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Dust Growth: Modulated by the Gas"
Dust transport impacts its growth!

A problem:!
The radial drift of solids!

c/o T. Birnstiel!
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Trying to Model Dust Growth and Evolution"
Without drift & fragmentation, growth proceeds to large bodies easily!

Radial Drift OFF!
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Trying to Model Dust Growth and Evolution"
Radial drift limits population to < cm-size in a short timescale!
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From ISM Dust to Planetary Systems"
14 orders of magnitude growth !!

Radial drift barrier!
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Observing Protoplanetary Disks !
at Radio-wavelengths"
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Different wavelengths probe different regions"
Full extent of disk is better probed at millimeter/centimeter wavelengths!

3.0 mm �

7.0 mm �

ALMA!

VLA!
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Different wavelengths probe different regions"
Direct observations of solids require mm/cm observations!
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The systems analyzed in this thesis belong to the Class II evolutionary stage, and are

generally referred to as protoplanetary disks. The name arises since these accretion disks

surrounding Class II pre-main sequence stars are believed to be the birthplace of planets.

Many protoplanetary disks possess enough mass2 and last for a long enough time in order

to form planetary systems. In the next section, the main properties of these systems are

discussed.

1.1 Protoplanetary disks properties

The thermal dust continuum emission from circumstellar disks, observed at millimeter and

sub-millimeter wavelengths, is mostly optically thin (except for the innermost regions of a

protoplanetary disk, which are expected to have high column density). Hence the emission

detected at these wavelengths is directly proportional to the total dust mass inside the disk

(Beckwith et al., 1990):

S! = Mdisk
!!B!(Td)

D2
(1.1)

where S! is the measured flux density at frequency ", D is the distance to the circumstellar

disk, B!(Td) is the Planck function at frequency " evaluated at the dust temperature Td,

and !! corresponds to the dust opacity per gram of gas at millimeter and sub-millimeter

wavelengths, thus Mdisk corresponds to the total gas+dust disk mass.

The mass of many circumstellar disks has been directly measured through observations

at millimeter and sub-millimeter wavelengths. These observations generally adopt a power-

law prescription for the circumstellar disk dust opacity:

!! = !!0

!

"

"0

""

(1.2)

where # corresponds to the spectral index of the dust emissivity. The value of the normal-

ization (!!0) depends on the dust grain composition; a widely adopted value is !! = 0.1

2The Minimum-Mass Solar Nebula (MMSN; Weidenschilling, 1977; Hayashi, 1981) corresponds to the

amount of material necessary at minimum in order to build the planets found in our solar system, from a

disk of gas and dust that has solar abundances of hydrogen and helium. Depending on the assumptions

regarding the composition of the giant planets cores, the MMSN corresponds to 0.01 ! 0.07M! out to a

radius of 40 AU.

κλ ∝λ
−β

⇒ Sν ∝ν
2+β



Emissivity spectral index�: a proxy for grain size"
When dust population reaches large amax, dust emission spectrum becomes shallow!

Testi et al. (2014)!
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What do observations tell us about grain 
growth in protoplanetary disks?"
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Multi-wavelength observations constrain�disks< 1"

OVRO/CARMA! JCMT/SMA/CSO! VLA! PdBI/IRAM! ATCA!

Mannings & Sargent 
(1997,2000)!
Ricci et al. (2011a, 
2012)!

Beckwith & Sargent (1990, 
1991)!
Mannings & Emerson (1994)!
Andrews & Williams (2005, 
2007)!
Lommen et al. (2007)!
Ricci et al. (2011b)!
!

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

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

Beckwith & Sargent 
(1990)!
Dutrey et al. (1996)!
Natta et al. (2004)!
Schaefer et al. (2009)!
Ricci et al. (2010)!

These observations imply growth from ISM sizes (�m) to pebble sizes (cm)!

… due to lack of angular resolution, these are global results.!
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Expectation of radial variations of dust size"
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Whose observational signature is a gradient in � with orbital radius !

Birnstiel et al. (2010)!
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Numerical Simulations" Observational Signature"



Measuring dust size vs. orbital radius"

1748 ISELLA, CARPENTER, & SARGENT Vol. 714

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

3.1. RY Tau Disk Morphology

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

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

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

1.3 mm!

2.7 mm! Isella et al. (2010)!
see also: Guilloteau et al. (2011),!

Banzatti et al. (2011)!

CARMA observations!

Observations with good resolution required to constrain �(R)!

4

(seeing), for observations at di!erent frequencies. This
is also necessary, since the image reconstruction algo-
rithm (cleaning) for interferometers is a non-linear pro-
cess that makes the comparison di"cult 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 !!(R) really mean?

As mentioned before, !! resembles a power law such
that " = d ln!!/d ln #. Hence, variations in the opacity
can be easily related to variations in "(R). On Figure
3 (section 2.1.3) the curves of constant " = 0.5, 0.7 are
labeled, to show the degeneracy of !! with respect to
amax and p. For example, " = 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 di"cult to dis-
cern the actual culprit of changes in the dust opacity,
as radial variations on !! 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 "(R)?

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

"(R) =
log10(S!1

(R)/S!2
(R))

log10(#1/#2)
" 2 (6)

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

#" =
1

log10(#1/#2) ln 10

!

1

(SNR!1
)2

+
1

(SNR!2
)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 "
is close to #" ! 0.1. On the other hand, the SNR for
the outer regions of the disk is expected to be low, and
" can be constrained only to #" ! 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 "(R), values of " outside of the
colored region are excluded by more than 3$. These re-
sults illustrate what is currently the best one can do to
measure variations in !! using CARMA.

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

To obtain better constrains on the variation of " 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 % 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 % 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 % Ophiuchus. In the upcoming months,
the CARMA correlator will be expanded to 8 bands with

Laura Pérez (NRAO) - 14th Synthesis Imaging Workshop - May 19, 2014!



Disk@EVLA: Measuring dust size vs. orbital radius"
Going to longer wavelengths is important to constrain �(R)!

Laura Pérez (NRAO) - 14th Synthesis Imaging Workshop - May 19, 2014!

•  Determine prevalence of grain 
growth to cm-sized particles !
o  66 stars (ages ~ 1-10 Myr old)!
o  Bright and in nearby star - forming 

regions (d ~140 pc)!
o  Photometry (between 7mm - 6cm) 

! global �!

•  Determine the location of large 
grains in disks!
o  Sub-sample imaged with ~0.04” 

resolution !

o  At 7mm/1cm, and at 6cm!

PI: Claire Chandler(NRAO) 



Disk@EVLA: Measuring dust size vs. orbital radius"
7 mm/1cm observations with the VLA!
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“Full” disks!

Transitional disks!



Grain Growth in the AS 209 disk"

SMA - 0.88 mm! CARMA - 2.8 mm!

VLA - 8.0 mm! VLA – 1 cm!

Wavelength-dependent disk structure in AS 209!

Image domain!
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Visibility domain!

Pérez et al. (2012)!
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Grain Growth in the AS 209 Disk"
Physical disk model constrains κν(R) "! β(R)!
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Grain Growth in the AS 209 Protoplanetary Disk"
Dust grains in the inner disk are different from those in the outer disk!

99

inconsistent with a constant value at the 10! level.

5.5.2 Radial variations of amax

To derive equation 5.3, the assumption of "! ! #!" 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 $(R), we constrain it

directly by fitting a specific dust opacity "! to the constraints on the product "! # !! #

B!(T!) 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 ! that satisfy

equation 5.2, now written as

"! !!(R)
B!(T!(R))

B!(T (R))
= "!(amax(R)) !(R) (5.4)

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

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

a PDF for the product "! # !!(R)# B!(T!(R))
B!(T (R))

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

vations of the AS 209 disk. Black line: best-fit $(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 $(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, "! ! %" , breaks down for (sub-)mm-sized grains.

Excludes !
�=const.!

Indicates difference !
with ISM dust!

Pérez et al. (2012)!

Laura Pérez (NRAO) - 14th Synthesis Imaging Workshop - May 19, 2014!



Constraint on Grain Size vs. Orbital Radius"

Fragmentation barrier!

Radial drift barrier!

Pérez et al. (2012)!

Maximum grain size consistent with a population limited by Radial Drift!

AS 209!
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A&A 564, A93 (2014)

Fig. 7. Plots of the best models corresponding to a simple disk (red, dotted), a simple disk with a rounded rim (blue, dashed), and a simple disk
with a rounded rim and a centrally-concentrated large grain population (green, full).

Table 5. Parameter values and estimated uncertainties for the best fit of the di↵erent models.

Simple disk + Rounded rim + Concentrated large grains
xbest hxi �x xbest hxi �x xbest hxi �x

Simple disk
Inner radius Rin (AU) 0.70 0.68 0.04 0.54 0.52 0.09 0.32 0.35 0.10
Outer radius Rout (AU) 56.1 56.8 1.7 56.3 57.1 1.6 61.7 60.8 1.9
Dust mass Mdust (M�)a 1.8 ⇥ 10�4 1.6 ⇥ 10�4 +0.3

�0.2 ⇥ 10�4 1.9 ⇥ 10�4 1.9 ⇥ 10�4 0.3 ⇥ 10�4

! Mdust,<100 µm 4.6 ⇥ 10�5 5.2 ⇥ 10�5 +2.3
�1.6 ⇥ 10�5

! Mdust,>100 µm 5.0 ⇥ 10�5 4.4 ⇥ 10�5 +1.5
�0.8 ⇥ 10�5

Surfdens. pow. p 0.27 0.32 0.09 0.31 0.48 0.18 0.5 0.6 0.2
Max. grain size amax (µm) 104 �103 – 104 – 103 –
Turb. mix strength ↵ 0.8 ⇥ 10�5 1.9 ⇥ 10�5 +2.4

�1.0 ⇥ 10�5 0.5 ⇥ 10�5 0.9 ⇥ 10�5 +0.7
�0.4 ⇥ 10�5 1.0 ⇥ 10�5 –

+ Rounded rim
Transition radius Rexp (AU) / 3.1 3.3 0.6 3.1 3.1 0.5
Rim width parameter w 0.52 0.49 0.10 0.45 0.45 0.06
+ Concentrated large grains
Surfdens. pow. large p>100 µm / / 1.3 1.4 0.2

Notes. The values xbest, hxi, and �x correspond to the parameter value for the best-fitting model, the parameter value averaged over the marginal
probability distribution (i.e., the expectation value), and the corresponding 1� error (i.e.,

p
hx2i � hxi2). (a) Mdust,<100 µm and Mdust,>100 µm are the

masses of the dust grains smaller and larger than 100 µm, respectively. Only for the final model run (with a separate distribution of the > 100-µm
grains) the total dust mass parameter Mdust was decoupled into these two fit parameters.

A93, page 12 of 22

Grain Growth Measured in Many Disks"
Dust grains in the inner disk are different from those in the outer disk!

R. Harris PhD Thesis (2013)!

3�!
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A&A 564, A93 (2014)

Fig. 10. Current image of the TW Hya transition disk. In black, we rep-
resent the centrally concentrated large-grain population, which is also
strongly vertically settled. The light-gray outer-disk region between
60 AU and >200 AU is not constrained by our radiative transfer model,
but is discussed in Sect. 8.2. We also indicate the regions constrained
by the di↵erent data sets. The near-infrared data provide only weak con-
straints (see Sect. 8).

that the surface density can be reproduced by assuming a ⇠60 MJ
companion within the disk gap.

Our correlated-flux profiles do not contain the clear diagnos-
tics as present in the HD 100546 data in Mulders et al. (2013b),
but we do show that the smooth surface-density profile leads
to a better reproduction of the correlated fluxes than assum-
ing a sharp transition. This indicates that a companion might
have shaped this inner rim. Properties of a possible companion
could be derived using similar hydrodynamical simulations of
the inner-disk region, something that is beyond the scope of this
work. A planetary body within the central ⇠0.1 AU could agree
with the proposed companion to TW Hya at 0.04 AU (Setiawan
et al. 2008), which existence is yet under debate (Huélamo et al.
2008).

Although a companion hypothesis is attractive, other pro-
cesses might contribute to (or even dominate) the creation of
the inner cavity. There is strong evidence that photoevapora-
tion plays an important role in the dispersal of the inner disk of
TW Hya (Pascucci et al. 2011). Moreover, Baruteau et al. (2013)
make clear that the gaps carved out in disks by companions of
a Jupiter mass or less will be narrow annuli, and not cavity-like.
Full dynamical simulations of the inner disk region, taking pre-
vious results on photoevaporation and our constraints on the dust
into account, will be an important next step.

7.4. A compact distribution in the largest grains

Figure 7 showed that the visibility profiles at sub-mm and mm-
wavelengths di↵er significantly. Di↵erences in visibility profiles
at di↵erent mm-wavelengths are seen for other T Tauri stars,
and led to a common approach of modeling the data at di↵erent
wavelengths separately (e.g., Isella et al. 2010). The di↵erences
in derived surface-density profiles can be interpreted in terms of
a radially varying �, the opacity slope at millimeter wavelengths
(� / ���). This change in millimeter opacities is then seen as

evidence that grain sizes are decreasing with distance from the
central star (Guilloteau et al. 2011; Pérez et al. 2012), a conclu-
sion that is also reached for younger (Class 0) objects (Kwon
et al. 2009).

The aim of this work is to find a radiative transfer model that
directly incorporates the dust emission at di↵erent wavelengths.
Making models with a radially homogeneous grain composi-
tion, i.e., with the same relative abundances for the grain-size
bins throughout the disk, clearly showed to be unsuccessful.
Instead, the visibility profiles inspired us to propose to decou-
ple the largest grains from the smaller-grain population. This,
in turn, resulted in a model with two di↵erent surface density
regimes. For the grains with sizes below 100 µm, the expecta-
tion value for the surface-density power is p = 0.6 ± 0.2 (the
best-fit model has p = 0.5). This is close to the value 0.75 found
for the Andrews model, see Table 2, based on the same SMA
data set. For the larger grains (a > 100 µm), the surface density
power in the best model is two times higher.

The spatial and size distribution of dust grains in proto-
planetary disks is determined by the processes of dust growth,
fragmentation, and transport in viscously evolving gas disks.
Birnstiel et al. (2012) present a simple model for the dust evolu-
tion in disks that agrees with high-level simulations of the incor-
porated processes (Birnstiel et al. 2010). Two limiting cases are
determined: the fragmentation-limited distribution, where the
dust particles are in a steady state in which coagulation and frag-
mentation balance, and the drift-dominated distribution, where
dust particles are drifting away more rapidly than being replen-
ished by growth. The dominant regime in a certain part of the
disk depends on parameters like the turbulence level, the veloc-
ity at which grains fragment, and the initial gas-to-dust ratio.

Birnstiel et al. (2012) show that the drift-dominated disks
have a dust surface density proportional to R�0.75, for gas-disk
profiles with ⌃gas / R�1, and point out that the Andrews model
agrees with this surface-density profile. As was already indi-
cated, our surface density for the <100-µm grains agrees with
this profile, except that our assumption of a constant dust-to-gas
ratio leads to a gas surface density of the form

⌃gas(R) / A R�0.6 + B R�1.4, (5)

where A and B are constants. However, the sum of the shallow
and the steep density profile leads to a surface density that dif-
fers by less then 10% from a “regular” R�1 profile, for almost
the complete disk. This implies that the approximation for this
simple drift-dominated disk model is valid. Concerning now the
grain population larger that 100 µm, we have a surface-density
profile that is considerably di↵erent from the drift-dominated
case. Interestingly, the found expectation value p>100 µm = 1.4 ±
0.2 (and p>100 µm = 1.3 for the best-fitting model) is very close to
surface-density power 1.5 corresponding to the fragmentation-
dominated distribution (Birnstiel et al. 2012). It seems therefore
that the di↵erent traced surface densities can be related to phys-
ically di↵erent regimes within the disk.

For typical simulation results in Birnstiel et al. (2012), disks
with an age of a few Myr have maximum particle sizes that
are drift-dominated in the outer regions and fragmentation-
dominated in the inner regions. In addition, the models also show
that the largest grains are found in the inner region of the disk.
The results we get from our radiative-transfer modeling seem
to confirm this picture. For the largest grains, thus probing the
inner disk region, we indeed find a surface density that has a
fragmentation-dominated character; for the smaller grains, prob-
ing also further-out regions in the disk, we seem to confirm a
drift-dominated surface density.
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Fig. 10. Current image of the TW Hya transition disk. In black, we rep-
resent the centrally concentrated large-grain population, which is also
strongly vertically settled. The light-gray outer-disk region between
60 AU and >200 AU is not constrained by our radiative transfer model,
but is discussed in Sect. 8.2. We also indicate the regions constrained
by the di↵erent data sets. The near-infrared data provide only weak con-
straints (see Sect. 8).

that the surface density can be reproduced by assuming a ⇠60 MJ
companion within the disk gap.

Our correlated-flux profiles do not contain the clear diagnos-
tics as present in the HD 100546 data in Mulders et al. (2013b),
but we do show that the smooth surface-density profile leads
to a better reproduction of the correlated fluxes than assum-
ing a sharp transition. This indicates that a companion might
have shaped this inner rim. Properties of a possible companion
could be derived using similar hydrodynamical simulations of
the inner-disk region, something that is beyond the scope of this
work. A planetary body within the central ⇠0.1 AU could agree
with the proposed companion to TW Hya at 0.04 AU (Setiawan
et al. 2008), which existence is yet under debate (Huélamo et al.
2008).

Although a companion hypothesis is attractive, other pro-
cesses might contribute to (or even dominate) the creation of
the inner cavity. There is strong evidence that photoevapora-
tion plays an important role in the dispersal of the inner disk of
TW Hya (Pascucci et al. 2011). Moreover, Baruteau et al. (2013)
make clear that the gaps carved out in disks by companions of
a Jupiter mass or less will be narrow annuli, and not cavity-like.
Full dynamical simulations of the inner disk region, taking pre-
vious results on photoevaporation and our constraints on the dust
into account, will be an important next step.

7.4. A compact distribution in the largest grains

Figure 7 showed that the visibility profiles at sub-mm and mm-
wavelengths di↵er significantly. Di↵erences in visibility profiles
at di↵erent mm-wavelengths are seen for other T Tauri stars,
and led to a common approach of modeling the data at di↵erent
wavelengths separately (e.g., Isella et al. 2010). The di↵erences
in derived surface-density profiles can be interpreted in terms of
a radially varying �, the opacity slope at millimeter wavelengths
(� / ���). This change in millimeter opacities is then seen as

evidence that grain sizes are decreasing with distance from the
central star (Guilloteau et al. 2011; Pérez et al. 2012), a conclu-
sion that is also reached for younger (Class 0) objects (Kwon
et al. 2009).

The aim of this work is to find a radiative transfer model that
directly incorporates the dust emission at di↵erent wavelengths.
Making models with a radially homogeneous grain composi-
tion, i.e., with the same relative abundances for the grain-size
bins throughout the disk, clearly showed to be unsuccessful.
Instead, the visibility profiles inspired us to propose to decou-
ple the largest grains from the smaller-grain population. This,
in turn, resulted in a model with two di↵erent surface density
regimes. For the grains with sizes below 100 µm, the expecta-
tion value for the surface-density power is p = 0.6 ± 0.2 (the
best-fit model has p = 0.5). This is close to the value 0.75 found
for the Andrews model, see Table 2, based on the same SMA
data set. For the larger grains (a > 100 µm), the surface density
power in the best model is two times higher.

The spatial and size distribution of dust grains in proto-
planetary disks is determined by the processes of dust growth,
fragmentation, and transport in viscously evolving gas disks.
Birnstiel et al. (2012) present a simple model for the dust evolu-
tion in disks that agrees with high-level simulations of the incor-
porated processes (Birnstiel et al. 2010). Two limiting cases are
determined: the fragmentation-limited distribution, where the
dust particles are in a steady state in which coagulation and frag-
mentation balance, and the drift-dominated distribution, where
dust particles are drifting away more rapidly than being replen-
ished by growth. The dominant regime in a certain part of the
disk depends on parameters like the turbulence level, the veloc-
ity at which grains fragment, and the initial gas-to-dust ratio.

Birnstiel et al. (2012) show that the drift-dominated disks
have a dust surface density proportional to R�0.75, for gas-disk
profiles with ⌃gas / R�1, and point out that the Andrews model
agrees with this surface-density profile. As was already indi-
cated, our surface density for the <100-µm grains agrees with
this profile, except that our assumption of a constant dust-to-gas
ratio leads to a gas surface density of the form

⌃gas(R) / A R�0.6 + B R�1.4, (5)

where A and B are constants. However, the sum of the shallow
and the steep density profile leads to a surface density that dif-
fers by less then 10% from a “regular” R�1 profile, for almost
the complete disk. This implies that the approximation for this
simple drift-dominated disk model is valid. Concerning now the
grain population larger that 100 µm, we have a surface-density
profile that is considerably di↵erent from the drift-dominated
case. Interestingly, the found expectation value p>100 µm = 1.4 ±
0.2 (and p>100 µm = 1.3 for the best-fitting model) is very close to
surface-density power 1.5 corresponding to the fragmentation-
dominated distribution (Birnstiel et al. 2012). It seems therefore
that the di↵erent traced surface densities can be related to phys-
ically di↵erent regimes within the disk.

For typical simulation results in Birnstiel et al. (2012), disks
with an age of a few Myr have maximum particle sizes that
are drift-dominated in the outer regions and fragmentation-
dominated in the inner regions. In addition, the models also show
that the largest grains are found in the inner region of the disk.
The results we get from our radiative-transfer modeling seem
to confirm this picture. For the largest grains, thus probing the
inner disk region, we indeed find a surface density that has a
fragmentation-dominated character; for the smaller grains, prob-
ing also further-out regions in the disk, we seem to confirm a
drift-dominated surface density.
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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: 3! 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 ! (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 ! = 0.01, and a fragmentation velocity of

DoAr 25!

UZ Tau E!
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Figure 6.23 presents these constraints for amax(R) and !(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 !(R) value) were a possible fit to our data (within 3!). However, this region

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

region where 3! 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.

n(a) ∝ a−q; q = 3.0
Dust Composition:

62% Water Ice
30% Organics
8% Silicates

Disk Radius [AU]

Σ
 [g

 c
m
−2

]

20 40 60 80 10010−1

100

101

Disk Radius [AU]

a m
ax

 [c
m

]

 

 

n(a) ∝ a−q; q = 3.0

20 40 60 80 1000.001

0.01

0.1

1

Fragmentation−dominated
Drift−dominated

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: 3! 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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How to overcome the radial drift barrier?"
Dust drifts toward pressure maxima ! further growth may be possible there!

Pinilla et al. (2012a), !
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Fig. 9. Vertically integrated dust density distribution at 1 Myr of evo-
lution for a surface density with a gap created by 15 MJup located in a
fixed orbit at 20 AU in a flared disk and ! = 10!3 (top-panel). Bottom-
panel is the 1.3 mm continuum model map for LkCa15 considering the
dust density distribution shown in top-panel. The map is convolved with
a beam of 0.21"" # 0.19"" , corresponding to the maximum angular reso-
lution achieved by Isella et al. (2012) Units are in Jy/beam.

for a disk extending from 0.2!160 AU. Their gas density pro-
file suggests that the pressure gradient would be positive from
the inner radius until the characteristic radius rt and smoothly
becomes negative until the outer radius of the disk. This implies
that the dust particles would have a positive drift velocity in the
inner regions, and negative in the outer regions of the disk. They
would therefore move outwards from the inner radius to rt, and
from the outer radius inwards to rt, creating a wide concentration
of dust around 60 AU.

This complementary study, that uses a prescription of the
surface density based on the viscous evolution of the disk, leads
to the same conclusion as our model, i.e., a pressure maximum
around 60 AU. In fact, the profiles are very similar in the range
of radii in which the dusty ring is observed (see Fig. 1 in Isella
et al. 2012).

5. Discussion

Hydrodynamical simulations of planet/disk interactions com-
bined with dust coagulation/fragmentation models can repro-
duce the ring-like emission of some transition disks.

5.1. Dust evolution

To compute the evolution of dust, one has to account for four
important physical mechanisms: coagulation, fragmentation, ra-
dial drift, and turbulent mixing. Coagulation is important for
grains to grow to large sizes, as inferred from millimeter ob-
servations. Fragmentation continuously replenishes the disk in
small grains. If we do not consider fragmentation, in the region
where the pressure gradient is positive, particles would accumu-
late, grow above the fragmentation barrier and reach the maxi-
mum size of $2 m considered in our models. This would happen
on timescales as short as $0.1 Myr, and would result in a disk
only made of large particles. As meter-size objects have St% 1,
they would therefore not be coupled with the gas anymore, move
at Keplerian velocity, and would not be trapped. These grains
would in addition have very low opacities, which would result in
the underestimation of millimeter fluxes in the millimeter.

Radial drift is essential to distribute the grains over the disk
extent. Birnstiel et al. (2010b) showed that if the radial drift is
neglected, dust grains could acquire millimeter sizes, but would
lead to over-predictions of mm-fluxes. In our model of LkCa15,
we overcome this issue and obtain flux levels similar to the ones
measured by Isella et al. (2012).

Finally, turbulent mixing provides the necessary relative ve-
locities for grains to fragment, directly influencing the maximum
particle size (Eq. (4)), and distribute the grains of various sizes
all over the disk. In Sect. 3.3, we showed that the e!ciency of
particle trapping depends on the viscosity of the disk. For a shal-
low gap (see Fig. 4), we concluded that when the pressure gra-
dient is not high enough, drag forces and di"usion do not allow
particles to be trapped.

Our model can however still be refined. Recent collision ex-
periments with silicates show that particles should also bounce
as an intermediate step between sticking and fragmentation
(Güttler et al. 2010). In fact, Windmark et al. (2012) showed that
with the insertion of cm-sized seeds, considering mass transfer
processes and bouncing, at a distance of few AU, small dust can
grow to $100 m on timescales of 1 Myr. A similar process could
happen to mm-sized particles in the outer regions of the disks.
However, in the presence of ices, the need to account for bounc-
ing e"ects is still highly debated (e.g. Wada et al. 2011), and we
do not consider it in this work.

5.2. Different gap extents in the dust and the gas

The presence of a planetary or sub-stellar companion has been
suggested in many studies to explain the properties of transition
disks. However, studies based on hydrodynamical simulation of
gap opening in a gaseous disk have shown that a single planet
could not open the large gap inferred from spatially resolved
millimeter observations (e.g. Dodson-Robinson & Salyk 2011;
Zhu et al. 2011). Most studies in fact consider a maximum ra-
dius for the gap of 5 Hill radii. According to the definition of
the Hill radius, the increase of the planet mass does not pro-
duce a significant widening of the gap, and none of these models
with a single planet can reproduce the observed characteristics
of transition disks. In this study, we include for the first time
the modelization of dust growth and evolution, in addition to the
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Fig. 9. Vertically integrated dust density distribution at 1 Myr of evo-
lution for a surface density with a gap created by 15 MJup located in a
fixed orbit at 20 AU in a flared disk and ! = 10!3 (top-panel). Bottom-
panel is the 1.3 mm continuum model map for LkCa15 considering the
dust density distribution shown in top-panel. The map is convolved with
a beam of 0.21"" # 0.19"" , corresponding to the maximum angular reso-
lution achieved by Isella et al. (2012) Units are in Jy/beam.

for a disk extending from 0.2!160 AU. Their gas density pro-
file suggests that the pressure gradient would be positive from
the inner radius until the characteristic radius rt and smoothly
becomes negative until the outer radius of the disk. This implies
that the dust particles would have a positive drift velocity in the
inner regions, and negative in the outer regions of the disk. They
would therefore move outwards from the inner radius to rt, and
from the outer radius inwards to rt, creating a wide concentration
of dust around 60 AU.

This complementary study, that uses a prescription of the
surface density based on the viscous evolution of the disk, leads
to the same conclusion as our model, i.e., a pressure maximum
around 60 AU. In fact, the profiles are very similar in the range
of radii in which the dusty ring is observed (see Fig. 1 in Isella
et al. 2012).

5. Discussion

Hydrodynamical simulations of planet/disk interactions com-
bined with dust coagulation/fragmentation models can repro-
duce the ring-like emission of some transition disks.

5.1. Dust evolution

To compute the evolution of dust, one has to account for four
important physical mechanisms: coagulation, fragmentation, ra-
dial drift, and turbulent mixing. Coagulation is important for
grains to grow to large sizes, as inferred from millimeter ob-
servations. Fragmentation continuously replenishes the disk in
small grains. If we do not consider fragmentation, in the region
where the pressure gradient is positive, particles would accumu-
late, grow above the fragmentation barrier and reach the maxi-
mum size of $2 m considered in our models. This would happen
on timescales as short as $0.1 Myr, and would result in a disk
only made of large particles. As meter-size objects have St% 1,
they would therefore not be coupled with the gas anymore, move
at Keplerian velocity, and would not be trapped. These grains
would in addition have very low opacities, which would result in
the underestimation of millimeter fluxes in the millimeter.

Radial drift is essential to distribute the grains over the disk
extent. Birnstiel et al. (2010b) showed that if the radial drift is
neglected, dust grains could acquire millimeter sizes, but would
lead to over-predictions of mm-fluxes. In our model of LkCa15,
we overcome this issue and obtain flux levels similar to the ones
measured by Isella et al. (2012).

Finally, turbulent mixing provides the necessary relative ve-
locities for grains to fragment, directly influencing the maximum
particle size (Eq. (4)), and distribute the grains of various sizes
all over the disk. In Sect. 3.3, we showed that the e!ciency of
particle trapping depends on the viscosity of the disk. For a shal-
low gap (see Fig. 4), we concluded that when the pressure gra-
dient is not high enough, drag forces and di"usion do not allow
particles to be trapped.

Our model can however still be refined. Recent collision ex-
periments with silicates show that particles should also bounce
as an intermediate step between sticking and fragmentation
(Güttler et al. 2010). In fact, Windmark et al. (2012) showed that
with the insertion of cm-sized seeds, considering mass transfer
processes and bouncing, at a distance of few AU, small dust can
grow to $100 m on timescales of 1 Myr. A similar process could
happen to mm-sized particles in the outer regions of the disks.
However, in the presence of ices, the need to account for bounc-
ing e"ects is still highly debated (e.g. Wada et al. 2011), and we
do not consider it in this work.

5.2. Different gap extents in the dust and the gas

The presence of a planetary or sub-stellar companion has been
suggested in many studies to explain the properties of transition
disks. However, studies based on hydrodynamical simulation of
gap opening in a gaseous disk have shown that a single planet
could not open the large gap inferred from spatially resolved
millimeter observations (e.g. Dodson-Robinson & Salyk 2011;
Zhu et al. 2011). Most studies in fact consider a maximum ra-
dius for the gap of 5 Hill radii. According to the definition of
the Hill radius, the increase of the planet mass does not pro-
duce a significant widening of the gap, and none of these models
with a single planet can reproduce the observed characteristics
of transition disks. In this study, we include for the first time
the modelization of dust growth and evolution, in addition to the
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Figure 2. SAO 206462 ALMA observations (top left panel) compared with best-fit models for a ring (middle panels) and a ring with a vortex prescription (right
panels). Residual maps were produced by subtracting the best-fit model from the SAO 206462 ALMA observations. Contours start at ±3! , successively spaced by
±3! . Ellipses indicate beam size and colorbar defines scale used. Bottom row, left panel: H-band polarized intensity image and the best-fit spiral arms from Muto
et al. (2012). Spirals S1 and S2 also shown with grey lines in residual maps.
(A color version of this figure is available in the online journal.)

and SR 21, respectively. These figures compare ALMA obser-
vations (top row, leftmost panel) with the best-fit model and
residual maps (middle and right panels), where the residual
emission is found by subtracting the model from the observa-
tions. When considering only a ring, the best-fit model corre-
sponds to the average flux of the disk over all azimuthal angles.
Hence large regions of negative emission are expected since
the azimuthally averaged flux also encompasses flux from the
large-scale asymmetry. The addition of a vortex prescription in
the fitting improves the resulting residual map and "2 of the fit,
although significant emission (!12! ) remains.

5. DISCUSSION

The cavity radius (Rcav) found in the literature for these disks
has some scatter, on average Rcav ! 45 AU for SAO 206462
and Rcav ! 35 AU for SR 21 (Brown et al. 2009; Andrews
et al. 2009, 2011; Lyo et al. 2011). We find that Rcav from these
studies is consistent with our constraints within rR ± !R for all
but the Brown et al. (2009) observations of SAO 206462, which
have lower angular resolution than these ALMA observations.

The analysis presented above demonstrates that a ring of
emission does not describe the disk structure of SAO 206462
and SR 21; the addition of a vortex prescription describes the

large-scale asymmetries better. However, the observed asym-
metries might not directly trace the mass surface density, since
short-wavelength observations may not be completely optically
thin. Future long-wavelength observations will confirm that
these asymmetries correspond to mass rather than temperature
variations.

The vortex encompasses 15% of the total flux density for
SAO 206462 and 28% for SR 21. These are quite similar to the
recently studied disk around LkH# 330 (30%) but much less
dramatic than the Oph IRS 48 and HD 142527 disks, where a
horseshoe shape, rather than a ring, is observed at millimeter
wavelengths. The flux density in the asymmetry corresponds to
a mass (dust+gas) of !2 MJup for both SAO 206462 and SR 21,
assuming a temperature of T = 35 K, a gas-to-dust ratio of 100,
and a dust opacity of $% = 10 cm2 g"1 at 450 µm (Beckwith
et al. 1990). These are lower limits on the vortex mass, given
the uncertainty in optical depth at this wavelength. Compared to
recent examples of large-scale asymmetries observed in LkH#
330 and Oph IRS 48, the radial extent of the vortices in SAO
206462 and SR 21 is also quite narrow, with a FWHM of few
tens of AU (see Table 2). Azimuthally, the vortices are well
resolved, and while the SR 21 asymmetry has a FWHM ! 120#,
similar to LkH# 330 and Oph IRS 48, the azimuthal extent in
SAO 206462 is 30% larger, covering almost half of the disk.
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Figure 3. SR 21 ALMA observations (top left panel) compared with best-fit models for a ring (middle panels) and a ring with a vortex prescription (right panels).
Residual maps were produced by subtracting the best-fit model from the SR 21 ALMA observations. Contours start at ±3! , successively spaced by ±3! (±6! for
ring residual). Ellipses indicate beam size and colorbar defines scale used. Bottom row, left panel: H-band polarized intensity image from Follette et al. (2013).
(A color version of this figure is available in the online journal.)

From our modeling we find that the vortex aspect ratio is
!",V /!r,V = 7.1 for SAO 206462 and !",V /!r,V = 2.8 for
SR 21. Following the solution presented by Lyra & Lin (2013),
a steady-state vortex tends to concentrate large grains toward
its center, in an amount that depends on the ratio between the
dust grain Stokes number (St) and the gas turbulence velocity
(see also Birnstiel et al. 2013). Our measurements of the vortex
structure and knowledge of the Stokes number allow us to
constrain the gas turbulence. Dust grains with size a = 1 mm
and internal density #s = 1 g cm!3, embedded in a disk with
a surface density of ! = 10 g cm!2 have a Stokes number
St " #sa/! " 10!2. The vortex aspect ratio derived for
SAO 206462 and SR 21 would then require turbulent velocities
of about 90 m s!1 and 68 m s!1 respectively, corresponding to
about 22% and 16% of the local isothermal sound speed for a
gas temperature of 50 K. Such values are about five times larger
that those derived for Oph IRS 48, and consistent with an active
disk layer due to the magnetorotational instability (Simon et al.
2011).

When including the vortex prescription in the fit, there are still
significant residual emission in both SAO 206462 and SR 21.
These residuals are not symmetric, and their morphology is
not well described by an additional vortex since they extends
outwards with increasing radius. A spiral-like structure may be

a good approximation for the residual emission seen in both
disks, but the number of parameters of such a prescription is
quite large (at least five more parameters per spiral arm). Given
the low signal of these features and degeneracies between such
large number of parameters, we decided not to proceed with such
a fit. Observations at higher angular resolution are required to
study in greater detail the morphology of these structures.

On the bottom left panel of Figures 2 and 3, we present
polarized intensity maps at H-band of both disks (Muto et al.
2012; Follette et al. 2013). This emission, likely optically thick,
does not directly traces mass surface density. In SAO 206462
two spiral-like structures are seen in H-band imaging (Figure 2).
Muto et al. (2012) compared the shape of these structures
with theoretical models for a perturbation due to low-mass
companions, their best-fit spirals, S1 and S2, are labeled in
Figure 2. For the S1 spiral, the location of the unseen perturber
coincides with the location of the peak of emission in the
ALMA map (at "55 AU from the star with P.A. of 204#).
If the 0.45 mm observations trace a mass overdensity at this
location, we may be witnessing a spiral wave pattern that arose
from a density enhancement rather than a point-like perturber,
as reviewed by Paardekooper et al. (2010). Figure 2 also shows
the location of S1/S2 with respect to the modeling residuals.
Some overlap exists between the submillimeter residuals and the
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Figure 5. Same as Figure 4 but for TW Hya. The channels, contour levels, and imaging parameters are identical to those in Figure 2.
(A color version of this figure is available in the online journal.)

placed in large dust grains. Such a model is under development
by C. Qi et al. (2011, in preparation), and can also aid in
explaining the spatial distribution of multiple CO transitions
and CO isotopologue emission from this disk.

One important outcome of the modeling process is the
consistency in the measurement of turbulent linewidth in each
source for the two types of models, despite the differences in
their treatment of temperature. In both types of models for HD
163296, the best-fit model with turbulence fits the data better
than a comparable model without turbulence at the !3! level.
If the turbulent linewidth is fixed at 0 m s"1 in the similarity
solution and the temperature allowed to vary to compensate, the
parameter T100 must increase to 77 K; even then, the "2 for a
model with higher temperature and no turbulence is a poorer fit
than the best-fit model with turbulence at the !3! level (the line
profile for this model is plotted in Figure 4). The TW Hya data
are consistent with no turbulent linewidth whatsoever.

4.4. Parameter Degeneracies

In order to better characterize our ability to measure turbulent
linewidth, it is important to understand its relationship to the
other parameters. The interdependence between parameters
other than the turbulent linewidth has been explored at length
in previous papers (see, e.g., discussion of similarity solution
parameters in Andrews et al. 2009), so here we focus on
the relationships and degeneracies specific to the turbulent
linewidth. There are four main categories of line broadening
in circumstellar disks that are relevant to our investigation:
rotational, thermal, turbulent, and optical depth. These types
of line broadening are all incorporated in detail into the ray-
tracing portion of the RATRAN radiative transfer code, and will
be handled appropriately for a given disk structure. The goal
is to understand how to distinguish the distinct contributions
of each of these different sources of line broadening and their
relationships to the parameters of our disk structure models.

As discussed above, a detailed characterization of the multi-
dimensional parameter space is prohibitively computationally
expensive. We therefore investigate parameter relationships by
letting the two-dimensional "2 values generated in Section 4.2
guide an investigation using a toy model of an optically thick
spectral line profile to highlight the distinct contribution of each
related parameter to the observable properties.

The "2 values indicate that for the similarity solution models,
the parameters that are most strongly degenerate with the turbu-
lent linewidth are the temperature (T100 and q) and inclination
(i). This is unsurprising, given the obvious relationship between
temperature and thermal broadening and between inclination
and rotational broadening. The optically thick CO(3–2) line re-
sponds only weakly to variations in density, and the outer radius
and position angle of emission should intuitively be unrelated to
line broadening, hence the independence of turbulent linewidth
from c1, Rc, and P.A. For the D’Alessio et al. models, inclination
and CO abundance (i and XCO) have the strongest relationships
with turbulent linewidth. The contribution of the CO abundance
in this case can be understood as a thermal broadening effect:
because of the vertical temperature gradient (see Figure 6),
the CO abundance controls the location of the # = 1 surface
and therefore the apparent temperature of the CO(3–2) line
emission.

To characterize the effects of these variables on the ob-
servable properties of the CO(3–2) emission, we investigate
their influence on a toy model of optically thick line emission.
We assume a power-law temperature distribution for a
geometrically flat, optically thick, azimuthally symmetric cir-
cumstellar disk. In the Rayleigh–Jeans approximation, the
brightness of the line at a given frequency will be directly propor-
tional to the temperature. We include two sources of line broad-
ening, thermal and turbulent, implemented by the relationship
!v(r) =

!
2kBT (r)/m + $ 2, where !v is the total linewidth, $ is

the turbulent linewidth, and the thermal linewidth is
#

2kBT /m
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PI: L. Pérez!

Midplane CO snow line 

Figure 2: Left: The sketch depicts the disk regions characterized by the same projected velocity for a
Keplerian disk inclined by 45� along the line of sight. Red and blue region correspond to red and blue
shifted velocities. The disk rotation axis is shown by the dashed arrow. Central and Right: maps of the
C18O (2-1) simulated emission at the velocity of the star (v

obs

= v
lsr

) in the case of zero turbulent velocity,
v
t

= 0, and v
t

= 0.3c
s

, respectively. The proposed ALMA Cycle 2 observations achieve an angular resolution
of 0.2300, and a noise level of 4 mJy beam�1 at the velocity resolution of 50 m s�1. Contours are plotted
every 3⇥ the noise level. The solid ellipse indicates the midplane CO snow line.

servations will deliver a spectacular map of the dust
distribution in the HD 163296 disk. The outcome of
these observations is hard predict. However, the un-
precedented sensitivity delivered by ALMA, coupled
to the intrinsic brightness of this source, should be
su�cient to reveal local variation in the dust density
down to a level of a few percent. The proposed ob-
servations might therefore reveal the accumulation of
dust in the disk regions characterized by a large gra-
dient of the disk viscosity, as for example at the edge
of quiescent regions and dead-zones.

4 Potential for Publicity

References:
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The Future: Studying Planets as they Form"
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Searching for circumplanetary around LkCa 15 3

Figure 1. Left: 1.600⇥1.600 map of the LkCa 15’s continuum disk emission observed at the wavelength of 7 mm obtained by reducing
the weights of the complex visibilities measured on the longest baselines to increase the sensitivity of the extended structures. The rms
noise level in the map is 6.1 µJy beam�1 . The FWHM of the synthesized beam is 0.1500. Center: map of the 7 mm emission obtained by
adopting natural weighting of the complex visibilities to maximize the angular resolution and the point source sensitivity. The rms noise
level is 3.6 µJy beam�1 and the FWHM of the synthesized beam is 0.0700. The green ellipse corresponds to an orbital radius of 45 AU and
traces the outer edge of the dust depleted cavity as measured from the observations at 1.3 mm. Right: map of the innermost 45 AU disk
region. Contours are plotted at 2 and 4⇥ the noise level. The white triangle shows the expected position of LkCa 15 b (Kraus & Ireland
2012) assuming that the star is located at the peak of the 7 mm emission.

might arise either from a narrow ring of millimeter size
grains orbiting within a few AUs from the central star,
or from ionized gas in the vicinity of the star (see, e.g.,
Panagia & Felli 1974). In the former case, the measured
flux would suggest the presence of about 3 Earth masses
of small dust grains, as calculated by assuming optically
thin emission, a dust temperature of 200 K, and a dust
opacity at 7 mm of 0.2 cm2 g�1. Investigating the nature
of the compact emission requires high angular resolution
observations at di↵erent wavelengths in order to measure
its spectral index.
With the exception of the central source, we do not

detect any emission above 3⇥ the noise level inside the
dust depleted cavity, and, in particular, at the expected
position of LkCa 15 b (Kraus & Ireland 2012). The con-
straints that this non detection sets on the structure of
circumplanetary disks orbiting within the dust depleted
cavity are discussed in the following sections.

3. CIRCUMPLANETARY DISK MODEL

We adopt a circumplanetary disk model characterized
by a power-law surface density �(r) / r�p that extends
from the planet radius out to some outer radius rd, at
which the material is captured in orbit around the central
star. Numerical simulations suggest that the truncation
of a circumplanetary disk by the stellar gravitational field
might occur between 0.1 rH and 0.7 rH (see, e.g., Canup
& Ward 2002; D’Angelo et al. 2002; Szulagyi et al. 2013;
Ward & Canup 2010), where rH = Rp

3
p

Mp/3M? is the
planet Hill radius, Rp is the planet orbital radius, Mp is
the planet mass, and M? is the mass of the central star.
As in the analytical models of Canup & Ward (2002),
we define a nominal disk model with p = 3/4. The ef-
fects that this choice has on the results are discussed in
Section 4. For an inner disk radius rin ⌧ rd, the disk
surface density can be integrated to give the total disk

mass

Md = 2⇥ 10�2

✓
�1AU

36 g cm�2

◆⇣ rd
1 AU

⌘5/4
MJ , (1)

where �1AU is the surface density at 1 AU, and the nor-
malization constant corresponds to the minimum mass
with solar composition required to form the four largest
moons of Jupiter, i.e., the Galilean satellites (Pollack &
Consolmagno 1984).
The temperature of the circumplanetary disk at the

distance r from the planet is expressed as

T 4
d (r) = T 4

irr,?(R) + T 4
irr,p(r) + T 4

acc(r), (2)

where Tirr,? corresponds to the irradiation from the cen-
tral star at the orbital radius R, Tirr,p corresponds to the
irradiation from the planet itself, and Tacc is the contri-
bution from the viscous dissipation within the circum-
planetary disk. The disk temperature is calculated by
extending the “two-layer” radiative transfer model de-
veloped by Chiang & Goldreich (1997) in the context of
circumstellar disks to the case of circumplanetary disks.
The model assumes that the disk is in hydrostatic equi-
librium between the gas pressure and the planet grav-
ity, and the disk temperature is calculated by iterating
on the vertical structure. The implementation of the
model is the same as in Dullemond et al. (2001) (see also
Isella et al. 2009, 2010a, 2012) where the stellar e↵ective
temperature, radius, and luminosity are replaced by the
values proper for the planet, and the circumstellar disk
properties are replaced by the values corresponding to
the circumplanetary disk.
The heating contribution from the planet depends on

the planet e↵ective temperature and radius, i.e., T 4
irr,p /

T 4
p (rp/r)

2. We adopt Spiegel & Burrows (2012) plan-
etary models, which predict that the temperature and
radius of a young planet depend on the formation pro-

Kraus & Ireland (2012)!

Isella et al. +LP (2014)!
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Summary"

•  Compelling evidence that grain growth takes place in disks!

o  Radial drift of solids hinders further dust growth!

o  A way to overcome this problem: dust trapping of large particles!

o  Dust traps may occur radially in “rings”, azimuthally in “vortices”!

•  These predictions are currently being tested with ALMA & VLA!!

ALMA" VLA"

Laura Pérez (NRAO) - 14th Synthesis Imaging Workshop - May 19, 2014!


