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Abstract

Context. How massive stars (M>8 Mg) form and how they accrete gas is still an open research
field, but it is known that their influence on the interstellar medium (ISM) is immense. Star
formation involves the gravitational collapse of gas from scales of giant molecular clouds
(GMCs) down to dense hot molecular cores (HMCs). Thus, it is important to understand the
mass flows and kinematics in the ISM.

Aims. This dissertation focuses on the detailed study of the region NGC 6334, located in
the Galaxy at a distance of 1.7 kpc. It is aimed to trace the gas velocities in the filamentary,
massive star-forming region NGC 6334 at several scales and to explain its dynamics. For
that purpose, different scales are examined from 0.01-10 pc to collect information about the
density, molecular abundance, temperature and velocity, and consequently to gain insights about
the physio-chemical conditions of molecular clouds. The two embedded massive protostellar
clusters NGC 63341 and I(N), which are at different stages of development, were selected to
determine their infall velocities and mass accretion rates.

Methods. This astronomical source was surveyed by a combination of different observatories,
namely with the Submillimeter Array (SMA), the single-dish telescope Atacama Pathfinder
Experiment (APEX), and the Herschel Space Observatory (HSO). It was mapped with APEX in
carbon monoxide (13CO and C'80, J=2-1) at 220.4 GHz to study the filamentary structure and
turbulent kinematics on the largest scales of 10 pc. The spectral line profiles are decomposed
by Gaussian fitting and a dendrogram algorithm is applied to distinguish velocity-coherent
structures and to derive statistical properties. The velocity gradient method is used to derive
mass flow rates. The main filament was mapped with APEX in hydrogen cyanide (HCN) and
oxomethylium (HCO+, J=3-2) at 267.6 GHz to trace the dense gas. To reproduce the position-
velocity diagram (PVD), a cylindrical model with the radiative transfer code Line Modeling
Engine (LIME) is created with a collapsing velocity field. Both clusters NGC 63341 and I(N)
were observed with the interferometer SMA in HCN (J=4-3) at 354.5 GHz at the smallest
scales of 0.01 pc. The combination of interferometric and multi-frequency single-dish data gives
a wide range of rotational transitions, which probe the gas at different excitation conditions and
optical depths. The molecule HCN and its isotopologues H'3CN/HC! N trace radii of a HMC
from 1.0-0.01 pc by a range of level energies (E,=4-1067 K) and optical depths (=100-0.1).
The HMCs, which have a rich line spectra, are analyzed by using 1D (myXCLASS) and 3D
numerical radiative transfer codes (RADMC-3D and LIME) in and outside of local thermodynamic
equilibrium (LTE). Multiple components and the fragmentation of the clusters are modeled
with these tools. Together with the optimization package MAGIX, the data are compared and
reproduced with synthetic maps and spectra from these models.

Results. 1. The main filament shows a velocity gradient from the end toward its center, where
the most massive clumps accumulate at both ends, in accordance to predictions of a longitudinal
contraction. The 3D structure is determined by taking the inclination and curvature of the
filament into account, and the free-fall time is estimated to ~1 Myr; 2. The total gas mass is
2.3E5 Mg, and the average temperature 20 K. The majority of the velocity gradients are aligned
with the magnetic field, which runs perpendicular to the filaments. The calculation of the average
Mach numbers yields a turbulence which is super-sonic (Ms=5.7) and sub-Alfvénic (M =0.86).
In general, the derived scaling relations are in agreement with Larson’s relations. 3. The SMA
observations reveal multiple bipolar molecular outflows, blue asymmetric infall profiles, rotating



cores and an ultra compact (UC) HII region in NGC 63341 which affects the surrounding gas.
The average mass accretion rates are 1E-3 Mg/yr for the envelopes and 3E-4 My/yr for the
cores, where the latter are derived from modified Bondi-Hoyle models. The orientation of the
magnetic field is in NGC 6334I(N) consistent over all scales and most outflows are aligned
perpendicular to it; 4. In the line surveys of the HMCs, 20 different molecules are identified
with typical temperatures of 100 K. A cruel separation between the HMCs of the clusters is
determined on the basis of the relative abundances.

Conclusions. The combination of single-dish with interferometric data is helpful to constrain
the parameter space of a model. The envelope hinders the determination of infall velocities in
HMC:s via line profiles. Systematic motions as a result of gravitational attraction are difficult to
find because of the turbulent nature of the ISM. The magnetic field energy in NGC 6334 is as
important as the kinetic energy and regulates partly the direction of the inflowing gas and thus
the geometry and collapse of the molecular clouds. NGC 6334 is heavily affected by the HII
regions (produced by the OB stars), and the free-fall time and mass surface density suggest that
it classifies as a starburst system.



Kurzzusammenfassung (abstract in German language)

Kontext. Im Rahmen dieser Dissertation wird die Entstehung von schweren Sternen (M>8 M)
untersucht und wie sie Gas akkretieren. Dies ist noch immer ein offenes Forschungsfeld,
aber es ist bekannt, dass sie einen immensen Einfluss auf das interstellare Medium (ISM)
haben. Sternentstehung beinhaltet den gravitativen Kollaps von Gas auf Skalen von gigantischen
Molekiilwolken (GMCs) bis herunter zu dichten heiflen Molekiilkernen (HMCs). Daher ist ein
Verstidndnis der Massenfliisse und der Kinematik im ISM duferst wichtig.

Ziele. Der Fokus wird auf die detaillierte Studie der Region NGC 6334 gelegt, welche sich
in der Galaxis bei einem Abstand von 1.7 kpc befindet. Es wird darauf gezielt, die Gas-
geschwindigkeiten in der filamentartigen, massiven Sternentstehungsregion NGC 6334 auf
mehreren Skalen zu verfolgen und deren Dynamik zu erkldren. Zu diesem Zweck werden
verschiedene Skalen von 0.01-10 pc untersucht um Informationen iiber die Dichte, Molekiil-
hiufigkeit, Temperatur und Geschwindigkeit einzusammeln, und damit konsequenterweise
Einsichten in die physikalisch-chemische Beschaffenheit von Molekiilwolken zu gewinnen.
Die zwei eingeschlossenen massiven proto-stellaren Cluster NGC 63341 und I(N), welche
sich in unterschiedlichen Entwicklungsstadien befinden, wurden selektiert um deren Kollaps-
geschwindigkeiten und Massenakkretionsraten zu bestimmen.

Methodik. Diese astronomische Quelle wurde durch eine Kombination von verschiedenen Obser-
vatorien beobachtet, ndmlich mit dem Submillimeter Array (SMA), dem Radioteleskop Atacama
Pathfinder Experiment (APEX) und dem Weltraumobservatorium Herschel (HSO). Sie wurde
mit APEX in Kohlenstoffmonoxid (**CO und C'80, J=2-1) bei 220.4 GHz kartiert um die
filamentartige Struktur und turbulente Kinematik auf den gréBten Skalen von 10 pc zu studieren.
Die Spektrallinenprofile werden durch Gauf3-Anpassungen zerlegt und ein Dendrogram Al-
gorithmus wird angewendet um geschwindigkeits-kohérente Strukturen zu unterscheiden und
statistische Eigenschaften abzuleiten. Die Geschwindigkeitsgradientenmethode wird verwendet
um die Massenflussraten zu bestimmen. Das Hauptfilament wurde mit APEX in Cyanwasser-
stoff (HCN) und Oxomethylium (HCO™, J=3-2) bei 267.6 GHz Kartiert um das dichte Gas
zu sondieren. Um das Positions-Geschwindigkeits-Diagramm (PVD) zu reproduzieren wird
ein zylindrisches Modell mit dem Strahlungstransportprogramm Line Modeling Engine (LIME)
erstellt mit einem kollabierenden Geschwindigkeitsfeld. Beide Cluster NGC 63341 und I(N)
wurden mit dem Interferometer SMA in HCN (J=4-3) bei 354.5 GHz beobachtet auf den
kleinsten Skalen von 0.01 pc. Die Kombination von multi-frequenten Daten des Interferometers
und der Teleskope ergibt einen weiten Bereich von Rotationsiibergédngen, welche das Gas bei
unterschiedlichen Anregungszustidnden und optischen Tiefen erproben. Das Molekiill HCN
und dessen Isotopologe H'>CN/HC!°N sondieren Radien von HMCs von 1.0-0.01 pc auf-
grund einer Reihe von Energielevel (E,=4-1067 K) und optischen Tiefen (r=100-0.1). Die
HMCs, welche ein reiches Linienspektrum haben, werden mit 1D (myXCLASS) und 3D nu-
merischen Strahlungstransportprogrammen (RADMC-3D und LIME) analysiert, innerhalb und
auBerhalb des lokalen thermodynamischen Gleichgewichtes (LTE). Mehrere Komponenten und
die Fragmentierung des Clusters werden mit diesen Werkzeugen modelliert. Zusammen mit
dem Optimierungspaket MAGIX werden die Daten mit den synthetischen Karten und Spektren
der Modelle verglichen und reproduziert.

Resultate. 1. Das Hauptfilament zeigt einen Geschwindigkeitsgradienten von den Enden in
Richtung Zentrum, wo sich an beiden Enden die massivsten Akkumulationen befinden, in Uber-



einstimmung mit Vorhersagen einer longitudinalen Kontraktion. Die 3D Struktur wird bestimmt
durch die Beriicksichtigung der Inklination und Elliptizitit, und die freie Fallzeit wird auf
~1 Myr geschiitzt; 2. Die totale Gasmasse ist 2.3E5 Mg und die durchschnittliche Temperatur
20 K. Die Mehrheit der Geschwindigkeitsgradienten ist mit dem Magnetfeld orientiert, welches
senkrecht zu den Filamenten verlduft. Die Berechnung der durchschnittlichen Machzahlen ergibt
eine Turbulenz, welche super-sonisch (Ms=5.7) und sub-Alfvén (M =0.86) ist. Allgemein sind
die abgeleiteten Skalenrelationen in Ubereinstimmung mit Larsons Relationen. 3. Die SMA
Beobachtungen zeigen mehrere bipolare molekulare Ausfliisse, blau-verschobene asymmetrische
Spektrallinienprofile, rotierende Kerne und eine ultrakompakte (UC) HII Region in NGC 63341,
welche das sich umgebende Gas beeinflusst. Durchschnittliche Massenakkretionsraten von
1E-3 Mg/yr fiir die Hiillen und 3E4 Mg/yr fiir die Kerne werden abgeleitet, wobei letzteres
durch modifizierte Bondi-Hoyle Modelle berechnet wird. Die Orientierung des Magnetfelds ist
in NGC 6334I(N) konsistent iiber alle Skalen, und die meisten Ausfliisse sind senkrecht dazu
ausgerichtet; 4. In den Liniendurchmusterungen der HMCs werden 20 verschiedene Molekiile
identifiziert mit typischen Temperaturen von 100 K. Eine grobe Separierung der HMCs der
Cluster ist feststellbar anhand der relativen Haufigkeiten.

Schlussfolgerung. Die Kombination von Interferometer- mit Teleskop-Daten ist hilfreich um
den Parameterraum eines Modells einzuschrianken. Die Hiille verhindert die Bestimmung der
Kollapsgeschwindigkeiten aus den Linienprofilen. Systematischen Bewegungen als Folge von
Akkretion oder gravitativer Anziehung sind schwierig zu finden aufgrund der turbulenten Natur
des ISM. Die Energie des Magnetfelds in NGC 6334 ist so bedeutsam wie die kinetische Energie
und reguliert teilweise die Richtung des einfallenden Gases und somit die Geometrie und den
Kollaps der Molekiilwolken. NGC 6334 ist stark beeinflusst von den HII Regionen (produziert
von OB Sternen), und die freie Fallzeit und hohe Massenoberflichendichte weisen darauf hin,
dass es als ein Sternenausbruchsystem klassifiziert werden kann.
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1. Introduction

1.1. Motivation and outline

Astrophysics is about the nature of stars (derived from the Greek language, astron=star and
physice=science of nature), which includes their birth, evolution and death. The overall context
of this thesis is the question of how massive stars form and what determines their final mass.
From several theoretic and observational point of views, it is established that they form and
evolve in a different way than low-mass stars. Because these massive protostars are embedded
in dense clouds and clustered environments, it is attempted to answer the question by following
the gas dynamics from the largest to the smallest spatial scales by several orders of magnitude
from 1E-2 pc to 1E2 pc. The goal is to collect information about the global mass flows from
the filaments to the clusters, and within the clusters onto the embedded cluster members where
the protostars reside. The different scales are probed by the usage of several molecular line
tracers, mainly CO and HCN, to span a range in the gas density from n=1E3-1E7 1/cm?.
Therefore, this work focuses on the gas kinematics of dense clouds and studies one particular
massive star-forming region in detail, instead of making conclusions about a statistical sample
of different regions. One hypothesis is that it should be able to observe the accretion rates
of HMCs with modern telescopes on several scales in the velocity maps, because they must
be supplied by inflowing gas streams to maintain these high rates for their life timescales of
approximately 0.1 Myr. If the gas mass reservoir is pre-assmbled or constantly replenished and
newly distributed is an open question in the theory of massive star formation, and high-resolution
observations of two massive protostellar clusters are used to verify these scenarios.

Out of the several divisions in astrophysics, this thesis is classified more into the fields of
astronomical observations and astrophysical analyzes, and less into technical or theoretical
aspects (e.g., by computer simulations). The thesis is structured as follows: Chap. 3—6 present
the analysis of new data (obtained from 2010-2013) from different telescopes of the astronomical
source NGC 6334, supported with public data from large surveys. In general, the chapters
are ordered from the large to the small scale observations of this region, and can be read
independently as they do not build on one another.

e Chap. 1 summarizes the current knowledge of the ISM, of (massive) star formation and
introduces the source NGC 6334. Different theories are presented for the explanation of
the formation of GMCs and massive protostars, which are tested by the observations and
models in the following chapters.

e Chap. 2 elaborates on the experimental methods and tools which are used in submm
astrophysics to clarify how this knowledge is obtained in practice. It therefore comprises
and repeats the fundamentals of this specific area of astronomy, on which the following
chapters rely and build on. For a more detailed review about the topics in this chap.
(especially on more technical aspects), see Wilson et al.| (2009). The methods used for the
analysis of the data are specified in the respective chapters 3—6.

e Chap. 3 presents HCN/HCO™ (J=3-2) observations with APEX of the dense gas of
the main filament of NGC 6334, which has a total length of 12 pc. It is based on the
published paper |Zernickel et al. (2013)), and includes an additional section and further
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explanations. The PVD is compared with analytical descriptions of collapsing filaments
and is reproduced by a radiative transfer model.

e Chap. 4 describes NGC 6334 on the largest scales of 60 pc by '3CO (J=2-1) observations
with APEX. This molecular line transition traces the less dense gas (n=1E3—1ES 1/cm?)
and therefore allows probing the subfilaments surrounding the main filament. A velocity
gradient method and structure function is applied to characterize the velocity field and
turbulence. The main results are obtained from statistical methods, among others by the
usage of a dendrogram algorithm, and the different energy contributions are derived.

e Chap. 5 presents the smallest scales (0.01-1 pc) of the two selected massive protostellar
clusters NGC 63341 and NGC 6334I(N), which were observed with SMA, APEX and
HSO. The molecule HCN and its isotopologues are used to trace the most dense gas of
HMCs (n=1E7 1/cm?), and the several kinematic components (infall, outflow, rotation)
are investigated by using 3D radiative transfer models. A connection to the larger scales is
made in terms of the geometry and the mass accretion rate.

e Chap. 6 is a successor of chap. 5 and consists of molecular line surveys of different HMCs
within NGC 63341 and I(N), and their astrochemical properties are compared among each
other.

e Chap. 7 presents the conclusion and gives an outlook for possible future studies.

A list of abbreviations (acronyms and molecules) and astrophysical units, which are used in the
following throughout this work, are listed in the appendix [A]and [B] Some numbers are presented
in the scientific E notation, where aEb indicates a x 10°. Computer codes and programs are
marked in the typewriter font, whereas all variables are typeset in italics. The language
follows the standard conventions of American English. All figures in chap. 1-2 are taken from
references, whereas all the figures presented in chap. 3—7 are original.

1.2. The ISM

A brief overview of the ISM is given and its connection to star formation is discussed. Several
aspects of the physics and chemistry of the ISM are reviewed by [Tielens| (2005)), Kwok] (2007,
and Klessen and Glover (2014). These reviews are taken as a reference for the remaining
section. What makes the study of the ISM complex is the fact that there are interplays of several
physical mechanism: gravitation, thermodynamics, turbulence, magnetism, etc. In addition, it is
necessary to understand the microscopic scales (on levels of atoms and molecules) to understand
the macroscopic scales (on parsec). Because NGC 6334 is a source in the Milky Way Galaxy and
massive star formation can only be studied in detail locally, the remaining focus lies on Galactic
star formation. For a review about extragalactic studies, see |Kennicutt and Evans|(2012). An
important relationship that connects the local and extragalactic scales is the Kennicutt-Schmidt
law, eq.[I.1] which was derived from observations of star formation in several galaxies. It states
that the star formation rate surface density XspR is proportional to the gas surface density Zy,5 as

gas

Mo/ P02

1.4+0.15
) X Mo /yr/kpc? . (1.1)

Ysrr = (2.5+0.7)E-4 (
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This relation is valid on very large scales of Mpc and is based on statistical averages, but it fails
for individual GMCs. Out of all values, high density regimes are considered to be present when
2oas>100-300 M@/pcz, which are then called starbursts (galaxies).

The total mass of the ISM in the Galaxy is about 1E10 Mg or 1% of the total mass in the
Galaxy, which has 1E11 stars (Stahler and Palla, 2005). The ISM consists mainly of primordial
gas, which elemental constituents are composed of about 70% hydrogen (H), 28% Helium (He)
and the rest are heavier elements called metals. Besides of H and the chemically inert He, the
most abundant metals are carbon (C), nitrogen (N) and oxygen (O). The different phases of the
ISM can be distinguished by the chemical states of matter of hydrogen (or carbon): ionized
(HID), neutral (HI) or molecular (H,). In the case of carbon, these are CII, CI or CO. In general,
the neutral phase is distinguished into a cold neutral medium (CNM) at temperatures of 7=100 K
and into the warm neutral medium (WNM) at T=1E4 K, because these two phases are stable
under certain pressures. The ionization energy of H is 13.6 eV, and similar values are found for
C(11.3eV),N (14.5eV) and O (13.6 €V). The dissociation energy of H, is 4.5 eV, and of CO
11.9 eV. The H-to-H, transition occurs at a visual extinction of Ay=0.1-0.2, which corresponds
to a hydrogen column density of N(H)=2E20 1/cm?. The dissociation of molecules in molecular
clouds is protected by a mechanism called self-shielding for H, and by interstellar dust. At the
boundaries of molecular clouds, this mechanism shields the molecular gas from the interstellar
radiation field (ISRF), which originates from different sources at different wavelengths. When
H, absorbs a UV photon, an effect called UV pumping leads to an excitation of H, into a higher
vibrational state and will not lead directly to a photodissociation. At higher densities, this
excessive energy of H, is released by collisions with other particles in the gas. Dust is heated
by UV photons via the photoelectric effect. In the UV range (6—13.6 eV), the energy density
is often expressed in units of the Habing field Go=5.3E-14 erg/cm?’. If molecular clouds are
exposed to UV photons (6—-10 eV), a so-called photon dominated or photo dissociated region
(PDR) develops with a layered structure. Below 7" = 100 K, CO and the fine structure lines of
[CII], [CI] and [OI] are the most efficient cooling lines in molecular clouds.

The average galactic conversion factor from CO-to-Hy, called Xco factor (eq. [I.2), relates the
integrated CO line intensities to molecular column densities. According to | Dame et al.| (2001)),
this is

Xco = N(H,)/Wco = (1.8 +£0.3)E20 1/(cm? K kmy/s) . (1.2)
But as pointed out above, CO forms at higher Ay than H, and misses the content of H, at the
surface of the molecular cloud, which mass is comparable to the molecular one (mass fraction
of 50-100%, Grenier et al.|[2005). This gas is called "dark gas" (invisible in CO and HI) and
can be inferred by [CII], [CI] or gamma rays through interaction of H, with cosmic rays (CR).
Cosmic rays or particles consist mainly of energetic protons and He nuclei, with energy ranges
from E=100 MeV-1 TeV and an overall energy distribution of N(E) « E -3 (Blasi, 2014). The
origin of the accelerated particles at the highest energies is mostly unknown. Fig. [I.1]illustrates
that two constituent of the ISM in the Galactic plane at different wavelengths, dust in the optical
window seen in extinction and molecular gas emission from CO at submm wavelengths, are
well associated with each other.
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Figure 1.1.: The Galactic plane, as viewed from earth in the optical window (top) and in the
submm window (bottom) by molecular gas. Adapted from Dame et al.| (2001).

. IMF
10" Kroupa (2001)

_———

’\ [

4
P
1 s

Number of objects per mass bin: AN/AlogM

I
y
|
|
|
i
10" v
L. \ l
. system |
L 7 IMF |
- Chabrier |
(2005) |
Incomplete |
sampling |
1 C ( 5 | i
T

1
Mass, M (Mg)

Figure 1.2.: The IMF according to Kroupa and Chabrier, together with the CMF in the Aquila
region and clump mass function. Adapted from André et al.|(2010).




16 1. Introduction

The initial mass function (IMF), eq. [I.3]and shown in fig. [[.2] is a histogram of the stellar
masses at birth, namely the number N of stars per mass interval dM. Salpeter (1955) found for
stars with M > 1 Mg, the relation

EM) =dN/dM oc dM™S | (1.3)

where the slope is constant and has a value of ag = 2.35. In logarithmic scales, the IMF is
&llog(M)] o« dM™ with x = as — 1. The IMF is a cornerstone for the understanding of the
stellar population and evolution in the universe, although its universality is debated. Several
parameterizations exist for the IMF over all mass ranges, where the Kroupa IMF (Kroupa, |2001)
and Chabrier IMF (Chabrier, 2003)) are the most common ones. The Chabrier IMF includes a
theoretical description of its origin, where the IMF is approximated by a log-normal function for
M < 1 Mg and for M >1 Mg by the Salpeter slope. The mean mass is around M, = 0.2 Mg
with a variance of logarithmic mass of 0.6. Observational constraints in the determination of
the IMF are set at the higher end because massive stars become too rare, and at the lower end
because substellar objects (such as brown dwarfs) become too faint. One consequence of the
IMF is that out of all new born stars, only about 2% of them will have masses of M > 8 Mg.
Similarly to the stages prior to the stellar birth, the core mass function (CMF) can be described
at the higher mass end by a slope acmr & as. The resemblance and similar slopes between the
IMF and CMF, where the CMF is shifted on the axis to higher masses, thus makes it likely that
the properties of the IMF are developed in the star formation process, where an efficiency factor
€ accounts for the shift and the fact that not all cores form stars. A survey of molecular clouds
on bigger scales revealed that the clump mass function also has a negative constant slope, which
is flatter and in the range acjouq = 1.5-2.0 (Kramer et al., [1998)).

1.2.1. Interstellar dust

For a review about the properties of interstellar dust, see |Draine (2003)). Historically, the
existence of dust grains was inferred from a frequency dependent absorption of light against
luminous sources. The so-called "reddening" (similar to phenomena in the earth’s atmosphere)
must be caused by small particles with sizes a at sub-micrometer scales a <1E7 m. More
smaller grains exist than bigger grains, because the size distribution scales as N(a) o« a=3-.
Their total mass is usually approximately 1% of the gas mass in the ISM, i.e., the gas-to-dust
mass ratio is 100. Interstellar dust mainly consists of silicates, graphites and PAHs (polycyclic
aromatic hydrocarbons) with an irregular structure. One evidence for this is that the silicon
monoxide (Si0) abundance is enhanced in shocked regions, such as molecular outflows, which
is explained by the destruction of dust grains (Schilke et al., [1997). As these elements are only
produced in the late stages of evolved stars, the origin of dust is located in the ejections of stellar
winds and in the remnants of supernovae. Stars at the asymptotic giant branch at the end of
their lifetime eject carbon and silicates to the ISM. It is possible that some compounds of dust
produce the unknown features of the diffuse interstellar bands, which are present in absorption
from the UV to the IR.

The interactions with the ISM have at least three important consequences: First, the dust
emission is responsible for most of the emission in the IR by absorbing the stellar radiation
energy in the VIS. They are thus important coolants at higher densities. Secondly, they interact
with the interstellar magnetic field which can be deduced from polarization measurements.
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The photons are scattered by the non-spherical spinning dust grains, which are aligned with
their long axis perpendicular to the magnetic field through "radiative torque" (Lazarian, [2007).
Consequently, the thermal radiation is polarized linearly and perpendicular to the magnetic
field orientation. Thirdly, they play an important role in astrochemistry, because the dust grain
mantles serve as a surface where ices can form, such as CO/H, 0O, and molecules such as H,.

1.2.2. Astrochemistry

A review about the chemical evolution in star-forming regions is given by |van Dishoeck and
Blake (1998)). The fact that interstellar chemistry (i.e., the formation of molecular bonds) must
happen in space was found by the detection of interstellar molecules. Astrochemistry tries to
understand and predict via models the formation, abundance, transformation, and destruction
of molecules in interstellar space. One distinguishes between reactions in the gas phase and
on grain surfaces. Relative abundances of ionized molecules such as H;", HCO™, N2HJr can
be used to derive the cosmic ray ionization rate, which is in the order of §H2:4E-16 1/s in the
diffuse gas (Indriolo and McCall, 2012)). As the temperatures in cold regions are very low (10 K),
many (endothermic) reactions of neutrals are hindered in the gas phase because of an activation
barrier. Molecular ions play an important role for the reactions via cosmic ray ionization such
as H, + CR — HJ. N,H" is for example produced via Hj + N, — N,H" + H,. The most
abundant molecule in the ISM after H, is CO. The formation in the gas phase follows via the
reaction type dissociative recombination

HCO*+e- — CO+H, (1.4)
whereas destruction is followed by the charge exchange
CO +H; — HCO" +H, . (1.5)

Another reaction via other intermediates such as OH" or OH, or CH and CH,, follows via the
neutral-neutral reactions

C+0OH — CO+H (1.6)
CH+O0 —CO+H. 1.7

The formation of a complex organic molecule (COM), for example of methanol (CH,OH),
can be explained by the consequent hydrogenation of solid CO on grain mantles:

H+CO — HCO+H — H,CO+H — H;CO +H — H;COH . (1.8)

CH,OH acts as parent for the formation of other COMs (Choudhury et al., 2015)). As the
formation/destruction of one chemical species often depends on many others (and several
channels compete with each other), chemical networks are build up for the purpose of modeling.
The time evolution of the molecular abundances and their ratios could be used as a chemical
clock to determine the age of cores. In the cold (7=20 K) dense center of pre-stellar cores, gas
molecules such as CO or H,O can absorb onto dust grains and freeze out onto their surface, thus
creating icy grain mantles. This is visible in the depletion of the abundance of some molecules
(e.g., CO or N,H") in the gas phase in these pre-stellar regions. At later stages when a HMC
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develops and the temperature increases, the ice evaporates at about 7=100 K for solid H,O.
This leads to a desorption of atoms and molecules into the gas phase and eventually to a rich
gas phase chemistry, which is evident from the line-rich spectra of HMCs (chap. [6) and is
accompanied by a chemical stratification.

1.2.3. Turbulence

By studying the properties of molecular clouds, Larson| (1981) found universal scaling relation-
ships between the velocity dispersion o, size L and mass M or density n. The so-called three
Larson’s laws are :

(1) o (km/s) = 1.1 L(pc)®38 (1.9)
(2) o (km/s) = 0.42 M (My)"? (1.10)
(3) n(H,) (1/cm?) = 3400 L(pc)~"!. (1.11)

The constant slope over a large variety of scales is understood to originate from the self-similar
structure of the interstellar turbulence (Kritsuk et al., 2013). Turbulence is a property of fluids,
which are part of hydrodynamics and described by the Navier-Stokes equation. When flows
are no longer laminar, changes occur when the advection term is stronger than the dissipation
term. The source for turbulence are inhomogeneities in the mean flow, which produce velocity
gradients and consequently instabilities. In the ISM, examples for these sources are temperature
inversions or shocks. This state is thus far from a thermodynamic equilibrium.

The definition of the Reynolds number is Re = vL/n, where v is the mean velocity, L the
characteristic scale and 7 the kinematic viscosity. This number can be regarded as the ratio of
the advection over the dissipation term. When Re > 1, a fluid becomes turbulent. The first
indications for turbulence in the ISM were the large line widths and large numbers of Re>1E®6,
and thus many molecular clouds are super-sonic. The turbulence is thought to be driven on
galactic scales by supernovae, thermal instabilities, converging flows and shear motions, because
otherwise it would decay too fast compared to the crossing/dynamical timescales of GMCs. The
dissipation timescales are about the same as the crossing timescale, therefore the turbulence
would dissipate to fast if it is not replenished. A question remains what kind of driving sources
maintain it in the Galaxy. Two forcing modes are possible, compressible modes (div F # 0) and
solenoidal modes (rot F' #0), where a natural mixing of these two is often assumed in the ISM
with a ratio of 0.5 (Federrath and Klessen, 2012). The formation of molecular clouds can be
explained by a converging/colliding flow model (Hennebelle et al., 2008)), in which flows from
lower density gas collide and produce an enhancement of dense gas. Once formed, they accrete
more mass from the diffuse gas. The sources of these flows and their driving mechanism could
be caused by gravitationally instabilities or shears from the rotating galactic disk.

The kinetic energy power spectrum in dependence of wavenumbers k = 27r/L at scales L for
isotropic turbulence is

P, (k)k*dk o ¢k Pdk, (1.12)

where $=5/3 was calculated by Kolmogorov| (1941)) for incompressible fluids and 8 = 2 is
obtained for compressible fluids (the so-called Burgers turbulence, see |Bec and Khanin, 2007).
The energy dissipation rate is denoted by é. Thus, the largest energy is present at the smallest
k, and the kinetic energy cascades down from the largest scales to smaller and smaller scales
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by creating eddies and vortices, and is dissipated at the microlevel into heat. Because the
slope in eq. [[.12]is independent of the scale, this behavior is called scale-free or self-similar.
Observationally, the so-called structure function is an important tool to characterize the slopes «
and . Its definition for the order p is

Ew, L) =(lv(r +L) —v(NI"), (1.13)

where the velocity differences are calculated between a position r in dependence of the lag L,
the brackets denote the average, and the mean velocity is normalized to (v) = 0. The structure
function of first and second order are connected via the relation & = &,/2. The first structure
function of order p=1 corresponds to a line width-size relation and can be thus compared with
Larson’s first relation given in eq. While Larson found a1 = 0.38, the Kolmogorov case
predicts a1 = 0.33 and Burgers case predicts a1 = 0.5, which is often found in the ISM. The
Fourier Transform of this autocorrelation function in eq. [[.13] of order p=2 is related to the
kinetic energy power spectrum P, (k) in eq.[I.12]with the slope B by 8 = a2 + 1.

Turbulence in interaction with gravity is thought to be the dominant process in star formation
and results in a gravo-turbulent paradigm (Klessen and Glover, [2014). Turbulence can have
a positive or negative feedback, i.e., it can trigger or hinder star formation. On large scales
it counteracts gravity, but on local scales it produces transient density enhancements, which
can become gravitationally unstable for a short time to start the collapse. Turbulence likely
controls the star formation rate and shape of the IMF. In this framework, the IMF results from
an interplay between self-gravity and turbulence of the molecular gas in the ISM. The interplay
between stochastic processes lead to the log-normal shape (according to the central limit theory)
of the IMF for lower masses, while the scale-free behavior of the energy cascade of turbulence
leads to the Salpeter slope for higher masses. Furthermore, the density and column density
probability distribution function (PDF) derived from observations of molecular clouds have a
log-normal shape together with a power law at the highest densities, which is due to self-gravity
and collapse (Federrath and Klessen, 2012).

1.3. Star formation

1.3.1. Criteria and conditions of star formation

For a review about the theory of star formation, see McKee and Ostriker (2007)), whereas the
review given by Zinnecker and Yorke|(2007) focuses on the special role of massive star formation.
The terms "massive" and "high-mass" are used equivalently. The process of star formation is
presented here with a focus on massive stars. In the context of the ISM, star formation undergoes
a cyclic process: the condensations in molecular clouds form stars, which at the end of their
lifetime loose mass via stellar winds (observed as planetary nebulae or Wolf-Rayet star) or via
supernovae and replenish the ISM back with matter. Hydrogen and He are transformed into
heavier elements through nuclear fusion in the core of stars. The ISM is therefore enriched by
higher atomic numbers in the periodic system of elements for each generation or population of
new stars. In detail, not all the mass is transferred back into the ISM. On the one hand, this is
because of a low star formation efficiency. On the other side, low-mass stars and brown dwarfs
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have extreme long life times on the main sequence (>10 Gyr), and the corpses of stars (white
dwarfs, neutron stars, black holes) remain and are not recycled.

It was noted on galactic and extragalactic scales that star formation is associated with molecu-
lar gas, with temperatures in the order of 1E1 K and densities above 1E2 1/cm?>. The lifetimes
of protostars are approximately 0.1-0.2 Myr and for GMCs 10 Myr. GMCs are transient and
bound objects, and based on Larson’s relation one can estimate a dissipation timescale of
tp = L/o. For typical values of L=100 pc and o-=10 km/s, this leads to 1p=9.8 Myr. GMCs
have typical masses of 1E4—1E6 Mg and sizes of 10-100 pc and are best to study massive stars,
because GMCs are often influenced by newly born OB stars. The star formation efficiency
e =M,./(M, + Moua) 18 defined as the fraction of formed stellar masses M, out of the total
cloud mass Moug. This efficiency is generally low with 1-10%, but can reach up to 30% in
GMCs (Murray, 2011). The low efficiency is explained by the turbulent properties of the ISM
and by feedback from massive stars. In the Galaxy, the star formation rate is 1-2 Mg/yr.

Assuming a virial equilibrium of a cloud, the equation 2{Ey;,) = —(Ey) holds, where Ey is the
potential energy and brackets denote the time average. This can for example be used to estimate
the mass of a star cluster. The virial parameter is then defined as the ratio avi; = Exin/Ev. The
critical threshold where a cloud is bound and self-gravitating is at @ < 2. In more general
terms, a GMC under long-term conditions requires for stability the virial equilibrium to be

0=2FEn +2ET + Emag + Ev, (114)

where Er is the thermal energy and Ep,, the magnetic energy.

The general criterion for star formation is that the gravitational energy Eg,y dominates over
all other terms in the energy balance equation [I.14] such as the kinetic energy Exi,. Jeans| (1902)
made a stability analysis of the necessary conditions to set collapse in a spherical cloud. This
leads to a formula for certain thresholds, the Jeans mass My and Jeans length Ay, whereas by
neglecting all counteracting forces one obtains the free-fall time 7g:

[ 3 (5keT)"? 15kpT 37
M= | — | —— oAy = : = . 1.15
! 4 p ( Gm ) A 4nGmp ’ e 32Gp (1.15)

The mass of the clouds is denoted by m, kg is the Boltzmann constant, G is the gravitational
constant, and p is the mass density. The equations thus illustrate that a decrease in the
temperature 7" and an increase of the density p supports and leads to star formation in the initial
stages. Furthermore, small instabilities lead to an isolated collapse and fragmentation of a cloud
into multiple smaller cores. The collapse of the core begins from the center toward the outside,
which is known as inside-out collapse (Shu et al., 1987). This is the transition from the pre-stellar
to protostellar core. While at lower opacities the contraction and collapse evolve isothermal
through radiation, the radiation gets later trapped at higher optical depths when the density
increases and the core heats up. The core is then in a hydrostatic equilibrium, where the thermal
pressure balances the gravitational pressure and accretion occurs only at the surface (Masunaga
and Inutsuka, [2000). The angular momentum has to be conserved during the accretion process,
which lead to a rotating disk and later on to a protoplanetary disk around the protostar. The
pre-main sequence phase ends with the beginning of nuclear fusion of 'H , the definition for the
birth of a star or stellar object.
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One distinguishes between a pre-stellar core, with no signs of stellar activity, and a protostellar
core where the luminosity is due to the newborn star. For low-mass stars, different phases
are characterized by the spectral energy distribution (SED) and its slope, which lead to the
classification of a young stellar object (YSO) into Class 0, I, II, and IIT (Lada, |[1987; /André and
Montmerle, [1994).

1.3.2. Massive star formation

For massive stars, this approach and classification is not applicable anymore, as they are
embedded in such high densities that the SED is not sensitive to their evolutionary state.
The difference between low-mass and high-mass star formation is that the Kelvin-Helmholtz
timescale tggy = GM?/(RL) is much shorter than the accretion timescale t,. = M/M with
higher masses. The radius of a star is here R and its luminosity L. For low-mass star, the relation
tac < tgxy holds, while for high-mass stars the opposite is valid, #,. > tgy. The equivalence
tac = txu 1s approximately reached at M=8 Mg according to stellar models. This means that
low-mass stars have completed their accretion before reaching the zero age main sequence
(ZAMS), whereas massive protostars accrete gas also during their lifetimes on the ZAMS. A
natural limit of the upper mass is given by the Eddington luminosity, when the radiation pressure
balances the gravitation and the star is no longer in hydrostatic equilibrium, which is at about
150 M. Hosokawa and Omukai| (2009) studied the evolution of massive protostars with high
accretion rates of >1E-4 Mg/yr and derive an upper mass limit at the main sequence of 250 M.
These high rates are expected to be similar in the formation processes of the first star in the early,
metal-poor universe. The extreme radiation pressure can be relaxed by non-spherical outflows
along the polar axes. Massive stars above the Chandrasekhar limit of 1.4 Mg end as neutron
stars or black holes, and they are responsible for the enrichment of the ISM by heavier elements
than iron when they explode as a supernova type II.

Fig. [[.3]illustrates the evolution of massive stars and their typical observational features.
Massive stars are formed in clusters at the condensation points of a GMC or an infrared dark
cloud (IRDC), where they collapse under self-gravity and increase in mass by further accretion
(i1). Such an object is also referred as High Mass Protostellar Object (HMPO). The HMC phase
is characterized by a high temperature, rich chemistry and molecular outflows (iii). HMCs
have main characteristics of 7>100 K, r<0.1 pc, M=10-1000 My and L>1E4 L (Kurtz et al.,
2000). The Lyman photons (E=hv>13.6 eV) start to ionize the surrounding gas and lead to
the formation of an HII region (classified by the size as hyper-, ultra- or compact) (IV). The
last stage (V) is the end of the formation, when an OB cluster/association is created which has
dispersed most of the surrounding gas of the envelope. The total timescale for the formation
process is about 1-2ES5 yr. [Molinari et al.| (2008) suggested to use the L/M ratio to distinguish
their evolutionary stages. From chemical models of a sample of 59 massive star-forming regions
at different evolutionary stages, Gerner (2014) derives average lifetimes of 1E4 yr for an IRDC,
6E4 yr for a HMPO, 4E4 yr for a HMC and 1E4 yr for an UCHII region. It should be noted that
in the sketch of fig. [I.3|the single protostars evolve simultaneously, while in nature a mixing
between the stages is observed, such as an UCHII regions near a HMC or protostellar core.
UCHII regions are observed in different morphologies, which is explained by simulations of
Peters et al. (2010) as fluctuating and observing effects. A further observational feature of
massive star-forming regions are masers detected at radio wavelengths, e.g., CH,OH maser
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Figure 1.3.: Evolution of massive stars at different stages. A time axis is given below. Adapted
from [Purcell| (2006)).

at 6.7 GHz and 44 GHz (Cyganowski et al.,|2009). They are associated with UCHII regions,
circumstellar disks or outflows and are either collisionally (Class I) or radiatively excited (Class
II) to maintain a population inversion.

OB-type stars are very luminous, their luminosity L scales as L o« M3 for M < 20 M, and
scales linearly for very massive stars. Using Einstein’s equation E = Mc?, the life time ¢ scales
ast oc M/L cc M2, Thus, massive stars are short-living and their nuclear fusion reactions are
very efficient. Their feedback through molecular outflows, HII regions and supernovae to the
ISM is very important. They could either trigger star formation by shock compression on nearby
clouds, or stop it by disrupting the molecular gas. Furthermore, the feedback can be responsible
for the driving of the turbulence and the low star formation efficiency, as mentioned above.

The full understanding of the formation of massive stars is still a challenge (Tan et al., 2014).
Observational complications come from the fact that they mostly form in binaries or clustered
environments and are deeply embedded in their natal clumps. Furthermore, they are rare
according to the IMF and because of their short life time, and many sources have large distances
of many kpc. Here, the fragmentations of molecular clouds or clumps are denoted as dense
cores, where the former has typical sizes of r =0.1-1 pc and masses of M=1E2—-1E3 Mg, and
the latter r=1E2—-1E3 au and M = 1-10 Mg. Clumps are therefore the progenitor of a stellar
cluster, while cores are the birth places of single stars or a multiple system (such as binaries).
Theoretically, it is relatively unknown how these stars gather their mass and what limits the
upper mass. Two main theories have been proposed for the formation of massive stars:

e The final mass of the star is pre-assembled in the core (monolithic collapse, McKee and
Tan, 2003). This turbulent core model is similar to low-mass star formation with scaled up
parameters. It expects high accretion rates of 1E-4—1E-3 My/yr, which can be achieved
through non-spherical infall through disks (Kuiper et al., 2010). In combination with
bipolar jets/outflows, this circumvents the large radiation pressure barrier.
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e Protostars grow in mass depending on their position in the clump (competitive accretion,
Bonnell et al., 2006). The most massive core accretes more mass from the gas reservoir in
the gravitational potential wall and wins over lower mass stars. This explains naturally the
highly clustered structure of OB associations and the mass segregation (where the most
massive stars are found in the center). Furthermore, these simulations lead to a stellar
mass distribution in agreement with the IMF.

The merging and coalescence model (Bonnell and Bate, 2002), where massive stars are formed
by the encounter or collision of lower mass stars, is assumed to occur only in rare events.
Although these scenarios appear to be distinct and the question arises which of them dominates,
it is imaginable that intermediate scenarios occur.

1.3.3. The filamentary structure of the ISM

With the sensitivity of the HSO, the evidence for the importance of filaments in the ISM was
established, which are present universally in all molecular clouds (Molinari et al., [2010; André
et al., 2010). The non-observance of filaments previously can be explained by the lack of
resolution and sensitivity. Furthermore, the clump finding algorithms tended to decompose the
clouds into separate cores, whereas newer algorithms take into account the hierarchical structure
of GMC:s. For the sources in the Gould Belt survey, it was shown that the average widths of
the filaments are similar in a narrow range, namely 0.1 pc (Arzoumanian et al., 2011). The
filament’s profile is well fitted by a Plummer-like function with a flatter exponent of p=2.4. One
explanation for the observed width is that this corresponds to a stability point in the turbulent
scenario if the sound speed is ¢s=0.2 km/s, which is typically observed in the ISM.

In this new paradigm of star formation, filaments form first in the ISM as a result of magneto-
hydrodynamic (MHD) turbulence (or by shocks or convergent flows). In the densest filaments
(n >2E4 1/cm?), pre-stellar cores form within filaments because of gravitationally instabilities
above a certain threshold (150 Mo/pc? or Ay=8). Elongated structures perpendicular to the main
filament, called subfilaments or striations, are found to accrete onto it (Schneider et al., 2010)).
The formation of filaments is a natural outcome of the interplay of gravo-turbulence, where
for example sheets collapse to cylindrical structures (Burkert and Hartmann, [2004) and their
formation is enhanced by magnetic fields. As is pointed out by |Gomez and Vazquez-Semadeni
(2014), filaments accrete gas from their environment and transmit it to the clumps within them.
The collapse proceeds along the shortest axes in the filament. This picture is furthermore similar
at extragalactic scales, where the cosmic web is made out of a network of filaments, where the
knots correspond to galaxies but the main gravitational mass is assumed to be made out of dark
matter.

A velocity analysis of the filaments in the 10 pc-long complex L1495/B213 in Taurus revealed
that they consist of subfilaments, which are distinguished by their mean velocity and have small
velocity separations of <1 km/s (Hacar et al.| [2013)). They are grouped similar to fibers in a
rope or bundles. Some of them are fertile, i.e., they include protostellar cores, but most are
infertile and stable against collapse. Some properties of an infinite isothermal gas cylinder were
initially calculated by [Ostriker| (1964), such as the critical mass per line M. |Larson (1985)) and
Nagasawa (1987) calculated the fragmentation length A¢ for an infinite isothermal gas cylinder
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for the case if the radius R is bigger than the scale height, R > H and p=4. The equations are:

M = 2¢2/G (1.16)
As=22.4H where H = ci/\/4nGp. (1.17)

Following the analysis from Jackson et al.| (2010), the sound speed cg should be replaced by the
velocity dispersion o in eq. [[.16]if the turbulent pressure is higher than the thermal pressure.

An attempt is being made to understand the role of the magnetic field in the formation of
filaments. For a sample of GMCs, Crutcher| (2012) used a Bayesian analysis to deduce the
magnetic field strength B, in z-direction by

By ifn<n0

Bo(n/no)" if n> nop, (1.18)

B,(n) = {

where median values of By = 10 uG, ng=300 1/em? and @=0.65 are obtained. Most often, the
magnetic field energy is too weak to support the gravitational collapse. This is expressed by the
mass to magnetic flux ratio A = M /Mg, where A > 1 is defined as supercritical. In terms of the
column density, this can be expressed as

A =7.6E-21 N(Hz)(l/cmz)/B(,uG) . (1.19)

Observations indicate that the orientations of magnetic fields follow a bimodal distribution
with the orientation of filaments, which are either parallel or perpendicular to them (L1 et al.,
2013). They could channel the sub-Alfvénic turbulence to form filaments aligned with them.
Mechanism to get rid of strong magnetic fields, which would otherwise prevent the collapse,
are known as ambipolar diffusion (a drift between charged and neutral particles) or magnetic
braking. Magnetorotational instabilities help to move the angular momentum outside and gas
mass inside.

1.4. Review of the NGC 6334 complex

NGC 6334 is a massive star-forming region and listed as no. 6334 in the New General Catalogue
of Nebulae and Clusters of Stars (NGC). It is located at the central equatorial coordinates of
@(J2000):17"20™m36%, §(J2000):-35°51’0”, or in Galactic coordinates at /=351.33° and »=0.66°.
It lies thus slightly above the Galactic plane in the southern hemisphere, -9° west of the Galactic
center. Fig. [[.4] presents the appearance of NGC 6334 at different wavelengths, which stretches
to some 10 pc. Observations of NGC 6334 in the VIS show that the main filament, which runs
parallel to the Galactic plane, is seen in absorption. The filament thus lies on the front side
toward the observer and is illuminated by HII regions in the background. Because it radiates in
the VIS and Ha at 656.3 nm, it is classified as a diffuse emission nebula. About 270 publications
have been published with the focus on NGC 6334, whereas papers related to it reaches over
1000. It is thus attempted to give only an overview over the most important articles and aspects
of this source. A detail discussion of relevant parts, and details about sources embedded in
this region such as the dense clumps NGC 63341 and I(N), are discussed in the corresponding
chapters.
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Figure 1.4.: The star-forming region NGC 6334 at different wavelengths. (a) VIS color compos-
ite image (credit: M. Caligiuri, Uniform resource locator (URL):
http://www.mcaligiuri.net/NGC6334_nb.html). (b) IR composite image,
adapted from Willis et al.| (2013). (c) Submm dust continuum emission from the
APEX Telescope Large Area Survey of the Galaxy (ATLASGAL,
@p. (a) and (b) are given in equatorial and (c) in Galactic coordinates.
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The distance was determined by Neckel| (1978)) to 1.7 kpc and confirmed by Russeil et al.
(2012). It is thus part of the Carina-Sagittarius arm of the Galaxy. Recently, the distance to the
clump I(N) is reported to be (1.35 = 0.1) kpc (Wu et al., 2014) and (1.26i8:3) kpc (Chibueze
et al., 2014) from trigonometric parallax observations of CH,OH and H,O maser, respectively.
As this deviates from the previous derived photometric distance of (1.7 + 0.3) kpc mentioned
above, and from the kinematic distance of 1.7 kpc (Wu et al.,[2014), it was decided to use in this
work the more commonly adopted value of 1.7 kpc in the literature for consistency with other
works.

NGC 6334 has been explored at multiple wavelengths from the radio to X-ray bands in
molecular, atomic and ionized gas (Persi and Tapia, 2010): at radio bands for example by
Rodriguez et al.| (1982) and Jackson and Kraemer (1999); at submm wavelengths in molecular
lines by Dickel et al.|(1977) and Kraemer and Jackson| (1999) in CO; in other molecular tracers
by Russeil et al. (2010); in dust continuum by Munoz et al. (2007) and Matthews et al.| (2008);
at THz frequencies in [CII] by Boreiko and Betz (1995), which revealed contributions from
PDRs, ionized and colder gas; in [OI] and [CII] by (Kraemer et al., 2000); in the IR by Loughran
et al. (1986) and |Willis et al. (2013)), where the total luminosity of the FIR-sources [-V was
determined to be 1.7E6 L and the total mass is a few 1ES Mg; in the UBVR bands by Russeil
et al. (2012); and in X-rays by Feigelson et al. (2009), who estimate the total stellar population
to 2—3E4 pre-main sequence stars.

The magnetic field strength was studied by Sarma et al. (2000) with Zeeman observations of
OH and HI, where values in the order of B = 200 uG are found for the dense clumps. Especially
for source A (or IV), the velocities are super-sonic (Ms=2.9) and sub-Alfvénic (Ma=0.3), and
the magnetic field energy is as important as the kinetic energy. The polarimetry measurements
of L1 et al.| (2006) show that the mean magnetic field orientation in NGC 6334 is perpendicular
to the Galactic plane, in contrast to other GMCs. Similarly, the magnetic energy density is
comparable with the turbulent energy density.

Recently, NGC 6334 was observed with the HSO as part of the program Herschel imaging
survey of OB Young Stellar objects (HOBYS, Tigé, 2014; Russeil et al., [2013). Focusing on
the most dense cores, where a threshold of 40 Mg is applied, most of them are found in the
dense ridge or main filament. A total number of 46 cores are counted, and all dense cores
are placed in filaments. The average values are r=0.08 pc, n =6E5 1/cm?, m=104 Mg and
L=5.73E3 L. With an average temperature of T=23.5 K they are warmer than the lower dense
cores. According to the temperature and density distribution in NGC 6334, Russeil et al.| (2013,
fig. 3) divide this region into 4 sub-regions: the center with the so-called main ridge, a cold
region to the east, a filamentary region to the west, and a quiet region to the northwest.

The nearby large HII region NGC 6357 (2° east) is a GMC in a much more evolved stage,
where most of the molecular gas is disrupted, and the embedded open OB cluster Pismis 24
contains very massive stars (Cappa et al., 2011). It is found that NGC 6357 and NGC 6334 have
about the same distance, the same mean velocity of -4 km/s and are connected by a filament.
Thus it is assumed that they have formed together out of a larger complex (Russeil et al., 2010,
2012).
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2.1. Molecular spectroscopy

Molecules can be excited in different ways, and energy levels exist for rotational, vibrational,
electronic and nuclear excitations. Like for atoms, at lower energies there are energy separations
in the case of fine structure (which is among others due to the spin-orbit coupling of electrons)
and hyperfine structure (by interactions between the quadrupole moment of the nucleus and
the gradient of the electric field). There are additionally internal degrees of freedom modes,
such as torsional (CH;OH), inversion (NH,) transitions or {-type doubling (HCN). Because
!N has a non-zero nuclear spin, HCN shows a hyper-fine splitting. According to the Born-
Oppenheimer approximation, the energetic terms in the Hamiltonian operator can be decoupled
because of mass differences (between the electrons and nuclei) and energetic differences. The
typical wavenumbers ¥ for rotational transitions are 1 cm™!, for vibrational transitions 1E3 cm™!,
and for electronic excitations >1E4 cm™'. One wavenumber corresponds to a frequency of
v =30 GHz or to a thermal energy of E/kg = 1.4 K.

The rotational transitions of molecules can be derived if they are treated as rotors, where a
classification into five categories is made dependent on their moment of inertia (linear, spherical,
prolate symmetric, oblate symmetric and asymmetric top). At submm wavelengths and tempera-
tures of 10-100 K, most molecules are only rotationally excited. The energy levels of a linear
molecule, approximated to first order by a rigid rotor, and its energy separations AE are given

by eq.[2.T]and [2.2}

E(J) =h?/8n*)J(J +1) =hBJ(J + 1) 2.1
AE(J) =hAv =h2BJ for AJ = +1. (2.2)

The moment of inertia is /, J is the rotational quantum number (with a degeneracy of g; = 2J+1),
B is the rotational constant, and h is the Planck constant. The larger I gets for more complex
molecules, the smaller B and therefore the density of spectral lines per frequency band increases.
The rotational constant is for example for the molecule '2C'°0 B=57.636 GHz. The atomic
mass number for the main isotopologue is omitted in the following, i.e., 2C'°0 = CO. The
transition probability p is proportional to the transition dipole moment M:

poc M2, where M =(PW)IAY -1)). 2.3)

The allowed selection rule for dipole transitions is AJ = =1 . The electric dipole moment is
for example for CO u=0.1 D (1 Debye = 3.33564E-30 Cm), for HCN u=3 D, and for HCO™"
1=3.9 D (see the Cologne Database for Molecular Spectroscopy (CDMS) for references). The
most abundant molecule in the ISM, molecular hydrogen, is difficult to observe because of a
missing permanent electric dipole moment and a high excitation level. This is the reason why
CO is used to trace the gas contents of molecular gas, as mentioned in sect[I.2]

Big databases of rotational and vibrational spectra of molecules, related to astronomy, are
collected in the CDMS (Miiller et al., 2005)) and JPL catalog (jet propulsion laboratory, Pickett
et al., 1998). Both catalogs are being incorporated into the Virtual Atomic and Molecular Data
Centre (VAMDC, Rixon et al.,|2011). Because spectral lines in the ISM can only be identified if
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the chemical species is measured in the laboratory, the unambiguous detection of new species
depends on the availability of new measurements in molecular spectroscopy. As of 11.2014,
more than 180 molecules have been detected in the ISM or circumstellar shells

2.2. Radiative transfer

Almost all information in astronomy is inferred from electromagnetic radiation. Thus, the
understanding of the propagation and change of light in a medium is fundamental to understand
the matter in it. The differential change of the specific intensity d/ ([/] =W/(m? Hz sr)) at
a frequency v in a medium along the path ds is governed by the emission coeflicient € and
absorption coefficient x. The equation of transfer is referred as

dl, =€,ds—-1I,k,ds or dl,/dr=-I,+S,, 2.4)

where the optical depth is defined as dr = k,ds and the source function as S, = €,/«,. The
solution of this differential equation is complicated by the fact that it is a recursive problem,
where S and I have to be known at once and depend on each other. A so-called gray body is a
frequency independent source function. The formal solution between 71 and 7, is given by:

I, (1) = I,(r2) exp[—(72 — 7)) + f dzS, exp[—(r —11)] . (2.5)

T

With the assumption of a constant source function, eq.[2.5]is solved to give

I = Iyexp(—7) + S[1 — exp(—71)] (2.6)
Ion — Lo : Ty = [J(Tex) — J(Tbg)][l —exp(—7)] 2.7
where J(T) = h_v ! (2.8)

kg exp[hv/(kgT)] -1

The eq. is the so-called detection equation, where the line emission on the source I, is
subtracted from another position on the sky which is free of line emission in the ideal case /.
This on-off observation is done for calibration purposes and is further discussed in sect. The
intensity is conventionally given in brightness temperature J(7') in radio/submm astronomy. If no
other background sources are present, J(7Ty,g) corresponds to the cosmic microwave background
of 2.7 K. If the source function is a black body and the Rayleigh-Jeans approximation

[ =2v%g/c? XT (2.9)

holds, then the brightness temperature equals the radiation temperature, 7g = Tr. The speed
of light is denoted as c. The antenna temperature is the measured temperature at the telescope
including the beam dilution for unresolved sources, i.e., 7o = n7Tg. The beam filling factor is
n=6%/(6>+ 9%), where 6 is the source size and g the beam size. By using the Rayleigh-Jeans
approximation, the flux density or intensity / can be converted from units of Jy/beam into
brightness temperature 73 in units of Kelvin by taking the beam size g of the telescope into

IURL: http://www.astro.uni-koeln.de/cdms/molecules
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account:
Ts(K) = 1.22E6 - F(Jy)/[v(GHz) - 6g(")]* . (2.10)

Two limiting cases occur in eq. [2.7)in dependence of the optical depth 7. In the optically thin
limit 7 < 1, T oc 7 oc N and the measurement is sensitive to the column density N. In the
optically thick limit 7 > 1, T = J(Te) and the brightness temperature equals the excitation
temperature, but the column density or abundance is undetermined because only the surface of
the emitting region is visible.

2.2.1. Line emission

Under the conditions of LTE, every population of a level n; is given by the Boltzmann distribution

in eq. [-TT}

N
= GO E (ke Te)] (7 = ;gj exp[-E;/(ksT)]1] . 2.11)

where Z is the partition function and N is the total number of particles. T¢x equals the kinetic
temperature Ti;, for high densities if collisions dominate the excitation of energy levels. If on
the other hand the radiative excitation dominates, then 7¢x equals the radiation temperature 7.
In general, the question is which excitation mechanism dominates in eq. The optical depth
is related to the upper state column density N, of a chemical species by

3
T(1) = s A Ny (1 - expl-hy/(kaTe)]) 409). (2.12)
v

where A is the Einstein coefficient for spontaneous emission, and ¢(v) is the normalized line
profile function (e.g., a Gaussian) in units of 1/Av.

Several approximate solutions exist to solve eq. [2.4]for line emission, involving simplifications
such as the escape probability solution or the Large Velocity Gradient (LVG) method, also called
as Sobolev approximation (Sobolev, [1957). If Avy, is the thermal line width and dv/dr the
velocity gradient, this approximation is justified if the Sobolev length /s = Avy,/(dv/dr) is
smaller than the interaction length, which means that photons from different regions are not
interacting anymore with others as a result of a Doppler velocity shift. For molecular clouds,
this method is a valid approximation in the line tracer of '>*CO (Ossenkopf, 2002).

Full non-LTE conditions can be solved only numerically and iteratively, where again different
methods and codes exist, see [van Zadelhoff et al.|(2002) for an overview. In non-LTE conditions,
the statistical equilibrium equation must be solved. If the population distribution is unchanged in
a steady state, the incoming rates R;; must balance the outgoing rates in eq.[2.13} Considering a
two-level system (1 for the lower and u for the upper state), the statistical equilibrium equation
(eq. [2.14) balances the radiative and collisional excitation and de-excitation of the population 7:

anRjk = anRkj (213)
7 3
mneYw + mBuJu = nuncyu + tyBuJu + nyAy . (2.14)
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A and B are the Einstein coefficients, n. is the collision partner (H, or He) and yy, the collisional
rate coeflicient. Collision rates are either computed quantum-chemically, or are measured from
reaction rates in the laboratory which is difficult at very low temperatures. A collection of
collision rates for the most common molecules are listed in the Leiden Atomic and Molecular
Database (LAMDA, Schoier et al., [2005).

Examples of radiative transfer codes are RATRAN (Hogerhe1jde and van der Tak, [2000) in
1D, and RADMC-3D?|and LIME in 3D (Brinch and Hogerheijdel 2010). LIME is furthermore incor-
porated in the ARTIST program (Adaptable Radiative Transfer Innovations for Submillimeter
Telescopes; Padovani et al., 2011)). myXCLASSﬂ is an 1D LTE code, which makes use of the line
catalogs with entries for many species (>1000) and is now interfaced with the CASA (Common
Astronomy Software Applications) package.

LIME uses the accelerated lambda iteration method (ALI, Rybicki and Hummer, |1991) in
combination with a Monte-Carlo method for the photon propagation (accelerated Monte-Carlo).
Basically, the radiation field is split into a local and external field by

T = Aot Sy (I + Ao Sy (T D] (2.15)

and the equations are solved for the part that come inside and outside of a cell separately for
the current iteration k. Because the local lambda operator Ajq is a di- or triagonal matrix, the
inversion of this matrix and this algorithm is much faster. In the first step, the source function
is often assumed to be the LTE solution. The intensity J is then calculated at every point as a
function of 7. This is then substituted back into the eq. [2.4] and repeated until convergence is
achieved.

The usefulness of molecular or atomic line tracers depends on the physio-chemical conditions
which one wants to study. The critical density is defined as

nee = A/{vo), (2.16)

where v is the mean velocity and o the cross section. The denominator is thus the collision rate
coefficient y (in units of cm?/s). If the density is higher than n, of a transition, the populations
are excited enough to be in LTE and thermalized. If the density is too low, the populations are
only subthermal excited and can be out of equilibrium. For example, the values for line tracers
used in this work (together with the upper energy level E,) are

o n,=6.7E3 1/cm?, E,=16.6 K for CO (J=2-1),
o n,=4.2E6 1/cm?, E,=26 K for HCO™ (J=3-2),
e and n,=1.5E8 1/cm?, E,=43 K for HCN (J=4-3).

The values are taken from Tielens (2005). Thus, only a combination of several line transitions
will probe all regions of a molecular cloud.

2URL: http://www.ita. uni-heidelberg.de/~dullemond/software/radmc-3d/
3URL: https://www.astro.uni-koeln.de/projects/schilke/myXCLASSInterface
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2.2.2. Continuum emission

The continuum SED provides important information about an astronomical source. In the
submm regime, the dust continuum emission is often modeled by a modified black body, which
in the optically thin case 7<1 gives

I1=QB(T) 1y =QB(T) 1 (v/v)" (2.17)
14 = N(H,) (kda/pd) (pd/Pgas) Mg (2.18)
3
B, T) = Zhy ! (2.19)

c2 explhv/(kgT)] -1

Q) is the source solid angle, 74 the dust optical depth, and «; is the dust opacity (in units of
cm?/g). The third factor in eq. is the dust-to-gas mass ratio Ry, and myg is the gas mass
per H, molecule. The gas mass per particle in a molecular cloud is computed to 2.7 my, with
the condition that the composition of the ISM is 73% H, 25% He and 2% metals. The dust
emissivity index f is usually in the range 1-2. B(v,T) in eq. is the Planck function. By
knowing or fitting the dust temperature from the SED, the total dust or gas mass of a cloud is
calculated by

M = S,D?/(kqaRaB(T)), (2.20)

where S, is the integrated flux density S, = f I, dQ (integrated over the source size) and D the
distance. The optical depth is related to the visual extinction by Ay = 1.0867, and the average
galactic conversion factor from N(H) to extinction is N(H)/Ay=1-2E21 1/(cm? mag). The dust
temperature in RADMC-3D is calculated after the recipe by |Bjorkman and Wood| (2001). A star
is placed at a position r with a luminosity L, and in thermal equilibrium the dust heating and
cooling rates of dust particles are balanced in each cell by Monte Carlo sampling the grid via
sending photons from the star in each direction. The star is assumed to be a black body with a
radius R and an effective surface temperature of 7eg. Given the luminosity, 7. is calculated via

L = 4xR%0 Ty, (2.21)

where o is the Stefan-Boltzmann constant.

In the case of an UCHII region, the ionized gas radiates by free-free emission from electrons.
The free-free opacity is given by

T oc y 21 T3S f n2 ds, (2.22)

where T is the electron temperature, 7. is the electron density and f n2 ds is known as the
emission measure along the line-of-sight (LOS). The SED is then flat or declining with S, oc v~01
in the optically thin case (typically at submm ranges), and scales like S, o« v? in the optically
thick case at lower frequencies. Thus, radio continuum observations at cm wavelengths are
suited to study this ionized medium. Furthermore, the dust is heated in the vicinity of an UCHII
region, which can be seen by the PAH emission in the IR at 8 um (see sect/5.3.4). The radius
R, of an HII region is related to the ionizing flux S (number of Lyman photons above 13.6 eV
per second) by the so-called Stromgren sphere in eq. [2.23] which is calculated by balancing the
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ionization and recombination rates of H. In a homogenous medium, this is
4/3x R nZa = S, (2.23)

where a(T¢) is the recombination coefficient and 7. is equal to the number of protons n,, if the
HII region is fully ionized.

2.3. Submm telescopes

The submm wavelengths lie between the microwave/radiowave and far infrared regime of the
electromagnetic spectrum. These wavelengths are sensitive and best suited for studying star
formation, because the typical continuum temperature of 10-30 K peaks in the FIR (according
to Wien’s displacement law 7T A,5x=2.9 mm K), and the molecules are excited such that their
rotational lines fall in this window, as mentioned above. Furthermore, the information in spectral
line profiles allows studying the kinematic properties of molecular clouds, and the extinction by
dust grains declines with decreasing frequency, as mentioned in sect. [2.2.2] Most of the submm
telescopes operate with receiver bands in the frequency range 100—1000 GHz (or equivalently at
wavelengths of 3—0.3 mm and photon energies of 4.8-48 K). A challenging problem at these
frequencies is the earth’s atmosphere with its telluric absorption lines, because water (H,O) and
oxygen (O, and O;) have some absorption bands in this window. The water vapor (measured in
PWYV) decreases with increasing height above the sea level. Therefore, the precipitable water
vapor (PWV) in the atmosphere effects the transmission and noise, see fig. 2.1} One expensive
solution to circumvent this issue is to move above the atmosphere, by either using balloons,
planes or satellites in space. For example with the HSO, it was possible to detect and study the
important molecule H,O in protoplanetary disks.

Fig.[2.2|comprises the three telescopes used in this work. APEX is a 12m single-dish (Giisten
et al., [2006), located at the Llano de Chajnantor Observatory at an altitude of 5100 m in the
Atacama desert in Chile. SMA (Ho et al., 2004)) is an interferometer which consists of 8 X 6 m
telescopes, located at the volcano Mauna Kea at an altitude of 4080 m on Hawaii. The HSO
uses a 3.5 m single-dish (Pilbratt et al.,[2010), which was during its operating time (2009-2013)
parked in the Lagrange point L2 outside of the earth’s orbit.

2.3.1. Single-dishes

In the following, the APEX telescope is used as a prototype for most antennas in the submm
range. The common submm single-dishes are parabolic antennas with a secondary reflector.
They are alt-azimuth mounted Cassegrain-Nasmyth systems, which focuses the collected signal
into the receiver cabins. For dust continuum observations, which need no coherent detection,
bolometer cameras are used by absorbing the photon energies. Furthermore, by implementing a
polarizing device in front of them, sensitive polarization measurements are possible of magnetic
fields. For spectroscopic observations, heterodyne receivers are used, which are made mostly
of Superconductor-Insulator-Superconductor (SIS) mixers and cooled down to liquid helium
temperatures of 4 K. The input signal in voltages is calibrated to temperatures by the chopper
wheel method by measuring hot/cold loads and the sky. The main lobe of the power beam
pattern (the Fourier Transform of the aperture) can be approximated by a Gaussian function
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APEX, Llono de Chajnantor, alt. 5109m
PWV=4.00

g [ I".H L ‘| ‘ \
it 1 | M -
| | i |
’ NN | ]'Q‘IT' ﬂh W |
° 250 4éﬂllﬂ r‘: |Il ]i[;CI:IF:: |l JLé;; {Ph!l ] !hC’JlijOlh I 12ICOva !II‘ EE—IOgﬂJ I ﬂu%‘l\’ﬁo

Frequency {GHz)

Figure 2.1.: Atmospheric transmission at the site of APEX in dependence of frequency for
different PWV. Reference: APEX transmission calculator, Juan Pardo.

Figure 2.2.: Submm observatories used in this work. (a) SMA (Ho et al., 2004), (b) computer

model of HSO (Pilbratt et al., 2010), (c) APEX (Giisten et al.,2006).
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with a beam size 8, whereas the secondary maxima are referred as side-lobes. The angular
resolution 0.x of a single-dish with a diameter D at a wavelength A is after the Rayleigh criterion

ox=1224/D. (2.24)

The system noise temperature Tgys consists of the receiver and antenna temperature and limits
the signal-to-noise ratio (SNR) for possible significant detections. The radiometer equation gives
an estimation on the noise temperature A7 in a channel width Ay after an integration time ¢ by

VAv X t .

K is a factor which depends on the observing mode. Receiver instabilities lead to drifts for too
long integration times such that the stability is limited by the Allan variance. In addition with
the changing atmospheric conditions, it is sometimes better to split the observations in N parts,
where the noise temperature scales then as AT o 1/VN. The pointing and focus is checked
regularly on point-like sources (typically planets). Additionally for interferometers, a gain, flux
and passband calibrator must be observed, which are typically strong point-like sources such
as quasars. Depended on the atmospheric conditions, a calibration should be executed every
10 minutes. To have good baselines, the reference positions should be observed after several
minutes depended on the instrument’s stability and atmospheric conditions. The off or reference
position should be free of line emission and is subtracted from the on-source position to remove
the sky contribution and instrumental effects.

AT = (2.25)

] '
o8 ‘

e

Source map

e Data readout

—= Direction of telescope mation OFF position

Figure 2.3.: Sketch of an OTF observation. The region of interest is colored in blue, and the
scan is alternated in the horizontal direction after one row. Adapted from |Ossenkopf.
(2009).

Different observing modes exist dependent on the scientific goal, such as single pointing
on a point-like source, or scanning a large map. For mapping a large area of a sky, the on-
the-fly (OTF) mapping is an efficient method (Mangum et al., [2007). The telescope is slewed
continuously along one direction and the spectra are stored at a constant period in the order
of 1 Hz, see fig.[2.3] This method allows observing several on positions in a row after one off
position. The spacing difference between the on positions should be less than the beam size to
avoid gaps and a loss of spatial information. From the Nyquist sampling theorem, it is proved
that the sampling must be at least in steps of 8 = A/(2D) to recover the full spatial frequency
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information without losses. The observing time is then roughly given by
t = ton +toff = ton(N + VN) X M , (2.26)

where N is the number of rows, M the number of columns and it is observed along the row
axis. Additionally, an overhead of typically a factor of 0.5 (depended on the telescope facility
and experience of the user) is added for the setup to get the estimated total observing time,
which is requested in proposals. To avoid possible stripes and artifacts by sampling only in one
direction, additional scans in the orthogonal direction can be added, which is called "basket-
weaving". After obtaining the calibrated data, the spectra are reduced in several steps which
include combining, checking for inconsistencies and spikes, and removing the baseline. From
experience, even a little smoothing of the spectral channels by averaging over 2 or 3 channels
usually results in a good improvement. The spectra are then gridded to a raster (typically by
half or third of the beam size) and convolved with a Gaussian of the beam size to obtain the
final map 7T (x, y) or spectral data cube T'(x, y,v). The antenna temperature 74 is converted to
the main beam temperature T, by taking the forward efficiency F.¢ and beam efficiency B.g of
the antenna into account:

Tib = Fett/Bett Ta - (2.27)

These steps were applied for all APEX observations, chap. 3—5, which were done in the OTF
mode.

2.3.2. Astronomical radio interferometers

Because the maximum diameter Dy, of a single-dish is limited because of technical reasons
to Dmax <100 m, another approach is pursued to increase the angular resolution. To achieve
a higher resolution, astronomical interferometers are used, which measure the amplitude and
phase differences by several antennas. They consist of an array of single-dish telescopes, which
correlate the incoming signal. At the end, the so-called aperture synthesis tries to resemble
the same observations with a large single-dish, with the disadvantage of a smaller collecting
area and an incomplete sampling of the brightness distribution. For simplicity, in the following
a monochromatic array of two elements is described in one dimension. Given a two element
interferometer with length separation L, phase delay 6 and phase difference ¢ = 27 L sin(6)/A,
the measured electric field radiation becomes

E = Eyexp(—iy/2) + Ey exp(+iy/2) (2.28)
=2Egcos(¥/2) for E|=E;. (2.29)

The power is then
P(0) = |E?| = 4E] cos*(/2) o [1 + cos(¥)], (2.30)

and gives therefore an interference pattern. Consequently, by using Fourier optics, the visibility
function in eq. [2.31]is defined as the Fourier transform of the surface brightness distribution /:

V(k) = |V(k)|exp(i2nk0) = fd@ 1(0) exp(i27k) , (2.31)
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where k = L/A is the wavenumber. The incoming electromagnetic waves must be coherent
to perform interference, but astronomical sources emit usually non-coherent radiation. The
van Cittert-Zernike theorem states that for long distances (as always given in astronomy), the
observed brightness distribution of a source on the sky is the complex visibility function V (k)
as measured by an interferometer. In 2D space, the Fourier transform pairs of the coordinates in
the (x,y)-plane are referred as (u,v). A single measurement gives two symmetric points in the
uv-plane at one time. As the earth rotates, the phase changes while tracking the source, which
results in more measured points. Thus, the true visibility function V (k) is only sampled by the
sampling function of the interferometer,

V'(k) = S(k) =« V(k) . (2.32)

The Fourier transform of the sampling function S(k) gives the dirty beam or point spread
function (PSF) D. Therefore, a good uv-sampling is preferred, which is achieved by using
various baselines and non-uniform array spacings. The number of baselines increases with the
number of antennas N by N(N — 1)/2. The image [ is deduced by Fourier transforming the
sampled visibilities V' (k). The resulting image is referred as dirty map F:

F=D®(PxI)+N, (2.33)

where P is the power pattern of the single-dish (primary beam), which is together with 1,
convolved with D, and N is the noise distribution. This image is improved by a deconvolution
algorithm such as the CLEAN algorithm (Hogbom, 1974). This improvement consists of
decomposing the image by a collection of the dirty beam and its side-lobes, and at last replacing
the dirty beam by a clean beam, i.e., a Gaussian function which results in a synthetic beam.
Since non-observed areas in the uv-plane will result in negative lobes or features in the image, a
good uv-coverage for V' (k) is necessary for a good image quality or fidelity.

Because interferometer are sensitive only to small scales, they resolve out large scales or
slowly continuous changing emission, which can be the major component of flux in molecular
clouds. Up to a certain radius in the uv space (where large uv-radii correspond to small spatial
scales), the inner most part is not sampled at all. This issue is solved by conducting additional
observations. This means either by changing the antenna configuration with smaller baselines
(short-spacing), or by using single-dish observations at the same frequencies (zero-spacing, as
single-dishes completely fill the uv-plane up to their diameter D), see for example fig.
For the Atacama Large Millimeter/submillimeter Array (ALMA, |Brown et al., 2004), this
common issue was considered by installing an additional antenna set, the Atacama Compact
Array (ACA), at the same infrastructure which operates simultaneously. ALMA consists of 66
antennas: 50 X 12 m, 4 X 12 m and 12 X 7 m, where the latter two are reserved for short-spacing.
The large number of antennas guarantees a good uv-coverage in short times.

In comparison to single-dishes, the concept of wide-field imaging with interferometers is
called mosaicing or OTF mosaicing. The angular resolution of an interferometer is given by
replacing D in eq. [2.24] with the longest baseline L : éx = A/(2L). The field of view is
determined by the primary beam. The noise in the radiometer equation decreases with the
number of antennas N as AS oc 1/(A X N), where A is the effective antenna aperture.
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2.4. Kinematics and infall motions

The velocity information from spectral lines is used to examine the gas dynamics in the ISM.
According to the Doppler effect of electromagnetic waves, a velocity difference between a
receiver and sender will result in a frequency shift of the spectral line. To relate from frequency
to velocity scale, the eq.[2.34]is used:

A —

Ny AR (2.34)

Y0 Y0 C

v is the observed frequency, vy is the laboratory rest frequency and vigr is the radial source
velocity relative to the local standard of rest (LSR), i.e., relative to the barycenter of the solar
system by accounting for the standard solar motion (vs=20 km/s). The definition is such that
an increase in frequency is assigned to a decrease in velocity. This change in frequency is
called red- or blueshift, based on the behavior in the VIS. For instance, a source velocity of
10 km/s at 220 GHz results in a frequency shift of 7.3 MHz. The frequency resolution of
most spectrometers (acousto-optical, autocorrelation, Fourier-Transform) achieves today 1—
0.01 MHz, which corresponds at 100 GHz to a velocity resolution of 3—0.03 km/s. According to
the radiometer equation @], the narrower the band the less flux is received, which increases
the noise and thus the integration time. Therefore, a compromise between the SNR and the
frequency resolution must be achieved for spectral line observations. A good spectral resolution
is desirable to get the line profile shape, to separ