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ABSTRACT

Recent results indicate that the grain size and crystallinity inferred from observations of silicate features may be
correlated with the spectral type of the central star and/or disk geometry. In this paper, we show that grain size, as
probed by the 10 �m silicate feature peak-to-continuum and 11.3 to 9.8 �m flux ratios, is inversely proportional to
log L?. These trends can be understood using a simple two-layer disk model for passive irradiated flaring disks,
CGPLUS.We find that the radius, R10, of the 10 �m silicate emission zone in the disk goes as (L? /L�)

0.56, with slight
variations depending on disk geometry (flaring angle and inner disk radius). The observed correlations, combined with
simulated emission spectra of olivine and pyroxene mixtures, imply a dependence of grain size on luminosity. Com-
bined with the fact thatR10 is smaller for less luminous stars, this implies that the apparent grain size of the emitting dust
is larger for low-luminosity sources. In contrast, our models suggest that the crystallinity is only marginally affected,
because for increasing luminosity, the zone for thermal annealing (assumed to be at T > 800 K) is enlarged by roughly
the same factor as the silicate emission zone. The observed crystallinity is affected by disk geometry, however, with in-
creased crystallinity in flat disks. The apparent crystallinity may also increase with grain growth due to a corresponding
increase in contrast between crystalline and amorphous silicate emission bands.

Subject headinggs: circumstellar matter — infrared: ISM — ISM: lines and bands —
planetary systems: protoplanetary disks — stars: formation — stars: preYmain-sequence

1. INTRODUCTION

Silicate emission features from circumstellar disks have now
been observed toward large samples of young stars, ranging from
substellarmass browndwarfs toHerbigAe/Be (hereafterHAEBE)
stars up to 10 times themass of the Sun (see, e.g., Bouwman et al.
2001; van Boekel et al. 2003, 2005; Kessler-Silacci et al. 2005,
2006; Apai et al. 2005). Themost commonly observed silicates are
amorphous olivines and pyroxenes and their crystalline, Mg-rich
forms, enstatite (MgSiO3) and forsterite (Mg2SiO4). For amor-
phous olivine and pyroxene, the features due to distinct stretching
or bending modes of the silicon-oxygen bonds are blended into
two broad features near 9.8 �m (stretch) and 18 �m (bend). In
addition to providing information about the grain composition
and crystallinity, silicate features have been used to probe the
grain size (van Boekel et al. 2003; Kessler-Silacci et al. 2006).
Since the silicate emission features arise from the optically thin
surface layer of the disks and larger grains are expected to settle
to the disk midplane, the grain size and crystallinity indicated by
these features apply primarily to the smallest grains in the disk.

Studies of silicate emission features around HAEBE stars and
comets (Wooden 2002) indicated that mature disks and comets
had silicate emission features characteristic of up to 30% crystal-
line silicates, while much lower crystallinity was observed toward

many young disks (Bouwman et al. 2001) and embedded objects
(Bowey et al. 1998; Whittet & Tielens 1997) and through the in-
terstellar medium (ISM) toward the galactic center (Kemper
et al. 2004, 2005). This suggests an evolutionary trend in which
amorphous silicates from the ISM are crystallizedwithin circum-
stellar disks. Indeed, the types of silicate features observed seem
to support this scenario. VanBoekel et al. (2005) found that sources
showing large mass fractions of crystalline silicates also possessed
higher mass fractions of large grains, suggesting that crystallinity
is somehow related to grain coagulation in disks—this is not nec-
essarily a causal relationship. For disks around substellar mass
stars, the spectra of flat disks, in which dust coagulation and
settling have resulted in smaller flaring angles, often show higher
crystallinity and larger grain sizes than those of more flared disks
(Apai et al. 2005). In addition, Kessler-Silacci et al. (2006) show
that the grain size indicated by the 10 �m feature is larger for
disks aroundM stars than for disks around A/B stars, which they
interpret as an indication that the silicate feature probes different
regions of the disk depending on stellar luminosity.
In order to examine the physical processes responsible for these

trends, we use a two-layer diskmodel to trace the silicate emission
zones for a range of stellar masses from 0.003 to 7 M�. The re-
lationship between observed silicate emission feature character-
istics and stellar luminosity is described in x 2. The disk models
are described in x 3. Finally, in x 4, the results and implications
are discussed.

2. SILICATE EMISSION FEATURES, GRAIN SIZE,
AND STELLAR LUMINOSITY

The connection between silicate emission strength and shape
was first noted byvanBoekel et al. (2003) for a sample of HAEBE
stars and has now been seen for a number of sources, including
HAEBE stars, T Tauri stars, and, more recently, a small sample
of brown dwarfs (Przygodda et al. 2003; Kessler-Silacci et al.
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2005, 2006; Apai et al. 2005). These results are shown in Figure 1,
with the addition of �40 new sources more recently observed
by Olofsson et al. (J. 2007, in preparation) as part of the From
Molecular Cores to Planet-Forming Disks (c2d) Spitzer Legacy
program (Evans et al. 2003), including nine brown dwarf candi-
dates selected from Allers et al. (2006). As shown in van Boekel
et al. (2003) andKessler-Silacci et al. (2005), the flattening of the
observed shape, indicated by the 11.3 to 9.8�mflux ratio (S11.3/S9.8),
and the decrease in the observed strength (S

10 �m
peak ) of the silicate

features can be tied to increases in the amorphous olivine/pyroxene
grain sizes, such that grain size increases from the bottom right to
the top left of Figure 1. Crystalline forsterite and/or polycyclic
aromatic hydrocarbon (PAH) emission can result in increased flux
near 11.3 �m and therefore cause a deviation from this trend (see

also Kessler-Silacci et al. 2006). In particular, spectra with
(S11:3 /S9:8)/S

10 �m
peak >1:0Y1.1 (approximately 1/5Y1/3 of the sample

shown in Fig. 1) cannot be explained with models of pure amor-
phous silicates. Overlaid in Figure 1 are parameters calculated from
modeled spectra of pure olivine and olivine-pyroxene (75%:25%)
mixtures for filled homogeneous spheres (using Mie theory) or
distributions of hollow spheres (DHS;Min et al. 2005), represent-
ing porous grains). The olivine-pyroxene mixtures correspond
well to the observed trend.

Figure 1 shows a trend in which the disks around the lowest
luminosity brown dwarfs have larger grain sizes than those around
T Tauri or HAEBE stars. This ismademore apparent in Figure 2a,
where we plot the grain size parameter versus the logarithm of
the stellar luminosity for the same sample as shown in Figure 1.
Indeed, although the exact relationship between grain size and
(S11:3 /S9:8)/S

10 �m
peak may vary depending on the grain composition

and/or shape (Fig. 2b), there appears to be an inverse correlation
between the grain size parameter and the stellar luminosity. Brown
dwarfs have larger (S11:3 /S9:8)/S

10 �m
peak than T Tauri stars, which

have larger (S11:3 /S9:8)/S
10 �m
peak than HAEBE stars, and although

there is a large degree of scatter, the correlation is significant, with
a >97% probability that x and y are correlated and all data lie
within 2 � of the fitted trend. Kessler-Silacci et al. (2006) postu-
lated that the observed relationship between grain size and spec-
tral type could be explained if the silicate features probed different
distances from the star, probing smaller grains located farther out
in the disks around more luminous stars.

Using the relation between (S11:3 /S9:8)/S
10 �m
peak and log L? from

observations in Figure 2a and the (S11:3 /S9:8)/S
10 �m
peak and grain

size from modeled spectra in Figure 2b, one can determine a rela-
tionship between grain size and luminosity, shown in Figure 2c.
The feature strength and shape for a particular grain size can be
quite different for different grain compositions and/or shapes
(Fig. 2b; Kessler-Silacci et al. 2006). This in turn affects the
precise relationship between grain size and stellar luminosity
(Fig. 2c). In particular, the DHS models show stronger features
than the Mie models for the same grain size, and thus for low-
luminosity stars, theDHSmodels require grain sizes that aremuch
larger (�20 �m) to produce the weak features. Nevertheless, the
conclusion that apparent grain size is inversely proportional to
luminosity is robust for all reasonable grain models.

3. MODELS OF THE SILICATE EMISSION ZONE

In order to understand possible physical explanations for the
correlation shown in Figure 2a, we model the disks around a set

Fig. 1.—Silicate 10 �m feature strength vs. shape. Green squares represent
brown dwarfs with M? < 75 MJ. Peaked silicate features show up toward the
right of the plot, and flat features show up toward the left. Blue squares rep-
resent low-mass stars with M? > 75 MJ. Red triangles represent HAEBE stars.
Filled symbols represent data from the Spitzer c2d sample. Open symbols are
from van Boekel et al. (2003), Przygodda et al. (2003), Kessler-Silacci et al.
(2005), and Apai et al. (2005). The black line denotes a fit to the points with
y < 1:1; y ¼ �(0:18 � 0:02)xþ (1:23 � 0:03), with r ¼ �0:77, indicating a
probability of >99.05% that x and y are correlated. Models of pyroxene and
olivine mixtures, treating the dust as filled homogeneous spheres (Mie) or dis-
tributions of hollow spheres (DHS) with grain sizes from 0.1Y20 �m (right to
left ), from Kessler-Silacci et al. (2006), are overlaid as dashed and dotted lines,
respectively.

Fig. 2.—(a) Grain size parameter vs. stellar luminosity. Symbols are as in Fig. 1. The black line denotes the correlation y ¼ �(0:05 � 0:02)xþ (0:61 � 0:02), with
r ¼ �0:23, indicating a probability of >97% that x and y are correlated. (b) Models of grain mixtures (as in Fig. 1) relating the grain size to (S11:3 /S9:8)/S

10 �m
peak . (c) Models

relating log (L? /L�) to grain size, using the relation derived from (a) applied to the models in (b). Line types are the same as in (b).
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of stars ranging from�10�4 to 104 L� to better identify how the
silicate emission zone—the portion of the disk contributing to the
10 �m feature—changes as a function of the stellar luminosity.
Weuse the two-layermodel of Dullemond et al. (2001; CGPLUS),
which is based onwork byChiang&Goldreich (1997) andChiang
et al. (2001). This model assumes vertical hydrostatic equilibrium,
resulting in a flared disk structure. Directly illuminated dust grains
in the optically thin surface layer reradiate half of the energy ab-
sorbed from the central star down into the disk interior and thus
regulate the interior disk temperature. The other half is emitted
away from the disk and can be observed as optically thin emis-
sion from the disk (e.g., emission features). We employ a new
version of CGPLUS in which the originally vertical blackbody
puffed-up inner dust wall model is replaced by a smoothly rising
disk height from H ¼ 0 at the dust evaporation radius to H ¼
kTmidR

3 /�mpGM?

� �
1/2

at a�20% larger radius, where Tmid is the
midplane temperature at radius R, � is the gas mean molecular
weight, andmp is the mass of a proton (see Calvet et al. 2002 for
a description of this method to mimic a rounded-off inner dust
rim). The location of the inner rim of the disk is determined by
the dust sublimation temperature (typically 900Y1600 K for sil-
icates, assumed here to be 1500 K, as found by Duschl et al.
1996). The inner radius is set to R? if the dust sublimation tem-
perature is not reached. Opacities used in CGPLUS are from Laor
& Draine (1993) for mixtures of 0.1 �m sized spherical amor-
phous olivine and crystalline graphite grains.

To enable comparison between the models, the disk mass is as-
sumed to be a simple function of the stellar mass,Mdisk ¼ 0:03M?.
UsingMdisk / M 2

?
might be a better assumption (Hueso&Guillot

2005; Dullemond et al. 2006), but has a very small effect (an offset
of <0.02 AU) on the radius of the silicate emission zone.
Stellar luminosities, masses and surface gravities are related us-
ing the preYmain-sequence evolutionary tracks of Baraffe et al.
(1998, 2003) for L? ¼ 0:0002Y0.5 L� and Siess et al. (2000) for
L? ¼ 0:1Y2000 L�. To check consistency, both models are used
from L? ¼ 0:1 to 0.5 L�, and we find no discontinuities in the

overlapping region (see Fig. 3). The outer radius of the disk corre-
sponds to where gas would no longer be bound to the star (0.2rg,
where rg ¼ GM?�mp /kT ; see, e.g., Dullemond et al. 2007). The
disk surface density is described as � ¼ �0(R/1 AU)�, where R
is the radial distance from the star, �0 is a constant set by the disk
mass, and � ¼ �1 for all disks. Because we extend the disk out to
the radius where the gas becomes unbound, the disk in these outer
regions will be very geometrically thick. This makes it difficult to
explore inclination effects using the simple two-layer model, and
true two- or three-dimensional disk models are beyond the scope
of this paper. Instead, we always assume that the disk is face-on
(i ¼ 0

�
) in ourmodels. However, variations in the inclination angle

could contribute to the scatter shown in Figure 2a, with higher
inclinations resulting in decreased 10 �m feature strength.
CGPLUS produces both spectral energy distributions and im-

ages at each wavelength for each model. In order to evaluate the
10�memission zone, we calculate the radially integrated cumula-
tive flux of the 10�memission image.The 10�memission zone is
then defined as the radial zone where the cumulative flux reaches
20%Y80%of the total 10�memission. Figure 3a shows the 10�m
emission zone ( yellow region) for the resulting models. The loca-
tion of the zone increases roughly as R10 ¼ 0:35 AU(L? /L�)

0:56.
This relationship can be easily approximated under the assump-
tion of equilibriumbetween the absorbed and emitted energy (e.g.,
Backman & Paresce 1993, eqs. [1] and [2]), with the simplifying
assumptions that (1) the emission is coming from an optically
thin region of the disk, (2) only a narrow range of temperatures
is probed at 10 �m, and (3) the grains absorb to first order as
blackbodies. The resulting distance between the illuminating star
and the emitting grains is R / L0:5, which is very similar to the
relation found here.
The silicate emission therefore arises from very different re-

gions in disks around brown dwarfs (R10 � 0:001Y0.1 AU) than
in disks around HAEBE stars (R10 � 0:5Y50 AU). It is likely
that the conditions in these disks, and thus properties of the sili-
cates, are very different at these radii. We now use some simple

Fig. 3.—Radius probed by 10 �m feature as a function of stellar luminosity. (a) The yellow region shows the radii contributing 20%Y80% of the 10 �m emission for
flared disks. (b) The additional blue horizontal striped and green vertical striped regions show the same for flat disks and flared disks with inner radii 3 times larger than the
dust sublimation radius, respectively. In both panels, the black dotted and red dashed lines show the radii corresponding to T ¼ 1500 and 800 K, above which temperature
silicates will sublimate and crystallize via annealing, respectively. The vertical black dashed lines show the luminosities corresponding to grain sizes of 3, 4, 6, and 10 �m
for the grain size vs. stellar luminosity trend in Fig. 2c. The horizontal black dashed lines show the radii corresponding to those luminosities, using the relationship shown
by the filled regions, log R ¼ �0:45þ 0:56 log (L? /L�).
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approximations to qualitatively indicate how radial conditions can
affect the silicate properties (grain size and crystallinity) that are
probed with the 10 �m features.

3.1. Effects of Radial Conditions on Grain Size

Figure 2a shows that the grain sizes interpreted from observa-
tions of the 10 �m feature appear to be related to the stellar lu-
minosity (see also Kessler-Silacci et al. 2006). To simplify, we
attempt to explain the observed trends using Ansatz that the grain
size distribution with radius is the same in all disks and that only
the silicate emission region changes. We are aware that this may
not be quite realistic, but coagulation is at present insufficiently
understood (see, e.g., Dominik et al. [2007] for review) and we
therefore wish to study—in isolation—the effect of the radial
location of the silicate emission zone on the observed grain sizes.

The grain size distribution versus luminosity deduced from ob-
servations and shown in Figure 2c has been used to infer the effect
of radial conditions ongrain size. The relation for theDHSolivene-
pyroxene mixture has been adopted, since this model best rep-
resents the trend shown in Figure 1. Using themodeled variation,
the grain sizes of 3, 4, 6, and 10 �mwould correspond to the lu-
minosities shown as dashed vertical lines in Figure 3. Using the
modeled variation of the location of the silicate emission zonewith
stellar luminosity shown by the filled regions, we then calculate
the radii corresponding to those luminosities (dashed horizontal
lines). This results in grain sizes that decrease as a function of
disk radius, which seems reasonable, since coagulation and dust
settling processes are believed to occur more quickly at smaller
radii (see, e.g., Dullemond & Dominik 2005). Thus, this ‘‘reverse
modeling’’ shows that the observation that later type stars appear
to have larger grains (as deduced from their spectra) might be due,
at least in part, to the fact that grains are expected to be bigger at
smaller radial position in the disk.

The example presented above indicates how stellar luminosity
and the corresponding location of the 10 �m silicate emission
zone might affect the grain size deduced from silicate emission
features. However simple, this example illustrates that the loca-
tion of the silicate emission zone depends on stellar luminosity.
This effect cannot be ignored when one seeks to interpret the grain
sizes derived from silicate emission features in terms of grain
growth in the disk as a whole.

3.2. Effects of Radial Conditions on Crystallinity

Although crystalline silicates have been observed in disks
aroundHAEBE stars, T Tauri stars, and brown dwarfs, themech-
anism for conversion from the primarily amorphous ISM silicates
is not completely understood. Spatially resolved mid-IR interfer-
ometry of disks around HAEBE stars (van Boekel et al. 2004)
indicate that the crystallinity ismuch higher at small radii (<2AU)
than in the outer disk. This result supports the theory of crys-
tallization via annealing at high temperatures in the inner disk,
followed by transport to larger radii. In this case, the amount of
crystalline silicates present in the 10 �m emission zone is a func-
tion of both the radial location of the zone and the timescale for
radial mixing.

To understand the effects of probing different radii on the ob-
served 10 �m crystallinity, we plot in Figure 3a the radii corre-
sponding to Ts ¼ 800 K, the minimum temperature required for
annealing amorphous olivine (Duschl et al. 1996; Gail 1998). If
crystallization is occurring primarily through annealing, then we
would expect dust to be crystallized at radii equal to or smaller
than the dashed red line in Figure 3a. As the 10 �m emission

arises from the disk surface layer, we use only the temperature of
the surface layer to calculate the region. For simplicity, the de-
fault version of the CGPLUS model, with a single small grain
size throughout the disk, is used in these calculations.

Although the 10 �m emission zone moves to larger radii for
HAEBE stars with respect to brown dwarfs, the crystallization
zone also expands to include larger radii; more luminous stars
can heat dust farther out in the disk. Thus, we expect the percent-
age of crystalline silicates emitting at 10 �m to be nearly indepen-
dent of the luminosity of the central object. There does appear to
be a small increase in Rcryst /R10 with increasing stellar luminosity,
however, such that we might expect to observe more crystalline
silicates from HAEBE star disks than brown dwarf disks. In con-
trast, observations show that crystallinities can be quite large in
disks around brown dwarfs (Apai et al. 2005; Merı́n et al. 2006).
This difference could be explained by accretion,whichwould result
in viscous heating of the midplane of the inner disk, thus leading
to additional crystallization at smaller radii. In addition, the de-
gree of crystallinity in these disks could be affected by the pres-
ence of additional crystallization methods or the effectiveness of
radial mixing, which are not considered here. Overall, the model
predicts nearly constant crystallinity as a function of luminosity.

3.3. Effects of Disk Geometry

Because disk geometry affects the incidence of stellar light
onto the surface of the disk, it should also affect the absorption
and resulting emission of this light via the 10 �m feature. The ef-
fects of disk geometry are shown in Figure 3b. The yellow region
shows the 10 �m emission zone for models of flared disks, as in
Figure 3a.

The blue horizontal striped region shows the 10 �m emission
zone as calculated for models of flat disks, possibly resulting from
dust settling, with otherwise the same parameters as the flared
disks. The flaring angle of the disk determines the angle at which
the stellar radiation penetrates the disk surface. Since the radia-
tion only penetrates to � ¼ 1 (along the line of sight), the true
(vertical ) depth decreases with the incidence angle � as sin �. So
for a flat disk (with a steep drop-off of �with radius), the depth at
which the stellar radiation heats the disk decreases very steeply
with radius. This means that the amount of matter contributing
to the 10 �m feature also decreases much faster as a function of
radius for a flat disk than for a flared disk. So the 10 �m feature
from a flat disk is dominated by emission from shorter radii, while
the feature from a flared disk also includes emission that is spread
out over a larger portion of the disk. With our prescriptions for
grain size and crystallinity, this means that the 10 �m emission
from flat disks would probe predominantly smaller radii, with
larger and slightly more crystalline silicates, as seen in Apai et al.
(2005).

The green vertical striped region in Figure 3b shows the 10�m
emission zone for models of flared disks with inner radii that
are larger than the dust sublimation radius. By moving the inner
radius of the disk outward, we simulate the effect of clearing the
inner disk, e.g., by a planet or photoevaporation. Models of this
type successfully reproduce spectral energy distributions observed
for several T Tauri star disks, such asGMAur, DMTau, andCoKu
Tau 4 (Calvet et al. 2005; Forrest et al. 2004;D’Alessio et al. 2005).
As seen in Figure 3b, the addition of an inner hole in these mod-
els means that the 10 �m emission is now probing larger radii
(especially for low-luminosity stars).

As shown in Figure 3b, the disk geometry (flaring angle and
inner holes) can affect the radial location of the 10 �m emis-
sion zone. The presence of a variety of disk geometries could
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contribute to the observed scatter in the trend noted in Figure 2,
while preserving the overall correlation with L?, as observed.

4. DISCUSSION AND IMPLICATIONS

In this paper we have demonstrated that the region of a proto-
planetary disk that is probed by 10 �m silicate emission features
is related to the luminosity of the central object; specifically, the
10 �m emission zone is at larger radii for disks around more lu-
minous stars, R10 ¼ 0:35 AU(L? /L�)

0:56. As a result, the grain
sizes inferred from observations of silicate emission features may
reflect the location of the silicate emission zone more than the
properties of the bulk silicate dust in the observed disk. If the
grain size is a function of the radius in the disk (as shown here by
extrapolating from the observed feature shape/strength vs. lumi-
nosity and the modeled grain size vs. shape/strength relations),
then the correlation of grain size with stellar type seen in the sam-
ple of Kessler-Silacci et al. (2006) and the generally large grain
sizes inferred from observations of dust around very low mass
stars by Apai et al. (2005) may be related directly to the location
of the 10 �m emission zone in these disks. In addition, the 10 �m
emission zone can vary with disk geometry (flaring angle and
inner disk radius), which may result in deviations from the trend
for individual objects.

The amount of crystalline silicates contributing to the observed
10 �m feature, if primarily dependent on the disk temperature,
would not be strongly affected by stellar luminosity, as both the
crystallization region and the 10 �m emission zone increase in
size with increasing L?. However, if the grain size is a function of
radial position in the disk, then the apparent crystallinity inferred
from the 10 �m feature may be affected, because the contribution

to the spectrum from amorphous silicates diminishesmore strongly
with grain growth (0.1Y10 �m) than does that from crystalline
silicates (cf. Kessler-Silacci et al. 2006, their Figs. 6Y8). This ef-
fect may contribute to the large crystallinities seen toward brown
dwarfs (Apai et al. 2005; Merı́n et al. 2006) and the restriction
of significant crystalline mass fractions (>15%) to those HAEBE
disks that also possess >80% big (1.5 �m) grains by mass (van
Boekel et al. 2005).
The relationship of the location of the 10 �m emission zone

with stellar luminosity and disk geometry demonstrated here will
also affect studies of correlations of silicate properties (as deduced
from silicate emission features) with stellar parameters, age, and
disk evolution. In particular, relationships of grain properties with
disk/stellar evolution or age are difficult, as the stellar luminosity
and disk geometry are expected to change with evolutionary state
of the system and both are shown here to affect the location of the
10 �m emission zone. This study indicates the necessity for care-
ful modeling of disks in order to deconvolve the effects of vari-
ations in the 10�memission zone and true changes in silicate dust
properties.
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