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Abstract Dust growth and settling, as an initial step of
planet formation in protoplanetary disks, have an impor-
tant impact on the appearance of the spectral energy dis-
tribution (SED). Selecting a promising sample of disks with
signs of these processes helps to guide future observations
towards a better understanding of the initial conditions for
planet formation and disk evolution. Using a standard flared
disk model, we conducted a large parameter study to inves-
tigate the effects of various disk parameters on the overall
shape of the SED. We found that the flaring index and scale
height can be used to mimic the effects of dust evolution
on the SED. The influences of these two parameters on the
infrared excess are very similar to that caused by dust evolu-
tion which have been shown in previous simulations where
grain growth and settling are treated directly. Based on a
statistic analysis of all the models in our grid, we proposed
a criterion of Ψ ≥ 0.6 to diagnose signs of dust evolution,
where Ψ is a ratio defined by dividing a linearly interpo-
lated (between 24 µm and 1.3 mm) flux at 70 µm by the ob-
served 70 µm photometry. We tested the applicability of our
criterion with the class II disks in the Taurus star formation
region.
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1 Introduction

Protoplanetary disks are a natural outcome of angular mo-
mentum conservation during the early phase of star forma-
tion, and play a fundamental role in the physical processes
involved in star and planet formation. The dust and gas in
the disk are the building blocks of planets. In the widely ac-
cepted core accretion model for planet formation (e.g., Lis-
sauer and Stevenson 2007), dust grains coagulate and grow
within the disks, settle towards the midplane driven mainly
by the gravity of the central star, and are eventually assem-
bled to larger entities, such as pebbles and planetesimals
(e.g., Carballido et al. 2006; Dominik et al. 2007; Bitsch
et al. 2015). Grain growth and settling are therefore consid-
ered as an initial step of planet formation process. Detailed
analysis of a group of disks, which have signs of this crucial
phenomenon, is the key to reveal the initial conditions for
planet formation.

Analyzing the SEDs can yield evidences for dust growth
in protoplanetary disks. A population of larger grains in-
creases the emissivity at (sub)millimeter regime and makes
the spectral index less steep than the micron-sized grains of
the interstellar medium (e.g., Ricci et al. 2010; Testi et al.
2014; Pérez et al. 2015). Dust settling might be common
in disks because observations show that most T Tauri stars
have weaker mid-infrared fluxes than expected for a disk
under the assumption of a well-mixed dust and gas phase
(e.g., Furlan et al. 2005, 2006). The settling of dust towards
the midplane leads to a reduced flaring angle of the disk
and a decrease in infrared (IR) excess (e.g., D’Alessio et al.
2006). Mid-IR slopes are typically used as a probe for dust
settling. Therefore, the SED contains abundant information
about dust properties and disk geometry and can be used to
identify promising targets for follow-up observations. As an
example, through a detailed radiative transfer analysis, Liu
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et al. (2012) found that an inclusion of grain growth and set-
tling into the disk model is necessary to explain the weak
far-IR excess observed in DoAr 33, a T Tauri star located in
the Ophiuchus star formation region.

Nowadays, multi-wavelength survey conducted with the
Spitzer (Evans et al. 2009), Herschel (André et al. 2010),
JCMT (Ward-Thompson et al. 2007) and ALMA telescopes
(e.g., Pascucci et al. 2016; Ansdell et al. 2016) have yielded
a huge amount of data for the disks in the Gould Belt star for-
mation regions. The booming observations result in a good
sampling of the SED from IR to millimeter regime and of-
fer an excellent opportunity to select a homogeneous sample
of disks that have common features of early planet forma-
tion process. These pre-selected candidates are promising
targets for future high-resolution observations that aim to
reveal the initial conditions for planet formation. The ideal
method to conduct the sample selection is a thorough radia-
tive transfer modeling of the SED, see Liu et al. (2012) for
a case study. However, the task becomes difficult when ap-
plying this strategy to a large number of objects because it
is very computationally expensive. For instance, there are
more than 200 young stellar objects in the Taurus star for-
mation region (e.g., Rebull et al. 2010). It is very time-
consuming to select the candidate disks with signs of dust
evolution from them by individually fitting their SEDs un-
der different model assumptions, e.g., whether or not dust
settling is taken into account.

With a low degree of freedom, a standard flared disk
model has been successfully used to explain multi-wave-
length observations of protoplanetary disks such as the SED
and high resolution images (e.g., Wolf et al. 2003; Andrews
et al. 2011; Liu et al. 2015). In this model scenario, the flar-
ing index and scale height are the two critical parameters
characterizing the disk geometry, which in turn are expected
to have a close link to the effects of dust growth and settling.
In this work, using a flared disk model, we quantitatively
investigate how these two parameters influence the overall
shape of the SED via a large parameter study. Based on the
results, we present a simple criterion for selecting candidate
disks with evidence for dust evolution without the need for
a full radiative transfer analysis of the SED. We test the ap-
plicability of the criterion using a large number of class II
young stellar objects that have been identified in the Taurus
star formation region.

2 Methodology

To investigate the effect of dust evolution on the overall
shape of IR SED, one needs several steps. First, a param-
eterized model of a protoplanetary disk has to be intro-
duced. Secondly, for all model parameters, we should de-
cide whether they should be fixed to some typical value or

vary within a certain range. The third step is to conduct the
radiative transfer simulation for each model and analyze the
result. We describe the first two steps in this section.

2.1 The model

We assume that dust and gas are well-mixed throughout the
disk. The density structure of the dust is assumed to have a
Gaussian vertical profile

ρdust = ρ0R
−α exp

[
−1

2

(
z

h(R)

)2]
. (1)

The surface density distribution is parameterized with a
power law

Σ(R) = Σ0R
−p, (2)

where R is the distance from the central star measured in the
disk midplane. Normalizing the total dust mass of the entire
disk (Mdust), one can determine the proportionality factors
(ρ0 and Σ0) in Eqs. (1) and (2). The inner boundary of the
density distribution is given by Rin. We fix the disk outer
radius (Rout) to 200 AU, which is in agreement with typical
sizes found for T Tauri disks (e.g., Andrews and Williams
2007). We do not explore this parameter in our study be-
cause it has negligible impact on the overall shape of the IR
SED when the size of the disk is not extremely small. To
allow flaring, the scale height h(R) is described in a power-
law form

h(R) = H100

(
R

100 AU

)β

, (3)

where β is the flaring index characterizing the amount of
flaring and H100 is a reference scale height at a distance of
R = 100 AU.

2.2 Stellar heating

Protoplanetary disks can be heated by various mechanisms,
for instance the accretion process and stellar irradiation. To
reduce the degree of freedom, we only consider stellar ir-
radiation as the heating source (e.g., Chiang and Goldreich
1997). We adopt a stellar luminosity of L� = 1 L� and an
effective temperature of Teff = 4350 K, representing the typ-
ical stellar properties of a T Tauri star. The stellar spectrum
is taken from the Kurucz (1994) database for stellar model
spectra, assuming logg = 3.5 and solar metallicity.

2.3 Dust properties

The dust grains are assumed to be homogeneous spheres. We
consider relative abundances of 62.5% silicate and 37.5%



A simple criterion for selecting disks with evidence for dust growth and settling Page 3 of 10 208

graphite for the dust components. We take the refractive in-
dices of “smoothed astronomical silicate” and graphite given
by Weingartner and Draine (2001) to calculate the optical
properties with Mie theory. For graphite, the extinction effi-
ciency factor is computed by adopting the common “ 1

3 : 2
3 ”

approximation (Draine and Malhotra 1993)

Qext,graphite = 1

3
Qext(ε‖) + 2

3
Qext(ε⊥), (4)

where ε‖ and ε⊥ are the components of the graphite’s di-
electric tensor for the electric field parallel and orthogonal
to the crystallographic axis, respectively.

As the grain size distribution, we assume a power-law
profile n(a) ∝ a−3.5 and a certain range for the size amin ≤
a ≤ amax. The commonly-known MRN distribution of the
interstellar medium (ISM) has a minimum and maximum
size of amin = 5 nm and amax = 0.25 µm, respectively
(Mathis et al. 1977). We keep amin fixed to 5 nm. The effect
of dust growth in protoplanetary disks is simply simulated
by increasing amax to 1 mm (e.g., Ricci et al. 2010; Testi
et al. 2014; Pérez et al. 2015).

2.4 The parameter space

As laid out above, we fixed the outer radius of the disk
(Rout), the stellar properties (L� and Teff) and the grain size
distribution (amin and amax). Moreover, the disk inclination
(i) is an external parameter. We took i = 30◦ because it can-
not be well constrained by SED analysis.

We allowed the disk inner radius (Rin) to vary within a
range of [1, 80 Rsub], where Rsub is the sublimation radius
of Rsub = 0.07 (L�/L�)1/2, assuming a sublimation temper-
ature of 1500 K for silicate (Dullemond et al. 2001). This
is done in order to incorporate both the full disks without
a central clearing of dust (Williams and Cieza 2011) and
the transition disks in which large inner holes are present
(e.g., Merín et al. 2010; Andrews et al. 2011; van der Marel
et al. 2016). Given the stellar luminosity of 1 L�, the lower
and upper limits for the disk inner radius are 0.07 AU and
5.6 AU, respectively.

The flaring index β and scale height H100 are the two
key parameters that determine the amount of IR excess
emission. Previous modeling efforts have shown a variety
of β and H100. Good agreement between model and ob-
servations are found for values of 1.05 ≤ β ≤ 1.30 and
5 ≤ H100 ≤ 20 AU (e.g., Andrews et al. 2009, 2011; Olofs-
son et al. 2013; Liu et al. 2015). Therefore, we sampled them
in a linear manner within these ranges.

The total dust mass spans a range of four orders of mag-
nitude: Mdust = 5 × 10−7 M�, 5 × 10−6 M�, 5 × 10−5 M�
and 5 × 10−4 M�. The range is well consistent with the
observed dust mass in disks that are located in nearby star
formation regions (e.g., Andrews et al. 2013; Ansdell et al.
2016; Pascucci et al. 2016).

Table 1 Model parameters and their ranges explored in our study

Parameter Fiducial
model

Min Max Number of
grid points

T� [K] 4350 4350 4350 1

L� [L�] 1 1 1 1

Rin [Rsub] 1 1 80 5

Rout [AU] 200 200 200 1

Mdust [10−5M�] 5 0.05 50 4

p 1.0 0.5 1.5 5

β 1.2 1.05 1.30 6

H100 [AU] 12.5 5 20 7

i [◦] 30 30 30 1

We considered three values for the power-law index of
the surface density profile: p = 0.5, 1.0 and 1.5. These are
typical values obtained from previous modeling of a sample
of disks (e.g., Andrews et al. 2009, 2010).

Table 1 summarizes the ranges and values for each pa-
rameter. In total, we have 5×4×5×6×7 = 4200 different
models in our grid.

3 Results

The radiative transfer problem is solved using the program
MC3D (Wolf 2003) at 100 wavelengths, logarithmically dis-
tributed in the range of [0.5 µm, 4.0 mm]. As a result, a grid
of 4200 model SEDs are prepared for investigating the im-
pact of the model parameters, in particular the flaring index
β and scale height H100, on the overall shape of the SED.

3.1 The fiducial model

To discuss the result, we introduce a fiducial model. Its pa-
rameters are Rin = 1 Rsub, Mdust = 5 × 10−5 M�, p = 1.0,
β = 1.2, H100 = 12.5 AU, see Table 1. This approach allows
us to evaluate the impact of variations in the individual pa-
rameters on the SED. The blue lines in each panel of Fig. 1
show the SED of the fiducial model.

3.2 Effects of β and H100

The total amount of IR excess emission highly depends on
the temperature structure of the disk. In the radiative transfer
model, the disk temperature is determined by how efficiently
the dust intercepts and reprocesses the stellar energy. Most
of that energy is absorbed by dust grains in the disk’s photo-
sphere, where the visible optical depth is around unity, i.e.,
τ0.55 µm ∼ 1. Dust grains in a large surface area of a flared
disk can be directly illuminated by the central star. The flar-
ing index β is used to control the vertical extent of the disk
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Fig. 1 SED visualization
showing the impact of disk
parameters on the IR emission,
i.e., flaring index β and scale
height H100 (upper panel), total
dust mass Mdust and surface
density index p (middle panel)
and inner disk radius Rin
(bottom panel). The green
dotted lines correspond to the
spectral slope of −4/3 for a
perfectly flat disk (Dullemond
et al. 2007). Parameters not
listed in each plot are identical
to those of the fiducial model,
see Table 1. The blue lines refer
to the fiducial model, whereas
the grey dashed lines symbolize
the contribution of the central
star to the total flux

at each radius, and therefore it determines how the inter-
cepted stellar energy is stored into disk surface layers as a
function of radius. Higher flared disks (with a larger β) will
re-emit more of that energy from larger radii, where the tem-
perature is relatively cooler. Since cooler dust preferentially
emits at longer wavelengths, a larger β will produce more
far-IR emission.

Similarly, vertically extended (larger H100) disks are
heated more efficiently and have higher temperatures. There-
fore, a larger scale height generates brighter emission at
mid-IR wavelengths. Figure 1 (upper panel) shows the im-

pact of β and H100 on the IR SED. In order to have a direct
view of their implications, we only vary one particular pa-
rameter in each plot, while other parameters are set to the
fiducial values. It can be seen that disks with larger β or
H100 feature more IR excess.

3.3 Effects of Mdust, p and Rin

The flux intensity is proportional to the total amount of
dust material. Hence, it is straightforward to understand that
lower dust masses produce less thermal emission. The pa-
rameter p governs how steep the power-law surface density
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profile is. A shallower index makes more dust concentrated
in the outer region of the disk where the temperature is rela-
tively cool, and consequently re-emits more far-IR flux. The
disk inner radius Rin sets up the location at which dust grains
start to distribute inside-out. The IR excess is a result of dust
thermal emission. In our model, we assume there is no dust
inside the region R < Rin, i.e., there is a central empty cav-
ity with a size of 2Rin. Therefore, the inner boundary of the
disk is a pivotal parameter to establish the maximum dust
temperature, which in turn shapes the near-IR SED and de-
termines the wavelength at which the excess emission be-
comes prominent.

Figure 1 (middle and bottom panels) shows the impact of
these three parameters on the SED. It is clear that the flux
density at IR to millimeter regime scales with the total dust
mass Mdust, the surface density index p has a mild influ-
ence on the far-IR emission and the shape of near-IR SED is
significantly affected by the disk inner radius Rin.

3.4 Comparison with previous parametric studies

Woitke et al. (2016) proposed a set of assumptions for the
modeling of protoplanetary disks, which consists of con-
tinuum radiative transfer, thermo-chemical modeling of gas
and line radiative transfer. They systematically investigated
the effects of those assumptions on the various continuum
(including the SED) and line predictions in a parametric
way. The effects of β , H100, Mdust, p and Rin on the SED
shown in Fig. 8 in their paper are well consistent with our re-
sults, although the assumed dust properties and surface den-
sity profile are different between both works. Similar trends
are also seen for disks in a lower stellar mass regime, see
Fig. 10 in Bulger et al. (2014).

3.5 Link disk geometry parameters to dust evolution

Dust grains in protoplanetary disks experience a gravita-
tional force by the central star. They gradually settle toward
the disk midplane. In the meanwhile, grain growth acceler-
ates this process because larger grains have a shorter time
scale of being settled. As a result, (sub)micron-sized grains
are present in the surface layers of the disk while large (e.g.,
millimeter-sized) dust grains tend to concentrate close to the
midplane. Dullemond and Dominik (2004) analyzed how
the process of dust settling affects the SED using radiative
transfer models that take both the settling and vertical tur-
bulent stirring into account. Their results show that small
grains quickly settle down to a scale height that is often well
below the original location of the disk’s photosphere. The
optical appearance of the disk becomes effectively “flatter”,
since the small grains are the main contributor to the opac-
ity. As the system evolves, the depletion of small dust grains
in the disk surface layers leads to depressed mid- to far-IR

emission, see Fig. 5 and Fig. 7 in Dullemond and Dominik
(2004).

D’Alessio et al. (2006) presented self-consistent disk
models of T Tauri stars that include a parameterized treat-
ment of dust settling and grain growth. In their prescription,
dust settling is modeled by using two grain size distribu-
tions: a small grain population and a large grain population.
The small grains are distributed in the upper layers while
the disk interior (i.e., close to the midplane) is filled with
large dust grains, see Sect. 4.3. A parameter ε is used to de-
scribe the depletion factor of the small grains in the upper
layers, i.e., mimicking the degree of dust settling. Their re-
sults show that the height of the irradiation surface decreases
with ε, reducing the stellar energy intercepted by the disk
and consequently the far-IR excess.

In our simulation, we do not iterate the vertical structure
of the disk under an assumption of hydrostatic equilibrium.
The geometric thickness of the disk as a function of radius
in our models is fully parameterized by β and H100, see
Eq. (3). This approach has an advantage that different geom-
etry structures (i.e., different combinations of β and H100)
can be explored in a flexible way. Therefore, it is naturally
understood that we observe a similar trend of the IR excess
on β or H100 to the modeling results in which dust evolu-
tion is directly included. A consequence of dust evolution is
to lower either (or both) of these two parameters, and plays
an important role to shape the IR SED.

3.6 Criterion for diagnosing dust evolution

In the upper panel of Fig. 1, we draw the flux prediction
of a perfectly flat disk, see green dotted lines. It is charac-
terized by a power law with a slope of −4/3 (Dullemond
et al. 2007) and can be considered as an extreme case for
significant dust settling. We introduce a ratio Ψ to simply
diagnose the evidence for dust evolution. More specifically,
this ratio is derived by dividing the linearly interpolated flux
at 70 µm by the model 70 µm flux. The interpolation is per-
formed by using the data at 24 µm and 1.3 mm. The upper
diagram of Fig. 2 gives a sketch and the ratio is described
via Ψ = Flinear.70/Fmodel.70.

In general, Ψ increases as the settling proceeds until it
approaches to 1, which is the value for the perfectly flat disk.
We chose 24 µm as the lower limit of the wavelength for
the interpolation because the effect of settling on the SED
starts to be prominent at this point, see Fig. 1. For the upper
boundary, we used 1.3 mm (i.e., not any shorter wavelength)
due to the fact that millimeter photometry is a good probe for
the total dust mass since the disk becomes optically thin at
this wavelength regime. Including millimeter measurements
into the analysis highly reduces the possibility of a low dust
mass being the cause of weak IR excess, see the middle left
plot of Fig. 1.
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Fig. 2 Upper panel: An
illustration of the criterion used
to select disks with evidence for
dust evolution. The blue solid
line shows the SED of the
fiducial model. The green
square refers to a linear
interpolation at 70 µm
(Flinear.70) using model fluxes at
24 µm and 1.3 mm as
highlighted with black dots. The
model flux at 70 µm (Fmodel.70)
is shown as a black square. The
ratio is defined as
Ψ = Flinear.70/Fmodel.70. Lower
panel: The range of Ψ as a
function of H100 and β obtained
from analyzing all the models in
our grid. The blue dots mark the
position of the fiducial model.
The horizontal lines shows
Ψ = 0.6, which is the suggested
value used to select the
promising candidates

We calculated Ψ for all the 4200 models in the grid and
derived its range as a function of β or H100. The result is
shown in the lower panel of Fig. 2. It is clear to see that the
maximum value of Ψ in each bin increases with decreasing
β or H100, i.e., with dust settling, supporting the idea that Ψ

can be used as a diagnosis of dust evolution. As indicated in
Table 1, the model grid is a result of different combinations
of all the parameters. For instance, there are models with a
small β but with a very large H100, and vice versa. So we
also have small Ψ s with little flaring or with a thin disk. The
horizontal dashed lines refer to Ψ = 0.6, which is for the
T Tauri star DoAr 33. In Liu et al. (2012), we conducted
a detailed SED modeling for this object. We found that if
dust and gas are well-mixed (i.e., no dust settling), models
with β and H100 as low as β ∼ 1.05 and H100 ∼ 5.5 AU
still overpredict the far-IR flux, which is strong evidence for
dust evolution in its disk. Therefore, we believe that Ψ = 0.6
is a good threshold to determine whether the effect of dust
settling on the appearance of the SED becomes significant.
This is also a value that can be achieved only by models with

small flaring indices or scale heights, see the lower panel of
Fig. 2.

3.7 Gap formation as the dominant reason for weak
far-IR excess?

Meeus et al. (2001) introduced a classification scheme of
Herbig Ae/Be stars based on the shape of the mid- to far-IR
continuum. A source was classified as “group II” when the
continuum follows a power-law profile and “group I” when
an additional cold component is present on the top of the
power-law continuum. These two categories were originally
thought to represent a difference in disk morphology. Group
I sources have flared disks while the disk around group II
sources is flat or self-shadowed. From an evolutionary point
of view, group II sources were proposed to be an evolved
version of group I sources due to dust coagulation, growth
and settlement (e.g., Dullemond and Dominik 2004).

Our understanding of disk evolution, in particular for
Herbig Ae/Be disks, is rapidly changing. Recent high-
resolution imaging shows that many group I sources have
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Fig. 3 SED visualization showing the impact of gap or cavity opening
on the IR SED. For the gapped disk (left panel), the configuration con-
sists of an inner disk (0.07 ≤ R ≤ 1 AU), a gap (1 AU < R < Rgap.out)
and an outer disk (R ≥ Rgap.out). For the cavity scenario (right panel),

there is a central hole with a radius of Rcavity in the disk. Other param-
eters not listed in the plot, such as β , H100 and Mdust, are identical to
the fiducial values

a disk with large (tens of AU) gaps or cavities while group
II disks are gapless (e.g., Maaskant et al. 2013; Menu et al.
2015; Garufi et al. 2017). As a result, Maaskant et al. (2013)
suggested a new evolutionary scenario in which group I and
group II sources are different successors of a common an-
cestor: a primordial flared disk. The two groups represent
different pathways in the evolution of disks. Gap forma-
tion has proceeded the collapse of the outer disk in group I
sources whereas dust growth and settling drive the evolution
of the outer disk into a flat geometry in group II sources.

The direct consequence of gap opening is to remove dust
grains inside the gap, which in turn reduces the excess emis-
sion at a wavelength range depending on the size and loca-
tion of the gap. Therefore, whether gap formation can be the
dominant mechanism for the diminished far-IR (in particu-
lar at 70 µm) excess should be discussed, although there is
probably a trend that in general group II disks have lower
far-IR flux than group I sources, see Fig. 5 in Garufi et al.
(2017).

We investigated the effects of gap (or cavity) opening on
the far-IR SED with a small parameter study. The result is
shown in Fig. 3. The left panel refers to the gapped disk,
where the configuration consists of an inner disk (0.07 ≤
R ≤ 1 AU), a gap (1 < R < Rgap.out) and an outer disk
(R ≥ Rgap.out). For the cavity scenario which we show in
the right panel, the disk has a central hole with a radius
of Rcavity. We explored Rgap.out and Rcavity and found that
their effects on the SED are pronounced at near- and mid-
IR wavelengths. This suggests that gap (or cavity) opening
may be a less important factor to influence the far-IR ex-
cess compared to the role of dust growth and settling for T
Tauri disks. On one hand, disks are born in different flavors
in terms of size, mass, host stellar properties and etc. On

the other hand, gap (or cavity) opening and dust settling are
more likely to work together during the evolution of disks.
Therefore, a thorough parameter study based on a more re-
alistic model is required to clarify the issue, which is beyond
the scope of this paper.

4 Application of the criterion

Based on a grid of radiative transfer models, we have inves-
tigated the effect of dust evolution on the overall shape of IR
SED and proposed a simple criterion for selecting candidate
disks with evidence for dust evolution. In this section, we
apply the criterion to real targets and test its applicability.

4.1 The Taurus molecular cloud

As illustrated in Fig. 2, the criterion requires the object be-
ing detected at 24 µm, 70 µm and 1.3 mm simultaneously.
These photometry can be obtained by observations with the
Spitzer/MIPS, Herschel/PACS instruments and radio tele-
scopes. The Taurus molecular cloud is a nearby (∼140 pc),
young (1–2 Myr) star formation region with a low stellar
density (Reipurth 2008). Previous deep and wide coverage
surveys via various programs, such as the Taurus Spitzer
Survey (Padgett et al. 2008), have identified a robust and
effectively complete sample of class II disks (e.g., Rebull
et al. 2010). With the unprecedented capacity, the Herschel
space telescope brings a huge amount of far-IR data for Tau-
rus, which cannot be accessible before (Howard et al. 2013;
Bulger et al. 2014). These new observations together with
the (sub-)millimeter census of young stellar objects (YSOs)
in Taurus (e.g., Beckwith et al. 1990; Andrews et al. 2013)
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Table 2 Target properties

The data except for Ψ are
directly taken from Andrews
et al. (2013). The stellar masses
are derived by interpolating the
pre-main-sequence evolutionary
tracks given in Siess et al.
(2000)

Object name RA
(J2000)

DEC
(J2000)

SpT Teff
(K)

L�

(L�)
M�

(M�)
Av
(mag)

Ψ

BP Tau 04:19:15.8 +29:06:26.9 K7 4050 0.97 0.79 0.75 0.75

FZ Tau 04:32:31.7 +24:20:03.0 M0 3850 1.26 0.45 3.81 0.65

IRAS 04370+2559 04:40:08.0 +26:05:25.3 K6–M3.5 3778 0.90 0.32 10.65 0.93

J04155799+2746175 04:15:57.9 +27:46:17.5 M5.5 3058 0.08 0.10 1.38 1.0

make Taurus an ideal place to test the criterion in a sample
scale.

4.2 Taurus disks with evidence for dust evolution

Andrews et al. (2013) have built a catalog of 178 class II
disks that have a good wavelength coverage of data from
optical to millimeter regime. A complete SED atlas of these
objects can be found in appendix A of their paper. We an-
alyzed this sample and found 4 disks with Ψ ≥ 0.6. There
are two considerations in the analysis. First, we preferred
to use the Herschel/PACS 70 µm photometry when both the
Spitzer/MIPS and Herschel/PACS data at 70 µm are avail-
able, because the latter has a higher sensitivity. Secondly,
the diverse set of literature millimeter flux measurements
needs to be homogenized. For objects without photometry
at the “reference” wavelength (i.e., λ = 1.3 mm), we used
the available data at λ > 1.3 mm to generate a represen-
tative flux density from an extrapolation to the “reference”
wavelength. The extrapolation was done from a power-law
fit, where Fν ∝ να with α = 2.4 (Andrews et al. 2013). The
properties of the 4 candidates, for instance the stellar tem-
perature and luminosity, are listed in Table 2.

4.3 Full radiative transfer modeling of the SEDs

We performed thorough SED modeling for the four disks
in order to check whether dust evolution is indeed required
to explain the data. A well-mixed disk model that is de-
scribed in Sect. 2.1 was first used to reproduce the observed
SEDs. This model has a parameter space of {Rin, Mdust, α,
β , H100}.

Then, we introduced a settled disk model to take the ef-
fect of dust evolution into account. Detailed assumptions for
this kind of model can be found in Liu et al. (2012). Here,
we briefly describe the setup. We used two dust populations,
i.e., a small dust population (amax = 0.25 µm) and a large
dust population (amax = 1 mm). The large dust grains are
distributed at a lower scale height (i.e., closer to the disk
midplane) than that of the small grain population:

hsmall = H100

(
R

100 AU

)β

(5)

hlarge = hsmall/Hratio. (6)

The dust-to-gas mass ratios are assumed different between
the two grain populations. This is to mimic grain growth and
settling by moving mass from the small grain population to
the midplane. A parameter

ε = ζsmall

ζISM
(7)

is used to quantify the depletion degree of the small dust
grains relative to the standard dust-to-gas ratio of the ISM
(D’Alessio et al. 2006), where ζISM = 0.01 and ζsmall is the
dust-to-gas mass ratio in the small dust grain population.
The settled disk model has a parameter space of {Rin, Mdust,
α, β , H100, Hratio, ε}.

Simulated annealing (SA), a versatile optimization tech-
nique based on the Metropolis-Hastings algorithm, was in-
voked to search for the best fit (Kirkpatrick et al. 1983).
Details about the implementation of SA for SED modeling
are given in the appendix of Liu et al. (2012). The disk in-
clination was fixed to 30◦ within the fitting loop because
a constraint on this parameter is mostly from spatially re-
solved observations. The best fit models are shown in Fig. 4,
whereas Table 3 lists the corresponding parameter sets. For
convenience, we designate the well-mixed and settled disk
models with a uppercase “W” and “S”, respectively. The
full radiative transfer analysis indicates that the well-mixed
model overpredicts the far-IR photometry for all the targets
while an inclusion of dust evolution into the modeling highly
improves the interpretation of the data. This feature is simi-
lar to what we found for DoAr 33 and directly demonstrates
the applicability of our simple criterion proposed for select-
ing disks with evidence for dust evolution. These promising
candidates deserve follow-up observations, especially high-
resolution imaging at (sub)millimeter wavelengths, to unveil
their structure and evolutionary stage.

5 Summary

Dust growth and settling are considered as the first step
towards planet formation in protoplanetary disks. Detailed
analysis of a homogeneous sample of disks, which have
signs of dust evolution, is the key to reveal the initial con-
ditions for planet formation and understand how the forma-
tion of planets relates to disk evolution. Selecting a large
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Fig. 4 Best-fit models of the
4 Taurus disks using the
well-mixed (W1, W2, W3, W4;
solid lines) and settled disk
model (S1, S2, S3, S4; dashed
lines). The red dots depict the
photometric measurements
whereas the blue triangles
represent a upper limit of flux
density. The gray dotted lines
mark the contribution of the
central star to the total flux of
the system. Error bars for the
photometry are shown if they
are larger than the symbol. Flux
densities at different
wavelengths are from Andrews
et al. (2013), Howard et al.
(2013), Bulger et al. (2014) and
references therein

Table 3 The parameter sets of
the SED models shown in Fig. 4 Parameter Model

W1 S1 W2 S2 W3 S3 W4 S4

Rin [AU] 0.07 0.08 0.20 0.18 0.21 0.21 0.02 0.02

Mdust [10−5 M�] 7.00 10.0 3.00 4.2 10.0 17.5 10.0 15.0

α 2.15 2.14 2.05 2.06 2.20 2.09 2.05 2.06

β 1.15 1.16 1.05 1.04 1.20 1.18 1.05 1.06

H100 [AU] 15.0 20.5 12.5 12.6 10.0 10.2 12.5 13.5

Hratio 1.0 2.5 1.0 2.4 1.0 5.3 1.0 1.9

ε 1.0 0.19 1.0 0.74 1.0 0.37 1.0 0.45

i [◦] 30 30 30 30 30 30 30 30

sample of disks with evidence for dust evolution helps to
guide future observations, but it is a computationally expen-
sive task since it requires a full radiative transfer modeling
of the available observations, e.g., the SED.

Dust growth and settling can flatten or attenuate the disk,
which alters the optical appearance of the disk and in turn in-
fluences the IR excess emission. Using a flared disk model,
we conducted a large parameter study to investigate these
effects. We found that the disk geometry parameters (i.e.,
flaring index and scale height) can be used to mimic the ef-
fect of dust evolution on the SED in an indirect but simple
way. Varying these two parameters has a similar impact on
the IR SED as compared to the simulation results in which
dust evolution is directly taken into account. Dust thermal

emission at IR in particular far-IR wavelengths decreases
with low flaring indices or scale heights. Based on a statistic
analysis of all the models in our grid, we introduced a ratio
Ψ to diagnose the signs of dust evolution. The ratio is de-
fined by dividing a linearly interpolated flux at 70 µm by the
observed 70 µm photometry. The interpolation makes use of
the data at 24 µm and 1.3 mm. We selected four promising
candidates from 178 Taurus class II disks with a criterion of
Ψ ≥ 0.6. A thorough SED modeling for these four targets
demonstrates the applicability of the criterion. Our simple
criterion has a clear advantage that it does not require a full
radiative transfer analysis of the SED, which benefits large
sample studies a lot.
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