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Abstract

Astronomical observations have shown that molecular d@ud the birth places

of new stars and planets. As molecular clouds are massieetsbyith a mass
varying from~ 10° to a few solar masses, a mechanism is needed to break up
the molecular clouds into stellar size fragments. Star &iom occurs when indi-
vidual fragments become gravitationally dominated, witiah occur either spon-
taneously or triggered by external forces. Molecular ckoack observed to be
turbulent. Turbulence plays a dual role in star formatidrcréates density fluc-
tuations to initiate gravitational collapse; on the othandh, it can counter local
collapse. Hence, the cloud structure and dynamics compbrtant properties of
star formation.

In the first part of this work, | study the structural propestof Galactic molec-
ular clouds. To determine cloud properties, observablafifies, such as (inte-
grated) intensities, spectral line profiles of the standia@ckrs are used. The car-
bon monoxide, CO, molecule is the second most abundant meletthe Uni-
verse after Hand because of its low rotational excitation energy, itésytincipal
molecule to study the molecular gas in galactic and exteagalsources. Its iso-
topomer3CO is often optically thin, and is a good tracer of column dgnsn
this work, four rotational transitions 68CO and'3CO are employed!?CO 1-0
and 3—-2, and3CO 1-0 and 2-1.

For both dust continuum maps and integrated line intenségsnit has been
shown that the observed intensities follow a power law sed#ion. The spatial
structure of the emission has been quantified in terms ofoigep spectrum that
is the Fourier transform of the autocorrelation functioror & given observable
guantity, the power spectrum gives a plot of the portion of/g@ofalling within
given unit bins. When fitting the azimuthally averaged pogectrum with a
power law, the fitted slop@ provides information on the relative amount of struc-
ture at the linear scales resolved in the image. | applyMvariance method to
quantitatively characterize the observed cloud strustuféeA-variance method
measures the relative amount of structure on a given scaldtégng an ob-
served map by a radially symmetric wavelet with a charastieriength scald.
and computing the total variance in the convolved map. \Withe typical range



of spectral indices measured in interstellar clouds, thedfiexponent from the
A-variance method can be related to the exponent of the pguesitrsim. The
advantage of thA-variance method is that it allows clear discriminationiagh
the noise and other systematic effects (finite size, beamaisngg in the observed
maps.

There is a different approach to quantify the observed cébudtture, which is
the decomposition of the observed emission into discreigesnclumps in order
to establish scaling relations for the clumps e.g. massglation and clump
mass spectra. For this purpose, | use the metaissclumps This method
identifies a clump as a Gaussian shaped least square fit tartioeisdings of the
present map maximum, and successively subtracts one clitenptee other until
the complete intensity has been assigned to clun@sussclumpgan identify
efficiently small clumps near the resolution limit of the ebstions, and thusiitis
very helpful to obtain a complete clump mass spectrum thatsones the number
of clumps of a given mass.

The Perseus molecular cloud has been selected for thesesstBahce itis one
of the best examples of the nearby active low- to intermeehaass star forming
regions.

The A-variance method is applied to both the CO integrated inttensaps
and the velocity channel maps that present spatial distoibwf line intensities
at each successive velocity interval. The spectral inglef the corresponding
power spectrum is determined. Its variation across thedcémd across the lines
is studied. It is found that the power spectra of all CO lineegnated maps of
the whole complex show the same indgxs 3.1, for scales between about 0.2
and 3 pc, independent of isotopomer and rotational tramsitHowever, the CO
maps of individual subregions show a variationBofThe12CO 3-2 data provide
a spread of indices between 2.9 in L 1455 ariliB NGC 1333. In general, active
star forming regions show a larger power-law exponent. thiseelocity channel
analysis to study the statistical relation between thehimgng channel maps.
Some theory predicts systematic increase of the spectiakwith channel width.
Such systematic increase is only detected in the blue lingsvior the CO data.

| apply Gaussclumpgso the whole observed Perseus cloud and seven sub-
regions, and to derive the clump properties as tracéd@® 1-0 and 2—1. With
the individual clumps identified, their properties such @ssj size, velocity width
are derived. The clumps identified have a power law massrspecand a power
law index~ 1.9 of clump mass spectra. The virial parameter, which igdkie
between virial mass and the mass estimated from the Locaiiddynamic Equi-
librium (LTE) analysis, is used to characterize the equiliim state of a clump.
The LTE assumes that all distribution functions charazieg the material and
its interaction with the radiation field at one position aneeg by thermodynamic
equilibrium relations at local values of the temperaturd dansity. Virial mass



here is the mass of a clump in statistical equilibrium detitsg using the virial
theorem. All clumps identified in both NGC 1333 and L 1455 arenid with a
virial parameter above 1. The external pressure neededtbtbe clumps falls
within 10 K cm~3 and 16 K cm~2 for the whole observed Perseus cloud, while
it varies between active star formation regions and quigsitark clouds.

After stars form, they provide important feedback mechasigor regulat-
ing star formation: ultraviolet (UV) radiation dissociatmolecules, ionizes, and
heats the gas and the dust in photon dominated regions (POR#Jows, radia-
tion driven bubbles, and supernova (SN) shells provide eugchl energy input.
All effects lead to the dispersion of molecular clouds anth® compression of
cores possibly triggering further star formation. The gtoflphoton dominated
regions is to understand the effects of stellar far-ulttiphotons on the struc-
ture, chemistry, thermal balance, and evolution of thena¢utterstellar medium
of galaxies.

The second part of this thesis is to study the physical ptwseof the transi-
tion layers on the surface of molecular clouds, i.e. Gatgatioton dominated re-
gions. Two clouds are selected for the study: IC 348 and GepBeBoth clouds
are close to the radiation field of the bright stars that amt glathe youngest
generation. Hence, they are ideal places to study the grepef PDRs.

The KOSMA -1 PDR model is used to interpret the observed line intensi-
ties. Itis a spherical PDR model, which computes the chdmaiwd temperature
structure of a spherical clump illuminated by an isotropitFadiation field and
cosmic rays. The form of carbon changes with increasinghdiepin the surface
of the PDR from C through & to CO. Therefore emission from [d, [C 1] and
the rotational lines of CO can be used as probes of temperatansity and col-
umn density in the PDRs. | use the datalé€O 1-0, 4-313CO 1-0 and [Q]
3p; — 3Py to study physical and chemical properties of the PDRs in I€ 34

New observations of maps in [Fat 492 GHz and?CO 4-3 with a resolution
of ~ 1/ are combined with the FCRAO data &CO 1-0,13CO 1-0 and far-
infrared continuum data. To derive the physical parameiéthe region, three
independent line ratios are analyzed using the followingingple LTE analysis;
KOSMA - t PDR model considering an ensemble of PDR clumps. Detailetbfit
observations are presented at seven representativeopssitithe cloud revealing
clump densities between about 4.4 tén3 and 4.3 18cm™3, and C/CO column
density ratios between 0.02 and 0.26. The FUV flux obtainech fthe model fit
is consistent with that derived from FIR continuum datayway between 2 to
100 Draine units across the cloud. An ensemble of a few teri® @mps with a
total mass of a few solar masses and a beam filling close tg teptoduces the
observed line intensities and intensity ratios.

A multi-line study in the Cepheus B molecular clouds is pnésd. Two
5 long cuts have been observed for up to three transitionseof®, HCO',



HCN, HNC, CN, and GH molecules. The integrated intensity distribution along
the cuts have been calculated and a least square fit is ushd tbserved hy-
perfine structure of gH, CN and HCN for deriving the opacities. At the two in-
terface positions, column densities of,H2CO, 13C0O, C'80, CS, &S, HCO',
H13CO*, HCN, HNC, HCS and HCO are estimated under the LTE assumption.

The thesis presents the comparison of the structural prepdor entire sur-
veys and sub-sets, as well as the velocity channel analysiside additional,
significant characteristics of the ISM in observed CO spé¢dine maps. These
guantities are useful for a comparison of the structuremesian different clouds,
possibly providing a diagnostic tool to characterize tlae-&rmation activity and
providing additional constraints for numerical simulasoof the ISM structure.
The thesis also studies different PDRs subject to low aretnmédiate FUV fields
using the clumpy KOSMA 1 PDR model. Future observations will be useful
to constrain the models and to judge the importance of @iffemput parame-
ters used. A better knowledge of these conditions in IC 34B@epheus B will
provide a template for future studies of Galactic PDRs ardl8M in external
galaxies.



Zusammenfassung

Astronomische Beobachtungen haben gezeigt, dass in Malelken die Enste-
hungsbebiete neuer Sterne und Planeten liegen. Da Moleki#n massive Ob-
jekte mit Massen im Bereich von einigen Sonnenmassen KiSaAnenmassen
sind, gibt es einen Mechanismus zur Enstehung stellares&aBragmente. Die
Sternentstehung beginnt, wenn einzelne Fragmente vonragit&ionskraft do-
miniert werden, was entweder spontan oder durch exterafteinitialisiert wer-
den kann. Beobachtungen zeigen, dass Molekulwolken embsind. Die Tur-
bulenz spielen dabei eine duale Rolle in der Sternentstgheinerseits werden
Dichtefluktuationen erzeugt die Kollaps durch Gravitatemeugen; zum An-
deren verhindert die Turbulenz lokalen Kollaps. In dieseim& bestimmen
raumliche Struktur und Dynamik der Molekulwolken widalgi Eigenschaften der
Sternentstehung.

Im ersten Teil dieser Arbeit werden die strukturellen Eggraften galaktis-
cher Molekulwolken untersucht. Um die Eigenschaften deldWilwolken zu
bestimmen, benutzen wir Beobachtungsgrof3en wie (irgegjilntensitaten und
spektrale Linienprofile von tblichen Linienibergangedas Karbonmonoxid-
Molekil, CO, ist das nach dempkweithaufigste Molekil im Universum. Durch
seine niedrige Rotationsanregungsenergie ist es dasstoeiigrte Molekul in
galaktischen und extragalaktischen Quellen. B¥0O Isotop ist haufig optisch
diinn und eignet sich deshalb als Indikator fur Sauldrdit. In dieser Arbeit
benutzen wir 4 Rotationsuibergange V8680 und3C0: 2CO 1-0 und 3-2, und
13C0O 1-0 und®co 2-1.

Um die Struktur der Molekiilwolken zu quantifizieren, bezaxt wir dieA—Var-
ilanz Methode undsAU SSCLUMPS Die A—Varianz Methode ermdoglicht die
Identifizierung von Rauschen und anderen systematischiekt&f (begrenzte
Grol3e, Beam-Verschmierung) in den beobachteten Ka@&h.SSCLUMP&ann
effizient kleine Klumpen nahe des Auflosungslimits der jéigeen Beobachtun-
gen identifizieren und ist deshalb sehr hilfreich fur diessBamung eines kom-
pletten Klumpen-Massen Spektrums, welches die Zahl demiggn in einem
Massenintervall angibt.

Die Molekulwolke Perseus wurde fiir diese Beobachtungsgewahlt, da Sie
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eine der besten Beispiele fur eine nahegelegene aktiveedtistehungsregion im
niegrigen und mittleren Massenbereich darstellt.

Wir haben das Power-Spektrum der Fourier-TransformiestanAutokorre-
lationsfunktion der raumlichen Struktur der Emissiontlemt. Fir eine bes-
timmte BeobachtungsgrofRe quantifiziert das Powerspkthe Energie die in
bestimmten raumlichen Einheiten auftritt. Durch Anfiteines Power-Laws mit
Steigungf an das Power-Spektrum, konnen wir studieren, welcher iRdés
Struktur auf verschiedenen linearen Skalen in der Regidgesiste wurde. Die
A—Varianz Methode wurde sowohl auf die integrierten CO Initéskarten als
auch auf die Geschwindigkeitskanalkarten angewandt idi&dmliche Verteilung
der Linienintensitaten in unterschiedlichen Geschvwghditsbereichen quantifizier-
en. Der spektrale Inde der korrespondierenden Power-Spektra wird bestimmt.
Wir finden, dass auf Skalen von 0.2-3pc die integrierten éfades gesamten
Perseus-Komplexes unabhangig von Isotopomer und Roséiiiergang einen Spek-
tral Indexf = 3.1 haben. Die CO-Karten individueller Teilregionen zeigemiV
ation in 3. 12CO 3-2 Daten zeigen einghBereich von 2.9 in L 1455 bis 3.5 in
NGC 1333. Im Allgemeinen findet man grol3ere Power-Indireskitiven Ster-
nenstehungsgebieten. Die Abhangigkeit der Powerspékirdanalkarten von
der Breite der Geschwindikeitskanale zeigt sich nur in deémahme der Spek-
tralindizes im blauen Linienflugel.

GAU SSCLUMP3dentifiziert einen Klumpen als gau3formigen least-squar
Fit zum aktuellen Maximum der Karte und subtrahiert iter&iumpen von der
Karte bis die komplette Intensitat in Klumpen aufgeteiltrde. Ich benutze diese
Methode in der gesamten Perseus Wolke und in sieben Suloiigegium die
Klumpeneigenschaften it*CO 1-0 und 2-1 zu studieren. Fir die einzelnen
identifizierten Klumpen untersuchen wir Masse, Gro3e ueddBwindigkeits-
breite des jeweiligen Klumpens. Die identifizierten Klumpzeigen ein Power-
law mit einem Index~ 1.9 des Klumpen-Massen Spektrums. Der Virialparame-
ter, das Verhaltnis aus Virialmasse und Masse berechrtet Annahme lokalen
thermischen Gleichgewichtes (LTE), beschreibt den Gimehchtszustand der
Klumpen. Die LTE-Annahme impliziert, dass sich alle Vduegsfunktionen,
die Materie und seine Interarktion mit dem Strahlungsfedddhreiben, durch
lokale Werte fur Temperatur und Dichte im thermodynamescisleichgewicht
beschreiben lassen. Mit Virialmasse bezeichnen wir heeGdieichgewichtsmasse
eines Klumpen hergeleitet unter Annahme des Virialthesrefile Klumpen in
den Regionen NGC 1333 und L1455 haben Virialparameteregrald 1. Der
externe Druck, der benotigt wird um einen Klumpen zu bindsh zwischen
10°Kem—3 und 18Kem—2 im gesamten Perseus-Gebiet. Zwischen aktiven Ster-
nentstehungsgebieten und Dunkelwolken finden wir Vanatinin den Virialpa-
rametern.

Nach der Entstehung von Sternen sind diese ein wichtiged@eRegulierung
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neuer Sternentstehung: ultraviolett (UV) Strahlung digesd Molekiile, ionisiert

und heizt Gas und Staub in Photonen dominierten RegioneiR¢RD Durch

Ausflisse, durch Strahlungsblasen und Supernovaschal@éma&chanische En-
ergie abgegeben. Alle Effekte fuhren zur Dispersion detdiawolken und

maoglichen neuen Sternentstehung in neuen komprimiertgndf. Die Studien
Photonen dominierten Regionen helfen dabei, die Effektstédlaren UV-Strahlu-
ng auf Struktur, Chemie, thermisches Gleichgewicht undEhevicklung des

neutralen interstellaren Mediums in Galaxien zu verstehen

Im zweiten Teil dieser Arbeit werden die physikalischendfigchaften der
Ubergangsschichten an der Oberflache von Molekulwolkediert, d.h. Galak-
tische PDRs. Dafuir werden zwei Regionen betrachtet:|CB48CepheusB. Beide
Wolken liegen im Strahlungsfeld heller junger Sterne unthiladeal um die
Eigenschaften von PDRs zu untersuchen.

Das KOSMA1 PDR-Model wird benutzt um die beobachteten Linieninten-
sitaten zu interpretieren. Das Model ist ein sphariséi2R-Model und berechnet
die chemische Struktur und Temperaturverteilung einesnigiens, der in einem
isotropen FUV- und kosmischen Strahlungsfeld liegt. Dien-m der Kohlenstoff
vorliegt andert sich im Klumpen mit zunehmenden Abstand der Oberflache
von C" Uiber C zu CO. Deshalb konnen [, [C 1] und die Rotationstibergange
von CO benutzen, um Temperatur, Dichte und Saulendich®biRs zu bestim-
men. In dieser Arbeit werdel?CO 1-0, 4-313CO 1-0 und [Q] 1-0 um die
chemischen und physikalischen Eigenschaften der PDRs3#8@Cu studieren.

Dazu werden neu beobachtete Karten in][Bei 492 GHz und?CO 4-3
bei ca. 1' Aufldsung mit FCRAO-Daten der Linié¢dCO 1-0,13CO 1-0 und
Fern-Infrarot (FUV) Kontinuum-Daten kombiniert. Um die y#ikalischen Pa-
rameter dieser Region zu bestimmen, analysieren wir wg tirei unabhangige
Linienverhaltnisse: mit einer einfachen LTE-Analyse umit Hilfe des KOSMA-

T PDR-Models und einem Ensemble von Klumpen. An sieben sepitativen Po-
sitionen der Wolke diskutieren wir detaillierte Fits an 8ieobachtungen, welche
Klumpen-Dichten zwischen 4.4 4Qund 4.3 18 cm3 ergeben. Die Fits fur
den FUV-Fluss aus dem PDR-Model sind konsistent mit Ergeem aus den
FUV Kontinuum-Daten und varieren zwischen 2 und 100 Drdtirgieiten in
der Wolke. Ein Ensemble einigen zehn PDR Klumpen mit eintléo Masse
von einigen zehn Sonnenmassen und einem Fullfaktor naleprbduziert die
beobachteten integrierten Intensitaten und Linieraienisse.

Eine Studie in verschieden Linien in der CepheusB-Molekike wird vorges-
tellt. In zwei 5’ langen Schnitten wurden bis zu drei Linidr@igange der CS,,
HCO™, HCN, HNC, CN, und GH Molekile beobachtet. Es wurden die inte-
grierten Intensitaten berechnet und ein least-squaredfde benutzt um aus den
beobachteten Hyperfeinstrukturiibergangen von C2H,@NHCN die Opazitaten
zu bestimmen. An zwei Interface-Positionen werderl#CO 13C0O,, G20, CS,
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C34s, HCO", H'3CO*, HCN, HNC, HCS und HCO Saulendichten unter der
Annahme von LTE bestimmt.

Diese Arbeit prasentiert den Vergleich der strukturefggenschaften kom-
pletter Studien und Untermengen, ebenso wie die Analyséesthwindigkeit-
skanalkarten. Diese zeigen zusatzliche, wichtige Eigjeatféen des interstellaren
Mediums in den beobachteten CO-Karten. Diese Grof3en sitalich um einen
Vergleich der Struktur in verschiedenen Wolken zu studieia damit eine moglic-
he Diagnostik zur Charakterisierung der Sternentstehéhgisitat zu erhalten
und weitere Einschrankungen fur numerische Simulahatex Struktur des ISM.
Aulerdem werden in dieser Arbeit mit Hilfe des klumpigen KO’s T PDR-
Models verschiedene PDR-Regionen in niedriger und méttl&UV-Strahlung
studiert. Zukunftige Beobachtungen werden helfen, dielélle weiter einzuschra-
nken und die Wichtigkeit verschiedener Parameter zu bestim Ein besseres
Verstandnis der Bedingungen in IC 348 und Cepheus B wird eiitzliche Ref-
erenz fur zukinftige Studien in galaktischen PDRs und 8bkin externen Galax-
ien darstellen.

viii



Chapter 1

Introduction

1.1 Overview of the interstellar medium

1.1.1 Historical studies of the interstellar medium

In 1811, William Herschel created a catalog of bright pascba the sky and
called themnebulae In 1904, Johannes Hartmann discovered stationaryi[Ca
lines in the spectrum of the spectroscopic binarrionis, and he came to the
conclusion that the gas responsible for the absorption wagnesent in the at-
mosphere od Orionis, but was instead located within an isolated cloucdhafter
residing somewhere along the line-of-sight to this starisTiscovery started
the study of the interstellar medium (ISM). Barnard (191&atogued 182 dark
nebulae in the sky using photographs. Those dark placesasoaedered to be
possible holes in stellar distribution or obscuring matterger (1922) observed a
number of line-like absorption features which seemed tanbexstellar in origin,
which is the discovery of diffuse interstellar bands (DIBig) 1944, van de Hulst
predicted the existence of the 21 cm hyperfine line of neintatstellar hydro-
gen. And the 21 cm emission was detected by Ewen & Purcelll(3 98uller
& Oort (1951). The first interstellar molecules (CH, €HCN) were detected
by Swings & Rosenfeld (1937); McKellar (1940); Adams (1941)/einreb et
al. (1963) discovered interstellar OH masers. AndsNtas first detected in the
ISM by Cheung et al. (1968). Wilson et al. (1970) detect&@iO 1-0 emission
at 115 GHz, which later becomes the principal molecule tdysthe molecular
gas in galactic and extragalactic sources. As of Januar8,286re are more than
140 molecules listed as detected in the interstellar mediuarcumstellar shells
(CDMS, http://www.astro.uni-koeln.de/vorhersagen/).

Fig. 1.1 presents the Cone Nebula observed by the Hubble spkescope
(HST). The Cone Nebula lies at a distance of about 770 pc. IFigshows the
upper~ 0.8 pc of the nebula. There are hot, young stars located biey@ntop

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Hubble space telescope image of Cone nebula 2264}: star form-
ing pillar of gas and dust.

of the image. UV light from the stars heats the edges of thk claud, releasing
gas into the relatively empty region of surrounding spacke fled halo of light
seen around the pillar is produced by additional ultraticdéiation causing the
hydrogen gas to glow. The blue-white light from surroundsteys is reflected by
dust. Background stars can be seen peeking through theretiagotendrils of
gas, while the turbulent base is pockmarked with stars meettidy dust (taken
from http://hubblesite.org/newscenter/archive/reds&2002/11/image/bl/).

1.1.2 The phases of the ISM

The ISM includes a mixture of ions, atoms, molecules, ladyest grains, cosmic
rays, and (galactic) magnetic fields (Spitzer, 1978). Thia&Gia matter consists
of about 99% gas and 1% dust by mass. The gas is roughly 90.8%arbper

(70.4% by mass) of hydrogen and 9.1% by number (28.1% by nedsslium,

with a sprinkling (0.12% by number and 1.5% by mass) of heagiements,
which can be neutral, ionized, or in molecular form and in ghase or in the
solid state (Ferriere, 2001; Tielens, 2005). The intdestgas is in a dynamical



1.1. OVERVIEW OF THE INTERSTELLAR MEDIUM 3

state of constant change, driven by ultraviolet (UV) heatiiere stars are form-
ing, by supersonic expansion of supernova explosions, an@c to dynamical
instabilities on varies scales from a small fraction of asparto thousands of par-
secs (Burke & Graham-Smith, 2002). A wide span of densitiestamperatures
of the ISM has been found.

Ranges of densities and temperatures are usually indieatedmponents or
phases. The terfphase$is used to denote components that may exist in ther-
mal pressure equilibrium, witR/k = nT ~ 3 x 10> cm3 K in the solar vicinity
(Jenkins et al., 1983). In the three-phase model, thoseeplaten include the
following (McKee & Ostriker, 1977; Hollenbach & Tielens, 99; Cox, 2005):
the low-density hot ionized medium (HIM) with temperatuiegxcess of 19K
and densities below about 0.01 ththe warm neutral medium (WNM) and the
warm ionized medium (WIM) with densities in the range 0.1 toni3 and tem-
peratures of several thousand Kelvin; and the dense coldat@edium (CNM)
with densities above about 10 cthand temperatures below 100 K (McKee &
Ostriker, 1977; Kulkarni & Heiles, 1987).

The CNM itself contains a variety of cloud types, spanningidewange of
physical and chemical conditions. The densest clouds thahast protected from
UV radiation from stars are referred to as dense clouds,datkds, or molecular
clouds, which may be thought of as a short-term product ol $hé leading to
star formation (Cox, 2005). The most tenuous clouds, fullyosed to starlight,
are usually called diffuse clouds. Clouds that fall in bedawéhese two extremes
are often referred to as translucent clouds (Snow & McC@06). This thesis
work mainly deals with molecular clouds, particularly canbmonoxide (CO)
molecular clouds.

1.1.3 Carbon monoxide molecular clouds

Molecular clouds are composed of dust and molecular gasgtmolecular hy-
drogen (B) and helium, with small amounts of heavier elements. Thekemg
for about 50 to 75% of the dense interstellar medium in th&Vay. Typically,
molecular clouds are cold (10 - 50 K) and dense?*(1Q0° cm3). Because of
their dusty content, visible light can not penetrate intoaeuoular cloud. Hence,
infrared and (sub)millimeter observations are needed.

Molecular hydrogen is the most abundant molecule in ISM apthys a fun-
damental role in star formation. However, the first exatastate of the hydrogen
molecule is about a few hundred Kelvin. And the hydrogen mukeis homo-
nuclear, it does not have a permanent dipole moment andtibehor rotational
transitions do not occur in electric dipole transition. $&éransitions are allowed
in electric quadrupole transition and therefore have vewy probabilities. Thus,
cold molecular hydrogen is very hard to observe. Fortugatbkere are other



4 CHAPTER 1. INTRODUCTION

molecules mixed with the hydrogen and dust. The most aburcddhese is car-
bon monoxide. CO is a very stable molecule and the first mtatiexcited state
lies only 5 Kelvin above the ground state, and thereforeaslifg excited by the
ambient cosmic microwave background radiation or coltisiaith neighboring
molecules (usually b). CO is the principal molecule to study the molecular gas
in galactic and extragalactic sources. The main rotatibnaes of CO are often
optically thick. Thus it is also important to observe itstigmomers,13CO or
C!80. The abundance ratio betwe#€CO and3CO is about 65 and it is about
470 betweer?CO and G80 (Langer et al., 1990).

1.2 Diagnostics of turbulence in the dense ISM

Turbulence is extremely important for many physical preessthat take place
in the ISM, including star formation, cosmic ray and dust a@yics, magnetic

field formation and evolution, and heat transport (Vazg8emadeni, 2000). For
those reasons there is an increasing interest in the astioalccommunity on tur-

bulence (Esquivel et al., 2007). Understanding the roleretdre of interstellar

turbulence has been the subject of intensive studies fartdtadf a century now,

but many aspects still remain open (EImegreen & Scalo, 200#pulence causes
the formation of structures of many different length scaldse large scale struc-
tures contain most of the energy of the turbulent motion. &hergy cascades
from the large scale structures to smaller scale structlii@s process continues
and creates smaller and smaller structures which produbesrachy of struc-

tures. Major questions concern the mechanisms by whichuliembmotions are

driven and the role of the strong compressibility of therstiellar medium for the

structure of the turbulent energy cascade.

Various methods (Scalo, 1984; Klein & Dickman, 1984; Pé&ratial., 1986;
Miesch & Bally, 1994; Stutzki et al., 1998; Rosolowsky et 4999) have been
used to quantitatively characterize the interstellardlgbce. They study the two-
point correlation function or directly the power spectrufittte observed emis-
sion. There are methods like autocorrelation, structumetfan and power spectra
(Scalo, 1984; Klein & Dickman, 1984; Pérault et al., 1986e8th & Bally, 1994;
Rosolowsky et al., 1999). Here | will only give details on thethod used in the
thesis, which is thé-variance method introduced by Stutzki et al. (1998). This
method has proven to be particularly useful. It allows forettdr separation of
the intrinsic cloud structure from contributions resuitiinom the finite signal-to-
noise in the data, the telescope beam and limited map sizaldition, problems
related to the discrete sampling of the data can be avoideitizKs et al., 1998;
Bensch et al., 2001). The detailed introduction of Meariance method will be
given in the following subsection.
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One thing to be noted is that the astronomically observedsnaap two di-
mensional projection of the structure. However, Stutzkile{1998) have shown
that the spectral indef of the power spectrum for an spatially isotropic structure
remains constant on projection, which means that the gesjenap of three di-
mensional density structures shows the s@haes the original structure assuming
that the astronomical structure is on the average isotropic

Interstellar turbulence has also been characterized bffeaaht approach to
guantify the structure. That is the decomposition of theeoled emission into
discrete entities’clumpg) in order to establish scaling relations for the clumps
e.g. mass-size relation and clump mass spectra (cf. St&tZRiisten, 1990;
Williams et al., 1994; Kramer et al., 1998b; Heyer & TerebE998). With an
individual clump identified, its mass, size, line width, asttier parameters can
be determined. One of the more fundamental parameters ohgpdls its mass.
The mass is generally derived via the integrated intensighaptically thin line.
Hence, the clump mass is a very robust parameter and doespend on the
actual spatial or velocity resolution (unless small sizergbs blend into a larger
clump).

Several different methods (e.g. eye inspectiBlumpfindand Gaussclumps
etc.) have been developed to characterize the clumpy steucthere are studies
reporting clump mass spectra by eye inspection (Carr, 198'én, 1989; Nozawa
et al., 1991; Lada et al., 1996; Blitz, 1993; Dobashi et &96). But eye inspec-
tion is obviously limited to uncrowded fields and to the idécdtion of only the
larger clumps. Two computerized clump decomposition algars are widely
used: Clumpfindand GaussclumpsClumpfindhas been developed by Williams
et al. (1994), which decomposes an observed image into aewoflglumps by
assigning each volume element of the three dimensionaladéta to one of the
local maxima identified in the observed intensity distribat In this method the
number of clumps is limited exactly to the number of local main the observed
data cube. Th€lumpfindmethod allows the clumps to have arbitrarily complex
shapes, while it fails to identify weaker clumps partiallyedapping with larger
ones.Gaussclumpsdeveloped by Stutzki & Gusten (1990), is used in this thesi
work. The detailed introduction déaussclumpsvill be given in the following
subsection.

In the cases where clump masses have been derived for acagtiifi large
number of clumps, the different methods agree in showingiaplmass spectral
distribution following a power law mass spectrum of the fodid/dM O M~9
with a of 1.7 - 1.9 for large well-sampled maps (Blitz, 1993; Kranegral.,
1998b).
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Figure 1.2: Example of the filter function used in the&ariance analysis

1.2.1 TheA-variance method

The A-variance method is a means to quantify the relative amotistroctural
variation at a particular scale in a two dimensional map areg dimensional data
set. It follows the concept of the Allan-variance, origigahtroduced by Allan
(1966) to study the stability of atomic clocks. Thevariance analysis provides
an extension to functions in higher dimensions and can bkeapio images and
three dimensional structures. Consider a two dimensiaasfunction s = s(x,
y) with x and y representing continuous Cartesian coordmaBecause we are
mainly interested in spatial intensity distributions wkereo s(x, y) as aflimagé'.
For the sake of simplicity we assume a vanishing aver@gy = 0. This is no
essential restriction and can always be achieved by addcanatant. The)-
variance is defined as the variance of an ims(@& convolved with a normalized
spherically symmetric wavelet of sizel

oz = ([s(F) oL (F)])r, (1.1)

where the asterix denotes the spatial convolution (Stdizki., 1998; Bensch et
al., 2001) and is defined as below (see also Fig. 1.2):

1 r<t
L2z 'S2

oL =9 graz 5<L<F (1.2)
0, r>3

For structures characterized by a power-law specti®fk|) O [k ~# where
k = (K2 +k2)%/2, the A-variance follows as well a power law, with the exponent
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log(a,°(L))

log(L|pixels])

Figure 1.3: An example of a typicdl-variance spectrum for a subset of the
FCRAO outer galaxy survey-3CO 1-0). This subset has a very large scale (384
by 128 pixels; 50per pixel). The x axis is the lag and the y axis is the value of
the variance. The black line indicates the power-law fith&odata. The turnover
at the smallest angular scales shows the effect from theewlbise behavior (for
pure white noiseaAz(L) 0 L~2); the turnover at the large angular scales is due
to the influence of the typical size of main structures in thage. The figure is
adapted from the Fig. 3 in the paper by Stutzki et al. (1998).

da = B — 2 in the range & B < 6 (Stutzki et al., 1998). Fig. 1.3 presents an
example of &\-variance spectrum.

Several studies have been performed usinghariance method. Stutzki
et al. (1998) used this method to study the structure of nudecloud images
(the Polaris Flare and subset of the Five College Radio Astrty Observatory
(FCRAO) outer galaxy survey). Their application to the alsed CO maps shows
the power spectrum has a power law shape and the power lawisxdese to3 =
2.8 in clouds. Plume et al. (2000) employed theariance analysis for a quanti-
tative comparison of the structure visible in the line-graged maps of°CO 1-0
and [C1] 3P; — 3Py and found a typicaB of ~ 2.6. Bensch et al. (2001) presented
a detailed study of thA-variance method as a tool to determine the power law
power spectral indeg of two dimensional intensity distributions. They applied
the A-variance method to several observed CO maps, includingegsiof giant
molecular clouds made with the Bell Labs 7 m telescope andrgasons toward
the Polaris Flare/MCLD 123.5+24.9. And they found that foear scales> 0.5
pc, the spectral index is remarkably uniform (258 < 2.8) for different clouds
(quiescent/star forming) and tracers with different agitiiepths ¥2CO and'3CO
J = 1-0). Significantly larger indiceg (>3) are found for thé*CO 1-0 map
of Perseus/NGC 1333 and observations made at higher speg@aution toward
MCLD 123.5+24.9. The indeg found by Bensch et al. (2001) steepens in the
Polaris Flare from 2.5 to 3.3 for maps with a linear resolutiocreasing from
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=2 1pcto< 0.1pc.

1.2.2 Gaussclumps

Gaussclumpsdeveloped by Stutzki & Gusten (1990), is a modified leasisg
fitting procedure to decompose the observed three dimesisiata cubes (two
spatial coordinates, one spectral coordinate) into a sefielumps, which are
assumed to have Gaussian shape (details on this algorithbedaund in Kramer
etal., 1998b). Stutzki & Gusten (1990) tested the relighaf the Gaussian clump
decomposition algorithm with artificially generated cluemsembles. The power
law index of artificially created clump ensembles was repoedl by the algorithm
to within less than 0.1 in the range= 1.1 to 1.75.

The clump decomposition provides the positions, LSR cevetocities, ori-
entations of the individual clumps, the clump sizes, bngiss temperatures, and
FWHM line widths. The intrinsic sizes of the clumps (i.e. d@volved from the
resolution) are calculated by:

Xins = 4/ AX? — dgeam' Yins = 4/ Ay? — dgeam' Vins = 1/ AV2 — Vaes (1.3)

Wherexins, Yins @ndvins are the three dimensional intrinsic sizes of a cludsg,
Ay andAv are clump parameters obtained fr@aussclumpSdpeamis the beam
size, and/esis the spectral resolution.

One advantage dbaussclumpss that it can principally find clumps blending
in position and velocity by a priori assuming a Gaussian stdapgump profile.
While usually only clumps fulfilling the following criteriavill be used to derive
clump mass spectra, which is that the three dimensionahgitrsizes of a clump,
Xins, Yins @NdVins, are larger than 50% of the resolution. The criteria can beemr
as:

Xins > 0.5 dpeam Yins > 0.5 dpeam Vins > 0.5 Vres (1.4)

The criteria will exclude a large number of small-size cleanplowever, the
power law index of clump mass spectrum will not be changecdisy/(Kramer et
al., 1998b).

Stutzki & Gisten (1990) used the method for an analysis off®Q@-1 map
of the M17 SW cloud core and decomposed it into about 170 ctufipe method
has been applied to different molecules and transitions tuynaber of other au-
thors (Hobson, 1992; Johnen, 1992; Herbertz, 1992; Zimrarml993; Hobson
et al., 1994; Corneliussen, 1996; Kramer et al., 1996; RpAO96; Wiesemeyer
et al., 1997; Heithausen et al., 1998; Kramer et al., 1998hp8# et al., 2001,
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Figure 1.4: An example of a clump mass spectrum for clump rspsstra of
NGC 7538. All spectra are fitted by a power law functibd = dM OM~9. The
straight line represents the best linear fit over the rangeasses spanned by the
line. The resulting indicesr is 1.79 in this case. The dashed line denotes the
minimum possible mass limit, which is estimated by the nasoh limits and the
rms noise. The figure is adapted from the Fig. 6 in the paper fayni€r et al.
(1998b).

Mookerjea et al., 2004). Below | will summarize some pregiciudies using
Gaussclumps

Kramer et al. (1998b) studied seven molecular clouds, L 1¥87LD 126.6
+ 24.5, NGC 1499SW, Orion B South, S 140, M 17 SW, and NGC 758Bgu
GaussclumpsThey discussed in details the reliability of the mass spatrived
by studying their dependence on the control parameterseadelscomposition al-
gorithm. Simon et al. (2001) presentedaussclumpstudy of the structure of
four molecular clouds from the Milky Way Galactic ring supia 13CO 1-0 (see
Fig. 1.5). Both studies found that the clump mass spectra@msistent with a
power law,dN =dM OM~9, with a ~ 1.8, independent of star formation activ-
ity. Fig. 1.4 presents an example of a clump mass spectrum.

1.3 Photon dominated regions

The cosmic cycle of star formation and stellar death costtbé evolution of
the ISM. The stars provide important feedback mechanismsefgulating star
formation via stellar winds and radiation. Ultraviolet raibn from stars dis-
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Figure 1.5: The GR$3CO intensity integrated over the velocity range relevant
for emission from the individual cloud complexes. The be&e & indicated as a
filled circle in the lower left corner of each panel. Top pareQuiescent clouds;
Bottom: Star-forming clouds. The figure is adapted from tlge B in the paper
by Simon et al. (2001).

sociates molecules, ionizes, and heats the gas and thendatsbion dominated
regions (PDRs). PDRs are the interface between the hoedmedium and cold,
dense molecular clouds. They are predominantly neutraiatand molecular
regions where the physical and chemical processes are dtediby Far Ultra-
violet (FUV) (6.0 eV< hv < 13.6 eV) radiation (Hollenbach & Tielens, 1997).
Due to the clumpy nature of molecular clouds, PDRs are nutlgtconfined to
the surface of the molecular clouds. For example, the ee@f@ii] and [Ci]
emission observed from all over the molecular clouds suggasation of PDRs
deep inside the molecular clouds, at the surfaces of clumpsliated with FUV
photons escaping into the cloud (Mookerjea et al., 2006).

The study of photon dominated regions is the study of thectsfef stellar
far-ultraviolet photons on the structure, chemistry, th@rbalance, and evolution
of the neutral interstellar medium of galaxies.

Fig. 1.6 shows an example of one photon Dominated Region: R&J3.
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Figure 1.6: One example of galactic photon dominated reghd@C 3603 ob-
served by HST. Sher 25, the evolved blue supergiant, is tagper right of
center. The star has a unique circumstellar ring of glowiag} ¢A starburst clus-
ter is near the center. A torrent of ionizing radiation anst fstellar winds from
these massive stars has blown a large cavity around theclU$te giant gaseous
pillars to the right and lower left of the cluster are the evide of the interaction
of ionizing radiation with cold molecular-hydrogen clouctarial.
(http://hubblesite.org/newscenter/archive/reled€999/20/image/a/).
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1.3.1 PDR models

To study the chemical and physical structure of PDRs, tleisifuses the KOSMA
- T PDR model, a spherical PDR model developed by Storzer ¢1296). De-
tailed description has been given by Storzer et al. (19B6)lig et al. (2006,
2007). This model solves the coupled equations of energgnbal (heating and
cooling), chemical equilibrium, and radiative transfemsidering spherical clouds
illuminated by an isotropic FUV field and cosmic rays. It cartgs the chemical
and temperature structure of a spherical clump illuminétedn isotropic FUV
radiation field and cosmic rays.

The PDR clumps are characterized by the incident FUV fiekehisityx, given
in units of the mean interstellar radiation field of Drainede, 1978); the clump
mass; and the average density of the clump. The emissiontlhenrmodels is
calculated as a function of the hydrogen volume density, Fatifation field and
mass of the clumps (implicitly specifying the clump sizeheTmodel clump is
assumed to have a power-law density profilen@j ~ r—°for 0.2<r/rg < 1
andn(r) = const. forr/rg < 0.2. The surface density is about half of the mean
clump density.

The PDR models are available on a regular grid with equidisiagarith-
mic steps. The FUV field covers the range fronP 1@P>, ..., 10>° 1060 Gy;
The clump surface densities range fron?200%°, ...,10>° 1060 cm~3; and the
clump masses cover 18°,1072°, ..., 101> 10?° M.

1.4 Outline

This investigation of turbulence in dense interstellar medand photon domi-
nated regions unfolds over six chapters.

Chapter 2 summarizes the previous studies in the PerseuSepiteus B
molecular clouds. In Chapter 3 and Chapter 4, a structurysieaf maps of
low -J CO lines {2CO 1-0, 3-2 and3CO 1-0 and 2—-1) in the Perseus cloud is
presented. The analysis uses bothAheriance method an@aussclumpsThe
spatial structures of both line-integrated maps and vglatiannel maps are stud-
ied. The spectral indef of the corresponding power spectrum is determined and
its variation across the cloud and across the lines is alsbest. | also use a three
dimensional Gaussian clump decompositiGaussclumpgo identify clumps in
the clouds and to investigate their properties.

Chapter 5 and 6 contain a photon dominated region study iMB; & subset
of the Perseus cloud, and in Cepheus B. In Chapter 5, | presgps in [Q] at
492 GHz and>CO 4-3 combined with the FCRAO dataBCO 1-0,13CO 1-0
and far-infrared continuum data observed by HIRES/IRASd@&anve the physi-
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cal parameters of the region, | analyze the line ratios of fB,—3Py/1?CO 4-3,
[C113P1—3Py/13CO 1-0, and?CO 4-3/*2CO 1-0 using the following: a simple
LTE analysis; analysis using the KOSMA PDR model considering (a) a single
spherical clump and (b) an ensemble of PDR clumps. The sspiierical PDR
model constrains the clump density and FUV field well, altjfoit fails to ex-
plain the observed absolute line integrated intensitidse dlumpy PDR models
produce model line intensities which are in good agreeneenitthin a factor of
~ 2 with the observed intensities. In Chapter 6, | study twe cutining through
the interfaces into the main cloud and thus allow to tracesdinterface regions
in Cepheus B. Particularly, we select two positions at therfaces for a more de-
tailed study. The studied frequency covers from 85 GHz to@HA2 and includes
21 transitions of 11 molecules, such as HCN, HCGN, CS and CCH. The aim
of this study is to resolve the temperature, chemical, amitaion structure of
the transition zone from the H region to the dense molecular cloud in a PDR
which is subject only to moderately strong UV fields.

A summary of all the results and an outlook of possible futmogk are pre-
sented in Chapter 7.

There are three appendices in this thesis work. Appendixmnsarizes the
basic of the LTE analysis. Appendix B is about a new atmosplwalibration
routine. Different to the traditional calibration apprbabat determines the atmo-
spheric transmission as an average over a representativensef each receiver
band individually, that new atmospheric calibration schemses a single, free
parameter, the precipitable water vapor (pwv) which isditie the observed at-
mospheric emission spectrum derived from HOT/COLD/SKYaswgements in
the standard calibration cycle. Appendix C presents thediiction of a uniform
observing script used at both the KOSMA and the NANTEN 2 olzgeries.



Chapter 2

Previous studies

To investigate turbulence in dense interstellar mediumthagroperties of pho-
ton dominated regions, | select two nearby star formingaregji the Perseus and
Cepheus B molecular clouds. In this chapter, | present 4 suemary of the
previous studies in those two molecular clouds.

The Perseus molecular cloud is one of the best examples ottrbdy active
low- to intermediate-mass star forming regions and about@y from Taurus.
It lies at a distance of 350 pc (Borgman & Blaauw, 1964; Heidpnes, 1983;
Bachiller & Cernicharo, 1986) and is known to be related toRerseus OB2 as-
sociation (Bachiller & Cernicharo, 1986; Ungerechts & Tteds, 1987). There
are an active star-forming region (NGC 1333), a young ciu$t348) and sev-
eral dark clouds (L 1448, L 1445, Barnard 1, Barnard 1 EASTnhBal 3 and
Barnard 5) in this region.

The Cepheus molecular cloud is at a distance of 730 pc froi8uhgBlaauw,
1964). Cepheus B is the hotté$€0O component in the CO maps (Sargent, 1979)
and is located to the northwestern edge of the Cepheus niatemmplex, near
the Cepheus OB 3 association. The interface between theculatecloud and
the OB stars is clearly delineated by the optically visible egion S 155, whose
very sharp edges clearly indicate the presence of ionizdtants bounding the
dust/molecular cloud. The OB association itself seems todmeposed of two
subgroups of different ages, with the youngest lying clés¢ine molecular cloud
(Sargent, 1979). There are also indications that the yausgiegroup has its
origin near the Cepheus B cloud (Testi et al., 1995).

2.1 The Perseus molecular cloud

Ungerechts & Thaddeus (1987) carried a CO survey of the debdlae in Perseus,
and they obtained the morphology and mass of the clouds. ilBac& Cer-

14
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Figure 2.1: Map of the integrated intensity of ttR€O 1-0 in the Perseus cloud
(Bachiller & Cernicharo, 1986).

nicharo (1986) studied the relation between CO emissionvisuhl extinction

in the Perseus dark cloud (see Fig.2.1) and they determimgekgression line of
N(13CO) on A, for the range 1 magr Ay < 5 mag N{3C0)=(2.5+0.5)10°(A,-
0.8+0.4), where N{3CO) is the LTE column density measured in chrand A,

is the visual extinction in mag. From a extensive survey efRerseus cloud in
several molecular lines and star counts, Bachiller (1986)ved that the molecu-
lar cores in Perseus have densities and temperaturesrdioiiteose of the Taurus
clumps (Bachiller & Cernicharo, 1984, 1986). 91 protostard pre-stellar cores
have been identified in a 3 square degree survey of the dushaam at 850 and
450 um made with the James Clerk Maxwell Telescope, JCMT (Haltéehell.,
2005). Imaging observations of the Perseus complex in rataecloud tracers
exhibit a wealth of substructure, such as cores, shellsnéifds, outflows, jets,
and a large-scale velocity gradient (Padoan et al., 199@yo&h et al. (1999)
compared the structure traced BY£O 1-0 observations to synthetic spectra and
find that the motions in the cloud must be super-Alfvénidhvihe exception of
the B1 core, where Goodman et al. (1989) and Crutcher et 2d3(1detected a
strong magnetic field. Padoan et al. (2003a) find that thectstrel function of
the line-integrated®CO 1-0 map follows a power law for linear scales between
0.3-3 pc, and Padoan et al. (2003b) compared the veloditgtate of Perseus to
MHD simulations.
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2.2 The Cepheus B molecular cloud

Sargent (1979) carried out a large-scale CO survey in Cepdredifound a clumpy
and irregular structure, with several components havingssof a few parsecs.
The observations of these condensations imply that mogice®ble sites of re-
cent star formation. The radio emission in the Cepheus B ntdecloud exhibits
an extended arc-shaped structure (Felli et al., 1978) wduciounds the molec-
ular cloud and smoothly decreases away from the molecuwadcIThe physical
association between the Cepheus B molecular cloud and tG8 Bil region was
also confirmed by the $#CO and recombination lines observations of Panagia &
Thum (1981)). They deduced that the ionization front is mgunto the molec-
ular cloud at a velocity of about 2 knT$, while the ionized material is flowing
away at~ 11 km s1.

In a first study with the KOSMA 3 m telescope, Beuther et al0@0mapped
the Cepheus B cloud in 2-1 and 3-2 transitions 40, 13CO, and ¢80 at
2'resolution and used PDR models (Storzer et al., 2000) ttagxthe emission
at four selected positions. The hotspot emission indictitegresence of shocks.
Beuther et al. (2000) derived local volume densities-&¥ x 10* cm~3, and aver-
age volume density less than®idn—3 and they drove an conclusion that Cepheus
B is highly clumped with clumps filling only 2% to 4% by volumé the cloud.
Then Mookerjea et al. (2006) observed fully-sampled magd€of at 492 GHz
and'2CO 4-3 in the Cepheus B cloud at resolution~of’with the KOSMA 3 m
telescope. They found an anti-correlation between C/CON{Rd) which can be
explained by considering an ensemble of clumps.

Fig 2.2 is al?CO 1-0 map in the Cepheus molecular cloud to indicate the lo-
cation of the Cepheus B cloud in that cloud complex.

In the following chapters, | will present results of the stire analysis in the
Perseus molecular cloud (Chapter 3 and Chapter 4) and POsenia the IC
348 cloud (Chapter 5 and in the Cepheus B cloud (Chapter 6).
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Figure 2.2: Integrated intensity map &fCO 1-0 in Cepheus (Masur, 2005).
Cepheus Ato Cepeheus F are marked. The white stars donatathé Cepheus
OB3 association.



Chapter 3

Large scale low J CO survey of the
Perseus cloud

In this chapter, | will present the results on thevariance analysis in the Perseus
molecular cloud. Mainly, thé2CO 3-2 and3CO 2-1 data are used for the anal-
ysis. Optical extinction data from 2mas3CO 1-0 and3CO 1-0 from FCRAO
are also used as complementary data in the analysis.

Section 3.1 presents the details on the data observatidms.gé&neral prop-
erties of the CO data sets are discussed in Section 3.2.086:8 presents the
results of theA-variance analysis in both integrated intensity maps aralcitg
channel maps. The discussion of the results and a summahed-variance
analysis are given in Section 3.4 and 3.5, respectivelyt ¢fahis chapter has
been publish on Astronomy and Astrophysics in 2006 (Sun.g2@06).

3.1 Observations

The observations were made from February to April, 2004 gutire KOSMA
3m submillimeter telescope on Gornergrat, Switzerlandiipgzed with a dual-
channel SIS receiver (Graf et al., 1998) and acousto ogjpeadtrometers (Schieder
et al., 1989). Main beam efficiencies and half power beansidtHPBWSs) are
68%, 130 at 220 GHz and 70%, 82at 345 GHz. The HPBWSs correspond to
linear resolutions of 0.22 pc and 0.14 pc, where | adoptedstanite of 350 pc
(Borgman & Blaauw, 1964; Herbig & Jones, 1983; Bachiller &&leharo, 1986).
All temperatures quoted in this paper are given on the maambtemperature
scale.

The whole observation target is about 7.1 %t was divided into & 10fields.
Each map was observed using the on-the-fly (OTF) mode (Kratak, 1999)
with a scanning speed of 7/5, a sampling rate of 4s, and a distance between

18
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Figure 3.1: Thé?CO 3-2 spectra in one 18 10 field.

successive scanning lines of"3@vhich results in an evenly sampled map of 21
x 21 points with a grid spacing of 3(see Fig. 3.1). All the maps had the same
center (03:26:00 +31:10:00 B1950) and | selected 3 emidsemnoff positions
according to thé3CO 1-0 map from the COMPLETE website.

The pointing was accurate to within iy regularly checking the standard
pointing sources and planets. The channel spatiggand the average baseline
noise rms of the spectra is 0.22 kmts 0.48 K for 13CO 2—1 and 0.29 knT¥,
1.02K for'?CO 3-2.

Atmospheric calibration was done by measuring the atmagpamission at
the off position to derive the opacity (Hiyama, 1998). Speeof the two frequency
bands were calibrated separately. Sideband imbalancesaserected by using
standard atmospheric models (Cernicharo, 1985). Duriagwhole observation,
| used DR 21, W3(OH) and the center of NGC 1333 as the caldwagources
and the accuracy of the absolute intensity calibration tsebé¢han 15%. The
basic observational parameters are listed in Table 3.1hendytnamic range is in
Table 3.2.
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Table 3.1: Basic observation parameters. The first two cotuimdicate the line
and transition frequency, followed by the main beam efficjeBe¢s. The tele-
scope Half Power Beam Width (HPBW) (considering a distad&56 pc, | con-
verted the angle distance to distance) is listed in Colurman f{Golumn five is the
observing grid and Column six is the number of observatiantpoAv denotes
the velocity resolution and s is the average rms noise temperature per channel
on a Ty scale.
line Frequency Bif HPBW Grid Position Av Trms
[GHZ] ["lpc T[] [kms™] [K]
Bco 2-1 220 0.68 130/0.22 30 96451 0.23 0.48
2co3-2 345 0.70 82/0.14 30 96451 0.29 1.02

Table 3.2: Dynamic range. Column one and two indicate theedimd mapped area
(I adopted the 350 pc as the distance) followed by the rafiosapped area over
beam size, the peak temperature over the average rms noiperggure and the
0. Theo is defined:o = v/NAV,esTyms. And the velocity range is from Okms
to 16kms 2.

Dynamic range

line Mapped area  Mapped area/BeanPeak temp./rms o
[degreé&]/[pc?] [Kkms™1]
BCo2-1 7.10/264.67 5445 28.6 0.7

12c03-2 7.10/264.67 13685 41.6 1.7
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Figure 3.2: The spectra 88CO 3-2 (black) and3CO 2-1 (red or grey in black
and white) at the center of the observed map.

3.2 Data Sets

3.2.1 Integrated intensity maps

Fig. 3.2 presents tHéCO 3-2 and3CO 2-1 spectra of the center (0,0) position in
main beam scales. The emission of tR€0 3-2 ranges from- 0 to 14 km s1;
and it is about from 4 to 12 knT$ for 13CO 2—1 spectra. The peak temperature is
about 18 and 9 K for thé’CO 3-2 and'3CO 2-1 spectra, respectively. A dip in
the12CO 3-2 spectrum lies at the peak of €0 2—1 spectrum. This indicates
self-absorption for th&CO 3-2 spectrum.

The maps of velocity integratédCO 2—1 and?CO 3-2 emission (Figs. 3.3,3.4)
show the Perseus region, viz. the well known string of mdbectiouds running
over ~ 30 pc projected distance from NGC 1333 and L 1455 in the weBt1p
B 1 East, and B 3 in the center, and to IC 348 and B ,5 in the eadB#chiller
& Cernicharo, 1986; Ungerechts & Thaddeus, 1987). Genetalkere is a good
correlation betweef?CO 3-2 and3CO 2-1 integrated intensities.

Two major molecular clouds dominate the map: NGC 1333 and4i& Jhe
integrated intensity is strongest in NGC 1333460 3-2 and there are two peaks
init: one is around (Q0'), the other lies about (%'). The peak intensity of IC 348
is around (19545) and the emission extends in the north-east directionvatig
the filament. There are weaker peaks in B 1, B 1 EAST, B 3 and Bhlewhe
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Figure 3.3: The Perseus molecular cloud complex. KOSMA nudjstegrated
intensities of13CO 2-1 (colors) and?CO 3-2 (contours) at 130resolution.
The integration interval is 0-16 km's. Colors run from 1 Kkms! (~ 10) to
32Kkms1. Contours range from 6.6 Kkm$ (~ 30) to 83Kkms ! in steps
of 9Kkms~L. The (0,0) position corresponds to RA=03:26:00, DEG%:10:00
(B1950). Seven sub-regions are marked by dotted squares b %€ x 50

weakest emissions are in L 1448 and L 1455.

In the next section, | compare the statistical propertigbeftructure seen in
the entire Perseus map with the structure seen in indiviegiggbns. For this, | de-
fined seven boxes of 58 50° which roughly coincide with the known molecular
clouds (cf. Fig. 3.3).

Figure 3.4 shows an overlay of integrate€O 2—1 intensities and a map of
optical extinctions (Goodman, 2004; Alves et al., 2005p.8tand 3 resolution,
respectively. Thé3CO map covers all regions above 7 mag and0% of the
regions above 3mag. A linear least squares fit to a plot,ofsA13CO 2—-1 results
in a correlation coefficient of 0.76. The region mappe#@0O has a mass of 1.7
x 10* M, using theAy data and the canonical conversion factos][HAv] = 9.36
x 10?° cm~?mag! (Bohlin et al., 1978).
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Figure 3.4: Overlay ot3CO 2-1 integrated intensities (contours) with a map of
optical extinctions in colors (Goodman, 2004; Alves et2005). Contours range
from 2.7Kkms? (30) to 32Kkms! by 3Kkms™. Colors range from 4=
1mag to 11 mag. Resolutions ar&'Zor 13CO and 5for Ay. A polygon marks
the boundary of thé3CO map.
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3.2.2 \elocity structure

Maps of13CO 2-1 emission integrated over small velocity intervaig.(8.5) il-
lustrate the filamentary structure of the Perseus clouds. chlannel maps show
the well-known velocity gradient between the western sesyre.g. NGC 1333 at
~ 7kms, and the eastern sources, e.g. IC 348 &km s 1. The channel map
integrated between 5 and 6 km'sexhibits two filaments originating at L 1455,
one runs north to NGC 1333, the second runs north-east to Bll discuss the
structural properties of individual velocity channel mapthe next sections.

To study the statistics of the velocity field, | start with ttistribution of the
line widths across the map. Since many spectra show devgafiom a Gaus-
sian line shape, | use the equivalent line widlthq = [ T dv/T,eacas a measure
of the velocity dispersion along individual lines of sightigure 3.6 shows the
mean equivalent line widths and their scatter for the seudrregions shown in
Figure 3.3.

The meant?CO widths vary significantly between 2.2 km'sin the quiescent
dark cloud L1455 and 3.8km$ in the active star forming region NGC 1333.
In contrast, thé3CO widths are smaller and show only a weak trend around
2kms1,

Several positions in L 1455, but also in e.g. IC 348, show Elim& widths of
~1kms, only a factor of~ 8-11 larger than the CO thermal line width, which
is ~ 0.16 kms! for a kinetic temperature of 10K as was found for the bulk of
the gas in Perseus by Bachiller & Cernicharo (1986).

3.3 TheA-variance analysis

In this section, | statistically quantify the spatial stiwe observed in the maps,
both for the overall structure and for the structure of imdiial regions within
the Perseus molecular cloud. | measure the spectral indire gfower spectrum
using theA-variance analysis, a wavelet convolution technique. lyaegsthe new
CO data and compare the results with an equivalent analf/gie #CRAO2CO
1-0,13C0O 1-0 maps and th&, Perseus map obtained from 2MASS (Two Micron
All Sky Survey) by the COMPLETE team (Goodman, 2004; Alvealgt2005).

In the KOSMA data | noticed that the noise does not follow aepahite noise
behaviour, but it ig’coloreds due to artifacts from instrumental drifts, baseline
ripples, OTF stripes etc. This has to be taken into accourdmwderiving the
cloud spectral indeg from theA-variance spectra.

Thus | measured the spectral index of the colored ndigge by analyzing
maps created from velocity channels which do not see angtimssion but which
cover the same velocity width as the actual molecular linpsnarhe result is
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Figure 3.5:13C0O 2-1 velocity channel maps of the Perseus region. Theitgloc
range runs from 3kms to 11 kms! with an interval of 1kms?! which is in-
dicated on the top of each plot. The intensities are plottechf0.7 Kkms?t (~

10)to 15Kkms1,
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Figure 3.6: Mean and rms of the equivalent line widNvs of the12CO 3-2 and
13CO 2-1 spectra for the observed positions of the sevérx 50' sub regions
(Fig. 3.3). The dashed line delineates equal width€@0 and'3CO. The error
bars indicate the difference between the minimum/maximuoethe mean values.
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shown in Fig. 3.7. | find a nearly constant indéise ~ —1.5 for all off-line
channels at scales between about 1 dné6larger lags, the noise deviates from
the = 0.5 behaviour, but this does not affect the structure amabs the absolute
noise contribution is negligible there.

For the FCRAO data and the COMPLEWy map | have no emission-free
channels available so that | cannot perform an equivaleiserfa there. The)-
variance at small lags shows however no indications for gatien from the pure
white noise behaviour, so that | stickdgmise= —2 for the fit of these data.

3.3.1 Integrated intensity maps

Figure 3.8 compares th&-variance spectra of the different integrated intensity
maps for the entire region mapped with KOSMA (see Fig.'3.8Jhen corrected
for the observational noise, tidevariance spectra of all maps follow power laws
between the linear resolution of the surveys and about 3gial€13.3). The good
agreement of the spectral indices obtained from the difte@® data is remark-
able. They cover only the narrow range between 3®34 and 3.1%0.04. In
contrast, the extinction data result in a significantly lowelex. This indicates
a more filamentary structure #. When | actually compare th&, map with
13CO 2-1 data smoothed to the same resolution, it is also rattiedy eye that
the Ay map looks more clumpy or filamentary than €0 map. This indicates
that3CO does not trace all details of the cloud structure, bueratieasures the
more extended, and thus more smoothly distributed gas.

All A-variance spectra show a turnover at about 3 pc. To test whttis peak
measures the real width of the Perseus cloud or whether itoduged by the
elongated shape of the CO maps, | have repeated-traiance analysis for the
Ay data of the entire region shown in Figure 3.4. In this cased &imost the
same spectrum below 3 pc, but instead of a turnover only htdigcrease of the
slope at larger lags. Thus | have to conclude thattvariance spectra of the CO
maps at scales beyond 3 pc are dominated by edge effectsy theeshape of the
maps, so that these scales should be excluded from the mndly$-igure 3.8 |
compare only spectra for the same region, i.e. Ahmariance spectra of thay,
data of the region also mapped with KOSMA.

As it is not guaranteed that the structure of the overallaegs representa-
tive for individual components, | have also applied theariance analysis to the
KOSMA data of the individual clouds contained in the seveh&B0 subregions
shown in Fig. 3.3. The results of the power-law fits to th&ariance spectra
are listed in Table 3.4. They differ significantly betweeg thdividual regions.
The active star-forming region NGC 1333 shows the highesttsal indices in

INote that the area covered by the FCRAQ is slightly smallen that observed with KOSMA.
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Figure 3.7:A-variance analysis of the off-line channel maps. In the ubet

a velocity span corresponding to the integrated intenseysns used. The two
regions representing opposite extremes in the structete\bour, NGC 1333 and
L1455, show about the same spectral index of the colore@ moisoth transitions
for small lags. In the lower plot, the influence of differeefocity spans, as used
in the velocity channel analysis (Sect. 3.3.2), is stud@d._fl455. The colored
noise indexdnpise is Nearly constant independent of species, transitiorcitgl
rangeAvgh, and center velocity ¢n
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Figure 3.8:A-variance spectra of integrated intensitiagSpectra obtained from
the CO maps and th&,, data of the region mapped with the KOSMA telescope.
b) Spectra of integrated intensity maps of twd 6®G0'sub-regions: NGC 1333
and L 1455. Power-law fits to the data corrected for noise a&aabblurring are
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Table 3.3: Results of thA-variance analysis of the integrated CO maps and the
Ay data for the region mapped with KOSMA (Fig. 3.3).

Transition Telescope resol. FitRange f3
['] [']

Ay 2MASS 5 5.0-28 255 0.02
13CO01-0 FCRAO 0.77 0.8-28 3.000.09
12C01-0 FCRAO 0.77 0.8-28 3.080.04
13CO02-1 KOSMA 217 2.2-28 3.080.14
2C03-2 KOSMA 137 1.4-28 3.150.04

Table 3.4: Results of tha-variance analysis of the KOSMA data for seve>60
50'sub-regions of the cloud (Figure 3.3). The spectral indtegere fitted in the
size range 2.2-14or the13CO 2-1 and in the size range 1.4-1ar the1°CO 3-2

data.

Region  B(*3C02-1) B(**C03-2)
L1448 2.96+ 0.42 3.41+ 0.16
L 1455 2.86+ 0.09 2.85+ 0.30
NGC1333 3.76+-0.48 3.52+ 0.11
B1 3.14+ 0.29 3.00+ 0.20
B1EAST  3.16+ 0.09 3.39+ 0.09
B3 3.36+ 0.09 3.14+ 0.06
IC 348 2.71+£0.42 3.06+ 0.24

both transitions. The low end of the spectral index rangeliséd by the dark
cloud L 1455 together with the environment of the young @u$C 348. TheA-
variance spectra of the two extreme examples NGC 1333 an®% are shown
in Fig. 3.8b. Starting from the same noise values at smaliéscthe spectra of the
two regions show an increasing difference in the relativewm of structure at
large scales reflected by the strongly deviating spectdit@s. Altogether, | find
high indices as characteristics of large condensationth®regions with active
star formation and lower indices quantifying more filameyttructure for dark
clouds, but IC 348 as an exception to this rule, showing algerg filamentary
structure.

3.3.2 Velocity channel maps

When performing thé-variance analysis not only for maps of integrated intensi-
ties, but for individual channel maps | obtain additiondbimation on the veloc-
ity structure of the cloud. In the velocity channel analy8M€A), introduced by
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Lazarian & Pogosyan (2000), the change of the spectral inflelxannel maps as
a function of the channel width was used to simultaneoudigrdene the scaling
behavior of the density and the velocity fields from a singlactube of line data.
Here | conduct such a study for the KOSMA CO data.

| start with the analysis of individual channel maps as theymovided by
the channel spacingv., of the backends (c£3.1). For all channel maps | per-
form theA-variance analysis and fit power laws to the measured steutu all
lags between the telescope beam size and the maximum ssalee by the)-
variance (about 1/4 of the map size). As a result | get the ptaveindex as a
function of the channel velocity, a curve which | ciaitlex spectrumAs an exam-
ple | show the index spectrum obtained for €0 2—1 data in the L 1455 region
in Fig. 3.9. The spectrum is always truncated at velocitibene the average line
temperature is lower than the noise rms.

The overall structure of the index spectrum is similar tolthe profile. The
largest spectral indices are found at velocities closeda@tterage line peak. This
may implicate that extended smooth structure provides @meontribution to
the overall emission, while the velocity tail of this strui is formed by small-
scale features. However, the indices show an asymmetravi@twith respect to
the blue and the red wing. The indices drop steeply to a mibeseinated value at
the red wing, while the blue wing shows only a very shallowajeEven at the
noise limit, noticeable structure is detected in the chamaps there.

For the full velocity channel analysis, the index spectruas to be computed
for different velocity channel widths (Lazarian & Pogosyd@000). Thus | have
binned the data to averages of three, five, and seven veldwiynels and com-
puted the index spectra for these binned channel maps. Ir8HQ | show the
results for three examples: IC 348, NGC 1333 and L 1455. Fos#ke of clarity
the error bars of the index spectra were omitted in thess.plot

The overall structure of the index spectra is similar to Bi§.for all sources,
transitions and channel widths. In most cases | find the asstmyrof a shallower
blue wing relative to the red wing. When looking at narrowoegty channels, |
find a dip in the centre of the index spectrum for €0 3-2 data of NGC 1333
and L 1455. A slight indication of such a dip is also preserha?CO 3-2 data
if IC348 and in thel3CO 2—-1 data of NGC 1333. This could be due to optical
depth effects. Because | see self-absorption in quite a ésitipns, when | check
individual spectra in those regions. This leads to a morendlatary appearance
of the central channel maps reflected by this dip in the ingecta. It is inter-
esting to notice that the VCA is more sensitive to self-apgon than the average
spectrum.

When increasing the channel width by binning, the self-giitsan dip is smoothed
out, so that the resulting index spectra peak again clodeetpeak velocity of the
line temperature. In all situations where the self absorpis negligible, the in-
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Figure 3.9: Comparison of the index spectrum of A0 2—-1 data in L 1455
with the average line profile. The index spectrum is createddwer-law fits to
the A-variance spectrum of individual channel maps 4, = 0.22kms?). The

vertical error bars represent the uncertainty of the fit. fbezontal error bars
indicate the velocity channel width.

dices for the line core channels are almost independent frenchannel width.
The indices for the line integrated intensities always safihtly below the peak
indices, as they represent an average which is typicallyicited by the line
cores.

In the red line wings, most indices remain approximatelystant when in-
creasing the velocity width, except for the largest bin widihere the contribu-
tion from the core leads to an observable increase. In the Wwing, | find a
monotonic growth of the spectral indices with the channeltiwvfor both tracers
in all three regions. The additional peak at 2 km gisible in the?CO 3-2 data
of NGC 1333 stems from a separate dark cloud which is alscagwed in the
NGC 1333 map.

Figure 3.11 summarizes the relation between the spectialds and the ve-
locity channel width. In Fig. 3.11a | plot the average spadtrdex over the line
as a function of the channel width for the six data sets ptesan Fig. 3.10. Fig-
ure 3.11b contains the analysis when restricted to a 2 kmandow in the blue
line wings. The error bars contain the standard deviatiothefindex variation
across the line and the fit errors. They are necessarily llrgause of the system-
atic variation of indices over the velocity range. In costri@ similar analysis by
Dickey et al. (2001); Stanimirovi¢ & Lazarian (2001) | find significant system-
atic variation of the mean line index as a function of chamvidth (Figure 3.11a).
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Figure 3.10: Comparison of the index spectra obtained féereént velocity chan-
nel widths with the average line profile. The upper plots slibg results for
IC 348, the central plot NGC 1333 and the lower plot L 1455. therleft column

| used thel?CO 3-2 data, the right column represents @0 2-1 data. The
different symbols indicate the results from different \a#p channel widths. The
dashed lines represents the index of the integrated ityensips.
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In contrast to the average of the index spectrum | find a coatis increase of the
spectral index with the channel width when restricting thalgsis to the blue
wing (Figure 3.11b). The average index steepens from ah8ubZabout 3.1 in
the 2CO 3-2 maps and from about 2.4 to about 2.8 in‘#@0 2—1 maps. As
discussed above | find no systematic trend in the red wings.ifitlicates that the
average spectral index taken over the full line profile pilegino measure for the
velocity structure in the CO maps while the peculiar behawio the blue wings
needs further investigation.

3.4 Discussion

3.4.1 Integrated intensity maps

Besides theA-variance, other tools have been used to characterizesialiar
cloud structure. The second-order structure function foobservables(r) is

S = (|s(F) — s(F 4 O7)|) which is treated as a function of the absolute value of
the incrementdr| (Elmegreen & Scalo, 2004). Padoan et al. (2003a) computed
the structure function of the integrated intensity map3@O 1-0 in Perseus. A
power-law fit to $ O or¢ over a range of 0.3 to 3pc provided an ind@of
0.83. The index of the structure function is related to thegrospectral index by

{ =B —2for 2< B < 4 (Stutzki et al., 1998) resulting i = 2.83. This result

of Padoan et al. (2003a) agrees within the error bars witintiees found by the
A-variance analysis of the Perseus maps of integrated Csitiess over almost
the same linear range (see Table 3.3).

However, theA-variance spectra of individual regions show significanmi-va
ations of the spectral index as discussed above. 1¥@0 2-1, these span the
range betweef = 2.86 in L1455 and 3.76 in NGC 1333 (Table 3.4). The anal-
ysis of different sub-sets in molecular cloud complexes throvides additional
and complementary information on the structure of the cloudplex.

3.4.2 Velocity channel maps

The velocity channel analysis, was used previously by Bickeal. (2001) to
study HI maps of two regions in the 4th Galactic quadrant. One of th@ns is
rich in warm Hi gas, the other is rich in cool Hyas. For the warm gas, Dickey
et al. (2001) find a systematic increase of the mean index veikbcity channel
width. The cold gas at lower latitudes behaves differentigt shows rather con-
stant indices of 2.7-3.1.
The latter results resemble the outcome of the VCA of @0 and'3CO

channel maps in Perseus presented above. | find similareisdior the velocity
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Figure 3.11: Average spectral indices of the channel mags fasction of the
channel width.a) shows the average over the full line width) represents only
the indices in the blue ling wings. The line wing components eentered at
5kms 1 for NGC 1333, at 4kms! for L 1455, and at 7km! for IC 348. The
error bars contain the fit error and the standard deviatioth@findices within
the considered velocity range. To avoid overlapping eresslin the plot, | have
shifted the points for IC 348 and NGC 1333 Hy0.02 km s relative to their
actual position.
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integrated maps of the full region (cf. Table 3.3) and the @G@adhow no signif-
icant variation of the index with velocity channel width whaveraged over all
velocity bins (Figure 3.11a). The indices stay relativedypstant. Since the bulk
of the molecular gas traced by CO is even colder than caldjs, these results
suggest a sequence of a reduced dependence of the spadtsabiithe channel
maps on the bin widths from the warm to the cold ISM. The canstaf the av-
erage spectral index could also be explained by opticahdeffiects. Lazarian &
Pogosyan (2004) have shown that absorption can lead toectied slice broad-
ening, which leads in extreme cases to slice indices thatrbeéndependent from
the actual channel width.

Studying the spectral index of individual velocity bins betCO data across
the line profile (Fig. 3.10), | find that the power-law indigasrease with the ve-
locity channel width in the blue wing (Fig. 3.11b) while stay rather constant in
the red wing. No corresponding analysis was conducted &irthdata by Dickey
et al. (2001). One possibility to explain the asymmetry lestwthe blue and red
wings might be a shock expansion of the CO gas in Perseusisbgrer4) found
an expanding shell of neutral hydrogen which was createddyparnova in the
Per OB2 association a few 4@ears ago. At the location of the molecular cloud
complex, the expansion is directed away from the Sun. Moshefassociated
molecular gas has been swept up by the shock, but pillafild@ents have been
left at the backside of the shock. They are visible in the aeamaps (Fig. 3.5)
and produce the velocity dependence seen in the VCA of the lble wings,
i.e. the increase of indices with size of the velocity bindese of a gradual in-
crease of large scale contributions across the line wirllysitrate this scenario in
Fig. 3.12.

The quantitative results from the velocity channel analgsin be interpreted
in terms of the power spectrum of the velocity structure. dran & Pogosyan
(2000) showed that the spectrum of velocity slices as a iomaif the velocity
channel width is determined by the power spectral indicéeetlensity structure
B and the velocity structune. They obtain different regimes for shalloW & 3)
and steepff > 3) density power spectra:

k-B+™2°  thin slices,
P(k)O ¢ kP, thick slices, (B<3)
kP very thick slices;

k=2, thinslices,
P(kyO < k2", thickslices,  (B>3)
k=B, very thick slices.

© -

Thin slices have a velocity width less than the local velodispersion at the stud-
ied scale; thick slices have a width larger than the velodigpersion and very



3.4. DISCUSSION 37

Per seus
Ml ecul ar d oud

10°m,

Figure 3.12: Sketch adopted from Fig. 3 of Sancisi (1974¥sitating the spatial
arrangement and motion of the Perseus cloud complex. This gagept up by a
shock expansion with 12 knT$. Due to the overall curvature, the line-of-sight
velocity is 9 km s for IC 348, but only 7 kms! for NGC1333. The diameter of
the cloud is~ 20 pc. Pillar-like structures are left at lower velocitisyamainders
of high-density regions which were not accelerated to tineeseelocity.
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thick slices essentially correspond to the integrated niapsarian & Pogosyan
, 2000). | can assume that a single channel of the data conmdspo thin slices
as they are much narrower than any observed line width. lpugem the in-
tegrated maps and the index measured in the single chaneéégivem. From
the indices obtained by averaging over the full line profi#ey( 3.11a), | obtain
m values of 3.%1.6, 3.9:1.9 and 3.8:1.7 for 2CO 3-2 in IC 348, NGC 1333
and L 1455, respectively; whilais 3.9+2.0, 3.5:2.5 and 4.41.8 for13CO 2-1
in the same three regions. In the blue wings (Fig. 3.11b),tdiobn values of
3.2+1.6, 3.4t1.4 and 3.6:1.5 for 12CO 3-2; whilemis 4.3+1.9, 4.3+1.7 and
4.141.5 for 13CO 2-1 in the three regions. These values have large errsr bar
so that they are not directly suited to discriminate betweifierent turbulence
models. At least, | find that all values are consistent witlnkagorov turbulence
that givesm~ 3.7 (Kolmogorov, 1941).

3.5 Summary

[ —

. | present KOSMA maps of thE?CO 2—1 and'?CO 3-2 emission of the
Perseus molecular cloud covering 7.1 fie§hese data are combined with
FCRAO maps of integrated?CO and13CO 1-0 intensities and with a
2MASS map of optical extinctions.

2. To characterize the cloud density structure, | applied\thariance analysis
to integrated intensity maps. Thevariance spectra of the overall region
follow a power law with an index of = 2.9 — 3.0 for scales between 0.2
and 3 pc. This agrees with results obtained by Padoan eD&I3) studying
structure functions of 8CO 1-0 map of Perseus.

3. l also applied thé-variance method to seven sub-regions of Perseus. The
resulting power spectral indices vary significantly betwéee individual
regions. The active star-forming region NGC 1333 shows Bjggrctral in-
dices 8 = 3.5— 3.8) while the dark cloud L 1455 shows low indices of 2.9
in both transitions.

4. Additional information is obtained from tiievariance spectra of individual
velocity channel maps. They are very sensitive to opticpthleffects,
indicating self-absorption in the densest regions. Thenasgtry of the
channel map indices relative to the line centrum is a hinatols a peculiar
velocity structure of the Perseus cloud complex.

5. When analyzing the spectral indices as a function of thecity channel
width | find almost constant indices when averaging over ¢ia tine pro-
file. A continuous increase of the index with varying velgahannel width
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is, however, observed in the blue wings. This behavior caexipéained by
a shock running through the region creating a filamentanctire prefer-
entially at low velocities.

| find that the comparison of the structural properties fdirersurveys and
sub-sets, as well as the velocity channel analysis (VCA)ide additional, sig-
nificant characteristics of the ISM in observed CO spedmalinaps. These quan-
tities are useful for a comparison of the structure obseimetdifferent clouds,
possibly providing a diagnostic tool to characterize tlae-&rmation activity and
providing additional constraints for numerical simulasoof the ISM structure.

In the next chapter (Chapter 4), | will use a different apptot quantify the
structure with decomposing the observed emission intoglisentities’(clumpg').
For this purposeGaussclumps used in that analysis.



Chapter 4

The Gaussclumps analysis in the
Perseus cloud

Visual inspection of position-velocity cuts and of channgps of molecular
clouds, indicate a large number of structures; all thesesneapibit a complex,
inhomogeneous, nested, filamentary, or clumpy structuedl@eales down to the
resolution limits. These maps appear self-similar: thacstire looks the same
independent of the scales. The derivation of clump masdrspleads to a better
guantification of this description. Another motivation teadyze the distribution
of clump masses is, that it possibly determines the stalifini mass function,
which in turn determines all stellar evolution, and its Bnkith star formation
efficiency (Zinnecker et al., 1993).

In this chapter, | us&aussclumpgStutzki & Gusten, 1990) to identify clumps
in the Perseus molecular cloud and to investigate its ptiggerThe aim of the
analysis is to identify clumps in clouds and to derive theisib properties, such
as sizes, line widths and masses. Here | study mainly*B® 2—1 data from the
KOSMA 3m telescope and tHéCO 1-0 data from the FCRAO 14m telescope.

This chapter is organized as the following: Section 1 pressee results and
discussions on clump mass spectra, the relations of cluregmsth line width and
mass and the equilibrium state of the clumps; a summary engivSection 2.

4.1 Results and discussions

Using the KOSMAISCO 2-1 data, there are 341 clumps found, the mass range

of which is between 0.54 Mand 87.98 M,. And | find 737 clumps using the
FCRAO 13CO 1-0 data and the clump mass ranges from 0.28avid 140.90
Me.

Fig. 4.1 presents the clump center velocity and peak tertyrertor the clumps

40
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Figure 4.1: Velocity (g) of the clumps found in NGC 1333 versus peak intensity
(amp.). The average spectrum8€0 2-1 in NGC1333 is also presented.

found in NGC 1333. The averaged spectrum#0O 2—-1 emission is also pre-
sented in the figure. The peak temperatures of all clumpsigméisantly above
the general noise level. Furthermore, the center velscidfethose clumps lie
within the velocity range of emission. This is one additigor@of, that almost all
clumps are decomposed from the emission.

4.1.1 Clump mass

Under the assumption of local thermodynamic equilibriurh @ptically thin emis-
sion of 13CO 2-1, | calculate thé3CO clump column density usintfCO 2—-1
clump brightness temperaturégy, in K and the FWHM line widthsAv in km
s~1. To derive the clump mass, | assume that the excitation teatyre is fixed to
be 10 K. In the active star forming regions like NGC 1333, tketation temper-
ature must be higher. HowevéfCO column densities are only weakly sensitive
to the exact choice of the excitation temperature. If excitatemperature is
changed to 20 K or to 30 K, the derived column densities irsgsa@anly by 40%
and 92%, respectively. So thgx assumption of 10 K will be good estimation.
Then taken the canonical abundance factorg%@0O/13CQ] = 65 (Langer et al.,
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1990) andH,/*?CQ] = 8 x 10° (Frerking et al. , 1982)}3CO column densities
are converted into pcolumn densities.

The total mass of a clumps can be computed from thedtumn density, the
solid angle of the clump and the distance of the cloud. Hethee¢lump mass in
the unit of solar masses is written as (see Appendix A forildgta

Meiump = 1.30x 10°- To(K) - Ax- Ay - Av(kms ™) M, for 3CO2-1,  (4.1)

Meiump = 2.06 x 10°- To(K) - Ax- Ay - Av(kms 1) M, for 3CO1-0, (4.2)

whereAx andAy are in radian.

The minimum possible mass is given by the spatial and vgi@egolution,
and the rms noise of the data, which is the smallest clump thaszdaussclumps
algorithm can possibly find. For the Perseus cloud, the lossiienit (MIiMi) for
13CO 2-1 is given by

MIMIt — 1 30 x 10°PTims(K) - Avies(kms™) - d2, = 0.14M,,, for*CcO2— 1,
(4.3)
MIMt — 2 06 x 1P Tims(K) - Aves kms™1) - d2,, ;= 0.019M.,, for'3CO1-0,
(4.4)
where beam size is in radian.
The smallest clump masses found in the Perseus cloud is simigier than
this minimum possible mass by at least a factor of a few tens.

4.1.2 Clump mass spectra

Here, | will focus on the results of clump mass spectra. $imo theA-variance
analysis in Chapter 3, | will first present the clump mass speaf the whole
observed Perseus cloud, then | will study the clump masstrspet the seven
individual sub-regions.

Fig. 4.2 shows an example how different bin size will affettel power law
indices of clump mass spectra. The figure presents the cluags spectra of
13C0O 2-1 in the whole observed Perseus cloud with differenstzies. A least-
squares fit, weighted by the error bars represent assumingsadd distribution
VAN, is used to obtain power law indices. The fitted clump masgeas from
10°40 M, to 10“%° M. When the bin size changes from*f0M, 1073 M,
10°4 Mg, to 1> M., the power index of the clump mass spectra varies from
1.87 + 0.07, 1.90+ 0.07, 1.70+ 0.06, to 1.86+ 0.06 correspondingly. The
average power indea is 1.83%%. Such effect has also been studied by Wong et
al. (2008) using thé3CO 1-0 data in RCW 106. They found that varying the bin
size between 10" M., and 16?° M, yields power laws between 1.6 and 1.75.
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Figure 4.2: An example of the effect of different clump massing sizes. The
bin size changes from $8 M., 13 M., 104 My, to 1#° M. Error bars
represent the standard deviation of a Poisson distributidN. The dashed line
denotes the lower clump mass limit (2@#mit),

The derivation of the power indices is small, which indicat@at bin size has no
big effect on the results. In the following, | will choose atsize of 182 M, for
all the analysis.

4.1.2.1 The whole observed Perseus cloud

| firstly derive the power indice of clump mass spectra of tHeole observed
Perseus cloud for the KOSMA’CO 2-1 data and the FCRAECO 1-0 data
(see Fig. 4.3). Due to the much smaller beam of the FCRAOdetes (- 46"),
there are much more clumps identified, especially small pejasing thé3CO
1-0 data. A lease-squares fit is used to obtain the power ldexinThe fitted
clump mass ranges are from®0M, to 10" M, for 13CO 2-1 data and from
10°7 M, to 10+° M, for 13CO 1-0 data. The minimum clump mag§.. , found
from the FCRAO'CO 1-0 data, is much larger than 10 times of the lower mass
limit MMt (0.019 M;, for 13CO 1-0, 1.42 M, for 13CO 2-1).

For both3CO 1-0 and3CO 2-1, the fitted power law indices are close to
1.9, which is consistent with the results from other clouéisaner et al., 1998b;
Simon et al., 2001; Mookerjea et al., 2004; Wong et al., 2008)
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Table 4.1: Comparison of the masses of clump identified irPdseus cloud with studies of other molecular clouds. Th
cloud name, studied tracers, distance, and the HPBW aesl listColumn (1), (2), (3) and (4); Column (5) presents th
number of selected clumps; The mass range used for thedgaates fit is in Column (6). Column (7) and (8) present th
total mass of all clumps selected and the minimum mass fikmhiivith the criteria of Equation 1.4; The fitted power law ¥
indexa is given in Column (9) (note that | adopt the power law indexddin size of 162 M, for comparison); Column
(10) is the reference® This work;? Kramer et al. (1998bf Simon et al. (2001).

Cloud tracer  Distance HPBW Ng  Mass range Mg M a Reference
[pc] [pc] Mg Mg Mg
Perseus 13Co02-1 350 0.221 341 251-79.43 2291.89 054 19M08 a
Perseus Bco1-0 350 0.078 737 5.01-79.43 8431.86 0.28 18907 a
S 140 é8o 2-1 910 0.057 130 0.6-160 840 0.4 1#D.30 b
NGC 7538 é%01-0 2200 0.533 110  50-3900 27000 34 14#490.12 b
Orion B-S Bco 21 400 0.242 216 3-320 2970 0.52 1#8.09 b
GRSMC 45.60 + 0.30 *CO1-0 1800 0.401 235 15.85-1000 12000 3.55 #7830 c
W 49 13CO1-0 11400 2542 85 1000-39811 320000 125.89 15220 c

adno12 SNISYId FHL NI SISATYNYSANNTOSSMVET
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Figure 4.3: Clump mass spectra of the Perseus moleculad ¢tom both the
FCRAO 13CO 1-0 data and the KOSM&ACO 2-1 data. Both spectra are fitted
by a power law functiordN = dM/M~9. The straight line represents the best
linear fit over the range of masses spanned by the line. Théirgsindicesa for
both datasets are very simila¥,1.9. The two vertical dashed lines show the 10
times of the lower mass limits for both tracers.

4.1.2.2 The seven sub-regions in the Perseus cloud

To study the behavior of the power indices of clump mass spéat different re-
gions (quiescent or star forming), | divide the Perseus ouée cloud into seven
sub-regions as the same as theariance analysis in Chapter 3. Then using the
KOSMA 13CO 2-1 data, | derive the power law indices of the clump masstsm.
The results of the seven sub-regions are presented in Bigundl Table 4.2. The
clump identification works on the way that the maximum clumgesses found re-
flect the peak temperatures, maximum line widths, and lasgegial clump sizes
found in an observed region. Molecular clouds with ongoitag formation like
NGC 1333, exhibit massive clumps of up+t0100 M., whereas quiescent, cold
clouds like L 1455 and L 1448, only show clumps of less than 30 M

| also perform a least-squares fit to the data. The lower nmiamtsdf the fit

is fixed to all the seven sub-regions to®?0Vi, and the upper mass limit is the
maximum clump mass of each sub-region. The upper limit of sab-region is
different. The biggest up limitis- 101.02 M, in NGC 1333, while the smallest
one is~ 19.40 M, in L 1455. The power law indices of the seven regions show
slightly variation, changing from 1.65 in IC 348 and 1.85 in BEAST. The active
star forming region, NGC 1333, does not have the largest plameindex. while

the quiescent clouds like L 1455, B1 and B1 EAST have the &rgewer law
index. It seems that the power law index of clump mass spéxtnat directly
related to star forming activities. The average power lagleinof those seven
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Table 4.2: The results of the seven sub-regions. The clootenalisted in Col-
umn (1); Column (2) presents the number of selected clumps;nass range
used for the least-squares fit is in Column (3). Column (4) @&hgresent the to-
tal mass of all clumps selected and the minimum mass idehtifith the criteria
of Equation 1.4; The fitted power law indexis given in Column (6).

Cloud Ny Massrange Mg, MS o
Log(Me) Mg Mg

L 1448 28 05-15 156.92 0.62 1.7220.24

L 1455 39 05-1.1 17945 0.65 1.80.27

NGC1333 76 0.5-21 547.77 056 1#80.17

B1l 58 05-1.7 333.12 0.54 1.830.19
B 1 East 43 05-15 270.82 0.59 1.890.18
B3 70 05-15 377.71 055 1.460.20

IC 348 65 05-19 611.23 0.66 1.650.13

regions is 1.80, which is a typical value found in the presistudies of clump
mass spectra. It may show a trend that clump mass spectraltavemon power
law index, independent of star formation activity, whiclvéalsO been pointed
out by Kramer et al. (1998b); Simon et al. (2001).

The power law index of clump mass spectra found using the cutde line
data ( mainly CO) is also often smaller than that using thb)gsillimeter contin-
uum (Mookerjea et al., 2004; Kirk et al., 2006). The differpower law indices
between CO and (sub)millimeter continuum may be due tordiffemethods of
observations, in the definition of structure, the effectst@mistry such as freeze-
out, or real differences in the structures at the large arallsoales (Kirk et al.,
2006).

4.1.3 Relations of clump size with line width and mass

In this subsection, | will study the relations of clump sizéhWine width, and with
mass in the Perseus cloud and two typical sub-regions: NG3 48d L 1455.
NGC 1333 is an active star forming region and L 1455 is a qeiesdark cloud.
Hence, those two sub-regions are typical examples in theeBsicloud.

Fig. 4.5 and Fig. 4.6 present the relations between linehnagiid mass as a
function of size of all clumps in the three regions mentiobetbre. The clump
radius is defined as the geometric mean of the major and matbakes identified
from Gaussclumps

The contribution from the thermal line width to the obserlied width may
be considerable and could flatten the power index of a smewidth relation
(Myers & Goodman , 1988). Fdr’CO, the thermal line width can be given as
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Figure 4.4: Clump mass spectra of the seven sub-sets in tisel®emolecular
cloud. All spectra are fitted by a power law functidN = dM/M~?. The straight
line represents the best linear fit over the range of massesied by the line. The
resulting indicesx lie in the range 1.65 to 1.85. The vertical dashed line shows
the 10 times of the lower mass limits.
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Figure 4.5: Size-line width (top panel) and size-mass @motpanel) relations
for the Perseus cloud usid§CO 2-1 data. Least-squares fitsto 0 R, and
My te O R are presented by the solid lines. The dashed lines show Fitfixed
power law indices ofr,, = 0.5 anda,, = 2, which correspond the conventional
Larson relations (Larson, 1981).

Avy, = 2(In2)%\/k% = 0.13,/% km s~1, wherek is the Boltzmann constant,
Tuin is the kinetic temperature in K, andis the mean molecular weight. For
a kinetic temperature of 10 K, each clump identified has lyighilpersonic line
widths.

Least-squares fits thv O R, andMtg O R are presented in Fig. 4.5 and
Fig. 4.6. For the whole Perseus cloud, we obi@jp of 0.47 + 0.05 anday, of
2.19+4+ 0.17. For NGC 1333 and L 1455, the fitteg}, is 0.51+ 0.17 and 0.78
+ 0.10, respectively; the fitted, is 1.96+ 0.18 and 2.45t 0.13 for NGC 1333
and L 1455, respectively. Previous studies yield power lagices that cover
wide ranges:a,, between 0.15 and 0.7, ang, between 1.7 and 2.5 (Larson,
1981; Leung et al., 1983; Myers, 1983; Sanders et al., 198mdet al., 1986;
Solomon et al., 1987; Heithausen, 1996; Kramer et al., 1B@§er & Schloerb,
1997; Williams et al., 2000; Simon et al., 2001). The fittediées from this work
are consistent with those studies.

The assumption of gravitational virial equilibriu@M /R O Av? implies scal-
ing relation of the formay, = (am —1)/2 (Simon et al., 2001). Values of the
different power-law indices were empirically determinednh giant molecular



4.1. RESULTS AND DISCUSSIONS 49

o

o

T
A

(kms™)

o ¢
IS
T
2]

o
o

=
=
NGC 1333 2 ° L 1455
) L L Il

L0g (Vo
i
5

B

3 NN T
o
g

)
2
b
)
=

o
3
T

&

Log (MLTE / M
5 o
=3
d
o3
of!
k-]
Log (MLTE / Msolar
o
o

S
o
T T
?

NGC 1333

o04l—" ® L1455
.

L L L 1 1
-1.2 -1.0 -0.8 -0.6 -0.4 -1.0 -0.8 -0.6
Log (R/pc) Log (R/ pc)

Figure 4.6: Same as Fig. 4.5, but for two examples of severreggibns: NGC
1333 and L 1455.

cloud complexes and high-density clumps todag = 0.5 andany, = 2, which
extend over several orders of magnitude in scale and with all svatter (see
the reviews by Myers, 1987; Scalo, 1987). Hence, those @émapialues are in
agreement with the assumption of gravitational virial &qtium. In this work,

the values of, andan, in the whole Perseus and NGC 1333 are very close to
0.5 and 2, respectively, especially in NGC 1333. The catimdetween size and
density and between size and line width is quite good. Theptwveer law indices

in those three regions (Perseus, NGC 1333 and L 1455) nedfilytiie relation

of aw = (am —1)/2, which indicates a gravitational virial equilibrium inabe
three regions.

4.1.4 Equilibrium state of the clumps

In this section, | use the virial parameteg = M,;; /M e (Bertoldi & McKee,
1992) to characterize the equilibrium state of a cloud omg@uThe virial param-
eter is a measure of the ratio of kinetic to gravitationalrgnelensity.

As fitted to the observed data cubes Ggussclumpfiave Gaussian density
profiles (Stutzki & Gusten, 1990; Stutzki et al., 1998), ¢ tilse analytical expres-
sion for a Gaussian density distribution in the virial thexarto calculate virial
masses of the decomposed clumps (Simon et al., 2001). Irbdenee of exter-
nal pressure and magnetic fields, the virial theordp2-W = 0 for a Gaussian
clump with a radial density distribution takes the form (3kii& Giisten, 1990)

> [In2GM?
3Mo TR 0, (4.5)
whereG = 1/232 is the gravitational constant in unit of ks pc M_%; o is the
velocity dispersion in km's!; andR denotes the radius of the clump in pc. So the
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viral mass of a clump with Gaussian density distribution bargiven by (Simon
et al., 2001)

" — 378RAV, (4.6)

whereAv is the FWHM line width v = g (8In2)).

The ratio of virial to LTE clump mass as a function of LTE clummgss in the
Perseus cloud and in the two sub-regions (NGC 1333 and L ldpb¢sented in
Fig. 4.7 and Fig. 4.8, respectively. In the two sub-regiatisclumps identified
are found abové/;; /M1 = 1; in the Perseus cloud, only one clump is below
Myir /MLt = 1 and the rest are above that. The ratios of the virial to LTEsiar
the Perseus cloud are between 0.77 (only 1 clump) and 131&d th® same ratios
are between 2.43 and 14.38 for NGC 1333, and from 1.94 to Xbrai8 1455.
This means that those clumps are not gravitationally bourtus results show
the same trend as those found in the previous studies thapsltypically have
ratios of virial to LTE mass well above the limit of virialidan, My /Mg ~ 1
(Bertoldi & McKee, 1992; Williams et al., 1995; Heyer et &Q01; Simon et al.,
2001).

There is a tight correlation of the virial parameter withrojumass according

toag = (MO/MLTE)% found by Bertoldi & McKee (1992); Williams et al. (1995);
Heyer et al. (2001). Such correlation is theoretically etpeé for gravitationally
unbound, pressure-confined clumps (Bertoldi & McKee, 1993}hile in this
work, the distributions of the virial parameter with clummss for the clumps
identified in both the whole Perseus cloud and in NGC 1333 ahd35 show no
trend of following this correlation as the also found by Kierat al. (1996); Simon
et al. (2001). However, for large valuesag and masses above the completeness
limit, the virial parameters for the clumps seem to followe ttorrelation. | also
plot the power law index of—% in Fig. 4.7 and Fig. 4.8 (solid lines in the figures).

The external pressurel() can be evaluated by adding the surface teriR¥P.y
to the equation of viral equilibrium. So the binding pregsaf a clump is written
as

Px  ~oxM __ A2 M 3
Vi 0.56@(378? - @)Kcm , 4.7)
and it can also be given by
02 Py 1
— 0= N(H>). 4.

The balance between the external pressure and the turlgderressure is
described by that equation. Clumps wigh, ~ 0 K cm™2 are gravitationally
bound. Histograms of required external pressure were dpgdlfrom the data
in Fig. 4.9 for the Perseus cloud and Fig. 4.10 for NGC 1333ladd55. The
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Figure 4.9: Histograms of the external pressures needethtbthe clumps for
the whole Perseus cloud. The solid line donates a Gausstarttig results.

external pressures needed range mainly frofKlem—2 to 1° K cm~3 for the
whole Perseus, while the ranges slightly vary2 X0cm—2 to 16® K cm~2 for
NGC 1333 and 19° K cm~2 to 10*? K cm~3 for L 1455. The Gaussian fit to
the histograms lie at & K cm~2 with a width of 13- K cm~3 for the Perseus
cloud, 167 K cm~2 with a width of 188 K cm™2 for NGC 1333, and 1%’ K
cm—3 with a width of 183 K cm~2 for L 1455.

The simulations together with the observed highly supecdore widths sug-
gest that if turbulence supports molecular clouds agatastfermation, it must
be constantly driven or large molecular clouds would besiet, efficiently star-
forming objects (Simon et al., 2001). Since dynamical ticaés of clumps is
much smaller than that of the cloud and the random, turbdlewtthat creates
local density enhancements can also disperse clumps. Gltmpare not self-
gravitating will be rapidly dispersed if they are not confir®y external pressure.
The observed large number of clumps with high virial pararssimplies that they
are either unbound, dispersed, and reformed anew at a higgbralse bound by
external pressure. Bertoldi & McKee (1992) suggest thelatt be the case since
the magnitude of external pressures they estimate for thelslin their study is
similar to the required binding pressures for the clumps.
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Figure 4.10: Same as Fig. 4.9, but for two examples of seviesregions: NGC
1333 and L 1455.

4.2 Summary

A three-dimensional Gaussian decomposition algorit@aussclumpshas been
used to identify clumps inside each cloud and to derive thenpl properties as
traced in13CO 1-0 and 2-1 in the Perseus cloud. A power law index df.9
has been found for the whole observed Perseus cloud. Wheyirsguthe seven
sub-regions in the Perseus cloud, an common power law inflex .80 has
been found, which may show a trend that clump mass spectea daaommon
power law index, independent of star formation activityjethhave been found
by Kramer et al. (1998b); Simon et al. (2001).

Relations of clump size with line width and mass have beediatli The
obtaineda,, andap, follow the relation ofay, = (am — 1) /2 for both the Perseus
cloud and the two examples of the seven sub-regions (NGC 4883 1455),
which implies that those clouds is gravitational virial édguium. The values of
o andap, confirm the standard Larson relations, especially of thedRey cloud
and NGC 1333.

| have used the virial parametag = M;; /M.t (Bertoldi & McKee, 1992)
to characterize the equilibrium state of a cloud or clump.cAimps identified in
NGC 1333 and L 1455 are found abdWg;; /M te = 1; And in the Perseus cloud,
All except one clump is abovll;, /M e = 1. The ratios of the virial to LTE
mass for the Perseus cloud are between 0.77 (only 1 clump)l&ed. And the
same ratios are between 2.43 and 14.38 for NGC 1333, and f@&4rtd. 11.98 for
L 1455. It confirms the previous studies that clumps typych#ve ratios of virial
to LTE mass well above the limit of virializatioM; /M e ~ 1.

As found by Kramer et al. (1996); Simon et al. (2001), this kvdoes not



S54CHAPTER 4. THEGAUSSCLUMPSANALYSIS IN THE PERSEUS CLOUD

find a tight correlation of the virial parameter with clumpseaccording tog =

(Mo/MLTE)% found by Bertoldi & McKee (1992); Williams et al. (1995); Hey
et al. (2001). However, for large valuesag and masses above the completeness
limit, the virial parameters for the clumps seem to follow ttorrelation.

The external pressures needed to bind the clumps rangeynfieim 10° K
cm 2 to 10° K cm~3 for the whole Perseus. In NGC 1333, the range varies from
10° K cm~3to 1 K cm~3 and it is between P K cm~3to 102 K cm~3in L
1455.

In Chapter 3 and Chapter 4, | have presented the structulgsanasing both
A-variance andsaussclumpsin the next two chapters, | will zoom into a par-
ticular part of the Perseus cloud (IC 348) and the Cepheusichind study the
structure and properties of those two clouds using an ateemethod, the PDR
analysis.



Chapter 5

Study of the photon dominated
region in the IC 348 cloud

In this chapter, | will zoom into a particular sub-region retPerseus cloud, IC
348 to study the photon dominated region in that sub-regidere, | present
large-scale (20« 20) fully-sampled maps of the [G 3P; — 3Py (hereafter [G])
and12CO 4-3 emission from the IC 348 molecular cloud. The map doatds
in IC 348 refer to the (0,0) center positionat= 03'44™10%, 5 = 32°06/(J2000).
At a common resolution of 7Q | combine the data with th&CO 1-0,3CO
1-0 data from the Five College Radio Astronomy ObservategRAO), and
FIR continuum data from HIRES/IRAS. The goal of the analysissented is to
understand to what degree the observed line emission candsrsiood in the
framework of a photon dominated region. The upper levelggnef [Ci] 1-0
is 24 K and the critical density is #@m~2 for collisions with B (H) (Beuther
et al., 2000). Hence this level is easily excited under steshaholecular cloud
conditions. Although chemical models predicted that redwtarbon occurs only
in a thin layer between ionized carbon and molecular CO, mi@myobservations
have indicated extended emission well correlated with [b@O (see a review by
Preibish et al., 1996; Schneider et al., 2003; Mookerje& €2@06).

Section 5.1 describes the KOSMA observations and the congpitary datasets
used for analysis. Section 5.2 discusses the general abieeral results. A Lo-
cal Thermodynamic Equilibrium (LTE) analysis of the obstline intensities is
presented in Section 5.3. Comparison of the observed lteasities and ratios
with clumpy PDR models is in Section 5.4. Section 5.5 sumpearthe results.

55
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5.1 Datasets

5.1.1 [Ci] and 2CO 4-3 observations with KOSMA

| have used the Kdlner Observatorium fur Sub-Millimetestrtyanomie (KOSMA)
3-m sub-millimeter telescope on Gornergrat, Switzerlavnfewisser et al.,
1986; Kramer et al., 1998a) to observe the emission of thedineture line
of neutral carbon at 492 GHz artdCO 4-3 at 461 GHz. | have used the Sub-
Millimeter Array Receiver for Two frequencies (SMART) on ISMA for these
observations (Graf et al., 2002). SMART is an eight-pixehlduequency SIS-
heterodyne receiver capable of observing in the 650 andB8B0atmospheric
windows (Graf et al., 2002). The IF signals were analyzedhwio 4x1 GHz
array-acousto-optical spectrometers with a spectralugso of 1.5 MHz (Horn
et al., 1999). The typical double side band receiver noisgtzature at 492 GHz
is about 150 K. The observations were performed in posieiteched On-The-
Fly (OTF) between December 2004 and February 2005. Owingctmical diffi-
culties the higher frequency channel of SMART could not bedust the time of
these observations.

| observed a fully sampled map of the 1C 348 molecular cloutered ata
= 03'44™10°, 6 = 32°06(J2000), extending over 20 20. For the observations,
| used the position-switched on-the-fly (OTF) mode (Beutteal., 2000) with a
sampling of 29. The emission-free off position was selected from*¥#@0 1-0
FCRAO map, which is (“810) relative to the map center. | estimate the pointing
accuracy to be better than 10 The half power beam width (HPBW) and the
main beam efficiencyBgf) were derived from continuum scans of the Sun and
the Jupiter. The HPBW at both frequencies i§#&td the main beam efficiency
is 50%. The forward efficienc¥es oOf the telescope isv 90%. Atmospheric
calibration was done by measuring the atmospheric emisgitire OFF-position
and using a standard atmospheric model to fit the opacitpdakito account the
sideband imbalance (Cernicharo, 1985; Hiyama, 1998).

All data presented in this paper are in units of main beam &satpreTp,
calculated from the observed calibrated antenna temperg{wsing the derived
beam and forward efficiencie3;, = T (Fetr/Betf). Based on observations of
reference sources such as W 3 and DR 21 | estimate the acafrdeyabsolute
intensity calibration to be better than 15%. The data radoavas carried out
using the GILDAS! software package.

Ihttp://www.iram.fr/IRAMFR/GILDAS/
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Figure 5.1: Velocity integrated intensities of [[®2mission ¢olor) overlayed with
contours of §) 12CO 4-3, b) 12CO 1-0 and¢) 13CO 1-0 integrated intensities at
a common angular resolution of 70The center of the maps is at= 03'44™10°,

d = 32°06/(J2000). All tracers are integrated fromdg2kms?! to 14kms™.
Contours range between 20% to 90% with a step of 10% of the ipdaksities
that are 73K kms! for 12CO 4-3, 72Kkms? for 12CO 1-0 and 31 K kmst
for 13CO 1-0. The seven filled triangles indicates the positionsresh carry out
a detailed PDR analysis later. The black star denotes thegrosf HD 281159.

5.1.2 Complementary data sets

| have used the FCRAG?’CO 1-0 and'*CO 1-0 datasets with an resolution
of 46’presented by Ridge et al. (2003) for comparison. For corsparil have
smoothed all CO and Cdata to a common resolution of 7@ssuming that both
the FCRAO and KOSMA telescopes have a Gaussian beam.

Further, | have obtained HIRES processed IRAS maps of thiecdasinuum
emission at 60 and 1Q0m (Aumann et al., 1990). The dust continuum maps have
resolution of 15, which is comparable to the submillimeter datasets.

5.2 Observational results

Figure 5.1 presents maps of integrated intensities of, [£2CO 1-0,13CO 1-0
and'?CO 4-3 observed in IC 348. All maps are integrated over thecitylrange
Visr=2km slto14kms?,

The energy of the upper level for the [[C1-0 transition is 24 K and the critical
density for this transition is £&m3 for collisions with molecular K (Schroder
et al.,, 1991). This implies that [§ 1-0 is easily excited and the line is easily
detectable even when emitted by moderate density intensgils exposed to the
average interstellar radiation field. Previous obseruativave found the [@ to
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be extended and well correlated with the IOWEO emission (see a review by
Preibish et al., 1996; Schneider et al., 2003; Mookerjed.e2@06). In IC 348
the [CiI] emission peaks to the south-west of the mapped region witige of
24Kkms 1 and | detect [G] emission over a large region with a homogeneous
intensity distribution at a level of 65% of the peak intepsithe [Ci] emission is
extended towards the east and north-east of the mapped rédit is consistent
with the clumpy UV irradiated cloud scenario.

Globally the2CO 4-3 emission peaks at almost the same position @k [C
with an intensity of~ 66 K kms™1. However, the?CO 4-3 emission shows two
additional peaks, with intensities of about two-thirds lo¢ tglobal peak, which
lie to the north of HD 281159 (a B5V star) and elongated aldmgrtorth-south
direction. The distribution of th#?CO 4-3 emission agrees very well with that of
12C0O 3-2 (Sun et al., 2006). | attribute the difference in thernsity distributions
of [C1] and12CO 4-3 to the fact tha?*CO 4-3 emission arises from regions of
higher temperature and density, whilelJ@mission can arise also from moderate
to low density embedded PDR surfaces within the molecutardd.

The!?CO 1-0 emission is similar to that 8CO 4-3, with two similar inten-
sity peaks. Thé2CO 1-0 emission is more extended than@0 4-3 emission
and this is consistent with the fact thi#CO 1-0 traces lower temperature and
density. The morphologies of [$and 13CO 1-0 appear to be very similar, im-
plying that they trace the same material and both lines deetafely column
density tracers.

| selected seven positions within IC 348 for a more detaitadys Six of the
seven positions are oriented along a cut from the northege etithe cloud, past
HD 281159 and into the clouds. The seventh position is at tlhseast edge
of the cloud. Though emission at the seventh position (ssathim) is weak,
it is clearly detected. The selected positions vary in tpaysical and chemical
conditions. Spectra of [@, 12CO 4-3,12CO 1-0 and'®CO 1-0 at those seven
positions are displayed in Fig. 5.2.

The [C1] emission is centered at a velocity of8kms 1. The lowest [Q]
main beam brightness temperature Z K) occurs at the southern rim’(910),
while the highest temperatures of 7.0K and 6.7 K are obsextvéuke position of
the [CI] peak (-1,-3) and the western rim (:57'), respectively. The line widths
of [C 1] spectra at the seven positions range between 2.0 krarsd 2.6 km 5.

The 2CO 4-3 main beam brightness temperature varies betwe®i6 K at
southern rim and 16.4K at [ peak. The line width of thé?CO 4-3 spectra
ranges between 2.0 kmsand 2.7 kms?.

Both thel2CO 1-0 and'3CO 1-0 spectra consist of two velocity components:
one is at~ 7kms! and the other lies at 8kms™t. The two components are
most prominently visible at the southern rim, map centertaedCi] peak. For
the 8kms! component at the [ peak, thel®3CO 1-0 spectrum peaks at the
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dip of the2CO 1-0 spectrum, which may indicate self-absorption efiecthis
component.
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Table 5.1 presents the integrated intensities and linesratithe seven selected
positions. Figure 5.3 shows the variation of the integrateensities and their
ratios at these seven positions.



Table 5.1: The observed integrated line intensities (irsetgr X cm~2) and line ratios at the seven selected positions. Th
errors on the integrated intensity are estimated te- li&%.

Position 0aAs) [Ci] PcO4-3 12cO01-0 Bco1-0 0 [0 coss
[10%ergsisricm ]

Northernrim (8, 6) 96.56 336.43 9.59 1.74 0.29 55.51 35.07
Cluster (6,4) 81.99 365.30 7.14 1.41 0.22 58.01 51.15
Ridge (4,2) 75.09 313.20 5.37 1.61 0.24 46.59 58.38
map Center (1-17) 106.79 413.27 8.38 2.10 0.26 50.85 49.33
[C1] peak (-1-3) 226.61 548.04 9.31 3.70 0.41 61.23 58.85
Westernrim  (-5-7) 172.05 256.15 6.01 2.13 0.67 80.61 42.61
Southernrim (9-10) 72.71  60.21 5.50 1.35 1.21 54.02 10.95

dnNaBre Ol IHL NINOI93H d31VNINOd NOLOHd FHL 40 RANLS 'S 31dVHOIZ9
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In Fig. 5.3a | see that the intensities of [[C3CO 1-0 and?CO 4-3 lines
show similar trends, only the falling off of the intensity 81O 4-3 is somewhat
less drastic than [@, 13CO 1-0. As opposed to the single peak seen ir,[C
13C0O 1-0 and'?CO 4-3, the'?CO 1-0 intensity profile shows two peaks with
comparable intensities, one at the northern rim and the atttbe position of the
[C1] peak.

Three independent line ratios, i.e., I[¢ 12CO 4-3, []/ 13CO 1-0 and?CO
4-3 /12CO 1-0, are presented in Table 5.1 and Fig. 5.3b (inefgstcm2).

The largest [G] / 12CO 4-3 ratio (1.21) occurs at the southern rim and the second
(0.67) and third (0.41) largest are at the western rim ang f@ak, while the
ratios at the other four positions are 0.25. When comparing with other star
forming regions like W 3 Main, S 106 and Orion A etc. (see Tabby Kramer et

al., 2004), the [@]/ 2CO 4-3 ratio at the other five positions are within the range
found in those star forming regions except for the westethsamuthern rim. The
highest ratio at the southern rim is close to the ratio fourithe@ center of M51
and the nucleus position of NGC 4826 (Israel & Baas., 2002)e FFCO 4-3 /
12C0O 1-0 ratio peaks at [ peak and decreases for the positions further away
with increasing distance. The €/ 13CO 1-0 ratios are rather constant except
for the western rim.

5.3 LTE Analysis

Figure 5.4 shows a map of tH8CO 4-3 /*2CO 1-0 line ratio in terms of line
integrated temperatures (K km’§ overlaid by?2CO 4-3 integrated intensities.
The ratio has its minimum of 0.3 at the edges of the cloud; ratios-of0.9 are
found at the?CO 4-3 peaks; maximum ratios between 1.1 and 1.5 occur @ose t
HD 281159.

| first apply a Local Thermodynamic Equilibrium analysis asi@ple ap-
proach to obtain the excitation conditions in the IC 348 dlou

Assuming LTE and optically thick emission, th&CO 4-3 /12CO 1-0 ratio
of 0.3 corresponds to an excitation temperaflgeof ~ 10K. The ratio grows
to 0.85 forTex ~ 50 K and remains almost constant at even higher temperatures
Considering the calibration uncertainty, | 3gt to 50 K in all the positions where
the ratio falls above 0.85. | note that [land12CO often have different excitation
temperatures. Howeved(C)_re only changes within 20% when the assumed ex-
citation temperature varies between 20 and 150K. So it soregble to assume
that [CI] has the same excitation temperaturéd#30 for the first order estima-
tion.

Using the temperature derived from the LTE estimate, | canpde the C
column densityN(C).te, and the CO column densitj(CO)_tg, from the [Ci]
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Figure 5.3: The top pandh) presents the normalized integrated intensities of
[C1], 2CO 4-3,12C0O 1-0 and'®CO 1-0 in the seven selected positions. The
typical errors of the intensities are about 15%);displays integrated line intensity
ratios. The x axes of all panels are the relative distancegmbrthern rim (86')
position. The southern rim is plotted in a separate box.

and'3CO 1-0 line intensities assuming that both lines have theesamitation
temperature a¥’CO and that they are optically thin.

| apply the relative abundance ratt8COJ/[13CO] of 65 (Langer et al., 1990)
to translate!*CO column densities into CO column densities. From the ivelat
abundance ratio [COJ/[4] of 8 x 10~° (Frerking et al. , 1982), | also derive the
H> column density (see Table 5.2).

The resulting map of C/CO column density ratios is presemtédg. 5.5. In
most of the cloud, the C/CO ratio falls below 0.1. Higher e {up to 1.5) occur
at the rim of the cloud where théCO 1-0 emission is more diffuse. Values as
low as 0.02 are found at the south-west of the cloud and aloagitige to the
north-east. A$3CO 1-0 roughly traces thedtolumn density, this plot indicates
an anti-correlation between the C/CO ratio and theblumn density. The results
are consistent with the conclusion of Mookerjea et al. (2@bét the [Q] line is
not a tracer of optical extinction, totalHolumn density or total mass in the
beam.

The seven positions, for which | will perform a detailed as& within the
context of a PDR model, exhibit C/CO column density ratiosveen about 0.05
and 0.5, i.e. they cover a relatively wide range (see Taldg 5.
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Figure 5.4: The color plot represents €0 4-3 /12CO 1-0 line intensity ratio

(in units of K km s71) observed in the IC 348 cloud. The contours show'fi@O
4-3 line intensity spaced at 10% intervals from 20% to 90%tnred to the peak
intensity of 73K kms?. For line ratios, | only calculate for the positions where
the line intensities of both tracer are larger than each ®aigalue.

Table 5.2: Results of the LTE analysis. The excitation terajpeeTey is listed in

Column (2); Column (3) - (5) present C, CO and ¢blumn densities; the C/CO
ratio is listed in Column (6). The uncertainties of the cotudensities are derived
by varying the integrated intensities k1 5%.

number Tex N(C)te N(COkte  N(Ho)te CI/COte
K 10%cm=2] 10Y[cm™?] 10%Ycm~?]
Northernrim 187 12.08371 95635 12.5G%° 0.1335
Cluster 500 9. 61%17%7 16.99%3% 21, 2%443 o.o%;gg
Ridge 505  9.0433° 10.37%pa3 2428307 0.0%%3
Map center 48  13.09452  24.3%29: 30.4952 0.083%
[C1] peak 509 26.85358  44.4%71% 555839  0.0833
Westernrim 282 19.72% gg 16. 2559 33 20.3F73  0.1239
Southernrim € 375023, 6.665;  8.32%27 0.5 3¢
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Aa [']

Figure 5.5: The C/CO column density ratio overlaid €O 1-0 integrated in-
tensities contours. The contour levels are spaced at 108tvais from 20% to
90% relative to the peak intensity of 31 Kkms For column density ratios, |
only calculate for the positions where the line intensitié$3CO 1-0 are above

the 3 sigma value.
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5.4 PDR Model

| use the KOSMA 1 PDR model (Storzer et al., 1996; Rollig et al., 2006, 2G07)
derive the physical conditions from the observed molecaitat atomic emission
lines in IC 348.

In the following, | first estimate the FUV field in IC 348 usiniget FIR con-
tinuum and the stellar radiation; then | compare the emisBimm an ensemble
of PDR model clumps with the observed line intensity ratmeeproduce the ob-
served absolute intensity. In the clumpy PDR scenarios,dwmp ensembles
are used: an ensemble of identical clumps and an ensembledistribution of
clumps over a range of masses and sizes.

5.4.1 FUV intensity

5.4.1.1 Estimate from the FIR continuum

| use HIRES processed 60 and 106 IRAS data (Aumann et al., 1990) to gen-
erate a far-infrared intensity mdpr in 1IC 348. It represents the far-infrared
intensity between 42.6m and 122.5um as measured by the two IRAS data sets
(Nakagawa et al., 1998). Following Kaufman et al. (1999)duane that the total
FUV flux, xrir, absorbed by the dust grains is re-radiated in the farsiadtaln
this way | estimate the FUV field from the far-infrared field. (Kramer et al.,
2005): XrIr/Xo = 4T IFir, Wherexo = 2.7 x 103 ergs cm 2 (Draine, 1978;
Draine & Bertoldi, 1996). The derived spatial distributioithe FUV intensity is
presented in Fig. 5.6. In the mapped region, the FUV fjglgk varies between
about 1 and 100 Draine units. For the seven selected pasitign is listed in
Table 5.3.

5.4.1.2 Estimate from the stellar radiation

The primary source of UV radiation in the cloud is HD 281158sAming that the
star is a black body at an effective temperatliyg corresponding to its spectral
type, | can estimate the FUV flux independently (Kramer et1#196; Beuther et
al., 2000). A B5V star has an effective temperatureTeg) = 4.182 and a total
luminosity L of log(L/Ls) = 2.681 (de Jager & Nieuwenhuijzen, 1987). The
FUV luminosityLryy and the FUV fluxyxryy are defined as

Lruv
4md?’

®yy

C— 51
cDtotal ( )

Lruv =L , and Xpuy =
where®yy is the FUV flux between 6 eV and 13.6 e¥,4 is the total flux, and

d is the distance to the UV source. | compute the distahicetwo ways: for the
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Ao [1]

Figure 5.6: FUV intensity distribution (contours) in IC 348timated from the
IRAS FIR fluxes, overlayed on the [Cintegrated intensities (colors). The FUV
intensity xgir contour levels run from 5, 10, 20 to 100 by steps of 20 Draintsun

Xo-

point close to HD 281159 | use the optical radius of the clukZe848 of about
0.37 pc (Herbig, 1998) as the minimum distance between stackud. For all
other points | assume that star and cloud are located in the péane so that the
distance is directly given by the observed separation.llyihaormalize the FUV
field to units ofxp. The resulting FUV fieldsystar are also listed in Table 5.3 for
the seven selected positions.

| see that both methods provide consistent FUV field valuesaBse of the
uncertainty of the distance between star and cloud | conside valuesygr,
derived from the HIRES data, somewhat more reliable so thall use them in
the following. The FUV fieldy at the seven positions ranges from about 1 to 90
Draine units.

In the next step | attempt to obtain a self-consistent mofigeochemical and
excitation structure of the cloud matching the observeddCvatios.

5.4.2 Clumpy PDR scenarios

Molecular clouds has been observed to be highly filamentadycdumpy, and
often show self-similar structure over a wide range of scé@ame et al., 2001;
Heyer et al., 1998; Stutzki et al., 1988). Many theoreticatknsuggests that mag-
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netic fields and/or turbulence can be proposed to influerecktimation of molec-
ular cloud filaments (Gehman et al., 1996; Nakajima & Han&986; Padoan et
al., 1998; Fiege & Pudritz, 2000; Klessen & Burkert, 2000tr®sr et al., 2001).
Furthermore, the observed structure further breaks upsmbstructures with in-
creasing spatial resolution (Falgarone & Phillips, 199én&ch et al., 2001). So
molecular clouds are filled with internal surfaces (Ossefled al., 2007). This
explains that [Q] acts as a molecular cloud volume tracer rather than a surfac
tracer, and [QI1] emission extends far into molecular clouds which could bt
explained by assuming a homogeneous cloud. Thg Enission distribution can
be well modelled within a clumpy cloud scenario (Stutzki ket 2988; Howe et
al., 1991; Stacey et al., 1993; Meixner & Tielens, 1993). kiwanpy cloud, the
UV field can penetrate deep into the cloud and forms PDRs osttface of the
clumps. Itis necessary to consider a clumpy molecular céugture.

| here apply two different clump ensembles to reproduce theerved line
intensity ratios and absolute line intensities.

5.4.2.1 Ensemble of identical clumps

In the following, | first compare the emission from individé®R model clumps
to the observed line intensity ratios, then expand the aisatp an ensemble of
identical clumps, to also reproduce the observed absoitgasity.

Single spherical PDR modell perform ax? fitting of the three line intensity
ratios given in Table 5.1, using a single spherical PDR mametietermine the
densities, FUV fields, and clump masses. Figure 5.7 presenéxample of the
x? fitting for the map center (1—1'). The left panel shows the fitting of clump
mass M, and clump densityp and the right panel presents the fitting to obtain
the FUV field x and the clump densitgp. It shows that all line ratios are good
density tracers, but do not constrain the clump masses. [Tihgaensity is well
constrained within 2.5 - 5.0 B&m~3. But the reducecg(? changes only upto 2.5
when the clump mass varies from £ to 10° M, when the clump density is
kept at 186 cm2 (see the left panel of Fig. 5.7).

The results from the single spherical PDR clump model amafyre presented
in Table 5.3. The fitted FUV fluxppr agrees withxgr derived from the FIR
continuum. The largest deviations differ by a factor of oBly

The clump densities at the seven positions vary betweertd 6 #.3 13 cm—3
and the highest clump density occurs at positions of theeraigl the map center.
Though the clump masses are not well constrained, the b@sg filump masses
lie between 0.1 and 0.4 M
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Figure 5.7: Comparison of the observed line intensity sfio1]/*2CO 4-3,
[C1])/13CO 1-0 and?CO 4-312CO 1-0 at (4 —1’) with the single clump
KOSMA - 1 PDR model calculations. The left figure shows the fitting ofuarg
mass and densities; the right one presents the fitting of thé field and clump
densities. The middle drawn contours are the observedsityeratios, and the
outer two are those for the 20% uncertainty. The grey-scasges indicate the
reducedy? of the fit. The position of the minimum reduced is marked using a
white cross. The horizontal light blue line in the right pbsteows the FUV flux
XFir from the HIRES data.
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Table 5.3: Physical parameters at selected positions iB.Eigobtained by fitting the observed intensity ratios todimgle
clump KOSMA - 1 PDR models. Columns (2) - (5) list the fitted clump densitdésmp mass, clump radius and FUV field;
the derived FUV field from the HIRES data and from the star aeeira Column (6) and (7); The distance to HD 281159
used for the calculation Qfsiads listed in Column (8); Column (9) is the minimum chi squaféh® PDR fit.

Position n Ma Ra  XpbR XFR Xstar O X&in
[10°cm™3] M. pc pc

Northern rim 1.91 0.2 0.01 15 39 40 0.37 1.38
Cluster 2.75 0.1 0.01 98 84 40 0.37 1.05
Ridge 4.25 0.4 0.01 38 46 40 0.37 1.23
Map center 3.98 0.1 0.01 23 23 13 0.64 1.04
[C1] peak 1.91 0.1 0.02 23 11 7 090 1.96
Western rim 0.63 0.2 0.02 20 6 3 142 2.00
Southern rim 0.44 0.4 0.02 2 1 3 129 231

T
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The clump masses of the best fit vary between 0.lavid 0.4 M, (Table 5.3),
while the LTE analysis indicates that the total mass in thenbés a few solar
masses. After correcting for beam and velocity filling, the@ute line intensities
from the single spherical PDR model are much smaller thanliservations. The
single spherical PDR model constrains the clump density oW field well,
but fails to explain the observed absolute line integratéehisities. An ensemble
of clumps within the beam is needed, the intensities of whictumulate to the
observed absolute intensity within the beam.

Ensemble of identical clumps.| consider an ensemble of identical clumps
(hereafter Ensemble case 1). The total number of clumpsearhb#amNegps is
calculated from the comparison of the absolute line integrantensities from
the observations and models, correcting for both the visiditiing factor and
the beam filling factor. The observed [[Cull width at half maximum (FWHM)
Avgps Varies from 2.0 to 2.6 kms. The velocity dispersion of the gas of the
KOSMA - 1 model clump has a Gaussian FWHM &g = 1.7kms . The
velocity filling factor is automatically taken into account using line integrated
intensities. A 70 beam corresponds to a diameter of 0.10 pc at the distance of
IC 348. The clump size obtained from the best fit models founthe previous
section ranges from 0.01 to 0.02 pc. The beam filling fagigy of each clump
is calculated asg)pri = Qc/Qpeam WhereQ¢ and Qpeamare the solid angles of
a clump and the beanQ)¢ = JTRgl/d2 is the solid angle of the individual clump
and is the quantity to which the model output intensitiesraferred. d is the
distance of the cloud; assuming a Gaussian beam sliape.,is computed as
Qpeam= negeam/4ln 2, wherebpeamis the FWHM of the beam. The intensity
correction for a single clump i = I/ Noti, Wherelyy,; is the beam averaged
line intensity for that single clump. Since |Cis the most optically thin one
among the four tracers, | use its line intensity to deriverthmber of clumps in
the beanmNens (see Table 5.4) by dividing the observed intensitiggops by the
intensities for a single clumBcmogi, corrected for both the velocity and beam
filling, i.e.,

|[C1}obs o I[Cl}obs % Qpeam

5.2
licgmodi * Moti  licgmodi el (5:2)

Nens:
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5
Table 5.4: Results of ensemble of identical clumpssemble case 1The mass and FUV field for each single clump aré
listed in Column (2) and (3); Column (4) - (6) present the lmensity ratios between the ensemble models and obsengati

of 12C0O 4-3,12C0O 1-0 and3CO 1-0; The C, CO and Hcolumn densities from the ensembles are presented in Column
(7), (8) and (9); Column (10) is the C/CO ratios. The total temof the clumps in the ensemble and ensemble mass are
listed in Column (11) and (12)The total ensemble mdgsslisted in the table is computed 8ns= Nensx M¢|, whereMg

is the mass of a clump.

Position Ma  Xa Recoss Recoro Ricoro N(Cens N(CO%ns  N(H2ens C/COums Nens Mens

Mg 10%[cm=2] 10Y[cm™?] 10%Ycm~? Mo
Northern rim  0.32 10 0.63 0.67 0.87 13.97 18.58 7.72 0.075 94.5.47
Cluster 0.10 100 1.07 0.99 1.13 10.02 21.56 8.90 0.046 16.768 1
Ridge 032 32 0.95 1.13 0.95 8.90 29.49 11.29 0.030 6.72 2.15
Map center 0.10 32 0.94 1.05 0.97 13.25 34.24 13.05 0.039 624546
[C1] peak 0.10 32 0.94 1.59 0.83 31.54 29.88 13.14 0.106 24.74 2.47
Westernrim 0.10 10 0.78 1.43 0.71 24.52 9.33 6.10 0.263 11815
Southernrim  0.32 1 0.84 0.81 0.74 14.62 6.28 3.03 0.233 5782 1

€L
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Then | useNens to calculate the ratioR of line intensities between model
ensemble and observations for the four tracers, wResalefined as follows:

R— Nens- Imod,i . (5.3)
lobs

This allows easy judgment of the quality of the model fit, & &lue unity
means that the model predicts exactly the observed inyendlist the ratios of
the remaining three tracers in Table 5.4. Considering thieretion uncertainty, a
perfectly fitting model will yield a ratid? of 1-£0.15. All three remaining tracers
from Ensemble case 1 have a good agreement between the etbaledl observed
absolute line intensities.

5.4.2.2 Ensemble of power law clump mass distribution

Large-scale CO maps present the clumpy structure of the I8BManmass distri-
bution following a power landN/dM 0O M~ whereN is the number of clumps
anda has a value around 1.8 (Kramer et al., 1998b). Furthermbespbserva-
tions also show that there is a strong correlation of the ileasd mass of the
clumps corresponding a mass-size relatiahMY with y = 2.3 (Heithausen et al.,
1998). For an ensemble of randomly positioned clumps witlbwaegp law mass
spectrum, there is a relation among the power law speciiakifi of the power
spectrumg andy: B = y(3— a) (Stutzki et al., 1998). Using the andy values
above,8 = 2.76, which is close to the power law ind@x= 2.71 of 13CO 2-1 in
IC 348 found by Sun et al. (2006).

| assume these characteristics to be universal and modehtission by en-
semble averaging the PDR single clump results over suchmpchlistribution
(Cubick, 2005; Cubick et al., 2008) (hereafter Ensemble g0 reproduce the
observed line intensities. The mean solid arf@l®f each clump size at the given
distance is evaluated to calculate the total flugf the clump ensemble by using
F = 5iQil;, wherel; are the clump integrated intensities. The mean intensity of
the ensemble results In= F /Qpeam WhereQpeamis the beam solid angle.

The input parameters for the ensemble routines are thert@s$ within the
beamMens the mean clump ensemble densityeas; the FUV field inputyensand
the minimum and maximum clump masg]’" andmf®

The total mass within the beam is initially set to be half & thtal mass es-
timated from Ensemble case 1. at last, | obtain the total mébki the beam by
comparing the observed absolute line intensity of][CThe upper mass limit,
m7® is set close to the initial total mass. | set the lower masst,limI",
to 102 M. Considering that clumps have a FWHM Afinog = 1.7kms?
in the KOSMA - 1 model, | calculate the virial mass of the smallest clump,
Myir O RAvﬁmd The resulting virial mass is a factor of 400 larger than thaltest
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clump. Such large ratio indicates that these small clump®ody exist transiently
and evaporate on a time scale~o5000 yrs Kramer et al. (2008).

The model output is insensitive to the value assumed forawerd and upper
mass limits of the ensemble. Cubick et al. (2008) studieddy@endencies of
the clump model output from the upper and lower clump masgdinthey have
found that some tracers, such as the highGO (like 2CO 8-7), [CiI] and [O1],
are sensitive to the upper and lower clump mass limits. Heweor the five
tracers that | studied here, the modelled intensities ohamdy by less than a
factor of ~ 2 relative to the best fitting solution when varying one of thass
limits by one order of magnitude (Kramer et al., 2008; Culatkl., 2008).

Similar to the single clump PDR analysis, | compare the olexkline ratios
with the results of Ensemble case 2 to fit the mean clump erisedelnsity and
the FUV field. | compute the line intensities of all the remagtracers with the
same model (see Table 5.5). The beam average®€tand CO column densities
can be calculated as:

N(X)ens= Z Ni - Noti - N(X)i; (5.4)

whereN; andN(X); are the number of clumps in each clump mass bin and the
column density of tracer X of a single clump, respectivahy.; is the beam filling
factor for each clump. The results are presented in Table 5.5



Table 5.5: Results of ensembles with a clump mass distab#nd mass-size distributioBnsemble case 2Column (2) -
(4) present the ratios (in ergssr—1 cm—2) of the modelled and observed line intensities’f20 4-3,2CO 1-0 and*CO

1-0; The mean clump ensemble densitanand the fitted FUV fielgensare presented in Column (5) and (6). The C, C
and H column densities from the ensembles are presented in Cqle)n(8) and (9); Column (10) is the C/CO ratios. The

total masses are listed in Column (11).

Position Ri2cos3 Rizcporo Ruscorg Nmean Xens N(Cens N(COkns N(H2)ens C/CQOuns Mens
[10°cm 9] 10%[cm=2] 10Y[cm~?] 10%{cm ] M
Northern rim 1.00 1.04 1.44 3.2 3 14.36 51.82 19.28 0.028 3.84
Cluster 1.06 1.03 1.13 3.2 100 9.88 25.58 993 0.039 197
Ridge 1.13 1.26 0.91 3.2 32 9.05 23.43 9.10 0.039 1.83
Map center 1.08 1.19 1.08 3.2 10 13.78 40.71 15.39 0.034 3.07
[C1] peak 1.13 1.73 0.86 1.0 10 31.24 40.16 16.61 0.078 2.88
Western rim 1.83 2.03 1.13 1.0 10 30.49 23.72 1261 0.078 2.19
Southern rim 1.06 0.84 0.66 0.3 1 13.58 5.24 262 0.259 0.53

8AGF7_LS‘ 'GH31LdVYHO9.L
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Figure 5.8: Observed (filled symbols) and modelled (drawediwith open sym-
bols) line intensities o¥2CO, 13CO, and [Q] from Ensemble case 2 at the north-
ern rim (left panel) and the southern rim (right panel). Tadredisplay the data,

| artificially shift the [CI] frequency by +40 GHz for the observed intensity.

Table 5.5 shows a reasonable agreement between the mddedledensities
from Ensemble case 2 and the observed ones. The intensdy ketween En-
semble case 2 and observations range between 0.7 and 2.0it iBheot better
than for an ensemble of identical clumps (Ensemble case 1).

To compare the observed absolute line intensities with tbdahprediction

from Ensemble case 2, | show two examples of observed andlleddeegrated
intensities versus frequency, i.e. the cooling curve¥60, 13CO (uptod = 9-
8) and [CI] for the best-fit Ensemble case 2 model at the northern rimtaed
southern rim (see Fig. 5.8). At those two positions the mede&lnd observed line
intensities agree very well. Fig. 5.8 also provides a pda for line intensities
of [C1] 3P, — 3Py, 12CO 7-6,13CO 8-7 and etc.

Based on the CO andztolumn densities from the PDR analysis, | find the
averaged CO relative abundance [CO}[l$ ~ 2.4 1074, which is 3 times larger
than than the canonical ratio [CO]/4Hof 8 x 10~° (Frerking et al. , 1982) that |
used in the LTE analysis.

The beam averaged C/CO abundance ratio (Table 5.5) variasfégtor 10
between 0.03 at the northern rim, which shows the highesnmoldensity of all
studied positions of 2 8cm~2, and 0.26 at the southern rim, which shows the
lowest B column density of 31¢ cm~2. The observed anti-correlation between
C/CO and N(H) and also the absolute values resemble those found in maay ot
Galactic molecular clouds as compiled recently by Mookegeal. (2006). They
used the KOSMAr model to interpret data taken in the Cepheus B star forming
region. They suggested that the emission of high columnityepsaks is domi-
nated by massive clumps exhibiting low C/CO ratios, whilsipons of low col-
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umn densities are dominated by smaller clumps, exhibitighdr C/CO ratios.

This scenario is confirmed in IC 348 by a more complete aralysing clump

mass ensembles following the canonical mass and sizebdistms. However,

the scatter of the present data is large. Observations op&rabthin tracer like

C180 and observations of the higher lying transitions of][@&xd CO are needed
to further improve the analysis.

5.5 Summary and Conclusions

| have presented fully sampled [Cand *?CO 4-3 maps of the IC 348 molecular
cloud, covering a region of 20 20. The observed?CO 4-3/°CO 1-0 ratios
vary between 0.2 and 1.5. HighCO 4-31?CO 1-0 ratios occur near the B 5 star,
at the cloud center and northern edge of the cloud.

| have estimated the FUV field from the FIR continuum intéasibbtained
from the 60 and 10@m HIRES/IRAS images. The FUV field in the whole ob-
served region ranges between 1 and 100 Draine unites. | atsbiD 281159,
the primary source of UV radiation in this region, to estietite FUV field for
the seven studied regions and the FUYV field varies betweed@ Rraine units.

| applied the KOSMA -t PDR model at seven selected positions by exam-
ining the three independent line ratios: IJ@ 12CO 4-3, [a] / 3CO 1-0 and
12c0O 4-3 /12CO 1-0 to derive the local physical condition. First | conguar
the emission from individual PDR model clumps to the obsgruge intensity
ratios. The clump density in those seven positions falla/ben 4.4 16¢cm—3 and
4310 cm3. The FUV field fitted from the model is between 2 to 100 Draine
units, consistent within a factor of 3 with independentraaties for the FUV field
derived from the FIR continuum maps by IRAS and from the atetdiation.

The single spherical PDR model constrains the clump deasitdyFUV field
well, although it fails to explain the observed absolute lintegrated intensities.
Hence | expanded the analysis to an ensemble of identicalpdEnsemble case
1) and furthermore | considered a distribution of clumpsr@aeange of masses
and sizes (Ensemble case 2). Both Ensemble case 1 and EeseEsdl2 produce
model line intensities which are in good agreement to withfactor of~ 2 with
the observed intensities. | also predicted the line intassfor [Ci] 3P, — 3Py,
12Cc0 7-6,13C0O 8-7 and etc., which can be confirmed by the future obsensti

By using a more complete analysis of clump mass ensembliesving the
canonical mass and size distributions, | confirmed the @ortielation between
C/CO abundance ratio and hydrogen column density found imymegions and
explained by Mookerjea et al. (2006).



5.5. SUMMARY AND CONCLUSIONS 79

In the next chapter, | will present the results on a multelstudy in another
nearby star forming region: Cepheus B.



Chapter 6

Multi-line study of the Cepheus B
cloud

The Cepheus B cloud, at a distance of 730 pc (Blaauw, 1964y @@al example

for triggered star formation. To the north-west lie thei[Hegion S 155 and the
Cepheus OB3 association. The primary sources of UV radiatie an O7 star

at a distance of-1.2 pc to the north-west of the hot core position, and a B1 star
at a projected distance of 0.7 pc to the west. Based on the éitncium, the
FUV radiation field varies between 1500 Draine units at therface andv 25
Draine units in the inner core (Mookerjea et al., 2006). Tiexnity of Cepheus

B allows to spatially resolve the PDR: "L@orrespond to 0.035 pc. Hence, the
Cepheus B cloud represents the class of PDRs with modesdtelyg UV field.

Following up on the previous low-resolutior (') studies of low J CO, [G;]
and far-infrared continuum (Beuther et al., 2000; Moolkegeal., 2006), | try to
understand photo-induced chemistry of the photon domihaggions using the
higher resolution{ 20”) molecular line data at 3 mm and 1 mm data observed
with the IRAM 30m telescope at Pico Veleta. The aim of the gtisdo resolve
the temperature, chemical, and excitation structure oftitaesition zone from
the [H11] region to the dense molecular cloud in a PDR which is sulpeabt to
moderately strong UV fields.

In this chapter, | study two cuts through the interfaces thi® main cloud.
Particularly, | select two positions at the interface forrmdetailed studies (see
Fig. 6.1). The study covers the frequency range from 85 GR2Z®GHz and in-
cludes 21 transitions of 13 molecules and their isotopon¢@N, H3CN, HNC,
HCO™", H3CO*, HCO, CN, CS, &%S, GH, C;S, HCS and ¢c-GH,. Combined
with low - J CO maps of this region (Ungerechts et al., 2000), | calculaente-
grated intensity distribution along the cuts and line between different tracers
and transitions. The #column density along the cuts has been estimated under
the Local Thermodynamic Equilibrium assumption. The indged line intensi-

80
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ties shows a clear change from thel[Hregion into the molecular clouds. There
is an intensity enhancement of all the tracers at the twofade positions.

Observations are presented in Section 1; Section 2 desdtigediagnostic
values of the observed tracers; The selection of the twasptesented in Section
3; The spectral results and a basic LTE analysis are prasengection 4. Section
5 is the summary and an outlook for future studies.

6.1 The IRAM 30m telescope observations

| carried out a molecular line survey with the IRAM 30m telege at Pico Veleta
(Spain) in one week during July and August 2006. | observaedduts running
through the interfaces (between S 155 and the Cepheus B)dlaiodthe main
cloud and thus allow to trace several interface regionstidedarly, | select two
positions at the interface for a more detailed study. Theistufrequency covers
from 85 GHz to 272 GHz and includes 21 transitions of 11 mdegusuch as
HCN, HCO", CN, CS and CCH (See Table 6.1).

| used all the eight receivers for the observations and ammaxi of four het-
erodyne receivers can be used simultaneously. Those eiggitvers are A 100, B
100, C 150, D 150, A 230, B 230, C 270 and D 270. The numbersatglibe typ-
ical frequency for each receiver. During the observatibnsed both the 1 MHz
backends (resolution 1 MHz) with an effective total bandwidf 512 MHz and
VESPA with a resolution of 3.3 kHz - 1.25 MHz and bandwidth 6f-512 MHz.
The HPBW of each frequency can be well fit by: by: HPB\W£ 2460/freq(GHz).
The beam efficiencBes; can be calculated B = 0.828exd— (0.2871/A)?]. The
forward efficiencyFes is 0.95 for receiver A 100 and B 100, 0.93 for receiver C
150 and D 150, 0.91 for receiver A 230 and B 230, and 0.88 fagivec C 270
and D 270. Using the beam efficiency and the forward efficidfgy | convert
the data to main beam temperature scales.

6.2 Chemical tracers at the PDR interfaces

Recent observations of photon dominated regions have lesl/@a unexpected
richness in chemical species. The ‘Cion (Neufeld et al., 2006) and DCN
(Leurini et al., 2006) have been detected in the Orion BaioregMoreover, a
number of carbon chain molecules and other carbon-richiepesuch as &H,

C4H and c-GH» have been detected toward several spots in IC 63, L 1688-W and
the Horsehead nebula with abundances that are often cltisese in the TMC-1
dark cloud. HGN was only observed toward the Hydrocarbon peak of the lat-
ter while both GH isomers have been seen only toward the IR peak (Teyssier et
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Table 6.1: Rest frequencies of observed spectral lines

Molecule Transition Rest frequecncy
[GHZ]

HCN J=1-0 88.6316
J=2-1 177.2611
J=3-2 265.8864
H13CN J=1-0 86.3399
HNC J=1-0 90.6636
J=2-1 181.3248
HCO" J=1-0 89.1885
J=2-1 178.3750
J=3-2 267.5575
H13cot J=1-0 86.7543
CS J=2-1 97.9810
J=3-2 146.9690
J=5-4 244.9356
C34s J=2-1 96.4129
J=3-2 144.6171
CN N(J,F)=1%,§)——O(%,%) 113.1442
N(J,F):l(? g) — —0(2, g) 113.1705
N@J,F)=16,3) — —0(3,3) 113.1913
N(J,F)=1 ,5)——0(5,5) 113.4881
N(J,F)=1 ,5)——0(5,5) 113.4910
N(J,F)=1 ,%)——0(%) 113.4996
N(J,F)=1 ,é)——O(g,Q) 113.5089
N(J,F)=2 ,g)——l(é,g) 226.3600
N(@J,F)=2€,32) — —1(3,3) 226.6595
N(J,F)=2 ,%)--1(%,%) 226.6337
N(J,F)=2 ,g)——l(?,ﬁ) 226.8748
CCH  N(J,F)=1€,2)——0(5,1) 87.3169
N(@J,F)=1 ,1)——0(5,0) 87.3286
N(J,F)= 1%,1) —O(%l) 87.4020
N(J,F)=1§,0) — —0(2,1) 87.4072
N(,F)=2¢,3) — —1(5,2) 174.6637
N(J,F)=2 ,2)——1(5,1) 174.6881
N(J,F)=2 ,2)——1(5,1) 174.7222
N(J,F)=2 ,1)——1(5,0) 174.7285
N(,F)=3¢,4) — —2(%,3) 262.0045
N(J,F)=3§,3) — —2(2,2) 262.0068
N(J,F)=38,3) — —2(3,2) 262.0651
N(J,F)= 322) —2(%,1) 262.0658
HCst J=2-1 85.3479
c-CzH» N(J,F)=2(1,2)-1(0,1) 85.3389
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al., 2004). These findings warrant detailed investigatiotssthe chemical com-
plexity of a representative ensemble of PDRs in order todedtimprove PDR
models and thus facilitate the understanding of this ingyarnpart of the interstel-
lar medium.

HCN and HCO™ are sensitive tracers of the chemistry and the ionizatiac: fr
tion in photon dominated regions (Boger & Sternberg, 2008g ion fraction has
a very strong impact on the abundances of these species tfaerd tke HOC).

The CN/HCN line ratio has been identified as an importantcagir of the
physics of dense PDRs (Boger & Sternberg, 2005; Meijerinkpaahs, 2005).
High ratios are observed in PDRs near the illuminated sasfde.g. Fuente et
al., 1993). However, different scenarios are suggestexitiaim the observations.
New observations of higher excited lines and of more spemiesieeded to im-
prove on this analysis.

Chemical stratification of CN and CS sub-millimeter emisdiave been ob-
served in Orion Bar (Simon et al., 1997).

C,H abundance could probe the low density envelop interclumgiom where
grains are fragmented (Fuente et al., 1993; Pety et al.,)2@@%resent its high
obscured abundance can not be reproduced by PDR models.

The high spatial resolution achieved by the 30m is essefatiahis project.
Data will be interpreted using the KOSMAmodel (Rollig et al., 2006).

6.3 Two observed cuts

Cepheus B exhibits PDRs which are subject to only moderatetyng UV field
of x ~ 10° in contrast to most of the classical PDRs like the Orion BaonR2,
M17SW which are subject to much strong UV fields. Moreover \lestern PDR
of Cepheus B allows to study the stratification of chemicalrmances expected
from PDR models. A recent detailed comparison of various Piiidels (Rollig
et al., 2006) showed that observations of specific traceeoui¢s are needed to
test the models.

Two cuts through different environments dfiéngth each have been observed
in the Cepheus B cloud (see Fig. 6.1). The map coordinatdseirCepheus B
cloud refer to the (0,0) center positionat= 22'57M075, & = 62°37'33"(J2000).
Both cuts run through the interfaces into the main cloud &g allow to trace
several interface regions where | expect to trace the cstructure of the PDR
as a function of the distance from the illuminating sourdestocus on the effect
of the combination of density structure and radiation fi¢ldyoid the hot core
region, where the gas is affected by shocks and the interautith the newly
born IR cluster. | also pick up two interface positions for arendetailed study.
Those two positions are (60-185') and (20, -50”), which lie on the two cuts.
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200

31 £2:37:33.60 (J2000)
P 3

100

—-100

Figure 6.1: The MSX 8 micron PAH map of the Cepheus B PDRs ayed by
C180 1-0 (thick black contours$2CO 1-0 (dashed black contours), radio contin-
uum (white contours) and FUYV field (dotted white contourd)e Two sets of three
dashed lines in a raw indicate the cuts | observed; the tweevanosses show the
two interface positions. The B 1 star, HD 217061 is donateahaspen triangle.
The center (0,0) is correspondingdc= 22'57M07, 6 = 62°37'33/(J2000).
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6.4 Results

6.4.1 Spectra at the two interface positions

Spectra of the observed lines at the two observed positiensheown in Fig. 6.2

- Fig. 6.4. The rest frequencies of those lines are presentéable 6.1. All the
spectra presented here are all in main beam temperatues s¢ale velocity range
is fixed from -25 km s to 0 km st and the main beam temperature is fixed from
-0.5 K to 3 K. All tracers have been detected at’(6A.85’). The weakest line
is HCSt 2—1, which is about 80 mK. Both®S 2—-1 and 3-2 are around 200
mK. As seen from those figures, the strongest lin@0 1-0:~ 45 K at (60,
-185’) and~ 41 K at (2@, -50"). Besides for CO and its isotopes, strong lines
were observed for all these species with, peaking near- 10 K. Except for CO
lines, the strongest emission is HCN 1-0. The ratios of CN/IHCN 1-0 and
CN 2-1/HCN 2-1 are 0.92 and 1.16, respectively. Fairly gffen 0.5 K) lines
have been seen for the ubiquitous ¢-Hz while weak lines have been detected for
HCO, HGN, and HCS'. The line intensities are also list in Table 6.2.

The observed hyperfine spectra depend on the total optigahdée line
width, the Doppler velocity of the source ad the amplitudeda All those pa-
rameters can be derived by a least square fit to the obsereetrsm using the
CLASS software (http://www.iram.es/IRAMFR/GILDAS/). €lhresults of such
least square fit for HCN, CN and>8 at the two interface positions are shown in
Fig. 6.3 and Fig. 6.4, respectively. To fit the line profile $aed optical depth
ratios between individual hyperfine components that arsistent with the rela-
tive intensities. The results of the fit are listed in Table. @ue to bad signal to
noise ratios for gH 3-2 and CN 2-1 at (20 -50"), the opacity derived there is
not very reliable.

| have detected four strongest ones of six hyperfine tramsitof GH 1-0
(Ziurys et al., 1982) and five of eleven hyperfine transitiohS,H 2—1 (Ziurys et
al., 1982) at both positions. And four of eleven hyperfinasraons of GH 3-2
(Ziurys et al., 1982) are detected at (66185’), while the GH 3-2 transition is
very weak at (20, -50”). CoH lines are believed to be optically thin, as suggested
by their hyperfine-split intensity ratios and line-widtAsi¢ker et al., 1974). From
the hyperfine structure fit, the obtained opacities gfl@—-0 at (60, -185’) and
(207, -50") are 0.65 and 0.69, respectively. And the opacities gifl @—1 are
around 1. So gH lines are not really optically thin.

The hyperfine structure upto the J = 3-2 transition of HCN haanbwell
resolved at (60, -185’). While only the hyperfine structure of the J = 1-0 tran-
sition of HCN is resolved at (20 -50’). HCN 1-0 at both positions are opti-
cally thin, the opacities are 0.43 at (§0185’) and 0.1 at 20, -50"). While
the HCN 2-1 transitions are optically thick at both posisipaspecially at (60
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Figure 6.2: The spectra of HCS2—1, HNC 1-0, HNC 3-2'2CO 1-0,13CO 1-
0,13C0o 2-1, %0 1-0, G0 2-1, HCO 1-0, HCO 2-1, HCO" 3-2, c-GH>»
21.2-101, HI3CN 1-0, H3C* 1-0, HGN 1-0, HCO 1-0, &'s 2-1, &*s 3-2,
CS 2-1, CS 3-2, CS 5-4, HCN 1-0, HCN 2-1 and HCN 3-2 at the twedfaute
positions.
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Table 6.2: Line Parameters on the two interface positiosgies for CO and its
isotopes. ND is indicates non-detection.
Molecule Transition (66,-185") Imp (Kkms™)  (207,-50") Imp K km s79)

C3s 2-1 0.452 0.503
c34s 3-2 0.584 0.630
c-CsHy 212101 1.213 1.757
C,oH 1-0 7.140 5.048
CoH 2-1 6.950 4.794
C,oH 3-2 6.981 1.850
CN 1-0 11.076 9.811
CN 2-0 8.045 6.249
CS 2-1 4.973 2.471
CS 3-2 4.193 2.076
CS 5-4 3.539 0.428
H13CN 1-0 0.679 0.194
Hi3cot 1-0 0.578 0.177
HC3N 10-9 0.260 ND
HCN 1-0 12.125 11.044
HCN 2-1 6.860 6.506
HCN 3-2 6.463 2.276
HCO 1-0 0.384 0.163
HCO™ 1-0 6.772 7.240
HCO™ 2-1 8.315 7.251
HCO" 3-2 7.344 3.269
HCSH 2-1 0.105 0.123
HNC 1-0 3.875 2.850
HNC 1-0 1.498 0.141
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Table 6.3: The results of hyperfine transition fitting faH; CN and HCN.

(607, -1859) (207, -50')
Tmb * Ttot Ttot Tmb * Ttot Ttot
CoH 1-0 4,252+ 0.133 0.653+ 0.191 2.524+ 0.089 0.69G+ 0.221
CoH 2-1 5.583+ 0.663 1.825+ 1.004 2.32H4 0.161 0.10G6+ 1.157
CoH 3-2 3.536+ 0.494 0.402+ 1.060 3.50A 3.890 7.245f 8.857
CN 1-0 11.570t 0.517 4.58H4 0.454 5.809+ 0.075 0.100t 0.045
CN 2-1 10.215-0.735 7.912+1.031 3.220+ 0.450 0.100t 0.707
HCN 1-0 5.295%-0.104 0.434+ 0.087 4474 0.031 0.106+ 0.007
HCN2-1 10.919:0.917 12.163t 1.284 4,648+ 0.864 2.87H 0.763
HCN 3-2 1.25%0.041 0.10G+ 0.090 1.761+1.061 1.43A 1.762

-185’) where the opacity for HCN 2-1 is 12.16. However, the opacft{iCN
3-2 is again optically thin at (60-185’). Fig. 6.3 and Fig. 6.4 indicate that the

LTE intensities can not reproduce the observed HCN linengites, especially
at (60', -188'). For example, the ratio’; 1o =1(F =1-1)/I(F =2-1) and
Rio2=1(F=0-1)/I(F =2-1) for HCN J = 1-0 are 0.54 and 0.40 at (60
-185’), respectively. And the ratios at (20-50") are R; 120 = 0.49 andR; o
= 0.20. The LTE ratios ar&; 12 = 0.6 andR; g2 = 0.2 (Baudry et al., 1980).
These anomalous ratios of hyperfine components can not&mpiated in terms
of a single excitation temperature. Rapidly collapsingxqgramding cloud models
have previously been utilized to explain anomalies in thiesdR; 12 = andR; o2
(Gottlieb et al., 1975; Baudry et al., 1980).

At both positions, the peak temperatures of CN 1-0 are hititaer those of
CN 2-1. Both observed CN transitions are optically thickb@and 7.91 for
CN 1-0 and 2-1, respectively) at (§0-185’), while they are optically thin at
(207, -50"). There is no deviation from LTE for the CN lines at (66185’),
especially for CN 1-0. Although the intensity of N(J,F) = 233/2)-1(1/2, 1/2)
is higher than the LTE prediction(20%) at (60, -185'), which was also found
for Orion A by Greaves & White (1992). And they attributed ithending to
non-LTE effects affecting the CN 2—1 line fine structure lsvéBut considering
the observational uncertainties, it is not confirmed in dase. For CN N 1—
0 at (20, -50), there are some evidence of self-absorption for N(J,F)3#21(
3/2)-0(1/2, 1/2), 1(3/2, 1/2)-0(1/2, 1/2), and 1(3/2, 3L/2, 3/2). The self-
absorption effects were also found in TMC-1 gm@®phiuchus by Crutcher et al.
(1984); Simon et al. (1997).
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Figure 6.3: Spectra at the interface (66185’). In the sequence of left to right
and top to bottom, there areg@ 1-0, 2—-1, 3—-2, HCN 1-0, 2-1, 3-2 and part of
CN 1-0 and 2-1. The green lines are the results from the hypesfructure fit.
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Figure 6.4: Spectra at the interface (2660"). In the sequence of left to right and
top to bottom, there are 8l 1-0, 2-1, 3-2, HCN 1-0, 2-1, 3-2 and part of CN
1-0 and 2-1. The green lines are the results from the hypestfineture fit.
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6.4.2 Integrated intensities along the two cuts

Fig. 6.5 presents the distribution of integrated inteasialong the two cuts. For
some positions where there is no detection, | take the 3aigatues as upper
limits. For all the tracers, line intensities behave vemikr: they increase from
the H region to the interface position, then decrease when gotagtie clouds.
The strongest intensity of each tracers occurs at the agerfpositions. Among
all tracers, the strongest is HCN 1-0 and the second strotrgesr is CN 1-0.
The ratio of CN 1-0 / HCN 1-0 is rather constant along both.clite CN/HCN
line ratio has been identified as an important indicator ef gphysics of dense
PDRs (Meijerink & Spaans, 2005). The weakest transitiors35S 2—1 and 3—
2. They only show up at the two interface positions with aegnated intensify
of ~ 300 mK km s1. For cutl, the line intensities drop fast after the integfac
position; while for cut2, the intensities extend into theus.

6.4.3 LTE analysis

In this subsection, | present the results from a LTE analgsibe two interface
positions. The results include opacity and excitation terajure estimations and
column density calculations.

Opacity of each tracers is calculated from the line intgnsatios between
isotopomers except for HCN. The opacities of HCN is derivedifthe hyperfine
structure fit.

To derive the excitation temperaturg;, the line intensity ratios of two transi-
tions of each molecules are used. | also assume ¥, 13CO and G20 have
the same excitation temperature. And this assumption gpbed to CS and
C®4s, HCO" and H3CO™. For those molecules observed only one transition like
HCS" and HCO, | assume an excitation temperature of 10 K.

| use Equation A.11 in Appendix A to calculate column deesitior 1°CO,
13co, c®o, cs, &%s, HCO", H3CO*, HCN, HNC, HCS and HCO at the
two interface positions. A optical thick correction for #fle column densities
(except for HNC, HCS and HCO) is the factor ofm. The permanent
dipole momeniu and the rotational constaBtof each tracer used in the column
density calculations are list in Table 6.4.

The details on opacity, excitation temperature and coluemsity calculations
can be found in Appendix A. All the results are listed in Tabl®.

The line intensity ratio o¥2CO 1-0 and3CO 1-0 is used to derive the optical
depth (opacity) for those two transitions, taking accourthe [F2COJ/[*3CO] of
65 (Langer et al., 1990). Then | use the intensity ratié*afO 1-0 and ¢80 1-0
and the'3CO 1-0 opacity to estimate the opacity dfO 1-0. As expected?CO
1-0 transition is optically thick, whil&3CO 1-0 and ¢80 1-0 are optically thin,
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Figure 6.5: The distribution of integrated intensities@dhe two cuts. The x axis
indicates the relative distance to those two interfacetjpos. Negative and pos-
itive distances are assigned to the west and east of thosmtertace positions,
respectively.
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Table 6.4: Molecular constants used for column densityutations. u is perma-
nent dipole moment and is rotational constant. All the data are taken from the
Cologne Database for Molecular Spectroscopy (CDMS, sed/hitvw.astro.uni-
koeln.de/vorhersagen/)

Molecular u (Debye) B (MHz)

12CO 0.1101 57635.968
13co 0.1105 55101.012
cl80 0.1105 54891.421
CS 1.958 24495.56
Cc34s 1.958 24103.55
HCO*t 3.90 44594.43
H3cot  3.90 43377.30
HCN 2.985 44315.976
HNC 3.05 45331.98

especially the latter at both interface position. Opasitiee 19.77 and 11.43 for
(607, -185') and (20, -50"), respectively. The excitation temperatures derived
from 12CO 1-0 transition are 110 K and 95 K for (§0185’) and (20, -50"),
respectively.

The intensity ratio of CS 2—1 and®s 2—1 is used to estimate the opacities
assuming a terrestrial isotope ratio of 22.5 (Lapinov etl#198). CS 2-1 at both
positions are optically thick whit an opacity of 1.65 and3i{&r the two interface
positions, respectively. The optical depth of CS 2-1 at (6185’) is bigger than
that at (20, -507). C34S 2—1 is optically thin, especially at (60-185’). The
line intensity ratio between CS 5—-4 and CS 3-2 is used to el¢hie excitation
temperature, which is' 8 K at (60, -185’) and~ 5 K at (20’, -50").

| use the intensity ratio of HCO1-0 and H3CO* 1-0 to derive the opacities,
assuming a terrestrial isotope ratio of 65 (Hogerheijde.e1897). The opacities
of HCO" 1-0 are 5.53 and 1.01 for (60-185’) and (20, -507), respectively.
And H3CO* 1-0 is optically thin at both positions. The excitation tergiure
for HCO™ is estimated using the intensity ratio of HE@G-2 and 2—1. And it is
~ 13 K at (60, -185') and~ 8 K at (20', -50").

The opacity of HCN 1-0 is obtained from the hyperfine struefitas mention
above. The line intensity ratio of HCN 3-2 and 2-1 is congdepo obtain the
excitation temperature of HCN, which is 11 K for both positions. | use the
intensity ratio of HNC 2—1 and 1-0 to derive the excitatiomperature of HNC,
which is~ 7 K for both interface positions.

| use!?CO 1-0,13C0 1-0, ¢80 1-0, CS 2-1, &'s 2-1, HCO 1-0, H3CO*
1-0, HCN 1-0, HNC 1-0, HC'S2-1 and HCO 1-0 to calculate the corresponding
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Table 6.5: LTE analysis for CO, CS, HCOHCN, HNC, HCS and HCO at the
two interface positions. The opacities'8€0 1-0,13C0O 1-0, ¢80 1-0, CS 2-1,
C34s 2-1, HCO 1-0, H3CO' 1-0, HCN 1-0, HNC 1-0, HCS2-1 and HCO
1-0 are listed at the top. The excitation temperatures of C§,HCO", HCN,
HNC, HCS™ and HCO are listed in the middle. The column densitiesfRCO,
13co, o, Cs, &S, HCO", H3CO™, HCN, HNC, HCS and HCO are listed
at the bottom,

(607,-188") (20", -50")

T12co1,0 19.77 11.43
T13c01-0 0.30 0.18
Tc1801-0 0.02 0.01
Tcs2-1 1.65 4,53
Tc3432_1 0.07 0.20
THCO+1-0 5.53 1.01
TH13CO+1-0 0.09 0.02
THCN1-0 0.43 0.10
TS (K) 111.00 95.46
TS (K) 8.01 5.44
THCO™ (K) 13.26 8.20
TN (K) 10.97 10.59
T '© (K) 6.93 5.87
N(H2)? (cm~2) 7.64x 1072 2.75x 1072

N(*2C0) (cn?) 1.08x 10'° 4.66x 10'8

N(13CO) (cn?) 2.09x 107 8.45x 106

N(C*0) (cm™?) 1.30x 10'® 4.68x 10'°

N(CS) (cn?) 2.40x 108 2.13x 103

N(C34S) (cnT?) 1.05x 102 9.91x 101

N(HCO") (cm™2)  2.19x 10'% 4.27x 102

N(H3CO") (em™2) 3.30x 10! 6.22x 10'°

N(HCN) (cm2) 1.22x 102 9.20x 10%2

N(HNC) (cm2) 2.10x 102 1.33x 1012
a excitation temperatures are assumed to be 10Hk; column density is calculated from
the C®0O column density using the canonical abundance ratio5’6iQ}]/[C'20] of 470

(Langer et al., 1990) and [CO]/ffiof 8 x 10~° (Frerking et al. , 1982).
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Table 6.6: Results of the relative column densities tochlumn density at two
interface positions. X(Y) is the fractional abundance atér Y relative to H:

N(Y)/N(H>).
(607,-185") (207, -50")
X(*?CO) 1.41x 10% 1.69x 10 %
X(13C0) 2.74<10°% 3.07x10°
X(C®0) 1.70x 10°°  1.70x 10~/
X(CS) 3.14< 1010 7.75< 10710
X(C34S) 1.3% 10711 3.60x 1071
X(HCOt)  2.87x 10710 1,55« 1010
X(HB3COM) 4.32< 10712 2.26x 10712
X(HCN) 1.60x 10719 3.35x 10710
X(HNC) 2.75x 10711 4.84< 10711

column densities of each molecule. | also estimate thé&din the G20 column
density using the canonical abundance ratios#€]/[C*80] of 470 (Langer et
al., 1990) and [COJ/[H] of 8 x 10~° (Frerking et al. , 1982). The Hcolumn
densities | obtain are 7.64 10°? at (60, -185’) and 2.75x 10?2 at (20', -50"),
which are at the same order of the Eblumn densities in Cepheus B calculated
by Beuther et al. (2000).

The column densities dfi(CS), N(C34S), N(HCO™), N(H*3CO"), N(HCN)
(cm~2), N(HNC) (cm2) are very similar with those found in N 159W, but bigger
than those in N 159S, N 160, 30 Dor-10, 30 Dor-27, N 27 in Maged clouds
(Heikkila et al., 1999).

| also calculate the fractional abundance of each molecalatve to H col-
umn density (see Table 6.6). | find the X(HEP~ 1019, which is smaller
to previous studies (Hogerheijde et al., 1997). Hogerkegtlal. (1997) found
X(HCO%) of 1.2 x 10°8in L 1489 IRS, T Tau, Haro 6-10, L 1551 IRS 5, L 1535
IRS, TMR 1, TMC 1A, L 1527 IRS and TMC 1.

6.5 Summary and outlook

| have presented the first results of a multi-line study in@epheus B molecu-
lar clouds. | have recorded twdlé&ng cuts for up to three transitions of the CS,
HCO™", HCN, HNC, CN, and gH molecules. Strong lines were observed for all
these species with,, peaking~ 10 K range. | calculate the integrated inten-
sity distribution along the cuts. | use a least square fit éodhserved hyperfine
structure of GH, CN and HCN to derive the opacities.

At the two interface positions, column densities of, H2CO, 13CO, Ct€0,
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CS, G*S, HCO", H'3CO", HCN, HNC, HCS and HCO are estimated under
the LTE assumption. The fractional abundance of each migscealative to H
column density is also calculated.

The study in Cepheus B cloud has not been finished yet. Thencodiensities
of CoH and CN are needed to be estimated. A more detailed companigb
literature is also needed. And follow-up study will be a ediie transfer analysis
using large velocity gradient codes and a detailed PDR nentaysis.



Chapter 7

Summary and future prospects

7.1 Summary of results

This thesis work is on the structure of the interstellar raedi | have studied
two topics: a.) use large scale surveys of Galactic mole@ltauds (the Perseus
molecular cloud) to study their structural properties;diydy the physical prop-
erties of the transition layers on the surface of molecutauds as traced by emis-
sion from [Cii], [C 1], and CO, which reflects the structure of molecular clouds.
The aim is to understand the energy balance of photon doedmagions, photo-
induced chemistry, and PDR dynamics and kinematics.

To study large scale structural properties, | mapped thebogdaw-mass star-
forming regions Perseus #CO 3-2 and'3CO 2—1 with the KOSMA 3m tele-
scope. The\ - variance method was used to study the spatial structur@ef |
integrated and velocity channel maps in Perseus. | estiritatespectral index
B of the corresponding power spectrum and studied its vanatcross the cloud
and across the lines. | found that the overall mapped regitbowis a power law
with an index off3 = 2.9 - 3.0 for scales between 0.2 and 3 pc. This agrees with
the results obtained by Padoan et al. (2003b) who studiedtate functions of
a 13CO 1-0 map of Perseus. While for the individual sub-regiths, result-
ing power spectral indices vary significantly: the activargborming region NGC
1333 shows high spectral indice8 € 3.5 - 3.8), while the dark cloud L 1455
shows low indices of 2.9. Then | applied the same method twisheal velocity
channel maps. | found an asymmetry of the power law indicssoéhannel maps
relative to the line centrum, which is a hint towards a pesutelocity structure of
the Perseus cloud complex. The indices with increasingeitglavidth are almost
constant. A continuous increase of the index with varyingeiey channel width
is observed in the blue wings, which can be explained by akshoming through
the region creating a filamentary structure preferentitlypw velocities. And it
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is coincident with an expanding shell of neutral hydrogencivlwvas created by a
supernova in the Per OB2 association a fe® yi€ars ago (Sancisi, 1974).

GAUSSCLUMPSs used to identify clumps for the whole observed Perseus
cloud and seven sub-regions as the same as iA theariance method analysis,
and to derive the clump properties as traced360 1-0 and 2-1. Using the
KOSMA 13CO 2-1 data, there are 341 clumps found, the mass range offi ighic
between 0.54 M and 87.98 M,. And | find 737 clumps using the FCRABCO
1-0 data and the clump mass ranges from 0.28avid 140.90 M,. A power law
index~ 1.9 of clump mass spectra is found. Studies of the relatibasimp sizes
with line widths and clump masses confirm the standard Larskations. The
virial parameter, which is the ratio between virial mass #mlmass estimated
from the Local Thermodynamic Equilibrium analysis, is usedharacterize the
equilibrium state of a clump. All clumps identified in both G333 and L 1455
are found with a virial parameter above 1. The external pressneeded to bind
the clumps fall within 18 K cm~2 and 16 K cm~2 for the whole observed Perseus
cloud.

| applied the KOSMA -1 photon dominated region model at seven selected
positions in IC 348 by examining the three independent lat®s to derive the
local physical condition. The clump density in those sevesitpons falls between
4.410 cm—3and 4.318cm=3. The FUV field fitted from the model is consistent
with independent estimates for the FUV field derived from BB continuum
maps by IRAS and from the stellar radiation. Then | expantiedanalysis to a
clumpy PDR scenario with a distribution of clumps over a eof masses and
sizes. This clumpy PDR model produces model line interssitieich are in good
agreement within a factor ef 2 with the observed intensities. | also predicted the
line intensities for [C [P, — 3Py, 2CO 7-6,13C0O 8-7 which can be confirmed
by future observations. Finally, | confirmed the anti-ctatien between C/CO
abundance ratio and hydrogen column density. This antetairon has been
found in many regions and has been explained by Mookerjda @006).

To understand photo-induced chemistry of the photon domdheegions, |
carried out a multi-line study of two cuts in the nearby stainfing region Cepheus
B using the IRAM 30m telescope at Pico Veleta. Cepheus B isqodarly well
suited as a PDR candidate because it is relatively closep@3and fairly ex-
tended (more than’'5x 5') thus permitting the PDR to be resolved spatially. To
the north-west lie the HIl region S 155 and the Cepheus OBGcaatson. Based
on the FIR continuum, the FUV radiation field varies betweBQlG& at the in-
terface andv 25 & in the inner core (Mookerjea et al., 2006). Thus, Cepheus B
represents a class of PDRs with moderately strong UV fieldvehecorded two
5 long cuts for up to three transitions of the CS, HGGCN, HNC, CN, and
C,oH molecules. Strong lines were observed for all these spedih T, peaking
in the 1— 3 K range. Other species were searched for in two positiotisean-
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terfaces. Fairly strong{ 0.5 K) lines were seen for the ubiquitous et while
weak lines were detected for HCO, KIT, and HCS along with some isotopic
species of the molecules seen very strongly. Data at the itwvgoveere combined
with low - J 12C0O, 13C0O, and ¢80 IRAM-30m maps of Cepheus B (Ungerechts
et al., 2000). In the first step, | estimated the relative damce of each molecule
along the cuts assuming Local Thermodynamic Equilibriuf5L. The follow-up
study will be a detailed PDR model analysis.

7.2 Future prospects

More follow-up studies are needed on the velocity channallyais using CO data.
As CO is an optical thick and cold tracer (compared withdtbuds), the velocity
channel analysis (VCA) in CO data provides complementdigrimation on the
VCA theory (Lazarian & Pogosyan , 2000), which only dealshwaptical thin
tracers and the line center.

Another study is to determine the cross correlation betvbtarent tracers
and different regions (as different sub-regions in the &ersnolecular cloud).
Such studies will provide the comparison between star fitomaegions and qui-
escent dark clouds, and also the structure between differearers.

Future observations will be useful to test the results asdsssthe importance
of different parameters used in the clumpy PDR models. Taeets such as
12c0o 7-6,13C0O 8-7 and [Q] 3P, — 3P, are essential to constrain the models.
This needs further NANTEN 2 telescope observations. SORid\rerschel will
provide observations in the Terahertz regime of the eletgnetic spectrum such
as the [Q1] fine structure transitions. The [ emission is important to study
the physical properties of the transition layers on theasgrf molecular clouds.
Velocity-resolved observations of this transition are artpnt to distinguish its
emission from that emerging from the ambient WIM.

There are more studies which can be carried out in the Cedenslecu-
lar cloud. Cepheus B exhibits PDRs which are subject to ordgenately strong
UV field of ~10°® Gy in contrast to most of the classical PDRs like the Orion
Bar, MonR2, M17SW which are subject to much strong UV fieldsordbver,
the western PDR of Cepheus B is seen almost edge-on, thugarajleo study
the stratification of chemical abundances expected from RidRels. So study
the PDRs in Cepheus B can be a complementary sample to thehdefSuar-
anteed Time Key Project, the warm and dense ISM. Furthernsome tracers
observed in the Cepheuse B cloud likgHZ could probe the low density envelop-
interclump medium where grains are fragmented. At predsriigh obscured
abundance can not be reproduced by PDR models. So furtltkeston Cepheus
B can test current PDR models and may also provide informatamplement
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them.

The thesis presents the comparison of the structural prepdor entire sur-
veys and sub-sets of the Perseus molecular cloud, as wélkka®locity channel
analysis, provide additional, significant charactersstitthe ISM in observed CO
spectral line maps. These quantities are useful for a casgraof the structure
observed in different clouds, possibly providing a diadmmo®ol to characterize
the star-formation activity and providing additional coasts for numerical sim-
ulations of the ISM structure. The thesis also studies@ifiePDRs subject to low
and intermediate FUV fields using the clumpy KOSMA PDR model. Future
observations will be useful to constrain the models anddgguthe importance of
different input parameters used. A better knowledge ofdlvesditions in IC 348
and Cepheus B will provide a template for future studies da@a& PDRs and
the ISM in external galaxies.



Appendix A

Local thermodynamic equilibrium
analysis

| have used the local thermodynamic equilibrium (LTE) aselyin Chapter 4,
Chapter 5, and Chapter 6. To present more details in LTE, lIheile present
the basic analysis of opacity, excitation temperaturejrool densities and masses
under the local thermodynamic equilibrium assumption.

A.1 Opacity

If one considers the coupling of the telescope beam to theceoda coupling
efficiencync, the detection equation is written as

hv 1
k exphv/kT)—1
(A.2)

whereJ, (T) is the normalized Plank intensityJex is the excitation temperature,
kis the Boltzmann constanlyg is the 2.74 K black body radiation of the Cosmic
back groundr is the opacity andy is the antenna temperature.

Under the LTE assumption, the opacityf a tracer X can be obtained when
comparing the line intensity ratio of X and its isotopomettXan be written as

Tr = Nc[Iv(Tex) — v (Tbg)|[1 —exp(—T)], with Jy(T) =

TR (X) N 1-exp(—1x)  l—exp(—Tx)
T5(Y)  1—exp(—tv) 1—exp(—T1x/lac)’

(A.2)

wheretx andty are the opacity for X and Y, ang is the isotopic abundance
ratio of [X/Y]. In the above equation, the assumption is thath X and Y are
characterized by the same excitation temperature.
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A.2 Excitation temperature

The excitation temperatuiigy for tracer X can be derived using the intensity ratio
R; of different transitions of tracer X with frequencieswfandvs,.

[Jvs (Tex) = Ivy (Tog)|[1 — €XP(—T1)] _ Jv (Tex) — Jv, (Thg)
[Jv,(Tex) — v, (Tog)][L —eXp(—T2)]  Juy(Tex) — v, (Thg)’

wheret; and 1o are the opacity of the transitions correspondingzicand v,.
There is an assumption that both transitions are opticaibkt
If both transitions are optically thin, then the Equatior3 &an be written as

[ (Tex) = vy (Tog)I T
[J(Tex) — Jv, (Thg) | T2
If there is only one transition with frequeneymeasured for tracer X, then the
excitation temperature can be estimated from the peakteghk temperaturg,y

assuming this transition is optically thick and the beanmfjlifactor f of 1. The
equation is written as

Tonb = (3 (Tex) — v (Tog)|[1 — eXp(—T)] & Jy (Tex) — v (Thg). (A.5)

Re = (A.3)

Re

(A.4)

If this transition is optically thin, then the Equation A.&rcbe expressed as
Tmb =~ [Jv(Tex) — Jv(Tbg)] T. (A.6)

In Chapter 5, | used Equation A.3 to derive CO excitation terafures. In
Chapter 6, | used both Equation A.3 and A.4 depending on tlaeitypof the
tracers, and | also used Equation A.5 when there is no onsiti@mobserved.

A.3 Column density

For a molecule Y in LTE, the line opacity,, and excitation temperaturiy,
the column density of tracer Y, can be estimated using theesgn for column
density in a single rotational level (Scoville et al., 1986)

8mve g hv
Ni(Y) = —[1—exp—— /Tdv, A.7

oY) A1) 93+1[ X kTex>] Y (A7)
whereN;j is the total column density of the lower levelis the velocity of lighth
is the Planck constani,is the rotational quantum number of the lower stgiés
2J + 1),03.1(= 2J + 3) are the statistical weights of the lower and uppetianal
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levels andA;, 1 5 is the Einstein coefficient for spontaneous transitionsifupper
levels to the lower level, andis the velocity (noting thatd/v = dv/v).
The Einstein coefficient for a spontaneous electric dip@ledition is

A 64V ,J+1
J+1,J — 33 u 931 )

(A.8)

wherep is the permanent dipole moment of the molecule. The columsiteN;
is related to the total column density,: summed over all levels (Garden et al.,
1991)
(o} hBJ(J+1)
N3(Y) = ———NpteXp—————=-
blY) QTe) ™ A= Tex )
whereB is the rotational constant of the molecular aQ@Tex) is the partition
function, which can be expressed as

© hBJJ+1), k(Tex+hB
Q(Tex)Z%gJqu— i(T; )]z (sh:B ), (A.10)

(A.9)

Finally, the total column densitio; can be written as (Scoville et al., 1986;
Garden et al., 1991)

BJ(3+1)/KTex
3k & Tex+ hB/3k /Td\/,

Niot(Y) =
hot(Y) 8@B2 J+1  1_e /Kl

(A.11)

A.4 Mass

Then the total mass of gas in the source is given by (Scouibé €1986)

H» 7'[92

M = Not(Y) [_]“GmHgT

2
7 d2, (A.12)

Where[$] is the K to Y abundance ratiqc is the mean atomic weight of the
gas,my, is the mass of a pimolecule 0 is the angular diameter of the source and
d is the distance of the source.



Appendix B

A new atmospheric calibration
method

B.1 Introduction

Astronomical instruments have been developed rapidly (MASNANTEN 2,
SOFIA and etc.). Stratospheric Observatory for Infraredréx®omy (SOFIA)
is one of them. SOFIA is an airborne observatory that wildgtthe universe
in the infrared spectrum, which will fly at around 13 km high.t guch high
altitude, the air contains only about 20% of the molecules@nt at sea level.
All those current/new observatories demand a new and meigeratmospheric
calibration routine.

Different to the traditional calibration approach thataetetines the atmo-
spheric transmission as an average over a representativensef each receiver
band individually, this new atmospheric calibration sckeunses a single, free
parameter, the precipitable water vapor (pwv) which isditie the observed at-
mospheric emission spectrum derived from HOT/COLD/SKYaswgements in
the standard calibration cycle.

Currently there are two programs to convert raw fits data@itASS data, one
is calledOfflinecaland the other i&alibrate. In other word, those two programs
will transform backend counts (raw fits data) to antenna tzaipres (CLASS
data). InOfflinecal the traditional (Hiyama calibration) atmospheric cadiioon
routines are used, and Kalibrate, the new atmospheric calibration routines are
used. Here | compared bo#alibrate and Offlinecalto test the two different
atmospheric calibration methods on both simulation anbaleserved dataNote
that all the tests here are based on the observational data fihe NANTEN 2
telescope in 2006 and the simulation data that are based @sithilar setting as
the NANTEN 2 observatory.
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Here are the terms that will be used later.

C  counts; a subscript indicates for ZERO, COLD, HOT, SKY or OFF
T  temperature; a subscript indicates for COLD, HOT, AMBIENTSKY
Nemp  forward efficiency or main beam efficiency
T.as  calibration factor

famp  fraction of ambient material in main beam
1

Gei receiver gain in the signal and image side G=1=2Gg=———
)i g g g Hand G S 11Gi/Gs

Xsi  response in signal (image) band to sky port
bsi,Csi b and c coefficients from the atm lookup table
pwv  water vapor
Ty opacity, Ty = bsj * pwv+Cs;
ta,,v  atmospheric transmission,; y = exp(—Ty)
A airmass, A =1/ sin(elevation)

A term with a variable A withA indicates a channel averaged value; a term
with a subscript indicates a value for a single channel.

B.1.1 Atmospheric model

In our calibration, Atmospheric Transmission at Microws(&T M) model (Pardo
et al., 2001, 2005) is used.

The ATM model is based on recent broadband measurementsindations.
Its primary goal is to simulate the atmospheric spectrumh@ rhillimeter and
sub-millimeter regions of the electromagnetic spectrurdenra wide range of
conditions and geometries. The model is fully applicabberfiO to 2 THz while
including lines up to 10 THz (Pardo et al., 2001). for high anglmountain sites
by means of ground-based Fourier Transform Spectroscopgumements.

Line-by-line calculations of the absorption are performesihg a line data
base generated from the latest available spectroscopstasus for all relevant at-
mospheric species. The line widths have been obtained frdotighed laboratory
data. The excess of absorption in the long-wave range timmiotde explained
by the resonant spectrum is modelled by introducing tweaedsffit (dry and wet)
continuume-like terms that have been precisely quantifiedlbyneasurement and
that are theoretically explainable. Phase delays neér, i@, and & resonances
up to 10 THz are also described in the model since they affiedinterferometric
phase. The frequency-dependent (resonant) phase deletyofurs formally re-
lated to the absorption line shape via the Kramers-Kronsgelision theory, and
this relation has been used for modelling them (Pardo €2@0.1).
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Especial effects involving polarization, such as the Zeerm#ect, reflec-
tion on the oceanic surface, or scattering by aerosols aromyeteors (rain, ice,
snow...), can also be simulated (Pardo et al., 2001).

B.2 The previous calibration (Hiyama'’s)

The previous calibration method used in the KOSMA and NANTEN called
Hiyama calibration. It was developed by Hiyama (1998) aspdodia thesis in
Universitat zu Koln. Hiyama calibration works as the éoling:

e For each connected backer@fflinecalreads the ZERO, COLD, HOT and
SKY (or OFF) counts from the raw fits data ; then it does the ayemover
the whole channels after zero substraction;

e Hiyama’s calibration calculates a mean atmospheric trissan by

t_a = (C_:hot— C?@a”)/(V* Aeft* (1 —famp) * ThoLeff) — (1 Aecif) /Aeft,

(B.1)
wherey is defined as B B
— Chot—Ceold
— —cold. B.2
Thot — Teold ( )
Thoteft is the effective HOT load temperature, which is defined as
Thot — famb T,
Thoteff = hot — Tamb* amb; (B.3)
1- famb
At is defined as T
Aett = == (B.4)
hot eff

e Then it does an iteration (maximum 300 times) on déhinction to derive
the water vapor with an initial value of 1 far. The a function is defined

as following:
1+ gixi
a= —t%% (B.5)
I+ G
wherety, andt, are
ta = exp(—Ax (b x pwv+G)) (B.6)
and water vapopwvis defined
—2Inty —Cs

pwv = (B.7)

bs
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e Then it calculates a constant calibration factor for eaainested backend,
which is computed as

Thot— Tcold_ (B 8)
r’ * tas ' .

Tca| = (1+ Z) *
to convert tol; scalesy) is the forward efficiency; to convert to main beam
scales/) is the beam efficiency. Z is defined és%

STAS

e At the end this constanf, is applied to each spectral channel to convert
the counts to Kelvin scales.

e For common calibratiorQfflinecalwill carry it out after single calibration.
Then it weights the individual water vapor from each coneddtackend by
system temperature to calculate a common water vapor. Aitlapplies
this common water vapor for calculatifigy of each connected backend.

B.3 The new calibration scheme

The new atmospheric calibration is carried out as following

¢ the new calibration fits all the input channels simultangobg using the
formulae below:

f(pWV) = TA,sky_TA,hot = (1_ 1trmamb) (B,9)

Tsky + famb(GsXs +Gixi ) Thot ~ (B.11)

—(GsXs+ GiXi) Thot
= P fam)(Gots + G4 (B.12)
1_Aeff)
to +a B.13
(as Ao ( )
A
— —%”Thot(l—famb)esxs (B.14)

Gixi) ( 1_Aeﬁ)
1+ to.+0 B.15
( GsXs %* Aet ( )

1
f(pwWV) = Ta sky— Ta hot = ;/(Csky — Chot)(GsXs+ GiXi) (B.16)

with
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tay; = €xp(—A[b(vsj) pwv-+c(vs;)]) (B.17)

By using the f(pwv) formulae in the equation (10) and (11) areighted
by receiver temperatures, one can fit the water vapor value.

e Then it uses the same calibration factor formula as the Hayaalibra-
tion but calculates the calibration factor for each chai@ath frequency),
Tcalv; then for each channel, it converts the counts to Kelvineschly ap-
plying the correspondin@a, -

e The new calibration supports both single and common caidranodes
and treat both modes same. For a single calibration, the icipannels
are from each connected receiver band separately; for a conthre input
channels are from all the connected receiver bands sinadtesty.

Below is theFlow chart of CALIBRATIONFACTOR.f which is the main
calibration routine and sends back an array@f, to Kalibrate.
B.4 Testing the new calibration
To verify the new calibration routines, | did the compariseith the Hiyama
calibration both on the simulation and real observatioméhdThe observational

data are from the NANTEN 2 telescope in 2006 and the simulatada are based
on the similar setting as the NANTEN 2 observatory.

B.4.1 How to useKalibrate

Here | first give a brief introduction on how to ukalibrate.

1. By typingkalibrate -h one can list all the options fdwalibrate

Usage: kalibrate [OPTIONS] offlinecal program Options:

-h, --help this help text

-0, --outputformat <f> output to cl ass,
fits fornmat or none

-O --offlinenode Set O fline node

(with KOSMA file_io)

Hnt:-OOw Il skip all
not yet witten scans
and wait for new



Call frq_range.f

Obtain the number of connect spectrometers and the frequency range

of each spectrometer: high_frq and low_frq

Call subroutine binning

to bin each spectrometer according to input bin size
I

Rayleigh-Jeans

Calculate  airmass, correction for all

temperatures, inner variables and receiver temperature (Tyec).

Mode (1 means only calculate Tre;

0 means a normal fit; 2 means

users gives a water vapor valug

109

the

calibration routine?

First time call

Store  lookup

table

stored_b and stored_c)

Call lookup_coeff from_disk;

into

a

temporary memory (stored_frq,

Call lookup_coeff from_disk;

Store lookup table into a temporary
memory (stored frq, stored b and
stored_c)

High_frq(i) and
low_frq(i)  fall
within stored_frq

Y

Call get_coeff b ¢

2 Calculate opacity by using the pwv

0

given by users.

Calculate
initial _cal) for pwv. Fit pwv value by using

least square fit, then calculate opacity.

ATgps and initial guess (call

Calclate Teq, Tyys for each bin.
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-S, --start-channel

-E, --end-channel

-s, --scan start][, end]
-c, --classfile <name>
-a, --atnfile <nanme>
-d, --datapath <nane>

-m --nmethod <name>

-v, --verbose
-G --guinobde

Send bugs to <jakob@hl.

Start Channel (default: 700)

End Channel (default:1300)
Scan- Range (default: 10000,
10008)

Set default output file nane
red

Set default atmfile nane
Default is :/opt/kosma_control

/ share/ at mt abl e. dat

Set default input data path

of FITS RAW dat a

Default is :/datal/ kosma_contro
/[t

Set calibration nethod (-mhelp
for a list)

| ncrease Verbose | eve

Open di spl ay wi ndow

(of flinecal plot)

uni - koel n. de>

The import ones are optiow to set input raw data path, optiea to give

the atm look-up table path;

2. Option-m provides interaction between users and the program. Byusin
kalibrate -m helpone can list all the available sub-options as shown below:

Hel p for option -m

pref et ch=<n>

i nterpol ate=-1/0/1/2

Prefetch n Scans to catch
foll owi ng | oad scans
(default: 1)

Al l ow i nterpol ati on between
two scans (node 1)

If nmode is -1 no interpolationis
done and | ast scans will be used
In nmode O no interpolation is done,
but use cl osest scans

comon=0/1

In node 2 extrapolation is
al so al | owed
Common cal i bration



dsb=0/1

usequal ity=0/1

cal factors=0/1
tau=0/1

skyhot obs=0/ 1
skyhotfit=0/1
wite | oadscans=0/1
write conbscans=0/1
wite_ offscans=0/1
at ncode=hi yama/ kef eng
ai rmass=0/1

doppl er=0/1
otfoff=0/1

expandot f =0/ 1
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(defaul t:single)

0 - singesideband, 1 -
doubl esi deband

If set (default 1)

flag output quality
Wite out the calibration
factors used

Wite out the signal and
I mage band zenit tau
Wtie observed SKY-HOT
(default:0)

Wite fitted SKY-HOT
(defaul t:0)

Wite Trec-Load scans
(default:1)

Wite Conb scans
(default: 1)

Wite Ref scans
(default:1)

Choose Fitting code

(def aul t: hi yana)

Correct airnmass between
ON and REF

Correct doppler velocity
for each scan

Create difference scans
bet ween two OFFs

Create and calibrate

i ndi vi dual spectra for
each OTF ON position

Wite OIF data in 2di mformat
Allows to override n mssing
subscans (default:5)

pvot f =0/ 1
al | owski p=<n>

t col d=<t > Override cold | oad tenperature
t hot =<t > Override hot |oad tenperature
t amb=<t > Overri de anbi ent tenperature

t sky=<t > Override sky tenperature.

I f negative, then substract
fromtanb
e.g. b0=0.9: b1=0. 87

Override forward efficiency

f or wef f =def aul t
feff=0..1
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pw =( >0) Use this water vapor val ue

wei ght = Wei ght paraneter for individua
backends/ channel s
e.g. b0=0.4:bl=1:b2:s0:e2047=0
Sonme gl obal keywords are none
/trec/tsys

*azof f =<of fset in arcsec>

*el of f =<of fset in arcsec>

hel p This hel p text

Sub-optioratmcod(hiyama or kefeng) gives a possibility to switch between
the Hiyama atmospheric calibration method nd the new athmersp cal-
ibration method. Sub-optiocommon(0/1 for single or common calibra-
tion). One important option undem is interpolate which allow interpola-
tion between two OFF scans (mode 1) and mode -1 means nootaggn
and last OFF scan will be used; mode 0 means no interpolatidntze
closest OFF scan in time serial will be used; in mode 2 extediom is
also allowed. For the new calibration, it is also possiblevtiie Ty and
Tasky— Tahot from observations and fitting out to a CLASS file by setting
calfactors, skyhotobs, skyhottfit 1. Forward efficiency, cold, hot, sky and
ambient temperature etc. are also possible to be overaiitem options;

Here | give an example of runnirifplibrate by giving a raw data path, a
atm look-up table, specifying atmcode, overwriting theafard efficiency,
and writing Teai, andTa sky— Tahot from observations and fitting out to a
CLASS file.

kal i brate -s 2995, 3021 -a /hone/ kontr ol

/I nanten2 recalibration/offlinecal feoff

/ at nf eb05_ nant en. dat

-d / kosnadat en/ raw kosna_cont r ol

/[ nant en2_t hot pr obl em conpl et e_dat a/ sep06
-m feff=0. 86

-m at ntode=kefeng -minterpolate=-1

B.4.2 On simulations

| have tested on several sets of simulation data under €ifferonditions mainly
based on the similar setting as the NANTEN 2 observatory.eBoh simulation
data, the input water vapor always varies from 0.2 mm to 2 mth astep of 0.2
mm. Then | ranOfflinecalandKalibrate in both single and common calibration
on output raw data and used the same atm look-up table.
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Figure B.1: The the water vapor comparison between the enpditalibrated val-
ues for low and normal receiver temperatures. The left psimalvs the compari-
son for single calibration and the right panel presents dineparison for common
calibration.

In the simulations, one can set ambient temperatyfg, &nd sky tempera-
ture Tsky Using the commanisetdummyatm In the raw data fits header there
is no item for sky temperature. So the sky temperature istalsethe ambient
temperature in data calibration.

The following cases | have tested are a.) different recameperature and
b.) different ambient temperaturgq,and sky temperaturegly relationship with
Tamb= Tsky Tamb > Tskyand Tambp < Tsky

B.4.2.1 Different receiver temperature

| used the simulation to test the effect from different reeetemperature on data
calibration.

| compared the output water vapor values for both lewdQ K for both 810
GHz and 492 GHz) and normak(441K for 492 GHz andv 1336K for 810
GHz) receiver temperature by using bdiMflinecaland Kalibrate. The results
are presented in Figure B.1. For both low and normal recédraperature, there
is no difference in the output water vapor from b&@fflinecalandKalibrate in
single and common calibration modes. And low receiver teatpee has no effect
on output water vapors, because it has the same output wagtersszas normal
receiver temperature for both single and calibration modes

B.4.2.2 Different ambient temperature Tymp and sky temperature Tgyy

As mentioned before, one can set both ambient temperatyfigaind sky temper-
ature Ty in the simulations, but sky temperature in the calibratioalivays set
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T T T T
20 |- |single Cal. B
O Kalibrate 810 GHz 1
18 - | O Kalibrate 492 GHz b
= Offlinecal 810 GHz 1
16 | o Offlinecal 492 GHz R

14 - | common Cal. N
A Kalibrate 1
12 = | 4 Offlinecal b

10 -
0.8 - -

0.6 - —

Output water vapor [mm]

04 4

0.2 | -
1 I I I I I I I I I

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 20

Input water vapor [mm]

Figure B.2: The the water vapor comparison between the iapdtcalibrated
values when Iy is equal to Ty

to be ambient temperature. In the real data, there are daseskly temperature
is different to ambient temperature. So in this sectiony ltdr simulate the out-
put water vapor behaviors with different ambient tempeeatund sky temperature
relationship.

Tamb= Tsky

The ideal case is that sky temperature is equal to ambiemiasature. The
results are presented in Figure B.2. Within the numericakuainty, the out-
put water vapor is the same as the simulation input for batglsiand common
calibrations and botBfflinecalandKalibrate give the identical results.

Tamb > Tsky

For real data, sky temperature is often lower than ambiempégature. Here, |
simulated the that sky temperature is 5 K and 10 K lower thapiemi temperature
(Note: Although in the simulationghis larger Tgyy, the hardware does not know
that. Hence in the calibrationgl, is set to be %mp.). The results are presented in
Figure B.3.

Within the numerical uncertainty, the output water vaposiagle calibrations
is identical for bottOfflinecalandKalibrate, but it is smaller than the input values,
especially for the bad water (water vaperl.0 mm ). At the very bad weather
(water vapor> 1.2 mm), the output water vapor for the 810 GHz deviated from
the input values bigger than that for the 492 GHz;

The water vapor from the common calibration from both caliton methods
is also similar and close to that for 492 GHz from a singletralion. At the bad
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Figure B.3: The the water vapor comparison between the iapdtcalibrated
values for sky temperature lower than ambient temperaire.left panel shows
the comparison for single calibration and the right panespnts the comparison
for common calibration.

weather (water vapars 1.2 mm) in common calibration, the output water vapor
from Kalibrateis closer to the input values than that fr@iflinecal
For both single and common calibration modes, the lower skyperature is
than ambient temperature, the lower output water vapoiais the input value.
Tamb < Tsky

For comparison, | simulated the that sky temperature is 5&14K greater
than ambient temperature (Note: Although in the simulafighy, is lower Ty,
the hardware does not know that. Hence in the calibratigg.ig'set to be Inp.).
The results are presented in Figure B.4.

Within the numerical uncertainty, the output water vapossiagle calibrations
is identical for bottOfflinecalandKalibrate, but it is greater than the input values,
especially for the bad water. At the very bad weather (waapov> 1.4 mm for
the case that gy is 5K greater than Jy, and water vapor 1.2 mm for the case
that T,y is 10 K greater than gy, there is no solution of output water vapor for
the 810 GHz for botlKalibrate andOfflinecal

The water vapor from the common calibration from both calilon methods
is also similar and close to that for 492 GHz from a singlebralion. While
the output water vapor froidalibrate is closer to the input values than that from
Offlinecal In the common calibratiorQfflinecaltakes the water vapor for 492
GHz from a single calibration as the common water vapor vedaen there is no
solution for 810 GHz from a single calibration, whialibrate treats differently
by using a receiver temperature weighted method.

For both single and common calibration modes, the greayeteskperature is
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Figure B.4: The the water vapor comparison between the iapdtcalibrated
values for sky temperature greater than ambient tempetaftme left panel shows
the comparison for single calibration and the right panekpnts the comparison
for common calibration.

than ambient temperature, the larger output water vapbais the input value.

B.4.3 On real data

| compared water vapor between the Hiyama and the new ctdibnaethods in

single calibration mode (Figure B.5) for all NANTENZ2 datath 810 GHz and

492 GHz) observed during September, 2006. For most of daisettwo methods
give very similar water vapor.

B.5 Conclusion

Receiver temperature has little effect on the output wadeov. Both simulation
and real data show th#talibrate and Offlinecal give very similar water vapor,
especially for the single calibration mode. For commonbration mode, the
fitted output water vapor froridalibrateis closer to the input value than that from
Offlinecal

In real data, Txyis always set to be g The fitted output water has a strong
connection with the relationship betweegqfand T,mp The fitted output and
input water vapor is identical wheny, = Tamp, the fitted output water vapor is
less than input water vapor whenyj < Tamp the fitted output water vapor is
greater than input water vapor whegJ> Tamp The Tgky is assumed to be the
same as Jmpcurrently. While the difference betweeyjand Tamp will different
output water vapor, it may be worth fitting both water vapai gy in the future.
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Water vapor [mm] from Offlinecal
o
o

Water vapor [mm] from Kalibrate

Figure B.5: The water vapor comparison between the Hiyandatlae new cali-
bration methods. The drawn lines are where the two metheagsige same water
vapor.

Generally, common calibration give a more reliable outpatexvapor.



Appendix C

A uniform observing script

In this appendix, | will describe a uniform observing scifipt the KOSMA con-
trol software, which is a state of art telescope controlvgafé developed in I.
Physikalisches Institut, Universitat zu Koln. Currgnthis observing script is
used in the NANTEN 2 observatory.

The NANTEN 2 Observatory (NANTEN is japanese for southerm) sk a
collaboration between research institutes in Japan (Nagoyl Osaka Univer-
sity), South Korea (Seoul National University), German®D@MA, Universitat
zu Koln, Argelander-Institut Universitat Bonn), and &hjUniversidad de Chile).
The observatory is located at 4900 m altitude on Pampa la iBdlae Atacama
desert, Chile. Equipped with a 4 m submillimeter telescOpENTEN 2 will be
used to survey the southern sky in molecular and atomic igpdictes between
110 and 880 GHz (http://www.astro.uni-koeln.de//nantgn2

At the beginning of observing with the NANTEN 2 telescopegmwobserver
has to write his own observing script for each of his projeegn for each different
observing mode: position switch mode, on-the-fly mode aod 8b it is difficult
for a fresh observer to start his observation immediatelytHermore, because
each observer uses his own script, it is hard to track therasisen history such
as the ON time, the map size and so on.

Under such condition, a uniform and easily-used observaniptsis essen-
tially needed. | created a uniform observing script usingulxi shell language,
which works as an interface between observers and telesmogeol software
(the KOSMA control software). It has been installed and wstatie NANTEN 2
observatory since 2006.

This observing script contains two parts: one is the maimgnm in linux
shell scripts and the other is a simple ASCI input file that banmodified to
different observations. In addition, the script also sufgpthe input parameters
using command lines.

Observing.slis a uniform observing script now and it isfimome/observer/bin

118
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of thekosmapc at the NANTENZ site. So there is no need to copy it into cfife2
source directories.

To set up observing parameters, one can use input file, cochhimenor both.
The basic usage is below.

e observing.sh -hgive the help;

observing.sh -N )ndisable display of the input parameters (the default op-
tion isyes;

observing.shthe script will take the default input parameter fihepar in
the directory where the script is running.

observing.sh -f filename (or path+filenamé)e script will take the given
input file;

observing.sh -GhfimSRIbtMOgLBadcnoCse valgiee the options via com-
mand line. For example:

— observing.sh -S sourcename -R refname -I mapcenterlam poena
terbet in this case, the script will take the source name, referenc
name, map center (or desired position for psw) in lam and reapec
(or desired position for psw) in bet from the command line dredrest
parameters from the default input file_par.

— observing.sh -S sourcename -R refname -f inpuifil¢his case, the
script will take the source name and reference name from ahe c
mand line and the rest parameters from the give input file

Parameters given from command line have a higher priority It means
if one sets the same parameter both in the input file and viarcamd line,
only the one from the command line will be taken.

If option -N is yes the script will first display the parameters again in the
screen before starting an observation. One has toyype+ Enterto continue
and typen(N) + Enterto quit.

The default log file is stored in a file calletbservinglogsn the same directory
where one runs the script. One can use the optibtogfile (or path+logfile)to
set up alog file.

Below are some examples for carrying out different obsgrmiodes (the ex-
amples here are using the input parameter file, one can alspaa the same
observations by using the proper options via command line).
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e absolute or relative reference positions. to use an atesoddiérence, just
give the ref name imefname to use a relative reference, one need to do
the following: setrefnameto NAN; then give the relative offsets (arcsec) in
refoffl andrefoffh.

e otf map. set mode totfl or otfb (otfl means otf scans in +l direction; otfb
means otf scans in +b direction. The otf mode used in the foversion of
the script will be automatically set to otfl); give source raamd ref name
in sourceandrefname give the center of the map lam andbet, give the
ON time inton (this is the ON time per dump! The OFF time is calculated
from ON time); set map step istep(for the test receiver, 15 used for a
fully sampled map); set map sizenmapsizeandmapsizepset the map and
ref cood. system icormapandcorref.

e psw observation. set modepsw give source name and ref namesiource
andrefname give the observed position iam andbet give the ON time
in ton (OFF time is the same as ON time); set how many cycles and scans
in ncycleandnscangIn each cycle, there is a calibration comb/sky.) set the
map and ref cood. system aormapandcorref.

e pswcross. set mode fuswcrossgive source hame and ref namesiource
andrefname give the center of the cross imamandbet, give the integration
time inton (OFF time is the same as ON time); set cross stegtep(for
the test receiver, 15 used for a fully sampled map); if one wants to do a
3 x 3 cross, then set th@ossnumnas 3; set the map and ref cood. system in
cormapandcorref.

e pswrast map. set mode pgwrast give source name and ref namesiource
andrefname give the center of the map ilam andbet, give the ON time
in ton; set theonsperoffvalue (it will calculate OFF time means how many
ONs after one OFF); set map stepdgtep set map size irmapsizeland
mapsizebset the map and ref cood. systencormapandcorref.

e pswmap. set mode goswmap give source name and ref namesaource
andrefname give the center of the map Iamandbet give the ON time in
ton (OFF time is the same as ON time); set map stegtém set map size
in mapsizebndmapsizebset the map and ref cood. systentormapand
corref.

e dbs observations (the same for swa and swb observationshoske todbs
(or swaor swb give source name isource give the observed position in
lam andbet, give the beam switch time iton; map and ref cood. system
are alway#HORIZON no matter what is set ioormapandcorref; wobbler
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amplitude ¢hop.amp and frequencydghopfrq) are fixed to be 84n Az and
1.01 Hz, respectively for the NANTENZ2, unless there will mewmeasure-
ments to indicate a different value. for dbs mode, one cardbs&umto
set numbers of dbs cycle; to observe a single position, & @ioa map, the
rest parameters are the same as for psw mode.



Bibliography

Adams, W. S. 1941, ApJ, 98, 11
Allan, D. W. 1966, Proc. IEEE, 54, 221

Alten, V. P., Bally, J., Devine, D. & Miller, G. J. 1997, in IAQymp. 182 Poster
Proc., Low Mass Star Formation Infall to Outflow, ed. F. MdlkeA. Castets
(Grenoble, Obs. Grenoble) 51

Alves et al. 2005 in preparation

Aspin, C., Sandell, G. & Russel, A. P. G. 1994, A&AS, 106,165
Aumann, H. H., Fowler, J. W., & Melnyk, M. 1990, AJ, 99, 1674
Bachiller, R. 1985, Ph.D Thesis, Université de Grenoble

Bachiller, R. & Cernicharo, J. 1984, A&A, 140, 414

Bachiller, R. & Cernicharo, J. 1986, A&A, 168, 262

Bachiller, R.; Martin-Pintado, J. & Planesas,P. 1991, A&A]1,639
Bachiller, R., Menten, K. M. & del Rio-Alvarez, S. 1990, A&R36,461
Bally, J.; Devine, D.; Alten, V. & Sutherland, R. S. 1999, AF8,603
Bally, J., Devine, D. & Reipurth, B. 1996, ApJ, 473,L49

Bally, J.; Stark, A. A.; Wilson, R. W. & Langer, W. D. 1987 ,Ai&112, 45
Barnard, E. E. 1919, AJ, 49, 1

Baudry, A., Combes, F., Perault, M. & Dickman, R. 1980, A&A, 244

Beech, M. 1986, Astrophys. Space Sci., 133, 193

122



BIBLIOGRAPHY 123

Bell, T. A., Viti, S., Williams, D. A., Crawford, |. A. & PriceR. J. 2005, MNRAS,
357,961

Bensch, F. & Simon, R. Poster in Star Formation Workshopy 14+19, 2001,
Santa Cruz, CA, USA

Bensch, F., Stutzki, J. & Ossenkopf, V. 2001, A&A, 366, 636
Bergin, E. A., Kaufman, M. J., Melnick, G. J. et al. 2003, Ap82,830
Bertoldi, F. & Draine, B. T 1996, ApJ, 458, 222

Bertoldi, F. & McKee, C. F. 1992, ApJ, 395, 140

Beuther, H. 1999, On The Fly Kartierung und Multilinienayss der interstellaren
Molekulwolke Cepheus B, Diploma thesis, Universitat ziifK

Beuther, H., Kramer, C., Deiss, B. & Stutzki, J. 2000, A&A 236109
Blaauw, A. 1964, ARA&A, 2, 213
Blake, G. A.; Sutton, E. C.; Masson, C. R. & Phillips, T. G. Z98pJ, 315, 621

Blitz, L. 1993, Giant Molecular Clouds. In: Levy E.H., Lurl.l. (eds.), Proto-
stars and Planets Ill. The University of Arizona Press, das& London

Boger, G. I. & Sternberg, A. 2005, ApJ, 632, 302

Bohlin, R. C., Savage, B. D. & Drake, J. F. 1978, ApJ, 224, 132
Borgman, J. & Blaauw, A. J. 1964, Bull. Astron. Inst. Netlaeds, 17, 358
Boulares, A. & Cox, D. P. 1990, ApJ, 365, 544

Burke, B. F. & Graham-Smith, F. 2002, An introduction to Radistronomy,
second edition, Cambridge University press

Carr, J. S. 1987, ApJ, 323,170
Cazaux, S. & Tielens, A. G. G. M. 2004, ApJ, 604, 222

Ceccarelli, C., Caux, E., Tielens, A. G. G. M., Kemper, F.i¢, L. B. F. M. &
Phillips, T 2002, A&A, 395,L29

Cermis, K. 1990, ApJS166,315

Cernicharo, J. 1985, ATM: A program to compute theoretit@aspheric opacity
for frequencies | 1000GHz, Tech. rep., IRAM



124 BIBLIOGRAPHY

Cheung, A. C., Rank, D. M., Townes, C. H., Thornton, D. D. & @elW. J.
1968, Phys. Rev. Lett., 21, 1701

Combes, F. 2001, ApSSS, 277, 29

Corneliussen, U., 1996, Ph.D. thesis, University of Colgn

Cox, D. P. 2005, ARA&A, 43, 337

Crovisier, J. & Dickey, M. 1983, A&A, 122, 282

Crutcher, R. M., Churchwell, E. & Ziurys, L. M. 1984, ApJ, 3816

Crutcher, R. M., Troland, T. H., Goodman, A. A., Heiles, C.Kazes, & Myers,
P. C. 1993, ApJ, 407, 175

Cubick, M. 2005, The contribution of photon dominated regito the far-infrared
emission of the Milky Way: construction of PDR models, Dipla thesis, Uni-
versitat zu Koln

Cubick, M., Rollig, M., Ossenkopf, V., Kramer, C., & Stuizd. 2008, submited
to A&A,

Cubick M., Roellig M., Ossenkopf V., Kramer C., Stutzki JOZQ A&A, in prep.
Dame, T., Elmegreen, B. G., Cohen, R. & Thaddeus, P. 1986, 3(&] 892
Dame, T. M., Hartmann, D., & Thaddeus, P. 2001, ApJ, 547, 792

de Boisanger, C. B., Chieze, J. P. & Meltz, B. 1992, ApJ, 482, 1

de Jager, C. & Nieuwenhuijzen, H. 1987, A&A, 177, 217

de Jong, T., Boland, W. & Dalgarno, A. 1980, A&A, 91, 68

di Francesco, J., Myers, P. C., Wilner, D. J., Ohashi, N. &ddaes, D. 2002, Hot
Star Workshop Ill: The Earliest Stages of Massive Star Bi&P Conference
Proceedings, Vol. 267. Edited by Paul A. Crowther. ISBN:8B&1-107-9. San
Francisco, Astronomical Society of the Pacific, p.365

Dickey, J. M., McClure-Griffiths, N. M., Stanimirovi¢, SGaensler, B. M. &
Green, A. J. 2001, ApJ, 561, 264

Dobashi, K., Bernard, J. P. & Fukui, Y. 1996, ApJ, 466, 282
Draine, B. T. 1978, ApJS, 36, 595



BIBLIOGRAPHY 125

Draine, B. T. & Bertoldi, F. 1996, ApJ, 468, 269

Eisloeffel, J., Froebrich, D.; Stanke, T. & McCaughrean,M2003, ApJ, 595,
259

Elmegreen, B. G. 1991, In The Physics of Star Formation amly Stellar Evo-
lution, ed. CJ Lada, ND Kylafis, pp. 35C60. Dordrecht: Kluwer

Elmegreen, B. G. 1999, ApJ, 527, 266

Elmegreen, B. G. & Falgarone, E. 1996, ApJ, 471, 816
Elmegreen, B. G., Kim, S. & Staveley-Smith, L. 2001, ApJ, 5449
Elmegreen, B. G. & Scalo, J. 2004, ARA&A, 42, 211

Esquivel, A., Lazarian, A., Pogosyan, D., Cho, J. 2003, MMIRB42, 325
Esquivel, A., Lazarian, A., Horibe, S. et al. 2007, MNRAS 138733
Evans Il, N. J., Allen, L. E., Blake, G. A. et al. 2003, PASP>1965
Ewen, H. & Purcel, E. 1951, Nature 168, 356

Falgarone, E., Hily-Blant, P., Levrier, F. 2004, Ap&SS, 2989
Falgarone, E., & Phillips, T. G. 1996, ApJ, 472, 191

Falgarone, E., Phillips, T. G. & Walker, C. K. 1991, ApJ, 3186
Felli, M., Tofani, G., Harten, R. H. & Panagia, N. 1978, A&A9,6199
Ferriere, K. M. 2001, Rev. of Mod. Phy., 73, 1031

Fiege, J. D., & Pudritz, R. E. 2000, MNRAS, 311, 105

Field, G. B., Somerville, W. B. & Dressler, K. 1966, ARA&A, 207
Flannery, B.P., Roberge, W. & Rybicki, G.B. 1980, ApJ, 23835
Frerking, M. A., Langer, W. D. & Wilson, R. W. 1982, ApJ, 262®

Fuente, A., Martin-Pintado, J., Cernicharo, J. & BachilR. 1993, A&A, 276,
473

Garcia-Burillo, S., Martin-Pintado, J., Fuente, A., tdseA. & Neri, R. 2002,
ApJ, 575, L55



126 BIBLIOGRAPHY

Garden, R. P., Hayashi, M., Gatley, |., Hasegawa, T. & Ka\u1991, ApJ, 374,
540

Gehman, C. S., Adams, F. C., & Watkins, R. 1996, ApJ, 472, 673

Getman, K., Feigelson, E., Townsley, L., Bally, J., Ladag®Reipurth, B. 2002,
ApJ, 575,354

Glada, G. & Rodriguez, L. F. 2002, Revista Mexicana de Asiroia y Astrofisica
\Vol. 38, pp. 13-21

Glassgold, A. E. & Langer, W. D. 1975, ApJ, 197, 347
Goodman, A. A. 2004, ASP Conference Series, 323, 171

Goodman, A. A., Crutcher, R. M., Heiles, C., Meyers, P. C., &land, T. H.
1989, ApJ, 338, L61

Gottlieb, C. A., Lada, C. J. Gottlieb, E. W., Lilley, A. E. & tiak, M. M. 1975,
ApJ, 202, 655

Graf, U.U., Honingh, C. E., Jacobs, K., Schieder, R., Siuttk1998, In As-
tronomische Gesellschaft Meeting Abstracts, 14, 120

Graf, U. U., Heyminck, S., Michael, E. A., et al. 2002, in Nhlleter and Sub-
millimeter Detectors for Astronomy, ed. T. G. Phillips, &2muidzinas, Proc.
SPIE, Hawaii/lUSA, 4855, 99, 167

Greaves, J. S. & White, G.J. 1992, MNRAS, 259, 457
Green, D. A. 1993, MNRAS, 262, 327
Habing, H. J. 1968, Bull. Astron. Inst. Netherlands 19, 421.

Hatchell, J.; Richer, J. S.; Fuller, G. A.; Qualtrough, CLadd, E. F. & Chandler,
C. J. 2005, A&A, 440, 151

Heger, M. L. 1922, Further study of the sodium lines in classaBs ; The spectra
of certain class B stars in the regions 5630A-6680A and 328880A ; Note
on the spectrum of [gamma] Cassiopeiae between 5860A ar@r6&ick Ob-
servatory bulletin ; no. 337; Lick Observatory bulletinsa. 1337., Berkeley :
University of California Press, [1922], p. 141-148

Hegmann, M. & Kegel, W. H. 1996, MNRAS, 283, 167
Heikkila, A., Johansson, L. E. B. & Olofsson, H. 1999, A&M4AB 817



BIBLIOGRAPHY 127

Heithausen, A. 1996, A&A, 314, 251

Heithausen, A.; Bensch, F.; Stutzki, J.; Falgarone, E. &$fah F. 1998, A&A,
331, 65

Heitsch, F., Mac Low M. M., Klessen, R. S. 2001, ApJ, 547, 280
Herbertz, R., 1992, Ph.D. thesis, University of Cologne

Herbig, G. H. 1974, Draft catalog of Herbig-Haro object NdBVS, no.832
Herbig, G. H. 1998, AJ, 497, 736

Herbig, G. H. & Jones, B. F. 1983, AJ, 88, 1040

Herbst, W., Maley, J. A. & Williams, E. C. 2000, AJ, 120,349

Heyer, M. H., Brunt, C., Snell, R. L., Howe, J. E., SchloerbPR& Carpenter, J.
M. 1998, ApJS, 115, 241

Heyer, M. H., Carpenter, J. M. & Snell, R. L. 2001, ApJ, 551285
Heyer, M. H. & Schloerb, F. P. 1997, ApJ, 475, 173

Heyer, M. H. & Terebey, S. 1998, ApJ, 502, 265

Hill, J. K. & Hollenbach, D. J. 1978, ApJ, 225, 390

Hiltner, W. A. 1949, ApJ, 109, 471

Hiyama, S. 1998, Seitenbandkalibration radioastrondmeistinienbeobachtun-
gen, Diploma thesis, Universitat zu Koln

Hirano, N., Kamazaki, T., Mikami, H., Saito, S., Umemoto&'Yamamoto, S.
1999, ApJ, 478,631

Hobson, M.P., 1992, MNRAS, 256, 457
Hobson, M.P., Jenness, T., Padman, R. & Scott, P.F., 199RA8\ 266, 972
Hodapp, K. W. & Ladd, E. F. 1995, ApJ, 453,715

Hogerheijde, M. R., van Dishoeck, E. F., Blake, G. A. & van gavelde, H. J.
1997, ApJ, 489, 293

Hollenbach, D. & Salpeter, E. E. 1971, ApJ, 163, 155
Hollenbach, D. J. & Tielens, A. G. G. M. 1997, ARA&A, 35, 179



128 BIBLIOGRAPHY

Hollenbach, D. J. & Tielens, A. G. G. M. 1999, Rev of Mod. Phhy4, 173
Horn, J., Siebertz, O., Schmulling, F., et al. 1999, Exprés, 9, 17
Hollenbach, D., Werner, M. W. & Salpeter, E. E. 1971, ApJ, 1855
Hossack, W. R. & Hogg, F. S. 1949, AJ, 54, R189

Howe, J. E., Jaffe, D. T., Genzel, R. & Stacey, G. J. 1991, B33, 158
Israel, F. P., & Baas, F. 2002, A&A, 383, 82

Itoh, M., Fukunaga, H., Sekimoto, Y., Tatematsu, K. & Koyaida1999, sf99.
proc 100

Jenkins, E. B., Jura, M. & Loewenstein, M. 1983, ApJ, 270, 88.

Jennings, R. E., Cameron, D. H. M., Cudlip, W. & Hirst, C. JBI9MNRAS,
226,461

Johnen, C., 1992, Diplom thesis, University of Cologne

Johnstone, D. & Bally, J. 2006, ApJ, 653, 383

Johnstone, D., Wilson, C, D., Moariarty-Schieven, G. et BD@, ApJ, 545, 327
Juan, J., Bachiller, R., Koempe, C. & Martin-Pintado, J.@08&A, 270,432
Jura, M. 1974, ApJ, 191, 375

Jura, M. 1976, AJ, 204, 12.

Kaufman, M., Wolfire, M., Hollenbach, D., & Luhman, M. 1999p4, 527, 795
Kirk, H., Johnstone, D. & Di Francesco, J. 2006, ApJ, 646,9100

Klein, S. C. & Dickman, R. L. 1984, ApJ, 286, 255

Klein, S. C. & Dickman, R. L. 1987, ApJ, 312, 837

Klessen, R. S., & Burkert, A. 2000, ApJS, 128, 287

Kolmogorov AN. 1941. Proc. R. Soc. London Ser. A 434:9C1%rieed in 1991

Kramer, C., Beuther, H., Simon, R., Stutzki, J., & Winnewis<5. 1999, Imag-
ing at radio through submillimetre wavelength, ed. J. G. fan, & S. J. E.
Radford, Astronomical Society of the Pacific, CF-217



BIBLIOGRAPHY 129

Kramer, C., Cubick, M., Rollig, M., et al. 2008, A&A, 477, 34

Kramer, C., Degiacomi, C., Graf, U., et al. 1998, in AdvancBethnol-
ogy MMV, Radiao, and Terahertz Telescopes, ed. T. Phillpsc. SPIE,
Kona/Hawaii/USA, 3357, 71

Kramer, C., Jakob, H., Mookerjea, B., Schneider., N., Bil. & Stutzki., J.
2004, A&A, 424, 887

Kramer C., Mookerjea B., Bayet E., Garcia-Burillo S., Gekn, Israel F. P.,
Stutzki J. & Wouterloot J.G.A, 2005, A&A, 441, 961

Kramer, C., Stutzki, J., Rohrig, R. & Corneliussen, U. 1988A, 329, 249
Kramer C., Stutzki J. & Winnewisser, G. 1996, A&A, 307, 915

Kulkarni, S. R. & Heiles, C. 1987, in Interstellar Processsdited by D. J. Hol-
lenbach and H. A. Thronson (Reidel, Dordrecht), p. 87

Langer, W. D. & Penzias, A. A. 1990, ApJ, 357, 477

Larson, R. B. 1981, MNRAS, 194,809

Lazarian, A. & Pogosyan, D. 2000, ApJ, 537, 720

Lazarian, A. & Pogosyan, D. 2004, ApJ, 616, 943

Lada, C. J., Alves, A. & Lada, E. A. 1996, AJ, 111,1964

Lada, E.A., Bally, J. & Stark, A. A. 1991, ApJ, 368, 432

Lada, E. A., & Lada, C. J. 1995, AJ, 109, 1682

Ladd, E. F.,, Lada, E.A. & Myers, P. C. 1993, ApJ, 410,168
Langer, W. D. & Penzias, A. A. 1990, ApJ, 357, 477

Langer, W. D., Wilson, R.W. & Anderson, C. H. 1993, ApJ, 4085L
Lapinov, A. V., Schilke, P., Juvela, M. & Zinchenko, I. I. 189A&A, 336, 1007
Lazarian, A. & Pogosyan, D. 2000, ApJ, 537, 720

Lazarian, A. & Pogosyan, D. 2004, ApJ, 616, 943

Lazarian, A.; Pogosyan, D.; Vazquez-Semadeni, E. & PadaB. 2001, ApJ,
555, 130



130 BIBLIOGRAPHY

Le Bourlot, J., Pineau Des Foréts, G., Roueff, E. & FlowerRD 1993, A&A,
267, 233

Leung, C. M., Kutner, M. L. & Mead, K. N. 1983, ApJ, 262, 583
Leurini, S., Rolffs, R., Thorwirth, S. et al. 2006, A&A, 45447
Little, L. T & Matheson, D. N. 1973, MNRAS, 162, 329C38

Lis, D. C., Roueff, E., Gerin, M., Phillips, T. G., Coudert, ., van der Tak, F. F.
S. & Schilke, P 2001, ApJ, 571,L55

Liseau, R., Sandell, G. & Knee, L. B. G. 1988, A&A, 192,153

Loren, R. B. 1989, ApJ, 338, 902

Luhman, K. L., Lada, E. A., Muench, A. A, & Elston, R. J. 20059A 618, 810
Luhman, K. L., Rieke, G. H., Lada, C. J, & Lada, E. A. 1998, ApJ8, 347
Luhman, K. L., Stauffer, J. R. & Muench, A. A, et al. 2003, Ap93, 1093
Maron, J. & Goldreich, P. 2001, ApJ, 554,1175

Masur, M. 2005, Diploma thesis, Universitat zu Koln

Matthews, B. C. & Wilson, C. D 2003, ApJ, 574,822

McKee, C. F.& Ostriker, E. C. 2007, ARA&A, 45, 565

McKee, C. F. & Ostriker, J. P. 1977, ApJ, 218, 148

McKellar, A. 1940, PASP, 52, 187

Meijerink, R. & Spaans, M. 2005, A&A, 436, 397

Meixner, M., & Tielens, A. G. G. M. 1993, ApJ, 405, 216

Miesch, M. S. & Bally, J. 1994, ApJ, 429, 645

Minchin, N. R., Ward-Thompson, D. & White, G. J. 1992, A&A, 26733

Minkowski, R. 1955. In Gas Dynamics of Cosmic Clouds, ed. JBMrgers, H.
C. van de Hulst, pp. 3C12. Amsterdam: North Holland

Mookerjea, B., Kramer, C., Nielbock, M. & Nyman, L. A&A, 200A&A, 426,
119



BIBLIOGRAPHY 131

Mookerjea, B., Kramer, C., Rollig, M. & Masur, M. 2006, A&A56, 235
Moreno-Corral, M., Chavarria, K.C., Lara, E. & Wagner, S939A&A, 98, 295
Nozawa, S., Mizuno, A., Teshima, Y., et al. 1991, ApJS, 77, 64

Muller, C. A. & Oort, J. H. 1951, Nature, 168,357

Myers, P. C. 1983, ApJ, 270,105

Myers, P. C. 1987, in Interstellar Processes, ed. D. J. Hiodleh & H. A. Thron-
son (Dordrecht: Reidel), 71

Myers, P. C. & Goodman, A. A. 1988, ApJ, 329, 392

Najita, J. R., Tiede, G. P. & Carr, J. S. 2000, ApJ, 541, 977
Nakagawa, T., Yui, Y. Y., & Doi, et al. 1998, ApJS, 115, 259
Nakajima, Y., & Hanawa, T. 1996, ApJ, 467, 321

Nejad, L. A. M. & Wagenblast, R. 1999, A&A, 350, 204

Neufeld, D. A., Schilke, P., Menten, K. M. et al. 2006, A&A, 43 37

Oka, T., Iwata, M., Maezawa, H., Ikeda, M., Ito, T., Kamedti, Sakai, T. &
Yamamoto, S. 2004, ApJ, 602,803

Ossenkopf, V., Esquivel, A., Lazarian, A. & Stutzki, J. 208&A, 452, 223
Ossenkopf, V., Klessen, R. S. & Heitsch, F. 2001, A&A, 379030
Ossenkopf, V. & Mac Low, M. M. 2002, A&A, 390, 307

Ossenkopf, V., Rollig, M., Cubick, M., & Stutzki, J. 2007 diécules in Space &
Laboratory, Paris, ed. J. L. Lemaire & F. Combes, 950

Ostriker, E. C, Stone, J. M., Gammie, C. F. 2001, ApJ, 546, 980
Padoan, P., Boldyrev, S., Langer, W. & Nordludd,2003a, ApJ, 583, 308

Padoan, P., Bally, J., Billawala, Y., Juvela, M. & Nordlurfd, 1999, ApJ, 525,
318

Padoan, P., Goodman, A. A. & Juvela, M. 2003b, ApJ, 588, 881
Padoan, P., Juvela, M., Bally, J., & Nordlurfl, 1998, ApJ, 504, 300



132 BIBLIOGRAPHY

Panagia, N. & Thum, C. 1981, A&A, 98, 295

Pardo, J. R., Cernicharo, J & Serabyn, E. 2001, IEEE Tran®\rdannas and
Propagation, 49/12, 1683

Pardo, Serabyn, E., Wiedner, M. C. & J. R., Cernicharo, J5200Quant. Spec.
and Radiat. Transfer 96/3-4, 537

Patrikeev, I., Fletcher, A., Stepanov, R. et al. 2006, A&B84441

Pety, J., Teyssier, D., Fossg, D., Gerin, M., Roueff, El.&2G05, A&A, 435, 885
Pérault, M., Falgarone, E. & Puget, J. L. 1986, A&A, 157, 139

Plume, R., Bensch, F., Howe, J. E. et al. 2000, ApJ, 539, L133

Plume, R., Jaffe, D., Tatematsu, K., et al. 1999, ApJ, 518, 76

Preibisch, T. 2003, A&A, 401,543

Preibisch, T. & Zinnecker, H. 2001, AJ, 122, 866

Preibisch, T. & Zinnecker, H. 2002, AJ, 123,1613

Preibisch, T., Zinnecker, H. & Herbig, G. H. 1996, A&A, 31(G6!

Rebull, L. M., Cole, D. M., Stapelfeldt, K. R. & Werner, M. W0R3, AJ,
125,2568

Rickett, B. J. 1970, MNRAS, 150,67

Ridge, N. A., Wilson, T. L., Megeath, S. T., Allen, L. E., & Msg P. C. 2003,
AJ, 126, 286

Rosolowsky, E. W., Goodman, A. A., Wilner, D. J. & Williams,R 1999, ApJ,
524, 887

Rohrig, R., 1996, Ph.D. thesis, University of Cologne

Rollig, M., Abel, N. P., Bell, T. et al. 2007, A&A, 467, 187

Rollig, M., Hegmann, M., Kegel, W. H. 2002, A&A, 392, 1081

Rollig, M., Ossenkopf, V., Jeyakumar, S. & Stutzki, J. 208&A, 451, 917

Rudolph, A. L., Bachiller, R., Rieu, N. Q., Trune, D. V., P&amP. & Welch, W.
J. 2001, ApJ, 558,204



BIBLIOGRAPHY 133

Salpeter, E. E. 1955, ApJ, 121, 161
Sancisi, R. 1974, 1AUS, 60, 115

Sandell, G., Aspin, C., Duncan, W. D., Russell, A. P. G. & Roh<E. I. 1991,
ApJ, 376,L17

Sandell, G., Knee, L. B. G., Aspin, C., Robson, I. E. & Russ&lIP. G. 1994,
A&A, 285,L1

Sanders, D. B., Scoville, N. Z. & Solomon, P. M. 1985, ApJ, 2823
Sargent, A. I. 1979, ApJ, 233, 163
Scalo, J. M. 1984. ApJ, 277,556

Scalo, J. M. 1987, in Plasma Turbulence and Energetic Regtied. M. Ostrowski
& R. Schlickeiser (Krakow: Univ. Jagiellonski Astro. Opsl

Scalo, J. & Elmegreen, B. G. 2004, ARA&A, 42, 275
Schieder, R., Tolls, V., Winnewisser, G. 1989, Exp. Astyan101

Schneider, N., Simon, R., Kramer, C., Kraemer, K., Stutdki& Mookerje, B.
2003, A&A, 406, 915

Schroder, K., Staemmler, V., Smith, M. D., Flower, D. R., &jdet, R. 1991, J.
Phys. B, 24, 2487

Scoville, N. Z., Sargent, A. |., Sanders, D. B., Claussen,JMet al. 1986, ApJ,
303, 416

Sharpless, S. 1959, ApJS, 4, 257
Simon, R. 1997, Ph.D. thesis, University of Cologne

Simon, R., Jackson, J. M., Clemens, D. P.,, Bania, T. M. & HelyerH. 2001,
ApJ, 551, 747

Simon, R., Stutzki, J., Sternberg A. & Winnewisser, G. 199%A, 327, 9
Snow, T. P. & McCall, B. J. 2006, ARA&A, 44, 367

Solomon, P. M., Rivolo, A. R., Barrett, J. & Yahil, A. 1987, 33319, 730
Spaans, M. 1996, A&A, 307, 271



134 BIBLIOGRAPHY

Spitzer, L. 1978, Physical Processes in the Interstellatiive, Wiley
Stacey, G. J., Jaffe, D. T., Geis, N., et al. 1993, ApJ, 409, 21
Stanimirovi¢, S. & Lazarian, A. 2001, ApJ, 551, L53

Stanimirovic, S., Staveley-Smith, L., Dickey, J. M., Sa®. J. & Snowden, S. L.
1999, MNRAS, 302, 417

Stenholm, L. G. 1984, A&A, 137, 133
Sternberg, A. & Dalgarno, A. 1989, ApJ, 338, 197
Sternberg, A. & Dalgarno, A. 1995, ApJS, 99, 565

Stutzki, J., Bensch, F., Heithausen, A., Ossenkopf, V. 8idsky, M. 1998, A&A,
336, 697

Stutzki, J. & Gusten, R. 1990, ApJ, 356, 513

Stutzki, J., Stacey, G. J., Genzel, R., Harris, A. |, JdifeT. & Lugten, J. B.
1988, ApJ, 332, 379

Storzer H. & Hollenbach, D. 1998, ApJ, 495, 853
Storzer, H., Stutzki, J. & Sternberg, A. 1996, A&A, 310, 592
Storzer, H., Zielinsky, M., Stutzki, J., & Sternberg, A.GM A&A, 358, 682

Sun, K., Kramer, C., Ossenkopf, V., Bensch, F., Stutzki, J 8&v] M. 2006,
A&A, 451, 539

Swings, P. & Rosenfeld, L. 1937, ApJ, 86, 483

Tielens, A. G. G. M. 2005, The physics and chemistry of therstellar medium
Tielens, A. G. G. M. & Hollenbach, D. 1985, ApJ, 291, 722

Testi, L., Olmi, L. & Hunt, L. et al. 1995, A&A, 303, 881

Teyssier, D., Fossg, D., Gerin, M., Pety, J., Abergel, A. uBff, E. 2004, A&A,
417,135

Trullols, E. & Jordi, C. 1999, A&A, 324,549
Trumpler, R. J. 1930, PASP, 42, 214
Tucker, K. D, Kutner, M. L. Thaddeus, P. 1974, ApJ, 193, L115



BIBLIOGRAPHY 135

Ungerechts, H., Brunswing, W., Kramer, C. et al. 2000, ASPL(7, 190
Ungerechts, H. & Thaddeus, P. 1987, ApJS, 63, 645

van der Tak, F. F. S., Schilke, P., Muller, H. S. P., Lis, D.Rhillips, T. G., Gerin,
M. & Roueff, E 2002, A&A, 388,L53

van Dishoeck, E. F. 2006, The lecture’s notes of Interstéfledium course
van Dishoeck, E. F., Black, J. H. 1988, ApJ, 334, 771

Vazquez-Semadeni, E., Ostriker, E. C., Passot, T., Gapinie. & Stone, J. M.
2000, in Mannings V., Boss A. P, Russell S. S., eds, Pramatad Planets IV.
University of Arizona Press, Tucson, p. 3

Viti, S., Roueff, E., Hartquist, T. W., Pineau des Foréts,&Williams, D. A.
2001, A&A, 370, 557

Vogelaar, M. G. R. & Wakker, B. P. 1994, A&A, 291, 557
Von Weizsacker, C. F. 1951. ApJ, 114,165
Wagenblast, R. & Hartquist, T. W. 1988, MNRAS, 230, 363

Walsh, A. J., Myers, P. C., di Francesco, J., Wilner, D. J. &ige, T. L. 2003,
International Astronomical Union. Symposium no. 221, 22425 July, 2003
in Sydney, Australia

Wang, H. 2003, Doctoral thesis of Purple Mountain Obseryato
Watson, W. D. 1972, AJ, 176, 103.

Warin, S., Castets, A., Langer, W. D., Wilson, R. W. & Pag&ni1996, A&A,
306, 935

Weinreb, S., Barrett, A. H., Meeks, M. L. & Henry, J. C. 196&tbre, 200, 829
Wiesemeyer, H., Guesten, R., Wink, J. E. & Yorke, H. W. 1998AA320,287

Williams, J. P., Blitz, L. & McKee, C. F. 2000, in ProtostarscBPlanets IV, ed. V.
Mannings, A. P. Boss, & S. S. Russell (Tucson: Univ. ArizonesB), 97

Williams, J. P., Blitz, L. & Stark, A. A. 1995, ApJ, 451, 252
Williams, J. P., de Geus, E. J. & Blitz, L. 1994, ApJ, 428, 693
Wilson, R. W., Jefferts, K. B. & Penzias, A. A. 1970, ApJ, 183,



136 BIBLIOGRAPHY

Winnewisser, G., Bester, M., & Ewald, R. 1986, A&A, 167, 207
Wong, T., Ladd, E. F., Brisbin, D. et al. 2008, submitted to RIAS
Yu, K. C., Billawala, Y. & Bally, J. 1999, AJ, 118, 2940
Zimmermann, T., 1993, Ph.D. thesis, University of Cologne
Zimmermann, T. & Stutzki, J. 1993, Fractals, 1, 930

Zinnecker, H., McCaughrean, M.J. & Wilking, B.A. 1993, Thmdtial stellar pop-
ulation. In: Levy E.H., Lunine J.I. (eds.), Protostars atahets Ill. The Uni-
versity of Arizona Press, Tuscon & London

Ziurys, L. M. Saykally, R. J., Plambeck, R. L. & Erickson, N. F882, ApJ, 254,
94



List of Figures

11

1.2
1.3

1.4

15

Hubble space telescope image of Cone nebula (NGC226#): s
forming pillarofgasanddust. . . . ... ... ... ....... 2

Example of the filter function used in thevariance analysis . . . 6

An example of a typicah-variance spectrum for a subset of the
FCRAO outer galaxy survey{CO 1-0). This subset has a very
large scale (384 by 128 pixels;5ter pixel). The x axis is the lag

and the y axis is the value of the variance. The black linecisgis

the power-law fits to the data. The turnover at the smallegilan

scales shows the effect from the white noise behavior (foe pu
white noisegg(L) 0 L~2); the turnover at the large angular scales

is due to the influence of the typical size of main structunethe

image. The figure is adapted from the Fig. 3 in the paper by
Stutzkietal. (1998).. . . . . . . . . . ... . 7

An example of a clump mass spectrum for clump mass spafctra
NGC 7538. All spectra are fitted by a power law functobN =

dM O M~9, The straight line represents the best linear fit over the
range of masses spanned by the line. The resulting indides

1.79 in this case. The dashed line denotes the minimum pessib
mass limit, which is estimated by the resolution limits ahd t

rms noise. The figure is adapted from the Fig. 6 in the paper by
Krameretal. (1998b). . . . . . .. ... .. ... ... ...... 9

The GRSCO intensity integrated over the velocity range rel-
evant for emission from the individual cloud complexes. The
beam size is indicated as a filled circle in the lower left eorof

each panel. Top panels : Quiescent clouds; Bottom: StarHigy

clouds. The figure is adapted from the Fig. 2 in the paper by
Simonetal. (2001). . . . . . . ... 10



138

1.6

2.1

2.2

3.1
3.2

3.3

3.4

3.5

LIST OF FIGURES

One example of galactic photon dominated region: NGC3360
observed by HST. Sher 25, the evolved blue supergiant, iseto t
upper right of center. The star has a unique circumsteltay oif

glowing gas. A starburst cluster is near the center. A tdroén
ionizing radiation and fast stellar winds from these masstars

has blown a large cavity around the cluster. The giant gaseou
pillars to the right and lower left of the cluster are the evide of

the interaction of ionizing radiation with cold moleculaydrogen

cloud material.
(http://hubblesite.org/newscenter/archive/reled999/20/image/a/). 11

Map of the integrated intensity of tHéCO 1-0 in the Perseus
cloud (Bachiller & Cernicharo, 1986). . . . ... ... ... ... 15

Integrated intensity map 6fCO 1-0 in Cepheus (Masur, 2005).
Cepheus A to Cepeheus F are marked. The white stars donate the

stars in Cepheus OB3 association. . . .. ... ... ....... 17
Thel?2CO 3-2 spectrainone 18 10 field. . . . . ... ... .. 19
The spectra of?’CO 3-2 (black) and3CO 2—-1 (red or grey in

black and white) at the center of the observed map. . . . . . .. 1. 2

The Perseus molecular cloud complex. KOSMA maps of inte-
grated intensities of3CO 2—-1 (colors) and?CO 3-2 (contours)

at 150 resolution. The integration interval is 016 kmts Col-

ors run from 1 Kkms?! (~ 10) to 32 Kkms™®. Contours range

from 6.6 Kkms! (~ 30) to 83Kkms™ in steps of 9 Kkms?.

The (0,0) position corresponds to RA=03:26:00, DEG4:10:00
(B1950). Seven sub-regions are marked by dotted square lobxe

50 x50. . . .. 22

Overlay of'3CO 2-1 integrated intensities (contours) with a map

of optical extinctions in colors (Goodman, 2004; Alves et al
2005). Contours range from 2.7 Kkmis(3 o) to 32 Kkms™* by
3Kkms1. Colors range from A= 1 mag to 11 mag. Resolutions

are 25 for 13CO and 5for Ay. A polygon marks the boundary
ofthel®COmap. . ... ... ... ... .. . .. ... ... 23

13CO 2-1 velocity channel maps of the Perseus region. The ve-
locity range runs from 3kms to 11kms! with an interval of

1 kms ! which is indicated on the top of each plot. The intensities
are plotted from 0.7 Kkms! (~ 10) to 15Kkms™t. . . .. . .. 25



LIST OF FIGURES 139

3.6

3.7

3.8

3.9

Mean and rms of the equivalent line wid#w of the 12co 3-

2 and13CO 2-1 spectra for the observed positions of the seven
50 x 50 sub regions (Fig. 3.3). The dashed line delineates equal
widths in12CO and!3CO. The error bars indicate the difference
between the minimum/maximum and the mean values. . . . . . .

A-variance analysis of the off-line channel maps. In the upju

a velocity span corresponding to the integrated intensaypsrs
used. The two regions representing opposite extremes sirilne

tural behaviour, NGC 1333 and L1455, show about the same spec
tral index of the colored noise in both transitions for sniedls. In

the lower plot, the influence of different velocity spansyasd in

the velocity channel analysis (Sect. 3.3.2), is studied_fiot55.

The colored noise indegtise IS Nearly constant independent of
species, transition, velocity randw ., and center velocityg¢n, . 28

A-variance spectra of integrated intensitieg.Spectra obtained

from the CO maps and th&y, data of the region mapped with

the KOSMA telescopeb) Spectra of integrated intensity maps of

two 50 x 50'sub-regions: NGC 1333 and L 1455. Power-law fits

to the data corrected for noise and beam-blurring are ibelicas
solidlines. . . . . . . . . . ... 29

Comparison of the index spectrum of €0 2—1 data in L 1455

with the average line profile. The index spectrum is created b
power-law fits to theA-variance spectrum of individual channel
maps Qvg, = 0.22kms1). The vertical error bars represent the
uncertainty of the fit. The horizontal error bars indicate ¥ieloc-

ity channelwidth. . . . . .. ... ... ... ........... 32

3.10 Comparison of the index spectra obtained for diffexahbcity

channel widths with the average line profile. The upper @btsv

the results for IC 348, the central plot NGC 1333 and the lower
plot L 1455. For the left column | used tH8CO 3-2 data, the
right column represents tHéCO 2—1 data. The different symbols
indicate the results from different velocity channel welthThe
dashed lines represents the index of the integrated inyensips. 33



140 LIST OF FIGURES

3.11 Average spectral indices of the channel maps as a eunctithe
channel width.a) shows the average over the full line width)
represents only the indices in the blue ling wings. The limegw
components are centered at 5 km $or NGC 1333, at 4kmst
for L1455, and at 7kmts' for IC348. The error bars contain
the fit error and the standard deviation of the indices withim
considered velocity range. To avoid overlapping error bars
the plot, | have shifted the points for IC 348 and NGC 1333 by
4+0.02 km s'! relative to their actual position. . . . .. ... ... 35

3.12 Sketch adopted from Fig. 3 of Sancisi (1974) illustgithe spa-
tial arrangement and motion of the Perseus cloud compler. Th
gas is swept up by a shock expansion with 12 ki $ue to the
overall curvature, the line-of-sight velocity is 9 km'sfor IC 348,
but only 7 kms® for NGC1333. The diameter of the cloud-s
20 pc. Pillar-like structures are left at lower velocitiessramain-
ders of high-density regions which were not acceleratechéo t
samevelocity. . . . . . ... ... 37

4.1 Velocity () of the clumps found in NGC 1333 versus peak in-
tensity (amp.). The average spectrum€0 2-1 in NGC1333 is
alsopresented.. . . . . .. . ... 41

4.2 An example of the effect of different clump mass binniizgs.
The bin size changes from4®M., 103 M., 1P* M., to 13>
M. Error bars represent the standard deviation of a Poissen di
tribution v/AN. The dashed line denotes the lower clump mass
limit (1O*MIMIy L 43

min

4.3 Clump mass spectra of the Perseus molecular cloud freointie
FCRAO 13CO 1-0 data and the KOSMA’CO 2-1 data. Both
spectra are fitted by a power law functidh = dM/M~9. The
straight line represents the best linear fit over the rangeasses
spanned by the line. The resulting indiae$or both datasets are
very similar,~ 1.9. The two vertical dashed lines show the 10
times of the lower mass limits for both tracers. . . . . . . .. .. 45

4.4 Clump mass spectra of the seven sub-sets in the Persées mo
ular cloud. All spectra are fitted by a power law functioN =
dM/M~Y. The straight line represents the best linear fit over the
range of masses spanned by the line. The resulting indides
in the range 1.65 to 1.85. The vertical dashed line shows @he 1
times of the lower mass limits. . . . . .. ... .......... a7



LIST OF FIGURES 141

4.5 Size-line width (top panel) and size-mass (bottom paekltions
for the Perseus cloud usif§CO 2-1 data. Least-squares fits to
Av O R  andM g O R are presented by the solid lines. The
dashed lines show fit with fixed power law indicesaj, = 0.5
andam, = 2, which correspond the conventional Larson relations
(Larson,1981). . . . . . . . . .. 48

4.6 Same as Fig. 4.5, but for two examples of seven sub-reght@C
1333and L1455, . . . . ... 49

4.7 Ratio of virial to LTE mass as a function of LTE mass for the
clumpsin the Perseus cloud. The dotted line corresponds;te-
M_te; The dashed line shows the 10 times of the lower mass limits
for M te. The solid line presents a power law indexe% ..... 51

4.8 Same as Fig. 4.7, but for two examples of seven sub-regh@C
1333and L 1455. . . . . .. ... . 51

4.9 Histograms of the external pressures needed to bindiuhgps
for the whole Perseus cloud. The solid line donates a Gaufikia
totheresults. . . . . . . . . . 52

4.10 Same as Fig. 4.9, but for two examples of seven subfregiGC
1333and L 1455. . . . . .. .. ... 53

5.1 \elocity integrated intensities of [Cemission ¢olor) overlayed
with contours of § 12CO 4-3, p) ?CO 1-0 and ) 1°CO 1-0
integrated intensities at a common angular resolution 6f Te
center of the maps is @ = 03'44™.0°, § = 32°06/(J2000). All
tracers are integrated from ¥g2kms ! to 14kmst. Contours
range between 20% to 90% with a step of 10% of the peak inten-
sities that are 73K kmg for 12CO 4-3, 72K kms? for 12CO
1-0 and 31 K km's! for 13CO 1-0. The seven filled triangles in-
dicates the positions where | carry out a detailed PDR aisalys
later. The black star denotes the position of HD 281159. . .. ... 57

5.2 Spectra of the four different tracers on those six pmsstialong
the cut from the northern edge of the cloud into the cloud,@nd
the seventh position at the south of the cloudi][€pectra in all
the positions have been multiplied by 3. All panels have Hraes
x axis from 3.5kms? to 14.5kms?! and the same y axis from
-0.5Kt030.5K. . . . .. 60



142

5.3

5.4

5.5

5.6

5.7

5.8

LIST OF FIGURES

The top pandla) presents the normalized integrated intensities of

[C1], 2CO 4-3,12CO 1-0 and'3CO 1-0 in the seven selected
positions. The typical errors of the intensities are ab&361(b)

displays integrated line intensity ratios. The x axes opalhels

are the relative distance to the northern rirh@8§ position. The
southern rim is plotted in a separatebox. . . . . ... .. .. ... 64

The color plot represents th&CO 4-3 /12CO 1-0 line intensity
ratio (in units of Kkms?) observed in the IC 348 cloud. The
contours show th#CO 4-3 line intensity spaced at 10% intervals
from 20% to 90% relative to the peak intensity of 73 Kknts

For line ratios, | only calculate for the positions where time
intensities of both tracer are larger than each 3 sigmavalue . 65

The C/CO column density ratio overlaid BYCO 1-0 integrated
intensities contours. The contour levels are spaced at @86 i
vals from 20% to 90% relative to the peak intensity of 31 K krh.s
For column density ratios, | only calculate for the positiovhere
the line intensities oF3CO 1-0 are above the 3 sigmavalue. . .. 66

FUV intensity distribution (contours) in IC 348 estimdtfrom

the IRAS FIR fluxes, overlayed on the [[Ontegrated intensities
(colors). The FUV intensityrr contour levels run from 5, 10,
20t0 100 by steps of 20 Draine unipgy. . . . . . . . . .. ... 68

Comparison of the observed line intensity ratios][€CO 4—

3, [C1]/*3CO 1-0 and?CO 4-3}2CO 1-0 at (4, —1') with the
single clump KOSMA -1 PDR model calculations. The left fig-
ure shows the fitting of a clump mass and densities; the rigét o
presents the fitting of the FUV field and clump densities. Thee m
dle drawn contours are the observed intensity ratios, anduker
two are those for the 20% uncertainty. The grey-scale images
dicate the reduceg? of the fit. The position of the minimum re-
ducedy? is marked using a white cross. The horizontal light blue
line in the right panel shows the FUV flygr from the HIRES

Observed (filled symbols) and modelled (drawn lines wilen
symbols) line intensities of2CO, 13CO, and [Q] from Ensem-

ble case 2 at the northern rim (left panel) and the southenn ri
(right panel). To better display the data, | artificiallyfsiine [C1]
frequency by +40 GHz for the observed intensity. . . . . . . .. 7 7



LIST OF FIGURES 143

6.1

6.2

6.3

6.4

6.5

B.1

B.2

B.3

B.4

The MSX 8 micron PAH map of the Cepheus B PDRs overlayed

by C80 1-0 (thick black contours}2CO 1-0 (dashed black con-
tours), radio continuum (white contours) and FUV field (ddtt

white contours). The two sets of three dashed lines in a raw in

cate the cuts | observed; the two white crosses show the two in
terface positions. The B 1 star, HD 217061 is donated as am ope
triangle. The center (0,0) is correspondingite: 22'57M07, & =
62°37337(J2000). . . . . . ... 84

The spectra of HCS 2—1, HNC 1-0, HNC 3-212C0O 1-0,13CO
1-0,3co 2-1, ¢80 1-0, G80 2-1, HCO 1-0, HCO 2-1,

HCO" 3-2, c-GH3 21 2101, H*CN 1-0, H3C* 1-0, HGN 1-

0,HCO 1-0, &*s 21, &*s 3-2, CS 2-1, CS 3-2, CS 5-4, HCN

1-0, HCN 2-1 and HCN 3-2 at the two interface positions. . . .6 8
Spectra at the interface (§0-185’). In the sequence of left to

right and top to bottom, there areld 1-0, 2-1, 3—2, HCN 1-0,

2-1, 3-2 and part of CN 1-0 and 2-1. The green lines are the
results from the hyperfine structurefit. . . . . ... ... ... .. 89

Spectra at the interface (2050"). In the sequence of left to right

and top to bottom, there are8 1-0, 2-1, 3-2, HCN 1-0, 2-1,

3-2 and part of CN 1-0 and 2—1. The green lines are the results
from the hyperfine structurefit. . . . . . . ... .. ... ... .. 90
The distribution of integrated intensities along the twits. The x

axis indicates the relative distance to those two intenfasgtions.
Negative and positive distances are assigned to the westastd

of those two interface positions, respectively. . . ... . ..... 92

The the water vapor comparison between the input anbressid
values for low and normal receiver temperatures. The lafepa
shows the comparison for single calibration and the rigimepa

presents the comparison for common calibration. . . . . . .. 113
The the water vapor comparison between the input anbressid
values when Iypisequalto Ty . . . . . . . . ... 114

The the water vapor comparison between the input anbressid
values for sky temperature lower than ambient temperafline.
left panel shows the comparison for single calibration dwedight
panel presents the comparison for common calibration. . . . 115

The the water vapor comparison between the input anbresid
values for sky temperature greater than ambient temperafine
left panel shows the comparison for single calibration &wedight
panel presents the comparison for common calibration. . . . 116



144 LIST OF FIGURES

B.5 The water vapor comparison between the Hiyama and the new
calibration methods. The drawn lines are where the two nustho
give the same watervapor. . . . . ... . ... .. ... ..... 117



List of Tables

3.1 Basic observation parameters. The first two columngatelithe
line and transition frequency, followed by the main beam- effi
ciency, B¢s. The telescope Half Power Beam Width (HPBW)
(considering a distance of 350 pc, | converted the anglaist
to distance) is listed in Column four. Column five is the olser
ing grid and Column six is the number of observation poifds.
denotes the velocity resolution angyf is the average rms noise
temperature per channelongglscale. . . . ... ... ... .. 20

3.2 Dynamicrange. Column one and two indicate the line anub®e
area (I adopted the 350 pc as the distance) followed by the ra-
tios of mapped area over beam size, the peak temperature over
the average rms noise temperature andahé'he o is defined:
0 = vVNAViesTrms. And the velocity range is from Okm$ to
16kms™L. . 20

3.3 Results of thé-variance analysis of the integrated CO maps and
the Ay data for the region mapped with KOSMA (Fig.3.3). ... 30

3.4 Results of thé-variance analysis of the KOSMA data for seven
50 x 50'sub-regions of the cloud (Figure 3.3). The spectral in-
dicesB were fitted in the size range 2.2!%dr the'3CO 2-1 and
in the size range 1.4-1for the'?’CO3-2data. .. ... ... .. 30

145



146

4.1

4.2

5.1

5.2

5.3

LIST OF TABLES

Comparison of the masses of clump identified in the Psrdeud
with studies of other molecular clouds. The cloud name,istud
tracers, distance, and the HPBW are listed in Column (1)(8})
and (4); Column (5) presents the number of selected clumes; T
mass range used for the least-squares fit is in Column (6). Col
umn (7) and (8) present the total mass of all clumps selectdd a
the minimum mass identified with the criteria of Equation;1.4
The fitted power law index is given in Column (9) (note that |
adopt the power law index for a bin size of¥0M ., for compar-
ison); Column (10) is the referenc&This work;? Kramer et al.
(1998b);* Simon etal. (2001). . . . . . ... .. ... ... ... 44

The results of the seven sub-regions. The cloud namstésllin
Column (1); Column (2) presents the number of selected ciymp
The mass range used for the least-squares fit is in Column (3).
Column (4) and (5) present the total mass of all clumps sedect
and the minimum mass identified with the criteria of Equafigh

The fitted power law index is given in Column (6). . . . .. .. 46

The observed integrated line intensities (in efgss 1 cm~2) and
line ratios at the seven selected positions. The errors@mtb-
grated intensity are estimated tok€el5%. . ... .. ... ... 62

Results of the LTE analysis. The excitation temperaldgds

listed in Column (2); Column (3) - (5) present C, CO and H
column densities; the C/CO ratio is listed in Column (6). The
uncertainties of the column densities are derived by varyine
integrated intensities by15%. . . . . . .. ... ... L. 65

Physical parameters at selected positions in Fig 5thjradal by

fitting the observed intensity ratios to teangle clump KOSMA

- T PDR models. Columns (2) - (5) list the fitted clump densities,
clump mass, clump radius and FUV field; the derived FUV field
from the HIRES data and from the star are are in Column (6) and
(7); The distance to HD 281159 used for the calculatiof<iis

listed in Column (8); Column (9) is the minimum chi square of

the PDRAit. . . . . . . . . . . . . . 71



5.4

5.5

6.1
6.2

6.3
6.4

6.5

6.6

Results of ensemble of identical clumpsisemble case 1 The
mass and FUV field for each single clump are listed in Column
(2) and (3); Column (4) - (6) present the line intensity ratie-
tween the ensemble models and observatiod$@® 4-3,12CO

1-0 and*3CO 1-0; The C, CO and Hcolumn densities from

the ensembles are presented in Column (7), (8) and (9); Col-
umn (10) is the C/CO ratios. The total number of the clumps
in the ensemble and ensemble mass are listed in Column (8i1) an
(12)The total ensemble mab%slisted in the table is computed
asMens= Nensx M¢, whereMg is the mass of a clump. . . . . . . 73
Results of ensembles with a clump mass distribution aaslsm
size distributionEnsemble case 2Column (2) - (4) present the
ratios (in erg s sr1cm—2) of the modelled and observed line in-
tensities for?CO 4-3,12CO 1-0 and3CO 1-0; The mean clump
ensemble densitymeanand the fitted FUV fielg(ensare presented

in Column (5) and (6). The C, CO andldolumn densities from

the ensembles are presented in Column (7), (8) and (9); Golum
(10) is the C/CO ratios. The total masses are listed in Col(irhph 76

Rest frequencies of observed spectrallines . . . . . ... .. 82
Line Parameters on the two interface positions besae3® and
its isotopes. ND is indicates non-detection.. . . . . . . .. ... . 87

The results of hyperfine transition fitting fopld, CN and HCN. . 88
Molecular constants used for column density calcuatiqu is
permanent dipole moment amlis rotational constant. All the

data are taken from the Cologne Database for Molecular Spec-
troscopy (CDMS, see http://www.astro.uni-koeln.de/gagen/) 93
LTE analysis for CO, CS, HCQ HCN, HNC, HCS and HCO

at the two interface positions. The opacities'e€O 1-0,13CO

1-0, ¢80 1-0, CS 2-1, &s 2-1, HCO 1-0, H3CO* 1-0,

HCN 1-0, HNC 1-0, HCS 2-1 and HCO 1-0 are listed at the
top. The excitation temperatures of CO, CS, HGBICN, HNC,

HCS" and HCO are listed in the middle. The column densities of
Ho, 12C0O,3CO, C0, CS, &S, HCO, H3CO*, HCN, HNC,

HCS" and HCO are listed at the bottom. . . . . . . ... ... .. 94
Results of the relative column densities tp ¢dblumn density at

two interface positions. X(Y) is the fractional abundant&acer

Y relative to Hb: N(Y)/N(H2). . . .. .. .. .. ... .. .... 95

147



Acknowledgments

Foremost, my deepest gratitude goes first to my advisors Biojen Stutzki and
Carsten Kramer for their constant encouragement and advise very grateful

for their patience, enthusiasm, and immense knowledgeio@s/sics. They are
always willing to answer my questions. Their penetratindg arsightful com-

ments afford me with inspiring source. | also thank theirgasiions and cor-
rections on this thesis. Without their consistent and illating instruction, this
thesis could not have reached its present form.

| also like to thank Prof. Andreas Zilges for co-refereeihig thesis.

| would also like to extend my sincere thanks to all memberainand A6
groups of SFB 494 from I|. Physikalisches Institut for prorgla very friendly
and inspiring working atmosphere. | specially thank Makfitier for helping me
adapt to a new country. It would be much harder without hip logl all those
things like opening a bank account, first-time registratiothe university and so
on. | thank him for introducing me to get familiar with the K®IB 3m telescope
observations. | also thank him and his wife for providing n@ace to stay at the
beginning of my study in Koln.

| thank Bhaswati Mookerjea who not only gave me the fruititiestific dis-
cussions on the PDR analysis in IC 348, but also passed mghbert living in
Germany. | also thank Volker Ossenkopf for helping me withAkvariance and
PDR analysis and also for letting me using his IDL codes fertvariance anal-
ysis. | am greatly indebted to him for those very useful argpinng discussions.
| appreciate the help from Markus Rollig on the PDR analyisadso thank Frank
Bensch for his great help on tievariance analysis and for letting me use his
Fortran codes on tha-variance analysis. Once more, | thank all those people |
have mentioned for their great and patient help on the laggyuarrections of the
published papers.

| am indebted to Robert Simon for his great help on using Gl ftware.
He is such an expert on GILDAS. Whenever | encountered tliewliies on data
reduction, he is always the first one | would ask for help apd.til would like
also to thank Nikolaus Volgenau for his patience with my Esigll thank Martina
Wiedner for her help, as it is very nice to chat with someone wdn speak a little

148



Chinese.

| also thank Marc Hitschfeld, Martin Emprechtinger, Markighick and Oliver
Baum for their help and chats and for their skills in spregdiappiness. | really
appreciate their help with my German translations, espigdiéarc’s. Because
| often bothered him with my German letters, and with askiirg to help me
contact with people who only speak German. | thank Holgeoland Martin
Brull for their help on the data reduction. Some of the siagcripts | used are
from them. | also appreciate the help from Bettina Krausefagie Kramer and
Marlies Selt.

| also thank those Japanese colleagues for their suppaomgany NANTEN2
observations. | thank the staff at the IRAM 30m telescopétfeir support during
my observations. | really like the environment at the 30redebpe, especially the
food there.

| am very grateful to helpful discussions with Alex Lazaramd Doug John-
stone on theA-variance analysis. | also thank Joao Alves for providinghes
2MASS extinction data. | thank Naomi Ridge for allowing ususe the FCRAO
low-J CO data in IC 348. | thank Hans Ungerechts for letting me usddtv-J
CO data in Cepheus B. In this work, | used the NASA/IPAC/IRAKES data
reduction facilities.

| thank to all the friends | made in Koln for giving me the oppmity to spend
a great time during my PhD study. | am grateful to my parentgHeir support
during all these years. They always have faith in me. | alsmkhliayu for her
patience and encouragement since we met during our undeageastudies.

| acknowledge the financial support from the grant SFB49shefDeutsche
Forschungsgemeinschaft during my PhD study.

149



Erkl arung

Ich versichere, dass ich die von mir vorgelegte Dissematelbstandig angefer-
tigt, die benutzten Quellen und Hilfsmittel vollstandiggeegeben und die Stellen
der Arbeit einschlieslich Tabellen, Karten und Abbildengdie anderen Werken
im Wortlaut oder dem Sinn nach entnommen sind, in jedem Haikals Entlehnung
kenntlich gemacht habe; dass diese Dissertation nochraeideren Fakultat oder
Universitat zur Prifung vorgelegen hat; dass sie abgegsebn unten angegebe-
nen Teilpublikationen noch nicht ver’offentlicht wordest sowie, dass ich eine
solche Veroffentlichung vor Abschluss des Promotionfsgens nicht vornehmen
werde. Die Bestimmungen der Promotionsordnung sind miatwek Die von mir
vorgelegte Dissertation ist von Herrn Prof. Dr. Jurgert&dibetreut worden.

K/ejéu//(/

150



Publications

[1.] K. Sun, V. Ossenkopf, C. Kramer, B. Mookerjea, M. R§]IM. Cubick, M.,
and J. Stutzki, J.The Photon Dominated Region in the IC 348 molecular cJoud
2008, accepted by Astronomy & Astrophysics

[2.] J.L. Pineda N. Mizuno, J. Stutzki, M. Cubick, et &ubmillimeter line emis-
sion from LMC N159W: a dense and clumpy PDR in a low metafliertviron-
ment 2008, accepted by Astronomy & Astrophysics, (arXiv:08@29)

[3.]M. Hitschfeld, M. Aravena, C. Kramer, F. Bertoldi, et,aCO 4-3 and 1]
1-0 in the centers of NGC4945 and Circin@908, Astronomy & Astrophysics,
in press, (arXiv:0712.1924)

[4.] C. Kramer, M. Cubick, M. Rollig, K. Sun, K., et alPhoton-dominated
regions in the Carina nebula. 1. Maps of atomic carbon and-hidO lines with
NANTENZ 2008, Astronomy & Astrophysics, 477, 547

[5.] K. Sun, C. Kramer, V. Ossenkopf, F. Bensch, J. Stutzkd 8. Miller, A
KOSMA 7 de§ 13CO 2—1 and'?CO 3-2 survey of the Perseus cloud I. Structure
analysis 2006, Astronomy & Astrophysics, 451, 539

[6.] Y. Wu, Q. Zhang, W. Yu, M. Miller, R. Mao, K. Sun, and Y. WgrAmmonia
cores in high mass star formation regig2906, Astronomy & Astrophysics, 450,
607

[7.] K. Sun, J. Yang, S. Luo, M. Wang, L. Deng, X. Zhou, and Je@Hh.arge-
Scale Distribution of Herbig-Haro Objects in Tauru®003, Chinese Journal of
Astronomy and Astrophysics, 3, 458

[8.] K. Sun, Y. Wu, and L. WangHigh-velocity Gas near S10&003, Acta
Astronomica Sinica, 44, 94

[9.] K. Sun, and Y. WUA new high-velocity molecular outflow of IRAS 19282+1814
2003, Chinese Astronomy and Astrophysics, 27, 73

151



Lebenslauf

Name Kefeng Sun

Anschrift Bachemer str. 46
50931 Kdln

Geburtsdatum : 19.03.1978

Geburtsort : Wuxi, Jiangsu, China

Staatsangehorigkeit : Chinesisch

EMail kefeng@phl.uni-koeln.de
Schule
09. 1984 - 07. 1990 Luoshe-Zentral-Grundschule der Stadt \Wiangsu, China
09. 1990 - 07. 1993 Luoshe-Mittelschule der Stadt Wuxi,gisan China
09. 1993 - 07. 1996 Obere Mittelschule Tianyi, Wuxi, Jiandgshina
Universitat
09. 1996 - 07. 2000 Peking Universitat, Beijing, China
Bachelor of Science, Astrophysik
09. 2000 - 07. 2003 Peking Universitat, Beijing, China
Master of Science, Astrophysik
01. 2004 l. Physikalisches Institut, Universitat zu Kdlreutschland
Beginn der Dissertation
Berufserfahrung
09. 2001 - 07. 2003 Wissenschatftliche Hilfskraft, Pekingudrsitat
Beijing, China
10. 2001 - 11. 2001 Gastwissenschatftler, Purple Mountase®atory
Nanjing, China
02. 2002 - 07. 2002 Tutor fur Thermodynamics, Peking Ursiitat, Beijing, China
09. 2003 - 11. 2003 Gastwissenschatftler, I. Physikalististgut
Universitat zu Koln, Deutschland
seit 01. 2004 Wissenschattlicher Mitarbeiter, 1. Physgcies Institut

Universitat zu Koln, Deutschland

152



153



