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A DISK SHADOW AROUND THE YOUNG STAR ASR 41 IN NGC 1333
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ABSTRACT

We present images of the young stellar object ASR 41 in the NGC 1333 star-forming region at the wavelengths
of Ha and [Su] and in thel, J, H, andK bands. ASR 41 has the near-infrared morphology of an edge-on disk
object but appears an order of magnitude larger than typical systems of this kind. We also present detailed models
of the scattering and radiative transfer in systems consisting of a young star surrounded by a protoplanetary disk
and the whole system being embedded in either an infalling envelope or a uniform molecular cloud. The best
fit to the observed morphology can be achieved with a disk200 AU diameter, immersed in a low-density
cloud &2 x 1072°g cm 3. The low cloud density is necessary to stay below the submillimeter flux upper limits
and to preserve the shadow cast by the disk via single scattering. The results demonstrate that ASR 41 is probably
not inherently different from typical edge-on disk objects and that its large apparent size is due to the shadow
of a much smaller disk being projected into the surrounding dusty molecular material.
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1. INTRODUCTION 2003), constrain the density distribution around the central star,
and give information about the inclination of the disk.

Young low-mass stars form by accretion of material through N the course of a near-infrared study of the star-forming

. : . ion NGC 1333 in the Per OB2 complex, we found the young
a disk, a process accompanied by outflow activity. When most region .
of the nascent envelope has been dispersed in the later phasédd’ ASR 41 (Aspin, Sandell, & Russel 1994) to show the
of star formation, a bipolar reflection nebula can be seen in Imorphology of aln gdge-%n d'zk obJecé.wllth two exce?tlonally
the near-infrared if the object is observed in the plane of the arge scattering lobes. The edge-on disk structure of ASR 41

. . . X ; . has been independently discovered by Elston et al. (2003) as
disk. Under this condition the star is obscured from direct view, part of their survey of giant molecular clouds. We assume NGC

and therefore the total near-infrared flux is dominated by the 1333 to be at the same distance of 316 pc that Herbig (1998)
scattered light from material above :?md below the disk plane. determined for the IC 348 cluster since they are both located
Many examples of such edge-on disks have been found re-'iha same Per OB2 molecular cloud complex.
cently. Most _of the d|sks_|n those objects have radii inferred |, this Letter we present optical and infrared images of ASR
from the optical or near-infrared morphology that are of the 41 i combination with advanced scattering and radiative trans-
order of magnitude of our solar system (i.8100 AU). The  fer models, and we argue that the unusual size of this object
prototypical HH 30 infrared source (Burrows et al. 1996) has (radius~3000 AU) is not indicative of the true extent of the
a radius of~250 AU, IRAS 04302-2247 (Lucas & Roche  gisk but rather is a projection effect of the shadow of a much
1998) has a measured radius~00 AU in the near-infrared,  smaller disk into the surrounding dusty molecular cloud
while the secondary component in the HK Tauri system (Sta- material.
pelfeldt et al. 1998) hasr’105 AU radius. The objects in the
Taurus star-forming region (Padgett et al. 1999) range in radius 2. OBSERVATIONS AND DATA REDUCTION
from 300 to 500 AU, and the object found by Monin & Bouvier . . . .
: . . The NGC 1333 region was imaged with the Quick Near-

(20.00) has about a 60 AU radius. In the Ophn_Jchus S.;.tar'fc.)rmmglnfrared Camera (Hogdapp et al. 1%96) at the L?niversity of
region, Brandner et al. (2000) fourd 50 AU. disk radit, while Hawaii 2.2 m telescope, on the nights of 2003 January 8 and
Grosso et al. (2003) report a 300 AU radlgs and bkB63C 9 (UT), with the intent of surveying this region for substellar
(Jayawardhana et al. 2002) 850 AU radius. mass objects. The night was photometric, and observations in

Increasingly sophisticated models for these objects have beeqhe\]’ H, andK Mauna Kea Observatories filter set (Tokunaga,
developed that treat multiple scattering, absorption, and radiativeSimonS, & Vacca 2002) were obtained. The frames containing
transfer by dust grains. These models reproduce many of theasr 41 were part of a larger mosaic. The area surrounding
observed features (Whitney & Hartmann 1992, 1993; Wood et ASR 41 was covered by 30 individual frames in each filter;
al. 1998, 2001; Whitney et al. 2003; Wolf, Padgett, & Stapelfeldt the integration times were 150 s #1100 s inH, and 50 s in

K, for total integration times of 4500 s i 3000 s inH, and
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Fic. 1.—K-band image of ASR 41. The objects are labeled by ASR number t

(Aspin et al. 1994). The position of the Herbig-Haro object 727 is labeled HH. 0 R I g
. . . . 31’1724 £ .

The Hx (6569 A /80A ), [Su] (6730A /80A ), and-band t Gt
(8220 A /1930A ) images were obtained on 2001 October 13 5a” g el
and 14 using the 4 m Mayall telescope at NOAO with the I [ _
MOSAIC CCD camera at a scalédb pixel* (Getman et al. 437 8 3
2002). I-band photometry of ASR 41 is based on thleand 1" 7 I ]
magnitudes of neighboring stars given by Getman et al. (2002). ) - [ £
Images taken earlier (1997 October 29) with the same equip- Ly T ]
ment were used to measure the proper motion of the newly o B ey ]
discovered Herbig-Haro object HH 727. hin] [ 1000 AU 7;"‘ : .

3. RESULTS AND DISCUSSION 0‘5“38'“5:‘5?5 52°0 51°% 51;0 50°5 :’:slsr}k I .;-:3?0 rnll.”::w ml‘."u 502‘5 wl*."o

Figure 1 shows th&-band image of ASR 41 and its sur- Fi6. 2.—Ha, [S 1], I-, J-, H-, andK-band images of ASR 41. Inserted in
roundings, including the Herbig-Haro object HH 727, while Fig- each image is a smaller image of the HH object 727, at the same spatial scale
ure 2 shows ASR 41 (and HH 727 as an insert) in the H but with the intensity scale stretched by a factor of 2. The observed morphology
[Su], I, J, H, andK bands. Going from the shortest wavelength ©°f ASR 41 changes dramatically fromund [Su], where an extended nebula

with a central almost pointlike source is visible, to théand, where the

covered here (H) to the J band, the morph0|09y of ASR 41 bifurcating dark band becomes noticeable. The bipolar nature of the object
changes dramatically. Atd] ASR 41 appears as a faint patch and the full extent of the dark band are fully established inXtnd, and
of nebulosity with a faint condensation at its center. AtiS the morphology then remains virtually identical in theand K bands. The
the cental Source appeats brighter and the extended emissiofsstadiuat e e T8 B b e,
begins to S.hOW the “hourgla_ss” sh_ape of a bipolar nebu"r_}l' Thel, J, andH bands. Details of the morphology and photometryyare discussed
| band begins to show the bifurcation of the extended emission,, g 3.
albeit less pronounced than at the longer near-infrared wave-
lengths. The dark band at an angle of about®18Bifurcating
the reflection nebulosity associated with ASR 41, is most prom- wavelengths from [Si] to the K band. This central object has
inent from theJ to the K band. The reflection nebula can be a FWHM of 069 in theK band, while the average FWHM of
traced out to about T(from the center£3000 AU) before it five other stars in Figure 1 is!@1 = 0701. The central object
gets confused with artifacts from the sky-subtraction process.is thus marginally different from a star; reflection nebulosity is
The linear size of the scattering region therefore is about 10—20contributing to its FWHM. Its position was measured in the
times larger than in the typical edge-on disk systems listed in band relative to four stars in the USNO-B catalog (Monet et al.
§ 1. Either ASR 41 is a unigue object surrounded by a huge 2003) to be R.A= 3"28"51:3, decl.= +31°17'40" (J2000.0),
extended disk or the dark band is the shadow of a much smallemwith estimated errors ¢£0!25 for the absolute coordinates. As-
(and typical) disk that is projected into the dusty material sur- trometry of the central object in the [§ image, using a larger
rounding the object, as is strongly suggested by the wavelengthset of USNO-B catalog stars than in the case of the infrared
dependence of its morphology. If the dark band were causedimage, showed that it has the same coordinates as the corre-
in its full extent by absorption in an edge-on dust disk in front sponding object in thel-band image within the relative er-
of the scattering region, one would expect the dark bifurcating rors of =+0714. We do not see evidence for a wavelength-
band to be more pronounced at shorter wavelengths. This isdependent position of the central brightness peak, as is often
clearly not the case. Rather, our images suggest that the darfound in cometary or bipolar nebulae associated with Class |
band is the shadow of a much smaller disk, projected into the objects that are dominated by absorption from a large and mas-
surrounding dusty medium. The transition from single scatter- sive disk (e.g., Hodapp et al. 1988).
ing at longer wavelengths, which preserves the shadow, to The central source has magnitudes in’& & 1’5 box cen-
multiple scattering at shorter wavelengths, which fills in the tered on the central object ¢f= 20.2 J,= 174 H = 16.1 ,
shadow, occurs at wavelengths aroungm. andK = 15.3. The central source has a colotbfK = 0.73

Within the dark band, a central object is clearly visible at all andJ—H = 1.36, while the color of the reflection nebulosity is
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bluer: We have taken measurements’i ¥ 1’5 boxes at two e
additional positions to the northeast of the central star, i.e., in b ASR41 K Image - |
the reflection nebula, as indicated in Figure 2. In the additional I :
box closer to the central object, we measuredK = 0.24 and
J—H = 1.05; in the box farther to the northeast we measure [
H—K = 0.34 andJ—H = 1.15, with estimated errors in these [
colors of= +0.05 mag. This is consistent with the flux from the |
central star and possibly the innermost parts of the reflection
nebula being reddened by absorption in the small disk, and the [
flux in the extended reflection nebula being bluer, possibly be- i )
cause of preferential scattering by small dust particles. -,
ASR 41 is not associated with a strong submillimeter source.
The object lies just at the southern tip of a ridge of extended [
850 um emission associated with the HH 12 complex (Sandell o - -
& Knee 2001), but it is not detectable as an individual point '
source in their map. From the fact that even the lowest contour [
(75 mJy beam®) of their map is not significantly distorted o T
at the position of ASR 41, we estimate an upper limit to its
850 um flux of 200 mJy. This implies that the total mass of
dust involved in the scattering of light from the central source,
and the mass of the disk around the central star, must be rel-
atively small. This point is discussed in more detail in § 4. : t gttt
To the southwest of ASR 41, a faint extended object at [ Cloud Model .
R.A. = 328481, decl.= +31°17'10’ (J2000.0) is most prom- ol I
inent in Hx and [S11] and faintly visible inK (Fig. 2, inserts). [ ;
This is the photometric signature of a low-excitation Herbig- [ * [

Envelopé Model

Haro object without significant [Fa] emission in theH band o+
(Reipurth & Bally 2001). The object has therefore been named |
HH 727. Proper-motion measurements on tha][Bnages from [
1997 and 2001 show a small (about 1 pixel) shift of the pho- [ T
tocenter of the HH knot toward the southwest (P-A. -
215 + 15). The shift corresponds t100 km s* in the general
direction away from ASR 41, roughly perpendicular to the plane
of the bifurcating disk. While more precise measurements are Fic. 3.—Comparison of th&-band image (rotated) of ASR 41op panels)
clearly desirable, this strongly suggests that the HH object is with a diski-envelope modelrtiddie panels) and a disk-cloud model ottom
physically associated with ASR 41. panels).
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of 7000 AU, and an infall rate 08.5 x 10°° M yr™* that is
similar to the rate used in other successful models of young
We have computed detailed models for ASR 41 using a stellar objects (Whitney & Hartmann 1993). The infalling en-
Monte Carlo scattered light code (Whitney & Hartmann 1992, velope has the density distribution of the free-fall models of
1993) updated in Whitney et al. (2003). The models contain a Ulrich (1976) and Cassen & Moosman (1981). This model
number of simplifying assumptions, in particular about the reproduces the basic features of the observations but shows a
grain properties, and therefore cannot be expected to reproducsteeper intensity gradient with distance from the illuminating
all features of the observations. The main purpose of the mod-object than was observed. It predicts an 8ot flux of
eling is to demonstrate that the object can be explained well 71 mJy, consistent with the submillimeter upper limit.
within the current paradigm of star formation. The models dis- The other model is based on the assumption outlined in
cussed here are based on the assumption that ASR 41 is egqualitative form earlier, that ASR 41 consists of a typical small
sentially a Class Il T Tauri star surrounded by a disk of roughly edge-on disk object and a surrounding scattering cloud of uni-
the size of our solar system4 100 AU), i.e., very similar to form density into which the disk shadow gets projected. For
other edge-on disk systems. this model, the density of the surrounding scattering material
The two models differ in the assumptions about the distri- was adjusted so that single scattering dominates, which pre-
bution of the scattering dust surrounding the central star andserves the shadow effect and also coincidentally keeps the sub-
its protoplanetary disk. Two types of models were considered: millimeter flux within the observed upper limit. The “cloud
disk plus constant density cloud (the “diskloud model”) and model” uses a disk radius of 100 AU and a mass of 0JdQ3
disk plus infalling envelope (the “diskenvelope model”). for the best fit to th&k-band data, the cloud itself is assumed
Both reproduce the dark band as the shadow of a smaller diskto have a radius of 10,000 AU. Our diskloud model assumes
The geometry usually used to model young bipolar nebulae a cloud density o2 x 107%° g cn¥, which is within the range
is an infalling envelope model, with the infall rate adjusted to of typical densities in large molecular clouds. This model pro-
model objects in different evolutionary classes (Whitney & duces an 85@m flux of 40 mJy, well below the submillimeter
Hartmann 1993; Whitney et al. 2003). For ASR 41, the infall flux limit. Increasing both the cloud density and the disk mass
rate is constrained by the upper limit for the submillimeter flux. by an order of magnitude leads to slightly better fits to the
The diskt-envelope model in Figure 3 uses an outer disk radius near-infrared fluxes but predicts an 8pth flux of 234 mJy,
of 200 AU, a disk mass of 0.0B!, an outer envelope radius i.e., above the flux limit.

4. MODELING OF THE ASR 41 DISK SHADOW
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Figure 3 shows th&-band image of ASR 41td¢p, rotated luminosity or detailed information about the evolutionary state
to have the polar axis vertical for comparison with the models) of the star at the center of ASR 41.
and the two model flux distributions. Some noise was added

to the model images to make them more visually comparable 5. SUMMARY

to the real image. The diskenvelope model is successful at ] .
matching the photometry, but morphologically, the flux is fall- ~ We have presented images of the young stellar object ASR
ing off too rapidly with distance from the central source because 41 in NGC 1333 at wavelengths ranging from Ho the K

of the density distribution in the envelope. The distoud  band. The bipolar nebula seen at the longer of these wave-
model matches the near-infrared morphology better, including lengths is much larger than typical edge-on disk systems but
the large extent of the reflection nebulosity. can be understood as the shadow of a smaller disk being pro-

Both model fits to the observed photometry indicate incli- jected into the dusty material of the surrounding molecular
nations of about 80 even though the match to the observed CI(_)Ud. Detalle_d mOdeI _CalCUIaUOI’]S of the Scatterlng and radi-
morpho|ogy, in particu'ar the difference in flux from the two ative transfer in this ObjeCt.have been presented. TheSQ models
lobes, could probably be improved by assuming somewhatshow that the morphological features and ;he near-infrared
lower inclinations. These problems that our models have with fluxes can be modeled by a small low-mass disk and surround-
precisely matching the near-infrared photometry and mor- ing scattering medium without violating the upper limit on the
pho'ogy of the object point to Shortcomings in the dust mode| Submll.“meter' ﬂUX. ASR 41 IS, mOSt ||ke|y, a ClaSS Il T Tauri
used here. Our code is currently limited to one dust model star with a disk of roughly the size of our solar system and
throughout, and given the extent of the object an interstellar Overall similar to other edge-on disk objects. Itis distinguished
grain model was chosen. This is a good approximation for the from those objects by the scattering of the disk shadow in the
particles expected in a thin molecular cloud but may not be a surrounding dusty molecular material.
good model for the grains in a much denser protoplanetary
dust disk in the close vicinity of a young star (e.g., Beckwith  NOAO is operated by the Association of Universities for
et al. 1990; Wood et al. 2002). Because of the obvious sim- Research in Astronomy, Inc., under cooperative agreement with
plifications in our model, they are not suitable to derive the the National Science Foundation.
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