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ABSTRACT

The temperature, density, and kinematics of the gas and dust surrounding the luminous (2 x 10* L)
young stellar object GL 2591 are investigated on scales as small as ~ 100 AU, probed by 4.7 um absorp-
tion spectroscopy, to over 60,000 AU, probed by single-dish submillimeter spectroscopy. These two
scales are connected by interferometric 86-115 and 226 GHz images of size 30,000 AU and resolution
2000 AU in continuum and molecular lines. The data are used to constrain the physical structure of the
envelope and investigate the influence of the young star on its immediate surroundings. The infrared
spectra at A/AA ~ 40,000 indicate an LSR velocity of the *3CO rovibrational lines of —5.7 + 1.0 km s},
consistent with the velocity of the rotational lines of CO. In infrared absorption, the *2CO lines show
wings out to much higher velocities, ~ —200 km s~ !, than are seen in the rotational emission lines,
which have a total width of ~75 km s~ !. This difference suggests that the outflow seen in rotational
lines consists of envelope gas entrained by the ionized jet seen in Bry and [S 1] emission. The outflowing
gas is warm, T > 100 K, since it is brighter in CO J = 6 — 5 than in lower-J CO transitions.

The dust temperature due to heating by the young star has been calculated self-consistently as a func-
tion of radius for a power-law density distribution n = nyr~% with « = 1-2. The temperature is enhanced
over the optically thin relation (T ~ r~°#) inside a radius of 2000 AU, and reaches 120 K at r < 1500 AU
from the star, at which point ice mantles should have evaporated. The corresponding dust emission
can match the observed A > 50 um continuum spectrum for a wide range of dust optical properties and
values of a. However, consistency with the C!7O line emission requires a large dust opacity in the sub-
millimeter, providing evidence for grain coagulation. The 10-20 ym emission is better matched using
bare grains than using ice-coated grains, consistent with evaporation of the ice mantles in the warm
inner part of the envelope. Throughout the envelope, the gas kinetic temperature as measured by H,CO
line ratios closely follows the dust temperature. The values of o and n, have been constrained by model-
ing emission lines of CS, HCN, and HCO™ over a large range of critical densities. The best fit is
obtained for o = 1.25 + 0.25 and n, = (3.5 + 1) x 10* cm ™3 at r = 30,000 AU, yielding an envelope mass
of (42 + 10) M, inside that radius. The derived value of « suggests that part of the envelope is in free-
fall collapse onto the star. Abundances in the extended envelope are 5 x 10~° for CS, 2 x 10~° for
H,CO, 2 x 108 for HCN, and 1 x 10~8 for HCO™. The strong near-infrared continuum emission, the
Bry line flux, and our analysis of the emission-line profiles suggest small deviations from spherical sym-
metry, likely an evacuated outflow cavity directed nearly along the line of sight. The 4, ~ 30 toward the
central star is a factor of 3 lower than in the best-fit spherical model.

Compared to this envelope model, the Owens Valley Radio Observatory (OVRO) continuum data
show excess thermal emission, probably from dust. The dust may reside in an optically thick, compact
structure, with diameter <30 AU and temperature = 1000 K, or the density gradient may steepen inside
1000 AU. In contrast, the HCN line emission seen by OVRO can be satisfactorily modeled as the inner-
most part of the power-law envelope, with no increase in HCN abundance on scales where the ice
mantles should have been evaporated. The region of hot, dense gas and enhanced HCN abundance
(~107%) observed with the Infrared Space Observatory therefore cannot be accommodated as an
extension of the power-law envelope. Instead, it appears to be a compact region (r < 175 AU, where
T > 300 K), in which high-temperature reactions are affecting abundances.

Subject headings: accretion, accretion disks — circumstellar matter — infrared: stars —
stars: individual (AFGL 2591) — stars: pre—main-sequence —
submillimeter
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1. INTRODUCTION

The dust and molecular gas around low-mass young
stellar objects (YSOs)? is observed to consist of a disk of
typical size 10> AU and a spherical power-law envelope
extending out to r = 10* AU (0.05 pc). Perpendicular to the
disk, a bipolar molecular outflow is often seen, reaching
velocities up to ~100 km s~ ! (see reviews by Shu 1997;
Blake 1997). Much less is known about the physical struc-
ture around high-mass YSOs (Churchwell 1993, 1999).
Because the formation of massive stars occurs over much
shorter timescales and involves much higher luminosities,
differences in the structure of the circumstellar environment
can be expected. Submillimeter continuum observations
have revealed the presence of ~100—1000 M, of dust and
gas around massive young stars (Walker, Adams, & Lada
1990; Henning, Chini, & Pfau 1992; Sandell 1994; Hunter,
Phillips, & Menten 1997). However, little information exists
about the distribution of this material within the 20"-30"
single-dish beams. Angular momentum in a collapsing
cloud should produce a rotating disk, and the magnetic field
is expected to lead to the formation of a larger flattened
structure. Numerical simulations indicate that such disks
do indeed form (Yorke, Bodenheimer, & Laughlin 1995;
Boss 1996), but observational evidence for disks around
massive young stars has been sparse. Around Orion IRc2, a
~20 M, star (Genzel & Stutzki 1989), and the best-studied
case by far, less than ~0.1 M, of neutral material resides in
a disk (Plambeck et al. 1995; Blake et al. 1996). This appar-
ent discrepancy may be due to evaporation of the disks by
the stellar ultraviolet continuum (Hollenbach et al. 1994;
Richling & Yorke 1997), which can disperse a 1 M disk
around a 10 M star in ~10° yr. Well before the actual
destruction of the disk, its dust continuum emission may be
hidden behind free-free emission from the dense, ionized
evaporative flow, which remains optically thick up to very
high radio frequencies.

The large masses derived from the single-dish flux den-
sities imply that a physical model of the envelopes of
massive young stars on ~10* AU scales is a prerequisite
before any conclusions about the smaller scale structure can
be drawn. Four types of models for these envelopes are
found in the literature: (1) homogeneous clouds of constant
density and temperature, (2) inhomogeneous clouds with
clumps but no overall gradients (e.g., Wang et al. 1993;
Blake et al. 1996), (3) core-halo models (e.g., Little et al.
1994), and (4) power-law distributions (e.g., Carr et al. 1995).
The last category matches theoretical considerations, which
indicate density laws ~r~% with o = 2.0 for clouds if they
are thermally supported against collapse and « = 1.0 if the
support is nonthermal; clouds in free-fall collapse should
have o = 1.5 (Lizano & Shu 1989; Myers & Fuller 1992;
McLaughlin & Pudritz 1997). In addition, as a central star
develops, the material will not remain isothermal, and a
combination of thermal pressure, radiation pressure, and a
stellar wind will stop the infall process. This may produce a
shell of dense gas, effectively flattening the average density
law.

2 We will use the term “young stellar object,” or YSO, for a gas and
dust cloud that derives the bulk of its luminosity from nuclear burning but
that is still embedded in a molecular cloud, as opposed to “protostar,”
which is an object primarily radiating dissipated gravitational energy.
Stellar objects are “ massive ” if they emit a substantial Lyman continuum.
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In this paper, we investigate the applicability of such
models to GL 2591, a site of massive star formation in the
Cygnus X region. While most massive stars form in clusters,
GL 2591 provides one of the rare cases of a massive star
forming in relative isolation, which allows us to study the
temperature, density, and velocity structure of the circum-
stellar envelope without confusion from nearby objects.
Although invisible at optical wavelengths, GL 2591 is very
bright in the infrared. Photometry over the full 2-200 ym
range was obtained by Lada et al. (1984). Assuming a dis-
tance of 1 kpc, the luminosity is ~2 x 10* L, leading to an
estimated stellar mass of 10 M. The infrared source is
associated with a weak radio continuum source (Campbell
1984) and with a powerful bipolar molecular outflow larger
than 1’ in extent (Lada et al. 1984; Mitchell, Hasegawa, &
Schella 1992; Hasegawa & Mitchell 1995).

The distance to GL 2591 is highly uncertain. First, the
source has no optical counterpart, impeding a spectro-
photometric determination. Wendker & Baars (1974)
associate GL 2591 with the nearby (~ 1°), optically bright
H 1 region IC 1318c, for which Dickel, Wendker, & Bieritz
(1969) determined a distance of 1.5 kpc. Second, the Galac-
tic longitude of GL 2591 is close to 90°, so that the Galactic
differential rotation is almost parallel to the line of sight,
and the kinematic distance is poorly constrained, 4 + 2 kpc,
assuming R, = 8.5 kpc and ®, = 220 km s~ 1. The source
may be a member of the Cyg OB2 association, in which case
the distance is 2 kpc. Dame & Thaddeus (1985) give the
distance to Cygnus X as 1.7 kpc, the mass-weighted average
of CO clouds in the region. The spread between these
clouds is large, 0.5-2.0 kpc, which is probably real since the
line of sight is down a spiral arm. Recent work on GL 2591
generally assumes 1 kpc, which provides a convenient
scaling. We adopt this practice, but we will discuss how our
conclusions are modified if the distance is increased to
2 kpc.

The large columns of dust and gas toward GL 2591 block
our view of the stellar photosphere, but give rise to a high-
luminosity infrared source, which allows detection of infra-
red absorption lines in the colder foreground material.
Indeed, one of our main motivations for studying this
source is the possibility of obtaining sensitive complemen-
tary infrared data from the ground and from space, in par-
ticular with the Infrared Space Observatory (ISO). Previous
observations of CO and '*CO 4.7 um absorption lines by
Mitchell et al. (1989) suggested a cold (38 K) and a hot
(1010 K) component in the quiescent gas, as well as a
blueshifted warm (~ 200 K) component. Carr et al. (1995)
detected absorption lines of C,H, and HCN at 14 um,
implying a density of ~3 x 107 ¢cm ™3 for the warm and
hot components, and abundances of HCN that are a factor
of ~100 higher than those in the extended envelope.
Recent ISO observations with the short-wavelength
spectrometer (SWS) have resulted in the detection of hot
(~300 K), abundant gas-phase H,O (Helmich et al. 1996;
van Dishoeck & Helmich 1996). Even higher temperatures
(~1000 K) are seen in the ISO 14 um absorption profiles
of C,H, and HCN (Lahuis & van Dishoeck 1997).

Carr et al. (1995) used millimeter observations of CS,
HCN, HCO", and their isotopes to constrain the density
structure of a one-dimensional power-law envelope model.
They ruled out constant-density models and found that
o = 1.5 fits the data somewhat better than o = 1.0 or 2.0.
Comparison of the strengths of HCN millimeter emission
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and infrared absorption lines led them to conclude that the
size of the dense, hot region is <3”. However, it was not
clear how this inner region relates to the large-scale struc-
ture, especially since the velocities of the infrared lines of
CO appeared to differ by 5-10 km s~ ! from those of the
rotational lines (Mitchell et al. 1989).

In this paper, we present new single-dish submillimeter
data, millimeter interferometry, and infrared absorption
line observations of GL 2591, thereby extending the pre-
vious data in several ways. First, the interferometer probes
~ 10 times smaller scales than the single-dish observations,
bridging the gap toward the infrared absorption, which
occurs in a pencil beam set by the size of the emitting
region. The imaging capability enables us to relate the inter-
ferometer data to the single-dish submillimeter data.
Second, the new single-dish data cover a larger frequency
range (86—650 GHz), while also probing higher gas densities
(up to 10% cm ™ 3) and temperatures (up to 200 K) than the
observations presented by Mitchell et al. (1992) and Carr et
al. (1995). The new infrared spectra are at slightly higher
resolution, A/AA = 40,000, and have lower noise than pre-
vious data from Mitchell et al. (1989), and can thus help to
resolve the discrepancy between the infrared and millimeter
velocities. The combined data will be used to constrain the
physical and kinematical structure of the dust and molecu-
lar gas on scales of ~100 to ~ 30,000 AU. The chemical
composition of the envelope will be discussed in a sub-
sequent paper.

This paper is organized as follows. First we present the
observations (§ 2) and their direct implications (§ 3). In § 4,
we develop a model for the physical structure of the circum-
stellar envelope. The temperature structure of the dust is
calculated in § 4.1, the masses from gas and dust tracers are
compared in § 4.2, leading to an estimate of the sub-
millimeter dust opacity, and the density distribution in the
envelope is obtained in § 4.3. Possible alternative models
and deviations from spherical symmetry are discussed in
§§ 4.4 and 4.5. This model is subsequently compared to the
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interferometer continuum and HCN line observations in
§ 5, to search for evidence of a more compact component
and changes in the HCN abundance on small scales. The
paper concludes with a summary of the main findings (§ 6).

2. OBSERVATIONS

2.1. Interferometer Observations

Interferometer maps of various lines and continuum at
86-226 GHz were obtained with the millimeter array of the
Owens Valley Radio Observatory (OVRO).> The OVRO
interferometer consists of six 10.4 m antennas on north-
south and east-west baselines. Three frequency settings
were observed, the basic parameters of which are listed in
Table 1. This paper only presents the continuum, CO and
HCN (+isotopic) data; the SO, SO,, and CH;OH results
will be discussed in a future paper.

The gains and phases of the antennas were monitored
with snapshots of the quasars 2023 +336 and 2037+ 511;
the bandpass was checked against 3C 273, 3C 454.3, and 3C
111. Because of the high level of atmospheric decorrelation
at 226 GHz, it was not possible to impose phase closure, as
was the case for the 86-115 GHz data. Instead, approximate
phase solutions were derived by setting the phase of the
calibrator to zero on every baseline. Absolute flux cali-
bration is based on 15 minute integrations on Uranus and
Neptune. The flux densities at a given frequency found for
the phase calibrator on different days agree to within the
estimated calibration uncertainty of 10%. At 226 GHz, the
likely uncertainty is closer to 20% due to the higher atmo-
spheric phase noise. Data calibration was performed using
the MMA package (Scoville et al. 1993); further analysis of
the OVRO data was carried out within MIRIAD.

3 The Owens Valley Millimeter Array is operated by the California
Institute of Technology under funding from the US National Science
Foundation (AST 96-13717).

TABLE 1
PARAMETERS OF OVRO OBSERVATIONS

Parameter Setting 1 Setting 2 Setting 3

Frequency (GHz) ......c.oovvvvviiininn, 86 106 115/226
Observation date ...........cooevvvvinneinnnn. 1995 Sep 27/Dec 16 1995 Sep 29/1996 Jan 02/1996 Jan 03 1997 Feb 01/Mar 24/Jun 01
Configuration® .............ccoieviieenen... LR/EQ LR/EQ/EQ LR/HR/LR
Time on-source (minutes)................... 380/460 420/180/235 260/140/280
Wide mode:

Resolution (km s~ 1) ........oooevnenene. 0.87 0.71 0.65

Coverage (km s ™) ......ccoeveninininnn.n. 112 90.5 834

LANES . eovenieiiieie e HCNJ=1-0, CH,OH 3,-4, A%, CO, C'"'0

SOJ=2,-1, SO, 10, 4-10, 1, J=1-0

Narrow mode:

Resolution (km s~ 1) ..........ooeenenits 0.44 0.35 0.33

Coverage (km s 1) ...ooiiniiinninnnn.. 279 22.6 20.9

LiNes .ovvvveeniinieeieeie e H!3CN, HC*SN CH,OH 11_,-10_, E, CO, C'"0

J=1-0 H,CS 3,,-2,; J=1-0

Continuum bandwidth (GHz).............. 0.5 0.5 1.0
Longest baseline (KA)...........cooovvvinnnn 70 84 95/90
Synthesized beam FWHM:

Continuum ........coevevivrinninnenenn.. 24 x 1"8, —88° 270 x 175, —88° 23 x 175, —69° /179 x 174, —43°

LiNes .ovvvveieiinieeieieeieeieeeeeeenne 377 x 370, —73° 374 x 217, —54°
Map rms (all settings) (mJy beam™?)...... 60 (CO, HCN) 80-100 (H'3*CN, HC'SN) 1.7 (continuum)

2 The LR configuration is compact, the HR is extended, and the “equatorial ” (EQ) configuration has long north-south but shorter east-west baselines.
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2.2. Single-Dish Submillimeter Observations

Most of our single-dish submillimeter data were obtained
with the 15 m James Clerk Maxwell Telescope (JCMT)*>
on Mauna Kea, Hawaii during various runs in 1995 and
1996. The antenna has an approximately Gaussian main
beam of FWHM 18" at 230 GHz, 14" at 345 GHz, and 11”
at 490 GHz. Receivers A2, B3i, and C2 were used as front
ends at 230, 345, and 490 GHz, respectively. The digital
autocorrelation spectrometer served as the back end, with
continuous calibration and natural weighting employed. To
subtract the atmospheric and instrumental background, a
reference position 180" east was observed, except for the CO
lines, where an 1800” offset was used. Values for the main
beam efficiency, #,,,, determined by the JCMT staff from
observations of Mars and Jupiter, are 0.69, 0.58, and 0.53 at
230, 345, and 490 GHz for the 1995 data, and 0.64, 0.60, and
0.53 for 1996, respectively. Absolute calibration should be
correct to 20%, except for data in the 230 GHz band from
1996 May, which have an uncertainty of ~50% due to
technical problems with receiver A2. Pointing was checked
every 2 hr during the observing and was usually found to be
within 2” and always within 4”. Integration times are 30-40
minutes per frequency setting, resulting in rms noise levels
in T,,, per 625 kHz channel ranging from ~30 mK at 230
GHz to ~100 mK at 490 GHz. A small 104" x 104" map
was made using the on-the-fly mapping mode in the '*CO
3-2 line, with an rms noise of 2 K km s 1.

Single-dish observations of molecular lines in the 86115
GHz range were made in 1995 October and November with
the NRAO 12 m telescope® on Kitt Peak. The receiver was
the 3 mm SIS dual-channel mixer. For the back ends, one
256 channel filter bank was split into two sections of 128
channels at 100 kHz (0.34 km s~ ') resolution, and the
hybrid spectrometer was placed in dual-channel mode with
a resolution of 47.9 kHz (0.16 km s~ !). The beam width is
63” FWHM and the main beam efficiency is #,,, = 0.86.
Pointing is accurate to 10” in azimuth and 5” in elevation.

Observations of the CO and '3CO J = 6 — 5 lines near
650 GHz were carried out in 1995 May with the 10.4 m
antenna of the Caltech Submillimeter Observatory (CSO).”
The back ends were the acousto-optical spectrometers
(AOS) with 500 and 50 MHz bandwidth. At 650 GHz, the
CSO has a beam size of 1172 FWHM and a main beam
efficiency #,,, = 0.40. Pointing is accurate to 4”. All single-
dish data were reduced with the IRAM CLASS package.

2.3. Infrared Observations

Spectra of GL 2591 near the CO v = 1 < 0 band at 4.7
um were obtained with the Phoenix spectrometer mounted
at the f/15 focus of the NOAO 2.1 m telescope on Kitt Peak.

4 The James Clerk Maxwell Telescope is operated by the Joint
Astronomy Centre, on behalf of the Particle Physics and Astronomy
Research Council of the United Kingdom, the Netherlands Organization
for Scientific Research, and the National Research Council of Canada.

5 Technical information about the JCMT and its receivers and spectro-
meter can be found at http://www.jach.hawaii.edu/JCMT/home.html.

¢ The National Radio Astronomical Observatory is operated by Associ-
ated Universities, Inc., under contract to the US National Science Founda-
tion.

7 The Caltech Submillimeter Observatory is operated by the California
Institute of Technology under funding from the US National Science
Foundation (AST 96-15025).
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A single grating order is projected onto an InSb array with
1024 pixels in the dispersion direction, covering a 1500 km
s~! bandpass at a resolution of A/AL = 40,000 (7.5 km
s~ 1).%8 Three wavelength regions have been observed: near
2155 cm~! on 1997 April 1, near 2112 cm~! on 1997
October 23, and near 2134 cm ™! on 1997 October 24. On-
source integration times were 1 hr for each wavelength
setting, spread over 90 s scans. The weather was partly
cloudy during all nights, with a high and variable humidity.
Reduction was carried out with the NOAO IRAF
package. Consecutive array frames were subtracted from
each other to remove instrumental bias and (to first order)
the atmospheric background, but the high variability of the
background required a second correction during the aper-
ture extraction. A dome flat field was used to correct for
sensitivity variations across the chip. Wavelength cali-
bration is based on the telluric CO lines in the spectrum of a
reference object, which was the Moon in April and Vega in
October. To remove the telluric CO and '3CO lines, the
source data are divided by the standard star data, scaled to
the appropriate air mass. The absorption in telluric water
lines varied significantly over a 1 hr exposure, and scale
factors for the cancellations of these features were deter-
mined empirically in order to obtain a straight continuum.
For the April observations, the cancellation of telluric CO
lines is limited by the use of the Moon as reference object.
Since this is an extended source, it will illuminate the optics
differently, leading to a broadening of the telluric features.
This broadening can give spurious “emission” features
when the source data are divided by the reference data.

3. RESULTS

3.1. Interferometer Maps of the 86-226 GHz Continuum

Figure 1 presents the continuum emission of GL 2591 at
87, 106, 115, and 226 GHz. These maps were produced from
the OVRO data in the standard way, using uniform weight
in the Fourier transform and deconvolution with the
CLEAN algorithm. Self-calibration on the brightest
CLEAN components improved the phases of the u-v data.
The beam FWHM and noise level of the maps can be found
in Table 1.

Two sources are detected, separated by ~6”. At 87 GHz,
the southwest source is the brightest, but at higher fre-
quencies the northeast source begins to dominate the flux in
the field. At 226 GHz, where the sensitivity is lower, only the
northeast source is detected. No sources were detected in
the high-resolution array configuration at 226 GHz, which
is why the beam size is similar to that of the lower frequency
images.

The positions and flux densities of the sources were mea-
sured by fitting models to the u-v data before and after
self-calibration, respectively. The simplest model that
describes the data well consists of a point source for the
northeast object and a Gaussian for the southwest source.
The results are summarized in Table 2, together with
centimeter-wave measurements from the literature. Based
on the positional agreement to within 072, we associate the
southwest source with radio source 1 from Campbell (1984),
and the northeast source with the infrared source from
Tamura et al. (1991) and with radio source 3 from Camp-
bell.

8 Technical information about the instrument can be found at http://
www.noao.edu/kpno/phoenix/phoenix.html.
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F1G. 1.—OVRO continuum maps of GL 2591. The beam FWHM is
indicated in the top left corner. Contour levels are 6-42 x 12 mJy beam !
at 86 GHz, 5-35 x 10 mJy beam ! at 106 GHz, 10-50 x 20 mJy beam !
at 115 GHz, and 20-140 x 40 mJy beam ' at 226 GHz. The map center is
at R.A. 20727™35¢8, decl. +40°01'14” (B1950).

The southwest source has an approximately flat spectrum
between 6.1 and 0.3 cm, with a spectral index y (S, oc v?)
between 5 and 87 GHz of —0.03 £ 0.01. This suggests free-
free emission from an optically thin H 1 region, for which
y = —0.1. The relation of the southwest source to the
molecular cloud core will be discussed further in § 4.5. For
the northeast source, VLA observations (Campbell 1984;
Tofani et al. 1995) indicate a spectral index between 6.1 and
3.6 cm of y = 0.6, the value expected for a spherical ionized
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wind. Extrapolating along this spectral index gives an
86 GHz flux density of 3.6 mJy, about an order of mag-
nitude below that observed with OVRO. The spectral index
of the northeast source at millimeter wavelengths is some-
what uncertain because of calibration problems at 226 GHz.
Most of the dynamic range in the presented 226 GHz image
was achieved by self-calibration; this process may have
falsely attributed the flux of the southwest source to the
northeast source. We therefore regard the measured flux
density of 151.4 mJy as an upper limit. A lower limit is
~70 mJy, which holds if the southwest source has a con-
stant spectral index up to 226 GHz, but such a low value is
unlikely, since the emission was detected at the position of
the infrared source. The best value for the spectral index of
the northeast source is 1.7 + 0.3. This value could arise in
an H 1o region with a slight density gradient, which raises
the question of how this gas is related to the ionized wind
seen at centimeter wavelengths. The same combination of
quiescent and expanding components is seen in the sur-
rounding neutral material (Mitchell et al. 1989). This inter-
pretation can be tested with interferometric observations of
radio recombination lines. However, the derived spectral
index is also close to 2.0, suggesting blackbody emission.
Regardless of whether this emission is due to dust or to
ionized gas, the low brightness temperatures of only 1-2 K
at all frequencies observed with OVRO imply that the emis-
sion fills only a small fraction of the beam. We show in § 5.1
that it is not due to extended emission.

If all of the emission arises in an (ultra-) compact H 11
region, the absence of a spectral turnover up to 226 GHz

implies an emission measure =10'° pc cm 5, a source

diameter <20 AU, and an electron density =107 cm 3.
With the recombination rate in an optically thick H n
region (case B), az =2.59 x 10713 cm?® s~ ! (Osterbrock
1991), the stellar supply of Lyman continuum photons is
estimated to be =3 x 105 s~ 1, Using the lower limit, the
stellar atmosphere models by Thompson (1984) indicate
an effective temperature of 25,000 K and a luminosity of

8000 L. More detailed models by Schaerer & de Koter

TABLE 2
PosITIONS AND FLUX DENSITIES OF RADIO SOURCES IN GL 2591

RA. Decl. Flux Density
Source (1950) (1950) (mJy) Reference

Southwest Source

VLA 5GHz........... 20 27 35.613 (0.007) +40 01 10.4 (0.1) 79 (2.0 1

VLA 84 GHz......... 20 27 35.659 (0.007) +40 01 104 (0.1) 82 (8.0 2

OVRO 87 GHz....... 20 27 35.63 (0.004) +40 01 10.4 (0.1) 87 (1.4) 3

OVRO 106 GHz...... 20 27 35.62 (0.004) +40 01 10.4 (0.1) 71 (1.2) 3

OVRO 115 GHz...... 20 27 35.63 (0.01) +40 01 10.4 (0.1) 93 (2.5) 3
Northeast Source

VLA 5GHz........... 20 27 35.963 (0.007) +40 01 14.8 (0.1) 0.4 (0.1) 1

VLA 84 GHz......... 20 27 35.975 (0.007) +40 01 14.7 (0.1) 0.5(0.1) 2

OVRO 87 GHz....... 20 27 35.95 (0.004) +40 01 14.9 (0.1) 29.5 (0.8) 3

OVRO 106 GHz...... 20 27 35.93 (0.003) +40 01 14.9 (0.1) 38.7 (0.7) 3

OVRO 115 GHz...... 20 27 35.97 (0.009) +40 01 14.8 (0.1) 52.9 (1.5) 3

OVRO 226 GHz...... 20 27 35.88 (0.013) +40 01 14.7 (0.2) 151 (4.5 3

22 um...iiiiinn.. 20 27 36.00 (0.09) +4001 15(1) 4

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,

arcminutes, and arcseconds.

2 Includes <80 mJy from the southwest source (see text).
REFERENCES.—(1) Campbell 1984; (2) Tofani et al. 1995; (3) This work; (4) Tamura et al. 1991.
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(1997) suggest somewhat lower values for T, and L/L,
but this difference may easily be compensated for by the
“leaking out ” of ionizing photons. Comparing this estimate
of the stellar luminosity with the observed infrared flux of
GL 2591 given by Lada et al. (1984) leads to a lower limit to
the distance of greater than 0.6 kpc. Even this limit value is
highly uncertain, since additional luminosity could be pro-
vided by low-mass companion stars.

Alternatively, dust could be responsible for the emission,
in which case the characteristic temperature is significantly
lower. For instance, for T = 100 K, the source diameter
would be 200 AU. Dust emission on these spatial scales
could arise in the innermost regions of a power-law
envelope. However, we will show in § 5 that the OVRO
continuum emission from GL 2591 is caused by a separate,
compact dust component after developing a model for the
more extended envelope from the single-dish observations
in § 4. It should be noted that the continuum fluxes seen in
the interferometer are only a small fraction of those
observed with single-dish antennas, ~5% at 226 GHz;
most of the envelope emission is filtered out by the interfer-
ometer.

3.2. Interferometer Maps of Molecular Line Emission

In Figure 2, the OVRO images of the J = 1 — 0 line of
CO, HCN, H!3CN, and HC!5N are presented, after decon-
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volution with CLEAN. For HCN and H!3CN, the inte-
grated emission includes the hyperfine components; C!’0O
was not detected. The CO map does not include the flux on
projected baselines shorter than 7 kA. Also shown are
spectra at the image maxima averaged over the central
beam area, obtained from deconvolved image cubes at full
spectral resolution and coverage, except that the outermost
eight channels in the wide mode and four in the narrow
mode were left out because of poor bandpass. The self-
calibration solutions from the continuum data, which have
a higher signal-to-noise ratio, were adopted for the line
data. No continuum was subtracted. Beam sizes and rms
noise of the images can be found in Table 1.

Because of a lower signal-to-noise ratio, the positional
accuracy of the line data is lower than that of the contin-
uum, but for all lines the emission maximum lies within half
a beam from the northeast continuum source. Hence, the
molecular line emission is associated with the infrared
source, not with the southwest continuum source. The emis-
sion appears compact, except for HCN, which is elongated,
and CO, which, although very bright, is not centrally con-
centrated like the other molecules. Instead, the CO line
appears to trace irregularities in the molecular cloud sur-
rounding the star-forming core and/or in the outflow.

The right-hand panels of Figure 2 show the profiles of the
HCN, H!3CN, and HC!>N J = 1 — 0 lines observed with
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F1G. 2.—Integrated intensity maps (left) and spectra (middle) of molecular lines observed with OVRO in a 3”5 beam. The map center is the same as in
Fig. 1. Lowest contour and contour intervals is 130 mJy beam~! (HCN), 110 mJy beam ! (H'3CN), 80 mJy beam ~* (HC!*N), and 200 mJy beam ! (CO).
The right panels show spectra observed with the NRAO 12 m telescope (thin lines) and with OVRO (thick lines), both in a 63" beam.
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the NRAO 12 m telescope. Also plotted, as thick lines, are
the OVRO spectra, constructed from the maps in the left-
hand panels after convolution to the resolution of the 12 m
telescope. Only =20% of the total line flux is recovered
with OVRO, although the two telescopes are seen to trace
kinematically the same gas. The missing flux in the interfer-
ometer data (~80%) must be on angular scales of =307,
to which the array is not sensitive. The CO emission,
after convolution to a 63” beam, has a peak brightness of
~ 1.1 K, or about 5% of the value measured by Lada et al.
(1984) at the NRAO 12 m. Thus, 95% of the COJ =1-0
emission arises on = 30" scales.

3.3. Single-Dish Molecular Line Emission

Table 3 summarizes the results of our single-dish obser-
vations. All spectral features show a Gaussian component
at v g = —5.5+ 0.2 km s~ !, with a FWHM of 3.3 + 0.6
km s~ 1, while several lines show additional blueshifted
emission, which has been fitted by a second Gaussian com-
ponent at —6.9 + 0.7 km s~ 1, with a FWHM of 6.2 + 2.5
km s~!. The profiles of the CO J=3—>2 and J =4 -3
lines can be reproduced by the same combination of two
emission components, but two additional absorption com-
ponents at v; gz = 0.0 and —8.0 km s~ ! are required. These
absorptions are also seen in the OVRO CO and HCN
J =1 - 0line profiles. The absorption at zero v; g is due to
an extended cold foreground cloud, seen in emission at
= 60" offsets (Mitchell et al. 1992), while the absorption at
—8 km s~ ! may be intrinsic to the source. Since neither of
these absorption features is present in the CO J =6 -5
line, the absorbing gas must be cold and/or tenuous.

The outflow is observed in the broad wings of the 12CO
emission line profiles, which can be described with a Gauss-
ian of FWHM = 20 km s !, centered at v, g = —7 km s~ 1.
The flow is also seen as the broad emission components in
lines of CS, H,CO, HCN, HCO*, and H!3CO™". The high-
velocity CO is brighter in the J=6—5 than in the
J =4 - 3 line, both measured in an 11” beam, implying a
kinetic temperature of at least 100 K on a scale of 10* AU.
The large extent of the flow (Lada et al. 1984; Mitchell et al.
1992) may explain why the gas seen in infrared absorption
at —21.5 km s~ ! (§ 3.4) is not prominent in the OVRO
data: the interferometer filters out most of the emission. The
fast molecular jet at v g = —50 to —200 km s~ ! was not
covered by the OVRO spectrometers.

Figure 3 shows the '*CO J =3 —» 2 map of GL 2591,
both in the line wings and integrated over the entire profile.
Also shown are 450 and 850 um continuum observations
with the Submillimeter Common User Bolometer Array
(SCUBA) at the JCMT, provided by M. van den Ancker &
G. Sandell (1998, private communication). The lowest
contour drawn for the 13CO wing emission, 5 K km s~ 1, is
the brightness expected for the molecular cloud surround-
ing the star-forming region, assuming T,;, = 15 K, n = 10*
cm 3, N(*3CO) = 1.7 x 10'® cm ™2 [N(H,) = 10?2 ¢cm 2],
and AV = 2 km s~ !. The gas and dust tracers agree reason-
ably well on the extent of the dense molecular cloud core.
The diameter at which the intensity has dropped to half its
peak value is ~20” in both continuum maps, measured
both north-south and east-west. The '*CO diameter is
closer to ~30”, but the map of the line wings demonstrates
that this elongation is due to the outflow. Data from the
KAO scanning photometer at 50 and 100 um (P. Harvey
1998, private communication) indicate a source diameter of
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F1G. 3—Maps of GL 2591 made at the JCMT, centered at the same
position as Figs. 1 and 2. The beam size is 75 FWHM at 450 ym and 14”3
at 850 um in '3CO, while the peak brightness is 34 Jy beam ™! at 450 um,
6.7 Jy beam ™! at 850 um, and 144 K km s~ ! in 13CO. Top: Submillimeter
continuum emission, mapped with SCUBA at two wavelengths. Lowest
contour and contour intervals are 0.4 and 0.8 Jy beam ™' at 850 ym, and
3.0 and 6.0 Jy beam ™! at 450 um. Bottom: Raster map of 13CO J =3 > 2

emission, obtained with receiver B3i. The left panel shows the total inten-
sity, integrated from — 15 to +5 km s~ !, with contours every 20 K km s *,

starting at 40 K km s~*. The right panel shows the line wings, integrated
from —9 to —15 km s~ (solid contours), and from +5 to —3 km s™!
(dashed contours). Lowest contour and contour interval is 5 K km s~ ! for
both velocity ranges.

~20". Based on these observations, we conclude that the
star-forming core is confined to a region of radius ~30”, or
30,000 AU at 1 kpc. This estimate is accurate to a factor of 2
or so, sufficient to be a useful constraint for the models
developed in § 4. Although the circumstellar envelope may
extend to larger radii, the density and temperature drop to
levels that produce little emission in most of the tracers used
in this study.

3.4. Infrared Lines and Velocity Structure

Figure 4 presents the calibrated infrared spectra. The
apparent emission features in the 2155 cm ™! setting are due
to the use of the Moon as the reference object (see § 2.3). All
absorption features were identified as rovibrational lines of
CO and '3CO using frequencies calculated from the
Dunham coefficients of Farrenq et al. (1991). In the
2155 cm ™! setting, which has the highest signal-to-noise
ratio, lines of vibrationally excited CO are detected, which
are marked with CO¥* in Figure 4. Table 4 lists the center
velocities, FWHM line widths, and equivalent widths of all
the detected lines, measured by fitting Gaussian profiles to
the data. The uncertainty in the line parameters are domi-
nated by errors in continuum placement and by the effects
of imperfect cancellation of telluric features.

The '>CO fundamental band profiles are very broad
and asymmetric, which prohibits the fitting of a Gaussian
or Voigt profile. The strongest absorption occurs at



TABLE 3
GAUSSIAN FITs TO OBSERVED SUBMILLIMETER EMISSION LINES

Frequency | LpdV AV T,
Molecule Transition (MHz) Kkms ') (kms™? (K) Telescope Date
(©) B 3p,-%P, 492160.7 85.8 8.64 9.34 JCMT 1995 Oct
3p,3P,? —54 23.2 3.08 7.09
—83 68.9 11.56 5.60
BCO v, 3-2 330588.1 224.1 5.15 40.86 JCMT 1995 May
3-2# —-55 136.7 3.33 31.38
-70 111.0 8.77 14.64
6-5 661067.4 236.0 5.51 40.3 CSO 1995 May
6-5° —5.5 113.5 3.75 28.5
—6.5 140.3 8.81 15.0
Cl70 ... 2-1 224714.4 9.6 4.14 217 JCMT 1995 May
2-1* —-5.7 44 2.75 1.50
—-72 5.6 5.36 0.98
3-2 337060.9 14.7 3.28 4.19 JCMT 1995 May
3-2° —5.7 6.03 2.14 2.66
—6.6 9.10 4.90 1.74
CS o 5-4 244935.6 25.2 3.62 6.55 JCMT 1995 Oct
5-42 —5.6 11.7 2.45 4.46
—6.5 14.6 5.13 2.70
7-6 342883.0 22.8 332 6.47 JCMT 1996 May
7-6* —-53 10.1 2.25 422
-6.1 139 4.70 2.77
CH¥S i, 5-4 241016.2 341 3.16 1.01 JCMT 1996 May
7-6 337396.7 1.86 2.73 0.64 JCMT 1995 May
CSw=1).......... 7-6 340398.1 <0.20 JCMT 1995 May
H,CO.............. 303202 218222.2 9.84 3.65 2.54 JCMT 1995 Oct
393205 —58 4.51 2.17 1.96
—6.5 6.29 6.20 0.95
3,25, 218475.6 2.57 3.83 063  JCMT 1995 Oct
3,2, 225697.8 14.44 3.81 356  JCMT 1995 May
3,2, ° —56 8.57 277 2.90
—6.6 7.11 6.80 0.98
5,5-41a 351768.7 12.86 3.58 338 JCMT 1995 May
Sos—404 3627359 5.71 321 1.67 JCMT 1995 May
530455 363945.9 3.55 3.57 093  JCMT 1995 May
Susjei—darmo 3641028 1.00 4.96 019  JCMT 1995 May
5434, 3642752 424 441 090  JCMT 1995 May
53,43, 364289.0 4.34 4.86 0.84 JCMT 1995 May
717616 491968.9 9.98 476 196  JCMT 1995 Oct
HI3CO............. Sos—404 353811.8 ... ... < 0.20 JCMT 1996 May
HCN ...t 4-3 354505.5 45.7 4.60 9.33 JCMT 1995 May
4-32 —-51 24.7 3.47 6.67
—6.4 23.1 6.52 333
HCN (v, =1)...... 4,-3, 354460.4 247 5.38 043 JCMT 1995 May
H3CN............. 1-0° 86340.2 1.78 3.63 0.26 KP12m 1995 Nov
3-2 259011.8 5.51 4.19 1.23 JCMT 1995 Oct
4-3¢ 345339.8 8.64 4.94 1.64 JCMT 1995 May
HC»N............. 1-0 86055.0 0.31 3.76 0.08 KP12m 1995 Nov
3-2 258157.3 2.39 4.38 0.51 JCMT 1995 Oct
4-3 344200.3 3.10 4.50 0.65 JCMT 1995 May
HCO™* ............. 4-3 356734.3 91.8 4.56 19.0 JCMT 1996 May
4-3* —54 55.8 3.45 15.2
—6.7 44.2 8.22 5.03
H3CO* ........... 3-2 260255.5 6.18 3.17 1.83 JCMT 1995 Oct
3-2° —5.5 5.45 2.66 1.93
—8.1 0.88 2.04 0.40
4-3 346998.5 5.45 2.45 2.08 JCMT 1996 May
4-3* —54 4.37 2.11 1.95
-7.1 1.43 3.62 0.37
HC!®O* ........... 4-3 340633.0 < 0.15 JCMT 1996 May

Note.—Uncertainties of the line flux and brightness are 30% for JCMT observations, due to calibration; the less stable
pointing of the CSO and NRAO leads to an error estimate of 50%. Peak velocities and line widths are accurate to ~0.1 km
-1
s™h
@ Two-component fit, velocities (km s~ !) given instead of frequency.
® Line integral is the sum of the hyperfine components; peak brightness refers to main component.
¢ Blend with the SO, 13, ;,-12, ;, line.
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Fi1G. 4—Spectra in three wavelength regions near 4.7 um, observed
with the Phoenix spectrometer. To eliminate telluric features, the source
data are divided by the standard star data (Moon/Vega), scaled to the
appropriate air mass. Lines of CO and '3CO in the v = 1 « 0 band are
indicated above and below the spectrum, respectively. Lines in the 12CO
v = 2 « 1 band are denoted with an asterisk.

Usg = —21.5+ 2.6 km s~ !, at which position '*CO
absorption is also detected. From spectra covering many
more lines than this work but at a lower velocity resolution,
Mitchell et al. (1989) derived a temperature of 200 K and a
CO column density of 6.6 x 10'® ¢cm™~2 for this gas com-
ponent, which they called a “ —28 km s~ ' component”.
The line width measured here, ~22 km s~ !, is larger than
the value of 12.5 km s~ ! found by Mitchell et al. (1989), so
the column density may also be higher. Our limited line
coverage does not allow an accurate measurement of the
column density. This component may be related to the
outflow seen in the CO rotational lines, for which a tem-
perature of =100 K was found in § 3.3.

The shape of the broad blueshifted wings of the *2CO
v = 1 « 0 lines suggests an origin in a wind. The position at
which the continuum is reached is measured to be
—196 + 3 km s~ !, which gives a terminal velocity of
173 + 3 km s~ 1. This value is much lower than the typical
terminal velocity of the winds of early B stars measured
from ionic ultraviolet lines, ~ 1500 km s ! (Lamers, Snow,
& Lindholm 1995), but much higher than the velocities seen
in CO rotational emission in this source (Choi, Evans, &
Jaffe 1993; § 3.3), or in fact in any source in CO rotational

emission (Choi et al. 1993; Shepherd & Churchwell 1995,
1996). A velocity of ~200 km s~! is comparable to the
velocity of 500 km s~! seen in the [S m] 46731 line by
Poetzel, Mundt, & Ray (1992), and to the total width of H 1
infrared recombination lines in objects similar to GL 2591
(Bunn, Hoare, & Drew 1995). The range of velocities seen in
12CO absorption suggests an origin in envelope gas
entrained by the ionized jet. Figure 5 compares the CO and
13CO infrared line profiles with those observed in rotation-
al emission with the JCMT and the CSO.

The 13CO absorption lines show a second feature at a
less negative vy gz. This gas was also seen by Mitchell et al.
(1989), who attributed it to the quiescent molecular cloud
core out of which the star formed. However, Mitchell et al.
measured a vy g of —8 to —11 km s~ for this component,
which does not agree with the velocity of rotational lines.
We measure v, g = —5.7 + 1.0 km s~ 1, consistent with the
velocity of the millimeter emission lines of CO, CS, and
other molecules, —5.5 + 0.2 km s~ ! (§ 3.3). This value was
determined from the R(3), R(10), and R(16) lines, which
show no contamination by telluric features. Observations of
the v =2« 0 band of CO with Phoenix give velocities
similar to those found here (C. Kulesa 1998, private
communication). The line width is measured to be
~10 km s~ !, similar to that found by Mitchell et al. (1989),
but a factor of 2-3 larger than the width of the rotational
lines in this source (§ 3.3). Because this line width is close to
our resolution, it may be an overestimate. Thus, we associ-
ate the submillimeter emission and infrared absorption lines
with the same gas.

4. PHYSICAL STRUCTURE OF THE ENVELOPE

In order to analyze the interferometer line and contin-
uum data, a good physical model of the extended envelope
is a prerequisite. The first step will be to constrain the tem-
perature structure of the circumstellar envelope, while the
second step is to determine the density structure.

4.1. Dust Temperature Structure

The dust temperature in the envelope as a function of
distance from the star was calculated with the computer
program by Egan, Leung, & Spagna (1988). The number
density of dust grains was assumed to follow an r~* power
law. Initially, trial values of 0.5-2.0 were used for o, but
anticipating the constraints on o provided by the CS line
emission (§ 4.3), we only present results for 1.0 < a < 1.5.
The inner radius was fixed at 200 AU (0”2 at 1 kpc), much
smaller than the OVRO beam and small enough that it
does not influence the calculated brightness. Based on the
maps presented in § 3.3, we used 30,000 AU as the outer
radius of the models. Larger values for the outer radius
give the same conclusions. The observed luminosity of
2 x 10* L, is used, and it is assumed that its source is a
zero-age main-sequence star, in which case the effective
temperature is ~ 30,000 K (Thompson 1984 ; Schaerer & de
Koter 1997; Hanson, Howarth, & Conti 1997). However,
varying T by a factor of 2 at constant L (hence varying the
stellar radius) changes the computed submillimeter flux
density by less than 1%. The stellar spectral type and any
contribution from accretion to the luminosity thus cannot
be derived from these models.

The program solves self-consistently for the grain heating
and cooling as a function of radius. The model consists of
100 concentric spherical shells, roughly logarithmically
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TABLE 4
MEASURED PROPERTIES OF THE INFRARED LINES

Rest Frequency Observed Frequency LSR Velocity Line FWHM Equivalent Width®
Line (cm™1) (cm™1) (km s™1) (km s~ 1) (1073 cm™Y)
(1) 2 3) (€] %) (6)
2C0v=1+«0
R(1)........ 2150.856 2151.199 —19.1 1.732
2152.978* —267 -0-
RQ2)........ 2154.596 2154.938 —189 1.470
2156.213 —196 -0-
R(3)........ 2158.300 2158.645 —19.2 214
2159.931 —198 -0-
PQ2)........ 2135.546 2135.710 —20.8 .70
P@3)........ 2131.632 2131.818 —239 2.81
2133.024 —194 -0-
P ........ 2115.629 2115.817 —244 2.408
2116.605* —136 -0-
P@®)........ 2111.543 2111.731 —24.5 120
2112.933 —195.1 -0-
2C0v=2«1
R@®)........ 2149.489 2149.688 +1.0 10.2 5.25
RO)........ 2152.942 2153.344 -93 19.9 16.25
2153.215 —272 19.1 4.60
R(10)....... 2156.358 2156.566 —1.8 19.2 28.59
R(11)....... 2159.739 2160.036 —12.5 9.7 425
BCOv=1«0
R@3)........ 2110.442 2110.507 -7.0 9.5 33.39
2110.628 —24.2 22.7 68.90
R@P....... 2113.953 2114.043 —10.5 6.7 21.98
2114.162 274 22.0 57.66
RGOS ....... 2117431 2117.518 —10.1 18.8 68.86
2117.628 —25.7 8.1 21.00
RO)P....... 2131.004 2131.084 -9.0 52.5 50.91
R(10)....... 2134.313 2134.354 -3.5 23.2 14.99
2134.535 —289 34.8 59.17
R(11)....... 2137.588 2137.668* -9.0 6.0 3.53
2137.809 —28.8 20.6 35.57
R@15)°...... 2150.341 2150.612 -9.0 10.7 2.89
R(16)....... 2153.443 2153.696 —6.5 20.1 8.05
2153.822 —24.0 24.5 11.69
RA7)®...... 2156.509 2156.805 —12.4 30.0 23.70
R@18)®...... 2159.540 2159.799 -72 40.7 25.65

Note.—When measured through profile fitting, velocities and line widths are accurate to ~1 km s™!; terminal
velocities were estimated by eye and have an uncertainty of 3 km s~ !. Equivalent widths are accurate to =~ 30% for clean

lines and to 50% for contaminated lines.

2 For the '2CO lines, which are well resolved, the maximum optical depth is given. For the line wings, the “—0->
symbol means that the velocity in col. (4) is where the line reaches the continuum.

> Contaminated by telluric absorption.
¢ On the edge of the spectrum.

spaced. No external radiation field was applied. Compari-
son to observations proceeds by integrating the radiative
transfer equation on a grid of lines of sight, followed by
convolution to the appropriate beam (Butner et al. 1991).
The only free parameter in this process is the number
density of dust grains at a given radius, or equivalently the
total dust mass. This parameter was constrained by JCMT
450, 850, and 1100 um fluxes provided by G. Sandell (1998,
private communication), obtained in the same manner as
described in Sandell (1994). At these long wavelengths, the
dust emission is optically thin and least prone to geometri-
cal effects. In addition, the beams are small enough (& 18"
FWHM) that only the dense core is probed. The model is
also compared to 60, 95, 110, and 160 um photometry from

Lada et al. (1984), observed with the KAO in a 49” beam,
and 2-20 ym data from Aitken et al. (1988), obtained at
UKIRT in a 472 beam.

Initially, four sets of optical properties were considered
for the dust: the models for diffuse cloud dust by Draine &
Lee (1984) and Li & Greenberg (1997), and those for dense
cloud dust by Mathis, Mezger, & Panagia (1983) and
Ossenkopf & Henning (1994). We use Ossenkopf &
Henning’s model grains with thin ice mantles coagulating
at a density of 10° cm™3, called OHS5 (col. [5] of their
Table 1). At visual and ultraviolet wavelengths, the opacities
are taken from model 1 of Pollack et al. (1994), which is
similar in spirit. The values of the opacity and the albedo
at these short wavelengths do not affect the calculated
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FIG. 5—Submillimeter emission lines (in K) and infrared absorption lines (in relative units) of CO and *3CO, observed with the indicated telescopes

spectrum, since all light is absorbed close to the star. We
used a radius of 0.1 um for the grains, and a mass density
of 2.3 g cm™3, the average of the values for silicate and
amorphous carbon. We neglect the effect of a distribution
of grain sizes, which would cause a range of dust tem-
peratures at a given radius of ~30% or less (Wolfire &
Cassinelli 1986). Our temperature profiles therefore rep-
resent averages over grain populations, as in Churchwell,
Wolfire, & Wood (1990).

In Figure 6, the calculated dust temperature profiles are
presented, with the curve T = Ty(r/r,) %+ expected for
optically thin dust superposed. Here, T is the temperature

at the outer radius, 28.7 K. It is seen that inside a radius of
~2000 AU, the dust temperature lies above the optically
thin curve, and becomes weakly dependent on the grain
model and on a. The location of the outer edge of the model
does not influence the results; for instance, doubling the
outer radius changes the calculated temperature at a given
radius by less than 0.5 K, and the emergent flux densities by
less than 5%. The resulting infrared continuum spectra are
shown in the top part of Figure 6. Observed and calculated
submillimeter flux densities are summarized in Table 5,
along with the implied dust masses inside 30,000 AU and
the 20 um flux densities. The masses, or equivalently the

TABLE 5
OBSERVED AND MODELED SUBMILLIMETER FLUX DENSITIES OF GL 2591

Dust Mass F,, Fys Fgoo Fii00
Dust Model® o (Mg) Jy) Jy) Jy) Jy)

LG ............. 1.5 322 0.22 719 6.75 2.62
LG ............. 1.0 4.46 0.22 71.3 6.20 247
DL ............. 1.5 13.34 20.8 75.3 7.30 2.70
DL ............. 1.0 18.47 39.8 69.6 6.77 2.56
MMP .......... 1.5 1.18 288 717.8 5.30 1.89
MMP .......... 1.0 1.68 345 73.2 5.01 1.83
OHS............ 1.5 0.34 139 66.9 6.12 2.62
OHS............ 1.0 0.48 265 65.3 597 2.62
OH2............ 1.5 0.21 731 61.6 7.71 3.57
OH2............ 1.0 0.33 912 67.8 8.47 4.00
Observed:...... 733 + 147 66.3 + 3.1 82+ 0.24 293 +0.12

Note—The 450-1100 um data are JCMT observations by G. Sandell (1998, private
communication). Beam FWHM is 18”5 at 450 um, 17”5 at 850 um, and 18”5 at 1100 um. The 20 um
flux is from Aitken et al. 1988, obtained in a 472 FWHM beam with UKIRT. The masses refer to a

volume of radius 30,000 AU.

2 Grain models are labeled as follows: DL: Draine & Lee 1984; LG: Li & Greenberg 1997; MMP:
Mathis et al. 1983; OH: Ossenkopf & Henning 1994.
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with distance from the star r, while in the right panels it drops as r~-5. Bottom: Calculated dust temperature vs. distance from star. The dust models are
labeled as follows: OHS5: Ossenkopf & Henning (1994); LG: Li & Greenberg (1997); DL: Draine & Lee (1984); and MMP: Mathis et al. (1983).

values of n,, were chosen such that the best fit to the JCMT
data is obtained. The same models reproduce the KAO data
at 60, 95, and 110 ym to within a factor of ~2. In contrast,
only the models with Mathis et al. (1983) dust match the
near-infrared data, and none of the models match the inter-
ferometric observations at 3000 um. These discrepancies are
discussed in §§ 4.5 and 5.1.

Close to the star, the calculated dust temperature is high
enough (=100 K) for the ice mantles to evaporate off the
grains. In the model with o = 1.5, half of the material along
the central line of sight is at temperatures greater than
150 K. Evaporation of icy mantles is consistent with the
IS0 observations of abundant gaseous H,O and a ratio of
gaseous to solid H,O of unity (Helmich et al. 1996; van
Dishoeck et al. 1996). Therefore, we considered a fifth dust
model, the Ossenkopf & Henning (1994) opacities for the
case of bare grains after coagulation at 10° cm ™3 (col. [2] of
their Table 1), denoted OH2 in Table 5. Models with bare
grains close to the star and icy grains at large radii (as in
Churchwell et al. 1990) require iteration, because the dust
temperature and the optical properties become interdepen-
dent. Our computer program is not set up to do this.
Instead, we present calculations with either type of grain
throughout the cloud, which provide limiting cases. It was
found that, while the far-infrared brightness is insensitive to
the presence of grain mantles, the calculated mid-infrared

flux densities are higher using bare grains than using ice-
coated coagulated grains, and closer to the observed values
(see Table 5). We interpret this result as strong evidence for
grain modification by stellar radiation. This interpretation
is supported by the 11.2 um polarization feature, which is
due to crystalline olivine grains produced by dust annealing
(Aitken et al. 1988; Wright et al. 1999).

Although varying n, can make any of the grain models
agree with the observed submillimeter continuum emission
for either value of «, the implied dust masses vary by factors
of 2-100. This discrepancy reflects differences in the absol-
ute value of the grain opacity at submillimeter wavelengths
between the various dust models. In § 4.2, it will be shown
that only the models with the Ossenkopf & Henning (1994)
optical properties are consistent with the masses derived
from the C!”O emission.

4.2. Dust and Gas Masses: Measuring the Submillimeter
Dust Opacity

Given the temperature structure of the dust, the density
distribution in the envelope can be constrained from the
molecular line data. The line emission of GL 2591 was
modeled with a new computer program using the Monte
Carlo approach, developed in Leiden by Hogerheijde & van
der Tak (in preparation). The new program was extensively
tested against the code developed by Choi et al. (1995),
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which was used previously by Carr et al. (1995) to model
line emission from GL 2591. The program solves for the
local radiation field after each photon propagation and
then derives the populations in each molecular energy level.
After the level populations have been obtained, line profiles
are calculated by line-of-sight integration, followed by con-
volution to the appropriate beam. The model consisted of
20 spherical shells, spaced logarithmically. As in the dust
models, the outer radius was taken to be 30,000 AU. The
inner radius was chosen to be small enough so as to not
influence the results. In particular, the maximum density
must exceed the critical density of all modeled lines.

Radial density profiles of the form ny(r/r,)~* were con-
sidered, with a between 1.0 and 2.0. It is assumed that the
gas is heated to the dust temperature by gas-grain collisions
throughout the envelope; detailed calculations by Doty
& Neufeld (1997; their model with M,, =100 Mg,
L/Ly = 10%) show that this assumption is valid within
20,000 AU from the star. The maximum difference outside
this radius is 20%, which we will ignore. The temperature
structure calculated for the dust for the same value of
o was used. The intrinsic (turbulent) line profile was taken
to be a Gaussian with a Doppler parameter (1/e width) of
1.6 km s~ !, independent of radius.

The following isotopic abundance ratios have been used
(Wilson & Rood 1994): 2C/*3C = 60, °0/'"0 = 2500,
16Q/180 = 500, 32S/**S =22, and '*N/'*N = 270. For
H,CO, the ortho/para ratio was fixed at 3. The rate coeffi-
cients for collisional deexcitation as listed by Jansen, van
Dishoeck, & Black (1994) and Jansen (1995) have been used.
No rate coefficients are available for T = 200 K, except for
HCN and CO, and it is assumed that the collisional deexci-
tation rate coefficients become temperature-independent at
high temperatures.

The values of n, found for a given o from the dust emis-
sion using various opacity curves were tested by modeling
the C'70 J=2—1 and 3 —2 lines observed with the
JCMT, which, like the submillimeter continuum, trace the
total column density. We assume a CO/H, abundance of
2 x 104, as found for warm, dense clouds by Lacy et al.
(1994). Chemical effects are unlikely to change the CO
abundance by more than a factor of 2 once most of the
gas-phase carbon is locked up in CO. Other carbon-bearing
molecules are at least 10° times less abundant than CO. No
solid CO has been detected toward GL 2591 to a gas/solid
CO ratio of >400 (Mitchell et al. 1990; van Dishoeck et al.
1996). Estimates of the C° and C* column densities are
factors of 50-100 lower than of that of CO (Choi et al. 1994
C. Wright 1998, private communication).

The C!7O emission observed with the JCMT can be
matched using a range of values for o, with the implied gas
masses within a radius of 30,000 AU ranging from 33 M
for « = 1.5 to 47 M, if « = 1.0. Comparing these numbers
to the dust masses from Table 5, it is seen that only the dust
opacities for coagulated grains (OH5 and OH2) yield the
standard gas-to-dust mass ratio of 100. This is strong evi-
dence that grain coagulation occurs in circumstellar
envelopes. The corresponding density at 30,000 AU is
1.5 x 10* cm ™3 for o = 1.5 and 4.5 x 10* cm 3 if « = 1.0.
Although the corresponding total masses are lower limits
because the power law may extend farther out, the ratio of
the dust and gas masses is independent of the choice of
outer radius. Doubling the radius of the model to
60,000 AU, for instance, gives the same strength for the
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C'70 lines within 0.5 K, or 20%, while the dust emission
is even less affected (§ 4.1). The optical depths of the C'’O
lines in the central pencil beam of the model vary from
0.06-0.12 for o« = 1.5 t0 0.09-0.15 if o« = 1.0.

Calculations were also performed for a source distance of
2 kpc, with the model dimensions doubled, a luminosity of
8 x 10* L, and an effective temperature of 37,500 K. The
radius at which the dust temperature has a certain value is
found to double as well, so that the temperature structure is
constant in terms of projected size (in arcseconds), but not
in linear size (in AU). To match the observed submillimeter
continuum flux densities and C17O line fluxes, the required
dust and H, masses are 4 times those required for a distance
of 1 kpc.

4.3. Density Distribution

The critical densities of the C!7O lines are such that they
are useful to constrain the total column density, but not to
discriminate between values of o. One of the most suitable
molecules for doing this is CS, which, because of the small
spacing of its energy levels and large dipole moment,
samples a large range in critical densities within the observ-
able frequency range. Larger values of « imply that more
material is at high gas densities, increasing the ratio of
high-J to low-J emission. Furthermore, the J = 5 — 4 and
J =7 — 6 lines of CS have been observed in several beams,
constraining o even better. The same lines are systematically
brighter in smaller beams, which is direct evidence for an
inward increase of the density. Indeed, our data and those
of Carr et al. (1995) rule out a constant-density model. The
H, CO lines all have critical densities of 105-10° cm 3, and
are primarily sensitive to the temperature structure (e.g.,
Mangum & Wootten 1993; van Dishoeck et al. 1993). Spe-
cific H,CO line ratios can therefore act as a check on the
assumption that the kinetic temperature equals the dust
temperature. The observed HCO™ and HCN lines also
have critical densities in the 10°-107 cm ™2 range, and can
be used as checks on the derived density structure. For each
combination of « and n,, we first calculated the temperature
structure using the OHS5 dust opacities, and then ran Monte
Carlo models for the line emission, tuning the molecular
abundances to minimize the difference between observed to
synthetic line fluxes. The quality of the fit was measured
using the quantity y? as defined by Zhou et al. (1991). The
uncertainty in the data was taken to be 30% for all lines
except those in the 490 GHz window, where calibration is
difficult, and those obtained in beams of greater than 20"
FWHM with the CSO and NRAO telescopes, which have
larger pointing errors and may suffer from beam dilution.
These latter lines have an estimated accuracy of 50%.

It was found that y? has a minimum for o = 1.0-1.5,
especially for CS and C3*S. With o < 1.0, very little
material is at high densities, giving insufficient excitation of
the high-J lines. These are well matched for « = 1.5, but
now the low-J lines are a factor of ~2 weaker than
observed. Intermediate values of o provide the observed
ratio of low-J to high-J emission and hence the lowest y2.
The best-fitting model has n = 3.5 x 10*(r/30,000 AU)~1-25
cm ™3, and an H, mass of 42 M. In the case of H,CO, the
minimum of ¥2 is not as pronounced, which confirms that
the temperature of the molecular gas is close to that of dust,
and reflects our finding that the dependence of the dust
temperature profile on density structure is small (Fig. 6).
The x> for HCN does not increase for o > 1.5, suggesting
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that this molecule is confined to the inner parts of the
source, where the density is high. With only three observed
lines, HCO* is not a sensitive probe of «.

The best-fitting abundances are 5 x 107° for CS,
2 x 107° for H,CO, 2 x 10~ 8 for HCN, and 1 x 108 for
HCO™. The calibration of the data would give abundances
to 20% precision, but the major source of error is the CO
abundance, leading to an absolute uncertainty of a factor
of 2. The abundances are an order of magnitude larger than
those derived by Carr et al. (1995), because the H, column
density of our model is lower. The abundance ratios relative
to CO are unchanged, however, so that their discussion and
conclusions are not affected. The Carr et al. density struc-
ture was not constrained with a column density tracer,
leading to a CO abundance of only 2 x 1073, Since no
significant depletion of CO in ice mantles is observed
toward GL 2591, this solution now appears less realistic. In
addition, the densities in the models presented here are
lower because the temperatures are higher. While Carr et al.
(1995) used an r~ °# temperature structure, the actual tem-
perature found from our dust modeling is higher in the
inner region. We conclude that a calculation of the tem-
perature structure is a prerequisite for determining the
density structure and chemical composition of high-mass
cores.

The value of o that fits the CS data best, & = 1.25, is not
predicted by theoretical considerations, but it may result
from the averaging out of radial substructure. In very young
objects, the central part of the cloud should be undergoing
infall (for which o = 1.5), while farther out the original
density profile is maintained. In this interpretation, the data
require that the density law of the precollapse state is flatter
than r~1-5, and thus significantly flatter than the r~2 law
expected for thermally supported clouds. Collapse in an
initially logotropic sphere (McLaughlin & Pudritz 1997),
with « ~ 1 before collapse, might reproduce the data. An
average value of o = 1.25 may also arise in more evolved
stages, where even the outer regions are all infalling
(o = 1.5), while at the center, heating and winds from the
star push material out, causing an overall flattening of the
density structure (i.e., decrease the average o).

4.4. Comparison to Infrared Data and Alternative Models

Another test of the power-law model is a comparison to
infrared absorption-line observations, which probe scales
down to the point at which the observed 4.7 yum continuum
forms. The high brightness of this continuum is likely due to
deviations from a spherical shape, as discussed in § 4.5.
Lada et al. (1984) fit the emission at 1 < 13 um with a shell
of angular size 0”06, and speckle observations at 2.2 um give
a size of less than 0702 (Howell, McCarthy, & Low 1981).
These numbers are quite uncertain, so we adopt a size of
071, or 100 AU, for the minimum radius probed by the
infrared absorption, which is much smaller than can be
probed with the radio data.

Plotted in Figure 7 is the column density implied by our
best-fitting spherical power-law model in a pencil beam
from cloud center to edge in the 13CO rotational levels up
to J = 25 and the HCN levels up to J = 11, divided by their
statistical weights. Superposed are infrared observations for
the v g = —5.7 km s~ ! component of 13CO from Mitchell
et al. (1989). The higher dispersion data presented in this
work are not shown, since we have only a few lines and they
agree with the equivalent widths of Mitchell et al. (1989).
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F1G. 7—Column density per rotational sublevel vs. level energy for the
best-fit spherical power-law model, denoted by filled circles. Top: 1*CO
v =1+« 0 band, compared with observations by Mitchell et al. (1989),
scaled to their total column density of 2.1 x 10*7 ¢cm~2. The observational
error, 2 x 10'*/(2J + 1) cm ™2, is smaller than the plotting symbol. Bottom:
HCN v, band, compared with the populations in the case of constant
excitation temperatures along the line of sight of 100 and 1000 K. The
value of 1000 K was derived from ISO observations by Lahuis & van
Dishoeck (1997). All curves have been scaled to N(HCN) = 7.2 x 10*¢
cm ™2, The model does not include infrared pumping.

The model points have been scaled to a total *>*CO column
density of 2.1 x 107 cm ™2, the value derived by Mitchell et
al. from a two-temperature fit to these data. This scaling
accounts for the difference in line width of a factor of 5
between the rovibrational and rotational lines. The
observed populations of energy levels ~1000 K above
ground are seen to be reproduced to a factor of ~3, even
though the highest temperature in the model is only 350 K,
which illustrates that temperatures determined from rota-
tion diagrams do not directly reflect the kinetic tem-
perature. The observed column density in high-J levels is
even better matched with o = 1.5, but this model falls short
of the low-J population by an order of magnitude. The
opposite is true for o = 1.0; the conclusion is that both
millimeter and infrared observations on average support
the value o ~ 1.25. The factor of 3 discrepancy between the
data and the model is somewhat larger than the scatter in
the data, and the two-temperature model by Mitchell et al.
(1989) provides a better fit. We interpret this fact as evidence
for a nonspherical geometry, which we discuss in more
detail in the next section. In the case of CO, unlike HCN,
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n(H,) = 3.5 x 10*(r/30,000 AU)~*-25 cm ™3, CS/H, = 1 x 108, Dashed line: Two-dimensional model with an outflow opening angle of 6 = 30°.

infrared pumping is unlikely to contribute to the excitation,
since the radiation field at the lowest frequency vibrational
band of CO at 4.7 um is weak (Fig. 6).

To see whether core-halo models can also match the
rotational emission line data, models have been run that
employ the two-component structure derived by Mitchell et
al. (1989, 1990) from the '*CO data shown in Figure 7. The
halo and the core have temperatures of 40 and 1000 K and
CO column densities of 7.2 x 10'® and 5.6 x 10! cm ™2,
respectively. The requirement that the excitation is therma-

lized leads to typical sizes of the core of 3”, and of the halo
of <60”. Such models are unable to match the observed
strengths of the rotational lines, unless the abundances in
the core are higher than in the halo. As an example, the CS
and C3*S line profiles can be fitted for a core with
diameter 3”, n(H,) = 2.5 x 10® cm 3, and a CS abundance
of 1 x 107 8; and a halo with diameter 48" (0.23 pc), n(H,) =
2 x 105 cm~3, and a CS abundance of 3 x 10~ °, respec-
tively. These models illustrate the effect of different
physical structures on the inferred abundances. Further
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observational and theoretical research on the physical
processes leading to such a core-halo structure is needed.
Spectra at positions away from the center should be able
to distinguish between power laws and core-halo models,
but currently available spectra do not clearly rule out core-
halo models.

4.5. Two-dimensional Models

Although the model developed in §§ 4.1-4.3 matches the
molecular line emission and the photometry in the mid-
infrared to submillimeter range well, several other obser-
vations of GL 2591 remain unexplained. First, all dust
models except that of Mathis et al. (1983) fail to reproduce
the near-infrared (2.3-10 um) part of the spectrum. In low-
mass objects, bright near-infrared emission is sometimes
ascribed to thermal dust emission from a hot circumstellar
disk (e.g., Adams, Lada, & Shu 1987), and sometimes to
scattered light in the case of a disk seen edge-on (e.g., Burns
et al. 1989). For less embedded massive stars, it has been
attributed to dust inside an ionized region 10-20 AU from
the star, where resonantly scattered Lya photons heat the
dust to ~1000 K (Wright 1973; Osterbrock 1991).
However, all these explanations require a low opacity of the
spherical envelope, since otherwise the hot region will be
obscured by cold foreground dust (Butner et al. 1991, 1994).
For instance, at 3.6 um, the models presented in Figure 6
have optical depths of 1.5-15 for « = 1.0 and 3.5-36 for
o = 1.5. It is more likely that the failure of the other models
indicates a deviation from spherical symmetry that provides
a low-opacity pathway along our line of sight. The optical
depth at 3.6 um of the Mathis et al. (1983) model is a factor
of 3 lower than that of the OH2 model. Imaging of GL 2591
at 2.2 um (Tamura et al. 1991) shows, in addition to the
bright point source, a loop of emission extending 5” to the
west. This feature is interpreted as a limb-brightened cavity
cleared by the outflow. The loop, also seen in VLA obser-
vations of NH; by Torrelles et al. (1989), is indeed coin-
cident with the blue outflow lobe (see Fig. 3), i.e., the one
directed toward us.

Second, although the « = 1.25 model reproduces the total
fluxes of all our observed rotational lines, the synthetic line
profiles of CS, HCN, HCO™, and '3*CO are self-absorbed,
contrary to observation. This same problem was encoun-
tered by Little et al. (1994) in their study of G34.3, but their
solution, artificially lowering the 12C/*3C ratio to ~20, is
not satisfactory. Geometric effects are more likely to play a
role, since they affect only the more opaque transitions. The
deviation from spherical symmetry can be either global, e.g.,
in a cavity formed by the stellar wind, or local, as unre-
solved density variations, so that CS traces high-density
“clumps” embedded in a lower density medium traced by
CO. Alternatively, radial variations in the molecular abun-
dances can fix up the line shape. It is not the goal of this
paper to distinguish between these effects, which to first
order do the same thing, namely, decrease the line opacity.
However, large-scale geometry must play some role, as
demonstrated by the near-infrared emission from the dust,
which is insensitive to both chemistry and clumping.

A third, albeit weaker, piece of evidence for a non-
spherical geometry is provided by the infrared recombi-
nation lines of H 1. Tamura & Yamashita (1992) detected
Bry emission at the infrared continuum position, with a flux
of 8.2 x 107" Wm~21in a 2’9 x 473 beam, a factor of 5-10
weaker than in similar objects (Bunn et al. 1995). The Bry
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emission was found to be extended well beyond the radio
source: integrated over a 10” x 16" area, the Bry flux is
2.2 x 107'®* W m~2. The Bra flux is less than 2.3 x 10713
W m~2 in an 11” beam (Simon, Simon, & Joyce 1979),
consistent with the Bry to Bra ratio of 0.35 for standard
“case B” recombination, so that scattering is probably
unimportant at 2.16 um. Using the fact that the southwest
continuum source (Fig. 1) is an optically thin H 1 region,
Tamura & Yamashita (1992) set a lower limit to the extinc-
tion toward the southwest source of 4, > 40 mag, implying
that the southwest source is located behind the GL 2591
molecular cloud. The extinction toward the infrared source
is not as straightforward to calculate, since the nature of the
extended emission is not clear (Tamura & Yamashita 1992).
In addition, the relation between radio continuum and
near-infrared H 1 line emission is complex when the realistic
case of a nonspherical wind with partial ionization is con-
sidered (Natta & Giovanardi 1993). The ionized emission
from massive young stars with a weak radio continuum,
such as GL 2591, warrants further study but is outside the
scope of this paper.

The effect of a low-density cone around the central line of
sight was approximated by calculating the molecular excita-
tion in the best-fit spherically symmetric model, but with
the density set to zero in a cone of opening half-angle 6
around the central line of sight. The outflow axis was
assumed to extend all the way from the inner to the outer
radius of the model, so that the model cannot be expected to
fit the data in detail, since cold gas is seen in absorption
toward this source. Synthetic spectra are obtained by per-
forming radiative transfer integrations through this two-
dimensional model, followed by convolution to the
appropriate telescope beam. The results are compared to
the spherical case in Figure 8 for a value of 8 = 30°, which
gave somewhat better fits to the observations than 0 = 15°,
45°, or 60°. We conclude that there is ample evidence that
the circumstellar material is not spherically distributed and
that a low-opacity pathway close to our line of sight has
important effects on the source’s appearance.

5. MODELING THE INTERFEROMETER DATA

Using the physical structure of the gas and dust in the
extended envelope derived in the previous section, we will
now investigate whether the best spherical model can also
reproduce the interferometer line and continuum data. We
do not attempt to calculate the emission from a two-
dimensional model, since this requires specifying a source
function (i.e., temperature and density) in addition to an
optical depth. This introduces additional free parameters
that cannot be independently constrained.

5.1. Continuum Emission

Unlike the case of single-dish observations, comparison
of models with interferometer data cannot proceed by cal-
culating the total emission within the beam. The measured
flux densities in Table 2 are based on a deconvolution with
the CLEAN algorithm, which aims to find point sources. In
observations of extended sources at high frequencies, a large
fraction of the emission is on angular scales larger than that
corresponding to the shortest antenna spacing. For resolv-
ed objects, the models must be sampled and deconvolved in
a manner identical to the interferometer data, but since
GL 2591 appears circularly symmetric in our maps (Figs. 1
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and 2), a simple one-dimensional comparison in the Fourier
or u-v plane is sufficient.

Figure 9 shows the calculated visibility function of the
o = 1.25 dust model, together with the observations. To
obtain the visibility function from the data at 86-115 GHz,
we subtracted the southwest source from the u-v data,
shifted the phase center to the infrared source, and binned
the data in annuli about the source. At 226 GHz, the
southwest source was not subtracted. The error bars in the
plot reflect only the 1 ¢ spread in the data points. The bins
at the shortest and longest baselines have considerably
more uncertainty because these regions of the u-v plane are
the most sparsely sampled by the interferometer. Note that
the high flux observed on the shortest baselines does not
show up in the images in Figure 1, illustrating the limi-
tations of the deconvolution algorithm.

From Figure 9, the model is seen to reproduce the visibil-
ity data only on the shortest spacings. On baselines =15 k4,
the observed 86-115 GHz flux lies a factor of 3—4 above the
model value. If the emission is resolved at the largest
spacing, the radius of the compact source is ~1000 AU, in
which case the temperature of an opaque source equals the
brightness temperature of ~1 K. However, such a low tem-
perature at this radius is physically untenable because the
warmer envelope fills most of the sky as seen from the
source and acts as an oven. Hence, emission on this scale
must be optically thin, and the compact source must be at
least as warm as the ambient envelope. The 86 and 106 GHz
data are actually consistent with an unresolved source. In
this case, we derive a lower limit to the source radius by
following the curve T,(r/1000 AU)~ 2 to where it intersects
the temperature curve calculated for the envelope. This
leads to an estimated radius of <30 AU and a temperature
of 21000 K for an opaque source. Alternatively, the
compact emission may be due to a steepening of the density
gradient for radii of less than 1000 AU. The 226 GHz data
are uncertain, but appear well matched by the model

80 v =106 GHz |

Visibility Amplitude (mlJy)

UV Distance (kX)

F16. 9—Continuum visibilities observed at 86, 106, 115, and 226 GHz
with OVRO, binned in azimuth about the phase center. The dashed line
indicates the amplitude bias. The solid line is the visibility function calcu-
lated for the power-law model fitted to the JCMT continuum data.
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power-law envelope, which “outshines” any possible
compact source. Higher resolution interferometry in the
100 GHz band is needed to put additional constraints on
the size and orientation of this compact component.

5.2. HCN Line Emission

Infrared observations of GL 2591 by Carr et al. (1995)
and Lahuis & van Dishoeck (1997) imply a =100 times
higher abundance of HCN than found in § 4.3. The HCN
column density of 1.5 x 10!7 cm~2 and excitation tem-
perature T, ~ 1000 K found by Lahuis & van Dishoeck
should give rise to strong rotational emission. Do we see
any emission from the inner region reflected in the interfer-
ometer data?

The line emission from the envelope seen by OVRO was
modeled using the same approach as for the continuum,
motivated by the structureless appearance of the maps in
Figure 2. After solving for the molecular excitation, maps of
the sky brightness are constructed at several velocities.
These are Fourier transformed, and the result is binned in
annuli around the center. The results are presented in
Figure 10, which compares the observed and modeled
J = 1 - 0 emission of all three HCN isotopes and of C17O.
To avoid confusion with the broad, blueshifted velocity
component, as well as with the hyperfine components, the
observed emission has been integrated over just 1 km s™?,
centered on vy = —5.7 km s™!. For HCN and H'*CN,
the model results have been divided by 2 to account for the
hyperfine components. The poor match on short spacings is
probably due to inadequate sampling, so that the error bar
was underestimated.

The OVRO observations of HCN and isotopes show no
excess at large spacings over the predictions of the power-
law model, indicating that the HCN abundance does not
increase appreciably on radii down to 1500 AU, corre-
sponding to the last data point at 80 k4. To avoid the inter-
ferometer seeing the extra rotational emission from the hot,
optically thick HCN observed with IS0, this region must be

Visibility Amplitude (Jy)

UV Distance (k\)

FiG. 10.—Same as Fig. 9, but for the J = 1 — 0 lines of HCN, H!3CN,

HC'SN, and C!70. The observed emission is integrated over 1 km s~ 1.
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beam diluted by at least a factor of 100 in the OVRO beam
of 3”5. Hence, the source radius must be smaller than
175 AU.

The temperature at r = 1500 AU exceeds 120 K (Fig. 6).
Therefore, the source of HCN seen on smaller scales by ISO
cannot simply be the evaporation of icy grain mantles, since
the most refractory (and most abundant) interstellar ice,
solid H, O, evaporates in ~10 yr when T 2 100 K (Sandford
& Allamandola 1993). This is consistent with the fact that
solid HCN has not been detected down to levels of 3%
relative to water ice, or 3 x 10~ relative to H, (W. Schutte
1998, private communication). The temperature at 175 AU
from the star exceeds 300 K, strongly suggesting that high-
temperature chemistry is producing the observed HCN
enhancement. One possibility is that most of the oxygen
is driven into H,O at temperatures greater than 200 K
(Charnley 1997), leaving little atomic O to destroy HCN.
The hot HCN seen with ISO is not the inner peak of the
power-law envelope, because its rotation diagram is nearly
flat (indicating T ~ 1000 K), whereas the synthetic rotation
diagram from the power-law model declines substantially
over the observed range of lower state energy (Fig. 7,
bottom), indicating a column-integrated excitation tem-
perature of only ~ 100 K. Thus, the hot HCN must arise in
a separate, HCN-enriched component, which is probably
very hot and dense. The models presented in Figure 7 do
not include infrared pumping, however, while our detection
of rotational lines of vibrationally excited HCN suggests

absorption column of

intermediate velocity low-velocity CO

CO absorption

Entrainment layer
(CO absorption
at 200 km s™)

blueshifted CO
outflow lobe

=200K,V=20kms ¥

ionized 500 km s -ind
(extended Br y&
[S Il] emission)

opaque base of ionized wind
(VLA cm-wave continuum;
Br ypoint source)
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that this effect may contribute to the excitation. Obser-
vations at subarcsecond resolution of high-excitation lines
are needed to image this chemically active region.

6. CONCLUSIONS

In this paper, the circumstellar environment of the
massive young star GL 2591 (L = 2 x 10* L, D = 1 kpc)
has been studied through a variety of infrared, single-dish
submillimeter, and interferometric observations. The data
are modeled using a two-step method. The temperature
structure is first calculated with a dust radiative transfer
code solving for the heating and cooling balance of the
grains as a function of distance to the star. The density
structure is then obtained with a Monte Carlo calculation
of the excitation of molecular emission lines, using the tem-
perature distribution calculated by the dust code. Subse-
quently, this model for the envelope on 30,000 AU scales is
compared with the interferometric and infrared spectro-
scopic data, which trace scales from 100 to 30,000 AU.
Our main conclusions are given below and sketched in
Figure 11.

1. The C'70 J=2—-1 and J =3 -2 lines observed
with the JCMT indicate A, ~ 100 mag, or a circumstellar
mass of ~42 M contained within a volume of radius
30,000 AU around the star.

2. The radiative transfer calculations for the dust indicate
that the temperature is enhanced over the T oc r~%* rela-
tion valid for optically thin dust inside a radius of 2000 AU.

Power law envelope
A,= 100" HCN / H,= 10"
(single-dish emission lines;
mid- and far-IR continuum)

R =30000 AU: T, = 28 K,
n(H,)=3.5x10"cm™
icy coagulated grains

Early B-type star

low-density
outflow cavity

redshifted CO
outflow lobe

R =1000 AU: T, = 150_3K,
n(H,)=3.5x10"cm
ice mantles evaporated

(OVRO HCN emission)

Inner region: T = 1000 K, *
-6
R <175 AU, A,= 30" HCN / H,= 10 —
(near-IR continuum; 14 o absorption;
OVRO mm-wave continuum)

SW radio source
(in background,
obscured by envelope)

F16. 11.—Schematic drawing of GL 2591, not to scale, with the observational characteristics of the various physical components indicated. Velocities are

in the rest frame of the source; subtract 5.7 km s~ ! to convert to the LSR scale.
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The dust mass, obtained by fitting the far-infrared and sub-
millimeter data, depends strongly on the choice of sub-
millimeter dust opacity. Consistency with the gas mass
derived from C'7O requires a high value for the opacity;
agreement to better than 50% is found by adopting the
opacities from Ossenkopf & Henning (1994) for dust grains
that have coagulated and acquired ice mantles in the dense,
cold outer parts of the circumstellar envelope.

3. Single-dish observations of the CS and C3*SJ =2 -1
through 10 —» 9 lines can be modeled successfully with a
power-law density structure, n = nyr~* The best match to
the v g = —5.7 km s~ ! lines is found for « = 1.25 + 0.25
and ny, = (3.5 + 1) x 10* cm ™2 at a radius of 30,000 AU.
The gas temperature as traced by emission lines of H,CO is
found to follow the dust temperature closely. The derived
value of « is between the values expected for free-fall col-
lapse and nonthermal support, suggesting a combination of
these dynamical states within the single-dish beams.

4. At ~1500 AU from the star, the calculated dust tem-
perature exceeds 120 K, so that the ice mantles are expected
to have evaporated. Models with the ice removed from the
grains indeed give much better fits to the strong mid-
infrared emission observed than do models with ice-coated
grains. Evaporation of the ice is also required by the gas/
solid ratios of H,O and CO observed in the infrared.

5. The spherical power-law model does not give a good
match to the strong near-infrared emission, to the line pro-
files of 3CO, CS, HCN, and HCO™, or to the infrared
recombination lines of H 1. This suggests a deviation from
spherical symmetry leading to a decrease in opacity along
the central pencil beam by a factor of ~3, such as in a
low-density cone evacuated by the molecular outflow,
directed almost toward us. Models with an opening angle of
the cone of ~30° reproduce the CS, HCN, and HCO™* line
profiles. It appears that the star is actively shaping its local
environment.

6. We confirm the triple velocity structure in the 4.7 yum
lines of CO reported by Mitchell et al. (1989), but measure
velocities of —23 4+ 3.2 and —5.6 + 1.0 for the discrete
13CO components, and a terminal velocity of 173 + 3 km
s~ ! for the high-velocity wind. This velocity suggests an
origin in envelope gas entrained by the ionized jet seen in
Bry and [S 1]. Because of the finite size of the background
continuum, both the quiescent envelope gas (at —5.6 km
s~ ') and the entrainment layer (seen as the wind feature) are
visible in absorption. The '*CO absorption at —21.5 km
s~ ! arises in the foreground outflow lobe, which gas also
produces the wings on the rotational emission lines of CO,
CS, H,CO, HCN, and HCO™*. The 13CO excitation seen in
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infrared absorption, as well as the strong CO J=6-5
emission, indicates a temperature for the outflow lobe of
~200 K.

7. The OVRO continuum data, when compared to the
envelope model derived from the single-dish data, reveal a
compact source of radius less than 1000 AU, brightness
temperature of ~1 K, and spectral index ~1.7 &+ 0.3. No
constraints on the geometry of this component are avail-
able. One possibility is optically thick thermal emission
from a ~1000 K, 30 AU radius region of hot dust. Alterna-
tively, the compact emission may reflect a steepening of the
density gradient on radii of less than 2000 AU.

8. ISO observations by Lahuis & van Dishoeck (1997)
indicate an HCN abundance of ~10~¢ and an excitation
temperature of ~1000 K. The OVRO HCN data are con-
sistent with the power-law envelope model, implying that
the HCN abundance remains at the 10~ 8 level down to
radii of ~1500 AU. Therefore, the enhancement of HCN
does not start until well after temperatures of 120 K are
reached, considerably above the evaporation temperature
of any interstellar ice. The enhancement seems to occur
within 175 AU from the star, where T > 300 K, suggesting
that high-temperature gas-phase chemistry is important.
This region is further evidence for the effect of the star on its
environment.

The authors are grateful to Michiel Hogerheijde for
useful discussions and for his efforts on the Monte Carlo
radiative transfer code, to Mario van den Ancker and
Goran Sandell for providing their unpublished JCMT/
UKT14 data and for reducing the SCUBA data, to Craig
Kulesa for communicating his Phoenix results, and to an
anonymous referee whose comments helped to improve this
paper. They also would like to thank the staffs of the
OVRO, CSO, JCMT, NRAO 12 m, and NOAO 2.1 m tele-
scopes for their support, especially Remo Tilanus and Fred
Baas at the JCMT and Ken Hinkle, Dick Joyce, and Jeff
Valenti at the NOAO 2.1 m. Byron Mattingly carried out
the NRAO 12 m observations.

F. v. d. T. is grateful to the Leids Sterrewacht Fonds, the
Stimuleringsfonds Internationale Betrekkingen of the
Netherlands Organisation for Scientific Research (NWO),
and the Leids Kerkhoven-Bosscha Fonds for travel
support. Astrochemistry in Leiden is supported by grant
781-76-015 from the Netherlands Foundation for Research
in Astronomy. N. J. E. acknowledges support from
NSF Grant AST 93-17567 and the Randall Professorship.
G. A. B. gratefully acknowledges support provided by
NASA grants NAG 5-4383 and NAG 5-3733.

REFERENCES

Adams, F. C, Lada, C.J., & Shu, F. H. 1987, ApJ, 312, 788

Aitken, D. K., Smith, C. H., James, S. D., Roche, P. F., & Hough, J. H.
1988, MNRAS, 230, 629

Blake, G. A. 1997, in IAU Symp. 178, Molecules in Astrophysics, ed. E. F.
van Dishoeck (Dordrecht: Kluwer), 31

Blake, G. A., Mundy, L. G., Carlstrom, J. E., Padin, S., Scott, S. L., Scoville,
N.Z., & Woody, D. P. 1996, ApJ, 472, 49

Boss, A. P. 1996, ApJ, 469, 906

Bunn, J. C., Hoare, M. G., & Drew, J. E. 1995, MNRAS, 272, 346

Burns, M. S., Hayward, T. L., Thronson, H. A., Jr., & Johnson, P. E. 1989,
AJ, 98, 659

Butner, H. M., Evans, N. J,, II, Lester, D. F., Levreault, R. M., & Strom,
S. E. 1991, Ap]J, 376, 636

Butner, H. M., Natta, A., & Evans, N. J, II. 1994, ApJ, 420, 326

Campbell, B. 1984, ApJ, 287, 334

Carr, J. S, Evans, N.J., II, Lacy, J. H., & Zhou, S. 1995, ApJ, 450, 667

Charnley, S. B. 1997, MNRAS, 291, 455

Choi, M., Evans, N. J,, I, Gregersen, E. M., & Wang, Y. 1995, ApJ, 448,
742

Choi, M., Evans, N. J, II, & Jaffe, D. T. 1993, ApJ, 417, 624

Choi, M., Evans, N. J,, II, Jaffe, D. T., & Walker, C. K. 1994, ApJ,
435,734

Churchwell, E. B. 1993, in ASP Conf. Ser. 35, Massive Stars, Their Lives in
the Interstellar Medium, ed. J. P. Cassinelli & E. B. Churchwell (San
Francisco: ASP), 35

. 1999, in The Physics of Star Formation and Early Stellar Evolu-
tion IT, ed. C. J. Lada & N. D. Kylafis (Dordrecht: Kluwer), in press

Churchwell, E., Wolfire, M. G., & Wood, D. O. S. 1990, ApJ, 354, 247

Dame, T. M., & Thaddeus, P. 1985, ApJ, 297, 751

Dickel, H. R., Wendker, H., & Bieritz, J. H. 1969, A&A, 1, 270

Doty, S. D., & Neufeld, D. A. 1997, ApJ, 489, 122

Draine, B. T., & Lee, H. M. 1984, ApJ, 285, 89

Egan, M. P., Leung, C. M., & Spagna, G. R,, Jr. 1988, Comput. Phys.
Commun., 48, 271




1010 VAN DER TAK ET AL.

Farrenq, R. Guelachvili, G., Sauval, A. J., Grevesse, N., & Farmer, C. B.
1991, J. Mol. Spectrosc., 149, 375

Genzel, R., & Stutzki, J. 1989, ARA&A, 27, 41

Hanson, M. M., Howarth, I. D., & Conti, P. S. 1997, ApJ, 489, 698

Hasegawa, T. 1., & Mitchell, G. F. 1995, ApJ, 451, 225

Helmich, F. P, et al. 1996, A&A, 315, L173

Henning, Th., Chini, R., & Pfau, W. 1992, A&A, 263, 285

Hollenbach, D., Johnstone, D., Lizano, S., & Shu, F. 1994, ApJ, 428, 654

Howell, R. R., McCarthy, D. W., & Low, F.J. 1981, ApJ, 251, L21

Hunter, T. R., Phillips, T. G., & Menten, K. M. 1997, ApJ, 478, 283

Jansen, D. J. 1995, Ph.D. thesis, Univ. of Leiden

Jansen, D. J., van Dishoeck, E. F., & Black, J. H. 1994, A&A, 282, 605

Lacy, J. H., Knacke, R., Geballe, T. R., & Tokunaga, A. T. 1994, ApJ, 428,
69

Lada, C. J,, Thronson, H. A,, Jr., Smith, H. A, Schwarz, P. R., & Glaccum,
W. 1984, ApJ, 286, 302

Lahuis, F., & van Dishoeck, E. F. 1997, in First ISO Workshop on Analyti-
cal Spectroscopy, ed. A. M. Heras et al. (Noordwijk: ESA), 275

Lamers, H. J. G. L. M,, Snow, T. P., & Lindholm, D. M. 1995, ApJ, 455,
269

Li, A., & Greenberg, J. M. 1997, A&A, 323, 566

Little, L. T., Gibb, A. B., Heaton, B. D, Ellison, B. N., & Claude, S. M. X.
1994, MNRAS, 271, 649

Lizano, S., & Shu, F. H. 1989, ApJ, 342, 834

Mangum, J. G., & Wootten, A. 1993, ApJS, 89, 123

Mathis, J. S., Mezger, P. G., & Panagia, N. 1983, A&A, 128,212

McLaughlin, D. E., & Pudritz, R. E. 1997, ApJ, 476, 750

Mitchell, G. F., Curry, C.,, Maillard, J.-P., & Allen, M. 1989, ApJ, 341, 1020

Mitchell, G. F., Hasegawa, T. L., & Schella, J. 1992, ApJ, 386, 604

Mitchell, G. F., Maillard, J.-P., Allen, M., Beer, R., & Belcourt, K. 1990,
ApJ, 363, 554

Myers, P. C., & Fuller, G. A. 1992, ApJ, 396, 631

Natta, A., & Giovanardi, C. 1993, in The Physics of Star Formation and
Early Stellar Evolution, ed. C. J. Lada & N. D. Kylafis (Dordrecht:
Kluwer), 595

Ossenkopf, V., & Henning, Th. 1994, A&A, 291, 943

Osterbrock, D. 1991, The Astrophysics of Gaseous Nebulae and Active
Galactic Nuclei (San Francisco: Freeman)

Plambeck, R. L., Wright, M. C. H., Mundy, L. G., & Looney, L. W. 1995,
ApJ, 455,189

Poetzel, R., Mundt, R., & Ray, T. P. 1992, A&A, 262, 229

Pollack, J. B., Hollenbach, D., Beckwith, S., Simonelli, D. P., Roush, T., &
Fong, W. 1994, ApJ, 421, 615

Richling, S., & Yorke, H. W. 1997, A&AS, 327, 317

Sandell, G. 1994, MNRAS, 271, 75

Sandford, S. A., & Allamandola, L. J. 1993, ApJ, 417, 815

Schaerer, D., & de Koter, A. 1997, A&A, 322, 598

Scoville, N. Z., Carlstrom, J. E., Chandler, C. J., Phillips, J. A., Scott, S. L.,
Tilanus, R. P.J., & Wang, Z. 1993, PASP, 105, 1482

Shepherd, D. S., & Churchwell, E. 1995, ApJ, 457,257

. 1996, ApJ, 472, 225

Shu, F. H. 1997, in IAU Symp. 178, Molecules in Astrophysics, ed. E. F.
van Dishoeck (Dordrecht: Kluwer), 19

Simon, Th., Simon, M., & Joyce, R. R. 1979, Ap]J, 230, 127

Tamura, M., Gatley, L., Joyce, R. R., Ueno, M., Suto, H., & Sekiguchi, M.
1991, ApJ, 378, 611

Tamura, M., & Yamashita, T. 1992, ApJ, 391, 710

Thompson, R. I. 1984, ApJ, 283, 165

Tofani, G., Felli, M., Taylor, G. B., & Hunter, T. R. 1995, A&AS, 112, 299

Torrelles, J. M., Ho, P. T. P., Rodriguez, L. F., & Canto, J. 1989, ApJ, 343,
222

van Dishoeck, E. F., Blake, G. A,, Draine, B. T., & Lunine, J. I. 1993, in
Protostars and Planets III, ed. E. H. Levy & J. I. Lunine (Tucson: Univ.
Arizona Press), 163

van Dishoeck, E. F., & Helmich, F. P. 1996, A&A, 315, L177

van Dishoeck, E. F., et al. 1996, A&A, 315, 1.349

Walker, C. K., Adams, F. C,, & Lada, C. J. 1990, ApJ, 349, 515

Wang, Y., Jaffe, D. T., Evans, N. J. II, Hayashi, M., Tatematsu, K., & Zhou,
S. 1993, ApJ, 419, 707

Wendker, H. J., & Baars,J. W. M. 1974, A&A, 33, L157

Wilson, T. L., & Rood, R. 1994, ARA&A, 32, 191

Wolfire, M. G., & Cassinelli, J. P. 1986, ApJ, 310, 207

Wright, E. L. 1973, ApJ, 185, 569

Wright, C. M., Aitken, D. K., Smith, C. H., & Roche, P. F. 1999, in
Formation and Evolution of Solids in Space, ed. J. M. Greenberg &
A. Li(NATO ASI Ser. 523) (Dordrecht: Kluwer), 77

Yorke, H. W., Bodenheimer, P., & Laughlin, G. 1995, ApJ, 443, 199

Zhou, S., Evans, N. J, I, Giisten, R., Mundy, L. G., & Kutner, M. L. 1991,
AplJ, 372,518




