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ABSTRACT

Context. Fundamental properties of interstellar clouds must be known to investigate the initial conditions of star formation within
them and the interaction of newly formed stars with their environment. Methanol has proven to be useful to probe densities and
temperatures of various environments within interstellar clouds.
Aims. We aim to explore the potential of methanol as a tracer molecule for regions in which high-mass stars are forming or have
recently formed, in particular so-called high-mass protostellar objects (HMPOs) and infrared dark clouds (IRDCs).
Methods. We present and analyse multi-frequency centimetre and (sub)millimetre single-dish observations of methanol toward a
sample of 13 sources that are in the poorly understood earliest phases of evolution of high-mass stars (HMPOs and IRDCs). For each
source in our sample, we derive physical parameters such as the kinetic temperature, the spatial density. and the methanol column
density. We apply our large velocity gradient modelling and fitting technique that involves fitting a synthetic spectrum to all the
measured lines simultaneously.
Results. In several sources, we find that more than one physical component is necessary to fit the spectra; moreover, broad non-
Gaussian linewidths suggest outflows in many sources from both the IRDC and the HMPO subsamples. Kinetic temperatures are
found to be between 10 and 60 K and spatial densities in the range 105–106 cm−3. Hotter, denser cores are found in a few HMPOs,
indicating that these sources already harbour hot cores heated by protostars.
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1. Introduction

The last years have seen a major observational effort to com-
pile samples of candidate high-mass protostellar objects (e.g.,
Molinari et al. 1996, 1998, 2000; Sridharan et al. 2002; Faúndez
et al. 2004; Hill et al. 2005) and to study and understand the ini-
tial phases of evolution of high-mass stars (e.g., Hatchell et al.
2000; van der Tak et al. 2000b; Beuther et al. 2002a,b,c; Mueller
et al. 2002; Hatchell & van der Tak 2003; Williams et al. 2004,
2005; De Buizer et al. 2005). The analysis of molecular spectra
is a powerful diagnostic tool to investigate the properties of an
interstellar cloud. Such spectra are fingerprints of a molecular
cloud and they carry information on its chemistry, and there-
fore on its history, on its physical conditions, and on its dy-
namics and kinematics. Often, symmetric rotors such as NH3,
CH3CN, and CH3CCH are used to probe a cloud’s kinetic tem-
perature (Walmsley & Ungerechts 1983; Churchwell & Hollis
1983), while molecules with high dipole moment, e.g., CS, are
used to determine its density (e.g., Snell et al. 1984; van der Tak
et al. 2000b; Beuther et al. 2002a). However, different spa-
tial distributions of the tracers (caused by their different chem-
istry) may complicate the picture, as they often probe physically
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IRAM is supported by INSU/CNRS (France), MPG (Germany), and
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different and spatially separate gas components (for chemical
differentiation of NH3 and CS, see, e.g.,Tafalla et al. 2002; for
oxygen and nitrogen bearing molecules, Wyrowski et al. 1999).
Chemical differentiation allows us to distinguish between the
different physical components of a cloud and study them inde-
pendently. However, when deriving physical parameters as den-
sity and temperature in a given region, it is desirable to make use
of a single molecule: comparing results obtained by using differ-
ent molecules may be misleading if the tracers do not co-exist.

Studies on slightly asymmetric rotors (H2CO: Mundy et al.
1987; Mangum & Wootten 1993; CH3OH: Leurini et al. 2004)
reveal that these molecules can be used as diagnostic tools of
both parameters, since such molecules allow determinations of
density and often share a strong sensitivity to kinetic temperature
with symmetric rotors. Leurini et al. (2004) discussed the tracing
properties of CH3OH, concluding that methanol is indeed a very
useful tracer of physical conditions in star-forming regions, since
it has a very rich spectrum of transitions spread throughout all of
the centimetre, millimetre, and submillimetre spectral windows
with energies above the ground state from zero to many hundreds
of K. Moreover, it is ubiquitously found in different regimes of
star formation, from quiescent, cold (T ∼ 10 K), dark clouds
(e.g., Friberg et al. 1988; Walmsley et al. 1988), to “hot core”
sources near high-mass (proto)stellar objects (e.g., Menten et al.
1986, 1988) and it is associated with both dense cores and out-
flows of shocked gas (e.g., Bachiller et al. 1995).

Here we present methanol single-dish observations of a sam-
ple of sources in the early stages of high-mass star formation.
In Sect. 2 the criteria used to select the sources are presented
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Table 1. The sample.

Source RA Dec vlsr d

[J2000] [J2000] [km s−1] [kpc]

Infrared-dark clouds

G11.11–0.12 P1 18 10 28.40 –19 22 29.0 29.0 3.6a

G19.30+0.07 P1 18 25 58.50 –12 03 59.0 26.0 2.2a

G28.34+0.06 P1 18 42 50.70 –04 03 16.0 78.0 4.8a

G33.71–0.01 18 52 59.10+00 42 32.0 104.0 7.2a

G79.34+0.3 P1 20 32 21.80+40 20 00.8 0.1 1.0a

High-mass (proto)stellar objectsb

I18089–1732–mm 18 11 51.5 –17 31 28.9 34.0 3.6c

I18151–1208–mm 18 17 58.0 –12 07 26.9 33.0 3.0d

I18182–1433–mm 18 21 09.2 –14 31 48.8 59.0 4.5c

I18264–1152–mm 18 29 14.6 –11 50 22.3 44.0 3.5c

I18310–0825–mm 18 33 47.9 –08 23 45.5 84.4 4.9c

I19410+2336–mm 19 43 10.9+23 44 10.0 22.0 2.0c

I20126+4104–mm 20 14 25.9+41 13 34.0 –4.0 1.7e

I23139+5939–mm 23 16 08.9+59 55 12.9 –45.0 4.8c

a Carey et al. (1998).b The HMPO positions correspond to the dust
continuum peaks observed by Beuther et al. (2002a).c Bontemps, priv.
comm.d Sridharan et al. (2002).e Wilking et al. (1989).

and our centimetre, millimetre, and submillimetre observations
discussed. In Sect. 3 we present the model used to analyse the
CH3OH data, while the results, together with a detailed descrip-
tion of each source, are discussed in Sect. 4.

2. Observations

2.1. Sample selection

The sources in our sample were selected from two databases of
high-mass protostellar candidates, the infrared-dark clouds stud-
ied by Carey et al. (1998) and the high-mass protostellar ob-
jects from Sridharan et al. (2002), to cover a wide range of what
are believed to be different evolutionary stages of massive star-
forming cores. The infrared-dark cloud (hereafter IRDC) posi-
tions we observed stand out as (column density) peaks in the
850 µm dust emission (Carey et al. 2000). For many of these,
further evidence (Pillai et al. 2006a) suggests them to be sites
of active star formation. For the high-mass protostellar objects
(hereafter HMPOs), we selected sources for which preliminary
observations show strong CH3OH emission (Sridharan et al.
2002). The sources of the sample are listed in Table 1. A de-
tailed description of the two subsamples and of each individual
source is given in Sect. 4.

2.2. Line selection

The main result of Leurini et al. (2004) is that CH3OH transitions
in the centimetre and millimetre spectrum are mainly density
probes; however, when complete bands of lines with different en-
ergies and excitation ranges are observed, the information on the
kinetic temperature can also be recovered. Since our sources are
in different evolutionary stages and cover a wide range of phys-
ical conditions, from cold dense clouds in the IRDCs to more
evolved sources, probably harbouring hot cores (some HMPOs),
our observational data include bands of lines with a wide range
of excitation conditions (∼2–400 K). Simultaneously to the ob-
servations of the main isotopologue,13CH3OH transitions were

Table 2. Spectral line observation parameters. Observatories are
Effelsberg (Eff.), Pico Veleta (PV), and the Caltech Submillimter
Observatory (CSO).

Freq. HPBW Beam eff. Telescope ∆v
[GHz] [′′] [km s−1]

J0
2 − J0

1
12CH3OH 25 39a 0.52 Eff. 0.23

21
k − 11

k
12CH3OH 96.5 26 0.78 PV 0.97

20
k − 10

k
12CH3OH 96.7 26 0.78 PV 0.97

J0
0 − J0

−1
12CH3OH 157 16 0.69 PV 0.60

51
k − 41

k
12CH3OH 241.2 10.4 0.52 PV 1.24

50
k − 40

k
12CH3OH 241.7 10.4 0.52 PV 1.24

70
k − 60

k
12CH3OH 338 21.4 0.75 CSO 0.62

20
k − 10

k
13CH3OH 94.4 26.6 0.78 PV 0.99

J0
0 − J0

−1
13CH3OH 156 16 0.69 PV 1.20

J0
3 − J0

2
13CH3OH 255 9.9 0.46 PV 1.17

a At 1.3 cm the beam of the Effelsberg telescope is that of a 80 m tele-
scope.

also observed to get more reliable estimates of optical depths.
For our observations we selected:

– the J2 → J1 band at 25 GHz, which is sensitive to the den-
sity;

– J0 → J−1 band at 157 GHz, which traces density but, being
a class II CH3OH maser band, gives an insight into the IR
radiation field;

– the 2k → 1k band at 96.7 GHz, which is mainly tracer of
densities higher than 105 cm−3 and has a weak dependence
on temperatures up to 15–20 K;

– the 5k → 4k band at 241.7 GHz, which mainly traces the
density, but in thek > 2 lines is also sensitive to temperature;

– the 7k → 6k band at 338 GHz, which is sensitive to both
kinetic temperature and density;

– the 2k → 1k vt = 1 and the 5k → 4k vt = 1 bands at 96.5
and 241.2 GHz, which are sensitive to the radiation field and
therefore to the temperature;

– the 2k → 1k, J0 → J−1, and theJ3 → J2
13CH3OH series at

94.4 GHz, 156 GHz, and 255 GHz, respectively.

An overview of the observations is given in Tables 2 and 3. The
pointing of the telescopes was checked often on several point-
ing sources; we consider our pointing accuracy to be within 5′′
for the IRAM 30 m telescope and the Caltech Submillimeter
Observatory, and 10′′ for the Effelsberg 100 m telescope.

2.3. Effelsberg 100 m telescope

The J2 → J1 E-band near 25 GHz was observed during win-
ter 2001 and autumn 2002 with the MPIfR 100 m telescope
near Effelsberg in frequency switching mode. Conversion factors
from counts to antenna temperature are provided by the receiver
group at different frequencies. Using the system temperature
measurements, we determined the opacity during our observa-
tions and corrected for atmospheric absorption. Corrections for
elevation are taken into account using the gain elevation curve1.
The flux calibration was checked with continuum measurements
of W3(OH) and NGC 7027 with an accuracy of 20%.

1 http://www.mpifr-bonn.mpg.de/div/ effelsberg/
calibration/calib.html
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Table 3. Overview of the observations:+ shows detections, – non-detections, and ? tentative detections. Empty space indicates non-observations.
Observations of the 70

k − 60
k and 51k − 41

k
12CH3OH bands (338 and 241 GHz) were performed for IRAS 18089–1732, together with the 20

k − 10
k and

J0
0 − J0

−1
13CH3OH bands (94.4 and 156 GHz).

12CH3OH 13CH3OH

Source J0
2 − J0

1 21
k − 11

k 20
k − 10

k J0
0 − J0

−1 50
k − 40

k J0
3 − J0

2
25 GHz 96.5 GHz 96.7 GHz 157 GHz 241.7 GHz 255 GHz

G11.11–0.12 P1 – + + + –
G19.30+0.07 P1 + – + + + –
G28.34+0.06 P1 – – + + + –
G33.71–0.01 – – + + + –
G79.3+0.3 P1 – + + + –
18089–1732 + + + + + +
18151–1208 + – + + + –
18182–1433 + ? + + + +
18264–1152 + – + + + –
18310–0825 – + + + –
19410+2336 + – + + + –
20126+4104 – – + + + –
23139+5939 – – + + + –

2.4. IRAM 30 m telescope

The IRAM 30 m telescope was used in August 2002 and January
2003 to observe our sample at 96 GHz, 157 GHz, and 241 GHz
in the 2k → 1k, J0 → J−1, and 5k → 4k CH3OH series. This
setup also allows the simultaneous observation of the 2k,vt=1 →
1k,vt=1 at 96.5 GHz and of the 5−1,vt=1 → 4−1,vt=1-A line at
241.4 GHz. Nine-point maps with a spacing of 6′′ were per-
formed toward each source to cover the 3 mm beam of the tele-
scope with the 2 mm and 1 mm beams. The observations were
done in the wobbler switching mode, with a throw in azimuth
by 240′′ between the ON and OFF positions. To have a reliable
estimate of the optical depth, theJ3 → J2

13CH3OH series at
255 GHz was also observed. For IRAS 18089–1732, additional
data in the 5k → 4k CH3OH series in the first torsionally ex-
cited state were taken with the same observing strategy as for
the ground state lines, simultaneously to the 2k → 1k, J0 → J−1
13CH3OH series, at 94.4 GHz and 156 GHz, respectively. For
the analysis of the IRAM data, the spectra were convolved to
the spatial resolution of the 3 mm spectra; in this way the same
emitting region is analysed when modelling the different bands
simultaneously (see Sect. 3).

2.5. Caltech Submillimeter Observatory (CSO)

In May 2004, the CSO 10.4 m telescope on Mauna Kea, Hawaii,
was used to observe the 7k → 6k CH3OH series at 338 GHz.
However, due to very poor weather conditions, only observa-
tions toward one of the sources, IRAS 18089–1732, were per-
formed. The observations were done in the wobbler switching
mode, with the wobbler switching in azimuth by 180′′ between
the ON and OFF positions. Flux calibration was obtained by
observing Uranus.

3. CH3OH analysis

Leurini et al. (2004) investigated the diagnostic properties of
CH3OH over a range of physical parameters typical of high-
mass star-forming regions. However, the energy level dataset
they used is incomplete for energies above 100 K and does
not ensure reliable results for warm/hot sources. Here, we ex-
tend the calculations to a dataset better suited for more evolved
sources, as some HMPOs in our sample do definitely contain hot

cores, as suggested by the detection of typical hot core molecules
(CH3OCH3 and HCOOCH3, Leurini & Schilke 2007). Our new
analysis includes all the levels up to (J = 14, k = 13) in the
torsional ground state and up to (J, k) = 9 in the first torsion-
ally excited state. Levels from the second torsionally excited
state (with typical energies of∼500 K above the ground state)
are not included in the calculations because of the lack of avail-
able rates. Models of methanol class II masers (e.g., Sobolev
& Deguchi 1994; Cragg et al. 2005) show that levels from the
first two torsionally excited states are essential to the pumping
of these masers. We cannot estimate the errors in the calculation
of the non-inverted level populations due to neglecting thev t = 2
levels. However, given the typical energies of thev t = 2 levels
and the evolutionary phase of our sources, we assume that the
influence of thevt = 2 levels on the thermal lines in the ground
state is negligible in our sample of sources. The new level dataset
is shown in Fig. 1. Energies are calculated using global fit param-
eters reported in Xu & Hougen (1995).

Radiative transitions within thevt = 1 state are included
as well as transitions between thevt = 1 and the ground state,
with Einstein coefficients derived by Mekhtiev et al. (1999).
Collisional rates for (J, k) > 9, vt = 0, were extrapolated from
the results of Pottage et al. (2002), using the propensity rules de-
rived from the (J, k) ≤ 9 rates. Collisional rate coefficients for
CH3OH-A and -E species in thevt = 1 state with He were re-
cently computed by Pottage et al. (2004) at 20 K. They found the
cross sections for the torsionally inelastic transitions (∆v t ± 1) to
be typically two orders of magnitude smaller than for torsionally
elastic transitions (∆vt = 0) and characterised by no propensity
rules. We scaled their results for torsionally elastic collisions to
higher temperatures by a factor (T/20)1/2 (Flower, priv. comm.),
and assumed the torsionally inelastic collisional rates to be two
orders of magnitude smaller than the rotationally inelastic tran-
sitions within thevt = 0 state.

For IRAS 18089–1732 and IRAS 18182–1433, where we de-
tected13CH3OH, the13CH3OH data were included in the analy-
sis. We used line strengths and rest frequencies from the Cologne
Database for Molecular Spectroscopy (Müller et al. 2001)2,
which includes the measurements by Xu & Lovas (1997). We
used a level dataset up to (J, k) = 9 in the calculations, that has
an incomplete coverage in energy above 100 K (see Fig. 2). This

2 http://www.cdms.de
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Fig. 1. Energy levels for theE−symmetry state of CH3OH with an en-
ergy above the ground state of less than 700 K: in black, levels for which
CH3OH-He collisional rates were computed by Pottage et al. (2002) for
the vt = 0; in dark grey, levels for which CH3OH-He collisional rates
were extrapolated; in light grey,vt = 1 levels for which collisional rates
were computed by Pottage et al. (2004) at 20 K and which were then
extrapolated at higher temperatures.

Fig. 2. Partial energy level diagram for13CH3OH-A. The levels involved
in the observed transitions are marked in grey.

may result in erroneous level populations for13CH3OH at high
temperatures. Since collisional rate coefficients are not available
for 13CH3OH we used the coefficients for12CH3OH. The abun-
dance of13CH3OH relative to12CH3OH was estimated using the

relation between the isotopic ratio12C/13C and the distance from
the Galactic centre (DGC) (Wilson & Rood 1994):

12C/13C = (7.5± 1.9) DGC[kpc] + (7.6± 12.9) (1)

with DGC = 5.1 and 4.4 kpc for IRAS 18089–1732 and
IRAS 18182–1433 (Beuther priv. comm.).

3.1. Infrared pumping

Leurini et al. (2004) did not include any external radiation fields
other than the cosmic microwave background in their analysis.
Therefore, they neglected any effect due to infrared pumping.
When zooming into the inner regions of a cloud, close to the cen-
tral massive protostars, infrared radiation fields are not negligi-
ble and competition between collisions and the IR radiation field
in the excitation of the energy levels is a known phenomenon(for
CS see Carroll & Goldsmith 1981; Hauschildt et al. 1993).

In Fig. 3a (and Fig. 7), the effect of IR pumping on the ex-
citation of CH3OH is illustrated; for the torsional ground-state
lines it is virtually impossible to distinguish between IR pump-
ing and pumping by collisions. However, a promising way to
break the degeneracy is by observations of vibrationally or tor-
sionally excited lines, as, with very high critical densities (1010–
1011 cm−3) and high level energies (T ≥ 200 K), they are hardly
populated by collisions (Figs. 3b and 7), but trace the IR field in-
stead. Therefore, for hot sources, reliable determinations of den-
sity and kinetic temperature are possible only when observations
of vt = 1 bands are available.

3.2. The model

The large velocity gradient (LVG) method assuming spherical
geometry, in the derivation of de Jong et al. (1975), was used
for solving the radiative transfer equations. Since the only IR
radiation relevant for the excitation of the methanol transitions
we observed arises in the range 28–45µm, exciting thev t = 1
level, we cannot derive the spectral energy distribution. What
counts is the number of photons at these wavelengths, which we
parametrise as follows:

Jext = w × J(Td) × (1− e−τdν ) (2)

τdν = τd0 ×
(
ν

ν0

)β
, (3)

whereJ(Td) = [exp(hν/kTd) − 1]−1 andw is a dilution factor.
The optical depth of the dust,τd, is given by a power law of
the frequency;τd0 is the reference optical depth of the dust at
100µm. The values ofβ and ofτd0 are taken from the literature.

Models of masers transitions from different molecular
species showed that deviation from thermal equilibrium between
gas and dust may have important effects on the calculations
(e.g., Cesaroni & Walmsley 1991; Sobolev & Deguchi 1994).
However, we do not have enough observations to constrain the
dust temperature, and, following Krügel & Walmsley (1984), we
assume that the gas and the dust are thermally coupled at high
density (nH2 > 105 cm−3), Td = Tgas. In this way, all the param-
eters in Eq. (2) are fixed.

Since the information we have is not enough to constrainw,
we used the detection of torsionally excited lines to turn on
(w = 1 in Eq. (2)) the dust radiation field in the calcula-
tions. The torsionally excited lines are clearly detected only in
IRAS 18089-1732, and tentatively in IRAS 18182-1433, where
the signal-to-noise ratio is one in the 21

k → 11
k lines and three in

the 51
−1 → 41

−1-A transition. The integrated intensities of these
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(a)

(b)

Fig. 3. a) (Top) andb) (bottom) illustrate how excitation by IR vibrational pumping mimics the effect of collisions in populating thevt = 0 CH3OH
levels. In grey, synthetic spectra are shown for which pure collisional pumping (n(H2) = 108 cm−3, NCH3OH−E = NCH3OH−A = 1017 cm−2, no
radiation field) is populating thevt = 0 levelsa) and thevt = 1 levelsb); the black line shows the synthetic spectra for the same levels when only
the IR radiation field is pumping the system, (n(H2) = 103 cm−3, radiation field given by a grey-body atTd = 190 K). The synthetic spectra are
computed with a source size of 1′′, a resolution that can be reached by an interferometer with a baseline of 300 m. While the ground-state spectra
are virtually indistinguishable, thevt = 1 spectra show how inefficiently the pure collisional pumping excites the torsionally excited levels. The
synthetic spectrum for thevt = 1 band shows very low line intensities (multiplied by a factor of 10 in the plot) when pure collisional pumping is
used. Similar results are presented for other bands as on-line material (Fig. 7).

transitions are reported in Table 8. The dust radiation field is
used only for the level populations of the hottest component of
these sources. In all other sources, no dust radiation field is used
(w = 0).

This treatment was chosen for reasons of simplicity, as the
dust radiation field is not constrained enough to warrant any
more sophisticated modelling (e.g., Deguchi 1981) that takes
into account absorption of line photons by the dust. We are aware
that the treatment of the IR field is quite simplistic; however it is
probably not more inaccurate than the treatment of the gas con-
sisting of components of homogeneous temperature and density
(see Sect. 3.3). Still, we feel that we are able to determine the es-
sential features of the sources. A model trying to explain the ob-
servations of the various stages using a realistic source structure
and a better treatment of the radiation field is highly desirable,
and we plan to take this step in the future.

3.3. Analysis technique

The fitting procedure used to analyse the data is described by
Leurini et al. (2004) and it is based on the simultaneous fit of
all the measured lines with a synthetic spectrum computed using
the model in Sect. 3.2. The best fit is then obtained by minimiz-
ing theχ2 between the data and the model spectrum with the
Levenberg-Marquardt method (Press et al. 1992). All channels
where methanol can emit are included in the fit, even if the tran-
sitions are not detected. For the sake of simplicity, we make the
assumption that the source can be reasonably well approximated
by a small number of non-interacting components, i.e., the line
intensities add up taking into account local line overlap from
the different components (see Eq. (13) in Cesaroni & Walmsley
1991; and Eq. (3) in Leurini et al. 2004). No density or temper-
ature profiles are used, but each component is represented by a
spherical cloud of uniform physical conditions. However, these
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(a)

(b)

(c)

(d)

Fig. 4. In grey, the observed spectrum towards IRAS 18264–1152 at
1 mm (a), b), c), d)) is shown; overlaid in black, the contribution to the
total emission from component 1a) , 2 b), component 3c) of Table 4,
and their sumd).

different components most likely represent nested layers of the
density and temperature source structure, rather than spatially
distinct regions. In Fig. 4 the contribution of each component to
the total emission is shown for the 1 mm band, for IRAS 18264–
1152.

A more detailed model of the sources, including density and
temperature distributions, would be desirable (for a compilation
of different methods, see van Zadelhoff et al. 2002). On the
other hand, little detailed information on the sources of our sam-
ple exists and almost no high (i.e., arcsec) resolution data are
available. Therefore any assumption on the morphology would

be poorly constrained. While a more detailed model would be
better suited to the analysis of a single source, it would be ex-
tremely time-consuming and prohibitive for a large sample of
sources. Our technique allows investigation of the parameter
space, checking whether the found solution is global or local.
It also allows error estimates for the derived parameters (see dis-
cussion in Sect. 3.5), while most published studies (Monte Carlo,
Accelerated Lambda Iteration) employ a trial and error compar-
ison of the fits to data.

The free parameters in the fit are the kinetic temperature, the
density of the gas, and the CH3OH-E and -A column densities.
Linewidths and velocities are given as input and are fixed pa-
rameters in the fit. They are derived by fitting a Gaussian profile
to the transitions not blended with other lines. Because of the
degeneracies with column density (in the optically thin case) or
temperature (in the optically thick case) no formal fitting of the
source size was performed. The sizes were determined either by
direct interferometric and dust continuum measurements, or by
our own data.

For the warmest sources of the sample, lines are expected to
be optically thick, at least in the lower excitation transitions. By
fitting optically thick lines, the derived physical parameters are
the ones at the surface where the gas becomes opaque, while op-
tically thin lines reflect the conditions in an inner region in the
source. When13CH3OH and/or 12CH3OH vt = 1 lines are ob-
served, results obtained by fitting these transitions are more rele-
vant to the source interiors than results derived from the analysis
of optically thick lines alone.

3.4. Maser activity

Although in several sources of our sample class I and/or class II
masers are detected, these transitions are not included in the fol-
lowing χ2 analysis. The model predictions for these lines are
shown in Figs. 9–29 for comparisons with the observations. To
properly model the maser intensities, beaming and the ampli-
fication of background photons have to be taken into account.
Therefore, our analysis is not tailored for explaining CH3OH
maser data, which have been intensively studied by other authors
(e.g., Sobolev & Deguchi 1994; Sobolev et al. 1997; Cragg et al.
2005), and we refer to these studies for an analysis of the physi-
cal properties of maser spots.

3.5. Errors of the fitted parameters

To investigate whether the solution is local or global and to es-
timate the uncertainty of each fitted parameter, an analysis of
the χ2 distribution as function of the different free parameters
is desirable. This implies working in aΣcNc-D space, where the
sum is over the components andNc is the number of free pa-
rameters of componentc. For most of our sources, the variation
of one parameter in one component could be compensated by
changing another, as column density, temperature, and source
size are correlated. Investigating the distribution of theχ2 around
the minimum, for dependent parameters, is achieved by varying
each parameter in an interval that is reasonably close to the min-
imum and re-optimizing the remaining free parameters. This re-
sults in a very time-consuming procedure when done on such a
large number of sources and has the additional problem of visu-
alising the results, since, for models with three components, this
requires working in a 12-D hypercube.

Another way to estimate the uncertainty on the fitted param-
eters, accounting for the noise in the spectra, is the Monte Carlo
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error analysis (Lampton et al. 1976), where the fitting method is
run over synthetic spectra obtained by adding a random Gaussian
noise of standard deviation equal to the original data error to the
best-fit spectrum and repeating for a high number of interactions.
The uncertainty on the fitted parameters were computed by using
the Monte Carlo error analysis, as this method is the only man-
ageable one in terms of computing time. The results are listed in
Table 5.

All transitions are included in the analysis, even in case of
non detection. All channels within 4× ∆v km s−1 from the rest
frequency of each transition are included in this analysis. This is
an arbitrary number, but, since emission at the edge of this range
is lost in the noise, it may affect our results only by overesti-
mating the uncertainties in the parameters. Uncertainties in the
source sizes and in the velocities are not taken into account.

For two sources of the sample, IRAS 18089–1732 and
IRAS 18264–1152, we are not able to derive errors for the pa-
rameters using the Monte Carlo method, as the computing time
is prohibitive due to the high number of observed transitions.
However, in Fig. 5 we show cuts in theχ2 along the [T, n], [T,N],
and [n,N] planes for the outer component in IRAS 18089–1732
(component 1 in Table 4), obtained by keeping fixed all the other
parameters to the value in Table 4. No meaningful constraints for
the parameters can be derived from this analysis, as the true con-
fidence regions in a plane should be computed by projecting the
N-dimensional regions in the plane of interest. However, these
figures show that theχ2 distribution is, at least in these planes, a
well-behaved function, with only one minimum. The same plots,
for the other two components, are shown in the on-line material
(Fig. 8). For the other two components, the gas is thermalised
and no upper limits to the density are derived (Figs. 8a,d).

4. Model results

In the following sections, our model results are discussed within
the context of the known properties of each source. In Table 4 the
derived physical parameters are listed. CH3OH abundances are
given for each component as a sum of the two symmetry states,
A andE; H2 column densities are derived from the densities ob-
tained with the LVG analysis, assuming spherical geometries. In
Table 5, the 3σ range for our estimates ofT K, n(H2), N(CH3OH-
A), andN(CH3OH-E) are given. The synthetic spectra overlaid
on the data are shown in Figs. 9–29.

4.1. Infrared-dark clouds

The IRDCs are a population of several thousand molecular
clouds that were identified by their mid-infrared extinction in
ISOGAL (Perault et al. 1996) and MSX (Midcourse Space
Experiment) images (Egan et al. 1998). Egan et al. (1998) con-
cluded that IRDCs have visual extinctions higher than hundred
magnitudes indicating very large column densities of cold dust.
Centimetre- and (sub)millimetre line observations reveal typi-
cal temperatures ofT ≤ 20 K and densitiesn(H2) ≥ 105 cm−3

(Carey et al. 2000; Pillai et al. 2006a). Submillimetre contin-
uum observations suggest that high-mass star formation may be
occurring in some regions within IRDCs (Carey et al. 2000).
Based on their NH3 (1, 1) and (2, 2) observations and given the
existence of methanol masers, Pillai et al. (2006a) come to the
same conclusion. Moreover, some sources exhibit non-Gaussian
line profiles in several molecular species (H2CO, see Carey et al.
1998; HCO+, see Redman et al. 2003), which could be explained
by infall (Redman et al. 2003) or (in the cases of wide wings)
outflows. In the following discussion, we refer to the positions

(a)

(b)

(c)

Fig. 5. Theχ2 distribution for IRAS 18089–1732 in the [T, n] a), [T,N]
b), [n,N] c), planes for the component 1 in Table 4, with all other pa-
rameters fixed to the parameters given in Table 4. The 3σ confidence
region lies between the dashed contours.

we observed, which correspond to the submillimetre emission
peaks detected by Carey et al. (2000), as IRDCs.

4.1.1. G11.11–0.12 P1

G11.11–0.12 is a filamentary cloud, as revealed by the 8µm
MSX extinction map by Carey et al. (1998), continuum obser-
vations at 850µm (Carey et al. 2000), and NH3 maps (Pillai
et al. 2006a) From the analysis of the submillimetre continuum,
Carey et al. (2000) derive a dust temperature of the brightest sub-
millimetre peak ranging between 25 and 43 K, depending on the
spectral index used for modelling the dust emissivity, and a to-
tal mass between 67 and 150M�. Detection of the NH3 (3, 3)
transition reveals a higher temperature component (Pillai et al.
2006b). Recently, Pillai et al. (2006b) reported the discovery of
maser action in the 51 → 60-A+ CH3OH transition at 6.7 GHz



222 S. Leurini et al.: Methanol as a diagnostic tool of interstellar clouds. II.

Table 4. CH3OH model results. In Col. 1, out refers to “outflow”, ex to “extended”, and core to the “inner” component.

∆v vlsr TK n(H2) N(CH3OH-A) N(CH3OH-E) Source size [CH3OH]/[H2] χ2
νd

(km s−1) (km s−1) (K) (cm−3) (cm−2) (cm−2) (′′)
G11.11–0.12 P1 2.2
1 comp. (ex) 4. 30.0 18.0 1×105 2×1014 3×1014 22a 4 ×10−9

2 comp. (core) 4.7 29.8 47.0 1.7×106 1.2×1016 9.6×1015 2.0 1×10−7

G19.30+0.07 P1 2.1
1 comp. (out) 15.0 23.8 11 1×105 2.7×1015 2.7×1015 12.5 1×10−7

2 comp. (core) 4.5 26.7 59.3 2.5×105 1×1016 1×1016 6.0 7×10−7

G28.34+0.06 P1 4.9
1 comp. (ex) 2 79.0 29 6×104 2.4×1014 2.2×1014 19 6×10−9

2 comp.(out) 9 80.8 23 3.5×104 1.5×1015 1.5×1015 13 9×10−8

3 comp. (core) 3.6 79.9 35 6×105 1.5×1015 1.5×1015 8 9×10−9

G33.71–0.01 4.8
1 comp. (out) 7.0 105.5 12.4 5.5×104 5.3×1014 5.3×1014 19 9×10−9

2 comp. (ex) 4.0 105.5 33 7.7×105 1.2×1015 8.2×1014 11 2×10−9

G79.34+0.3 P1 1.4
1 comp. (ex) 2.0 0.5 17.2 2.×105 7.8×1013 7.6×1013 32.0 1×10−9

18089–1732 2.2
1 comp. (ex) 4.0 32.9 21.8 2.8×106 4.3×1015 3.7×1015 8.5 6×10−9

2 comp. (core) 3.1 32.7 45 7.0×107 4.1×1017 3.1×1017 1.7a 1 ×10−7

3 comp. (core) 4.6 32.7 300 1.0×108 9.0×1017 9.0×1017 0.5a 5 ×10−7

18151–1208 1.9
1 comp.(ex) 3.5 34.3 29 2.4×106 2.8×1014 2.5×1014 20.0 2×10−10

18182–1433 1.7
1 comp. (out) 9.0 60.1 18 3.5×105 2.7×1014 2.7×1014 24 1×10−9

2 comp. (ex) 2.8 60.1 28.7 1.4×106 8 ×1014 8 ×1014 13.4b 1 ×10−9

3 comp. (core) 4.7 59.9 62.3 4.3×106 6.8×1016 6.8×1016 3.0 2×10−7

18264–1152 2.3
1 comp. (out) 8.0 44.6 23 2.9×105 9.9×1014 8 ×1014 17b 7 ×10−9

2 comp. (ex) 2.5 43.7 50 6.5×105 3.2×1015 3.2×1015 9 2×10−8

3 comp. (core) 5.0 43.7 90 2.5×106 1.3×1016 1.3×1016 4a 5 ×10−8

18310–0825 2.0
1 comp. (ex) 2.4 84.2 16.6 1.8×105 2.7×1014 2.2×1014 18.5 2×10−9

19410+2336 3.4
1 comp. (ex) 3.0 22.9 18.6 1.7×105 4.6×1014 4.0×1014 20.0c 9 ×10−9

2 comp. (core) 3.0 22.0 52.8 5.0×106 4.7×1015 4.7×1015 5.0 1×10−8

20126+4104 1.4
1 comp. (ex) 4.4 –2.6 36.4 1.7×106 2.5×1014 2.4×1014 15.0c 7 ×10−10

2 comp. (core) 6.0 –3.0 77.8 1.9×107 2.0×1017 1.9×1017 1.2c 6 ×10−7

23139+5939 2.7
1 comp. (out) 9.0 –44.7 16 1×105 2.5×1014 2.8×1014 19.5b 2 ×10−9

2 comp. (ex) 4.0 –46.2 30 7.7×105 2.4×1015 2.2×1015 8 2×10−8

a Wyrowski, unpublished data.b Based on (Beuther et al. 2002a), adjusted to fit the data.c Cesaroni et al. (1997) identified an extended region of
15′′ and detected a hot core of source size less than 1.3′′.

toward the dust submm continuum peak. Our CH3OH observa-
tions show non-Gaussian profiles in the 2k → 1k and 5k → 4k
k = 0,−1 lines. A two component model was used to fit the data,
one component for the wings emission and one for the core. The
first component has a size of 22′′ and “average” IRDC prop-
erties, with regard toTK andn. The second one, of 2′′ size, is
warmer and denser. These results are in agreement with the NH3
analysis from Pillai et al. (2006b), who fitted the single dish NH3
spectrum with two components, one with source size 23′′ and
Tkin = 15.4 K, the other withs = 3.3′′ andTkin = 60 K. The
methanol abundance is enhanced in the compact, hotter compo-
nent by two orders of magnitude over typical dark cloud con-
ditions (XCH3OH ∼ 10−10–10−9 Friberg et al. 1988; Walmsley
et al. 1988). For this second component, we find a tempera-
ture and density below typical class II CH3OH maser conditions.
However, analysing our nine point map of the source, the emis-
sion peak is offset from the central position, which suggests we
are missing the denser, hotter component from which the maser

emission arises. Alternatively, a hotter component with a small
size could be not detectable due to beam dilution.

4.1.2. G19.30+0.07 P1

The analysis of the submillimetre continuum emission at
G19.30+0.07 P1 leads to dust temperatures between 14 and 25 K
and masses in the range 33–93M�; estimates of gas temperature
and density were done by Pillai et al. (2006a) from NH3 data
and by Leurini et al. (2004) from CH3OH. The former found a
kinetic temperature of 18.5 K, which is probably a lower limit
as only the (1, 1) and (2, 2) lines were analysed. The previ-
ous calibration of the 2 mm and 1 mm spectra presented by
Leurini et al. (2004) was not correct. Our new analysis of the
re-calibrated data is performed with two components, one for the
non-Gaussian wings, the other for the main emission. In our pre-
vious analysis, the red wing of the 5−1→ 4−1-E line was not in-
cluded, as emission in the HNCO 110,11− 100,10 transition could
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Table 5. CH3OH model results: 3σ range. In Col. 1, out refers to “outflow”, ex to “extended”, and core to the “inner” component.

Source TK n(H2) N(CH3OH-A) N(CH3OH-E)
(K) (cm−3) (cm−2) (cm−2)

G11.11–0.12
1 comp.(ex) 16–19 6×104–1×105 8×1013–6×1014 1×1014–×1015

2 comp.(core) 38–54 1×106–2×106 9.8×1015–1.5×1016 8.0×1015–1.1×1016

G19.30+0.07 P1
1 comp.(out) 7–13 6.9×104–1.2×105 2.4×1015–2.8×1015 2.4×1015–2.7×1015

2 comp.(core) 55–63 1.1×105–3.6×105 9.4×1015–1.0×1016 9.6×1016–1.0×1016

G28.34+0.06
1 comp.(ex) 26–31 3×104–7×104 1.9×1014–2.6×1014 1.5×1014–2.5×1014

2 comp.(ex) 21–25 2×104–5.0×104 1.3×1015–1.5×1015 1.3×1015–1.5×1015

3 comp.(core) 33–40 5×105–7×105 1.3×1015–1.5×1015 1.3×1015–2.6×1015

G33.71–0.01
1 comp.(out) 11–13 3.1×104–6.3×104 4.2×1014–5.4×1014 4.1×1014–5.2×1014

2 comp.(ex) 29–36 6.0×105–8.2×105 1.0×1015–1.2×1015 7.0×1014–8.5×1014

G79.34+0.3 P1
1 comp.(ex) 16–19 1.5×105–2.1×105 9.8×1013–1.5×1014 9.4×1013–1.4×1014

18151–1208
1 comp.(ex) 24–33 1.9×106–2.7×106 2.0×1014–2.8×1014 1.9×1014–2.6×1014

18182–1433
1 comp.(out) 15–22 2.6×105–4× 105 2×1014–3×1014 2×1014–3×1014

2 comp.(ex) 26–32 1×106–2× 106 6.7×1014–9×1014 7×1014–9×1014

3 comp.(core) 58–63 4×106–5× 106 6×1016–7×1016 6×1016–7×1016

18310–0825
1 comp.(ex) 13–20 1.3×105–2.1×105 1.9×1014–3.4×1014 1.6×1014–3×1014

19410+2336
1 comp.(ex) 13–20 1.2×105–2.2×105 3.4×1014–4.9×1014 2.8×1014–4.2×1014

2 comp.(core) 39–53 4.3×106–5.1×106 4.6×1015–5.4×1015 4.6×1015–5.4×1015

20126+4104
1 comp.(ex) 29–42 1×106–2×106 1.7×1014–2.6×1014 1.6×1014–2.6×1014

2 comp.(core) 74–81 1×107–2×107 1.8×1017–2.1×1017 1.7×1017–2×1017

23139+5939
1 comp.(out) 13–18 6.5×105–1.1×105 1.8×1014–2.8×1014 1.8×1014–2.7×1014

2 comp.(ex) 27–33 6.5×105–7.8×105 2.1×1015–2.5×1015 1.9×1015–2.2×1015

blend with the CH3OH profile. However, similar non-Gaussian
profiles are found in all thek = 0,−1 lines, at 3 mm and 2 mm.
We believe that it is more reasonable to assign the 1 mm profiles
to a broader component with a width of 15 km s−1, shifted in ve-
locity by –2.5 km s−1 with respect to the main emission, rather
than invoking the presence of HNCO emission. The first compo-
nent has typical physical conditions for IRDCs, while the kinetic
temperature derived for the second one is higher than expected
for this population of sources. The methanol abundance relative
to H2 is in both cases higher than typical dark cloud values.

4.1.3. G28.34+0.06 P1

G28.34+0.06 P1 is one of the three dust subcores in the IRDC
G28.34+0.06. It has a kinetic temperature of∼16.6 K as derived
from the NH3 (1, 1) and (2, 2) inversion lines (Pillai et al. 2006a).
The submillimetre continuum data lead to a dust temperature be-
tween 17 and 34 K, depending on the spectral index used for
modelling the dust emissivity, and a total mass between 120 and
400 M� (Carey et al. 2000). Methanol emission is strong in all
the millimetre bands observed, but highly excited lines are not
detected. Non-Gaussian wings are detected in the 5−1 → 4−1-E
and 50 → 40-A at 1 mm. We model the source with three com-
ponents. The first, cold, extended, and not very dense, is mainly
responsible for the Gaussian emission at 3 mm; the second one
produces the emission in the wings, the third the bulk emission.
The derived temperatures are higher than what inferred from

NH3 (1, 1) and (2, 2), which, however, trace only the cooler gas.
Spatial densities are typical of IRDCs.

4.1.4. G33.71–0.01

G33.71–0.01 was mapped in NH3 (1, 1) and (2, 2) by Pillai
et al. (2006a); they derived a kinetic temperature of∼21 K. The
methanol spectrum toward the source is characterised by weak
non-Gaussian wings at 3 mm and 1 mm, in thek = 0,−1 lines.
No highly excited lines are detected in any band. The modelling
of the source was performed with two components, one to model
the wings and the other for the bulk emission. The derived phys-
ical parameters are typical of infrared dark clouds, even if the
temperatures are slightly higher that values from the NH3 study
Pillai et al. (2006a). This, however, could reflect the fact that the
(1, 1) and (2, 2) ammonia lines are not sensitive to the warm gas.

4.1.5. G79.3+0.3 P1

G79.3+0.3 P1 belongs to the larger infrared dark cloud
G79.34+0.33. This region shows several signposts of star forma-
tion activity, with the H region DR 15 lying behind it and with
spots of warm dust emission between the different sub-cores. P1
is the most prominent condensation of the region; Gemini mid-
infrared observations by Redman et al. (2003) reveal three YSOs
within the cloud and BIMA 3 mm data suggest that the bright-
est of these is a Herbig Ae/Be star. Interaction with the IRDC
is expected and probably responsible for blue wings seen in the
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HCO+. BIMA observations at 96 GHz (Wyrowski, Priv. Comm.)
show that CH3OH does not peak at the continuum position found
in the SCUBA data (Carey et al. 2000), but is offset by∼–35′′ in
declination. Since this information was not available at the time
our observations were performed, our data were taken toward the
SCUBA peak position. The source does show a simple CH3OH
spectrum, with detections only in the lower excitation lines. Line
profiles are Gaussian, with narrow linewidths (∆v ∼ 2 km s−1),
which may indicate that the source is not very massive. A single
component model was used for the source. Physical parameters
are typical of infrared dark clouds.

4.2. High-mass protostellar objects

The sources in the HMOPs subsample belong to a larger
dataset of HMPOs studied in detail over the recent years by
Sridharan et al. (2002) and Beuther et al. (2002a,b,c), in radio
and millimetre-wavelength continuum emission, and in several
molecular tracers. The sources, which were selected, amongst
other criteria, to be bright at mid- and far-infrared wavelengths
and not associated with any evolved region, have:

– bolometric luminosities between 103.5 and 105.6 L�;
– average kinetic temperature of 20 K (from the NH3 (1, 1) and

(2, 2) lines);
– average density of 106 cm−3.

Recent continuum observations of the sample at 850µm and
450 µm (Williams et al. 2004) reveal that the dust emissivity
spectral index toward these sources is significantly lower than
toward UCH regions (mean values of 0.9 versus 2.0, Williams
et al. 2004; Hunter 1997).

4.2.1. IRAS 18089–1732

With a bolometric luminosity of 104.5 L� and a massive core,
M > 1000 M� (Sridharan et al. 2002; Beuther et al. 2002a,
2005a), IRAS 18089–1732 shows several signposts of intense
high-mass star formation activity, e.g., H2O and CH3OH maser
emission (Beuther et al. 2002c) and outflows detected in differ-
ent molecular tracers (Beuther et al. 2004b). A velocity gradient
across the core is found in the HCOOCH3 data that Beuther et al.
(2004a, 2005b) interpret as originating from a rotating disk.

Our CH3OH analysis uses three components along the line
of sight. From our 30 m data, we found extended emission in the
less excited transitions, whose source size is used for the outer
component in the model. High resolution data (Wyrowski, Priv.
Comm.; Beuther et al. 2004b) reveal an extended component (2–
4′′ depending on the transition), which in our model is mainly re-
sponsible for the emission in the 25 GHz lines and in13CH3OH.
Moreover, the detection of several high excited lines in our data,
and by other authors (Beuther et al. 2004b, 2002a), and the rela-
tively narrow linewidths compared, for example, with Orion-KL
(Schilke et al. 1997) suggest hot core formation in the interior
of the source. BIMA observations of the CH3CN 6 → 5 band
(Wyrowski, priv. comm.) show an unresolved, compact emis-
sion, suggesting a hot, optically thick component whose source
size and temperature are constrained by the luminosity of the ob-
ject to around 0.5′′. Parameters for the external radiation field,
used only for the compact component with a source size of 0.5 ′′,
are taken from a fit of the continuum data at 1.2 mm (MAMBO)
and 2.7 mm (BIMA) and are equal to a dust opacity index of 1.8
andτ100 µm = 1 (Wyrowski, priv. comm.).

In Sect. 3, we discussed how the higher excitation lines and
the13CH3OH lines can be used as a more reliable probe in hot,

complex sources. IRAS 18089 is an example of such a complex
source, where severalvt = 0 lines of the main isotopologue are
optically thick. Constraints on the kinetic temperature comes
from thevt = 1 lines. At high column densities, theJ2 → J1-
E lines mase in a broad range of densities, but their intensi-
ties decrease at high density (n > 107 cm−3) and high temper-
ature (Tkin > 180 K). The non detection of maser activity in the
J2 → J1-E band constrains these parameters to high values.

The physical parameters of component 3 are typical of hot
cores, while the other two components have mean HMPOs val-
ues. A jump from the extended to the compact component is
seen in the abundances derived for methanol. This reflects the
increase in their gas temperatures and could be explained by
thermal evaporation of the ice mantles of grains (e.g., Menten
et al. 1988; van der Tak et al. 2000a).

4.2.2. IRAS 18151–1208

The dust continuum map at 1.3 mm of IRAS 18151–1208 (L ∼
104.3 L�) reveals three massive cores, with masses ranging from
∼30M� to∼550M� (Beuther et al. 2005a). CH3OH maser emis-
sion is associated with core 1, which is the sub-source we se-
lected for our analysis. At least two separate outflows are seen in
CO and H2 (Davis et al. 2004), with a high degree of collimation.

The CH3OH spectrum toward the source is rather simple
with no highly excited lines indicating any hot component.
However, thek = ±2,±3 lines in the 5k → 4k band, with a
lower level energy in the∼60–70 K range, are detected. The
5−1→ 4−1-E line at 1.3 mm shows a non-Gaussian profile with a
blue-shifted wing. However, no deviations from a Gaussian line
profile are seen in the 50 → 40-A, which has similar excitation
conditions as thek = −1-E line. Overlap with the HNCO (11-
10) series (E low ∼ 58 K) could lead to the same profile in the
k = −1-E line. Therefore, no component is used in the model for
the outflow. The best-fit model, overlaid on the data, is shown
in Figs. 18a–c. Our model gives typical HMPO physical param-
eters, which are well below typical class II CH3OH maser con-
ditions. As for G11.11, beam dilution can be responsible for the
non-detection of a hotter small component.

4.2.3. IRAS 18182–1433

The bolometric luminosity and mass of IRAS 18182–1433 (L ∼
104.3 L�, M ∼ 1500M�), together with the detection of complex
molecules like CH3CN, CH3OCH3 (Leurini & Schilke 2007),
suggest that this source is undergoing hot core formation or al-
ready hosts a not very massive hot core. Williams et al. (2004,
2005) modelled the continuum emission combining informa-
tion at different frequencies from MAMBO, SCUBA, and IRAS
observations, and found that a dust opacity index of 1.6 and
τ100 µm = 5 fit the data well. Recently, Beuther et al. (2006)
found one single-peaked source in 1.3 mm continuum data (at a
resolution of∼4′′), associated with hot (∼150 K) CH3CN emis-
sion, while VLA observations (Zapata et al. 2006) resolve three
components. Henkel et al. (1985) found12C/13C < 50 in the
inner galactic disk. One of their sources (G19.6-0.2, see their
Tables 1 and 2) is close to IRAS 18182–1433 and has a similar
velocity. Therefore, in our model, we used the value they found,
12C/13C = 41.

The CH3OH spectrum shows Gaussian-like profiles with
red and blue-shifted wings in thek = −1, 0 lines, probably
associated with the outflow detected in CO by Beuther et al.
(2002b). Highly excited lines are detected in the ground state
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(54→ 44-A, E, Elow ∼ 100 K), and tentatively in the first tor-
sionally excited level. Three components were used to model
the source: one for the outflow, one for the main core, and one
for the hotter emission. A jump is found in the methanol abun-
dances derived for the three components, from values typical of
dark clouds to hot core values.

4.2.4. IRAS 18264–1152

IRAS 18264–1152 (L ∼ 104 L�) shows several indicators of
high-mass star formation. CO observations reveal a massive
outflow (Beuther et al. 2002b) centred on the mm dust peak;
both CH3OH and H2O maser spots are observed (Beuther et al.
2002c). Detection of CH3CN (Sridharan et al. 2002) may indi-
cate hot core formation going on in the source. Interferometric
cm observations (Zapata et al. 2006) resolve three components.

The emission is strong in almost all millimetre lines; how-
ever, no torsionally excited transitions are detected. Blue non-
Gaussian wings are detected in thek = 0,−1 lines. Maser emis-
sion is found 2 km s−1 away from the system velocity of the
source in the centimetre band in theJ2 → J1 lines (J = 5, 6, 7),
together with broader sub-thermal emission at the system veloc-
ity. Since no other methanol emission is found at that velocity,
we do not use any component to model the spectrum at this ve-
locity. Three components are used to model the CH3OH spectra:
one for the non-Gaussian emission, a second one for the bulk
emission in the less excited lines, and a third one for the highly
excited lines.

4.2.5. IRAS 18310–0825

The 1.2 mm continuum emission of IRAS 18310–0825 re-
veals several cores with different properties (Walsh et al. 1998;
Beuther et al. 2002a; Sridharan et al. 2005a). We observed the
main millimetre condensation of Beuther et al. (2002a), which
has a mass of several solar masses (Mfar ∼ 8000 M�, Mnear ∼
2000M�). Our CH3OH spectra show emission only in lower ex-
citation lines in each band. Non-Gaussian wings are tentatively
detected in the 3 mm lines. Therefore, we modelled all the lines
with only one component along the line of sight.

4.2.6. IRAS 19410+2336

IRAS 19410+2336 (∼104 L�) shows H2O and CH3OH maser
emission at the very centre of the core, where a weak cm contin-
uum source is also detected. Beuther et al. (2002c) interpreted it
as optically thin free-free emission and suggested that a recently
ignited, not very evolved massive object is at the cluster centre.
High spatial resolution observations (Beuther & Schilke 2004)
reveal 12 small clusters in the 1.3 mm continuum, each domi-
nated by a massive source and surrounded by a cluster of less
massive sources. CO interferometric data resolve at least seven
bipolar outflows.

The CH3OH spectra do not show any torsionally excited
transitions. However, all the lines in the 5k → 4k are clearly
detected. Therefore, we use a model with two components, one
for the bulk emission and a second one responsible for the emis-
sion in the higher excitation lines and in theJ2 → J1 − E band.
Line profiles are well represented by a Gaussian shape.

Table 6. Mean properties and standard deviations of IRDCs and
HMPOs.

∆v Tk n(H2) Linear size
[km s−1] [K] [cm −3] [pc]

IRDCs
Extended comp. 3± 1 24± 7 3× 105 ± 2 105 0.2± 0.06
Outflowb f10± 3 15± 5 6× 104 ± 2× 104 0.2± 0.1
Core 4.3± 0.5 47± 9 9× 105 ± 6× 105 0.05± 0.01
IRAS 18310–0825
Extended comp. 2.4 17 2 105 0.2
HPMPOs
Extended comp. 3.5± 0.7 31± 9 1× 106 ± 8× 105 0.1± 0.03
Outflowb 8.7± 0.5 19± 3 2× 105 ± 1× 105 0.2± 0.05
Core 4.4± 1.1 100± 80 3× 107 ± 107 0.02± 0.01
b Components with∆v > 7 km s−1.

4.2.7. IRAS 20126+4104

IRAS 20126+4104 (L ∼ 104 L�) was studied in great detail over
the last years (e.g., Cesaroni et al. 1997, 1999; Sridharan et al.
2005b; Lebrón et al. 2006; De Buizer 2007) at different angu-
lar resolutions. Cesaroni et al. (1997, 1999) identified an ex-
tended region,∼15′′ in size, with single dish observations, while,
at higher spatial resolution, they were able to resolve the inner
part of a bipolar outflow and detect a hot core at the centre of
it, with temperature∼200 K and mass∼10 M�. They also de-
tected a probable Keplerian disk, around a central object with
mass∼7 M� (Cesaroni et al. 2005). Recently, mid- and near-
infrared observations (Sridharan et al. 2005b; De Buizer 2007)
showed that the infrared emission is not of a simple compact
source. Methanol thermal emission is associated with both the
extended source and the hot core.

The CH3OH spectrum toward this source is strong in all the
observed transitions, but there is no evidence for emission in the
torsionally excited lines. However, lines from only a few, very
highly excited levels are in the band we observed and we did
not perform any observations on thelower excitation lines in the
vt = 1 band, which were detected by Cesaroni et al. (2005) with
the PdBI. Given the evolved stage of the source, we interpret
the features on the red-wing of the 5−1 → 4−1-E line as being
due to the HNCO(110,11–100,10) transition and not to methanol.
Our model takes into account two components: one for the bulk
emission and one for the hot core.

4.2.8. IRAS 23139+5939

IRAS 23139+5939 (L ∼ 104.4 L�) was studied in different
molecular tracers and in the continuum (Sridharan et al. 2002;
Beuther et al. 2002a,b). Wouterloot et al. (1988) mapped the
cloud in NH3 (1, 1) and (2, 2) lines and reported a temperature of
29 K; CO observations reveal a bipolar outflow (Wouterloot et al.
1989; Shepherd & Churchwell 1996). Beuther et al. (2002c) re-
ported several H2O masers spots associated with the mm dust
continuum peak, but no CH3OH maser emission. Our obser-
vations reveal a methanol millimetre spectrum characterised by
broad non-Gaussian emission in thek = 0,−1 lines; no highly
excited transitions are detected. Therefore, we analysed the
source with a two-component model, one for the non-Gaussian
emission and a second for the bulk emission. Temperatures and
spatial densities are typical of HMPOs.
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5. Discussion

The physical properties of our sample are summarised in Table 6,
where the mean values of the kinetic temperature, density, and
linear size are listed together with the standard deviations. From
our analysis on the methanol spectra towards the IRDC sub-
sample of sources, we often found indications of compact cores
(∼0.05 pc) and extended clumps (∼0.2 pc). Broad non-Gaussian
emission may indicate outflows. The physical parameters de-
rived for the extended components are typical of infrared dark
clouds, with densities ranging between 6×104 and 8×105 cm−3

and kinetic temperatures in the range 18–33 K. In many cases,
methanol abundances are higher than dark cloud values, up to
∼10−8. For the outflow components, the abundances are high, up
to 10−7, but these could be upper limits since we assumed spheri-
cal geometry in the calculations. Higher temperatures (35–60 K)
are found in the compact cores, which show typical IRDC den-
sities (2×105–2×106 cm−3). Methanol abundances cover a wide
range of values, from typical dark cloud abundances (∼10−9) to
higher values (10−7). That IRDCs harbour sites of active star
formation is now established by several authors (e.g., Teyssier
et al. 2002; Rathborne et al. 2006). For the sources in our sample,
maser action in the 22 GHz water line and in 6.7 GHz CH3OH
transition was reported by Pillai et al. (2006b) in G11.11-0.12.

The CH3OH spectra also suggest emission from multiple
components for several HMPOs, which can be identified with
extended bulk emission from the clump; a hot, dense core;
and, in some cases, an outflow. The physical parameters of the
clumps, as inferred from our CH3OH analysis, are temperatures
in the range 17–36 K, densities between 2×105 and 3×106 cm−3,
and methanol abundances typical of cold sources (7× 10−10–
2×10−8). On the other hand, the cores show physical conditions
similar to “hot core” sources near or surrounding high-mass
(proto)stellar objects, with densities in excess of 106 cm−3, tem-
peratures between 60 and 300 K, andXCH3OH higher than 10−7.
In several sources of the sample, a jump in the methanol abun-
dance from the extended component to the compact is required
to fit the spectra.

Beuther et al. (2002a) classified all the HMPOs in our sam-
ple, with the exception of IRAS 18310, as evolved, “hot core”
type sources, on the base of detection of CH3CN and the ex-
istence of resolved cm continuum emission. However, these
sources show a variety of methanol spectra, which can proba-
bly be interpreted in the context of a finer evolutionary scenario.
Complex spectra (highly excited ground state and torsionally ex-
cited lines) are found in sources that are in late evolutionary
stages and already harbour hot cores, as indicated by the gas
parameters derived from our analysis. While typical values for
hot cores are∼0.1 pc and a few hundred solar masses (Cesaroni
et al. 1994), the hot core type sources found in our study are
smaller and less massive (Table 6), and are in terms of masses
and linear sizes, closer to the hot corinos found in low-mass star
forming regions (Maret et al. 2004; Ceccarelli 2004) than to the
classical hot cores. Less complex spectra are found in sources in
earlier stages of star formation, with gas parameters similar to
the ones derived for the IRDC subsample. These conditions are
also found in the extended regions around the hot cores of our
sample.

To obtain general statistics for our sample, we analysed the
density and the CH3OH abundance derived for our sources as
a function of temperature. Results from previous studies on hot
cores are not included in our comparison; they often make use of
high excitation CS lines (e.g., Cesaroni et al. 1991; Churchwell
et al. 1992; Mangum & Wootten 1993; Olmi & Cesaroni 1999),

but do not include the infrared pumping in their analysis. Carroll
& Goldsmith (1981) showed that this effect is not negligible
for CS for infrared source temperatures≥125 K. Moreover,
Schilke et al. (2001) noted that diatomic molecules like CS are
not pure density tracers, but they probe the pressure of the gas,
p = n · T . On the other hand, once the radiative pumping vs.
collisions degeneracy is solved by observing torsionally excited
lines, CH3OH transitions are often pure density tracers. Besides
this, CH3OH does not trace only warm, dense gas, as CS, but
also cold dense gas, where the upper levels of linear rotors are
not excited.

Figure 6a shows our derived densities versus the kinetic tem-
peratures. Each physical component from our fit is plotted sep-
arately. The density is shown to increase with the kinetic tem-
perature of the gas and our results are not in disagreement with
density profilesn(H2) ∼ R−α, with α = 2 (spherically symmetric
clumps), 1.5 (e.g., Hatchell et al. 2001; Williams et al. 2005).
The curves in Fig. 6a, obtained by usingn = n inner× ( r

rinner
)−α and

a temperature profile ofT = T inner × ( r
rinner

)−0.4, and solving by

simple variable substitution (and dividing byn inner × ( 1
Tinner

)
α

0.4 ),
are not fits to the data. They are used for illustration of the pre-
dicted behaviour of the density as a function of temperature.

Williams et al. (2005) modelled the dust continuum emission
towards six of our HMPO sources. We used the total masses
given by Williams et al. (2005) to derive the average densities
from their analysis at the radii derived from our CH3OH analysis
and compared the results. Due to an error in the paper, the masses
have to be corrected down by a factor 1000 (Fuller, priv. comm.).
Our derived densities are consistent with their values within a
factor of a few; differences between the results obtained with the
two methods are expected, as the LVG analysis on CH3OH in-
fers local densities while the modelling of Williams et al. (2005)
assumes a spherical geometry. Moreover methanol is sensitive
to the dense gas (n > 104 cm−3), while the continuum emission
from the dust also traces a more diffuse component.

In Fig. 6a, the envelopes of IRDCs have systematically lower
density and temperature than HMPOs, while their inner com-
ponents overlap, partially, with the HMPOs in the temperature-
density plane. From our analysis, HMPOs, which still do not
harbour any hot core, and IRDCs look essentially like the
same objects. The best example is given by IRAS 18310, whose
methanol spectrum is very similar, in linewidths, to G79.34P1,
and, in detection rate, to the other IRDC positions as well.
Our results fit in the picture described by several authors (e.g.,
Menten et al. 2005; Rathborne et al. 2006) that infrared dark
clouds are the birth environments of high-mass stars; within
these clouds, dense cores, like the one we observed in this sur-
vey, are found, which have similar sizes and densities to the
HMPOs and are in different evolutionary stages, some prior to
the HMPO phase, some already in it.

In Fig. 6b the methanol abundances of our sources are stud-
ied as a function of the gas temperature. As for the density,
XCH3OH is found to increase with the temperature. This is more
clear in the HMPO subsample than in the IRDC sources. This
trend can be explained by evaporation of methanol from the
mantles of the grains in the high temperature regions. However,
no step function predicted by models (van der Tak et al. 1999) is
found, butXCH3OH increases smoothly with the gas temperature.
This is probably due to the relatively spatial low resolution of
our data, and to the model we used for the analysis, more than
being a real physical effect.
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(a)

(b)

Fig. 6. The correlation plot of densitya) and CH3OH abundanceb) with
the kinetic temperature. In Fig. 6a, the dashed curves represent the den-
sity as function of the kinetic temperature assuming a density profile
of n = ninner × ( r

rinner
)−α (with α = 2 and 1.5) and a temperature pro-

file of T = T inner × ( r
rinner

)−0.4, which lead ton = ninner × ( T
Tinner

)
α

0.4 . In

a), we chooseninner × ( 1
Tinner

)
α

0.4 = 1 for convenience. The triangles in-
dicate the IRDCs (full= extended component, open= core) and the
circles the HMPOs (full= extended component, open= core). Inb),
open symbols are used for low abundance components, full ones for the
high abundance components.

6. Outlook

We carried out a multi-frequency study of methanol observa-
tions of a sample of 13 sources in the early stages of high-
mass star formation. Methanol was successfully detected in all
the sources of our sample; non-Gaussian profiles were found in
several sources in the IDRC and in the HMPO sub-samples, in
the k = 0,±1 lines. Since SiO observations and other molecu-
lar tracers suggest that outflows can be a common phenomenon
in these populations of sources, broad, non-Gaussian line shapes
detected in CH3OH can be explained in this context.

Among HMPOs, a variety of different methanol spectra were
detected, which probably point out the different evolutionary
phases in the sample.

We extended our previous analysis on the excitation mech-
anisms of methanol to higher energy levels and included the

infrared pumping. Our work confirms the usefulness of methanol
as a tracer of the physical conditions of the gas phase in high-
mass star-forming regions. For the torsional ground state, low
excitation lines, which typically havek ≤ 2 are confirmed to
be density tracers, with almost no dependence on the kinetic
temperature. Higher excitation lines, at (sub)millimetre wave-
lengths, are also sensitive to the kinetic temperature. Transitions
in the first torsionally excited level are not sensitive to the den-
sity, but they are radiatively populated through the FIR field
emitted by the dust. We concluded that in hot cores the kinetic
temperature and the density can be derived only by observations
of the vt = 0 and of thevt = 1 lines. The best candidate for an
estimate of the density in hot cores are the CH3OH transitions
at submm frequencies, which have higher critical densities than
the mm lines, while the torsionally excited lines are the best tool
to derive the temperature.

However, our study also points out the limitations of the
analysis we used: methanol is like aweed: since it emits over
a wide range of physical conditions, it traces very different as-
tronomical environments. To really make use of the full potential
of CH3OH as a probe of dense clouds, it is essential to 1) bet-
ter characterise the physical environment where methanol emits
through high spatial resolution observations; 2) properly model
its spectrum including density, temperature distributions, and
different geometries for the source structure.
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Table 7. Integrated intensities and rms for methanol transitions. Empty space indicates non-observations, – non-detections. For IRAS 18089–1732,
additional data have been collected in the 70

k − 60
k and 51k − 41

k
12CH3OH bands (338 and 241 GHz) and in the 20

k − 10
k andJ0

0 − J0
−1

13CH3OH bands
(94.4 and 156 GHz). For these observations, the rms is 0.09 K, 0.06 K, 0.02 K, and 0.01 K at 338, 241, 94.4, and 156 GHz respectively. The
integrated intensities are 7.1 K km s−1 (70

1 → 60
1-E), 0.7 K km s−1 (10

0 → 10
−1−13CH3OH-E), and 0.2 K km s−1 (20

−1 → 10
−1−13CH3OH-E).

25 GHz 96 GHz 157 GHz 241.7 GHz 255 GHz13CH3OH

rms
∫

TMBdva rms
∫

TMBdvb rms
∫

TMBdvc rms
∫

TMBdvd rms
∫

TMBdve

[K] [K km s−1] [K] [K km s −1] [K] [K km s −1] [K] [K km s −1] [K] [K km s −1]

G11.11–0.12 P1 0.04 4.5 0.02 0.7 0.05 3.8 0.05 –
G19.30+0.07 P1 0.02 0.4 0.04 12.2 0.03 2.1 0.06 18.9 0.08 –
G28.34+0.06 P1 0.18 0.4 0.04 2.9 0.02 1.2 0.03 8.6 0.03 –
G33.71–0.01 0.15 – 0.03 8.0 0.02 1.2 0.04 8.1 0.03 –
G79.34+0.3 P1 0.03 1.3 0.02 0.3 0.03 0.9 0.03 –
IRAS 18089–1732 0.10 1.0 0.10 5.2 0.05 4.3 0.11 13.4 0.14 1.5
IRAS 18151–1208 0.13 – 0.03 1.5 0.02 1.2 0.05 4.7 0.04 –
IRAS 18182–1433 0.04 0.4 0.05 9.9 0.03 5.3 0.05 18.3 0.05 0.8
IRAS 18264–1152 0.03 0.4 0.04 10.3 0.02 4.9 0.05 23.6 0.05 –
IRAS 18310–0825 0.05 2.7 0.02 0.5 0.05 1.5 0.04 –
IRAS 19410+2336 0.06 0.3a 0.04 4.8 0.02 1.9 0.04 6.5 0.04 –
IRAS 20126+4104 0.03 – 0.03 1.8 0.02 1.5 0.04 4.5 0.04 –
IRAS 23139+5939 0.002 – 0.03 4.5 0.03 2.3 0.05 8.3 0.04 –

a Integrated intensity of the 22 → 21-E transition.b Integrated intensity of the 2−1 → 1−1-E transition.c Integrated intensity of the 20 → 2−1-E
transition.d Integrated intensity of the 5−1 → 4−1-E transition.d Integrated intensity of the 83 → 82-A transition of13CH3OH.

Table 8. Integrated intensities of the torsionally excited methanol lines, in IRAS 18089-1732 and IRAS 18182-1433, the only two sources in the
sample where the transitions are detected. Empty space indicates non-observations, – indicates non-detections.

51
1 → 41

1-A ∼ 241.0 GHz 51
k → 41

k ∼ 241.2 GHza 51
−1 → 41

−1-A ∼ 241.4 GHz

IRAS 18089–1732 1.3 (rms 0.1 K) 1.17 (rms 0.05 K) 7.03 (rms 0.05 K) 2.21 (rms 0.11 K)
IRAS 18182–1433 – 0.69 (rms 0.05 K)

a Not resolved at the resolution of 1.2 km s−1.
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(a)

(b)

(c)

Fig. 7. a)–c) Illustrate how excitation by IR vibrational pumping mimics the effect of collisions in populating thevt = 0 CH3OH levels. In grey,
synthetic spectra are shown for which pure collisional pumping (n(H2) = 108 cm−3, NCH3OH−E = NCH3OH−A = 1017 cm−2, no radiation field) is
populating thevt = 0 levels and thevt = 1 levels; the black line shows the synthetic spectra for the same levels when only the IR radiation field
is pumping the system, (n(H2) = 103 cm−3, radiation field given by a grey-body atTd = 190 K). The synthetic spectra are computed with a
source size of 1′′, a resolution that can be reached by an interferometer with a baseline of 300 m. While the ground-state spectra are virtually
indistinguishable, thevt = 1 spectra show how inefficiently the pure collisional pumping excites the torsionally excited levels.
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. Theχ2 distribution for IRAS 18089–1732 in the [T, n] a), [T,N] b), [n,N] c), planes for component 2 in Table 4, and for component 3 in
the [T, n] d), [T,N] e), [n,N] f) planes. All other parameters are fixed to the values of Table 4. The 3σ confidence region lies between the dashed
contours.
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(a)

(b)

(c)

Fig. 9. Spectra toward G11.11P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm
spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 10. Spectra toward G19.30P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm
spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 11. Spectra toward G28.34 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm
spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 12. Spectra toward G33.71 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm
spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 13. Spectra toward G79.34P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm
spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 14. Spectra toward IRAS 18089–1732 taken with the 100 m telescope, in frequency switching. All observed lines are labelled. The synthetic
spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 15. Spectra toward IRAS 18089–1732 taken with the 100 m telescope (a)), in frequency switching, and with the IRAM 30 m telescope (b)–c));
the 2 mm data are are smoothed to the resolution of the 3 mm spectra. All observed lines are labelled. The synthetic spectra resulting from the fit
are overlaid in black.
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(a)

(b)

(c)

Fig. 16. Spectra toward IRAS 18089–1732 taken with the IRAM 30 m telescope, are smoothed to the resolution of the 3 mm spectra (Fig. 15b), c).
All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 17. Spectra toward IRAS 18089–1732 taken with the IRAM 30 m telescopeb) and with the CSOc), are smoothed to the resolution of the
3 mm spectrab), c). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black. Inc), part of the spectrun is
not fitted due to contamination from the upper side band.
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(a)

(b)

(c)

Fig. 18. Spectra toward IRAS 18151–1208 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the
3 mm spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 19. Spectra toward IRAS 18182–1433 taken with the 100 m telescope, in frequency switching. All observed lines are labelled. The synthetic
spectra resulting from the fit are overlaid in black. Inb) andc), a maser component is probably detected at a different velocity than the system
velocity. For the 25 GHz lines, the spectrum overlaid on the data corresponds to the model predictions for this band, which was not included in the
analysis.
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(a)

(b)

(c)

Fig. 20. Spectra toward IRAS 18182–1433 taken with the 100 m telescopea), in frequency switching, and with the IRAM 30 m telescopeb), c);
the 2 mm data are are smoothed to the resolution of the 3 mm spectra. All observed lines are labelled. The synthetic spectra resulting from the
fit are overlaid in black. Inb), a maser component is probably detected at a different velocity than the system velocity. For the 25 GHz lines, the
spectrum overlaid on the data corresponds to the model predictions for this band, which was not included in the analysis.
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(a)

(b)

Fig. 21. Spectra toward IRAS 18182–1433 taken with with the IRAM 30 m telescope; data are are smoothed to the resolution of the 3 mm spectra.
All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 22. Spectra toward IRAS 18264–1152 taken with the 100 m telescope, in frequency switching. All observed lines are labelled. The synthetic
spectra resulting from the fit are overlaid in black. In Fig. 22b) and c), a maser component is detected at a different velocity than the system
velocity. For the 25 GHz lines, the spectrum overlaid on the data corresponds to the model predictions for this band, which was not included in the
analysis.
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(a)

(b)

(c)

Fig. 23. Spectra toward IRAS 18264–1152 taken with the 100 m telescopea), in frequency switching, and with the IRAM 30 m telescopeb), c);
the 2 mm data are are smoothed to the resolution of the 3 mm spectra. All observed lines are labelled. The synthetic spectra resulting from the
fit are overlaid in black. Ina), a maser component is detected at a different velocity than the system velocity. For the 25 GHz lines, the spectrum
overlaid on the data corresponds to the model predictions for this band, which was not included in the analysis.
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(a)

Fig. 24. 1 mm spectrum toward IRAS 18264–1152 taken with the IRAM 30 m telescope; data are are smoothed to the resolution of the 3 mm
spectra (Fig. 23b)). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 25. Spectra toward IRAS 18310–0825 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the
3 mm spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

Fig. 26. Spectra toward IRAS 19410+2336 taken with the 100 m telescope, in frequency switching,. All observed lines are labelled. The synthetic
spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 27. Spectra toward IRAS 19410+2336 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the
3 mm spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)
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(c)

Fig. 28. Spectra toward IRAS 20126+4104 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the
3 mm spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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(a)

(b)

(c)

Fig. 29. Spectra toward IRAS 23139+5939 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the
3 mm spectraa). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.


