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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
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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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u  Even	
  if	
  absolute	
  opacity	
  /	
  temperature	
  cannot	
  be	
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u Multiwavelength	
  observations	
  in	
  the	
  optically	
  thin	
  regime	
  can	
  

determine	
  dust	
  opacity	
  spectrum	
  

Multiwavelength	
  observations	
  determine	
  β	
  

13

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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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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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
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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
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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
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(solid lines) and AU (dashed lines). As shown by theR
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\ 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
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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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(seeing), for observations at different frequencies. This
is also necessary, since the image reconstruction algo-
rithm (cleaning) for interferometers is a non-linear pro-
cess that makes the comparison difficult in the image
domain. From the model fitting, the value of the dust
opacity as a function of radius will be measured.

2.3. Practical Considerations

What do variations in κν(R) really mean?

As mentioned before, κν resembles a power law such
that β = d lnκν/d ln ν. Hence, variations in the opacity
can be easily related to variations in β(R). On Figure
3 (section 2.1.3) the curves of constant β = 0.5, 0.7 are
labeled, to show the degeneracy of κν with respect to
amax and p. For example, β = 0.7 can be caused by
either large grains (amax = 10 cm) assuming an ISM
grain size distribution (p = 3.5), or by somewhat smaller
grains (amin ∼ 0.1 cm) with a shallower size distribution
(p ∼ 2 − 3).

Consequently, this degeneracy makes it difficult to dis-
cern the actual culprit of changes in the dust opacity,
as radial variations on κν can be attributed to a change
in the maximum grain size or a change in the particle
size distribution. Nevertheless, opacity variations within
a single circumstellar disk are interesting, and indicate
that the properties of the dust grains are changing within
the disk.

How uncertain are the measurements of β(R)?

A crude estimate of the uncertainty in β comes from
the simplest approach at measuring β(R), which involves
taking the ratio of the two images:

β(R) =
log10(Sν1

(R)/Sν2
(R))

log10(ν1/ν2)
− 2 (6)

Hence, the uncertainty in the opacity spectral index
∆β is related to the signal-to-noise ratio (SNR) in each
map by error propagation:

∆β =
1

log10(ν1/ν2) ln 10

[

1

(SNRν1
)2

+
1

(SNRν2
)2

]0.5

(7)
For the inner regions of the disk the SNR at both wave-

lengths is expected to be high, and the uncertainty in β
is close to ∆β ! 0.1. On the other hand, the SNR for
the outer regions of the disk is expected to be low, and
β can be constrained only to ∆β ∼ 0.2 − 0.25.

What about ionized gas emission contamination
at long wavelengths?

At millimeter and centimeter wavelengths contamina-
tion from ionized gas emission is a concern. Chromo-
spheric activity or thermal bremsstralung from partially
ionized winds in young stars can dominate the emission
at centimeter wavelengths (Mundy et al. 1993). Measure-
ments using the EVLA C-band (4− 8 GHz) can be used
to establish the level of any contamination from ionized
gas emission at higher frequencies. To start with, just
an unresolved measurement will be required to place an
upper-limit on the free-free component. Later on, sources
with strong ionized gas emission will be imaged at higher
angular resolution, to spatially separate the dust from
the gas emission.

3. PROPOSED THESIS OBSERVATIONS

The state of the art on measurements of grain growth
are A. Isella’s results on DG Tau and RY Tau (Isella et al.
in prep.). Using CARMA observations in the 1 and 3 mm
bands, the slope of the millimeter dust opacity has been
constrained as a function of radius. Figure 4 shows the
results for the circumstellar disk of RY Tau. In this fig-
ure, the solid line shows β(R), values of β outside of the
colored region are excluded by more than 3σ. These re-
sults illustrate what is currently the best one can do to
measure variations in κν using CARMA.

Fig. 4.— Estimate of β as a function of radius for the circumstel-
lar disk of DGTau. The solid line shows β(R), values of β outside
of the colored region are excluded by more than 3σ. The dashed
line shows the average value of β, assuming the opacity is constant
throughout the disk.

To obtain better constrains on the variation of β two
approaches can be taken: (1) increase the sensitivity of
the observations, and/or (2) increase the wavelength cov-
erage to include even longer wavelengths. For my thesis
I will try to follow both approaches.

3.1. Source selection

With the intention of spatially resolving the disk emis-
sion, this survey is focused on the nearest star-forming
regions: Taurus (d = 140 pc) and ρ Ophiuchus (d =
125 pc). The young stars with disks in these regions
have been extensively studied, and a database of stellar
parameters as well as broadband photometry, from op-
tical through millimeter wavelengths, is available in the
literature.

The sample of stars to be studied is selected from stars
with circumstellar disks known to have bright millime-
ter emission, from previous single-dish or interferometric
surveys. The sample includes all bright sources in Tau-
rus and ρ Ophiuchus that can be mapped with CARMA
at < 1′′ angular resolution, in the 1 and 3 mm bands.
Specific details on these observations are given in the
following subsections.

3.2. CARMA Observations

CARMA currently operates with a 1.5 GHz correlator
bandwidth (BW) in the continuum, which sets the limit
for the expected image noise. With this particular BW,
grain growth can be investigated in 11 sources in Taurus
and 7 sources in ρ Ophiuchus. In the upcoming months,
the CARMA correlator will be expanded to 8 bands with
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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.
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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
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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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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.

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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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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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

AS	
  209	
  

DoAr	
  25	
  

CY	
  Tau	
  

UZ	
  Tau	
  E	
  

Pérez	
  et	
  al.	
  (2012)	
  

Harris	
  et	
  al.	
  (subm.)	
  

24	
  



The	
  future	
  with	
  ALMA	
  and	
  VLA	
  

u  Significant	
  improvement	
  in	
  
current	
  constraints	
  

40 60 80 100 120
0

1

2

Disk Radius [AU]

β
1

−
3

m
m

 

 

σβ(R) constraint at 3

Simulation	
  1	
  –	
  3	
  mm	
  
40 60 80 100 120
0

1

2

Disk Radius [AU]

β
0
.5

−
1
0
m

m

 

 

σβ(R) constraint at 3

ALMA	
  +	
  VLA	
  

25	
  



The	
  future	
  with	
  ALMA	
  and	
  VLA	
  

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

u  Prediction:	
  grain	
  growth	
  should	
  
occur	
  within	
  asymmetries	
  

u  Expect	
  segregation	
  of	
  dust	
  
particle	
  size:	
  radially	
  (Pinilla	
  et	
  
al.,	
  2012)	
  and	
  azimuthally	
  
(Birnstiel	
  et	
  al.	
  2013)	
  
u  	
  2D	
  constraints	
  on	
  β(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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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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  0.5”	
  
u  8	
  hrs,	
  BnA-­‐config:	
  0.2”	
  

(see	
  A.	
  Isella’s	
  talk)	
  

SAO 206462 

0.26”x0.20” 

28 AU 

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

u  ALMA	
  observations	
  at	
  0.45	
  mm	
   u  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” 

β≈0	
  

β≈1	
  Spectral	
  index	
  α-­‐map	
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From	
  ISM	
  Dust	
  to	
  Planetary	
  Systems	
  

ISM	
  
Dust	
  

Planets	
  

Size	
  =	
  μm	
   mm	
   m	
   km	
   Mm	
  

mm/cm-­‐wave	
  
observations	
  

Adapted	
  from	
  Chiang	
  &	
  Youdin	
  (2009)	
  

Radial	
  drift	
  
Fragmentation	
  

Directly	
  observable	
  
(IR	
  à	
  mm/cm)	
  

Exo-­‐
planets	
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u  Observational	
  constraints	
  of	
  dust	
  growth	
  require	
  multi-­‐wavelength	
  
observations:	
  
*  High	
  angular	
  resolution	
  and	
  high	
  SNR	
  
*  Future	
  with	
  new	
  instruments	
  like	
  ALMA	
  and	
  VLA	
  looks	
  

u  Protoplanetary	
  disks	
  (generally)	
  have	
  β	
  <	
  1	
  at	
  mm/cm	
  wavelengths	
  
*  Compelling	
  evidence	
  for	
  grain	
  growth	
  in	
  disks	
  

u  Spatially	
  resolved	
  observational	
  constraints	
  inform	
  us:	
  
*  Disentangle	
  optical	
  depth	
  effects	
  from	
  grain	
  growth	
  
*  Main	
  limitation	
  for	
  further	
  particle	
  growth	
  à	
  radial	
  drift	
  of	
  solids	
  

u  A	
  way	
  to	
  overcome	
  this	
  problem:	
  dust	
  trapping	
  of	
  large	
  particles	
  
*  Radially,	
  azimuthally	
  

u  These	
  predictions	
  can	
  be	
  currently	
  tested	
  with	
  ALMA	
  and	
  VLA	
  

Summary	
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  constraints	
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  many	
  different	
  disks	
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n(a) ∝ a−q; q = 3.5
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Figure 5.8: 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 figure legend. We compare our

observational constraints with theoretical grain evolution models (Birnstiel et al., 2012), that include

fragmentation and radial drift.

values of the turbulence parameter (αt = 0.01, Shakura & Sunyaev, 1973), fragmentation

threshold velocity (ut = 10 m/s, Blum & Wurm, 2008), and 100:1 gas-to-dust ratio. These

curves represent barriers that prevent grains for further size increase, hence, the smaller of

the two is considered the upper limit to growth. However, the parameters that go into de-

riving the fragmentation limit are very uncertain, while the physics and parameters in radial

drift are better established. Either no fragmentation barrier exists (for a low-turbulence

disk, αt < 0.01, the maximum collision speed never reaches the fragmentation threshold ve-

locity in AS 209, making fragmentation impossible) or the gas-to-dust ratio is ∼ ×10 larger,

allowing for the fragmentation-limited barrier to be consistent with our amax(R) constraint.
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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

AS	
  209	
  

DoAr	
  25	
  

CY	
  Tau	
  

UZ	
  Tau	
  E	
  

Pérez	
  et	
  al.	
  (2012)	
  

Harris	
  et	
  al.	
  (in	
  prep.)	
  

31	
  



Different	
  Compositions	
  

Pérez	
  et	
  al.	
  (2012)	
  

amax [cm]

` 0.
88
−8

m
m

Comparison between compositions; q = 3.5

 

 

0.01 0.1 1 10

0.5

1

1.5

2

2.5

3
Pollack composition
New composition
New composition (amax*2)

amax [cm]

Comparison between compositions; q = 3.0

 

 

0.01 0.1 1 10

Pollack composition
New composition
New composition (amax*2)

Pollack	
  et	
  al.	
  (1994)	
  composition:	
  
8%	
  silicates,	
  30%	
  organics,	
  62%	
  water	
  ice	
  
New	
  Composition:	
  
12%	
  silicates,	
  44%	
  organics,	
  44%	
  water	
  ice	
   32	
  



Constraints	
  on	
  Σ(r)	
  

33	
  



Dust	
  opacity	
  slope	
  relates	
  to	
  grain	
  growth	
  71

population is increased, the slope of the dust opacity diminishes (right panel), hence the

measured value of β is strongly related to the maximum size of the dust grain population.
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Figure 4.4: Dust opacity κν for the same grain composition (Pollack 1994) and a distribution of

particle sizes n(a) ∝ a−q with q = 3.5. Left panel: the value of amax is fixed to 1 cm, while amin

varies between 0.005 to 100 µm. Right panel: the value of amin is fixed to 0.005µm, while amax

varies between 100µm to 1 cm. Note that at long wavelengths the value of beta is related to the

maximum grain size of the dust grain population (carbonaceous materials from Zubko et al. (1996),

silicates from Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

But the relation between amax and β is not as direct as it may seem: it is degenerate

with the slope of the grain size distribution q. Figure 4.5 presents the resulting value

of β (ordinate) from adopting different maximum grain sizes (abscissa) for a fixed dust

composition. Here, different curves show the impact of assuming different values of q,

for the slope of the grain size distribution. Even for the extreme case of steep grain size

distribution with q = 4.0, a low value of β (β ! 1) is indicative of a dust population for

which grains have attained at least millimeter dimensions, if not a larger size.

4.2.1.4 Temperature structure

Since the timescale for stellar evolution, disk evolution, and planet formation, are much

longer than the time it takes for the disk material to achieve thermal equilibrium, we can

assume that the temperature profile of the disk is set by the balance between heating

and cooling processes. This balance depends on the preferred structure of the disk. For

this thesis, the two-layer disk approximation developed by Chiang & Goldreich (1997) is

adopted. This approximation consist of a passive flared disk, whose surface is irradiated by

κλ	
  ~	
  λ-­‐β	
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for the same dust compositions presented above.
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Figure 4.3: Dust opacity κν for different grain compositions and a distribution of particle sizes

n(a) ∝ a−q with amin = 0.005 µm, amax = 1 cm, q = 3.5. Note that at long wavelengths κλ ∝ λ−β

for these diverse dust mixtures (carbonaceous materials from Zubko et al. (1996), silicates from

Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

Again, the opacity decreases at long wavelengths with a power-law-like behavior (for

λ ! 100µm) for all the different dust mixtures presented here and for a maximum grain size

of 1 cm. Now, for a fixed dust composition, κλ will depend on the minimum and maximum

grain size of the dust grain population, and on the grain size distribution slope q. It is well

known that amin has a negligible effect on κλ for λ >> 100 µm, as long as amin " amax (see

Natta et al., 2007). Figure 4.4 assumes a fixed composition, as presented in Pollack et al.

(1994), and a fixed slope q = 3.5 (as found for ISM grains; e.g. Mathis et al., 1977). On the

left panel of Figure 4.4 the value of amin is varied between 0.005 to 100 µm, keeping amax

fixed to 1 cm. On the right panel of the same figure, amin is fixed to 0.005µm and amax

is allowed to vary between 100µm to 1 cm. This figure illustrate the point that fixing the

value of minimum grain size will not produce a large effect when computing κλ, as long

as amin " amax (left panel). On the other hand, as the maximum grain size of the dust

•  Not	
  influenced	
  by	
  amin	
  

•  Influenced	
  by:	
  
•  Composition	
  (slightly)	
  
•  amax	
  

•  Grain	
  size	
  distribution	
  
slope	
  n(a)	
  ~	
  a-­‐q	
  

Silicates	
   Carbon	
  

Dust	
  mixture	
  (Sil+C+Ices)	
  

70

for the same dust compositions presented above.
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Figure 4.3: Dust opacity κν for different grain compositions and a distribution of particle sizes

n(a) ∝ a−q with amin = 0.005 µm, amax = 1 cm, q = 3.5. Note that at long wavelengths κλ ∝ λ−β

for these diverse dust mixtures (carbonaceous materials from Zubko et al. (1996), silicates from

Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

Again, the opacity decreases at long wavelengths with a power-law-like behavior (for

λ ! 100µm) for all the different dust mixtures presented here and for a maximum grain size

of 1 cm. Now, for a fixed dust composition, κλ will depend on the minimum and maximum

grain size of the dust grain population, and on the grain size distribution slope q. It is well

known that amin has a negligible effect on κλ for λ >> 100 µm, as long as amin " amax (see

Natta et al., 2007). Figure 4.4 assumes a fixed composition, as presented in Pollack et al.

(1994), and a fixed slope q = 3.5 (as found for ISM grains; e.g. Mathis et al., 1977). On the

left panel of Figure 4.4 the value of amin is varied between 0.005 to 100 µm, keeping amax

fixed to 1 cm. On the right panel of the same figure, amin is fixed to 0.005µm and amax

is allowed to vary between 100µm to 1 cm. This figure illustrate the point that fixing the

value of minimum grain size will not produce a large effect when computing κλ, as long

as amin " amax (left panel). On the other hand, as the maximum grain size of the dust
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population is increased, the slope of the dust opacity diminishes (right panel), hence the

measured value of β is strongly related to the maximum size of the dust grain population.
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Figure 4.4: Dust opacity κν for the same grain composition (Pollack 1994) and a distribution of

particle sizes n(a) ∝ a−q with q = 3.5. Left panel: the value of amax is fixed to 1 cm, while amin

varies between 0.005 to 100 µm. Right panel: the value of amin is fixed to 0.005µm, while amax

varies between 100µm to 1 cm. Note that at long wavelengths the value of beta is related to the

maximum grain size of the dust grain population (carbonaceous materials from Zubko et al. (1996),

silicates from Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

But the relation between amax and β is not as direct as it may seem: it is degenerate

with the slope of the grain size distribution q. Figure 4.5 presents the resulting value

of β (ordinate) from adopting different maximum grain sizes (abscissa) for a fixed dust

composition. Here, different curves show the impact of assuming different values of q,

for the slope of the grain size distribution. Even for the extreme case of steep grain size

distribution with q = 4.0, a low value of β (β ! 1) is indicative of a dust population for

which grains have attained at least millimeter dimensions, if not a larger size.

4.2.1.4 Temperature structure

Since the timescale for stellar evolution, disk evolution, and planet formation, are much

longer than the time it takes for the disk material to achieve thermal equilibrium, we can

assume that the temperature profile of the disk is set by the balance between heating

and cooling processes. This balance depends on the preferred structure of the disk. For

this thesis, the two-layer disk approximation developed by Chiang & Goldreich (1997) is

adopted. This approximation consist of a passive flared disk, whose surface is irradiated by
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for the same dust compositions presented above.
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Figure 4.3: Dust opacity κν for different grain compositions and a distribution of particle sizes

n(a) ∝ a−q with amin = 0.005 µm, amax = 1 cm, q = 3.5. Note that at long wavelengths κλ ∝ λ−β

for these diverse dust mixtures (carbonaceous materials from Zubko et al. (1996), silicates from

Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

Again, the opacity decreases at long wavelengths with a power-law-like behavior (for

λ ! 100µm) for all the different dust mixtures presented here and for a maximum grain size

of 1 cm. Now, for a fixed dust composition, κλ will depend on the minimum and maximum

grain size of the dust grain population, and on the grain size distribution slope q. It is well

known that amin has a negligible effect on κλ for λ >> 100 µm, as long as amin " amax (see

Natta et al., 2007). Figure 4.4 assumes a fixed composition, as presented in Pollack et al.

(1994), and a fixed slope q = 3.5 (as found for ISM grains; e.g. Mathis et al., 1977). On the

left panel of Figure 4.4 the value of amin is varied between 0.005 to 100 µm, keeping amax

fixed to 1 cm. On the right panel of the same figure, amin is fixed to 0.005µm and amax

is allowed to vary between 100µm to 1 cm. This figure illustrate the point that fixing the

value of minimum grain size will not produce a large effect when computing κλ, as long

as amin " amax (left panel). On the other hand, as the maximum grain size of the dust
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for the same dust compositions presented above.
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Figure 4.3: Dust opacity κν for different grain compositions and a distribution of particle sizes

n(a) ∝ a−q with amin = 0.005 µm, amax = 1 cm, q = 3.5. Note that at long wavelengths κλ ∝ λ−β

for these diverse dust mixtures (carbonaceous materials from Zubko et al. (1996), silicates from

Semenov et al. (2003), dust mixture from Pollack et al. (1994)).

Again, the opacity decreases at long wavelengths with a power-law-like behavior (for

λ ! 100µm) for all the different dust mixtures presented here and for a maximum grain size

of 1 cm. Now, for a fixed dust composition, κλ will depend on the minimum and maximum

grain size of the dust grain population, and on the grain size distribution slope q. It is well

known that amin has a negligible effect on κλ for λ >> 100 µm, as long as amin " amax (see

Natta et al., 2007). Figure 4.4 assumes a fixed composition, as presented in Pollack et al.

(1994), and a fixed slope q = 3.5 (as found for ISM grains; e.g. Mathis et al., 1977). On the

left panel of Figure 4.4 the value of amin is varied between 0.005 to 100 µm, keeping amax

fixed to 1 cm. On the right panel of the same figure, amin is fixed to 0.005µm and amax

is allowed to vary between 100µm to 1 cm. This figure illustrate the point that fixing the

value of minimum grain size will not produce a large effect when computing κλ, as long

as amin " amax (left panel). On the other hand, as the maximum grain size of the dust
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Natta et al. (2004a) and references therein and Rodmann
et al. (2006). For these objects, the contribution from gas
emission has been subtracted from the millimeter emission,
and the spectral index α has been computed over the wave-
length interval 1.3–7 mm; in three cases the 7-mm flux is
an upper limit, once the gas emission has been subtracted
from the total. The values of β have been derived fitting
disk models to the data. Note that these model-fitted β val-
ues are slightly larger than the optically thin determination
β = α – 2, typically by about 0.2. This difference is due to
the fact that the emission of the inner optically thick disk,
albeit small, is not entirely negligible. The uncertainty on
the model-derived β is of about ±0.2 (Natta et al., 2004a;
Rodmann et al., 2006. The figure shows also the results for
those objects for which no resolved maps exist, but have
measurements of the integrated flux at 7 mm. For these, β
has been derived from the measured α assuming that the
disk is larger than ~100 AU, sufficient to make the optically
thick contribution small.

If we consider only the 14 resolved disks, which have
all radii larger than 100 AU, β ranges from 1.6 (i.e., very
similar to the ISM value), to 0.5. Ten objects have β < 1,
i.e., much flatter than ISM grains. The unresolved disks
behave in a similar way; the extreme case is UX Ori, with
β ~ 0. Unfortunately, the UX Ori disk has not been resolved
so far; at the distance of ~450 pc, and, with an integrated
flux at 7 mm of only 0.8 mJy (Testi et al., 2001), it remains
a tantalizing object. High and low values of β are found
both for HAe stars and for TTS, and there is no apparent
correlation of β with the stellar luminosity or mass. Simi-
larly, we do not observe any correlation of β with the age
of the star. This last quantity, however, is often very uncer-
tain, and the observed sample limited.

Once we have established that the grains originally in the
collapsing cores, for which β ~ 1.7–2, have gone through
a large degree of processing, one wants to derive from β
the properties of the actual grain population, and in particu-
lar its size. The properties of the millimeter opacity of grains
of increasing size have been discussed by, e.g., Beckwith
et al. (2000) and references therein. Figure 5 illustrates the
behavior of β computed between 1 and 7 mm for a popu-
lation of grains with size distribution n(a) ∝ a–q between
amin and amax. The index β is plotted as function of amax for
different values of q; in all cases, amin << 1 mm. One can
see that, for all values of q, as amax increases β is first con-
stant at the value typical of grains of size <<1 mm, it has a
strong and rather broad peak at amax ~ 1 mm and decreases
below the initial value for amax > few mm. However, only
for q < 3 does β go to zero for large amax; for q > 3, the
small grains always contribute to the opacity, so that β
reaches an asymptotic value that depends on q and on the
β of the small grains. For q = 4, the asymptotic value is
practically that of the small grains.

The results shown in Fig. 5 have been computed for
compact segregated spheres of olivine, organic materials,
and water ice (Pollack et al., 1994). The exact values of β

depend on grain properties, such as their chemical compo-
sition, geometrical structure, and temperature (e.g., Henning
et al., 1995); examples for different grain models can be
found, e.g., in Miyake and Nakagawa (1993), Krügel and
Siebenmorgen (1994), Calvet et al. (2002), and Natta et al.
(2004a). However, these differences do not undermine the
general conclusion that the observed spectral indices require
that grains have grown to sizes much larger than the ob-
serving wavelengths (e.g., Beckwith et al., 2000, and refer-
ences therein; Draine, 2006). To account for the observa-
tions that extend to 7 mm, objects with β ~ 0.5–0.6 need a
distribution of grain sizes with maximum radii of a few
centimeters, at least. The minimum grain radii are not con-
strained, and could be as small as in the ISM; however, the
largest particles need to contribute significantly to the av-
erage opacity, which implies that the grain size distribution
cannot be steeper than n(a) ∝ a–(3–3.5); in any case, the large
grains contain most of the solid mass. A detailed analysis
can be found in, e.g., Natta and Testi (2004).

Of the objects observed so far, TW Hya is a particularly
interesting case. Millimeter observations can be fitted well

Fig. 5. Opacity index β for grains with a size distribution n(a) ∝
a–q between amin and amax. The index β is computed between 1
and 7 mm for compact segregated spheres of olivine, organic
materials, and water ice (Pollack et al., 1994), and plotted as func-
tion of amax. Different curves correspond to different values of q,
as labeled. In all cases, amin << 1 mm. The dotted curve shows β
for grains with single size amax. The histogram on the right shows
the distribution of the values of β derived from millimeter obser-
vations (see Fig. 4). About 60% of the objects have β ≤ 1, and
amax > 1 cm. Different dust models give results that are not very
different (e.g., Natta and Testi, 2004).
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