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Abstract. We present models of the temperature and density structure of the envelopes of ten deeply embedded massive stars
associated with ultracompact H regions. Constraints come from 60–1300 µm photometry including ISO-LWS spectra, maps at
450 and 850 µm, and CS emission line data. Radial profiles extracted from the maps after removing neighbouring sources were
modelled taking the chopping process into account. The line data are modelled with a Monte Carlo program and the continuum
data with a dust radiative transfer code. For an assumed n(r) ∝ r−p density structure, the index p is found to be uniformly
distributed between 1.25 and 2.25 for this sample. The density power law index from radial profiles and emission lines agree
well (by ±0.25), while the continuum spectrum sometimes deviates (by ±0.5). Reliable models thus require all three kinds of
data.
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1. Introduction

The advent of bolometer arrays and on-the-fly mapping tech-
niques on single-dish (sub-)millimeter telescopes has greatly
improved our knowledge of the structure of embedded young
stellar objects (see André et al. 2000 for a review). Recently,
Shirley et al. (2002) and Jørgensen et al. (2002) developed de-
tailed models for low-mass envelopes.

Of particular interest are the envelopes of recently formed
high-mass stars. The formation of high-mass stars may be a
scaled-up version of the process for low-mass stars, which are
known to form by accretion via a disk, and to disperse their
envelopes through bipolar outflows. Alternatively, high-mass
stars may form by the coagulation of lower mass stars or of
protostellar cores. Determining the structure of the envelopes
of recently formed high-mass stars may enable us to decide
between the two scenarios. Models of the large-scale structure
of the envelopes is also a prerequisite for measuring the sizes
and masses of any circumstellar cores or disks. Third, the tem-
perature and density structure is essential input for models of
the chemistry of these regions, which often have rich molec-
ular line spectra. Not only are they important as testbeds for
theories of interstellar chemistry, but the chemical composition
of star-forming matter is expected to change with time, which
would allow one to determine ages through molecular abun-
dances. An example is the “hot core” phenomenon which is
likely to be short-lived. However, its exact evolutionary status
and the link with any physical component have not yet been
firmly established.
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The physical structure of regions of high-mass star forma-
tion has been investigated by Hatchell et al. (2000), van der Tak
et al. (2000), Beuther et al. (2002) and Mueller et al. (2002).
These studies indicated power-law density distributions, possi-
bly with central cores. Power law indices varied from 1.0 to 2.0,
which would make high-mass envelopes scaled-up versions of
the envelopes of young low-mass stars. However, this similarity
is not proof that the dynamics of both cases are similar, since
the spatial scales differ by an order of magnitude. In addition,
while Hatchell et al. found a central steepening of the density
profile, Beuther et al. found a central flattening. The discrep-
ancy may be due to non-overlapping source samples, but a re-
view of the old results seems in order.

A second motivation to return to the problem is improved
information. High quality (SCUBA) submillimeter continuum
images are now available for a larger source sample (Thompson
et al. 2002), and far-infrared spectra from ISO are now public.
Finally, the models of Hatchell et al. fixed r−1.5 density laws for
the envelopes, while those of van der Tak et al. kept luminos-
ity and outer radius fixed. Recent improvement in computing
power allows a more systematic exploration of parameter space
and to include the effects of telescope chopping.

Table 1 introduces the source sample for this paper, which
is rather small as we limited it to sources for which CS and
preferably also ISO data were available. Performing a detailed
analysis on a large sample such as that of Beuther et al. is still
beyond reach. When drawing conclusions, we assign a lower
weight to G12.21 because its distance is much larger than that
of the other sources, and its envelope is hardly resolved with
SCUBA. The mean distance of the sample, excluding G12.21,
is 5.3 kpc.
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Table 1. Source sample.

Object RA (1950) Dec (1950) d1 log L2

[ h m s ] [ deg ′ ′′ ] kpc L�
G5.89−0.39 17 57 26.8 −24 03 56 2.0 4.40
G9.62+0.19 18 03 16.2 −20 32 03 5.7 5.60
G10.47+0.03 18 05 40.3 −19 52 21 5.8 5.60
G12.21−0.10 18 09 43.7 −18 25 09 13.5 5.95
G13.87+0.28 18 11 41.8 −16 46 40 4.4 5.23
G29.96−0.02 18 43 27.1 −02 42 36 6.0 5.90
G31.41+0.31 18 44 59.4 −01 16 04 7.9 5.23
G34.26+0.15 18 50 46.1 +01 11 12 3.3 5.50
G45.47+0.05 19 12 04.4 +11 04 11 8.3 6.30
G75.78+0.34 20 19 52.0 +37 17 02 4.1 5.29

1 Distances are from Churchwell et al. (1990) except G5.89 (Gomez
et al. 1991; Zijlstra et al. 1990); G34.26, G31.41 and G45.47 (Kuchar
& Bania 1994); and G29.96 (Pratap et al. 1999).
2 Luminosities are from Churchwell et al. (1990), Hatchell et al.
(2000) and Hofner et al. (1996), corrected for revised distances.

Section 2 of this paper describes the data set used to con-
strain the models. Section 3 contains the models of the dust
continuum, and Sect. 4 those of the line emission. The results
are discussed in Sect. 5. A follow-up paper (van der Tak &
Hatchell, in prep.) will present molecular abundances and their
implications for the evolutionary status of these sources.

2. Data selection

The data which we use to constrain the physical structure falls
into two categories: continuum and molecular line. For molec-
ular line data, we use CS because (a) a wealth of CS measure-
ments are available for these sources in the literature; (b) based
on the models by Doty et al. (2002), we expect a simple chem-
istry with a constant abundance of CS throughout the cores.
Molecules where the abundance varies with radius contain an
additional free parameter; we need to constrain the density dis-
tribution first before we can investigate these cases.

There is also a great deal of continuum data available:
ISO-LWS and IRAS far-infrared photometry; millimetre and
submillimetre data at various wavelengths; and, critically, full
submillimetre images from SCUBA which constrain the ra-
dial intensity profiles as well as the spectral energy distribution
(SED) of these sources.

2.1. Data on the SED

The following data were used to constrain the spectral energy
distribution.

– 850 and 450 µm flux densities from SCUBA (JCMT)
images (Hatchell et al. 2000; Thompson et al. 2002;
Thompson et al., in prep.). We include flux densities within
one beam (9′′/14′′) and integrated over the 2.5 ′ diameter
map.

– SCUBA 1350 µm single-pixel photometry (22 ′′ beam).
– ISO data were used in two ways: firstly, on the SED

as an absolute flux density at 170 µm with an assumed

uncertainty of 30%; and secondly, as the relative calibra-
tion of the ISO-LWS data is much better than 30%, the
shape of the ISO spectrum between 80 and 200 µm was
independently fitted.

– IRAS flux densities at 60 and 100 µm, taken from the
HIRES processing of Hunter, who looked for FIR flux as-
sociated directly with the UCH of interest (Hunter 1997).
Fluxes are therefore less prone to confusion than those in
the IRAS PSC (though fitting PSC data instead makes no
difference to our conclusions). We assume uncertainties of
30%. Fluxes are measured within 2′ of centroid.

– SHARC (CSO) 350 µm flux densities: map sums and peak
values, from Hunter et al. (2000) and Hunter (1997). 30%
uncertainties are assumed. Map sizes are 90′′ and the CSO
beam at 350 µm is 11′′.

We do not include in our fitting:

– Data at λ > 1350 µm, because these include a signifi-
cant contribution from free-free emission, which we are not
modelling.

– Data at λ < 60 µm. We know from previous work (Hatchell
et al. 2000; van der Tak et al. 2000) that the 10 µm silicate,
Br α, Br γ, and Pf γ optical depths and the mid-IR emission
require lower column densities than the SED peak and the
submm emission dictate. We believe these features and the
related mid-IR continuum come from directions in which
the source light escapes through relatively low optical depth
paths. This breaks our assumption of spherical symmetry
and introduces further parameters into the problem, which
we are not attempting to incorporate into our model. By
fitting the ≥60 µm flux densities and submm SEDs, we are
considering the majority of the mass in the system, which
for our purposes of modelling molecular line emission is
most important.

2.2. ISO-LWS data

The ISO archive1 contains LWS01 spectra for all but three of
our sources. These spectra cover the wavelength range 43–
196 µm at a resolution of 0.3–0.6 µm. The beam size of 80 ′′
is similar to the SCUBA and SHARC map sizes and the region
used for the radial profiles (Sect. 3.2).

Because of the high brightness of these sources, the data
need to be corrected for non-linearity of the detectors. To do
this, data taken with 0.5-second integrations had to be re-
processed at the ISO UK Data Centre, retaining only the first
0.25 s of each integration. For the strong source correction,
Saturn was used as calibrator.

Further processing was done using the ISO Spectral
Analysis Package (ISAP). Data were inspected and obvi-
ously outlying points removed. In particular, near the short-
wavelength edge of detector SW5, a dip at 77 µm was deleted.
This feature is not seen in the data of detector SW4 and there-
fore considered spurious. The data were then averaged by de-
tector, and corrected for instrumental fringing using standard
algorithms.

1 http://www.iso.vilspa.esa.es
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Fig. 1. ISO-LWS spectra of our sources. For clarity, the data are shifted
vertically by the amount noted in brackets.

The data from the various detectors do not join smoothly.
For strong sources, the differences are not caused by dark cur-
rent subtraction problems, but by gain drifts, partly caused by
the nonlinearity correction. In applying the gain shift, detector
SW3 was used as reference.

Figure 1 shows the final spectra after averaging data from
all detectors. Besides dust continuum, atomic and ionic fine-
structure lines are detected. These lines probably arise in the
H II regions neighbouring the molecular regions studied here,
and are not further discussed. The OH absorption against
G10.47 may partly be formed in molecular gas and partly in
a PDR, and will also not be discussed.

2.3. Submm radial profiles

We produced radial intensity profiles from the SCUBA images
at 450 and 850 µm as follows. Images at 850 and 450 µm were
produced from the SCUBA data by gridding from the irregular
bolometer sampling onto a rectangular grid using linear inter-
polation. In order to avoid any reduction in resolution and later
problems with radial averaging, a grid size of 1 ′′ was used,
less than the bolometer sample spacing of 3.09 ′′ and far less
than the JCMT resolution of 9′′/14′′. Variance data for the im-
ages were estimated by regridding at 3 ′′ spacing using a me-
dian algorithm which calculates the uncertainties σ from the
scatter on the data contributing to each pixel. Even for small
numbers N of datapoints in each bin, this gives a reasonable

estimate of σ: σ = σ0 ± σ0√
2(N−1)

where σ2
0 is the variance of the

data in the bin.
For three sources this estimation of the uncertainties was

not possible. Short integration times yielded one or fewer sam-
ples per pixel for G5.89 and G9.62. G75.78 was reduced as a
scan map using tailored software.

Beam maps with uncertainties were produced in a similar
way. As the 450 µm beam is known to vary with elevation, two
observations of Uranus at elevations appropriate to the source
elevations were combined to produce the final beam map.

Radial intensity profiles of the sources were produced by
taking a weighted average of the data in annuli centered on
the image centroid spaced by 1/2 beam. The uncertainties on
the profiles were calculated from the variance data. For G5.89,
G9.62 and G75.78, no variance data existed, and uncertain-
ties on the profiles were estimated from the scatter of data
within each annulus. In these cases the uncertainty is a mea-
sure of the deviation of the data from circular symmetry as
well as measurement scatter. A better estimate of the annular
mean, with smaller variance, can be made when variance data
exists because one then weights towards more reliable data.
The SCUBA noise is patchy, depending on bolometer feed.
Neighbouring sources were masked out to sensible levels us-
ing circular masks in IRAF before radial averaging. The maps
of G29.96 contain negative holes due to chopping onto nearby
sources, which can be seen as a dip in the profiles (Fig. 6).

2.4. CS data

Our sources have been extensively observed in lines of CS and
C34S, using the IRAM 30 m telescope for the J = 2 → 1,
3 → 2 and 5 → 4 lines, and the CSO and JCMT for the
7→ 6 and 10→9 lines. Figure 2 presents the data that we have
used for our models. Most data are from Cesaroni et al. (1991),
Churchwell et al. (1992) and Olmi & Cesaroni (1999), with
additions from Plume et al. (1992, 1997). Beam sizes vary be-
tween 11′′ and 25′′ and are taken into account in the modelling.

3. Continuum modelling

In order to determine radial density and temperature distribu-
tions, total column density, and other properties of the sources
we compare the observed SED and submm radial intensity pro-
files with the results of the radiative transfer code DUSTY
(Ivezić & Elitzur 1997; Ivezić et al. 1997). This publicly
available program2 exploits scaling properties to reduce the
number of independent parameters in the spherical radiative
transfer problem. We discuss the input parameters below in
Sect. 3.1. Some further processing is required before the out-
put of DUSTY can be compared with the observations, as dis-
cussed in Sect. 3.2.

Spherical symmetry is a first approximation to these
sources. However, apart from G9.62 and G75.78, axis ratios
based on the 850 µm maps show no significant deviation from
circular symmetry which would necessitate a more complex
model. Thus we keep the number of parameters to a minimum,

2 http://www.pa.uky.edu/∼moshe/dusty
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Fig. 2. Emission line data for CS (filled squares) and C34S (open
circles).

both to restrict the parameter space to model and so that we
can hope to constrain the parameters with the available data.
A spherical description of the density and temperature dis-
tribution is sufficient for further modelling of molecular line
emission.

3.1. Model parameters

The inputs to DUSTY are given in our case as: the optical depth
at 100 µm, τ100; density power law index p; the inner radius r im;
the stellar black body temperature T�; and the shell thickness
(ratio of outer and inner radii) Y. In addition, the dust optical
properties are specified. This small number of parameters com-
pletely defines the radiative transfer problem. The output then
scales by the luminosity to fit individual sources.

– Dust type. As dust model we use the coagulated, icy grains
of Ossenkopf & Henning (1994; Model 5), shown to be
appropriate for star forming regions by van der Tak et al.
(1999). Ossenkopf & Henning list the absorption coeffi-
cients for their ices between 1–1300 µm. Visual and ultra-
violet opacities are from Pollack et al. (1994; Model 1).
Scattering coefficients are calculated from the absorption
coefficients using albedos from Draine & Lee (1984), but
tests show that for our problems the scattering coefficients
are unimportant.

– Inner radius. rin The inner radius was fixed at 3.28 ×
1015 cm × √L/104.0 (0.1–0.4′′). Dust temperatures at the
inner radius vary from 490 to 600 K. Previous work sug-
gested that the highest temperatures that dust reaches in
these sources are a few hundred K, much lower than the
dust sublimation temperature of ≈1500 K. Molecular gas is
observed at these temperatures in several of these sources
(Hatchell et al. 1998; Cesaroni et al. 1998; Wyrowski et al.
1999).

– Driving source temperature T�. We take a black body in-
put at 42 000 K, equivalent to an O6 star. The exact temper-
ature of the input spectrum is not important as the infrared
and mm/submm emission is all reprocessed light.

– Optical depth τ. From the position of the SED peak, we
know that τ = 1 at a few 100 µm. We consider models
with τ100 = 0.1, 0.5, 1.0, 2.0, 3.0, and 4.0. Higher optical
depth models would be useful (see Sect. 5.2), but are be-
yond our current computing limits (models are being run
on a Linux cluster of four dual-CPU 1GHz machines with
2 GB of memory each). A second determinant of the opti-
cal depth is that in the optically thin regime, the brightness
should be of the order τ × Bν, where Bν is the Planck func-
tion. Submillimeter observations suggest that τ100 >∼ 1.

– Density power law index p. In contrast to the low mass
case, there is no clear prediction from theory for the den-
sity laws expected in the envelopes of massive SFRs. For
this reason we consider only the simplest power law density
laws. Values of p from 1.25 to 2.25 have been tried, based
on previous experience (Hatchell et al. 2000; van der Tak
et al. 2000; Mueller et al. 2002).

– Shell thickness Y. The ratio of outer to inner radii. We con-
sider a wide range of values from smaller than the map sizes
to larger: Y = 100, 200, 300, 600, and 1200.

– External radiation. We assumed the Black-Draine inter-
stellar radiation field of Evans et al. 2001 (see references
therein).

3.2. DUSTY outputs and post-processing

DUSTY computes radial intensity profiles at selected wave-
lengths assuming a luminosity of 104 L�. Although the solu-
tion of the radiative transfer problem does not depend on the
luminosity, in the post-processing we have to scale the output
to the luminosity and distance of each source in order to take
finite beam and map sizes into account.

For many of our sources, only kinematic distances are
available, which are uncertain by factors of up to two. In
the future, near-infrared spectroscopy (e.g., Watson & Hanson
1997; Kaper et al. 2002) may provide more accurate distances.
However, because of the luminosity scaling, our model results
are independent of distance. Note that we assume that all of the
stellar radiation is absorbed by the dust, and that a negligible
fraction goes into ionizing an H region.

The results are only weakly dependent on the luminosity,
which we hold fixed. Changing the luminosity primarily scales
the fluxes, which affects the SED. Secondly, it changes the ra-
dial scale (r ∝ √L), which affects both the radial profiles and
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Fig. 3. Continuum model fits: non-reduced χ2 contours vs. p and τ for the 7/10 sources where the best fit favours a large shell size (Y = 600 is
displayed). Left to right, χ2 is displayed for fits to: the ISO-LWS spectral shape between 60 and 180 µm; the SED (absolute flux densities from
various instruments); 850 and 450 µm radial intensity profiles from SCUBA; and the combined χ2 for all datasets. Contours/greyscale steps
are, white to black, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10 000. Model points are marked as dots and the best fits are marked as circles
on the total χ2 plots. Sources where the models favoured a small shell size are in Fig. 4.

the ISO fits. But this second effect is small. As shown below, it
is the ISO spectrum which dominates the determination of the
best fit, and even luminosity changes of a factor of 2 make little
change to the overall results.

For model fluxes to compare with the SED and ISO data,
we extract from the DUSTY radial intensity profiles flux den-
sities within Gaussian beams or integrated out to some outer
radius, to match the observations.

To derive model profiles, the radial intensity distributions
at 450 and 850 µm were turned into 2D synthetic images and
convolved with the beam (as measured on Uranus: Sect. 2.3).
Telescope chopping (beam or wobbler switching to subtract
sky emission) was simulated by shifting the image by the 2 ′
chop throw in each direction and subtracting. Profiles were
then extracted by radial averaging in the same way as for
the data (Sect. 2.3). Because of the uncertainty in the beam
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Fig. 4. Continuum model fits: χ2 contours vs. p and τ for the 3/10 sources where the best fit favours a small shell size, but is poorly constrained
by the profiles. Both the best fit shell size and Y = 600 are displayed. Other details as Fig. 3.

measurement, the model profiles also have associated uncer-
tainties, which are small compared to those on the source pro-
files, but nonetheless are taken into account by adding the un-
certainties in quadrature. Fits to profiles were made between
20′′ and 50′′ (0.36–1.2 pc at 5 kpc), beyond one beam and
avoiding self-chopping effects at the map edges.

3.3. Results

We performed a least-squares analysis to determine which
models best fit the data. We calculated χ2 values for the 60–
1300 µm flux densities, the shape of the ISO spectrum, the 450
and 850 µm radial profiles, and for the combined dataset. The
total number of datapoints, best fit parameters and reduced χ 2

for each source are given in Table 2, along with the mass within
1 pc.

Figures 3 and 4 display the χ2 plots for our models com-
pared to the four datasets (ISO data, total SED, 850 and 450 µm

profiles) and the combined likelihood of fitting all the data. The
best fits are marked with a circle, though these should be con-
sidered cautiously as the region of parameter space allowed by
the data can be quite large. We have not given formal parame-
ter errors calculated from ∆χ2 contours. These would misrep-
resent the range of acceptable parameters, partly because of the
coarse model grid, and partly because there are more uncertain-
ties than the formal fit errors take into account, borne out by
reduced χ2 > 1. Figure 5 compares the overall best fit models
with the ISO spectra, Fig. 6 with the radial profiles, and Fig. 7
with the SED.

4. CS modelling

To test the density structures derived from the continuum data,
models were made of emission lines. The CS molecule, with its
large mass and large dipole moment, is an especially sensitive
tracer of density, with lines at observable frequencies that span
a wide range of critical densities. In addition, depletion of CS
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Fig. 5. ISO-LWS spectra (crosses) overlaid with the best continuum
model fits (circles).

Table 2. Best fit continuum models: size, density index (from 850 µm
profile only and from overall fit), optical depth at 100 µm, reduced χ2,
and mass within 1 pc. For G5.89, G9.62 and G29.96, where the best
fits imply a low Y outer cutoff, we have also given the results for Y =
600; see discussion.

Source Y p τ100 χ2 M1pc pprof

M�
G5.89 100 1.25 1 37 1988

600 2.00 3 70 195 2.25
G9.62 200 1.25 1 7 2414

600 1.75 3 22 1897 1.50
G10.47 1200 1.75 4 12 2518 2.00
G12.21 600 2.00 4 45 1537 2.00
G13.87 300 1.50 1 43 905 1.50
G29.96 200 1.75 2 79 1631

600 2.00 4 104 726 2.00
G31.41 600 1.50 3 20 2657 2.00
G34.26 200 1.75 4 32 2365 2.00
G45.47 600 1.5 0.5 6 821 1.50
G75.78 1200 2.00 2 0.4 361 2.00

on grains should be minimal at the temperatures present in our
sources (Sect. 5.1).

We have used the publicly available3 Monte Carlo radia-
tive transfer program by Hogerheijde & van der Tak (2000)
to model CS integrated intensity at source centre. Radial

3 http://talisker.arizona.edu/∼michiel/ratran.html

Fig. 6. Normalised radial intensity profiles at 850 and 450 µm overlaid
with the best continuum model fits. The 450 µm profiles are multiplied
by 3.

Table 3. Results of CS models.

Source p χ2 Na CS/H2

G5.89 2.25 2.93 6+5 1 × 10−6

G9.62 1.50 1.80 6+4 2 × 10−8

G10.47 2.00 0.80 6+5 1 × 10−7

G12.21 1.25 0.92 6+1 2 × 10−8

G13.87 1.25 1.60 6+1 2 × 10−9

G29.96 1.50 1.49 6+6 2 × 10−8

G31.41 2.00 1.41 6+4 5 × 10−7

G34.26 2.25 1.78 6+6 1 × 10−7

G45.47 1.25 1.09 2+2 2 × 10−9

G75.78 1.75 1.49 6+2 1 × 10−8

a Number of CS and C34S lines used in the fit.

profiles of density and temperature were taken from DUSTY’s
output. The kinetic and dust temperatures were assumed to be
equal since the densities of our sources exceed 104 cm−3. The
number of radial shells ranged from 29 to 78 with increas-
ing dust optical depth (determined by DUSTY). Turbulent line
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Fig. 7. Flux densities from IRAS HIRES (triangles) ISO (squares);
SHARC (+); and SCUBA (×), overlaid with the best continuum model
fits (circles).

widths are taken from C34S data (Sect. 2.4); thermal broad-
ening is included but negligible. The radiative transfer model
includes the 21 lowest rotational states of CS, with term ener-
gies, statistical weights and Einstein A coefficients taken from
the JPL catalogue4 (Pickett et al. 1998). Collisional rate coeffi-
cients are taken from Turner et al. (1992) 5. Radiative excitation
of rotational lines by dust and by the microwave background
is also taken into account, again using grain properties from
Ossenkopf & Henning (1994).

Most models were run for G10.47, and Fig. 8 shows the
results. For each value of the dust optical depth at 100 µm
τ100 and density law index p, the model with the best-fitting
CS abundance is plotted. As the figure shows, the CS lines are
sensitive to the density index, almost irrespective of τ100 which
measures total column density. Therefore, for the other sources,
models were only run for τ100 = 3, and Table 3 lists the results.

4 http://spec.jpl.nasa.gov
5 see http://www.giss.nasa.gov/data/mcrates

Fig. 8. Quality parameter χ2 of the fits to the CS lines in G10.47, as a
function of τ100 and p.

5. Discussion

5.1. Outer cutoffs?

For most sources, small shell models (Y ≤ 200) are ruled
out by the intensity distributions, which do not show an outer
cutoff. Only three sources with poorly constrained profiles
(due to non-sphericity (G29.96) or poor signal-to-noise (G5.87,
G9.62)) favour small shell models. For these we have shown
both the Y = 600 and best–Y χ2 plots (Fig. 4). We believe that
if the profiles for these sources could be better constrained (for
G5.87 and G9.62 by longer submm integrations) then the small
shell models would be ruled out for these sources also.

For large outer radii, the intensity profile approaches a
power law with index m, which in the infinite-shell limit is
given by m � p−0.5 at 850 µm (Adams 1991). In this case, the
map size acts as lower limit to the outer radius of the model.
Otherwise, as the effect of changing Y on the profile steepness
above Y = 200 is equivalent to changing p by <0.1, the profiles
do not differentiate strongly between different Y, and neither do
the spectral energy distributions as the effect of adding more
cold material at large radius is minimal.

Temperatures at the outer edge varied from 15 to 27 K,
with higher temperatures for models with a small radius cut-
off. This is another reason to prefer large-radius models, as
lower temperatures better match the surrounding molecular
cloud material.

5.2. Constraints on τ and p

From the SED and ISO fits, there is a degeneracy between op-
tical depth τ and density index p. Both high optical depth and a
flatter density distribution act to produce more colder material
which emits at longer wavelength.

This degeneracy is partially broken by the radial profile fits,
which constrain p but are largely independent of τ (Figs. 3, 4,
Table 2). The profiles indicate a preference for low p (G9.62,
G13.87, G45.47) or high p (G10.47, G12.21, G29.96, G31.41,
G34.26, G75.78). If low shell size models are ruled out in the
continuum fits (see Sect. 5.1 above), then G5.89 joins the list of
steep profile sources. However, in the total χ2 plots, the profiles
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do not constrain p tightly enough to outweigh the influence
of the SED fits: there are not enough profile points and they
are too uncertain. This is despite good signal-to-noise mea-
surement of the profiles in most cases: errorbars result from
the real-life asymmetry of the sources as well as measurement
noise.

Considering just the profile fits, the strong molecular hot
core sources (G5.89, G10.47, G12.21, G29.96, G31.41, G34.26
and G75.78) have steep density distributions (p ≥ 1.75)
whereas the weak molecular line emitters G13.87 and G45.47
have flatter profiles (p = 1.50), as Hatchell et al. (2000) dis-
covered. If one looks at the joint χ2, dominated by the SED and
ISO fits, the case is less clearcut with some hot cores (in par-
ticular G31.41) showing low p. It may be that a higher optical
depth model (τ > 4, which we were unable to compute) could
yield a higher p solution which would reconcile the profile and
SED results in these cases.

The τ–p degeneracy is further broken by the CS results.
The CS fits are largely independent of τ but depend strongly
on p. The CS fits are in general agreement with the profile fits
(within ±0.25): again, G13.87 and G45.47 have flatter profiles
p = 1.25 whereas hot core sources (G5.89, G10.47, G31.41,
G34.26, G75.78) have steeper profiles (p ≥ 1.75). G12.21 and
G29.96 are the only sources for which the CS results (p = 1.25
and p = 1.50) and profile results (p = 2.0) cannot easily be rec-
onciled, perhaps due to the great distance of G12.21 (13.5 kpc)
and the negative holes in the G29.96 map.

Comparing the CS results with the overall continuum fits
shows agreement within p ± 0.5: again, higher p, higher τ so-
lutions for G34.26 and G31.41 would allow a better match be-
tween continuum and CS results.

From all the fits, the parameters are constrained to p±0.25,
τ ± 1 (given p); and Y ≥ 300.

5.3. Low-p sources missing hot cores

It is clear from the χ2 contours that G45.47 and G13.87 (both
p = 1.25–1.50) are low optical depth sources that cannot be
fitted with higher τ, higher p solutions. This has not compro-
mised their ability to form stars.

These sources also show little evidence for any hot molecu-
lar core, with no CH3OH above 100K, and no chemical daugh-
ter products such as CH3CN detected, although in both cases
NH3 (4, 4) transitions 200 K above ground were detected
(Hatchell et al. 1998; Cesaroni et al. 1992).

An explanation for both p ∼ 1.5 density profiles and lack
of hot molecular cores in these sources could be that they are
infalling with collapse timescales less than the 104 years nec-
essary for chemical processing (Rodgers & Charnley 2003).
G45.47+0.05 shows no evidence for infall, with apparent
P Cygni profiles in NH3 due not to infall but to multiple molec-
ular components (Wilner et al. 1996).

Alternatively, the lack of apparent hot core activity can be
simply explained by a combination of the lower column den-
sity and flatter density distribution. The masses at small ra-
dius where grain evaporation occurs (roughly T > 100 K) are
smaller by a factor of ∼5 in a τ = 1, p = 1.5 source compared

to τ = 4, p = 2 typical of the strong hot core sources. This
is enough to put most of the molecular lines used to trace hot
cores below the detection limit of the earlier studies, but with
better sensitivity they should be seen. For example, with rms
noise of 20 mK T ∗A rather than 50 mK (Hatchell et al. 1998),
CH3CN at 239 GHz and CH3OH at 241.8 GHz should be de-
tected. If daughter species such as CH3CN were detected, infall
would definitely be ruled out.

A likely explanation for the relative lack of molecular gas
and dust at small radius is that star formation has used up or
disrupted more of the available material. Either G13.87 and
G45.47 are more evolved than their steep-index counterparts,
or they started with less gas in the first place.

5.4. Central cores?

Does the density law steepen at small radius? This would show
up as excess flux at small radius in the profiles. Although the
overall best fits (Fig. 6) leave a flux excess in the centre for
the hot core sources G10.47, G31.41 and G29.96, the steeper
density indices of both the profile and CS best fits leave no ex-
cess central flux, i.e., a single power law model adequately fits
the data without a central core. Interferometer (BIMA) data at
1.2 mm and 3′′ resolution for the four hot core sources G10.47,
G29.96, G31.41, and G34.26 shows that the power laws con-
tinue smoothly into the inner regions of the hot cores down to
r ∼ 2 × 1016 cm, with no dust emission seen at smaller radius
(F. Wyrowski, in prep.). This rules out fitting the continuum
data with a lower-p envelope plus compact submm-emitting
core (Hatchell et al. 2000). The lack of submm emission in the
core centres could be due to either optically thick cores or a
central cavity (Wyrowski, in prep.; van der Tak et al. 2000).
Note that the UCH which are assumed to contain the sole
heating sources in our modelling and must be surrounded by a
cavity, are separated from the dust emission peaks at the reso-
lution of BIMA.

5.5. Effect of optical properties

There are some differences between the best fits to the ISO data
(where available) and the submillimeter data. In 4/7 cases, the
ISO data indicate a higher τ or lower p, i.e., an SED which
peaks at longer wavelength. In these cases, the ISO and sub-
millimeter points might be reconciled by reducing the long
wavelength emissivity of the dust by a factor of 2–3. Of the
Ossenkopf & Henning 1994 models, only the thick ice mod-
els reduce κ500/κ100 (models 7–9). Thick ice is unlikely in the
warm inner regions where ices evaporate but the bulk of the
submm emission comes from cold dense outer regions which
may have thick ices. The limited dataset is not sufficient to
make this a firm conclusion. With submillimetre data at more
wavelengths one could estimate the dust emissivity and there-
fore the ice thickness for individual sources, assuming this
were constant throughout the core. In practice, the ice thick-
ness and composition is likely to vary with radius. In only one
source do the far-infrared data indicate a lower τ (or higher p)
than the millimeter points.
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6. Conclusions

We have constructed models of the envelopes of ten embed-
ded massive stars. The main assumptions are spherical sym-
metry and central heating. Our models are constrained by low-
resolution (R ∼ 500) far-infrared and submillimeter spectra in
9–80′′ beams, maps of submillimeter emission at 9–15 ′′ reso-
lution, and emission lines of CS and C34S measured in 10–30′′
beams. Our conclusions are the following.

– On scales of 10–60′′, or 0.25–1.55 pc for the mean distance
of 5.3 kpc, the envelopes of embedded massive stars are
well described by models with a power law density struc-
ture. Power law indices are uniformly distributed between
1.25 and 2.25, similar to the range found for other samples
(van der Tak et al. 2000).

– The sources with the steepest density gradients are richest
in molecular line emission as found before (Hatchell et al.
2000). A model with shallow gradients plus central “cores”
is an alternative for the hot core sources, but cores are
not required by these data: a pure power law is sufficient.
Evidence for distributed heating sources is seen nowhere.

– G13.87 and G45.47 (non-hot-core sources) have low op-
tical depth and shallow density profiles, probably because
star formation has used up more of the material in the in-
ner regions. Their lack of detected hot core molecular line
emission can be explained by the lower masses at small
radius.

– The density power law indices for radial profiles and emis-
sion lines agree well (by p ± 0.25), while the continuum
spectrum sometimes deviates (by p± 0.5). These error bars
and deviations are not set by data quality, but are the limi-
tations of our modeling approach, in particular the assump-
tion of spherical symmetry. Robust models require use of
all these kinds of data, and the detailed treatment that we
have outlined.
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