M ETHANOL: A DIAGNOSTIC TOOL FOR STAR FORMATION

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultét
der

Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von
Silvia Leurini
aus

Rom

Bonn, Dezember 2004



Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultét der Rheinis-
chen Friedrich-Wilhelms-Universitdt Bonn

1. Referent: Prof. Dr. K. M. Menten
2. Referent: Prof. Dr. U. Klein

Tag der Promotion: 22 Dezember 2004

Diese Dissertation ist auf dem Hochschulschriftenserver der ULB Bonn http://hss.ulb.uni-
bonn.de/diss_online elektronisch publiziert



Contents

Introduction 1

I Methanol excitation 5
1 Methanol asadiagnostic tool of interstellar clouds:

Modéel calculations and application to molecular clouds 7

1.1 Excitationof CH;OH . . . . . . . . . . .. .. .. 7

1.1.1 Infrared pumping mechanism . . . .. .. ... ... ... .... 9

1.1.2 CH3OH-Hecollisionalrates . . . ... .. ... ... ....... 11

1.1.3 Firsttest—darkclouds . . ... ... ................ 13

1.1.4 CH3OH as a probe of interstellar physical conditions . . . . . . .. 13

1.2 Analysistechnique . . . . . . . . . . .. . ... 18

1.3 Conclusions . . . . . . . . . e 24

2 Class| methanol masers 29

2.1 Introduction . . . . . . ... 29

2.2 Phenomenology of class | methanol masers . . . . . ... ... ...... 29

2.3 Statistical equilibrium calculations . . . . . .. .. ... ... ... ... 32

2.3.1 Class I methanolmasers. . . . ... ... ... ... ........ 33

2.3.2  Anti-inversion in the 2o — 3; — E, 5; — 67 — A" methanol transitions. 35

2.4 Outlook . . . . . . 37

Il Methanol in the early stages of star formation 39

3 Modéeling of high mass star forming regions 41

3.1 Selectionofthesample . . . . . . .. ... 41

3.2 Lineselection . . . . . . . 42

3.3 Observations . . . . . . . . .. e 43

3.3.1 Effelsberg100m . . . ... ... .. ... 43

332 IRAM30M . . . . . . 43



v CONTENTS

3.3.3  Caltech Submillimeter Observatory (CSO) . . . ... ....... 44

34 CH3OH Analysis . . . . . . . . e 45
35 ModelResults . . . . . ... ... 49
351 InfraredDarkClouds . . . . ... ... ... ... ......... 55

3.5.2 High Mass Protostellar Objects . . . ... ... ... ....... 58

3.6 Highlights . . . . ... ... . . . . 66

4 |RAS05358+3543: a high mass star forming cluster. 105
4.1 Introduction . . . . . . .. 105
4.2  Observations with the Plateau de Bure Interferometer (PdBI) . . . . . . .. 106
4.3 Observationalresults . . . . .. .. ... ... . . ... ... 106
4.4 Physical parameters . . . . . . .. 116
45 Conclusion . . . . . .. 119

5 Highlightsand prospects 123
9.1 Summary ... 123
52 Futureplans . . . . .. .. 125
Conclusions 128
Appendices 129
A CH3;OH-paraH, collisional rates. 129
List of publications 137

Bibliography 138



| ntroduction

The early stages of star formation are known to occur in dense (n(H,)> 10* cm~3) interstellar
clouds, whose chemical composition is dramatically affected by the interaction with the em-
bedded Young Stellar Objects (hereafter YSOs) through all their evolution. As the chemical
composition of a source is intimately related to its evolutionary stage and history, the anal-
ysis of chemical abundances in star forming regions can give important information on the
region and, once a large database of sources in different states of evolution is available, shed
light on the details of star formation process. Chemical models (e.g. Charnley et al. 1992;
Caselli et al. 1993) indeed agree in dividing molecules in two categories:

e primary molecules, which form on the dust grains, by grain-surface chemistry, and are
then released to the gas phase by evaporation processes (among others NH3z, CH30H ,

e secondary molecules, which are produced, from the primary molecules, by gas-phase
chemistry (e.g. CH3CN, CH30CH5).

Although gas-phase chemistry includes different types of reactions, each characterised by
its own lifetime, it is typically fast and leads to a rapidly changing in the molecular abun-
dances of secondary to primary molecules, that can be used as chemical clocks, once these
processes are properly understood. Other important information comes from the study of
the excitation mechanisms of chemical species found in the interstellar medium (ISM), since
this is a powerful tool to investigate the physical conditions and the processes going on in
the region: once the pumping mechanisms of the energy levels of a molecule are well un-
derstood, by observing transitions of that molecular species in a cloud, one can derive the
kinetic temperature and spatial density of the source. These are fundamental parameters for
our understanding of the physical processes and of the evolutionary sequence in star forma-
tion. Eventually, the dynamics and kinematics of a cloud can also be studied by observing
maser transitions at high spatial resolution, as recent interferometric studies have shown (e.g.
Moscadelli et al. 2000; Torrelles et al. 2003).

Observational evidences support a scenario in which low-mass stars (M< 8 M) form via
collapse of dense molecular clumps, giving birth to an embedded protostar which accretes
material from the parent cloud (Shu et al. 1987). The protostellar phase involves accreation
via protostellar disks and leads to the production of bipolar outflows which, very collimated
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in their early phases, spread out with time, (for a review of low-mass star formation see, e.g.
André et al. 2000). Observations of high-mass stars (M> 8 M) are more complicated than
for the low-mass case. These objects have short lifetime (a few million years for an object
of 10 M, Schaller et al. 1992, while typical low-mass stars have timescales of 10 billion
years); they are rare and statically found on an average distance of a few kpc. Finally, they
mainly form in clustered mode and not in isolated small cores as low-mass stars. Therefore,
although they exert a deceive influence on the morphology and evolution of galaxies, the
physical processes involved in their formation are still far less understood than those of their
low-mass counterparts.

In recent years, a major observational effort has been made to identify the very earliest
stages in the evolution of massive stars, prior to forming an ultracompact Hu region (Molinari
et al. 1996, 1998, 2000; Sridharan et al. 2002; Beuther et al. 2002b,c,d). These studies have
shown that, at least from a qualitative point of view, a scenario similar to the one described
for low-mass stars applies to the formation of massive stars as well. Several sources do show
clear evidence of bipolar outflow morphologies (Shepherd & Churchwell 1996; Cesaroni
et al. 1997; Zhang et al. 2001; Beuther et al. 2002a,c) and indications of accreation disks
exist (Cesaroni et al. 1997, 1999; Beuther et al. 2004a). However, a proper understanding of
the physical processes, and therefore of the physical conditions, which characterise the early
evolutionary sequence of high-mass stars, is still missing. As discussed at the beginning of
this section, a powerful diagnostic tool of interstellar clouds is found in the analysis of their
molecular spectra, which can be seen as fingerprints of a star forming region. Moreover,
molecules mainly emit at millimeter and submillimeter wavelengths, where extinction from
the dust and gas around young massive protostars is low.

Since the main gas-phase molecular component, H,, is not directly observable under
“normal” conditions, one has to rely on other molecules to trace the physical state of an
interstellar cloud. Often, traditionally symmetric rotors such as NH3 are used to probe a
cloud’s kinetic temperature (Walmsley & Ungerechts 1983; Danby et al. 1988), while linear
molecules, e.g. CS, are used to determine its density (e.g., Snell et al. 1984; Beuther et al.
2002b). However, different spatial distributions of the tracers (“chemistry”) often complicate
the picture, (see, e.g., Tafalla et al. 2002) as they often trace physically different and spatially
non-coexisting gas components. It is thus desirable to trace all relevant physical parameters
with a single molecule. Promising candidates exist among slightly asymmetric rotors, which
have properties qualifying them as tracers for physical conditions. Since they are almost
symmetric, they share a strong sensitivity to kinetic temperature with symmetric molecules,
but they also allow determinations of spatial density (for a detailed discussion of H,CO, see
Mundy et al. 1987; Mangum & Wootten 1993). Methanol, CH3OH, a slightly asymmetric ro-
tor, is a proven tracer of high-density environments (e.g. Menten et al. 1988b); moreover it is
particularly well suited for high mass star forming regions (Leurini et al. 2004), as it is ubig-
uitously found in different regimes of star formation, from quiescent, cold (T ~ 10 K), dark
clouds, where its abundance relative to H, is only ~10~° (Friberg et al. 1988), to “hot core”
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sources near high-mass (proto)stellar objects, where [CH;OH]/[H,] values ~ 10~7 — 107 are
observed (Menten et al. 1986, 1988b). However, up to now an extremely poor knowledge of
the CH3OH collisional rates and of their propensity rules has prevented realistic systematic
studies exploiting methanol’s full potential as an interstellar tracer. Recently, this situation
has changed with the calculation of collisional rate coefficients by Pottage et al. (2001, 2002).
Part | of this thesis is a pilot study dedicated to the analysis of the excitation of CH3;OH in
the interstellar medium and to its tracing properties in the centimeter, millimeter and sub-
millimeter spectrum; in chapter 1 the new collisional rates by Pottage et al. (2001, 2002)
have been integrated in a “standard” Large Velocity Gradient program aimed at modelling
methanol excitation. Since the new calculations on collisional rates have been initially com-
puted only for the torsional ground state, the study discussed in this first part is limited to
those sources in which the only external radiation field is the cosmic background radiation,
in order to avoid any effect due to infrared pumping. An innovative way of analysing CH;OH
spectra, which is based on a simultaneous fitting of all the lines observed towards a given
position, will be also discussed, together with its application to two sources, G19.30P1 and
G79.3P1. They belong to a population of infrared-dark clouds, identified by Egan et al.
(1998) using the Galactic plane survey from the SPIRIT 111 telescope aboard the Midcourse
Space Experiment, MSX. They typically show an average value of T < 20 K and n(H,)> 10°
cm~3; therefore the CH3;OH level populations are expected to be governed by collisions and
the assumption that any external radiation field but the cosmic background is negligible is
expected to be plausible. Chapter 2 is dedicated to the analysis of the pumping mechanism
of class I CH;OH masers and to the information on the physical parameters of an interstellar
cloud that can be derived by observing these transitions. Several class | CH;OH masers are
indeed detected throughout the centimeter and millimeter spectrum and the analysis of their
excitation conditions reveals two main patterns, withthe 4_; — 3, —E andthe5_; —» 49— E
masers, for example, quenched at high density (n(H,)> 10” cm~3) and the J, — J; — E band
masing in the same regime. Observations of lines in both these two groups can be therefore
used as a density indicator of a region.

Part |1 is dedicated to the application of the analysis and the technique discussed in Part | to
high-mass star forming regions. In chapter 3, a sample of 13 sources in the early stages of star
formation is analysed by single dish observations of centimeter and millimeter CH3;OH lines.
All the sources are in the earliest stages of star formation, prior to forming an ultracompact
Hu region, and have been selected among the infrared dark clouds studied by Carey et al.
(1998) and the High Mass Protostellar Objects (hereafter HMPO) studied in the last years by
Sridharan et al. (2002) and Beuther et al. (2002b). The two main criteria for our selection are
that the sources have a homogenous distance to the solar system and show strong CH;OH
emission at least in the less excited lines we observed. Detection of complex molecules (e.g.
CH3OH, CH3CN Sridharan et al. 2002; Schilke, unpublished data) towards some of HMPOs
in our sample indicates an ongoing hot core formation in the sources. Therefore, the analysis
described in chapter 1, limited to the first 100 levels ( (J,k)=9) in the torsional ground state,
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is extended in chapter 3 to include all the levels up to (J=14, k=13) in the torsional ground
state and up to (J,k)=9 for the first torsionally excited state, using extrapolated collisional
rates.

CH3OH observations at high spatial resolution are discussed in chapter 4; the High Mass
Protostellar Object IRAS 05358+3543 has been mapped in the 5_; — 4y — E v;=0 band at
241.7 GHz with the Plateau de Bure Interferometer, reaching a resolution of 2.6” x 1.36".
The source is part of the sample of very young massive star-forming regions studied by
our group in detail over recent years (Sridharan et al. 2002; Beuther et al. 2002b,a) both in
single-dish and interferometric mode. The main result of these studies is that the previously
observed single-dish outflow splits up into at least 3 molecular outflows, one of them being
one of the most collimated massive molecular outflow observed today. Also located near the
main mm-condensation are two mid-infrared sources observed with Keck, a H,O maser fea-
ture, and the deeply embedded source found by polarimetric infrared observations (Yao et al.
2000). Detection of complex molecules (CH;OH, CHsCN Sridharan et al. 2002; Leurini,
unpublished data) indicates an ongoing hot core formation in the region.

Our observations reveal indeed a hot, dense phase around the main millimeter dust conden-
sations, still unresolved with our resolution, with detection of torsionally excited lines. The
technique discussed in chapter 1 for the analysis of methanol data is here applied to some
positions around the millimeter continuum peak. Although some lines in our spectra show
an unexpected extension and are heavily corrupted by negative features caused by missing
spacings, their analysis on the central position leads to typical hot-core parameter: T=240 K,
N(CH3;0H)=1.2 x10'" cm~2, n(H,)=5 x10" cm~3, X(CH3OH )=1x 107",

Our data also confirm the property of methanol of tracing the core emission as well as the
outflows already discussed in the low-mass star case by Bachiller et al. (1995, 1998) and in
the high-mass stars regime by Liechti & Walmsley (1997).



Part |

M ethanol excitation






Chapter 1

M ethanol as a diagnostic tool of

Inter stellar clouds:

M odel calculations and application to
molecular clouds

The content of this chapter is based on Leurini, S., Schilke, P., Menten, K. M., et al. 2004,
A&A, 422,573

1.1 Excitation of CH;OH

Methanol, CH3OH , is a slightly asymmetric rotor, capable of hindered internal rotation:
the hydroxyl group (OH) may rotate around the methyl (CH3) symmetry axis, as shown in
Fig. 1.1. Due to the threefold symmetry of its hindering potential, CH;OH occurs as A—
and E— symmetry states. The E— type, —J < k < J, is vibrationally doubly degenerate:
the E; , k > 0, states are degenerate with E, , k < 0. In the A— type, 0 < K < J, for
K > 0 there are doublets split by asymmetry which are labelled A* and A~ (Lees & Baker
1968). For radiative transport purposes, its A- and E-type symmetry states can be considered
as two different molecules, since interconversion can happen only through proton exchange
reactions, which happen on timescales so long that the excitation is unaffected. Transitions
between A* and A~ levels occur.

CH3OH is potentially a promising candidate for probing the physical conditions of inter-
stellar clouds. First, it is slightly asymmetric: as discussed by several authors in the case of
H,CO (Mundy et al. 1987; Mangum & Wootten 1993), slightly asymmetric rotors share a
strong sensitivity to kinetic temperature with symmetric molecules and they also allow deter-
minations of spatial density. Moreover, CH3OH is ubiquitous and associated with different
regimes of star formation, from quiescent, cold (T ~ 10 K), dark clouds, where its abun-
dance relative to H, is only ~10~° (Friberg et al. 1988), to “hot core” sources near high-mass
(proto)stellar objects, where [CH3;OH/H,] values ~ 10~ — 1076 are observed (Menten et al.
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Figure 1.1: Structure of the methanol molecule. The O-H bond may rotate about the axis with
respect to the CH3 group, but this rotation is hindered by mutual interaction (fi gure from Cologne
Database for Molecular Spectroscopy)

1986, 1988b). Studies on the chemistry of CH;OH toward regions of massive star formation
(Menten et al. 1986, 1988b) interpret the enhancement of CH3;OH in warmer sources as due
to evaporation of icy grain mantles. At temperatures <100 K, production of CH3OH in the
gas phase is governed by the radiative association reaction CHz + H,O — CH3OH,* + hy
followed by electronic recombination to CH3OH (50% ) and H,CO (50%) (Lee et al. 1996).
Because radiative association is slow, the reaction set yields abundances of only ~ 107!
relative to H, and it is inefficient in explaining the observed abundances; therefore it has
been concluded that CH;OH is produced by grain chemistry, a scenario supported by finding
that CH3OH is one of the most abundant species residing on interstellar grains (Grim et al.
1991; Dartois et al. 1999a,b; Pontoppidan et al. 2004). Recent studies on abundance profiles
of CH3;0OH and H,CO toward massive young stars (van der Tak et al. 2000; Maret 2004)
indicate that the excitation and abundance of CH3;OH are useful evolutionary indicators dur-
ing the embedded stage of star formation. In their study on several massive star formation
sites, they find three different types of abundance profiles: [CH;OH/H,]~ 10~ in the coldest
sources, a jump from [CH3OH]/[H,]~ 10~° to [CH30H]/[H2]~ 10~ in the warmer and a few
~ 1078 in hot cores. They locate this “jump” at <100 K, that is the temperature at which the
evaporation of CH;OH from the mantles happens. Theoretical models of hot cores (Nomura
& Millar 2004) do predict this observed step function in the abundance of methanol.

A practical advantage in using methanol as tracer of interstellar conditions is that, be-
cause of its complex energy level structure, it has groups of several transitions close together
in wavelength space throughout the millimeter and submillimeter region that can be observed
simultaneously, thus minimizing relative pointing and calibration uncertainties, and a multi-
tude of its transitions is observable with ground-based telescopes.

Methanol has in the past been used as a probe of spatial density in dense molecular clouds,
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(cf. Friberg et al. 1988; Walmsley et al. 1988; Menten et al. 1988b; Kalenskii et al. 1997;
Bachiller et al. 1998; Sutton et al. 2004); however, uncertainties in the derived densities are
expected since these authors modelled the CH3;OH excitation using collisional rates based
upon the experiments by Lees & Haque (1974) for CH3;OH colliding with He, for low states
(up to k< 2) of CH30H-E only.

The CH3OH spectrum up to 500 GHz is shown in Fig. 1.2 for two different sets of phys-
ical parameters typical for the ISM calculated with our LVG program (see 81.1.2). Rest fre-
quencies are from the Cologne Database for Molecular Spectroscopy, (http://www.cdms.de,
Mdiller et al. 2001), which includes new measurements by Xu & Lovas (1997).

1.1.1 Infrared pumping mechanism

In steady state, level populations are fixed by a balance among spontaneous and induced
radiative processes, with characteristic rates described by the Einstein coefficients, and col-
lisional excitation and deexcitation. Radiative transitions are constrained by selection rules
which, in the case of methanol, are as follows:

Avi= 0 AJ=0 AK = 0(for A), +1
A ==+1 AK =0, +1

Avi= 1,2... AJ=0 AK = +1
AJ =+1 AK = +1

In the following discussion, only Av,=0,1 transitions will be analysed.
The populations approach the Boltzmann distribution at the kinetic temperature when the
downward collisional decays from a given level exceed its spontaneous radiative decay rates.
Level thermalization happens when the density of the system is greater that the critical den-
sity of the level, defined by the above condition

o 2iGy

Because of the high Einstein coefficients in the v;=1 levels, collisional excitation does not
play a major role in the pumping mechanism of the torsionally excited states and critical
densities are usually of the order of 10*° — 10 cm=3. Radiative transitions, on the other
hand, can significantly affect the level populations not only in the v;=1 levels, but also in the
torsional ground state.

Assuming only radiative level changes and the CH;OH —A molecule in its ground state,
(J,k,vy)=0, absorption of an infrared photon can excite the system to the (J=1,k=0,v,=1) or
(J=1,k=1,v¢=1). Assuming that the molecule has been excited to (J=1,k=1,v;=1), from there
the system can decay down to the starting level, with no effective change in its excitation, or
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Figure 1.2: Synthetic CH3OH spectra, (source size=20", telescope diameter=30 m), up to (J, k) = 9
for thetorsional ground state, calculated using our LV G moddl.

can decay down to other levels, (J=1,k=0,v;=0), (J=2,k=2,v;=0) and (J=2,k=0,v;=0), which
can absorb other infrared photons and be excited again to the v;=1 levels before they cascade
back down. If the infrared pumping rate is not fast enough to compete with the rotational
decays, then the IR excitation leads to a closed loop without affecting the population of high
rotational levels. When, on the other hand, the infrared rate is faster than rotational decays,
level populations in low energy states can be efficiently transfered to more excited states.
The net result is that IR pumping can mimic the effect of collisional pumping, introducing
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a degeneracy between H, density and IR field (for CS see Carroll & Goldsmith (1981);
Hauschildt et al. (1993); for CH3OH see discussion in § 3.4).

J=2, K=1, vz=1

230K

J=1, K=0, v=0

—_— J=0.K=0,v=0

Figure 1.3: Methanol excitation through absorption of infrared photons. For the sake of clearness,
only few levels are displayed and only few transitions are taken into account. Black, solid lines
indicate absorptions of a photon to the vi=1 band; dashed, green lines decays to the torsiona ground
state.

1.1.2 CH30H-He collisional rates

Only recently (see Pottage et al. 2001, 2002), rate coefficients for collisions of methanol with
helium, for both CH;OH-A and CH3;OH-E, have been computed for levels up to (J, k') = 9
at kinetic temperatures up to 200 K. Calculations of rate coefficients for collisions with para-
H., for a limited set of energy levels, have recently been made available and comparisons of
our results with this new dataset will be analysed in appendix A.

With this new set of collisional rates, we have performed statistical equilibrium calculations
on both A- and E-types for the torsional ground state, using the Large Velocity Gradient
(LVG) method with spherical geometry in the derivation of de Jong et al. (1975). Since the
new calculations on collisional rates have been computed only for the torsional ground state,

The projection of the angular momentum quantum number k runs from —J to +J for E-type CH3OH. For
A-type CH30H a capital K isused, with 0 < K < J. When referring in one expression to levels from both
species, lowercase k is used.
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Figure 1.4: Energy levels for the E— and A—symmetry states of CH3OH in the torsional ground
state with an excitation energy of less than 260 K and J < 9, (black), 9 < J < 14, (grey). Levels
for CH30H-A* and CH3OH-A" have been included in the same diagram: k < O indicate levels from
CH30OH-A", k > 0 levels from CH3OH-A".

we limit our study at this point to those sources in which the only external radiation field
is the cosmic background radiation, in order to avoid any effect due to infrared pumping.
We estimate differences in the interaction potentials between He and H, to be likely more
important than those due to their different reduced masses and did not scale the CH;OH-He
collisional rates by any factor related to the masses (Flower, priv. comm.).

Our calculations are extended to the first 100 levels for each state, for which the colli-
sional rates from Pottage et al. (2001, 2002) are available; the coverage in energy is thus
incomplete above 100 K, (see 1.4(a)-1.4(b)), and does not allow a reliable estimation of the
partition function at high temperatures. We compared our LTE values for the partition func-
tion with the one obtained with a more complete set of levels, (J < 26,k < 14), for which
energies are calculated using global fit parameters reported in Xu & Hougen (1995), and
we expect no significant uncertainties in our results up to 50 K, where the deviation from
the most accurate value of Q is close to 10%. Since our sample of sources is not expected
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to show temperatures higher than 50 K, the inaccuracy in the partition function should not
affect our calculations. All allowed radiative transitions for the levels up to (J, k) = 9 have
been included in our model, even the weak Ak > 2 lines. Line strengths are from Mekhtiev
et al. (1999).

1.1.3 First test — dark clouds

Pottage et al. (2001) have compared their results with the ones from Lees & Haque (1974)
and tested the accuracy of their collisional rates by modelling the 2 — 3_; E transition
at 12.18 GHz. They find a generally good agreement with the measurements of Lees &
Haque (1974), with exceptions, for example, in the Ak = 3m transitions, (where m is an inte-
ger). We extended the tests to other transitions observed in dark clouds, where any external
radiation field but the cosmic background is negligible and level populations are expected
to be governed by collisions. Fig. 1.5 shows the model results for the 2, — 3_; E line at
12.18 GHzand the 2_; — 1_; E and 2 — 14 A transitions near 96 GHz; typical dark clouds
parameters, (n(H,)=103-10% cm=3, T = 10 K), were assumed in order to model the lines
and compare the predictions with the observations from Walmsley et al. (1988) and Friberg
et al. (1988). L134N has been selected as test source, since detailed multi-transition studies
on it exist (see Swade 1989; Dickens et al. 2000). Dickens et al. (2000) find an average
density along several lines of sight of ~ 2 10* cm=3, from HC;N, N,H* and CS, while NH;
observations give a kinetic temperature of 10 K. Assuming an A/E abundance ratio equal to
1, they derive a CH3OH column density in the range 10%3-10'* cm=2. Following Walmsley
et al. (1988), the 2o — 3_; E data towards L134N have been corrected by a factor 0.5 due to
an offset position of 3’ relative to the 2, — 1, A peak from Friberg et al. (1988). Our results
are shown in Fig. 1.5: all three lines indicate a H, density in the range ~ 3 - 4 10* cm™ that
is in good agreement with the “average” density toward various lines of sight in this source
(~ 2 10* cm~2) determined by Dickens et al. (2000) from a variety of molecules.

Our results are generally in good agreement with old models of methanol excitation and
suggest that estimates of spatial density based on Lees & Haque (1974) collisional rates
are generally reliable. However our tests regard only the 12.18 GHz line and the quartet
at 96 GHz and we did not carry out a systematic comparison of the dependence on spatial
density and kinetic temperature of the CH3OH transitions computed with the collisional rates
from Pottage et al. (2001, 2002) and with the ones based on the experiment by Lees & Haque
(1974).

1.1.4 CH3OH as a probe of interstellar physical conditions

The richness of the CH3OH spectrum prevents us from a systematic study of all its tran-
sitions: taking into account only the energy levels with (J,k) < 9, the E state alone has
more than 300 lines, (see Fig. 1.2(a)-1.2(b)). Therefore, we restricted our study to only
some bands observable from ground based telescope and not showing any maser action: the
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Figure 1.5: Results of statistical equilibrium calculations. We show the 25 — 3_; E, (full line), the
2., — 11 E, (dotted line) and the 29 — 1 A, (long dashed line), line temperatures as a function of
H, density. Superimposed on the plot, the observed values towards L 134N

from Walmsley et al. (1988), and Friberg et al. (1988) are indicated by horizontal lines.

2x — 1x—A and -E—type lines near 96 GHz, the 5 — 4-A and -E lines near 241 GHz, the
7« — 6x-A and -E lines near 338 GHz. Even if promising candidates to trace Kinetic tempera-
ture are in the submillimeter bands, with current collisional rates, we cannot reliably analyse
higher transitions because the level set is incomplete above 100 K, (see Fig. 1.4(a)- 1.4(b)).

As a first step, we analysed line ratios from transitions close together in frequency space,
in order to find diagnostic tools of kinetic temperature and density which are not affected by
beam-size differences, pointing and absolute calibration uncertainties. A slight asymmetry in
the abundances of the A and E subspecies, due to a difference in their ground state energies,
has been suggested and indeed observed (see Friberg et al. 1988; Menten et al. 1988b).
Since their relative abundance can vary from 0.69 in dark clouds, (Friberg et al. 1988), to 2
in OMC-2, (Menten et al. 1988b), comparisons between CH3OH-E and -A lines are not taken
into account to avoid any uncertainties in deriving physical parameters due to an inaccurate
knowledge of the A/E ratio.

From the CH3;OH-E selected transitions, we found several ratios to be calibration - inde-
pendent tracers of density: the Tr(2; — 11)/Tr(2_.1 — 1_;) and the Tr(20 — 1o)/Tr(2.1 —
1_,) in the 96 GHz band (Fig. 1.6); the Tr(50 — 40)/Tr(5-1 — 4_1) (Fig. 1.7), the Tg(5; —
41)/Tr(5-1 — 4_1), the Tr(5, — 42)/Tr(5-1 — 4_1), and the Tr(5_, — 4_,)/Tr(5-1 — 4_1)
in the 241 GHz band. They all also show a dependence on temperature in the range 5 —
15 K that suggest their use as temperature tracer in dark clouds. However, no line ratios in
the 1 mm and the 3 mm bands show a pure dependence on the kinetic temperature, while for
several ratios in the 1 mm band we found a strong sensitivity to both density and temperature.

The submillimeter band we analysed, the 7, — 6y at 338 GHz, shows a behaviour very
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Figure 1.6: Results of satistica equilibrium caculations for CH3OH-E. The Tr(2y —
1)/ Tr(2-1 — 1.;) line ratio is shown in logarithmic scale, as function of H, density and
temperature at N(CH3;OH)/Av=10'%, @), N(CH3OH)/Av=10", b), N(CH3OH)/Av=10%, ¢) and
N(CH30H)/Av=10'® cm~2/(km s ~1), d). The black contours range from -1.5 to 0 by steps of 0.1.
Line intensities, at all densities and temperatures, are strong enough to make the whole T-n plane is
accessible to observations.

similar to the 1 mm series, with several line ratios being sensitive to both kinetic temperature
and spatial density. However, some line ratios can be used as calibration-independent tracers
of density, [e.g. the Tr(7q — 6¢)/Tr(7-1 — 6_1) and the Tr(7; — 61)/Tr(7_1 — 6_1)].
A pure dependence on kinetic temperature is found in line ratios with |k| > 3, but mainly
at low density (n(H, < 10° cm~3) where these lines are very weak (see Fig.1.8(a)-1.8(b)).
However, given the sensitivity to both kinetic temperature and spatial density of several line
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Figure 1.7: Results of satistica equilibrium calculations for CH3OH-E. The Tr(50 —
49)/Tr(5-1 — 4_;) line ratio in logarithmic scale is shown as function of H, density and
temperature at N(CH3OH)/Av=10'%, @), N(CH3OH)/Av=10", b), N(CH3OH)/Av=10", ¢) and
N(CH30H)/Av=10'® cm~2?/(km s ~1), d). The black contours range from -1.5 to 0 by steps of 0.1
ina), b) and ¢); from -0.5to 0.1 by steps of 0.05 in d). The whole T-n plane is accessible to observa

tions.

ratios in the 5 — 4y and 7x — 6y bands and the pure dependence on density of others,
the simultaneous observations of several lines from these series allows determining both the
physical parameters.

Fig. 1.6, 1.7 and 1.8 show LVVG model predictions for line ratios in logarithmic scale as
function of density and temperature at different column densities. The submillimeter bands
are studied only at high column densities (10*4-10'® cm=2/(km s ~)) where their brightness
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Figure 1.8: Results of dtatistical equilibrium calculations for CH3OH-E. a) The Tr(7_3 —
6_3)/ Tr(7s — 65) line ratio in logarithmic scale, as function of H, density and temperature at
N(CH30H)/Av=10"® and, b), at 10 cm™2/(km s 1). The black contours range from O to 2.5 by
steps of 0.2. The black dashed line corresponds to a 75 — 65 line intensity of 0.01 K; a black arrow
shows how the Tr(75 — 65) increases with spatial density; the plane below the black dashed line is
therefore inaccessible to observations.

temperatures become significant. Our results are summarized in the following guidelines:

e line ratios in the 2, — 1 and the 5x — 4, bands at 96 and 241 GHz are usually
tracers of densities higher than 10° cm~3, with a weak dependence on temperatures up
to 15 K;

e some line ratios in the 5, — 4 at 241 GHz and 7, — 6, at 338 GHz are sensitive to
kinetic temperature and spatial density, with some examples of pure density tracers;

e information on kinetic temperature is recovered when lines with an excitation temper-
ature close to the expected kinetic temperature of the source are observed.

The main result we found is that, for all the analysed millimeter bands, ratios between lines
in the same band are strongly sensitive to density, with a weaker dependence on temperature.
This is explained by the high probability of the a-type? radiative transitions to occur, (A;j o
12, s = 0.896, 1, = 1.412, Sastry et al. 1981). Even if CH3;OH is only slightly asymmetric,
(x = —0.98 for CH30OH, while x = —1 for a prolate symmetric rotor, where « is the Ray’s
asymmetry parameter, Ray 1932; Townes & Schawlow 1996), the Ak # 0 radiative lines are
strongly allowed and not mainly dependent on the collisions as the structural similarity of

2Using standard asymmetric rotor nomenclature, a-type transitions have Ak = 0, while b-type transitions
have Ak + / — 1.
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asymmetric molecules with symmetric rotors would suggest. However, in the submillimeter
regime, several transitions show a strong dependence on the kinetic temperature in the range
up to 100 — 150 K. Nevertheless, since several line ratios in the 5, — 4 and in the 7, — 6y
band are strongly dependent on kinetic temperature and spatial density, both the parameters
can be derived when a rich CH3;OH spectrum is available, with lines in different frequency
and excitation ranges. Intraband line ratios from the 5, — 4y band with the 7, — 6 series
show a dependence on temperature up to 50-80 K, at high density, n(H,) >10° (cm™3), (see
Fig. 1.9(a)-1.9(b)), since they have different excitation energies.

n(H,) (em™)
n(H) (em™)

50 100 150 200
Tiin (K) Tyin (K)

@ (b)

Figure 1.9: Results of statistical equilibrium calculations for CH3OH-E . a) The Tr(5_3 — 4_3)/
Tr(7_4 — 6_4) line ratio in logarithmic scale, as function of H, density and temperature at
N(CH30H)/Av 10% and, b), at 10'® cm2/(km s ~1). The black contours range from -0.3 to 1 by
steps of 0.05. The black dashed contour corresponds to a 75 — 65 line intensity of 0.01 K; a black
arrow shows how the Tr(7s — 65) increases with spatial density; the plane below the black dashed
line is therefore inaccessible to observations.

1.2 Analysistechnique

The traditional approach for deriving physical parameters such as kinetic temperature and
spatial density from an observed spectrum involves “by-hand” Gaussian fitting of the lines
with multiple components and y? analysis comparing the measured quantities with statistical
equilibrium calculations (see Olmi et al. 1993; Mangum & Wootten 1993). Better results are
obtained if the analysed quantities are ratios between lines close together in frequency space
and observed simultaneously with the same receiver, because uncertainties due to absolute
pointing, calibration and to the beam filling factor are minimized. The main drawback is the
loss of information on the column density. On the other hand, when working with line in-
tensities, uncertainties due to absolute calibration and to the beam filling factor play a major
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role in making the determination of physical parameters less reliable. In general, this kind
of analysis also ignores upper limits on lines too weak to be detected, because of the non-
physical fitting procedure. For complex sources, the technique also requires decomposing
line profiles, a tedious and, for strongly blended lines, very unreliable process. When applied
to large multi-line datasets, like line surveys of a source or systematic multi-frequency stud-
ies of a molecule, by-hand fitting is impractical. With sensitive receivers available nowadays
and in view of the next generation of instruments, which will provide copious amounts of
data in a short time, new methods of data analysing and modelling are required.

An innovative technigque to handle the problem, proposed by Schilke et al. (1999) and re-
cently improved by Comito et al. (2004), is based on the simultaneous fit of all the lines in
a spectrum with a synthetic spectrum computed under Local Thermodynamic Equilibrium
(LTE) conditions. Here we propose an extension to this technique using the LVG approx-
imation: this development is necessary and fully justifies the computing-time involved in
such an analysis because we expect prominent departures from LTE in the sources of our
sample and in many other astrophysical scenarios. To allow for complexity in the physical
conditions along a line of sight, our model handles multiple components, which are assumed
not to interact, i.e. the intensities simply add up. The free parameters for each component
are kinetic temperature, molecular hydrogen density, source size and column density. To
take into account the possibly different abundance between A and E states, CH;OH-A and
CH3OH-E column densities are treated as two independent free parameters. Line width, Av,
and LSR velocity, v, sg, are fixed parameters and assumed to be the same for all the lines in
each component. The fitting is done by minimizing the y? between the data and the model
spectrum using the Levenberg-Marquardt method from Press et al. (1992). The y? analysis
is however not trivial, given the high number of fitted channels. We assume the degrees of
freedom to be given by v4 =N, — N¢, where N,, the number of observed quantities, is here
the number of all the channels in which CH3OH transitions fall, even if not detected, plus
the observed velocity and line width of each components. Ny is the number of free param-
eters. Frequencies for the line identification are from the Cologne Database for Molecular
Spectroscopy. In the current implementation, 100 000 lines can be fitted simultaneously and
data from different telescopes can be combined easily.

All the levels for which the collisional rates from Pottage et al. (2002) are available are
used for the calculations; however, at low temperatures (T, < 30 K) the program runs into
numerical problems due to the depopulation of the most excited levels in this regime. There-
fore, only a subset of transitions is used in this range.
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We assume the following representation of the spectrum:
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where Te and 7 are given by the LVG results, n is the beam filling factor and ¢ the line
profile. The sums are computed on both A and E states; the indices | and ¢ correspond to
lines and spatial components. In eq. 1.2, ny  and ng, are the fractional populations of the
lower and upper levels for the transition | in the component ¢ and depend on the set of levels
used for the calculations.

An implicit assumption, when solving the radiative transport equation with the escape
probability method, is that different lines do not overlap locally. This is not true for molecules
with a complex spectrum, especially for CH;OH, whose A and E transitions are often very
close in the frequency space. Following Cesaroni & Walmsley (1991), we define an average
optical depth and brightness temperature by means of the previous expressions eq. 1.2-1.3

when lines have a frequency separation
vi—vi < Avi+ Ay (1.4)

Eq. 1.3 is equivalent to eq. 13 of Cesaroni & Walmsley (1991) in units of temperature. In
the optically thin limit, eq. 1.3 is equal to the traditional approach of convolving a line with
several Gaussians. On the other hand, it better describes situations in which both optically
thin and optically thick lines are present: photons emitted from the optically thin transition
are locally absorbed by the optically thick emission. The intensities of the lines do not
simply add up like in the optically thin limit, but the intensity at the overlapping frequencies
is mainly described by the optically thick emission. In the simplest case of one component
and two transitions, both optically thin, eq. 1.1 can be approximated by

Ty = (0 (Te) = I(Tog)l7s + n(0) I (Te,) = I(Teg)73 (1.5)

while when one of the two lines, e.g. line 1, is optically thick

1

Tr = @0 e) — (Tl
1

e 1Oy — I Tl

=~ (03 (Te,) = I(Tg)] (1.6)
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Tests on the convergence criterion

Although the simultaneous fit of a spectrum has been demonstrated to be a powerful tech-
nigue to derive physical parameters (Comito et al. 2004), it does imply several approxima-
tions. The assumption behind the analysis is that the CH3OH emission can be reasonably
well approximated by a small number of non-interacting components, thus ignoring any
alignments between them. This assumption is fully justified when no information on the
morphology is available, but it fails in well reproducing the observed spectra if the compo-
nents are related, leading, for example, to overestimate line intensities when self-absorption
happens. The LVG approach adds other uncertainties to the obtained results, since it assumes
only one set of physical parameters for each component used for fitting the source and im-
plicitly neglects any local and non-local overlap between the lines; a more detailed model,
including density and temperature distributions within each component, would be desirable.
However, fitting large datasets with a Monte Carlo synthetic spectrum and minimizing all the
free parameters would involve an enormous amount of computing time and it is practically
impossible to be applied to a sample of sources. In fact, most (if not all) published Monte
Carlo fits used manual fitting of the parameters, with no control over reading a globally best
fit, or assessment to the uniqueness of the fit (e.g. Hogerheijde & van der Tak 2000). More-
over, since several spectral windows can be fitted simultaneously, calibration uncertainties
still render the determination of physical parameters less reliable. Another drawback is the
uniqueness of the y? minimization, which is not a priori guaranteed. Indeed the minimum
found occasionally depends on the input parameters. A better control on the fit results is
assured when plausible input parameters are used. Particularly important is the information
on the source size, which helps in solving the degeneracy between source size, temperature
and column density for certain parameter ranges. In the worst situation, no information at all
is available in the literature on the source to be modelled and the number of free parameters
is 5xN., where N the number of components. To investigate whether the found solution is
local or global, an analysis of the y? distribution as function of the different free parameters
in an interval reasonably close to the minimum is desirable.

However, one should be aware of the limits in determining the physical parameters of a
source which are intrinsic to this technique. Unless lines with r < 1 and 7 > 1 are avail-
able, solving the degeneracy between source size and column density in the optically thin
limit, (T (v) = X 7[I(T&) — I(Tug)]7), Where the information on the temperature is recovered
when several optically thin lines are available, or between temperature and source size, in
the optically thick case, (T(v) = X n[J(Ts) — I(Twg)]), is impossible. Plotting the optical
depth for each fitted line gives a better idea on which of the obtained parameters is more
affected by uncertainties. Also, fitting CH3OH spectra assures a reliable determination of ki-
netic temperature only when many lines are fitted, thus covering different excitation ranges,
and/or when millimeter and submillimeter data are available, (see §1.1.4).

Observations of the 2, — 1y -A and -E lines near 96 GHz, the J; — J_; -E lines at 157 GHz,
the 5y — 4 -A and -E near 241 GHz were obtained towards a sample of more than 60
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sources during a systematic program on CH3OH in high-mass star forming regions at the
IRAM 30 m telescope during summer 2002-winter 2003. Details on the observations and
analysis of the data are given in chapter 3.

We here discuss the application of our method to two sources of our sample, G19.30P1 and
G79.3P1. They both belong to a population of infrared-dark clouds, (hereafter IRDCs), iden-
tified by Egan et al. (1998) using the Galactic plane survey from the SPIRIT Il telescope
aboard the Midcourse Space Experiment, MSX. LVG calculations on H,CO, (Carey et al.
1998), give an average value of T < 20 K, n(H,)> 10° cm~2 and N(H,CO)~ 10%3-10%* cm~2
for IRDCs. Pillai et al. (2005) derive a kinetic temperature of 17 K for G19.30P1 and 15 K
for G79.3P1 from NH; (1,1),(2,2) data; typical values for H, column densities are 10%2—
10%%cm~2 (Carey et al. 2000).

G79.3P1 shows CH3OH emission only from the lowest energy levels in each band. The
CH3OH spectrum towards G19.30P1 is instead characterized by lines from levels higher in
energy, (2, —» 1, -E; 6 » 6_;and 5 —» 5., -E; 5, - 4,5, > 4 ,and 5, — 4, -E ),
which suggest a denser medium. Moreover the ground state lines (k=0 for A state and k=-1
for E) show Gaussian-like profiles with red and blueshifted wings.

G79.3P1is, thus, an example of a simple source, to be fitted by a single component, while the
more complex G19.30P1 region, needs at least a second component to fit the non-Gaussian
profiles. As input values, we used typical IRDC values, T = 20 K and n(H,)=10° cm~3,
N(CH3;OH) for A- and E-states have been chosen equal to 10'* cm~2 using N(H,)=10% cm~2
and assuming [CH3OH/H,]=10"°. The sizes of the CH3OH regions are based on BIMA
maps of CH;OH at 3mm (Wyrowski 2005), 32" for G79.3P1 and 12” for G19.30P1.
Figs. 1.12(a)-1.12(c) show the fitted spectra overlaid on the real data toward G19.30P1.

Av Tk n(Hy) N(CH30OH-A) N(CH3OH-E) source size de
(km st (K) (cm=3) (cm=3) (cm=3) (")
best fit
G19.30P1 3
core 3.0 44 108 7.5x101° 3x101° 5
outflow 10.0 24 1.8x105 2x10%° 2x10%5 12
1o fitrange
G19.30P1
core 25-320 1.2 x10°-310% 3.6 x101°-1.6 x1016 210%5-5 1015
outflow 18-61 45x104-310° 1.4 x10%5-3 x10% 1 x10%5-2.5 x10%°
best fit
G79.3P1 0.2
2.0 17 2.5x10° 7.9x1013 5.7x1013 32
1o fit range
G79.3P1

12-52 4x10%-7x10°  5x1018-1.3x10% 3.6 x1013-8.1 x10%3

Table 1.1: CH3OH model results.

Table 1.1 lists the best fit results and the 1o fit range for our estimates of Tk, n(Hy),
N(CH3OH)-A and E towards the two sources; for both sources, the fit gives temperatures
higher that what found by (Pillai et al. 2005) from NH; (2,2), (1,1), which trace only the
cooler, extended envelope, thus resulting in underestimate of Tx. Besides the satisfactory
agreement between data and fit (y,,= 3 for G19.30P1, y,,= 0.2 for G79.3P1), some lines,
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transition % T Tex T Tex
(GHz) (K) (K) (K)
core outflow core outflow
G19.30P1 G79.3P11
2,—1,-E 96739 -88x10! -7.2x10% -13.2 -8.0 -5.8x10!' -162.0
20— 1, —-A 96.741 1.0 4.7x107t 343 20.3 1.7x10' 13.0
20— 1,—-E 96.744 5.2x107* 2.3x107! 16.3 79 3.7x1072 8.4
2, —>1,-E 96.755 7.2x1072 2.3x107% 347 9.4
6p — 6.1 —E 157.048 3.1 2.8x107! 7.0 2.9
5 —54—-E 157.179 3.9 8.1x107! 7.4 29 5.2x1072 9.6
40— 4., —-E 157.246 4.3 2.1 7.7 31 1.5x107! 3.3
1o—-1,-E 157270 6.2x10°* 9.7x10'  26.0 6.5 1.8x10°! 6.8
30 —341-E 157272 4.1 1.6 8.0 3.6 2.8x107! 3.8
20— 2_4—-E 157.276 3.5 2.1 8.1 42 3.7x107! 45
5 — 4o —E 241.700 6.8x10™*! 9.7x102 374 115 1.4x107? 9.9
5,—-4.,-E 241.767 1.6 9.4x107t 413 137 1.2x107* 113
5 — 40— A 241.791 2.8 9.7x101 424 13.8 1.7x10' 114
5, > 4,-A 241.806 7.6x10°° 3.4x10°% 10.2 8.1
5,—4.,-A 241806 85x10° 3.7x107° 9.4 7.6

54,—>4,4—E 241813 8.6x10* 1.8x10°® 126 10.5
59 —44,—-E 241.829 1.8x10™* 9.7x1077 172 12.6
5 - 4;-A 241.832 1.3x107! 7.8x10*  19.8 13.2
5 —43-A 241.833 2.9x1072 6.4x10™* 116 17.8
59 =4, - A 241.842 3.3x107!  4.1x10™* 176 12.6
593 =43 -E 241.843 1.6x1072 1.2x10™* 172 12.1
53—43—E 241852 2.8x1073 2.6x10° 19.4 14.2
5 -4, -E 241.879 3.1x107! 1.3x10%  30.7 10.6
5 —-4,-A 241.887 2.2x107t  3.4x10™*  24.0 14.7
5,—4,-E 241902 13x10! 21x102 233 10.7
5 —=4,-E 241.904 3.9x10°! 19x102% 284 9.3

Table 1.2: Line parameters.

mostly the 2y — 1y band, are underestimated in intensities. This behaviour is more marked
for G19.30P1, for which the y? S. analysis does not allow a reliable estimate of temperature
due to the shallow property of the minimum. The source also shows a more complex structure
than G79.3P1. Therefore, we attribute these discrepancies mainly to the fact that real sources
are more complex than our model can represent, with a finite number of non-interacting
components, thus ignoring alignment, self-absorption, a gradual gradient of the parameters
within the source.

G79.3P1 offers, instead, a better agreement of the fit with the data, probably due to a less
complex structure. All the lines are well fitted by our model, eventhe 2_; — 1_; — E which
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Figure 1.10: x? square distribution in the [Tyin,n(H2)] plane toward G79.3P1. A black triangle marks
the minimum position, Twn=17 K, n(H,)=2.5x10° cm™3; stars mark the positions at which spectra
of Fig. 1.13 are taken, which are also labelled by numbers. Overlaid in black the 30, 20- and 1o
confi dence contours.

shows an unusual excitation.

Fig. 1.10 shows the y? distribution for G79.3P1 in the (Tn, N(H,)) plane at the column
densities derived for A- and E-species; 1, 2 and 3o confidence contours, computed from
the incomplete gamma function (see Press et al. 1992), are shown. Black stars mark the
positions within the 1o~ confidence contour for which spectra are shown in Fig. 1.13 along
with the best fit; even if the fits within the 1o~ range are still pretty good, major deviations
from the observations, mainly at 3 mm and 2 mm, occur. Since the fit solution falls in the
temperature range in which both the 2, — 1y and the 5x — 4y bands show a dependence on
density and temperature, for G79.3P1 the estimates of Tk and n(H;) and their uncertainties
correlate. This is not true at higher temperature, as in G19.30P1, where the bands have
a pure dependence on density. In the case of G79.3P1 we have also compared our LVG
results with a similar analysis under the LTE assumption. The agreement between data and
LTE fit is usually less satisfactory than in the LVG case, with y,,=7, particularly in the
Jo — J_; -E band at 157 GHz, which is a known Class Il maser series of lines, where the
predicted spectrum differs significantly from the measured data. The best fit under the LTE
approximation is found at T = 10 K and for similar values for column densities. The LTE fit
overlaid on the data is shown in Fig. 1.11.

1.3 Conclusions

Using a spherical LVG model to describe the molecular excitation, we have carried out a
detailed analysis of the tracing properties of CH3OH in the millimeter and submillimeter
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Figure 1.11: a: Best LTE fit, (Tin=10 K, N(CH30H-A)=7x10'® cm~2, N(CH30H-E)=4.6x10"3
cm~2) toward G79.3P1 (J2000 coordinates: R.A.= 20"327M21”.8, decl.= 40°20°08” ) overlaid on
the real data. For comparison the best LVG fit (Tin=17 K, n(Hz)= 2.5x10° cm3, N(CH3;OH-
A)=7.9x10" cm~2, N(CH30H-E)=5.7x10% cm~2) isshown in b.

spectrum. This is the first realistic systematic study exploiting methanol’s full potential as
an interstellar tracer.

We found that many millimeter line ratios are mainly sensitive to spatial density in the range
10°-108 cm~3, while in the submillimeter range a strong dependence on kinetic temperature
up to 150 K is found. These two results together strongly suggest the use of CH3;OH as tracer
of physical conditions in low-, intermediate, and high-mass star forming regions.

We have also presented an innovative way of analysing CH3;OH spectra which is based on
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a simultaneous fitting of all the lines observed towards a given position. The application of
this technique to two IRDCs, G19.30P1 and G79.3P1, has been discussed.
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Chapter 2

Class| methanol masers

The content of this chapter is based on Leurini, S., Menten, K. M., Schilke, P. to be submitted
to AGA

2.1 Introduction

Recent progress in the calculation of collisional rate coefficients has resulted in numbers that
now allow meaningful modelling of methanol (CH;OH ) excitation over a wide range of in-
terstellar conditions (Pottage et al. 2001, 2002). The preceeding paper in this series (Leurini
et al. 2004) describes model calculations we made using these coefficients. A Large Velocity
Gradient (LVG) method was employed to reproduce CH3OH observations of dark clouds
and constrain temperature, density, and CH3;OH abundance in such regions.

Here we describe calculations using the same program that were aimed to explain the pump-
ing of class | methanol masers (cIMMs). In the following section we give a review of cIMMs,
followed by a description of our calculations. We then discuss the physical conditions im-
plied by the maser observations in the context of our modelling results.

2.2 Phenomenology of class| methanol masers
Basic properties

As first realized by Batrla et al. (1987), CH3;OH masers come in two varieties, termed class |
and 1l by Menten (1991a,b). Class Il methanol masers (clIMMs) are closely associated with
young high-mass (proto)stellar objects and arise from the same regions of hot molecular
cores as hydroxyl (OH) masers, and are, like these (Cesaroni & Walmsley 1991), most likely
pumped by far-infrared radiation in dense (n ~ 107 cm~2%), warm (T ~ 150 K) gas. For
class Il CH;OH masers various, sometimes intricate, pumping schemes have been proposed
(Sobolev & Deguchi 1994a,b; Sobolev et al. 1997). We consider their inferred density and
temperature information as uncertain, since the excitation of these masers is likely to involve
radiative and collisional excitation to torsionally excited levels and their calculations were
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made before the newly calculated rate coefficients from (Pottage et al. 2001, 2002, 2004b)
were available. In contrast, as discussed in § 2.3, cIMMs! can be explained from basic
properties of the CH;OH molecule. For example, the propensity for Ak = 0 over Ak = 1
collisions causes molecules to preferentially de-excite down a k stack (see Fig. 2.1), leading
to a situation where, say, the lower levels in the k = —1 stack are overpopulated relative to
those in the k = 0 stack, resulting in maser actioninthe Jy=4_; —» 3p—Eand5_; — 49-E
transitions and enhanced absorption in the 2, — 3_; — E line, which in turn is the second
most prominent class Il maser line (see Fig. 2.2).
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Figure 2.1: Partia rotational level diagram of E-type (left) and A-type methanol (right). Known
class | maser transitions are connected by red arrows with frequencies indicated; cyan arrows connect
anti-inverted transitions. Note that all of the maser lines originating in the J = 2 E stack have
frequencies near 25 GHz. Higher J Jk-» — J-1E lines (with higher frequencies) have also found to
be masing (see Table 2.1) but are not shown here. The projection of the total angular momentum J
on the molecular axis quantum number is upper case K (0 < K < J) for A-type CH3OH and lower
case k (-J < k< +Jfor the E species.

Occurrence of class| methanol masers

cIMMs CH3;OH masers are frequently found in the general vicinity of intermediate and high-
mass star formation, but often significantly offset (up to a parsec) from prominent centers of
activity, such as infrared sources or compact radio sources (Menten et al. 1986). In some

1We loosely use the term “class | methanol masers” for, both, the maser transitions in question as well as
for the sources from which the emission arises.
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the CH30H 2, — 3_; — E line, while the other spectra show various maser transitions taken with
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regions, on parsec scales, masers of both types are found, which has led to some confusion
when studied at low spatial resolution with single-dish telescopes. However, in all such
cases interferometric observations clearly separate class | from class Il maser regions (see
Mehringer & Menten 1997, for the case of Sgr B2).

Low-mass star-forming regions (SFRs) seem to be largely devoid of class | and class Il
(Minier et al. 2003) methanol masers, although few such regions have been searched (see
below). The methanol-rich outflow in the L 1157 region, which is powered by an object of
luminosity, L, of 11L., where Kalenskii et al. (2001) detect maser emission inthe 5_; — 44E
transition, is an exception and motivates further searches in such regions.

The dearth of methanol masers in low-mass SFRs regions may be caused by the low
abundance of methanol; Friberg et al. (1988) found [CH3;OH /H,]~ 107° in cold (T ~ 10
K), quiescent dark clouds, prohibiting the build-up of large enough gain-lengths for strong
maser emission.

In the case of class Il masers the high CH3OH abundances, implied by analysis of ther-
mal transitions, are thought to result from evaporation of CH;OH off icy dust grain mantles.
These are known to contain large quantities of this molecule which are desorbed into the gas
phase at T 2 120 K (Sandford & Allamandola 1993).

In one source, DR 21, the class | masers are found in what appears to be the interaction
region between a powerful molecular outflow traced by shocked molecular hydrogen and a
dense clump traced by CS emission (Plambeck & Menten 1990). In the Orion-KL region,
too, the CH;OH masers show the same general distribution as shocked H, (Johnston et al.
1992).

A location in the (swept-up) interaction region of outflows with ambient material may be
a natural explanation for some of the observed properties of cIMMs. For once, the elevated
temperatures of the shocked material evaporate methanol off ice mantles, producing the el-
evated CH3;OH column densities necessary for observable maser emission. Moreover, the
facts that no high velocity cIMM emission is ever observed and the (generally few) observed
features are always clustered within a few km s~*around a region’s LSR velocity, v, sg, are
explained by the fact that paths moving perpendicular to the line-of-sight have the longest
velocity-coherent gain length and have, naturally, velocities close to v, sg.

2.3 Statistical equilibrium calculations

Up to now all previous studies on CH3;OH made use of collisional rates based on experimen-
tal results by Lees & Oka (1969) and Lees & Haque (1974). The selection rules they derive
show a propensity for Ak = 0 collisions and a dependence upon AJ as 1/AJ.

The Ak = 0 collisional selection rule and the spontaneous decays of the k = —1 ladder be-
ing much slower than J_; — (J — 1)_; radiative transitions overpopulate the k = —1 levels
relative to levels in the close k ladders and are responsible for the anti-inversion to occur in
the 2o — 3; — E transition at 12.18 GHz, (Walmsley et al. 1988), and for the class | masers
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4, - 390—-E, 36 GHz, and 5.; — 49 — E, 84 GHz ( see Fig. 2.1 ; Lees (1973), and the
references given in Table 2.1). Similar effects lead to an overpopulation of the k = 0 levels in
the A-state and explain the 7 — 6, — A, 80 — 7, — Aand 99 — 8; — A masers at 44, 95 and
146 GHz. However, the collisional rates from Walmsley et al. (1988) cannot reproduce the
class | maser series J, — J; — E at 25 GHz without an additional preference for the Ak = 3
collisions, suggested by the threefold symmetry of methanol, and the assumption that Ak = 2
collisions are forbidden, (Johnston et al. 1992).

We now describe the application of our model on the excitation of cIMMs.

2.3.1 Class | methanol masers.

As already discussed by Pottage et al. (2001), the calculations of the CH3;OH-He collisional
rates confirm a propensity for the Ak = 0 collisions, hence yielding to the same pumping
mechanism proposed by Lees (1973) for the A-typek =0 — k =1 and E-typek = -1 —
k = 0 masers. However, the Ak = 3 and Ak = 2 selection rules suggested by Johnston et al.
(1992) are not reproduced and the Ak = 2 collisions are almost as strong as the Ak = 3 (see
Fig. 2.3).
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Figure 2.3: Scatter plot showing the rate coefficients for de-excitation transitions in the ground state
of E-type at 30 K, asfunction of |AK| = |K¢ — Kij].

To explain the maser action in the J, — J;E at 25 GHz, we have performed a deeper
study on these transitions; the simplest system in which inversion of the 2, — 2,E line oc-
curs is a four level-system involving the 1_4, 24, 2; and 2, E levels, (see Fig. 2.4), where
only collisions and spontaneous decays are taken into account. Although collisions from the
ground state equally populate the 2, and 2, E levels, the lower level is more fastly depop-
ulated by spontaneous decays than the upper, (as a direct consequence of the dependence
of the Einstein coefficients on the frequency, A;j o« v?j, spontaneous decay from the 2; level
to the 2, is several times stronger than that from 2, to 2,), resulting in the inversion of the
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Figure 2.4: Pumping mechanism of the 2, — 2;E class | maser. The dashed lines mark collisional
trangitions, the full lines the radiative ones. A green line connects the levels involved in the maser
line. Collisional rates and Einstein coefficients taken into account in the calculations are also listed.

2, — 24E transition. The same consideration is valid for the other J, — J,E lines.
Extending the calculations to the levels up to (J, K) = 9, we have modelled several observed
class | masers in a range of physical parameters typical of interstellar clouds. Results at a
kinetic temperature, Ty, of 80 K and a methanol column density, N(CH;OH), of 10'° cm=2
are shown in Fig. 2.5(a)-2.5(b). A quite interesting result of our calculations is that, while
the maser action in the J, — J; — E series has a maximum around 107 cm~2 and at densi-
ties higher than 108 cm~3 is quenched, the other class | methanol transitions mase at lower
densities (10%-10 cm~3) and are then quenched. Hence the detection of maser action in the
class | maser transitions can be used as a density indicator.

Similar results are found at different temperatures and methanol column densities: the depen-
dence on the spatial density in the maser action does not change; however, their intensities
decrease with the temperature and the column density.
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Figure 2.5: a: Line optical depths of several class-| maser transitions of A- and E-type CH3OH as
function of density; b: line optical depths of the Jy-» — J-1E series of class-| maser transitions of
E-type CH3OH as afunction of density.

2.3.2 Anti-inversion in the 29 —» 3; — E, 5; = 69 — A" methanol transi-
tions.

Several observations (Batrla et al. 1987; Walmsley et al. 1988; Whiteoak & Peng 1989;
Menten 1991b) reveal that the 2o — 3; — E at 12.18 GHz and the 5; — 6, — A* at 6.67 GHz,
strong class Il methanol masers, can be anti-inverted. Absorption in these two lines can
happen not only in sources with a significant continuum, but also against the microwave
background. Walmsley et al. (1988) therefore concluded that high kinetic temperatures and a
strong infrared radiation field are prerequisites for maser inversion in class Il masers. Models
of class I lines (e.g. Cragg et al. 2002) confirm this idea.

We have carried out statistical equilibrium calculations for both the lines, to investi-
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gate their excitation mechanism; as already noticed by (Walmsley et al. 1988), at least the
12.18 GHz line, can be a tracer of dense, cold dark clouds.

Figs.2.6(a)-2.6(d) show the line temperature as function of the H, density for different methanol
column densities, at 10 and 50 K, for both the 2, — 3; — E transition, left panels, and the
5, — 6o — A" line, right panels. The anti-inversion in the 2o — 3; — E line happens at low
densities; thermalization starts around 10® cm=3. The absorption temperature increases with
methanol abundance and kinetic temperature.

The absorption in the 5; — 6, — A" line has the same behaviour of the 2, — 3; — E line as
function of temperature and methanol column density. However the anti-inversion happens
at higher densities (n(H,) > 10* cm™3).
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Figure 2.6: The brightness temperature of the 20 — 3; — E transition (a,c) and of the 5; — 6y — A*
one (b,d) as function of the H, density at 10 and 50 K. The blue solid line shows the results of our
calculations for N(CH3OH )/Av=2 10 '3 cm~2/(kms 1), the green one for N(CH3OH )/Av=2 10
cm~2/(kms 1), the black one for N(CH3OH )/Av=2 10 '®> cm~2/(kms ~1).
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2.4 Outlook

A pragmatist might ask “But what are these maser good for?” Having line luminosities
around a few 10* photonxs™, cIMMs clearly are completely unimportant energetically.
Possibly their most important “use” is the signpost effect, marking the chemically interesting
interaction regions of high velocity outflows and dense ambient material. Apart from that,
if a one-to-one relation of cIMMs and outflows could be established, the former would be
efficient outflow tracers, not affected by interstellar extinction, which has dramatic effects in
embedded sources as the high mass star forming regions and renders, e.g., the central portion
of the DR21 outflow invisible even at (near-)IR wavelengths.

Historically speaking, outflow activity in SFRs was first postulated to explain high veloc-
ity H,O maser emission (Strelnitskii & Sunyaev 1972), long before high velocity CO (Snell
et al. 1980) or H, (Beckwith et al. 1978) outflows were detected. That an outflow interpre-
tation was not proposed earlier for the Orion cIMMs, may be caused by their low (radial)
velocities.

Finally let us ask, whether it would be possible to measure cIMM proper motions, which
would unequivocally prove their outflow nature. For the case of Orion-KL, let us assume (1)
transverse velocities of 200 km s~*(which Herbig-Haro-objects associated with the outflow
have; Jones & Walker (1985), (2) that the maser spots NW of the outflow centroid move
in the opposite direction as those to the SE of it, and (3) that one repeated the A-Array
observations made by Johnston et al. (1997) in 1990 now, 14 years later. Then these groups
of maser spots would appear with a 2 x 200 x 86400 x 365 x 12 = 1.5 x 10''kms, or 1009
AU, larger separation. At Orion’s distance, D, of 450 pc, this corresponds to an increase in
the angular separation of 2”2, which would be very easy to measure.
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Transition Frequency (MHz) Lab. Ref. Astronomical Reference

9,—-8,-E 9936.202(4) L2 A28

3 -3 -E 24928.700(50) L1 Al12,A20

4, - 4, -E 24933.468(2) L1 Al1,A6,A8,A12,A20

2, > 2, —-E 24934.38295) L1 A7,A12,A17,A20

5 —5-E 24959.080(2) L1 Al,A6,A12,A17,A20, A24

6, > 6, - E 25018.123(2) L1 Al, A2,A3,A17,A20 A4* A5 A6,A7,A8, A9 AL2,
A13,A17,A20,A24,A26* ,A36,A38*,

7, —>7,—-E 25124.873(2) L1 Al, A2, A3,A17,A20

8 —>8 -E 25294.411(3) L1 Al,A6,A17

9, -9, -E 25541.398(50) L3 Al2,A32

12, - 12, - E  26847.237(50) L3 A32

14, —» 14, — E  28169.47(50) L3 A32

15, —» 15, — E  28905.812(50 L3 A32

16, —» 16; — E  29636.940(50) L3 A32

4, -53,-E 36169.262(50) L3 A4,A9,A10,A13,A19,A25A26,A27,A33

79 — 61 — A* 44069.49(5) L3 A4, A9, A10,A13,A21,A22,A26,A30,A34,A37

51—-4,-E 84521.21(5) L3 Al4,A26, A4l

8y — 7 — A" 95169.44(5) L3 Al1,A18,A23, A26,A29,A31

6.1 —>5-E 132890.79(5) L3 A26,A35,A39

99 — 8, — A* 146618.82(5) L3 A26

NOTES — References are in chronological order. Numbers in parentheses appended to laboratory references are uncertainties in the
last significant digit(s), Laboratory references are: L1: 1974ApJ...191L..99G; L2: Breckenridge & Kukolich (1995); L3: Xu & Lovas
(1997), retrieved from the Cologne Database for Molecular Spectroscopy (Miiller et al. (2001); http://www.ph1.uni-koeln.de/vorhersagen/).
Astronomical references presenting interferometric observations are given in italics, theoretical papers in boldface. Theoretical references
discussing various of the J, — J; — E transitions are only listed for the 6, — 61 E transition and are marked by an asterisk. Astronomical
references are: Al: Barrett et al. (1971); A2: Chui et al. (1974); A3: Hills et al. (1975); A4*: Pelling (1975); A5: Barrett et al. (1976)
(VLBI); A6: Barrett etal. (1975); A7: Buxton et al. (1977); A8: Matsakis et al. (1980); A9: Sobolev & Strelnitskii (1983); A10: Morimoto
etal. (1985); A11: Nakano & Yoshida (1986); A12: Menten et al. (1986); Zeng et al. (1987); Al4: Batrla & Menten (1988); A17: Menten
et al. (1988b,a); A18: Plambeck & Wright (1988); A19: Haschick & Baan (1989); A20: Menten & Batrla (1989); A21: Haschick et al.
(1990); A22: Bachiller et al. (1990); A23: Plambeck & Menten (1990); A24: Johnston et al. (1992); A25: Kalenskii et al. (1992); A26*
Cragg et al. (1992); A27: Haschick & Baan (1989); A28: Slysh et al. (1993); A29: Kalenskii et al. (1994); A30: Slysh et al. (1994);
A31: Val'Tts et al. (1995) ; A32: Wilson et al. (1996); A33: Liechti & Wilson (1996); A34:Mehringer & Menten (1997); A35: Slysh et al.
(1997); A36: Johnston et al. (1997); A37: Kogan & Sysh (1998); A38: Sobolev et al. (1998); A39: Slysh et al. (1999); A40: Val’tts et al.
(2000); A41: Kalenskii et al. (2001)

Table 2.1: Known interstellar class | methanol maser transitions. (2003 May).
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Chapter 3

Modelling of high mass star forming
regions

The content of this chapter is based on Leurini, S., Schilke, P., Wyrowski, F. and Menten,
K. M. to be submitted to AGA

3.1 Selection of the sample

As discussed at the beginning of this thesis, the earliest stages of high-mass star formation
are still poorly understood. One of the main open question is which densities and temper-
atures characterize the different evolutionary stages. In chapter 1, the tracing properties of
CH3OH have been discussed, reaching the conclusion that CH3OH is indeed very useful as
a prober of physical conditions in star forming regions in all mass regimes.

However, given the formation in cluster mode of high-mass stars and their average distance
of a few kpc, in order to investigate this problem and to get around the confusion of the
cluster, investigations at high resolution and high frequency are essential, to zoom in the
innermost regions of high mass star forming cluster and to investigate the individual proto-
stellar dust condensations in the continuum and the hot, dense gas within the evolving cores
in molecular line emission. Studies of a few samples of HMPOs (Molinari et al. 1996, 1998,
2000; Sridharan et al. 2002; Beuther et al. 2002b,c,d) had been recently very successful in
discovering objects in the, so far, earliest phases of massive star formation and are begin-
ning to shed light on the details of star formation process; howevernot being homogeneous
in distance, few sources of these databases are good candidates for high spatial resolution
studies. Current interferometers are indeed limited in resolution to ~0.5”, that corresponds
to 500 AU at a distance of 1kpc, which is about the size of massive protostellar disks one
expects.

With these two problems in mind, investigating the physical conditions of high-mass star
forming regions and defining a sample of sources well suited for interferometric follow—-up
observations, we have selected 13 sources from two databases of protostellar candidates,
the infrared-dark clouds sources studied by Carey et al. (1998) and the HMPOs sources
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from Sridharan et al. (2002). The infrared dark clouds have been chosen on the basis
of the largest extinction. For the HMPOs sources from Sridharan et al. (2002), prelim-
inary CH3OH observations had already been performed by these authors: we therefore
selected sources with strong CH3OH emission. The final sample for our CH3;OH multi-
frequency study is presented in Table 3.1. With few exceptions (G28.34+0.06 and G33.71-
0.01, IRAS 23139+5939, IRAS 18310-0825 and IRAS 18182-1433), the sources are at less
than 4 kpc and are therefore an interesting sample for follow-up interferometric observations.

source R.A. Dec. R.A. offset Dec. offset vy d

[J2000] [J2000] ["] ["] [km/s] [kpc]
Infrared Dark Clouds

G11.11-0.12P1 181028.40 -192229.0 0 0 29 3.62
G19.30+0.07P1 182558.50 -120359.0 0 0 26 2.28
G28.34+0.06 P1 184250.70 -040316.0 0 0 78 4.82
G33.71-0.01 1852 59.10 +004232.0 0 0 104 7.22

G79.34+0.3P1 203221.80 +402000.8 0 0 0.1 12

High Mass (Proto)stellar Objects

18089-1732 181151.3 -173129.0 3.2P 0.1P 34 3.6¢
18151-1208 181757.1 -120722.0 13.2P —4.9° 33 3.0d
18182-1433 1821079 -143153.0 19.0° 4.2b 59 4.5¢
18264-1152 182914.3 -115026.0 5.1P 3.7° 44 3.5¢
18310-0825 18 3347.2 -082335.0 10.9° -10.6° 84.4 4.9

19410+2336 1943114 +234406.0 -6.8P 4.0° 22 2¢
20126+4104 2014 26.0 +411332.0 -1.5b 2.0° -4 1.7¢
23139+5939 2316 09.3 +595523.0 -2.7° -10.1° -45 4.8°

& Carey et al. (1998)

b Beuther et al. (2002b)
¢ Bontemps, priv. comm.
d Sridharan et al. (2002)
€ Wilking et al. (1989)

Table 3.1: The sample

3.2 Linesdection

In § 1.1.4, we have analysed several CH3OH transitions and determined their properties as
tracers of physical conditions in the interstellar medium. Our main results are that transitions
in the centimeter and millimeter spectrum are mainly density probes; however, when sub-
millimeter lines are available, or when complete bands of lines with different energies and
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excitation ranges are observed, information on kinetic temperature can be obtained. In chap-
ter 1, only transitions where no maser action has been detected or predicted by excitation
models have been studied. However, important informations on the physical conditions of a
source can be derived also by observing masing transitions, as discussed in § 2.3. Moreover,
in 8 3.4 we will discuss how the torsionally excited lines are fundamental probes of kinetic
temperature in sources where infrared radiation fields are not negligible.

Therefore, we performed observations towards the sources in our sample in the:

e J, — J_; band at 25 GHz, which is sensitive to the spatial density;
e Jo — J_; band at 157 GHz;

e 2 — 1 and the 5 — 4« bands at 96.7 and 241.7 GHz, which are mainly tracers of
densities higher than x10° cm~ and have a weak dependence on temperatures up to
15 K;

e 7 — 6y at 338 GHz, which is sensitive to both kinetic temperature and spatial density,
with some examples of pure density tracers (k = 0, +1);

e 2 — 1, vi=1and the 5, — 4y v;=1 bands at 96.5 and 241.2 GHz, which are sensitive
to the radiation field and therefore to the kinetic temperature;

o 2, — 1, Jo — J_; and J3 — J, B CH3OH series at 94.4 GHz, 156 GHz and 255 GHz,
respectively, to have a reliable estimate of the optical depth.

3.3 Observations

3.3.1 Effelsberg 100 m

The J, —» J_; — E band at 25 GHz was observed during winter 2001 and autumn 2002
with the MPIfR 100 m telescope near Efffelsberg, in frequency switching mode. Conversion
factors from counts to antenna temperature are provided by the receiver group at different
frequencies; corrections for elevation are taken into account using the gain elevation curve
by Dr. Alex Kraus. The flux calibration was checked measuring W3(OH) and NGC7027.

332 IRAM30m

The IRAM 30 m telescope was used in summer 2002 and January 2003 to observe our sample
at 96 GHz, 157 GHz and 241 GHz in the 2 — 1, Jo — J_; and 5y — 4, CH3OH series; this
setup allows also the simultaneous observation of the 2y,,-; — 1k-1 at 96.5 GHz. Nine-
point maps with a spacing of 6”” were performed toward each source to cover the 3 mm beam
of the telescope with the 2 mm and 1 mm beams (at 96 GHz the resolution of the 30 m
telescope is approximately 25”, 15 at 157 GHz and 10” at 241.7 GHz). The observations
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Figure 3.1: Partia energy level diagram for CH30H —E, with v;=0,1 levels. Transitions observed
during our observations are marked.

were done in the wobbler switching mode, with the wobbler switching in azimuth of 240"
between the ON and OFF positions. To have a reliable estimate of the optical depth, the
J; — J, B3CH3OH series at 255 GHz has also been observed, simultaneously with the main
isotopologue. For IRAS 18089-1732, additional data in the 5 — 4, CH3OH series in the
first torsionally excited level have been taken with the same observing strategy as for the
ground state lines, simultaneously with the 2, — 1, Jo — J_; *CH3OH series, at 94.4 GHz
and 156 GHz, respectively.

3.3.3 Caltech Submillimeter Observatory (CSO)

In May 2004, the CSO 10.4 m telescope on Mauna Kea, Hawaii, was used to observe the
7« — 6 CH3OH series at 338 GHz. However, due to very poor weather conditions, only
observations toward one of the sources, IRAS 18089-1732, were performed. Flux calibration
is obtained by observing URANUS.
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CH;0OH

source Jo—-Jdq 2t-1 20-10 Jo-J; S5¢—4 Tc—6c 5.-4
G11.11-0.12 P1 - + + +
G19.30+0.07 P1 + -
G28.34+0.06 P1 - -
G33.71-0.01 - -
G79.3+0.3P1 -
18089-1732
18151-1208
18182-1433
18264-1152
18310-0825 -
19410+2336 -
20126+4104 - -
23139+5939 - -

13CH,;0H
source k=1 Jo—-J1 J3-Jo
G11.11-0.12P1 -
G19.30+0.07 P1 -
G28.34+0.06 P1 -
G33.71-0.01 -
G79.3+0.3P1 -
18089-1732 + + +
18151-1208 -
18182-1433 +
18264-1152 +
18310-0825 -
19410+2336 -
20126+4104 -
23139+5939 -

+ + + +
+ 4+ A+ A+t
I S e e e e =
+ 4+ 4+t

Table 3.2: Overview of the observations: + shows detections, — non-detections and ? tentative
detections. Empty space indicates non-observations.

3.4 CH30OH Analysis

Recently, Leurini et al. (2004) have investigated the diagnostic properties of CH;OH over
a range of physical parameters typical of high-mass star-forming regions, finding CH;OH
to be a good tracer of high-density environments and sensitive to the kinetic temperature.
However, the level dataset is incomplete in energy above 100 K and does not ensure reliable
results for sources with temperatures higher than 50 K. We here extend their calculations
to a dataset better suited to the study of more evolved sources, as some HMPOSs in our
sample do show signs of hot core formation, indicated by the detection of typical hot core
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molecules (CH3OCH3z and HCOOCHg3, Leurini & Schilke 2005). Our new analysis includes
all the levels up to (J=14, k=13) in the torsional ground state and up to (J,k)=9 for the first
torsionally excited state. The new level dataset is shown in Fig. 3.2 for energies up to 700 K.

CH;0H E-Type Levels
C | T T T T | T T T T | T T T T | T T T T |
700 | 9. 9 =
v Eg—ii
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Figure 3.2: Energy levelsfor the E-symmetry state of CH3OH with an excitation energy of lessthan
700 K: in red, levels for which CH3OH -He collisiona rates have been computed by (Pottage et a.
2002) for the v;=0; in green, levels for which CH30H -He collisiona rates have been extrapolated;
in blue, vi=1 levels for which collisional rates have been computed by Pottage et al. (2004b) at 20 K
and which have been then extrapolated at higher temperatures.

Transitions within the v;=1 state are included as well as transitions between the v;=1 and
the ground state. Collisional rates for (J,k)>9, v;=0 have been extrapolated from the results
of (Pottage et al. 2002), using the propensity rules derived from the (J,k)<9 levels.
Collisional coefficients for CH;OH —A and —E species in vi=1 with He have been recently
computed by (Pottage et al. 2004b) at low temperature. They found the cross sections for
the torsionally inelastic transitions (Av; + 1) to be typically two orders of magnitude smaller
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than for torsionally elastic transitions (Av; = 0) and characterised by no propensities rules.
We scaled their results for torsionally elastic collisions to higher temperatures by a factor
(T/To)¥? (Flower, priv. comm.) and assumed the torsionally inelastic collisions to be two
orders of magnitude smaller than rotationally inelastic transitions within v;=0. The Large
Velocity Gradient (LVG) method with spherical geometry, in the derivation of de Jong et al.
(1975), has been used for solving the radiative transfer equations. An external radiation
field, described by a diluted grey—body, equation 3.1, has been included in the model, since
infrared pumping plays a major role in the excitation of the torsionally excited levels.

Jet = WX J(Tg)(l-—e™) (3.1)
with
y B
Td, = Tdy X (—) (32)
Vo

J(Tq)=[exp(hv/kTq4) — 1] *and w is a dilution factor. The optical depth of the dust, 7g, is
given by a power law of the frequency, (see equation 3.2); 8 is known to range between 1.75
and 2.5 between the Orion photo—dominated region and the ridge (Lis et al. 1998), while a
mean value of 2 is found in massive star forming regions (Molinari et al. 2000). However,
recently several authors (Natta et al. 2004; Beuther et al. 2004b; Natta et al. 2004) have re-
ported B lower than the canonical value of 2 in HMPOs.

Since an external radiation field has been used only for the hottest, probably more evolved,
sources of our sample, a fix value of 2 has been adopted for our model when no other infor-
mations from the literature were available. Following Kriigel & Walmsley (1984), dust and
gas are assumed to be coupled at high density, (n > 10% cm=3).

Even if several CH3OH lines show sensitivity only to spatial density and others to temper-
ature, with several cases of dependence on both, when zooming into the inner regions of
a cloud, close to the central massive protostars, infrared radiation fields are not negligible
and degeneracy between collisions and the IR radiation field in the pumping of the energy
levels is a known phenomenon (for CS see Carroll & Goldsmith 1981; Hauschildt et al.
1993): IR vibrational pumping is shown to mimic the effect of excitation by collisions (see
Fig. 3.3(a)). However, a promising way to break the degeneracy is by observation of vi-
brationally or torsionally excited lines, as, with very high critical densities (10%°-10* cm=3)
and high level energies (T> 300 K in the case of CH3OH ), they are hardly populated by
collisions (Fig. 3.3(b)), but trace the IR field instead. Therefore, for the hotter sources of our
samples, reliable determinations of density and kinetic temperature are possible only when
observations of v;=1 bands are available.

Another problem of degeneracy is found in the IR radiation field, when fitting the spectral
energy distribution of the dust. Here the degeneracy happens between the dilution factor w,
the dust temperature T4, the spectral index 8 and the reference optical depth of the dust at
100um. Our data, the CH3OH v;=1 transitions, are sensitive only to the dust spectrum around
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Figure 3.3: Fig. 3.3(a)- 3.3(b) illustrate how excitation by collisions mimics the effect of IR vi-
brational pumping in populating the vi=0 CH30H levels. In grey scale synthetic spectra when pure
collisional pumping (n(H2)=10% cm=3, no radiation fi eld) is populating the w=0 levels (a) and the
vi=1 levels (b); the black line shows the synthetic spectra for the same levels when only the IR ra
diation fi eld is pumping the system, (n(H;)=10° cm2, radiation fi eld given by a diluted grey—body,
wWI(Ta)(1 — exp[r100.m(¥/v100,m)°], Ta=190 K, w=1, T100,m=1.5, 5=1.8). While the ground-state
spectra are virtually indistinguishable, the vi=1 spectra show how inefficiently the pure collisiona
pumping excites the torsionally excited levels.
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40um and, even though for some sources of the sample several observations throughout the
millimeter/infrared spectrum are available, combining data with such different beam sizes is
not easy. Solving the degeneracy between these factors is therefore impossible and chang-
ing these parameters in the model has the only physical meaning of changing the number of
photons which excite the torsional levels.

The fitting procedure used to analyse the CH3OH data is described in Leurini et al.
(2004); free parameters are the kinetic temperature and the spatial density of the gas, the
CH3;OH-E and —A column densities and source sizes. Source sizes from interferometric
CH3OH data are used when available, otherwise sizes from dust emission maps are taken as
initial guesses. For sources for which we have *CH;OH data, these data have been included
in the fit assuming a fixed abundance ratio between the isotopolouges. For the warmest
sources of the sample, lines are expected to be optically thick, at least in the less excited
transitions. By fitting optically thick lines, the derived physical parameters are the ones
where the gas becomes opaque, while optically thin lines will reflect the conditions in an
inner region. Therefore, when **CH;OH and *?CH3;0H v,=1 are observed, results from their
fit are expected to be more relevant to the source interiors that what derived from the analysis
of 2CH;OH optically thick lines.
13CH;0H level populations and its spectra are computed with the same technique described
for 22CH30H ; linestrengths and rest frequencies are from the Cologne Database for Molec-
ular Spectroscopy, (http://www.cdms.de, Muller et al. 2001), which includes new measure-
ments by Xu & Lovas (1997). Collisional rates for **CH;OH are not available, therefore
the coefficients for >*CH3;OH have been used for the calculations. Relative abundance of
12CH;0H and 3CH;OH has been estimated using the isotopic ratio 2C/*3C listed by Wilson
& Rood (1994) as function of the distance from the Galactic center and range from 89 in the
Solar system to 20 in the Galactic center region.

3.5 Modd Resaults

In the following sections our model results are discussed within the context of the known
properties of each source. Using the Stefan-Boltzmann formula and a spherical geometry,
best fit model results have been used to compute gas mass, H, column density, CH3;OH abun-
dance and luminosity for each component along the line of sight for all the sources. In order
to compare our results with literature, H, column density and CH;OH abundance are given
as sum over the components, weighted by the different beam filling factor. Estimation of
luminosities and gas masses needs some knowledge on the morphology of the source; if the
different components simply happen to be in the beam of the telescope but do not radiatively
interact, then each component has its own luminosity and gas mass which do not depend on
the others. On the other hand, if they interact radiatively, having for example a concentric
structure, the masses of the outer components have to be corrected for the contribution from
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the inner part. For the luminosity, this correction is even more complicated as the inner re-
gion heats the rest of the sources. Therefore luminosities, masses and methanol abundances
derived from our CH3OH analysis listed in Table 3.4 are given for each component without
any corrections for the others.

Table 3.3 lists the physical parameters obtained for each component in each source. At the
end of this section, the methanol synthetic spectra obtained from our models are overlaid on
the observations. Optical depths and brightness temperatures for each line in each compo-
nent are also listed. In Table 3.5, the 1o range for our estimates of Ty, n(H;), N(CH3;OH
—A) and N(CH3OH —E) are given. Ranges for H, mass and column density, luminosity and
methanol abundance are derived from these values and listed in Table 3.5. Fig. 3.4 show the
x?2 distribution in the [Tk,n(H,)] plane for IRAS 18264, for each component. As discussed in
chapter 1, sources in which only the less excited transitions are detected do not allow a good
estimation of temperature, while the analysis on the CH3OH spectra give reliable values of
the spatial density. Fig. 3.4(a)- 3.4(b) show how the y? distribution for the first two compo-
nents fitted in IRAS 18264 has a strong dependency on the density, but at least two solutions,
at different temperatures, can be found. Here, the second minima at 200 K can be excluded
because the derived luminosities would be much higher than what observed (L~ 6 x 107 Lo).
On the other hand, the y? distribution of the third component has no dependence at all on the
density, but only on the kinematic temperature.
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AV Tk n(Hy) N(CH3OH-A) N(CH3OH-E) sourcesize x2,

(kms™) (K) (cm®) (cm) (cm) ()

G11.11-0.12P1 2.2

1 comp. 47 160 15x10° 8.6 x10% 8.1 x10% 12.4

2 comp. 17 400 3.0x10° 6.0 x10'° 6.0 x10%° 3.0

G19.30+0.07 P1 17

1 comp. 150 154 1 x10° 2.7 x10% 2.7 x10% 125

2 comp. 35 593 2 x10° 8.6 x10% 7.5 x10% 6.0

(G28.34+0.06 P1 4.4

1 comp. 2 10 4 x10* 2.2 x10% 2.2 x10% 19

2 comp. 9 37 35x10° 1.5x10% 1.5x10%° 13

3 comp. 25 37 475x10° 2.8 x10'° 1.6 x10%° 8

G33.71-0.01 4.3

1 comp. 8.0 147 6.4x10% 5.5 x10% 5.5 x10% 19

2 comp. 2.8 31 6.7x10° 8.9 x10™ 7.7 x10* 11

G79.34+0.3P1 14

1 comp. 20 172 2. x10° 7.8 x1018 7.6 x10%3 32.0

18089-1732 21

1 comp. 40 208 3.2x10°8 3.5x10% 3.0 x10% 85

2 comp. 31 60 9.0x107 4.0 x10" 4.0 x10 1.7

3 comp. 32 300 1.0x10° 9.0 x10Y 9.0 x10Y7 0.7

18151-1208 1.7

1 comp. 31 29 57x10° 1.9 x10™ 1.9 x10™ 20.0

2 comp. 3.2 66 6.9x10° 4.2 x10% 4.0 x10% 3.2

18182-1433 17

1 comp. 9.0 19.1 3.8x10° 3 x10% 3. x10% 24

2 comp. 28 321 1.7x10° 8.4 x101 84x104 134

3 comp. 3.2 56.7 4 x10° 7.4 x10'6 7.4 x10'6 3.0

18264-1152 38

1 comp. 75 228 29x10° 1x10% 8 x10* 17

2 comp. 25 50 6 x10° 3.2x10% 3.2 x10% 9

3 comp. 3.6 90 2.5x10° 1.3 x10'6 1.3 x10'6 4

18310-0825 1.9

1 comp. 24 17 2 x10° 2.7 x10% 2.2 x10% 18.5

1941042336 3.7

1 comp. 30 186 1.7x10° 4.6 x10* 4.0 x10% 20.0

2 comp. 32 528 50x10° 4.7 x10% 4.7 x10% 5.0

20126+4104 14

1 comp. 44 364 1.7x10° 2.5 %101 24x104 150

2 comp. 6.0 778 1.9x107 2.0 x10% 1.9 x10v 1.2

23139+5939 24

1 comp. 100 17 2.1x10° 3.7 x104 2.7 x10% 19.5

2 comp. 3.7 37 2.7x10° 1.9 x10'° 1.9 x10%° 8

Table 3.3: CH30H mode! results.
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Figure 3.4: In grey scale the y? distribution in the [Ty ,n(H;)] plane for the three components in
IRAS 18264 (fi rst component in a, second in b, third in ). The black contour show the 1o- confi dence
contours; ablack triangle mark the best fi t position.
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source L M N(Hz)  [CH3OH ]/[H2]
(10%L,)  (Me) 102 cm™2

G11.11-0.12P1

1 comp. 0.1 39 1 2x1078
2 comp. 0.3 1 0.5 3x1077
(G19.30+0.07 P1

1 comp. 0.0 6 0.4 1x1077
2 comp. 22 1 0.4 4 x1077
(G28.34+0.06

1 comp. 0.1 89 0.5 9 x107°
2 comp. 7.7 26 0.3 9x10°8
3 comp. 28 124 4 1x108
(G33.71-0.01

1 comp. 09 480 1 8 x107°
2 comp. 59 974 8 2x107°
G79.34+0.3P1

1 comp. 0.1 24 1 1x107°
18089-1732

1 comp. 0.2 268 15 4 x107°
2 comp. 0.5 60 82 1x1077
3 comp. 52.3 5 38 5x10~7
18151-1208

1 comp. 26 360 5 7 x1071°
2 comp. 1.8 18 10 8 x107°
18182-1433

1 comp. 1.6 1401 6 1x107°
2 comp. 3.9 1091 15 1x107°
3 comp. 19 29 8 2 %1077
18264-1152

1 comp. 1.0 179 3 7x107°
2 comp. 6.3 55 3 2x1078
3 comp. 13.1 20 5 5x1078
18310-0825

1 comp. 0.7 417 3 2 x107°
1941042336

1 comp. 0.2 32 1 9x107°
2 comp. 0.8 15 8 1x1078
20126+4104

1 comp. 12 83 7 7 x1071°
2 comp. 0.2 1 6 6 x1077
23139+5939

1 comp. 08 504 3 2x107°
2 comp. 3.0 45 2 3x10°8

Table 3.4: Luminosity, gas mass, H, column density and CH3OH abundance derived from the anal-
ysis on the CH3OH spectra.
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G11.11-0.12
1 comp.

2 comp.
G19.30+0.07 P1
1 comp.

2 comp.
G28.34+0.06
1 comp.

2 comp.

3 comp.
G33.71-0.01
1 comp.

2 comp.
G79.34+0.3 P1
1 comp.
18089-1732
1 comp.

2 comp.

3 comp.
18151-1208
1 comp.

2 comp.
18182-1433
1 comp.

2 comp.

3 comp.
18264-1152
1 comp.

2 comp.

3 comp.
18310-0825
1 comp.
19410+2336
1 comp.

2 comp.
20126+4104
1 comp.

2 comp.
23139+5939
1 comp.

2 comp.

Tk
(K)

11-45
14-69

10-36
11-40
19-78
21-45

11-70
663

12-30
10-30

150-320

17-47
27-180

8-30
8-40
32-71
4-31
34-65
30-122

12-27
27-87
20—

45—

18-45

n(Hz)
(cm=3)

2x10%-3x10°

2x10%-2x10°
2x10%-2x10°

9x103-1x10°
1x10%-9x10*
2x10°-3x10°

1x10%-1x10°
2x10°-2x10°

6x10%—4x10°

5x10°—6 x 108
1x108-1 x 108

2x10°—2x108

1x10°—1 x 108
9x10%-2 x 108
5x10%—1 x 108

2x10°-7x10°
2x10°—1x108

7x10%-4x10°

3x10°-3x108

2x10°-1x107

3x10%-1x10°
1x10°—6x10°

N(CH3OH-A)
(cm=2)

4x1014-1x10%°
9x1083—1x10%"

7x1014—6x1015
3x1015-3x1016

1x1014—7x101
1x1015-3x101°
1x1015-5x101°

5x1014-1x1015
5x1014-1x1015

4%1013-9x1013
1x1015-6x101°
7x1016—8x10%7
4x107-1x1018

1x1014—4x1014
1x1018-7x1015

1x1014—6x1014
1x1014-9x1014
7x1015-8x10%7
6x1014-2x1015
2x1015-7x10%
2x10%5-3x1016

1x1014—4x101

2x1015-9x10%5

1x1013-1x10%°
4x10'6-4x1018

2x1014-5x1014
9x1014-3x1015

N(CHzOH-E)
(cm=2)

3x10M-1x10%°
4x1014-4x1016

7x1014-4x10%5
4x1015-1x106

1x1014—7x10™
1x1015-4x1015
9x1014-3x10%5

2x1014-8x10%
5x1014-1x10%5

4x1013-9x1013
1x10%5-5x10%°
7x1016—8x10%7
4x1017-1x10'8

1x1014-3x1014
2x1015-8x101°

1x1014-5x1014
1x1014-9x1014
3x1016—3x10%7
6x1014-1x10%
2x1015-4x101°
8x1015-2x1016

1x1014-3%10™

3x1015-6x101°

9x1013-4x10
4x1016-4x10'8

1x1014-5%10™
1x1015-4x1015

L
(10*Lo)

0.03-8
0.01-3

0.01-1.3

0.5-151
0.3-6

0.3-460
0.01-100

0.02-0.8
0.01-0.8

3-68

0.3-18
0-100

0.02-3
0.05-30
0.2-5
0-3
1-18
0.2-44

0.2-4

0.1-6

0.1-
0.02—

—65
0.2-6

1-12
0.1-13

7.4-67
17-500

150-750
291-2900

6-38
42-503
0.7-67

127-1260

64-642
332-7300
0.4-720

123-432
18-92

153-870

1-878

10—

72—-2400
17-995

0.1-0.8
0.03-4

0.1-0.9

0.6-17

0.4-2
2.4-23

0.9-9
1.5-32
0.1-201

0.9-5

0.4-448

0.9-

0.4-14
0.6-34

[CH30H ]/[H2]

1x108-5x1078

5x1078— 3x10~7
1x107— 2x10°6

8x109— 2x1077
5x1079-3x108

4x109-9x108
5x1010-8x107°

9x10710-3x10~°
1x1079-9x107°
1x107-2x1078
1x1010-1x107°
2x109-1x10"8
1x1078- 2x107°
5x10710—3%x107?
4x106-5%1078
5x1079-1x10-8
1x108-4x1078
2x1078-1x10"7

1x1079-7x107°

1x1010-3%1077

1x10°8

7x10710-7x107°
2x1079-1x10~7

Table 3.5: CH3;OH model results: 1o range.
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3.5.1 Infrared Dark Clouds

Infrared Dark Clouds (IRDCs) are a population of several thousand molecular clouds which
have been identified by their mid-infrared extinction in MSX (Midcourse Space Experiment)
images by Egan et al. (1998). They concluded that IRDCs have a visual extinction in excess
of 170 mag and contain large column density of cold dust. Millimeter/submillimeter line
observations reveal typical temperatures of T< 20 K and densities n(H,)>10° cm= (Carey
et al. 2000). Submillimeter continuum observations suggest that high-mass star formation
may be occurring in IRDCs Carey et al. (2000). Moreover, the sources exhibit non-Gaussian
line profiles in several molecular species (H,CO, see Carey et al. 1998; HCO™, see Redman
et al. 2003), which could be explained by infall (Redman et al. 2003) or outflow events.
Recent SiO observations (Feldman et al. 2004) reveal the first bipolar outflow detected in
IRDCs, thus suggesting that the non-Gaussian wings found in other molecules in several
IRDC:s are also due to outflows.

G11.11-0.12P1

G11.11-0.12 is a filamentary cloud, as revealed by the 8um MSX extinction map by Carey
et al. (1998); continuum observations at 850um (Carey et al. 2000) and in molecular tracers
such as H,CO (Carey et al. 1998) and NH; (Pillai et al. 2005) show very similar morpholo-
gies. From the analysis of the continuum, Carey et al. (2000) derive a dust temperature
ranging between 25 and 43 K, depending on the spectral index used for modelling the dust
emissivity, and a total mass between 67 and 150 M, (Carey et al. 2000). A gradient from the
outer to the inner core is seen in the kinetic temperature traced by the NH3 (1,1) and (2,2)
lines, whose peaked value is 13.7 K (Pillai et al. 2005). However, detection of the NH; (3,3)
transition suggests a higher temperature, (Pillai, priv. comm.).

Recently, Pillai et al. (2004) have reported the discovery of maser action in the 2 — 3_;
CH3;OH —E transition at 6.7 GHz towards the region, a pretty unexpected result for such
a cold cloud, as class Il CH;OH masers are usually found in dense (n ~ 107 cm=3), hot
(T ~ 150 K) active high mass star forming regions. The maser emission coincides with
the SCUBA dust continuum peak; however, given the low resolution of SCUBA (14" at 850
um), high resolution studies of the continuum are essential to confirm this, otherwise, first
unequivocal detection of high-mass star formation in IRDCs.

Our CH3OH observations show non-Gaussian profiles in the 2, — 1xand 5 — 4¢ k =0, -1
lines. A two components model has been used to fit the data, with one component to fit
the wings and one for the core emission. Initial values for the source size come from our
nine point maps. Results are listed in table 3.3; the synthetic spectra overlaid on the data are
shown in Figures 3.7(a)-3.7(c).

The first component, 12” in size, responsible for the broad line width, traces average infrared
dark cloud parameter, while the second one, of 3” size, is warmer (T, = 40 K) and in
agreement with the results found in NH3. However the physical conditions we find for this
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second component are well below typical class Il CH;OH maser conditions. This could be
explained by pointing errors in our observations.

The gas mass derived by our results is 23 M., and the total H, column density 6.2 x10%2
cm~2. The values given are averaged over the 1 mm beam. The reduced y? is 2.2.

G19.30+0.07 P1

G19.30+0.07 P1 belongs to the infrared dark cloud G19.30+0.07, which, seen in absorption
by MSX at 8um by Carey et al. (1998), splits into two cores in emission at 850um with
SCUBA (Carey et al. 2000). The analysis of the continuum leads to dust temperatures be-
tween 14 and 25 K and masses in the range 33-93 M,,; estimations of gas temperatures and
density have been done by Pillai et al. (2005) on NH; data and by Leurini et al. (2004) based
on CH3OH. The former found a kinetic temperature of ~ 17 K, which is probably a lower
limit as only the (1,1) and (2,2) lines have been analysed; the analysis of the CH;OH data led
to higher temperatures, ~ 24 K in what seems to be an outflow and ~ 44 in the inner core,
and typical IRDC spatial densities (n ~ 10° — 106cm~3). However an erroneous calibration
of the 1.3 mm and 2 mm data has caused wrong results in the fit. Our new analysis on the
re-calibrated data is performed with two components, one to fit the non Gaussian wings, the
other for the main emission. In chapter 1, the red wings in the 5, — 4y had not been fitted, as
these profiles could be caused by emission in HNCO (11-10). However, similar non Gaus-
sian profiles are found in all the k = 0,k = —1 lines, at 3 mm and 2 mm; we therefore believe
it is more reasonable to assume that the 1 mm profiles too are due to a broader component,
15 km/s, shifted in velocity, -2.5 km/s, respect to the main emission. A maser component is
detected in the 6, — 6, — E transition at 25.018 GHz, shifted by 3.3 km s* from the parent
cloud velocity; since this component is not detected in any other transition, it is not included
in the model.

The spectra are well reproduced by the fit; however, the agreement between the model and
the data, given by the reduced y?, is not extremely good, with a value of 3.3. This is partly
due to the quartet of lines at 3 mm, for which our model overestimates the intensities in
the broad line component, and to the Jo — J_; lines . As already noticed in § 1.2, these
transitions can be class I masers, therefore pumped by infrared radiation. A first problem in
fitting this band is that, the IRDCs being cold, no external radiation field has been used in
the model and therefore the excitation of these lines can not be well reproduced. However,
another problem comes from the line widths in the J=1,2,3, which are narrower than what
modeled. Since they have excitation conditions similar to the 2, — 1k = 0, +£1 and 5 — 4
k = 0,+1, we assume that the difference in the observed widths of these lines are not real,
but due to bad signal to noise.

Results are listed in Table 3.3 and the spectra are shown in Figures 3.9(a)-3.9(c). The first
component has typical physical conditions for IRDCs, while the kinetic temperature derived
for the second one is higher than expected for this populations of sources. Methanol abun-
dance relative to H, is in both cases higher than the typical dark cloud values, 10~°. The H,
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column density derived from our analysis is 3.4 x10%2 cm~2 and the gas mass 3.9 M.

(G28.34+0.06 P1

(G28.34+0.06 P1 belongs to the IRDC G28.34+0.06; observations at 850um with SCUBA
(Carey et al. 2000) reveal three subcores in emission, the strongest of which, P2, is associated
with the IRAS source 18402—-0403. P1 has a kinetic temperature of ~ 16 K as derived from
the NH; (1,1) and (2,2) inversion lines (Pillai et al. 2005); the continuum data lead to a dust
temperature betweeen 12 and 18 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 millimeter bands observed, but highly excited lines
are not detected. Non-Gaussian wings are detected inthe 5., - 4., —E and 5 — 49— A
at 1 mm. We therefore model the source with three components. The first, cold, extended
and not very dense, is mainly responsible for the Gaussian emission at 3 mm; the second one
reproduces the emission in the wings, the third the bulk emission. Source sizes are estimated
from our nine points map.

Results are listed in Table 3.3 and the spectra are shown in Figures 3.10(a)-3.10(c). The x?,
is 4.4. Total gas mass is 131 M, and H, column density 2 x10%% cm—.

(G33.71-0.01

G33.71-0.01 is an infrared dark cloud detected by the MSX satellite at 8um. The source has
been mapped in NH; (1,1) and (2,2) by Pillai et al. (2005); they derive a Kinetic temperature
of ~ 21 K.

The methanol spectrum towards the source is characterised by weak non-Gaussian wings at
3 mm and 1 mm, in the k=0,-1 lines. No highly excited lines are detected in any band. The
modelling of the source has been therefore performed with two components, one to model
the wings and the other for the bulk emission.

Results are listed in Table 3.3 and the spectra are shown in Figures 3.11(a)-3.11(c). The
reduced y? is high, 4.3, and mainly due to a failure in reproducing the wing emission both
at 3 mm, where they are overestimated, and at 1 mm, where on the other hand they are
underestimated. However, physical parameters are typical of infrared dark clouds. The total
gas mass is 883 M, and the H, column density is 5 x10% cm~2,

G79.3+0.3P1

G79.3+0.3 P1 belongs to the larger infrared dark cloud G79.34+0.33, at a distance of ~
1 kpc; the region shows several indications of star formation activity, with the Hu region
DR 15 lying behind it and with spots of warm dust emission between the different sub-cores,
which are suggestive of deeply embedded hot stars. 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 the brightest of these to be a Herbig A/Be
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star. Interaction with the IRDC is expected and probably responsible for blue wings seen
in HCO™* (3-2). BIMA observations at 96 GHz (Wyrowski 2005) show that CH3OH does
not peak at the continuum position determined by the SCUBA data (Carey et al. 2000), but
it is off by ~ —23” in declination. Unfortunately this information was not available at the
time the observations were performed and our data were taken towards the SCUBA peak
position. The source does show a simple CH3;OH spectrum, with detection only in the less
excited lines. Line profiles are Gaussian. A single component model has been used for the
source. Results are listed in Table 3.3 and the spectra are shown in Figures 3.12(a)-3.12(c).
Physical parameters are typical of infrared dark clouds. The y?2 is 1.4. Total gas mass is
22 M, and H, column density 1 x10% cm~2.

3.5.2 High Mass Protostellar Objects

A sample of 69 HMPOs has been studied in detail over recent years by Sridharan et al. (2002)
and Beuther et al. (2002b,c,d), in the continuum and in the several molecular tracers. The
sources, selected, among other criteria, to be bright in the infrared and not associated to any
evolved region, have:

e no cm free-free emission down to 1 mJy, with VLA, which suggests they are in the
earliest evolutionary phases;

e bolometric luminosities between 10%° and 10°° L;
e average kinetic temperature of 20 K, as derived from NH3 (1,1) and (2,2);

e average spatial density of 10% cm=3.

Some of the HMPOs in our sample have been mapped with BIMA by Wyrowski et al. (2005).
For these sources, from the 3 mm continuum fluxes and the source sizes they observed,
we derived gas masses and column densities assuming that the mm continuum emission is
mainly due to optically thin dust (Hildebrand 1983):

M. = 1.3x10°2% a p _RF (3.3)
2T 3 (Tg)  0.1um3gcm-3100 Jy '

D\’ v o\ 3#F

Z ) (=L ) ™
><(kpc) (2.4TH2) M.l
78x10° a p RF,

- T 3.4
J,(Ta)Q 0.1um3gem—2100 Jy (3.4)

v o\ P
% (2.4TH2) [om]

where J,(T4) =[exp(h,/kTg)], T4 the temperature of the cold dust component, Q the beam
solid angle, a the grain size, p the grain mass density, R the gas to dust ration and g the grain

Ni,
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emissivity index. Following Beuther et al. (2002b), we used for T4 the values they list and
0.1 um, 3gcm=3,100and 2 for a, p, R and 3 respectively. Results are listed in table 3.6. They
will be used for comparison with our results in the following discussion. For the sources for
which these data are not available, the results from Beuther et al. (2002b), based on 1 mm
bolometer observations, will be used.

Source maj.xmin. My, N,

() (Mo)  (10% cm™?)
IRAS 18089-1732 6.7x4.3 2980 2.6
IRAS 18151-1208 15.8x13.0 1382 0.2
IRAS 18182-1433  5.7x4.0 1864 13
IRAS 18264-1152  8.4x3.0 2094 2.0

Table 3.6: Gas masses of the HMPOs in our sample, from 3 mm BIMA data.

IRAS18089-1732

IRAS 18089-1732, located at a distance of 3.6 kpc, has been extensively studied in the last
few years at millimeter and submillimeter wavelengths. With a bolometric luminosity of
10*°L,, and a massive core, M> 2000M,, (Sridharan et al. 2002), IRAS 18089 shows several
probes of intense high mass star formation activity, with H,O and CH3;OH maser emission
and outflows detected in different molecular tracers (Beuther et al. 2004c). A recent line
survey at 217 GHz and 344 GHz with the Submillimeter Array (SMA) (Beuther et al. 2004c)
shows an outgoing hot core formation in the source, with the detection of complex molecules
like CH30CH3; and HCOOCH;. CH3CN is detected with BIMA (Beuther et al. 2002b). A
velocity gradient across the core is found in the HCOOCHj; data, that Beuther et al. (2004a)
interpret as originating from a rotating disk.

The results from our CH3OH analysis are shown in Table 3.3; the best fit, overlaid on the
data, is shown in Fig. 3.13(a)- 3.16(c). Parameters for the external radiation field are taken
from Wyrowski et al. (2005, in prep.), who extended the analysis on the radial distribution
of the continuum at 1.2 mm by Beuther et al. (2002b) to BIMA data at 3 mm and found
the best fit to the data corresponding to a dust opacity index of 1.75 and 7100,m = 1. Our
CH3OH analysis is done using three components along the line of sight, as the detection of
several high excited lines in our data, and in data by other authors (Beuther et al. 2004c,
2002Db), suggest hot core formation going on. Limits on the size of this component come
from its luminosity and from CH3CN data (Wyrowski et al. 2005, in prep.). A second,
slightly bigger, component is mainly responsible for the emission in the 25 GHz lines and in
13CH30H . Finally, a third, more extended region is seen in emission in CH;OH by Wyrowski
etal. (2005, in prep.) at 107 GHz and by Beuther et al. (2004c) at 217 GHz. The source size
derived by these authors is used as input value for the third extended component used in our
model.



60 Modelling of high mass star forming regions

In 8§ 3.4, we discussed how optically thick lines can play a role in the reliability of the physical
parameters derived from a fit and how the more excited lines and the **3CH;OH lines can be
used as a better prober in hot, complex sources. IRAS 18089 is an example of such a complex
source, in which several v;=0 lines of the main isotopologue are optically thick. When all
lines are fitted simultaneously and using the same weight, the solution the program finds is
not adequate for the v;=1 and the *CH;OH lines. Moreover, the v,=1 are not affected by
the degeneration in the pumping mechanism between collisions and the IR radiation field, as
discussed in § 3.4, and trace the kinetic temperature. Limits on the density come from the
J, — J_; — E band, where we clearly do not detect any strong maser action: high densities
are required to have quenching of these lines. Therefore, when modelling IRAS 18089, we
have used a weighted fitting procedure with more weight given to the CH3;OH torsionally
excited lines, to the J, — J; — E band and to 3CH;0H , even if, since they do not have a
not very good signal to noise, this leads to a reduced chi square of 2.1. Absolute calibration
uncertainties and the uncertainty in the 2C/*3C value can play a role in the goodness of the
fit and deriving the true value of this ratio from our data is not straightforward given all the
free parameters in our model.

Table 3.4 lists luminosities, gas masses, H, column densities and methanol abundances for
each component used in the model, as derived from our results. The luminosity of the source
is dominated by the the third component and it is in agreement with its IRAS luminosity.
Moreover, the methanol abundance of this component is typical of hot cores. Adding masses
and column densities from all the three components and convolving them to the 10” beam
of the IRAM 30 m telescope at 1 mm, the total mass of the source is M,=109 My, and its H,
column density N,=8.2 x10% c¢cm~2, values that are in good agreement with those found in
the continuum observations by Wyrowski et al. (2005).

IRAS18151-1208

IRAS 18151-1208 (d ~ 3 kpc, L~ 10*3 L) belongs to the sample of HMPOs studied by
Sridharan et al. (2002) and Beuther et al. (2002b,c,d). Its dust continuum map at 1.3 mm
reveals three massive cores, with masses ranging from ~60 M, to ~1100 M,. CH3;OH maser
emission is associated with core 1, which is the sub-source we refer to in our analysis. At
least two separated outflows are seen in CO and H, (Davis et al. 2004), with a high degree of
collimation. Its radial distribution of the continuum is fitted by Wyrowski et al. (2005) with
T100um = 06,,8:15

The CH3;OH spectrum toward the source is rather simple, with no highly excited lines indi-
cating a hot component. However, the k = +2, +3 lines in the 5, — 4y band, with a lower
level energy in the ~ 60 — 70 K range, are detected. These lines can be well fitted by a single
component model only at densities higher than the limits given by the H, column densities
derived by Beuther et al. (2002b). Therefore a model with two components along the line of
sight is used for our analysis.

The 2o — 1o — A line shows a non-Gaussian profile with blueshifted wing. A similar pro-
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file is also detected at 1.3 mm, inthe 5.; — 4_; — E line; however, given the fact that no
deviations from a Gaussian line profile are seen in the 5, — 4, — A, which have the same
excitation conditions as the k = —1 — E transition, and that overlap with the HNCO (11-10)
series (Eijow ~ 58 K) could lead to the same profile, no outflow component is used in the
model.

The results from our CH3OH analysis are shown in Table 3.3; the best fit, overlaid on the
data, is shown in Fig. 3.17(a)- 3.17(c). Luminosities and masses for each component are
listed in Table 3.4; methanol abundances (see Table 3.4) are pretty low, almost typical of
dark clouds. Total mass and H, column density are 104 M, and 3.3 x10% cm~2.

IRAS18182-1433

IRAS 18182-1433 (d ~ 4.5 kpc, L~ 10*3 L) belongs to the sample of HMPOs studied
over the last years by Sridharan et al. (2002) and Beuther et al. (2002b,c,d); its bolometric
luminosity and its mass, M~ 3000M,, together with the detection of complex molecules
like CH3CN, CH3OCH3; (Leurini & Schilke 2005, in prep.), suggest that the source shows
early stages of a massive hot core. Wyrowski et al. (2005, in prep.) modelled the continuum
combining information at different frequencies and found that a dust opacity index of 1.8
and t1g0,m = 3.4 fit the data well.

The CH3OH spectrum shows Gaussian-like profiles with red and blueshifted wings in the
k=-1,0 lines, probably associated with the outflow detected in CO by Beuther et al. (2002c),
as CH3OH has been observed in outflows in low mass star forming regions (Bachiller et al.
1995, 1998) and in HMPOs (Beuther et al. 2002b); emission from highly excited lines (54 —
4, — A, E with energies of the lower levels of ~100 K) is also detected, but no torsionally
excited lines are found. Therefore, three components have been used to model the source:
one for the outflow, one for the main core and one for the hotter emission.

The results from our CH3OH analysis are shown in Table 3.3; the best fit, overlaid on the
data, is shown in Fig. 3.18(a)- 3.20(b). The agreement between the data and the fit is very
good (x,,=1.7) in the millimeter ?CH3OH lines; however deviation from the observations
are seen in the centimeter band and in the **CH3OH lines.

The predictions from our model for the J, — J; — E transitions at 25 GHz are reasonably
close to our data, given that the lines are class 1l masers. Geometrical symmetries play a role
in the amplification mechanism of maser lines and fitting them is therefore more problematic
than in the case of (sub)-thermal transitions.

For the **CH3OH two considerations have to be made:

e an erroneous value for the isotopic ratio >C/**C could lead to underestimate line in-
tensities;
e the level dataset we use in our calculations is incomplete in energy.

As discussed for IRAS 18089-1732, deriving the 2C/*3C ratio from our data is not feasible.
The relation between 2C/*3C and the galactocentric distance from Wilson & Rood (1994)
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gives average values and deviation from it are found. Henkel et al. (1985) found >C/**C< 50
in the inner galactic disk; one of their source (G19.6-0.2, see their tables 1 and 2) is close
to IRAS 18182-1433 and have a similar velocity. Therefore, in our model, we use the value
they found, 12C/**C=41. This can also contribute to underestimate intensities.

The last point that can give wrong predictions in these transitions is the level dataset we used
in the calculations that is complete in quantic number up to (J,k)=9, but not in energy, as
shown in Figure 3.5. This can result in an erroneous distribution of the population among
the levels and thus to a not correct model of the transitions.
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Figure 3.5: Partial energy level diagram for 1*CH3;OH —A. The levels involved in the observed
transitions are marked in red.

IRAS18264-1152

IRAS 18264-1152 (d ~ 3.5 kpc, L~ 10* L), part of the sample studied by Sridharan et al.
(2002) and Beuther et al. (2002b,c,d), shows several indicators of high mass star formation.
CO observations show a massive outflow (Beuther et al. 2002c) centered on the mm dust
peaks; both CH3;OH and H,O maser spots are observed (Beuther et al. 2002d). Detection
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of complex molecular species (CH;OH , CH3CN, Sridharan et al. 2002; CH3;OHj3 Leurini &
Schilke 2005) may indicate hot core formation going on in the source.
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Figure 3.6: In grey, the observed methanol spectrum towards IRAS18264—-152 at 3 mm (a, b, c,
d) is shown; overlaid in black, the contribution to the total emission from component 1 (a) , 2 (b),
component 3 (c) and their sum (d).

Wyrowski et al. (2005, in prep.) modelled the continuum combining information at dif-
ferent frequencies and found a dust opacity index of 1.3 and 7109,m = 2.4 to well fit the data.
Methanol spectra are strong in emission in almost all the lines in the millimeter bands; how-
ever, no torsionally excited lines are detected. Blue non-Gaussian wings are detected in the
k = 0, -1 lines. Maser emission is detected 2km s~*from the system velocity of the source in
the centimeter band in J=5,6,7 lines, together with broader sub-thermal emission. Since no
other methanol emission is detected at that velocity and masing components are more diffi-
cult to be modelled, the J, — J; — E series is not included in out y? analysis of the source.
However, synthetic spectra at the best fit solution are shown in Fig.3.21(a)- 3.22(a) overlaid
on the observations, to show that the broad thermal components are pretty well represented
by our model.

Three components are used to model the CH3OH spectra: one for the non-Gaussian emis-
sion; a second one for the bulk emission in the less excited lines and third one for the highly
excited lines. Fig. 3.6 shows the contribution of each component to the total emission at
3 mm. The agreement between the data and the model is not extremely satisfying, y,,=3.8;
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however, the synthetic spectra at the best fit solution well reproduce the data.
Summing over the three components and smearing over the 1 mm beam, the total gas mass
predicted by our model is 156 M, and the H, column density 4 x10%.

IRAS18310-0825

IRAS 18310-0825 (d ~ 4.9 kpc, L~ 10*! L) belongs to the population of HMPOs studied
by Sridharan et al. (2002) and Beuther et al. (2002b,c,d) over the last years. A class Il
methanol maser at 6.7 GHz is detected by Walsh et al. (1998) offset from the mm dust
condensation. Single dish observations reveal outflows in CO, but no high resolution data
are available.

The CH3;OH spectra we collected on the source shows emission only in less excited lines
in each band. Wings are tentatively detected in the 3 mm lines, but the signal-to-noise ratio
is very low. Therefore, we model the spectrum with one component along the line of sight.
The results form our analysis are shown in Table 3.3, while the spectra and the fit are given
in Figure 3.24(a)- 3.24(c).

The agreement between our model and the data is pretty good (y,,=1.9). The luminosity
of the source is in good agreement with the IRAS luminosity; the methanol abundance is
typical of cold clouds. Averaging over the beam, we derive a gas mass of 317 Mg, and a H,
column density of 2 x10% cm2,

IRAS19410+2336

IRAS 19410+2336 (~ x10%L,, Beuther et al. 2002b) shows H,O and CH;OH maser emission
at the very center of the core, where a weak cm continuum source has also been detected.
Beuther et al. (2002d) assume it to be optically thin free-free emission and suggest that
a recently ignited, not very evolved massive object is at the cluster center. High-spatial
resolution observations (Beuther et al. 2003) reveal four sub-cores in the 2.6 mm continuum,
while the CO data resolve at least seven bipolar outflows. Gas masses derived from the
2.6 mm continuum data range from 30 to 110 My, while H, column densities are in the
x10% regime.

The CH30H spectrum towards IRAS 19410 does not show any torsionally excited transition.
However, all the lines in the 5, — 4y are clearly detected. Therefore we use a model with
two components, one for the bulk emission and a second one responsible of the emission in
the more excited lines and in the J, — J; — E band. Line profiles are well represented by a
Gaussian shape.

The results from our CH3;OH analysis (y,,=3.7) are shown in Table 3.3; the best fit, overlaid
on the data, is shown in Fig. 3.25(a)- 3.26(c). Luminosities and masses for each component
are listed in Table 3.4, together with methanol abundances. Averaging the masses and column
densities from each component over the 1 mm beam, we derive 28 M,, and 2.2 x10% cm~2,
that are in good agreement with what found by Beuther et al. (2003).
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IRAS20126+4104

IRAS 20126+4104 (d ~ 1.7 kpc, L~ 10* L) has been studied in great detail over the last
years by Cesaroni et al. (1997, 1999) in several molecular tracer at different angular resolu-
tions. They have identified an extended region, ~ 15” in size, with single dish observations,
while, at higher spatial resolution, they have been able to resolve the inner part of a bipo-
lar outflow and detect a hot core at the center of it, with temperature ~ 200 K and mass
~ 10 Mg, of 1500 AU. H,O masers coincide with the compact core position (Tofani et al.
1995). Methanol thermal emission is associated with both the extended source and the hot
core. Moreover, a study on CH3CN lines reveals a probable Keplerian disk, collapsing to-
wards a central object with mass ~ 24M.

The CH3OH spectrum towards the source is strong in all the observed transitions, even if
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 the less excited lines in th vi=1 band. Lines show a velocity gradient along
the spectrum, as already noticed by Cesaroni et al. (1999), probably due to the disk. This
affects our fit, as all the lines emitted by a single component are assumed to have the same
velocity and line width. Given the evolved stage of the source, we interpret the features on
the red-wing of the 5_; — 4_; — E line as due to HNCO(11-10) and not to methanol.

Our model takes into account two components: one for the bulk emission, ~ 15” in size as
measured by Cesaroni et al. (1999) with the PdBI in several molecular tracers, among which
CH3;OH , and one for the hot core.

The results from our CH3OH analysis are shown in Table 3.3; the best fit, overlaid on the
data, is shown in Fig. 3.27(a)- 3.27(c). The agreement between the data and the fit is not ex-
tremely good (y,,=3.5), but this is probably due to velocity gradient in the lines that cannot
be reproduced by our model. From the results of our fit, the inner component has an abun-
dance typical of hot core; its luminosity is in agreement with the IRAS luminosity and the
values found for the gas mass and the the H, column density are in the high-mass protostar
regime, 56 M, and 4.4 x10%% cm~2,

IRAS23139+5939

IRAS 23139+5939 (d ~ 4.8 kpc, L~ 10** L) has been studied in different molecular trac-
ers and in the continuum (Sridharan et al. 2002; Beuther et al. 2002b,c). Wouterloot et al.
(1988) mapped the cloud in NH3 (1,2) and (2,2) lines and reported a temperature of 29 K; CO
observations reveal bipolar outflow (Wouterloot et al. 1989; Shepherd & Churchwell 1996;
Beuther et al. 2002c). Beuther et al. (2002c) find strong wing emission in the CO (2-1),
but no lobe separation between the blue and the red lobes; therefore, they conclude that the
outflow is along the line of sight. Beuther et al. (2002d) report several H,O masers spots
associated to the mm dust continuum peak, but no CH3;OH maser emission. Gas mass and
H, column density come from the single dish continuum observations at 1.2 mm: 1759 M,



66 Modelling of high mass star forming regions

and 4.0 x10% cm~2 (Beuther et al. 2002b).

3.6 Highlights

With the Effelsberg 100 m telescope, the IRAM 30 m telescope and the Caltech Submillime-
ter Observatory, we have carried out a multi-frequency observational program on methanol
in high mass protostellar candidates. Our main results are:

e we successfully applied the technique discussed in § 1.2 to a sample of 13 sources
in the early stages of high mass star formation. Although for some sources the re-
duced y? is not extremely satisfying (e.g. G28.34+0.06 P1, G33.71-0.01, 18264-
1152, 19410+2336), our models usually reproduce the observations well. High values
of de are probably mainly due to the complexity of the sources, which is not really
represented by our simple model; moreover, calibration uncertainties can still play a
role in our analysis.

e Methanol has been successfully detected in all the sources of our sample; non-Gaussian
profiles have been found in several sources in the infrared dark clouds sub-sample, in
the k = 0, +1 lines. Since SiO observations (Feldman et al. 2004) and other molecular
tracers (Carey et al. 1998) hint outflows can be a common phenomenon in these popu-
lation of sources, line shapes detected in CH3;OH can be explained as due to outflows.
Another point supporting this scenario is that methanol is well known to be found in
outflows in the low-mass star formation regime (Bachiller et al. 1995, 1998); however,
the high-mass stars case is still poorly studied.

e Among HMPOs a variety of different methanol spectra has been detected; IRAS 18310
shows narrow lines ( 2.4 km s71) and only the less excited lines in each band are de-
tected. On the other hand, IRAS 18089 has a very rich CH3zOH spectrum; several vy=1
lines are detected and linewidths are typically around 5 km s=1. Therefore, our analy-
sis confirms methanol to be a good indicator of the physical conditions in star forming
regions.

e Together with the detection of other complex molecules(for IRAS 18089, IRAS 18264,
see Leurini & Schilke 2005; for IRAS 20126, Cesaroni et al. 1997, 1999), our CH3;0OH
observations suggest hot core formation in some sources of the sample. In hot, dense
sources like hot cores, the kinetic temperature and the spatial density of the sources
can be derived once v;=0 and v;=1 transitions are observed; if only ground states lines
are available, then the degeneracy between the IR pumping and the collisions can lead
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to ambiguous results, while, when only v,=1 transitions are observed, the density is
not traced.

e The methanol abundances relative to H, range in the sources of our sample between
107° and 1077, as already reported by other authors (Menten et al. 1986; Friberg et al.
1988; van der Tak et al. 2000). In some of them (G19.30P1, IRAS 18089, IRAS 18182,
IRAS 20126) a jump in CH3OH abundance is required.
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transition

2_1—>1_1—E
20—)10—A
20—)10—E
-1 -E
60—)6_1—E
50—)5_1—E
40—)4_1—E
10—)1_1—E
30—)3_1—E
20—)2_1—E
5% —4-E
5_1—>4_1—E
5 —>4-A
54—)44—A
54—)44—E
53—)43—A
B > 43 - A
52—)42—A
55 >4 -E
5_3—>4_3—E
51—)41—E
52—)42—A
5_2—>4_2—E
5 —-4-E

v

(GH2z)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

G11.11P1
T Tp
1 comp.
46e-01 3.1e+00
6.5e-01 4.5e+00
28601 4.8e01
3.2e-02 9.5e-02
7.2e-02 -6.6e-03
2.8e-01 -1.6e-02
75e-01 1.8e02
1.2e+00 1.4e+00
1.3e+00 2.0e-01
1.6e+00 6.1e01
3.8e-:02 15e01
52e01 2.1e+00
6.1e-01 2.4e+00
47e-07 9.8e-07
2.2e-08 1.0e-07
1.6e+00 6.1e01
21e04 1.1e03
1.0e04 5.3e04
1.1e05 3.8e05
24e-06 1.1e05
7.6e-03 2.9e-02
1.1e04 5.0e-04
52e-04 1.8e03
1802 6.9e-02

Th

2 comp.

1.1e+00
1.8e+00
2.0e+00
4.3e-01
5.4e+00
7.3e+00
8.4e+00
3.8e+00
8.4e+00
7.1e+00
2.4e+00
4.4e+00
5.0e+00
4.9e-03
7.7e-04
7.1e+00
1.3e-01
3.2e-01
5.1e02
1.4e-02
1.5e+00
3.2e-01
4.6e-01
1.4e+00

2.1e+01
2.4e+01
9.2e+00
8.1e+00
5.3e+00
5.9e+00
6.2e+00
1.2e+01
6.5e+00
7.2e+00
2.3e+01
2.8e+01
2.9e+01
4.1e-02
1.1e-02
7.2e+00
1.6e+00
4.0e+00
7.6e-01
2.4e-01
1.6e+01
3.9e+00
6.7e+00
1.4e+01

Table 3.7: Line parameters: G11.11P1.
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Overlaid in black the synthetic spectra resulting from the fi t.
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transition

2_1—>1_1—E
20—)10—A
20—)10—E
23 -1 -E
60—)6_1—E
50—)5_1—E
40—)4_1—E
10—)1_1—E
30—)3_1—E
20—)2_1—E
5% —4y-E
5_1—>4_1—E
5 —>4-A
54—)44—A
54—)44—E
53—)43—A
5 =543 - A
52—)42—A
5 >4 —-E
5_3—>4_3—E
51—)41—E
52—)42—A
5_2—>4_2—E
5 —4-E

v

(GH2z)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

G19.30P1
T Tp
1 comp.
7.7¢-01 3.9e+00
9.5e-01 5.3e+00
42e01 54e01
42e-02 9.6e-02
6.5e-02 -9.8e-03
3.1e01 -3.8e-02
9.6e-01 -4.0e-02
19e+00 1.5e+00
1.8e+00 1.2e01
2.3e+00 5.5e-01
42e-02 13e01
7.1e01 2.1e+00
7.7e-01 2.2e+00
2.9e-07 5.6e-07
1.3e08 5.5e-08
2.3e+00 5.5e-01
15e04 7.5e-04
7.4e-05 35e04
7.8e-06 2.5e-05
17606 7.6e-06
6.4e-03 21e02
79e-05 33e04
59e04 1.6e-03
16e02 5.1e02

Th

2 comp.

6.3e-01
7.3e-01
1.7e+00
1.3e-01
6.4e+00
8.3e+00
9.2e+00
3.7e+00
9.0e+00
7.3e+00
1.2e+00
3.3e+00
3.3e+00
1.3e-03
3.7e-05
7.3e+00
3.2e-02
5.9e-02
4.0e-03
1.3e-03
4.4e-01
6.1e-02
1.2e-01
4.7e-01

2.0e+01
2.7e+01
5.2e+00
2.8e+00
2.9e+00
3.1e+00
3.2e+00
7.2e+00
3.2e+00
3.5e+00
2.2e+01
3.3e+01
3.9e+01
7.5e-03
4.9e-04
3.5e+00
5.5e-01
1.0e+00
3.8e-02
1.9e-02
6.8e+00
9.3e-01
1.9e+00
5.8e+00

Table 3.8: Line parameters: G19.30P1.
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data smoothed to the resolution of the 3 mm spectra (Fig. 3.9(a)). All observed lines are labelled.

Figure 3.9: Spectra toward G19.30P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm
Overlaid in black the synthetic spectra resulting from thefi t.
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transition

2_1—>l_1—E
20—)10—A
20—)10—E
23 -1 -E
60—)6_1—E
50—)5_1—E
40—)4_1—E
10—)1_1—E
30—)3_1—E
20—)2_1—E
5 —4-E
5_1—>4_1—E
5 —>4-A
54—)44—A
54—)44—E
53—)43—A
B > 43 - A
52—)42—A
55 >4 -E
5_3—>4_3—E
51—)41—E
52—)42—A
5_2—>4_2—E
5 —4-E

v

(GH2)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

G28.34
T Tp
1 comp.
1.2e+00 2.2e+00
1.6e+00 3.02e+00
24e-01 1.9e+00
1.76¢-02 1.2e-02
25e-03 -6.8e-04
24e-02 -6.0e-03
1801 -3.8e-02
2.3e+00 4.2e01
8.4e-01 -8.3e-02
19e+00 6.3e-02
5.5e-03 6.2e-03
2.9e-01 5.5e-0
2.0e01 24e01
3.0e-06 8.5e-06
1.4e-05 3.3-05
9.9e-07 2.7e-06
4.1e04 55e04
19e06 3.1e-06
54e-05 5.9e05
1.1e03 1.5e03

T Tp
2 comp.
5.0e-01 4.3e+00
5.0e-01 6.2e+00
25e-01 29e01
2.1e02 4.4e02
1.2e-01 -1.9e-02
4.3e-01 -7.0e-02
1.2e+00 -1.3e01
1.8e+00 7.7e01
2.0e+00 -1.1e01
2.3e+00 9.0e-02
3.3e:02 1.5e01
7.9e-01 2.8e+00
8.4e-01 3.1e+00
1.3e-06 5.2e-06
7.1e-08 6.4e-07
2.3e+00 9.0e-02
3.2e04 3.1e03
1.2e-04 1.5e-03
7.5e-06 4.4e-05
6.6e-06 7.7e-05
3.8e-03 22e02
14e-04 1.4e-03
5.9e-04 2.6e-03
1.0e-02 5.1e02

T Tp
3 comp.
5.0e-01 4.3e+00
5.0e-01 6.2e+00
25e-01 29e01
2.1e-02 4.4e-02
1.2e-01 -1.9e-02
4.3e-01 -7.0e-02
1.2e+00 -1.3e01
18e+00 7.7e-01
2.0e+00 -1.1e01
2.3e+00 9.0e-02
3.3e-:02 15e01
7.9e-01 2.8e+00
8.4e-01 3.1e+00
1.3e06 5.2e-06
7.1e-08 6.4e-07
2.3e+00 9.0e-02
3.2e04 3.1e03
1.2e-04 1.5e03
7.5e-06 4.4e-05
6.6e-06 7.7e-05
3.8e-03 22e02
14e-04 1.4e03
5.9e-04 2.6e-03
10e-02 5.1e02

Table 3.9: Line parameters: G28.34.
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Figure 3.10: Spectra toward G28.34 taken with the IRAM 30 m telescope. The 1 mm and 2 mm

data smoothed to the resolution of the 3 mm spectra (Fig. 3.10(a)). All observed lines are labelled.

Overlaid in black the synthetic spectra resulting from thefi t.
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G33.71
transition % T Th T Th
(GHz)

1 comp. 2 comp.
21->1;-E 96739 47e01 22e+00 17e01 4.1e+00
20— 1g-A 96.741 55e01 29e+00 3.9e01 6.6e+00
20— 1-E 96.744 15e01 20e01 35e01 1.1e+00
22—-1-E 96.755 15e02 24e02 37¢02 4.3e01
6p > 6.1 —-E 157.048 15e02 -32e03 7.7e01 5.1le01
5 —>5:-E 157179 79e02 -1.6e02 1.2e+00 8.5e01
49— 44,-E 157246 32e01 -51e02 15e+00 1.2e+00
ly—->1,:-E 157270 12e+00 5.7e01 7.3e01 3.1e+00
3p—31-E 157272 8.0e01 -4.1e02 1.6e+00 1.5e+00
20—>2,-E 157276 12e+00 16e01 1.4e+00 1.8e+00
5 — 49— E 241.700 1.0e-02 2.6e02 17e01 2.4e+00
51—-4,-E 241767 25e01 6.4e01 65601 1.0e+01
5 — 49— A 241.791 26e01 6.7¢01 87e01 1.2e+01
5, — 44— A 241806 39e-08 7.2e-08 14e04 5.8e04
5, -4, —-E 241829 1909 75e09 6.2e06 5.8e-05
55 — 43— A 241832 1.2e+00 1.6e-01 1.4e+00 1.8e+00
5 - 43— A 241833 32e05 1504 83e03 9.9e02
5 — 4, - A 241842 14e05 6.2e05 57e03 6.6e-02
5 >4 -E 241.843 14e06 4206 53e04 4.3e03
53—-543-E 241852 33e07 14e06 1904 2.0e03
5 -4 -E 241879 14e03 39e03 65e02 8.7e01
5 — 4, - A 241887 16e05 6.1e05 6.0e:03 6.3e-02
5,-4,-E 241904 12e04 3.0e04 81le03 7.8e02
5 —4,-E 241.905 4.0e03 11e02 11e01 1.4e+00

Table 3.10: Line parameters. G33.71.
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data smoothed to the resolution of the 3 mm spectra (Fig. 3.11(a)). All observed lines are labelled.

Figure 3.11: Spectra toward G33.71 taken with the IRAM 30 m telescope. The 1 mm and 2 mm
Overlaid in black the synthetic spectra resulting from thefi t.
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G79.34P1

transition % T Th
(GHz)

1 comp.
2,—->1,-E 96739 11e01 1.0e+00
20— 1-A 96.741 1.7e-01 1.6e+00
20—->1-E 96.744 7.0e-02 1.6e01
21—-1-E 96.755 8.7e-03 3.2e-02
6p > 6.1 —E 157.048 2.8e02 -1.5e03
5 —5.1-E 157.179 9.6e-02 -1.8e-03
4y -4, —-E 157246 23e01 1.5e02
ly—>1.:-E 157.270 34e01 5.4e01
3 —>31-E 157272 38e01 9.3e02
20— 21-E 157276 4.4e01 2.7e01
5 — 49— E 241700 1.2e-02 5.6e-02
51—->4.,-E 241767 15e01 8.6e01
50 — 49 — A 241.791 1.7e-01 9.4e01
54 —> 44— A 241.806 2.1e-07 4.8e-07
5, — 44, -E 241.829 1.4e-08 7.1e-08
5% = 43— A 241.832 4.4e01 27e01
55 —» 43— A 241.833 1.0e-04 5.9e-04
5 -4, - A 241.842 4.6e-05 2.7e04
5 — 4 -E 241.843 4.6e-06 2.0e-05
53—>43-E 241852 1.2e06 6.4e-06
5 -4, -E 241.879 3.0e:03 1.4e-02
5 =4, -A 241.887 5.0e-05 25e04
5,—>54,-E 241904 1.4e04 6.4e-04
5 —4-E 241905 7.1e03 3.3e-02

Table 3.11: Line parameters. G79.34P1.
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Figure 3.12: Spectratoward G79.34P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm

data smoothed to the resolution of the 3 mm spectra (Fig. 3.12(a)). All observed lines are labelled.

Overlaid in black the synthetic spectra resulting from the fi t.
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IRAM 18089-1732
transition v T Th T Th T To
(GH2)
1 comp. 2 comp. 3 comp.

353 -E 24.929 -32e01 24e+00 -48e01 15e+02 -2.7e01 6.2e+01
4, >4, - E 24934 -27e01 20e+00 -24e01 8.6e+01 -85e02 3.2e+01
2 —>2-E 24933 -28e01 21e+00 -6.9e01 2.1e+02 -3.9e01 8.9e+01
5 55 -E 24959 -19e01 1.4e+00 -8.2e-01 2.3e+02 -45e01 1.1e+02
6, >6,—E 25.018 -1.2e01 7.8e-01 -8.9e01 24e+02 -45e01 1.3e+02
7, > 71— E 25.125 -6.2e02 3.7e01 -93e0l 22e+02 -4.4e01 1.5e+02
2,-51,-BE 94405 -36e03 27e01 -6.2e-02 8.1e+00 -8.0e-02 5.8e+00
20— 1 -BA 94407 3202 46e01 1901 94e+00 27e02 6.8e+00
20— 1-1BE 94411 1.6e02 13e01 20e01 7.0e+00 9.6e02 5.8e+00
21 -1 -1BE 94421 3303 4.6e02 99e02 48e+00 18002 4.4e+00
21> 14 -E vw=1 96.492 6.8e-07 7.3e06 35e02 25e+00 27e02 3.7e+01
20— 1o - E,v=1 96.494 3.8e07 6.0e06 54e02 29e+00 21e01 4.5e+01
21—-11-Ew=1 96501 16e09 16e08 52e03 26e01 26e02 24e+01
21-11-Awv=1 9658 83e08 11e06 27e02 14e+00 1.7e01 3.1e+01
2,-51,-E 96.739 5.7e01 7.7e+00 5.2e+00 5.7e+01 4.2e-01 8.1e+01
20> 1-A 96.741 1.1e+00 1.1e+01 7.5e+00 5.7e+01 4.7e-01 1.1e+02
2> 1 -E 96.744 8.2e-01 4.0e+00 6.0e+00 5.7e+01 2.4e01 1.1e+02
21 -1, -E 96.755 1.8e-01 22e+00 4.1e+00 5.5e+01 4.9e-01 7.5e+01
6y — 6.1 - E 156.187 1.8e-02 4.8¢-02 95601 15e+01 6.7e-01 2.2e+01
5y —» 5.1 -BE 156.299 6.2e-03 15601 6.1e01 1.9e+01 27e01 2.5e+01
4y > 44 -1BE 156.356 4.8e-02 19e-01 7.8e-01 1.9e+01 33e01 2.2e+01
1,-1,-BE 156.374 23e02 31e01 23e01 1.2e+01 54e03 9.9e+00
o331 -BE 156.378 6.9e-02 31e01 7.9e01 13e+01 31e01 1.3e+01
20> 24,-BE 156.379 6.9e-02 3.1e01 7.9e01 1.3e+01 3.1e01 1.3e+01
8 —»8.1-E 156.489 1.7e-01 4.2e-01 14e+01 45e+01 2.2e+00 2.6e+02
6y > 6.1 —E 157.048 85e01 23e+00 21e+01 4.6e+01 3.4e+00 1.7e+02
5 —» 5.1 —E 157.179 14e+00 35e+00 2.3e+01 4.6e+01 3.3e+00 1.6e+02
4y > 44— E 157.246 2.0e+00 4.5e+00 2.3e+01 4.6e+01 3.0e+00 1.5e+02
1p->1,-E 157.270 1.4e+00 7.8e+00 1.1e+01 4.7e+01 1.6e+00 8.8e+01
3p—o31-E 157.272 24e+00 5.1e+00 2.1e+01 4.6e+01 2.7e+00 1.4e+02
2 —>23,-E 157.276 2.4e+00 5.6e+00 1.7e+01 4.7e+01 2.2e+00 1.2e+02
54— 44— E,vi=1 241159 21e09 2.0e08 3.0e02 14e+00 2.8e01 7.0e+01
5 —» 4 —E,vy=1 241166 7.9e10 11e08 1.8e02 94e01 42e01 9.7e+01
53—-43-Evi=1 241180 49e08 55e07 1.0e0l 49e+00 55e01 1.3e+02
54—4.4—-E w=1 241184 1710 16e09 1.0e02 57e01 1.8e01 6.4e+01
5,—-4,—-E v=1 241187 16e08 24e07 58e02 3.0e+00 6.7e01 1.4e+02
5 —» 4 —E,vy=1 241204 10e06 14e05 24e01 12e+01 92e01 1.8e+02
50— 40— E,vy=1 241206 6.8e07 95e06 22e01 11e+01 9.9e01 1.8e+02
5 — 4, —E,vy=1 241211 3.0e09 39e08 28e02 14e+00 5.6e01 1.2e+02
54,—-44-E,w=1 241238 2209 2908 24e02 13e+00 58e01 1.3e+02
51—-441-Avw=1 241441 16e07 21e06 13e0l 6.6e+00 9.0e01 1.6e+02

Table 3.12: Line parameters: IRAS18089-1732.



transition % T Tp T Tp T Tp
(GHz)
1 comp. 2 comp. 3 comp.
50 — 49— E 241.700 7.0e-01 6.7e+00 25e+01 53e+01 2.4e+00 2.7e+02
54,—-44,-E 241767 15e+00 1.2e+01 2.8e+01 54e+01 2.6e+00 2.6e+02
50 — 4o — A 241791 2.0e+00 1.3e+01 3.1e+01 54e+01 25e+00 2.8e+02
5y — 44— A 241.806 2.0e-03 1.3e02 29e+00 51e+01 6.7e01 1.5e+02
54— 44— E 241829 26e04 26e03 22e+00 4.7e+01 6.2e01 1.5e+02
5; > 43— A 241.832 24e+00 56e+00 1.7e+01 4.7e+01 2.2e+00 1.2e+02
5g — 43 — A 241833 4202 4.4e01 8.7e+00 54e+01 1.3e+00 2.2e+02
5, — 4, — A 241.842 85e-02 8.0e01 14e+01 53e+01 2.0e+00 2.4e+02
53 > 43— E 241843 1702 18e01 9.0e+00 54e+01 1.4e+00 2.2e+02
53—>43-E 241852 37e03 41e02 6.8e+00 5.3e+01 1.3e+00 2.2e+02
5 -4, - E 241879 3501 39e+00 2.2e+01 5.3e+01 2.4e+00 2.6e+02
5, — 4, — A 241.887 1.0e+00 7.7e+00 3.9e+01 5.1e+01 4.7e+00 2.8e+02
5,—-54,-E 241904 13e01 14e+00 1.7e+01 54e+01 1.9e+00 2.6e+02
5 —4,-E 241905 4.1e01 4.4e+00 1.8e+01 54e+01 2.1e+00 2.5e+02
73> T, -1BA 254959 -82e05 4.0e03 1501 1.7e+01 -1.7e01 5.3e+01
6.3 56, —1¥A 255050 1.0e07 6.4e03 19e01 1.7e+01 -1.2e-01 4.5e+01
5355 -1BA 255121 -28e04 15602 14e01 1.8e+01 -1.7e01 4.0e+01
45— 4, -18A 255173 -53e04 23e02 1201 1.6e+01 -1.7e01 3.0e+01
53—5,-18A 255192 -28e04 15e02 26e01 1.6e+01 -56e02 3.6e+01
63 > 6., -2 A 255194 -1.3e04 85e03 14e01 18e+01 -2.4e01 5.1e+01
4y > 4, -3 A 255204 -51e04 23e02 1201 1.6e+01 -1.7e01 3.0e+01
3353 -18A 255211 -7.9e04 27e02 7.3e02 11e+01 -1.2e01 1.7e+01
73 > 7, -1 A 255215 -39e05 38e03 15e01 1.6e+01 -15e01 5.3e+01
33 -53,-18A 255221 -1.7e03 39e02 7.9e02 1.1e+01 -9.8e02 1.7e+01
8 —»8,-18A 255266 -14e05 1503 12601 1.4e+01 -15e01 5.7e+01
9% —»9,-1BA 255356 -9.7e-06 5.1e04 69e02 1.2e+01 -25e-01 6.4e+01
70— 6y —E 338.125 3.3e01 28e+00 3.1e+01 5.1e+01 4.4e+00 2.8e+02
71 —>6.—-E 338345 79e01 6.5e+00 3.5e+01 b5.1e+01 4.7e+00 2.7e+02
76 — 65 — E 338405 2.0e07 17606 4.4e01 18e+01 6.0e01 1.5e+02
70 — 69— A 338409 1.0e+00 7.7e+00 3.9e+01 5.1e+01 4.7e+00 2.8e+02
76 —>6.—E 338431 1307 10e06 33e01 14e+01 52e01 1.4e+02
76 — 6.6 — A 338442 29e07 27e06 39e01 17e+01 6.3e01 1.3e+02
75 —->6.5—-E 338457 1205 11e04 23e+00 4.6e+01 15e+00 2.2e+02
75 —> 65 — E 338475 7.4e06 7.9e05 1.9e+00 4.3e+01 1.5e+00 2.1e+02
75 —>6.5—-A 338486 1305 1504 1.9e+00 4.3e+01 1.4e+00 2.2e+02
74 —6.4—-E 338504 3304 3503 6.1e+00 5.1e+01 2.4e+00 2.5e+02
74—>6_4—-A 338513 2902 26e01 19+01 b5.1e+01 3.8e+00 2.7e+02
7,—-56.,5,—-A 338513 82c04 85003 6.8e+00 5.1e+01 2.7e+00 2.3e+02
7, —>6,—E 338530 1.6e04 1.8e03 5.0e+00 5.0e+01 2.2e+00 2.5e+02
73 — 63 — A 338540 1.9e02 18e01 14e+01 5.1e+01 3.2e+00 2.7e+02
73—>6.3—-A 338543 19e02 1.8e01 14e+01 b5.1e+01 3.2e+00 2.7e+02
73—-56.3-E 338560 17e03 18e02 1.1e+01 5.1e+01 3.1e+00 2.7e+02
73 > 63— E 338583 7.7e03 88e02 14e+01 b5.1e+01 3.3e+00 2.7e+02
71 -6, —-E 338.615 1.6e01 15e+00 3.1e+01 5.1e+01 4.4e+00 2.7e+02
7, > 6, — A 338640 3.0e02 26e01 1.9e+01 5.1e+01 3.7e+00 2.8e+02
7, > 6, —E 338.722 21e01 19e+00 25e+01 b5.1e+01 4.1e+00 2.7e+02
7,—-56,—-E 338345 53e02 51e01 23e+01 5.1e+01 3.9e+00 2.8e+02
Table 3.12: Line parameters: IRAS 180891732 (continued).
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Figure 3.13: Spectratoward IRAS18089-1732 taken with the 100 m telescope, in frequency switch-
ing. All observed lines are labelled. Overlaid in black the synthetic spectra resulting from thefi t.
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Figure 3.14: Spectra toward IRAS18089-1732 taken with the 100 m telescope (3.14(d)), in fre-
quency switching, and with the IRAM 30 m telescope (3.14(b)- 3.14(c)); the 2mm data are smoothed
to the resolution of the 3 mm spectra. All observed lines are labelled. Overlaid in black the synthetic

spectra resulting from thefi t.
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CH3;0OH analysis. model results.
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Figure 3.15: Spectra toward IRAS18089-1732 taken with the IRAM 30 m telescope, smoothed to

the resolution of the 3 mm spectra (Fig. 3.14(b)- 3.14(c)). All observed lines are labelled. Overlaid

in black the synthetic spectra resulting from the fi t.
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85

transition

2_1—>1_1—E
20—)10—A
20—)10—E
23 -1 -E
60—)6_1—E
50—)5_1—E
40—)4_1—E
10—)1_1—E
30—)3_1—E
20—)2_1—E
5 —4-E
5_1—>4_1—E
5 —>4-A
54—)44—A
54—)44—E
53—)43—A
B > 43 - A
52—)42—A
5 >4 -E
5_3—>4_3—E
51—)41—E
52—)42—A
5_2—>4_2—E
5 —4-E

IRAM 18151-1208

v

(GH2)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

Tp

1 comp.

4.7e-02
1.0e-01
8.4e-02
8.8e-03
1.7e-01
2.9e-01
3.9e-01
2.1e-01
4.3e-01
3.7e-01
3.4e-02
1.7e-01
2.2e-01
1.2e-05
9.1e-07
3.7e-01
1.4e-03
6.7e-04
6.8e-05
3.1e-05
1.3e-:02
7.3e-04
8.1e-04
2.3e-02

1.1e+00
1.8e+00
2.5e-01
8.5e-02
7.7e-02
1.6e-01
2.8e-01
8.6e-01
4.1e-01
5.3e-01
4.1e-01
2.8e+00
3.2e+00
4.7e-05
7.9e-06
5.3e-01
1.5e-02
7.9e-03
5.6e-04
3.0e-04
1.5e-01
7.6e-03
7.8e-03
2.8e-01

Th

2 comp.

5.1e-02
5.1e-02
8.1e-02
4.3e-02
5.2e-01
5.4e-01
5.1e-01
2.0e-01
4.5e-01
3.5e-01
2.9e-01
3.4e-01
3.2e-01
2.5e-02
9.9e-03
3.5e-01
1.0e-01
1.2e-01
7.1e-02
4.5e-02
2.4e-01
1.2e-01
1.7e-01
2.4e-01

3.7e+00
4.7e+00
3.7e+00
2.5e+00
8.2e+00
9.1e+00
9.4e+00
5.5e+00
8.9e+00
7.6e+00
1.3e+01
1.7e+01
1.8e+01
9.4e-01
4.0e-01
7.6e+00
5.3e+00
6.3e+00
3.1e+00
2.1e+00
1.2e+01
6.3e+00
7.6e+00
1.1e+01

Table 3.13: Line parameters: IRAS18151-1208 .
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Figure 3.17: Spectra toward IRAS18151-1208 taken with the IRAM 30 m telescope. The 1 mm
and 2 mm data smoothed to the resolution of the 3 mm spectra (Fig. 3.17(a)). All observed lines are
labelled. Overlaid in black the synthetic spectra resulting from the fi t.
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IRAM 18182-1433

transition % T Th T Th T To
(GHz)
1 comp. 2 comp. 3 comp.
o3 -E 24929 -19e01 10e+00 -1.6e02 6.8e-02 -22e+00 1.2e+02
4 >4 -E 24934 -16e01 79e01 -1.8c02 7.8e02 -1.3e+00 4.3e+01
2%-2-E 24933 -18e01 9.7¢01 -11e02 45e02 -2.7e+00 2.0e+02
5 ->5-E 24959 -14e01 7501 -51e03 21e02 -28e+00 2.2e+02
6, > 6, -E 25.018 -1.0e01 5.1e01 -19e03 8.0e03 -2.7e+00 1.9e+02
7, -7, -E 25125 -6.1e02 0.0e+00 -5.8e-04 0.0e+00 -2.3e+00 0.0e+00

21 -1 -E w=1 96.492 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00
20> 1 -E w=1 96.494 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00
2,-1,-Ew=1 96501 0.0e+O0 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00
21-11-Avi=l 96589 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00 0.0e+00

2,-1,-E 96.739 12e01 36e+00 6.6e-02 80e01 1.3e+00 4.3e+01
2—-1-A 96.741 27601 53e+00 1.1e01 1.3e+00 1.5e+00 4.9e+01
20— 1-E 96.744 2.8e01 13e+00 6.2e02 1.6e01 2.0e+00 3.3e+01
21> 14 -E 96.755 37602 5901 7.6e03 4202 10e+00 3.1e+01
6y —> 6.1 —E 157.048 7.3e01 1.1e+00 4.3e02 7.2e03 89e+00 2.2e+01
5 — 5.1 —E 157.179 1.0e+00 15e+00 1.1e01 2.7e02 1.0e+01 2.2e+01
4)>4.,-E 157.246 1.2e+00 1.9e+00 2.1e01 8.1e02 1.0e+01 2.2e+01
1p—->11-E 157.270 54e01 3.3e+00 20e01 58e01 4.4e+00 2.8e+01
3p—o331-E 157.272 1.2e+00 2.2e+00 29e01 1.9e01 9.6e+00 2.3e+01
20— 21-E 157.276 1.1e+00 2.3e+00 3.0e-01 34e01 7.7e+00 2.3e+01
50— 49— E 241700 1.9e01 34e+00 1.6e02 1.0e01 59e+00 5.0e+01
5,—-54,-E 241767 5.1e01 1.0e+01 1301 1.1e+00 7.5e+00 5.0e+01
50 — 49 — A 241791 6.3e01 1.1e+01 15e01 1.2e+00 7.0e+00 5.2e+01
5, — 44— A 241.806 5.0e-04 2.6e03 7.5e07 20e06 4.7e01 1.8e+01
5, — 44— E 241829 27e05 0.0e+00 5.8e08 0.0e+00 1.9e01 0.0e+00
5; — 43— A 241.832 1.1e+00 23e+00 3.0e01 34e01 7.7e+00 2.3e+01
By — 43— A 241833 16e02 23e01 2304 16e03 1.8e+00 4.2e+01
5 — 4, — A 241.842 13e02 1801 1.1e04 7.6e04 26e+00 4.7e+01
55 > 43— E 241843 18e03 19e02 12e05 6.4e05 1.6e+00 3.6e+01
53—5453-E 241.852 5.6e-04 0.0e+00 34e06 0.0e+00 1.0e+00 0.0e+00
5 — 4, —E 241879 8.7e02 16e+00 5.1e03 3302 49e+00 4.8e+01
5 —4,— A 241.887 13602 1801 12e04 7.3e04 26e+00 4.7e+01
5,—-54,-E 241904 17e02 22e01 22e04 1303 3.7e+00 4.6e+01
5 —4,-E 241905 14e01 24e+00 1.0e02 6.7e02 4.6e+00 4.8e+01
7357, -BA 254959 -2.3e04 4.7e03 -7.6e-07 13e05 6.2e04 21e+00
6.3 > 6, -3 A 255.050 -1.2e04 4.8e03 -27e08 1.1e05 -3.3e:02 3.1e+00
5355 -BA 255.121 -5.0e04 1.2e02 -3.7e06 7.2e-05 -1.1e02 3.0e+00
4.5 > 4, 1B A 255.173 -7.7e04 1702 -7.7e06 1504 -35e02 3.2e+00
53—55,-18A 255.192 -59e04 1.2e02 -48e06 7.9e05 29e03 3.0e+00
63 — 6.5 —13 A 255.194 -3.6e04 8.0e03 -18e06 34e05 -50e03 2.7e+00
4y > 4, 1B A 255204 -7.8e04 1.7e02 -83e06 15e04 -3.0e02 3.2e+00
3353 -1BA 255211 -1.1e03 2.0e02 -14e05 24e04 -6.2e-02 2.8e+00
73 > 75 -BA 255.215 -2.0e04 4.4e03 -6.7e07 1205 1.2e02 2.0e+00
3 —>3,-1BA 255221 -1.9e03 3.1e02 -31e05 4704 -11e01 3.6e+00
8 —»8,-18A 255.266 -1.0e04 2.2e-03 -23e07 3806 4.8e-03 1.5e+00
9 —»9.,-18A 255.356 -5.4e05 9.0e04 -6.2e-08 9.0e07 -84e03 9.4e01

Table 3.14: Line parameters; IRAS18182-1433.
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Figure 3.18: Spectratoward IRAS18182—1433 taken with the 100 m telescope, in frequency switch-
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CH3;0OH analysis. model results.

89

1.5

g
m
=
e
3
2
= 2
=]
=
e
15
= 1
]
m
=
e
0.5

— - - -=T=7,

2512 10* 25125 10* 2513 10*
Rest Frequency (MHz)

@
T T

[ — - e
oo Il i
=5 5 fgiiial
[ mE < EE’I\? [
L T o]

i 1 -~ o

I |

I‘

! 1

|

—1
S —— Y T e}

L
4

¢ 9.66 10* 9.67 10
Rest Frequency (MHz)

(b)

e - —-64-6_,-E
———————-5y-5_,-E
e —4y—4_,~E

1.571 10° 1.572 10°
Rest Frequency (MHz)

(©)
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CH3;OH analysis. modé results.

IRAM 18264-1152

transition % T Th T To T To
(GHz)
1 comp. 2 comp. 3 comp.

o3 -E 24929 -46e02 20e01 -41e01 29e+00 -25e01 4.4e+00
4 >4 -E 24934 -54e02 2301 -4.0e01 24e+00 -14e01 25e+00
2%-2-E 24933 -32e02 14e01 -3.6e01 27e+00 -3.1e01 5.7e+00
6, > 6 - E 25.018 -6.7e03 2.8e02 -2.0e01 1.4e+00 -3.1e01 6.2e+00
2;,-51,-E 9.739 1701 23e+00 27e01 1.2e+01 8.1e02 7.0e+00
20> 1 -A 96.741 34e01 4.1e+00 5.0e-01 15e+01 5.7e02 8.4e+00
20— 1-E 96.744 19e01 44e01 85e01 4.0e+00 1.2e01 7.9e+00
2 —->1,-E 96.755 2.1e02 1.2e01 8.0e02 1.8e+00 7.6e-02 5.4e+00
6p > 6.1 —E 157.048 1801 23e02 37e+00 27e+00 6.6e-01 1.9e+01
5 —>541-E 157179 42e01 7.9e02 4.6e+00 3.0e+00 6.6e-01 2.0e+01
4y —-4,-E 157246 7.3e01 21e01 49e+00 3.2e+00 6.2e01 2.0e+01
ly—>1;-E 157270 58e01 15e+00 1.9e+00 6.5e+00 2.3e01 1.1e+01
3p—31-E 157272 93e01 43e01 4.7e+00 33e+00 53e01 1.9e+01
2p—>2,-E 157276 9.1e01 75e01 38e+00 3.6e+00 4.0e-01 1.6e+01
5 »49-E 241700 5.2e02 38e01 6.2601 15e+01 54e01 27e+01
517—-54,-E 241767 4.1e01 35e+00 1.6e+00 3.0e+01 5.7e01 3.1e+01
5 = 4-A 241791 5.7e01 4.6e+00 1.7e+00 3.1e+01 4.5e-01 3.2e+01
50 - 44-A 241806 53e06 16e05 19e03 11e02 49e02 3.4e+00
5, > 44-E 241829 2.6e07 17e06 7.1e05 93e04 4.2e02 2.6e+00
By »43-A 241832 9.1e01 75e01 3.8e+00 3.6e+00 4.0e-01 1.6e+01
5 > 43-A 241833 1.0e-03 83e03 3902 6.9e01 17601 1.2e+01
5 -4, - A 241842 52e04 42e03 4902 87e01 2201 1.6e+01
5 »43-E 241843 4.1e05 23e04 58e03 64e02 1901 1le+01
53—543-E 241852 14e05 10e04 18e03 27e02 14e01 8.3e+00
5 ->4-E 241879 15e02 11le01 27e01 59+00 4.6e01 25e+01
5 -4, -A 241887 5.6e04 4.0e03 51e02 82e01 21e01 1.6e+01
5,-54,-E 241904 9.1e04 55e03 8902 15e+00 3.7e-01 1.9e+01
5 —4,-E 241905 3.0e02 21e01 37601 6.5e+00 4.4e01 23e+01

Table 3.15: Line parameters. IRAS18264-152 .
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Figure 3.21: Spectratoward IRAS18264-1152 taken with the 100 m telescope, in frequency switch-
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CH3;OH analysis. modé results.

IRAM 18310-0825

transition % T Tp
(GHz)

1 comp.
2,->1,-E 96.739 29e01 2.3e+00
20— 1g-A 96.741 5.0e-01 3.9e+00
20— 1 -E 96.744 19e01 3.6e01
21-1-E 96.755 2.2e02 7.5e02
6p > 6.1 -E 157.048 6.1e02 -3.8e-03
5 —5.1-E 157.179 22e01 -55e-03
4 —>4.,-E 157.246 54e01 3.2e02
1p—-141-E 157.270 8.2e01 1.1e+00
3p—>3,-E 157.272 9.0e-01 1.9e01
20 —241-E 157.276 1.1e+00 5.3e-01
5 — 49— E 241700 29e02 1.2e01
5,—-4.,-E 241.767 3.7e¢01 1.8e+00
50 = 49— A 241.791 5.0e01 2.3e+00
5y > 44— A 241.806 55607 1.2e-06
50— 44 -E 241.829 24e08 1.2e-07
5y > 43— A 241.832 1.1e+00 5.3e-01
5 = 43— A 241833 23e04 1.3e-03
5 -4, -A 241842 1.1e04 6.1e04
5 —4;-E 241.843 9.7¢-06 3.8e-05
53—>43-E 241852 23e06 1.2e-05
5, -4, -E 241.879 6.6e-03 2.7e-02
5 >4, -A 241.887 1.2e-04 5.86-04
5,—-4,-E 241904 38e04 1.5e03
5 —4,-E 241905 15e02 6.5e02

Table 3.16: Line parameters; IRAS 18310-0825.
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labelled. Overlaid in black the synthetic spectra resulting from the fi t.



CH3;OH analysis. modé results.

IRAM 19410+2336

transition % T Th T To
(GHz)
1 comp. 2 comp.

-3 -E 24929 -42e02 1801 -42e01 4.1e+00
4, -4 -E 24934 -6.0e-02 2501 -29e01 2.6e+00
2 —21-E 24933 -24e02 9.8e02 -46e01 4.7e+00
6, > 6, -E 25.018 -2.8e03 1.1e02 -4.0e01 4.1e+00
2;-51;-E 96739 36e01 31e+t00 12e01 7.4e+00
20— 1g-A 96.741 57e01 4.9e+00 20e-01 9.1e+00
20— 1-E 96.744 27e01 49e01 24e01 5.4e+00
22—-1-E 96.755 3.0e-02 1.1e01 84e02 3.5e+00
6p > 6.1 —-E 157.048 11e01 -52e03 1.6e+00 6.4e+00
5 —>541-E 157179 38e01 -2.0e03 1.8e+00 7.0e+00
4y —-4,-E 157246 85e01 6502 1.8e+00 7.4e+00
ly—->1;-E 157270 11e+00 15e+00 7.6e-01 6.8e+00
3p—>31-E 157272 13e+00 27e01 1.7e+00 7.5e+00
20 —>2,-E 157276 14e+00 6.7e-01 1.4e+00 7.3e+00
50 —» 49— E 241700 4.7e-02 22e01 51e01 1.7e+01
57—-54,-E 241767 55e01 28e+00 81e01 25e+01
5 = 4-A 241791 7.2e01 34e+00 7.9e01 2.6e+01
50 - 44-A 241806 13e06 32e06 27e02 53e01
5, > 44-E 241829 59e08 32e07 4.7e03 12e01
5y »43-A 241832 14e+00 6.7e01 1.4e+00 7.3e+00
5 > 43-A 241833 4.3e04 27e03 14e01 4.6e+00
5 -4, - A 241842 21e04 13e03 1801 6.2e+00
5 > 43-E 241843 18e05 7.7e05 7.0e02 2.1e+00
53—-43-E 241852 51e06 28e05 33e02 1.0e+00
5 ->4-E 241879 11e02 49e02 4.0e01 1.4e+01
5 -4, -A 241887 22e04 12e03 18e01 6.1e+00
5,-54,-E 241904 7.1e04 2903 24e01 7.7e+00
5 —4,-E 241905 24e02 11e01 4.3e01 1.4e+01

Table 3.17: Line parameters: IRAS19410+2336.
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transition

2_1—>l_1—E
20—)10—A
20—)10—E
-1 -E
60—)6_1—E
5o—>5_1—E
40—)4_1—E
lo—)l_l—E
30—)3_1—E
20—)2_1—E
0 —4-E
5_1—>4_1—E
5 =4 - A
54—)44—A
54—)44—E
5 —-43-A
5 —->4;-A
5 -4 -A
5 -4 -E
5_3—>4_3—E
51—)41—E
5 -4 -A
5_2—>4_2—E
5 -4 -E

IRAM 20126+4104

4

(GH2)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

Tp

1 comp.

2.2e-02
6.0e-02
5.4e-02
6.2e-03
1.8e-01
2.4e-01
2.8e-01
1.2e-01
2.7e-01
2.3e-01
3.2e-02
1.0e-01
1.6e-01
1.2e-04
7.3e-06
2.3e-01
4.3e-03
2.6e-03
2.8e-04
1.3e-04
1.5e-02
2.8e-03
2.1e-03
2.6e-02

7.6e-01
1.5e+00
2.6e-01
1.1e01
2.6e-01
3.9e-01
5.0e-01
7.2e-01
5.7e-01
5.8e-01
7.0e-01
2.8e+00
3.8e+00
7.2e-04
8.6e-05
5.8e-01
7.3e-02
4.6e-02
3.6e-03
1.8e-03
3.5e-01
4.6e-02
3.0e-02
57e-01

Tp

2 comp.

7.0e-01
8.3e-01
8.7e-01
6.5e-01
4.2e+00
4.3e+00
4.2e+00
1.8e+00
3.7e+00
2.9e+00
3.9e+00
4.3e+00
4.3e+00
5.3e01
3.9e-01
2.9e+00
1.5e+00
2.2e+00
1.5e+00
1.2e+00
3.5e+00
2.2e+00
2.8e+00
3.0e+00

3.8e+01
4.7e+01
4.1e+01
3.1e+01
4.4e+01
4.5e+01
4.5e+01
4.0e+01
4.5e+01
4.4e+01
6.3e+01
6.4e+01
6.6e+01
2.9e+01
2.2e+01
4.4e+01
5.3e+01
5.8e+01
5.1e+01
4.5e+01
6.2e+01
5.8e+01
6.0e+01
6.2e+01

Table 3.18: Line parameters: IRAS20126+4104.
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CH3;0OH analysis. model results.
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transition

2_1—>1_1—E
20—)10—A
20—)10—E
-1 -E
60—)6_1—E
5o—>5_1—E
40—)4_1—E
lo—)l_l—E
30—)3_1—E
20—)2_1—E
0 —4-E
5_1—>4_1—E
5 =4 - A
54—)44—A
54—)44—E
5 —-43-A
5 ->4;-A
5 -4 -A
5 —4-E
5_3—>4_3—E
51—)41—E
5 —-4-A
5_2—>4_2—E
5 -4 -E

IRAS23139+5939

4

(GH2)

96.739

96.741

96.744

96.755
157.048
157.179
157.246
157.270
157.272
157.276
241.700
241.767
241.791
241.806
241.829
241.832
241.833
241.842
241.843
241.852
241.879
241.887
241.904
241.905

Tp

1 comp.

9.3e-02
1.7e-01
5.0e-02
6.1e-03
1.9e-02
6.8e-02
1.7e-01
2.8e-01
3.0e-01
3.6e-01
7.6e-03
1.2e-01
1.7e-01
1.6e-07
8.2e-09
3.6e-01
8.3e-05
3.7e-05
2.5e-06
7.7e-07
1.8e-03
4.0e-05
8.3e-05
4.4e-03

8.5e-01
1.6e+00
1.1e-01
2.0e-02
-2.0e-03
-6.0e-03
-4.5e-03
3.6e-01
3.8e-02
1.7e-01
3.4e-02
6.1e-01
8.7e-01
3.8e-07
4.2e-08
1.7e-01
49e-04
2.2e-04
1.1e-05
4.1e-06
7.8e-03
2.1e-04
3.9e-04
1.9e-02

Th

2 comp.

1.9e-01
4.7e-01
3.9e-01
9.1e-02
1.0e+00
1.6e+00
1.9e+00
8.0e-01
1.9e+00
1.5e+00
4.4e-01
9.7e-01
1.2e+00
4.6e-04
1.1e-04
1.5e+00
1.8e-02
2.6e-02
5.0e-03
1.4e-03
2.6e-01
2.6e-02
3.7e-02
2.4e-01

5.9e+00
8.8e+00
3.0e+00
1.6e+00
1.4e+00
2.2e+00
3.0e+00
5.4e+00
3.7e+00
4.4e+00
5.4e+00
1.3e+01
1.6e+01
5.1e-03
1.7e-03
4.4e+00
2.4e-01
3.7e-01
8.3e-02
2.9e-02
3.3e+00
3.6e-01
6.7e-01
3.0e+00

Table 3.19: Line parameters: IRAS23139+5939.
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CH3;0OH analysis. model results.
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Figure 3.28: Spectra toward IRAS23139+5939 taken with the IRAM 30 m telescope. The 1 mm
labelled. Overlaid in black the synthetic spectra resulting from thefi t.
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Chapter 4

|RAS 05358+3543: a high mass star
forming cluster.

The content of this chapter is based on Leurini, S., Schilke, P., Beuther, H., et al. to be
submitted to AGA

4.1 Introduction

IRAS 05358+3543, also known in literature as S233IR, is part of a sample of 69 high-mass
protostellar objects (HMPOs) studied in great detail in recent years (Sridharan et al. 2002;
Beuther et al. 2002b,c,d). At a distance of 1.8 kpc (Snell et al. 1990), IRAS 05358+3543
has a luminosity of 6300 L, and a dust temperature of 47 K (Sridharan et al. 2002); strong
high mass star formation activity is evidenced by emission in Class Il CH3OH (Minier et al.
2000) and H,O (Tofani et al. 1995) masers. Outflow activity has been first reported by Snell
et al. (1990) in CO; more recently, Beuther et al. (2002a) have found at least three highly-
collimated outflows in CO and SiO, the most prominent of which is more than a parsec in
length and massive (M> 10 M). Two of them form a quadrupolar system, most likely orig-
inating from adjacent protostars; PdBI continuum data (Beuther et al. 2002a) resolve the
mm core at the center of the quadrupolar outflow in three massive (75 M, < M< 100 M,)
condensations. A number of other outflows is seen by McCaughrean et al. (2005) in Hy,
confirming the intense star formation activity associated with IRAS 05358+3543.

In this chapter, we present an interferometric analysis of the region at mm wavelengths
in several molecular transitions and in the continuum. While the former study by Beuther
et al. (2002a) was aimed at the large scale outflow structure, our analysis will be particularly
dedicated to the understanding of the physical conditions at the very center part of the region,
close to the massive protostars.
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4.2 Observationswith the Plateau de Bure I nterferometer
(PdBI)

IRAS 05358+3543 was observed with the IRAM Plateau de Bure Interferometer (Guilloteau
et al. 1992) in four tracks between January and October 2003 in one frequency setup in the
B and D configurations of the array. Two observations, in January and October, were per-
formed with only 5 antennae. The 3mm receivers were used in single side mode and tuned
to 96.6 GHz; the 1mm receivers, in double side mode, were tuned to 241.85 GHz, (USB).
The C34S and the torsionally excited CH;OH quartet (2, — 1,)* were covered using two
correlator units of 80 MHz bandwidth. One 320 MHz unit was placed to obtain a contin-
uum measurement at 3mm. The CH3;OH 5¢ — 4 band, the HDO (2,7, — 2;,) and the
SO,(524 — 443) lines were observed with four units of 160 MHz bandwidth, which were
also used to obtain a continuum measurement at 1.3mm. The same configuration of the cor-
relator units allowed the observation of CH3;CN 13x — 12 band in the LSB at 239 GHz.
The observations were performed in the MOSAIC mode, with seven fields covering the
whole source in a hexagonal pattern with a center field. The reference center is RA[2000]
05:19:13.0 and Dec[2000] 34:45:54; the v, g is -17.6 km s1. Details on the system temper-
atures, resolutions and synthetized beam sizes are given in Table4.1.

Molecular transition Rest freq. HPBW Tsys  Res.
(GHz) () (K)  (kms™)
C34S(2 — 1) 96.412 4.42x3.2 100-150 0.48
CH3OH (2ky=1 — Lkv=1) 96.500 4.35x3.14 100-150 0.48
CH5CN (13 — 12«) 239.100 3.13x1.9 300-600 0.625
HDO (211 — 2;5) 241561 2.76x1.43 300-500 0.77
SO,(52.4 — 413) 241616 2.67x1.37 300-500 0.77

CH30H (k=0 — 4kv=0) 241800 2.58x1.35 300-500 0.77

Table 4.1: Observational parameters of spectral lines observations.

4.3 Observational results

Continuum emission

A continuum map at mm wavelengths of the main core of IRAS 05358+3543 has been
already presented by Beuther et al. (2002a). They resolve the region into three sub-sources,
with angular separation between 4 and 6”, and label them mm1, mm2 and mm3. However,
due to poor summer weather conditions, their analysis was based only on the 3mm data with

1The projection of the angular momentum quantum number k runs from —J to +J for E-type CH3OH. For
A-type CH3OH a capital K is used, with 0 < K < J. When referring in one expression to levels from both
species, lowercase k is used.
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a resolution of 4”7 x 3" (7200x5400 AU). While at 3mm we reached a similar resolution (see
Table.4.1), we can zoom deeper into the core at 241 GHz, with a resolution 1.26” x 0.84”
(2200x1500 AU), PA(-127°) in uniform weighting.

At higher resolution, the data reveal two other millimeter condensations (see Fig. 4.1(a)),
whose positions and sizes have been determined by fitting two-dimensional Gaussians to
the data and which we label mm4 and mmb5; source mm2 splits up into two condensations,
mm2a and mm2b. Source mm2b, mm4 and mmb5 are associated, within less than 17, with
H,O maser spots detected by Tofani et al. (1995). In 1999, Beuther et al. (2002d) detected
only one of the known maser features. Minier et al. (2000) detected three clusters of methanol
masers at 6.7 GHz; the detection indicated in Fig. 4.1(a) consists of several features along
an elongated structure of 40 mas (100 AU) and with a clear velocity gradient, which they
interpret as associated to a disk. This structure is perpendicular to one of the outflows in the
region (see Fig. 4.1(a)).

With our resolution, the main core, mm1, seems to be extended and just at the verge of
splitting up; for this reason, given the high signal-to-noise ratio in our data, we have restored
the Clean components with a smaller clean beam (0.7”” x0.7” ) than that used in Fig. 4.1(a).
This is justified by the fact that the data from the longest baseline reach a resolution of
0.48” . With a beam of 0.7” x0.7” , the condensation splits up in two sources, mmla and
mmlb, whose parameters are given in Table 4.3; the data also reveal another millimeter
condensation which we label mm6 (see Table 4.3). We believe the new feature, mme, is real,
and not an artifact of super-resolution used in restoring the Clean components, since the rms
in the map is 0.004 Jy/beam and mm6 is a 3 o detection. Moreover mm1b coincides with
the CH3OH maser emission detected by Minier et al. (2000) and mm6 with the H,O maser
emission reported by Tofani et al. (1995). However, higher resolution is needed to confirm
these results and here after the values obtained with a Clean beam of 1.26” x 0.84” will
be discussed. Observations with the Submillimeter Array (SMA) on top of Mauna Kea, at
340 GHz, are scheduled for the winter 2004 observing period with which a angular resolution
below 1” will be reached.

Assuming optically thin dust emission, masses and column densities have been calculated
using the formulae 3.3-3.4, for a dust temperature of 50 K; a value of two is used for g.
Visual extinctions are calculated using A,=N4,/0.94 x 10?* (Frerking et al. 1982). Results
are listed in Table 4.3. Mass and column density associated with mmb5 are higher than what
expected from the millimeter peak flux because of the extended emission associated to it.
Our results differ significantly from the values found by Beuther et al. (2002a), who derived
masses ranging between 100 and 73 M. This can be attributed to the stronger spatial filtering
effect of the interferometer at shorter wavelengths. Column densities are, on the other hand,
similar or bigger than their results, which is due to our smaller beam. Moreover, at 1 mm the
continuum emission could start being optically thick.

Uncertainties on the derived parameter are hard to quantify as they depend on the dust opacity
index and dust-to-gas ratio assumed in the calculations. As already discussed in § 3.4, the
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source R.A. Dec. maj.xmin. peak flux M Ny, A
[J2000] [J2000] [”] [mJy beam™] [mly] [Mo] [10%]
resolution: 1.26”x0.84"2
mml  05:39:13.09 35:45:50.79 2.15x1.84 57 203 22 6 6000
mm2a 05:39:12.74 35:45:51.16 2.14x1.57 33 80 9 3 2800
mm2b 05:39:12.82 35:45:50.58 1.30x1.30 30 20 2 1 1400
mm3  05:39:12.50 35:45:54.93 1.80x1.40 40 50 5 2 2300
mm5  05:39:13.11 35:45:48.47 3.59x1.69 19 50 5 1 1000
mm4  05:39:12.93 35:45:49.10 1.80x1.56 27 40 4 2 1900
super-resolution: 0.77x0.7”P
source R.A. Dec. maj.xmin. peak flux M Ny, A
[J2000] [J2000] [] [mly beam™'] [mly] [Mo] [10%]
mmla 05:39:13.07 35:45:51.16 1.02x0.84 44 513 5 7 7000
mmlb 05:39:13.12 35:45:50.52 1.50x0.70 28 583 6 6 6500
mm2a 05:39:12.75 35:45:51.30 1.76x0.90 25 45 5 4 3300
mm2b 05:39:12.82 35:45:50.32 1.20x0.80 18 31 3 4 3800
mm3  05:39:12.49 35:45:54.84 1.14x0.90 36 40 4 4 4600
mm5  05:39:13.04 35:45:48.56 1.26x0.98 18 24 3 2 2300
mm4  05:39:12.91 35:45:49.28 1.53x1.12 20 35 4 2 2400
mm6  05:39:13.00 35:45:49.96 1.10x0.79 18 20 2 3 2700

@ see Fig. 4.1(a)

b see Fig. 4.1(b)

Table 4.2: Core parameters derived from the PdBI continuum observations.

opacity index g is assumed to be close to 2 in massive star forming regions, but values lower
than this are found (Natta et al. 2004). Also, the dust temperature for the condensations
might be higher than 50 K. From the 3 mm and 1 mm data, values of 3 can be derive from

exp (—thTSHZ) ~1

o0 () 1

S V241 GHz — (241 )3+’B (41)

S 96

V96 GHz

[ ranges between 1, at the outer edge of the cores, and 0.3, at the dust condensations;
however, the 1 mm data are severely affected by spatial filtering and results are not reliable. A
detailed modelling of the continuum emission in the cluster is necessary once more frequency
points are collected.

Masses and column densities are derived here with the assumption that all emission
comes from the dust, as no centimeter emission at 3.6 cm is detected down to 1 mJy with the
Very Large Array (Sridharan et al. 2002). However, hypercompact Hir regions (< 2000 AU,
Tieftrunk et al. 1997) can have a very weak flux at centimeter wavelengths but still contribute
significantly to the total emission in the millimeter range (Keto 2003) if their emission is still
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optically thick at these frequencies. The millimeter condensation mm1 is the most massive
and probably more evolved in the cluster; therefore, at least for this case, it is better to inves-
tigate different scenarios and give limits to the values listed in Table 4.3. From the observed
fluxes at 241 GHz and 115 GHz (Beuther et al. 2002a), one can derived the contribution
to the total flux due to free-free emission and to the dust, assuming an optically thick free-
free emission; this is the worst scenario and leads to a maximum contribution by free-free
emission to give range to the masses and column densities derived.

S obsymgH, S flomerz T S dustz41GHz
S obsuseHz S fFrasorz T S dusta1scHz
(4.2)
and
V241 GHz ? V241 GHz 3
SOb324leHz = SffnseHz X ( ) + SdUStnsGHz X ( )
V115 GHz V115 GHz
S obsiiseHz S fisenz T S dust115GHz
4.3

Solving equation 4.3 leads to a dust flux of 114 mJy at 241 GHz; then the gas mass of mm1
is 12 M,, the colum density 6x10%* cm=2 and the visual extinction 6000. The true values
of these quantities are therefore in between those derived in Table 4.3, under the assumption
that all the flux at 1 mm is due to the dust, and the values just derived assuming that the
free-free emission at 1 mm is still in the optically thick regime.

Molecular emission

While the 1 mm continuum data have a very high signal-to-noise ratio and allow us to reduce
the data in uniform weighting, natural weighting is used for the line data, thus reaching lower
spatial resolution. We detected several complex (CH3OCHj3, C,HsCN, CH3CN, CH;OH
v;=0,1, HNCO) and deuterated (HDO) molecular species (see Fig. 4.2) towards the main
millimeter condensation of the cluster (see Fig.4.3- 4.4); however, given the low resolution of
the line data at 3 mm and 1 mm, compared to the continuum map at 1 mm, an exact location
of the emitting region is not possible. Methanol and methyl cyanide (CH3CN) transitions
show double peaked line profiles towards mm1; however the low linear resolution of the
data (~ 4600 x 2400 AU) does not allow us to perform any kinematic studies on the source.
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O CHy0H maser (Minier et al. 2000)

@ Deeply embedded source (Yao et al. 2000)

% IR sources (Porras et al. 2000)

& Hy0 maser (Tofani et al. 1098)
KLU LE A Hy0 maser (Beuther et al. 2002)
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Figure 4.1: The colour scale shows the 1.3 mm continuum emission towards
IRAS 05358+3543 as observed with the PdBI with a Clean beam of 1.26”x0.84” (a) and
0.77x0.7” (b). In Fig. 4.1(a) the white arrows outline the high velocity outflow detected in
CO by Beuther et al. (2002a), while the black, dashed line depicts (not to scale) the structure
along which the 6.7 GHz CH3OH maser features are found by Minier et al. (2000).
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43 [7]

a2 [7]

(e )

Figure 4.2: In colour scale the 1 mm continuum emission. The black contours show the
integrated line intensity of the 2,; — 2;, HDO transition (a), of the 13, — 12, CH3;CN (b),
the 11, —» 109 HNCO (C), of the 52,4 - 41,3 SO, (d), of the CH3;0CH; (131,13 — 120,12) (E)
and of the C,HsCN (27520 — 26g19) (€). Level contours are arbitrary.
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a6 [
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Aa ["]

Figure 4.2: continued: In colour scale the 1 mm continuum emission. The black contours
show the integrated line intensity of the C3*S(2 — 1). Level contours are arbitrary.

Only the less excited CH3;OH lines, |k| = 0,1 - A, E, |k| = 2—E, and C34S show extended
emission. Fig. 4.5(a) shows the map of the integrated intensity of the 5, — 4o — A CH3;OH
line, overlaid on the 1 mm continuum emission. The line clearly peaks at the position of the
main millimeter condensation mm1, even if the spatial resolution in the spectral data is not
high enough to give definitive proof, at the methanol maser position, which, in the contin-
uum analysis we labelled mmZla. The emission is then extended towards mm2 but the second
emission peak is shifted from mmz2 by (-1.6” ,0.5” ). Therefore, we label the methanol peak
positions CH3OH -1, the one coinciding with mm1a, and CH3OH -2, the one offset by mmz2.
Two other emission peaks are found at ( -11.1”,5.1 ") and ( 5.4, —7.8 ), which we label
CH30OH -NW and CH3;OH -SE respectively; these two features seem to be associated with
the outflows detected by Beuther et al. (2002a) (see Fig. 4.5(b)). However, CH3;OH emission
does show almost no shift from the system velocity of the source (Table 4.4) and, in CH;OH
-SE, linewidths are not broad as expected in outflows (Fig. 4.9(a)-4.9(b)). A 11 kms~! broad
component is detected in the 5 — 4o— Aand 5_; — 4_; — E transitions towards the CH;OH
-NW position. However, also SiO does not show broad linewidths or shift in velocity at
these positions (Av ~2.7 kms~? at both positions; v=1.3 kms™* at ( -11.1 ", 5.1 "), v=-2.4
kms™! at ( 5.4 7, —7.8 ”")). However, spatial filtering affects severely the data at 1 mm and
any analysis on the extended emission needs the zero spacing information; a proposal to map
the region in the 5 — 4, CH3OH lines was accepted for the summer 2004 observing period
at the IRAM 30 m telescope but not performed due to poor weather conditions. The project
has been now accepted again for the the winter 2004 observing period. The CH3;0H -SE
emission position is found at the tip of the south-eastern lobe of the high velocity outflow
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Figure 4.3: 2, — 1, v; = 1 CH30H (a) and C**S (b) spectra towards mm1.

in CO (indicated by black arrows in Fig. 4.5(b)), where also shocked SiO is observed. The
CH3OH -NW position is also associated with SiO emission; whether SiO and CH3;OH at this
position belong to the outflow detected in SiO by Beuther et al. (2002a) (white arrows on the
right side of Fig. 4.5(b)) or to the high velocity outflow in CO has to be further investigated.
As discussed by McCaughrean et al. (2005), ambiguity is also found in the H, emission:
Porras et al. (2000) suggest that knots N4A and N3A (see Fig. 4.5(b)) are possibly related to
the high velocity CO outflow, while McCaughrean et al. (2005) interpret N3A as belonging
to the SiO outflow.

The association of CH3;OH and SiO emission is however interesting as both molecular species
reside in dust grains. Since methanol is believed to be found in the mantles (Grim et al. 1991;
Dartois et al. 1999a) and SiO in the cores (Caselli et al. 1997; Schilke et al. 1997), a possible,
tempting interpretation of the spatial distribution of the two species is that CH3OH is tracing
less energetic events than SiO in the same outflow or that its emission is a tracer of fossil



114 IRAS 05358+3543: a high mass star forming cluster.

W T T T T T T T T T
By S £ & g & o
J o 3 g & & & &
g g 3 7 E & B
g g F B
= |i
g e |
\
|
ol
| |
2.389 10° 239 10° 2.391 10°
Rest Frequency (MHz)
€Y
T T T T T T L T T T T T T
6 2 2 M <)M Mmm e a a |
T 1 & RITE OEY 44
o o = Lo & bl
+ 8 T g §]
g i 28]
8 £ 5 |
.
2 #

1 1
2.417 10° 2.418 10° 2.419 10°
Rest Frequency (MHz)

1
2418 10°

(b)

Figure 4.4: CH3CN 13k — 12« (a) and 5 — 4x CH3;OH (b) spectra towards mmL1.

outflow in the region. Our data are, however, heavily corrupted by negative features caused
by missing spacings and any further interpretation of the extended emission needs the zero
spacing information.

The CH30OH 2,,_, — 1., distribution seems similar to the continuum distribution, being,
together with the Co;HsCN (27550 — 26g19) transition, the only line possibly showing up
at mm3 as well as at the other cores. However, given the relatively low resolution of the
3 mm data, compared to the one at 1 mm, and the low signal-to-noise ratio, this is a tentative
detection (1o7) and needs high resolution and high signal-to-noise v;=1 data to be confirmed.
From the linewidths of the CH;OH observed transitions and the clump sizes, virial masses
for mm1 and mm2 can be estimated using the relation (see e.g. MacLaren et al. 1988)

2
Mw:o.sog(i)( O )(AV”ZJ [M.] (4.4)

kpc ) \arcsec /| kms—1

where Av;,, is the line FWHM as from Table 4.3. Here, ®g is the continuum source size, as
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Figure 4.5: (a) In colour scale the 5, — 4, — A CH3OH line integrated intensity. Levels
go from 0.027 mJy beam=! (30) to 0.20 by step of 20~. Overlaid in contours the continuum
emission at 1 mm (levels: 0.015 mJy beam~! to 0.056 by step of 0.006 (3c7)). (b) In color
scale the H, data (McCaughrean et al. 2005) towards IRAS 05358; white arrows show the
CO and SiO outflows detected by Beuther et al. (2002a); the black arrows the high velocity
CO outflow. Black contours show the SiO shocked emission and the red one the 5 — 49— A
CH3OH integrated intensity.
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Figure 4.6: In grey scale we present the 1 mm continuum map of IRAS 05358, while thick
contours show the integrated intensity (1o, 20, 30- contours) of the 2, — 1; v;=1 CH;0H-E
line (@) and the integrated intensity (contours are by step of 6¢0-) of the 5, — 4, CH;0H-A
line (b). At the bottom left, the beam sizes of the PdBI data are shown.

the methanol emitting region are unresolved with our beam. Results are show in in Table 4.3;
they are in good agreement with the values found from the dust emission (Table 4.3). The
dust condensation mma3 is not analysed because, even if methanol is present at that position
too, data are too contaminated by spatial filtering effect to be analysed.

core Avip  Os My My
km S_l i Mo Mo

CH;OH-1 6.0 1 33 22

CH;OH-2 338 1 13 16

Table 4.3: Virial masses estimated from CH3;OH transitions.

4.4 Physical parameters

M ethanol excitation

In chapter 1, the diagnostic properties of CH3OH have been investigated over a range of
physical parameters typical of high-mass star-forming regions, finding CH3zOH to be a good
tracer of high-density environments and sensitive to the kinetic temperature. In chapter 3,
the initial level dataset (up to (J,k)=9), incomplete in energy above 100 K, has been extended
to include all the levels up to (J=14, k=13) in the torsional ground state and up to (J,k)=9 for
the first torsionally excited state, in order to apply the analysis of methanol spectra to sources
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in more evolved stages of star formation, where high temperatures are expected. The main
results of the calculations on this new dataset are

¢ IR vibrational pumping is shown to mimic the effect of excitation by collisions (see
Fig. 3.3(2));

e a promising way to break the degeneracy is by observation of vibrationally or torsion-
ally excited methanol lines and reliable determinations of density and kinetic temper-
ature are possible only when v;=1 bands are observed.

The fitting procedure used to analyse the CH3;OH data is described in Leurini et al. (2004);
free parameters are the kinetic temperature and the spatial density of the gas, the CH;OH-E
and —A column densities and source size. A single component model is used to fit the data
towards CH;OH -1, CH30H -2, CH30H -NW and CH3;OH -SE. Source sizes are estimated
from the line maps and are bigger the the 1 mm beam for all the four positions. An external
radiation field, described by a diluted grey—body (equation 3.1) has been included in the
model for CH30OH -1 and CH3OH -2. The dust optical depth at 100um is derived from
our 1 mm continuum data using equation 3.2 and assuming that the emission at 1 mm is
optically thin; values obtained are 71mm = 0.018 and 719,m = 2.8 towards CH3zOH -1 and
Timm = 0.001 and 71g9,m = 0.19 towards CH3OH -2, assuming 8 = 2 and a dust temperature
of 240 K. 8 and Tq4ug are uncertain and the following analysis on the CH;OH data depends
on them. As already discussed in § 3.4, degeneracy happens between the dilution factor w,
the dust temperature T4, the spectral index B and the reference optical depth of the dust at
100um in the external radiation field (eqg. 3.1): changing these parameters in the model has
the only physical meaning of changing the number of photons which excite the torsional
levels. (Beuther et al. 2002a). Following Kriigel & Walmsley (1984), dust and gas are
assumed to be coupled at high density, (n > 10° cm=3).

AVI/2 Vist

kms?t kms

CH3;0H -1 6.5 -15.6

CH3;0H -2 39 -154
CH30H -NW (-11.1 5.1 ")

narrow comp. 25 -165

broad comp. 119 -143

CH30H -SE (5.4 ”,-7.8 ") 23 -16.6

Table 4.4: Methanol line parameters.

CH30H -1

The methanol spectrum towards mmZ1 is typical of a hot core, with detection of highly excited
lines in both the torsional ground state and in the first torsionally excited state; linewidths
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are broad (see Table 4.4).

The 2y — 1x vi=1 CH3;O0H band at 96.4 GHz and the 5, — 4, band at 241 GHz have been
included in our analysis; the source size is estimated from the data on the 2, — 1; v;=1
CH3OH-E line. Emission from this line seems to be extended (see Fig. 4.3) but, since the
resolution at 3 mm is 4.35” x3.14” and the separation between mm1 and mm2a is almost 5”
in RA, contamination from CH3;OH -2 cannot be excluded. Therefore we have also restored
the Clean components with a smaller clean beam (2.3” x2.3” ), which corresponds to the
resolution of the most extended baselines; at this spatial resolution the bulk emission splits
up into two components, mm1 and mm2a, with sizes smaller than the beam. Therefore, in
our analysis, the continuum source size has been used as input parameter.

The best fit results of our analysis are given in Table 4.5 and the synthetic spectrum, overlaid
on the data, in Fig. 4.7. While the 1 mm lines are pretty well reproduced by our model, the
torsionally excited transitions at 3 mm are not and line intensities are a factor of 2 smaller
than what observed. We believe the low signal to noise ratio in this band, the degeneracy
between collisions and infrared pumping and the uncertainties in the collisional rates within
the torsionally excited levels and with the ground state to be the cause of this discrepancy.

CH30H -2

The CH3;OH spectrum towards CH3OH -2 is typical of low-mass star forming regions, with
narrow linewidths (see Table 4.4). However, given that there is no association between
methanol emission at this position and the continuum, the very nature of this molecular
emission is unknown. All the lines in the 5, — 4, band are detected, with a possible 20
detection of the 2, — 1; — E v;=1 lines. The best fit results of our analysis are given in
Table 4.5 and the synthetic spectrum, overlaid on the data, in Fig. 4.8. As in the case of
CH3OH -1, the model does not reproduce the emission in the torsionally excited lines which
are, however, affected by a low signal to noise ratio.

CH3;OH -NW

The CH3OH spectrum towards this position is characterized by red non Gaussian wings in the
50 — 49— Aand 5_; — 4_; — E lines, shifted by 2km s~ in velocity from the parental cloud
velocity; emission from the other lines comes from a narrower component. As discussed in
8 4.3, there is no clear evidence for association between the outflows detected by Beuther
et al. (2002a) and the emission at this position, modelling the spectrum towards CH3;OH -
NW is done only on the narrow component. The 1 mm beam is used as source size. The best
fit results and the quantities derived by it are listed in Table 4.5.

CH3;0OH -SE

The CH3OH spectrum towards this position is characterized by narrow linewidths with a
shift in velocity of 1km s=* from the parental cloud. The 1 mm beam is used as source size.
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The best fit results and the quantities derived by it are listed in Table 4.5.

CH30H-1 CH30H-2 CH30H-SE CH30H -NW

Tk (K) 240 113 25 40
n(H,) (cm~3) 5x107 2.3x106 6x10° 6x10°
N(CH3OH-E) (cm2) 6.6x 10 1.8x 10  1x 10% 1x 10%
N(CH3OH-A)(cm™2) 6.6x 10 1.8x 10  1x 10% 1x 10%
sze(”) 0.7 0.7 2.2 2.2

L (10%Lo) 5.52 0.3 0.006 0.04

M (Mo) 0.3 0.03 1.1 1.1
N(H.)(10% cm~2) 10 2 4 35
[CH3OH ]/[H2] 1x 1077 7x 1077 6x 107° 6x 107°

Table 4.5: CH;0H model results.

4.5 Conclusion

We have presented a high resolution study of the High Mass Protostellar Object IRAS 05358+3543
based on 3 mm and 1 mm data from the Plateau de Bure Interferometer. At our resolution,
the previously known three millimeter dust condensations split up in several other condensa-
tions, whose masses, column densities and visual extinction have been derived by analysing
the continuum data. The main dust condensation, mm1, shows several indicator of hot core
formation going on, with the detection of several complex molecules and very excited tran-
sitions. A preliminary analysis on the 2, — 1, CH3;OH series at 3 mm and of the 5, — 4y
CH3OH band at 1 mm indicates high temperature (240 K) and density (5x107 cm=3) in the
gas surrounding mm1; methanol abundance is typical of a hot core. The same analysis has
been performed on other three positions successfully leading to derive their physical param-
eters. Emission from the less excited methanol lines shows an extended pattern and it is
probably associated to the several outflows detected in the region, in CO, SiO and H,. Our
data are, however, heavily corrupted by negative features caused by missing spacings and
any further interpretation of the extended emission needs the zero spacing information.

This preliminary analysis of methanol in IRAS 05358+3543 has shown that, when other
data on highly excited transitions will be available and the zero spacing information recov-
ered, a measure of the temperature and density distributions of the gas in the region, around
the inner core and in the outflows, will be possible. This will result in one the first un-
ambiguously separated temperature and density maps of very young massive star-forming
regions and will establish CH3;OH as a unique tool to study the physical parameters density
and temperature simultaneously. Observations of the 7, — 6 band at 338 GHz, in both the
ground state and the first torsionally excited level, are planned for the next winter with the
Submillimeter Array, on Mauna Kea; the 5 — 4y v; = 1 band at 241 GHz will be observed
with the PdBI. Single-dish observations with the IRAM 30 m telescope are also scheduled
for the winter 2004, to recover the zero spacing information filtered out in the PdBI data.
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Chapter 5

Highlights and prospects

5.1 Summary

This thesis has been a pilot study dedicated to the analysis of the excitation condition of
methanol in the interstellar medium and to its tracing properties in the centimeter, millimeter
and submillimeter spectra. Since methanol is ubiquitously found in different regimes of star
formation and it is associated not only to the inner region of the clouds, close to the proto-
stars, but also to the outflows, it is particularly well suited to study high mass star forming
regions, whose physical conditions during the early evolutionary stages are still poorly un-
derstood.

A diagnostic tool of interstellar clouds. In Chapter 1, we have selected four bands of
CH3OH transitions in the millimeter and submillimeter regime and shown that when sev-
eral CH3OH lines, in different excitation ranges, are observed towards the same region, the
analysis on the spectra lead to estimates of both kinetic temperature and spatial density, thus
avoiding problems of different spatial distributions which are known to happen when relying
on different molecules. We found that many millimeter line ratios are mainly sensitive to
spatial density in the range 10°-108 ¢cm~3, while in the submillimeter range a strong depen-
dence on kinetic temperature up to 150 K is found. When infrared pumping is taken into
account and torsionally excited lines included in the calculations, reliable determinations of
temperature are possible by observing vi=1 lines. For complex sources and for lines sur-
veys or multi-frequency studies of a molecule, the traditional approach of deriving physical
parameter from a spectrum by “by-hand” Gaussian fitting of the lines with multiple com-
ponents is impractical. Therefore, we have extended the innovative technique to handle the
problem proposed by Schilke et al. (1999) to the Large Velocity Gradient approximation.
This is is based on the simultaneous fit of all the lines in a spectrum with a synthetic spec-
trum; it handles multiple components along the line of sight and can simultaneously fit up
to 100000 lines, in different frequency windows and from different telescopes. Local line
overlap is taken into account.

Chapter 2 is dedicated to the analysis of the pumping mechanism of Class | CH;OH masers
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and to the information on the physical parameters of an interstellar cloud that can be de-
rived by observing these transitions: the simultaneous observations of Class | masers in the
J, —» J; — E band and in other transitions allow a reliable estimate of the H, density, as
the J, — J; — E transitions mase at high density (10" cm~3) and the others at lower values
(10* — 10% cm™3).

High mass star forming regions in their early evolutionary stages. In chapter 3, a
sample of 13 sources in the early stages of star formation is analysed by single dish ob-
servations of centimeter, millimeter and some submm CH3OH lines. The analysis and the
technique discussed in the first two chapters are applied to high-mass star forming regions,
chosen among the sample of High Mass Protostellar Objects studied by Sridharan et al.
(2002) and the Infrared dark clouds by Carey et al. (1998). Methanol has been successfully
detected in all the sources of our sample; non-Gaussian profiles have been found in several
sources, probably due to outflows. Among the HMPOQOs, a variety of different methanol spec-
tra has been detected, with linewidths ranging from 2.4 km s=* to 5 km s~ and with very
different excitation conditions. Therefore, our analysis confirms methanol to be a good indi-
cator of the physical conditions in star forming regions. Our models usually reproduce the
observations well.

For each source, temperature, H, density and CH3OH column density are derived by a
simultaneously fitting of all the observed transitions. Errors on these quantities are given
by a x? analysis. Luminosities, H, masses, column densities and methanol abundances are
also given. The derived CH;OH abundance ranges between 10~° and 107, values in good
agreement with the results reported by other authors (Menten et al. 1986; Friberg et al. 1988;
van der Tak et al. 2000). In some sources, a jump in the CH3OH abundance is required,
from low values at low densities and temperature to three orders of magnitude higher for
high temperatures and densities. This jump is usually attributed to be due to evaporation of
methanol from ice mantles. High values of the reduced y? are sometimes found, but they are
probably mainly due to the complexity of the sources, which is not really represented by our
geometrically simple model; moreover, calibration uncertainties can still play a role in our
analysis.

IRAS05358+3543: acasestudy. The High Mass Protostellar Object IRAS 05358+3543
has been studied at high resolution with the Plateau de Bure Interferometer, in the 5, — 4
CH3OH band at 1 mm. In the continuum, with the resolution of 1.26”” x0.84”, the previously
known three millimeter dust condensations split up in at least two other cores, thus revealing
a cluster of at least five cores. H, masses range between 39 Mg and 4 M.,

A first analysis of the methanol data, although affected by the degeneracy between collisions
and the IR radiation field in the pumping of the energy levels, indicates hot core physical con-
ditions in the surroundings of the main mm core. Highly excited CH3OH lines (lower level
energy ~ 80 K) are detected in the region and a simultaneous fit of all the lines in the 5, — 4y
CH30H v;=0 and in the 2y — 1 CH3OH v;=1 series at 96.5 GHz gives typical hot-core pa-
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rameter: T=240 K, N(CH30H)=1.2x 10* cm~2, n(H,)=5 %10’ cm~2 and [CH3;OH]/[H.]
values of 10~7. Other hot core molecular species (CH3;OCHs;, C,HsCN, CH3;CN, HNCO) are
also detected.

Emission from the less excited methanol lines shows an extended pattern which probably is
associated to the several outflows detected in the region, in CO, SiO and H,. Particularly in-
teresting is the association between CH;OH and SiO emission: since both molecular species
reside in dust grains, methanol in the mantles and SiO in the cores, a possible, tempting
interpretation of the spatial distribution of the two species is that CH3OH is tracing less en-
ergetic events than SiO in the same outflow or that its emission is a tracer of fossil outflow
in the region. Our data are, however, heavily corrupted by negative features caused by miss-
ing spacings and any further interpretation of the extended emission needs the zero spacing
information.

5.2 Futureplans

Despite the observational effort to identify the very earliest stages in the evolution of massive
stars and study their physical conditions, several questions on the physical processes involved
in their formation are still to be addressed. High resolution and high frequency are essential,
to solve the confusion of the clustered mode and zoom in the innermost regions of high mass
star forming cluster. Interferometric millimeter and submillimeter observations are therefore
ideal to investigate the individual protostellar dust condensations in the continuum and the
hot, dense gas within the evolving cores in molecular line emission, as shown by our highly
successful study of IRAS 05358.

In that respect, in chapter 3, we have selected a sample of high mass star forming regions
in earliest evolutionary stages well suited for interferometric follow—up observations, since
the two election criteria have been that they show strong methanol emission and that are
at distances less than 4 kpc. Millimeter methanol observations with the Plateau de Bure
Interferometer are currently scheduled for the winter 2004 observing period towards the
infrared dark cloud G11.11-0.12 P1. Indirect evidences of a disk and an outflow in the
region are found in the detection of CH;OH and H,O masers and in the non-Gaussian wings
detected in the thermal methanol. However, with the PdBI data at 1 mm, we expect to image
the disk and probe the kinematics and the morphology of the outflow. By analysing the
CH3OH line intensities, a map of the density of the region around G11.11 can be derived.

We have also started a chemical and kinematical study of the Cep-A hot core, based on
high-resolution, high-sensitivity data acquired with the PdBI. The analysis on the velocity
structure of CH3OH lines at 1 mm suggests the presence of a massive protostellar disk, which
is resolved by the PdBI in extended configuration.

In this thesis, high-resolution observations of IRAS 05358+3543 have already been dis-
cussed. However, with the data we collected so far, a satisfying analysis on the source is
not yet possible. Our PdBI methanol data leave open two intriguing questions: is methanol
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tracing a less energetic event than SiO in the outflows?; which are the physical conditions of
the inner gas around the main millimeter dust condensation?. To address the first question,
single-dish observations with the IRAM 30 m telescope are scheduled for the winter 2004, to
recover the zero spacing information filtered out in the PdBI data. These data will shed light
on the morphology of the extended methanol emission and will allow us to investigate the
association of CH3;OH and SiO. Moreover, a study on the physical conditions in the outflows
will be possible.

To investigate the inner region around the protostars, observations of the 7, — 6, band at
338 GHz, in both the ground state and the first torsionally excited level, are scheduled for
the next winter with the Submillimeter Array, on Mauna Kea; the 5 — 4« v; = 1 band at
241 GHz will be observed with the PdBI. Zooming down to 0.7” at both the frequencies and
combining the information from all the observed bands, we plan to to measure the tempera-
ture distribution of the sources and resolve the density structure of the individual protostellar.
This will result in one the first unambiguously separated temperature and density maps of
very young massive star-forming regions and will establish CH3;OH as a unique tool to study
the physical parameters density and temperature simultaneously. Moreover, our data could
also test the jJump model for the methanol abundance and reveal at which temperature and
distance from the inner core evaporation of CH3;OH from the ice mantles happens.
Additional information on the source comes from the observations of class Il methanol
masers at 6.7 GHz by Minier et al. (2000), which show that the single emission centers
(maser spots) are very well aligned perpendicularly to one of the outflow in the region. Sev-
eral studies have suggested that CH;OH and H,O maser emission can be a powerful tool to
study outflows and disks in high mass star forming regions, as, with the high intensity and
spatial compactness (~1 AU) of the maser spots, they are well suited to be observed with
the VLBI networks, thus zooming in the inner region close to the protostars (<100 AU) and
allowing proper motion studies. However, ambiguous results are found, with motions which
can be interpreted as rotation around a disk, expansion about the axis or infall (Cesaroni
2004). A general conclusion is that proper motion studies of masers features is useful when
additional information on the source, such as the morphology of the outflows, is available.
Therefore, we also plan to combine the information from our millimeter interferometric data
with proper motion and kinematics studies of CH3;OH and H,O maser features with the VLBI
and the EVN. The 22.2 GHz H,0 and 6.7 GHz CH3OH VLBI observations will offer a good
case where the information on the gas kinematics and the physical conditions extracted with
the maser observations at linear scales of 10 — 100 AU, can be connected with the infor-
mation on the environment harbouring the maser emission deduced with thermal tracers at
scales > 1000 AU. Therefore, the analysis on the kinematics of the class Il CH;OH masers
has the potential to discriminate between the disk and the outflows scenarios of the structure
outlined by the 6.7 GHz masers by Minier et al. (2000).

In the next decade submillimeter astronomy will become routine: the APEX telescope
on the Atacama plane in Chile will be operational in 2005 with receivers covering all atmo-
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spheric windows up to 1 THz and some selected windows above it; the Herschel satellite,
whose launch is scheduled for 2007, with its HIFI instrument, will collect data on the molec-
ular spectrum in the THz region. SMA is already routinely operating on Mauna Kea at
frequencies up to 345 GHz.

Methanol has been shown to be the most prolific species in the 350um, in the line survey by
Comito et al. (2004) on Orion-KL. Therefore a proper understanding of its excitation condi-
tion in the interstellar medium will be extremely useful in the near future.

Moreover, with SMA and PdBI, and with the Atacama Large Millimeter Array (ALMA) in
the near future, sub-millimeter interferometry will be decisive in the study of very young
massive star forming regions and produce copious amounts of spectral data. A major role in
the analysis of 2-dimensional interferometric spectral data can played by the LVG analysis
tool described in chapter 1; however, in its current version, the fitting program is meant for
single dish data. We therefore plan to implement this tool to easily handle interferometric
data, including simple geometries for the sources and introducing a Monte Carlo method to
solve the radiative transfer problem. Moreover the program, in its current version, can be
easily adapted to work with other molecules.
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Appendix A

CH3OH-para H» collisional rates.

The relative abundance of H, and He in the molecular gas phase in the interstellar medium
(~ 5:1) implies that H, is the dominant collisional partner: in order to have a proper under-
standing of the excitation of CH3;OH , as well as of other molecules, the corresponding rate
collisional coefficients are required. Para-H, has several similarities to helium as a collider:
they both have a spherical symmetry and neither possesses finite electrostatic multipole mo-
ments. Therefore, it is usually assumed that para-H, and He behave similarly in low energy
collisions. Ortho-H,, on the other hand, is expected to behave differently from both para-H,
and He. An extreme case of such a different behaviour is found by Flower et al. (1990)
in the inversion of the NH3 (J,k)=(3,3) line: collisional excitation of the levels by para-H,
might lead to a maser action in the transition, while collisions with ortho-H, tend to inhibit
inversion in the line. However, up to now (e.g. Walmsley et al. 1988; Menten et al. 1988b;
Kalenskii et al. 1997; Leurini et al. 2004), all statical equilibrium calculations performed on
the CH3OH molecule have been done making use of CH3;OH-He collisional coefficients.
Very recently, collisional rate coefficients for CH3;OH with para-H, have been computed by
Pottage et al. (2004a), in the range 5 <Ty,< 200 K, for levels up to (J,k)=9. These authors
find that the two datasets of collisional rates (CH3;OH-He from Pottage et al. (2001, 2002) and
CH3;OH-para-H;) are qualitatively similar; however, they also find that the propensity rules
are less pronounced when the collider is para-H, that when it is He: the Ak = 0 collisional
transitions, for example, are preferred to the others, but the contrast with the |Ak] = 1 is less
pronounced. Similar results are found in all the other collisional transitions with different K
ladder.

Since H; is the main gas-phase collider, we performed test calculations for a set of phys-
ical parameters typical of the interstellar medium, to verify whether or not our previous
calculations with the CH3OH-He collisional rates (Leurini et al. 2004) are consistent with
the results one would get using para-H; as main collider. Only calculations for CH;OH —E
have been done, but no different results are expected for CH;OH —A. Fig. A.1-A.2 show that
in the millimeter regime, energy levels are populated in a qualitatively very similar way by
collisions with He or para-H,, with deviations at low density. Major deviations are found
at submillimeter wavelengths (see Fig. A.3) at low CH3;OH column densities; however, at
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higher column densities (see Fig. A.3(d)-A.3(c)) results of the calculations with the CH3;OH
-He collisional rates and with the CH3;OH -para-H, converge to common values.

In chapter 2, class | masers have been discussed. As already suggested by other authors in
the past (Lees 1973; Lees & Haque 1974), class | CH3OH masers are found in our calcu-
lations to be pumped by collisions. However, what differentiates our model from others is
the pumping mechanism of the J, — J; — E maser series: Johnston et al. (1992) explain
the masing action in these lines with an additional preference for the Ak = 3 collisions and
the assumption that Ak = 2 collisions are forbidden. Our calculations show that collisions
equally populate the upper and lower levels of these transitions (Ak = 2 collisions are al-
most as strong as the Ak = 3 with the CH3;OH-He collisional rates from Pottage et al. (2001,
2002)), while spontaneous decays more fastly depopulate the lower levels, thus leading to
inversion.

Therefore, the new CH3OH-para-H; collisional coefficients could indeed affect the pumping
mechanism in class | masers, particularly in the J, — J; — E band, as Ak = m, m < 3 have
comparable intensities. Fig. A.4(a)-A.4(d) show line optical depths of several class-l1 maser
transitions with the two datasets of collisional rates. No major deviations are seen: collisions
with He produce slightly more intense masers and the opposite is seen inthe J, —» J; — E
band. Moreover these lines do mase and are quenched at lower densities.

As discussed above, no major deviations are found in computing the level populations
for methanol using coliisional rates with He or with para-H,, at least for those physical
conditions for which the analysed transitions are accessible to observations. However, as
discussed at the beginning of this section, ortho-H, is expected to behave differently from
both He and para-H, with possible consequences on the CH3;OH populations, when governed
by collisions, as in the case of NH3 (Flower et al. 1990). If this is the case, changes in the
ortho to para ratio, known to be 3 in warm (T> 170 K) sources in LTE, while ranging
between 9 and very low values in cold clouds, depending on the chemical history and state
of the region (Flower & Watt 1984; Le Bourlot 2000; Takahashi 2001), would also affect the
results.
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Figure A.1l: Results of statistical equilibrium calculations for CH3OH-E. The Tr(2y — 1)/
Tr(2.1 — 1.1) lineratio is shown in logarithmic scale, as function of H, density and temperature at
N(CH30H)/Av=10'% cm~2?/(km s 1), &) with CH3OH-He collisiond rates, b) with CH3;OH-para-Ho;
same calculations are shown in ¢) with CH3zOH-He collisional rates and d) with CH3OH-para-H,, at
N(CH30H)/Av=10" cm~?/(km s 1).
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Figure A.2: Results of statistical equilibrium calculations for CH3OH-E. The Tr(5 — 4o)/
Tr(5.1 — 4_1) lineratio is shown in logarithmic scale, as function of H, density and temperature at
N(CH30H)/Av=10"% cm~?/(km s 1), &) with CH3OH-He collisional rates, b) with CH3;OH-para-Ho;
same calculations are shown in ¢) with CH3OH-He collisiona rates and d) with CH3OH-para-H>, at
N(CH3OH)/Av=10" cm~2/(km s ).
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Figure A.3: Results of statistical equilibrium calculations for CH3OH-E. The Tr(7_3 — 6-3)/
Tr(75 — 5s5) lineratio is shown in logarithmic scale, as function of H, density and temperature at
N(CH30H)/Av=10'® cm~2?/(km s 1), &) with CH3OH-He collisiond rates, b) with CH3;OH-para-H,;
same calculations are shown in ¢) with CH30H-He collisional rates and d) with CH3;OH-para-H, at
N(CH30H)/Av=10'® cm2/(km s ).
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Figure A.4: Line optical depths of several class-| maser transitions of E-type: a, ¢ with the CH3OH
-He collisional rates, b, d with the CH30H -para-H, collisional rates, at N(CH3OH )/Av = 10'® cm—2
km S_l, Tkin=80 K.
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