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ABSTRACT

We announce the discovery of SST-Lup3-1, a very low mass star close to the brown dwarf boundary in Lupus III
with a circum(sub)stellar disk, discovered by the ‘‘Cores to Disks’’ Spitzer Legacy Program from mid-infrared, with
very conspicuous crystalline silicate features in its spectrum. It is the first of such objects with a full 5Y35 �m
spectrum taken with the IRS, and it shows strong 10 and 20 �m silicate features with high feature-to-continuum ratios
and clear crystalline features out to 33 �m. The dust in the disk upper layer has a crystalline silicate grain fraction
between 15% and 33%, depending on the assumed dust continuum. The availability of the full Spitzer infrared
spectrum allows an analysis of the dust composition as a function of temperature and position in the disk. The hot
(�300K) dust responsible for the 10�m feature consists of a roughly equal mix of small (�0.1�m) and large (�1.5�m)
grains, whereas the cold (�70 K) dust responsible for the longer wavelength silicate features contains primarily large
grains (>1 �m). Since the cold dust emission arises from deeper layers in the inner (<3 AU) disk as well as from the
surface layers of the outer (3Y5AU) disk, this provides direct evidence for combined grain growth and settling in the disk.
The inferred crystalline mass fractions in the two components are comparable. Since only the inner 0.02 AU of the disk is
warm enough to anneal the amorphous silicate grains, even the lowest fraction of 15% of crystalline material requires
either very efficient mixing or other formation mechanisms.

Subject headinggs: circumstellar matter — stars: individual (SST-Lup3-1) — stars: low-mass, brown dwarfs

Online material: color figures

1. INTRODUCTION

Ground-based observations of young brown dwarfs in star-
forming clouds have shown the presence of significant infrared
(IR) excesses (e.g., Comerón et al. 2000; Jayawardhana et al.
2003) and broad H� emission lines (e.g., Muzerolle et al. 2003;
Natta et al. 2004) suggestive of the presence of circum(sub)stellar
disks and accretion in these very low mass objects. Also, recent
ground-based mid-IR photometry has shown hints of grain growth
and dust settling from the silicate emission features of some of
these disks (Sterzik et al. 2004; Apai et al. 2004). Observations
with the Spitzer Space Telescope (Spitzer) permit the first detailed
studies of the geometry of such disks (e.g., Allers et al. 2006) and
of their silicates (e.g., Furlan et al. 2005), which provide inter-
esting comparisons with the dust evolution in disks around higher
mass T Tauri and Herbig Ae/Be stars.

It is known that the presence and intensity of amorphous silicate
features in T Tauri stars anticorrelates with the size of the grains in

the disk surface layers (Bouwman et al. 2001; van Boekel et al.
2003, 2005; Przygodda et al. 2003; Kessler-Silacci et al. 2006).
Apai et al. (2005) analyzed Spitzer spectra of the 10 �m silicate
feature of six brown dwarfs and very low mass stars with disks in
Chamaeleon I and found an anticorrelation between the crystal-
linity of the silicates and the degree of disk flaring, which suggests
an evolutionary process in which the disk flattens and the dust
crystallizes as the grains grow and settle to the diskmidplane. This
explanation, although very attractive, is based on observations of
only the 10�msilicate feature, with low peak-to-continuum ratios
and with spectra dominated by either crystalline or amorphous
features but not in combination.

In the present paper we announce the discovery of SST-Lup3-1,
a new, very lowmass star close to the brown dwarf boundarywith
a disk in the Lupus III dark cloud, and analyze the properties of its
disk from its spectral energy distribution (SED). Its Spitzer Infra-
red Spectrograph (IRS) spectrum over the entire 5Y35 �m range
shows strong amorphous and crystalline silicate emission features
and is presented and analyzed here to extract the mineralogical
composition of the dust in the disk.

2. TARGET SELECTION AND OBSERVATIONS

The ‘‘Cores to Disks’’ (c2d) Spitzer Legacy program (Evans
et al. 2003) has mapped five nearby large molecular clouds with
the Infrared Array Camera (IRAC) and the Multiband Imaging
Photometer for Spitzer (MIPS) at six wavelengths between 3.6
and 70 �m. Photometry was extracted for all point sources and
band merged with the Two Micron All Sky Survey (2MASS)
catalog. For more information, see the Delivery Documentation
of the c2d project (Evans et al. 2007). The area has also been sur-
veyed with the 2.2 m telescope of the European Southern Obser-
vatory (ESO) and theWide Field Imager (WFI) instrument in the
R, I, and z broadband filters to complement the Spitzer data and
study the very low mass stellar population (F. Comerón et al.
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2007, in preparation). Detailed descriptions of the observations of
Lupus by the c2d Team can be found in L. G. Mundy et al. (2007,
in preparation) for IRAC and in Chapman et al. (2006) for MIPS.

Using the band-merged catalog of the Lupus III dark cloud,
we have discovered a rich population of IR excess sources with
luminosities in the substellar domain according to the Baraffe
et al. (1998) pre-main-sequence tracks. Constructing their SEDs
with WFI RIz, 2MASS plus IRAC and MIPS fluxes from 0.6 to
70 �m, and comparing them with stellar emission models, we
find that some of the IR excesses at near- and mid-IRwavelengths
may be explained with the presence of circum(sub)stellar disks.
We selected one of them with optical and near-IR colors charac-
teristic of a late M-type dwarf, which could be observed with the
Spitzer IRS. The object, with coordinates R:A: ¼ 16h11m59:9s,
decl: ¼ �38

�
23037:500 (J2000.0), is named SSTc2d J161159.9�

382337.We name it SST-Lup3-1 following Comerón et al. (2003)
and nickname it Veronica’s star.

SST-Lup3-1 was observed with the IRS on board Spitzer on
2005 August 14, with AOR Key 0015737856, in both short-low
(SL) and long-low (LL) modules. The total wavelength cover-
age is 5Y35 �m, and the integration times were 120 and 620 s for
SL and LL, respectively. Data reduction started from the Basic
Calibrated Data images, pipeline version S12.4.0. The processing
includes bad pixel correction, extraction, defringing, and order
matching using the c2d analysis pipeline (Kessler-Silacci et al.
2006; Lahuis et al. 2006).

In addition, an optical spectrum of SST-Lup3-1 was obtained
with the EMMI instrument onESO’s NewTechnology Telescope.
The object was observed with the grism #6, which provides a
spectral resolving power of 1500 with the 100 slit, and with 9 min-
utes of integration time. The spectrumwas reduced using standard
IRAF tasks for extraction, wavelength calibration, and relative
flux calibration within the onedspec package. Relative flux cal-
ibration was performed by using the spectrum of the spectro-
photometric standard � Vir as a reference.

3. STELLAR PARAMETERS

Figure 1 shows the full optical spectrum of SST-Lup3-1 com-
pared to spectra of young M-type stars. It is clear that the object
belongs to an intermediate class between theM5 andM6 spectral

types, and that the moderate extinction toward the source makes
it resemble a colder M6.5 brown dwarf. The TiO band head ab-
sorptions at 6200, 7100, and 76008 (Kirkpatrick et al. 1991) and
the slope of the continuum around 75008were used for the spec-
tral typing after the extinction correction.
We subsequently used an improved version of the method by

Frasca et al. (2003) in which the spectrum is compared with a
grid of standard spectra of MYL dwarfs from Kirkpatrick et al.
(1991) with different extinctions to get the best fit to both param-
eters simultaneously. This yields a spectral type of M5.5 with an
error of less than 0.5 spectral subclasses and an extinction of
AV ¼ 2:2 mag. A similar analysis with the method by Guieu et al.
(2006), which uses instead an average of dwarf and giant MYL
field standards to better approach the emission of young stars,
yields a spectral type of M5.75 and AV ¼ 2:08 mag. The similar-
ity of these two results gives confidence in our determination of
the spectral type of the object.
The spectrum of SST-Lup3-1 shows H� (65638) in emission

with an equivalent width of 16.2 8. The profile is too narrow
(FWHM � 5 8) to be a signature of disk accretion and is most
likely related to chromospheric activity (White & Basri 2003;
Jayawardhana et al. 2002). However, its presence in the spectrum,
as well as in the other M6 and M6.5 young stars shown in the fig-
ure, indicates the youth of the object and confirms its membership
to the Lupus molecular cloud. The detection of the Li i absorption
line at 6708 8 with an equivalent width of 0.5 8 supports the
young nature of the object.
The SED of the object is constructed using the photometry in

Table 1 and compared with StarDusty stellar models (Allard et al.
2000). Following Luhman et al. (2003) a young M5.5 star has an
effective temperature of 3057K and intrinsic colorRc�Ic ¼ 1:88.
Given the observed Rc�Ic color of 2.00 we derive an extinction
from the optical photometry of AV ¼ 0:67 using the extinction law
of Rieke & Lebofsky (1985). The difference in the extinction de-
terminations from the optical photometry and spectrum is larger
than their uncertainties and cannot be due to the object having the
surface gravity of a giant or dwarf. However, it would disappear if
the star would have an M5 spectral type, in which case AV � 2,
consistent with the spectroscopic result. Possible reasons for this
discrepancy are the scatter in the intrinsic Rc�Ic colors of M-type
stars; that the object is variable at optical wavelengths, as seen in
other very low mass stars (Caballero et al. 2004); that it presents

Fig. 1.—NTT/EMMI optical spectrum of SST-Lup3-1 compared to spectra
of M4 (Gl 402) andM5 (GJ 1028) spectroscopic standards fromKirkpatrick et al.
(1991), and M6 (Sz 112) and M6.5 (Sz 109) young dwarfs in Lupus III from
Comerón et al. (2003). The thin line corresponds to a dereddened spectrum with
AV ¼ 2:2, and the dashed line is the observed spectrum. The upper inset shows
the Li i absorption line at 6708 8.

TABLE 1

Photometry of SST-Lup3-1

Band

k
(�m)

Magnitude

(mag)

Flux

(mJy) References

R ......................... 0.70 16.00 � 0.10 . . . 1

Rc ........................ 0.64 16.251 � 0.009 . . . 2

Ic ......................... 0.79 14.256 � 0.007 . . . 2

z .......................... 0.96 13.597 � 0.008 . . . 2

J2MASS................. 1.25 12.197 � 0.024 . . . 3

H2MASS ............... 1.62 11.511 � 0.026 . . . 3

K2MASS................ 2.20 11.204 � 0.023 . . . 3

IRAC-1............... 3.60 . . . 17.03 � 2.55 4

IRAC-2............... 4.50 . . . 14.60 � 2.19 4

IRAC-3............... 5.80 . . . 11.70 � 1.76 4

IRAC-4............... 8.00 . . . 12.90 � 1.94 4

MIPS-1............... 24.0 . . . 22.40 � 3.36 5

MIPS-2............... 70.0 . . . <50.00 6

References.—(1) DENIS catalog 2005; (2) F. Comerón et al. 2007 (in prepara-
tion); (3) Cutri et al. 2003; (4) L. G.Mundy et al. 2007 (in preparation); (5) Chapman
et al. 2006; (6) Young et al. 2005.
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bluer optical colors than those expected for its spectral type as in
Luhman et al. (1998); or that the standard interstellar extinction
law is not valid for the Lupus dark cloud.

The difference in extinctions introduces only small differences
in luminosity of 0.015 L� and age of 0.4 Myr, so it is not critical
for the subsequent analysis. We thus adopt an extinction value of
AV ¼ 0:7, which is consistent with all of the optical and near-
infrared photometry, and gives a luminosity of 0.081 L�, or
log L/L� ¼ �1:09, for an assumed distance toLupus III of 200 pc
(Comerón 2007). Together with the TeA of 3050 K, this gives an
age of �1Myr, a mass of 0.10M�, and a radius of 1.09 R� using
the Baraffe et al. (1998) isochrones.

4. DISK PARAMETERS

The aim of this work is to link the analysis of the SED, which
is related to the geometry of the disk, and the mid-infrared spec-
trum, which gives the mineralogical composition of the dust in
the upper disk layer. The problem has no unique solution because
the dust composition is commonly determined by subtracting the
disk continuum SED from the IRS spectrum, whereas the disk
geometry and the SED itself are determined partially by the dust
properties.A larger sample of�100 spectra of disk sourceswill be
analyzed with the same method (J. Olofsson et al. 2007, in prep-
aration); here we introduce the method and the relevant ranges of
disk and dust parameters for this specific object.

We have computed flared irradiated disk models with the
CGPLUS code (Dullemond et al. 2001) and flared irradiated
accretion disk models with the prescriptions of D’Alessio et al.
(2001, 2005) using the stellar parameters of SST-Lup3-1 as in-
puts for the central star. The dust compositions were chosen to
produce negligible silicate emission: pure carbon grains of in-
terstellar size in CGPLUS and large grains in the disk surface in
the D’Alessio et al. models. This provides possible disk continua
to subtract from the IRS spectrum assuming that the silicate fea-
tures in the spectrum are produced in an optically thin disk upper
layer. Amodel is considered a good fit for this analysis when it fits
the dereddened 2MASS and IRAC photometry, matches the IRS
spectrum shortward of 8 �m, and does not exceed it at longer
wavelengths. This yields a range of disk parameters that fulfill
that condition: the CGPLUS disk models give an upper limit to
the disk mass (gas plus dust with the usual ratio of 100 :1) of
10�7 M�, inclination angle i � 70� (90� being edge-on), and
Rdisk � 15 AU. The D’Alessio et al. models provide reasonable
fits for disk masses between 2 ; 10�4 and 0.018M�, inclinations
i � 30

�
, and Rdisk � 50 AU. The large difference in disk proper-

ties in the computed cases comes mostly from the different dust
opacities in the two sets of models; the D’Alessio et al. models
allow a range of maximum grain sizes from 1 �m to 10 cm, which
make the disk opacities low enough to get very small infrared
fluxes with larger disks than the CGPLUS models, which use the
dust opacity of astronomical carbon and silicate submicronYsized
grains (Dullemond et al. 2001). In any case, the quoted disk radii
and masses of these disk models are representative only of the
material probed by the IRS spectrum and therefore lower limits to
the actual values. Both sets of models produce flared disks with
H(R)/R / R0:2 and �(R) / R�1.

Figure 2 shows the SED of SST-Lup3-1 together with exam-
ple models, with properties conveniently chosen to explore the
range of reasonable continua for the subsequent analysis of the
IRS spectrum. The dot-dashed line corresponds the ‘‘low contin-
uum’’ model, a flared D’Alessio et al. (2001, 2005) disk model
with an outer disk radius of 10 AU, an inner radius of 0.01 AU
(3 times the stellar radius), a mass of 2:4 ; 10�4 M�, a mass ac-

cretion rate of 10�9 M� yr�1, a viscosity � ¼ 0:01, a maximum
grain size of 100 �m, and an inclination of 60�. It represents a
relatively massive disk with low dust opacities in this compari-
son. The dashed line is the ‘‘high continuum’’ model, an ex-
tremely low mass CGPLUS disk model with an outer radius of
15 AU, an inner radius of 0.06 AU (20 times the stellar radius),
a mass of 10�7 M�, and an inclination angle of 75

�
. More mas-

sive disks with these small dust grains rapidly produce larger
fluxes than those seen in the IRS spectrum. The inset shows a
blow-up of the IRS spectrum with both continua together with
the usual power-law fit to the continuum (as in Kessler-Silacci
et al. 2006) for comparison. Both disk models (very low mass
with very small dust particles or more massive but with large
dust particles) produce similar SEDs up to the mid-IR wave-
lengths but have very different shapes at long wavelengths. The
need for large grains or very small masses of small grains sug-
gests that some degree of dust grain growth and settling to the
midplane have taken place in the disk of SST-Lup3-1.

5. DUST COMPOSITION IN THE DISK

Figure 3 shows the IRS spectrum of SST-Lup3-1 from which
the disk models in Figure 2 have been subtracted. Both spec-
tra are then compared with the best-fit silicate emission model.
The spectrum has, to our knowledge, one of the highest peak-
to-continuum ratios (�2.0) in the 10 �m silicate feature ever
published for a disk around a very lowmass star. The spectrum also
shows evidence of a moderately high degree of crystallization,
with a S11:3/S9:8 ratio equal to 0.9, and conspicuous features from
crystalline silicates such as forsterite at 11.4, 23.8, 27.9, and
33.7 �m (Koike et al. 1993). The 1 � error bars in the top panel
quantify the signal-to-noise ratio around these features. Prob-
lems with the extraction of the third order of the LL module at
wavelengths between 19.5 and 21.5 �m for very faint sources do
not allow the identification of the 19.8 or 21.0 �m forsterite fea-
tures. The 10.2 and 16.5 �m features are not significant within the
noise. The rest of the crystalline features are present in both full
aperture and profile fit extractions; see Lahuis et al. (2006) for

Fig. 2.—SED of SST-Lup3-1, discovered in Lupus III with the c2d Spitzer
data. The photometry is described in Table 1. Open and filled circles are the ob-
served and dereddened fluxes, respectively. The dotted line is the stellar model
of aM5.5 dwarf. The full Spitzer IRS spectrum of the object is overplotted on the
photometry, and the total flux is fitted with a low-mass CGPLUS flared disk model
called ‘‘high continuum’’ (dashed line) and a heavier D’Alessio et al. (2001, 2005)
flared disk model called ‘‘low continuum’’ (dot-dashed line) (see text). The inset
illustrates the three different continua used to analyze the IRS spectrum; the solid
line is the usual power-law continuum.
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more information about the quality assessment of the c2d IRS
data reduction pipeline.

5.1. Method and Results

Compositional fits to the full IRS spectrum of SST-Lup3-1
have been obtained following the method outlined in van Boekel
et al. (2005) and used in Apai et al. (2005) and in Honda et al.
(2006): a �2 minimization between the spectrum and a weighted
sum of dust opacities, multiplied by one or more blackbodies,
for the five principal dust species and for two grain sizes (0.1 and
1.5 �m). For every fixed blackbody temperature, this procedure
provides relative mass abundances, and a minimum �2 value.
This results in a relation between the temperatures and the mini-
mum �2 values, from which we infer the best-fit temperature.
We use the distribution of hollow spheres routine for calculating
the opacities of the crystalline grains (Min et al. 2005) and the
standard Mie theory for the amorphous grains.

Two novelties are applied here: the first one is that we use disk
models to estimate the disk continuum emission, which connects
the compositional analysis with the physical picture of the disk
and allows us to study the height and/or depth in the disk of the
dust emitting the 10 and 20�mamorphous and longerwavelength
crystalline silicate features. The second one is that we fit the entire
IRS spectrum from 5 to 35 �m,which requires the inclusion of an
extra low-temperature dust component for the long-wavelength
part and thus allows different parts of the disk to be probed. This
long-wavelength range is also essential to ascertain the presence
of crystalline silicate features, many of which are potentially
confused with PAH features shortward of 13 �m.

We first fit the 10 �m silicate feature considering only the
spectral range between 7.5 and 13.5 �m, which is least affected

by the continuum choice and requires a relatively high temper-
ature of �300 K. This best fit is then subtracted from the spec-
trum, and the residual spectrum is fit with a lower temperature
component with a best-fit value of �70 K. This method has the
virtue that it allows a direct comparison with fits performed to
only the 10 �m feature (as in Apai et al. 2005; van Boekel et al.
2005), where only the high-temperature component is consid-
ered. It also allows a direct determination of the mass fractions in
each component, which are 59% and 41% for the hot and cold
components, respectively, if the low-continuum model is used.
With the high continuum, these numbers change to 65% and
35%. Also, the two temperature approach identifies (via the �2

minimization) the characteristic temperature ranges of the dust
producing the amorphous 10 and 20 �m silicate features.
Table 2 shows the abundances of the different dust species that

result in the best fit to the IRS spectrum shown in Figure 3 after
subtracting the low-continuum disk model. The abundances are

Fig. 3.—Continuum-subtracted Spitzer IRS spectrum of SST-Lup3-1 and compositional analysis of the silicate emission. The thin line is the IRS spectrum of the source
from which the low- and high-continuum disk models have been subtracted in the top and bottom panels, respectively. The tick marks identify the forsterite emission fea-
tures. The top panel shows the 1 � error bars. The best-fit models are shown in dot-dashed lines and combine the emission of amorphous and crystalline silicate grains with
sizes of 0.1 and 1.5�mof two different temperatures quoted in the plot. The fits show larger crystalline fractions for the case with high continuum and imply aminimum of
15% of crystalline grains in the disk. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 2

Mineralogical Composition of the Disk around SST-Lup3-1

after Subtraction of the Low-Continuum Disk Model

Mass
a

(284 � 27)

Mass
a

(73 � 9)

Species 0.1 �m 1.5 �m 0.1 �m 1.5 �m

Amorphous silicatesb ........ 33.5 � 2.7 49.8 � 5.3 0.0 + 1.5 87.8 � 9.6

Crystalline forsterite.......... 6.0 � 0.5 2.3 � 0.2 11.8 � 1.2 0.2 � 0.1

Crystalline enstatite........... 0.7 � 0.1 7.7 � 0.6 0.0 + 1.5 0.2 � 0.1

a Relative fractions of 59% (284 K) and 41% (73 K).
b Includes olivine, pyroxene, and silica.
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found by averaging a number of realizations of the fit in which
the spectral ranges used for the fits were changed and in which a
range of temperatures was explored. The associated uncertain-
ties are therefore larger than indicated by the standard deviations
of the data, since they account for the relatively low number of
realizations. However, they are similar to those cited in Apai
et al. (2005) and in Honda et al. (2006) in their fits to the 10 �m
spectral range (high-temperature component). The uncertainties
in derived abundances are slightly larger for the longer wave-
length spectral range. The quantitative fit results obviously de-
pend sensitively on the adopted continuum, but the qualitative
results are very similar. Hence, we discuss primarily the low-
continuum case below, andmention the high-continuumcase only
when it gives a different trend. Also, Table 2 only provides a com-
bined mass percentage for the amorphous silicates, which includes
olivine, pyroxene, and silica, because the fitting method was not
sufficiently robust to identify the individual amorphous species
responsible for the long-wavelength part of the spectrum. This does
not affect the relative mass fraction of amorphous and crystalline
material, which was always consistently recovered.

The best-fit composition shows that (1) the amorphous hot
silicates are a roughly equal mix of small and large grains, which
is also found in other sources with high peak-to-continuum ratios
(�2.0) of the 10 �m silicate feature (see, e.g., Fig. 3 in Honda
et al. 2006); (2) the crystalline silicates in the hot component are
a mix of large and small grains independently of the chosen con-
tinuum, a result also consistentwith that given by vanBoekel et al.
(2005) for similar 10 �m features; (3) the amorphous cold grains
are mostly large (1.5 �m). This is a new and surprising result.
However, this conclusion depends on the adopted continuum,
since the high continuum yields mostly small grains in the cold
component; and (4) the cold crystalline grains are found to be
smaller than 2 �m regardless of the continuum used.

In the following, we discuss in detail the total crystalline mass
fraction and the distribution of large and small grains in the disk.

5.2. Crystalline Mass Fraction

The best-fit crystalline mass percentage varies from 33% for
the high-disk continuum, through 20% with the power-law con-
tinuum, and down to 15% with the low-disk continuum. In gen-
eral, it is found that the smaller the peak-to-continuum ratio, the
larger the mass crystalline fraction. The case with the low contin-
uum based on the D’Alessio et al. (2005) models represents the
best fit to the spectrum, mostly at 10 �m, and also the lower limit
to the total dust crystalline fraction; therefore, all subsequent
analyses will focus on this case.

The percentages of crystalline grains in the hot and cold com-
ponents are 16.7% and 12.2%, respectively, with a similar ratio
but larger absolute values in the high-continuum case. The clear
identification of the 23.7, 27.9, and 33.7 �m forsterite features in
the long-wavelength spectrum is a good assessment of the presence
of crystalline grains in the disk and confirms the result at short
wavelengths.We have also compared our results to those of Apai
et al. (2005) for sources with similar 10 �m feature shapes using
the high-continuum case, which is the closest approximation to
the definition of the continuum of those authors. Our inferred
crystalline mass fractions are similar to better than 10%.

5.3. Distribution of Large and Small Grains

Regardless of the adopted continuum, our fitting technique
of the hot component recovers the approximately 50%Y50% of
small (0.1 �m) and large (1.5 �m) grains found by previous anal-
yses for this type of 10 �m feature. The fit to the long-wavelength

part of the spectrum yields mostly large grains for the low con-
tinuum (87.8% of large grains; Table 2) and mostly small grains
for the high continuum (76.3% of small grains).

To test the sensitivity of the results to the adopted large grain
size, a series of fits to the long-wavelength range of the IRS
spectrumwas performedwith 1.0 and 5.0 �mgrain sizes, but this
did not improve the fits dramatically. The results were consistent
withwhat has been reported above: namely, thatmost of the grains
in the low-temperature component are 1 �mYsized amorphous
grains for the low-continuum case. Therefore, even with the small
difference in feature profiles for grains in the 1Y5 �m size range,
the best fit always selects grains of �1 �m radius for the low-
temperature component.

The crystalline grains are also a mix of large and small grains
in the hot component regardless of the continuum used. However,
in the tests with larger grain sizes for the cold component, we find
that the best fit always selects the smallest available grains, with
grains of 0.1Y1.5 �m giving the best fit to the long-wavelength
spectrum. In these cases, the cold temperature components of the
silicate emission model (dashed lines in Fig. 3) show the �1:1:2
relative flux ratios between the 23.7, 27.9, and 33.7 �m forsterite
features for small grains (Fig. 8 in Kessler-Silacci et al. 2006).

6. DISCUSSION

In this section we connect the results of the compositional
analysis with the disk modeling to provide a combined interpre-
tation of all the data. As shown in Table 2, the hot temperature
emission component contributes 59% of the total dust mass,
reproduces completely the 10 �m feature, and contributes to the
20 �m feature. The cold temperature component, mostly coming
from large amorphous grains, reproduces the rest of the 20 �m
feature and accounts for most of the forsterite features longward
than 20 �m. Figure 4 shows the two-dimensional temperature
structure of the D’Alessio et al. (2001, 2005) disk model (from
x 4) used to fit the entire SED except the silicate emission fea-
tures. The�300 and�70 K contours indicate the locations in the
disk surface where the different features are mostly produced.
The hot inner disk region (from 0.05 to 1 AU) with temperatures

Fig. 4.—Two-dimensional distribution of temperature of the irradiated ac-
cretion disk model used to fit the SED of SST-Lup3-1, based on the D’Alessio et al.
(2001, 2005) models, illustrating the different emission zones. The gas and dust
temperatures of the disk are given in kelvins and shown as contours. The inset
shows in detail the hotter upper layers in the inner disk, not visible in the larger
figure due to their small physical scale. The cold (�70 K) emission component
extends from 5 to 0.7 AU and reaches the half-disk height in the innermost edge.
The hot (�300 K) component is mostly localized in the inner disk and surface
layers up to 1 AU.
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around 300K emits mostly in the 10�m range. The longer wave-
length emission comes from dust at a temperature of around 70K,
which is found both in the outer disk surface (from �3 to 5 AU)
and in the deeper disk layers at smaller radii.

Interestingly, the majority of the grains in the low-temperature
component are large grains, while only half of the grains in the
high-temperature component are large. Together with the distri-
bution of dust at 70 K in the disk, this strengthens the possibility
that part of the long-wavelength emission spectrum comes from
deeper layers of the inner disk rather than just the outer disk sur-
face. This could be interpreted as a signature of sedimentation to
the disk midplane. This conclusion is not affected by optical depth:
the total gas plus dust density in most of those layers (from the
disk surface to 1/2 of the disk’s height) is not high enough to
render the disk optically thick. This would naturally explain the
presence of larger grains in the low-temperature component, and
is consistent with the disk model used for the underlying con-
tinuum, which assumes dust grains as large as 100 �m in size in
the disk interior (x 4).

Concerning the crystalline silicates, their mass percentages in
the hot and cold components are 16.7% and 12.2%, respectively.
Given that 59% of the dust mass is in the hot component, this
means that there are�2 times more crystalline grains in the inner
disk than in the outer disk. This is consistent with the radial dis-
tribution of crystalline material reported by the high spatial reso-
lution observations in the inner disks in Herbig Ae/Be stars (van
Boekel et al. 2004) and suggests similar phenomena in disks
around the very low mass stars.

Van Boekel et al. (2005) and Apai et al. (2005) report correla-
tions between high crystalline fractions and overall large grain
sizes or flatter disks, respectively, based on 10 �m spectra only.
Both results suggest a relation between the crystallization and
grain growth processes. Our results for the hot component alone
are consistent with those trends; however, the complete 5Y35 �m
spectrum of SST-Lup3-1 shows a much more complex scenario:
higher amounts of crystalline silicates in the hot component, but
not necessarily linked with larger amorphous grains, and mostly
large amorphous grains in the cold component, where the crys-
talline fraction is only slightly smaller.

Here we speculate on a scenario implied by the observed dust
distributions: the inner disk is a turbulent region where dust is
being partially annealedwhen the temperature is above 800 K and
where grain growth is efficient for all particles because of the
higher densities (Kessler-Silacci et al. 2007). The outer disk con-
tains small particles with a nonnegligible percentage of crystal-
line material that has either been transported out radially (Gail
2004) or has formed via a different mechanism than annealing.
The 10 �m feature comes mostly from the hot and dense inner
disk down to a depth in the disk where both large and small grains
are probed. The long-wavelength part of the spectrum is emitted
by large amorphous grains in deep layers of the disk at distances
from 0.7 to 5 AU, and by small crystalline grains in the disk sur-
face farther than 3 AU. According to this, the crystalline material
could be preferentially found in the disk surface and in the hot part
of the innermost disk, and the larger amorphous grains would be
found closer to the midplane once grain growth and settling have
taken place. Then, the high crystalline fractions in disks with large
grains could be explained if the lower dust opacities (due to the
larger grains)would allow the 10�mfeature to probe deeper in the
inner disk, where the large and crystalline grains are abundant, as
in van Boekel et al. (2005). Such disks would also consistently
have a smaller flaring angle, as found byApai et al. (2005). On the
other hand, disks where grain growth has not occurred may have
small dust with large opacities in the inner disks, large flaring an-

gles, and a 10 �m feature coming from the surface of the inner
disk, where the abundance of large grains is smaller.
Finally, even assuming the most conservative estimate of the

disk crystalline mass fraction of 15%, the disk of SST-Lup3-1
shows a remarkably high degree of crystallinity taking into ac-
count that only 0.2% of the disk (from 0.01 to 0.2 AU, out of
10 AU) is warm enough to produce crystalline material. Three
main phenomena may explain this result: (1) there is another
source of disk heating such as X-ray flares (e.g., Preibisch et al.
2005) or shocks that are operating in the system; (2) there was an
episodic heating event, e.g., due to a sudden increase in the disk
mass accretion rate as observed in FU Ori stars (Hartmann &
Kenyon 1996); or (3) there is efficient radial and vertical transport
of dust in the system. Gail (2004) showed that radial mixing in
disks can produce crystallinity fractions of several tens of per-
cent at distances of 5Y10AU, although that model predicts larger
amounts of forsterite grains in the inner than outer disk, contrary
to our observations. Future X-ray observations of the source, dy-
namically self-consistent disk models of the object, and a larger
sample of complete 5Y35 �m IRS spectra of disks may help elu-
cidate, which is the main effect at work.

7. CONCLUSIONS

A detailed study of the disk emission of SST-Lup3-1 is pre-
sented, and the results obtained are as follows.

1. SST-Lup3-1 is a newly discovered very low mass M5.5
young star close to the hydrogen-burning boundary with a disk,
found with the Spitzer c2d data in the Lupus III dark cloud.
2. The complete 5Y35 �m mid-IR Spitzer IRS spectrum of

such a low-luminosity object is presented for the first time. It con-
tains one of the highest 10 and 20 �m peak-to-continuum ratios
reported for such a source.
3. A compositional fit of the spectrum shows two temperature

components: a hot (T � 300K) componentwith amix of small and
large grains, and a cold component (T � 70 K) with mostly large
grains. This latter conclusion depends on the adopted continuum.
4. The spectrum has prominent spectral signatures indicating

significant amounts of crystalline grains in the disk, confirmed in
the long-wavelength range of the spectrum. The crystalline mass
fraction in the cold component is only slightly less than that in
the hot disk component.
5. The crystalline grains in the hot component are a mix of

large (1.5 �m) and small (0.1 �m) grains, while those in the cold
component are mostly small grains, suggesting that the crystal-
line material is preferentially in the disk surface layers.
6. The cold component emission can arise from both the

‘‘outer’’ disk surface or from deeper layers in the inner disk. In
the latter case, this would be direct evidence for combined grain
growth and settling with vertical height.
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