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Abstract

In this thesis I study the formation and evolution of dense cores in cirrus clouds. Cir-
rus clouds are diffuse and translucent molecular clouds widely spread within the galaxy.
Dense cores in molecular clouds are the locations of the origin of star formation. The
knowledge of how cores form and how they evolve is the key to understand the initial
conditions of the star formation process. Especially the starting conditions are still poorly
known, despite recent progress. Studies of cores in various regions with different physical
conditions will help to assess the important processes within the formation and evolution
of these cores. A fair number of investigations have already been made towards regions
with known star formation. However, there the processes are often more complicated by
the feedback actions of new-born or young stars. Translucent cirrus clouds, on the other
hand, are relatively simple and quiescent objects, dominated mostly by turbulent gas mo-
tions. Due to the lack of active star formation they are thought to show a more simple
behaviour than many of the dark molecular clouds. The investigation of cirrus cloud cores
could therefore help to reveal the importance of particular conditions and events.

Using the IRAM 30-m radio telescope and the bolometer arrays I observed a small sample
of 5 dense cores in cirrus clouds in the thermal dust continuum. The dust continuum
emission appears to be one of the best tracers of the Hy column density and is particularly
suited to locate and map the core regions. However, it does not provide any kinematic in-
formation and hence no access to the kinetic energy in the cores. Additionally, I observed
the cores with the FCRAO 14-m radio telescope in the CS (2 — 1) transition, and several
other molecular lines with the IRAM 30-m telescope. Molecular line observations provide
kinematic properties, but because of abundance variations they are often difficult to in-
terpret. Hence, the gas chemistry in the core becomes important and has to be considered.

Together, these data provide the possibility to obtain a more realistic view of the core
properties. I calculate core parameters and analyse the physical conditions. A comparison
of cores in cirrus clouds with cores in star-forming regions and dark clouds shows the sim-
ilarities but also some important differences. One particular core is observed in even more
detail using the Plateau de Bure and the OVRO interferometer in CS and HC3N. These
data reveal most interesting insights into the core sub-structure and demonstrate the need
for observations with high spatial resolution. The star-forming ability of the studied cores
is discussed, together with the question if cirrus clouds are able to form stars at all.






Introduction: The Interstellar Medium

One of the most fundamental hurdles to understanding the structure and evolution of
the Milky Way is our knowledge of the evolutionary cycle of matter in the Interstellar
Medium (ISM). Though a lot of progress has been achieved in recent years, we still know
little about how the ISM cycles through its various phases to arrive at star formation.
The principal starting point is the atomic phase. The gas then cools and forms molecules,
leading to the molecular phase. Through the interplay of turbulence and gravity molecular
clouds form, fragment and form cores, which may condense further and eventually form
stars.

The formation of a star is probably one of the most exciting astrophysical processes one
can study. Certainly, it is a very important process in our universe, enabling the formation
of metals and complex molecules we are all made up of. In recent years we learned a lot
about how and where star formation occurs. Nevertheless, there are still many questions
to be asked and especially, the very first steps and starting conditions of the processes are
still poorly understood.

Single low-mass stars like our sun are thought to form mostly in relatively quiescent clouds
like, for instance, Taurus. The Taurus-Auriga molecular cloud complex has a relatively
low spatial density of Young Stellar Objects (YSOs) and is believed to be representative
of the isolated or distributed mode of low-mass star formation (e.g., Motte & André2001).
By contrast, more massive and denser clouds like Orion, Perseus, or p Ophiuchi seem to
produce a number of high-mass stars and clusters of stars (e.g., Johnstone et al. 2001).
The processes of massive and clustered star formation are thought to be different from
low-mass star formation and dominated by feedback effects and interactions.

A significant fraction of the interstellar medium in our galaxy is, however, distributed
in diffuse and translucent molecular clouds, often called Cirrus Clouds because of their
appearance as thin filaments. The question arises what kind of stars, if any, are formed in
such diffuse clouds. Certainly they will be low-mass objects. But does the mass of a core
in such a cloud allow for a star or is it merely able to produce a brown dwarf? A object
with a mass less than about 0.08 times the mass of the sun never develops enough pressure
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4 Introduction: The Interstellar Medium

and a high enough temperature for hydrogen fusion, so it slowly radiates its trapped gravi-
tational energy away and disappears. These low mass objects are brown dwarfs. However,
the formation of brown dwarfs is still being discussed. It could be similar to the low-mass
star formation mode (e.g., Luhman 2004) or could need the influences of clustered star
formation (e.g., Whitworth & Zinnecker 2004).

It has been found that the star-forming efficiency in cirrus clouds must be very low (e.g.,
Hearty et al. 1999). So far, no low-mass T-Tauri stars associated with cirrus clouds have
been detected, with the possible exception of L1457 (Hearty et al. 2000). In this special
case, however, it is not clear, whether the detected T-Tauri stars belong to the cloud
complex or not. Nevertheless, evidence for signatures of ongoing core formation has re-
cently been reported (Heithausen 1999), and some T-Tauri stars were discovered far from
any actively star-forming region (e.g., Neuh&duser 1999). Their origin remains completely
unknown. Are they runaway stars that were ejected from the parent molecular cloud, or
were they born in a diffuse cloud which then dispersed? An answer may come from the
star-forming ability of cirrus clouds, investigated in this study for the first time to this
extent.

1.1 Cirrus Clouds

Galactic cirrus clouds are diffuse and translucent molecular clouds widely spread within
our galaxy and often arranged in huge complexes. They are distributed all over the galactic
disc and are often thought to build a connection between the disc and the halo, too. The
most easily seen, and therefore the best studied ones, are those at high galactic latitudes.
Of these, the most prominent are the nearest ones, located only about 100 pc to 300 pc
away from our sun and hence, still well within the galactic disc.

Sometimes they are called Low Velocity Clouds (LVCs) as their systemic velocities are
in the range of £10kms~!. In contrast, molecular clouds located further away, like for
instance the Draco cloud, do mostly have higher absolute systemic velocities in the range
of 10 and 50 kms~!. Therefore, they are called Intermediate Velocity Clouds (IVCs).

A third class may be represented by the so called High Velocity Clouds (HVCs), located
within the Halo of the Galaxy (e.g., Westmeier 2003) or between the galaxies of the Local
Group (e.g., Wakker 2004). They can be observed in HI and may contain a significant
fraction of molecular Ho. However, the densities of these clouds are low and no signs of CO
or other tracer molecules could be detected. It is not even clear up to now if they are not
completely different in nature (e.g., Wakker 2004). In the latter study HVCs are thought
to be a intergalactic type of clouds that are not a part of the galactic ISM cycle. The most
difficult problem in this connexion is the distance, which is very hard to determine.

The nearby cirrus clouds or LVCs gained the attention of the scientific community in the
mid of the eighties. Some of them were already catalogued by Lynds (1962, 1965) as dark
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Figure 1.1: IRAS 3 color composite of the Polaris Flare region around MCLD 123.5+4-24.9.
The thermal dust emission at 100 pm is displayed in red, 60 pm in green, and 25 um in
blue.

or bright nebulae. But they became particularly interesting and important as large-scale,
extended, filamentary emission observed by the Infrared Astronomical Satellite (IRAS)
mission. This satellite was sensitive to the thermal continuum emission of dust particles
between 12 and 100 ym, and made an all-sky survey at four wavelength bands. Low et al.
(1984) described the filaments as ”infrared cirrus” ubiquitous in the ISM. They identified
several cirrus features with prominent HI clouds but also noted the presence of cirrus
emission at some places without prominent HI, and vice-versa.

At the same time, Blitz, Magnani, & Mundy (1984) reported the detection of a large num-
ber of high galactic latitude molecular clouds (often referred to as HLCs - High Latitude
Clouds) not previously cataloged, and mapped them in CO (Magnani, Blitz, & Mundy
1985, herein after referred to as MBM). These maps showed a wide range of morphologies
of clouds with angular sizes sometimes exceeding 10°. However, most of these clouds dis-
play a very amorphous structure and only a few seem to look centrally condensed.

Weiland et al. (1986) established a close correlation between the infrared cirrus emission



6 Introduction: The Interstellar Medium

observed with TRAS and the CO emission from these high latitude molecular clouds. Es-
pecially, the dust emission at 100 um represents similar features and shows intensity peaks
at the same positions as the integrated CO emission line. Generally speaking, the MBM
molecular clouds seem to be the denser parts of the extended cirrus clouds. It was also
noted, that this association demonstrates that at least some of the cirrus emission origi-
nates from the local ISM with distances of about 100 to 300 pc. It was the first reliable
estimate of the distance of the IRAS cirrus emission.

Because their typical optical extinction is near unity (e.g., Magnani & de Vries 1986) they
are sometimes classified as Translucent Clouds (TLCs) (van Dishoeck & Black 1988) in
which the Interstellar Radiation Field (ISRF) plays the major role for the chemical reac-
tions throughout the molecular cloud. None of the cirrus clouds did show clear evidence
of star-forming activity (e.g., Magnani et al. 1996 or Hearty et al. 1999). However, the
principal capability of cirrus clouds to form stars is still being discussed. Most of the
investigations mentioned before were made with strongly limited angular resolution or
sensitivity. This work is intended to contribute to the discussion with new, high spatial
resolution and high sensitivity observations. For this, we had to concentrate on very few
and relatively small objects within the tremendous galactic cirrus.

Cirrus clouds are interesting from an astrophysical point of view, because their proxim-
ity allows us to observe the basic physical processes of molecular clouds on small spatial
scales, and their low optical depth and lack of active star formation eliminates effects that
often complicate the study of larger molecular clouds. Detailed studies also reveal that
cirrus clouds contain density structures on a wide variety of scales. At the latest with the
detection of more complicated molecules, like for instance NHg (Mebold et al. 1987), it
became clear that these objects are not at all as simple as it has been thought for a long
time. The interplay between gravity, turbulent motions, irradiation, and chemistry leads
to the formation of small dense cores, that are the very first steps in the star formation
process.

1.2 Dense Cores

Dense cores are the basic units of the star formation process. The study of the physi-
cal structure and kinematics of these cores is crucial for our understanding of the initial
conditions of star formation. It is still somewhat unclear how cores form out of clouds.
Gravitational fragmentation and turbulent motions certainly play the main role in this.
However, the influences of each and especially the interactions between gravitation, tur-
bulence, irradiation and chemistry are only little understood. Furthermore, the earliest
evolution of a cloud core is very poorly constrained, and its evolutionary track is unclear.
In particular, the initial conditions are highly important in defining the collapse dynamics,
the likely mass of the later emanating star (and globally, the Initial Mass Function), the
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timescales for their evolution, and the likelihood of the detection of sources in different
evolutionary periods.

The motivation to study the physical conditions in dense cores comes from the theoretical
consideration of a simple situation. If a cloud, with only thermal support, exceeds the
Jeans (1928) mass limit it should collapse and form a star in basically the free-fall time
(Spitzer 1978). Regarding the "typical” conditions in the ISM with a kinetic temperature
of T = 10K and particle densities n ~ 50cm ™2 (e.g., Evans 1999) the numbers of both
these values are approximately M jeans < 80 Mg and tg < 5 X 108 years. Our Galaxy con-
tains about 3 x 109 M, of molecular gas (Clemens et al. 1988) and the majority of this
gas is distributed in clouds that are more massive than the typical Jeans-mass. It should
be highly unstable and a free-fall collapse should lead to star formation at an extremely
high rate. Admittedly, the recent average star formation rate of our galaxy is only about
1 Mg /year (Noh & Scalo 1990) and therefore, most of the clouds cannot collapse at free
fall. There have to be support mechanisms and two possibilities have been considered:
magnetic fields and turbulence. Both are not entirely satisfactory and compatible with
the observations, but very recently magnetohydrodynamic (MHD) supersonic turbulence
is thought to solve some of the problems, at least in theory (e.g., Mac Low & Klessen 2004
for a recent review on simulations). By the interplay of turbulence and gravity molecular
clouds fragment into dense cores embedded in a less dense surrounding gas. But then the
same questions arise again: Under what conditions does the collapse of the cores start?
How does a core evolve? At what time does the star form and how does it affect the condi-
tions? These are the very basic questions of the earliest phases of low-mass star formation.

Most of the studies on dense cores are conducted in regions of known star-forming activity
(e.g., Motte et al. 1998). However, the interpretation of the data is often difficult and
feedback processes of young stars, such as jets and outflows, or intensive radiation and
shocks, do complicate the situation even more. In cirrus clouds the ISRF plays the lead-
ing part for the energetic input. For this reason, dense cores in the relatively quiescent
environment of cirrus clouds are the ideal targets to investigate the physical conditions of
the core formation process.

Although, with observations at just one wavelength we are not able to determine the
exact structures of the cores. Dust continuum observations do provide only line-of-sight
integrated properties. Therfore, we are limited to the projected geometry of the objects.
Of course, it is clear that cores are intrinsically three-dimensional. From the observations,
and cirrus clouds do play a leading part in this, we know that molecular clouds often
appear in filamentary structures. It seems obvious that the cores will also often have such
shapes. One possibility to reveal the exact three-dimensional structure of the cores may be
dust continuum observations at various wavelengths together with absorption studies. The
simultaneous theoretical fitting of all observational information within a three-dimensional
model may uncloak the object structure in detail (Steinacker et al. 2003). This would
improve our knowledge significantly. Unfortunately, it is highly complicated to obtain all
the observations at an adequate quality.

A further interesting information is the overall number of dense cores in the galactic halo
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and whether these objects do contribute to the baryonic dark matter content (e.g., Pfen-
niger & Combes 1994, or Heithausen 2004 for a resent discovery). In order to understand
this, one has to keep in mind that the vast majority of the core content, the Ho, is all
but invisible. Small, dense, and cold cores in the halo are virtually not detectable with
previous or current instruments. The detailed exploration of such cores in our neighbour-
hood can help to understand the formation criteria. It would enable us to estimate an
occurrence frequency. This then leads to new insights of the state and the evolution of
our galaxy.

1.3 Star Formation

The process of star formation is one of the most exciting and most important events in
our universe. In the last years many discoveries have been made and many new insights
into the process were achieved. However, we still know little about the precise details.
The results of various investigations indicate that star formation in low density environ-
ments, representative of the isolated mode of star formation, differs from that in high
density environments, representative of cluster-forming star formation. The latter is the
dominant mode of star formation (e.g., Myers 1998), heavily influenced by feedback pro-
cesses and interactions. The evolution is much more dynamic, with frequent clump-clump
interactions, than it is the case for isolated star formation. Nevertheless, the isolated low-
mass star formation mode is of great importance. However, the initial conditions and the
very beginnings of the formation processes in the low density environment are only poorly
determined as already quoted above.

The current picture or qualitative model of low-mass star formation is as follows (e.g.,
Nordlund & Padoan2002): Supersonic turbulence in the ISM, produced by large amounts
of kinetic energy at large scales, dissipates in fragmenting molecular clouds (preventing a
global collapse of the clouds) into highly anisotropic filaments as a result of the random
convergence of the velocity field. These filaments form dense cores of typical dimensions
0.01 pc to 0.1 pc. Cooling becomes more efficient as density increases in these cores, which
then may become self-gravitating and begin to collapse. Possibly, such a collapsing core
forms a class 0 object. This may then further evolve via accretion into a star.

Although well understood qualitatively, many important details about the formation of
low-mass stars remain ill determined. The collapse of a proto-stellar core depends almost
entirely on the initial conditions. But what are the temperatures, densities, or kinetic
energy distributions needed to start the collapse? When does collapse begin and how does
collapse proceed? Shu (1977) formulated the inside-out collapse model that is still valid
but also has its limitations. In this model the pre-collapse configuration is an isothermal
sphere with a density profile n(r)~ r~2. However, many cores are neither spherical nor do
they have such a density profile. There are many other theoretical solutions to the collapse
problem, ranging from the inside-out collapse to overall collapse (see Evans 1999 for a
review). Most of them have still to be tested by observations but inevitably, irregularities
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@® Core
® Clump
@ prestellar core

Figure 1.2: A sketch of a molecular cloud harbouring several cores, which contain several
(sub-)clumps each. Only a few of the clumps may are dense and large enough to become
pre-stellar cores, which collapse and form a stellar object. A darker colour means higher
density.

in the density and velocity fields will confuse matters in real sources.

What fraction of the total mass of a core goes into the central object? The accretion phase
is still a mystery. When the star is born, the remaining material forms a disc from which
the star further accretes. At the same time a proto-stellar jet along the rotation axis of the
proto-star develops, normally driving an outflow. The mechanisms during this phase are
still somewhat unclear, but essentially hydromagnetic in nature. Therefore, we also cannot
definitely answer the question as to how massive the new-born star will become in the end.

\/
/1\

Protostar, embedded in

8000 AU envelope;
disk; cutflow T Taun star, disk, outflow

c)

Figure 1.3: A sketch of the outflow phase of a typical new-born star in the standard
scenario of low-mass star formation (adapted from Hogerheijde 1998).

We know that new-born stars follow the stellar Initial Mass Function (IMF). The mass
function of stars in the range of 1 and 10 solar masses is a power law with a relatively
constant slope of -2.35 (Salpeter 1955, but see Kroupa 2001 for a study on the variation
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of the IMF). Below about 1 solar mass the IMF seems to deviate to a lognormal form
(Chabrier 2003), but it cannot be ruled out that this is just an effect of an incomplete
sampling, because such stars are difficult to observe. It is also possible to describe the
observed IMF by a half-Gaussian distribution in log M (Miller & Scalo 1979) and com-
parisons with theoretical star formation models agree roughly for M> 2M,. However,
most star formation models are unable to account for the flattening at the low-mass end.
Therefore, the discrepancy can either be due to insufficient observations or to imperfect
models.

The processes of fragmentation, accretion, and outflow control what fraction of the mass
of an interstellar cloud eventually goes into each star that forms within the cloud. How-
ever, there cannot be a simple relation between the core mass function and the IMF of
stars. Nevertheless, Motte et al. (1998) claimed the detection of the direct progenitors of
individual stars in their dust map of the rho-Ophiuchi main cloud. They identified about
60 cores and the found core mass function mimics the stellar IMF. Similar results have
been obtained in the Serpens cloud (Testi & Sargent 1998), Orion (Motte et al. 2001),
and the Taurus region (Onishi et al. 2002). This would suggest that the IMF is solely
determined by the fragmentation of the cloud into cores and accretion and outflow mech-
anisms do not contribute at all. Furthermore, it is unclear whether the identified cores
do form stars at all, a single star, or possibly several stars. Therefore, these results are
difficult to interpret and are still being discussed (e.g., Chabrier 2003). For the low-mass
end of core masses well below 1 Mg, most of the core observations are insufficient and do
not allow for a strong statement up to now.
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1.4 Aim and Outline of this Thesis

In this thesis a study of the physical conditions of five dense cirrus cloud cores is presented.
Their capability of star formation is investigated and we try to answer the question if cir-
rus clouds are able to form stars or brown dwarfs at all. Even if the efficency of cirrus
clouds to form stars is low, it would contribute to the evolution of the whole galaxy in a
non-negligible way. It is the first study of this kind. Nevertheless, the study shows that
important processes in our immediate solar neighbourhood are sometimes hard to observe
and not as easy to interpret.

The analysis is based on dust continuum observations at 1.2 mm made with the MAMBO
arrays at the IRAM 30-m radio telescope and various molecular line observations con-
ducted with several radio telescopes. The dust continuum emission is used to determine
the basic properties of the cores, such as size, column density, and mass. The molecular
lines, on the other hand, provide the kinematic information, excitation conditions, and,
due to abundance variations, give us hints towards the age and evolutionary state of the
cores. With this basic data set the possibility of single low-mass star formation in these
cores is discussed.

Chapter 2 introduces our core sample and gives an overview on their properties known so
far and some details of previous observations. The cores itself or at least their parental
clouds are already fairly well studied. Chapters 3 and 4 present the observations we have
conducted and give some technical details. The data reduction is described as well. Chap-
ter 5 focuses on the analysis and we derive the properties of the cores or sub-clumps and
study the scaling relations. The goal is to find similarities or differences to cores in dark
clouds and star-forming regions. Chapter 6 first concentrates on the chemistry in the cores
and abundances of several molecules are calculated and also compared with cores in star-
forming regions. The values obtained are discussed and we speculate on the star-forming
capability of cirrus clouds in general. Chapter 7 resumes the conclusions and gives some
suggestions for future projects. Finally, in Chapter 8 a summary of the work is presented.
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The Core Sample

Our core sample, listed in Table 2.1, was selected by inspecting the available database. All
cores chosen were previously observed in CO and various other molecules, though with dif-
ferent intenseness. The best and in most detail studied core is the one in MCLD 123.5+24.9.
Of this we do have already an extraordinary database and several detailed investigations
were carried out and are available in the literature. In this chapter I will briefly introduce
each core and the data available so far. Our goal was to select cores that are typical
for cirrus clouds, and to search for evidence of ongoing star-formation or core-formation
processes. We chose cores that were already known to harbour a multitude of molecules
and hence, being dense enough to look for the dust continuum and other molecular species
like NH3 or HC3N.

Table 2.1: The cores of our sample

Core Galactic  Galactic 2000 62000
Longitude Latitude el [° "

MCLD 123.5+24.9 123.69 +24.89 0159 24.1 8739 42.1

MCLD 126.6+24.5 126.61 +24.55 0423 02.5 8548 16.3

L1457 159.25 -34.48 0256 10.1 19 26 59.5
MBM 32 146.85 +40.66 09 33 52.4 66 06 05.0
Draco 89.53 +38.40 1649 17.9 59 56 26.9

A short notice considering the terminology. Throughout this thesis, I will use the core
name equal to the cloud name where this core is located in. Cirrus clouds harbour only
a very few dense cores each, which then often separate into a number of sub-clumps if
observed with higher angular resolution. The nomenclature is chosen to simplify matters
and it should always become clear within the context of each paragraph what is meant.

13



14 The Core Sample

In the literature there is no clear standard for the denotation of cores and often clumps
and cores are simply named according to their parental cloud and labeled by characters
or numbers, if necessary. Furthermore, I will use the term core for the dense part of the
cloud appointed by molecular line or dust continuum observations. If it separates further,
I will use the term clump or sub-clump.

2.1 MCLD 123.5+24.9

25

24.9

24.8

Galactic Latitude

24.7

123.8 123.6 123.4 123.2
Galactic Longitude

Figure 2.1: Map of the IRAS 100 ym emission of MCLD 123.5+24.9. The contours start at
6 MJy/sr with an increment of 1 MJy/sr. The resolution is about 5. It shows the outline
of the cloud well, but hardly any core can be seen.

MCLD 123.5+24.9 is located in the Polaris Flare (see Figure 1.1), a large cirrus cloud
complex in the direction of the north celestial pole (Heithausen & Thaddeus 1990). It is
our prime example of a cirrus cloud core and has already seen a fair number of various
studies.

The cloud itself (see Figure 2.1 for the outline) was first described in detail by Grofmann
et al. (1990) in a study of OH, CO, and '3CO emission, and HoCO absorption based
on the IRAS 100 ym emission map (Figure 2.1). At 100 um the warm dust component
accounts for the major fraction of the emission. The investigators found a good overall
correlation of the molecules (the OH much better than the CO) with the dust emission,
and an enhanced hydroxyl abundance.

The ¥CO emission line and the HoCO absorption already show the existence of several
small cores along the filamentary cloud. But there was one especially prominent one at the
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north-east part of the cloud, which is also visible in extinction in deep B band images (see
Bernard et al. 1999). For an outline of the core see Figure 2.2. Grofmann & Heithausen
(1992) later concentrated on this core and conducted observations in several rare isotopes
and high dipole moment molecules (C**O, HCO*, HCN, HNC, and NH3). The findings
of this investigation were:

- Substructure in all molecules down to the highest angular resolution of 40”.

Large differences in the intensity distribution of the various molecules.
- Lower abundances for most of the molecules than in typical dark clouds.
- The core itself is much closer to virial equilibrium than the whole cloud
- Kinetic temperatures of the molecules ranging from 6 K to 15K

- The HNC/HCN ratio of about unity excludes shock interactions and indicates low
temperature gas chemistry.

Further molecules detected in the core were SO (Heithausen et al. 1995), CS, DCO™,
CCH, C3Hy, and HCS™ (Gerin et al. 1997). Surprisingly, the SO emission found is strong
and fairly extended, resulting in a high abundance, which is typical for cores in dark clouds.
Standard chemical models for cool, dense cores cannot explain this high SO abundance in
accord with the lower abundance of other molecules. A further surprise was the very low
deuterium fractionation observed by Gerin et al. (1997) which is equally hard to interpret.
We should also note here the differences of the integrated intensity distributions of the
various molecules (see Figure 2.3).

Bernard et al. (1999) presented dust continuum observations made with IRAS, ISO and
PRONAOS ("PROjet NAtional d’Observation Submilletrique”, a balloon-borne instru-
ment). They found indications for cold dust at 13K with a steep dust emissivity index
of = 2.2 for the cloud and even lower values for the core (Tq= 11.5K, § = 2). They
concluded that the dust temperature is too low for such a low visual extinction and that
the dust particles are different to the solar neighbourhood, possibly indicating a lack of
very small grains. This could be caused by the adsorption of small particles onto the
surface of larger size grains.

The distance of the cloud is, nevertheless, only inaccurately determined to between 100 pc
and 240pc (cf. Heithausen et al. 1993). There are some reasons for this. The first
argument is the low vpggr (Local System of Rest) velocity of -4.3kms™!, which is one
indication that the cloud is nearby. Zagury et al. (1999) conducted an optical study and
tried to explain the illumination of the cloud by the star Polaris, the North star, 1° north
of the cloud position. Within this interpretation, the cloud would be located between
105 pc and 125 pc from the Sun and 6 pc to 25 pc in front of Polaris.

The upper limit of 240 pc follows from extinction measurements. Absorption line studies
towards nearby stars indicate a lower limit of about 100pc. It then would be located
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directly at the borders of the local cavity filled with a very hot, low-density gas, often re-
ferred to as the Local Hot Bubble (Snowden et al. 1998) and extending about 90 pc in this
direction. Most of the above described papers assume a distance of 200 pc or even 240 pc,
however, in the most recent papers of Heithausen (1999) and Heithausen et al. (2002)
a value of 150 pc is assumed, which we shall adopt here as well, for comparableness. In
Table 2.2 we have compiled the basic properties of the core, known so far.

Table 2.2: The basic properties of the core in MCLD 123.5+24.9.

Parameter Value Reference

Cloud name MCLD 123.5424.9  Grofimann et al. (1990)
Galactic coordinates 1=123.69, b=+424.89 Grofimann et al. (1990)
Right ascension « 01:59:24.09

Declination ¢ +87:39:42.05

Distance 100 pc - 240 pc Heithausen et al. (1993)
Adopted distance 150 pc Heithausen (1999)
Systemic velocity -4.3kms™! Grofimann & Heithausen (1992)
Mass 1.2 Mg Heithausen (1999)
Kinetic temperature 6K - 15K Heithausen (1999)

Dust temperature 11.5 - 13K Bernard et al. (1999)

Heithausen (1999) reported evidence for inward motion in the core based on new CS
mapping observations in three transitions ((J=2 — 1), (3 — 2), and (5 — 4)) made
with the IRAM 30-m telescope with the high angular resolution of 24" at 98 GHz, 16” at
147 GHz, and 10” at 245 GHz. The core appears as a filamentary structure harbouring
three dense condensations or sub-clumps, denoted as CS-A, CS-B, and CS-C (see Figure
2.3). The southernmost one shows asymmetric self-absorbed CS (2 — 1) and (3 — 2) lines
with the blue shifted part brighter than the red shifted, and the (5 — 4) line exactly at
the absorption dip. This feature represents the classical signature of inward motion as it
is predicted by the Shu-model (Shu 1977) of a inside-out collapse (e.g., Evans 1999 for a
review).

This discovery raised the question of the star-forming ability of cirrus clouds anew. Hei-
thausen et al. (2002) observed the core in the dust continuum emission at 250 GHz with
MAMBO at the IRAM 30-m telescope with an angular resolution of 11”. In Figure 2.3
the result is shown together with a C'*O map from Falgarone et al. (1998). The core is
clearly detected as an elongated filament, similar to the CS structure, but with significant
differences. For instance, there is no indication of three sub-clumps. The best correlation
between dust and molecular line emission can be found for the C'80 (1 — 0) line.

In this paper, Heithausen et al. (2002) also presented new observations of the HC3N (3 —
2), (4 — 3), and (10 — 9) transitions carried out with the MPIfR 100m telescope in
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Figure 2.2: Map of the 100 pm emission of the cloud obtained by the IRAS satellite and the
1.2mm dust continuum emission map of the core observed with MAMBO at the IRAM
30-m telescope by Heithausen et al. (2002). Contours are every 1MJy/sr starting at
6 MJy/sr for the IRAS map and every 2mJy starting at 0 mJy for the MAMBO map. The
resolution of the IRAS map is about 5, whereas the resolution of the MAMBO map is
about 11”.

Effelsberg and the IRAM 30-m telescope in Granada/Spain. The angular resolution of
the maps is about 30”. The distribution of this molecule is very different from the dust
continuum and also from the CS emission. The filamentary core is only rudimentary
visible, instead it peaks at two distinct clumps, located at the ends of the filament and
denoted as HC3N-A and B (see Figure 2.3). A similar behaviour was only found for the
ammonia molecule (Gromann & Heithausen 1992), made with a lower angular resolution
of about 40”. The HC3N clumps do somewhat overlap with the condensations seen in CS,
labeled CS-A and CS-C, however, the intensity peaks are clearly shifted toward the ends
of the filament. The CS sub-clump in the mid, denoted as CS-B, has no corresponding
HC3N feature, only some very weak emission, but at the detection limit, can be seen there.

The reason for this behaviour of the HC3N emission could be either a strong variation
in the excitation conditions, or, alternatively, strong variations of the abundance of the
molecule on smallest scales. It is very unlikely, that the excitation conditions vary strongly
along the filament. The environment is very quiescent and the core is embedded within
the larger cloud complex. Furthermore, other tracers of the gas like, C'*0 and the dust
emission, correlate very well. Could it therefore be, that this is an effect of strong variations
in the abundance of the HC3N molecule along the filament? In their paper, Heithausen et
al. (2002) speculate that the molecular abundance gradient is an age effect, caused by the
different timescales the molecules need to build up after the formation of the core. CS,
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for example, is formed very fast, whereas HC3N and NH3 need at least a few 10° years to
reach measurable high abundances.

The shifting of the peak emission of HC3N relative to CS(2 — 1), on the other hand,
could also be an effect of the self-absorption seen in this CS transition. On this account,
the integrated intensity of the CS (2 — 1) line is not a reliable tracer. Another effect that
may play a role is depletion, due to freezing out of molecules on dust grains, what would
appear also as a change in the abundance.

We now have a so far unequaled set of observations of this cirrus cloud core in the dust
continuum and all kinds of molecules and their different transitions. In Figure 2.3 we
show a selection of the integrated intensity maps to give a visual overview about what
we explained in this section. Based on the data, collected up to this point, a compli-
cated, sometimes even chaotic picture of the core emerged. Clearly more observations
were needed, especially with a higher angular resolution, because the CS and HC3N data
did not resolve the individual clumps. In this study we concentrate on the most interesting
clump, the southernmost, because it shows the infall motion signature. But, if possible, we
also collected data for the other parts of the core, that are definitely worth to be published.
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Figure 2.4: Map of the IRAS 100 ym emission of MCLD 126.6+24.5. The contours start
at 4.4 MJy/sr with an increment of 0.6 MJy/sr. The resolution is about 5'.

MCLD 126.6+24.5 is located in the Polaris Flare, too. It has also seen a fair number
of molecular line studies and a variety of molecules were detected. The cloud was first
noted by Lynds (1965) as the small reflection nebula LBN 628 (Lynds Catalogue of Bright
Nebulae) on the POSS (Palomar Observatory Sky Survey). It reemerged in 1987 as one
of the first high latitude clouds detected in NHs (Mebold et al. 1987). Boden & Hei-
thausen (1993) presented a multi-molecular study of this cloud in CO, ¥CO, HyCO, and
NHjs. They found abundances of the molecules normal for dark clouds and substructures
down to the scale of the smallest beam-size. They mapped the ammonia core with the
Effelsberg 100 m telescope with an angular resolution of 40” and the following studies all
concentrated on this core. We shall mention here the discovery of sulphur monoxide (SO)
by Heithausen et al. (1995) and the investigation of Heithausen et al. (1998) were they
presented an detailed analysis of an extensive SO mapping of the core and a SO-to-CS
comparison. The SO map (Figure 2.5) shows 17 small, individual sub-clumps and does
not correlate with other dense gas tracers, especially not with the CS molecule.

The distance of this cloud is even less well determined than that of MCLD 123.5+24.9,
despite the fact, that it is located just a few degrees away and belongs to the same cloud
complex. Although, some of the papers cited above just assume a distance of 100 pc, we
will here in this study adopt an equal distance as for MCLD 123.5+24.9, which is 150 pc.
This assumption seem also justified by the low systemic velocity of -3.8 kms~!, which is
even a bit lower than that of MCLD 123.5+24.9.
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In Figure 2.4 we show the IRAS 100 yum emission map of the cloud and in Table 2.3 we
summerize the basic properties of the core in MCLD 126.64+24.5, known so far.

Table 2.3: The basic properties of the core in MCLD 126.6+24.5.

Parameter Value Reference
Cloud name MCLD 126.6+24.5 Boden & Heithausen (1993)
LBN 628 Lynds (1965)

Galactic coordinates 1=126.61, b=+24.55 Boden & Heithausen (1993)

Right ascension « 04:23:02.46

Declination +85:48:16.3

Distance 100 pc - 240 pc Heithausen et al. (1995)

Adopted distance 150 pc

Systemic velocity -3.8kms~! Heithausen et al. (1995)
S0(15-0,)
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Figure 2.5: Map of the integrated SO (19 — 0;) transition at 30 GHz obtained with the
Effelsberg 100 m telescope. Contours are every 0.12 Kkms~! starting at 0.2 Kkms~!. The
beam-size is about 30”. From Heithausen et al. (1998)
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Figure 2.6: Map of the TRAS 100 pm emission of the core in L.1457. The contours start
at 20 MJy/sr with an increment of 3 MJy/sr. The resolution is about 5'.

The cirrus cloud L1457 (originally LDN 1457, from Lynds Catalogue of Dark Nebulae
(LDN), Lynds 1962) is part of the well known cirrus cloud complex MBM 12 (MBM 1985)
located in the constellation Aries directly at the southwestern corner of the huge Perseus-
Taurus-Auriga cloud complex. It was first noted by Lynds (1962) on the POSS as a
low-absorption dust cloud. Ungerechts & Thaddeus (1987) mapped the Perseus-Taurus-
Auriga-Aries complex in 12CO (1 — 0) at an angular resolution of 0°5. L 1457 lies within
their cloud # 1 which covers 4°7. They noted an extremely large line width of 7kms™!,
probably caused by the blending of several clumps. Referring to the close neighbourhood
of the Pleiades they placed it at a distance of roughly 125 pc.

MBM (1985) already cataloged it together with LDN 1458 as cloud # 12 and later deter-
mined the distance of the cloud to 65 pc by measuring absorption lines of nearby stars
(Hobbs, Blitz, & Magnani 1986). This made L 1457 the nearest molecular cloud known,
lying within the local, very hot, low-density gas known as the Local Hot Bubble (Snow-
den et al. 1998), which extends to about 90 pc in this direction. However, this distance
estimate may not be valid for the whole cloud, but only for one or some components.
Andersson et al. (2002) claim that there are two components toward the MBM 12 cloud,
with a dense part at 360 pc and a thin layer at 80 pc, whereas Luhman (2001) suggests
the distance of the whole cloud to be 275 pc estimated from photometric measurements of
nearby foreground and background stars.

Altogether, a distance between 65 pc and 200 pc seems consistent with the published data.
We want refer also to Hearty et al. 2000 and Straizys et al. 2002 for additional, different
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distance estimates. We will adopt the distance of 65 pc throughout this work, but may
keep in mind a possible larger distance of about 200 pc, alternatively.

Pound et al. (1990) presented an extensive map of the cloud in various CO lines with
an angular resolution of 100”. They found a large number of substructures down to the
scale of the beam. None of the clumps appeared gravitationally bound and they saw no
evidence for recent star-forming activity. Further fragmentation into smaller pieces within
the clumps seemed very likely. However, they claimed that a relatively large amount of
energy is needed to explain the kinematics and spacial distribution of the CO clumps and
a possible explanation could be an evaporating molecular cloud that is eaten away by
the hot interstellar medium. This scenario would rule out ongoing star-formation as the
lifetime of the cores is much too short in such a case.

On the other hand, Zimmermann & Ungerechts (1990) presented a similar CO mapping
with the KOSMA telescope and an angular resolution of 2™6. Their conclusions differ in
some aspects from the findings of Pound et al. (1990). Their maps show also a lot of
substructures and the high velocity dispersion. But they argue, that it could not be ruled
out that some cores within the clumps are gravitationally bound, as one finds more and
more substructures with higher and higher angular resolution. They also claimed that the
distance of 65 pc may not be valid for a significant part of the cloud. A further distance
would make the clumps more massive and therefore the cores within could well be bound.

Table 2.4: The basic properties of the core in L 1457.

Parameter Value Reference
Cloud name L 1457 or LDN 1457 Lynds (1962)

part of MBM 12 MBM (1985)
Galactic coordinates 1=159.25, b=-34.48 Pound et al. (1990)

Right ascension « 02:56:10.11

Declination +19:26:59.53

Distance 65 pe - 160 pc Zimmermann & Ungerechts (1990)
Adopted distance 65 pc

Systemic velocity -5.06kms~? Pound et al. (1990)

Another detail makes the cloud a special case and different from most other cirrus clouds.
A small number of low-mass T-Tauri stars have been detected in the direction of the
cloud. They are located north of the core investigated by us and the nearest ones are
more than 30" away. The first ones were already detected by Herbig & Bell (1988). A
good overview can be found in the paper by Hearty et al. (2000), were they presented
ROSAT observations. Jayawardhana et al. (2001) detected proto-planetary discs around
some of them, and Hogerheijde et al. (2003) even found indications for grain growth in
some of the cold dust discs surrounding the stars. However, it is still not clear, whether
these T-Tauri stars are associated with the cloud or if they belong to an older, already
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dispersed cloud. Exact distance estimates of both the cloud and the T-Tauri stars could
reveal a possible relationship.

For these reasons, L 1457 is the core were we would expect soonest to find indications of
ongoing star-formation activities.

In Figure 2.6 we show the IRAS 100 um emission map of the core region and in Table 2.4
we summerize the basic properties of the core in L. 1457 known so far.
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Figure 2.7: Map of the IRAS 100 pm emission of the core in MBM 32. The contours start
at 4 MJy/sr with an increment of 1 MJy/sr. The resolution is about 5.

The cirrus cloud MBM 32 was first catalogued as LBN 691 by Lynds (1965) and later as
MBM 32 by MBM (1985). It is located in the complex known as the Ursa Major cirrus
cloud (de Vries et al. (1987)). This cloud is one of the first cirrus clouds where HoCO
(Heithausen et al. 1987) and NHj3 (Mebold et al. 1987) were detected. Based on a
multi-transition CO and NHj study at one position, Schreiber et al. (1993) derived a
kinetic temperature of 24fé0 K and were able to model 7 different CO transitions with a
beam averaged (4') Hy column density of about 2 x 10*’cm~2 and a power law density
distribution.

Wouterloot et al. (2000) presented a new multi-line CO study of the cloud and showed that
it consists of three components - a main cloud component at visrj 2, a smaller compo-
nent at visrj0, and in addition some emission in between those two velocities. They also
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derived a dust temperature from the ratio of the IRAS 60 ym and 100 pm emission of 20 K.

The core we will concentrate on, was first defined through the NH3 detection and shows
only the main-cloud component at visg about +3.5kms~!. It is located north-west of
the cloud centre. Heithausen et al. (1998) also detected SO (19 — 0;1) and relatively weak
CS (2 — 1) emission towards this position. A comparison of the CS emission with a non-
detection by Reach et al. (1995) was interpreted as a low beam filling factor caused by
clumping.

A distance towards MBM 32 has not yet been determined. Most papers just assume a
distance of 100 pc and we will follow this example throughout this work by lack of other
possibilities.

Table 2.5: The basic properties of the core in MBM 32.

Parameter Value Reference
Cloud name MBM 32 MBM (1985)
LBN 691 Lynds (1965)
Galactic coordinates 1=146.85, b=+440.66 Heithausen et al. (1998)
Right ascension « 09:33:52.38
Declination +66:06:05.04
Distance 100 pc Wouterloot et al. (2000)
Adopted distance 100 pc

Systemic velocity 3.5kms1 Heithausen et al. (1998)
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Figure 2.8: Map of the IRAS 100 um emission of the core in Draco. The contours start at
1MJy/sr with an increment of 1 MJy/sr. The resolution is about 5.

The Draco molecular cloud is not a nearby cirrus cloud, but a more distant Intermediate
Velocity Cloud (IVC). Nevertheless, it was classified by MBM (1985) as MBM 41, belong-
ing to a larger cloud complex and investigated in more detail by Mebold et al. (1985).
They observed CO and HoCO and addressed the question if the cloud is a halo object
merging with the galaxy. The findings were a large total mass for the whole cloud com-
plex of about 10* M, for a assumed distance of 800 pc and probably gravitationally bound
clumps. One of their clumps is the core shown in Figure 2.8 as seen with IRAS in the
100 ym dust emission.

Draco is probably the best studied IVC and can also be seen very good in X-ray absorption
(e.g., Kerp 1994), providing a direct hint for the hot ISM in the halo of our Galaxy. It
is strongly suggested that the cloud is interacting with this hot plasma and therefore
somewhat different from the nearby cirrus clouds.

In a very detailed investigation Gladders et al. (1998) derived a distance bracket to the
cloud of 463ﬂ§% to 618f%§i pc, by estimating the distances of foreground and background
stars from spectroscopic parallaxes. The errorbars are, however, still quite large of about
between 25% and 40%.

On the other hand, Penprase et al. (2000) conducted a photometric study and derived a
distance bracket to the cloud of 800 < d < 1300 pc. This would correspond to a height
|z| = 640 pc above the galactic plane and linear dimensions as large as 40 pc for the cloud.
They noted that with this distance the Draco cloud would be quite an exceptional object.
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Hence, additional observations and theoretical work are clearly needed to provide more
accurate constraints on the properties of the Draco nebula.

Throughout this work we will assume a distance of 500pc to simplify matters. This
introduces a additional error in our derived values, but it is very small compared to other
uncertainties.

Table 2.6: The basic properties of the core in Draco.

Parameter Value Reference

Cloud name Draco Mebold et al. (1985)
MBM 41 MBM (1985)

Galactic coordinates 1=89.53, b=38.40 Heithausen et al. (1998)

Right ascension o 16:49:17.88

Declination 4 +59:56:26.89

Distance 327pc - 861pc  Gladders et al. (1998)

Adopted distance 500 pc

Systemic velocity -24.1kms~! Heithausen et al. (1998)




Dust Continuum Observations

”The most fundamental fact about molecular clouds is that most of their contents are in-
visible” (Evans 1999). This phrase describes the problems one experiences by studying
the ISM very well. Neither the Hy nor the He in the majority of the clouds can directly be
observed. There are some observations of fluorescent emission of Hy over the face of clouds
(Luhman & Jaffe 1996) and in shocked regions Hy emits rovibrational lines that are useful
(e.g., Draine & McKee 1993). But these are very special cases and they do not trace the
bulk of molecular clouds. Absorption lines of Hy in far-UV spectra of background sources
can also be used but are restricted to a few cases (e.g., Richter 1999).

To probe the physical conditions of the molecular clouds we need the help of trace con-
stituents such as dust particles and molecules other than Hy. This is possible because the
ISM is generally well mixed. The inference to the Hy, however, is difficult since abundance
and properties of the tracer may differ strongly from region to region, even at smallest
scales. One very good tracer, becoming more and more important, is the dust, or more
accurately, the thermal continuum emission of dust particles heated by the ISRF. It is also
the one least understood up to now. We do not even know yet, how dust particles look like.

3.1 Dust Continuum Emission

Dust particles attenuate light at short wavelengths (UV to near infrared) and re-emit at
longer wavelengths (far infrared to millimeter). The critical points in this business are
the assumption of a (constant) gas-to-dust ratio and the dust grain properties. The gas-
to-dust ratio can be adopted to be nearly constant in a manageable volume because of
the very efficient mixing of the ISM. If the same value, however, can also be applied to
very different regions, e.g., the galactic halo or other galaxies, is questionable. The dust
grain properties are even more difficult, in fact, up to now we know very little about it

29
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and have to rely on quite simplistic models. The models suffer from the fact that the
geometrical structure as well as the exact chemical composition of interstellar dust grains
is only vaguely known. Nevertheless, these models are able to reproduce the observations
successfully in a variety of cases.

In general the models consist of large grains with sizes of a few tens of A to about one
pm and of transiently heated particles (see, e.g., Draine (2003) for a review). Because
of their high heat capacity the large grains are in thermodynamical equilibrium with the
interstellar radiation field and reach temperatures typically of 10 to 30 K. The emission
can be described by a ”grey body”, which means a black body Planck curve modified
by the optical depth. This follows from the equation of radiative transfer in the case of
optically thin emission. And as the optical depth is related to the column density of the
Hs, this relates the observed dust emission intensity directly to the Hy column density
(see section 5.1 for the formulas).

The dust continuum emission provides one of the best estimates of the Hs column density,
much more reliable than the commonly used Hy -tracer CO. This is because CO reacts very
sensitive to metallicity and radiation distinctions. The dust, on the other hand, should
react much less to variations, as it consists of various components. The observation of dust
continuum emission itself is difficult as well. Only recently the technics became available
to map larger areas with adequate large telescopes from the ground. The development of
bolometer arrays (e.g., Kreysa 1990), one can almost call them cameras, and, last but not
least, the fast evolution in computational power are the crucial points in this.

3.2 Observations

The observations of the dust continuum emission at 1.2mm wavelength are the start-
ing point of our study and were carried out in 2000 and 2001 with the Max-Planck-
Millimeter-Bolometer (MAMBO) arrays at the IRAM 30-m telescope on Pico Veleta in
Granada/Spain (see Figure 3.1).

The MAMBO arrays are developed and build by the Maz-Planck-Institut fiir Radioas-
tronomie (MPIfR) in Bonn. One bolometer consists of a Neutron-Transmutation-Doped
Germanium element cooled by a 3He cryostat to about 300 mK. Bolometers are broadband
receivers, actually heat detectors, and sensitive to all incoming radiation (photons). By
means of filters one defines the sensitivity range and the effective frequency. MAMBO is
sensitive between about 210 and 290 GHz with an effective frequency of 250 GHz. The
arrays are arranged in a hexagonal structure (see Figure 3.2) with a spacing of 23" be-
tween the individual beams. The FWHM of one beam is 11” at the effective wavelength
of 1.2mm. A detailed description of the design and the characteristics of the 37-channel
array can be found in Kreysa (1990) and Thum et al.(1992), the 117-channel array exhibits
in principle similar properties.
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Figure 3.1: The IRAM 30-m telescope on Pico Veleta near Granada/Spain.

In a first attempt we mapped the 5 cores introduced in the prior chapter with the MAMBO
37-channel array and detected all of them. However, due to the wide extent of the emission
and unstable weather conditions these maps were not sufficient enough to properly restore
the emission structure. Hence, we re-observed them in the next period with the then new
MAMBO 117-channel array.

All observations were done in double-beam on-the-fly mode, with scanning the source
along lines of constant azimuth and chopping the secondary mirror in the same direction
at a speed of 4 or 5”s7!. The spacing between the lines is 4”. This method produces
heavily oversampled maps with an on-off signature inside - so called ”double beam” maps.
These have to be restored.

Pointing and focus were checked at regular intervals on planets and strong continuum
sources. The pointing accuracy was found to be mostly better than 4”. To obtain the
atmospheric opacity the sky emission was measured regularly at a number of elevation
angles (so called ”skydip” measurements). On availability primary (planets) or secondary
(HII-regions or YSOs) calibrators were observed to derive the flux conversion factor.

3.3 Data Reduction

The data reduction was conducted using the program MOPSI written by Robert Zylka
and the basic script for map reduction written by Frank Bertoldi. The first step was to
identify and delete ”bad channels”, showing no signal or having an extremely increased
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Figure 3.2: The MAMBO 117 array build by the MPIfR. The horns are arranged in a
hexagonal structure and the whole detector is then placed in a cryostat and cooled down
to about 300 mK.

noise level. Some of them are present all the time and some appear from time to time due
to problems in the electronics. Next was to remove spikes, which frequently appear within
the electronics by interferences or due to cosmic rays. Further steps were to correct for
the individual gains of the single channel-bolometers and for the sky opacity. Afterwards
each scan was calibrated, i.e. the signal was converted from counts to Jy/beam, using the
conversion factor calculated with a linear interpolation between the adjacent calibrator
flux measurements.

After this the maps had to be restored using the Emerson-Klein-Haslam (EKH) algorithm
(Emerson, Klein, & Haslam 1979). This was done with the task "dbf’ of the MOPSI
program package. At last, all the individual maps that were considered to be sufficiently
good had to be coadded together. Since we tried to map in different directions and with
different map sizes to avoid systematical observing errors, the resulting map is relatively
large, however, at the edges the noise increases highly. Hence, the boundaries were cut
away by applying a mask. This is mainly done to improve the representation. Unfortu-
nately, two of the cores are located or widespread near to one boundary and some of the
features seen there may partly be caused by the higher noise level.

3.4 Results

Figures 3.3, 3.7, 3.5, and 3.9 show the results of our 1.2 mm dust continuum observations.
The cores could all be detected, however, mostly at a low signal-to-noise ratio (1o contour
lines). The morphology of the core sample is neither simple spherical nor pure filamentary
but rather complicated. However, the maps are way too small to speculate about the
filamentary structure. Much larger maps would be needed for this purpose. We here only
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concentrated on surveying and mapping the cores that are already known from previous
line observations.

In order to enhance the sensitivity of the maps and the visibility of the core structures we
convolved each map with a 20” Gaussian, similar to the analysis of Tafalla et al. (2002).
The results are shown in Figures 3.4, 3.8, 3.6, and 3.10. However, this is done only for the
purposes of presentation, all the analysis were carried out on the original maps. Admit-
tedly, in these maps the signal-to-noise ratio is not very high. In fact, most of the very
small structures one can see, are possibly due to the map noise in conjunction with the
high resolution. Hence, we do not trust the exact small scale structures of the cores and
only derive the basic overall properties.

The cores in MCLD 126.64-24.5 and Draco do not show a plain central condensation. In
fact, they do appear more like a loose accumulation of small sub-clumps. However, some of
the small clumps visible are most likely caused by the noise of the map and an additional
effect of the high resolution, as stated above. Nevertheless, the core region clearly raises
in flux intensity from the background and is detected with a signal-to-noise of about 3 to
40.

In L 1457 two small roundish clumps and a larger condensation, possibly also consisting of
smaller clumps, are visible. Each one has a rather high flux density and they are detected
with a signal-to-noise of more than 4 . Nevertheless, there are also strong indications for
a more diffuse component between these clumps. We will denote the clumps from down
right to up left with A, B, and C. At this, C is the larger condensation, which is without
much doubt caused by a superposition of several smaller clumps.

In MBM 32 one eventually sees a central condensed core, nevertheless, containing a lot of
substructure and an elliptical shape. However, the flux density is quite low and the core
is scarcely detected with a signal-to noise of about 3 0. There are also some indications of
a more diffuse component we missed with the observing technique.

Table 3.1: The results of the dust continuum observations. Listed are the map centres
and the achieved rms.

Core 1 b 2000 52000 rms
[deg]  [deg]  ["™*] "7 [mJy]
MCLD 126.6 126.61 24.55 0423 02.5 854816.3 3.1
L1457 159.26 -34.48 0256 11.8 19 26 42.9 2.7
MBM 32 146.84 40.66 0933544 6606294 1.9

Draco 89.52 3841 1649 14.0 595551.8 29
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Figure 3.3: Dust continuum emission map of the core in MCLD 126.6+24.5 at 1.2 mm made
with MAMBO at the IRAM 30-m on Pico Veleta. Contours are in steps of 3mJy/beam
(1o) starting at 3mJy/beam. The angular resolution of the map is 11”. The edges are
masked out.
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Figure 3.4: Dust continuum emission map of the core in MCLD 126.6+24.5 at 1.2 mm,
same as in Figure 3.3. In order to enhance the sensitivity the map has been convolved
with a 20” Gaussian. Contours are in steps of 2mJy/beam starting at 2mJy/beam. Edges
are masked out.
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Figure 3.5: Dust continuum emission map of the core in L1457 at 1.2mm made with
MAMBO at the IRAM 30-m on Pico Veleta. Contours are in steps of 3mJy/beam (10)
starting at 2mJy/beam. The angular resolution of the map is 11”. The edges are masked

out.
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Figure 3.6: Dust continuum emission map of the core in L1457 at 1.2mm, same as in
Figure 3.5. In order to enhance the sensitivity the map has been convolved with a 20"
Gaussian. Contours are in steps of 3 mJy/beam starting at 2mJy/beam. Edges are masked
out. The red characters and contour lines denote the identified individual sub-clumps.
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Figure 3.7: Dust continuum emission map of the core in MBM 32 at 1.2 mm made with
MAMBO at the IRAM 30-m on Pico Veleta. Contours are in steps of 2mJy/beam (10)
starting at 2mJy/beam. The angular resolution of the map is 11”. The edges are masked
out.
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Figure 3.8: Dust continuum emission map of the core in MBM 32 at 1.2 mm, same as in
Figure 3.7. In order to enhance the sensitivity the map has been convolved with a 20"
Gaussian. Contours are in steps of 1.2mJy/beam starting at 1.2mJy/beam. Edges are
masked out.
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Figure 3.9: Dust continuum emission map of the core in Draco at 1.2mm made with

MAMBO at the IRAM 30-m on Pico Veleta. Contours are in steps of 3mJy/beam (1o)

starting at 3mJy/beam. The angular resolution of the map is 11”. The edges are masked

out.
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Figure 3.10: Dust continuum emission map of the core in Draco at 1.2mm, same as
in Figure 3.9. In order to enhance the sensitivity the map has been convolved with a
20" Gaussian. Contours are in steps of 2mJy/beam starting at 2mJy/beam. Edges are
masked out.
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Molecular Line Observations

Observations of the dust continuum provide a good basis to derive the core attributes,
however, they only show integrated properties and do not allow any insights into the
kinematics or the chemistry. Therefore molecular line observations are crucial. They also
probe density and temperature through their excitation, but also turbulent and system-
atic motions through their line width and Doppler shifts. Admittedly, these observations
are often harder to interpret, because the abundance of one molecular species can vary
significantly within a fraction of a parsec. It is also sometimes unclear from which part of
the core the line emission is actually emanating. However, molecular lines constitute the
unique possibility to obtain informations about the kinematic and chemical properties of
cores.

4.1 CS as a Dense Core Tracer

The most abundant molecule after Hy is carbon monoxide (CO). On large scales it corre-
lates well with other density tracers even when the line is quite opaque, however, on small
scales it fails to trace the column density and rarer isotopomers or other molecules have to
be used. Besides CO the CS is one of the most abundant molecules and commonly used as
a tracer of dense cores. It is formed fast after the core formation and the lower transitions
mostly are opaque. For this reason CS is also often used to trace a core collapse where
the lower transition shows the typical self-absorbed profile and the higher, optically thin,
transition peaks between the two peaks of the opaque line (e.g., Evans 1999 for a review).

However, recently it became clear that also the CS is not the best tracer for the densest part
of the cores because of the depletion by freezing on dust grains (e.g., Tafalla et al. 2002).
If this effect also plays an important role in cirrus cloud cores we will investigate partly
in this study together with a following observational program. To get a first overview
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about the cores, their extent and shape in CS we conducted mapping observations with
the FCRAO 14-m telescope. Additionally we made multi-transition CS observations with
the TRAM 30-m telescope at the central positions of the cores or clumps identified in the
dust continuum maps. Together with the already introduced previous observations of the
cores we exhibit a unique dataset for cirrus cloud cores.

4.2 CS (2 — 1) Mapping Observations

4.2.1 Observations

Observations with the Five College Radio Astronomy Observatory (FCRAO) 14-m tele-
scope (Figure 4.1) were carried out in April 2003. The telescope is located near Amherst
(MA) and operated by the University of Massachusetts, together with Amherst College,
Hampshire College, Mount Holyoke College and Smith College. It is build in a radome
structure and equipped with a 3 mm single sideband 32 element focal plane receiver array
called SEQUOIA (SEcond QUabbin Optical Imaging Array). The primary frequency to

Figure 4.1: The FCRAO 14-m telescope dome near Amherst. The telescope is enclosed in
a radome structure.

which we tuned the receiver was 97.98 GHz for the CS (2 — 1) line. We also tuned to
96.41 GHz for the C3%S (2-1) line, simultaneously. The 14-m telescope has a beam-width
at 98 GHz of about 54”. We took maps of 10’ by 10’ in On-The-Fly (OTF) mapping
mode. Pointing and Focus were made regularly on Orion, RCAS, and RLEO. They were
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also used to check the calibration. Unfortunately, the weather was not ideal and we were
only able to fully map three of the cores, MCLD 126.6+24.5, L. 1457, and MBM 32. The
achieved rms in the spectra amounts to approximately 0.02K to 0.03 K and the lines are
detected at a more than 3¢ level. For Draco we only got a short coverage where the noise
of the spectra is still much too high (~0.12 K) to detect the line. We could not detect any
C34S (2-1) line in our maps, partly since the noise in these maps is still relatively high and
the expected line strength is low.

4.2.2 Data Reduction

The data reduction was done with the FCRAO ”otftool” (Heyer et al. 2001) and later
with the CLASS software of the GILDAS packet developed by IRAM. A zero order base-
line was applied to each spectrum and then all spectra of one single position were added
weighted by one over sigma squared. Then the data were regridded on a regular, Nyquist
sampled grid, because the raw data are sampled on an irregular grid. After this a third
order baseline was removed if required. As the centre of the map was covered more often
than the outer parts of the map the noise level is much lower there. We therefore cut off
the outskirts and edges of the maps.

4.2.3 Results

Figures 4.2, 4.4 and 4.6 show the resulting total integrated line intensity maps of the three
cores we observed and detected with the FCRAO. In Table 4.1 the map centre positions
and the achieved rms of the observations are listed.

Table 4.1: The results of the CS mapping observations carried out with the FCRAO
telescope. Listed are the map centre positions and the achieved rms of the maps.

Core 1 b Q2000 52000 rms
[deg] ~ [deg] "] " [Kkms™]

MCLD 126.6 126.675 24.535 04 24 24.3 85 44 56.2 0.020

L1457 159.266 -34.484 0256 12.3 19 26 21.0 0.025

MBM 32 146.835 40.665 09 33 58.1 66 06 33.3 0.012
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Figure 4.2: The integrated line intensity distribution of the CS (2 — 1) transition of the
core in MCLD 126.64-24.5. The Contour lines are in steps of 0.02Kkms™! (10) starting
at 0.06 Kkms~!. The beam size is 54”.
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Figure 4.3: Contours of the integrated line intensity of the CS (2 — 1) emission (Figure
4.2) superposed on the grey scale image of the dust continuum emission map of the core
in MCLD 126.64-24.5 (Figure 3.4). The black contours denote the dust emission in steps
of 2mJy/beam starting at 2mJy/beam, while the red contours trace the CS emission in
steps of 0.02 Kkms™! starting at 0.06 Kkms™?.
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Figure 4.4: The integrated intensity distribution of the CS(2 — 1) emission line of the
core in 1, 1457. Contour lines are in steps of 0.025 Kkms™! (1o) starting at 0.3 Kkms™!.
The beam size is 54”.
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Figure 4.5: Contours of the integrated line intensity of the CS(2 — 1) emission (Fig-
ure 4.4) superposed on the grey scale image of the dust continuum emission map of the
core in L1457 (Figure 3.6). The black contours denote the dust emission in steps of
3mJy/beam starting at 2mJy/beam, while the red contours trace the CS emission in
steps of 0.025 Kkms™! starting at 0.3 Kkms™!.
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Figure 4.6: Integrated intensity distribution of the CS (2 — 1) emission line of the core
in MBM 32. Contours are every 0.012Kkms~! (1) starting at 0.06 Kkms~!. The beam
size is 54"
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Figure 4.7: Contours of the integrated line intensity of the CS(2 — 1) emission (Fig-
ure 4.6) superposed on the grey scale image of the dust continuum emission map of the
core in MBM 32 (Figure 3.8). The black contours denote the dust emission in steps of
1.2mJy/beam starting at 1.2mJy/beam, while the red contours trace the CS emission in
steps of 0.012 Kkms~! starting at 0.06 Kkms~!. Note that the dust emission map is much
smaller than the CS-map.
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The core in MCLD 126.6+4-24.5 is clearly detected at a level of more than 3o. The overall
appearance of the CS emission is nearly roundish and centrally condensed, however, it
also shows some filamentary extensions and indications of a clumpy substructure. The
integrated intensity maximum is located at exactly the same position as the dust contin-
uum emission peak. Even the size of the core is similar in both tracers, however, the dust
continuum map ist not large enough to fully cover the filametary extensions visible in the
CS-map (Figure 4.3). The CS-map does not show a lot of diffuse emission and the line
profile looks relatively simple (Figure 4.8).

0.4 T T

—4 -2 0
Velocity (km/s)
Figure 4.8: The averaged CS(2 — 1) emission line spectrum towards the core in
MCLD 126.6, obtained with the FCRAO 14-m telescope. The spectra inside 1’ to the
centre position are combined.

The core in L1457 is detected at a level of more than 10c. Surprisingly, the overall
structure of the core region in L 1457 is fairly similar to the structure visible in the dust
continuum emission, indicating, that the clumpy structure is real and not solely caused by
projection effects. We see multiple lines (3 components) and blending in the CS-spectra.
The kinematic information of the line-emission observations is in this case essential to
interpret the dust emission map correctly.

However, there are also significant differences. First of all, the clump labeled A, and the
strongest in the dust continuum map, is only faintly visible. In contrast, there is a strong
intensity maximum within though not at the centre of dust clump C. Furthermore, a quite
strong diffuse intensity is measured (note that the contours start a 0.3 Kkms™!) and yet
another maximum, strong and fairly extended, can be seen in the south-west corner of
the map. For this there exists an indication in the dust continuum map, but relatively
faint and at the edge of the map. Hence, we have to refer again to the observing method,
used to carry out the dust continuum emission observation, and the therefore presumably
missing diffuse, large scale component.

Furthermore, the intensity peaks of the CS map are always displaced, compared to the
dust continuum maxima. This is shown more clearly in Figure 4.5, were we superposed the
integrated CS map on the smoothed dust continuum map. The integrated CS (2 — 1)line
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emission is displayed by the red contour lines similar to the contours in Figure 4.4, while
the dust continuum map is shown as grey scale image with black contour lines.

Nevertheless, the tracers show a remarkably similar appearance, considering the different
resolution of the observations and the problematical structure with sub-clumps and var-
ious velocity components. Figure 4.9 shows a combined spectrum of the inner 1’ of the
map. Due to the large beam (54”), the 3 velocity components are not totally resolved,
but 2 of them are blended. In the next section we show a comparison with roughly the
same spectrum, obtained with the IRAM 30-m telescope at a resolution of 24”.
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Figure 4.9: The averaged CS (2 — 1) emission line spectrum towards the core in L 1457,
obtained with the FCRAO 14-m telescope. The spectra inside 1’ to the centre position
are combined.
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Figure 4.10: The averaged CS (2 — 1) emission line spectrum towards the core in MBM 32,
obtained with the FCRAO 14-m telescope. The spectra inside 1’ to the centre position
are combined.

The core in MBM 32 is clearly detected at a 3o level, but a centrally condensed structure
cannot be seen at all. At the position of the dust continuum core, a faint local intensity
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maximum is visible (Figure 4.7), however, the overall appearance of the CS emission is
rather diffuse. Additional maxima show up next to the central position, nearly forming a
ring-like structure. Specifically noticeable is the diagonal trend opposite to the elliptical
form of the dust core. The dust continuum emission map seems to be way too small an
the CS maximum is located outside this map. Hence, a significant fraction of the dust
emission may be absent. The line profile appears to be relatively simple (Figure 4.10).

4.3 Additional Observations with the IRAM 30-m Telescope

4.3.1 Observations and Data Reduction

Observations of CS (2 — 1), CS (5 — 4), and HC3N (10 — 9) with the IRAM 30-m radio
telescope on Pico Veleta were conducted in autumn 2002 as backup project for pooled
observations. We used the A and B SIS line receivers and the VESPA digital correlator
with a velocity resolution better than 0.06 kms~!. The observations were done in position
switching mode with an off position of about 10’ away, assigned by looking at the IRAS
maps. Small raster maps were obtained with 25 positions around the core or clump centres
for Draco and L 1457. The spacing between the individual positions is 12” and the beam-
sizes are 27" at 90 GHz, 24" at 98 GHz, and 10" at 245 GHz. For MBM 32 only the central
position was observed due to the not ideal weather conditions. Pointing and Focus were
checked regularly and a pointing accuracy better than 3” was found. To check for the
calibration we observed W3OH regularly.

The Data were reduced using the CLASS software by applying a baseline of order three
or less and sum up all spectra of the individual positions weighted by their noise. The line
parameters then were derived from simple Gaussian fits to the spectra. For the cores in
MCLD 123.5+24.9 and MCLD 126.6+24.5 we already have good CS data at our disposal
(based on the data published by Heithausen 1999 and Heithausen et al. 1998, respec-
tively), which were introduced in chapter 2.

In August 2004 we conducted an additional observing run at the 30-m telescope. Our
main focus was on the NoH™ (1 — 0) transition, a project that is still ongoing and will not
be discussed further in this thesis. For the second receiver we chose the C180 (2 — 1) line,
as it turned out for MCDL 123.5424.9 that this molecule can be used as a possible density
tracer for these cores. We used again the A and B receivers and the VESPA backend.
The observations were done similarly to the CS observations. This project is, however,
not yet finished and the data are preliminary. We will use them to get an estimate of the
molecular abundances, and to investigate the chemistry within the cores in more detail.



48 Molecular Line Observations

4.3.2 Results

CS(2—1)

We detected all cores in the CS (2 — 1) transition. The signal to noise is not as good
as we would have liked, nevertheless, the data are sufficient for our basic analysis. The
parameters of the obtained spectra are compiled in Table 4.2.

In Figure 4.11 we display the spectra obtained towards the positions of the cores in
MCLD 126.6+4-24.5, L1457, MBM 32, and Draco. For L 1457 the spectrum towards the
position of clump A is shown. Note that the positions of the CS spectra do not always
perfectly match the central positions of the dust continuum cores derived from the Gaus-
sian fits, since this analysis was applied later on and the CS observing positions were
defined by inspecting the (preliminary) dust maps by eye.

Table 4.2: The parameters of the CS spectra obtained with the IRAM 30-m telescope
towards the positions of the dust cores or clumps. The last column indicates whether a
small map of 5x5 points around this position could be obtained.

Core 1 b Q2000 02000 rms map
[deg] [deg] [h ] "] (K]

L1457 A 159.220 -34.511 02 56 00.5 1926 15.0 0.073 no

L1457 B 159.254 -34.471 0256 12.0 1927 20.0 0.035 yes

L1457 C 159.279 -34.468 0256 17.0 1926 48.0 0.033 yes

MBM32 146.835 40.665 09 33 58.0 66 06 35.0 0.043 no

Draco 89.520 38.414 1649 12.0 5955 50.0 0.031 yes

Towards the sub-clumps B and C of the core in L 1457 a relatively complicated line struc-
ture consisting of three different velocity components is detected. The assignment to the
dust continuum clumps is not well-defined and very difficult. In Figures 4.12 and 4.13
the obtained spectra maps towards clump B and C are shown. The offsets are in arcsec
relative to the centre positions. The 3-component structure is visible in nearly all spectra,
although, towards clump B the third velocity component at -2.64km s~ lis weaker. It is
possible that this structure is also caused by self-absorption. However, we are not able
to definitely distinguish between these two possibilities. For this purpose interferometric
observations with very high resolution are needed to resolve the structures.

As already visible in the FCRAO CS-map the line emanates from a larger volume than
merely from the individual clumps. This is an additional hint that we may have missed
the diffuse component in our dust map, and that the individual clumps do strongly overlap
and maybe even interact with each other. Nevertheless, we think it is possible to spot a
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Figure 4.11: CS (2 — 1) emission line spectra towards the core or clump centre positions
in MCLD 126.6+24.5, .1457-A, MBM 32, and Draco, obtained with the IRAM 30-m tele-
scope. The parameters of the spectra are listed in Table 4.2.

trend within the maps (Figure 4.15). Therefore, we decided to allocate each one of the CS
lines to one of the identified dust continuum clumps, for lack of any other information.

Starting from a detailed analysis of the single spectra, as well as of the combined spec-
trum, we extracted the properties of the 3 components towards each clump by Gaussian
fits. Figure 4.14 shows the combined spectrum, similar to the one shown in Figure 4.9 for
the FCRAO observation. Table 4.3 lists the values for each of the sub-clumps. In Figure
4.15 integrated intensity maps (FCRAO observation) for each of the 3 components are
shown. We only integrated over the line widths determined from the 30-m spectra and
listed in Table 4.3 to point up the trend we spotted.
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Figure 4.12: Maps of the CS(2 — 1) emission line spectra towards the clump B in
L 1457 obtained with the IRAM 30-m telescope. Positions are offsets in arcsec relative to
(RA,DEC)(2000) = (02:56:12, 419:27:20). The temperature scale is —0.25 < Ty, < 0.65 K
and the velocity scale is —13 < vigr < 5kms™!.
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Figure 4.13: Maps of the CS(2 — 1) emission line spectra towards the clump C in
L 1457 obtained with the IRAM 30-m telescope. Positions are offsets in arcsec relative to
(RA,DEC)(2000) = (02:56:17, +19:26:48). The temperature scale is —0.25 < T3, < 0.65 K
and the velocity scale is —13 < vigr < 5kms™!.
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Figure 4.14: CS (2 — 1) emission line spectrum towards the core in L 1457 obtained with
the IRAM 30-m telescope. All observed spectra are combined. Please note the difference to
the spectrum shown in Figure 4.9, which is mostly caused by the higher angular resolution.
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Figure 4.15: Integrated line intensity maps for each of the identified line components. The
maps were integrated over the line widths given in Table 4.3, and the central velocity is
quoted in the upper right corner. The contour lines are in steps of 0.012Kkms~! (10)
starting at 0.05 Kkms™!. A trend is clearly visible, however, a significant fraction of the
emission obviously arises from the diffuse gas between the individual clumps.

For the most negative component, at -5.36 km s, it can clearly be seen that a significant
fraction of the intensity arises from the position of clump A. However, there is also emission
at the positions of clump C and the south-west peak, as well as a fairly diffuse fraction.
The second component at -4.47kms™! is best visible towards clump B, however, most of
the intensity seems to arise from the diffuse gas. The third component, at -2.64kms~1,
is eventually restricted to clump C, however, all 3 components are clearly detected within
this clump. Hence, the real structure of L 1457 is possibly much more complicated than

assumed here.
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We therefore have to note that this analysis is not very accurate, since the assignment of
one line to one clump is only a wild guess. The quoted errors in Table 4.3 represent only
the formal errors derived from the Gaussian fits and do not include any of the discussed

uncertainties.

Table 4.3: Allocation of the CS (2 — 1) velocity components and the dust continuum sub-
clumps. The quoted errors represent only the formal errors derived from the Gaussian

fits.

Sub-clump 1 b VLSR Av Twb
[deg]  [deg] [kms™] kms— '] K]
L1457-A 159.22 -3451 —5.36+0.03 0.57+0.12 0.69£0.01
L 1457-B 159.24 -34.49 —4.47+0.08 0.65+0.16 0.4640.02
L1457-C 159.26 -34.47 —2.644+0.06 0.80+0.13 0.574+0.02
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Figure 4.16: Maps of the CS (2 — 1) emission line spectra towards the core in Draco
obtained with the IRAM 30-m telescope. Positions are offsets in arcsec relative to
(RA,DEC)(2000) = (16:49:12, 59:55:50). The temperature scale is —0.13 < T, < 0.25K
and the velocity scale is —30 < vpgr < —18km s~
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In Figure 4.16 the obtained spectra map towards the core in Draco is shown. The offsets
are in arcsec relative to the core centre position. The line is clearly detected, however, not
in all of the spectra. The centre position was integrated for 32 min, whereas all the other
positions only got 8 min of integration time. The appearance of the line in the different
spectra shows a patchy structure, again indicating a clumpy distribution.

From the analyses of the obtained spectra towards the cirrus cloud cores we gained the
line parameters of theCS (2 — 1) transition listed in Table 4.4. We used the IRAM 30-m
data, because of the much better angular resolution. The line widths extracted from the
FCRAO maps are generally larger. We already explained above the method we used for
the sub-clumps in L 1457. For the other cores we averaged the spectra within the core
region, if possible, and fitted the line with a Gaussian. For MBM 32 we could only use
the central spectrum, hence the extracted line width could be slightly too narrow. For
MCLD 123.5 we used the map presented by Heithausen (1999) and fitted on Gaussian to
the full line, although the spectrum exhibits the double peaked signature of inward motion
(Heithausen 1999). The extracted line width may thus be too wide, since the core centre
itself is self-absorbed. However, we will discuss this topic later in much more detail (see
Chapter 5.3).

Table 4.4: The CS (2 — 1)line parameters towards the dust continuum cores or clumps.
The values are derived from Gaussian fits to the spectra. The quoted errors represent the
formal errors derived from the fits and do not include other uncertainties.

Core 1 b VLSR Av Tmb
[deg]  [deg] [kms™] [kms—] K]

MCLD123.5 123.68 24.89 —4.34+0.03 0.77+0.05 2.16+£0.2

MCLD 126.6 126.62 24.55 —3.824+0.01 0.40+0.02 0.75£0.1

L1457 A 159.22 -3451 —-5.36+0.03 0.57+£0.12 0.69=+0.1
L1457 B 159.24 -3449 —-4474+0.08 0.65+0.16 0.46+0.2
L1457 C 159.26 -34.47 —2.644+0.06 0.80+0.13 0.57+0.2
MBM 32 146.84  40.67 3.81 £0.09 0.43£0.26 0.21£0.1

Draco 89.51 38.40 —23.87£0.06 0.90£0.12 0.19£0.1
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CS (5 —4)

To make full use of the telescope abilities we observed the CS (5 — 4) line simultane-
ously. However, due to the not ideal weather conditions we could not detect the line.
The achieved rms noise level of the averaged spectra is of the order of =~ 0.1 K, hence not
necessarily sufficient for a reliable detection.

HC;N (10 — 9)

We did not detect the HC3N line in any of the cores except from MCLD 123.5+24.9. This
was not the expected result, since NH3 was already detected in MCLD 126.6+24.5 (Boden
& Heithausen 1993) and MBM 32 (Mebold et al. 1987). We did not reach the rms level we
would have liked, however, 3-sigma detections should have been possible, if abundances
similar to MCLD 123.5+24.9 are assumed. Furthermore, we could not carry out maps, but
only do some pointed observations. Therefore, it is possible that we have simply missed
the HC3N clumps. The results are upper limits of the line temperatures. In a combined
spectrum of all observations towards L 1457 the rms reaches 0.02 K. For MBM 32 the rms is
0.06 K and for Draco it reaches 0.02 K. These values will help to estimate the abundances
within the cores.
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4.4 Interferometric Observations of MCLD 123.5-+24.9

The cirrus cloud core in MCLD 123.5+24.9 has, to some extend, already seen a number of
spectral line studies. Based on maps obtained with the IRAM 30-m telescope (Heithausen
1999; Heithausen et al. 2002) we obtained interferometric pointings in HC3N (10-9) and
CS (2 — 1) with the IRAM Plateau de Bure (PdB) interferometer and the Owens Valley
Radio Observatory (OVRO) millimeter array, respectively.

4.4.1 Observations and Data Reduction

The observations of the HC3N (10 — 9) transition at 90.98 GHz were conducted between
May and November 2002 with the Institut de Radio Astronomie Millimétrique (IRAM)
Plateau de Bure (PdB) interferometer. It is located near Grenoble in the South of the
French Alps in the Département of Hautes Alpes at an altitude of 2552 m and consists
currently of six 15-m antennas. During four runs five antennas in the configuration 5D
were used, one run was carried out with 6 antennas in configuration 6Dp. Because of poor
weather conditions only the 3mm data were usable and the standard CLIC reduction
procedure was applied. The phase and amplitude were calibrated with frequent observa-
tions of the quasars 19284738 and 07164714 and the amplitude scale was derived from
measurements of MWC349 and CRL618.

We observed MCLD 123.5+24.9 in the CS(2 — 1) line using the Owens Valley Radio
Observatory (OVRO) millimeter array from January to April 2001. It is located on the
east side of the Sierra Nevada near Bishop, California, approximately 250 miles north
of Los Angeles and operated by the California Institute of Technology (Caltech). The
array consists of six 10.4 meter telescopes with rms surface precision of 35 microns. The
aperture efficiencies are 0.70 and 0.45 at 2.7 mm and 1.3 mm, respectively. The pointing
accuracy is about 4”, except for brief excursions at sunrise and sunset. The halfpower
beam-width of one antenna is 65” at 100 GHz. In total, 5 tracks were spent on source (2
pointings each) in the ’C’ and 'L’ configurations, resulting in a beam size of ~ 5”. The
final rms in the data is about 100mJy/beam in 0.1km/s channels. The nearby source
J1803+784 (1.5Jy) was used for phase calibration. The data for each array were edited
and calibrated separately with the MMA and the MIRIAD packages. The uv-data were
inspected and bad data points due to either interference or shadowing between telescopes
were removed, after which the data were calibrated. The observations with OVRO and
the data reduction were conducted by Fabian Walter.

We then corrected the data for zero spacing (see Weifl2000) with our dataset from the
IRAM 30-m telescope. In the CS (2 — 1) a larger fraction of diffuse emission was missing,
whereas in the HC3N (10 — 9) line only a small correction of the flux was achieved.

The effective synthesized beam FWHM of ~ 6” x 8" is similar in both observations (but
with different position angles of PA= —72° and PA= —13.5°, respectively) equivalent to
900 AU x 1200 AU at the distance of 150 pc.
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4.4.2 Results

Figure 4.17 shows the obtained integrated intensity distributions with the achieved spatial
resolution of about 7”. The clump is resolved and shows substructures down to the scale
of the beam in both molecules. The self-absorption feature is still visible in the CS line.
In Figure 4.18 a channel-map is shown and one easily recognises the infall signature, a
blue- and a red-shifted part of the clump and the absorption dip.

cs(2-1) HC,N(10-9)

24.89

Galactic Latitude

24.88

P T L L P 1 P L T L L P 1 P L T L P L L
123.7 123.69 123.68 123.67 123.69 123.68 123.87
Galactic Longitude

Figure 4.17: Integrated intensity distributions of the CS (2 — 1) and the HC3N (10 — 9)
interferometer observations made with PdB and OVRO. They are short-spacing corrected
with the IRAM 30-m maps shown before. Contours are every 0.3Kkms™! starting at
0.9Kkms™! for the CS and every 0.1 Kkms~! starting at 0.2 Kkms~! for the HC3N map.

The spatial displacement of the two peaks is still present. From the CS channel map in
Figure 4.18 it becomes clear that the lower part of the clump is different from the upper
one regarding the velocity. The upper part starts at a velocity of almost -5kms™! and is
seen as a roundish clump showing the self-absorption feature interpreted as infall motion.
The absorption dip is visible at a velocity of -4.3kms™! what is the systemic velocity of
the whole clump seen for instance in the C'80 line. The lower, and more diffuse emission,
starts at a velocity of -4.6kms™! and reaches out to -3.8kms™! at a low level. The line
in this part seems to be heavily self-absorbed without a clear infall signature and the
integrated intensity is much lower. The HC3N emission, on the other hand, arises solely
from the lower part of the clump and corresponds almost perfect, spatially and in velocity,
with the more diffuse CS emission (see Figure 4.19). A plausible interpretation of the
integrated intensity peak shift appears to be possible with the help of time dependent
chemistry models. We will discuss this topic later in more detail.
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Figure 4.18: Velocity channel maps of the short-spacing corrected CS (2 — 1) data cube.
Contour lines are every 0.6 K starting at 0.8 K. The central velocity (vigr) of each map is
given in the lower right corner.
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Figure 4.19: Velocity channel maps of the short-spacing corrected HC3N (10 — 9) data
cube. Contour lines are every 0.4K starting at 0.4 K. The central velocity (visr) of each
map is given in the lower right corner. Note that the velocity starts at -4.45km s~
at row two of the CS channel maps and the velocity resolution is twice as high.
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Physical Core Properties and Scaling
Relations

In this chapter we will compute basic core properties with our data. We start our analysis
by deriving the column densities and masses of the cores. A basic simplification in our
calculation is that we fit the cores with a 2 dimensional Gaussian. Later we assume the
cores as ellipsoids with the third, line-of-sight axis equal to the minor axis of the fitted
ellipse. This is a simple guess, and does make the calculations even a bit more uncertain,
however, because we lack of any information on this axis it seems justifiable.

Another assumption or simplification, only partly based on observations, is the acceptance
of a constant dust temperature of about 10 K throughout the cores. It is justified by, first,
the observations of Bernard et al. (1999) who derived a temperature of 11.5 + 1.4K for
the core region in MCLD 123.54-24.9 and 13.4 + 0.8 K for the whole cloud, and second, by
the work of, e.g., Evans et al. (2001) indicating that the dust temperature in a dense core
decreases towards the centre because of extinction in the warming interstellar radiation
field. However, their cores are much denser than the cirrus cloud cores and they model
temperatures as low as 7K in the centre of these cores. Therefore, in assuming a constant
dust temperature of 10 K we introduce only a small error but simplify the calculations a
lot.

An exact determination of the dust temperature within the cores would increase the ac-
curacy of our analysis. However, to do this we would need at least a set of similar maps,
especially with a comparable resolution at a second wavelength. We then could obtain
colour temperatures, i.e., fit a grey body to the marginally determined spectral energy
distribution. Unfortunately, we were not able to obtain a second dataset at a different
wavelength for all the cores, mainly because of the very limited number of instruments
available and the large amount of time such observations need.

Having accomplished the basic determinations on the dust continuum data, we will take

99
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the CS (2 — 1) line data into account and calculate typical scaling relations to derive in-
formations on the core stability and star-forming capability. This will also reveal if our
cirrus cloud cores are typical or very different compared to cores in dark clouds. After
this, with all the additional molecular line data at our disposal, we shall also determine
molecular abundances, which will help to clarify the picture of the cores in more detail.

5.1 Column Densities and Core Masses

5.1.1 Two Dimensional Gaussian Fits

We start our analysis by deriving column and volume densities of the cores or the resolved
clumps. We do this by fitting a two dimensional Gaussian to our 1.2mm dust emission
data. It can be done with the GILDAS task ”gauss_2d”. This procedure is, however, only
able to fit one core at a time.

We also tried to fit smaller clumps, since the resolution of the maps would allow this.
However, beside of 1.1457, for which the clumps are relatively well defined, it did not
work. The problem was that the task is only semi-automatic and one has to define the
starting values, especially the area to fit. The most simple approach was to fit one core in
each map. This worked very well for MCLD 123.5+24.9, MCLD 126.94-24.5, MBM 32, and
Draco. Only for L. 1457 we were able to definitely distinguish between three well defined
sub-clumps and to fit them separately. For the other cores any further breakdown would
have been highly arguable.

The obtained parameters are listed in Table 5.1 and the original and residual map of each
core are displayed in the Figures 5.1 to 5.5.
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Figure 5.1: Map of the 1.2 mm dust continuum emission of the core in MCLD 123.5+24.9
and residual map after fitting a 2-dimensional Gaussian.
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Figure 5.2: Map of the 1.2mm dust continuum emission of the core in MCLD 126.94-24.5
and residual map after fitting a 2-dimensional Gaussian.
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Figure 5.3: Map of the 1.2 mm dust continuum emission of the core in L. 1457 and residual
map after fitting a 2-dimensional Gaussian.
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Figure 5.4: Map of the 1.2mm dust continuum emission of the core in MBM 32 and
residual map after fitting a 2-dimensional Gaussian.
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Figure 5.5: Map of the 1.2 mm dust continuum emission of the core in Draco and residual
map after fitting a 2-dimensional Gaussian.

Table 5.1: The core or clump parameters derived from the 2-dimensional Gaussian fits to
the dust continuum data.

Core 1 b Peak flux ~ Major axis Minor axis P.A.
[deg] [deg]  [mJy/beam]  [arcmin] [arcmin] [deg]
MCLD 123.5 123.684 24.892 11.040.2 1.50+0.01 0.44+0.06 -21.740.7
MCLD 126.6 126.616 24.549 7.7+0.1 3.78+0.03  2.544+0.06 -50.3+1.5
L1457 A 159.219 -34.511 19.74+0.4 0.73£0.02 0.644+0.01 65.0£0.3
L1457 B 159.237 -34.485 17.14+0.2 0.97+0.01 0.594+0.03 -31.5+2.1
L1457 C 159.258 -34.466 14.6+0.1 2.43+0.01  0.944+0.03 -85.4+0.4
MBM 32 146.836  40.667 5.010.1 2.1940.02  1.5440.02  43.0%+1.7
Draco 89.514  38.400 6.14+0.1 3.9440.03 3.11+0.06 -69.24+1.9
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5.1.2 Determination of the Column Density

As mentioned before, the thermal dust emission flux density is directly linked to the Ho
column density. We will shortly derive the formula to convert the two values. The starting
point is the Equation of Radiative Transfer which gives in local thermal equilibrium
(LTE) the intensity emitted by a medium of temperature T and optical depth 7,

I, = B,(Tq)(1 — e ™) (5.1)

where B, is the Planck function. The definition of the optical depth we will use here reads

Ty = //-i,,pds, (5.2)

where r, is the so called specific absorption coefficient. One speaks of a specific absorption
coefficient when the coefficient has to be weighted by density p to find the optical depth.
This optical depth can be related to the column density via

Ty

)
pMp Ky,

N(H,) = (5.3)

where p = 2.33 is the mean molecular weight per hydrogen molecule and my, is the proton
mass. With the simplification of optically thin emission (means 7, << 1) this reads

I~ B,(Tq)7,. (5.4)

Unfortunately, telescopes do not measure intensities but fluxes. The received flux is related
to the intensity by

S, = / I,Pdo, (5.5)

where P is the normalized power pattern of the telescope (i.e. max(P)=1). Defining the
beam solid angle as

Qp = /PdQ, (5.6)

one can derive a beam-averaged intensity

L) == (5.7)
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Next we need the Planck function, which reads

2hy? 1

B, (Ta) = 2 ohw/(kT) _ 1’

(5.8)

where k is the Boltzmann’s constant and h the Planck’s constant. The Rayleigh-Jeans ap-
proximation is not applicable to observations at 1.2 mm wavelength. We can now directly
write down the conversion formula to

Sy
Qumyrk, By (Tq)

N(Hp) = (5.9)

It is much more useful in the following form

<N(P£22)> 1110 <i) 7 (5.10)

cm mJy

where we used the values:
KosoaHz = 0.005cm?g™!, Ty = 13K, v = 250 GHz, and the telescope beam Opwpn = 117,
The derived values for the peak column densities of the cores are listed in Table 5.2.

5.1.3 Determination of the Mass
From our 2-dimensional Gaussian fit we derive an area of the core of

A=2-1-0,-0y (5.11)

with o = 0.4247 - FWHM and therefore

A =1.13309 - FWHM, - FWHM,. (5.12)

Together with the values for the distance (1 pc= 3.086 - 10'® cm), and assuming the cores
are ellipsoids (as explained, the smaller FWHM is assumed for the third axis, too) we
derive the core masses listed in Table 5.2. Since the distance is is not a measurement but
a fixed value the stated errors of the core masses are solely due to the peak flux errors
deduced from the Gaussian fits and not very meaningful. Considering the uncertainties in
the distance estimates (see Chapter 2 for details) and the possible errors in the calibration
of the dust emission (see Chapter 3 for details) a factor of 2 or even more is easily conceiv-
able. However, this holds true for all the cores and would most likely be a systematical
effect. Since it is not possible at all to give any estimation of some of these sources of
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Table 5.2: The properties of the cores derived from the Gaussian fits to the dust continuum
maps.

Core N(Hz)peak n(Haz) distance mass
x10% [em™2]  x10%[cm 3] [pc] [Mg]
MCLD 123.5 12.1£0.2 2.3£0.04 150 0.31+£0.005
MCLD 126.6 8.5+0.1 0.5+0.01 150 3.27£0.038
L1457 A 21.7+£0.4 13.1£0.24 65 0.08+0.002
L1457 B 18.84+0.2 12.3+0.13 65 0.08+0.001
L1457 C 16.1£0.1 6.2+0.04 65 0.28+0.002
MBM 32 6.1+0.1 1.1£0.02 100 0.37£0.006
Draco 6.7+0.1 0.1£0.002 500 36.5£0.545

error, we will not consider them any more in the further analysis.

The values for MCLD 126.6 and Draco are a bit more uncertain or questionable, because
of the not ideal Gaussian fits for the cores. The fitted areas do seem somewhat too large,
what would also make the derived masses too large. This can happen due to the location
of the cores near to one edge of the observed dust map and the higher noise at the borders.
For the core in Draco an additional effect plays a significant role. This is the much larger
distance of this cloud compared to the other cores of our sample, what does not allow the
same spatial resolution. Nevertheless, all the values are reasonable, and we may continue
our analysis of the cores by a check for the scaling correlations. To do so we need the
molecular data, especially the line widths, to get an access to the kinetic energies within
the cores.

5.2 Core Structure within the CS-maps

At this point we directly encounter a problem. The cores visible and defined in the dust
continuum emission are not seen one-to-one in the CS maps. To elude this problem there
are two possibilities. The first one is to average the spectra within the area of the core
defined in the dust continuum map and to determine the line width of the resulting spec-
trum. For this purpose we use the higher-resolution IRAM 30-m CS observations. For
MCLD 123.5, MCLD 126.6 and Draco this works very well, for L1457 it is very difficult to
assign one line to one clump, because they strongly overlap and may even interact with
each other. For MBM 32 we can only use the central position, since we do not have more
data of this core. The resulting line widths are listed in Table 4.2 in Chapter 4.3.
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The second possibility is to define the cores anew within the CS maps and to compare
those with the dust continuum cores. For this purpose we use the CS (2 — 1)maps ob-
tained with the FCRAO 14-m telescope. However, to fit a two dimensional Gaussian
onto the integrated intensity map would ignore the additional information on the velocity.
Hence, this analysis is accomplished directly on the data cubes using the GAUSSCLUMP
algorithm developed by Stutzki & Guesten (1990). The results of that analysis are pre-
sented in the Tables 5.3 to 5.4. Listed are the number of the sub-clump in column 1,
the position in galactic coordinates (column 2 and 3), the centre velocity in column 4,
the velocity full width at half maximum of the clump (column 5), deconvolved from the
instrumental velocity resolution, the size of the clump in column 6, and in column 7 the
intrinsic peak temperature (corrected for beam dilution). The size is defined by the mean
of the major and minor axis of the fitted Gaussian, deconvolved from the intrinsic beam
width (54”) of the telescope.

The result is very different from the Gaussian fitting of the dust continuum data. The
derived CS clumps are much smaller than the dust cores, distributed and located else-
where, and they contain only a fraction of the total flux. Clumps that were fitted with
sizes smaller than, or equal to, the beam-size or a velocity FWHM smaller than two times
the velocity resolution had to be excluded from the further analysis, because they are not
reliable. It is very likely that observations with higher angular resolution, like the 30-m
observations, will reveal even more and smaller clumps. The errors of the analysis are hard
to estimate. For the fitting procedure itself and the derived parameters the formal error
is less then 1% citepstutz90, however, the results depend on the map quality (e.g. signal-
to-noise, noise level) and strongly on the angular and the velocity resolution. Hence, the
errors of the individual parameters for some of the clumps may be large, and we therefore
abstain from stating the formal errors.

Table 5.3: The parameters of the CS clumps in MCLD 126.6 derived from the GAUSS-
CLUMP analysis.

+# 1 b v Av Size peak temperature
[deg]  [deg] [kms™'] [kms™'] [pc] K]

1 126.621 24.539 -3.74 0.11 0.072 0.48

2 126.621 24.560 -3.52 0.21 0.106 0.38

3 126.573 24.496  -3.52 0.26 0.043 0.42

4 126.562 24.528  -3.66 0.24 0.067 0.33

We will analyse in the next section if the CS clumps or the dust-cores fit to the scaling
relations, which are well known for cores in dark clouds. However, we can already point
out some of the differences in the core properties, either observed in the dust continuum
or in the CS line.
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Table 5.4: The parameters of the CS clumps in MBM 32 derived from the GAUSSCLUMP
analysis.

+# 1 b v Av Size peak temperature
[deg] [deg] [kms™!] [kms™!] [arcsec] K]

1 146.769 40.645 3.66 0.24 0.016 0.35

2 146.869 40.696 3.74 0.17 0.054 0.20

3 146.862 40.711 3.36 0.11 0.037 0.24

Generally, the CS clumps are much smaller than the dust continuum cores, despite the fact
that the resolution of both observations is different. One reason for this is possibly found
in the third axis information of the CS line emission, were one can easily separate different
clumps due to the slightly varying velocities they exhibit. However, this information is not
unique and can sometimes also be caused by self-absorption effects. The dust continuum
emission, on the other hand, only reveals properties that are integrated over the line
of sight. The small CS clumps also represent only a fraction of the total emission. A
large fraction of the CS is distributed within the diffuse component. However, as already
indicated several times this may apply to the dust continuum emission too, but cannot be
observed with the present technique.

Another fact to note is the lower line width of the CS clumps compared to the line width
of the averaged spectra and the varying central velocities of the individual clumps. This
strongly indicates that the turbulence within the cores is distributed on a scale larger
than the CS clump size. Hence, smaller structures are more gravitationally bound than
larger structures and turbulence dissipates on the smallest scales. We will investigate this
conclusion more closely in the following section by the help of scaling relations also known
as Larson’s Laws.
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Table 5.5: The parameters of the CS clumps in L 1457 derived from the GAUSSCLUMP
analysis.

# 1 b v Av Size  peak temperature
[deg]  [deg] [kms™'] [kms™'] [p] K]
1 159.270 -34.519 -5.14 0.32 0.021 0.47
2 159.207 -34.505  -5.07 0.35 0.043 0.30
3 159.275 -34.524  -4.84 0.12 0.032 0.39
4 159.325 -34.461 -4.32 0.14 0.018 0.44
5 159.256 -34.483  -4.32 0.17 0.043 0.32
6 159.275 -34.499 -4.62 0.11 0.048 0.29
7 159.281 -34.478  -2.60 0.16 0.031 0.33
8 159.274 -34.451 -5.14 0.22 0.013 0.37
9 159.306 -34.467 -4.10 0.17 0.012 0.39
10 159.274 -34.394  -4.39 0.11 0.018 0.35
11 159.363 -34.483  -4.54 0.12 0.021 0.36
12 159.224 -34.499 -4.69 0.17 0.013 0.35
13 159.243 -34.456  -4.77 0.19 0.019 0.25
14 159.205 -34.509  -5.52 0.16 0.037 0.23
15 159.287 -34.457  -5.74 0.13 0.022 0.32
16 159.243 -34.436 -5.14 0.16 0.024 0.30
17 159.211 -34.519 -5.74 0.11 0.028 0.27
18 159.288 -34.509  -5.22 0.23 0.017 0.27
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5.3 Scaling Relations

Larson (1981) discovered empirical correlations among line width, cloud mass, volume
density, and cloud size by extracting a value for each quantity from a spectral line map
of a cloud or core and then plotting line width as a function of size, line width as a
function of mass, and density as a function of size. Larson’s compilation included data
from spectral line maps of about 50 different regions. The maps were made using many
different molecular lines which trace gas in the density range from 10 to 10° cm™3
size scales from 0.1 pc to 100 pc. Larson fitted power laws by eye to the size — line width
and mass — line width relations and showed that the clouds in his study were close to virial
equilibrium.

Larson also pointed out that a power law index of 0.38 for the size - line width relation he
found is very close to the value 0.33 that is predicted for a turbulent flow in incompressible
gas (Kolmogorov 1941). But he also noted that good agreement of these two exponents is
not necessarily expected, since molecular clouds are compressible and self-gravitating. In
fact, the ISM is also magnetized, and a theoretical value for a magnetized, compressible
gas is not readily derived, since it depends on field geometry and the gas equation of state.
The correlations that Larson discovered have come to be known as Larson’s Laws, and
they have become the subject of intense study (e.g., Myers 1983, Fleck 1988, or Goodman
et al. 1998).

Physically, no complete explanation of Larson’s Laws has yet been established. Turbu-
lence (e.g. Falgarone et al. 1994) and/or an array of magnetohydrodynamic waves (e.g.
Gammie & Ostriker 1996) remain the leading hypotheses, but the ultimate origin and
exact nature of the "suprathermal” kinetic energy is still unclear. However, it was noted
several times (e.g. Myers 1983 or Goodman et al. 1998) that turbulence must dissipate
on smaller scales in order to permit star formation.

over

5.3.1 The Size — Line Width Relation

To study if our cores are "normal” compared to cores in dark clouds we now scrutinise our
data for these well known scaling relations. The first one is the size — line width relation.
Observations of large molecular clouds (e.g., Larson 1981) and dense cores in dark clouds
(e.g. Myers 1983) show the following correlation between the parameters

Av x ? (5.13)

with (8 in the range of 0.3 to 0.6 for different clouds (Fleck 1988). This is most likely a
consequence of the turbulence within the cores (Heithausen 1996). Although, it was long
thought that it might be due to the virial equilibrium in the cloud (see, e.g., Myers 1983
or Fleck 1988). This was, because most of the studies have been made for gravitationally
bound clouds.
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However, Heithausen (1996) showed that this correlation also holds true for high-latitude
clouds and these clouds are totally dominated by turbulent motions and not at all at
virial equilibrium. This analysis was based on the CO survey conducted with the CfA
1.2m telescope and revealed the relation for structures on the scale of clouds like shown
in the IRAS maps in Chapter 2. Together with data for more massive clouds from Dame
et al. (1986) and Falgarone & Perault (1987) he found the best fit was given by

log(Av) = (0.46 £ 0.03)log(r) + (0.16 £ 0.03) (5.14)

over 3 magnitudes in size and 2 magnitudes in line width. In this relation Av is expressed
in kms™! and r in pec.

We now want to analyse if this relation is still applicable at the even smaller scale of our
cores. Therefore, we define the radius of the cores and clumps by calculating the mean
of the major and minor axis derived by the Gaussian fits. For the line width we use the
CS (2 — 1) line measured with the IRAM 30-m telescope and the Gaussian fits to the
spectra. Were it was possible, i.e. for MCLD 123.5+24.9, MCLD 126.6+24.5, and Draco,
we averaged the spectra over the core area and derived the line width from the combined
spectrum. For MBM 32 we only have the spectrum at the central position, therefore we
had to use this. For L1457 we had to assign one line component to each clump. This is
described in detail in Chapter 4.3.

The resulting values are listed in Table 5.6 and the data are shown in Figure 5.6 as red
rectangles together with the CS clumps (green triangles) of MCLD 126.6+4-24.5, L. 1457, and
MBM 32 found in the previous section, the SO clumps (black crosses) of MCLD 126.6+24.5
found by Heithausen et al. (1998), and the data and fit of Heithausen (1996). The line is
given by equation 5.14.

Table 5.6: Core radius, CS line width, density, and core mass

Core radius Av n(Hs) mass

pe]  [lms™)]  x10°[em=?] [Mo]
MCLD 123.5 0.042 0.77 2.3 0.31
MCLD 126.6 0.138 0.40 0.5 3.27
L1457 A 0.013 0.57 13.1 0.08
L1457 B 0.015 0.65 12.3 0.08
L1457 C 0.032 0.80 6.2 0.28
MBM 32 0.055 0.43 1.1 0.37
Draco 0.513 0.90 0.1 36.5

The radius is the mean of major and minor axis and the indicated density is the peak
density derived from the Gaussian fits to the dust continuum data. The line widths, Av,
are derived from the IRAM 30-m CS (2 — 1) line measurements.
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Figure 5.6: Size — line width relation for cores and clumps in cirrus clouds. The red squares
represent the dust continuum cores and clumps, the green triangles show the clumps found
in the CS maps of MCLD 126.6+24.5, 1. 1457, and MBM 32, the black crosses display the
clumps found in the SO map of MCLD 126.6+24.5 by Heithausen et al. (1998). The line
is no fit to the data, but the correlation found by Heithausen (1996) for high-latitude
molecular clouds, which are indicated by the blue triangles.

The dust continuum cores and clumps, indicated by the red squares in Figure 5.6, fit
nicely to the relation, located 1 to 2 orders of magnitudes lower in radius than the clouds
investigated by Heithausen (1996) (blue triangles). It is apparent that most of our cirrus
cores and clumps are distributed above the correlation line, demonstrating somewhat
larger line widths than expected.

This is easily comprehensible as the CS spectra obviously trace larger and less dense
volumes than the dust emission peaks. We already noted this above. Additionally,
as mentioned before, we had some problems to assign the CS lines and sub-clumps to
each other in L 1457. They constitute the smallest clumps in the diagram. The core
in MCLD 123.54+24.9 also shows a slightly larger CS line width than expected from the
correlation, caused most likely by the self-absorption feature due to the infall motion.
Nevertheless, we can disclose that the cirrus cloud cores follow the size — line width rela-
tion.

The CS clumps, which were defined in the previous section and are indicated by the green
triangles in Figure 5.6, fall slightly short of the relation. This is, in principle, a similar
result as the one found by the study of Heithausen et al. (1998) for the SO clumps in
MCLD 126.6+24.5. In Figure 5.6 they are shown as black crosses. The small difference
between both samples can easily be explained by the different resolutions, spatial and in
velocity, of the observations. This result strongly indicates the dissipation of the turbu-
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lence on the smallest observed scales. Hence, the cirrus cloud cores show the very same
behaviour as cores in star forming regions.

5.3.2 The Size — Density Relation

The next well known correlation is the size — density relation, that relates the size and the
average volume density of the cores. It can be described by the equation

n o re. (5.15)

It was investigated by, e.g., Larson (1981), Myers (1983), and Heithausen (1996). Larson
(1981) derived a slope of a = —1.1 for molecular clouds. The study of Myers (1983), for
instance, found a slope of & = —1.3 for dense cores in dark clouds, whilst Heithausen
(1996) found a significantly lower slope of & = —0.8 for high-latitude clouds. He suggested
that the difference was created by a lower volume filling factor of the cirrus clouds and an
observational effect caused by a different cloud size definition as well as a higher sensitivity
of the data.

Since our cores are observed with a substantially higher angular resolution the volume
filling factor should be higher and this effect is expected to be irrelevant. The values were
already calculated in a previous section and are listed again in Table 5.6. Figure 5.7 shows
the relation and the solid line represents the fit to the data.
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Figure 5.7: Size — density relation for the cirrus cloud cores and clumps. Both values are
exclusively calculated from the dust emission observations. The solid line represents the
fit to the data with a slope of -1.38.
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The fit do the data gives

log(n) = —(1.3764 £ 0.047)log(r) + (3.5323 £ 0.073) (5.16)

with the linear regression correlation coefficient r = 0.97. In this equation n is expressed
in cm ™2 and r again in pc.

The cores and clumps follow the size-density relation perfectly. The slope of o = —1.38
agrees very well with the one determined for cores in dark clouds. This is a surprising
result and was not expected. It also shows that our selection based on the thermal dust
emission in fact reveals the most dense cores and the volume filling factor is irrelevant.
Both of the values are exclusively calculated from the dust emission observations, what
may contribute to the strong correlation.

We did not calculate densities and masses of the CS clumps, because to determine these
values one has to assume excitation conditions, an opacity, and the abundance of the
molecule. Heithausen et al. (1998) calculated the values for the SO clumps in MCLD 126.6
and found a large offset compared to the relation found for high-latitude clouds on larger
scales (Heithausen 1996). Hence, we think it is not worth the effort, since the values which
shall be assumed are not based on reliable, physical facts.

Instead we want to compare our cirrus cloud cores to the starless cores investigated by
Tafalla et al. (2002). They studied five round starless cores in the Taurus-Auriga complex(
11498, L. 1495, L 1517B, and L 1544, and L 1400K), which are all well known and fairly
well studied e.g. by Benson & Myers (1989), Ward-Thompson et al. (1999), or Caselli et
al. (2002). Tafalla et al. (2002) derived a density distribution for each core by modeling
the 1.2mm dust continuum emission. They averaged the data in circles or ellipses and
fitted density profiles of the form:

1o

n(r) = T+ (/)" (5.17)

were 19 is the central density, ro the radius of the ”flat” region (2r¢ is the FWHM) and «
is the asymptotic power index, which ranges form 2 to 4 in the derived fits.

We can adopt their values (2rp and ng) and compare them with the values of the cirrus
cores. The values are indicated in Table 5.7. In Figure 5.8 we show again the size - density
relation, together with the cores of Tafalla et al. (2002) represented by the red triangles,
and the SO clumps of Heithausen et al. (1998), displayed by the blue triangles.

The starless cores investigated by Tafalla et al. (2002) fit perfectly to the derived relation.
Size and density of these cores are very similar to the cirrus cloud cores, indicative of
our speculation that cirrus clouds may be able to form stars. The SO clumps defined by
Heithausen et al. (1998) do not fit to the relation. There is a large offset in size and/or
density, however, the slope appears to be similar. This may be due to wrong assumptions



74 Physical Core Properties and Scaling Relations

Table 5.7: The properties of the cores investigated by Tafalla et al. (2002).

Core radius n(Hs)
[pc]  x10%[cm™3]
L1498 0.10 1.0
L1495 0.06 1.1
L1400K  0.05 1.2
L1517 0.05 2.2
L1544 0.03 14.0

The radius is the FWHM = 2rg of the fitted density profile and the cited density is the
central density ng. The values are adapted from Table 2 of Tafalla et al. (2002).

for the excitation conditions or the molecular abundance and therefore, a wrong density.
However, it may also solely due to the fact that molecular observations trace different
volumes and may be less sensitive to density structures than to chemical properties. We
will investigate the issue of abundances in more detail in the next chapter.

The result is a strong additional hint, that cores in cirrus clouds are very similar to starless
cores in dark clouds and star forming regions, and that they may be able to form stars or
brown dwarfs.
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Figure 5.8: Size — density relation for the cores and clumps, respectively. The black
squares and the solid line are the same as in figure 5.7. Additionally, the SO clumps of
MCDL 126.6 found by Heithausen (1998) are shown as blue triangles, and the starless
cores investigated by Tafalla et al. (2002) are displayed by red triangles.
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5.3.3 The Mass — Line Width Relation

Larson (1981) in his study of molecular clouds noted, that the cloud mass and the ve-
locity dispersion or line width should strongly correlate if the clouds are close to virial
equilibrium. He found the following correlation

Av o M0 (5.18)

The idea behind is that more massive cores are more turbulent, since they are more bound
by their own gravity. However, theoretically this only applies to fully stabilised cores or
clouds. Nevertheless, since the size — line width relation and the size — density relation
are valid, it is clear that the mass calculated from size and density should also correlate
with the line width.

We show the relation in Figure 5.9. The cirrus cloud cores and clumps, represented by
the black triangles, fit in principle to the solid line, which represents the correlation found
by Larson (1981) with a slope of 0.2. The blue triangles show the clouds investigated by
Larson (1981).
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Figure 5.9: Core mass vs. line width for molecular clouds and cirrus cloud cores. The cirrus
cloud cores and clumps are represented by black triangles. The blue triangles display the
molecular clouds investigated by Larson (1981) and the solid line represents the correlation
he found.

However, the cirrus cloud cores and clumps do not follow the correlation as closely as
expected from the work of Larson (1981). This is, most likely, due to the different volumina
traced by the dust continuum and the CS molecule, respectively. Nevertheless, it may also
indicate that not all of the cores are in virial equilibrium.
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Figure 5.10: Core mass vs. line width for the cirrus cloud cores and clumps. The solid
line shows again the correlation found by Larson (1981). The cores are labelled and the
arrows indicate possible corrections discussed in the text.

In order to discuss this topic in a bit more detail we labelled the individual cores in Figure
5.10. One recognises immediately that the clumps in L 1457 and MCLD 123.5 lie above
the correlation. We already discussed several times the possible causes for the large line
widths in these cores. Thus, a lower line width of them is very likely.

For MCLD 123.5 the CS (2 — 1)line is probably self-absorbed and traces the envelope
of the core itself. The line width of the CS (5 — 4)transition amounts to only Av =
0.29kms™!, thus the core would lie directly at the line. In Figure 5.10 this is indicated
by the arrow.

For the clumps in L1457 there are actually two possibilities for corrections. The first
one is the line width. The lines emanating from the individual clumps may be much more
narrow but superposed and broadened by the diffuse component between the clumps. The
second possible correction is the mass of each clump. Caused by the large uncertainty of
the exact distance towards this cloud we assumed the former value of 65 pc, however, it
is possible that the cloud is much farther, up to 200 pc (see Chapter 2.3 for details). This
would make the clumps larger and more massive. In addition, there are strong indications
that we missed a significant fraction of the dust continuum emission, especially in this
core, because it is more diffuse and distributed between the clumps. This would also
account for higher masses. We indicated the possibilities in Figure 5.10 by arrows. The
cirrus cloud cores and clumps would thus follow the correlation more closely.

We will investigate this topic further in the next paragraph by calculating the virial masses
of the cores. However, the errors or corrections discussed here will remain unchanged.
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5.3.4 Virial Masses of the Cores

In a previous section we calculated a mass for each of the cores by using the dust contin-
uum emission. This mass only depends on the core size and the peak flux derived from
the dust continuum maps by Gaussian fits. In the following we will refer to this molecular
mass as the total mass of the cores. However, one can also calculate a virial mass of the
core by applying the virial theorem to the measured gas velocity dispersion. If a core is
gravitationally bound the total mass should be of the same order or larger than the virial
mass. However, this does, for instance not take into account the pressure of the ambient
medium, which may significantly contribute to the core stability.

For a core with the radius r (in our case, this is the mean of the minor and major axis)
applies

M,ir = 50°r/G. (5.19)

(Bertoldi & McKee (1992)), were 0 = Av/2.355 is the one-dimensional gas velocity dis-
persion and G is the gravitational constant.

We will use again the line widths derived from the CS (2 — 1) IRAM 30-m measurements,
although we already know that this may not lead to a reliable result. The values are
listed in Table 5.8 together with some previously calculated values for ease of comparison.
Additionally, we plotted the total and virial masses in Figure 5.11.

Table 5.8: Comparison of the total masses and the virial masses of the cores

Core radius Av total mass virial mass
[pe]  [kms™'] Mo Mo
MCLD 123.5 0.042 0.77 0.31 5.23
MCLD 126.6 0.138 0.40 3.27 4.64
L1457 A 0.013 0.57 0.08 0.89
L1457 B 0.015 0.65 0.08 1.33
L1457 C 0.032 0.80 0.28 4.30
MBM 32 0.055 0.43 0.37 2.14
Draco 0.513 0.90 36.5 87.3

The line widths and, out of it, the virial masses are derived from the TRAM 30-m
CS (2 — 1) line measurements, whereas the total masses are the Hy masses derived from
the dust continuum maps.

As one sees immediately the virial masses estimated from the CS line widths are nearly all
larger by an order of magnitude than the total masses of the cores. This result was almost
expected by us, as it can also be seen in the relations calculated above. The most likely
explanation for this is not that the cores are totally dominated by turbulence and are just
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Figure 5.11: The total mass vs. the virial mass for the cores and clumps, respectively. The
solid line represents the line of parity. All cores (black squares) lie above the line, implying
that they are not gravitationally bound. The blue triangle represents the HC3N core in
MCLD 123.5 defined by Heithausen et al. (2002), which appears to be gravitationally
bound.

transient objects, but that the CS does not trace the same volume as the dust emission.
The line width of the optically thick CS (2 — 1) line seems to be strongly influenced by
the less dense gas around the core, which has a much larger velocity dispersion than the
core itself.

For this reason we have to find another tracer of the dense core that also provides the veloc-
ity information but is less abundant in the surrounding gas. Heithausen et al. (2002) used
the HC3N (10 — 9) transition to assess the stability of the core in MCLD 123.5+24.9. They
measured a line width of only Av = 0.19kms~! resulting in a virial mass of My;, = 0.16M,
for the HC3N clump. The clump is displayed in Figure 5.11 by the blue triangle. We have
to note that the clump defined by the HC3N emission is a lot smaller than the clump we
defined from the dust emission map. We show in Section 4.4 that the HC3N does not at
all trace the same volume as the dust continuum. In Section 6.1 we try to give a possible
explanation for this behaviour.

Unfortunately, we did not detect the HC3N line in the other cores, as described in Chapter
4, to check for similar patterns. Furthermore, due to the complications discussed in the
next section and in Section 6.1 the molecule also seems not qualified for the targeted aim.
Tafalla et al. (2002) and other authors (e.g., Zhou et al. 1989) already noted a systematic
NH3-CS line width discrepancy. The NHj3 line always appears more narrow than the CS
line width.

This has been traditionally interpreted as resulting from the increase of gas turbulence
with radius and the CS is generally tracing a larger volume than the NHs. However,
Tafalla et al. (2002) concluded from their models, that it can arise from a combination of
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Figure 5.12: Comparison of CS and NHj line widths from dense cores. The Figure is
adapted from Tafalla et al. (2002). Although this line width discrepancy has been tra-
ditionally interpreted as resulting from the systematic increase of turbulence with core
radius, they claim that optical depth broadening and self-absorption are the two causes
of the broader CS lines.

optical depth and self-absorption in the CS line as well. We tend to subscribe to this view
from what our data show.

In Table 5.9 we have compiled the line widths of three molecules in the cores. They are all
thought to trace about similar regions, but show significant differences. The C'#0 (2 — 1)
line, for instance, is always a bit more narrow than the CS (2 — 1) line. The same holds
true for the SO (19 — 0;) transition, however, for this molecule it is known to exhibit a
different behaviour, caused by the completely different formation scenario.

This suggests, that the turbulent fraction of the line widths is mostly caused by the clumpy
structure of the ISM and the relative velocities of the small clumps to each other. In cirrus
clouds the high dependency on abundance variations on smallest scales, due to the low
density regime, enhances the differences between various molecules. Virial masses esti-
mated from the C'80 line width are smaller compared to the ones estimated from the
CS (2 — 1) line width. For more complicated or late type molecules, respectively, this
discrepancy becomes even larger. Hence, it seems questionable to use the line widths of
just one molecular species to derive virial masses of the cores.

From the estimates made above and the result of the comparisons we can, nevertheless,
conclude that the virial masses of the cores are generally larger than the total masses
derived from the dust continuum or the gas density. However, this does not imply that
the cores are not influenced by self-gravity or gravitationally bound. But the dominant
force seems to be turbulence.
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Table 5.9: Comparison of line widths of several molecules in the investigated cores.

Core Aves (2—1) Aveisg (2—1) Avgo (1p — 01)
[kms™1] [kms™1] [kms™1]
MCLD 123.5 0.7740.05 0.52+0.02 0.5140.03¢
MCLD 126.6  0.4040.02 0.3440.03 0.26-+0.03°
L1457 A 0.57£0.12 0.3940.04 -
L1457 B 0.6540.16 0.39+0.05 -
L1457 C 0.80+0.13 0.754+0.13 -
MBM 32 0.4340.26 - 0.41+0.16°
Draco 0.9040.12 - 0.46+0.11°

@ Heithausen et al. (1995)
b Heithausen et al. (1998)

- no detection or no data available

For the smallest sub-clumps, traced by complex or late type molecules, and which are
not distributed throughout the whole core, virial and total mass become equal as the
example of the HC3N clump in MCLD 123.5+24.9 shows (Heithausen et al. 2002). The
clumpy structure does not allow a more secure predication of the gravitational stability
of the cores. Nevertheless, since the core properties are very similar compared to starless
cores in the Taurus-Auriga complex, it seems likely that they also have a similar evolution.



Chemical Core Properties and Star
Formation Capability

We detected all selected cores in the dust continuum emission as well as in the CS (2 — 1)
line. This provides a first hint, that dense cores in cirrus cloud indeed are common. Al-
though they are difficult to detect and have a small volume filling factor, due to the large
volume cirrus clouds are distributed in. Nevertheless, they seem to exist in nearly every
cirrus cloud. The detection appears to be mostly a matter of observational sensitivity. It
is evident that large surveys with small telescopes often miss these cores, due to the low
resolution or the lack of integration time. With large telescopes like the IRAM 30-m dish
the cores are detectable but one has to know exactly were to look.

We can already conclude here that cores in cirrus clouds are very similar to (starless) cores
in dark clouds and star-forming regions. However, mostly due to the low density envi-
ronment in cirrus clouds there also exist significant differences. This may find its natural
explanation by the help of new and more detailed models of turbulent motions (see, e.g.,
Klessen et al. 2000). Because these models show that turbulence on different scales is able
to account for the origin of a high number of such cores. In dark clouds, in contrast, it
is thought that gravity plays a significant role in the core formation process. However, it
is possible that both methods lead to a very similar result and the major differences are
solely due to the somewhat lower densities in cirrus cloud cores.

The overall appearance of the cirrus cloud cores is in principle comparable in several
tracers, e.g. the dust continuum emission and various molecules like C'8O or CS. Although,
the CS emission generally shows a broader extent and seems to trace much better the more
diffuse component around the condensation, but not the dense core itself. Admittedly, the
angular resolution of the observations we have carried out is highly different (11" for the
dust continuum versus 54” for the FCRAO CS (2 — 1) maps) and we definitely missed a
noticeable fraction of the more diffuse dust emission due to the observational technique
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(see Chapter 3 for details on this topic). As it can be seen in the interferometric CS map
of MCLD 123.54+24.9 a higher angular resolution always reveals new substructures.

We now shall investigate the different appearance of the cores in different molecules in
more detail. The most likely explanation are strong abundance variations of the molecules
on relatively small scales. The chemical differentiation has additional implications for the
studies of low-mass star formation. CS, for example, is one of the molecules of choice
for density determinations in the literature (see, e.g. Evans 1999). We already showed
that it may not be the best choice to study low-mass cores. Other molecules, like HC3N
or NHjs, are affected by the timescales of low-density gas chemistry. Although it may be
argued that dust continuum observations may suffice to derive core densities and masses,
a confirmation of these estimates with molecular observations seems necessary, given the
uncertainties in the dust emission properties. Additionally, kinematical information are
solely provided by molecular observations.

Hence, in the next section we want to analyse the abundance variations within the cirrus
cloud cores provided by the molecular observations. Subsequently we are able to briefly
discuss some aspects of the chemistry in cirrus clouds.

6.1 Abundance Variations

It was already noted by various investigators, e.g., Grofmann & Heithausen (1992), Gerin
et al. (1997), Heithausen et al. (1998), or Bensch et al. (2003), that strong abundance
variations on relatively small scales become very important in the interpretation of molec-
ular line observations. In studies conducted in star-forming regions the effects of time
dependent chemistry often do play only a minor role. For cirrus cloud cores, in contrast,
this seems to be the major admission for molecular species, as the heating is done mainly
by the rather smooth ISRF, than by nearby stars. Therefore, the physical conditions
should not vary much within small scales, but densities and chemical ages of small sub-
clumps become the important factors.

Based on the Hy column densities estimated from the dust continuum and our additional
molecular line observations we analysed the column densities and abundances of the ob-
served molecules. This was done by a LVG (Large Velocity Gradient) model analysis, were
we tried to match the observed line intensities. The code was written and provided by P.
Schilke. We also made additional calculations with RADEX, a non-LTE (Local Thermal
Equilibrium) molecular radiative transfer model in an isothermal medium written by J. H.
Black and F. van der Tak (Schoeier et al. 2004). Both results were always in very good
agreement. We used a dust temperature of 10K and the Hs densities derived from the
dust continuum observations. The resulting column densities of the molecules are listed
in Table 6.1 together with the Ho column density. Some of the values are just upper
limits, since we did not detect the appendant lines. In Table 6.2 we compile the resulting
fractional molecular abundances relative to Ho, together with values of star-forming cores
from the literature, for comparison. We do not state errors for the calculated values, since
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this is just a qualitative analysis at individual positions. For more reliable and precise
results a detailed model is needed that treats the physical and chemical properties of the
cores simultaneously.

Table 6.1: The peak column densities of various molecules in the cores derived from LVG
and RADEX calculations.

Core N(Hs) N(C™0) N(CS) N(HC3N)
x10% [em™2] x10%[em™2] x102[cm™?] x10'2[cm~?]

MCLD 123.5! 12.1 25 21 1.9
MCLD 123.52 11.6 18 14 3.3
MCLD 126.6 8.5 6 5 -
L1457 A 21.7 5 2 0.1*
L1457 B 18.8 4 1 0.1%
L1457 C 16.1 4 2 0.1%
MBM 32 6.1 1* 1 0.4*
Draco 6.7 1* 6 1*

L at the position of the CS peak

2 at the position of the HC3N peak
* upper limit

- no data available

Our results are qualitatively in very good agreement with the investigation of Gerin et al.
(1997) for Polaris and Taurus. One of their conclusions was, that the core MCLD 123.5+24.9
is similar to a dark cloud. However, one sees immediately that this core features the high-
est molecular abundances compared with the other cores in this study. Does this make
MCLD 123.5+24.9 a special case and unusual for cirrus cloud cores?

The comparison of the molecular column densities shows strong variations not solely due
to the different Hy densities. Therefore, they must be caused by abundance variations.
It can be assumed that the excitation conditions are not as different in the various cores.
Hence, a very important factor may be the age of the condensations. Most molecules
need an initial density to build up measurable high abundances. This process is closely
connected to the dust grains which are mostly serve as catalysts for the reactions. On
the other hand, they also strongly effect the abundances. Molecules freeze out onto the
dust grains, get locked or released by the particles, depending on densities and excitation
conditions. The chemical reactions feature characteristic timescales. It is obvious, that
complicated molecules do need more time to build up higher abundances than more simple
molecules.

Taylor et al. (1998) proposed that the mismatch between CS and NHg maps arises from the
clumpy nature of the clouds. Most of the sub-clumps may be dissipated before NH3 abun-
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Table 6.2: The peak abundances of several molecular species relative to Hs. The sec-
ond part shows literature values from cores in dark clouds or star-forming regions for
comparison.

Core X(C®0) X(CS) X(HC3N)

x1078  x10710  x10~U
MCLD 123.5¢ 20.7 17.4 15.7
MCLD 123.52 15.5 12.1 28.4
MCLD 126.6 7.1 5.9 -
L1457 A 2.3 0.9 <0.5
L1457 B 2.1 0.5 <0.5
L1457 C 2.5 1.2 <0.6
MBM 32 <1.6 1.7 <6.6
Draco <1.5 9.0 <14.9
Taurus® 5.1 1.7 -
L134N* 17* 16.5 8.7
TMC 1° 17* 15 225
L 12516 17* 34 -

- no data available

L at the position of the CS peak

2 at the position of the HC3N peak

3 Gerin et al. (1997), at the position (RA,DEC)(1950) = (04:34:07, +24:10:00)

4 Dickens et al. (2000)

® Pratap et al. (1997), at the Cyanopolyyne peak position

6 Nikoli¢ et al. (2003)

* The value is taken from Frerking et al. (1982) and in the cited studies used as a
standard conversion factor to determine the Hy column density.

dances could be build up to a significant level, but they already contained substantial CS.
A few clumps, maybe slightly denser or more massive, are sufficiently longer lived to allow
NHj to increase in abundance. These may be the ones that are continue to form pre-stellar
cores. A very similar situation applies for the HC3N molecule, which we tried to observe
here. The highest abundance of this molecule in a pre-stellar core can be found in the
Cyanopolyyne (CP) peak of TMC 1 (Pratap et al. 1997). However, at most other positions
within this core it is significantly less abundant, averaged over the whole core its relative
abundance is about a factor of 3 lower. Though the density in TMC1 is generally one
order of magnitude higher than in the cirrus cloud cores and the lines are optically thick.
The results for L134N are very similar to the ones derive for the core in MCLD 123.5+4-24.9.

Time dependent chemical models do strongly depend on the reaction set used and the
physical conditions assumed. In the literature only a few models can be found that ap-
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ply to this low-density regime. Markwick et al. (2000) constructed a model for TMC 1,
the core in the Taurus molecular cloud, that should be applicable to cirrus cloud cores
as well. Taurus is a well known low-mass star-forming region, but the core TMC 1 does
not show any signs of a proto-stellar object. The initial conditions in this model are a
temperature of 10 K, a hydrogen number density n(Hz) = 2 x 10* cm™3, a cosmic ray ion-
ization rate of 1 x 10717 s~!, and the UMIST Database for Astrochemistry 1995 reaction
set (Millar et al. 1997). It predicts a time delay of (3 — 10 x 10°) years between HC3N
and CS in reaching measurable high abundances after the core was formed (see Figure 6.1).

log fractional abundance

'
o
o
=
[o-]

log time (years)

Figure 6.1: Variation of the fractional abundances of CS, CsS, and the cyanopolyyne
species HC,N (n = 3, 5, 7, 9) The model was run for 10% yr using the physical parameters
and initial conditions detailed in the text to reach a typical steady state composition. The
Figure was adapted from Markwick et al. (2000). We want to emphasise here the time
HC3N needs to reach its highest abundance.

We tend to explain the observed small scale abundance variations with a very clumpy na-
ture of the clouds. Within the core region several small, dense clumps have been formed.
The cores are most likely not gravitationally bound, however, most of them seem long-
living and, hence, somehow stabilised against a disbandment. This seems possible due
to the pressure from the surrounding medium. The dust continuum observations show
a integrated intensity view, only. It is a bit surprising that most of the cores exhibit a
centrally condensed structure anyway. The CS (2 — 1) line arises from, more or less, all of
the sub-clumps and is often absorbed by foreground clumps or even self-absorbed. Thus
it is hard to interpret, but is a very good tracer for young cores. Maps with a sufficient
resolution, both spacial and in velocity, can reveal the clumpy substructure effectively.
HC3N is only partly suited as a density tracer in this kind of cores, as the majority of the
core is not dense enough to build up a high abundance of this molecule.
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In the following we will discuss the properties of the cores in a bit more detail. We will
start with the values calculated in the previous section. Abundance variations are hard to
interpret and often do complicate the analysis. Detailed chemical models can help a lot
but have to be adapted to the specific situation of each core.

6.2 Gas Chemistry in Cirrus Cloud Cores

After having calculated some of the basic core properties we now compare the individual
molecular observations with each other in more detail. We shall concentrate the analysis
on the best studied cores, but the results are generally valid for the other cores of our
sample as well.

It is known for some time that molecular cores look different if observed in different trac-
ers. This also holds true for cirrus cloud cores. As all molecules are affected by abundance
variations and excitation conditions, dust is thought to represent the best tracer for the
total molecular material within the core. Limitations are mostly caused by the observa-
tional procedure. However, this provides merely a line-of-sight integrated pattern. To
obtain a more precise picture of the studied core we clearly need kinematical informations

as well. Molecular line observations do contain these data, but the interpretation is often
difficult.

The choice of the molecule to observe is crucial for a success. To get a as much as possible
strong signal one has to choose an abundant and excited molecule. The transition should
also be in a frequency band observable with available instruments. The most abundant,
easiest to excite and to observe molecule is carbon monoxide (CO). However, it was shown
that CO is not a good tracer for dense gas, especially cold and dense cores. First, it be-
comes optically thick already for medium densities and the emission from the core region
is absorbed by the surrounding material. Second, the molecule starts to freeze out onto
dust grains rather fast. Another often used tracer molecule, carbon monosulfide (CS), is
much more suitable for this purpose, but it gets similar problems for really high densities.

Originally, we thought that CS is the ideal tracer for the cores in cirrus clouds, since the
densities are not as high as in star-forming regions. However, we found a very clumpy
substructure and the lower densities to be partly caused by beam filling effects. The
determined values for the innermost core regions and sub-clumps are comparable to dark
cloud densities. Therefore CS proved to be not the ideal choice, since the superposition of
lines originating in different sub-clumps changes the line profile significantly.

We also searched for other molecules that are known to be good density tracers. In a num-
ber of studies ammonia (NHj3) (e.g., Tafalla et al. 2002) or carbon-chain molecules, such
as cyanoacetylene (HC3N) (e.g., Ladd & Covey 2000), were considered as good probes for
the innermost dense core region, however, as shown by, e.g., Heithausen et al. (2002) they
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rarely trace the same volumes as other high density tracers. This is most likely caused by
the different formation time scales of these relatively complicated molecules. Compared
to the much easier build CS, for instance, they need at least 3 x 10° years more to reach
measurable high abundances. This, of course, depends strongly on the chemical model
(e.g., the time dependent chemical model for TMC 1 by Markwick et al. 2000).

We compare again various data of some of the cores in detail. To get a visual overview we
first display the dust continuum and integrated intensity maps next to each other. Figure
6.2 shows MCLD 123.5+24.9 and Figure 6.3 MCLD 126.6+24.5.
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Figure 6.2: Maps of the 1.2 mm dust continuum, the integrated CS (2 — 1), SO (19 — 01),
and HC3N (10 — 9) emission of the core in MCLD 123.5+24.9. Note that the beam sizes
of the observations are different.
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Figure 6.3: Maps of the 1.2 mm dust continuum, the integrated CS (2 — 1), and SO (19 —
01) emission of MCLD 126.6424.5. Note that the beam sizes of the observations are
different.

One recognises immediately the differences in the core appearance when observed in dif-
ferent molecular tracers. A core that shows up with a simple and symmetric structure in
one tracer reappears as completely chaotic when observed in another one. The two cores
displayed are located relatively near to each other, roughly 3° apart, in the same cloud
complex, the Polaris Flare, and do have a very similar systemic velocity. The conclusion of
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comparable conditions in both cores may be admissible. However, the differences between
both cores are significant and strongly suggest a pure turbulent origin.

MCLD 123.5+24.9 appears as a filamentary structure as a whole, with several sub-clumps
showing up in different molecular tracers. They are distributed along the major axis.
MCLD 126.6+24.5 shows no clear density condensation in the dust continuum emission
map. However, in the CS line emission it appears almost centrally condensed. However,
this was observed with a relatively low resolution. SO, on the other hand, shows a high
number of sub-clumps distributed in a completely different way. Heithausen et al. (1998)
showed that both molecules trace different volumes inside a cloud and no correlation be-
tween the column densities of both molecules can be found. One is induced to say that
CS and SO always occur in different sub-clumps. This behaviour may be explainable by
chemical reactions, but how this works in detail is still somewhat unclear.

6.3 Core Stability and Star Formation Capability

To assess the core stability we have calculated the virial masses from the CS line width
in the previous chapter (see Table 5.8). However, as already noted the CS most likely
does not trace the same, or even a comparable, volume than estimated from the dust
continuum observations. The reasons are the missing of the more diffuse component in
the continuum data and the very clumpy structure of the material. In the CS-channel map
of MCLD 123.5424.9 (Figure 4.18) this can very clearly be seen. The CS emission arises
from various clumps with slightly different velocities and the resulting CS line width is
rather broad. This becomes even more clear if one examines the HC3N line (Figure 4.19).
This molecule is observed in only one sub-clump possessing a very narrow line width of
only 0.19kms~!,

Hence, a comparison of virial and total mass is strongly affected by the molecular line of
choice. In the case of MCLD 123.54+24.9 the line width of CS is 4 times the total width
of the HC3N line. This strongly suggests that both molecules do not trace the same parts
of the core. Heithausen et al. (2002) used the HC3N transition to calculate the virial
mass and obtained a value below the total mass calculated from the dust emission. They
concluded that the clump is gravitationally bound.

In our analysis we used the CS line width and obtained a virial mass of 17 times the total
mass (see Table 5.8, hence, the conclusion would be that it is not gravitationally bound but
totally dominated by turbulence. As shown before, one of the best correlations between
the dust continuum and molecular line emission was found for the C'®Q. The line width of
the (1 — 0) transition is about 0.61 kms~'and we derive a virial mass of 3.28 M. This is
much less than calculated for the CS (2 — 1) transition. We even get a lower virial mass of
0.74 Mg, for the CS (5 — 4) transition, where the line width is about 0.29 kms~!, tracing
again a different volume as the lower transition of the same molecule. Hence, the virial
mass would be only twice the total mass and thus of the same order. One may argue that
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such a core seems to be gravitationally bound. However, a confident conclusion is difficult.

Our observational results indicate a limited star formation capability. We could not detect
any direct signs of ongoing star formation. Nonetheless, we can also not exclude that the
observed cores are able to form stars. The dust continuum maps and scaling relations
show that they are not different from cores in star-forming clouds. The cores seem to be
chemically young. This suggests that the density is not high enough to build up a high
abundance of late-type molecules. Although, there are a number of sub-clumps, which are
possibly slightly denser or longer-living, that can be detected in, for instance, Ammonia or
Cyanoacetylene. Abundances of early-type molecules are generally higher and very similar
to those in dark clouds. Therefore we have strong indications that the cirrus cloud cores
are similar compared to cores in dark clouds, however, representing the low-density and
low-mass regime.

The star-forming efficiency of cirrus cloud cores is certainly lower than for dark cloud
cores. On the other hand, the number of small cores seems to be very high. We detected
all chosen cores in the dust continuum and the CS (2 — 1)transition. They are located
within local IRAS 100 ym emission peaks, but do not stand out in CO (1 — 0) maps.
Most of the available large molecular surveys are not sensitive enough or do not have
the required spacial resolution to detect the cores. One also needs a very high velocity
resolution, because the lines are very narrow. We therefore expect a large number of small,
dense cores within the filaments of the Galactic Cirrus, in perfect agreement with recent
hydrodynamic simulations (e.g., Klessen et al. 2000). They noted that local collapse
occurs even when the turbulent velocity field carries enough energy to counterbalance
gravitational contraction on global scales. However, the simulations are mostly run for
denser clouds and the resolution is not as good as one would need to identify such small
cores like the ones investigated here.

Nevertheless, a large dust continuum survey with good angular resolution and very good
sensitivity is needed to reveal the number and properties of cirrus cloud cores. However,
here the problem of the extended, diffuse emission plays a major role, and may not easily
be solved.
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Conclusions and Future Prospects

7.1 The Results of this Study

We have imaged the dust emission and CS line emission in a small sample of 5 cirrus cloud
cores. All cores were detected with column densities of the order of 102! cm™2. The ba-
sic properties of the cores, calculated from these observations, are typical ones compared
to cores in known low-mass star-forming regions. It is strongly suggested that the cirrus
cloud cores are very similar to dark cloud cores, representing the low-density and low-mass
regime.

We calculated several scaling relations which are well known to be followed by star-forming
cores and found that they are generally applicable to cirrus cloud cores as well. Especially,
the cores and clumps follow the size — density relation perfectly, indicating a negligible
volume filling factor of the dust at this high spatial resolution. Particularly notable is the
very good agreement of the size — density relation of the cirrus cloud cores and starless
cores in Taurus investigated by Tafalla et al. (2002). It indicates that both are very
similar. However, for the mass — line width relation we found deviances. The correlation
is not as strong as expected. This result is most likely caused by the discrepancy between
the volume traced via CS and the dust-traced core.

Due to this effect, we were not able to decide reliably about the gravitational stability
of the cores. The virial masses estimated from the CS (2 — 1) transition line widths are
much larger by about an order of magnitude than the total molecular masses derived from
the dust continuum measurements. This would clearly disapprove gravitationally bound
cores. However, there exists a significant systematic discrepancy between the CS (2 — 1)
line width and line widths of other density tracers, such as C*¥0, HC3N, or NH3. Un-
fortunately, we were not able to get good data of these molecules for all the cores with
the required quality in time. Hence, this is a still ongoing project with very promising
prospects.
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A possible explanation for the discrepancy between the different line widths can be found
in the very clumpy substructure of the cores. These were revealed by our high resolution
interferometric observations. The cores harbour various sub-clumps, which exhibit dif-
ferent molecular abundances. We therefore see strong abundance variations on smallest
scales and different line widths of the miscellaneous molecules.

The relatively broad CS (2 — 1) line can be explained by the superposition of the emission
of various sub-clumps, combined with self-absorption effects. More complicated and late-
time molecules like HC3N or NHs, on the other hand, can only be found in longer-living,
slightly denser sub-clumps and thus show a very narrow line width. These sub-clumps
appear to be gravitationally bound, however, caused by the strong abundance variations
their total molecular mass remains to be accurately determined.

Hence, such complex molecules may also not ideally suited to determine the kinetic energy
of cirrus cloud cores. A possible solution may be a detailed but plain model of the chemical
evolution in this low-density limit regime. A quantum leap could be a merger between the
hydrodynamic turbulence simulations and the chemical evolution models. This could lead
to directly observable predictions. The observations carried out here and the estimated
properties can help to develop the basics for such simulations.

7.2 Future Prospects

New investigations always come up with new questions. Our knowledge about the star-
forming capability of cirrus cloud cores is still very limited. Clearly, further studies are
imperatively needed. They could bring forward our understanding of the low mass star
formation process greatly.

Some of the results of this thesis are preliminary. We have shown that dense cores in cirrus
clouds are definitely worth to be studied in more detail. Large dust continuum emission
maps with the new bolometer arrays soon available are probably the best starting point.
The proposed SCUBA-2 array at the James Clerk Mazwell Telescope (JCMT) or the Large
Bolometer Camera (LABOCA) at the Atacama Pathfinder Experiment (APEX) telescope
will make such observations feasible. We demonstrated in this thesis that they reveal the
most dense parts of the cores and allow for a good estimate of the densities, despite the
limiting observational difficulties. Space telescopes like the Spitzer Space Telescope (SST)
or Herschel will even afford more accurate observations and can assess the cores in un-
challenged details. However, the lifetimes of these instruments are highly limited and they
have to concentrate on the best studied and most promising objects. Therefore, initial
and preparatory investigations, like the one presented here, are essential for the success of
such projects.

Though to distinguish between a condensed core and some cumulated clumps, molecular
line observations are essential. Existing and newly build large single dish telescopes, like



Conclusions and Future Prospects 93

the IRAM 30-m or the Large Millimeter Telescope (LMT) in Mexico provide the unique
possibility to carry out sensitive observations with high spatial resolution. However, to
understand the results we also need do know more about abundance variations and chem-
ical evolution effects. Theoretical models, together with the nowadays available database
technology, should be developed further on in both hydrodynamic turbulence simulations
and chemical evolution. A merger between both could probably provide direct observable
results.

New observational opportunities will be available soon with, for instance, SOFIA, a air-
borne telescope, or ALMA, the large millimeter array at the Atacama desert in Chile.
Especially the latter will allow highest spatial resolution observations. The combination
of these observations with maps taken by smaller telescopes may highly increase our un-
derstanding of the clumpy structure of cirrus cloud cores. But also small telescopes can
contribute significantly with large surveys or very deep pointed observations. Altogether,
the combination and comparison of as many as possible miscellaneous observations should
help to reveal the true nature of these intriguing objects.
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Summary

In this thesis a small sample of five cirrus cloud cores has been studied in detail to investi-
gate the general capability of these clouds to form stars or brown dwarfs. It is not known
up to now, if such diffuse clouds do have this ability. Nevertheless, it is essential for our
understanding of the star formation process in general, because the starting conditions of
low-mass star-formation are still rather poorly conceived. The formation and evolution
of a molecular core is the crucial basic point within this process. In regions with known
star formation the investigation of pre-stellar cores is often hampered by the influences of
adjacent young stars. Finding cores, that are able to form low-mass stars, in a relatively
quiescent environment could help to determine the starting conditions more accurately.

The thermal dust continuum emission at 1.2mm has been observed using the MAMBO
arrays at the IRAM 30-m telescope. The detection of all 5 cores can be reported and basic
properties of the cores were derived. We conclude that cirrus cloud cores are basically
similar to cores in dark clouds or star-forming regions, but they are residing at the low-
mass and low-density end. This matches perfectly our expectations. However, the cores
do not show a simple spheroidal geometry, but they are elongated and divide into many
sub-clumps. Our results strongly indicate a pure turbulent origin of the cores out of their
parental clouds and we are not able to decide if they are influenced by self-gravity.

The CS (2 — 1) line emission has been observed using the FCRAO 14-m and the IRAM 30-
m telescope, respectively. All cores were detected, confirming the relatively high densities,
already derived from the dust continuum observations. Although the beam sizes of the
dust continuum and the molecular line observations are different, significant distinction
can be found between the distributions of both tracers. This is not necessarily surprising,
as the dust continuum emission provides only an integrated picture, however, the CS-line
emission does not show a lot of substructure in velocity, but seems just differently spatial
distributed.
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We also looked for other dense gas tracers. The cores were observed in the HC3N (10 — 9)
line and the CS (5 — 4) transition using the IRAM 30-m telescope. Unfortunately, we did
not detect these lines in any other than the previously observed core in MCLD 123.5424.9.
This was partly caused by not ideal weather conditions during the observations. Neverthe-
less, the non-detections already provide upper limits for the abundances of the molecules.
We performed LVG and RADEX analyses to determine the molecular abundances in the
cores. A comparison with a time dependent chemical model, originally constructed for a
core in Taurus, TMC1, and other cores in dark clouds and known star forming regions
shows that the cores are chemically young, except for MCLD 123.54+24.9. We can partly
explain this behaviour by a very clumpy nature of the cirrus cloud cores, caused by their
turbulent origin.

The dense cirrus cloud cores fragment into many sub-clumps embedded in a less dense
intra-clump medium. Only the longer-living, probably slightly larger and denser, sub-
clumps are able to develop higher abundances of molecules such as HC3N or NHs. The
CS molecule, on the other hand, is formed very fast if the critical density is reached and
is abundant also in the intra-clump medium. It may even start to deplete in some of
the sub-clumps, hence pretending a different spatial distribution than the dust contin-
uum. One important result is the discovery of the systematically broader line width of the
CS (2 — 1) transition compared to other molecules, like C!¥0 or SO. This is most likely
caused by the superposition and blending of the lines arising from different sub-clumps and
blurred by the intra-clump CS emission. Altogether, also due to self-absorption effects of
the CS (2 — 1) line, the CS molecule is less suited to determine the kinetic energy content
of the cores.

Due to the difficulties caused by the very clumpy structure and the strong abundance
variations we could to decide if the observed cores are able to form stars or brown dwarfs.
Our interpretation of the data suggests a pure turbulent origin of the cores. Hence, they
could be transient objects. However, the further evolution is still unclear, since it seems
possible that some of the sub-clumps merge and become gravitationally bound. This sce-
nario is strongly favoured by us for the core in MCLD 123.54-24.9, our best studied prime
example. For this cirrus cloud core we strongly tend to infer from our data a pre-stellar
core formation setting. It is also possible for the cores in L 1457 and MBM 32. To clarify
the situation, more observations, with the highest spatial resolution available, and de-
tailed specific models including the chemical evolution, are needed. This will be a very
time consuming work, however, the result could help to understand not only the basics of
low-mass star formation, but maybe even the appearance of the galaxy.
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Zusammenfassung

In dieser Arbeit wurde eine kleine Auswahl von 5 dichten Kernen in galaktischen Zirrus-
wolken genauer untersucht, um das generelle Potential dieser Wolken, Sterne oder braune
Zwerge bilden zu koénnen, zu erforschen. Bisher ist es vollkommen unbekannt, inwieweit
solche diffusen Wolken iiberhaupt diese Féahigkeit besitzen. Allerdings ist es unverzichtbar
fiir unser Verstandnis des Prozesses der Sternbildung im allgemeinen, da die Anfangsbe-
dingungen bei der Entstehung Sterne niedriger Massen noch immer nur wenig begriffen
sind. Die Bildung und Entwicklung eines molekularen Kernes ist dabei ein kritischer
Hauptpunkt des ganzen Prozesses. In Regionen mit bekannter Sternentstehungsaktivitat
werden Untersuchungen von pré-stellaren Kernen oft durch die Aktivitdten nahegelegener
junger Sterne behindert. Findet man Kerne, die Sterne niedriger Masse bilden kénnen, in
einem relativ ruhigen Umfeld, kénnte das sehr helfen die Anfangsbedingungen der Ster-
nentstehung genauer zu bestimmen.

Es wurde die thermische Kontinuumsstrahlung des Staubes bei 1,2 mm mit den MAMBO
Arrays am IRAM 30m Teleskop beobachtet. Der Nachweis aller 5 Kerne kann hier
berichtet werden, und es wurden die fundamentalen Eigenschaften der Kerne daraus
abgeleitet. Wir folgern, dafl Kerne in Zirruswolken grundsétzlich ahnlich zu Kernen
in Sternentstehungsgebieten oder Dunkelwolken sind, allerdings im unteren Massen und
Dichten Bereich angesiedelt sind. Dieses Ergebnis bestétigt auf perfekte Weise unsere Er-
wartungen. Aber, die Kerne zeigen keineswegs eine einfache, sphérische Geometrie, son-
dern sind grofitenteils gestreckt und unterteilen sich in eine Vielzahl von Unterklumpen.
Unsere Ergebnisse deuten daher auf die Entstehung dieser Kerne durch turbulente Prozesse
hin. Wir kénnen mit diesen Daten leider noch nicht eindeutig entscheiden, inwieweit sie
durch Selbst-Gravitation beeinflufit sind.

Desweiteren wurde die CS (2 — 1) Linienstrahlung mit dem FCRAO 14-m und dem IRAM
30-m Teleskop beobachtet. Auch hier konnten alle Kerne nachgewiesen werden, was die
relativ hohen Dichten, abgeleitet aus den Staub-Kontinuum Beobachtungen, bestétigt.
Obwohl die rdumliche Auflésung bei den Staub und Molekiillinien Beobachtungen unter-
schiedlich ist, lassen sich doch erhebliche Unterschiede in der raumlichen Verteilung der
beiden Indikatoren feststellen. Das ist nicht unbedingt tiberraschend, da die Staub Kontin-
uumsstrahlung lediglich ein integriertes Bild liefert. Allerdings zeigt die CS-Linienstrahlung
nicht allzuviel Unterstruktur in der Geschwindigkeit, sondern erscheint vielmehr tatsachlich
unterschiedlich raumlich verteilt zu sein.

Wir haben auflerdem nach weiteren Indikatoren fiir dichtes Gas Ausschau gehalten. So
wurden die Kerne ebenfalls in der HC3N (10 — 9) Linie und dem CS (5 — 4) Ubergang
mit dem TRAM 30-,m Teleskop beobachtet. Bedauerlicherweise konnten wir diese Linien
in keinem weiteren Kern detektieren, aufler in dem bereits zuvor untersuchten Kern in
MCLD 123.5+24.9. Zum Teil wurde dies durch nicht ideale Wetterbedingungen wéhrend
der Beobachtungen verursacht. Aber auch ein Nicht-Nachweis liefert bereits obere Gren-
zen fiir die Haufigkeit des Molekiils. Wir fithrten daher LVG und RADEX Analysen durch,
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um die Molekiilhdufigkeiten in den Kernen zu bestimmen. Ein Vergleich mit einem die
Zeitabhangigkeit beriicksichtigendem chemischen Modell, urspriinglich entworfen fiir einen
dichten Kern in Taurus, TMC 1, und mit anderen Kernen in Sternentstehungsgebieten und
Dunkelwolken zeigt, dafl die Kerne chemisch jung sind. MCLD 123.54+24.9 bildet dabei
moglicherweise eine Ausnahme. Wir denken, dafl wir diesen Befund mit einer sehr klumpi-
gen Struktur der Zirrus-Kerne erklaren kénnen, verursacht durch ihre Entstehung durch
turbulente Prozesse.

Die dichten Kerne in den galaktischen Zirruswolken fragmentieren in eine grofle An-
zahl kleiner Klumpen, die in einem etwas weniger dichten Zwischenklumpen-Medium
eingebettet sind. Allerdings kénnen wohl nur die langlebigeren, etwas grofleren und
dichteren Klumpen hoéhere Haufigkeiten von Molekiilen wie HC3N oder NHs ausbilden.
Das CS-Molekiil, andererseits, wird sehr schnell gebildet, sofern die kritische Dichte er-
reicht ist und ist auch in dem Zwischenklumpen-Medium recht héaufig. Es ist sogar
moglich, da CS in einigen der Klumpen bereits abgereichert wird. Dies geschieht eben-
falls ab einer bestimmten Dichte, z.B., durch ausfrieren der Molekiile auf Staubkoérnern.
Ein wichtiges Ergebnis ist die Entdeckung der systematisch grofieren Linienbreiten des
CS (2 — 1) Ubergangs, verglichen mit anderen Molekiilen wie C™0 oder SO. Dies wird,
sehr wahrscheinlich, durch die Uberlagerung und Vermischung der Linien verschiedener
Unterklumpen, zuséatzlich verwischt durch die Strahlung des Zwischenklumpen-Mediums,
verursacht. Insgesamt betrachtet miissen wir feststellen, dafl sich das CS Molekiil nicht
sehr gut eignet, um die kinetische Energie dieser Kerne zu bestimmen. Das wird noch
zusétzlich durch Effekte der Selbstabsorption des CS (2 — 1) Uberganges erschwert.

Infolge der Schwierigkeiten, bedingt durch die sehr klumpige Struktur der Kerne und die
starken Haufigkeitsédnderungen, konnten wir noch nicht entscheiden, inwieweit die Kerne
in der Lage sind Sterne oder braune Zwerge zu bilden. Unsere Interpretation der Daten
deutet auf eine Entstehung der Kerne aus rein turbulenten Prozessen hin. Daher ist es
moglich, daf es sich um vorriibergehende Erscheinungen handelt, das heifit die Kerne 16sen
sich nach einiger Zeit wieder auf. Aber die weitere Entwicklung ist noch sehr unbestimmt,
da es durchaus auch moglich ist, dafl sich mehrere der kleinen Klumpen vereinigen und
so gravitativ gebunden werden. Dieses Szenario wird von uns zumindest fiir den Kern in
MCLD 123.54-24.9, den am besten untersuchten, stark favorisiert. Hier tendieren wir dazu,
die Bildung eines pré-stellaren Kernes zu folgern. Allerdings sind zusétzliche Beobachtun-
gen mit der hochsten verfligharen rdumlichen Auflésung und ein spezielles, detailiertes
Modell nétig um die Situation eindeutig zu klaren. Diese Arbeit wird sehr zeitaufwéndig
sein, allerdings kann das Resultat wesentlich dazu beitragen die Grundlagen der Ster-
nentstehung von Sternen niedriger Masse besser zu verstehen und so moglicherweise sogar
zu einem besseren Verstédndnis des Erscheinungsbildes unserer Galaxie beitragen.
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