Hya (Menu et 

al. 2013, submitted): a concentration of large grains in the center 
of the disk is needed to explain the submm/mm/cm data 



Conclusions 
Ü  Evidence for growth to cm-sized particles in inner regions of 

protoplanetary disks from detailed modeling of 6 sources 

Ü  Max. particle size consistent with drift-dominated size 
distribution, suggests low turbulence (otherwise amax would 
be lower due to collisional fragmentation) 

Ü  Full sample comprises 40 sources with resolved cm emission 
that will be used to study dust properties vs. stellar 
properties (multiplicity, spectral type, SF environment, …) 
Ü  So far, dust properties of disks in multiple systems same as 

single systems 

Ü  The VLA is a powerful tool for studying grain growth and the 
formation of planetesimals; highly complementary to ALMA 


