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EVIDENCE FOR GRAIN GROWTH IN THE PROTOSTELLAR DISKS OF ORION
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ABSTRACT

We present a Br (\ = 4.05um) image of the largest silhouette proplyd in Orion (114-426) using the facility
near-IR spectrometer NIRSPEC at the Keck Observatory. This is the longest wavelength observation of a silhouette
disk to date. The diameter of the disk airh is only marginally smaller than that observed in the optical with
the Hubble Space Telescope. This may be the first signature of chromatic extinction for the translucent outer
edges of the disk, suggesting that the near-IR opacity is dominated by processed grains with typical sizes greater
than 1.9um, butnot >4 um.

Subject headings. circumstellar matter — dust, extinction — stars: formation — stars: pre—main-sequence

1. INTRODUCTION poration of these disks places strong temporal constraints on
planet formation mechanisms in irradiated environments, which
is important since a significant fraction of stars form in clusters
with high-mass stars (Blaauw 1991).

Protostellar disks in Orion can be seen in silhouette against

Planets are thought to form out of the dust and gas orbiting
young stellar objects. For planets to form, dust grains in these
disks must grow beyond typical grain sizes found in the in-

Lerstellar mhed|um (ISdM)' ?jearpheds for e\I/tlder]IE:he ofdgratm.gr%v_vtlr(], the nebular background or against the proplyd’s own ionization
?Wi\éer’ gvetplrlor ug(_a tmIX:d mreisﬁu S ne utsr 'r;] 'SE) Sfront. To provide the highest contrast, silhouette disks are best
around young steflar objects a ain-sequence stars nas beellyqaryeqd using narrowband filters centered on a bright nebular

primarily detected and studied using far-infrared through o icqion line. The proplyd 114-426 is the largest of these sil-
centimeter-wavelength continuum emission. However, spatially houette disks: with a diameter &f2”. or ~1000 AU at the
resolved images of disks either from continuum emission or distance of th,e Orion NebufaThe g}ain properties in these
scattered light are extraordinarily important since they can be g5 can pe studied via the wavelength dependence of atten-
usgd to co?stlram models of disk structure anf? 2t° |n.fer t_he uation of background light through the translucent disk edges.
existence of planets (Koemer, Sargent, & Ostroff 2001; Wein- £ o ain sizes much smaller than the wavelengths observed
berger et al. 2002). Images of disks in extinction against a pavieigh scattering limit), shorter wavelength radiation will

constant intensity background (i.e.,. in silhouette) can, in prin- be scattered much more efficiently than at longer wavelengths
ciple, also be used to constrain disk models, although these '

. ing the disk t r “smaller” at long wavelengths. For
sources are very rare. In this Letter, we present new obser-_ausing the disk to appear "smaller” at long wavelengths. Fo

i tdl f f the silhouette disk inst grain sizes much larger than the wavelengths observed, the
;/k?el%]rsioﬁ NegSI]ao one of the sihouette disks seen agains opacity will change little as a function of wavelength (“gray”

. scattering), rendering the disk size unchanged.

. The Hubble Space Telescqpe (I—‘|‘S|') has E)roduced d.ramat|c Here we present new observations of the 114-426 disk in
images of protoplanetary d'SkS,( proplyds”) surrounding young silhouette against the nebulardemission at 4.0m using
g:tars r:n the&og,%n "'\Ifggéa (S%Dﬁltlgl \\//VVen, 81&95'(? égl?e” tM(I:- the facility near-IR spectrometer NIRSPEC (McLean et al.
15‘5‘3 Ir3ea|1|n oD ﬁ &M C ﬁ gggo Th' .aty € all 1998) on the Keck Il telescope. PreviodST observations in

o, baly, ell, & Mctaughrean )- The in ense ul- 1, and Ry suggest that the grains in the disk have grown to
traviolet (UV) radiation field of the high-mass Trapezium stars izes larger than a few microns (Throop et al. 2001). A com-
heats the disk surfaces, drives mass loss, and produces brig arison of our B image with the previousiST in-1ages s:hows
lonization fronts (Johnstone et al. 1998). Proplyds are thoughtthat the outer translucent edges of the disk are becoming more
to contain young<10® yr old) low-mass stars that are part of

the Orion Nebula cluster (Hillenbrand 1997). The photoeva- gg;siﬁg{sgtb;L:)%?tei;tégg”fnga tlgfggﬁwa;;e distribution is not

* Data presented herein were obtained at the W. M. Keck Observatory, which
is operated as a scientific partnership among the California Institute of Tech- 2 Throughout this Letter, we will adogt = 460 pc for the distance to the
nology, the University of California, and the National Aeronautics and Space Orion Nebula. Distance estimates to the Orion region range between 400 and
Administration. The Observatory was made possible by the generous financial500 pc in the literature. See footnote 4 of Bally et al. (2000) for discussion
support of the W. M. Keck Foundation. and additional references.
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Fic. 1.—Observations of the 114-426 disk adKD.656 um; HST/WFPC2), Radius (AV)
P (1.87 pm; HST/NICMOS1), and Ba (4.05 um; Keck/NIRSPEC) displayed Fic. 2—Normalized intensity cuts along the major axis of the disk at
on the same spatial scale. In the left panels, each image is shown at namatched resolution atd] Px, and Be. For the Hr and Ry data, the cut has
tive resolution: FWHM(Ha) = 69 mas, FWHM(Rx) = 196 mas, and  been made after the image was smoothed to the Bsolution (FWHM=
FWHM(Bre) = 360 mas. In the right panels, thEIST images are shown 360 mas). The Keck Bt intensity cut has been smoothed with a 3 pixel
smoothed to the resolution of the KeckoBimage (the left and right Keck Br running boxcar and is shown with d. uncertainties. The hump at the center
images are identical). The spatial scale for the: Bnage is 198 mas pixel of the Rx disk is due to beam smearing of light from the pinched waist of the
along the long axis of the disk and 180 mas pikellong the minor axis; see disk.
text for discussion.

pare the Bt image of the 114-426 disk tdST images in hk
(0.656um) and Ry (1.87 um) (Fig. 1). A set of four dithered
The proplyd 114-426 was observed with NIRSPEC (McLean 400 s Hx images were obtained with the Wide Field Planetary
et al. 1998) on Keck Il on UT 2002 January 2. All observations Camera 2 (WFPC2; F656N) on 1999 January 11 as part of a
were made in high-resolution (cross-dispersed) mode with thelarger narrowband survey of the Orion Nebula (Bally et al.
07144 x 12’ slit. The scale in the spectral direction was 4.3 km 2000). The final reduced image has an angular resolution of
s ! pixel™, and the resolution was measured to be 6.6 kn's FWHM(Ha) = 69 mas (30 AU). A single 640 sd&image
(R = 45,40Q using calibration lamp lines. The spatial scale was obtained with NICMOS1 (F187N) on 1998 February 26
along the slit is 198 mas pixél A data cube from 3.3 to  (Throop et al. 2001) with a resolution of FWHM{P =
4.08um was made by aligning the slit with the long axis of the 196 mas (69 AU).
114-426 disk (positiorangle= 29 ) and stepping the slit in In order to accurately compare the three narrowband images,
180 mas (1 pixel in the NIRSPEC slit viewing camera, SCAM) we matched resolutions by convolving tHST narrowband im-
increments perpendicular to the slit. Using observations of aages with the appropriate Gaussian so that the resulting,
standard star in low-resolution mode, we measured the seeing asmoothed image has the same resolution as the Kegld&ta
4 ym to beFWHM = 360 mas. Thus, in the images extracted (FWHM = 360 mas). This smoothing softens the disk edges
from the data cube, the scale along the slit direction (disk major and also smears light from the disk edges into the central opaque
axis) is 198 mas pixel while the scale perpendicular to the slit regions of the silhouette. We then extracted intensity slices along
(disk minor axis) is 180 mas pixel the major axis of the disk for all three filters. The intensity was
The accuracy of telescope offsets perpendicular to the slitaveraged over one FWHM of a seeing element (360 mas) per-
was determined by examination Efband SCAM images of  pendicular to the major axis. The background nebular intensity
stars. Offset pointing accuracy was determined to be better tharvaries significantly across th¢ST images, with a strong gradient
1 180 mas SCAM pixel. from south to north. We estimated the background intensity
For each slit position, we summed over the wavelengths across the disk by averaging intensity cuts above and below the
containing the B& nebular emission line (4.0&m) to produce disk and smoothing the result. This synthetic nebular background
a one-dimensional slit image. The high dispersion allowed us was then used to normalize the disk intensity cuts. In addition,
to perform a thermal background subtraction using spectralthe Keck B intensity was smoothed wita 3 pixelrunning
regions in between the telluric airglow lines. Thirteen slit po- boxcar. Figure 2 shows the resulting intensity cuts along the
sitions were stacked to form a single two-dimensional image. major axis of the disk in all three filters. The “hump” at the
A significant “striping” pattern on the chip was removed by center of the R disk is due to beam smearing of light from the
building a flat field directly from the data cube and dividing pinched “waist” of the disk. In kit and Ry, the diameter of the
into the background-subtracted image. The final image is showndisk along the major axis iFWHM = 222 + 0704 and
in Figure 1; the effective “bandpass” is 21.5 knt ¢5 pixels) 2!26 + 0706 (1020+ 20 and 1040+ 30 AU), respectively.
centered on Bt (4.05um). The signal-to-noise ratio (S/N) in  The errors in diameter for thHdST data are due to uncertainties
the continuum is 14. Since we are concerned primarily with inthe background normalization and represent the probable range
the transmitted background nebular emission, flux calibration of values for the FWHM. At B&, the diameter is FWHM=
(which is quite difficult at~4 um) is not necessary for our 179 + 0'2 (860=+ 90 AU): ~80% of the width at k& and Rx.
analysis. For Bra, the error is dominated by the noise in the data itself
To examine the disk structure and grain properties, we com-(S/N = 14). The thickness of the disk along the minor axis in

2. OBSERVATIONS AND ANALYSIS
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Bra is less certain because the image is only marginally resolved
perpendicular to the slit. 0 BDS6S24 215
HST images of the proplyd 114-426 a&Rvere first obtained 15 L ® HD4809%9 3.52
with NICMOS1 on 1997 April 19. Based on these observations, ® ol aes
McCaughrean et al. (1998) concluded that the 114-426 disk is
~20% smaller in & than Hx. More recent analysis has shown, S L KH
however, that the noise in the 199% Rlata is too great to S 'f’
support this claim (Throop 2001). The 114-426 images from <
1998 and 1999 are of much higher quality than those presented +
in McCaughrean et al. (1998) and clearly show that the disk 05 -
is nearly the same width atddand Rx (Throop et al. 2001).
The lack of significant size difference between the more recent
Ha and Ry HST images clearly indicates gray extinction for
\ < 1.9 um in the outer translucent portions of the 114-426 disk 05 1o s 20 s
(Throop et al. 2001). The slight decrease in disk size at, Br 1 @m-
however, indicates that the outer edges of the disk are becoming
more transparent at gam. Hence, the size of typical scatterers FiG. 3.—Extinction measurementéy( ) at the translucent northeast side of
in the outer portion of the 114-426 disk must 4.9 um but tlhgesg)lsk compared to standard interstellar extinction curves (Cardelli et al.
cannot bes-4 um. In Figure 3, we plot some standard extinction '
curves for “typical” grains found in the ISM (Cardelli, Clayton,
& Mathis 1989). Overplotted are values &,  measured at removed and the disk consists of predominantly large particles
the translucent northeast ansa of the disk (projected radiusand some smaller dust produced by grain-grain collisions (sec-
~400 AU), which suggests that the near-IR opacity in this region ondary production).
is dominated by processed grains that are significantly larger Although the growth of grains to large sizes is predicted in
than those found in the ISM. No conclusions can be drawn the previously discussed models, not all disks show evidence
regarding the opaque central regions of the disk. of large particles. Near-IR scattered light observations of the
HR 4796A, HH 30, and GM Aurigae disks suggest typical
grain sizes larger than that found in the ISM (Schneider et al.
1999, 2003; Cotera et al. 2001); and flat submillimeter spectra
for several disks in Taurus and NGC 2024 point to the same
One of us has developed a numerical model of grain evo- conclusion (Mannings & Emerson 1994; Visser et al. 1998).
lution in protostellar disks subject to photoevaporation, which However, NICMOS and WFPC2 scattered lightimages of other
shows that grains grow most rapidly in the center of the disk circumstellar disks in Taurus suggest grain parameters typical
where the highest temperatures and densities are found (Throopf the ISM (Burrows et al. 1996; Krist, Stapelfeldt, & Watson
et al. 2001; Throop 2001). The growth rate decreases with2002; McCabe, Duche, & Ghez 2002). Submillimeter ob-
distance from the central star; grain sizes hedan at 10 AU servations of HL Tau are inconclusive (Beckwith, Henning, &
and 1 mm at 500 AU in I0yr, which is less than the median Nakagawa 2000). Each type of study, however, is most sensitive
age of the Orion Nebula clusted < 10° yr; Hillenbrand 1997). to dust in different spatial regions of the disk: the submillimeter
Although the age of 114-426 is unknown, the analysis presentedflux is generated by thermal emission from grains in the mid-
here for the 114-426 disk is consistent with these grain growth plane; scattered light is dominated by grains at the disk surface;
models. and the observed size and structure of silhouette disks is gov-
Protostellar disks near a strong source of UV radiation (e.g., erned by grains in the outer translucent edges. If the gas and
a small cluster of O stars) are subject to photoevaporation,dust arenot well mixed (owing to settling, for example), then
which radically alters the disk on relatively short timescales. we should not expect these various techniques to produce the
Soft UV photons heat the disk surface layeMg ¢ 102 ém  same results. In addition, there could certainly be differences
to 1000 K and drive a photoablation flow, which then produces in dust properties due to the star-forming environment, local
cometary ionization fronts (created by the far-UV flux) and history, and evolutionary state (e.g., older disks should have
standoff bow shocks with the O star wind (Johnstone et al. larger particles).
1998; Bally et al. 1998, 2000). Mass loss can be as high as The initial phases of planet formation in protostellar disks are
10°° Mg, yr * (Johnstone et al. 1998; Henney & O'Dell 1999). thought to require dust grain growth up to roughly centimeter-
Circumstellar disks within 1 pc of the Trapezium stars in Orion sized particles (Beckwith et al. 2000). The results presented here
can be completely evaporated within the lifetime of the cluster for 114-426 suggest that planet formation may be underway in
(10° yr, assumingM,, = 0.01-0.05M_, ). Small grains are this disk. Further observations at longer wavelengths, however,
entrained in this neutral flow if the gas drag exceeds gravity. are required to assess grain growth in the central portions of the
Since grain growth is occurring at the same time, however, the disk before any real conclusions regarding planet formation can
disk will not be completely destroyed. Grains in the outer edge be made.
of the disk (which do not grow very fast) are easily lost, while ~ We have presented here the longest wavelength image of a
large grains built up in the center of the disk are retained. Grain protostellar disk seen in silhouette using NIRSPEC on the Keck
growth models indicate that after °19r a disk can be eroded Il telescope. The slightly reduced size of the disk at Bom-
from R = 500 AU down to ~40 AU, where an edge of pared toHST observations at W and Ry indicates the onset
centimeter-sized particles is left behind. The large size of the of chromatic extinction at about 4m. Extinction measure-
114-426 disk (compared to other proplyd disks in Orion) sug- ments in the outer translucent edges of the disk suggest that
gests either that it has not been subject to a significant pho-the opacity is dominated by grains that are significantly larger
toevaporating radiation field or that the gas has already beenthan those found in the ISM (but net4 pm). We plan to
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undertake a more rigorous analysis of the dust grain populationunder grant 85502-02-02 to M. Morris and also by NASA Long
in the 114-426 disk by simultaneously modeling the narrow- Term Space Astrophysics grant NAG5-8108 and Astrobiology
band extinction images and the broadband images of the bipolaigrant NCC2-1052 to J. Bally. Travel for R. Shuping has been
reflection nebulae also observed in this object. In addition, we supported by a subcontract through USRA under contract 8500-
plan mid-IR observations in an effort to determine the thermal 05 to E. Becklin. We also would like to acknowledge an anon-
properties of the grains in the midplane. These complementaryymous referee whose comments have significantly improved
observations and analyses should enable us to put much strictethe quality and clarity of this manuscript.
limits on the grain properties for the 114-426 protostellar disk  The authors wish to recognize and acknowledge the very
than those that have been derived for other protostellar systemssignificant cultural role and reverence that the summit of Mauna
Kea has always had within the indigenous Hawaiian commu-
This research has been supported by a cooperative agreememity. We are most fortunate to have the opportunity to conduct
through the Universities Space Research Association (USRA)observations from this mountain.
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