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Abstract. Given a mid-infrared (MIR) Next Generation Space Tele-
scope (NGST) instrument working out to 30 um, our understanding of
the star-formation process would be revolutionized. We stress that the
MIR observations of protostars modeled here would be impossible to ob-
tain from any other platform. Detailed Monte Carlo radiative transfer
calculations of protostellar envelopes were run at three MIR and three
submillimeter wavelengths to demonstrate the complementarity of infor-
mation that could be gleaned by combining NGST and Atacama Large
Millimeter Array (ALMA) data.

1. Introduction

The result of research since the successful Infrared Astronomical Satellite (IRAS)
mission and the commissioning of large-aperture, ground-based submillimeter
telescopes such as the James Clerk Maxwell Telescope (JCMT) has led to our
current understanding of the four stages of star-formation (Adams, Lada, & Shu
1987, Chandler et al. 1990, Lada 1991, Barsony 1994):

e Class 0 Sources: These objects are in the youngest observable protostel-
lar stage which lasts just a few x 10* years (André, Ward-Thompson, &
Barsony 1993). Dynamic infall is occurring onto a central hydrostatic core *
which contains less mass than its surrounding dense, extended infall en-
velope (André & Montmerle 1994). Class 0 sources are characterized by
powerful bipolar molecular outflows (Bontemps et al. 1996, Wolf-Chase et
al. 1998) and spectral energy distributions resembling a modified, single
temperature, cold (T < 30K) blackbody (Barsony 1994).

e Class I Sources: In this stage, which lasts a few x 10° yr (Kenyon et
al. 1990), the central object has attained > 90% of its final Zero Ar

INSF POWRE Visiting Professor
2CAREER Award Recipient
397

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2000ASPC..207..397B

rZ000ASPC. Z207- Z397B0

398 Barsony and Whitney

Main Sequence (ZAMS) mass. The nascent star is now surrounded by an
accretion disk and a remnant infall envelope which has been excavated by
the outflow to contain bipolar cavities (Padgett et al. 1999; Velusamy &
Langer 1998). The majority (60%—80%) of these sources are still driving
bipolar outflows, but these are ten times less powerful than those observed
in the Class 0 stage. The SED’s of Class I sources are broader than a
blackbody distribution, rise from 2 pm-10 pm, and peak in the far-infrared
(e.g., Wilking, Lada, & Young 1989, Ladd et al. 1991).

e Class II Sources: This stage lasts of order a few x 10® yr (Hillenbrand
1998, White et al. 1999) and is characterized by an emission-line star,
(T-Tauri star), surrounded by a substantial disk (e.g., McCaughrean &
O’Dell 1996; Beckwith et al. 1990, Koerner & Sargent 1995, Guilloteau
& Dutrey 1998). The infall envelope and outflow have both largely dis-
appeared by this stage. The SED’s of Class II objects are broader than a
blackbody distribution, peaking around 2 ym-3 pm, falling from 2 pm-10
pm (Rucinski 1985).

e Class III Sources: This is the final pre-main-sequence stage, lasting 10%-
107 yr (Walter et al. 1988). From the perspective of planet formation,
this is the most exciting stage to study, since the typical 0.1 Mg of disk
material present in the Class II stage has evolved to a disk mass < 0.001
Mg, deduced from the lack of detectable millimeter continuum flux in such
sources (André & Montmerle 1994). Presumably, most of the particulate
material has agglomerated into planetesimals or even planets at this stage
in the mostly gaseous disk. The only direct way to detect the warm gas
in these disks is through the 28 ym and 17 pm emission lines of Hs, as
has recently been done by ISO in the case of a source bright enough for
detection, the Class II binary system GG Tau (Thi et al. 1999). The
SED’s of Class III sources resemble reddened stellar blackbodies.

To date, all 45 known Class 0 protostars within 500 pc of the Sun remain
either undetected in the MIR, or, if detected by ISOCAM (with 6" pixels), they
appear as weak (mJy level) point sources (André, Ward-Thompson, & Barsony
1999). NGST’s unparalleled combination of sensitivity and angular resolution
will be able to reveal, for the first time, the otherwise obscured, warm (a few x
100 K) inner dust structures closest to the central accreting protostar.

2. Models

To demonstrate what could, in principle, be learned from MIR NGST imaging
of protostars, we ran a 2-D Monte Carlo radiative transfer code (Whitney &
Hartmann 1993) to simulate the appearance of a Class 0 object at various wave-
lengths. The code has been modified to include thermal emission from the star,
disk and envelope, assuming the envelope temperature follows a T o r~%* power
law (Wolfire & Cassinelli 1986). For the figures shown below, a nearly edge-on
orientation (¢ = 80°) was assumed for the 10 AU radius accretion disk, buried in
infalling envelope of 3000 AU radius, with a bipolar cavity of 10° opening angle.
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Figure 1. Model images of a Class 0 protostar at 20 ym (left panels),
and 28 pm (right panels). Top: Envelope structure is rotationally
flattened (TSC) with a centrifugal radius of r. = 10 AU; the density
falls off as n(r) o r=3/2 beyond r¢; the total Ay = 496. Bottom:
The envelope density follows n(r) o< r=1/2 at all radii; the total Ay =
467. For all panels, the minimum contour levels are 0.01 mJy/pixel
for a system luminosity of 1 L and distance of 125 pc. Each contour
interval increases by 1 magnitude. The closely spaced contours in the
top panels reflect the steeper density law.

The envelope density structure is a crucial quantity capable of distinguishing
amongst competing star-formation theories. The standard model of an envelope
in free-fall collapse, modified by rotation, gives a density that goes as n(r) «
7~1/2 in the inner regions, within a centrifugal radius 7, and n(r) o r=3/2 at
radii greater than r, (Terebey, Shu, & Cassen 1984; TSC). In the youngest, or
Class 0 sources, 7. is expected to be small (< 10 AU, or 0.08"” at a distance
to the nearest star forming region) and the standard theory therefore predicts
n(r) « 7=3/2 over most of the observable envelope. Such a model is presented
in the top panels of Figure 1.

Model fits to the SEDs of Class 0 sources, however, seem to require that
the density follow a 7~1/2 power law (André et al. 1993). Theories of binary
formation (Bonnell, Bate, & Price 1996, Bate, Bonnell, & Price 1995) as well
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as hydrodynamical simulations of infall from non-ideal cloud cores (Foster &
Chevalier 1993, Galli & Shu 1993) also predict a flatter density law than the
“standard” (TSC) model. The bottom panels of Figure 1 show model images
for a shallower, n(r) o« r~1/2 density distribution. This envelope has a similar Ay
to the standard TSC model at this particular viewing angle, but the Ay ’s remain
high over a wider range of inclinations. Thus, this flat-density envelope has more
mass, more extinction at short wavelengths over a larger range in viewing angle,
and more emission at long wavelengths. Images were also computed at 10um
(not shown) where the TSC model gives an integrated flux of 0.4 mJy and the
flat-density model gives a flux nine orders of magnitude fainter. That is, the
flat-density model produces a much redder SED. The MIR fluxes are sensitive
to source inclination, allowing further constraints on source characteristics.

The comparison of MIR images from NGST with quantitative models of
the MIR appearance of Class 0 infalling envelopes will sufficiently narrow the
range of allowable envelope density laws and thus distinguish between current
theories of star formation. To further constrain envelope structures requires
fitting the entire SED from MIR through millimeter wavelengths. In addition,
the accretion disk size for Class 0 protostars can be independently determined
with ALMA. Figure 2 shows how the sub-millimeter images can also distinguish
between envelope geometries, though they are not as sensitive to inclination as
the MIR. Thus, both wavelength regimes are highly complementary.
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Figure 2. Model images at 350 pm. On the left is the standard TSC
envelope (as in top of Figure 1). On the right is the flattened-density
envelope (as in bottom of Figure 1). Both are plotted with the same
minimum contour of 5 mJy. Contour spacing is 0.5 magnitudes. The
envelope emission traces the density distribution, and also delineates
the inner disk region.
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