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ABSTRACT

Most, if not al, stars are now believed to produce energetic outflows during their formation. Yet, almost 20
years after the discovery of bipolar outflows from young stars, the origins of this violent phenomenon are not
well understood. One of the difficulties of probing the outflow process, particularly in the case of massive
embedded stars, is adeficit of high spatia resolution observations. Here we present subarcsecond-resolution mid-
infrared images of one massive young stellar object, AFGL 2591, and its immediate surroundings. Our images,
a 11.7, 12.5, and 18.0 um, revea a knot of emission =6” southwest of the star, which may be evidence for a
recent gjection event or an embedded companion star. This knot is roughly coincident with a previously seen
near-infrared reflection nebula and a radio source, and it lies within the known large-scale CO outflow. We also
find a new faint northwest source that may be another embedded lower luminosity star. The IRAS mid-infrared
spectrum of AFGL 2591 shows a large silicate absorption feature at 10 um, implying that the primary sourceis
surrounded by an optically thick dusty envelope. We discuss the interrel ationship of these phenomena and suggest
that mid-infrared imaging and spectroscopy provide powerful tools for probing massive star birth.
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1. INTRODUCTION

It is now generally agreed that most, if not all, stars produce
energetic outflows during their formation (see Bachiller 1996
for areview). Since the discovery of outflows aimost 20 years
ago (Snell, Loren, & Plambeck 1980), nearly 200 examples
have been found, most of them associated with low-luminosity
young stellar objects (Y SOs). Outflows can be studied using
a variety of tracers, including high-velocity CO line emission
(Baly & Lada 1983), shock-excited H, line emission (e.g.,
Lane 1989), and optically visible Herbig-Haro (HH) jets (Rei-
purth 1989).7

All indications are that flows emerge in a bipolar manner
from a stellar or circumstellar region. However, the physical
processes giving rise to the outflows are not well understood.
One suggestion is that a primary wind originating at the star
(e.g., Shu et al. 1991) or at the accretion disk (e.g., Pudritz &
Norman 1983) is responsible. In both scenarios, the well-
collimated fast wind sweeps up ambient molecular gas in its
vicinity, forming two cavities in opposite directions from the
star. The displaced molecular gas constitutes the CO outflow,
and ionized “knots’ of gas manifest themselves as HH objects.
Ouitflows probably occur whilethe star isstill accreting material
and may play a significant role in gjecting material of excess
angular momentum.

The presence of “bullets’ in the CO emission and shocked
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“knots,” which are visiblein the optical and near-infrared, sug-
gests that mass gjection from Y SOs often occursin burstsrather
than at a steady rate. Such ejection events appear to be inter-
mittent, and the interval between two successive events is on
the order of 10% yr. It isintriguing that the masses and timescales
of bullets are similar to those of outbursts observed in FU
Orionis stars. The FU Ori eruptions are thought to be due to
large increases in the accretion rate through a circumstel lar disk
(Hartmann & Kenyon 1985). If the two phenomena are related,
it may be possible to probe the accretion history of protostars
using detailed observations of their outflows (e.g., Reipurth
1989).

One of the barriers to understanding the outflow process
better is the limited spatial resolution of millimeter-wavelength
CO line observations. The situation is particularly dire in the
case of massive Y SOsin which large extinction (A, > 10 mag)
prevents high-resolution optical imaging.

Here we present subarcsecond-resolution mid-infrared im-
ages of one high-luminosity (class 0/1) Y SO, AFGL 2591, and
its immediate surroundings. AFGL 2591 was first recognized
as an outflow source by Bally & Lada (1983). The CO outflow
is larger than 1’ in extent, with the blue lobe extending west
or southwest and the red lobe in the northeast direction (Lada
et al. 1984; Mitchell, Hasegawa, & Schella 1992; Hasegawa
& Mitchell 1995). Optical and near-infrared observations have
revealed molecular hydrogen emission (40" east and west; Ta-
mura & Yamashita 1992) and HH objects (10" and 20” west/
southwest; Poetzel, Mundt, & Ray 1992) near AFGL 2591.
The distance to AFGL 2591 is not well established. Assuming
a distance of 1 kpc, it has a luminosity of ~2 x 10* L and
an estimated stellar mass of 10 M.

2. OBSERVATIONS AND DATA REDUCTION

AFGL 2591 was observed in 1999 June 3 and 4 using
MIRAC3, the newest version of the University of Arizona/
SAO mid-infrared camera (Hoffmann et al. 1998) at the 3.0 m
NASA Infrared Telescope Facility (IRTF). MIRAC3 uses a
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Fic. 1.—MIRAC3 images of AFGL 2591 at, from left to right, 11.7, 12.5, and 18.0 um. The contours are plotted for 10 ¢ and 15 o levels in the left panel

and middle panel, and for 5 ¢, 10 0, and 15 ¢ in the right panel.

Boeing HF16 128 x 128 S : As blocked impurity band de-
tector. On the IRTF, MIRACS3 has a plate scale of 0733 pixel %,
providing a total field of view of 42” x 42". This pixel scale
ensures Nyquist sampling of the diffraction-limited point-
spread function (PSF).

We obtained images of AFGL 2591 in MIRAC3 11.7, 12.5,
and 18.0 um 10% passband filters, with a total on-source in-
tegration time of 600, 370, and 540 s, respectively. The standard
stars o Her and 3 Peg, observed before and after the science
target, were used for flux and PSF calibration.

We used a standard nodding and chopping technique to re-
move the background signal, dithering the source on the array
to obtain subpixel sampling of the PSF. The chop frequency
was set to 5 Hz, with athrow of 20” in the north-south direction.
The nod throw was al so set to 20", but in the east-west direction,
in order to have al four chop-nod beams inside the field of
view of the array. Each individual nod cycle required a 10 s
on-source integration, and the procedure was repeated for as
many cycles as needed to obtain the requested total integration
time.

To reduce the data, we have developed our own software
written in C and IDL languages. We first subtracted the chop-
on from the chop-off frames for both nodding beams. The two
images thus obtained were then subtracted one with the other,
in order to get a single frame in which the source appears in
all four beams (two negative and two positive). We then applied
again matrix, derived from images of the dome (high-intensity
uniform background) and the sky (low-intensity uniform back-
ground), to flat-field the chop-nodded image.

This procedure was repeated for each of the nodding cycles
for which the source was observed. A final high signal-to-noise
ratio cumulative image was then obtained by co-adding to-
gether all the beams, each recentered and shifted on the source
centroid. Thislast bit of co-adding was performed on asubpixel
grid having the size of one-fifth of the origina MIRAC3 pixels,
thus providing afinal pixel scale of 07066 pixel~*. A mask file
to block out the effects of bad pixels and field vignetting was
also created and applied in this stage, preventing individual
rejected pixels from contributing to the final image. The same
observing and reduction procedure was aso used for the ref-
erence stars, to ensure a uniform treatment of the source and
the standards.

3. RESULTS AND DISCUSSION

Figure 1 shows the final MIRAC3 images of AFGL 2591.
The central source is not clearly resolved. It has an FWHM of

084, 087, and 1721 at 11.7, 12.5, and 18.0 um, respectively.
The FWHM of the reference point source 8 Peg in the same
filters is 0782, 0785, and 1711, respectively. An extended knot
of emission =6" southwest (SW) from the central source is
visiblein all threeimages. A compact faint sourceis seen =11"
northwest (NW) of AFGL 2591. Figure 2 is a schematic draw-
ing of AFGL 2591 (not to scale) with the various observed
components indicated.

In Table 1, we list mid-infrared fluxes for the three sources
as well as the position angles of SW and NW sources (coun-
terclockwise from north) and their separation from the central
source. The photometry was measured inside apertures of (di-
ameter) 18" (the total flux of main and SW sources), 9" (the
SW source alone), and 5" (the NW source). The 0 mag flux
densities for the three filters are 29.2, 25.7, and 12.6 Jy, re-
spectively. We estimate an error of 10% for the photometry,
mainly because of the uncertainty of the reference fluxes and
the difficulty of isolating the sources when doing aperture pho-
tometry. Lower fluxes of the main source were found by Lada
et a. (1984) by using broadband filters at 11.4 and 12.6 um.
The discrepancy (40% and 8% in the two filters) can be ex-
plained by the presence of a broad absorption feature in the
source spectrum at 10 um, which affects broadband photometry
more than our 10% filters. By fitting the 12.5 and 18.0 um
fluxes with a blackbody, we derive color temperatures of
300-350 K for the central source and 100-120 K for the SW
knot and the NW source.

Persi et al. (1995) presented the only previously published
mid-infrared image of AFGL 2591. Their observations at
11.7 pm were carried out on the 2.1 m San Pedro Martir
telescope in Bgja California, Mexico, with an image scale of
1"34 pixel %, and did not reveal the SW knot or the NW com-
pact source seen in our MIRAC3 images because of the smaller
field of view of their detector.

3.1. Central Source

The flux of the central source rises dramatically from 11.7
to 12.5 um, implying that its 11.7 um flux may be suppressed
by a large silicate absorption feature at ~10 um. Indeed, the
low-resolution mid-infrared spectrum obtained by the Infrared
Astronomy Satellite (IRAS) shows deep absorption at that wave-
length. Thus, it is likely that the protostar is surrounded by an
optically thick dusty envelope, perhapsinfree-fall collapseonto
the star (van der Tak et al. 1999). Our observations limit the
radius of the envelope to <3” (or <3000 AU, assuming a
distance of 1 kpc).
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FiG. 2—Schematic drawing of AFGL 2591 with the various observed components indicated (not to scale)

Figure 3 shows the IRAS spectrum of the source and the best
fit that we obtained by modeling the circumstellar dust envel ope
with the radiative transfer code DUSTY.? The fit shown is for
a spherically symmetric envelope with a radial density profile
p o< r~2 around a central blackbody source at an effective tem-
perature T; = 25,000 K (van der Tek et al. 1999). We adopted

the silicate dust opacity by Ossenkopf, Henning, & Mathis
(1992), which provides a good fit to the 10 um silicate feature.
The fit for p oc r™*® (i.e,, constant infal) is not as good, im-
plying that the infalling envelope is likely to be surrounded by
a fair amount of noninfalling cloud material. The model spec-
trumisnot particularly sensitive to the T, of the central source.

Our best fit to the IRAS spectrum suggests an A, on the order
of 100 (derived from the best-fit optical depth).

3.2. NW Source

AFGL 2591 is generaly considered to be an example of
relatively isolated massive star formation. However, our de-
tection of a faint pointlike source 11" NW of it suggests that
there may be other embedded low-mass stars in its vicinity. A
preliminary look at 2MASS JHK images reveals at least two
more pointlike sources within 40" of AFGL 2591. Deep mid-

infrared images of a larger area are needed to search for a
possible cluster of low-mass protostars in this region.

8 See the User Manual for DUSTY developed by Z. Ivezi¢, M. Nenkova,

& M. Elitzur 1999, University of Kentucky Internal Report, available at http:
Ilwww.pa.uky.edu/"moshe/dusty.

TABLE 1
MID-INFRARED PHOTOMETRY
11.7 pm 125 um 18.0 um  Position Angle Separation
Source ) ) ) (deg) (arcsec)
A...... 440 (=44) 745 (*=75) 753 (=75)
B...... 184 (+2) 159(*+2) 79.6(*8) 235 6
C...... 18(+£02) 21(*£02) 162(x2) 325 11

3.3. SW Knot

The SW knot that we detect appears closeto theinner portion
of aloop first observed in the near-infrared by Forrest & Shure
(1986). The near-infrared emission is assumed to arise from
the scattering of photons from AFGL 2591 off dust grains at
the surface of a cavity cleared by the outflow. The loop, also
seen in NH, observations by Torrelles et a. (1989), is indeed
located in the blue outflow laobe, i.e., the one directed toward
us. Using the Draine & Lee (1984) opacity at 18 um and

assuming T = 100 K and d = 1 kpc, we estimate the mass of

this knot to be greater than 0.2 M.

The SW knot is also coincident with a radio source as well
as a knot of H, emission. The radio source, detected using
interferometers at the Very Large Array (Campbell 1984) and
the Owens Valley Radio Observatory (van der Tak et al. 1999),
has an approximately flat spectrum between 6.1 and 0.3 cm

A [em]

Fic. 3.—IRAS mid-infrared spectrum of AFGL 2591 (solid line) and the

best-fit model (dot-dashed line) for the 10 um silicate feature. The heavy

absorption is presumably due to an optically thick dusty envelope around the
massive central star.
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and is interpreted as free-free emission from an opticaly thin
H 11 region. The H, emission is seen in an image taken with
the BEAR imaging spectrometer on the Canada-France-Hawaii
telescope using a narrow band filter on the 1-0 Y1) line, after
the continuum is subtracted (G. Mitchell 2000, private com-
munication). The existence of the H, line implies the shock
collisiona heating of the molecular gas in the outflow, which
provides the necessary excitation energy (T = 2000 K; see,
e.g., Smith & Brand 1990). On the other hand, the dust that
is responsible for mid-infrared emission is characterized by a
much lower local equilibrium temperature of T, ~ 100 K, as
inferred from our photometry. It is likely that the H, emission
comes from the shock itself, while the mid-infrared color tem-
perature is an average through the dust clump.

Previous near-infrared observations have a so revealed a sec-
ond, larger loop of emission at a projected separation of ~19”
from the star (Burns et a. 1989; Minchin et al. 1991; Tamura
et al. 1991; Poetzel et al. 1992). The presence of multiple shells/
loops is thought to be evidence for episodic mass outflows
from AFGL 2591, as are molecular bullets seenin CO emission
(Bachiller, Martin-Pintado, & Planesas 1991) and shocked
knots observed in the optical and the near-infrared (Reipurth
1989) in other well-known outflow sources. Upto~1 M, could
be gected in each eruptive event, athough a few tenths of a
solar mass is more typical (Bachiller 1996).

If we assume that the SW knot is associated with a recent
mass gjection from AFGL 2591, we can estimate its dynamical
timescale. Following Minchin et a. (1991), we take that the
outflow is inclined from the plane of the sky by 55°, and we
estimate ~10* AU as the true distance from the star to the SW
knot. Given atrue outflow velocity of 26 km s™* (based on the
line-of-sight velocity of CO gas observed by Baly & Lada
1983), then we get a dynamical timescale of ~2000 yr. For the
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same assumptions, the outer loop seen in the near-infrared
would have adynamical timescale of ~6000 yr. Such timescales
are consistent with the estimated 10*-10° yr total duration of
the energetic outflow phase of YSOs (Bally & Lada 1983).

Another possibility is that the SW source itself is an em-
bedded protostar surrounded by an ultracompact H 11 region.
Some Herbig Ae/Be stars (e.g., LkHa 198 and LkHa 234) are
known to have heavily embedded mid-infrared companions
associated with an outflow, a radio source, and HH objects
(Lagage et al. 1993; Cabrit et al. 1997). The SW source is well
resolved in our mid-infrared images, with a“ coma’-like shape.
So, if it is another protostar, its envelope may be affected by
the outflow from AFGL 2591.

In summary, our observations suggest that mid-infrared im-
aging and spectroscopy can be powerful tools for probing the
immediate circumstellar environment of embedded stars driv-
ing outflows. Such outflows appear to be rather common around
young stars and are very likely associated with accretion pro-
cesses from the early stages of protostars. They may play an
important role in determining the mass of the star-disk system
and may affect the evolution of the surrounding molecular
cloud. Yet our understanding of the outflow processisfar from
satisfactory. High-resolution imaging with current mid-infrared
cameras and future millimeter-wave interferometers could help
develop a more unified picture of infall and outflow in star
formation.
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