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Diagnostics of grain sizes in disks

6 Andrews et al.

Figure 2. (a) A generic surface density model. The outer disk (R > Rcav) follows the global Σg profile, overlaid as a dashed curve. The
surface densities in the cavity (R ≤ Rcav) are scaled down by a factor δcav . The dust-depleted inner disk is truncated at the sublimation
radius (Rsub) and extends outward to an arbitrary fixed radius (10AU). The gap between 10AU and Rcav is assumed to be empty. (b) A
generic vertical density profile. The blue curve tracks the “large” dust population, concentrated toward the midplane with a scale height χh
(in the models used here, χ is fixed to 0.2). The orange curve marks the “small” dust population that dominates in the disk atmosphere,
and the dashed curve traces the composite profile. The fraction of the column density contributed by the large dust population is denoted
f (in the models used here, f is fixed to 0.85).

The remaining parameters are allowed to freely vary, al-
though substantial degeneracies remain (see §3.5).

3.2. Dust Populations

A parametric density structure must be populated with
dust grains of a given size distribution and composi-
tion. For the sake of homogeneity, we assume dust grains
with mineral abundances as in the interstellar medium
(ISM) (see Weingartner & Draine 2001), despite some
evidence in individual cases for different compositions.
Each dust population has a power-law distribution of
sizes (s), n(s) ∝ s−p, from smin = 0.005µm to a spec-
ified smax. The dust properties in the outer disk are
fixed: “small” grains have smax = 1µm, “large” grains
have smax = 1mm, and p = 3.5. The opacity spectrum
for a given size distribution was derived from Mie cal-
culations. Since most of the mass is in “large” grains,
the selection of smax ∼ λ = 1mm is significant because
it tends to maximize the millimeter-wave dust opacity.
Therefore, the densities inferred from the optically thin
emission we have observed with the SMA can be con-
sidered lower bounds if much larger particles are present
(D’Alessio et al. 2006; Draine 2006). The 880µm dust
opacity for the large grain population is 3.6 cm2 g−1. The
dust size distribution in the inner disk, inner rim, and
cavity wall are assumed to be identical, but are char-
acterized by free parameters for their size distribution,
{smax, p} (see §3.4 regarding the selection of these pa-
rameter values). Some representative opacity spectra are
shown in Figure 3.

3.3. Stellar Properties

Passive irradiation is the only heating mechanism con-
sidered here, and therefore the properties of the central
star are pivotal in setting the thermal structure of a
model. Careful selection of an input stellar spectrum is
particularly important for modeling transition disks, as
the infrared disk-to-star contrast is often low. Therefore,
the details of the stellar spectrum can have a pronounced
impact on how the small amount of dust inside the cavity

Figure 3. The opacity spectra for representative dust popula-
tions. The opacities for the small (orange) and large (blue) dust
populations in the outer disk are fixed; the latter is similar to the
canonical Beckwith et al. (1990) values (gray dashed line). As il-
lustrative examples, the opacities for two different dust populations
we have used inside the disk cavities are also shown (green): {smax,
p} = {10 µm, 3.5} (solid) and {1 µm, 2.5}(dotted).

is interpreted. To derive stellar input spectra, we first as-
signed effective temperature (Teff) values based on spec-
tral classifications in the literature, using the conversions
advocated by Kenyon & Hartmann (1995) and Luhman
(1999) for types earlier or later than M0, respectively.
Luminosities (L∗) were determined by matching red-
dened, scaled spectral synthesis models (Lejeune et al.
1997, for a fixed Teff) to the optical/near-infrared pho-
tometry (see the Appendix). We utilized the extinction
curve derived by McClure (2009), which at these wave-
lengths is identical to the Mathis (1990) law for a large
total-to-selective extinction value, RV = 5. For cases
without dynamical mass constraints, this process was it-
erated for different stellar masses (M∗) estimated from
the Siess et al. (2000) pre-main sequence models. The
stellar parameters used to generate input spectra are
compiled in Table 3.
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Observations
SMA CARMA Jansky VLA

λ 0.88 & 1.3mm λ 1.3 & 3 mm λ 1 & 6 cm

• Sub-arcsecond images ⇒ resolve disks

• Large wavelength coverage ⇒ measure β(R) 



First results:  AS 209

AS 209:
• K5 star in ρ Oph
• distance: 125 pc
• 0.9 Msun
• 1.6 Myr

SMA - 0.88 mm CARMA - 2.7 mm VLA - 8 mm VLA - 10 mm

Andrews et al. 2009 Pérez et al., in submitted



Wavelength dependent structure
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Disk models

Dust opacity Dust temperatureSurface density

• composition
• amin

• amax

• n(a) R 

~R� 

�(R) 

~e-R 

Lynden-Bell & Pringle (1974)

“Two-layer” model
Chiang & Goldreich 1977



Analysis

• τ(R) derived assuming constant κλ

• Σ(R) must be the same for each wavelength
•Differences in inferred Σ(R) reflect κλ(R)
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Results:  β(R)
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Results:  Maximum grain size
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Results:  Maximum grain size
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Results:  Maximum grain size
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Summary

• Evidence for radial variations in grain properties

• 5 additional disks with high resolution images from 
CARMA, SMA, and VLA will be analyzed soon!
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