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Chapter 1

Introduction

1.1 Massive star formation

Massive stars (M> 8–10 M⊙) are important building blocks of galaxies. Despite being
rare, they provide most of the luminosity and heavily influence their surroundings through
energetic interactions throughout their short lifetime. Supernovae and massive winds feed
chemically enriched material back into the interstellar medium, mixing it up and creating
turbulent motions. On the small scales, their presence influences the creation of stars and
planets (Bally et al., 2005) as well as the chemical and kinematical structures of whole galax-
ies on the large scales (Kennicutt, 2005). A further understanding of the role of massive stars
involves understanding their formation processes.
In the case of lowmass star formation, a sequential formation mechanism has been proposed
(i.e. André et al., 2000), where a so-called class 0 source accretes material from the surround-
ing envelope, dispersing it in the process and eventually turns into a pre-main-sequence star
surrounded by a proto-planetary disk (Guilloteau & Dutrey,2008).
For massive stars however, studying the stages of star formation is severely hindered by the
facts that they are very rare, have a short lifetime, (hence their earliest stages are even more
difficult to detect), are on average far away and form exclusively in clusters. The latter two
points imply that when observing massive star forming regions, one is likely observing the
whole cluster in a single dish beam.
In the last decade, much progress has been made in trying to answer if massive star formation
can be explained with a scaled up version of the lowmass accretion model for star formation,
or if new mechanisms have to be found. While the fact that collimated outflows have been
observed towards massive stars of luminosities equivalentto B-type stars (Beuther & Shep-
herd, 2005) seems to indicate that massive star formation does occur as a scaled up version
of low mass star formation up to stars of about 30 M⊙, one has to consider that there are
nonetheless very different physical processes involved inmassive star formation. Zinnecker
& Yorke (2007) discuss in detail why massive star formation cannot just be a scaled up ver-
sion of low mass star formation, naming photoevaporizationof the massive accretion disks,
feedback on the surrounding material through non-ionizingUV flux and radiation driven
bipolar winds as processes which are unique to high mass starforming regions.
In the following two sub-sections, I will give a short, by no means exhaustive overview of
the current theoretical and observational status of massive star formation.
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In this work, the terms “massive star formation” and “high mass star formation” are used
concurrently. When talking about massive star formation, particularly when comparing ob-
servations to theory, there can be a misconception about thewords “clumps” and “cores”.
In this work, a clump denotes the whole region of massive starformation resolvable with a
single dish telescope, i.e.10′′–20′′ or 0.2–0.4 pc at a distance of 4 kpc. A clump can harbor
several cores, in which the star formation takes place.

1.1.1 Theory

For a long time, the main obstacle for the formation of massive stars was seen in the radi-
ation pressure on the infalling dust grains halting the accretion process (Wolfire & Cassinelli,
1987; Yorke & Sonnhalter, 2002). Several models were developed to explain how this obsta-
cle could be overcome. There are three main pathways to be discussed.

• In the first model, the formation is thought to proceed through monolithic collapse and
disk accretion (Yorke & Sonnhalter, 2002; Krumholz et al., 2005), which assumes that
the natal material has already been assembled in a massive turbulent pre-stellar core
(McKee & Tan, 2003).

• In the second model, a star forming in a globally collapsing cluster sweeps up cluster
material in competition with its companions and grows through Bondi-Hoyle accre-
tion (e.g. Bonnell & Bate, 2006). Zinnecker & Yorke (2007) describe this process of
competitive accretion aslocation, location, location and the rich get richer, since a
forming star with a prime location in the center of a cluster can accrete more material
and the more massive a forming star starts out, the more material it can sweep up.

• The third model, which is thought nowadays only to occur in the most extreme en-
vironments is that of stellar mergers and coalescence (Bally & Zinnecker, 2005), in
which low and intermediate mass stars are formed and merge tohigher mass stars in
the densely packed centers of stellar clusters.

A sequence of massive star formation proposed by Zinnecker &Yorke (2007) starts with
gravitationally bound turbulent cold and dense cores that develop into hot, dense massive
cores once the central object started to heat up its surrounding gas. In this stage also col-
limated outflows and masers appear. The object then reaches the zero age main sequence
(ZAMS) and starts to burn hydrogen (Palla & Stahler, 1992, 1993) while accreting its mass
through disk accretion. The fact that a massive star will continue accreting while having
reached the ZAMS already constitutes one of the major differences with the low mass star
formation process. Technically speaking there are no massive proto-stars, since a protostar is
thought to be at the stage where it gets most of its luminosityfrom accretion. When the word
protostar is used in this work, one has to keep in mind that it refers to a high mass object that
is still accreting.
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1.1.2 Observations

The definition of an evolutionary sequence of massive star formation from an observer’s
point of view is highly debated, and I will just give one examplewhich has themost relevance
to this work. Beuther et al. (2007) classify the sequence of massive star formation as follows:

• High mass starless cores, which are dense, cold and IR quiet

• High mass cores which harbor accreting low- and intermediate mass objects

• High mass proto-stellar objects – proto-stars> 8M⊙which might or might not have
formed hot molecular cores and hyper-compact HII regions yet

• Final stars

With a rough approximation, one can show that the number of accreting early O-type
massive stars in our Milky Way is about three per 1 kpc2 (Zinnecker & Yorke, 2007), mak-
ing it an extremely tedious search to detect them. In addition, their earliest stages are heavily
obscured in the optical and infrared regimes through their natal dust cocoons.
From an observational point of view, the study of high mass star formation is taking a huge
step forward with the availability of new sub-mm instruments such as the AtacamaPathfinder
EXperiment (APEX) and the Submillimeter Array (SMA).
The mm and sub-mm regimes are very well suited to study the formation of massive stars,
since the earlier stages of this process are deeply embeddedin their natal dust clouds, which
obscures all optical light. In the mm regime, one can observerotational transitions of many
molecules which are evaporated off the dusty grain mantles in the hot core stage or formed
subsequently from evaporated ones. The sub-mm regime however is especially useful to
study massive star formation, since at these frequencies, many light species have their tran-
sitions and many molecules exhibit higher excited transitions and let us probe the hot dense
gas deep inside the star forming cores.
The optimum solution to study high mass star forming regionsin depth would be to observe
a large number of sources in a wide frequency range, which is not yet feasible. In the past,
there have been many studies of limited frequency setups on individual sources (see Beuther
et al. (2006b), Olmi et al. (2003), MacDonald et al. (1996), Cesaroni et al. (1994) to name
a few). While this kind of line surveys allow a good classification of the studied sources, as
has been done in such prominent cases such as Orion-KL (Blakeet al., 1996; Schilke et al.,
2001; Comito et al., 2005; Beuther et al., 2006a) and Sgr B2 (Sutton et al., 1991; Turner,
1991; Nummelin et al., 2000; Friedel et al., 2004), one needsto study the conditions in a sta-
tistically significant sample of sources to be able to describe global properties of high mass
star formation.
Such surveys have mostly been performed on the northern hemisphere with only a very
limited frequency range (Sridharan et al., 2002; Mueller etal., 2002; Molinari et al., 2002;
Shirley et al., 2003; Churchwell et al., 1992). On the southern hemisphere, Purcell et al.
(2006) and Urquhart et al. (2007b) have performed line surveys in the mm regime. The ear-
liest stages of cold dark clouds have been studied e.g. by Carey et al. (2000) and Pillai et al.
(2006). In addition, many samples of high mass star formation regions have been observed
in the dust continuum, such as Beuther et al. (2002a); Faúndez et al. (2004); Hill et al. (2005)
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and Beltrán et al. (2006).

High spatial resolution observations of massive star forming regions like G9.62+0.19
(Liu, 2005) display the traces of a wide range of objects at different evolutionary stages,
such as hot molecular cores and UCHII regions. In addition, the occurance of molecular
outflows and photon dominated regions (PDRs) adds complexity to the high mass star form-
ing regions. Interferometers are needed to resolve the regions spatially and disentangle the
different contributions from the numerous objects most likely picked up by the single dish
beam.
Commissioning for the Atacama Large Millimeter Array (ALMA) is scheduled to begin in
2009 on the Chajnantor Plateau in Chile. With ALMA, it will bepossible to resolve high
mass star forming regions at distances of 10 kpc with resolutions of a few hundred AU (Ce-
saroni, 2008)!
While ALMA will be able to reveal unprecedented detail aboutthe small scales in the mas-
sive star forming regions, the study of high mass star forming regions with single dish tele-
scopes gives us valuable insight into the properties of the large scale structures of the re-
gions, such as global infall, mass reservoirs in the clumps and the evolution of the clumps
themselves. To properly understand the details which ALMA will deliver in the future, it is
necessary to place them in the context of the evolutionary stages derived from the large scale
studies.
Using single dish telescopes does not limit us to study only the large scale structures. With
high excitation lines observed in a source, the small scalesof the cores are probed even with
them.

1.2 Motivation

When ALMA will be fully operational to study the southern sky, it will be necessary to
have a catalog of high mass proto-stellar objects to observeat high resolution. Most of the
studies of the well-studied hot cores and the samples of highmass star forming candidates
defined by Molinari et al. (2002) and Sridharan et al. (2002) have targeted the northern hemi-
sphere.
While a single dish instrument cannot resolve details of thehigh mass star forming regions
at large distances, it is an important tool to study the global parameters of the regions and
effectively "zoom" into the small scales of the hot cores with high excitation lines. To be
able to pick out interesting candidates for further high resolution studies, the single dish data
help us to study dust morphologies and radial profiles, the associations with IR sources, the
molecular content and to discover line rich sources (hot molecular cores). The correspond-
ing single dish surveys in the north have triggered many highresolution follow-ups that led
to important new insights into the formation process of highmass star formation by detect-
ing highly collimated outflows (Beuther & Shepherd, 2005) and evidence for accretion disks
(Cesaroni et al., 2007).
In this work, I defined and studied a sample of highmass star forming candidates in the south-
ern hemisphere. The sample was chosen similar to the sample of Sridharan et al. (2002) (see
section on the source sample for a discussion of the selection criteria). The 47 sources were
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not only observed in the 870µm dust continuum but a partial line survey between 336.9 and
338.9 GHz has been done for a subsample of 31 sources. The sample was selected to include
both radio-quiet and radio-loud sources, which might be regarded as an early and late stage
of the high mass proto-stellar phase.
Unlike many previous works, which were limited to the study of one type of object, our
combined sample includes high mass proto stellar objects (HMPOs), hot cores and UCHII
regions, allowing for a comparative analysis of objects at apotentially broad range of evo-
lutionary stages, with the aim of classifying properties ofhigh mass star forming regions on
a statistically significant basis. By including the sourcesat Galactocentric radiiRG between
9 kpc and 18 kpc, effects of varyingRG in the process of star formation can be examined.
This dissertation work is the first sub-mm line survey on a larger sample of high mass star
forming sources. Apart from characterizing the sample, I wanted to address the question
whether the combination of dust continuum data with the highfrequency line survey and
a few chosen line tracers of kinematic motion allows us to findevolutionary stages in the
sample.
While individual sources are difficult to compare with predictions of the star formation the-
ory, it might be possible to find indications to support one ofthe above-mentioned formation
scenarios when observing a large sample of sources.
Another goal was to study new hot molecular cores that might be found in the sample and
compare them to known northern hemisphere sources and get anestimate of the time spent
in that stage.

Hot molecular cores
Following the classical definition found in the literature,a hot molecular core (or hot core)
is a small (< 0.1 pc), dense (> 107cm−3 ) and hot (> 100 K) region with a centrally peaked
density structure inside a massive star forming cloud oftenfound associated with or in the
vicinity of UCHII regions (Walmsley et al., 1992; Kurtz et al., 2000). While the objects
are defined by a narrow range of densities and temperatures, they exhibit a large range of
luminosities and masses. They are often found through searches for FIR- and radio con-
tinuum emission (Kurtz et al., 2000), even though one has to keep in mind that single dish
studies do not have the resolution to distinguish whether ornot these tracers are associated
with the embedded hot core source or if they are found in theirvicinity. While the dense
core region is quiescent and cold, molecules freeze out on dust grain mantles and grow in
complexity by adding hydrogen (hydrogenation) also frozenout. Once the newly formed
protostar ignites, the ices in the inner region are evaporated by heating, which leads to a
rich gas phase chemistry. The heating is often provided by aninternal heating source (the
protostar), but cases of external heating have also been found (e.g. Watt & Mundy, 1999). In
the line spectra of hot cores, one finds high abundances of fully hydrogenated species and
complex organic molecules (Schöier et al., 2002). Among most of the studied hot cores, it
seems to be the case that their chemical properties neither correlate with the properties of the
accompanying UCHII regions (Hatchell et al., 1998) nor do their abundance patterns vary
significantly among each other (Kurtz et al., 2000). The phenomenon of hot molecular cores
can be observed during just a short moment in the formation ofa massive star. Comparing
the resolved hot cores in the massive star forming region W49N with the number of resolved
UCHII regions, Wilner et al. (2001) estimate the lifetimes to be shorter than105 yrs.
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Our sample gives us the possibility to study the eight hot cores that were found with the
line observations and have been observed in the same setups both in line and dust contin-
uum emission. With this albeit still small sample of hot molecular cores I want to adress
the question if all hot cores are basically the same, due to their extremely short lifetimes
or if it is possible to observe hot cores at different stages during the hot core phase. It has
to be noted however that this is the work of a “passive astrochemist” (van der Tak, 2008),
i.e. someone who uses the spectral lines to extract physicalinformation only, but does not
construct chemical models, which would have gone beyond thescope of this thesis.

Most observations were performed with the Atacama Pathfinder EXperiment (APEX), a
12m telescope operated by the Max-Planck-Institut für Radioastronomie, ESO and the On-
sala Space Observatory on Llano deChajnantor in Chile. Whenthis thesis was started, APEX
was still undergoing science verification and the progress of this work has been strongly
linked with APEX getting operational and developing to be a superb sub-mm instrument.
Therefore in the following chapter, I give a short description of this new telescope and the
instruments used in this work.

1.3 The source sample

Based on the sources observed by Faúndez et al. (2004) and Walsh et al. (1997), we
compiled a new sample of southern high mass star forming regions, where 35 sources follow
the selection criteria of Sridharan et al. (2002). They haveto

• satisfy the Wood & Churchwell far-infrared color-criteria(F60 µm/F12 µm ≥ 1.3 and
F25 µm/F12 µm ≥ 0.57)

• be detected in the Bronfman et al. (1996) CS(2-1) survey, ensuring the presence of
dense molecular gas and delivering velocities

• be bright at FIR wavelengths (F60 µm >90 Jy,F100 µm >500 Jy )

• be free of 5 GHz emission detected in the Parkes-MIT-NRAO survey to within 5′ from
the peak position

In addition, twelve sources which satisfy the first three criteria, but have 5 GHz radio con-
tinuum emission (Parkes-MIT-NRAO survey) were chosen. These 47 sources are in the fol-
lowing referred to as sample A or the inner Galaxy sample. To create a more heterogenous
sample, another 23 sources at Galactocentric radii between9 kpc and 18 kpc were taken
from the samples of Wouterloot & Brand (1989) (hereafter WB89) and from the sub-mm
continuum survey of Klein et al. (2005). While the five sources from outer Galaxy sample
of WB89 (sample B) are part of the dust continuum study presented in this paper, the 18
sources taken from Klein et al. (2005) were observed in the partial 338 GHz line surveys
only and the continuum measurements obtained by Klein et al.(2005) will be discussed for
comparison in this work. The Galactic distribution of all sources can be seen in Fig. 1.1.
Since the distance ambiguities could not be resolved for allsources (see Sec. 4.2.1 for more
details), they were shown in the plot both assuming a location at their near and at their far
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Figure 1.1: Galactic distribution of the sources in the sample. Shown are the sources from the
inner Galaxy sample (filled triangles assuming near distance, open triangles assuming far dis-
tance and filled circles when the distance ambiguity could beresolved) and the outer Galaxy
sample (WB sources large filled squares, sources from Klein et al. small filled squares). The
location of the Galactic center and the sun are marked with open squares.

distance.

1.4 Outline

The motivation of this work and its connection to the scientific background, as well as
an overview over the current status in massive star formation research are discussed in the
introduction.

Chapter two describes the properties of the Atacama Pathfinder EXperiment (APEX), the
telescope with which the majority of this work was conducted. The observing strategies used
and the data reduction process are presented.

I discuss the pilot study, conducted with three sources at the beginning of the project, in
chapter three. This was done with the goal of studying the feasibility of the observational
setups proposed for the project. Detailed follow-up observations of the studied sources are
also discussed.

The results of the 870µm dust continuum survey are presented in chapter four. This
survey was used to characterize the sample and compare its properties with other existing
samples. From the dust continuum and the correlation with the IR emission, one can get first
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impressions which sources might be suitable candidates forhigh mass star forming sites.

In chapter five, I discuss the molecular line surveys at 338 GHz, which together with the
observations of several optically thick lines reveal further information about the sources of
the sample. We can deduce their chemical composition and tryto classify them further in
conjunction with the data obtained in chapter four. The linesurvey also allows to detect hot
molecular cores and their evolutionary stage can be studiedboth with respect to the rest of
the sample and within their own subsample.

I finish in Chapter six with a summary of the work conducted forthis thesis and an out-
look.

Most of the tables and plots, as well as a report written aboutthe performance of the
APEX2a receiver can be found in the appendix.



Chapter 2

The Atacama Pathfinder EXperiment

2.1 General description

The majority of the data for this dissertation was taken withthe Atacama Pathfinder EX-
periment (hereafter APEX). APEX was build by the Max-Planck-Institut für in conjunction
with the European Southern Observatory (ESO) and the OnsalaSpace Observatory (OSO) –
see Güsten et al. (2006) for details.
In this chapter, I shall give an introduction to the APEX telescope and its first light receivers.
Then I shall discuss the observing strategy used for the survey as well as some of the com-
monly encountered problems during this kind of observations. Last, an overview of the data
reduction process, to be discussed in more detail in the respective chapters, is given.

APEX was build on the Llano de Chajnantor (Latitude: 23◦00′′20.8" south, Longitude:
67◦45′′33.0" west) at 5105 m altitude in the Chilean Atacama desert,next to the ALMA site.
This site was chosen after many years of site testing, since it has better atmospheric condi-
tions than Hawaii and a better infrastructure than Antarctica, the only site on Earth which is
even dryer than the Atacama dessert. In the southern winter,about 25% of the nights have an
atmospheric opacity smaller than 0.5 mm precipitable watervapor, needed for observations
at the highest frequencies, while about 50% have around 1.0 mm precipitable water vapor.
In Fig. 2.1, the atmospheric transmission is plotted over the range of 200 – 1600 GHz for
0.5, 1.0 and 2.0 mm precipitable water vapor at the APEX site.
As its name implies, APEX serves as a pathfinder for several upcoming sub-mm missions
and is most directly connected with ALMA. It was constructedby VERTEX Antennentech-
nik with the technical specifications listed in Table 2.1, which could indeed be attained.

Diameter 12 m
Mass 125000 kg
Mounting Alt–Az
Surface Accuracy (rms) 17µm
Pointing Accuracy (rms) 2′′ rms over the sky

Table 2.1: Technical specifications for the APEX telescope
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Figure 2.1: Zenith atmospheric transmission at the APEX site for 0.5 (red), 1.0 (green) and
2.0 mm (blue) precipitable water vapor. The atmospheric transmission was modeled with the
atmospheric model of Juan Pardo.

Since APEX houses a different set of receivers and additional detector arrays than those
that are planned for ALMA, it is equipped with the usual Cassegrain cabin and two addi-
tional Nasmyth cabins.

2.2 DSB receivers

Before describing the receivers at the APEX telescope, I will give a short general overview
of the heterodyne receiver principle and, in particular, double side band receivers. At the time
the data for this dissertation were taken, they were the onlyones available at the telescope.
When observing in the millimeter or sub-millimeter regime,the arriving radiation has to be
mixed down to a lower frequency, the so called intermediate frequency (νIF), because there
are no amplifiers working at the high frequencies. In a heterodyne receiver, this happens
in the mixer, a non-linear element, where the incoming radiation is mixed with the local
oscillator frequency (νLO). Currently, superconducting-insulating-superconducting (SIS) el-
ements are mostly used as mixers. The basis of the heterodyneprinciple is to superpose
the frequency one is interested in,ν, with a local oscillator frequency,νLO to create, princi-
pally, two intermediate frequency (IF) bands. Both have width νIF = |ν − νLO|, are centered
at νLSB = νLO − νIF andνUSB = νLO + νIF and are called lower and upper sidebands,
respectively (LSB and USB). The reason for this “mixing” is the down conversion of the
technologically difficult to handle sub-millimeter frequencies to radio wavelength frequen-
cies, where low noise amplifiers are available and, in the case of APEX, to feed the signal
directly into the Fast Fourier Transform Spectrometer backend (see Sec. 2.3.2). The APEX
2a receiver has a 4 GHz wide IF band, centered at 6 GHz. This means that the LSB and USB
frequencies are separated by 12 GHz. The FLASH460 and FLASH810 receivers have 2–4
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and 4–8 GHz wide IF band, respectively; see Sec. 2.3.1.
It has to be noted that the same intermediate frequency can beproduced by two incoming
frequencies (upper and lower sideband). These represent two mixing productsν − νLO and
ν + νLO, which are located symmetrically above and below the local oscillator frequency
νLO. Therefore, the desired signal will be in one of the sidebands, which we call the signal
sideband.
When only observing a single line, which can be located in oneof the two sidebands, towards
sources which are not line rich, the only disadvantage of DSBoperation is the additional
noise that is added to the spectrum through the second sideband. When doing line surveys of
sources with a rich spectrum of emission lines however, as itis done in this work, DSB mode
turns out to add additional difficulties to the analysis, since there will be a multitude of lines
in both sidebands. This can lead to a contamination of the signal sideband with lines from
the image sideband and blending between the lines from the different sidebands. It is then
necessary to devise strategies for line identification and proper sideband calibration, since it
is not clear which sideband a line is coming from. See Sec. 2.4for a discussion on how this
difficulty is overcome by shifting the LO frequency.
Newer sub-mm receivers such as CHAMP+ and the Swedish Heterodyne Facility Instru-
ment (SHFI - see1 for details) are single sideband instruments, which eitheruse side band
separating mixers (SHFI) or reject the image sideband with afilter (CHAMP+).

2.3 Frontends and backends

This section describes the instruments at APEX used for thiswork. For an overview of
the current receiver status at APEX, see2.

2.3.1 Frontends

The heterodyne receivers
The heterodyne data used in this dissertation has mainly been observed with the APEX2a
heterodyne receiver (Risacher et al., 2006). Having been aninterim solution until the SHFI
receivers arrived, APEX2a was decommissioned in February 2008. The high frequency data
presented in this work were taken with the dual frequency 460/810 GHz First Light APEX
Submillimeter Heterodyne (FLASH) receiver (Heyminck et al., 2006). The specifications of
APEX2a and FLASH460/810 can be seen in table 2.2. Both APEX2aand FLASH460/810
are double sideband (DSB) receivers.
LABOCA
On APEX, there are two facility bolometer arrays, the Large APEX BOlometer CAmera
(LABOCA) and the Submillimeter APEX Bolometer Camera (SABOCA). This work made
use of data taken with LABOCA, a 295 pixel bolometer operating at 870µm (Siringo et al.,
2007). LABOCA has a field of view of 11.4.′ and a beam-size of 18′′.

1http://www.apex-telescope.org/heterodyne/shfi/
2http://www.apex-telescope.org/instruments
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Receiver Frequency Coverage Beam-width Beam Efficiency Facility Receiver
APEX 2a 279 - 381 GHz 18′′ 0.73 yes
FLASH460 430 - 492 GHz 14′′ 0.6 PI
FLASH810 780 - 887 GHz 7′′ 0.43 PI

Table 2.2: Heterodyne receivers at APEX at the time of observations for the thesis.

2.3.2 Backends

The spectral line observations with APEX2a and FLASH460/810 made use of the APEX
digital Fast Fourier Transform Spectrometer (FFTS) (Kleinet al., 2006) as backend. It is a
novel 2×1 GHz bandwidth digital spectrometer built on a commercially available digitizer
board. With 16384 frequency channels, it allows for a frequency resolution of 98 kHz,
corresponding to 0.098km s−1. To better match the (typically fewkm s−1) wide lines of
interest here, the obtained spectra were routinely “smoothed” by averaging channels in order
to increase the signal-to-noise ratio.

2.4 Observing strategy

Different approaches were used to observe the sources in theinner and outer Galaxy both
with the heterodyne instruments and with LABOCA on APEX.
Since LABOCA was not available at the beginning of the survey, HCO+(4–3) was mapped
around each 1.2 mm peak position from Faúndez et al. (2004) todouble check the accuracy
of the pointing of the SEST telescope, with which Faúndez et al. (2004) obtained their data.
SinceHCO+ is a good tracer of dense gas, the peak of its emission determines what is re-
ferred to as the hot core position. All subsequent frequencysetups were observed at this new
position. The mean offset from the initial 1.2 mm peak position was 1′′in x and 0.3′′in y
with a standard deviation of 6′′ in x and y (x and y are offsets in east and north respectively).
The outer Galaxy sources from the sample of Klein et al. (2005) were observed with the
CH3OH(6–5) setup with APEX2a, using the published sub-mm continuum peak positions
for pointing. The same method was initially used in the case of the WB89 sources with the
peaks of the CO maps used as pointing centers. Since this did not yield any results, those
sources were re-observed at the end of 2007 with LABOCA to obtain the sub-mm peak po-
sitions. Due to time constraints, these sources were not re-observed in line emission at the
new positions.
In summer 2007, also the inner Galaxy sample could be successfully imaged with LABOCA.
It would have been a better starting point of the survey to first determine the dust peak posi-
tion with LABOCA, but the bolometer data was not available before summer 2007.

In the case of the three template sources 12326–6245, 16060–5146 and 16065–5158
we obtained exact positions from interferometric observations with the Australia Telescope
Compact Array (ATCA) in October 2006, which were then used for further line observations
with APEX, even though the line data could not be used in this work (see section 2.5 for
details).
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In order to counter the problem of line confusion and blending due to the DSB mode (see
previous section), we observed some of the line-rich setupswith frequency shifts of a few
MHz, since lines from the image sideband are shifted in the opposite direction from lines in
the signal sideband and can therefore be more easily assigned to one of the two bands for
further identification.
Tables A.1 and A.2 in the appendix list the frequency setups observed per source for the
sources in the inner and outer Galaxy.

2.5 Commonly encountered observing problems

The work on this survey started in autumn 2005, just after theinauguration of the APEX
telescope. Such an early use of a new telescope comes inevitably with a number of bugs and
problems which are discovered in the first few months of extensive use. Many of these prob-
lems can only be noticed after extensive use and when performing non-standard operations.
To give an example, two problems of this type, which requireda re-calibration and therefore
re-reduction of the data, were noticed during the course of summer 2006, while working on
this dissertation. One was a problem with the image frequency, which was written into the
data header without application of all necessary LSR corrections, which is required by the
CLASS software when performing operations in the image sideband of the data. This could
be corrected a posteriori.
The other problem concerned the calibration of the data, whichwas done in the rest frequency
frame instead of the sky frequency frame. For frequencies close to the tuning frequency, this
may not cause a problem, but when, as was the case in this work,IF setups which are more
than 500 MHz away from the tuning frequency are chosen, this effect has to be corrected for.
An additional problem, which is common for sub-mm observations is the dependence of the
data quality on weather. One has to keep in mind that we are trying to perform observations
from the ground which are severely hindered by the atmosphere and therefore rely on superb
weather conditions, which even at an excellent high altitude site such as Chajnantor are not
always given. While the observations at 345 GHz could be donein most nights, observations
with the high frequency receivers FLASH460/810 were very sensitive to the given weather
conditions.
The atmosphere at sub-mm wavelength hinders the observations in several ways. One prob-
lem is the existence of the telluric lines, absorption linesof H2O, O2 andO3 in the atmo-
sphere. These absorption lines are frequent at the high frequencies and the pressure broad-
enedH2O lines determine the width of the observable frequency windows. To minimize
their effects on the observations, it helps to go as high in altitude as possible, to avoid a large
part of the troposphere, but additional care when selectingfrequency setups has to be taken,
since the broad wings of these lines have to be avoided in bothsidebands. The major influ-
ence from the absorption of water vapor in the troposphere can be expressed by measuring
the precipitable water vapor (pwv). In order to correct for this effect, which can, depending
on the weather and the stability of the atmosphere, fluctuateon small timescales, the pwv
has to be measured often. For a very unstable atmosphere, theeffects of pwv fluctuations
cannot always be calibrated out. Since the receivers used inthis work were DSB receivers,
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one could have different sideband ratios based on differentcalibration in each sideband. The
atmosphere itself also emits and adds noise to the spectra, which results in a high system
temperatureTsys and worse noise in the spectra.

The main receiver used in this work, APEX2a was supposed to bean interim receiver until
the main Swedish facility receivers were delivered, but these receivers got delayed until the
beginning of 2008, therefore APEX2a was used throughout this work. This receiver was
prone to instrumental instabilities, which often resultedin bad spectral baselines, so that the
data either had to be re-observed or in some cases discarded from the analysis if it was not
possible to fit and substract the baselines with the reduction software. Additionally, several
frequency setups had to be re-designed since the receiver introduced instrumental artifacts at
certain frequencies into the spectra depending on the placement of the backends.
In 2007, several frequency setups from the pilot study were re-observed, since a new point-
ing position was tested. Having observed these setups already in 2006 at the same positions,
it turned out that the observations were not reproducable. Avariation of sideband gain ratios
over the whole band was found in the 2007 spectra. While it is possible, as mentioned earlier,
to have different sideband ratios due to calibration problems between different observations,
one would still expect them to be constant within one observation. After a few weeks of
checking for possible error sources such as pointing and calibration, it was concluded that
this non-reproducible error was most likely a result of a change of the mixer in the APEX2a
receiver, which had happened at the end of 2006. The report I wrote regarding this problem is
attached in the appendix. Due to the fact that the source of the error could not be understood
or reproduced, the APEX2a data from 2007 was discarded from this work. In the meantime,
the receiver has been de-commissioned and substituted by the facility receiver APEX2.

2.6 Data reduction

The APEX heterodyne data were reduced using the GILDAS software package3. When
the data were observed under good atmospheric conditions, it was sufficient to remove a first
order polynomial baseline which had to be determined in a line free window, correct for the
appropriate beam efficiency and sum up the individual scans.The challenge in this step, par-
ticularly in the line rich sources, lies in finding a window free of line emission to determine
a proper baseline. If the data were observed under bad conditions, each spectrum had to be
inspected by eye and several measures had to be taken.
In many cases, the order of the polynomial for the baseline subtraction had to be raised.
While this is a procedure that has to be used with extrem care to not taper with the data, it
could still be applied to the kind of data we took, since the width of the lines is so small that
there is no danger of accidentally removing real structure with this procedure. In a few cases,
atmospheric lines were not properly removed in the calibration process and left artefacts in
the data, in which case the spectrum was discarded if they overlapped with regions where
the lines were. Some setups where showing high frequency ripples which had to be removed
from the spectra. These data often had to be discarded, sincethe frequencies of the ripples
were of the order of the line widths and could not be reliably removed.

3http://www.iram.fr/IRAMFR/GILDAS
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The LABOCA data were reduced using the BOA software package (Schuller et al., in
prep.). Using the scripts provided with BOA, we determined the opacity correction from the
skydips, the calibration and clipped off noise and bad channels. A more detailed discussion
of the reduction process is given in chapter 4.

For the ATCA data, we used the MIRIAD software package4 for the data reduction. The
data were inspected to flag for bad data points, then the bandpass was determined from the
bandpass calibrator 1253−055 and applied to the phase calibrator. From the phase calibra-
tor (J1147−6753 for 12326−6245 and 1613−586 for 16060−5146 and 16065−5158), the
gains were determined. Mars was used as absolute flux calibrator. After the gain and flux
solutions were applied to the visibility data for each source, it was inverted and cleaned using
the CLEAN algorithm.

4http://www.atnf.csiro.au/computing/software/miriad
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Chapter 3

Pilot Study

3.1 Introduction

As was discussed in the introduction, large surveys of massive star forming regions are
needed to draw statistically significant conclusions on highmass star formation scenarios and
the evolutionary stages involved. To adress the lack of statistically significant sub-mm sur-
veys of southern hemisphere sources in both lines and continuum, we have started to conduct
a survey of 47 high mass star forming regions in the southern hemisphere in 870µm dust
continuum and molecular line emission in several frequencyranges, based on color selected
IRAS point source criteria, which we are observing between 290 GHz and 806 GHz. Our
selection criteria follow the criteria described in Sridharan et al. (2002), i.e. IRAS color se-
lected and absence of radio continuum, with the addition of several methanol maser sources.
The class IICH3OH masers (Menten, 1991) are regarded as exclusive signposts for massive
star formation, since they are only found associated with massive star forming regions: De-
spite extensive searches, not a single class IICH3OH maser was ever found toward a low
mass star forming region or an evolved stellar object (Minier et al., 2003). This is in stark
contrast to H2O masers and makes class IICH3OH masersunique signposts for ongoing
high mass star formation. Based on the bias that some of the most prominent class II masers
were detected toward archetypical UCHII regions/strongOHmaser sources such asW3(OH)
and NGC 6334 F it was originally thought that these masers are, like OH masers, associated
with such more developed phases of massive star formation. Later, it was found that actually
most class IICH3OH masers arenot associated with UCHII regions and rather that most of
them are associated with the earlier, youngest hot core phases. For example, only 3 out 18
massive star-forming regions contained them (Beuther et al., 2002c); see also Minier et al.
(2005). In particularCH3OH maser emission maya priori be expected from all the sources
of our hetereogeneous sample.
This large sample contains sources at very different stagesof evolution and will allow a con-
sistent and comparative analysis of these regions.
Out of this survey, we will present three high luminosity southern hemisphere hot cores in
this chapter, which served as targets for a template study for our large survey (Chap. 4 and
5). Based on the results obtained in these three sources, themost promising (and feasible)
frequency setups for the remaining 44 sources were decided upon. In addition, this pilot
study also served as a demonstration study for the capacities of the newly commissioned
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Source R.A. Dec. l,b d (near/far)
(J2000) (J2000) (kpc)

IRAS 12326−6245 12:35:35.90 -63:02:29.00 G301.14-0.22 4.4
IRAS 16065−5158 16:10:20.01 -52:06:13.26 G330.88-0.38 4.0 / 10.8
IRAS 16060−5146 16:09:51.40 -51:55:06.98 G330.95-0.17 5.5 / 9.4

Table 3.1: Peak coordinates of the 1.2 mm dust continuum dataand distances of the three
hot core sources.

APEX telescope and its first generation receivers.
IRAS 12326−6245, IRAS 16060−5146 and IRAS 16065−5158 (Table 3.1, from now on
we omit the IRAS in the name for brevity, when talking about our sample) were chosen to be
studied in the sub-mm and mm regime, as they were the most luminous and line rich sources
observed at the beginning of our study, based on theirHCO+, SO2 andH13CN spectra and
therefore the most suitable targets to test the feasibilityof the project.
A fourth very strong hot molecular core of the sample, IRAS 17233-3606, has been analyzed
and published separately (Leurini et al., 2008).

3.1.1 Source details

The three sources had already been observed in the course of several maser studies
(Caswell, 1998; Walsh et al., 1998, 1997; MacLeod et al., 1998; Caswell, 2001), as well
as in the mm continuum survey of Faúndez et al. (2004), the CS survey of Bronfman et al.
(1996) and the HNCO survey of Zinchenko et al. (2000). In the following, the characteristics
of the sources are summarised.

We derived the kinematic distances to the sources from the center velocities of the
C17O(3–2) line.

12326−6245 features class IICH3OHmasers at 6.7 GHz, OHmasers at 1.6 GHz (Caswell,
1998) andH2O masers (MacLeod et al., 1998).
It was included in the 1.2 mm dust continuum survey of Hill et al. (2005). Miettinen
et al. (2006) studied 12326−6245 in 1.2 mm dust emission,CH3CCH and SiO line emis-
sion. 12326−6245 has been observed by Araya et al. (2005) inCH3CN(5-4),CH3CN(6-5),
CH3CN(8-7) andCH3CN(12-11)Wu et al. (2004) detect a bipolar CO outflow in 12326−6245.
This source has also been thoroughly studied by Henning et al. (2000) in 1.3 mm dust con-
tinuum, H,J,K’,H2, N, Q bands and several molecular tracers at 145 GHz and 230 GHz.
The kinematic distance estimated for 12326−6245 from its systemic velocity of−39.3 km s−1

is 4.4 kpc, by using the Galactic velocity field of Kalberla etal. (2007).

16060−5146 as well has class IICH3OHmasers at 6.7 GHz andOHmasers at 1665MHz,
1667 MHz (Caswell, 1998). Caswell (2001) also reports a 6035MHz OH maser at the site
of 16060−5146.
16060−5146 has been studied by Hill et al. (2005) and Miettinen et al. (2006) in 1.2 mm
dust emission and inCH3CCH and SiO by the latter authors. We derived 5.5 kpc and
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9.4 kpc for the near and far distance respectively from the systemic velocity of 16060−5146
(−90.95 km s−1) . The kinematic distance estimates for this source found inthe literature
differ somewhat between 5.3 – 6.1 kpc for the near distance and 9.6 kpc for the far distance.

In 16065−5158, OH maser emission at 1665 MHz, 1667 MHz and 1612 MHz and a
CH3OH 6.7 GHz maser has been observed (Caswell, 1998), but it was only included in the
mm continuum surveys of Faúndez et al. (2004).
We derive a kinematic distance of 4 kpc and 10.8 kpc for the near and far value, using a
systemic velocity of−62.17 km s−1.

3.2 Observations and data reduction

3.2.1 Atacama Pathfinder EXperiment

Line data

The sub-mm data were taken between November 2005 and November 2006 with the
Atacama Pathfinder Experiment (APEX) telescope. We used both the APEX2a heterodyne
receiver (Risacher et al., 2006) and the dual frequency 460/810 GHz Flash heterodyne re-
ceiver (Heyminck et al., 2006) for our observations (see Table 3.2 for details on the receiver
setups). As backend, the MPIfR-build Fast Fourier Transform Spectrometer (FFTS) (Klein
et al., 2006) was used, which consists of two units with 1 GHz bandwidth each. The pointing
accuracy was checked on G327.3−0.6 (Wyrowski et al., 2006b), and was accurate within
2′′. Most of the data were observed as single pointings. When mapping was done, raster
maps with a map size of40′′ × 40′′ and beam spacing were observed. All observations were
obtained in double sideband mode. Calibration errors were estimated to be of the order of
30 %. These errors are influenced by pointing and atmosphericfluctuations, but the largest
part of the uncertainty stems from uncertain knowledge of the sideband gain ratios. As was
mentioned in Sec. 2.5, irreproducible problems with the sideband gain ratios were obvious
with the APEX2a receiver. Since not all observed frequency setups could be double-checked
for inconsistencies over the course of the two years of observations, an uncertainty remains,
which is reflected in the 30 % calibration error. The data werereduced using the CLASS
software package1.

Table 3.2 lists the frequencies of the bands of the molecularlines observed with APEX
that are subject of the pilot study. These lines were the targets of the frequency setups, but
since up to 1.8 GHz bandwidth could be used, lines from many other molecules were ob-
served. To analyze the chemical composition and physical properties of the three sources,
five major setups were observed,CH3OH(7–6) at 338 GHz,CH3CN(16–15) at 294 GHz,
H2CO(4–3) at 291GHz andH2CO(6–5) at 436GHz.CH3CN is a good tracer of temperature
and column density, since it is a symmetric rotor (Araya et al., 2005). ItsK components for
a givenJ transition are very close together and can be observed simultaneously in one setup
together with some optically thinCH13

3 CN transitions, thereby eliminating calibration un-

1http://www.iram.fr/IRAMFR/GILDAS
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Transition Center frequency ReceiverΘHPBW Feff Beff Tracer Tsys

(GHz) (′′) (K)

CH3OH(6–5) 290.8 APEX2a 20 0.95 0.73 d, t 170 - 190
CH3OH(7–6) 337.8 APEX2a 17.5 0.95 0.73 d, t 180 - 210
CH3CN(16–15) 294.5 APEX2a 20 0.95 0.73 d,t 140 - 200
H2CO(4–3) 290.0 APEX2a 20 0.95 0.73 d, t 214 - 291
H2CO(6–5) 436.9 FLASH460 14 0.95 0.6 d, t 730 - 839
CO(3–2) 345.8 APEX2a 17 0.95 0.73 o 550
CO(4–3) 461.0 FLASH460 13 0.95 0.6 o 1000 -1100
CO(7–6) 806.7 FLASH810 7 0.95 0.43 o 5100 - 5700
C17O(3–2) 337.8 APEX2a 17.5 0.95 0.73 cd 180 - 210
HCO+(4–3) 357.0 APEX2a 17 0.95 0.73 d, o 240 - 324

Table 3.2: Frequency setup for the molecular line observations. In the column marked
’Tracer’, d stands for density, t for temperature, o for outflow and cd for molecular column
density.

certainties. The same applies forCH3OH, which has many closely spaced frequency bands
throughout the sub-mm regime that cover a large range of excitation conditions (Leurini
et al., 2007, 2004). The setup at 338 GHz is particularly useful, since it contains not only
theCH3OH(7–6) band, but alsoC17O(3–2) and a number of hot core molecules. Together
with H2CO, those molecules can be found in a wide range of star forming conditions. In
order to determine the total column density and search for outflow signatures, also CO(3–2),
CO(4–3), CO(7–6) andC17O(3–2) were observed.
The positions of the hot cores were first defined as the peak positions ofHCO+(4–3) maps
at 357 GHz and later refined by 3 mm continuum ATCA maps.
On source integration times for APEX2a were around 5–8 min per single pointing setup, and
12–20 min per pointing for FLASH, depending on the weather conditions.

Continuum data

In summer 2007, we obtained continuum data for our sources from the Large Apex
Bolometer Camera (LABOCA) (see Sec. 2.3.1).
LABOCA is a 295 channel bolometer with a field of view of 11.4.′ and a beam of 18.6′′.
The pixel separation is 36′′. To produce a fully sampled map, the data were observed in the
raster-spiral mode, with 35 sec integration time on source,a spacing of 27′′ and 4 subscans.
This sets the scanning velocity to about 4.′/s and the total integration time on source was on
average 2.3 min. 12326−6245 was observed in two scans.
The atmospheric opacity was determined every hour through skydips. The zenith opacity was
0.3 for 12326−6245 and 0.09 for 16060−5146 and 16065−5158. The rms for 12326−6245
is 100 mJy/beam, while the rms for 16060−5146 and 16065−5158 is 50 mJy/beam.
IRAS16293−2422, IRAS13134−6242 andη Carinae were used as flux calibrators and the
pointingwas checked onη Carinae for 12326−6245 and on IRAS16293−2422 for 16060−5146
and 16065−5158. The pointing was good within 3′′.
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The data were reduced using the BOA software package (Schuller et al., in prep.).

3.2.2 ATCA

High spatial resolution data at 3 mm were taken in October 2006 with the Australia
Compact Array (ATCA) interferometer at Narrabri, Australia. The array was in the H75
configuration with a synthesized beam of6′′×4′′ for 16060−5146,5′′×5′′ for 16065−5158
and6′′ × 6′′ for 12326−6245 and in the FULL_16_256−128 correlator configuration.
The H13CN(1–0) line at 86.34 GHz was observed with a bandwidth of 16 MHz and a fre-
quency resolution of 0.076 MHz, whereas the continuum was observed at 87.89 GHz with
a bandwidth of 128 MHz and a resolution of 8.8 MHz. This setup also includes some
HNCO(4–3) lines at 87.9 GHz.
The sources were observed during 2 nights, PKS 1253−055 was used as bandpass cali-
brator, Mars was observed on the second night as flux calibrator, the gain calibration for
12326−6245 was done on PKS 1147−6753, and on PKS 1613−586 for 16060−5146 and
16065−5158. The theoretical continuum RMS noise level was 3 mJy/beam for the contin-
uum and 130 mJy/beam for the line observations, respectively. The data were reduced using
MIRIAD 2 and the dirty images were de-convolved using the CLEAN algorithm (Högbom,
1974).

3.3 Observational Results

3.3.1 Line data

To verify the peak position observed in the 1.2 mm continuum maps of Faúndez et al.
(2004), the three sources were mapped inHCO+(4–3) at 357 GHz. First, the regions were
mapped with beam spacing to locate the peaks, then we continued with fully sampled maps
around the thus found peak positions (see Fig. 3.1). The peakpositions in 12326−6245
and 16060−5146 are significantly offset from the 1.2 mm peak positions as determined by
Faúndez et al. (2004). This is mostly likely due to a pointingproblem in the 1.2 mm data,
since the peak positions derived by Faúndez et al. (2004) areoffset by 6 and 15′′from the
LABOCA and ATCA peak positions for 12326−6245 and 16060−5146 respectively. The
pointing positions for the line observations were corrected several times during the course of
the survey. The final pointing positions agree with the LABOCA and ATCA peak positions
for 16065−5158 and agree within 6′′for 12326−6245 and 16060−5146. Several line setups
were re-observed at a later stage to have consistency in the positions. Therefore, not all lines
could be found in the spectra of each source which were finallyincluded in the analysis.
In order to determine the total column density and the properties of the envelopes, the sources
were also mapped in CO(3–2) (Fig. 3.2) and observed in CO(4–3), CO(7–6) andC17O(3–2)
on the peak positions (see Fig. 3.3). The off-positions werechecked to be free of CO emis-
sion.
Both the CO lines and theHCO+(4–3) line show clear signs of outflow activity in the wings
of all sources and self-absorption in the case of 16060−5146 and 16065−5158. The three

2http://www.atnf.csiro.au/computing/software/miriad
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sources were observed inCH3OH(6–5),CH3OH(7–6),CH3CN(16–15),H2CO(4–3) and
H2CO(6–5) to determine temperatures and densities (see Figs. 3.6 and Figs. A.1 – A.6 of
the Appendix). Parameters of the lines (determined from Gaussian fits) can be found in Ta-
bles A.20 to A.28 in the Appendix.
The line widths of the optically thinCH3OH lines in the three sources are 3.5km s−1,
3 km s−1 and 6km s−1 for 12326−6245, 16060−5146 and 16065−5158 respectively in the
hot component and 4km s−1, 7 km s−1 and 6km s−1 in the cold component. 16060−5146
has a slightly broader profile than the other two sources. InCH3CN(16–15), one can see a
double-peaked profile (Fig. 3.6), which might suggest that the larger line widths seen in this
source in the other species are due to the superposition of two velocity components.
As will be further discussed in the next section, all three sources exhibit a rich spectrum of
molecular lines, in 12326−6245 and 16065−5158, 18 different species were found, while in
16060−5146, 16 species were found. As is typical for hot core sources, highly excited lines
up to energies of 346 K above the ground state and lines from vibrationally excited states
were observed. Especially the setup around 338 GHz is very line rich, with detections of
about 20 lines per GHz.

The above mentioned setups were also used to study the chemical complexity in the hot
cores. The lines were identified by using the programme XCLASS (Comito et al., 2005;
Schilke et al., 1999) and the rest frequencies provided by the Cologne database for Molec-
ular Spectroscopy (CDMS)3 (Müller et al., 2005, 2001) and JPL molecular spectroscopy
database4 (Pickett et al., 1998). Since the line identification went hand in hand with the LTE
modeling of the lines, it is described in more detail in Sec. 3.4.1.

3.3.2 Continuum data

LABOCA

To obtain source positions, sizes and peak fluxes, the LABOCAdata (see Fig. 3.5) were
analyzed with thesfind routine in the MIRIAD software package. The integrated fluxes were
obtained over the area inside the 10% contour of the peak flux.The size of the sources was
determined assuming the area which includes the 10% flux as circularly symmetric. The
source positions, fluxes, sizes and the H2 column density can be found in Tables 3.3 and 3.4.
The positions agree within the pointing uncertainties withthe 3 mm peak positions derived
from ATCA. The column density was obtained from Equ. 3.1, following Miettinen et al.
(2006)

N(H2) = 1.67× 10−22 Idust
ν

Bν(Td)µmHκdRd

[cm−2] (3.1)

whereIν is the peak flux in Jy/beam,θFWHM the FWHM of the beam in radian,Bν(Td)
the Planck function of a black body at dust temperatureTd, µ is the mean molecular weight
assuming 10% contribution of helium ,mH=1.673534×10−27 kg is the weight of the hydro-
gen atom,κd the dust absorption coefficient of 0.176 m2/kg linearly approximated at 870µm

3www.cdms.de
4http://spec.jpl.nasa.gov/
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Figure 3.1: Map ofHCO+(4–3) for 12326−6245 (top left), 16060−5146 (top right) and
16065−5158 (bottom left). The (0,0) positions correspond to the 1.2 mm peak positions of
Faúndez (2004) listed in Tab. 3.1. The velocity andTmb temperature scales go from -100 –
20 km s−1 and -5 – 25 K, -150 – 0km s−1and -5 – 20 K and -120 – 0km s−1and -5 – 20 K
respectively for 12326−6245, 16060−5146 and 16065−5158.
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Figure 3.2: Map of CO(3–2) for 12326−6245 (top left), 16060−5146 (top right) and
16065−5158 (bottom left). The (0,0) positions correspond to the 1.2 mm peak positions
of Faúndez (2004) listed in Tab. 3.1. The velocity andTmb temperature scales go from -100
– 20km s−1 and -5 – 60 K, -150 – 0km s−1and -5 – 50 K and -120 – 0km s−1and -5 – 60 K
respectively for 12326−6245, 16060−5146 and 16065−5158.
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Figure 3.3: C17O(3–2), CO(3–2), CO(4–3) and CO(7–6) transitions. WhileC17O(3–2)
is observed on the peak positions in 16065−5158 (top left), 16060−5146 (top right) and
12326−6245 (bottom left), the specta of the remaining transistions were produced by aver-
aging all the spectra taken at the map positions. The dashed line marks the zero level.

from model V (thin ice mantles,n = 106 cm−3, β = 1.8) of Ossenkopf & Henning (1994)
and a dust-to-gas mass ratioRd = 1

100
. Model V is suited for sources in which considerable

depletion on ice occurs. Unlike the models with thick ice mantles, which apply for dark
clouds, the conditions in model V include the influence of a heating source which is start-
ing to evaporate the ices. Ossenkopf & Henning (1994) give the uncertainties for the dust
absorption coefficient to be a factor of 2 for ice covered dustand state that it can be up to a
factor of 5 higher in disk regions, where the ice mantles are already evaporated off the grains.
As provided by model V, we useβ = 1.8 (κ ∼ (ν/ν0)

β) in this work, which is consistent
with values ofβ = 1.5− 2.0 found in massive star forming regions (Molinari et al., 2000).
Using the dust opacities derived by Hildebrand (1983), as has been done by Beuther et al.
(2002a), leads to masses and column densities which are about a factor of 4 lower.
We also list the source multiplicity, in this case all the sources above 3σ found within the
11.4′ field of view.
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Figure 3.4: Spitzer GLIMPSE composite image of 3.6, 4.5 and 8µm emission. LABOCA
870µm emission is shown as contours, starting from 5σ and continuing in multiples of 1.4σ
(see Table 3.3). The yellow crosses mark the sub-cores in 16060−5146 and 16065−5158.
In the lower right plot, the 870µm emission peak is shown with the 3 mm sources ATCA-a
and ATCA-b marked as circles.
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Figure 3.5: ATCA 3 mm continuum data (solid lines) top left 16065−5158 (contour
steps -3,3,5,7...σ, with σ=8 mJy/beam), top right 16060−5146 (contour steps -3,3,5,7...σ,
with σ=0.1 Jy/beam) and bottom left 12326−6245 (contour steps -3,3,5,7...σ, with
σ=0.14 Jy/beam). The synthesized ATCA beam is shown in the lower left corner. LABOCA
870µm continuum is shown in gray-scales. The LABOCA beam is shownin the bottom
right corner. The red triangles mark the radio continuum regions observed by Urquhart et al.
2007, the blue stars OH maser positions, the green stars the offsets of the APEX line obser-
vations, the turquoise stars the IRAS position and the yellow star in 16060−5146 aCH3OH
maser (Caswell et al. 1998).
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Source R.A. Dec. l,b Rms
(J2000) J(2000) (mJy/beam)

12326−6245 12:35:35.0 -63:02:28.9 301.14,-0.22 100
16065−5158 16:10:19.8 -52:06:09.7 330.88,-0.37 50
16065−5158 LABOCA-A 16:10:23.4 -52:07:06.1 330.87,-0.38
16065−5158 LABOCA-B 16:10:07.8 -52:06:31.4 330.85,-0.35
16065−5158 LABOCA-C 16:09:55.1 -52:09:20.8 330.80,-0.36
16065−5158 LABOCA-D 16:10:44.7 -52:05:56.2 330.93,-0.41
16065−5158 LABOCA-E 16:10:47.9 -52:09:43.0 330.89,-0.46
16065−5158 LABOCA-F 16:10:21.2 -52:03:35.9 330.91,-0.34
16065−5158 LABOCA-G 16:10:15.6 -52:01:47.4 330.92,-0.31
16065−5158 LABOCA-H 16:10:13.2 -52:00:35.5 330.93,-0.29
16060−5146 16:09:52.5 -51:54:55.3 330.95,-0.18 50
16060−5146 LABOCA-A 16:09:49.6 -51:53:03.7 330.97,-0.15
16060−5146 LABOCA-B 16:10:08.7 -51:58:43.0 330.94,-0.26
16060−5146 LABOCA-C 16:10:18.1 -51:58:43.1 330.96,-0.27
16060−5146 LABOCA-D 16:10:17.3 -51:52:06.2 331.03,-0.19

Table 3.3: Positions of the LABOCA 870µm continuum emission peaks. The sub-cores
16065-5158 A-H and 16060-5146 A-D are marked in Fig. 3.4.

Source Speak Sint N(H2)
(Jy/beam) (Jy) x1023(cm−2)

12326−6245 19.9 42.6 4.2
16065−5158 17.9 41.8 3.8
16060−5146 46.2 81.0 8.2

Table 3.4: Properties of the 870µm continuum as derived from the LABOCA observations.

ATCA

Figure 3.5 shows the 3 mm ATCA data of the three sources. Thesedata provided a
precise position of the core, which is confirmed by the molecular emission peaks determined
by line observations done simultaneously, and they give a good estimate of the source size
(see Table 3.5). The beam de-convolved source sizes, positions and fluxes for the sources
were determined using theimfit task in the MIRIAD software package. Overlaid on the data
are the interferometric positions of associated OH (Caswell et al. 1999, 2001, 2004) and
CH3OH masers (J. Caswell, priv communication), as well as the 3 cm and 6 cm peaks of
radio continuum emission (Urquhart et al., 2007a). It is remarkable that in 16060−5146,
only core A (position 16060−5146 ATCA-a) has associated masers and radio continuum,
suggesting that core 16060−5146 ATCA-b might be in a very early evolutionary stage. This
core is neither evident in the LABOCA continuum data nor in the Spitzer GLIMPSE MIR
data.
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Source Position source size Sν Sint

(J2000) (′′) (Jy/beam) (Jy)
12326-6245 12:35:35.06 -63:02:31.003.3× 2.0 1.96 2.36
16060-5146 ATCA-a 16:09:52.57 -51:54:53.694.6× 2.2 1.24 1.95
16060-5146 ATCA-b 16:09:54.52 -51:54:53.566.5× 1.7 0.78 1.33
16065-5158 16:10:20.00 -52:06:08.796.4× 3.1 0.15 0.28

Table 3.5: ATCA 3mm continuum parameters

3.4 Derivation of physical parameters

3.4.1 LTE modeling

We observed our sources in lines fromCH3CN, CH3OH andH2CO, which are useful
tracers of temperature. While classically rotational diagrams have been used to determine
T andN (see Olmi et al. (1993); Mangum & Wootten (1993)), we make useof an LTE
approach developed by Schilke et al. (1999) and further improved by Comito et al. (2005).
Implemented into the program XCLASS, it allows to model synthetic spectra which take line
blends and optical depth effects into account and furthermore allows to simulate a double
sideband (DSB) spectrum. Input parameters for the simulation are source size, temperature,
column density, line widths and offset from systemic velocity. It is possible to simultane-
ously model transitions in several frequency bands and include more than one component,
i.e. a core and an envelope component or several velocity components. Figs. 3.6, 3.7 and 3.8
give an example of a synthetic spectrum for a single moleculeoverplotted on the measured
sub-spectra, while Figs. A.1 – A.6 in the Appendix show the synthetic spectra of all included
species. The degeneracy between column density and source size can be solved for species
where both optically thin and thick lines are present, as wasthe case forCH3CN and to some
degreeCH3OH. With interferometric observations, such as the ATCA images, it is possible
to determine a source size which can serve as a starting pointfor further iterations of the
LTEmodeling for species which are expected to form in the compact core. In case of species
where only one or two lines were available to model, only the beam-averaged column den-
sity was derived. The systemic velocities with respect to which the velocity offsets of the
lines were determined are -39.3km s−1 for 12326−6245, -62.2km s−1 for 16065−5158 and
-91km s−1 for 16060−5146.
The lines were identified using the catalogues of the CDMS andJPL (Müller et al., 2005,
2001; Pickett et al., 1998) as a reference for the rest frequencies. In case of ambiguous
detections, a comparison of the synthetic model spectrum and the data could show if all pre-
dicted transitions for a certain molecule were also observed. Where available, comparison
with the literature was done to confirm line identifications.The double sideband mode of
the observations proved to be an additional challenge to theidentification, since it was of-
ten not clear from which sideband a line is coming from. In some cases, spectra shifted in
frequency were observed, which helped in disentangling theline contribution from the two
sidebands. The spectra for this pilot study, apart from the 337 GHz setup are also affected
by the problem of the mirrored lines: It turned out that at theedges of the spectra, lines from
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outside the observed frequency band could be folded into thespectrum due to processing in
the spectrometer (aliasing). Since these lines were not calibrated properly, they could not be
included in the models and are marked “mirror” in the figures.
The tables with the detected lines for the three sources can be found in the appendix (Tables
A.9 to A.4) – here we will present the results of the modeling.

As mentioned above, for species where only one or two lines are included in the setups,
beam-averaged column densities were derived, since the degeneracy between source size
and column density cannot be resolved. Of these, for specieswhich we assume to reside
in the hot core, a rotation temperatureTrot =150 K (Schilke et al., 2006) was assumed and
for species from the more extended envelope 50 K was chosen, unless we had both optically
thick and thin lines to derive a temperature from the model. Those fixed temperatures are
markeda in the tables. In the case of the size, this foot-note indicates that the size was either
fixed to the hot core size derived from theCH3CN data or the beam averaged column density
was derived, since we could not determine a source size.
For sources labeledb, the lines are weak and/or blended with many other lines, so that the
fit is less accurate than a fit markedc. XCLASS produces a synthetic spectrum (model) of
all species and transitions included in the modeling which is then overlaid with the data. For
CH3CN, aχ2 analysis was performed on the synthetic model spectrum to determine the best
fit model, while for the remaining setups a comparison by eye was done to decide on the
best fit. This was necessary to account for the high complexity when modeling several, often
blended, transitions in the double sideband spectra.
For those cases where both temperature and source size were fixed, the column density could
be determined to an accuracy of 10%. The uncertainties introduced when modeling both
source size and temperature are discussed in the following two sections. When performing
this kind of modeling, one has to bear in mind however that we are using the assumption
of LTE, which, while being a reasonable choice given the highdensities, is not necessarily
valid for every molecule and source. Nonetheless, this method gives us a good, fast overview
on the chemical composition of the sources and can be appliedto a large sample of sources
with considerably less effort than individual non-LTE modeling would require. Tests with
CH3OH andH2CO showed that the use of the large velocity gradient (LVG) method, which
assumes the source to have a spherical geometry and requiresthe knowledge of collisional
rate coefficients does not greatly improve the modeling results for our sources. To effectively
use a complex radiative transfer model requires detailed knowledge of the spacial structure
of the sources, which is not available yet. For some species,marked asf , we modeled
isotopologues, using12C/13C=60,32S/34S=23,14N/15N=300 and16O/17O=1500.
The results of the modeling can be found in Tables 3.6 to 3.11.Tables 3.9 to 3.11 show
the model results for those species that were modeled in several frequency setups, namely
CH3OH, CH3CN, H2CO andSO2. The data are described in more detail in the following
sections.

CH3CN data

The symmetric top moleculeCH3CN, is the best temperature tracer. The results of the
CH3CN modeling are listed in Tables 3.9-3.11 and the data with the synthetic spectra are
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 5.0(13) - 3.0 2.0 1.7(-10) b

CCH -a 50a 3.2(14) - 6.0 -1.0 1.1(-09) c

CH3CCH -a 50a 3.0(15) - 7.0 0.0 1.0(-08) c

CH3OCH3 -a 200 1.3(15) - 2.5 3.0 4.5(-09) b

CH3OCHO-a -a 150a 4.0(14) - 3.0 0.0 1.4(-09) b

CO -a 50a 4.0(19) - 5.5 -0.5 1.4(-04) c, f
CS 4.0 90 3.3(15) 7.0(16) 5.0 0.0 1.1(-08)c, f
H2CS -a 50a 3.0(14) - 6.0 0.0 1.0(-09) c

HC3N 0.8 240 7.9(13) 4.0(16) 7.0 1.0 2.7(-10) c

10.0 40 4.7(14) 2.0(15) 7.0 1.0 1.6(-09)
HCN 4.0 150a 1.4(15) 3.0(16) 6.0 0.0 4.9(-09)c, f
HNCO -a 150a 1.0(14) - 6.0 1.0 3.5(-10) c

SO 8.0 30 8.2(15) 5.0(16) 7.0 1.0 2.9(-08)e, f

aFixed Parameter;bbased on weak or partially blended lines only;cbased on one or a few
lines only; dincludes vibrationally excited lines;enon-LTE, see text;fbased on isotopo-
logues, see text. The column labeled offset shows the offsetin velocity relative to the sys-
temic velocity of the source.Nms are the source averaged column densities,Nmb are the
beam averaged column densities andNmb/NmH2

gives beam averaged abundances.

Table 3.6: Results of the line modeling for 16065−5158

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN 10.0 150a 2.4(13) 1.0(14) 3.0 0.0 4.2(-11) b

CCH -a 50a 5.0(14) - 10.0 -4.0 8.8(-10) c

CH3CCH -a 100 2.5(15) - 7.5 -1.50 4.4(-09) c

CH3OCH3 -a 150a 1.0(14) - 2.0 2.0 1.8(-10) b

CH3OCHO-a -a 150a 1.0(14) - 2.0 0.0 1.8(-10) b

CO -a 50a 6.3(19) - 9.0 -0.5 1.1(-04) c, f
CS 10.0 55 1.4(15) 6.0(15) 7.0 -0.5 2.5(-09)c, f
H2CS -a 50a 2.6(14) - 10.0 -0.5 4.6(-10) c

HC3N -a 150a 1.0(13) - 6.0 0.0 1.8(-11) c

HNCO 1.0a 80 1.5(14) 5.0(16) 6.0 -2.0 2.6(-10) c

SO 4.0 40 1.9(16) 4.0(17) 6.0 -0.5 3.3(-08)e, f

indices as Tab. 3.6

Table 3.7: Results of the line modeling for 16060−5146
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 6.0(13) - 3.0 0.0 3.1(-10) b

CCH -a 50a 2.8(14) - 4.0 0.0 1.4(-09) c

CH3CCH -a 50a 1.5(15) - 5.5 0.0 7.7(-09) c

CH3OCH3 -a 70 1.3(15) - 4.5 .0 6.6(-09) b

CH3OCHO-a -a 150a 5.0(14) - 3.0 0.0 2.6(-09) b

CO -a 50a 2.8(19) - 4.5 -0.5 1.4(-04) c, f
CS -a 50a 2.6(15) - 6.0 0.0 1.3(-08) c, f
DCN -a 150a 3.0(13) - 6.0 0.0 1.5(-10)
H2CS -a 50a 2.5(14) - 5.0 0.0 1.3(-09) c

HC3N 1.6 100 1.6(14) 2.0(16) 6.0 -5.0 8.2(-10) c

HNCO 1.6 75 2.4(14) 3.0(16) 6.0 0.0 1.2(-09) c

SO 10.0 50a 7.1(15) 3.0(16) 6.0 0.0 3.6(-08)e, f

indices as Tab. 3.6

Table 3.8: Results of the line modeling for 12326−6245

displayed in Fig. 3.6. It has to be noted thatCH3CN, which has been observed at the
beginning of the project, was observed at a position offset from the position later used as
pointing position for the molecular survey. Since theCH3CN included in the 338 GHz setup
is heavily blended, it cannot be used for a characterizationof the hot and dense gas, which
is why the setup at the offset position was included in the analysis. One should keep in
mind however that the values derived here stem from a position which is 1′′ (12326−6245),
5′′ (16065−5158) and 8′′ (16060−5146) away from the hot core position used for the re-
maining analysis. While the line ratios for lines originating in the compact cores are not
affected by this, the lines are weaker, which makes unambiguous modeling of the weaker
transitions more difficult. Due to the presence of theCH3CN lines up to theK=7 transition
in 16065−5158, we used a compact hot component to model the higher excitation lines and
additionally a more extended, cooler component to model theK=0 –K=2 transitions. Since
this setup also includes someCH13

3 CN lines, we had both optically thick and thin transi-
tions to help us solve theN /θ degeneracy. While 16065−5158 and 12326−6245 can both be
modeled with a two component fit displaying one hot, compact component and one extended,
cooler one, it is also possible to obtain reasonable resultsfor 12326−6245 using only a hot
compact component. The two-component structure is attributed to a hot dense core inside
a colder, extended envelope. 16060−5146 had to be modeled with two hot, compact com-
ponents having a velocity difference of 9km s−1. This effect, which is not obvious in every
species studied in this paper (see next section), suggests acomplicated velocity structure for
parts of the molecular gas in this source. There is also evidence for a multi-component veloc-
ity structure in 3 mm Mopra line data obtained by the us, whichis subject of a forthcoming
paper.
ThisCH3CN setup includes several optically thick and thin lines, as well as theK=0 com-
ponent of the optically thinCH13

3 CN isotopologue, which makes it possible to solve theN ,
θ degeneracy and obtain sizes for the the three sources. Theirphysical sizes were obtained
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to be 0.03 pc for the hot component in 16065−5158 and 12326−6245 and 0.02 pc each
for the two components in 16060−5146. The extended components in 16065−5158 and
12326−6245 are 0.1 pc each. To estimate the errors of the modeled parameters, aχ2 anal-
ysis was performed for 12326−6245 with fixed source size and varying temperatureT and
column densitiesN . This indicated uncertainties of up to 40% in T and up to 23% in N
within the 3σ confidence limit, which we consider as typical.
Tables 3.9 to 3.11 show the results for theCH3CN modeling. It was not in all cases possible,
to model theCH3CN emission consistently over several frequency ranges. In 16065−5158,
the size of the compact hot core differs by a factor of 1.9, thetemperature by a factor of 1.1
and the column density by a factor of 2.1. In the cold component, the column densities differ
by a factor of 10.8. There are several possible explanationsfor this discrepancy. It could be
intrinsic to the source and indicate that the higher frequency observations at 349 GHz trace
a hotter, denser component than the transitions at 291 GHz. When modeling more than one
component, an additional degeneracy could be introduced, in this case between the hot and
cold component. The 349 GHz transitions are however coming from the image sideband
and blended with strongCH3OH and CCH transitions at 338 GHz. This makes a reliable
determination of the model parameters difficult for theCH3CN(19–18) lines, which could
also explain parts of the difference in the column density for the cold component. Another
factor are calibration uncertainties, which, as mentionedbefore, can amount to about 30%.
Those should however affect both components equally. Particularly for the cold, extended
component, the assumption of LTE might not be correct. All this is however not enough to
explain the large difference between the cold component in the two transitions. Since we
know now that the receiver with which the data have been takenhappened to produce irre-
producible line intensities in a few documented cases wherespectra where re-observed after
a few months, it cannot be excluded to be at least partially responsible for this discrepancy as
well. The fact that theCH3CN could be modeled consistently in 12326-6145 and with only
a factor of 1.5 difference in the column density of 16060−5146 seems to exclude however
that the discrepancy comes from the receiver.

CH3OH data

For all three sources, theCH3OH(J=7–6) data was obtained in a setup at 338 GHz,
including also the torsionally excitedvt=1CH3OH lines at 337.6 GHz. TheCH3OH(J=6–
5) data at 290 GHz was observed in all three sources, while in the case of 12326−6245,
also the torsionally excited lines at 289 GHz were observed in a different frequency setup.
BothJ=6–5 andJ=7–6 were modeled under the assumption of LTE. Using XCLASS,it was
possible to include line blends with other molecules, mainly CCH(4–3) andCH3CN(19–18)
from the image sideband, and optical depth effects in the model.
To obtain the temperature for the hot compact component in the J=7–6 band, the optically
thin torsionally excited lines were used. In combination with optically thick lines in the band,
theN /θ degeneracy could be resolved and also source size and columndensity could be
obtained. From the optically thin torsionally excited lines together with the higher excitation
lines in thevt=0 bands, it is possible to obtain the temperature of the hot compact component.
The torsionally excited lines at 289 and 337GHz also containa line with higher optical depth,
which makes it possible to obtain an estimate of the source size for this component. In the
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Species Transition Source SizeTex Ns Nb ∆v Offset Nb/NH2

(′′) (K) (cm−2) (cm−2) (km s−1) (km s−1)
CH3CN 19–18 1.6 100 8(15) 6.3(13) 5.4 0.0 3.2(-10)
CH3CN 19–18 7.0 20 1(15) 1.3(14) 5.4 0.0 6.7(-10)
CH3CN 16–15 1.6 100 8(15) 6.3(13) 5.4 0.0 3.2(-10)
CH3CN 16–15 7.0 20 1(15) 1.3(14) 5.4 0.0 6.7(-10)
CH3OH 6–5 1.0 240 4(18) 1.2(16) 4 0.5 6.3(-08)
CH3OH 6–5 12.0 50 1.5(16) 4.6(15) 4 0.0 2.4(-08)
CH3OH 7–6 1.3 200 1(18) 5.2(15) 3 -1.0 2.7(-08)
CH3OH 7–6 12.0 50 1(16) 3.1(15) 4 0.0 1.6(-08)
H2CO 4–3 - 75 - 4(14) 5 0.0 2.0(-09)
SO2 290 GHz - 35 - 2.5(16) 6 -0.5 1.3(-07)
SO2 338 GHz - 35 - 1.8(16) 6 0.5 9.2(-08)

Table 3.9: Properties of the source 12326−6245 as derived from LTE modeling ofCH3CN,
CH3OH, H2CO andSO2. Given in the table are exitation temperatureTex, source averaged
column densityNs, beam averaged column densityNb, velocity width∆v, velocity offset
from systemic velocity, and abundances. If two entries per transition are given, they refer to
the cold extended envelope and the hot compact core.

Species Transition Source SizeTex Ns Nb ∆v Offset Nb/NH2

(′′) (K) (cm−2) (cm−2) (km s−1) (km s−1)
CH3CN 19–18 0.7 250 3.0(15) 4.5(12) 4.5 -1.0 1.6(-11)
CH3CN 19–18 5.0 30 1.0(17) 7.2(15) 4.5 -1.0 2.5(-08)
CH3CN 16–15 1.3 220 1.4(15) 7.3(12) 4.5 1.0 2.5(-11)
CH3CN 16–15 5.0 30 9.4(15) 6.7(14) 4.5 1.0 2.3(-09)
CH3OH 6–5 1.8 140 2.0(18) 2.0(16) 6.0 0.0 6.9(-08)
CH3OH 6–5 13.0 30 5.0(15) 1.7(15) 6.0 0.0 6.0(-09)
CH3OH 7–6 1.8 140 7.0(17) 6.9(15) 6.0 1.5 2.4(-08)
CH3OH 7–6 13.0 30 5.0(15) 1.7(15) 6.0 1.0 6.0(-09)
H2CO 4–3 2.1 160 1.0(16) 1.3(14) 6.0 -0.5 4.7(-10)
H2CO 4–3 - 50 - 4.0(14) 6.0 -0.5 1.4(-09)
H2CO 6–5 2.1 160 4.8(16) 6.4(14) 6.0 -0.5 2.2(-09)
H2CO 6–5 - 50 - 5.0(13) 6.0 -0.5 1.7(-10)
SO2 338 GHz - 30 - 3.0(16) 8.0 0.0 1.0(-07)
SO2 338 GHz - 250 - 1.0(15) 8.0 0.0 3.5(-09)
SO2 430 GHz - 30 - 3.0(16) 8.0 0.0 1.0(-07)
SO2 430 GHz - 250 - 1.0(15) 8.0 0.0 3.5(-09)

Table 3.10: Properties of the source 16065−5158 as derived from LTEmodeling ofCH3CN,
CH3OH, H2CO andSO2. Given in the table are exitation temperatureTex, source averaged
column densityNs, beam averaged column densityNb, velocity width∆v, velocity offset
from systemic velocity, and abundances. If two entries per transition are given, they refer to
the cold extended envelope and the hot compact core.
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Figure 3.6:CH3CN data at 294 GHz. In blue, the synthetic model spectrum is shown. Note
that the spectra for the three sources have been observed with different frequency setups,
therefore the SO2 line from the image sidebands appears at different frequencies. The rest
frequency of theCH13

3 CN lines is marked in red.



36 Pilot Study

Species Transition Source SizeTex Ns Nb ∆v Offset Nb/NH2

(′′) (K) (cm−2) (cm−2) (km s−1) (km s−1)
CH3CN 19–18 1.1 170 1.0(16) 3.7(13) 5.5 2.0 6.5(-11)
CH3CN 19–18 1.0 180 2.0(16) 6.2(13) 5.5 -6.0 1.1(-10)
CH3CN 16–15 1.1 170 1.5(16) 5.6(13) 5.5 4.0 9.8(-11)
CH3CN 16–15 1.0 180 3.0(16) 9.2(13) 5.5 -5.0 1.6(-10)
CH3OH 7–6 1.0 170 5.0(17) 1.5(15) 3.0 5.0 2.7(-09)
CH3OH 7–6 1.0 170 5.0(17) 1.5(15) 3.0 -5.0 2.7(-09)
CH3OH 7–6 - 30 - 4.0(15) 7.0 -2.0 7.0(-09)
CH3OH 6–5 1.0 170 1.0(17) 3.1(14) 3.0 5.0 5.4(-10)
CH3OH 6–5 1.0 170 1.0(17) 3.1(14) 3.0 -5.0 5.4(-10)
CH3OH 6–5 - 30 - 2(15) 7.0 -2.0 3.5(-09)
H2CO 4–3 1.3 170 5.0(16) 2.6(14) 7.0 0.0 4.6(-10)
H2CO 4–3 - 70 - 3.0(14) 10.0 0.0 5.3(-10)
H2CO 6–5 1.3 170 5.0(16) 2.6(14) 7.0 0.0 4.6(-10)
H2CO 6–5 - 70 - 6.0(13) 10.0 0.0 1.1(-10)
SO2 338 GHz - 30 - 5.0(16) 10.0 0.0 8.8(-08)
SO2 430 GHz - 100 - 1.0(15) 8.0 0.0 1.8(-09)

Table 3.11: Properties of the source 16060−5146 as derived from LTEmodeling ofCH3CN,
CH3OH, H2CO andSO2. Given in the table are exitation temperatureTex, source averaged
column densityNs, beam averaged column densityNb, velocity width∆v, velocity offset
from systemic velocity, and abundances. Due to its line profiles, 16060−5146 had to be
modeled with two hot compact components in some molecules instead of the core/envelope
model used for the other two sources.

case of 12326−6245, where two bands including torsionally excited lines were available, the
accuracy of the source size determination is of the order of 0.3′′, while the column density
estimate is accurate to about a factor of 2, due to the degeneracy betweenN andθ. The
estimates ofN andθ for the extended component are more uncertain, since the optically
thin transitions of the cold component contain a contribution of the hot component as well
as blends with other molecules such as CCH(4–3) andCH3CN(19–18). For details of the
model in 12326−6245, see Figs. 3.7 and 3.8, while plots of the remaining two sources can
be found in the appendix.
For 16065−5158 and 16060−5146, theCH3OH J=6–5 transitions were only observed as
part of theH2CO(4–3) setup and included only the main band at 290 GHz, not thetorsionally
excited lines. The accuracies for the source size and columndensity estimations are also of
the order 0.3′′ and a factor of 2 for the hot component. In 16060−5146, the line profiles are
much broader due to a blend of two hot compact components and one extended component
and the spectra suffer from a worse baseline than the other two sources. It was possible to
obtain a good fit for two hot components, but due to the complexity of the data, only a beam-
averaged column density was obtained for the cold component. The results of theCH3OH
modeling can be found in Tables 3.9-3.11. In 16060−5146 and 16065−5158 it was possible
to model theCH3OH(6–5) andCH3OH(7–6) transitions with consistent temperatures. The
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column densities for the hot component differ by a factor of 2.9 in 16065−5158 and a factor
of 5 in 16060−5146. The column densities for the cold component in 16060−5146 differ by
a factor of 2. Under the conditions described above, those factors are considered consistent
with effects of calibration between the different frequency setups, data quality and the effects
of line blending between the two sidebands. While the line blending between Gaussian
components in one sideband is accounted for in XCLASS, line blending between the two
sidebands adds additional confusion when trying to judge the quality of a model.

H2CO data

Being a slightly asymmetric rotor,H2CO is a good tracer of kinetic temperatures and
also sensitive to spatial densities≥ 105cm−3 (Mangum & Wootten, 1993) and it is quite
ubiquitous in regions of star formation (Mangum et al., 1990; Mangum & Wootten, 1993).
In this survey, we observedH2CO in all three sources in theH2CO(4–5) transition at 291GHz,
H2CO(5–4) at 363GHz and in 16065−5158 and 16060−5146 also inH2CO(6–5) at 437GHz.
During the analysis, inconsistencies in theH2CO(5–4) spectra were discovered, which led to
the setup being excluded from the analysis. It is possible toobtain a reasonable fit to the re-
maining two transitions using a hot compact core and a cold extended envelope component.
The results of theH2CO modeling can be found in Tables 3.9–3.11, while the spectra and
synthetic models can be found in Figs. A.1, A.3 and A.5 in the Appendix. For 12326−6245,
only oneH2CO transition was observed. In 16060−5146, it was not possible to model the
H2CO emission with two hot velocity components, as was the case forCH3OH andCH3CN.
The model results of the hot component nonetheless agree well for the two transitions, while
the column densities of the cold component differ by a factorof 5. In 16065−5158, the
column densities of the hot components differ by a factor of 4.8, while the cold components
differ by a factor of 8. The fact that less cold gas is detectedat the higher frequencies, indi-
cates that theH2CO(6–5) transitions are less sensitive to the cold extended component than
H2CO(4–3). It is noteworthy that 16065−5158 shows again a large discrepancy between the
column densities of the cold component, which could be a result of non-LTE effects.

S-bearing species

The S-bearing species, CS,H2CS, SO andSO2 were observed in our frequency setups.
In the case ofH2CS(10–9), only the beam averaged column density for a fixed temperature
of 50 K could be determined, while the other species were observed in several lines.
CS was observed in its isotopologuesC33S(9–8),C33S(6–5) andC34S(7–6), whileC32S was
not included in the setups. Assuming isotopic ratios of32S/34S=23 and32S/33S=127, it was
possible to model CS and SO consistently over the frequency bands. The same was not
possible forSO2.
Apart from theSO2(5–4) line at 351.3 GHz, which has a lower level energy of 19 K above
ground state, the otherSO2 lines cover higher excitation conditions, being between 76K and
770 K above ground state energy. When trying to model the lines with a single temperature
component, the two observed34SO2 lines at 338.32 GHz and 436.8G Hz are underestimated
in 16065−5158. These discrepancies in the modeling can reflect calibration uncertainties
between the different frequency setups as well as indicate that the transitions trace a different
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Figure 3.7: Spectrum of 12326−6145. The synthetic model spectrum ofCH3OH(7–6) is
shown in red. In the upper plot (vt = 1), the synthetic spectrum of the torsionally excited
CH3OH transitions (red) is shown.
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Figure 3.8: Spectrum of 12326−6245. The synthetic model spectrum ofCH3OH(6–5) is
shown in red. In the upper plot (vt = 1), the synthetic spectrum of the torsionally excited
CH3OH transitions (red) is shown. The two lines marked (mirror) inboth plots show lines
that lie outside the shown frequency range but were folded into the spectrum due to a problem
with the receiver.
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type of gas.
The results of theSO2 modeling can be found in Tables 3.9–3.11, while the results of the
remaining species can be found in Tables 3.6–3.8.
TheSO2 emission in the cold component differs by a factor of 1.4 in 12326−6245, while
in 16060−5146 only the cold component could be modeled at 338 GHz whileonly the hot
component could be modeled at 430 GHz.

3.4.2 Spectral energy distributions

To obtain the dust temperatures and luminosities for the three sources, the spectral energy
distribution (i.e., flux density vs. frequency) was analyzed for each source. In addition to
the 870µm continuum observed with LABOCA and 3 mm continuum observedwith ATCA
(this work), the associated IRAC point source fluxes from theSpitzer GLIMPSE mission
(Benjamin et al., 2003) at 3.6, 4.5, 5.6 and 8µm and from the MSX mission at 8.3, 12.1,
14.7 and 21.3µm (Egan et al., 2003) were obtained. Photometry on the MIPSGAL 24 and
70 µm images (Carey et al., 2006) could not be performed, since the sources are saturated
in all cases. All the three regions show extended 8µm emission, which is commonly asso-
ciated with emission of photon-dominated regions (PDRs) due to the features of polycyclic
aromatic hydrocarbons (PAHs).
In order to find the infrared point sources associated with the 870µmdust peaks, we searched
the catalogs within a radius of 18′′, the LABOCA beam, around the dust peak. When study-
ing environments of high mass star formation one frequentlyencounters a situation where
many infrared sources cluster in one single dish beam – in this case the LABOCA beam –
because massive stars form exclusively in clusters (see Fig. 3.4). Since many of the young
high mass proto-stellar candidates are very red and bright,they are saturated in the 8µm
band and therefore appear with null values in the GLIMPSE point source catalog (Kumar &
Grave, 2007), so when a null value at 8µmwas found, we did a manual check on the image to
distinguish between sources with no detectable emission at8µm and those that are saturated.
In the case where there was no Glimpse data at 8µm, the MSX value was used.
For 16060−5146 and 12326−6245, both MSX and GLIMPSE emission is associated with
the hot core traced by the 3 mm continuum observed with ATCA. In 16065−5158 however,
there is neither an MSX nor GLIMPSE source at the position of the hot core, yet both types
of sources can be found a few seconds of arc offset from the hotcore, which might indicate
an external heating source or a deeply embedded UCHII region.
For cm wavelengths, archival 3 cm and 6 cm ATCA data was obtained from Urquhart et al.
(2007a) at the positions of the hot cores in 12326−6245 and 16060−5146. In 16065−5158,
there is an offset of 4.3′′ between the mm position obtained from ATCA and the ATCA cm
position (see Fig. 3.4). The cm emission in this source has a negative spectral index of−0.9,
hinting at synchrotron emission. No extragalactic object could be found at this position in
the NED database. This could be similar to the situation in W3(H2O), where a synchrotron
source (Reid et al., 1995) can be found in the hot core.
It has to be noted however that Urquhart et al. (2007a) state that the spectral indices of indi-
vidual sources might not be reliable for all sources, since the ATCA is not a scaled array at
the observed frequencies (meaning comparable resolution at the different wavelengths) and
the measurements sample different spacial scales.
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Fig. 3.9 shows a zoom-in on the region of the 870µm peak. In 12326−6245, the IR flux is
coming from a bright cluster of objects. One can see green emission at 4.5µm surrounding
the cluster, which is a sign of shocked gas (Cyganowski et al., 2008) and can point to outflow
emission. In 16060−5146, the peak of the 870µm emission can be associated to a single
object. There is weak 4.5µm emission at the edge of the IR source. 16065−5158 has no
associated IR source at the position of the 870µm peak. There is however a strong elongated
4.5µm emission. This situation is suggestive of an deeply embedded young object with a
strong outflow.

Temperature estimates

Estimates of the dust temperatures were obtained by fitting grey-body plus free-free spec-
tra to the SEDs (see Fig. 3.10). For all three sources a power-law dependency of the dust
opacity withβ = 1.8 was used (see Sec. 3.3.2), based on the dust properties used to derive
the masses and column densities of the three sources (Ossenkopf & Henning, 1994). We also
estimated total luminosities by integrating the fluxes under the SED.
The sources were modeled using three different components (only one in the case of 16065-
5159). The data at 3.6 – 12µm trace the hot, compact radiation source which is already well
developed in the infrared, while the data points between 24µm and 3 mm represent contri-
bution from the colder, more extended dust envelope. The IRAS points at 60 and 100µm
are upper limits to the true flux, due to the large flux of the IRAS beam. The cm continuum
data, which represents the contribution of free-free emission from an associated UCHII re-
gion is modeled as third component. In 16065−5158, only the cold, extended envelope was
modeled, since the radio continuum and infrared data are offset from the dust peak.

For 12326−6245, a dust temperature of 77 K was modeled with the gray-body fit for
the extended component. For the hot component traced by the SPITZER IRAC points, the
black-body fit resulted in a temperature of 390 K. The luminosity of the 77 K extended dust
component is 1.0×105 L⊙ and the one derived from the 390 K compact component 74 L⊙.
16060−5146 has a dust temperature of 63 K, a temperature of the compact component of
500 K and luminosities of 2.4×105 L⊙ and 490 L⊙ for the extended and compact compo-
nents respectively.
In the case of 16065−5158, the dust temperature was modeled to be 50 K, but in this source,
it is hard to constrain the parameters, since only the ATCA 3mm emission and the LABOCA
870µm emission are associated with it, as IRAS and MSX values givebut upper limits. The
luminosity of the extended component is 0.6×105 L⊙ .
The spectral energy distributions show that the 3mmsourcesin 12326−6245 and 16060−5146
are dominated by free-free emission and by dust radiation for 16065−5158.

As an alternative, we made use of the online model fitter of Robitaille et al. (2007),
who have created a grid of 200000 YSO model SEDs. These modelsrepresent pre-main se-
quence stars in combination with disks, infalling envelopes and outflow cavities (Robitaille
et al., 2006). The grid of models can be fitted to a given SED to determine the range of differ-
ent models which are consistent with the data provided. For the current analysis we focused
on stellar temperature, stellar mass, envelope accretion rate, disk mass and total luminosity.
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Figure 3.9: Zoom-in of the Spitzer GLIMPSE composite image of 3.6, 4.5 and 8µm emis-
sion. LABOCA 870µmemission is shown as contours, starting from 5σ (see Table 3.3). The
small blue circles mark the position of the 6 cm continuum andthe blue crosses the position
of the 3.6 cm continuum (Urquhart et al. 2007). In the plot of 16065−5158, the cross and
circle marking the radio continuum emission are shown in white.
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Source Name Mass(*) Temperature(*) Total Envelope Disk Mass
Luminosity Accretion Rate

M⊙ 103 K 105L⊙ 10−3 M⊙/yr M⊙

16060−5146 (d) 14.7 - 29.7 12.2 - 35.7 0.57 - 1.4 0.74 - 3.3 0.04 - 1.0
16060−5146 (nd) 30.1 - 47.5 5.7 - 22.4 2.1 - 4.5 9.8 - 6.3 -
12326−6245 (nd) 35.2 - 49.2 6.4 - 45.5 2.4 - 4.3 7.1 - 1.6 -

Table 3.12: Parameters for the best fit models of the online model fitter (Robitaille et al.
2007). A range of the ten best fits is given. (d) indicates thatthe best fit models assumed a
disk, while (nd) are models without a disk.

For the results in table 3.12, the ranges provided by the ten best fits were considered. For
16060−5146, both the models with and without disk are given, while in 12326−6245, there
was no disk model among the ten best fits.

3.4.3 Spectral types

To obtain the spectral type of the mm-sources, the Lyman continuum flux was estimated
from the cm observations of Urquhart et al. (2007a) which trace the free free emission of the
UCHII region.
Since both regions are optically thick, we obtained their parameters by fitting the spectral
energy distribution with the theoretical spectrum of a homogeneous constant density plasma
(Garay et al., 2006). For 12326−6245, an emission measure of 2.6×109 pc cm−6 and a
Lyman continuum flux of 8.2×1048 s−1 were obtained, leading to a spectral type between
O6.5 and a stellar luminosity ofL = 1.5× 105 L⊙, according to Panagia (1973).
For 16060−5146, the emission measure is 4.0×108 pc cm−6, the Lyman continuum flux
1.5×1049s−1 and the spectral type was found to be between O6 and O5.5 withL = 2.5 −
−4.0× 105 L⊙.
In this kind of analysis, it is assumed that the Lyman continuum luminosity of the source is
dominated by the emission of one object.

3.4.4 Mass estimates

Table 3.13 lists the dust masses derived from the 870µm LABOCA observations as well
as the virial masses derived from the line velocity dispersion of theC17O(3–2) line. The
derivation of the virial masses is described in more detailsin chapter 5. We estimated the
dust masses in two ways.Mwarm gives a measure of the masses of the warmer component
associated with the IRAS source, as traced by the grey-body fit of the SED, whileMext traces
the masses of the extended cooler envelopes. The dust masseswere derived using Equ. 3.2,
following Miettinen et al. (2006), with a dust absorption coefficient, κd, of 0.176 m2/kg
(Ossenkopf & Henning, 1994) (model V) and a dust-to-gas ratio Rd = 1

100
. Bν(Td) is the

Planck function of a black body at dust temperatureTd, Sν the integrated flux in Jy andd the
kinematic distance in kpc.
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Figure 3.10: Spectral energy distributions for the three sources. The IRAS fluxes (down-
wards pointing triangles) are taken as upper limits due to the large beam size. The empty
squares and triangles show the MSX and Spitzer GLIMPSE fluxesrespectively, the filled
circles the ATCA fluxes and the filled triangle and square the bolometer fluxes from SIMBA
and LABOCA.
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Figure 3.11: Best fit models of the SEDs for 16060−5146 and 12326−6245 (colored lines)
created with the online model fitter of Robitaille et al. (2007). The dashed line represents
the model of a stellar photosphere.

In the case of the warm component,Td as derived from the SED and the peak fluxes were
used, while the mass of the extended dust emission was derived using the integrated intensity
within the 10% contour and assuming a dust temperature of 20 Kfor 12326−6245 and 30 K
for 16065−5158 and 16060−5146, respectively. They were assumed to be equal to the gas
kinetic temperatures derived in theCH3CN modeling, following Miettinen et al. (2006). In
the case of 16060−5146, where theCH3CN was modeled without a cold component, the
temperature derived fromCH3OH was taken instead.

Mgas =
Sνd

2

Bν(Td)κdRd

[M⊙] (3.2)

source Mwarm Mext Mvir Rwarm Rext nwarm(H2) next(H2)
103M⊙ 103M⊙ 103M⊙ pc pc 108cm−3 104cm−3

12326-6245 0.42 1.6 1.2 0.03 0.6 6.7 3.6
16060-5146 1.9/5.5 4.1/12 5.3/9.2 0.04/0.07 0.6/1.1 12/6.9 6.5/3.7
16065-5158 0.51/3.7 2.0/14 2.5/6.6 0.03/0.08 0.6/2.1 8.2/3.1 1.7/0.63

Table 3.13: Dust masses derived from LABOCA 870µm emission; the first entry gives the
mass of the hot component traced by the SED, the second of the whole dust envelope traced
at 870µm and the third column lists the virial masses derived fromC17O(3–2) emission. In
the last three columns, the radii for the hot compact component (taken from the XCLASS
line modeling) and the extended dust emission as well as the H2 number densities for both
components are listed. If two values are listed, they indicate near/far distances used for the
calculations.
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Figure 3.12: CO spectra of the central position of the outflowin 12326−6245. CO(3–2) is
shown in black, CO(4–3) in green and CO(7–6) in magenta. All spectra have been smoothed
to the spacial resolution of the CO(3–2) data.

3.5 Molecular outflows

While all three sources were initially mapped in the CO(3–2)line, the data quality
of these maps only allowed to map the outflows in 12326−6245 and 16060−5146. For
12326−6245, the outflow was also mapped in the CO(4–3) and CO(7–6) transitions. The
data of the CO(4–3) and CO(7–6) transitions were smoothed tothe spacial resolution of the
CO(3–2) data and all data were re-sampled to a velocity resolution of 3 km s−1 to reduce
the noise in the wings. Fig 3.12 shows the spectra at the central position, with the blue lines
marking the blue wing in the velocity range−115 km s−1 to −51 km s−1and the red lines
marking the red wing from−22 km s−1 to 35km s−1.
In Fig. 3.13, the outflow maps of 12326-6145 are shown, with the red and blue triangles
showing the location of the peak of emission of the red and blue wing, as determined from
the CO(7–6) data. The black triangle shows the center of the 3mm continuum emission.
The 3 mm emission looks to be offset from the origin of the outflow, which suggests that a
younger, more embedded source is powering the molecular outflow.

To get an overview of the outflow parameters, we follow the method outlined in Cabrit &
Bertout (1990) and Beuther et al. (2002b) and assume a temperature of 50 K for the outflow.
The results can be found in tables 3.14 and 3.15. A more thourough study of the outflow
properties would require maps of the whole extent of the outflow wings and to observe the
outflow in an optically thin tracer to get an idea of the optical depth in the wings.
To obtain the column density in the wings, we integrated in the outflow emission between
−114 km s−1 and−50 km s−1 and−21 km s−1 and−35 km s−1/. Having avoided the core
emission, one has to take into account that the derivedmass is a lower limit. The momentum,
p, energy,E and characteristic time scale,t, are derived assuming a constant velocity flow
with its true velocity equal to its maximum velocity observed. In addition to the work out-
lined in Beuther et al. (2002b), we also corrected for the inclination angleθ between outflow
and line of sight (Leurini et al., 2006). For comparisons to other works, we adopt an incli-
nation angle of 57.3 degrees, the average over a uniform distribution of random orientations
(Henning et al., 2000).
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Figure 3.13: Outflow maps of 12326−6245 in CO(3–2) (top left), CO(4–3) (top right) and
CO(7–6) (bottom left). The 3 mm continuum (black triangle) as well as the peaks of the
two outflow lobes (red and blue triangles) are marked. The crosses indicate the location
corresponding to the spectra shown in Fig. 3.12.
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Nblue [cm−2] 2.89e+20
Nred [cm−2] 2.33e+20

θ=0 θ=57.3 θ=70
Mblue [M⊙] 0.67 0.92 1.06
Mred [M⊙] 0.58 0.80 0.92
Mtot [M⊙] 1.25 1.72 1.98
t [103 yr] 2.84 3.04 2.33
p [M⊙ km s−1] 96.89 181.43 241.56
E [1047 erg] 0.94 2.40 3.69
F [M⊙ km s−1 yr−1] 0.03 0.06 0.10
L [L⊙] 271.94 650.88 1308.17
Ṁ [10−3M⊙ yr−1] 0.44 0.56 0.85

Table 3.14: Physical Parameters of the CO(4-3) outflow in 12326-6245.

Nblue [cm−2] 2.17e+20
Nred [cm−2] 2.77e+20

θ=0 θ=57.3 θ =70
Mblue [M⊙] 0.22 0.31 0.35
Mred [M⊙] 0.26 0.36 0.41
Mtot [M⊙] 0.48 0.66 0.76
t [103 yr] 2.62 2.81 2.14
p [M⊙ km s−1] 34.52 64.64 86.06
E [1047 erg] 0.32 0.82 1.26
F [M⊙ km s−1 yr−1] 0.01 0.02 0.04
L [L⊙] 100.57 240.70 483.77
Ṁ [10−3M⊙ yr−1] 0.18 0.24 0.36

Table 3.15: Physical Parameters of the CO(7–6) outflow in 12326-6245
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3.6 Discussion

3.6.1 Molecular line data

The three sources were mapped inHCO+(4–3) and CO(3–2). As can be seen in Figs. 3.1
and 3.2, the line profiles, particularly around the peak of the emission, show non-Gaussian
line shapes in the wings. This can be a sign of outflow activity, which is consistent with the
detection of 4.5µm emission in the GLIMPSE data. 16060−5146 and 16065−5158 show an
asymmetric line profile with a stronger blue shoulder at the peak position of theHCO+(4–
3) emission. As will be discussed in Chap. 5, this is a sign of motion in the core. At the
resolution of the current study, it is not possible to distinguish between infall and rotation as
possible origin of the large scale motions.

The sources were observed in a partial line survey based around theCH3OH(6–5),
H2CO(4–3) andCH3OH(7–6) bands to study their chemical composition. For the ease
of comparison, the molecular emission was divided into two classes, the hot and the cold
molecules, having rotational temperatures above 100 K and below 100 K respectively, which
corresponds to the ice evaporation temperature for complexorganic molecules (Bisschop
et al., 2007).

The molecular content of the three sources is similar, the most striking difference being
the presence of a double peaked profile in several molecules found in 16060−5146. This was
first noticed in theCH3CN(16–15) transitions and later also inCH3OH(6–5) andCH3OH(7–
6). Lines from most of the other molecules are significantly broader than in the other two
sources, the velocity resolution is not high enough howeverto distinguish a large line width
from an unresolved double peak profile. Being present in the warm and dense gas traced
byCH3CN, this double line profile hints at the presence of a complicated velocity structure
down to the compact hot core level.
Several molecules,CH3OH, CH3CN, H2CO andSO2 were observed in more than one fre-
quency setup. In these cases it was not always possible to model the species with one consis-
tent set of temperatures and column densities. The reason for this might be either calibration
uncertainties between the bands or deviations from local thermal equilibrium.
For the analysis, abundance ratios with respect toCH3OH were formed. When comparing
the abundance ratios [mol/CH3OH], for a givenmolecule (mol), the abundance ratios are rel-
atively constant with respect toCH3OH among the three sources. For the cold molecules, the
abundance ratios seem to be constant around 0.1, with the exception of the [SO/CH3OH],
[SO2/CH3OH] and [CS/CH3OH] abundance ratios, which are around 1.0, while the ratio
of [HNC/CH3OH] is significantly lower. In the hot molecules, one can see a trend to-
ward lower abundance ratios for the N-bearing species, [HNCO/CH3OH], [HC3N/CH3OH],
[CH3CN/CH3OH] and [C2H5CN/CH3OH] when compared with the [HCOOCH3/CH3OH]
ratio.
A chemical differentiation between N- and O-bearing species has been observed in several
high resolution studies of hot molecular cores, among themW3(OH) (Wyrowski et al., 1999)
and Orion-KL (Sutton et al., 1995). In the latter, the “hot core” is abundant in complex, sat-
urated N-bearing species, while the “compact ridge” shows ahigh abundances of complex
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O-bearing molecules. With interferometric observations,Liu (2005) resolve a similar differ-
entiation in the sources E and F in G9.62+0.19, a high mass star forming region with similar
distance and luminosity to the three sources presented here. Since the chemical differen-
tiation is only resolved with high spatial resolution observations, one would expect not to
find the difference in a single dish beam. This leaves the question why one sees a higher
abundance of O-bearing species in the three sources of our sample. One possibility is that
the complex O-bearing molecules stem from a more extended region and are therefore less
beam-diluted.
Rodgers & Charnley (2001) discuss that a higher abundance ofO-bearing species might
suggest an earlier evolutionary stage where the hot core hasdeveloped into a rich O-bearing
chemistry in the first 104 yr before evolving into a nitrogen rich state, but placing our sources
at such a young state is inconsistent with the nonetheless high abundance ofCH3CN found
in the three sources.
On the other hand, it is possible to imagine that the complex N-bearing species, which ac-
cording to the above-mentioned interferometric studies, are expected to be found closest
to the hot core have already been destroyed by the radiation of the young star, placing the
sources at a slightly later stage of the hot core phase.
For 16060−5146 and 12326−6245, this would be consistent with the discovery of cm con-
tinuum emission at the position of the 870µm peak.
Another source of the high abundance of O-bearing species could be a different composition
of the initial grain mantles as discussed by Charnley et al. (1992) and modeled by Caselli
et al. (1993) with thermal effects.
The line-widths of the organic species more complex thanCH3OH, C2H5CN, CH3OCH3

andCH3OCHO are surprisingly small in the three sources, compared to therest of the
species. One would normally expect the line-widths of the hot component, in which the
three species are detected, to be broader then the line-widths of the cold component.
In Fig. 3.14, the abundances are compared with those derivedfor G327.3-0.6 (blue), NGC6343I
(green, Schilke et al., 2006) and 17233-3606 (turquoise, Leurini et al., 2008)), which were
also obtained with APEX and analyzed in the same fashion as our data. To compare with
a typical northern hemisphere hot core, the abundances of G34.3+0.15 (MacDonald et al.,
1996) were also included. Overall, one can see good agreement between our data and the
other four hot cores for the cold envelope molecules, apart from the slight overabundance of
SO andSO2 in our sources.
According to Viti et al. (2004), the sulfur species show a time-dependent signature. In their
models, Viti et al. (2004) predict the SO/H2CS ratio to be around one at earlier times and then
decline, which is not observed in any of our sources. Comparing the hot species, it is obvious
that while line rich, our sources are weaker in their line emission than the other sources. The
lack of nitrogen bearing species in the hot component is pronounced when comparing with
the other sources. Beuther et al. (2008b) do not detect any N-bearing species towards two
young sources in their study of high resolution SMA hot core observations. They explain
the lack of N-bearing species by saying that the N-bearing species need more time to evolve
or warmer gas. Since we are detecting lines from gas withT > 200 K, it is not likely
that the gas is not warm enough for the nitrogen chemistry. The association of 16060−5146
and 12326−6245 with UCHII regions also rules out the thesis that they are still at an early
evolutionary stage.
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A prominent feature of the three sources is the high abundance of sulfur species. Van der
Tak et al. (2003) model the sulfur chemistry in the envelopesof young massive stars. The
abundances they derive for CS andH2CS agree with those found in our work.SO2 and SO,
however, are observed by us to have much higher abundances. This effect is particularly
strong inSO2, where the abundances we derive compare to those van der Tak et al. (2003)
find for a model whereSO2 "jumps" to higher abundances in the inner envelopes. Beuther
et al. (2008b) discuss the use of CS, SO andSO2 as chemical clocks, with CS being a suit-
able tracer for the earlier stages while SO andSO2 better trace the more evolved stages. This
picture is consistent with our data and supports our hypothesis that the tree sources, particu-
lary 16060−5146, are at a more evolved stage.
Comparing our modeling to the hot core model of Garrod et al. (2008), it is very difficult to
make a direct comparison, since the model was adapted to observations of the Sgr B2 region.
As a trend, one can say that the temperatures we derive often agree well with their model pre-
dictions, while the abundances vary, mostly in the late species. To obtain a better database
for the comparison, it would be necessary to get the calibration uncertainties and the line
confusion due to double sideband mode better under control,since these factors are large
error sources in the abundances. Additionally, a larger selection of lines should be observed
to include optically thin lines and interferometric observations at the sub-mm wavelengths
are needed to obtain better estimates of the source sizes to solve the degeneracies while mod-
eling.
For a better understanding of the chemistry in these regions, it would also be very helpful to
image the spatial distribution of the different chemical species at high angular resolution, to
see where they are located with respect to each other.

3.6.2 Continuum data

The three hot cores were imaged with LABOCA at APEX at 870µm and at high resolu-
tion with ATCA at 3 mm.
While 12326−6245 (see Fig. 3.4 for the three sources) shows a spherical, centrally peaked
morphology at 870µm, 16060−5146 and 16065−5158 show an extendedmorphology. Both
sources are also surrounded by secondary peaks, unlike 12326−6245, which is isolated
within the LABOCA field of view. In the LABOCA field of view, thebright MIR clus-
ter on which 12326−6245 is centered is the only sign of activity in the region, while the
region just around the dust emission traced by LABOCA is dominated by 8µm emission,
a sign of PDR emission. In 16060−5146, the dominant feature in the LABOCA field of
view is a large bubble visible in the MIR emission. The 870µm emission of 16060−5146
corresponds to an active star forming site located, at leastin projection, at the edge of the
bubble. The other cores traced by 870µm can be found tracing the rim of the bubble and
in another region to the south of 16060−5146. 16065−5158, which is only 12.′ away from
16060−5146, can be found in a region of very active star formation. One finds a very ex-
tended region of 8µm emission, interspersed with infrared dark clouds and an association of
bright young stars at the center. 16065−5158 is located right at the center of the association,
in a deeply embedded region free of MIR emission. An elongated green structure at 4.5µm
seems to be coming from this deeply embedded region. Since 4.5 µm is associated with hot
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Figure 3.14: Abundances in the three sources for T< 100 K (cold component) and T>
100 K (hot component). Red triangles show abundances for G34.3+0.15 (Macdonald et al.
1996), green stars for NGC6334I, blue stars for G327.3-0.6 (both Schilke et al. 2006) and
turquoise stars for 17233-3606 (Leurini et al. 2007). The shades of grey and black are
chosen to distinguish between the columns for the differentspecies. The black and red line
in the plot of the hot and cold abundances respectively indicates those molecules where the
modeling of different transitions resulted in different column densities (see Tables 3.9 to
3.11).
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shocked gas (Cyganowski et al., 2008), this situation is very suggestive of a massive outflow
stemming from 16065−5158. The very extended 870µm emission found in the LABOCA
field of view for 16065−5158 traces nearly the whole extent of the active star forming region
visible in the GLIMPSE data.
Fig. 3.5 shows the mm continuum emission imaged with ATCA. One can see that its dis-
tribution agrees well with the peak of the LABOCA 870µm emission. Given the modeled
hot core sizes of the order of 1′′, the ATCA continuum emission is not resolved yet. In
16060−5146, two cores can be found in the 3 mm emission, while only one of them is as-
sociated with the LABOCA peak, the other is too far away to be picked up with the APEX
beam of about 19′′ and can therefore not be responsible for the double peaked structure in
16060−5146. Fig. 3.5 also shows the location of the offset positions determined for the
molecular line observations. While the rather crude determination of the position via the
HCO+ peaks meant we missed the position of the hot cores by a few seconds of arc, we
were still close enough to pick up the hot core emission in thebeams.

Modeling of the spectral energy distributions of the three sources revealed that the 3 mm
continuum in 16060−5146 and 12326−6245 is dominated by free-free emission, pointing
towards a more evolved stage of the sources. This is consistent with the infrared data and
the radio continuum data observed by Urquhart et al. (2007a), which also point towards
16065−5158 being the most embedded and least developed object of the three.
The luminosities derived from the ionized regions in 12326−6245 and 16060−5146 differ
by about a factor of 2 from the FIR luminosities derived from the IRAS fluxes. As Garay
et al. (2006) discuss, this differences might result from the fact that part of the stellar lu-
minosity is absorbed by the dust or there might be stars in theregion contributioning to the
FIR luminosity but which are not hot enough to ionize the gas.The derived luminosity also
indicates that the three sources are most likely placed at their near distance, since they would
otherwise have to harbor an unrealistically massive star <O4. The online model fitter of Ro-
bitaille et al. (2007) was used as an alternative way to modelthe SEDs for 12326−6245 and
16060−5146. The range of masses and luminosities derived agree forthe models without
disks with those obtained for the ionizing sources from the cm continuum.
Comparing the dust mass estimates for the three sources, thevirial and continuum masses
agree well for the near distance, indicating that the sources are likely bound. To get an
estimate of the upper limit of the mass that might be concentrated at the innermost hot com-
ponent, we determined the mass using the temperature derived from the SED model and the
peak flux of the 870µm continuum. These masses are a factor of about four lower than the
envelope masses for 12326−6245 and 16065−5158, while they are about a factor of 2 lower
for 16060−5146, indicating that this source is very centrally peaked.
All three sources have been observed by Faúndez et al. (2004), while 12326−6245 and
16060−5146 have also been observed by Miettinen et al. (2006) and Hill et al. (2005). Tak-
ing into account the different ways the integrated fluxes used, our masses agree well within
factors of about 2 with the estimates by these authors.
They are, however, more massive than the average sources in the samples of Williams et al.
(2004), Beltrán et al. (2006) and Mueller et al. (2002), whose samples contain generally less
massive and luminous sources.
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3.7 Conclusions

We observed the three sources 12326−6245, 16060−5146 and 16065−5158 in several
molecular lines and in the mm and sub-mm continuum as a pilot study for the two surveys
of the sample of 47 high mass star forming regions described in Chaps. 4 and 5. The goal of
the pilot study was, first, to define and test frequency setupsto be used with the new APEX
telescope for the two surveys and, second, to study the threesources in more details, since
they all show a hot core type molecular spectrum, which is found in high mass star forming
regions.
The approach that was finally chosen, as a result of the pilot study, for the two surveys was
to map the 47 regions in a setup containingHCO+(4–3) and CO(3–2) to pinpoint the loca-
tion of the peak of the dense gas and to derive information of the kinematics of the regions
from the line shapes of the two tracers. The sources were thenobserved in a setup targeted
atCH3OH(7–6) to obtain abundances for the envelope component and a potential hot core
component.
Once LABOCA was operable, the sources were imaged at 870µm to study their dust con-
tent.
The sources were observed in five frequency setups targeted at CH3OH(6–5),CH3OH(7–6),
H2CO(4–3),H2CO(6–5) andCH3CN(16–15). The line surveys resulted in the detection of
lines from 19 different species. Following Hatchell et al. (1998), the sources are all three
classified as line rich sources due to the detection of highlyexcitedCH3OH transitions.
Since also complex organic species were detected, the sources were classified as hot cores.
For the three sources, both lines from an extended, cooler envelope component, as well as
from a hot compact component were modeled.
All three sources show an overabundance of oxygen-bearing species compared to nitrogen-
bearing species. Together with the a high abundance of sulfur species, the chemistry in the
three sources points them towards a slightly more evolved stage.
16060−5146 and 16065−5158 both show secondary clumps in their surroundings. While
they are all three located in regions of active ongoing star formation, the 870µm peak of
16065−5158 is not associated with any FIR source. Spectral energy distributions including
the ATCA 3 mm data were modeled for all three sources to derivetheir dust properties.
The three sources imaged in 870µm and 3 mm continuum data are massive, luminous hot
cores. While 16065−5158 seems to be a very young deeply embedded object sitting at the
center of a young association, 12326−6245 and 16060−5146 seem more evolved and have
already developed UCHII regions. The star forming activity in the region of 16060−5146
might have been triggered by the large bubble at which edge itis located.

The three sources of the pilot study are also discussed in Chap. 5 as part of the hot core
sample.



Chapter 4

Dust Continuum studies

4.1 Introduction

In this chapter, I discuss a sample of massive star forming regions in the southern hemi-
sphere observed in sub-mm dust continuum. This comprises a valuable template sample to
be observed at high angular resolution with ALMA. Aim of thischapter was to characterize
the physical properties, the column densities, masses, sizes and radial density distribution
of the sample and compare the properties of two subsamples with and without associated
5 GHz radio continuum emission. We observed a number of sources in the inner Galaxy
(Sample A) and in the outer Galaxy (sample B) to study how the physical properties vary
with Galactocentric radius.
In Section 4.1, I present the sample and the observations, insection 4.2 the results of the
observations are presented and, finally, I discuss these results in section 4.3.

4.1.1 Connection with other samples

Since many surveys are, just like ours, based on the IRAS Point Source Catalog (PSC),
there is often an overlap of sources between the different samples. Listed below are the num-
ber of sources from Sample A that have also been included in previous works.
Our source list was compiled from the samples of Faúndez et al. (2004) (with 42 sources
in common) and Walsh et al. (1997) (with 29 sources in common). Ten and four sources,
respectively, were also included in the SIMBA and SCUBA surveys of cold cores done by
Hill et al. (2005, 2006). Out of the fields that were observed in cm radio continuum with
the ATCA as part of the RMS survey (Urquhart et al., 2007a), 26include at least one of the
sources of this work, while 23 fields targeted in the13CO survey of Urquhart et al. (2007b)
contain at least one source of our sample. The study of Busfield et al. (2006) contains five
sources from our sample, while two sources have also been included in the sample of Beltrán
et al. (2006). The Osterloh et al. (1997) study of cold southern IRAS sources includes five
of our sources.
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4.1.2 Observations

Both, the inner and the outer, Galaxy samples were observed with the Large Bolome-
ter Camera (LABOCA) at the Atacama Pathfinder EXperiment (APEX) on Chajnantor in
Chile. The data were observed in two observing runs in August2007 and December 2007.
In August, the sources in the inner Galaxy were observed, while the sources in the outer
Galaxy were observed on 2 nights in August and on 3 nights in December 2007. To reiterate,
LABOCA is a 295 channel bolometer with a field of view of 11.4.′ and a beam of 18.6′′. The
channel separation is 36′′. To produce a fully sampled map, the data were observed in the
raster-spiral mode, with 35 seconds integration time on source, a spacing of 27′′ and 4 sub-
scans. This sets the scanning velocity to about 4′/s and the total integration time on source
was on average 2.3 min.
The atmospheric opacity was determined every hour through skydips. In August 2007, the
zenith opacity on the first three days was on average 0.3, while on the fourth it was 0.09.
The sources from sample A observed during the first three dayshave an average rms of 140
mJy/beam, while the sources observed on the last day have an average rms of 45 mJy/beam.
Sample B was observed both in August and December with an average opacity of 0.18 in
August and 0.23 in December. The noise level is on average 16mJy/beam and the average
integration time on source is 30 minutes.
Calibration was done once an hour by observing Neptune, IRAS16293−2422, G10.62−0.38
and IRAS13134−6242 for the inner Galaxy and V883-Ori, J0609−157, PMNJ0633−2223,
PKS0733−17, IRAS13134−6242, PKS0537−441 andVY−CMa for the outer Galaxy. Point-
ing was checked every 30 minutes for sample A on G5.89−0.39, G10.62−0.38, NGC6334I,
IRAS16293−2422, G34.3+0.15, G45.1+0.1 andη Carinae, and every 30–60 minutes for
sample B onη Carina, Mars, VY-CMa and PKS0537−441. The pointing was good within
3′′.
The data were reduced using the BOA (BOlometer Array Analysis Software) software pack-
age (Schuller et al., in prep.).

4.2 Results

4.2.1 Distances

The derivation of the kinematic distances was done using theBonn Mass Milky Way
model (Kalberla, 2003; Kalberla et al., 2007) with the velocities obtained from theC17O(3–
2) line velocity. Where noC17O line was observed, the velocity of theH2CO(5–4) or
HCO+(4–3) lines was taken (see Table A.29 in the Appendix for details on which molecular
tracer was used for which source.) To get a better understanding of the accuracy of the dis-
tance estimate, we looked at the distances calculated within a velocity range of±5 km s−1

around the center velocity of the observed line. While it is possible to obtain the center ve-
locity of the lines through Gaussian fits with an accuracy of about 1km s−1, a higher value
was chosen for this estimate to reflect larger scale motions in the region. The high mass star
forming regions are located in areas which are thought to be dominated by turbulence and are
under the influence of large streaming motions. This random motion introduces a random
change in the local velocities. Independent of the near/farambiguity distance one should
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remember that the kinematic distances provide only an orderof magnitude estimate for the
distances. For want of a better method of distance estimation for the high mass star forming
regions and to be consistent with the literature, we will treat the results of the kinematic dis-
tance analysis as the true distances of the sources. The uncertainty introduced through the
spread in velocity is around 10%, depending on the distance of the source. The error will be
larger for sources closer to us, but for close distances, thekinematical velocity determination
will anyway break down and one has to realize that the estimate of kinematic distance does
not provide reliable results for sources with distances less than 1 kpc away from us.
To solve the near/far distance ambiguity, we apply the results of Busfield et al. (2006), who
solved distance ambiguities by comparison with HI self absorption. This applies to eight
sources from our sample. For five sources which can be found inWalsh et al. (1997), we
follow their solution of the ambiguity, which was achieved considering the derived lumi-
nosities in both cases. The solution for another two sourcescan be found in Urquhart et al.
(2007b). Five sources could be placed at their near distance, since otherwise their z height
would have been too far above the plane (Beltrán et al., 2006). In total, we could solve the
near/far distance ambiguity for 20 out of 47 sources. For theremaining 27 sources, both
distances are given. To solve the distance ambiguity for allthe sources in the inner Galaxy,
one would have to use HI absorption measurements, which is beyond the scope of this work.
When determining the distances toward the sources in the outer Galaxy, the CO(1-0) line
velocity observed by Wouterloot & Brand (1989) was used (seeTable A.1 in the appendix
for the details of the outer Galaxy sources.)

4.2.2 Source identifications

The sources were identified using thesfind routine in the MIRIAD software package.
This routine utilizes the FDR (False Discovery Rate) algorithm (Hopkins et al., 2002), with
a FDR threshold of 2.0% and an rms-box size of 20 pixels. It derives the source parame-
ters by fitting a 2D elliptical Gaussian. The sources are shown in Figs. A.7 – A.14 in the
Appendix. In Table A.29, column 1 gives the source name, columns 2 and 3 give the peak
position of the 870µm emission in right ascension and declination, columns 4 and5 the peak
position of the 870µm emission in Galactic coordinates, columns 6 and 7 the kinematic dis-
tance estimates (near and far), column 8 the Galactocentricradii and columns 9 and 10 the
multiplicity of the regions. Column 11 lists the IR morphology and column 12 the rms. In
Table A.30, column 1 gives the source name, column 2 the peak flux, column 3 the integrated
flux within the 10% contours, column 4 the beam deconvolved angular diameter, column 5
the dust temperature taken from Faúndez et al. (2004) and column 6 the dust column density
(see Sec. 4.2.4). Columns 7 and 8 list the luminosities basedon IRAS fluxes taken from
Faúndez et al. (2004), Walsh et al. (1997) and Purcell et al. (2006) and scaled to match our
near and far distance estimates. The LSR velocities are listed in column 9. Column 10 lists
the molecular tracers with which the velocities were determined.
The multiplicity was determined, first, as the number of sources within a 2 pc radius around
the central source and, secondly, as the number of sources inthe observed field. The distri-
butions of these values are shown in histograms in Fig. 4.2.6.
The results for the sources in the outer Galaxy are listed in Table A.1. Column 1 lists the
name of the associated IRAS source, columns 2 and 3 the peak positions of the 870µm
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emission in R.A.(J2000) and Dec.(J2000), column 4 and 5 the peak and integrated flux of
the dust emission in Jy, column 6 and 7 the kinematic distanceand Galactocentric radius in
kpc, and column 8 the beam de-convolved angular diameter.

4.2.3 Morphology and multiplicity

To classify the sources, themultiplicity in the fields was determined. Having sources with
kinematic distances between 0.4 and 14 kpc in the sample, comparing only the sources in the
whole observed LABOCA field of view can be misleading, since the 11.4′ of the LABOCA
field correspond to linear diameters between 1.3 and 46 pc, depending on the distance. To
avoid comparing multiplicities in the vicinity of the sources with those in the large scale
environment, we also determined the number of companion sources within a fixed, distance
independent linear radius of 2 pc. Over the whole field, the average number of sources
per field of view is 3.1, while there are on average 1.5 sourceswithin 2 pc. Following
Williams et al. (2004), we determine the companion clump fraction (CCF) considering both
the detections in the whole field and within 2pc. The CCF is calculated using the expression

CCF =
B + 2T + 3Q + 4P

S + B + T + Q + P
(4.1)

with S,B,T,Q,P the number of single, binary, triple, quadruple and quintuple clumps in
the sample. Over the whole field of view, the CCF is 2.1, while within 2 pc around the central
source, the CCF is 0.4. We count several peaks within one extended source as individual
clumps (see Fig. 4.2.3). If one would count the extendend sources containing multiple
clumps as one single contribution, the CCF over the whole field is 1.8, while the CCF within
2 pc becomes 0.2.
It also has to be noted that we assume that all the sources found within the field are at the
same distance and associated to the main core, which does nothave to be the case.
When studying the relation of multiplicity in the field with distance (see Fig. 4.2.6), one
cannot see a clear trend, while the plot of multiplicity within 2 pc versus distance (same
figure) shows that most sources are singular and only a few sources at close distance can be
resolved into multiple cores. Since the largest distance towhich a source could be resolved
into smaller cores within 2 pc was 4.6 kpc, we looked at themultiplicity within the subsample
of 33 sources within 4.6 kpc. Out of these sources, 64% were singular sources, 21% were
binary sources and the remaining 15% were resolved into 3–5 cores.

4.2.4 Masses, densities and linear diameters

Sample A - inner Galaxy

Tables A.32 and A.33 in the Appendix give the parameters determined from the 870µm
emission for sample A. In Table A.32, column 1 gives the source name, columns 2 – 5
the mass within the 10% contour and within 0.6 pc radius at the near and far distance,re-
spectively and columns 6 and 7 give the luminosity-to-mass ratios. In Table A.33, column
1 gives the source name, columns 2 –5 the densities derived within the 10% contour and
within 0.6 pc radius at the near and far distance, respectively and columns 6 and 7 the beam
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Figure 4.1: Left panel: contour plot of 17278-3541. Here onecan see how individual peaks
in an extended source were treated in the definition of the multiplicity. Contours start at 3σ,
with steps of 3σ (σ = 0.35 Jy). The red triangles mark the positions of individually counted
clumps within the source. Right panel: contour plot of 15278-5620. The blue circle marks
the 2 pc radius around the source. In a case like this one, whena clump is at the edge of
the 2 pc radius, it is considered for the calculation. Contours start at 3σ, with steps of 3σ
(σ = 0.49 Jy). Both 17278-3541 and 15278-5620 are located at their near distance.

deconvolved linear diameters. In Fig. 4.2.6, histograms showing the distribution of these
values are given.

The masses and column densities were derived using

Mgas =
Sνd

2

Bν(Td)κdRd

[M⊙] (4.2)

and

N(H2) = 1.67× 10−22 Idust
ν

Bν(Td)µmHκdRd

[cm−2] (4.3)

as outlined in Miettinen et al. (2006) under the assumption of optically thin gas, with a
dust absorption coefficient,κd, of 0.176 m2/kg linearly approximated at 870µm from model
5 of Ossenkopf & Henning (1994) and Rd = 1

100
(thin ice mantles,n = 106cm−3). The

dust temperatures were taken from Faúndez et al. (2004), where available and assumed to be
30 K for the remaining sources, which agrees well with the average value obtained by these
authors, as well as Beltrán et al. (2006) and Molinari et al. (2000). To determine the distance
dependence of the integrated flux, we derived both the masseswithin the 10% contour and
within a fixed source size of 0.6 pc, which is close to the average size of the sources. Fig.
4.2.6 shows the mass and luminosity-to-mass ratio (L/M) derived from fluxes determined
within the 10% contour as well as the distance independent masses and L/M within 0.6 pc.
In the histograms, the values are shown as solid lines for thesample of 20 sources where the
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distance ambiguity could be resolved, in grey for the resolved sources plus the remaining
sources projected to their near distances and in dashed lines for the resolved sources plus
the remaining sources projected to their far distances. Themean and median values for the
masses, L/M, densities, column densities and source sizes can be found in Table 4.2 for each
of the three samples.
For sources of the sample located at their far distance, their masses are most likely overesti-
mated when determining themasseswithin the 10% contour, while for sources with distances
larger than 5.9 kpc, the 0.6 pc source size corresponds to angular sizes smaller than the beam.
Those sources are marked with an asterix in Table A.32. The mean column density for the
sample is2.7× 1023cm−2.
The luminosities for sample A are based on IRAS fluxes taken from Faúndez et al. (2004),
Walsh et al. (1997) and Purcell et al. (2006) and have been scaled to match our distance
estimates.
One can see from Fig. 4.2.6 that the scatter of the mass derived within the 10% contours
shows a clear dependence on distance, which is not so pronounced for the mass within 0.6 pc
source size, where the influence of the distance should have canceled out. One has to note,
however, that due to our selection criteria of strong IR sources we will have included a bias
towards very massive sources in our sample and are most probably observing exceptionally
massive sources at the large distances.
To obtain the source sizes, the area within the 10% flux contours was defined as the equiva-
lent size of the source. To obtain linear diameters, it was beam deconvolved and converted
into parsec. The average linear diameter is 0.6 pc.
In the plot of the mass within 10% contours versus the source diameter (see Fig. 4.2.6), a
line at constant density is included.1.0 × 105 cm−3 is the average density derived within
0.6 pc source size and3.0×104 cm−3 is the average density derived within the 10% contours
and the corresponding source size.
In the plot of the mass within 0.6 pc, the filled dots representthe sources which are still
resolved by the beam, while the empty stars represent the sources further than 5.3 kpc, for
which 0.6 pc corresponds to an angular size smaller than the 18.6 ′′ of the LABOCA beam.

4.2.5 Radial fits

To study the morphology of the regions, radial fits were obtained for the inner part of
the cloud fitting the flux distribution derived with theelint routine in the MIRIAD software
package. The innermost two points were not considered for the fits to correct for the beam
and the points outwards of 80′′ were also left out due to the increased noise.
The slopemi of the radial flux distribution of the remaining points was determined from
power law fits to the data. A rough estimate of the density profiles n ∼ r−p was made,
following the procedure outlined in Beuther et al. (2002a).Assuming optically thin dust
emission, spherical cores, and the Rayleigh-Jeans approximation, the density indexp de-
pends to first order on

m = −1 + p + Q× q + ǫf (4.4)

if the density and temperature can be described by power laws.
As described in Adams (1991), Q is a temperature and frequency dependent correction factor,
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which was assumed to be≈1.3 at 870µm and 30 K.ǫf is a correction factor of the order of
0.1 for finite source size. Beuther et al. (2002a) argue that the temperature index q (T ∼ r−q)
can be taken asq = 0.4. The errors on mi andp are estimated to be∆m ≈ 0.3 and∆p ≈ 0.5
(Beuther et al., 2002a).
The results of the fit can be found in Table A.35 in the appendix, where mi is the slope of the
inner region and p the density index.
The average inner slope of the radial flux distribution is -2.0±0.3, while the average density
indexp ≈ 1.6 ± 0.4. Fig. 4.2.5 shows the radial fits for four sources, illustrating some of
the caveats encountered when automatically fitting a large number of sources. In the case
of 12326−6245 and 16060−5146, both sources have steep slopes and one can see that the
cut-off towards the outer edge, where the signal-to-noise ratio gets too large, is appropriately
chosen. The innermost points form a plateau and correspond to the peak flux of the source.
For 16065−5158, one can see that at about 40′′, a second source component becomes visible
which means that the fit of the inner slope for this sources hasbeen underestimated. In the
case of the weak source 16458−4512, the signal-to-noise ratio already gets low at radii larger
than 20′′. In this case, the steepness of the inner slope has been overestimated.

4.2.6 Sample B - outer Galaxy

The parameters derived for the outer Galaxy sample B can be found in Table A.1 in the
appendix. Column 1 lists the source name, columns 2 and 3 massand density and columns
4 and 5 the luminosity taken from Wouterloot & Brand (1989) and the luminosity to light
ratio.
Given their weak fluxes, which are a result of the large distances of these sources, the in-
tegrated flux within the FWHM was taken to determine the masses. To compare with the
inner Galaxy sample, Equ. 4.2, a dust-to-gas ratio ofRd = 1

100
andTd=30 K was used. The

average mass of the sample is 237 M⊙and the averageL/M=35 L⊙/M⊙.
The average density is2.5 × 10cm−3and the average column density for the sources is
N(H2) = 5.0 × 1021cm−2. When using a dust temperature of 20 K and a dust-to-gas ra-
tio of 1/150 as has been suggested by Klein et al. (2005) for the outer Galaxy, the masses
become a factor 2.76 larger.
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Figure 4.2: Plots showing the radial fits of the inner slope. Flux is plotted versus distance (′′)
from the peak of the emission. The innermost two points as well as the points outwards of
80 ′′ radius have been excluded from the fit.
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Figure 4.3: Histograms for kinematic distance, source radius in pc, number of sources within
2 pc radius, and luminosities of the inner Galaxy sample. Thegrey area represents the
distribution of sources projected to their near distance plus the sources where the distance
could be resolved, the dashed line the distribution of sources projected to the far distance plus
the sources where the distance could be resolved, and the solid black line the distribution of
sources where the distance could be resolved.
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Figure 4.4: Histograms of mass distribution within 0.6 pc radius,L/M ratio within 0.6 pc
and mass andL/M within 10% flux contour. The grey area represents the sources at their
near distance, the dashed line the sources projected to the far distance and the solid black
line the sources where the distance could be resolved.
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Figure 4.5: Histograms of mass,L/M and mean density distribution. Compared are the
values derivedwith the flux obtained within the 10% contours (dashed line) and those derived
within 0.6 pc radius (solid line). For sources where the distance ambiguity was not resolved,
near distance was assumed.
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Figure 4.6: Left panel: Mass derived from flux within 10% contours vs source size in pc.
The blue line shows the masses derived from the given source sizes assuming a constant
density of 2.8×104cm−3 . Right panel: mass derived from flux within 0.6 pc vs source size
in pc. The stars mark sources at distances larger than 5.9 kpc. For those sources, the mass
had to be derived from the peak flux, since 0.6 pc could not be resolved any more. The blue
line shows the masses derived from the given source sizes assuming a constant density of
1.6×105cm−3. For sources where the distance ambiguity was not resolved,near distance
was assumed.

Figure 4.7: Left panel: Distance in kpc vs mass determined from flux within 10% contours.
Right panel: Distance in kpc vs mass determined from flux within 0.6 pc. The empty stars
mark the sources for which 0.6 pc cannot be resolved by the beam anymore and the peak
flux was taken.
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Figure 4.8: Top left panel: Source size in pc vs distance in kpc; top right panel: Distance in
kpc vs multiplicity within 2 pc; bottom left panel: Distancein kpc vs multiplicity (field).
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4.3 Discussion

4.3.1 Dust properties

The multiplicity of the sources was determined through the CCF, the companion clump
fraction (Williams et al., 2004). Over the whole LABOCA fieldof view of 11.4.′ the CCF is
2.1, while within a 2.0 pc radius, the CCF is 0.4 We included this distinction to take into ac-
count that the LABOCA field of view corresponds to linear distances between 1.3 and 46 pc.
Since the CCF is around unity in a region within 2.0 pc radius of the cores, it indicates that
the objects we study have on average one companion.
Williams et al. (2004) find a CCF of 0.65 for their sample of northern hemisphere sources.
Their data were obtained with SCUBA, which had a field of view of 2.5 ′, corresponding to
3.3 pc at a distance of 4.5 kpc. Counting the companion sources within 3.3 pc, the CCF of
our sample becomes 0.64, agreeing well with the result of Williams et al. (2004) that about
65% of the regions have a companion.

The masses were first derived inside the contours of 10% of the peak flux. Since this
method is heavily dependent on distance, the masses of the sources scale with distance
squared (see Fig. 4.2.6). To minimize the influence of distance on the mass, we deter-
mined the mass inside a fixed 0.6 pc diameter as well. This value corresponds to the average
size of a clump. The masses determined this way show less dependence on distance, yet on
can see that there is a weak distance dependence, since we areonly sensitive to the most
massive objects at higher distances and therefore neglected to include less massive objects at
the large distances when selecting the sample.
Table 4.2 lists the mean and median masses, densities,L/M ratios and H2 column densities
for both methods using three approaches. First, only sources which could be placed at either
near or far distance were considered, then all sources with distance ambiguities were pro-
jected to the near distance and lastly to the far distance.
Assuming near distances, our median values for the dust masses derived from the flux within
the 10% contours are on average a factor of six higher than those derived by Beltrán et al.
(2006), Williams et al. (2004) and Mueller et al. (2002) and about a factor of 1.5 higher than
those of Hill et al. (2005). Faúndez et al. (2004) derive values which are about a factor of 1.5
higher than the values derived in our work. The differences in the values indicates that our
sample, which was mainly composed of sources from Faúndez etal. (2004) and also has 10
sources in common with the sample of Hill et al. (2005), contains more massive sources than
the three samples of Beltrán et al. (2006), Williams et al. (2004) and Mueller et al. (2002).
This is supported by the fact that the average luminosities of the sources in our sample are
much higher than e.g., those of the Beltrán et al. (2006) sources. Using different dust proper-
ties also adds additional uncertainty. We derived the column densities using the dust opacity
model V of Ossenkopf & Henning (1994) and then re-did the analysis using the same dust
properties as Beuther et al. (2005), which resulted in column densities a factor 1.5 higher
than with the former model. Column densities of the different samples agree within factors
of a few.
We obtained the densities by using the mass derived within a fixed 0.6 pc size, and also by
using the radius of the sources within which the 10% mass was determined.
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Method Mean Median
×105 cm−3 ×105 cm−3

M(0.6 pc)/V (θ(0.6 pc)) 1.6 0.58
M(10%)/V (θ(10%)) 0.28 0.14
M(10%)/V (θ(FWHM)) 9.7 3.5
N/θ(FWHM) 2.8 1.5

Table 4.1: Comparison of the densities in our sample (near distance) obtained in several
different ways. V(θ(...)) shows with which source size the volume was calculated.

Table 4.1 lists the different ways of density determination. In rows 1 and 2, the densities as
determined in our work are listed, while rows 3 and 4 show the results of determining the
density in two other ways as found in the literature, for comparison. The densities we derive
for the flux within the 10% contour are one order of magnitude lower than values commonly
found in the literature. While these values are distance biased, they do however represent the
density over the whole source, which for our type of objects is mostly the dusty envelope.
The higher values derived via the column density, and in our study the density within 0.6 pc
source size, represent a density that might be called the peak density, since it only refers to
the innermost, centrally peaked regions. When densities are derived using the mass obtained
over the source and the FWHM source size, the high density values of the order of106cm−3

overestimate the density in the source by about an order of magnitude.

From the source finding routinesfind used on our sample, we find an average beam de-
convolved source size of 0.6 pc with a median of 0.5 pc, which agrees well with the 0.6 pc
found by Williams et al. (2004) for the Sridharan sample and with 0.6 pc as found by Bel-
trán et al. (2006). As the latter authors already mention, both Hill et al. (2005) and Faúndez
et al. (2004) derive larger diameters, but it is not clear whether or not these values have been
deconvolved.
The average diameter of the regions over which the10% flux was integrated is 1.8 pc with
a median of 1.0 pc. This diameter has to be taken as an equivalent diameter, since it was
derived by assuming that the area above a threshold of 10% of the peak flux was circularly
symmetric, which is not a good assumption for the regions with more complex morpholo-
gies.
Regarding the error introduced by fitting a circularly symmetric Gaussian to a non-circular
symmetric source and taking this size as the relevant radiuswithin which to determine the
density, we believe that the method of taking the10% equivalent radii still gives better val-
ues.
All in all, our sample seems to contain more massive and embedded sources than the sam-
ples of Beuther et al. (2002a), Beltrán et al. (2006), Williams et al. (2004) and Mueller et al.
(2002) This is most likely due to the selection, which encompasses sources with radio con-
tinuum as well as those without.

The sources in the outer Galaxy are about an order of magnitude less massive than the
sources we observe in the inner Galaxy, yet their masses are consistent with the lower range
of masses observed by us and in the surveys discussed above. Given their larger sizes and
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0.6pc 10% flux contours
Mean Median Mean Median

M [M⊙] 1807 895 6.3×103 2.1×103

L/M 233 231 93 85
n [cm−3] 2.6×105 1.3×105 1.9×104 1.5×104

N(H2) [cm−2] 2.9×1023 2×1023

θ [′′] - - 42 39

0.6pc 10% flux contours
Mean Median Mean Median

M [M⊙] 1.1×103 400 3.4×103 850
L/M 180 120 82 70
n [cm−3] 1.6×105 5.8×104 2.8×104 1.4×104

N(H2) [cm−2] 2.7×1023 1.9×1023

θ[′′] - - 39 37

0.6pc 10% flux contours
Mean Median Mean Median

M [M⊙] 3.0×103 2.0×103 9.3×103 5.8×103

L/M 220 205 82 70
n [cm−3] 4.4×105 2.9×105 1.2×104 0.65×104

N(H2) [cm−2] 2.7×1023 1.9×1023

θ [′′] - - 39 37

Table 4.2: Statistical properties of the sample of 47 high mass star forming regions in the
inner Galaxy. The top table lists the properties of the sources for which the distance ambi-
guity could be resolved, the middle table of the resolved sources plus the remaining sources
projected to their near distance, and the bottom table the resolved sources plus the remaining
sources projected to their far distance. The rowθ shows the equivalent source size as defined
by the region of 10% flux.

lower densities, it is likely that we are observing whole cloud complexes at these distances.
Klein et al. (2005) find similar values for their sample of proto-clusters. The sensitivity of
the observations was not good enough to do radial fits on thosesources.

Radio-loud & radio-quiet subsamples

To find out if there is any difference between sources in theirearlier stages and those that
have already developed UCHII regions, the sample was divided into two subsamples, one
of 30 sources having associated cm radio continuum observedwith interferometers and the
other of 16 sources being free of radio continuum emission. For one source, 14206−6151,
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08448-43431 16524-43001

12326-62451 16562-39591

12383-61281 17016-41423

13134-62423 17136-36173

16060-51461 17204-36367

16065-51581 17220-36093

16172-50281 17233-36063

16175-50023 17244-35367

16071-51423 17258-36373

16318-47241 17271-34393

16351-47221 17470-28533

16385-46191 17545-23577

16445-44593 17589-23128

16458-45121 18232-11543

16484-46033 18319-08343

Table 4.3: Subsample of radio loud sources. These sources have been detected in high
resolution studies of cm radio continuum. Sources in italics have been classified as free of
radio continuum following the single dish definition of Sridharan(2002).1:Urquhart(2007),
3:Walsh(1998) ,7:Becker(1994)

no high resolution interferometric observations are available. This division shows that the
initial selection criterion that the sources be free of cm continuum emission in the 5 GHz
single dish surveys (Sridharan et al., 2002) does not well describe the true evolutionary stage
of the sources. It has to be noted that this is not a shortcoming of the selection criterion itself
but results from the single dish surveys being sensitivity limited. When applying this (single
dish) criterion, there are 35 sources to which the Sridharanet al. (2002) selection criteria
apply and 12 sources which have been detected in the 5 GHz radio continuum surveys.
We analyzed the two subsamples to see how much the sensitivity limitation in the single
dish vs. interferometric observations makes a difference in the analysis. Tables 4.3 and 4.4
show the distribution of the sources into the subsamples according to both definitions and
Table 4.5 shows the median values of mass, density,L/M , N(H2), source size and distance
in comparison for the sources in both kinds of subsamples.
For the comparison of the two subsamples, the median for eachparameter was chosen, since
the sources at their far distance introduce values far larger than those of the bulk of the
sample. It can be seen from Table 4.5 that the sources which have already developed an
UCHII region have a higher mass and luminosity-to-mass ratio thanthe sources without
radio continuum. Given that the average size of the sources is the same in both subsamples,
the sources with UCHII regions seem to concentrate more mass per given radius. These
trends are the same, regardless of how the subsamples are defined. It cannot be said however
that they are more centrally peaked, since the slope of the inner radius agrees within the
errors for both sub-samples. .

When comparing the average masses in our radio quiet sample following the selection
criteria of Sridharan et al. (2002), we derive amedianmass of 663M⊙from the fluxes derived
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13079-62182 16076-51344

14164-60282 16272-48375

14453-59122 16489-44312

14498-58562 17158-39012

15278-56202 17269-33126

15394-53582 17278-35414

15437-53432 18236-12054

15557-52154 18335-07114

Table 4.4: Subsample of radio quiet sources. These sources have been observed, but were
not detected, in high resolution studies of cm radio continuum. Sources in italics have
been marked as having radio continuum in the single dish definition of Sridharan (2002).
2:Urquhart(2007),4:Walsh(1998) ,5:Garay(2006),6:Forster(2002)

Interferometric Criterion Single Dish Criterion
Radio Quiet Radio Loud Radio Quiet Radio Loud

M0.6pc [M⊙] 388 581 264 914
L/M0.6pc 96 149 132 471
n0.6pc [1×104 cm−3] 5.6 8.3 6.5 23
M10 [M⊙] 830 949 663 3200
L/M10 61 78 61 130
n10 [1×104 cm−3] 0.8 1.9 1 2.6
N [1×1023cm−2] 1.9 2.5 1.4 4.4
mi -2.0 -2.0 -2.0 -2.1
Σ [g cm−2] 0.12 0.22 0.11 0.35
θ [′′] 35 37 37 31

Table 4.5: Comparison of the median values for the radio quiet (no cm continuum emission)
and radio loud (detected in cm continuum emission) sub-sample. Values marked0.6pc have
been derived from the flux within a 0.6 pc radius and values marked10 from the flux within
the 10% contour of the peak flux.mi is the mean of the inner slope as determined in the
radial fits.
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Figure 4.9: Histograms for the radio loud and radio quiet subsamples. In all histograms,
the gray shaded area shows the distribution of the whole sample, the solid line shows the
distribution of the radio loud subsample and the dashed linethe distribution of the radio
quiet subsample. Top left panel: Column densities, top right panel: source sizes, bottom
left panel: inner slope of the radial fit. For all three distributions the sources with distance
ambiguities were projected to their near distance.
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Figure 4.10: Histograms for the radio loud and radio quiet subsamples. In all histograms,
the gray shaded area shows the distribution of the whole sample, the solid line shows the
distribution of the radio loud subsample and the dashed linethe distribution of the radio
quiet subsample. Top left panel: Masses determined from fluxderived within 0.6 pc, top
right panel: masses determined from fluxes derived within 10% contours, bottom left panel:
L/M ratio for masses derived within 0.6 pc. For all three distributions the sources with
distance ambiguities were projected to their near distance.
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within 10% contours and 388 M⊙for fluxes derived within 0.6 pc for the projection to the
near distance, which is again a factor of 6 higher than the values of Williams et al. (2004)
and supports the hypothesis that our sample contains more massive regions than theirs.
One has to be careful, however, when comparing masses determined in different samples
of high mass star forming sources. Not only does it play a rolewhich sources are selected,
but the distance dependence of the individual sources can strongly alter the averages. In
our study, we compared the median values for the radio loud and radio quiet subsamples
determined with different sensitivity limits (see Table 4.5). As can be seen from Tables 4.3
and 4.4, using the higher sensitivity interferometric surveys to define the absence of radio
continuum emission leads to a very different composition ofthe two subsamples. Even
within our source sample, the median values for the two approaches differ by a factor of 1.3
for the radio quiet subsamples. For the radio loud samples, which contain more evolved and
more massive sources, the two approaches differ by as much asa factor of 3.
Distance independent values such as the masses derived within a source size of 0.6 pc or the
column densities should be used for comparison between different samples.

Radial fits

The radial fits to the dust continuum give a mean and median inner slope of 2.0±0.3 and
a mean and median density index of 1.6±0.5.
This is more consistent with the theoretical prediction of aproto-stellar density power law
distribution proposed by Shu et al. (1987) than with a logatropic equation of state (McLaugh-
lin & Pudritz, 1996). Our values are consistent within the errors with the density distribution
derived by Beuther et al. (2002a) (< p >= 1.6±0.5) and agree with the average values
derived by Hatchell & van der Tak (2003) (< p >=1.5), which have been re-analysed by
Beuther et al. (2002a) (< p >=1.9) using the same method they use for the radial fit. The
values obtained by van der Tak et al. (2000b) for the whole sample of massive star forming
regions are lower (< p >∼ 1.0–1.5), while they find a radial density distribution< p >∼
1.5–2.0 for the hot core sources in their sample.
Beuther et al. (2002a) proposed an evolutionary sequence based on the steepness of the in-
ner slopes mi. While our inner radial intensity indices are generally larger than the ones
observed by Beuther et al. (2002a), one can see the same trendthat they propose. The
sources at an early stage (without cm continuum emission) have a flatter intensity distribu-
tion with< mi >=2.0, the line rich hot core stage is very peaked with< mi >=2.7 and the
sources with cm emission (in this case excluding the hot cores sources) flatten out again with
< mi >=2.2.

Luminosity-to-mass relation

The meaningfulness of the luminosity-to-mass relation,L/M , depends strongly on how
the masses and luminosities are estimated. For this work, the luminosity estimates were
taken fromWalsh et al. (1997) and scaled to match our distance estimates. The masses were,
as discussed in a previous section, determined both within 10% of the peak flux and within a
fixed source size of 0.6 pc. While the mass within 10% of the peak flux is most likely tracing
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Figure 4.11: Luminosity-to-mass ratio versus mass. The green squares are the sources with-
out radio-continuum, while the red crosses belong to the subsample with radio-continuum.
The range on the y-axis represents the spread in L/M found in studies of molecular clouds
(Evans 1991, Mueller 2002).

much of the extended cluster environment, the mass within 0.6 pc better represents the star
forming site and is therefore used for the following discussion. We derive an average ratio of
< L/M >=167 L⊙/M⊙ for a projection to the near distance,< L/M >=137 L⊙/M⊙ for the
far distance and< L/M >=217 L⊙/M⊙ when averaging only over the distance ambiguity
resolved sources.
In the two subsample with and without radio continuum, the averages are< L/M >=
184 L⊙/M⊙ with amedian of 149 L⊙/M⊙ for the radio-loud sample and< L/M >=140 L⊙/M⊙

with a median of 96 L⊙/M⊙ for the radio-quiet sample.

Comparing the median values, the sample which has already developed UCHII regions
has also the higherL/M ratio, consistent with theory (Sridharan et al., 2002). Thevalues
we derive forL/M are consistent with those found by Mueller et al. (2002) for asample of
high mass star forming regions and those by Hunter et al. (2000) for a sample of UCHII re-
gions. The values derived by Sridharan et al. (2002) for a comparable sample in the northern
hemisphere are on average lower than the ones we derive, but when comparing the masses
within 10% of the peak flux and scaling their values to the dust properties used in this work,
the two samples agree well.

Fig. 4.11 shows theL/M ratio versus the mass. In this plot, the data in the radio-loud
and radio-quiet subsample are compared. While both subsamples have a large scatter, they
show no correlation with mass nor any systematic differences. Shirley et al. (2008) discuss
a similar behaviour seen in other surveys of high mass star formation. Assuming the bolo-
metric luminosity to be proportional to the star forming efficiency, we find a constant star
forming rate per unit mass in both subsamples (c.f. Fig.1 in Shirley et al. (2008)).

In Fig. 4.12, adapted from Tan (2006), the surface densityΣ is plotted versus mass. We
derive< Σ >= 0.35 g cm−2 (plotted in red), which is lower than the< Σ > derived by
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Mueller et al. (2002) (grey squares) and even lower than the value suggested by Tan & Mc-
Kee (2002) who derive< Σ >= 1.0 g cm−2 for massive star forming regions. The values in
our sample agree well with the values found in the Orion Nebula Cluster (ONC) (green line).
It has to be noted, however, that the value ofΣ depends crucially on the mass and radius
estimates. While Tan & McKee (2002) use the virial mass and radius, Mueller et al. (2002)
use the isothermal mass within 120′′ and a radius based on their density modeling. We, on
the other hand, use the mass derived within the region where the flux has 10% of the peak
flux and the radius of the equivalent area.

To answer the question whether or not the difference betweenthe two subsamples of
radio-loud and radio-quiet sources could be an evolutionary effect, we compare our bolomet-
ric luminosities and masses with the evolutionary models derived by Molinari et al. (2008).
These authors model source evolution based on the turbulentcore model (McKee & Tan,
2003). Their observational sample is based on Molinari et al. (2000), who define a sample
of color selected sources based on Richards et al. (1987). Sources which are similar in their
color selection criteria to the sources selected by the colour criteria of Wood & Churchwell
(1989) are called “High” sources, while the remaining sources are called “Low” sources.
Fig. 4.13 shows the evolutionary models of Molinari et al. (2008), the red and blue lines rep-
resent the modeled accretion and envelope-clearing stagesrespectively, while the green lines
represent the pre-main-sequence phase. For details of the model, see Molinari et al. (2008).
When comparing our sources with this model, it can be seen that the sources from both sub-
samples can be found in the same region of the plot representing the model results (our Fig.
4.13), i.e. in the envelope-clearing phase after the accretion has presumably finished. This
scenario would speak against them being at different evolutionary stages, but rather just a
sample of sources some of which have not developed detectable radio continuum emission.

4.3.2 The infrared environment

When trying to classify the evolutionary stage of a massive star forming core, it is impor-
tant to also study its environment at infrared wavelenghts,to distinguish between the earliest
stages when most of the luminosity is emitted in the mm and sub-mm ranges and the more
evolved stages when the protostar has started to emit in the IR.
For sample A, we have obtained positions of MSX and Spitzer GLIMPSE I and GLIMPSE II
point sources within 18′′ of the 870µm peak from the point source catalogs (Egan et al.,
2003; Benjamin et al., 2003). For 24 of the sources in our sample we could detect one or
more 8µm sources within 18′′ of the peak, while 38 sources have associated MSX 20µm
sources (see Figs. A.15 – A.22). The histograms in Fig. 4.14 show that the average offset
between the sub-mm peak and the 8µm emission is 0.1 pc, while the MSX sources have an
average offset of 0.12 pc. This values are similar to the separation Sridharan et al. (2002)
observe between mm and cm emission peaks. For both distributions, only the closest source
to the peak was taken into account in the cases where there were more than one source within
18′′. Of the 24 sources with 8µm emission within 18′′, only seven are not associated with
cm continuum emission. Both the sources with and without associated cm continuum have
an average separation of 0.1 pc between sub-mm peak and the 8µm emission.
Since many of the 870µm sources are located in regions of active star formation with in-
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Figure 4.12: Surface density versus mass for the massive star forming regions in our sample
(red). The plot is adapted from Tan et al. 2006. The sources from our sample are marked
with red stars, the sources from Mueller et al. (2002) with grey squares. The crosses mark
surface densities of several Galactic and extragalactic superclusters. The dotted lines give
contours of constant radius, R, hydrogen number density,nH and free-fall timescale, tff .
The horizontal lines trace typical values of< Σ > in CO clouds, Giant Molecular Clouds
(GMCs) and Infrared Dark Clouds (IRDCs). The green line traces conditions found from the
inner to the outer part of the ONC.

Figure 4.13: Luminosity versus mass plot adapted from Molinari (2008). The full circles
show sources from the radio-loud subsample, the empty triangles from the radio-quiet sub-
sample. The thick lines are evolutionary tracks of the massive stars. The red track shows
the accretion phase, the green track the pre-main sequence phase and the blue track the
envelope-clearing phase.
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Figure 4.14: Histograms showing the offset in pc between the870µm peak and the IR point
sources. a) Offsets between dust peak and 20µmMSX sources; b) Offsets between dust peak
and GLIMPSE 8µm sources.

tense 8µm emission, we wanted to understand how isolated sources with no 8µm emission
at the 870µm peak really are. Therefore, we divided sources with associated 8µm emission
into associations within 0.25 pc and 0.5 pc of the 870µm peak and searched for MIPSGAL
24µm emission at the peak. There are 14 sources which have no associated 8µm emission
within 0.25 pc. Out of those 14 sources, 12 were covered by theMIPSGAL survey and show
24 µm emission. For two of those sources, 16065-5158 and 16489-4431, the MIPSGAL
24 µm emission is offset by around 8′′. These two sources might be the closest to the mm
primary sources reported by Molinari et al. (2008). Twelve of the 14 sources which do not
have 8µm emission within 0.25 pc are associated with 8µm emission within 0.5 pc. Fig.
4.15 shows scatter plots of the mass determined within 0.6 pcsource size, 10% flux equiv-
alent source size and distance versus the 8µm flux integrated over 18′′. The sources which
have no 8µm counterpart within 0.25 pc are shown in green, those that dohave one, either
within 0.25 pc or 0.5 pc, are shown in red.

Table A.29, column 11 gives an overview over the 8µm environment the dust sources
are located in. The comparison with the infrared data was possible for all but three sources
(08448−4343, 16484−4603, 17278−3541), for which there is no GLIMPSEI or GLIMP-
SEII data available. We divided the different characteristics of the IR emission into the
following 6 categories (see Table 4.6 for a summary):
f for field emission, consisting of distinct point sources, dfor diffuse emission, e for extended
emission (stronger and more compact than the diffuse emission), c for cavities, which corre-
sponds to the situation where only the location of the dust peak is devoid of 8µm emission,
bs for structures resembling bow shocks and b for bubbles. Ascan be seen from Table A.29
and Figs. A.15 – A.22, one often finds the combination of 8µm point sources surrounded by
diffuse emission, yet there seems to be no interaction with the dust and the IR emission. In
the case of 14453−5912, the IR emission seems to form a ridge. Out of the four sources that
exhibit a cavity-like morphology, three (13079−6218, 16065−5158 and 17158−3901) do
not have a MSX source associated within 18′′, while in the fourth, 17220−3609, the MSX
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Figure 4.15: Scatter plots showing the relation between mass and 8µm peak flux (top left),
source size and 8µm peak flux (top right) and distance and 8µm peak flux (bottom left).
In red, sources with a counterpart at 8µm are plotted, while sources in green have no 8µm
counterpart within 0.25 pc.

8 µm Environment Number Of Sources
field emission 28
diffuse emission 13
extended emission 4
cavities 4
bow shocks 3
bubbles 4

Table 4.6: The number of sources in the different 8µm environments as described in the text,
is listed. The field emission consists of distinct point sources. Several sources were counted
towards more than one category.

source is offset by 0.6 pc, making these four sources good candidates for star forming regions
at a very early stages prior to the onset of star formation.
Another four sources, 15278−5620,15557−5125, 16445−4459 and 17269−3312, seem to
be located at the edge of larger bubbles or shells. Keeping inmind that one would first have
to exclude projection effects, these suggest triggered star formation.
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4.4 Conclusions

In this chapter, I studied the properties of the 870µm dust continuum of the sample.
While the kinematic distance ambiguities between near and far distance could only be re-
solved for about 50% of the sample, comparison of the distributions of resolved and un-
resolved sources projected to their near and far distances,respectively, has shown that the
majority of the sources will most likely be found at their near distance. It is, however, a
necessary step in further analysis of the sample to resolve the remaining ambigutities. The
morphologies of the dust continuum sources are varied and studying a distance limited sub-
sample of the sources showed that 64 % of them do not have a companion within 2 pc of the
core.
The sources are more massive than those in comparable surveys, which was expected since
they were chosen to be luminous.The sources observed in the outer Galaxy at large Galac-
tocentric radii are less massive and dense, but their massesagree with the lower range of
masses found in massive star forming surveys. At these largedistances, we are observing
scales of cluster formation.
Radial fits to the flux distributions were performed for the sample. Withp =1.6, the average
radidal density index is well consistent with the theory of singular isothermal spheres, as de-
scribed for lowmass star formation, and values found in comparable samples. The sources in
the inner Galaxy have been studied in two subsamples, of radio-loud and radio-quiet sources.
The radio-loud sources which already have associated UCHII regions are moremassive, have
higher luminosity-to-mass ratios and seem to concentrate more mass in a given radius. The
average density index between the two subsamples does not show variations.
It was analyzed how the composition of the samples can influence statistical results on the
sample averages. To derive meaningful averages and be able to compare different samples,
care has to be taken to resolve the kinematic distance ambiguities and use masses derived
within a given linear size tomimimize distance effects instead of usingmasses derived within
angular scales, as is mostly the case.
The surface density,Σ, is consistent with values found for the Orion Nebula Cluster and
average IRDC values.
Assuming the bolometric luminosity to be proportional to the star forming efficiency, we find
a constant star forming rate per unit mass in both subsamples. Comparing the luminosity-
to-mass ratio of the two subsamples with evolutionary models, both subsamples are found in
the envelope-clearing phase, after accretion has halted. This does not support the hypothesis
that the radio-loud and radio-quiet subsamples are at different evolutionary stages.
Studying the infrared environment of the sample, we found that the 870µm peaks are on
average 0.1 pc offset from the peaks of the 8µm emission. More detailed analysis revealed
that all but two cores, 16065−5158 and 16489−4431, are associated with either 8 or 24µm
emission. No trend can be found when comparing properties ofsources associated with
8 µm emission within 0.25 and within 0.5 pc of the 870µm peak. Most sources are located
in regions of active on-going star formation and one can find the sources located in various
infrared backgrounds, like in cavities, bow-shocks and at the edges of large bubbles.
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Chapter 5

Molecular line surveys

5.1 Introduction

In this chapter, I discuss the partial line survey that was conducted in the 0.85mmwindow
for 31 out of the 47 sources in the inner and 24 regions in the outer Galaxy.
Aim of this study was to analyze the chemical properties of the sample, particularly identify
and study hot molecular cores, study the global kinematic motions through the line profiles
and combine the chemical properties of the sources with the physical properties derived in
the previous chapter.
In Section 5.1, I present the sample and the observations, insection 5.2 the results of the
observations are presented and, finally, I discuss the results in section 5.4.

5.1.1 Observations

The list of sources observed in the 0.85 mmwindow can be foundin Table A.1. After de-
termining theHCO+(4–3) peak positions from60′′× 60′′ maps, as described in Chap. 3, the
31 sources were observed at those positions in theCH3OH(7–6) setup at 338 GHz which in-
cludedC17O(3–2),C34S(7–6), CCH(4–3) as themost prominent lines apart from theCH3OH
band. The observations in both setups were conducted in August 2006, using the APEX2a
receiver and the FFTS (see chapter 3) as backend. It was initially planned to observe the
whole sample of 47 sources in the molecular line survey, but this turned out not to be feasi-
ble due to time constraints.
TheCH3OH(7–6) setupwas tuned to 337.8GHz and covered 1.9GHz from 336.8 to 338.7GHz
with a velocity resolution of 0.87km s−1. On source integration time was on average 8 min-
utes per source with an average system temperatures of∼ 250 K. The pointing accuracy was
checked on G327.3−0.6 (Wyrowski et al., 2006b), and was accurate within 2′′. Most of the
data were observed as single pointings. In the case where maps were made, raster maps with
a map size of40′′ × 40′′ and beam spacing were observed. All observations were obtained
in double sideband mode. Calibration errors are estimated to be of the order of 30%. These
errors are influenced by pointing and atmospheric fluctuations.
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5.2 Infall study

5.2.1 CO, HCO+

The CO(3–2) andHCO+(4–3) maps were used to study the line profile for signs of infall
and outflow activity. Fourteen sources show asymmetric lineprofiles in CO(3–2) with self-
absorption in the line center and the emission in the blue part of the center velocity stronger
than in the red part, which is often taken as an indication forinfall (Mardones et al., 1997).
When using a tracer such as CO(3–2) for studying the line profile shape, one has to take into
account the fact that a reference position is not necessarily completely free of CO emission
as well that CO velocity components along the line of sight can also alter the line pro-
files. Therefore, using the CO(3–2) line shapes only as first indication, the line profiles of
HCO+(4–3) spectra which were mapped in the same setup as the CO(3–2) line, were stud-
ied further. A few representative spectra of the sources canbe found in Fig. 5.1, where the
spectra in a map have been summed up to increase the signal-to-noise ratio in the wings of
the line profiles. Table A.36 lists the observed sources and theirHCO+(4–3) line properties.
Column one gives the source name, column two the area under the Gaussian fitted to the line
profile, column three the LSR velocity as derived from the Gaussian fit and column four the
FWHM line widths inkm s−1. In column five, comments indicate the shape of the line pro-
file in case it deviates from Gaussian. We denote outflow wings(a), a self-absorption profile
indicating infall (b), a self-absorption profile indicating expansion (c) and a self-absorption
profile with neither sign of infall nor expansion (d). Sources marked with ’-’ show no sign
of asymmetric line profiles or outflow wings.

In case the optically thickHCO+(4–3) lines show a double peaked line profile, the ratio
of [Tblue]/[T red] (Wu & Evans, 2003) was calculated for the two line peaks. If that ratio for
a source was exceeding unity by more than 1σ of the distribution, it was counted as a blue-
peaked source and if it was smaller than unity, the ratio was counted as a red-peaked source.
Among the nine sources detected with a double peak profile, two show a blue-peaked profile
and one a red-peaked profile. In case of lower column densities, a skewed profile with a
shoulder can be found instead of the double peak profile. Following the procedure outlined
in Mardones et al. (1997), we used

δV = (Vthick − Vthin)/∆Vthin (5.1)

to quantify this asymmetry of the line profiles, using theHCO+(4–3) line as the optically
thick tracer and theC17O(3–2) line (see Tab. A.37 in the appendix) from the 338 GHz setup
as the optically thin line. The line positionsVthick andVthin of the optically thick and thin
lines respectively and the line widths,∆Vthin, are obtained by fitting a Gaussian to the line
profiles. In case of a double peaked profile, the position of the stronger peak is determined.
For a number of sources, noHCO+(4–3) data was available, so the peaks and line-widths
of HCO+(1–0) andH13CO+(1–0) (Purcell et al., 2006) were used instead (those sources are
markeda) in Tab. A.38). When determining the excess parameter as the difference between
the number of sources with significant blue shift (δV <-0.1), N−, and those with significant
red shift (δV >0.1), N+, E = (N+ - N−)/Ntot (Mardones et al., 1997), it turned out that there
is a blue-excess of E=0.3 in the sample. The threshold ofδV =0.1 for a significant shift
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Figure 5.1: Representative spectra showing theHCO+(4–3) (black) andC17O(3–2) (red)
lines as optically thick and thin tracers, respectively. Top left panel: 16526−3959 shows a
strong blue-excess, indicating infall. Top right panel: 17136−3617 shows neither evidence
for red- nor blue asymmetry. Bottom left panel: 17233−3606 shows a strong red-excess,
indicating expansion.

was determined as five times the average rms error ofδV . As can be seen from Tab. A.38
in the appendix, 5 sources exhibit a red-skewed profile and 12a blue-skewed profile. The
δV s obtained from the statistical analysis are consistent with the description of theHCO+

line profile found in column five of Tab. A.36 in the appendix for the cases where one can
see an asymmetry inHCO+ line shape. Comparing the skewnessδV for HCO+(4–3) and
HCO+(1–0) separately, the sources were the gas is traced byHCO+(4–3) have a blue-excess
with E=0.3 and the sources whereHCO+(1–0) was available have a blue-excess as well with
E=0.3.

5.3 Line surveys

The lines found in the 338 GHz setup are listed in table A.9 - A.4. It has to be noted that
most of the lines could be found in the nine sources 12326−6245, 15278−5620, 16060−5146,
16065−5158, 16351−4722, 17016−4142, 17470−2853, 18335−0713 and 17233−3606,
which following Hatchell et al. (1998) were classified line rich sources, while the 18 Sources
showing only CO, CCH and weak CS emission, as well asCH3OH emission from the lower
excitation states were termed line poor. Following the method outlined in chapter 3, molec-
ular column densities, line widths and velocity offsets were determined. In the cases where
more than two optically thin lines were present, the temperature, T , could be determined
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< T > < ∆v > < θ >
(K) km s−1 (pc)

envelope 30 5 -
hot component 160 5 0.03

Table 5.1: Mean temperatures, line widths and linear sourcesizes for the envelope com-
ponent and the hot compact component. The linear source sizewas derived assuming an
average distance of 5 kpc.

and in the case of optically thin and thick lines of the same species, also the source size.
Sources modeled this way exhibit a two-component structurewith a cold extended envelope
and a compact hot core. All sources from the line-poor sampleshow only emission from the
extended envelope in their spectra. In the cases where it wasnot possible to determine the
temperature,T was fixed at 50 K for all species apart from HNCO, which was assumed to
come from a hot component and therefore assumed to be at 150 K (Bisschop et al., 2007;
Schilke et al., 2006). If the source size could not be determined, beam-averaged values
for the column density are presented. The abundances were derived as N(mol)/N(H2), with
N(H2) the total molecular gas column density obtained from the LABOCA 870µm data. In
this chapter, the word beam-averaged abundance is used to indicate that the abundances were
derived with the beam-averaged column density.
The results of the LTE modeling can be found in the appendix inTables A.39 to A.69 and in
Figs. A.24 to A.51.
The average temperatures, line widths and linear source sizes for the envelope and the hot
compact component can be found in Table 5.1. We could not determine an average source
size for the envelope component, since theN , θ degeneracy could not be resolved for the
envelope species.

Comparison among the sources in the sample has only been donefor the cold envelope
componentsCH3OH(7–6),C17O(3–2),C34S(7–6), CCH(4–3) andH2CS(10–9), which can
be found in a significant number of sources.

In Fig. 5.2, the abundance ratios are plotted versus the column density and versus the
ratio of 870µm peak flux over the 8µm flux determined over the area of one LABOCA
beam.
The sources show very little spread in abundance over a largerange of column density. In
Fig. 5.2, the spread of the sample is shown as the marks along the y-axis. The semi-quartile
range was chosen as a measure of the spread instead of the standard deviation, since the
distributions of the abundance ratios are skewed. In addition, the semi-quartile range is not
so strongly affected by outliers. Even when considering therange (maximum−minimum
value) of the distributions, the abundance ratios vary lessthan an order of magnitude. In Fig.
5.3, the line widths of CO, CS,CH3OH and CCH are plotted against H2 column density
derived from the 870µm dust emission. The data has been binned in bins of 1×1023cm−2

for values smaller 4×1023cm−2, and one bin for values above 4×1023cm−2. One can see a
trend between large line-widths and large column densities.
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Figure 5.2: The ratios of molecular abundance over a sample averaged abundance are plotted
versus H2 column density (top panel) and versus the ratio of 870µm/8 µm (bottom panel).
The sample displays very little spread in the molecular abundance ratios, which is indicated
by the horizontal markers at the y-axis, giving the semi-quartile range. The eight hot cores
of the sample discussed in this chapter are shown with open triangles in the right panel.

Figure 5.3: Line-widths versus H2 column density for CO, CS, CCH andCH3OH. The data
has been binned in bins of 1×1023cm−2 for values smaller 4×1023cm−2, and one bin for
values above 4×1023cm−2.
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Figure 5.4: Comparison of the abundances (beam-averagedN) of the eight hot cores for
the molecules originating from the hot component (left two panels) and cold component
(right two panels). a) 12326−6245, b) 15278−5620, c) 16060−5146, d) 16065−5158, e)
16351−4722 , f) 17016−4142, g) 17470−2853, h) 18335−0713.

5.3.1 Hot cores

Among the sources which were classified as line-rich, nine sources exhibit a typical hot
core like spectrum with high excitation lines such as theCH3OH(7–6),vt=1 band at 337.65
GHz and complex organic molecules likeCH3OCH3. The line rich hot core 17233−3606
was not included in the analysis in this chapter, since it wasnot part of this dissertation work
and has been published elsewhere (Leurini et al., 2008). Here we present the data of the
eight hot cores that were subject of this work. while the dataof Leurini et al. (2008) are
included for comparison when discussing the hot core properties in section 5.4. Including
the three sources 12326−6245, 16060−5146, 16065−5158 already described in chapter 3,
the beam-averaged abundances in the eight hot cores found inthe sample are plotted in Fig.
5.4 for hot and cold molecules respectively.

Within the larger sample of eight sources, the effect of an enhancement in O-bearing
versus N-bearing species seen for the three sources of the pilot study can be confirmed. This
can be seen from Fig. 5.5, where the abundances ratiosX(mol)/X(CH3OH) are compared.
For a given species, the abundance ratios are constant within an order of magnitude, similar
to what Requena-Torres et al. (2006) observe in the GalacticCenter region. The abundances
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of the N-bearing species are about an order of magnitude lower than those of the O-bearing
species. As was already discussed in Chap. 3, a similar effect has been seen in high resolu-
tion studies of Orion-KL and W3(OH).

When comparing the sources with each other, 16351−4722 and 15278−5620 are most
abundant in the complex organic speciesCH3OCH3, CH3OCHO, C2H5CN andC2H5OH.
The three sources of the pilot study, 12326−6245, 16060−5146 and 16065−5158 seem to be
richer in S-bearing species. It has to be taken into account,however, that they were observed
in more frequency setups, therefore allowing a better determination of the abundances for
SO andSO2.
Comparing their physical properties, the hot cores displaysimilar ranges of masses, column
densities and luminosities. 16060−5146, 16065−5158 and 17470−2653 show signs of infall
activity in their line profiles, while 18335−0713 shows a red-skewed profile. Since all hot
core sources display outflow signatures in their line wings,careful mapping of the sources
with potential infall profile should be done in several molecular tracers and at higher angular
resolution to clarify if the infall signature is real. The three sources potentially having infall
show less N-bearing species in the hot component and have lower abundances of complex
species than the other hot cores. 15278−5620 and 18335−0713 are not associated with radio
continuum.
The hot cores (open triangles) display the highest ratio of 870µm over 8µm flux in Fig. 5.2.

5.3.2 Virial masses

We used the line widths∆v of theC17O(3–2) lines to obtain virial massesMvir in M⊙

for the sample, according to Miettinen et al. (2006)

Mvir = (0.5∆v2 + 0.01T )dΘ10κ [M⊙]. (5.2)

ForT in K, we assumed the dust temperature and as the angular source sizesΘ10 in ′′, the
beam-deconvolved source sizes at the 10% flux contour as derived in the previous chapter
were taken,d is the distance in kpc. As mentioned at the beginning of this chapter, maps
of all sources were taken inHCO+(4–3) to determine the peak positions. These maps were
however either too small, incomplete or to noisy to derive the source size from them. In
the few cases where it was possible to derive the source size as a two-dimensional Gaussian
fit of the maps, the size of theHCO+(4–3) emission agrees well withΘ10. κ ∼ 1.3 is a
correction factor to correct for the average density dependence,ρ ∼ r−1.6 (MacLaren et al.,
1988). Table A.78 lists the values of the virial masses.

5.3.3 Outer Galaxy line survey

We observed a sample of 18 sources in the outer Galaxy inCH3OH(6–5), 13CO(3–2),
H2CO(4–3), CS(7–6) andC18O(3–2) to study the chemical composition of high mass star
forming regions over a range of Galactocentric radiiRG. The frequency setup was chosen
to includeCH3OH andH2CO to determine the temperatures of the regions and identify
possible hot core sources through the observation of highlyexcited methanol lines, while
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Figure 5.5: Ratio of X(mol)/X(CH3OH) for the hot (left panel) and cold (right panel) com-
ponent in the eight hot cores.

the CO lines give a measure of the column density. This samplewas composed of those
of the sources included in Klein et al. (2005) that are observable from the southern hemi-
sphere with APEX. The analysis was done with XCLASS as described above for the line
survey conducted for the sources in the inner Galaxy. We could only analyze the spec-
tra of the sources 06055+2039, 06056+2131, 06058+2138, 06061+2151, 06063+2040,
06099+1800, 06117+1350 and 06155+2319 due to noisy spectra and strong baseline rip-
ples in the remaining sources. Tables A.71 – A.77 in the appendix list the beam-averaged
column densities, temperatures, line widths and abundances. The abundance histograms are
shown in Figure 5.6. Table 5.2 lists the average abundances for the sources in the outer
Galaxy.
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Figure 5.6: Abundances for the eight sources 06055+2039, 06056+2131, 06058+2138,
06061+2151, 06063+2040, 06099+1800, 06117+1350 and 06155+2319.

Molecule < N/N(H2) > < ∆v >
(km s−1)

CH3OH 4.6e-09 3.1
H2CO 4.7e-10 3
13CO 3.2e-7 2.8
C18O 4.4e-08 2.5
CS 1.8e-10 2.7

Table 5.2: Mean abundance values and mean line widths for theouter Galaxy sources.
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5.4 Discussion

5.4.1 Line profiles

In this chapter, the molecular content of the sources in the sample is analyzed.
Studying the line profiles of theHCO+ data, we looked for signs of in-flowing motion in
the sample, which could imply ongoing gravitational collapse (Wu & Evans, 2003). Due
to the formation mode of high mass stars in a complex and turbulent cluster environment,
one has to be careful when assigning infall signatures to individual sources, since the line
profiles can also be influenced by rotation and outflows. It is possible, on the other hand,
to investigate the statistical distribution of inflow and expansion tracers in a sample of high
mass star forming regions to classify whether or not a sampleis likely containing a signifi-
cant number of sources undergoing collapse. Among the 31 sources for which an analysis of
the line profiles was possible, a large number of sources exhibit non-Gaussian line profiles.
Over the sample, we find 12 sources having a blue-excess, i.e.showing self-absorption in the
center and a weaker red wing - a sign of infalling motions, while 5 sources show a red-excess
emission. While it still remains questionable to assign infall motions to individual sources
without further analysis, we can say with confidence that thesample is dominated by infall
motion, similar to the samples studied by Wyrowski et al. (2006a) and Wu et al. (2007).
Despite the fact that our tracersHCO+(4–3) andHCO+(1–0) trace different parts of the gas,
the excess parameter is 0.3 in both cases, showing that the infall motion can be found in the
extended gas traced byHCO+(1–0) and also in the denser warmer gas traced byHCO+(4–
3). The excess parameter based on the CO(3–2) data isE = 0, indicating no sign for infall
motions. Looking at individual sources, there is no good agreement between the asymmetry
parameters derived from CO(3–2) andC17O(3–2) compared to those derived fromHCO+.
7 of 16 sources show the same asymmetry, in 6 sources an asymmetry detected in the CO
data was not detected in theHCO+ data and in the remaining 3 sources a red-excess in the
CO data was detected as blue-excess in theHCO+ data. Caution is needed, however, when
using the CO lines, particularly the lower transitions likeCO(3–2) to trace motions, since the
CO line shapes can be contaminated from emission in the off-positions and pick up emis-
sion from CO clouds along the line of sight. The off-positionused in our observations was
observed at a fixed offset relative to the pointing centers, so it cannot be excluded that con-
tamination in CO occurs.
The sources in the radio-loud subsample show an excess parameterERL = 0.4, while the
radio-quiet sources haveERQ = 0.1. This excess of blue-skewed sources, and hence infall
motions towards sources which have already developed an UCHII region was also observed
byWyrowski et al. (2006a) andWu et al. (2007). It was proposed by Wu et al. (2007) that in-
fall occurs preferentially at the later evolutionary stages traced by the UCHII regions, which
is consistent with our observations.
Comparing the line poor and line rich subsamples, we find thatthe line poor sample is domi-
nated by infall motions withEpoor = 0.45, while the line rich sample hasErich = 0.08. Since
the sample of line poor sources is predominantly associatedwith radio continuum, it is likely
that the effect seen here is linked to the above mentioned proposal that sources which have
already developed UCHII regions are more likely to show signs of infall. To investigate in
more detail how the occurance of infall is linked to the molecular line content of the sample,
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it would be necessary to study the whole sample in line emission and infall tracers to improve
the statistics and be able to distinguish between radio-loud and radio-quiet line poor sources.
Four of the sources showing infall motions in their profile are offset from MIPSGAL 24µm
emission. Two of them, 14453−5912 and 15437−5343 are radio-quiet sources, while the
other two, 16065−5158 and 18232−1154 are associated with radio-continuum. These four
sources might be good candidates for massive collapsing cores at an early evolutionary stage.
To get more confidence in understanding whether or not the observed profiles might be re-
lated to infall motions, it would be necessary to map the sources in an a higher-J transition of
HCO+ or CO in higher spatial and velocity resolution to understand how the profile changes
with distance from the core.

5.4.2 Line survey

Analyzing the line survey at 338 GHz revealed two main points.

First, the overall chemical composition of the outer envelope for the sources of the sam-
ple shows very little spread between the sources. Second, the line survey revealed a total of
nine hot cores among a sample of 27 sources. These nine hot cores all show a similar trend
toward more O- than N-bearing species, as had already been observed in the pilot study.

The similar chemical composition of the envelopes of the sources, as seen in Figure 5.2,
is interesting given that the sample encompasses sources with and without radio continuum,
with and without IR associations and with a wide range of luminosities with700 < L <
1×106 L⊙ and masses with30 < L < 7×103 M⊙. If assigning the sources with unresolved
near/far distance ambiguities to their far distances, one obtains a larger range of masses and
luminosities. It has to be considered though that luminosities beyond1 × 106 L⊙ would be
produced by objects with ZAMS spectral types < O4 (Panagia, 1973), which is unrealistic
for a single object.

The fact that all sources were chosen on the basis of IRAS color selection criteria (Wood
& Churchwell, 1989) might entail that the sources have a verysimilar chemical composition,
since the IRAS colors likely select similar temperature structures of the envelopes. Samples
should be composed based on different selection criteria when trying to find implications
for evolutionary stages. This effect is similar to the one seen by Kurtz et al. (2000), who
described a very similar abundance pattern among northern hot cores.

In Figure 5.7, it can be seen that the hot cores of our sample, as well as a number of other
hot cores taken from the literature lie in a specific range ofL/M and column densityN .
When studying the sources which are in the same parameter space without being hot cores,
no correlation with radio continuum association, IR association or molecular line content
appears.
With the APEX2a beam of 18′′, emission from a source with a temperature of 100 K can still
be detected above an average signal-to-noise ratio of 0.3 K if it has a radius of at least 0.5′′.
Using relation (5.3) (from Wilner et al., 1995), we estimated that assuming the sources have
the observed luminosities and a minimum temperature of 100 K, which should trigger hot
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Figure 5.7: L/M ratio versus column density for the high massstar forming regions. Red
squares mark the sources, blue triangles the hot cores in oursample and green triangles the
hot cores G327.3-0.6, NGC6334 and 18089-1732.

core chemistry, they have radii of at least 0.7′′.

Td(R) = 37

(

L

L⊙

)0.25 (

R

100AU

)−0.4

[K] (5.3)

Therefore, it is unlikely that we are not detecting line radiation from the hot core due to beam
dilution, indicating that the sources are intrinsically line poor.
The rich chemistry in a hot core is triggered when the raisingtemperatures close to the
newborn star evaporate molecules off the icy dust mantles. This implies that the observed
sources are most likely not hot enough to form a hot core. Theycould be at an earlier
evolutionary stage and still develop a hot core given time, but the fact that six out of seven
sources have associated UCHII regions likely places them at a late evolutionary stage.
Comparison of the hot core luminosities and those of the seven sources without a hot core
shows that both samples have similar median luminosities of1.9 × 105 L⊙ for the sources
without and1.2 × 105 L⊙ for the sources with a hot core. If the luminosity came from a
single massive object, this would result in similar temperatures around the young star. A
possible scenario for the missing line emission is that the luminosity in the line poor sources
comes from multiplicity where the individual sources do nothave enough luminosity to
evaporate the molecules off the ices in a radius sufficientlylarge to produce detectable sub-
mm emission. To check this hypothesis, it is necessary to observe the sources with higher
angular resolution to see whether they fragment into multiple objects.
Another possibility is that the hot core species in these sources have already been destroyed
by the surrounding UV radiation field.

To investigate further whether the similar chemical compositions of our sample are a se-
lection effect or an intrinsic property of the interstellarmedium, we compared the envelope
abundances derived from our sample with those derived from single dish studies of interme-
diate and low mass star forming regions and Giant Molecular Clouds (GMCs). We obtained
beam averaged abundances from Schreyer et al. (1997) for theintermediate mass regions
NGC2264 IRS1, from Helmich & van Dishoeck (1997) for the highmass regions W3 IRS4
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Figure 5.8: Comparison of abundance ratios per molecule.X/Xav is the ratio of observed
abundance over the mean abundance of our sample. The median of our sample is shown
as an open star, with error bars indicating the range expressed as semi-quartile to take into
account the skewness of the distribution. Horizontal blacklines indicate the range (max-min
value) of our sample. Filled triangles show the envelopes ofintermediate mass star forming
regions, crosses those of high mass star forming regions andopen squares the envelope
of G34.3+0.15. The pentagon represents the Orion ridge and the small filled squares the
envelopes of low mass star forming cores with the associatedsemi-quartile spread as dashed
error bars.

and W3 IRS5 and from van Dishoeck et al. (1995) for 16293−2422. Abundances for a sam-
ple of 18 low mass star forming regions and the envelopes of pre-stellar cores were taken
from Jørgensen et al. (2004, 2005). Figure 5.8 shows the ratiosX/Xav in comparison to
the abundance ratios of our sample.Xav is the average abundance in our sample. As one
can see, the abundances for the intermediate mass star forming regions, the Orion extended
ridge and the halo of G34.3+0.15 agree well with the spread found in our sample. The only
values that are significantly lower than our average are the abundances ofCH3OH and CCH
in G34.3+0.15 andCH3OH in W3 IRS5.
The abundance ratios of CO and CS over the average abundance in our sample,Xav, in the
envelopes of the low mass sources are similar to the values observed in our sample, while
those of theCH3OH abundace overXav are significantly lower. The distributions for all
three low mass source abundance ratios show a larger spread than the one found for our
massive star forming sources.

Table 5.3 lists the mean abundance values for the species in the line poor subsample, the
line rich subsample and the whole sample. All three have verysimilar mean values, within
a factor of 2. Analyzing the spread in each subsample shows again that there is very little
spread in the abundances for the different sources.
To compare the spread in envelope abundances of our sample with those observed by Bergin
et al. (1997), we derive the abundances for our sample with the CO column density as
X/N(CO). As can be seen in Figure 5.9, the chemical composition in theGMC cloud
cores is considerably different from that of our high mass star forming sample, in that it has
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Figure 5.9: Spread in abundance ratios of our sample (open stars) compared to those in Giant
Molecular cloud core (filled triangles) observed by Bergin et al. (1997). The spreads given
are semi-quartile and the symbols mark the median. The horizontal black lines indicate the
range (max-min value) of our sample.

higher than average abundances of CCH and CS. It has to be noted that these abundances
were derived from emission mapped over arc minute scale regions, while our abundances
were derived within a beam of 18′′.

We compare our average abundance estimates also with typical starless core abundances
(Tafalla et al., 2006), dark cloud abundances (Smith et al.,2004; Morata & Herbst, 2008)
and, since many of our sources can be found in regions close tonewly formed luminous stars
and are likely exposed to copious amounts of UV flux, with the time-dependant model of
dense photodissociation regions (PDRs) of Morata & Herbst (2008). In addition, we also
compare our abundances of CO,CH3OH andH2CO (for the three pilot study sources and
the outer Galaxy sources) with the new gas-grain interaction model of Garrod et al. (2008).
The latter authors include new grain-surface reactions in their chemical network and incor-
porate a collapse and warm-up phase. Comparing the obtainedabundances to observations
of high and low mass star forming cores, they propose that theinitial chemical composition
of ices in low and high mass star forming regions might be different.
ForCH3OH, we observe higher abundances in our sample than in most comparison regions.
While they are only a factor of a few higher than the envelopesof G34.3+0.15 and the
intermediate mass star forming regions and the Orion ridge,they are about 1–2 orders of
magnitude higher than in the envelopes of the low mass cores,starless cores and the GMCs.
This enhancement ofCH3OH abundance in hot regions was already discussed as an indica-
tion for grain-surface formation by Menten (1987) and laterby van der Tak et al. (2000a).
In their model of grain-surface chemistry, Garrod et al. (2008) calculate both an early and
late peak in the abundances of methanol. While our observed values do not agree with ei-
ther value both in temperature and abundances, one could generalize it by saying that in the
envelopes of the high and intermediate mass star forming regions we are observing the late
peak ofCH3OH, while in the low mass star forming regions as well as in the regions corre-
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Tracer Line Poor Sources Line Rich Sources All Sources
CO 7(-5) 6(-5) 7(-5)
CH3OH 2(-8) 1(-8) 2(-8)
CCH 2(-9) 8(-10) 1(-9)
CS 2(-9) 3(-9) 3(-9)
H2CS 2(-10) 4(-10) 4(-10)

Table 5.3: Mean abundance values for the envelope componentin the line poor sources, the
line rich sources and the whole sample.

sponding to the more initial stages (the dark clouds, starless cores, GMCs), we observe the
early peak ofCH3OH.
The CO abundances vary little between the different samples. Differences in the CO abun-
dances most likely reflect freeze-out on the grains.
We observe CCH in all of our sources. As was discussed alreadyby Beuther et al. (2008a),
ethynyl can be found in all evolutionary stages of (massive)star formation. The abundances
we derive are comparable to those of the regions of intermediate mass star formation and
the envelope of G34.3+0.15. In the dark clouds, the early time PDRs and GMCs, the abun-
dances of CCH are higher than in our sample, suggesting that these correspond to the early
type, initial abundances, while CCH seems to be depleted in the envelopes of the interme-
diate and high mass star forming regions. CCH is also less abundant by a factor of about 2
in the line rich subsample of our sources compared to the linepoor sample of our sources,
which supports the idea that it might be removed from the gas phase at a later, hotter stage.
CS abundances are comparable to those in low and intermediatemass star forming envelopes,
starless cores and early time PDRs. They are about an order ofmagnitude higher than in
G34.3+0.15 and smaller than in Orion and GMCs. Comparing the CS/CH3OH ratio, one
could come to the conclusion that high abundances of CS are more common in unprocessed,
quiescent gas, since the ratios in dark clouds, starless cores, the Orion extended ridge and
GMCs are larger than one, while they are below 0.3 in the intermediate and high mass star
forming regions. This is not conclusive however, since the low mass star forming regions
and W3IRS5 show high ratios of CS/CH3OH.

Now we move on to discuss the line widths of the molecules common to most sources
(CH3OH, CO, CCH, CS), which show a trend of larger line-widths toward larger dust col-
umn densities (Figure 5.3). By making the assumption that, to first order, the velocity dis-
persion is dominating the line-width and that thermal motions are negligible (Larson, 1981),
one can take the line-widths as a measure for the velocity dispersion in the sources. McKee
& Tan (2003) interpret the surface density,Σ ≡M/πR2, as a measure of pressure, since the
pressure is related to the gas mass through the isothermal sound speedc by P ≡ ρc2. The
gas mass is related to the virial mass through the virial parameterαvir. Including a factorφp

to account for the geometry and magnetic fields of the clump, we obtain

P ≡ φpGΣ2 ∼ 0.88GΣ2.

For a detailed derivation and a description ofφp, see the Appendix of McKee & Tan (2003)
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and section 5.4.5. One can say that the sources with higher pressure give rise to larger ve-
locity dispersion, i.e. stronger turbulence. Given that the isothermal sound speed in gas of
T∼ 30 K is approximately 0.3km s−1, all the sources show signs of supersonical turbulence,
which grows with higher column densities. Since supersonicturbulence is thought to impose
density variations on the medium (McKee & Ostriker, 2007), the sources with high column
density are most likely very clumpy.
On the other hand, Vázquez-Semadeni et al. (2008) argue, by comparing typical clump prop-
erties found in their simulations with observed values, that the velocity dispersions observed
in high mass star forming regions are due to global infall motions rather than random turbu-
lence. The clumps Vázquez-Semadeni et al. (2008) report as typical for their simulations of
molecular cloud development agree well with the average clump values we report in Chap.
4. The fact that our sample is dominated by infall motions supports the notion that the condi-
tions in the observed high mass star forming regions in our sample arise from global collapse
rather than random turbulence. Before being able to rule outone or the other scenario how-
ever, it would be necessary to study in more detail the gas at different scales and conditions,
since the molecular tracers probe infall only in a narrow range of physical conditions.

5.4.3 Hot cores

The discussion in Chap. 3 already addressed the issue of the large abundance of com-
plex O-bearing species in the sample. It is remarkable that the same effect can be observed
in all eight hot cores. According to the discussion in Chap. 3, it is possible that the com-
plex N-bearing species have been started to be destroyed close to the heating source. In a
sample of twelve well-known HMCs, Fontani et al. (2007) derive theC2H5CN/CH3OCH3

ratios of beam-averaged column density, which are all aboveunity. In our sample however,
these values are well below unity. Fontani et al. (2007) use the rotational diagram tech-
nique assuming optically thin lines to determine the columndensities. Bisschop et al. (2007)
also use rotational diagrams, they do, however, find significantly larger column densities for
CH3OCH3. Using the XCLASS software to model the column densities in our sample, we
can take optical depth effects as well as line blending into account. To be able to reliably
compare the abundances found in the three studies, it would be necessary to re-analyze the
data with XCLASS to include optical depth effects for all sources.
Since∼80% of the hot cores have associated radio continuum, we want to see how their
properties compare to the averages from the radio loud and radio quiet subsamples. We list
the median masses, L/M ratios, densities, inner radial slope, surface density and diameter
(see Table 5.4). The values for the radio loud and radio quietsubsample are listed in Table
4.5.
Compared to both subsamples, they are more massive, denser,smaller and have a higher
surface density, while theirL/M ratio is the same. Their inner radial intensity indexmi is
steeper.

The properties of the hot molecular cores place them in an evolutionary sequence very
close to the more evolved radio loud phase, which has alreadydeveloped UCHII regions.
Their physical properties mark them as very extreme sources.
We checked their association with radio continuum in the RMSsurvey (Urquhart et al.,
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Hot Molecular Cores
M0.6 pc [M⊙] 780
L/M0.6 pc 147
n0.6 pc [cm−3] 1.1×105

M10 [M⊙] 1620
L/M10 110
n10 [cm−3] 3.6×104

mi -2.4
Σ [g cm−3] 0.35
θ [′′] 29

Table 5.4: Median values for the dust properties of the nine hot cores found in the survey.

2007a) and found cm continuum data for five of them. The LABOCAdust continuum over-
layed with the radio interferometer data can be seen in Fig. A.23 in the appendix. Consid-
ering the evolutionary sequence Beuther et al. (2002a) proposed based on the steepness of
their flux distribution (mi), they are possible candidates of evolved hot cores in a transition
phase to UCHII regions (Kurtz et al., 2000).

According to Fig. A.23, 16060−5146, 16351−4722 and 12326−6245 are the three
sources where the cm continuum seems to coincide best with the peak of the dust emis-
sion. They are also the most centrally peaked sources. Together with the central location of
their UCHII region this make them the more evolved among the hot core sample.
In the abundances of the hot species, 16060−5146 is the weakest among the hot cores, which
again hints at the interpretation that it might be at a more evolved stage, while 16351−4722
shows strong lines in the hot component. These three sourcesare however also strong emit-
ters in the cold species (T< 100 K), even though one would assume that the sources at the
later stages start to clear up the envelopes.

5.4.4 Virial masses

To examine the dynamical state of the clumps, the virial masses are compared to M10%,
the continuummasses contained within the10% flux contour. Figure 5.10 shows the ratio of
the virial to continuum masses. The average ratioMvir/Mcont ∼ 0.7 (5.2) for the distance
resolved sources and the sources projected to their near distance, and∼ 0.4 when the sources
are projected to their far distance.
The distribution in Fig. 5.10 shows that for most sourcesMvir < Mcont, reflecting the fact
that we expect ongoing star formation in most sources.

We compared the luminosity to mass relation for the hot coreswith the evolutionary
model developed by Molinari et al. (2008), as we already did with the continuum sources in
chapter 4. Fig. 5.11, which shows a cut-out of Fig. 4.13, shows the evolutionary tracks of
the high mass sources modeled by Molinari et al. (2008). While they distinguish between
two types of sources in their sample, the infrared primary sources (IR-P), which are indi-
cated by the solid black line and the mm primary sources (MM-P), which are indicated by
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Figure 5.10: Histogram of the ratio of virial mass to continuummass. The distance resolved
sources are described by the solid line, the sources where the non-resolved distances have
been projected to the near distance are shown in grey-scale and the sources projected to the
far distance are shown with the dashed line.

the dashed line, our sources belong only to the infrared primary sources, as was discussed
in chapter 4. The thick red and blue lines in the figure represent the modeled accretion and
envelop-clearing stages respectively. Added to it are the continuum masses and bolometric
luminosities of the eight hot core sources analyzed in this chapter (filled triangles), which
represent the whole region including the envelope material, as well as the masses and lu-
minosities of the hot cores themselves (filled stars). To obtain these values, we made use
of the fact that the molecular lines can act as a “magnifying glass” for the innermost em-
bedded regions. The analysis of the highly excitedCH3OH(7–6) andCH3CN(19–18) lines
allowed us to determine temperatures, source sizes and linewidths of the hot components,
with which we were able to calculate the virial masses and luminosities for the hot cores.
Those hot cores are shown as filled stars in Fig. 5.11 and connected by a dashed line with
their matching dust continuum sources. The error bars reflect the uncertainties in the line
modeling done with XCLASS, when determining temperature, source size and line width.
The errors on the continuum data are of the order of 20% and introduced through uncer-
tainties in the data reduction and distance determination.It has to be noted that the values
for the dust temperatureT and the luminosityL were obtained from the literature. Since
their errors are not know, the true uncertainties are likelyto be larger. As can be seen, the
hot core luminosity is consistent within the errors with theevolutionary tracks modeled by
Molinari et al. (2008) for envelope masses of 700 and 2000 M⊙. In all cases, the placement
of the dust continuum sources with respect to the models shows that when using single dish
instruments, we are observing the envelope material which is accreting onto the star, while
the use of the higher excited transition lines allows us to zoom into the cloud to see the newly
formed star. Comparing the masses of the hot cores with thoseof the evolutionary tracks of
the final stars, we find that between 30–50% of the hot core mass will end up forming the
star. This is naturally much higher than the few percent Molinari et al. (2008) find, since
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Figure 5.11: Luminosity versus mass plot adapted from Molinari (2008). The filled triangles
represent the continuum masses and bolometric luminosities of the envelopes containing
the hot cores, while the filled stars show the virial masses ofthe hot core components and
the luminosities derived from modeling their core temperatures and sizes. The dashed lines
connect the hot cores with their matching dust continuum envelopes. The large solid and
dashed lines indicates the location of the infrared-primary (IR-P) and mm-only (MM-P)
sources from Molinari (2008).

they compare the whole clump in which the hot cores are embedded. Looking at the dust
continuum sources in Fig. 5.11, we find a comparable fractionof a few percent of envelope
mass that will go into the formation of the star.

5.4.5 Turbulent core model

One of the models to describe high mass star formation assumes that the stars form in
monolithic collapse trough disk accretion from a turbulentcore (McKee & Tan, 2003). In
their model, McKee & Tan (2003) describe the mean pressure ina star forming clump as

P̄cl

k
= 4.25× 108Σ2

cl K cm−3 (5.4)

for spherical clouds including magnetic field effects,2
3
of the cloud mass in gas and1

3

in stars, a virial parameter of order unity and withΣ2
cl the observable surface density in

g cm−2. With the pressure of the cloud and the final mass of the star, they can express
several properties of the core embedded in the cloud – the pressure at the surface of the core,
PS,core, the velocity dispersion at the surface of the core,σS, the radius of the core, Rcore,
the density of H atoms at the surface of the core,nH,S, the mass accretion rate,ṁ∗ and the
star forming time,t∗f . Using the following equations from McKee & Tan (2003), we try to
estimate the aforementioned quantities for the eight hot cores. Since the final mass,m∗f , is
needed for the calculations, we assume that the hot core virial mass we derive corresponds
to the final mass of the core, which we translate to the final mass of the starm∗f using a star
forming efficiency of 0.5, which agrees with the results seenin Fig. 5.11
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PS,core

k
= 1.06× 109Σ2

cl K cm−3 (5.5)

σS = 1.22

(
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30M⊙

)1/4
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1/4

cl km s−1 (5.6)
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)−1/2

Σ
3/2

cl cm−3 (5.8)

ṁ∗ = 8.21× 104−
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)3/8

M⊙ yr−1 (5.9)

t∗f = 6.4× 104

(
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)1/4 (

109 K cm−3

PS,core/k

)3/8

yr (5.10)

The resulting values can be found in Table A.79 in the Appendix. For a detailed deriva-
tion of equations 5.4 – 5.10 see McKee & Tan (2003). We usedφP̄ = 0.88, which is a
numerical factor describing effects of non-spherical geometry, magnetic fields and the virial
parameter. We usekp = 1.2 andA=0.84 for the density structure and gas fraction, based on
obtainingn ∼ r−1.6 from our radial fits in Chap. 4. Since the surface densities weobtain are
on average lower than those referred to by McKee & Tan (2003),this subsequently reflects
in the values we derive. The velocity dispersion is in most cases only slightly larger than
the isothermal sound speed,cth, which was derived using as temperatureTrot as found in the
hot core model for the core. In this case, the cores would not be as supersonically turbulent
and clumpy, as proposed by McKee & Tan (2003). When comparingthis with the observed
values of the line-widths, as was done in section 5.4.2, we see that the observed values are
much higher than those derived fromΣ. It has to be noted however that the typical surface
density ofΣ ∼1 g cm−3 that they refer to has been derived by Plume et al. (1997) using
the virial masses and sizes of the CS line emission region. Weobtain accretion rates of the
order of 3×10−4M⊙/yr and star formation times of the order of 1×105 yrs. These values
agree well with the accretion rates Molinari et al. (2008) calculate for their high mass star
formation accretion model. The core radii correspond well to the hot core sizes observed
in the hot components for the hot cores. To properly predict the properties of a collapsing
turbulent core with this model, it would be necessary to obtain high resolution imaging of
the sources to get a better idea of the fragmentation and the actual sizes of the star forming
cores. The model does, however, give a good first estimate of the core properties.

5.4.6 Outer Galaxy sample

We observed molecular lines in eight sources in the outer Galaxy. These sources have
been observed by Klein et al. (2005) in the sub-mm continuum.We detectedCH3OH(6–5),
C17O(3–2),H2CO(4–3), CS(7–6) andC18O(3–2). The abundances we derive are on average



5.4 Discussion 103

Figure 5.12: Abundances in the outer Galaxy sources vs H2 column density.

one order of magnitude smaller than in the inner Galaxy sample. In Figure 5.12, the abun-
dances are plotted against H2 column density. For the two CO isotopologues andCH3OH,
there seems to be a weak trend of lower abundances with largerN(H2), which could be an
effect of optical depth, while for CS andH2CO the abundances seem constant. The abun-
dances were, as was done for the inner Galaxy sources, compared to the average abundance
values over the sample. As can be seen in Figure 5.13, the spread in abundances is not very
large. It has to be noted that despite their location in the outer Galaxy, these sources are only
about 2 kpc away from us. Therefore, their low chemical abundances are not an effect of
resolution. The sources in the outer Galaxy are on average less massive, smaller, and less
luminous regions than those in the inner Galaxy. Klein et al.(2005) apply similar FIR flux
criteria (S100µm > 500 Jy) as we do in our survey. They did however not include the crite-
rion that the sources be observed in the CS survey of Bronfmanet al. (1996), which traced
sources with characteristics of UCHII regions. The different chemical abundances between
the two samples are most likely due to source selection and represent the more evolved stage
of our sample.
In all sources, we see only transitions from molecules whichcome from the envelope.
CH3OH(6–5) modeling resulted in an averageTrot of 20 K. In two sources, 06061-2151
and 06117-1350, several transitions ofH2CO(4–3) could be observed and resulted in tem-
peratures of 40 and 60 K respectively.
We compare the abundances ratios for the sources in the innerand outer Galaxy as a func-
tion of Galactocentric radii (see Fig. 5.14) forCH3OH and CS. The abundance ratios are
done wit respect to the mean abundaces of the inner Galaxy sample. It can be seen that,
as discussed above, the sources in the outer Galaxy are less abundant both inCH3OH and
CS than the average source in the inner Galaxy. For, both, theinner Galaxy sample and the
outer Galaxy sample, no trend with Galactocentric radius can be seen. For the outer Galaxy
sample it is necessary to observe more sources, since it was only possible for six sources
from our sample to obtain line observations and determine the Galactocentric radius, which
is not a very good statistic.
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Figure 5.13: Ratios of abundance to mean abundance in the outer Galaxy sources vs H2
column density.

Figure 5.14: Ratios of abundance tomean abundance for all sources vs Galactocentric radius.
Themean abundaces are those of the inner Galaxy sample A. Thesources in the outer Galaxy
are shown with open symbols.
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5.4.7 Conclusions

In this chapter, the partial line survey in the 0.85 mm windowwas analyzed. A statistical
study of the line profiles revealed that the sample is dominated by infall motions.
The line survey resulted in the discovery of nine line rich hot cores. These hot cores can be
placed at a transition stage between line rich sources and UCHII regions. The enhancement
of O- versus N-bearing species already seen in the pilot study could be confirmed for the hot
cores found in the sample. I identified a number of sources with similar luminosities and
column densities than the hot cores. These sources are not rich in molecular lines, which
might either be an evolutionary effect or a result of clustered star formation in the regions,
which cannot be resolved with the current resolution.
Themolecular abundances of the cold extended envelopes areremarkably similar over a wide
range of column densities and compare well with a number of intermediate mass objects
and quiescent regions in the interstellar medium. This leads to the question how much the
chemistry is influenced by the external conditions in the gasand how much by the initial
composition of the ices.
Using the virial mass of the hot cores and the source size derived from the line modeling,
I calculated the parameters of the star forming hot cores in the framework of the turbulent
core model McKee & Tan (2003).
I compared the envelopes and the inner cores of the hot cores with the evolutionary model
of Molinari et al. (2008). The inner cores were approximatedthrough the viral mass and
the luminosity derived from the modeled temperature and source size for the hot component.
About 30–50% of the mass of the hot core go into the final star, which is consistent with
the efficiencies predicted by McKee & Tan (2003) for the turbulent core model. while this
efficiency is only of the order of a few percent when comparingthe clump (envelope) with
the final mass.
While the comparison of the molecular line data with the physical conditions derived from
dust gave us evidence both for a global collapse scenario (infall) and for the turbulent core
scenario, no conclusion can be reached to exclude one or the other.
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Chapter 6

Summary & Outlook

6.1 Summary

The next few years will open up exciting new possibilities for sub-millimeter and in-
frared astronomers to study massive star formation in unprecedented details. The Atacama
Large Millimeter Array (ALMA) in Chile will allow high resolution studies in the (sub-)mm
regime from 0.3 – 9.6 mm. It will be possible to image disks at AU scales, witness the for-
mation of planets and study the fragmentation of massive star forming cluster both in dust
and molecular line emission. The Herschel satellite on the other hand will open up the wave-
length range between 60 to 670µm from space.
Both instruments will offer the star formation community unprecedented possibilities to
study the formation of massive stars in great detail.
Before we can finally make use of the highly sought-after observing time with ALMA and
Herschel, we should use the currently available instruments to prepare ourselves for the up-
coming wealth of data, information and possibilities, since high mass star formation is still a
highly obscured process, despite the vast progress being made over the last decade.
While for low mass star formation, an established formationscenario exists (André et al.,
2000), several fundamentally different high mass star formation scenarios, most notably the
theory of turbulent core formation (McKee & Tan, 2003) and the competitive accretion sce-
nario (Bonnell & Bate, 2006), are being discussed. Many studies find evidence that high
mass star formation proceeds similar to a modified version oflow mass star formation, as is
suggested by the turbulent core model. Simulations of fragmentation and molecular cloud
development in a global gravitational collapse (Bonnell etal., 2001; Vázquez-Semadeni
et al., 2008) on the other hand can reproduce the observed two-power law interstellar mass
function and physical properties of observedmassive star forming regions. We needmore ob-
servational evidence to distinguish between the one or the other scenario and to classify evo-
lutionary stages of massive star forming cores. Due to the observational challenges related
to massive star formation, this is best done in large surveysand has been very successfully
started in the northern hemisphere with the works of Sridharan et al. (2002) and Molinari
et al. (2002) and their respective follow-up studies. The southern hemisphere however has
not been studied in such a great detail yet, despite the fact that the upcoming Atacama Large
Millimeter Array (ALMA) is located in the south.
In my thesis, I characterized a sample of potential high massstar forming regions by ob-
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serving it with the new Atacama Pathfinder EXperiment (APEX)12m telescope on Llano
de Chajnantor in Chile, and in parts with the Australia Telescope Compact Array (ATCA).
These observations were done between 86 and 810 GHz in the mm and sub-mm regime,
where most of the high mass star forming activity can be observed.
A detailed summary of the results can be found at the end of each chapter, here I will sum-
marize the main outcome of the study.

6.1.1 Three luminous southern hemisphere hot cores

A pilot study on three luminous, line rich hot cores, IRAS 12326−6245, 16060−5146
and 16065−5158, detected in the early stages of the survey was conducted to test the pro-
posed observations with the APEX telescope. In addition to the continuum and line data
obtained with APEX, the three sources were observed with ATCA. All three are luminous,
massive objects. Comparison of the virial masses with the 870 µm continuum masses re-
veals them to likely be bound objects. The line profiles show signs of outflow activity,
which is supported by the 4.5µm emission from shocked gas that can be found in the Spitzer
GLIMPSE images. 16065−5158 shows a particularly striking elongated object in the 4.5µm
images which seems to originate from the peak of the 870µm continuum emission. Since
16065−5158 is neither associated with far infrared nor radio continuum emission and has
a flatter density profile than the other two sources, it is a suitable candidate for a hot core
at an early evolutionary stage. 12326−6245 and 16060−5146 are both associated with far
infrared and radio continuum emission and are more centrally peaked in their density distri-
bution than 16065−5158, which places them at a more evolved stage.
Their molecular spectra are rich in sulfur-bearing speciesand display a high abundance of
oxygen-bearing species compared to the nitrogen-bearing species. This might be related to
the dichotomy which is commonly seen in high resolution studies of hot cores. Seeing this
disparity in a single dish beam might stem either from initial conditions that favored oxygen
or more likely from the nitrogen-bearing species close to the central core having been already
destroyed. 16060−5146 seems to have a highly complex velocity structure whichbecomes
obvious in the double-peaked profiles observed in some of thelines.

6.1.2 Dust continuum survey

We carried out a 870µm dust continuum survey of our sample with the new Large APEX
BOlometer CAmera at APEX (LABOCA).
Physical parameters were derived from the dust emission in several ways to understand and
minimize the influence of distance estimates on the results.It is important to keep in mind
that when comparing sources in a non-distance limited sample, masses and densities should
be analyzed within a fixed linear scale to avoid comparing physical properties on scales of
clumps and clusters. Most of the sources seem to be located attheir near distance and do not
have a companion within 2 pc of the core, indicating that, at least considering the current sin-
gle dish resolution, they are forming one massive core. On average, the objects in our sample
seem to be more massive, dense and embedded than objects covered in comparable sur-
veys, which was expected since they were chosen to be more luminous than sources in other
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surveys. The masses and densities of our sources agree well with those predicted by sim-
ulations of non-turbulent, gravitationally collapsing molecular clouds (Vázquez-Semadeni
et al., 2008). The sources observed in the outer Galaxy at large Galactocentric radii are less
massive and dense, but do agree with the lower range of massesfound in massive star form-
ing surveys. At these large distances, we are observing on scales of cluster formation. We
divided the sample into two subsamples, one radio-quiet without associated cm continuum
emission and one radio-loud with cm emission. The radio-loud sources which already have
associated UCHII regions are more massive, have higher luminosity-to-mass ratios and seem
to concentrate more mass in a given radius. Comparing the luminosity-to-mass ratio of the
two subsamples with evolutionarymodels does not support the hypothesis that the radio-loud
and radio-quiet subsamples are at different evolutionary stages. Radial fits to the inner region
of the intensity distribution point to a density profilen ∼ r−1.6±0.5, which is consistent with
a singular isothermal sphere (Shu, 1977) described in low mass star formation. Most of the
sources are located in regions of active on-going star formation within 0.1 pc of an 8.0µm
source.

6.1.3 Molecular line surveys

The molecular line observations obtained for the sample reveal that the cold extended
envelopes are remarkably similar in chemical composition over a wide range of column den-
sities and compare well with a number of intermediate mass objects and quiescent regions in
the interstellar medium.
A statistical study of the line profiles revealed that the sample is dominated by infall mo-
tions. The sources are bound, with an average virial parameterαvir ∼1.4, which agrees well
with the values predicted by the turbulent core model, whileit is much higher than the value
required to form massive stars in a competitive accretion scenario.
In our sample, we detected nine hot molecular cores, eight ofwhich were analyzed in this
work. The eight hot cores all show the same overabundance in oxygen-bearing species com-
pared to nitrogen-bearing species. The hot cores in our sample are more massive, denser
and more luminous than the averages from both the radio-loudand radio-quiet subsample.
Combining this with the steep density profile, the hot cores observed in our sample can be
tentatively placed in a transition stage between hot molecular core and UCHII region. Within
the sample of eight hot cores, we believe that 16060−5146 and 12326−6245 are the most
evolved. The parameters of the star forming hot cores were calculated in the framework of
the turbulent core model. The accretion masses and star forming times agree well with those
found in evolutionarymodels for massive star forming regions. Comparing the hot molecular
cores with the evolutionary tracks showed that 30–50% of the core mass will end up in the
final star, which is again consistent with the predictions made in the turbulent core model.
The comparison of the molecular line data with the physical conditions derived from dust
continuum emission can, depending on the tracer used, show evidence both for a global col-
lapse scenario and for the turbulent core scenario. No conclusion can however be reached to
exclude one or the other.
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6.2 Outlook

I was able to define the physical and chemical properties of a large sample of massive
star forming regions and thus create a database of sources well suited to be studied with the
high resolution capabilities of the ALMA interferometer. This work provides observational
evidence which supports the idea that massive stars form through monolithic collapse of a
bound core supported by turbulence. My work, however, produced also a number of findings
that point towards the formation of massive stars as a resultof global gravitational collapse
instead of bound, turbulence-supported cores. In reality,massive star formation will most
likely happen as a mixture of large scale flowing motions and turbulence supported collapse
and it is our task, through high resolution studies and largescale surveys, to disentangle the
different contributions.
In the following paragraphs, I will give a short overview over how some of the issues raised
in this work should be observationally followed-up in the next few years.

6.2.1 Turbulent support or gravitational collapse?

One of the important issues that has to be addressed by observations is the question
whether the formation of massive stars happens in an environment dominated by turbulence
or in a competitive accretion scenario.
It is necessary to map the regions of massive star formation in a number of suitable infall
tracers likeHCO+ and CS to study the spatial distribution of the infalling gasand disen-
tangle contributions such as outflowing gas in the line profiles. This kind of study can be
done either with large mapping arrays such as CHAMP+ at APEX or HARP-B at the James
Clark Maxwell Telescope (JCMT) or at even higher resolutionwith the Submillimeter Array
(SMA).
Observing the sources at high resolution with the SMA (for those accessible from the north-
ern hemisphere) or later with ALMA will reveal the grade of fragmentation in the clumps.
Obtaining the fragmentation for a large sample of sources will be a straightforward way to
answer the question whether the clumps form one or two massive cores as proposed by the
turbulent core model or if they will form a number of lower mass cores.
Based on these observations, one can then derive the masses and spectral energy distribu-
tions (SEDs) of all the fragments. Once the association of all fragments to the main core has
been established through line observations, this can provide us with an idea if the initial mass
function (Kroupa, 2002) in these regions has been imposed onthe clump during its forma-
tion (e.g. Krumholz, 2008) or if it will develop during the competitive accretion process (e.g.
Bate & Bonnell, 2005; Dobbs et al., 2005). The modeling of thespectral energy distributions
of a large number of sources, as is proposed here, will benefitfrom the use of tools like the
new online SED model fitter (Robitaille et al., 2007; Molinari et al., 2008) that allows to fit
a large grid of precomputed models of massive star forming evolution to the provided data.

6.2.2 Distance estimates

When studying statistical properties of a large sample of sources, it is still important
to know the true distance of the sources. The distances we derive are kinematic distances
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and for many of the sources, the near/far distance ambiguitycould not be resolved. For
those sources, it is important to resolve this ambiguity using the HI self-absorption method
(Busfield et al., 2006). In this method, molecular line data of the sources are compared to
HI spectra and the presence or absence of self-absorption withrespect to the line velocity
can indicate if the clump is located at its near or far distance. Our studies have shown that
particularly the sources located at their far distance strongly influence the average properties
of the sample as a whole, because they are more massive.

6.2.3 Chemical properties

The new sub-mm interferometers like the SMA, and ALMA in the future, give us the
possibility to image the sources at high resolution and witha large bandwidth to probe many
molecular lines simultaneously. It will be possible to disentangle the molecular contribu-
tions from components like the disks and outflows of the sources. There is evidence that the
spatial distribution of the chemical species is linked to the evolutionary stages of the sources
(Beuther et al., 2008b). Comparing the observational evidence with current chemical mod-
els (Garrod et al., 2008) will allow us to use the spatial occurance of certain molecules as
chemical clocks and investigate grain surface reactions asa likely origin of complex organic
species. Doing this kind of observations on a large number ofsources will also provide a
valuable database for the theorists who do the chemical modeling.

6.2.4 Stellar environment

Massive stars are thought to form exclusively in clusters and as this work has shown, the
sources of our sample are located close to sites of active ongoing star formation as revealed
through far-infrared Spitzer GLIMPSE data. It is an important complement to the studies
of massive star formation in the sub-mm to observe their surroundings in the near-infrared,
where the young massive stars are visible and jets as well as emission from the outflow
cavity (Nürnberger et al., 2007) can be observed in the H2 line. This can be done best us-
ing new instruments such as SINFONI (Spectrograph for INtegral Field Observations in the
Near-Infrared) at the ESO Very Large Telescope (VLT). The near-infrared wavelengths are
not only sensitive to the hot young stars but also give valuable insight into energetic phe-
nomena through their H2 line emission. Combining observations at these wavelengths with
our sub-mm data, it is not only possible to study the cluster properties of the surrounding
stars, but also can help us understand how the massive star forming site and the surrounding
young cluster or OB association influence each other throughfeedback processes, as can be
traced by On the cluster scale, the combination of high resolution sub-mm observations with
the near-infrared data might help to identify where in a cluster the massive stars are formed,
i.e. if they form preferentially at the centers or if the location of massive stars at or near the
centers of clusters is due to dynamical mass segregation (Bonnell & Davies, 1998).

The field of massive star formation with its observational and theoretical complexity
poses a challenge for observers and theorists alike. Yet we are in the fortunate situation to
have a access to an unprecedented wealth of information bothfrom superb current instru-
ments, as well as from powerful numerical simulations. In the near future, this situation will
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even be improved by the up-coming instruments opening up newwavelength ranges for us.
This work has offered some constraints on the physical and chemical conditions in regions
of massive star formation by observing a large number of sources. Evidence for massive star
formation scenarios were proposed by putting the results incontext with current theoretical
models. In the future, databases of sources such as the one presented in this work will offer
invaluable tools a) to analyze the detailed information provided by the new instruments in
the context of the large scale evolutionary properties of the regions and b) to help theorists
to improve and refine their simulations by comparison with a statistically significant number
of observations.
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116Table A.1: Frequency setups for the sources from the inner
Galaxy sample.

Source RA Dec HCO+ CH3CN CH3OH H2CO CO CO CO C17O
(J2000) J(2000) (4-3) (16-15) (6-5) (4-3)/(6-5) (3-2) (4-3) (7-6) (3-2)

pilot study
12326−6245 12:35:35.66 -63:02:28.0 x x x x/x x x x x
16060−5146 16:09:52.37 -51:54:59.4 x x x x/x x x x x
16065−5158 16:10:20.23 -52:06:08.3 x x x x/x x x x x
14453−5912 14:49:07.37 -59:24:43.9 x - - - x - - x
14498−5856 14:53:42.10 -59:08:53.5 x - - - x - - x
15278−5620 15:31:45.41 -56:30:50.0 - - - - - - - x
15394−5358 15:43:17.09 -54:07:18.1 x - - - x - - x
15437−5343 15:47:32.09 -53:52:41.5 x - - - x - - x
15557−5215 15:59:40.32 -52:23:32.3 x - - - x - - x
16071−5142 16:10:59.16 -51:50:28.0 x - - - x - - x
16076−5134 16:11:26.57 -51:41:56.8 - - - - - - - x
16172−5028a 16:21:00.41 -50:35:21.1 - - - - - - - x
16172−5028 16:21:02.66 -50:35:55.0 - - - - - - - x
16175−5002 16:21:20.18 -50:09:48.6 - - - - - - - x
16272−4837 16:30:58.42 -48:43:54.1 x - - - x - - x
16351−4722 16:38:50.09 -47:28:01.6 x - - - x - - x
16458−4512 16:49:30.12 -45:17:49.9 x - - - x - - x
16484−4603 16:52:04.18 -46:08:26.5 x - - - x - - x
16524−4300 16:56:02.54 -43:04:43.7 x - - - x - - x
16562−3959 16:59:42.10 -40:03:44.6 x - - - x - - x
17016−4124 17:05:10.90 -41:29:06.4 - - - - - - - x
17136−3617 17:17:02.06 -36:20:57.1 x - - - x - - x
17204−3636 17:23:50.88 -36:39:03.2 x - - - x - - x

Continued on next page



A
.1

Tables
117

Table A.1 – continued from previous page
Source RA Dec HCO+ CH3CN CH3OH H2CO CO CO CO C17O

(J2000) J(2000) (4-3) (16-15) (6-5) (4-3)/(6-5) (3-2) (4-3) (7-6) (3-2)
17233−3606 17:26:42.98 -36:09:15.5 x - - - x - - x
17258−3637 17:29:18.05 -36:40:21.0 x - - - x - - x
17271−3439 17:30:26.18 -34:41:44.9 x - - - x - - x
17269−3312 17:30:14.81 -33:14:48.8 x - - - x - - x
17470−2853 17:50:14.52 -28:54:30.6 - - - - - - - x
17589−2312 18:01:58.01 -23:12:36.7 x - - - x - - x
18236−1205 18:26:25.80 -12:03:52.9 - - - - - - - x
18319−0834 18:34:39.19 -08:31:25.7 - - - - - - - x
18335−0711 18:36:12.58 -07:12:11.2 - - - - - - - x
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Source RA Dec Vlsr CH3OH 13CO C18O CO
(J2000) J(2000) km s−1 (6-5) (3-2) (3-2) (4-3)/(7-6)

06006+3015 06:03:54.3 +30:14:50.9 -9.0 x x - -
06053−0622 06:07:47.9 -06:22:56.8 10.3 x - x - x
06055+2039 06:08:35.4 +20:39:09.0 8.7 x - x x x
06056+2131 06:08:40.3 +21:31:03.6 2.4 x x - x
06058+2138 06:08:53.0 +21:38:08.7 3.3 x x - x
06061+2151 06:09:06.5 +21:50:36.7 -1.1 x x x x
06063+2040 06:09:21.3 +20:38:45.6 8.9 x x x -
06068+2030 06:09:52.0 +20:29:53.3 8.4 x - - -
06073+1249 06:10:12.3 +12:48:49.5 25.0 x - - -
06099+1800 06:12:54.1 +17:59:22.0 7.6 x x x x
06105+1756 06:13:26.4 +17:55:50.7 8.3 x - - -
06114+1745 06:11:28.5 +17:45:46.2 7.9 x x - -
06117+1350 06:14:36.1 +13:49:36.3 18.4 x x x x
06155+2319 06:18:36.9 +23:18:39.3 -6.4 x x x x
06581−0846 06:58:05.8 -08:47:03.2 40.0 x - - -
06581−0848 06:58:01.8 -08:45:39.9 40.0 x - - -
07029−1215 07:02:51.1 -12:14:20.5 12.0 x x - -
09015−4843 09:03:14.8 -48:55:11.3 56.0 x - - -

Table A.2: The sources from the outer Galaxy sample and their frequency setups.
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ν Transition
(MHz) J
C17O

337060.513 3 – 2
337060.709 3 – 2
337060.831 3 – 2
337060.936 3 – 2
337060.988 3 – 2
337060.988 3 – 2
337061.050 3 – 2
337061.123 3 – 2
337061.214 3 – 2
337061.226 3 – 2
337061.471 3 – 2
337061.553 3 – 2
337061.951 3 – 2
337062.093 3 – 2

Table A.3: Identified features of CO

ν Transition
(MHz) J
C34S

337396.459 7 – 6
C33S

291485.935 6 – 5
HC3N

291068.427 32 – 31
337344.692 37 – 36
337825.275 37 – 36
436468.946 48 – 47

Table A.4: Identified features of CS and HC3N
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ν Transition
(MHz) JK

−
,K+

H13CN
431659.775 50,0 – 40,0

HC15N
430235.319 50,0 – 40,0

DCN
289644.917 40,0 – 30,0

Table A.5: Identified features of HCN and DCN

ν Transition
(MHz) JK

−
,K+

290623.405 40,4 – 30,3

291237.767 42,3 – 32,2

291384.264 43,1 – 33,0

436586.486 62,5 – 52,4

436751.038 65,2 – 55,1

436751.040 65,1 – 55,0

436957.489 64,2 – 54,1

436957.311 64,3 – 54,2

437235.976 63,3 – 53,2

Table A.6: Identified features of H2CO

ν Transition
(MHz) JK

−
,K+

356734.2230 40,0 – 30,0

Table A.7: Identified features of HCO+
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ν Transition
(MHz) JK

−
,K+

348914.975 289,0 – 279,9

349065.654 289,9 – 279,8

336918.095 266,0 – 256,9

338355.771 278,9 – 268,8

337503.451 278,0 – 268,9

350457.580 288,1 – 278,0

338414.100 277,1 – 267,0

350366.072 267,9 – 265,2

338396.389 277,1 – 267,0

337489.656 278,0 – 268,9

349048.540 289,9 – 279,8

348909.480 289,0 – 279,9

338338.014 278,9 – 268,8

350442.250 288,0 – 278,0

336889.213 260,6 – 250,5

Table A.8: Identified features of CH3OCHO.
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Table A.9: Identified features of CH3OH

ν Transition
(MHz) JK

−
,K+

CH3OH(vt=0)
289445.999 21 6,15E – 22 5,17E
289939.477 6 0,6E – 5 0,5E
290069.824 6 1,6E – 5 1,5E
290110.666 6 0,6A

+ – 5 0,5A
+

290117.815 6 5,1E – 5 5,0E
290138.890 6 5,2E – 5 5,1E
290145.090 6 5,1A

− – 5 5,0A
−

290145.090 6 5,2A
+ – 5 5,1A

+

290161.344 6 4,3A
− – 5 4,2A

−

290161.348 6 4,2A
+ – 5 4,1A

+

290162.430 6 4,3E – 5 4,2E
290183.210 6 4,2E – 5 4,1E
290184.690 6 2,5A

− – 5 2,4A
−

290189.510 6 3,4A
+ – 5 3,3A

+

290190.540 6 3,3A
− – 5 3,2A

−

290209.700 6 3,4E – 5 3,3E
290213.238 6 3,3E – 5 3,2E
290248.762 6 1,5E – 5 1,4E
290264.150 6 2,4A

+ – 5 2,3A
+

290307.376 6 2,5E – 5 2,4E
290307.643 6 2,4E – 5 2,3E
302369.900 3 0,3E – 2 1,2E
302913.146 12 0,12A

+ – 11 1,11A
+

303366.890 1 1,0A
− – 1 0,1A

−

336865.110 12 1,11A
− – 12 0,12A

−

337135.873 3 3,0E – 4 2,2E
337838.089 20 6,14E – 21 5,16E
338124.502 7 0,7E – 6 0,6E
338344.628 7 1,7E – 6 1,6E
338404.580 7 6,2E – 6 6,1E
338408.681 7 0,7A

+ – 6 0,6A
+

338430.933 7 6,1E – 6 6,0E
338442.344 7 6,1A

+ – 6 6,0A
+

338442.344 7 6,2A
− – 6 6,1A

−

338456.499 7 5,2E – 6 5,1E
338475.290 7 5,3E – 6 5,2E
338486.337 7 5,2A

− – 6 5,1A
−

338486.337 7 5,3A
+ – 6 5,2A

+

338504.099 7 4,4E – 6 4,3E
Continued on next page
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Table A.9 – continued from previous page
ν Transition

(MHz) JK
−

,K+

338512.627 7 4,4A
− – 6 4,3A

−

338512.639 7 4,3A
+ – 6 4,2A

+

338512.856 7 2,6A
− – 6 2,5A

−

338530.249 7 4,3E – 6 4,2E
338540.795 7 3,5A

+ – 6 3,4A
+

338543.204 7 3,4A
− – 6 3,3A

−

338559.928 7 3,5E – 6 3,4E
338583.195 7 3,4E – 6 3,3E
338614.999 7 1,6E – 6 1,5E
338639.939 7 2,5A

+ – 6 2,4A
+

338721.630 7 2,5E – 6 2,4E
338722.940 7 2,6E – 6 2,5E
349107.020 14 1,13A

− – 14 0,14A
−

350103.118 1 1,1A
+ – 0 0,0A

+

350285.485 8 2,6A – 8 1,8A
350421.585 8 1,7A – 7 2,5A
350687.730 4 0,4E – 3 1,3E
430207.126 12 2,11E – 12 1,12E
431356.366 9 1,9A

+ – 8 1,8A
+

CH3OH(vt=1)
289355.020 6 3,4E – 5 3,3E
289402.490 6 2,4E – 5 2,3E
289414.030 6 2,4A

+ – 5 2,3A
+

289415.043 6 5,2E – 5 5,1E
289416.391 6 4,2E – 5 4,1E
289420.240 6 2,5A

− – 5 2,4A
−

289423.499 6 5,1E – 5 5,0E
289427.600 6 1,6E – 5 1,5E
289428.212 6 4,2A

+ – 5 4,1A
+

289428.212 6 4,3A
− – 5 4,2A

−

289429.140 6 3,3A
− – 5 3,2A

−

289429.140 6 3,4A
+ – 5 3,3A

+

289429.756 6 0,6E – 5 0,5E
289443.541 6 2,5E – 5 2,4E
289475.610 6 1,5E – 5 1,4E
289511.110 6 0,6A

+ – 5 0,5A
+

289710.460 6 1,5A
− – 5 1,4A

−

337297.439 7 1,7A
+ – 6 1,6A

+

337463.671 7 6,1A
+ – 6 6,0A

+

337463.671 7 6,2A
− – 6 6,1A

−

337490.523 7 6,2E – 6 6,1E
Continued on next page
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Table A.9 – continued from previous page
ν Transition

(MHz) JK
−

,K+

337519.067 7 3,5E – 6 3,4E
337546.048 7 5,2A

− – 6 5,1A
−

337546.048 7 5,3A
+ – 6 5,2A

+

337581.663 7 4,4E – 6 4,3E
337605.255 7 2,5E – 6 2,4E
337610.580 7 6,1E – 6 6,0E
337610.624 7 3,4E – 6 3,3E
337625.679 7 2,5A

+ – 6 2,4A
+

337635.655 7 2,6A
− – 6 2,5A

−

337642.365 7 1,7E – 6 1,6E
337643.864 7 0,7E – 6 0,6E
337648.167 7 5,3E – 6 5,2E
337655.204 7 3,4A

− – 6 3,3A
−

337655.204 7 3,5A
+ – 6 3,4A

+

337671.194 7 2,6E – 6 2,5E
337685.490 7 4,3A

+ – 6 4,2A
+

337685.490 7 4,4A
− – 6 4,3A

−

337685.490 7 5,2E – 6 5,1E
337707.547 7 1,6E – 6 1,5E
337748.783 7 0,7A

+ – 6 0,6A
+

337969.414 7 1,6A
− – 6 1,5A

−

350287.710 15 3,13E – 16 4,13E

ν Transition
(MHz) JK

−
,K+

SO2

301896.629 192,8 – 191,9

338611.810 201,9 – 192,8

338305.993 184,4 – 183,5

430228.649 240,4 – 231,3

430232.313 212,0 – 201,9

430347.559 265,1 – 264,2
34SO2

338320.356 132,2 – 121,1

Table A.10: Identified features of SO2
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ν Transition
(MHz) NJ ;J,F

SO
337197.845 87 – 76

337198.022 87 – 76

337198.620 87 – 76

337199.371 87 – 76

430339.544 1010 – 99
34SO

290562.238 76 – 65

337580.147 88 – 77

Table A.11: Identified features of SO

ν Transition
(MHz) JK

−
,K+

338138.120 355,0 – 363,3

348991.444 371,6 – 361,5

338447.690 370,7 – 360,6

338139.368 453,3 – 451,4

338213.505 371,7 – 361,6

337050.895 353,2 – 343,1

Table A.12: Identified features of CH2CHCN
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ν Transition
(MHz) JK

−
,K+

337420.925 212,9 – 203,8

337421.340 212,9 – 203,8

337421.754 212,9 – 203,8

337421.755 212,9 – 203,8

337708.629 312,0 – 311,1

337708.630 312,0 – 311,1

337720.213 312,0 – 311,1

337722.337 74,4 – 63,3

337723.014 74,4 – 63,3

337730.717 74,4 – 63,3

337731.903 74,3 – 63,3

337732.197 74,3 – 63,3

337770.599 74,4 – 63,4

337778.008 74,4 – 63,4

337779.488 74,3 – 63,4

337787.190 74,3 – 63,4

337787.867 74,3 – 63,4

337790.105 74,3 – 63,4

349794.210 162,4 – 171,7

349794.210 162,5 – 171,6

349796.590 162,4 – 171,6

349797.680 162,5 – 171,7

349798.971 162,4 – 171,6

349801.150 162,5 – 171,7

349802.998 112,9 – 101,0

349803.000 112,9 – 101,0

349806.089 112,9 – 101,0

349809.179 112,9 – 101,0

Table A.13: Identified features of CH3OCH3
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Table A.14: Identified features of CH3CN

ν Transition
(MHz) JK

−
,K+

CH3CN(vt=0)
349024.210 198 – 188

349024.918 198 – 188

349024.983 198 – 188

349025.006 198 – 188

349025.009 198 – 188

349025.691 198 – 188

349124.335 197 – 187

349125.249 197 – 187

349125.298 197 – 187

349125.315 197 – 187

349125.319 197 – 187

349126.212 197 – 187

349211.193 196 – 186

349212.285 196 – 186

349212.321 196 – 186

349212.332 196 – 186

349212.338 196 – 186

349213.413 196 – 186

349284.748 195 – 185

349285.991 195 – 185

349286.016 195 – 185

349286.022 195 – 185

349286.029 195 – 185

349287.259 195 – 185

349344.971 194 – 184

349346.337 194 – 184

349346.353 194 – 184

349346.356 194 – 184

349346.363 194 – 184

349347.719 194 – 184

349391.836 193 – 183

349393.299 193 – 183

349393.307 193 – 183

349393.307 193 – 183

349393.315 193 – 183

349394.770 193 – 183

349425.326 192 – 182

349426.857 192 – 182

349426.858 192 – 182

Continued on next page
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Table A.14 – continued from previous page
ν Transition

(MHz) JK
−

,K+

349426.860 192 – 182

349426.866 192 – 182

349428.391 192 – 182

349445.425 191 – 181

349446.994 191 – 181

349446.997 191 – 181

349446.997 191 – 181

349447.003 191 – 181

349448.569 191 – 181

349452.126 190 – 180

350166.558 191 – 181

350168.128 191 – 181

350168.129 191 – 181

350168.133 191 – 181

350168.216 191 – 181

350169.787 191 – 181

350443.301 190 – 180

350444.883 190 – 180

350444.885 190 – 180

350444.887 190 – 180

350444.971 190 – 180

350446.555 190 – 180

350550.902 192 – 182

350552.431 192 – 182

350552.435 192 – 182

350552.439 192 – 182

350552.520 192 – 182

350554.050 192 – 182
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ν Transition
(MHz) JK

−
,K+

HNCO
350333.346 161,16 – 151,15

350333.293 161,16 – 151,15

350332.481 161,16 – 151,15

350333.344 161,16 – 151,15

350333.347 161,16 – 151,15

350334.158 161,16 – 151,15

Table A.15: transitions of HNCO

ν Transition
(MHz) J

290452.224 17–16
290479.904 17–16
290496.516 17–16
290502.054 17–16

Table A.16: Identified features of CH3CCH

ν Transition
(MHz) N,J,F

349337.741 4,9
2
,9
2

– 3,7
2
,7
2

349339.067 4,9
2
,7
2

– 3,7
2
,5
2

349399.342 4,7
2
,7
2

– 3,5
2
,5
2

349400.692 4,7
2
,5
2

– 3,5
2
,3
2

436660.999 5,11
2

,11
2

– 4,9
2
,9
2

436661.893 5,11
2

,9
2

– 4,9
2
,7
2

436723.078 5,9
2
,9
2

– 4,7
2
,7
2

436723.915 5,9
2
,7
2

– 4,7
2
,5
2

Table A.17: Identified features of CCH
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ν Transition
(MHz) JK

−
,K+

337727.095 197,2 – 196,3

337747.000 197,3 – 196,4

Table A.18: Identified features of C2H5OH

ν Transition
(MHz) JK

−
,K+

C2H5CN(v=0)
290251.693 324,8 – 314,7

337347.584 383,6 – 373,5

337441.720 136,7 – 144,0

337445.861 374,3 – 364,2

337515.901 528,5 – 527,6

338142.851 373,4 – 363,3

338278.145 352,3 – 342,2

349379.897 392,7 – 382,6

349379.897 392,8 – 382,7

349392.335 391,8 – 381,7

349392.335 391,9 – 381,8

349396.195 393,6 – 383,5

349396.195 393,7 – 383,6

349442.939 390,0 – 380,9

349442.939 390,9 – 380,8

349547.007 399,1 – 389,0

349547.024 399,0 – 389,9

349730.780 398,2 – 388,1

349731.298 398,1 – 388,0

349796.027 394,6 – 384,5

350139.636 411,1 – 401,0

350145.088 410,1 – 400,0

350684.959 457,8 – 464,3

350687.840 396,3 – 386,2

C2H5CN(v=1)
349790.242 303,8 – 292,7

349791.092 302,8 – 293,7

350685.177 318,3 – 318,3

Table A.19: Identified features of C2H5CN
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

289939.477 60,6E-50,5E −90.7 0.1 17.1 0.3 10.8 0.2
290069.824 61,6E-51,5E −91.0 0.0 21.0 0.2 9.5 0.1
290110.666 60,6A+-50,5A+ −91.1 0.1 22.1 0.6 9.0 0.2
290117.815 65,1E-55,0E −86.9 0.9 7.2 1.3 16.2 1.2
290248.762 61,5E-51,4E −91.2 0.1 16.7 0.3 11.6 0.3
290264.150 62,4A+-52,3A+ −89.6 0.2 11.2 0.3 14.9 0.5
338124.502 70,7E-60,6E −91.0 0.1 10.0 0.1 9.9 0.6
338344.628 71,7E-61,6E −91.3 0.0 10.0 0.0 10.8 0.8
338614.999 71,6E-61,5E −92.0 0.1 20.4 1.2 9.8 0.3
338639.939 72,5A-62,4A −92.0 0.1 29.8 0.4 10.5 0.2

Table A.20: Line Parameters for CH3OH in 16060-5146
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s km/s

290264.150 62,4A+-52,3A+ −39.1 0.1 7.4 7.4 6.2 0.3
290248.762 61,5E-51,4E −39.3 0.0 7.6 7.6 6.6 0.4
290209.700 63,4E-53,3E −39.6 0.0 7.6 7.6 5.8 0.3
290213.238 63,3E-53,2E −39.2 1.5 12.0 12.0 6.3 0.3
290145.090 65,1A−-55,0A− −39.2 1.5 12.0 12.0 6.3 0.3
290138.890 65,2E-55,1E −39.6 0.0 7.6 7.6 5.8 0.3
290117.815 65,1E-55,0E −39.2 1.5 12.0 12.0 6.3 0.3
290110.666 60,6A-50,5A −39.2 1.5 12.0 12.0 6.3 0.3
290069.824 61,6E-51,5E −40.2 0.1 1.6 1.6 4.2 0.3
289939.477 60,6E-50,5E −39.2 0.0 18.0 18.0 5.8 0.0
337838.089 206,14E-215,16E −37.1 0.4 3.0 3.0 11.8 1.6
338124.502 70,7E-60,6E −39.3 0.0 16.8 16.8 6.2 0.1
338344.628 71,7E-61,6E −39.4 0.0 21.5 21.4 6.2 0.1
338408.681 70,7A-60,6A −39.4 0.0 22.1 22.1 6.2 0.1
338430.933 76,1E-66,0E −39.7 0.1 1.5 1.5 4.2 0.3
338442.344 76,1A+-66,0A+ −39.8 0.4 2.1 2.1 4.8 1.0
338456.499 75,2E-65,1E −40.00 0.2 2.5 2.5 4.6 0.4
338475.290 75,3E-65,2E −39.6 0.1 3.5 3.5 5.8 0.3
338504.099 74,4E-64,3E −40.9 0.8 7.7 7.7 8.2 1.7
338530.249 74,3E-64,2E −39.8 0.2 5.3 5.3 6.1 0.4
338559.928 73,5E-63,4E −39.8 0.1 7.5 7.5 5.8 0.2
338583.195 73,4E-63,3E −39.5 0.1 8.7 8.7 6.1 0.1
338614.999 71,6E-61,5E −38.3 0.0 27.6 27.6 7.6 0.1
338639.939 72,5A+-62,4A+ −39.3 0.1 10.7 10.7 6.4 0.2

CH3OH(vt=1)
337969.414 71,6A−-61,5A−,vt=1 −39.6 0.1 1.3 1.3 4.4 0.3
337625.679 72,5A+-62,4A+ −39.2 0.0 17.0 17.1 6.0 0.0
337655.204 73,5A+-63,4A+ −39.1 0.0 12.0 12.0 5.9 0.1
337671.194 72,6E-62,5E −39.7 0.1 1.2 1.2 3.7 0.2
337685.490 75,2E-65,1E −39.9 0.3 1.0 1.0 4.1 0.7
337685.490 74,4A−-64,3A− −39.9 0.1 0.6 0.6 4.0 0.3
337685.490 74,3A+-64,2A+ −39.9 0.2 0.7 0.7 3.5 0.3
337707.547 71,6E-61,5E −39.8 0.3 0.7 0.7 4.2 0.5
337748.783 70,7A-60,6A −39.7 0.3 0.7 0.7 3.9 0.5

Table A.21: Line Parameters for CH3OH in 12326−6245
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

290248.762 61,5E-51,4E,vt=0 −61.9 0.2 9.8 9.8 7.9 0.4
290264.150 62,4A+-52,3A+ −60.8 0.1 5.4 5.4 7.7 0.1
290117.815 65,1E-55,0E −61.8 0.1 5.9 5.8 9.5 0.7
290110.666 60,6A+-50,5A+ −62.1 0.0 5.9 5.8 6.4 0.3
290069.824 61,6E-51,5E −62.1 0.0 2.6 2.6 8.8 0.3
289939.477 60,6E-50,5E −62.1 0.0 15.1 15.1 6.7 0.1
338124.502 70,7E-60,6E −62.0 0.0 14.1 14.1 6.9 0.1
338344.628 71,7E-61,6E −61.7 0.1 11.4 11.0 7.6 0.1
338408.681 70,7A+-60,6A+ −62.0 0.1 12.5 12.5 7.1 0.2
338430.933 76,1E-66,0E −62.2 0.0 18.0 18.0 6.9 0.1
338442.344 76,1A-66,0A −61.9 0.2 23.1 23.1 7.7 0.4
338456.499 75,2E-65,1E −58.9 0.1 1.0 1.0 2.8 0.3
338475.290 75,3E-65,2E −61.6 0.5 2.3 2.3 6.7 1.2
338486.377 75,2A−-65,1A− −60.6 0.4 3.1 3.1 6.5 1.1
338486.377 75,3A+-65,2A+ −60.5 0.3 2.7 2.7 4.7 0.5
338504.099 74,4E-64,3E −63.2 0.4 9.5 9.5 13.7 1.0
338530.249 74,3E-64,2E −59.7 0.8 4.5 4.5 6.4 2.9
338559.928 73,5E-63,4E −60.2 0.1 6.4 6.4 6.7 0.3
338583.195 73,4E-63,3E −61.8 0.3 5.3 5.3 6.0 0.5
338614.999 71,6E-61,5E −61.9 0.0 10.2 10.2 9.1 0.1
338639.939 72,5A+-62,4A+ −60.4 0.1 22.3 22.3 9.4 0.1
338722.940 72,6E-62,5E −61.6 0.1 8.6 8.7 7.8 0.2

Table A.22: Line Parameters for CH3OH in 16065-5158
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

294098.900 166-156 −62.4 0.3 7.9 0.3 13.304 0.730
294098.900 166-156 −59.6 0.2 9.0 0.4 12.835 0.796
294098.900 166-156 −60.9 0.1 14.2 0.4 8.873 0.321
294161.025 165-155 −61.2 0.1 11.9 0.3 8.533 0.252
294161.025 165-155 −61.3 0.4 9.5 0.9 8.280 0.994
294161.025 165-155 −58.5 0.1 20.1 0.2 12.159 0.131
294211.856 164-154 −62.0 0.4 14.8 0.8 18.8 1.3
294211.856 164-154 −61.2 0.3 3.5 0.3 8.8 0.8
294251.472 163-153 −62.5 0.4 4.2 0.3 13.0 1.3

Table A.23: Line Parameters for CH3CN in 16065-5158
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

294098.818 166-156 −40.1 0.4 1.4 0.2 7.9 1.2
294098.900 166-156 −40.2 0.9 1.1 0.4 5.5 1.4
294098.902 166-156 −39.8 0.1 2.3 0.1 5.8 0.3
294161.025 165-155 −40.0 0.1 4.3 0.1 5.6 0.1
294161.025 165-155 −39.9 0.3 3.6 0.4 5.5 0.8
294161.025 165-155 −41.1 0.1 10.4 0.2 7.0 0.2
294211.890 164-154 −40.4 0.4 3.6 0.7 5.4 0.7
294211.890 164-154 −40.2 0.3 3.4 0.4 5.4 0.5
294251.456 163-153 −40.0 0.1 2.9 0.1 5.5 0.2
294251.456 163-153 −40.3 0.1 3.8 0.1 6.1 0.3
294251.456 163-153 −40.5 0.2 1.7 0.1 4.7 0.4
294279.757 162-152 −40.4 0.4 1.1 0.2 5.7 1.2

Table A.24: Line Parameters for CH3CN in 12326-6245
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

294098.900 166-156 −92.8 0.6 3.8 0.3 16.7 1.3
294098.900 166-156 −87.9 0.5 1.8 0.2 9.1 1.5
294098.900 166-156 −85.6 0.5 1.8 0.2 9.1 1.4
294159.883 165-155 −92.2 0.6 2.6 0.2 12.4 1.2
294162.124 165-155 −92.8 0.5 5.9 0.4 15.2 1.1
294211.856 164-154 −63.9 0.5 5.9 0.4 15.1 1.1
294211.856 164-154 −40.9 0.4 5.9 0.3 15.2 1.0
294251.472 163-153 −90.0 0.3 8.9 0.5 13.6 0.9
294251.472 163-153 −94.1 0.5 7.1 0.4 19.2 1.5

Table A.25: Line Parameters for CH3CN in 16060-5146

Frequency Transition Velocity v δ (v)
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s km/s

290623.405 40,4-30,3 −63.4 0.1 40.4 10.1 0.1
291237.767 42,3-32,2 −62.4 0.1 10.5 7.1 0.3
436586.486 62,5-52,4 −61.1 0.2 23.3 9.2 0.4
436957.311 64,3-54,2 −61.7 0.4 11.4 8.3 1.1
436957.311 64,3-54,2 −62.3 0.6 23.6 13.4 1.8
437199.5 63,4-53,3 −61.9 0.4 34.2 12.2 1.6

437235.976 63,3-53,2 −61.5 0.4 37.6 11.6 1.3

Table A.26: Line Parameters for H2CO in 16065-5158
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

290623.405 40,4-30,3 −39.6 0.0 23.0 0.2 6.1 0.0
291380.5 43,2-33,1 −39.6 0.1 8.7 0.1 7.1 0.2

291384.264 43,1-33,0 −43.4 0.0 8.7 0.0 7.1 0.2
291237.767 42,3-32,2 −39.8 0.0 12.6 0.1 6.3 0.1
436957.311 64,3-54,2 −41.3 0.6 30.2 1.9 23.5 2.0

437199.5 63,4-53,3 −39.8 0.1 22.5 0.9 6.8 0.3
437235.976 63,3-53,2 −39.4 0.1 25.8 0.9 6.9 0.3

Table A.27: Line Parameters for H2CO in 12326-6245
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Frequency Transition Velocity v δ (v)
∫

TmB∆v δ
∫

TmB∆v ∆v δ (∆v)
(MHz) km/s km/s K km/s K km/s km/s

290623.405 40,4-30,4 −92.1 0.0 26.7 26.7 9.4 0.1
291380.5 43,2-33,1 −92.1 0.1 11.0 11.0 13.0 0.5

291384.264 43,1-33,0 −96.0 0.0 11.0 11.0 9.7 0.2
291237.767 42,3-32,2 −92.0 0.1 15.8 15.9 10.8 0.1
436586.486 62,5-52,4 −91.6 0.3 15.6 15.6 11.9 0.6
436957.311 64,3-54,2 −93.8 0.3 12.1 12.1 13.0 0.8

437199.5 63,4-53,3 −93.4 0.5 15.7 15.7 11.7 1.5
437235.976 63,3-53,2 −93.7 0.3 14.1 14.1 11.0 0.8

Table A.28: Line Parameters for H2CO in 16060-5146
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Table A.29: Sources observed with LABOCA at 870 µm in
the inner Galaxy sample. a) f: field, d:diffuse emission, e:
extended,non-diffuse emission,bs: bowshock, c: cavity, b:
bubble.

Source R.A. Dec. l b dnear dfar RG Mult. Mult. 8µm Morpha. multicolumn1crms
(J2000) (J2000) kpc kpc kpc (2pc) (field) (8µm) (mJy/beam)

08448−4343 8:46:33.4 -43:54:32.2 263.77 -0.43 1.0 8.7 1 1 - 150
12326−6245 12:35:35.1 -63:02:29.0 301.14 -0.22 4.4 7.3 1 1 f,d 100
12383−6128 12:41:19.2 -61:44:38.8 301.73 1.10 4.5 7.2 3 4 f,d 130
13079−6218 13:11:13.3 -62:34:40.6 305.21 0.21 4.9 6.9 1 4 c,bs 140
13134−6242 13:16:43.3 -62:58:31.0 305.80 -0.24 2.9 7.0 7.2 2 3 f 150
14164−6028 14:20: 7.9 -60:42: 2.5 313.58 0.33 3.5 8.2 6.6 1 1 f 150
14206−6151 14:24:22.8 -62:05:23.3 313.58 -1.15 3.9 7.8 6.5 1 2 f 140
14453−5912 14:49: 7.3 -59:24:45.9 317.41 0.11 2.9 9.7 6.7 1 2 ridge 160
14498−5856 14:53:42.5 -59:08:56.3 318.05 0.09 3.5 9.1 6.3 1 1 f 130
15278−5620 15:31:45.4 -56:30:54.9 323.74 -0.26 3.4 6.1 2 2 b 160
15394−5358 15:43:16.5 -54:07:20.8 326.47 0.70 11.4 11.3 6.4 1 1 f 170
15437−5343 15:47:32.7 -53:52:40.4 327.12 0.51 5.2 9.0 5.0 1 4 f 70
15557−5215 15:59:40.3 -52:23:29.9 329.47 0.50 4.3 10.4 5.3 2 4 b 50
16060−5146 16:09:52.6 -51:54:56.2 330.95 -0.18 5.4 9.4 4.6 1 4 f,d 50
16065−5158 16:10:19.8 -52:06:10.0 330.88 -0.37 4.0 10.8 5.4 2 6 c 50
16071−5142 16:10:59.5 -51:50:23.9 331.13 -0.24 5.2 4.7 1 5 f 50
16076−5134 16:11:26.9 -51:41:53.0 331.28 -0.19 5.2 4.7 1 4 f,d 50
16172−5028 16:21: 2.6 -50:35:13.2 333.13 -0.43 3.6 5.5 3 10 f,d 80
16175−5002 16:21:20.1 -50:09:49.1 333.47 -0.16 3.1 12.1 5.9 1 7 f,d 70
16272−4837 16:30:58.5 -48:43:52.5 335.58 -0.29 3.4 12.0 5.6 1 1 ? 190
16318−4724 16:35:33.7 -47:31:10.8 336.99 -0.03 9.3 3.7 1 4 bs 130
16351−4722 16:38:50.4 -47:28: 0.5 337.40 -0.40 3.2 12.5 5.7 1 1 f 140

Continued on next page
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Source R.A. Dec. l b dnear dfar RG Mult. Mult. 8µm Morpha. rms

(J2000) (J2000) kpc kpc kpc (2pc) (field) (8µm) (mJy/beam)
16385−4619 16:42:13.7 -46:25:29.2 338.57 -0.14 6.1 9.7 3.6 1 1 f,d 200
16445−4459 16:48: 4.8 -45:05: 6.5 340.25 -0.04 9.8 3.4 1 2 b? 260
16458−4512 16:49:30.1 -45:17:55.1 340.25 -0.37 12.1 5.0 2 3 bs 180
16484−4603 16:52: 3.8 -46:08:25.6 339.88 -1.26 2.8 5.9 1 1 - 190
16489−4431 16:52:33.4 -44:36:20.7 341.13 -0.35 3.4 12.6 5.4 1 1 f 330
16524−4300 16:56: 2.9 -43:04:46.8 342.71 0.13 3.6 12.7 5.2 1 1 f 220
16562−3959 16:59:41.6 -40:03:41.2 345.49 1.47 1.7 6.9 1 3 d 280
17016−4142 17:05:10.8 -41:29: 5.5 345.00 -0.22 2.9 13.5 5.8 1 1 f 220
17136−3617 17:17: 1.3 -36:21: 1.4 350.50 0.96 2.1 6.5 2 3 e 100
17158−3901 17:19:20.2 -39:03:53.1 348.55 -0.98 14.4 14.3 6.2 1 5 e,c 120
17204−3636 17:23:50.4 -36:39: 1.3 351.04 -0.34 3.0 13.8 5.5 1 1 f,d 90
17220−3609 17:25:25.1 -36:12:44.2 351.58 -0.35 10.4 10.4 2.3 1 1 c 100
17233−3606 17:26:42.6 -36:09:18.2 351.77 -0.54 0.7 16.1 7.8 5 5 f 100
17244−3536 17:27:48.9 -35:39:14.8 352.32 -0.44 2.2 14.6 6.3 1 1 f 100
17258−3637 17:29:17.3 -36:40:16.8 351.63 -1.25 2.4 6.1 1 5 - 100
17269−3312 17:30:17.2 -33:13:54.9 354.61 0.47 4.3 12.6 4.2 2 4 b 90
17271−3439 17:30:26.6 -34:41:44.5 353.41 -0.36 3.2 13.6 5.3 1 4 e 70
17278−3541 17:31:15.1 -35:44:49.0 352.62 -1.08 0.4 8.1 4 4 f 90
17470−2853 17:50:14.3 -28:54:32.4 0.55 -0.85 9.6 1.1 1 4 e 120
17545−2357 17:57:34.5 -23:58: 4.1 5.64 0.24 2.4 14.5 6.1 1 1 f 100
17589−2312 18:01:57.8 -23:12:33.3 6.80 -0.26 3.8 13.1 4.8 1 1 f 100
18232−1154 18:25:54.6 -11:52:36.5 19.47 0.17 1.6 14.4 7.0 5 5 f,d 100
18236−1205 18:26:25.7 -12:04: 0.3 19.36 -0.03 2.4 13.6 6.2 1 1 f,d 100
18319−0834 18:34:39.0 -8:31:36.6 23.44 -0.18 10.0 10.0 4.0 1 11 f,d 80
18335−0713 18:36:12.4 -7:12:11.1 24.79 0.08 6.0 9.4 4.0 1 6 f,d 80
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Table A.30: Sources observed with LABOCA at 870 µm in
the inner Galaxy sample. a) dust temperatures from Faundez
et al. (2004); b) the bolometric luminosities are based on
IRAS fluxes taken from Faundez et al. (2004), Walsh et al.
(1997) and Purcell et al. (2006) and have been scaled to
match our distance estimates. c) Molecular tracer used to
determine velocity. C17O(3-2), CS(2-1) (Bronfman et. al,
1996),HCO+(4-3), H2CO(5-4).

Source Speak Sint FWHM T
a)

dust N(H2) L
b)
near multicolumn1cLb)

far vLSR molc.
(Jy/beam) (Jy) (′′) (K) ×1023 cm−2 ×105 L⊙ ×105 L⊙ km s−1

08448−4343 3.5 20.4 36.7 25 1.3 2.0 3.7 CS
12326−6245 19.9 42.6 24.7 40 4.2 270.0 −39.3 C17O
12383−6128 1.7 23.5 64.0 27 0.6 48.2 −39.3 HCO+

13079−6218 11.6 35.8 26.9 36 2.8 280.0 −41.6 HCO+

13134−6242 11.3 20.1 16.9 35 2.8 29.1 170.0 −32.4 HCO+

14164−6028 1.9 3.7 19.9 29 0.6 9.5 50.7 −46.5 CS
14206−6151 1.2 5.0 35.3 27 0.4 12.7 52.2 −49.6 HCO+

14453−5912 2.8 13.5 33.9 30 0.8 29.1 333.0 −40.6 C17O
14498−5856 4.8 14.2 23.1 30 1.4 35.3 238.0 −50.2 C17O
15278−5620 6.7 16.2 19.4 30 2.0 54.6 −50.3 C17O
15394−5358 8.3 28.0 27.5 25 3.2 249.0 246.0 −41.1 C17O
15437−5343 3.4 10.4 23.3 34 0.9 61.8 184.0 −83.9 C17O
15557−5215 2.6 9.8 31.0 27 0.9 24.1 141.0 −68.3 C17O
16060−5146 46.2 81.0 19.8 46 8.2 784.0 2380.0 −91.0 C17O
16065−5158 17.9 41.8 25.9 40 3.8 295.0 2120.0 −62.2 C17O
16071−5142 12.3 26.0 20.4 29 3.9 82.5 −87.2 C17O
16076−5134 4.7 27.9 34.3 33 1.2 215.0 −88.2 C17O
16172−5028 24.3 0.0 34.5 33 6.5 460.0 −52.7 C17O

Continued on next page
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Source Speak Sint FWHM T

a)

dust N(H2) L
b)
near L

b)

far vLSR molc.
(Jy/beam) (Jy) (′′) (K) ×1023 cm−2 ×103 L⊙ ×103 L⊙ km s−1

16175−5002 7.8 26.9 25.6 30 2.3 0.0 −43.7 C17O
16272−4837 8.8 29.2 24.7 27 3.1 30.7 376.0 −48.0 H2CO
16318−4724 9.3 15.3 15.7 33 2.5 501.0 −120.9 CS
16351−4722 15.0 35.5 21.6 36 3.6 90.3 1430.0 −41.0 C17O
16385−4619 3.1 7.7 21.2 33 0.8 119.0 299.0 −117.0 CS
16445−4459 3.0 8.7 23.7 31 0.9 248.0 −121.9 CS
16458−4512 4.4 23.3 42.8 29 1.4 518.0 −51.6 C17O
16484−4603 6.8 20.8 28.5 35 1.7 59.4 −32.2 C17O
16489−4431 2.2 6.1 24.0 28 0.7 15.3 207.0 −41.5 HCO+

16524−4300 5.0 21.9 32.4 31 1.4 41.3 519.0 −41.5 C17O
16562−3959 16.6 91.2 37.1 38 3.7 59.4 −12.8 C17O
17016−4142 15.9 37.9 22.1 32 4.4 73.0 1600.0 −23.0 C17O
17136−3617 6.6 36.4 37.5 31 1.9 129.0 −11.3 C17O
17158−3901 6.8 34.6 24.0 32 1.9 1140.0 1120.0 −16.0 HCO+

17204−3636 3.9 14.4 28.2 30 1.2 15.2 316.0 −18.2 C17O
17220−3609 24.0 55.0 21.3 30 7.2 736.0 734.0 −98.5 CS
17233−3606 46.3 98.6 32.6 45 8.4 12.4 6910.0 3.4 C17O
17244−3536 3.2 13.7 28.9 31 0.9 16.1 705.0 −10.2 HCO+

17258−3637 18.1 0.0 28.6 42 3.6 196.0 −12.5 C17O
17269−3312 8.1 15.8 25.7 31 2.3 52.3 440.0 −15.9 C17O
17271−3439 22.6 0.0 33.6 35 5.6 184.0 3310.0 −21.8 C17O
17278−3541 5.9 14.8 27.6 30 2.0 0.6 −0.4 CS
17470−2853 20.3 47.4 20.0 30 6.1 1080.0 19.0 C17O
17545−2357 3.1 16.7 34.5 30 0.9 12.8 473.0 8.3 HCO+

17589−2312 4.7 14.9 26.5 30 1.4 20.5 251.0 20.3 C17O
18232−1154 6.3 15.0 20.1 30 1.9 9.5 747.0 26.3 H2CO

Continued on next page
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Table A.30 – continued from previous page
Source Speak Sint FWHM T

a)

dust N(H2) L
b)
near L

b)

far vLSR molc.
(Jy/beam) (Jy) (′′) (K) ×1023 cm−2 ×103 L⊙ ×103 L⊙ km s−1

18236−1205 2.8 13.0 29.2 26 1.0 4.8 148.0 15.9 C17O
18319−0834 6.2 16.9 22.8 30 1.9 931.0 101.4 C17O
18335−0713 15.7 34.5 28.0 30 4.7 123.0 307.0 110.0 C17O
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Source RA Dec Speak Sint D R FWHM
(J2000) (J2000) Jy Jy kpc kpc (")

07255−2012a 7:27:41.5 -20:20:05.34 2.3e(01) 9.9e(01) 9.8 15.7 33.1
07255−2012b 7:27:42.6 -20:18:53.5 2.5e(01) 1.5e 9.8 15.7 40.4
07257−2033 7:27:56.3 -20:40:10.9 2.0e(01) 7.3e(01) 9.2 15.6 30.2
07538−3359 7:55:44.1 -34:07:06.3 6.7e(02) 2.6e(01) 11.5 15.0 30.0
07519−3404 7:53:52.4 -34:12:29.3 1.5e(01) 4.4e(01) 11.34 16.3 25.7
08282−4545 8:29:53.3 -45:55:09.4 1.7e(01) 3.4e(01) 14.0 18.6 17.1

Table A.31: Properties of the LABOCA 870 µm emission for the outer Galaxy sources.
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Table A.32: Dust properties derived from the LABOCA
870 µm emission. Sources marked ∗ have distances larger
5.9 kpc. For those sources, the angular diameter at 0.6 pc is
smaller than the beam, therefore the peak fluxes have been
used for derivation of the masses M0.6 pc.

Source Mn
10 Mn

0.6 pc Mf
10 Mf

0.6 pc L/M10 L/M0.6 pc

M⊙ M⊙ M⊙ M⊙ L⊙/M⊙ L⊙/M⊙

08448−4343 77 86 77 86 26 23
12326−6245 1620 937 1620 937 166 287
12383−6128 1933 165 1933 165 24 290
13079−6218 2021 701 2021 701 138 399
13134−6242 404 375 2369 1516 71 77
14164−6028 142 108 761 435 66 87
14206−6151 288 110 1184 273 44 114
14453−5912 418 185 4783 851 69 157
14498−5856 631 315 4257 1324 55 111
15278−5620 559 388 559 388 97 140
15394−5358∗ 14680 4550 14680 4550 16 54
15437−5343 656 262 1954 782 94 235
15557−5215 1648 247 9608 1085 14 97
16060−5146 4070 2638 12360 8013 192 297
16065−5158 1962 779 14110 4821 150 378
16071−5142 2139 985 2139 985 38 83
16076−5134 2268 404 2268 372 94 531
16172−5028 5791 1357 5791 1357 79 338
16175−5002 852 495 12820 3748 79 338
16272−4837 1175 674 14410 4869 26 45
16318−4724∗ 3804 2383 3804 2383 131 210
16351−4722 817 614 12920 6185 110 147
16385−4619∗ 777 334 1959 842 153 355
16445−4459∗ 2911 894 2911 894 85 277
16458−4512∗ 16450 2242 16450 2242 31 231
16484−4603 521 311 521 311 114 190
16489−4431 299 153 4051 1272 51 99
16524−4300 1016 366 12770 2536 40 112
16562−3959 565 494 565 494 105 120
17016−4142 858 661 18750 8842 85 110
17136−3617 537 342 537 342 239 376
17158−3901∗ 36230 4273 36230 4273 31 266
17204−3636 420 247 8777 2426 36 61
17220−3609∗ 17360 8614 17360 8614 42 85
17233−3606 78 129 43830 24070 158 95

Continued on next page
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Table A.32 – continued from previous page
Source Mn

10 Mn
0.6 pc Mf

10 Mf
0.6 pc L/M10 L/M0.6 pc

M⊙ M⊙ M⊙ M⊙ L⊙/M⊙ L⊙/M⊙

17244−3536 201 154 8811 2187 79 104
17258−3637 948 580 948 580 206 337
17269−3312 829 525 6970 4054 63 99
17271−3439 3202 1185 57710 11290 57 155
17278−3541 23 28 23 28 26 22
17470−2853∗ 17850 6142 17850 6142 60 175
17545−2357 332 183 12320 2136 38 69
17589−2312 663 339 8113 2669 30 60
18232−1154 126 135 9931 4295 75 70
18236−1205 353 188 10940 2049 13 25
18319−0834∗ 5015 2061 5014 2061 185 451
18335−0713∗ 3662 1864 9101 4632 33 65

Table A.33: Dust properties derived from the LABOCA
870 µm emission.

Source n(H2)n10 n(H2)n0.6 pc n(H2)f10 n(H2)f0.6 pc Θn Θf

(104 cm−3) (104 cm−3) (104 cm−3) (104 cm−3) (pc) (pc)
08448−4343 2.8 1.2 2.8 1.2 0.4 0.4
12326−6245 3.6 13.4 3.6 13.4 1.1 1.1
12383−6128 0.2 2.4 0.2 2.4 3.2 3.2
13079−6218 1.6 10.0 1.6 10.0 1.6 1.6
13134−6242 4.1 5.4 1.7 21.7 0.7 1.6
14164−6028 0.7 1.6 0.3 6.2 0.8 2.0
14206−6151 0.3 1.6 0.1 3.9 1.5 3.0
14453−5912 0.5 2.6 0.1 12.2 1.4 4.7
14498−5856 1.0 4.5 0.4 18.9 1.3 3.3
15278−5620 2.0 5.6 2.0 5.6 1.0 1.0
15394−5358 0.8 65.1 0.8 65.1 3.9 3.9
15437−5343 0.5 3.8 0.3 11.2 1.6 2.7
15557−5215 0.3 3.5 0.1 15.5 2.7 6.5
16060−5146 6.5 37.8 3.7 114.6 1.2 2.2
16065−5158 1.7 11.2 0.6 69.0 1.5 4.1
16071−5142 2.6 14.1 2.6 14.1 1.4 1.4
16076−5134 0.4 5.8 0.4 5.3 2.5 2.5
16172−5028 2.6 19.4 2.6 19.4 1.9 1.9
16175−5002 1.9 7.1 0.5 53.6 1.1 4.3
16272−4837 2.9 9.6 0.8 69.7 1.1 3.8
16318−4724 1.4 34.1 1.4 34.1 2.1 2.1

Continued on next page
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Table A.33 – continued from previous page
Source n(H2)n10 n(H2)n0.6 pc n(H2)f10 n(H2)f0.6 pc Θn Θf

(104 cm−3) (104 cm−3) (104 cm−3) (104 cm−3) (pc) (pc)
16351−4722 3.8 8.8 1.0 88.5 0.9 3.5
16385−4619 0.4 4.8 0.3 12.1 1.8 2.8
16445−4459 0.2 12.8 0.2 12.8 3.5 3.5
16458−4512 0.2 32.1 0.2 32.1 6.3 6.3
16484−4603 1.4 4.5 1.4 4.5 1.1 1.1
16489−4431 0.6 2.2 0.2 18.2 1.2 4.3
16524−4300 0.7 5.2 0.2 36.3 1.7 5.9
16562−3959 4.7 7.1 4.7 7.1 0.7 0.7
17016−4142 4.7 9.5 1.0 126.5 0.8 3.9
17136−3617 1.5 4.9 1.5 4.9 1.0 1.0
17158−3901 0.2 61.1 0.2 61.1 8.7 8.7
17204−3636 1.0 3.5 0.2 34.7 1.1 5.0
17220−3609 2.4 123.2 2.4 123.2 2.8 2.8
17233−3606 46.5 1.8 2.0 344.4 0.2 4.1
17244−3536 1.0 2.2 0.2 31.3 0.8 5.6
17258−3637 2.6 8.3 2.6 8.3 1.0 1.0
17269−3312 2.3 7.5 0.8 58.0 1.0 3.0
17271−3439 2.8 16.9 0.7 161.5 1.5 6.5
17278−3541 6.0 0.4 6.0 0.4 0.2 0.2
17470−2853 1.3 87.9 1.3 87.9 3.5 3.5
17545−2357 0.7 2.6 0.1 30.6 1.2 7.1
17589−2312 1.0 4.9 0.3 38.2 1.3 4.4
18232−1154 3.4 1.9 0.4 61.5 0.5 4.3
18236−1205 0.7 2.7 0.1 29.3 1.1 6.3
18319−0834 0.6 29.5 0.6 29.5 3.0 3.0
18335−0713 2.7 26.7 1.7 66.3 1.6 2.6
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Source M n(H2) Θ La) L/M N(H2)
M⊙ cm−3 pc L⊙ L⊙/M⊙

07255−2012a 2.76e+02 2.68e+03 1.47e+00 - - 3.39e-02
07255−2012b 4.26e+02 2.27e+03 1.80e+00 - - 3.51e-02
07257−2033 2.02e+02 2.58e+03 1.34e+00 8.70e+03 4.31e+01 2.98e-02
07538−3359 1.13e+02 7.48e+02 1.67e+00 3.40e+03 3.02e+01 1.07e-02
07519−3404 1.87e+02 2.05e+03 1.41e+00 7.00e+03 3.74e+01 2.50e-02
08282−4545 2.21e+02 4.38e+03 1.16e+00 2.20e+04 9.96e+01 4.37e-02

Table A.34: Properties of the outer Galaxy sources derived from LABOCA 870 µm emission.
M , n(H2) and N(H2) are the masses, mean densities and column densities for the sources.
Θ is the linear diameter of the sources derived from the FWHM. a) IRAS luminosities taken
from Wouterloot & Brand 1989. The entry "-" indicates that no luminosity was available.
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Source mi p Source mi p
08448−4343 -1.7 -1.3
12326−6245 -2.7 -2.3 16458−4512 -1.3 -0.9
12383−6128 -0.9 -0.6 16484−4603 -2.0 -1.6
13079−6218 -2.2 -1.8 16489−4431 -2.0 -1.6
13134−6242 -2.8 -2.4 16524−4300 -1.8 -1.4
14164−6028 -2.4 -2.0 16562−3959 -1.8 -1.4
14206−6151 -1.6 -1.3 17016−4142 -2.2 -1.9
14453−5912 -1.7 -1.3 17136−3617 -1.8 -1.4
14498−5856 -2.0 -1.6 17158−3901 -1.6 -1.2
15278−5620 -2.4 -2.0 17204−3636 -2.0 -1.6
15394−5358 -2.2 -1.8 17220−3609 -2.5 -2.1
15437−5343 -2.2 -1.8 17233−3606 -2.5 -2.1
15557−5215 -1.3 -0.9 17244−3536 -2.0 -1.7
16060−5146 -2.9 -2.5 17258−3637 -1.8 -1.4
16065−5158 -1.8 -1.4 17269−3312 -2.2 -1.8
16071−5142 -2.5 -2.1 17271−3439 -1.7 -1.3
16076−5134 -1.9 -1.5 17278−3541 -1.2 -0.9
16172−5028 -1.4 -1.0 17470−2853 -1.8 -1.4
16175−5002 -2.1 -1.7 17545−2357 -1.7 -1.3
16272−4837 -2.3 -1.9 17589−2312 -2.1 -1.8
16318−4724 -2.6 -2.2 18236−1205 -1.7 -1.3
16351−4722 -2.6 -2.2 18232−1154 -2.3 -1.9
16385−4619 -2.2 -1.8 18319−0834 -2.0 -1.6
16445−4459 -1.9 -1.5 18335−0713 -2.2 -1.8

Table A.35: Results of the radial fit on the dust continuum data
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Source Area vlsr ∆v
K.km s−1 km s−1 km s−1

12326−6245 27.1 −39.4 6.1 a
12383−6128 3.1 −39.3 3.2 b
13079−6218 16.8 −41.5 7.7 b
13134−6242 5.9 −32.5 5.1 a,b
14164−6028 1.5 −46.2 5.1 -
14206−6151 1.6 −52.6 6.8 -
14453−5912 3.0 −40.6 2.9 a
14498−5856 6.7 −49.9 3.2 a
15394−5358 24.6 −40.6 5.4 a,d
15437−5343 2.9 −83.8 4.2 -
15557−5215 7.5 −67.7 4.1 -
16060−5146 58.8 −92.0 9.9 a
16065−5158 48.2 −62.6 8.3 a
16071−5142 10.6 −87.2 6.2 a,d
16272−4837 10.1 −47.0 5.2 b
16351−4722 16.2 −40.3 5.6 c
16458−4512 7.7 −51.2 5.0 a,b?
16484−4603 9.0 −31.9 5.0 -
16489−4431 2.8 −41.3 2.9 -
16524−4300 6.6 −41.8 5.1 b?
16562−3959 84.4 −12.6 8.6 b?
17136−3617 22.4 −9.6 4.6 -
17158−3901 6.9 −15.9 6.1 c
17233−3606 50.7 −1.6 10.8 a,c
17244−3536 4.8 −10.2 4.3 a,c
17258−3637 26.6 −11.1 7.3 c
17271−3439 15.7 −16.4 8.1 d
17545−2357 4.3 8.3 2.7 -

Table A.36: Line parameters for HCO+(4-3). a: outflow; b: Inflow ; c: Expansion; d:
self-absorption. Sources with an entry ’-’ could be modeled with a Gaussian line profile.
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Source Area vlsr ∆v
K.km s−1 km s−1 km s−1

12326−6245 31.3 0.1 −39.4
15278−5620 11.9 0.1 −49.8
16060−5146 56.5 0.2 −91.5
16065−5158 34.2 0.3 −62.4
14453−5912 10.8 0.2 −40.1
14498−5856 13.4 0.2 −49.8
15394−5358 7.2 0.2 −40.6
15437−5343 9.2 0.2 −83.4
15557−5215 3.2 0.2 −67.9
16071−5142 17.4 0.2 −86.8
16076−5134 15.7 0.8 −87.8
16172−5028 24.8 0.4 −52.2
16172−5028a 16.2 0.1 −49.6
16175−5002 16.3 0.1 −43.3
16351−4722 36.8 0.3 −40.5
16458−4512 7.6 0.3 −51.2
16484−4603 18.8 0.2 −31.9
16524−4300 11.0 0.2 −41.0
16562−3959 31.2 0.3 −12.4
17016−4124 14.7 0.2 −26.6
17136−3617 13.8 0.3 −9.8
17136−3617 13.8 0.3 −9.8
17204−3636 7.4 0.2 −17.8
17258−3637 34.6 0.3 −12.1
17269−3312 4.6 0.2 −21.4
17271−3439 31.2 0.2 −15.5
17589−2312 10.5 0.2 20.7
17470−2853 43.7 0.3 17.9
18319−0834 10.3 0.3 101.8
18236−1205 7.3 0.2 26.8
18335−0713 21.7 0.3 110.4

Table A.37: Line parameters of the Gaussian fits for C17O(3–2).
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Source δV
12326−6245 -0.03±0.02
14453−5912 -0.21±0.06
14498−5856 -0.04±0.02

15278−5620a) 0.06±0.05
15394−5358 0.37±0.08
15437−5343 -0.12±0.05
15557−5215 -0.11±0.18
16060−5146 -0.16±0.01
16065−5158 -0.12±0.01
16071−5142 0.0±0.07

16076−5134a) -0.38±0.05
16351−4722 0.04±0.01
16458−4512 -0.25±0.05
16484−4603 0.0±0.02
16524−4300 -0.49±0.07
16562−3959 -0.3±0.01
17136−3617 0.06±0.03
17233−3606 0.57±0.08
17258−3637 0.2±0.03

17470−2853a) -0.16±0.14
18232−1154a) -0.18±0.11
18236−1205a) 0.39±0.08
18319−0834a) -0.23±0.07
18335−0713a) 0.13±0.04

Table A.38: Asymmetry parameter δV . Sources with δV > 0.1 show a significant red shift,
while sources with δV < 0.1 show a significant blue shift. For sources marked a), δV was
determined using HCO+(1-0) and H13CO+(1-0) from Purcell et al. (2006).
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 15 4.3(14) - 2.5 -0.8 5.2(-09) c

CH3OH -a 18 4.3(14) - 4.0 0.0 2.2(-08) d

CO -a 50a 1.8(15) 1.0(19) 2.0 -0.5 1.0(-04) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.39: Results of the line modeling for 14453−5912

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 45 1.2(14) - 2.5 -0.8 8.3(-10) c

CH3OH -a 30 1.2(14) - 4.0 0.0 5.5(-09) d

CO -a 50a 8.0(14) 1.5(19) 4.0 -0.5 8.3(-05) c, f
CS -a 50a 8.0(14) - 1.5 0.0 6.2(-10) c, f

H2CS -a 50a 1.5(19) - 3.0 0.0 2.1(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.40: Results of the line modelling for 14498−5856
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 1.5(14) - 2.5 -0.6 4.7(-10) c

CH3CN -a 110 1.5(14) - 4.5 0.0 7.8(-11)
CH3OCH3 -a 100 2.5(13) - 4.5 0.0 4.7(-09) b

CH3OH 1.0 140 2.5(13) 8.0(17) 3.0 0.0 7.8(-09) d

-a 20 1.5(15) - 3.0 0.0 2.0(-08)
CO -a 50a 1.5(15) 6.0(18) 4.0 0.0 1.6(-05) c, f
CS -a 50a 8.0(17) - 5.0 0.0 7.8(-10) c, f

H2CS -a 50a 2.5(15) - 3.0 0.0 1.9(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.41: Results of the line modelling for 15394−5358

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 3.8(13) - 2.5 -1.3 4.4(-10) c

CH3OH 1.0a 150a 3.8(13) 5.0(17) 2.5 0.0 1.7(-08) d

-a 13 5.0(17) - 2.5 0.0 9.2(-09)
CO -a 50a 1.5(15) 1.0(19) 3.5 0.0 9.5(-05) c, f
CS -a 50a 8.0(14) - 4.0 0.0 2.3(-09) c, f

H2CS -a 50a 8.0(14) - 4.0 -1.0 4.6(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.42: Results of the line modelling for 15437−5343
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 60 4.5(13) - 2.5 -1.3 4.9(-10) c

CH3CN -a 30 4.5(13) - 3.0 -4.0 1.1(-09)
CH3OH -a 17 1.0(14) - 6.0 0.0 4.0(-08) d

CO -a 50a 1.0(14) 3.0(18) 4.0 0.0 2.7(-05) c, f
CS -a 50a 3.7(15) - 3.0 0.0 6.5(-10) c, f

H2CS -a 150a 3.7(15) - 4.0 -1.0 3.3(-10) c

HNCO -a 150a 3.0(18) - 5.0 -2.4 6.5(-10) c

SO2 -a 50a 2.5(18) - 6.0 8.0 6.5(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.43: Results of the line modelling for 15557−5215

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 2.2(14) - 4.5 -2.0 5.7(-10) c

CH3CN -a 20 2.2(14) - 4.5 -1.0 5.2(-09)
CH3OH 1.0a 180 2.0(15) 6.0(17) 4.0 2.0 4.6(-09) d

-a 17 2.0(15) - 4.0 0.0 1.3(-08)
CO -a 50a 6.0(17) 1.7(19) 6.0 0.0 3.6(-05) c, f
CS -a 50a 1.8(15) - 5.0 0.0 1.0(-09) c, f

H2CS -a 50a 5.0(15) - 5.5 0.5 2.1(-10) c

HNCO -a 150a 5.0(15) - 5.0 -2.4 1.8(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.44: Results of the line modelling for 16071−5142
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 1.3(14) - 4.0 1.0 3.6(-10) b

C2H5OH -a 150a 1.3(14) - 2.0 1.0 5.0(-10) b

CCH -a 60 1.8(14) - 4.0 1.0 1.1(-09) c

CH3CN 1.8 170 1.8(14) 1.4(16) 4.0 2.0 3.9(-10)
CH3OCH3 -a 50a 3.8(14) - 4.5 1.0 5.6(-09) b

CH3OCHO-a -a 150a 3.8(14) - 3.0 1.0 4.2(-09) b

CH3OH 1.8 170 1.4(16) 8.5(17) 3.0 2.0 2.3(-08) d

-a 35 1.4(14) - 3.0 0.0 9.8(-09)
CO -a 50a 2.0(15) 3.5(19) 4.3 1.40 8.1(-05) c, f
CS -a 50a 2.0(15) - 5.0 1.0 7.2(-09) c, f

H2CS -a 50a 1.5(15) - 4.8 1.0 1.1(-09) c

HC3N -a 130 1.5(15) - 5.0 1.0 2.8(-10) c

HNCO -a 150a 8.5(17) - 8.5 3.0 5.6(-10) c

SO -a 50a 8.4(15) - 4.0 1.0 2.5(-09) e, f
SO2 -a 50a 3.5(15) - 4.0 1.0 2.0(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.45: Results of the line modelling for 16351−4722

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 1.8(14) - 4.5 -1.3 1.3(-09) c

CH3OH -a 15 1.8(14) - 4.0 -1.00 3.2(-08) d

CO -a 50a 4.5(15) 8.0(18) 4.0 -1.0 4.8(-05) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.46: Results of the line modelling for 16458−4512
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 2.2(14) - 3.5 -1.0 1.3(-09) c

CH3CN -a 60 2.2(14) - 4.5 0.0 1.5(-10)
CH3OH -a 35 2.5(13) - 6.0 0.0 7.8(-09) d

CO -a 50a 2.5(13) 1.9(19) 3.6 0.0 9.5(-05) c, f
CS -a 50a 1.3(15) - 3.5 -0.5 1.6(-09) c, f

H2CS -a 50a 1.3(15) - 6.0 -2.0 3.6(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.47: Results of the line modelling for 16484−4603

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 2.0(14) - 2.5 0.3 1.4(-09) c

CH3OH -a 18 2.0(14) - 3.0 0.0 1.7(-08) d

CO -a 50a 2.5(15) 1.0(19) 3.0 0.5 5.8(-05) c, f
CS -a 50a 2.5(15) - 2.5 0.5 9.0(-10) c, f

H2CS -a 50a 1.0(19) - 2.0 1.0 1.0(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.48: Results of the line modelling for 16524−4300
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 1.4(15) - 4.0 0.0 3.8(-09) c

CH3CN -a 30 1.4(15) - 4.5 -2.0 6.7(-10)
CH3OH -a 20 2.5(14) - 6.0 0.0 2.7(-08) d

CO -a 50a 2.5(14) 3.3(19) 4.0 -1.0 7.3(-05) c, f
CS -a 50a 1.0(16) - 4.0 -1.0 2.7(-09) c, f

H2CS -a 50a 1.0(16) - 4.0 -1.0 5.1(-10) c

SO -a 50a 3.3(19) - 4.0 0.0 2.7(-09) e, f
SO2 -a 50a 2.7(19) - 4.0 0.0 1.6(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.49: Results of the line modelling for 16562−3959

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 30 4.0(14) - 4.0 0.0 2.2(-09) c

CH3OH -a 20 4.0(14) - 3.0 0.0 8.4(-09) d

CO -a 50a 1.5(15) 9.2(18) 3.0 -0.50 4.3(-05) c, f
CS -a 50a 1.5(15) - 3.5 -0.5 2.0(-09) c, f

H2CS -a 50a 9.2(18) - 4.0 -1.0 2.8(-10) c

HNCO -a 150a 7.7(18) - 5.0 -2.4 3.9(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.50: Results of the line modelling for 17136−3617
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 3.8(14) - 4.0 0.5 2.1(-09) c

CH3OH -a 20 3.8(14) - 4.0 0.0 4.8(-09) d

CO -a 50a 8.5(14) 1.4(19) 4.0 0.5 6.7(-05) c, f
CS -a 50a 8.5(14) - 3.0 1.0 1.7(-09) c, f

H2CS -a 50a 1.4(19) - 4.0 0.0 1.7(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.51: Results of the line modelling for 17136−3617, Offset position

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 1.1(14) - 3.0 0.0 9.4(-10) c

CH3OH -a 15 1.1(14) - 4.0 0.0 2.6(-08) d

CO -a 50a 3.0(15) 6.6(18) 2.8 0.0 4.7(-05) c, f
CS -a 50a 3.0(15) - 4.0 0.0 8.6(-10) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.52: Results of the line modelling for 17204−3636
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 5.0(14) - 5.0 0.0 1.4(-09) c

CH3OH -a 18 5.0(14) - 4.0 -1.0 8.4(-09) d

CO -a 50a 3.0(15) 3.3(19) 5.0 -0.5 7.5(-05) c, f
CS -a 50a 3.0(15) - 5.0 -0.5 1.7(-09) c, f

H2CS -a 50a 3.3(19) - 5.0 0.5 1.7(-10) c

HNCO -a 150a 2.7(19) - 5.0 12.0 2.0(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.53: Results of the line modelling for 17258−3637

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CH3OH -a 30 3.0(14) - 4.0 0.0 5.5(-09) d

CO -a 50a 3.0(14) 4.5(18) 3.0 -0.5 6.7(-05) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.54: Results of the line modelling for 17269−3312
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 1.3(14) - 3.0 0.0 9.2(-10) c

CH3OH -a 15 1.3(14) - 3.0 0.0 2.8(-08) d

CO -a 50a 4.0(15) 1.1(19) 2.8 0.0 6.4(-05) c, f
CS -a 50a 4.0(15) - 3.0 -1.0 1.1(-09) c, f

H2CS -a 50a 1.1(19) - 3.0 -2.0 2.1(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.55: Results of the line modelling for 17589−2312

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 35 5.0(14) - 5.0 0.0 8.2(-10) c

CH3CN -a 180 5.0(14) - 5.0 -1.0 1.3(-10)
CH3OCH3 -a 100 8.0(13) - 4.5 -2.0 4.1(-09) b

CH3OCHO-a -a 150a 8.0(13) - 6.0 -3.0 3.3(-09) b

CH3OH 1.0a 190 2.5(15) 2.0(18) 4.0 -2.0 1.0(-08) d

-a 25 2.5(15) - 4.0 -2.0 9.8(-09)
CO -a 50a 2.0(15) 4.7(19) 5.5 -1.0 6.4(-05) c, f
CS -a 50a 2.0(15) - 5.0 -1.5 3.8(-09) c, f

H2CS -a 50a 2.0(18) - 5.0 -1.5 5.2(-10) c

HC3N 0.8 240 6.2(15) 4.0(12) 7.0 1.0 1.3(-14) c

10.0 40 6.0(15) 2.0(12) 7.0 1.0 7.7(-13)
HNCO -a 150a 6.0(15) - 5.0 -2.0 1.1(-10) c

SO -a 50a 4.7(19) - 4.0 -2.2 9.8(-10) e, f
SO2 -a 50a 3.9(19) - 6.0 -2.0 1.6(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.56: Results of the line modelling for 17470−2853
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 25 1.3(14) - 4.0 2.0 1.3(-09) c

CH3OH -a 20 1.3(14) - 6.0 0.0 2.2(-08) d

CO -a 50a 2.2(15) 8.0(18) 2.9 0.0 6.6(-05) c, f
CS -a 50a 2.2(15) - 5.0 0.0 1.1(-09) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.57: Results of the line modelling for 18236−1205

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 20 8.5(13) - 3.0 -6.0 5.4(-10) c

CH3OH -a 15 8.5(13) - 6.0 0.0 4.5(-08) d

CO -a 50a 7.0(15) 1.0(19) 4.0 0.0 5.3(-05) c, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.58: Results of the line modelling for 18319−0834
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 70 2.5(14) - 4.0 2.00 5.3(-10) c

CH3CN 1.5 110 2.5(14) 5.0(16) 3.0 2.0 7.2(-10)
-a 50a 5.0(16) - 3.0 2.0 6.3(-11)

CH3OCH3 -a 150a 3.4(14) - 2.5 0.0 4.2(-09) b

CH3OCHO-a -a 150a 3.0(13) 2.0(15) 6.0 0.0 3.6(-09) b

CH3OH 1.0a 180 3.0(13) 3.0(18) 5.0 -2.0 1.9(-08) d

-a 30 2.0(15) - 6.0 -2.0 8.4(-09)
CO -a 50a 2.0(15) 2.3(19) 4.8 -3.0 4.0(-05) c, f
CS -a 50a 2.0(15) - 5.0 -2.0 2.3(-09) c, f

H2CS -a 50a 1.7(15) - 5.0 -2.0 3.8(-10) c

HC3N -a 150a 3.0(18) - 7.0 0.0 2.1(-10) c

HNCO -a 150a 9.2(15) - 5.0 1.0 1.7(-10) c

SO -a 50a 4.0(15) - 6.0 -1.0 3.2(-09) e, f

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.59: Results of the line modelling for 18335−0713
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 1.0(14) - 6.0 0.0 5.0(-10) b

C2H5OH -a 150a 1.0(14) - 2.0 0.0 7.5(-10) b

CCH -a 50a 1.5(14) - 4.0 0.0 8.5(-10) c

CH3CN 0.8 170 1.5(14) 2.0(16) 4.0 -1.0 1.9(-10)
CH3OCH3 -a 150a 1.7(14) - 4.5 0.0 9.9(-09) b

CH3OCHO-a -a 150a 1.7(14) - 5.0 0.0 5.0(-09) b

CH3OH 1.2 150a 2.0(16) 8.0(17) 3.0 0.0 1.7(-08) d

-a 20 3.9(13) - 3.0 0.0 9.9(-09)
CO -a 50a 2.0(15) 1.2(19) 3.0 1.0 5.0(-05) c, f
CS -a 50a 2.0(15) - 4.0 0.0 1.2(-09) c, f

H2CS -a 50a 1.0(15) - 3.0 0.0 2.5(-10) c

HC3N -a 150a 1.0(15) - 5.0 1.0 1.5(-10) c

HNCO -a 150a 8.00(17) - 8.5 -1.8 9.9(-10) c

SO -a 50a 3.5(15) - 4.0 -2.0 3.5(-09) e, f
SO2 -a 50a 2.00(15) - 4.0 -4.0 3.0(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.60: Results of the line modelling for 15278−5620

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 2.8(14) - 4.0 -11.5 2.3(-09) c

CH3OH -a 25 2.8(14) - 4.0 -9.8 2.6(-08) d

CO -a 50a 3.2(15) 2.0(19) 5.0 -9.8 1.4(-04) c, f
CS -a 50a 3.2(15) - 6.0 -9.8 9.7(-09) c, f

H2CS -a 50a 2.0(19) - 4.0 -9.8 9.7(-10) c

SO -a 50a 1.7(19) - 3.0 -9.8 4.8(-09) e, f
SO2 -a 50a 1.2(15) - 4.0 -11.0 7.2(-09) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.61: Results of the line modelling for 16076−5134
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 4.5(14) - 6.0 -7.3 1.0(-09) c

CH3OH -a 25 4.5(14) - 4.0 -6.9 2.7(-09) d

CO -a 50a 1.2(15) 2.9(19) 5.0 -7.2 5.5(-05) c, f
CS -a 50a 1.2(15) - 4.0 -7.3 1.8(-09) c, f

H2CS -a 50a 2.9(19) - 4.0 -7.3 1.4(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.62: Results of the line modelling for 16172−5028

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 4.5(14) - 6.0 -7.3 1.8(-09) c

CH3OH -a 17 4.5(14) - 4.0 -5.6 1.8(-08) d

CO -a 50a 4.5(15) 1.5(19) 3.0 -5.5 4.9(-05) c, f
CS -a 50a 4.5(15) - 4.0 -5.6 1.2(-09) c, f

H2CS -a 50a 1.5(19) - 4.0 -5.6 1.2(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.63: Results of the line modelling for 16172−5028
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 3.3(14) - 4.0 -1.0 1.4(-09) c

CH3OH -a 20 3.3(14) - 4.0 0.0 1.7(-08) d

CO -a 50a 4.0(15) 1.4(19) 3.0 0.0 5.1(-05) c, f
CS -a 50a 4.0(15) - 4.0 0.0 2.1(-09) c, f

H2CS -a 50a 1.4(19) - 4.0 0.0 2.6(-10) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.64: Results of the line modelling for 16175−5002

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN 1.0 150a 5.0(16) 5.0(16) 4.0 -3.6 3.4(-10) b

CCH -a 50a 1.5(14) - 5.0 -3.7 7.3(-10) c

CH3CN 1.5 160 3.2(14) 1.5(16) 5.0 -4.5 2.3(-10)
CH3OCH3 -a 150a 3.2(14) - 4.5 -3.6 9.1(-09) b

CH3OCHO-a -a 150a 1.5(16) - 5.0 -3.6 4.5(-09) b

CH3OH 1.5 170 1.0(14) 1.0(18) 4.0 -3.5 1.6(-08) d

-a 15 4.0(15) - 4.0 -3.5 1.7(-08)
CO -a 50a 4.0(15) 1.4(19) 5.0 -3.6 2.7(-05) c, f
CS -a 50a 2.0(15) - 5.0 -3.6 1.6(-09) c, f

H2CS -a 50a 2.0(15) - 5.5 -4.0 3.9(-10) c

HC3N -a 150a 1.00(18) - 5.0 -3.60 2.3(-10) c

HNCO -a 150a 6.9(15) - 7.0 -5.5 3.4(-10) c

SO -a 50a 7.50(15) - 5.0 -3.60 1.6(-09) e, f
SO2 -a 50a 7.5(15) - 4.0 -3.60 6.8(-10) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.65: Results of the line modelling for 17016−4142
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
CCH -a 50a 6.2(14) - 4.5 11.0 1.1(-09) c

CH3OH -a 20 6.2(14) - 6.0 0.0 6.3(-09) d

CO -a 50a 3.5(15) 3.1(19) 3.9 0.0 4.6(-05) c, f
CS -a 50a 3.5(15) - 3.3 0.0 7.2(-10) c, f

H2CS -a 50a 3.1(19) - 3.0 -0.4 1.0(-10) c

HNCO -a 150a 2.6(19) - 3.0 6.4 7.2(-11) c

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.66: Results of the line modelling for 17271−3439

Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 6.0(13) - 3.0 0.0 3.1(-10) b

CCH -a 50a 6.0(13) - 4.0 0.0 1.4(-09) c

CH3CCH -a 50a 2.8(14) - 5.5 0.0 7.7(-09) c

CH3CN 7.0 20 2.8(14) 1.0(15) 5.4 0.0 6.6(-10)
1.6 100 1.5(15) 8.0(15) 5.4 0.0 3.2(-10)

CH3OCH3 -a 70 1.5(15) - 4.5 0.0 6.6(-09) b

CH3OCHO-a -a 150a 1.0(15) - 3.0 0.0 2.6(-09) b

CH3OH 1.3 200 1.3(14) 1.0(18) 3.0 -1.0 2.7(-08) d

12.0 50a 8.0(15) 1.0(16) 4.0 0.0 1.6(-08)
CO -a 50a 6.3(13) 2.8(19) 4.5 -0.5 1.2(-04) c, f
CS -a 50a 1.3(15) - 6.0 0.0 1.3(-08) c, f

DCN -a 150a 1.3(15) - 6.0 0.0 1.5(-10)
H2CO -a 20 5.0(14) - 5.0 -1.0 1.0(-09) e

1.6 250 5.0(14) 2.0(16) 5.0 -1.0 8.2(-10)
H2CS -a 50a 1.0(18) - 5.0 0.0 1.3(-09) c

HC3N 1.6 100 5.2(15) 2.0(16) 6.0 -5.0 8.2(-10) c

HNCO 1.6 75 2.8(19) 3.0(16) 6.0 0.0 1.2(-09) c

SO 10.0 50a 2.6(15) 3.0(16) 6.0 0.0 3.6(-08) e, f
SO2 -a 35 2.6(15) - 6.0 0.0 9.2(-08) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.67: Results of the line modelling for 12326−6128
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN 10.0 150a 1.0(14) 1.0(14) 3.0 0.0 4.2(-11) b

CCH -a 50a 2.4(13) - 10.0 -4.0 8.8(-10) c

CH3CCH -a 100 5.0(14) - 7.5 -1.50 4.4(-09) c

CH3CN 1.1 170 5.0(14) 1.5(16) 5.5 4.0 9.9(-11)
1.0a 180 2.5(15) 3.0(16) 5.5 -5.0 1.6(-10)

CH3OCH3 -a 150a 2.5(15) - 2.0 2.0 1.8(-10) b

CH3OCHO-a -a 150a 1.5(16) - 2.0 0.0 1.8(-10) b

CH3OH 1.0a 170 5.6(13) 5.0(17) 3.0 5.0 2.6(-09) d

1.0a 170 3.0(16) 5.0(17) 3.0 -5.0 2.6(-09)
-a 30 9.2(13) - 7.0 -2.0 7.0(-09)

CO -a 50a 1.0(14) 6.3(19) 9.0 -0.5 9.2(-05) c, f
CS 10.0 55 1.0(14) 6.0(15) 7.0 -0.5 2.5(-09) c, f

H2CO -a 20 1.0(14) - 9.0 -2.0 5.8(-10) e

1.0 250 1.0(14) 2.0(17) 7.0 -2.0 1.1(-09)
H2CS -a 50a 5.0(17) - 10.0 -0.5 4.6(-10) c

HC3N -a 150a 1.5(15) - 6.0 0.0 1.8(-11) c

HNCO 1.0a 80 1.5(15) 5.0(16) 6.0 -2.0 2.6(-10) c

SO 4.0 40 4.0(15) 4.0(17) 6.0 -0.5 3.3(-08) e, f
SO2 -a 30 4.0(15) - 10.0 0.0 8.8(-08) e

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.68: Results of the line modelling for 16060−5146
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Species Size Tex Nb(mol) Ns(mol) ∆v Offset Nb/NH2

(") (K) (cm−2) (cm−2) (km s−1) (km s−1)
C2H5CN -a 150a 5.0(13) 5.0(13) 3.0 2.0 1.5(-10) b

CCH -a 50a 4.0(10) - 6.0 -1.0 1.1(-09) c

CH3CCH -a 50a 4.0(10) - 7.0 0.0 1.0(-08) c

CH3CN 5.0 30 3.2(14) 3.0(15) 4.5 -1.0 7.3(-10)
0.7 250 3.2(14) 1.0(17) 4.5 -1.0 5.2(-10)

CH3OCH3 -a 200 0.3(16) - 2.5 3.0 4.5(-09) b

CH3OCHO-a -a 150a 3.0(15) - 3.0 0.0 1.4(-09) b

CH3OH 1.8 140 3.0(15) 7.0(17) 6.0 1.5 2.4(-08) d

13.0 30 2.1(14) 5.0(15) 6.0 e 5.9(-09)
CO -a 50a 1.0(17) 4.0(19) 5.5 -0.5 1.1(-04) c, f
CS 4.0 90 1.5(14) 7.0(16) 5.0 0.0 1.1(-08) c, f

H2CO 1.2 350 1.3(15) 2.0(17) 6.0 -0.5 3.1(-09) e

-a 30 1.3(15) - 6.0 -0.5 1.0(-09)
H2CS -a 50a 4.0(14) - 6.0 0.0 1.0(-09) c

HC3N 0.8 240 4.0(14) 4.0(16) 7.0 1.0 2.7(-10) c

10.0 40 7.0(17) 2.0(15) 7.0 1.0 1.6(-09)
HC3HO -a 150a 6.9(15) - 10.0 -2.0 8.7(-10) c

HCN 4.0 150a 5.0(15) 3.0(16) 6.0 0.0 4.9(-09) c, f
HNCO -a 150a 4.0(19) - 6.0 1.0 3.5(-10) c

SO 8.0 30 3.3(19) 5.0(16) 7.0 1.0 2.9(-08) e, f
SO2 -a 30 7.0(16) - 8.0 0.0 1.0(-07) e

-a 250 3.3(15) - 8.0 0.0 3.5(-09)

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a
few lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on iso-
topologues, see text. The column labeled Offset shows the offset in velocity relative to the
systemic velocity of the source. Ns are the source averaged column densities, Nb are the
beam averaged column densities and Nb/NH2

gives beam averaged abundances.

Table A.69: Results of the line modelling for 16065−5158
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Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 4.4(16) 3.0 0.5 4.9(-07) 8.9e+22
C18O -a 50a 8.0(15) 2.5 0.5 9.0(-08) 8.9e+22

CH3OH -a 15 8.0(14) 3.0 0.0 9.0(-09) 8.9e+22
CS -a 50a 2.9(13) 3.0 0.5 3.3(-10) 8.9e+22

H2CO -a 50a 6.0(13) 3.0 0.0 6.7(-10) 8.9e+22

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.70: Result of the line modelling for 06055+2039

Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 5.5(16) 3.7 0.1 2.2(-07) 2.54e+23
C18O -a 50a 8.3(15) 2.9 0.25 3.3(-08) 2.54e+23

CH3OH -a 20 2.0(14) 3.0 0.0 7.9(-10) 2.54e+23
CS -a 50a 3.0(13) 3.3 0.0 1.2(-10) 2.54e+23

H2CO -a 50a 7.5(13) 3.0 0.0 3.0(-10) 2.54e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.71: Result of the line modelling for 06056+2131

Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 4.0(16) 3.9 -0.10 1.6(-07) 2.5e+23
C18O -a 50a 4.5(15) 3.4 0.0 1.8(-08) 2.5e+23

CH3OH -a 15 5.0(15) 4.0 0.0 2.0(-08) 2.5e+23
CS -a 50a 1.0(14) 3.9 -0.20 4.0(-10) 2.5e+23

H2CO -a 60 3.3(14) 4.0 0.0 1.3(-09) 2.5e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.72: Result of the line modelling for 06058+2138
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Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 4.0(16) 2.3 0.0 3.5(-07) 1.13e+23
C18O -a 50a 6.0(15) 2.5 0.5 5.3(-08) 1.13e+23

CH3OH -a 20 2.5(14) 3.0 1.0 2.2(-09) 1.13e+23
CS -a 50a 1.9(13) 2.4 0.2 1.7(-10) 1.13e+23

H2CO -a 50a 6.0(13) 3.0 1.0 5.3(-10) 1.13e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.73: Result of the line modelling for 06061+2151

Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 3.0(16) 2.40 0.0 5.6(-07) 5.4e+22
C18O -a 50a 4.0(15) 2.0 0.0 7.4(-08) 5.4e+22

CH3OH -a 20 1.0(14) 3.0 0.0 1.9(-09) 5.4e+22
CS -a 50a 4.0(12) 2.0 0.0 7.4(-11) 5.4e+22

H2CO -a 40 2.0(13) 3.0 0 3.7(-10) 5.4e+22

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.74: Result of the line modelling for 06063+2040

Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 60 2.0(17) 3.0 0.0 2.9(-07) 6.88e+23
C18O -a 50a 1.6(16) 2.5 0.0 2.3(-08) 6.88e+23

CH3OH -a 20 5.5(14) 3.0 0.0 8.0(-10) 6.88e+23
CS -a 50a 1.2(14) 2.8 -0.20 1.7(-10) 6.88e+23

H2CO -a 50a 1.1(14) 3.0 0.0 1.6(-10) 6.88e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.75: Result of the line modelling for 06099+1800
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Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 3.5(16) 2.5 0.7 2.3(-07) 1.55e+23
C18O -a 50a 3.3(15) 2.5 1.0 2.1(-08) 1.55e+23

CH3OH -a 25 1.0(14) 3.0 0.0 6.5(-10) 1.55e+23
CS -a 50a 1.9(13) 2.3 0.9 1.2(-10) 1.55e+23

H2CO -a 60 4.0(13) 3.0 0 2.6(-10) 1.55e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.76: Result of the line modelling for 06117+1350

Line Size Tex N(mol) ∆ v Offset Nb/NH2
NH2

" K cm−2 km/s km/s cm−2

13CO -a 50a 2.5(16) 1.6 -0.2 2.5(-07) 1.01e+23
C18O -a 50a 4.1(15) 1.4 -0.2 4.1(-08) 1.01e+23

CH3OH -a 25 1.5(14) 3.0 0.0 1.5(-09) 1.01e+23
CS -a 50a 5.0(12) 1.5 -0.2 5.0(-11) 1.01e+23

H2CO -a 50a 3.0(13) 2.0 0.0 3.0(-10) 1.01e+23

a Fixed Parameter;b based on weak or partially blended lines only; c based on one or a few
lines only; d includes vibrationally excited lines; e non-LTE, see text; f based on isotopo-
logues, see text.

Table A.77: Result of the line modelling for 06155+2319
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Source Mvir

(M⊙)
12326-6245 1.2e+03
14453-5912 3.3e+02
14498-5856 1.1e+03
15278-5620 4.8e+02
15394-5358 3.3e+03
15437-5343 1.1e+03
15557-5215 2.3e+03
16076-5134 3.4e+03
16060-5146 5.3e+03
16065-5158 2.4e+03
16071-5142 2.6e+03
16172-5028 2.5e+03
16175-5002 5.5e+02
16351-4722 8.6e+02
16458-4512 5.4e+03
16484-4603 7.4e+02
16524-4300 8.2e+02
16562-3959 6.2e+02
17016-4142 1.1e+03
17136-3617 5.2e+02
17204-3636 4.8e+02
17258-3637 1.4e+03
17269-3312 5.2e+02
17271-3439 1.2e+03
17470-2853 5.6e+03
17589-2312 5.5e+02
18236-1205 5.2e+02
18319-0834 2.6e+03
18335-0713 2.0e+03

Table A.78: Virial masses.



174Source Pclump/k PS,core/k σS cth Rcore nH,S ṁ∗ t∗f
1.0× 108 1.0× 108 1.0× 10−1 1.0× 10−1 1.0× 10−2 1.0× 105 1.0× 10−4 1.0× 104

(K cm−3) (K cm−3) (km s−1) (km s−1) (pc) (cm−3) (M⊙yr−1) (yr)
12326−3606 1.1 2.9 9.3 8.5 5.5 7.0 3.6 9.1
15278−5620 0.3 0.8 7.2 7.4 6.1 3.4 1.7 13.0
16060−5146 13.8 34.4 12.3 7.9 2.8 47.6 8.4 3.5
16065−5158 1.3 3.3 13.2 7.1 10.3 4.0 10.3 11.9
16065−5158 1.5 3.8 9.5 7.9 5.0 8.9 3.9 8.1
17016−4142 3.1 7.7 10.8 7.9 4.6 13.8 5.7 6.5
17470−2853 0.2 0.6 9.7 8.3 13.0 1.4 4.1 20.5
18335−0713 0.7 1.7 10.7 8.1 9.6 3.1 5.5 13.6

Table A.79: Parameters of the cores derived from the surface density Σ under the assumption of the turbulent core model (McKee &
Tan,2003).
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A.2 Figures
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Figure A.1: Molecular emission of 16065-5158. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.2: Molecular emission of 16065-5158. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.3: Molecular emission of 16060-5146. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.4: Molecular emission of 16060-5146. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.5: Molecular emission of 12326-6245. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.6: Molecular emission of 12326-6245. The best fit synthetic spectrum is over-
plotted (solid line).
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Figure A.7: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue stars
mark the location of the MSX associated MSX point source, while the red triangles mark the
location of the GLIMPSE 8 µm point source.
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Figure A.8: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue stars
mark the location of the MSX associated MSX point source, while the red triangles mark the
location of the GLIMPSE 8 µm point source.
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Figure A.9: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue stars
mark the location of the MSX associated MSX point source, while the red triangles mark the
location of the GLIMPSE 8 µm point source.
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Figure A.10: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue
stars mark the location of the MSX associated MSX point source, while the red triangles
mark the location of the GLIMPSE 8 µm point source.
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Figure A.11: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue
stars mark the location of the MSX associated MSX point source, while the red triangles
mark the location of the GLIMPSE 8 µm point source.
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Figure A.12: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue
stars mark the location of the MSX associated MSX point source, while the red triangles
mark the location of the GLIMPSE 8 µm point source.
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Figure A.13: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue
stars mark the location of the MSX associated MSX point source, while the red triangles
mark the location of the GLIMPSE 8 µm point source.
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Figure A.14: LABOCA 870 µm data. Contours start at 3 σ with steps of 1.4 σ. The blue
stars mark the location of the MSX associated MSX point source, while the red triangles
mark the location of the GLIMPSE 8 µm point source.
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Figure A.15: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.16: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.17: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.18: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.19: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.20: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.



196

Figure A.21: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.22: LABOCA 870 µm data (as contours) overplotted on Spitzer GLIMPSE 8 µm
data. Contours start at 3 σ with steps of 1.4 σ.
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Figure A.23: The LABOCA 870µm emission (color-scale and black contours) with the RMS
3cm continuum emission (Urquhart et al. 2007) on top (green contours). For the source
17016-4124, only 6 cm emission data was available.
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Figure A.24: 338 GHz setup for 14453-5912. The synthetic model spectrum is shown in red.

Figure A.25: 338 GHz setup for 14498-5856. The synthetic model spectrum is shown in red.
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Figure A.26: 338 GHz setup for 15394-5358. The synthetic model spectrum is shown in red.

Figure A.27: 338 GHz setup for 15437-5343. The synthetic model spectrum is shown in red.
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Figure A.28: 338 GHz setup for 15557-5215. The synthetic model spectrum is shown in red.

Figure A.29: 338 GHz setup for 16071-5142. The synthetic model spectrum is shown in red.
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Figure A.30: 338 GHz setup for 16351-4722. The synthetic model spectrum is shown in red.

Figure A.31: 338 GHz setup for 16458-4512. The synthetic model spectrum is shown in red.
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Figure A.32: 338 GHz setup for 16484-4603. The synthetic model spectrum is shown in red.

Figure A.33: 338 GHz setup for 16524-4300. The synthetic model spectrum is shown in red.
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Figure A.34: 338 GHz setup for 16562-3959. The synthetic model spectrum is shown in red.

Figure A.35: 338 GHz setup for 17136-3617. The synthetic model spectrum is shown in red.
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Figure A.36: 338 GHz setup for 17136-3617. The synthetic model spectrum is shown in red.

Figure A.37: 338 GHz setup for 17204-3636. The synthetic model spectrum is shown in red.
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Figure A.38: 338 GHz setup for 17258-3637. The synthetic model spectrum is shown in red.

Figure A.39: 338 GHz setup for 17269-3312. The synthetic model spectrum is shown in red.
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Figure A.40: 338 GHz setup for 17589-2312. The synthetic model spectrum is shown in red.

Figure A.41: 338 GHz setup for 17470-2853. The synthetic model spectrum is shown in red.
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Figure A.42: 338 GHz setup for 18236-1205. The synthetic model spectrum is shown in red.

Figure A.43: 338 GHz setup for 18319-0834. The synthetic model spectrum is shown in red.
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Figure A.44: 338 GHz setup for 18335-0713. The synthetic model spectrum is shown in red.

Figure A.45: 338 GHz setup for 15278-5620. The synthetic model spectrum is shown in red.
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Figure A.46: 338 GHz setup for 16076-5134. The synthetic model spectrum is shown in red.

Figure A.47: 338 GHz setup for 16172-5028. The synthetic model spectrum is shown in red.
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Figure A.48: 338 GHz setup for 16172-5028. The synthetic model spectrum is shown in red.

Figure A.49: 338 GHz setup for 16175-5002. The synthetic model spectrum is shown in red.
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Figure A.50: 338 GHz setup for 17016-4142. The synthetic model spectrum is shown in red.

Figure A.51: 338 GHz setup for 17271-3439. The synthetic model spectrum is shown in red.
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A change in intensity ratios found in identical observations
between summer 2006 and summer 2007

C. Hieret & P. Schilke

28.08.2007
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Figure A.52: Setup at 338 GHz in 17233-3606 for both ffts units. The spectrum observed in
August 2006 is overplotted in red on the spectrum of July 2007(black). The green tags mark
the USB lines, the blue tags the LSB lines.

Figure A.53: Setup at 338 GHz in 17233-3606 for both ffts units. In this setup, the ffts units
have been switched in the July 2007 observations. The spectrum observed in August 2006 is
overplotted in red on the spectrum of July 2007 (black). The green tags mark the USB lines,
the blue tags the LSB lines.

Description of the Observations

Several observations done in summer 2006 with the APEX 2a receiver were re-observed
this July, using the same setups and positions. Comparing this observations to the one from
summer 2006, S. Leurini and S. Thorwirth observed a change inintensity affecting several
sources and frequency setups. The same has been reported by A. Belloche regarding another
project, which is not included here.
The data of 2007 has been observed on the 06.07.2007.

As a first check, we made sure that pointing and focus corrections were properly applied,
that the quality of the pointing was good and that the pointing source was observed at the
right position in both years.
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Figure A.54: Setup at 290 GHz in 17233-3606 for both ffts units. The spectrum observed in
August 2006 is overplotted in red on the spectrum of July 2007(black).The green tags mark
the USB lines, the blue tags the LSB lines. Note the 50 MHz shift between the two setups.

Figure A.55: Setup at 338 GHz in 16060-5146 for both ffts units. The spectrum observed
in August 2006 is overplotted in red on the spectrum of July 2007 (black). left figure: July
2007 FFTS101 and August 2006 FFTS102. right figure: July 2007FFTS102 and August
2006 FFTS101. The green tags mark the USB lines, the blue tagsthe LSB lines.
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Figure A.56: The fits for the LSB line ratios for each ffts unitin 17233-3606 at 338 GHz. left
figure: FFTS 102 for August 2006 and FFTS 101 and FFTs 102 for July 2007. right figure:
FFTS 101 for August 2006 and FFTS 101 and FFTs 102 for July 2007. The fit parameters a
and b are shown in the plot.
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Figure A.57: The fits for the USB line ratios for each ffts unitin 17233-3606 at 338 GHz.
Left figure: FFTS 101 for August 2006 and FFTS 101 and FFTs 102 for July 2007. right
figure: FFTS unit 102 for August 2006 and FFTS 101 and FFTs 102 for July 2007.The fit
parameters a and b are shown in the plot.

This change in intensities seems to be not uniform over the whole band. In order to
analysis this problem further, we have obtained the ratios of the areas under the lines for
each sideband and plotted them versus IF frequency. This wasthen fitted with a linear fit
(f(x)=ax+b) for each ffts unit seperately.

Fits to the Line Ratios in USB and LSB

Comparison of the Fits

338 GHz
In the lower sideband, there is a clear trend visible in the data of 17233-3606, were the

line ratios get bigger over the band. There is a small inconsistency at the edges of the two
IFs, so that one cannot say for sure that the trend is consistent over the two units, but given
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Figure A.58: The fits for the LSB line ratios for each ffts unitin 16060-5146 at 338 GHz.
Left figure: FFTS 102 for August 2006 and FTTS 101 for July 2007. right figure: FFTS unit
101 for August 2006 and FTTS 102 for July 2007.The fit parameters a and b are shown in
the plot.
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Figure A.59: The fits for the USB line ratios for each ffts unitin 16060-5146 at 338 GHz.
Left figure: FFTS 101 for August 2006 and FTTS 102 for July 2007. right figure: FFTS unit
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the fact that the quality of the spectra is known to degrade somewhat towards the edges of
the units, it looks like the trend continues in both units within the errors introduced by taking
into account line ratios from the edges of the ffts units. Onecan also see that the trend is the
same, irregardless of which unit (ffts 101 or 102) was used for the observations.
16060-5146 shows a similar trend. It has to be taken into account however that in the spectra
of 16060-5146 not as many lines as in 17233-3606 are visible and the weaker ones are often
very noisy. The continuos trend in 17233-3606 seems to be themore reliable one.
For the upper sideband, a trend is not so clearly visible. In 17233-3606 it looks like there
is a trend to lower ratios over the band, even though for the IF-1000 to 0 MHz band, the
fit shows only a very weak trend. In the same band in 16060-5146, the downwards trend is
stronger.

290 GHz
For the 290 GHz spectra in 17233-3606, we only obtained a fit for the LSB, due to a lack

of suitable data points in the USB.
In both FFTS units, the line ratio is roughly constant, about1.4 for IF -1000 to 100 MHz and
1.5 for IF 0 to 1000 MHz.
When comparing the results for 290 GHz with those for 338 GHz,it has to be noted that the
backends for 290 GHz were shifted by 50 MHz with respect to each other between July 2007
and April 2006 and that the receiver was tuned again when swhitching from 338 GHz to 290
GHz.

Errors in the Plots

To get a rough idea about the errors in the fits, one has to take into account that 16060-
5146 is not as line rich as 17233-3606, so the lines are eitherweaker and therefore noisier,
leading to larger errors in the fits, or not even there, in which case the fits have to be done
with less data points. Therefore the fits of 17233-3606 seem more reliable.
In case of line blendings, where the contributions from eachsideband can’t be detangtled,
the points were not included in the fit. The same applies to points where one spectrum was
so noisy that no reliable ratio could be calculated.

Summary of Fit Results

To summarise, one can say that for the LSB there is a trend towards larger line ratios with
growing IF frequency, which is displayed both in 17233-3606and 16060-5146 at 338 GHz.
In the USB, the trend seems to be reverse with the exception ofthe IF range -1000 to 0 MHz
in 17233-3606 which seems constant.
After tuning the receiver to 290 GHz (to a setup with the backend units shifted by 50 MHz
compared to April 2006), the trend is no longer visible in theLSB. Now the ratios seems to
be constant over the IF range, even though not at the same level in both FFTS units. For the
USB no fit could be obtained.
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Possible Solutions

An intensity ratio as the one we are seeing in the data can in general have two main
reasons. It might either be a problem in the receiver, which was replaced between the two
sets of observations (Winter 2006) or a pointing problem. Wehave checked the pointing in
both years and are fairly sure that it was ok both times, but nevertheless a map around the
sources should be done to check for extended structure in thesources which could explain
a possible intensity offset in case of wrong pointing. Silvia Leurini had already send setups
and coordinates to Christophe Risacher to do these maps.
Another scenario that needs to be checked is how the intensity ratios behave when the FFTS
units are shifted with respect to each other.
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