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ABSTRACT

We present 8-13 um low resolution spectra (R =~ 100) of 8 low-mass protostellar objects (“proplyds”)
in the Orion Nebula using the Long Wavelength Spectrometer (LWS) at the W. M. Keck Observatory.
All but one of the sources in our sample show strong circumstellar silicate emission, with profiles that
are qualitatively similar to those seen in some T Tauri and Herbig Ae/Be stars. The silicate profile in
all cases is significantly flattened compared to the profile for typical interstellar dust, suggesting that
the dominant emitting grains are significantly larger than those found in the interstellar medium. The
11.3-t0-9.8 um flux ratio—often used as an indicator of grain growth—is in the 0.8 to 1.0 range for all
of our targets, indicating that the typical grain size is around a few microns in the surface layers of
the attendant circumstellar disk for each object. Furthermore, the silicate profiles show some evidence
of crystalline features, as seen in other young stellar objects. The results of our analysis show that
the grains in the photoevaporating protostellar disks of Orion have undergone significant growth and
perhaps some annealing, suggesting that grain evolution for these objects is not qualitatively different
from other young stellar objects.

Subject headings: circumstellar matter—stars: formation—stars: pre-main sequence—planetary sys-

tems: protoplanetary disks

1. INTRODUCTION

Disks surrounding young stellar objects are critical to
our understanding of star formation. Not only do cir-
cumstellar disks provide a mechanism for angular mo-
mentum transport and accretion onto the central star,
but they also serve as the birthplace of planets. Many
observed disks exhibit prominent emission at 9-12 pm
originating from the Si-O stretching mode of silicates
present in the dust grains. These silicates are primarily
amorphous, but crystalline minerals (e.g. forsterite and
olivine) are also observed. This emission is thought to
form in the warm, optically thin atmosphere of the in-
ner accretion disk heated by the central protostar (Chi-
ang & Goldreich 1997; Natta et al. 2000). The relative
strength and shape of the silicate profile is a function of
the grain composition and grain size (Bouwman et al.
2001; Henning et al. 1995). Recent studies of Herbig
Ae/Be (HAeBe) stars, T Tauri stars, and brown dwarfs
suggest that the grains in the surface layers of the disks
around these objects have undergone significant thermal
processing and have grown well beyond typical interstel-
lar medium sizes (Apai et al. 2005; Kessler-Silacci et al.
2005; Przygodda et al. 2003; van Boekel et al. 2003)—
suggesting that the initial phases of planet formation
could be underway in these objects.
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The Hubble Space Telescope has produced dramatic
images of protoplanetary disks (“proplyds”) surround-
ing young stars in the Orion Nebula (Bally et al. 2000,
1998; O’Dell et al. 1993) (Figure 1, panel b). The intense
ultraviolet (UV) radiation field of the high-mass Trapez-
ium stars heats the disk surfaces to a few thousand de-
grees, drives mass-loss, and produces bright ionization
fronts (Johnstone et al. 1998). Proplyds are thought to
contain young (< 10° year old) low-mass stars which are
part of the Orion Nebula Cluster (Hillenbrand 1997).

The photoevaporation of these disks places strong tem-
poral constraints on planet formation mechanisms in ir-
radiated environments near O-type stars; which is im-
portant since a significant fraction of stars forms in clus-
ters with high-mass stars (Blaauw 1991). Furthermore,
recent meteoritic studies suggest that primitive solar
system materials were subjected to intense UV irradi-
ation (Lyons & Young 2005) and that the whole pro-
toplanetary disk may have been polluted by the ejecta
from a nearby supernova explosion (Hester et al. 2004;
Tachibana & Huss 2003)—both suggesting that our own
solar system may have formed in a region similar to
Orion. So it is clearly important to gain an understand-
ing of how efficient planet formation is for low-mass stars
forming in clusters with high-mass members, both to pre-
dict the frequency of planetary systems and to better
understand the evolution of our own solar system.

Recent studies show that grain growth has occurred
in the giant silhouette disk of proplyd 114-426 (Shup-
ing et al. 2003; Throop et al. 2001), suggesting that the
processes leading to planetesimal formation are under-
way. Recent numerical modeling has shown that grain
growth to centimeter sizes and beyond can occur in
the mid-plane of these photoevaporating disks (Throop
2001). Furthermore, planetesimal formation via gravita-
tional instability may in fact be enhanced by the photo-
evaporation of the disk surface layers (Throop & Bally
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F1G. 1.— Detail of area immediately surrounding the Trapezium stars in Orion. (a) False-color 11.7 um image taken with the T-ReCS
instrument at the Gemini South Observatory (Smith et al. 2005). (b) HST/WFPC2 composite image (Blue = [O III]; Green = Ha; Red =
[N II]). The trapezium stars (91 Ori) are marked A — D along with the proplyds observed for this work; SC3 and LV 1 — 6. HST3 is ~30"
south of §1Ori C, just off this field of view. Figure from Smith et al. (2005).

2005)—Tleading to the somewhat paradoxical conclusion
that planet formation around low-mass stars may in fact
be more efficient in the harsh environments of high mass
clusters. In this letter, we present initial results from
a 813 pm spectroscopic survey of the Orion proplyds.
Most of the proplyds in our survey exhibit strong silicate
emission profiles clearly showing grain growth beyond
typical ISM sizes in the surface layers of these externally
illuminated, photoablating circumstellar disks.

2. OBSERVATIONS & ANALYSIS

As part of our ongoing studies to understand the grain
composition and size distribution in the proplyd disks, we
have obtained 8-13 um low resolution spectra (Ra100)
of 8 targets in Orion using the Long Wavelength Spec-
trometer (LWS) at the W. M. Keck Observatory (Jones
& Puetter 1993) on UT 21 and 24 December 2004. All
observations were made using standard chop-nod tech-
niques. Telluric absorption features were removed by di-
viding our object data by a standard star and multiply-
ing by a calibrated spectral template (Cohen et al. 1999).
The wavelength solution was determined using sky lines
throughout the 10 ym window. Continuum subtracted
and normalized spectra for the 8 targets are shown in
Figure 2. The normalized flux, S,, for each source was
determined using the following formula:

FV - Fc,l/
“F) (1)

where F), is the observed flux, F., is the linear contin-
uum fit to the observed fluxes at 8 and 12.5 um, and
(F.,) is the frequency average of the fitted continuum.
This procedure effectively removes any slope from the sil-
icate profile imposed by the underlying continuum, facil-
itating comparison to other observed and model profiles
reported in the literature.

S, =1+

All sources in our sample except LV6 (discussed be-
low) show prominent silicate emission profiles that are
qualitatively similar to those observed for some T Tauri
and HAeBe stars. For comparison, spectra of the Galac-
tic Center sightline (e.g. Kemper et al. 2004) and comet
Hale-Bopp (e.g. Wooden et al. 1999)—both obtained
from the ISO Data Archive® —along with the T Tauri
star LkCa 15 and the HAeBe star MWC 480 (Kessler-
Silacci et al. 2005) are shown in Figure 2. It is impor-
tant to note, however, that profile strength and shape
vary widely among HAeBe and T Tauri stars (Bouw-
man et al. 2001; Przygodda et al. 2003, e.g.); we have
deliberately picked examples that appear similar to the
proplyds observed in our sample. Since the sightline
passes through Ay ~ 30 magnitudes of primarily dif-
fuse interstellar material, the silicate spectrum towards
the Galactic Center is often used as a proxy for typi-
cal diffuse interstellar dust composed primarily of amor-
phous silicates. The profile for Hale-Bopp, on the other
hand, shows strong crystalline silicate features, especially
forsterite at 11.3 pm, thought to be produced by ther-
mal annealing of the grains (Davoisne et al. 2006; Fabian
et al. 2000).

The absorption coefficient for amorphous olivine with
typical ISM grain sizes (radius a ~ 0.1 pm) is strongly
peaked at 9.8 pm (as seen in the Galactic Center pro-
file); but the coefficient flattens between 9.5 and 12 pym
for larger grain sizes with the same silicate composition
(@ ~ 2.0 pm) (Bouwman et al. 2001). Detailed opti-
cal models of silicate grains show that the 10 pym fea-
ture decreases significantly in peak strength and flattens
out as the grain size increases from 0.1 ym to 6.0 pum
(for constant mass); the feature practically disappears
for grain sizes > 8.0 um (Kessler-Silacci et al. 2005).

5 http://isowww.estec.esa.nl/
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Fi1a. 2.— Silicate emission profiles for proplyds in Orion and some comparison spectra: The left 2 columns show continuum subtracted
and normalized Keck/LWS spectra from 8 to 13 um for the proplyds in our sample (crosses with 1o error bars; see text for description
of normalization procedure) with the optical depth spectrum toward the Galactic Center overlaid for comparison (line; see below). The
gray strip indicates the location of the deep atmospheric ozone band at 9.6 pm; the dashed line indicates the location of [S IV] background
nebular emission at 10.5 pm. In theory, the nebular [S IV] should be eliminated by sky subtraction; but in practice, spatial and spectral
variability in the line can cause large residuals in the final spectra. The right hand column shows some comparison profiles. The Galactic
Center and Hale-Bopp spectra were obtained from the ISO Data Archive; while spectra for the T Tauri star LkCa 15 and the HAeBe star
MWC 480 are from Kessler-Silacci et al. (2005). The silicate band is observed in absorption towards the Galactic Center—we present the

optical depth here to facilitate comparison to the emission profiles.

Hence, the ratio of 11.3 to 9.8 pum flux is often cited as
a strong indicator of grain growth (Kessler-Silacci et al.
2005; Przygodda et al. 2003), where values of 0.5 indicate
grains with a ~ 0.1 pm, and values of around 1.0 imply
3.0 < a < 80 um. 5 The sources in our sample have
F(11.3)/F(9.8) ratios in the 0.75 to 1.0 range indicating
grain sizes of at least a few microns.

There is significant structure in the profiles as well, sug-
gesting the presence of crystalline silicates. Most of these
sources have smaller peaks at 9.2 and 11.3 pum indicative
of crystalline enstatite and forsterite, respectively. The
peak at 10.5 ym seen in some sources might also be due
to enstatite, but this cannot be confirmed due to the pos-

6 Recent studies indicate that the silicate profile is also sensitive
to the details of grain porosity and shape; this leads to an under-
estimate of grain size as determined from the 11.3-t0-9.8 pm flux
ratio (Min et al. 2006; Voshchinnikov et al. 2006).

sibility of [S IV] emission at the same wavelength from
the proplyd or nebular background. For LV4 and 5, the
11.3 pum peak is starting to dominate the profile, cre-
ating a shape similar to that seen in comet Hale-Bopp.
The presence of crystalline silicates indicates that the
grains have undergone some thermal processing—usually
attributed to annealing of the grains in the inner region
of the circumstellar disk (Bouwman et al. 2001). Since
the proplyd disks are heated to ~ 1000 K at the disk sur-
face by the UV radiation field of #'Ori C, it is possible
that the grains are undergoing thermal annealing across
the entire side of the disk facing 6'Ori C.

3. DISCUSSION

The infrared emission from dust in the proplyds is
driven largely by the ultraviolet radiation field from
6'Ori C. For a low-mass protostar near the Trapezium,



the disk radius at which heating by the central star is
equivalent to heating by the nebular environment is just
a few AU for a wide range of inclination angles (Rob-
berto et al. 2002). The total flux density in the silicate
lines we observe for the proplyds is roughly similar to
that seen in T Tauri stars in Taurus-Aurigae (Kessler-
Silacci et al. 2005; Przygodda et al. 2003), despite the
fact that Orion is nearly 3.3 times more distant than
Taurus-Aurigae. Assuming that the dust surface density
is similar, this implies that the silicate emitting region
is roughly 10 times larger for the proplyds. Since the
proplyds are thought to contain low-mass stars—like T
Tauri objects—this clearly indicates that UV heating by
6'Ori C is important. Since the disks are optically thick
at 10 pum, thermal and silicate emission can arise across
the entire surface of the disk and will be strongest for
the side that faces #1Ori C; i.e. proplyds which lie behind
6*Ori C on our line of sight will be brightest. LV6 is the
lone target we observed that showed little or no evidence
of silicate emission. In addition, it is much less bright at
10 and 20 pm than the other targets (see Fig. 1), sug-
gesting that it is the only one of them in front of #'Ori
C on the line of sight.

The results of our 8-13 um spectral analysis clearly
indicate that the grains in proplyd disks have undergone
significant growth (usually attributed to agglomeration)
and perhaps some thermal annealing. It appears that
grain evolution in the proplyd disks is not qualitatively
different from that in other protostellar disks, despite
ongoing photoablation by the UV radiation from §'Ori
C

In general, the grains in circumstellar disks around
young stars grow rapidly to centimeter sizes via agglom-
eration in turbulent eddies, at which point they begin to
settle to the disk mid-plane (Mizuno et al. 1988; Wei-
denschilling 1997). In fact, the coagulation of small
grains into centimeter-sized particles and larger is so ef-
ficient that unless fragmentation of larger grains is in-
voked nearly all micron-sized grains are swept up in
<< 10° years—which clearly contradicts observed mid-
IR SEDs for T Tauri and HAeBe stars (Dullemond &
Dominik 2005; Weidenschilling 1997). Despite fragmen-
tation, a significant fraction of grains progress beyond
the 1 cm mark, suggesting that larger bodies can con-
tinue to grow at least to sizes of ~ 1 meter, where plan-
etesimal formation process is impeded again due to fast
radial migration of meter-sized objects toward the host
protostar (e.g Weidenschilling 1997).

Grains in the protostellar disks of Orion can also be
entrained in the photoevaporative flow driven by the UV
radiation from #'Ori C. Grains at the surface of the disk
are acted on by drag forces associated with the evaporat-
ing gas and gravity due to the central star and disk: If
the drag forces are great enough, the grain is entrained
in the flow. Emission at 11 pgm from arcs around pro-
plyds near #'Ori C and HH jets from proplyds imply

that small grains are in fact being entrained in these
outflows (Smith et al. 2005, , see Fig. 1). Whether any
particular grain at the disk surface is entrained or not
depends on both the particle size and the disk radius at
which it lies: at a radius of 1 AU, grains up to a micron
in size can be lost; but at 100 AU, grains up to 50 pm
in size are entrained (Throop 2001). Entrainment, how-
ever, should be slow compared to the growth processes
for the inner disk regions (R < 40 AU): Even though
small grains are rapidly depleted from the outer regions
of the disk, Throop (2001) found that centimeter to me-
ter sized bodies can still form in the disk mid-plane out to
100 AU within 10° years—well within the lifetime of the
Orion Nebula Cluster (Hillenbrand 1997). The growth
of grains up to a few microns (lower limit) in the sur-
face layers of the disk inferred from our silicate profiles
indicates that entrainment is indeed much less efficient
than coagulation in removing small grains from the in-
ner disk. Furthermore, since the proplyds are roughly
5 x 10° years old, the existence of micron-sized grains at
the surface supports the conclusion that fragmentation
processes are required to explain the observed grain size
distributions in protostellar disks.

Our observations clearly show that grains larger than
ISM sizes can grow and survive in the proplyd disks.
Whether planets are being formed is still not known; but
grain growth in the surface layers is a sign of particle evo-
lution leading to planetesimal mid-plane formation in the
mid-plane (e.g. Weidenschilling 1997). Further observa-
tions at longer wavelengths—where we can peer into the
mid-plane of the disk (e.g. Rodmann et al. 2006)—are re-
quired to determine if these planet formation processes
are underway.
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