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ABSTRACT

We presentSpitzer Space Telescope observations of the “evolved starless core” L1521F that reveal the presence of
a very low luminosity object (L ! 0.07 ). The object, L1521F-IRS, is directly detected at mid-infrared wavelengthsL,

(15 mm), but only in scattered light at shorter infrared wavelengths, showing a bipolar nebula oriented east-west that
is probably tracing an outflow cavity. The nebula strongly suggests that L1521F-IRS is embedded in the L1521F core.
Thus, L1521F-IRS is similar to the recently discovered L1014-IRS and the previously known IRAM 04191 in its
substellar luminosity and dense core environment. However, these objects differ significantly in their core density, core
chemistry, and outflow properties, and some may be destined to be brown dwarfs rather than stars.

Subject headings: ISM: individual (L1521F, L1521F-IRS) — stars: formation — stars: low-mass, brown dwarfs

1. INTRODUCTION

Studies of starless dense cores just before they form a pro-
tostar are important as they provide the initial conditions for
star formation. However, identifying this stage of evolution is
not easy. The majority of cores are starless in the sense that
they do not harbor anInfrared Astronomical Satellite (IRAS)
point source to a sensitivity ofL ∼ 0.1 L,(d/140 pc)2 (Myers
et al. 1987; Lee & Myers 1999), but which starless cores are
close to forming a star? Recently, attempts have been made to
identify a group of “evolved” starless cores with physical,
chemical, and kinematic properties (e.g., high central densities,
molecular depletion, infall asymmetry) that suggest they are
close to star formation (Crapsi et al. 2005a; Kirk et al. 2005).
It is possible that some of these cores have already begun star
formation, containing central sources whose luminosity is too
low to have been detected byIRAS. They are prime targets for
sensitive mid-infrared searches for very low luminosity objects
with the Spitzer Space Telescope (hereafterSpitzer).

Surprisingly, the first “starless” core observed by theSpitzer
Legacy program “From Molecular Cores to Planet Forming
Disks” (or c2d; Evans et al. 2003), L1014, was found to contain
an embedded source, L1014-IRS, with a very low luminosity
of L ! 0.1 L, (Young et al. 2004; Bourke et al. 2005; Huard
et al. 2006). Interestingly, L1014 shows very little evidence of
being an evolved core (Crapsi et al. 2005b). If L1014-IRS and
similar objects have accretion rates that are significantly lower
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than that expected of low-mass protostars, then some are likely
to be proto–brown dwarfs. Thus, L1014-IRS and similar dis-
coveries may pose a significant challenge to our understanding
of star formation.

In this Letter we report on ourSpitzer observations of the object
L1521F-IRS that confirm that it is embedded within the dense
core L1521F in Taurus (140 pc) and has a very low luminosity.
L1521F-IRS is of particular interest, as L1521F (aka MC 27;
Mizuno et al. 1994; Codella et al. 1997; Lee et al. 2001) is one
of the two best examples of an evolved starless core, along with
L1544 (Crapsi et al. 2004, 2005a). L1521F shows a high central
density (∼106 cm�3), infall asymmetry, molecular depletion, and
enhanced deuterium fractionation (Onishi et al. 1999; Shinnaga
et al. 2004; Crapsi et al. 2004). Observations of CO (2–1) show
no clear evidence of structured (i.e., bipolar) outflow emission,
but line wings are seen in HCO� (3–2) (Onishi et al. 1999) that
are spatially compact (!30�) and may be due to outflow emission
similar to that seen from L1014-IRS.

2. OBSERVATIONS

L1521F was observed bySpitzer on 2004 September 7 and
9 with the Infrared Array Camera (IRAC; AOR keys 5075712
and 5076224) and September 24 and 25 with the Multiband
Imaging Photometer forSpitzer (MIPS; AOR keys 9419776
and 9431040) as part of the c2d Legacy program (Evans et al.
2003). The observations at two closely separated epochs allow
for asteroid identification. The field of view covered by the
IRAC observations was∼5�.4 # 10�.0 at a position angle (P.A.)
of �8�.1. At each position, four dithers of 12 s each were taken,
resulting in a 48 s exposure time for most of the area mapped.
With MIPS at 24mm, a field of∼9� # 18� at P.A.p �10�.4
was observed with a total exposure time of 48 s, and at 70mm
a field of ∼4�.4 # 12�.9 at P.A.p �6�.9 with a total exposure
time of 126 s was observed. The map center for the two epochs
of MIPS observations was shifted to allow for uniform map
coverage at 70mm as half of the array is not usable. The data
were processed by theSpitzer Science Center using their stan-
dard pipeline (ver. S11) to produce Basic Calibrated Data im-
ages. The c2d team further processed the images to improve
their quality (correcting “bad” pixels and other array artifacts)
and performed photometry on extracted sources. Details of the
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Fig. 1.—(a) MIPS 1 (24mm) image overlaid with contours of 1.2 mm emission
(Crapsi et al. 2004; J. Kauffmann et al. 2006, in preparation). The contour levels
are 15, 30 , …, 90% of the peak of 94 mJy beam�1. The white cross indicates
the position of L1521F-IRS (in both panels), and the 1.2 mm beam is shown as
a circle in the lower left-hand corner. (b) IRAC 2 (4.5mm) image.

Fig. 2.—Three-color image of the central region of L1521F, using IRAC 1
(3.6 mm; blue), IRAC 2 (4.5mm; green), and IRAC 4 (8.0 um;red).

Fig. 3.—SED of L1521F-IRS with a one-dimensional model fit. The filled
squares with error bars are the measured flux densities from Table 1. At
(sub)millimeter wavelengths, the fluxes within 40� apertures are shown. The
dotted line is the input star�disk spectrum, and the total flux density of the
output model spectrum is shown by the faint gray line. For comparison with
the observed fluxes, the model fluxes were convolved with the same photo-
metric filters (Spitzer) or observed with the same apertures (submillimeter),
and are shown as open squares.

processing, source extraction, and photometry by the c2d team
can be found elsewhere (Young et al. 2005; Harvey et al. 2006).

3. RESULTS

The Spitzer images of L1521F are presented in Figures 1
and 2. Figure 1 shows the 24 and 4.5mm images of the central
region of L1521F. At 24mm (and 70mm), a point source is
seen located at the dust emission peak, but it is not clearly
detected above the nebular emission at shorter wavelengths
(!5 mm). The plus sign in both Figures 1a 1b locates the mean
position of this source, SSTc2d J042838.95�265135.1 (J2000
HHMMSS.ss�DDMMSS.s), from point-spread function fitting
at the wavelengths at which it was detected. Hereafter, we call
this source L1521F-IRS. At 4.5mm, L1521F-IRS lies at the apex
of a bright but compact conical-shaped nebula, which opens to
the west. A similar but fainter nebula is also seen opening to
the east with L1521-IRS at its apex. This nebula is similar in
appearance to bipolar scattered light nebulae seen around young
low-mass stars and also the low-luminosity protostar L1014-IRS
(Huard et al. 2006).

Figure 2 shows a three-color image with the 3.6, 4.5, and
8.0 mm bands represented by blue, green, and red channels,
respectively. Emission from all three bands is evident near the

position of L1521F-IRS (as indicated by the white emission),
but the extended emission is most evident at the shorter wave-
lengths (3.6–4.5mm). To the west of L1521F-IRS, the emission
is due to both 3.6 and 4.5mm emission (blue-green), while in
the east it is mostly due to 4.5mm emission (green).

The spectral energy distribution (SED) of L1521F is shown
in Figure 3, and the flux densities are given in Table 1. The
measured data points are shown as filled squares with error bars.
The 3.6 and 4.5mm points are mostly due to scattered light and
so do not accurately represent the true source flux. The data
points at 5.8 and 8.0mm also have a contribution due to scattered
light, but the pointlike emission from L1521F-IRS is clearly seen
on the images, and its flux dominates the emission. The spectral
index between 2 and 24mm is estimated to be 1.6, from a linear
fit to the available data points. Although this fit is poor (2x ∼
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TABLE 1
Photometry of L1521F

Wavelength
(mm)

Flux Density
(mJy)

j
(mJy)

Aperture
(arcsec)

3.6 . . . . . . . . . . . . . . . 0.42 0.06 1.7a

4.5 . . . . . . . . . . . . . . . 0.54 0.08 1.7a

5.8 . . . . . . . . . . . . . . . 0.34 0.05 1.9a

8.0 . . . . . . . . . . . . . . . 0.45 0.07 2.0a

24 . . . . . . . . . . . . . . . . 25.0 4 5.7a

70 . . . . . . . . . . . . . . . . 490 200 17a

350 . . . . . . . . . . . . . . . 4600 700 40
450 . . . . . . . . . . . . . . . 7000 1800 40
850 . . . . . . . . . . . . . . . 1500 500 40
1200 . . . . . . . . . . . . . 600 150 40

Notes.—The listed uncertainties include the statistical measurement errors
and uncertainties in the absolute calibration. The (sub)millimeter points were
obtained with the bolometer array cameras SHARCII (350mm: Wu et al. 2006),
SCUBA (850mm: Young et al. 2006; 450mm: Kirk et al. 2005; J. Kirk 2006,
private communication), and MAMBO (1200mm: Crapsi et al. 2004; J. Kauff-
mann et al. 2006, in preparation).

a FWHM of the Spitzer point-spread profile.

), the SED is clearly rising to 24mm, and L1521F-IRS is75
embedded and is consistent with a Class 0/I object.

4. MODELING

The internal luminosityLint is a crucial property of the central
source, but it cannot be obtained by simply integrating the
spectrum because the substantial contribution from the inter-
stellar radiation field (ISRF) must be separated out. For this
purpose, a one-dimensional radiative transfer model is suffi-
cient because the envelope can be modeled as spherically sym-
metric even though the disk and outflow cannot. A detailed
comparison of one- and two-dimensional models for this pur-
pose has been undertaken by Dunham et al. (2006), indicating
that only small differences in the derived values ofLint are
expected. Consequently, we have modeled the data with the
one-dimensional radiative transfer code DUSTY (Ivezic´ et al.
1999), in order to attempt to place constraints on the luminosity
of the central source (star�disk) and to serve as a guide for
more detailed two-dimensional modeling in the future. A full
explanation of the model parameters is given by Young &
Evans (2005), and here we briefly describe the specifics of the
model used for L1521F-IRS. A similar analysis was performed
previously for L1014-IRS (Young et al. 2004) and more re-
cently for IRAM 04191�1522 (Dunham et al. 2006).

The envelope is modeled using the analytic form of the
density profile given by Tafalla et al. (2002),n(r) p n /[1 �0

, wheren is the density,r is the distance (radius) froma(r/r ) ]0

the center, andn0, r0, anda are free parameters. Crapsi et al.
(2004) fitted the 1.2 mm profile with cm�3,6n p 10 r p0 0

AU, and . The envelope is heated from the outside2800 a p 2
by the ISRF (adopting the Black-Draine model; see Evans et
al. 2001) and from the inside by a protostar with a disk. Because
the L1521F dense core is embedded within the Taurus molec-
ular cloud, we attenuate the ISRF with . We assumeA p 3V

“OH5” dust opacities that are appropriate for cold, dense cores
(Ossenkopf & Henning 1994; Shirley et al. 2005). We use
envelope inner and outer radii of 10 AU (pthe disk outer
radius) and 14,000 AU, respectively. In order to fit the observed
long-wavelength (submillimeter) data points, a value ofn0

lower than that used by Crapsi et al. (2004) is needed, with
cm�3. With this value, we obtain an envelope5n p 7 # 100

mass of 4.8M, (cf. 5.5 M, in Crapsi et al. 2004, who used
a different value for the dust opacity).

The disk model follows the formula of Butner et al. (1994),
with surface density and temperature�1.5 �0.5S(r) ∝ r T(r) ∝ r
(Beckwith et al. 1990). The disk emission is integrated over all
possible viewing angles (i.e., a “spherical” disk) to compute the
emergent spectrum. It is difficult to separate the star�disk lu-
minosities ( ) in this model, and so we treat them as aL � L∗ disk

single entity and consider only the luminosity of the central
sourceLint (p ). For the temperature of the star, , weL � L T∗ disk ∗
tried values of 1500 and 3000 K, i.e., similar to values found
for L and T dwarfs, and late M dwarfs. Our model does not
include scattering, but the short-wavelength emission, particu-
larly at 3.6 and 4.5mm, is due mostly to scattered light. It is
possible that L1521F-IRS is an almost edge-on disk, in which
case the observed short-wavelength fluxes would be lower limits.
Our model is one-dimensional and is an average over all incli-
nations, and so to allow for the edge-on possibility and obtain
a strong upper limit to the luminosity, we simply require that
the model fluxes be greater than the measured values in that
wavelength range. This requirement rules out models with sig-
nificantly lower or higher values of , as they bring the modelT∗
fluxes uncomfortably close to the observed values.

Our best-fit models for both 1500 and 3000 K haveL ∼int

. The best-fit model for 1500 K is shown in Figure 3.0.05L,

These models provide reasonable matches to all wavelengths
110mm, within the constraint required for the short-wavelength
emission. At 1500 K, the maximum allowed value forLint is
∼0.07 L,, which matches the 70mm flux within its 1 j un-
certainty. The best fit for 3000 K is already close to the max-
imum allowed, due to the IRAC constraints—the maximum is

. In summary, we find that a central source withL ∼ 0.06Lint ,

a luminosity provides a reasonable fit to theL ∼ 0.05 Lint ,

data, with an upper limit of . Note that the bo-L ! 0.07 Lint ,

lometric luminosity is , so that most of theL p 0.36 Lbol ,

luminosity is modeled as being due to the ISRF heating the
envelope (Evans et al. 2001). The short-wavelength emission
is not well fitted by this simple one-dimensional model, which
is not surprising as it is due mainly to scattered light in the
outflow cavity. A two-dimensional model is required to explain
the scattered light images. However, the main result that the
luminosity of L1521F-IRS is very low should remain unchan-
ged in such a model (e.g., Dunham et al. 2006).

5. DISCUSSION

With its low luminosity, L1521F-IRS belongs to the newly
identified group of very low luminosity objects, dubbed
VeLLOs, i.e., objects with associated with denseL ! 0.1 Lint ,

cores (Kauffmann et al. 2005; Dunham et al. 2006). The pro-
totype of this group is L1014-IRS with (YoungL ∼ 0.09Lint ,

et al. 2004). The previously known object IRAM 04191�1522
(hereafter IRAM 04191; Andre´ et al. 1999) has recently been
shown to have a similar low luminosity, withL ∼ 0.08 Lint ,

(Dunham et al. 2006). Although all three sources have similar
luminosities, there are a number of differences, such as their
outflow properties, which may hint at differences in their cur-
rent evolutionary status, their possible future evolution, or both.
Although current evolutionary models of low-mass objects at
ages 105–106 yr suggest that all three objects are proto–brown
dwarfs, the models are uncertain and do not fully account for
ongoing accretion (e.g., Baraffe et al. 2002). Given that all
three objects possess substantial envelopes of a few solar
masses, their final mass could be either substellar or stellar,
depending on their future accretion.

The outflow properties of these three objects deserve com-
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parison. IRAM 04191 has an extended molecular outflow that
appears to be similar to outflows from more luminous protostars
(Andréet al. 1999; Dunham et al. 2006), while the very compact
L1014-IRS outflow is less massive and energetic than expected
for its protostellar luminosity (Bourke et al. 2005). These results
imply that the time-averaged accretion rate of IRAM 04191
(∼10�6 M, yr�1; André et al. 1999) is about 2 orders of mag-
nitude greater than that of L1014-IRS (∼10�8 M, yr�1). For
IRAM 04191, the inferred accretion luminosity is much greater
than its internal luminosity, which may indicate that the current
accretion rate is much lower (Dunham et al. 2006).

Although no clear bipolar molecular outflow has been detected
from L1521F-IRS, it shows a scattered light nebula that is similar
in appearance to those seen around low-mass stars with outflows
and that strongly suggests that an outflow is present. The lack
of a clear outflow detection implies that like L1014-IRS, the
outflow is likely to be weak and compact, and that the accretion
rate is low. As discussed by Dunham et al. (2006), the low
accretion rate for L1014-IRS may hint that it is near to the end
of its main accretion phase and will remain substellar. This could
also be the case for L1521F-IRS. Alternatively, the present low
accretion rate of all three objects might instead indicate that they
are in a quiescent phase between episodic outbursts.

L1521F-IRS seems to be intermediate between IRAM 04191
and L1014-IRS. The L1521F core is bright in molecular lines
and submillimeter dust emission and shows infall, depletion,
and deuteration, (Crapsi et al. 2004), all properties seen in
IRAM 04191. However, its outflow is likely to be more similar
to the L1014-IRS outflow, and although the submillimeter core
is bright, it is not as centrally peaked as other protostellar cores,
and it has been well fitted with a Bonner-Ebert–like sphere
typical of starless cores rather than a power law typical of
protostellar cores (Crapsi et al. 2004).

As noted in § 1, prior toSpitzer, L1521F was one of the two
best examples of an evolved starless core, the other being the
well-studied core L1544 (Tafalla et al. 1998; Caselli et al. 2002;
Crapsi et al. 2005a). Inspection of theSpitzer data for L1544
does not reveal any protostellar candidate; i.e., L1544 is still a
prestellar core. A similar result is found for the other evolved
starless cores identified by Crapsi et al. (2005a). The similarity

between the L1521F and L1544 cores suggest that L1521F-IRS
has not yet had a strong influence on its parental core and that
L1544 is indeed close to forming a protostar.

6. SUMMARY AND CONCLUSIONS

With the Spitzer Space Telescope, we have discovered a low-
luminosity object, L1521F-IRS ( , with an upperL p 0.05 Lint ,

limit of ∼0.07L,) within the “evolved starless core” L1521F in
Taurus. At short wavelengths (!5 mm), a well-defined bipolar
scattered light nebula is seen, suggesting the presence of a mo-
lecular outflow like those observed from low-mass protostars.
L1521F-IRS is located at the density peak of the core, and its
luminosity is similar to other low-luminosity objects, IRAM
04191�1522 and L1014-IRS. It is unclear at present whether
L1521F-IRS will evolve to form a low-mass star or a brown dwarf.

These results do not support the idea that core properties cor-
relate with features of early stellar evolution. Some cores, including
L1544, have hallmarks of high density, including freezeout chem-
istry, but harbor no embedded sources, while similar cores do have
internal sources, such as L1521F. Other cores, including L1014,
have modest densities yet harbor VeLLOs. Still other cores, such
as L1521F and IRAM 04191, have similar gas properties and
objects of similar luminosity, but their embedded sources have
very different mass outflow rates. It is not clear where VeLLOs
fit within the current paradigm of low-mass star formation, and it
is difficult to imagine a single evolutionary scenario that can ex-
plain them all. The picture may become clearer once a largeenough
sample of these objects has been studied.
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