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The Protostellar Luminosity Function

Program contacts: Lynne Hillenbrand, Tom Greene, Paul Hapy
Scienti ¢ category: STAR FORMATION
Instruments: FORCAST, HAWC
Hours of observation: 180

Abstract

We propose mid- and far-infrared imaging observations witBOFIA of low bolometric
temperature objects discovered through large area survegs galactic star forming regions
with Spitzer. The sources are not seen shortward of 8n down to limiting ux densities
of 0.1 mJy but are strong 24 m and especially 70 m emitters. With SOFIA/FORCAST
and SOFIA/HAWC we will measure the spectral energy distributions (SBs) of these dust
enshrouded, emerging protostars over the wavelengths sparg their emission peaks. We
will derive their bolometric luminosities and bolometric emperatures and thus sample the
Class 0 and Class | protostar luminosity function down to faiter levels than possible with
IRAS or with the recent Spitzer data alone. These observations will reveal whether these
embedded objects have signi cant accretion luminositiesesolving the puzzle of whether the
low luminosity Class | stars in Tau-Aur and elsewhere are ugpuitous or unique. Particularly
important is the wavelength coverage and the far-infraredpatial resolution of SOFIA which
removes the source confusion that has plagued previol%AS and Spitzer investigations of
similar phenomena.
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Observing Summary:

Target RA Dec Fay Con guration/mode  Hours
TAU-AUR: 15 YSOS 04 15 +26 0.1 @2Im, 0.5 @100m 2 FCAST, 4 HAWC 45
OPH: 15 YSOS 16 28 245 0.1 @21m, 0.5 @100m 2 FCAST, 4 HAWC 45

SERPENS: 15 YSOS 1830 +01 0.1 @21, 0.5 @100m 2 FCAST, 4 HAWC 45
NGC 1333: 15 YSOS 0329 +31 0.1 @21, 0.5 @100m 2 FCAST, 4 HAWC 45

Grand total hours 180
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Bl Scienti c Objectives

The collapse of a molecular cloud core leads to formation ofpmotostar that is initially
deeply enshrouded by gas and dust. During the main accretigghase, the mass infall rate
can be approximated by dividing the local Jeans mass by theek-fall timescale §nsan
M;=¢ =5:4c3=G; Schmeja & Klessen 2004). For an isothermal sound speed, of 0.2
km/s characteristic of Taurus, this corresponds tdMy,ar =1 10 > M /yr. The e ects
of magnetic support can produce smaller infall rates (210 ¢ M /yr; Shu 1977) while the
external compression in turbulent ows can produce largenfall rates (upto 10 M /yr,
at least initially; Schmeja & Klessen 2004).

As rst pointed out by Kenyon et al. (1990), however, if the irfalling envelope material
is channeled onto the star via steady-state disk accretiort ¢he above rates, the liberated
accretion luminosity would be roughly 10 times that emittedby the young photosphere.
With such accretion dominated luminosities, young protostrs should have total luminosities
roughly 10 times those of neighboring T Tauri stars. This iseen for some objects but not
for many others. Interestingly, the total bolometric lumirosities (calculated by integrating
the entire energy distribution of a star) of young objects infau-Aur show no statistically
signi cant di erences between objects exhibiting a wide rage of infrared spectral indices.
This discrepancy between the observed bolometric lumintiss and the predicted accretion
dominated luminosities is often referred to as the \Luminaty Problem” (Kenyon et al. 1990,
1994), and it implies that infrared spectral indices are nogood indicators of circumstellar
evolutionary states.

Speci cally, the observed bolometric luminosity should hae several contributors:

I—tot = I—star + I—acc;shock"' I—acc;disk + I—rep;disk; (1)

where Ly, IS the stellar luminosity, L acc:shock IS the accretion luminosity generated as disk
material impacts the star, Laccqisk IS the viscously generated luminosity of the disk, and
Lrep.disk 1S reprocessed luminosity from the disk. The total luminosi can be simplied
through substitution as

Liot = 1:08Lgtar + 1:58L acc: (2)

Indeed, the total luminosities calculated by White & Hillerbrand (2004) based on mea-
surements OfL aec:shock @Nd inference ofl ,.c.gisk @and following the above prescription, agree
very well with the bolometric luminosities for both Class | &ars and Class Il stars in Tau-Aur
which were optically selected (median Class I log(/ L) = 0:16, = 0:57; median Class
Il log(Lwt/ Lpe) =0:15, =0:30). For the Class | stars, this agreement suggests there istn
a signi cant contribution to the bolometric luminosity generated from an infalling envelope
supplying the disk with material at a high accretion rate.

For these Class | and Class Il stars in Tau-Aur, the contribubn of disk accretion
(Lace:shock + Lacc:disk) to the bolometric luminosity can range from a few percent tmearly 90
percent. However, in the typical case, only 28% of the bolotne luminosity is generated
through disk accretion; the majority of the bolometric lumnosity originates from the star.
This result quanti es the \luminosity problem" for Class | stars in Tau-Aur, yet some Class
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| stars there and many in the Oph cloud do have signi cant accretion luminosities (Kenyon
et al. 1990; Wilking et al. 1989; Greene & Lada 2002). Do thegeung stars in di erent

clouds have truly di ernt accretion properties, or do seldmn e ects come into play? For
example, the Tau-Aur clouds are nearby (140 pc) with low exiction (A, 5 mag), so
optical and near-IR surveys there may be more sensitive towduminosity young stars than
similar surveys in the Oph cloud (d 140 pc and A > 25 mag) or in more distant clouds
in Ser or Per.

An additional remaining problem for Class | stars is the digepancy between the accre-
tion luminosity measured directly from shocked continuum rad line emission at the stellar
photosphere (as derived and discussed in White & Hillenbrdni2004), and the accretion lu-
minosity required to reproduce the observed broad band spead energy distributions from
<1-1000 m (Kenyon et al. 1993a,b; Whitney et al. 1997, 2003a, ;Eisnet al. 2005).

One way to make progress in these areas is to obtain a more cdete census of the
Class | and the even more dust enshrouded Class 0 populatiansseveral low mass star
forming regions within several hundred parsecs. The boloinie luminosity distribution as
a function of bolometric temperature (Myers & Ladd 1993) foknown Class 0, Class 0/,
and Class | protostars is shown in Figure 1.

Recent Spitzer observations of molecular clouds within several hundred pof the Sun
are currently being conducted. (e.g. Figure 2). These sup® are revealing large numbers
of sources which are visible only longwards of 8n, i.e. as 24 m and 70 m bright objects
but with 8 m ux densities <0.1 mJy. While initial sorting between contaminants (main
belt asteroids and AGN, primarily) and true previously unc#loged young stars is ongo-
ing, these surveys are expected to reveal hundreds of caratibs for follow-up with SOFIA.
Comparable, but limited, studies with ISO/ISOCAM revealedthat the young protostar pop-
ulations based on IRAS studies in clouds such as ChamaelegrSérpens, and L1641 were
40-400% incomplete (Persi et al. 2000; Kaas et al. 2004; Alioriega-Crespo 2004). The
increased sensitivity and more extensive mapping capakiis of Spitzer should increase the
known Class | and Class 0 populations by more than an order ofagnitude. SensitiveSpitzer
observations will likely nd any previously undetected lowluminosity young stars embedded
in star forming clouds, but they may be confused b§pitzer'slow spatial resolution at far{IR
wavelengths.

We therefore propose mid- and far-infrared imaging obsemans with SOFIA of such
newly discovered objects with low bolometric temperatureswWith SOFIA/FORCAST and
SOFIA/HAWC we will measure the spectral energy distributions (SPBs) of these dust en-
shrouded, emerging protostars over the wavelengths spangitheir peak emission. These
observations are also likely to resolve many objects whicleaspatially confused inSpitzer
images. We will derive their bolometric luminosities and dometric temperatures and thus
sample the Class 0 and Class | protostar luminosity functiodown to fainter levels than
possible with IRAS, or with the recent Spitzer data alone in which sampling at only 1 or
2 wavelengths is possible. These observations will detenaithe accretion luminosities of
these objects and resolve the extent of the luminosity prodéin once bolometric luminosities
are correlated against bolometric temperatures.
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Figure 1: Bolometric luminosity, determined by integratin g a spectral energy distribution for a
source at known distance, plotted against bolometric tempeature, de ned as the temperature of
a blackbody with the same mean frequency as the source. The sgle is all known Class 0 and
Class 0/I sources within 500 pc (from Froebrich 2005). KnownClass | objects would occupy 2/3
of the total area in the Figure, towards the lower right, and extend over the same luminosity
range to bolometric temperatures as high as several hundrel{elvin. The currently known
samples of Class 0 and Class | objects are biased against louminosity sources; such objects are

being identi ed in ongoing Spitzer surveys of gala
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Figure 2: IRAS 60 m map of the Taurus-Auriga star forming region with Spitzer AORs from the
Padgett et al. IRAC and MIPS imaging survey overlayed on the right panel. This survey and
others like it are expected to identify hundreds of previousy unknown low luminosity Class 0 and
Class | sources, increasing the population by more than an aler of magnitude.
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B SOFIA Unigueness/Relationship to Other Facilities

These observations are not feasible from the ground due toethwavelengths involved. The
broad wavelength coverage and the far-infrared spatial r@sition of SOFIA removes the
source confusion that has plagued the few previolBRAS and Spitzer investigations of sim-
ilar phenomena. The SOFIA/FORCAST spatial resolution at =24 m is identical with

SpitzerIRAC at =8 m. SOFIA/HAWC spatial resolution at =53 mor 88 m is very
similar to Spitze/MIPS at =24 m; SOFIA/JHAWC at =215 m has spatial resolution
identical to SpitzeMIPS at = 70 m. This will allow direct use of both Spitzer and
SOFIA data of di erent wavelengths to measure emission frorthe same spatial regions.

Bl Observing Strategy

We predicate our observational strategy on the goal of detitg objects a factor of 100 less
luminous than one of the brightest known Class | protostarsi Taurus, IRAS 04016+2610
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which has a bolometric luminosity of 3.7 L. This is also equivalent to detecting objects
100 , 30 , and 20 fainter than 04016+2610 in the Oph, Ser, and Per (NGC 1333)
clouds, respectively. To reach the required ux density lints at SNR=5-10 in the two
longest FORCAST bands and all four HAWC bands for such a sousowith ux density 0.1
Jy at 21 m and 0.5 Jy at 100 m, requires roughly 1200 second integrations in each lter.
Including overheads leads to a total time per source of 3 haurOur program requires 180
hours of observatory resources for an initial set of 60 proped targets distributed in the
above 4 regions.

B Special Requirements

The Oph observations may require a southern deployment. Theseuld be skipped in
favor of more Tau-Aur, Ser, and Per targets if a deployment isot possible.

Maximum water: medium
RMS pointing jitter: 2.0 as

[l Precursor/Supporting Observations

The proposedSOFIA observations are require the availability of new targets ém various
programs ongoing with theSpitzer mission. Many such observations are being conducted by
the Cores to Disks Legacy program and b$pitzer General Observers.



