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Abstract

The Initial Mass Function (IMF) is a distribution showing how numerous stars with specific
masses are. It is observed that there is a peak of the IMF between 0.1-1 M®. Thus, low-mass
stars like our sun are more common than high-mass stars. But high-mass stars contain the ma-
jority of the galaxy’s luminosity. So, they are the only visible objects in other galaxies which
can be effectively observed. Thus, the understanding of high-mass star formation is not only
important for the generel understanding of star formation, but also for the understanding of
galaxy structures.

In a crude view, high-mass star formation is similar to the formation of low-mass stars. But,
there are some other factors needed to be taken into account like the need of very massive cloud
cores and a higher accretion rate. There are different scenarios which shall help us to simulate
the formation stages. But for computing a realistic scenario and comparing the results with real
observations, one has to know the initial conditions of star-forming regions.

My studies concentrate on the early stages of infrared dark clouds (IRDCs) which are supposed
to be star-forming regions, but do not contain any protostellar objects, yet. To learn more about
the initial conditions of IRDCs, 220 candidates with strong contrast profile in the infrared were
chosen. Based on the infrared observations of the Midcourse Space Experiment (MSX), a cat-
alogue of possible IRDCs have been created containing all regions with a significant constrast -
being defined as constrast = ( background - image ) / background - to the bright background.
The 220 candidate IRDCs have been observed in ammonia with the 100m-telescope in Effels-
berg. With these data, I was able to calculate the temperature and column density of ammonia,
and the distances and virial masses of the IRDCs. I used the Atacama Pathfinder Experiment
(APEX) Telescope Large Area Survey of the Galaxy (ATLASGAL) in dust emission at 870 ym
for deriving the gas masses and the virial parameter of the sample. This survey observed a great
part of the Galactic Midplane in submillimeter wavelengths and is, thus, helpful for estimating
initial conditions like gas masses, column densities, density structures, as well as for studying
large-scale morphologies.

The IRDCs’ rotation temperatures are averaged about 15 K, linewidths between 0.5 and
2.5 km s™!, column densities in order of 10'® cm? g=!. Thus, they are colder and less turbulent
than more evolved regions of high-mass star formation. The virial masses are between 100 and
a few 1000 Mg being sufficient for forming high-mass stars. The virial parameter is defined as
ratio between the gravitional and kinetic energy of an source. The parameters of the sample
IRDCs are in order of 1. This indicates that the sources are approximately in virial equilibrium.
In my thesis, I want to present these results in more detail, interpret them in the astrophysical
context and compare the parameters with previous observations of high-mass protostellar objects
(HMPOs) supposing to be the next evolutionary stage in high-mass star formation.
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Zusammenfassung

Die anfingliche Massenfunktion (englisch: Initial Mass Function, IMF) zeigt eine Verteilung, die
angibt, wie viele Sterne bestimmter Massen existieren. Das Maximum dieser Verteilung liegt
zwischen 0,1 und 1 Mg. Also gibt es mehr massedrmere Sterne als massereichere. Allerdings
machen diese massereichen Sterne den Hauptteil der Leuchtkraft der Galaxie aus. So kommt es,
dass sie die einzigen Objekte sind, die man in anderen Galaxien effektiv beobachten kann. De-
shalb ist es nicht nur fiir das allgemeine Versténdnis der Sternentstehung wichtig, zu verstehen,
wie diese Sterne entstehen, sondern auch fiir das Versténdis von Strukturen aller Galaxien.
Grob gesehen entstehen massereiche Sterne &hnlich wie massedrmere. Allerdings gibt es ein paar
Faktoren, die zusétzlich beriicksichtigt werden miissen, zum Beispiel die Notwendigkeit sehr
massereicher Molekiilwolken and hoher Akkretionsraten. Es gibt verschiedene Szenarien, die uns
bei der Simulation der einzelnen Entwicklungsschritte helfen sollen. Um realistische Simulationen
schreiben und diese mit Beobachtungen vergleichen zu koénnen, benétigt man gute Kenntnisse
der Anfangsbedingungen der Regionen, in denen Sterne entstehen.

Meine Untersuchungen konzentrieren sich auf die anfinglichen Stadien der infraroten Dunkel-
wolken (englisch: infrared dark clouds, IRDCs), welche man fiir Geburtstitten von Sternen hélt,
die allerdings noch keine protostellaren Objekte enthalten. Um mehr iiber die Anfangsbedin-
gungen dieser IRDCs zu lernen, wurden 220 sehr kontrastreiche Kandidaten aus ausgewéhlt.
Basierend auf den Beobachtungen im Infraroten durch das Midcource Space Experiment (MSX)
wurde ein Katalog moglicher IRDCs kreiert, welcher alle Regionen erhélt, deren Kontrast, welcher
als Kontrast = ( Hintergrund - Bild ) / Hintergrund definiert ist, signifikant gegeniiber dem hellen
Hintergrund ist. Die 220 IRDC Kandidaten wurden mit dem 100m-Effelsberg Radio Teleskop
im Ammoniak beobachtet. Mit diesen Daten war es mir moglich, die Rotationstemperaturen
und Sdulendichten von Ammoniak, sowie die Entfernungen und Virialmassen der IRDCs zu
berechnen. Zusitzlich verwendete ich die Daten des Atacama Pathfinder Experiment (APEX)
Telescope Large Area Survey of the Galaxy (ATLASGAL), welcher die galaktische Ebene in
der Staubemission bei 870 pm kartierte, um die Gasmassen und Virialparameter dieser Auswahl
bestimmen zu kénnen. ATLASGAL hat einen groften Teil der galaktischen Mittelebene in submil-
limeter Wellenldngen beobachtet und ist somit hilfreich zum Bestimmen der Anfangsbedingungen
wie Gasmassen, Sdulendichten, Dichtestrukturen, sowie fiir Untersuchungen ganzer groftflichiger
Morphologien.

Die IRDCs haben im Mittel Rotationstemperaturen von etwa 15 K, Linienbreiten zwischen 0,5
und 2,5 km s~!, Siulendichten in der Gréfenordnung von 10'® cm? g=!. Damit sind sie kiilter
und weniger turbulent als die weiter entwickelten Regionen, in denen massereiche Sterne entste-
hen. Die Virialmassen liegen zwischen 100 und ein paar 1000 M, was ausreicht, um massereiche
Sterne entstehen zu lassen. Der Virialparameter ist definert als das Verhéltnis zwischen gravi-
tativer und kinetischer Energie einer Quelle. Die Parameter der ausgewihlten IRDCs liegen im
Bereich von etwa 1. Dies deutet darauf hin, dass die Quellen annihernd im virialen Gleichgewicht
sind.

In meiner Arbeit mochte ich diese Ergebnisse detaillierter prisentieren, in einem astrophysikalis-
chen Kontext interpretieren und die Parameter mit einer Auswahl massereicher protostellarer
Objekte (englisch: high-mass protostellar objects, HMPOs; gelten als niichstes Stadium in der
Entwicklung massereicher Sterne) einer fritheren Beobachtung vergleichen.
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1 Introduction

The Initial Mass Function (IMF) being sketched in figure shows that there are clearly more
low-mass stars than high-mass ones. Therefore, it is not suprising that the formation and evo-
lution of low-mass stars are better understood than those of more massive stars. The studies
of high-mass stars and their formation are important, because these massive stars emit the ma-
jority of galaxy’s luminosities. That is why they are the only observable objects in other galaxies.

Trapezium Cluster Initial Mass Function

2.0

Log N (log m) + Constant
1

0.0
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Log Mass (solar masses)

Figure 1.1: Initial Mass Function: This IMF is a distribution describing how numerous
stars of masses between 0.01 and 1.5 M are. Its peak is located between 0.1 and 1 M.
To higher masses the distribution follows a power law (Muench et al., 2002]).

In addition to that, high-mass stars are important for the life cycles of all stars. They contain
a lot of energy and angular momentum which they are able to blow out into space via stellar
winds, molecular outflows, ultraviolet radiation and supernova explosions. With those, partially
violent processes, high-mass stars influence the interstellar chemistry as well. In this context, it is
interesting to learn more about the birth-rates, distributions and timescales of massive stars and
the correlation with these quantities for low-mass stars (i.e. for extragalactic star formation).

In this chapter, I want to give a short introduction in our current understanding of star formation
and show the similarities and differences between low- and high-mass star formation. My own
studies concentrate on the earliest stages of high-mass star formation supposed to be found in
so called Infrared Dark Clouds (IRDCs). From a catalogue containing candidate IRDCs based
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on the data Midcourse Space Experiment (MSX), there have been 220 IRDCs selected. Their
spectra have been observed with the Effelsberg radio telescope. The bandwidth was chosen to
be between 23.65 GHz and 24.15 GHz making it possible to observe the ammonia (1,1)- and
(2,2)-inversion lines (at 23694.495 MHz and 23722.633 MHz) in one spectrum and analysing
their hyperfine structures. With those, it was possible to study some parameters of the IRDCs’
initial conditions which are going to be presented and discussed in the next chapters.

1.1 Star Formation

1.1.1 Low-Mass Star Formation

Already in the 18" century, there were considerations by Kant (1755) and Laplace (1796) of
stars forming via gravitational collapse of interstellar medium. But it took astronomers and
astrophysicsts a long time to build up a standard theory of star formation. With this standard
theory, it is possible to explain the formation of stars with less than 8 Mg, no matter whether
they are isolated or embedded in clusters.

It is supposed that there are clouds of interstellar medium which form dense cores. These cores
are in hydrostatic equilibrium for a long time (about 10° years). The gravity wanting the cores to
collapse is balanced by turbulences, magnetic fields and thermal pressure. But if gravity becomes
strong enough to overcome its counterparts in one of those cores, they start to collapse probably
in an inside-out fashion. That means, that in the first step just a little part of the later star’s
mass (about 10%) forms the first central protostar. The remaining 90% are accreted from the
surrounding envelope, so that the protostellar’s luminosity is gained by accretion shocks. During
this process an accretion disk and bipolar outflow forms around the protostar. In this time, the
protostar is embedded within the optical thick envelope, and therefore not directly observable
yet. While the accretion process continues, the envelope clears up, until it is optical thin enough
for the protostar being observable. In the Herztsprung-Russell diagram (HRD), the line on which
the protostars are observable for the first time is called birth line (see fig. . From now on,
the further development of the (pre-main sequence) stars are tracked in the HRD.

The pre-main sequence is the time between the end of main accretion and the beginning of
hydrogen burning. In this part of evolution, the star’s central temperature is not high enough to
burn hydrogen efficiently. But the envelope is too empty to feed the star as in the protostellar
phase. Hence, the pre-main sequence star starts to contract. The gravitational potential is
converted into thermal energy and luminosity, until the central temperature reaches about 107
K being sufficiently for burning hydrogen. In dependency of its mass the pre-main sequence star
tracks through the HRD, until it reaches the Zero-Age Main Sequence (ZAMS) representing the
start of hydrogen burning. This is the real ”birth” of a star. Until the CNO cycle at the end of
the stars’ life times, the luminosiy is now gained by nuclear reactions.

1.1.2 High-Mass Star Formation

The described formation scenario above works only for stars with less than 8 M. If a forming
star becomes more massive, other effects being negligible for low-mass stars have to be consid-
ered.

For example, high-mass stars start their hydrogen burning while they are still accreting mass
from their envelope. Thus, the problem of radiative pressure arises, because this additional pres-
sure is able to slow the accretion process down or even stop it in one-dimensional simulations.
Also the accretion rate itself is a problem. The rate for low-mass stars is in the order 1076 -
10~® Mg /yr being too low for forming a high-mass star in the given timescales.
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Figure 1.2: Theoretical pre-main sequence tracks in der HRD. In dependency of the
stars’ masses the tracks have been simulated and ploted. The dotted lines represent
selected isochrones. All tracks start on the (upper) birth line and end on the (lower)
Zero-Age Main Sequence (ZAMS) (Pallai et al., [1999).

There are two popular ansatzes to solve these problems. The first one is the coalescene scenario.
It says that in clusters with high stellar densities (~ 108 pc~3), it may be possible that proto-
stellar clumps, being formed in the low-mass fashion, collide and merge (Bonnell et al.,
Stahler et al., Zinnecker et al., [2002).

The second scenario adapts the standard theory for low-mass star formation and increases the
parameters, like accretion rates (Jijina et al., Norberg et al., Tan et al., Wolfire
et al., [1987; Yorke, . That means, that instead of an accretion rate of 1076-107° Mg, /yr,
there would be rates of the order 107% - 1072 Mg /yr neccesary to form a massive star. Also,
disks, which transporting the mass to the protostar, have to form.

For learning more about the real high-mass star formation, it is neccesary to collect more infor-
mation about the individual stages of star formation. In this thesis, I concentrate on the very
earliest stage: the Infrared Dark Clouds.
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1.1.3 Molecular Clouds

The space between stars and star systems is not empty, but filled with gas, dust and cosmic rays
being united in the concept of the interstellar medium (ISM). Besides those main components, the
ISM contains also electromagnetic radiation, a gravitational field and a magnetic field. Almost
all matter (99%) is in gas phase and includes about 70% hydrogen (atomic and molecular), 28%
helium, and 2% heavier elements (Ward-Thompson et al., [2011]).

The ISM can be classified into four phases de-
pending on their initial conditions. The Hot
Tonised Medium (HIM) contain diffuse, hot
(~ 10* K), ionised gas being formed by ra-
diation, stellar winds (i.e. by young massive
stars) and supernova remnants. Regions of
warm (10% — 10* K) and partially ionised gas
are called Warm Ionised Medium (WIM). This
is the form of gas filling the majority of the
Galaxy’s disc. The most common techniques Figure 1.3: Image of the IRDC G11.11-00.11 in
to observe these two kinds of ISM are the Ha 8 p#m from MSX (URL: S. J. Carey). The optically
emission and pulsar dispersion. Latter uses thick region hides the background stars behind.
the boardering of an otherwise sharp pulsar

pulse. By this, the electron density between the pulsar and the observer can be measured. In
opposite to the HIM, HI-regions are clouds of cold (50-100 K), neutral regions of atomic gas and
are observed in the HI 21 cm line emission. Finally, there are the large regions of cold (20-50 K),
dense, and molecular gas, the so called dark clouds or molecular clouds. An example is shown in
fig.

The largest of these molecular clouds are called Giant Molecular Clouds (GMCs). They have
sizes of 20 - 100 pc and masses of the order 10% - 10° M. The average local densities of hydro-
gen are about 4 -10% - 1.2 - 10* em ™ and the average temperatures are in the order 15 - 20 K.
Consequently, they are observed at infrared and radio wavelengths (more details in ch. .
There are also weak magnetic fields with field strengths of the order of a few 10 uG.

Although molecular hydrogen is the most common component in GMCs, dust is very important
for the heating and cooling processes within the clouds (stabilising the temperature and keeping
the clouds balanced), and for the interstellar chemistry itself. The fraction of dust in the ISM is
just 1%, but it is enough to let the cloud be optical thick. Hence, not only visible and infrared
light is blocked, but also ultraviolet radiation which would be able to destroy molecules.

The dust grains’ surface is also needed as catalyser to form molecules. These reactions are
additionally supported by turbulences within the molecular clouds. With a velocity dispersion
of 2 - 3 km s—! they are highly supersonic (average sound speed is about 0.2 km s~!) and are
supposed to be an important counterpart of gravity for keeping a cloud in balance.

But GMCs are not uniform. Within these large structures smaller, denser cores form supposed to
be locations of star formation. These Infrared Dark Clouds (IRDCs) have sizes of 0.25 - 0.5 pc,
masses of the order 100 - 1000 M, mean densities of 10° em~3 and temperatures of about
16 K. They also contain some high-density molecular line tracers like ammonia being helpful for
analysing the initial conditions (more details in ch. . In my studies, I have concentrated on the
analysis of two ammonia inversion lines in the spectra of 220 IRDCs. The technical way how to
find and catalogue IRDCs will be descriped in chapter as well as the selection criteria with
which the sample of IRDCs has been chosen.




1.2 Interstellar Ammonia

1.2 Interstellar Ammonia

Until today, about 160 molecules have been tracked in the ISM being listed up in table

Number of Atoms

2 3 1 5 6 7 g 5 10 11 2+
s Cs c-CzH  Cs CoH CoH CH3C03N CH3C4H CH3C5N HCyN CoHg
AlF CoH 1-C3H Cy4H 1-HoCy CH2CHCN HCOOCH3 CH3zCH2CN (CHg)2CO CrHy HCi1N
AICI  C30  C3N CySi CoHy CH3CH  CH3COOH (CH3)50 NHyCpH30, C3HgOz! PAHs
Ca C28 C30 1-C3Hy  CH3CN CH5N C,H CH3CH,OH (CHyOH)y Ceo
CH CHy CsS ¢-C3Hy  CH3NC HCOCH3 HyCg HC7N C3HgO
CHT HCN  CyH, CH,CN  CH3OH NH,CH; HOCH,CHO CgH n-C4H7;ON
CN HCO CgH~  CHy CH3SH ¢-CoH4 O  1-HCgH CH3C(O)NH, Cro
CO HCOT HCCN HC3N NC3NHT  CQgH™ CHyCHCHO CgH™

cot HcsT HCONHT HCRNC  NCoCHO CH,CCHCN C3Hg

CP  HOCT HNCO HCOOH NHyCHO HyNCH,CN

CSi H,0 HNCS  HyCHN CsN
HCl  HyS HOCOT H,C50 1-HC4H

KCl HNC HyCO HNCj 1-HC4N
NH HNO HoCN  SiHy c-
H,C30

NO  MgCN HyCS  HyCOHT HyCCNH
NS MgNC HgOt  HyNCN  CsN~

NaCl NoHT NHj CyH™
OH NoO c- NC(O)CN
SiC3

PN NaCH CHs

SO ocs PH3

SOt ¢ HCNO
SiCy

SIiN  CO, HOCN

Si0  NHg HSCN

Sis HT Hy05
cs HyD'

HF SOy

HD  HDJ

FeO  SiCN

04 HCP

CFT ccCP

SiH  AlIOH

PO HyOF
AlO  HyCIt

oHt KCN
CN~ FeCN
SNt

CH

CHT

Table 1.1: List of Molecules in the ISM (2011) (URL: Cologne Database for Molecular Spectroscopy
(CDMS)).

In the clouds, there exist no inorganic molecules containing more than five atoms. Only the
organic molecules can form bigger structures.

In my studies, I have analysed two inversion lines of ammonia. Ammonia (NHj3) has some
advantages over carbon monoxide making it a practicable tool in star formation research. On the
one hand, ammonia is a high-density tracer with critical densities in order 103> cm=2 (2083 cm~3
for (1,1)- and 1317 em ™3 for (2,2)-inversion transition). Thereby, it is helpful in finding clumpy
structures within the ISM. On the other hand, the ammonia inversion lines are narrow and
relatively near together in frequency space. Thus, one can observe two (or more) lines within
one observation (contrary to carbonmonoxid).

The ammonia molecule itself contains one nitrogen atom and three hydrogen ones. They are
arranged as an tetrahedron. The hydrogen atoms build the triangular basis and the nitrogen

1 L . . . .
additional knowledge: Ethyl formate (CoHsOCHO) is an ester formed when ethanol reacts with formic acid. It has the charac-
teristic smell of rum and is also partially responsible for the flavor of raspberries. (wikipedia.org).
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atom the vertex. Thus, the molecule acts like a symmetric gyro with two principal axes of inertia.
Therefore, it is able to rotate, as well as the individual atoms can vibrate against each other.
But the molecule is no planar symmetric gyro, that is why it has also the property of inversion.
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Figure 1.4: Potential curve of NH3. s describes the distance be-
tween the nitrogen atom to the hydrogen plane. (b) is a magnifica-
tion of the lower part of the potential curve, including the energy
levels (Townes et al., [1975).

Fig. [[.4) shows a plot of the potential curve of NHj as a function of the distance between the ni-
trogen atom and the hydrogen plane. One can note that for lower energies there are two possible
states of equilibrium: on the one hand the nitrogen atom being on the left side of the hydrogen
plane, on the other hand being on the right side. These two stages are seperated by a finite high
potential barrier. Thus, it is possible that the nitrogen atom tunnels through the barrier and
oscillates between the different states of equilibrium (like an umbrella being frequently turned
down, cf. fig. . This process is called inversion.

Theoretically, there should be no energy difference between these two states of equilibrium, in
contrast to other quantum mechanical effects. But based on the Pauli exclusion principle, this



1.2 Interstellar Ammonia

is not allowed, which leads to a small energy shift of AE. The frequency the nitrogen atom
oscillates with is given by vV = A—hE (with h being the Planck constant). The energy difference
AFE depends also on other quantum numbers.

Figure 1.5: The Ammonia Molecule in the Two Possible States of Equilibrium
(URL: Texas A&M Chemical Engineering Department).

For example, if one increases the molecule’s angular momentum J, the distances between the
individual atoms become bigger. That means, that the space between the hydrogen atoms be-
comes bigger. The consequence is that the potential barrier becomes smaller and the probability
of the nitrogen tunneling through the plane increases. This effect is maximal, if the molecule’s
rotation is parallel to the symmetry axis (J = K). With smaller K (=J’s projection on symmetry
axis) the frequency decreases.

Simular to this, vibration causes an increasing inversion frequency, too. By vibration, the mean
seperations between the individual atoms are bigger than in a state of rest, in particular the
seperations between the hydrogen atoms.

But the inversion lines themselves are not enough to calculate the IRDCs’ rotation temperatures
and column densities. It is necessary to observe the lines’ hyperfine structures.

The nitrogen nucleus is not spherically symmetric, that is why it has got a quadrupol moment.
This interacts with the gradient of inhomogeneous electromagnetic field induced by the hydro-
gens’ nuclei and electrons (Schilke, . Thus, the nitrogen’s nuclear spin Iy and the angular
momentum of the molecule’s rotation J link up to the temporary total angular momentum F;

Fi=1Iy+J (1.1)
Because the nitrogen’s nuclear spin is Iy = 1, F; can take the values
Fy=|J—-1],J and J+1 (1.2)

Thus, one gets a hyperfine structure splitting for J > 1 (cf. fig. being the case in my studies.
An example from the observed sample is shown in fig. [I.7}
There are also other interactions being explained in more details in Schilke (1989).
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HYPERFINE STRUCTURES OF THE (I,1) INVERSION LINE
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Figure 1.6: Hyperfine Splitting of the (J,K)=(1,1) Inversion Transition of Ammonia. The allowed
transitions are indicated (Ho, 1977).
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Figure 1.7: Observed Ammonia (1,1)-Inversion Line Hyperfine Structure in G34.34-00.72A
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Figure 1.8: Spectrum of Electromagnetic Waves (URL: Antonine Education).

Fig. [1.8] shows the spectrum of electromagnetic waves and their classification. One can see
that the part being visible for the human eye (400 - 750 nm) represents just a little fraction
of this spectrum. Nevertheless, the beginning of astronomical observations started at these
wavelengths. With the invention of the first telescope about 400 years ago, it was possible for
astronomers to observe the sun and her planets more precisely. The inventions of photography
and spectroscopy in the 19" century allowed astronomers to look even deeper into the universe.
This was seconded only by the start of manned and unmanned space flight allowing to overcome
the limits of earth’s atmosphere. But no matter, if one observes on earth or in orbit, the optical
astronomy (the observation of sources in the range of visible light) does not suffice to explain the
evolution and dynamics of stars, galaxies ect. As mentioned in ch. the early stages of star
formation are taking place in cold regions. Wien’s displacement law

2.898 mm K

Amaz = T (1.3)
tells us that the wavelength of maximal radiation of a blackbody (as such we assume our sources)
is inverse proportinal to its temperature. The colder the sources we want to observe, the bigger
the wavelength at which we have to do that. Therefore, the beginning of radio astronomy was a
great advance for star formation research.
The first to observe sources of radio waves from the Milky Way was Karl Jansky in the 1930s
(Kraus, . Jansky served in the field site of the Bell Telephone Laboratories as a radio en-
gineer. His job was to study the effects of arriving thunderstorms on beam antennas of radio
telescopes (which were used for transoceanic radio-telephone communication) and to find a way
to increase the signal-to-noise ratio for the circuit. For this task, Jansky built the antenna which
is seen in fig. [1.9] It was a vertically polarisated unidirectional beam antenna being about 30 m
long, 4 m high and rotatable in azimuth.



1 Introduction

In December 1932, Jansky published his pa-
per in the Proceedings of the Institute of Ra-
dio Engineers (Kraus, reporting his first
results. He made out three groups of sources
of disruption: firstly the local thunderstorms,
secondly more distance thunderstorms (prin-
cipally from southly directions), and thirdly
“[-..] a steady hiss type static of unknown ori-
gin” (Kraus, [1986). One year later, he pre-
sented his further studies saying that latter
may “lead to the conclusion that the direction

of arrival of these waves is fixed in space, i.e., Figure 1.9: Karl G. Jansky and his Rotating An-
tenna Array

that the waves come from some source out-
side the solar system” (Kraus, [1986). In 1935,
Jansky published a third paper in which he came to the “conclusion that the source of these
radiations is located in the stars themselves or in the interstellar matter distributed throughout
the Milky Way” (Kraus, . Further, he reasoned that if stars were sources, the sun itself
should be a strong radiation source. This was not the case, because he did not observe any
special radio radiation from the sun. Today we know that this is not exactly true and Jansky’s
observations took place during a sunspot minimum. Jansky also observed that the radio source
followed an daily cycle of about 23 hours and 56 minutes. The strongest position of the radiation
source has been located in direction of the centre of the galaxy. Jansky wanted to delve into the
radio wave research, but was assigned to another project by his company. To honour his work
and efforts, the unit of flux density, Jansky (Jy), was named by him.

The research in new radio astronomy was continued by others, like Grote Reber. In 1937, Reber
built a parabolic-reflector antenna with a diameter of 9.5 m being steerable in declination and
making use of the earth’s rotation for moving in the right ascension (Kraus, . After testing
the limitations of his equipment and repeating Jansky’s work, Reber started the first sky survey
at radio wavelength (1.87 m or 160 MHz). The first maps were published in 1944 with a suprising
good quality of measurements. Amongst others, Reber’s publications piqued Prof. J. H. Oort’s
interest who suggested that the radiation Jansky and Reber detected has to be a continuum and
that there could be also monochromatic lines in radio radiation. He tasked the astronomer Dr.
H. van de Hulst to work out a possible mechanism for getting a line or single-frequency type of
radiation in the radio spectrum. In 1945, van de Hulst also suggested that it would be worth to
search for the 21.1 cm (1,42 MHz) line of neutral hydrogen. The line was detected in 1951 by
Ewen and Purchell at Harvard University and Muller and Oort at Leiden. The observations of
hydrogen and the surveys of the galaxy in this wavelength are of immense usefulness until today.
But there were not only detections of radio radiation in our galaxy, but led also to the detection
of radio galaxies.

There are different techniques to observe at radio wavelengths. But all contain an antenna col-
lecting the radio radiation from the observed source and transfer the signal power to the main
receiver. From there, the data are being recorded (cf. fig. [1.10). The data I have analysed in
my studies were recorded by the 100 m radio telescope in Effelsberg.

The Effelsberg telescope is shown in fig. It is a fully steerable parabolic single-dish antenna
with a diameter of 100 m and a 40” FWHM at the NHj3 frequencies. Its construction has been
finished in 1972 and it belongs to the Max-Planck Institute for Radio Astronomy (MPIfR) in
Bonn since then. Until 2000, it was the world biggest telescope. More detailed informations
about the techhnique of radio telescopes and the Effelsberg telescope can be found in the book
of Kraus and the homepage of the Effelsberg Radio Telescope.
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Figure 1.10: Schema of a Modern Radio Antenna (Kraus, |1986).

Figure 1.11: The 100m Radio Tele-
scope in Effelsberg (URL: MPIfR).
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1 Introduction

1.4 The IRDC Sample

Figure 1.12: The Midcourse Space Experiment (MSX). In the background, an image of the Galactic
Plane observed at 100 pum is shown. The blue grid indicates the J2000 Equatorial coordinates. The
yellow regions represents the galaxies and star formation regions valiable also in higher resolution.
The red regions show the IRAS Gap regions > (URL: R. Simon).

Based on the Midcourse Space Experiment (MSX), a catalogue of candidate IRDCs has been
created, containing 10,931 candidate IRDCs and 12,774 embedded cores within the first and
fourth quadrants of the Galactic plane (Simon et al.,|2006]). This area was surveyed by the MSX
SPIRIT III, being launched in 1996, at the four mid-IR wavelength 8.3, 12.1, 12.7 and 21.3 pym
(bands A, C, D, and E). The catalogue bases on the 8.3 um data, because of its good combination
of angular resolution and sensitivity.

The algorithm Simon et al. created for finding candidate IRDCs bases on the contrast being
defined by contrast = (background - image) / background, and the requirement that IRDCs are
isolated from each other, continuous, and extended. Thus, a candidate IRDC is detected, if
the region’s contrast is at least twice the error estimated for each pixel (to avoid detections by
instrumental noise effects) and cover a larger area than Q > 7 - (28”)% = 1232 arcsec® (IRDCs
have to be extended). The candidate cores are found by two-dimensional elliptical Gaussian fits,
so at least one core is found within each cloud. For more informations and details, please look
at the paper of Simon et al. (2006]).

For our observations we selected all candidate IRDCs being high-constrast (contrast value is
higher than 0.3), extended (area is larger then 0.6 arcmin? ~ 2160 arcsec?) and observable with
the Effelsberg telescope (Galactic longitude 1 > 20°, Galactic latitude b < 70°). Also, the ratio
of contrast to contrast error ¢/Ac should be larger than 3 to obtain the clouds’ significance. The
220 so selected candidate IRDCs were observed in 2008 and 2009 with the Effelsberg telescope
in ammonia (1,1)- and (2,2)-inversion transitions.

2The Infrared Astronomical Satellite (IRAS) gap images were constructed from 160° long scans at constant ecliptic longi-
tude (epoch 1984). Two sets of scans were performed covering the IRAS gaps at Ecliptic longitude ~162° (Gap 1) and
~342° (Gap 2) using 37 and 27 scans, respectively. The scans for each gap were offset by 0.45 degrees at the Ecliptic plane;
therefore, scan coverage is a function of Ecliptic latitude with the highest sensitvities towards the Ecliptic poles (MSX).
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1.5 ATLASGAL Survey

1.5 The Atacama Pathfinder Experiment (APEX) Telescope
Large Area Survey of the Galaxy (ATLASGAL)

One goal of my work should be to look for a way to classify IRDCs in comparision to high-mass
protostellar objects (HMPOs). Therefore, the question whether the clumps are already collaps-
ing or not is of great importance. But with the spectra of the Effelsberg telecope, it is only
possible to calculate the virial masses (more details in ch. . To derive the gas mass I have
used the dust continuum maps of the ATLASGAL Survey.

The APEX telescope large area survey of the galaxy (ATLASGAL) is a project exploring the
Milky Way with the Atacama Pathfinder Experiment (APEX). The survey was done at submil-
limeter wavelengths in continuum (Schuller et al., 2009). It was concentrated on observations in
the inner Galactic plane. The continuum emission of interstellar dust at 870 ym can be used for
both locating high density regions (e.g. IRDCs) and deriving their masses, column densities and
density structures and studying large-scale morphologies. Therefore, the survey was also used
for building up a database of massive pre- and proto-stellar clumps in the Galaxy. There have
been found about 6,000 compact source being brighter than 0.25 Jy (with a RMS of about 0.05
Jy), but only one third have an infrared counterpart. More details can be found in the paper of
Schuller et al. .

For deriving the masses of my sample of IRDCs, I needed to find the continuum counterparts of
the IRDCs in the dust continuum maps and extract the flux densities (see ch. [2.4).

large Programme 2008-2009 Observations 2007

-80

Figure 1.13: The APEX Telescope Large Area Survey of the Galaxy (ATLASGAL). In the back-
ground, the Galactic Plane is shown between +90° in Gal. Longitude and £10° in Gal. Latitude.
Within that, the regions being observed by the ATLASGAL survey are indicated. From 2008 to
2010, the survey covered £60° in Long., over +1.5° in Lat., and again £40° in Long., over £1° in
Lat., to improve the sensitivity in the innermost part of the Galactic plane. In 2010, another short
project covered the regions between -80° to -60° in Long. and -2° to +1° in Lat., containing the
last piece of activce star formation in the inner Galactic disk (Schuller et al., .
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2 Characterisation of Infrared Dark
Clouds

The goals of my studies were to determine the initial conditions of 220 selected IRDCs by
analysing their ammonia (1,1)- and (2,2)-inversion lines and find a way to classify them by
comparing my results with the initial conditions of a high-mass protostellar object (HMPO)
sample. In this chapter, I want to recapitulate the steps bringing me to my results.

In the end of my analysis, there were only 102 IRDCs with justifiable parameters left. The
criteria for my selection were that

e the (1,1)-inversion line is detected,
e the relativ errors of their antenna temperatures is lower than 40%,

e the rotation temperatures are between 0 K and 50 K with (absolute) errors lower than 20
K and

e the counterpart regions of the IRDCs in the ATLASGAL dust maps have flux densities
above the fourfold RMS.

Eight of the 220 observed sources have been detected in ammonia (1,1)-inversion transition, but
have no counterparts in dust emission and have been sorted out. The following discussion will
focus on this selection of 102 sources. The errors of the calcucated quantities have been computed
by Gaussian error propagation. The presentation and interpretion of my results and the further
characterisation will follow in chapter 3] In chapter3.1|there will be a discussion about the other
sources being sorted out.

2.1 Rotation Temperatures

For the calculations of the rotation temperatures and column densities, I have followed the
desciptions of Schilke (1989, ch. 7.3) and Ho et al. (1983). For a better understanding, I will
shortly summarise the most important points.

Effelsberg measured the IRDCs in two polarisations. Thus, there were two spectras for each
clump needed to be averaged. This is possible, because the radiation of the sources is not
polarized. The background noise has been reduced by frequency-switching. This mode changes
the frequency of the system while still pointing at the same position. The so measured background
radiation is substracted from the spectrum observed in the original frequency. This method has
a great advantage over the position-switching. Here, one observed empty regions in the sky for
about half the time for “just” measuring the background noise.

To average and frequency-switching the spectra and do the further analysis, I have used the
GILDAS CLASS package (Hily-Blant et al., [2006]) being created for analysing single-dish spectra
of large quality. To derive the wvelocity of observer relative to local standard of rest (Vi) 1
needed to modify the spectra to the respective frequencies. That means that CLASS is able to
calibrate the velocity values to a given frequency, so the V4, at this frequency is equal to zero.
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2 Characterisation of Infrared Dark Clouds

Figure 2.1: Observed Ammonia (1,1)-Inversion Line Hyperfine Structure in
G34.34-00.72A

Because the sources are moving relative to us, the ammonia lines are shifted within the spectra.
The derived Vi, will help me to calculate the distances of the IRDCs from the sun (see ch. .
After optimising the spectra by substrating polynomial baselines, I was able to fit the hyperfine
structure of the inversion lines, assuming they were detected. The fit method for the ammonia
inversion transitions is already included in CLASS. It bases on a multi-gaussian fit and needs the
laboratory values for the frequency shifts and relative intensities of each hyperfine line, which
can also be found in the thesis of Ho (1977). The hyperfine fit returns the best fit parameters for
antenna temperature Tone, optical depth 7, Vs and linewidth Av (with errors). The important
values for the detected ammonia inversion lines are listed up in table [1]in the appendix.

The antenna temperature Ty,: describes the brightness temperature of a source. It depends on
the beam with which the source is observed and returns the mean value over this beam. It is
also needed to calculate the excitation temperature.

The ezcitation temperature T,, is no physical quantities (because for masers it can also be
negative), but descibes the ratio between two population levels u(p) and 1(ow) via

zn Gu AE
— Jv — 2.1
n gi P ( kTex) ( )

where n; are the numbers of particle in the state i, g; their statistic weights, AFE is the energy
difference between the states and k the Boltzmann constant. For the IRDCs it is expected to
find temperatures above 10 K, wherefore the excitation and antenna temperatures are simplified
(by the Rayleigh-Jeans law) by

Tant = nf(Tea, - TBG) . (1 - 677—) (22)

where 7 is the optical depth and Tz represents the background temperature being about 2.7 K.
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2.1 Rotation Temperatures

For the excitation temperature, that means

Tant
Ty = ———+27K 2.3
nf(l—e7) (23)

7y represents the beam-filling factor describing the fraction of the antenna pattern being received
from the source. In the case of extended and not lumped sources, the beam-filling factor is equal
to 1. Because of a resolution of 40” (Effelsberg), this case can be assumed for the data. The
excitation temperature can be calculated for both inversion lines with their respective optical

depths.
But what we really want to know, is the rotation temperature T,.:. It is defined similiar to the
excitation temperature by
l
n; ; AFE
— = 9 exp ( = > (2.4)
nj 9; kTrot

But instead of the levels splitted by inversion, there are the levels of each quantum number J and
K (total angular momentum and its absolute projection along the z-axis) needed. The index |
represents the lower inversion level. Of interest are the rotation temperatures of the metastable
inversion levels (J = K, for nonmetastable inversion levels J > K). Those levels cannot be
destroyed by radiation. Therefore, the population numbers are high enough to emit measurable
line intensities. Furthermore, they only interact via collisions. This will be very important for
calculating the gas mass in ch. because for temperatures below 50 K (expected for the
IRDCs) the dust temperature is approximatly equal to the rotation temperature of ammonia (cf.
Schilke, |1989)).

The problem is that the population numbers are unknown and have to be approximated by the
column densities. For lines detected in the same region the ratio of the population numbers
should be equal to the ratio of the respective column densities. Latter depends on the ratio of
the optical depths being described by

Zhvgk
K B K2 J'(J +1)Avy Ni(J,K) 1—e KT
VKT J(J+1) K7 Av N(J K T
( ) 2 l( )1_6kTéImK (25)

K J+D)2) +1 A0 N(JK) vy TLE
T JJ+1) K?  2J+1 Avy Ny(J',K') vy TIE

where 775 is the optical depth of the (J,K) inversion line, Av; its linewidth, N;(J, K) its column
density and T X its excitation temperature. Because I am just analysing the (1,1)- and (2,2)-
inversion lines, itisJ =K =2and J’ = K’ = 1.
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2 Characterisation of Infrared Dark Clouds

The excitation temperatures are expected to be much higher than the difference between the
inversion levels (cf. Schilke, [1989). Therefore, the approximation in equ. follows by the
expansion of the exponential function. This can be solved for the ratio of the column densities
and insert into equ. getting:

T —-F —-F
rot = K2 J(J+1) 20 +1 Avy vyrger TIE 77K\ ! UK (2.6)
N\ T+ " K? 2741 Aoy vox T K 7K n\x - —grr

where E = % = 41.5 K (Ho et al., [1983) and

K”? J(J-‘rl) 2J +1Avyvyg TE‘QK

TTT ) K2 2+ 1 Avy vyg TLE

(2.7)

Following the instructions of Schilke (1989) and Ho et al. (1983)), there are four cases for calcu-
lating the rotation temperature:

1. both inversion lines are optically thick:
—-F
fr722
in (m f; Tll)
where 7% is the optical depth of the (i,i)-inversion line and f; its average profile functions.
There is f1 = 0.5 and fo = 0.796 (Ho et al., |[1983).

T7‘0t = (28)

2. the (1,1)-inversion line is optically thick, but the (2,2)-inversion line is optically thin:

—-F
Trot = 7 22 » (29)
In (fxﬁln (1 —Im(l—e" )))
3. both inversion lines are optically thin:
—FE
T’I‘Ot = W (210)
n(~ehie)
where T¢,, is the antenna temperature of the (i,i)-inversion line.
4. the (1,1)-inversion line is detected, but not the (2,2)-inversion line (Ho et al., [1983)):
—-F
Trot = (2.11)

In (— 0-2821p, (1 = %(1 — e—Tu)>)

ant

In this case, the (2,2)-inversion line lies within the noise. T2, was given the spectrum’s
triple root-mean-square value (RMS = 0.025 K). Therefore, the rotation temperature de-

rived with this case is just an upper limit estimation!

The results of these calculations can be for in table 2] in the Appendix and will be discussed in
ch. in more details. The sources’ rotation temperatures are between 8 K and 29 K, with a
mean value and median of about 15 K and errors of around 2 - 3 K.
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2.2 Column Densities

2.2 Column Densities

The column densities of one inversion level (here: (JK’)) is related with the optical depth by

(cf. equ.
TJ/K/ _ ﬁ2\/ln(2) K’Q

1 hvyrg:
= 2~ N(J. K- [1- _DESKY
e T )" Ae WD KON\ T RrIE

3924/In(2 K" 1 'K
~ I 2vine W N )
3 vr T+ )" A KTTK

(2.12)

where p = 1.476-10~ '8 Debye is the electric dipole moment. By neglecting the background ra-
diation and expressing the excitation temperature in terms of the the optical depth, the column
density of the (1,1)-inversion level can be calculated by

3.7 (#H23h  m J(J +1)Av k

NM = — — 2.13
t 1—e 7" fi 8a39, /In(2) K2 u2 hiy ( )
where v; = 23694.496 MHz is the laboratory frequency of the (1,1)-inversion lines.
To get the total column density of the (1,1)-level, one needs to correct
J/K/ J/K/ th J/K/
N :Nl . 1+eXp _W NZ'NZ (2.14)

But what we are interested in, is the total column density of all levels. Therefore, one has to
assume that the clumps are in thermal equilibrium and the column densities follow the Boltzmann

distribution N N
J'K' _ Vot V'K’
N - A 9y K’ €Xp (_kTe]z/Kl) (215)
with Z being the partition function
Z = Z exp | — hvs i (2.16)
2 9IK KT .

In addition, one has to consider that equ. calculates only the column density of para-
NHj;. Para-NHj descripes the ammonia inversion levels with K # 3n (n being an integer) and
not parallel hydrogen spins. In contrast, ortho-NH3 unites all ammonia inversion levels with
K = 3n and parallel hydrogen spins. The statistical weight g;x of the two states is given by
g7k = 2(2J + 1) for para-NH3 and gyjx = 4(2J + 1) for ortho-NHz. That means, if one wants
to calculate the total column density Ng,; of ammonia, the left-hand side of equ. has
to be multiplied by a factor of three (because the abundance of ortho-NHj is twice the one of
para-NH3). In the end, the total column density of ammonia can be calculated by

3NJ K 234
N[NHzlpor = —o 7 et 2.1
INHslio: = 5577177 ¢ (2.17)

The results for the IRDCs are listed in table The column densities range between 0.2-10'° ¢cm™2
and 38.7-10'° em~2. The mean value of the column densities is approx. 6-10'® cm~2 and the
median about 4-10'5 ¢cm™2. These results will be discussed in more details in ch. t00.
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2 Characterisation of Infrared Dark Clouds

2.3 Distances

To calculate the virial masses of the IRDCs in ch. one needs their radii. Those can be
estimated by calculating the distances of the IRDC from the sun and using the resolution of the
Effelsberg telescope. The calculations of the IRDCs’ distances to the sun were a little bit more
complicated. At the end, I have just the algorithm of Reid et al. (2009) by translating their
FORTRAN algorithm into C++ language and including it into my routine. The routine was
originally thought for distance estimations by using maser lines. It uses their V4., wherefore
this method is also applicable for my ammonia lines. The kinematic distances are calculated by
using the galaxy’s rotation curve. The parameters of that rotation curve have been recalculated
by Reid et al. Their best fits differ from the standard parameters of solar motion.

Therefore, in the first step, the routine converts Vi, to a heliocentric frame by substracting
the components of the standard solar motion. In the next step, the "new" V4, is computed by
adding the best fit parameters of solar motion. Now, the angle between the sun, the IRDC and
the GC and the IRDCs distance from the GC projected in the Galactic plane can be estimated.
But one has to consider that for each V. and position in the Galactic plane, there are two
possible distances, in the majority of cases.

In this routine it is supposed that the galaxy has a flat rotation curve. That means that the
rotation speed of the galaxy at the source is independed of its distance from the GC: % = 0.
Thus, the angular velocity is inversely proportional to the radius (distance of source to the GC).
If one would measure the velocity in one direction, it would first increase, until the maximum
is reached in the so called tangent point. Behind that the velocity curve would descrease again.
Thus, for a given velocity there are two possible locations of the source: the one position before
the tangent point, and the other one behind it. The IRDCs have been selected because of their
high contrast against the Galactic background. Therefore, I am just interested in the nearer
positions.

The error of the sources’ distances is exstimated by repeating the upper routine and using the
upper and lower error limits of Vig,.

The sources of the sample are at distances of a few kilo-parsec (cf. table [2|in the Appendix).
The positions of the sample IRDCs and HMPOs are sketched in fig.

Positions of IRDCs and HMPOs in the Galactic Plane
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Figure 2.2: Positions of selected IRDCs and HMPOs (cf. chapter [2)) in the Galaxy
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2.4 Virial And Gas Masses

2.4 Virial And Gas Masses

2.4.1 Radii

The data received by the Effelsberg telescope have a FWHM of 40”. Therefore, the angle is
sufficiently small to estimate the radii of my IRDCs by trigonometry. For each source, the sun,
the middle and the edge of the source build a right angle triangle (with the right angle between
sun-middle-edge). The distance between the sun and the source’s middle is given by the distance
d calculated in ch. The edge-sun-middle angle is given by half the FWHM of Effelsberg
telescope (assuming the FWHM converts the whole source). Thus, the radius r is given by

(FWHM)
r=d-tan

(2.18)

The radii are between 0.25 pc and 0.5 pc (cf. table [2[in the Appendix).

2.4.2 Virial Masses

The Virial Equilibrium represents the state of an object being in equilibrium by balancing all
acting fources, so that the sum of those is equal to zero. Because gravitational and kinematic
energy are about the same order (but a factor of two), the easiest way to write down the Virial
Equilibrium is

- W=2T (2.19)

where W represents the gravitational energy and T the kinematic one.
Solving equ. for the mass and assuming a Gassian velocity distribution, the virial mass
can be derived by

M = ky r Av? (2.20)

with r being the source’s radius and Aw; the linewidth of the (1,1)-ammonia inversion line
(MacLaren et al.,|[1988). The Virial Mass represents the mass a source needs to have for being in
equilibrium with a given radius and linewidth (latter being an indicator for internal turbulences).
If the gas mass (cf. ch. is equal to the virial mass, the source should be in equilibrium. If
the gas mass is greater than the virial mass, the source’s self-gravity overbalances the internal
turbulances and the clump is expected to collaps.

ko is a constant, but depends on the used density profile.

Density Distribution ko

p = const 210
P~ % 190
p~ 5 126

Table 2.1: Virial Theorem Coefficient (MacLaren et al., [1988)

It is not clear whether the sources’ density profile follow a r—!- or 7—2-law. Therefore, I have
calculated the masses with equ. for both density profiles. The virial masses presented in
table [3| are the mean values of both profiles (the errors being the difference between the mean
values and the profile masses).

The virial masses range between about 6 Mg and 1100 Mg. The mean value is approx. 325 Mg
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2 Characterisation of Infrared Dark Clouds

and the median around 264 M. The results and the correlation to the gas mass (ch. [2.4.3)) will
be discussed in ch. B3l

2.4.3 Gas Masses

For calculating the gas mass, I have used the dust emission maps of the ATLASGAL project (cf.
Schuller et al., [2009] and ch. [1.5). Thus, the gas mass is given by

d’F, R
M=———1—/70— 2.21
BV(TD)I{V ( )

(Schuller et al., [2009), where d is the source’s distance to the sun, F, is the total flux density
measured in dust emission at 870 um. Therefore, the frequency v is about 345 GHz. B,(Tp)
represents the Planck function for the dust temperature T

2h13 1
2 y
¢ exp (k’}D) -1

where h is the Planck constant, k& the Boltzmann constant and c¢ the speed of light. The dust
temperature Tp can be approximated by the rotation temperature of ammonia 7). for tem-
peratures below 50 K (Schilke, [1989). R represents the gas-to-dust mass ratio and x, the dust
absorption coefficient. Following the instructions of Schuller et al. (2009), R is assumed to be 100
and k, = 1.85 cm? g~!. But these two quantities contain the biggest uncertainties, particularly
the gas absorption coefficient. In the paper of Ossenkopf et al. (1994) its dependency on different
initial distributions based on the models of Mathis et al. (1977) is described in detail. The gas
absorption coefficient used in the ATLASGAL paper has been interpolated from Table 1, Col. 5
in Ossenkopf et al. (1994) at the wavelength of 870 um. Interpolating the data of this column
on my one, I have found a gas absorption coefficient of Koy = (1.7 & 0.2) cm? g=!. Though,
the values differ slightly from each other, they are conformable with each other within the error
range, as are the gas masses being calculated with them. Hence, I have only listed the gas masses
with the ATLASGAL coefficient of x, = 1.85 in table

I have also interpoled the gas absorption coefficient based on the original data of Mathis et al.,
given in Table 1, Col. 2 in Ossenkopf et al. (1994). This gave me a coefficient of
kpmry = (0.6 £ 0.1) cm? g=!. Since we do not know the exact value, this gives us a error
approximation. Therefore, the uncertainty in k, also implies an error factor of about 3 in gas
mass (cf. table [3)).

At last, T have had to extract the total flux densities from the dust maps. Because the 19.2”
resolution of the ATLASGAL maps is much better than the 40” resolution of the Effelsberg data,
there were two ways of doing this:

B,(Tp) =

(2.22)

1. T use the original ATLASGAL data with the resolution of 19.2” and measure the flux
\/1.133-(40 arcsec)?

within a cicle of the radius ~ 24 arcsec around the individual sources

(fig. [2.3a).

This area corresponds to one pixel at a resolution of 40”. For this task, I have used the
programme GILDAS GREG (Buisson et al.,[2007). But, the routine cannot export the flux
density within the circle area automatically. Therefore, I have had to trace the the circle
line with a polygon. GREG calculates the integrated intensity within this polygon area. To
get the flux density, I nedded to divide this by the area 1.133 - (19.2 arcsec)? ~ 418 arcsec?
representing the area of a Gaussian with a resolution of 19.2”.
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2.4 Virial And Gas Masses

2. The second option is to smooth the original data to a resolution of 40” and measure the
flux at the locations of the individual clumps (2.3b).
The smoothing is done by GREG by folding the data with a Gaussian of
35.1” (= v/40” — 19”) FWHM. Now, I could zoom into the smoothed maps and measure
the flux density on the exact locations of my sources. But the smoothing affected only the
resolution, not the flux data saved in the FITS-files. Therefore, the flux densities given

out by GREG have to be corrected by the factor 149—0;2 ~ 4.34 representing the ratio of
the Gaussian areas at resolutions of 40” and 19.2”.

Both methods return approximately the same values of flux density. In my opinion, the first
method is more defective than the second one, because the accuracy, the polygons were drawn
with, differs from source to source. The second method just needs the data of one point being
adjustable in a better way. Therefore, the gas masses being listed up in table [3] are calculated
with the flux densities extracted with the second method. The relative error of flux density is
assumed to be 20%. This is sufficient, because the masses’ errors are dominated by the error of
the dust absorption coefficient.

Galactic Latitude [deq]

422 42.22 4224 226
Galactie Langitude [deg]

(a) Method 1: Deriving Flux Density via (b) Method 2: Deriving Flux Density with
Integrated Intensity Smoothed Maps

47.28 423 4202 4204

4206 4278 423
Galacsic Lengitude [deo]

Figure 2.3: Deriving Flux Density. Example shown with G42.26-00.54A (Schuller et al., |2009)
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3 Results and Interpretation

The process of star formation, both of low- and high-mass stars, takes place within a period
between 10° and 107 years. This is too long for being fully observable within human lifetime.
What we know about this process, is of statistical nature. Many star forming regions have
already been observed. Within them, forming stars in different stages have been found. By
bringing those stages in a physically justifiable order, the standard theory of star formation has
been build up (cf. ch. . But for differentiating the stages of star formation, specific attributes
within the initial conditions and observations have to be found. To characterise my sample of
IRDCs, I have to compare their initial conditions with those of HMPOs.

High-Mass Protostellar Objects (HMPOs) are considered to be the next evolutionary step in
high-mass star formation after the IRDCs. Because of the high opacity of the cloud embedding
the early cores, the differentiation between these two stages cannot be done by observations only.
Thus, the initial conditions of both have to be compared with each other. Therefore, I was given
a sample of 65 HMPOs (Sridharan et al.,[2002). The data are listed in table 4] in the appendix.
In this chapter, I will first explain, why sources were declared as "non-detected” and not further
analysed. After that, I will discuss the initial conditions of the detected IRDCs derived with the
formula presented in chapter 2] and compare them with those of the HMPOs.

3.1 Not Detected Sources

3.1.1 Not Detected in Ammonia Inversion Lines

As described at the beginning of chapter 2] I sorted the spectra according to their quality. Thus,
there were only 102 sources of 220 (46%) with results being usable for the further analysis. The
other 118 sources have been sorted out for various reasons.

Firstly, 33 sources had to be sorted out, because there were no ammonia (1,1)-inversion lines
at all (fig. [B.Ib). Since the (2,2)-inversion line being weaker than the (1,1)-inversion line, they
have also not been detected. Thus, I have not been able to do any calculations for those sources.
In addition to those, another 29 sources were found without detectable (2,2)-inversion lines,
although the corresponding (1,1)-inversion lines have been observed. For this case, I was able to
continue my calculations by using the instructions of Ho et al. (1983} cf. ch. . But the derived
quantities are only upper limits and are, wherefore, seperately listed up in the tables|[1]|-[3|in the
appendix.

Secondly, there were many spectras with (1,1)-inversion lines lying within the noise. Thus, the
hyperfine fits by CLASS have been of no good quality; with particular big errors. For achiving a
statistic with justifiable results, I have sorted out all spectra with relative antenna temperature
errors bigger than 40%.
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3 Results and Interpretation

= I
-20 a 20 40 —100 0
Valacity (krn,/s) elocity (km /s

(a) Good Detected Ammonia (1,1)- (b) Not Detected Ammonia (1,1)-Inversion
Inversion Line G34.34-00.72A Line G34.37-00.95E

Figure 3.1: Spectra of Detected and Not Detected Ammonia Inversion Transitions

3.1.2 Not Detected by ATLASGAL

For calculating the gas masses, I have had to find the IRDCs’ counterparts in the dust emision
maps of ATLASGAL. For obtaining the significance on these counterparts, I have claimed the
flux densities of those counterparts to be higher than the fourfold of the maps RMS. It turned
out that some IRDCs have no detectable counterparts in dust emission or ones lying within the
noise. These eight sources have been sorted out, too.

Fig. [[]and fig. 2]in the appendix show the ATLASGAL emission maps in the range between 12°
and 51° in Gal. Longitude. The sample IRDCs’ positions are indicated by red triangles.

3.1.3 Distribution within the Galactic Plane

In fig. [2.2b] one can see that the IRDC are located close to the Galactic mid-plane
(Gal. Latitude b ~ 0°). This makes sense, if one compares that with Fig. 5 of Schuller et al.
(2009). These histograms show the distribution of the about 6,000 compact sources detected by
ATLASGAL in Galactic Longitude and Latitude. Though, the distribution in Galactic Longitude
is not uniform, the distribution in Galactic Latitude clearly is with a peak around the Galactic
plane. Therefore, observations within the range of || < 0.5° are recommended for building up a
statistic of IRDCs. This can also be certified by the sample.

Because the compact sources are uniformly distributed in Gal. Latitude b (Schuller et al.,2009), I
have ploted the distributions of the detected and not-detected sources in absolute Gal. Latitude |b|
in fig. Both the mean value and median of the positions of the detected sources (mean: 0.307°,
median: 0.227°s) are smaller than these of the not-detected sources (mean: 0.458°,
median: 0.347°). This can be considered as additional evidence that IRDCs - and in general
high-mass star-formating regions - are found close to the Galactic mid-plane.
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30
median: 0.227 deg mepan value]0.30737 deg
median:|0.3465 deg
20
mean value: 0,45751 deg

5 not detected ammonia lines
3 detected ammonia lines

104

0 NN
0,0 0,2 0,4 0,6 0,8 1,0 1,2

absolute galactic latitude [deg]

Figure 3.2: Distribution of Detected and Not-Detected sources in absolute Galactic
Latitude. The mean values and medians of each distributions have been marked.

3.2 Conditions within IRDCs and HMPOs and Comparision

In table [3.1] a short statistic of the initial conditions of my IRDCs and the sample HMPOs is
listed with the mean, minimal, maximal values, and median of the important quantities.

The IRDCs are at distances of a few kilo-parsec and have radii in order of 0.5 pc.

The rotation temperatures are between 8 K and 29 K. Although latter being a high limit, the
majority of the IRDCs’ have rotation temperatures around 15 K (both mean and median). The
HMPOs are, with rotation temperatures about 25 K (~22 K, Beuther et al., , statistically
warmer than the IRDCs (mean: 26 K, median: 24 K). The cumulative distribution functiorﬂ in
fig. shows that clearly. The distribution representing the IRDCs starts earlier than the one
of the HMPOs and increases much faster. The IRDC distribution reaches the maximum value
earlier than the HMPO one, too. That means, that the IRDCs are signifantly colder than the
HMPOs. Thus, it is possible to state that the rotation temperature increases with the clouds’
evolution. Therefore, it is a good parameter for differentiating and characterising both stages.
Such comparision can also be done for the linewidth (fig. [3.4b| and fig. [3.3D)). The mean values
and medians are higher for HMPOs (mean: 2.1 km s~!, median: 2.0 km s~!) than for IRDCs
(mean & median: 1.7 km s™!). Also, the cumulative distribution function of the HMPOs is sig-
nificantly shifted to higher linewidths in comparision to the IRDCs’ one (fig. . This makes
sense, because the linewidth is an indicator for turbulent motions within the sources, like the
feedback of outflows.

In contrast, the column densities of both IRDCs (mean: 5.9-10'® cm ™2, median: 4.1-10'% ¢cm~—?)
and HMPOs (mean: 4.2:10' ¢cm ™2, median: 2.6-10'° cm™2) are about the same order (fig.

The distribution function, also called the cumulative distribution function (CDF) or cumulative frequency function, describes
the probability that a variate x takes on a value less than or equal to a number x (URL: WolframMathWorld).
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3 Results and Interpretation

and fig. [3.3b)), as are the statistic values in table and the cumulative distribution functions
in fig. This can be interpreted as evidence that in this part of star formation the column
density, and thus the abundance, of ammonia is not changing. Therefore, the column density

cannot be used for classifying IRDCs.

In summary, while column densities stay approximately constant through the early evolutionary
phases, we identify clear evolutionary trends in the rotation temperature and linewidth distri-
butions. As soon as a central star forms, the gas clumps heat up and turbulent motions rise.

mean value minimal median maximal
value value

IRDCs number of sources = 102

Rotation Temperature Ty [K] 15 +1 8 15 29
Col. Density N[NH3] [10'% cm™2] | 5.9 4 0.6 0.2 4.1 38.7
Line Width Av [km s7!] 1.7+ 0.1 0.7 1.7 4.0
Distance d [kpc] 3.3+0.1 0.4 3.2 5.8
HMPOs number of sources = 65

Rotation Temperature T,y [K] 26 + 1 16 24 56
Col. Density N[NH;3] [10*® cm™2] | 4.2 £ 0.5 0.3 2.6 21.0
Line Width Av [km s~} 2.1 +£0.1 1.1 2.0 4.0

Table 3.1: Statistics of Conditions within IRDCs and HMPOs
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3 Results and Interpretation

3.3 Virial Parameter

The virial masses of the IRDCs are in order between 100 and a few 1000 Mg (cf. table and
table [3).

mean value minimal median maximal
value value
IRDCs number of sources = 102
Virial Mass My, [Mg] 325 + 25 6 264 1099
Qgas 6.1 1.7 0.3 2.3 155.2
QMRN 1.9 +05 0.1 0.7 49.4

Table 3.2: Statistics of Virial Mass and Virial Parameters of IRDCs

Following the defintion of Bertoldi et al. (1992)), the wvirial parameter for molecular clouds is
defined by

2T My
=aq° - — =

W]~ Myas

where the dimensionless parameter a represents the correction factor for sources having no uni-
form and spherical mass distribution. 7" and W are the kinetic and gravitational energies (cf.
equ. ) The ratio of kinetic and gravitational energy is equivalent to the ratio of virial (rep-
resenting kinetic energy) and gas mass (representing gravitational energy). The virial parameter
is a helpful tool, because it is an indicator for sources being in virial equilibrium or not. In a
simplified picture, if one source’s virial parameter is equal to 1, the source is in virial equilib-
rium, because the kinetic energy is able to balance gravitational energy. If the virial parameter is
much greater than 1, turbulences are more powerful than the source’s self-gravity and the source
expands. In contrast, for a virial parameter much smaller than 1, self-gravity overbalances its
counterpart and the source collaps.

In reality, there are additional effects like gas pressure, external pressure and magnetic fields
influencing a cloud’s state of equilibrium. Even clouds with a > 1 are able to be in virial equi-
librium.

The two plots in figure [3.5] show the virial masses, I have derived for the sample IRDCs, ploted
against their corresponding gas masses. In fig. this is done for the gas mass calculated for
the gas absorption coefficient of Ossenkopf et al. (OH model, 1994, Table 1, Col. 5); in fig.
for the gas absorption coefficient of Mathis et al. (MRN model, Ossenkopf et al.,|1994, Table 1,
Col. 2). The straight lines indicated in the plots represents the region of o = 1.

For the OH model the majority of the sample IRDCs’ virial parameters ag,s are in order of
1 (mean value: 6.1 £ 1.7, median: 2.3, cf. table[32). In contrast, the majority of the IRDCs’
virial parameters « gy are shifted to smaller values for the MRN model (mean value: 1.9 + 0.5,
median: 0.7, cf. table B2). The discrepance between both plots is caused by the different gas
absorption coefficient implying an error factor of about 3. Because it is not known which model
satifies reality better, the models can be interpreted as upper and lower limits of the real virial
parameters which should be approx. 1. But as mentioned before, this does not automatically
imply that the sources are in equilibrium, because other terms influence the balance.

In my calculations, I have assumed that the sources’ equilibrium depends only on the balance
between kinetic and gravitational energy (cf. equ. (2.19)). Other parameters like pressure terms,
magnetic fields and boundary conditions have been ignored, though they are able to shift the
balance of forces in either direction. For example, close-by supernova explosions or young stars

o (3.1)
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Figure 3.5: Virial Parameter in Dependency of the Gas Absorption Coefficient

can increase the average gas velocity and thus the linewidth. Therefore, the ignored quantities
imply an additional error factor to the calculated virial mass. A more detailed discussion of
underestimates and possible error sources by a simplified virial theorem is descriped in the paper
of MacLaren et al. (1988).

Additionally, there is a big uncertainty in the present density profile. As descriped in ch.
the first step in deriving the IRDCs’ virial masses has been to calculate the masses for two
different density profile (~ 7~ and ~ r=2). The mean value of those masses has been defined
to be the resulting virial mass (cf. table |3 appendix). But this method implyies that there is
no tendency to either profile, which is not known. It could be possible that the sources’ density
profiles tend towards one of these profiles, thus that profile has to be weighted more than the
other one.

To sum up, that means that there are a lot of problems which need to be solve by better
observations and theoretical models for reducing the uncertainty of my results. But in the bounds
of my possibilities, I can say that the majority of the observed IRDCs are in virial equilibrium.
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4 Summary and Conclusion

220 sources have been observed in (1,1)- and (2,2)-ammonia inversion transition lines being lo-
cated between 10° and 50° in Galactic longitude and +1.5° in Galactic latitude by the 100 m-
Effelsberg radio telescope. In 102 sources, ammonia inversion lines have been detected. This
sample allows me to build up a statistic of IRDCs’ initial conditions. The majority of IRDCs
have linewidths between 0.5 and 2.5 km s~!, but some range up to 4 km s~'. These linewidths
are much higher than it would be expected from thermal NHjz linewidths being about 0.1 km s—!
El Thus, the derived linewidths are indicators for the turbulences within the clumps. They are
smaller than the HMPOs’ linewidths, but also higher than the linewidths in low-mass cores
(Jijina et al.,1999). That could be interpreted as an evidence for the formation process of high-
mass stars being similar to that of low-mass stars, but with increased parameters. The rotation
temperatures are between 7 and 30 K, but on average at 15 K and, thus, cooler than HMPOs
(~ 22 K). The column densities of both IRDCs and HMPOs do not differ from each other in a
significant way. Hence, it is supposed that the abundance of ammonia does not change in these
early stages of high-mass star formation.

The IRDCs’ virial masses are between 100 and a few 1000 M® and their virial parameters aver-
aged in order of 1. Thus, it is assumed that the majority of clumps are in virial equilibrium.

My work helped me to learn more about the techniques of astrophysical observations and their
limitations. It was suprising how much one can derive about a source’s initial conditions with
just one spetrum. Even for the sources with just the ammonia (1,1)-inversion line being detected,
upper limits for rotation temperatures and column densities could be estimated. I have been
also suprised about little information we actually have about these early stages of high-mass
star-formation. There have been only smaller samples observing in ammonia transition, each
containing only about 10 or 20 sources (e.g. Pillai et al.,2006; Sridharan et al., 2005). Therefore,
it is needed to collect more information of high-mass star-forming regions by observing more of
such sources.

But what I have been worried about, are the big errors of the calculated quantities (cf. table
- B|in the appendix). This results from the limitations of the used technique. The figures in fig.
demonstrate that in a good way. Fig. [2.3b]illustrates how the Effelberg radio telescope “sees”
the universe with a FWHM of 40 at ammonia transitions. The source is, of course, identifiable,
but the shape is blurred and it is difficult to define clear structures. In comparison to this, fig.
shows a much more detailed topology by “just” using a telescope with a smaller FWHM
(APEX: 19.2”). Here, it is possible to differentiate smaller and finer clumps from each other in
regions appearing uniform in the smoothed map. I am sure that the errors of my data could be
reduced by using a telescope with a better resolution. An increased signal-to-noise ratio would
also help by reducing the RMS observed spectra noise. Thus, the hyperfine structures of, inter
alia, the ammonia inversion lines can be better detected and analysed. That would not only
cause that more lines are detected (in my sample, only 46% of all observated spectra have got
detectable (1,1)-inversion lines), but also that the errors of the quantities derived by the fitting

4 . . — . .
For a clump with a temperature of 7 = 15 K and a molare mass of ammonia m,,o; = 17.03 g mol~ !, the thermal linewidth

can be calculated via Av = /3 In(2) ka ; )~ 0.12 km s~ !
mo
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4 Summary and Conclusion

process decrease.

For future observations, there are some considerations being able to increase the detection rate,
too. On the one hand, the selection of sources going to be observed could base on the ATLASGAL
catalogue instead of the catalogue based on the MSX data. The chances are that almost all
sources with high flux densities have got counterparts in the MSX catalogue (cf. Schuller et
al., 2009, Fig. 12). On the other hand, the observations could be focused on an area of small
Galactic latitudes (|b| < 0.5°). The majority of compact sources detected by ATLASGAL can
be found here (Schuller et al.,[2009, Fig. 5; ch.[3.1.3). Thus, the probability of detecting IRDCs
in ammonia transition in this area is higher than in outer regions.
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