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Abstract

The understanding of gravitational stability of galactic disks against star

formation, the interplay of atomic and molecular components of the inter-

stellar medium in a galaxy and its physical conditions, namely temperature

and density, are important to gain a deeper insight into star formation.

Nearby galaxies like the spiral galaxy M51 or the southern starburst galax-

ies NGC4945 and Circinus offer excellent opportunities to investigate these

topics over a complete galactic disk or parts of the galaxy.

A suitable tracer to study the molecular part of the gaseous component

of galaxies is the CO molecule. It is the second most abundant molecule

after H2 in the interstellar medium, its lower lying transition are excited

at typical conditions of molecular clouds and the rotational transitions lie

in the radio window. Thus, CO emission can penetrate throughout galactic

disks and is observable from the ground. Apart from complementary data

from the literature, we use observations of 12CO 2–1, 12CO 4–3, and 13CO

2–1 in this thesis. Additionally, the [C i] 3P1 −3 P0 fine structure line was

observed to study the physical conditions in the central regions of galaxies.

In the first part of this thesis, the nearby spiral galaxy M51 is used as a

sample source to investigate the onset of star formation. CO, H i, radio-

continuum, dust, and stellar maps of M51 are combined to study star for-

mation rate, the H2/H i transition, the gas-to-dust ratios, the stability of

the disk against gravitational collapse, and properties of the giant molecu-

lar clouds. Parts of the results have been published in Astronomy& Astro-

physics (461,143) in 2007 and are submitted to Astronomy& Astrophysics,

2008 for publication.

We use the first complete 12CO 2–1 map of M51 including the compan-

ion galaxy NGC5195 observed with HERA at the IRAM-30m telescope to

trace the molecular gas. Complementary H i VLA data is used to study the

atomic gas distribution and the combined total gas surface density. The to-

tal gas density is compared to the dust density from 850µm SCUBA data.

Using radio continuum VLA data, we compute the Schmidt law in M51, an

empirical relation of total gas density and star formation rate. The velocity

dispersions of the molecular and atomic gas, indicating the local resistance
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against gravitational collapse, are computed. For the Toomre Q parameter

of the disk, a measure of the gravitational stability (see also chapter 2.3), we

combine the stellar surface density derived from the 2MASS K-band sur-

vey with total gas surface density and velocity dispersions of stellar, atomic

,and molecular components of the disk. The Gaussclumps-algorithm is ap-

plied to decompose the 12CO 2–1 emission into molecular cloud complexes

with masses down to the resolution limit. Subsequently, we study the clump

mass spectrum of the identified molecular clouds.

The ratio of molecular to atomic gas surface density shows a close-to pow-

erlaw dependence on the hydrostatic pressure Phydro. The distribution of

the gas surface density, Σgas, in M51 shows an underlying exponential dis-

tribution with a scale-length of hgas = 7.6 kpc representing 55% of the total

gas mass, comparable to the properties of the exponential dust disk. The

total gas surface density and the star formation rate per unit area and time

Σ̇SFR [M⊙pc−2Gyr−1] are correlated. This empirical relation is also found

in other galaxies and is the so called local Schmidt law (chapter 2.4). We

fitted a local Schmidt law with a power-law index of n = 1.4 ± 0.6 to our

data in M51. In contrast to the velocity widths observed in H i, the CO ve-

locity dispersion shows enhanced line widths in the spiral arms compared

to the interarm regions. The threshold of gravitational stability according

to the total Toomre parameter, Qtot = 1 (chapter 2.3), is close to the re-

sults in the radial averages: Qtot varies from 1.5-3. A map of Qtot shows

values around 1 on the spiral arms indicating self-regulation. The clump

mass spectrum extends over a mass range of 4.9 105 M⊙ to 1.2 108 M⊙
and shows a powerlaw index α = 1.71 ± 0.24. The positions of the 16 most

massive identified clumps in the inner part follow the shape of a logarithmic

spiral.

The second part of this thesis deals with the estimation of the physical con-

ditions in the central regions of the star burst galaxies NGC4945 and Circi-

nus from molecular line observations. The temperature, molecular density,

and column densities of CO and atomic carbon are predicted. We published

parts of this analysis in Astronomy& Astrophysics (479,75) in 2008.

The new NANTEN2 4m sub-millimeter telescope in Pampa La Bola, Chile,

enabled us to observe for the first time CO 4–3 and [C i] 3P1 −3 P0 in the
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centers of both galaxies at linear scales of 682 pc and 732 pc, respectively.

We compute the cooling curves of 12CO and 13CO using radiative transfer

modeling and estimate the temperature, density, and column density of CO

and [CI].

The centers of NGC 4945 and Circinus exhibit [C i] 3P1 −3 P0 luminosities

of 91 and 67 Kkms−1kpc2, respectively. The [C i] 3P1 −3 P0/CO 4–3 ratio

of integrated intensities are large at 1.2 in NGC 4945 and 2.8 in Circinus.

Combining previous CO J= 1–0 , 2–1 and 3–2 and 13CO J= 1–0 , 2–1

studies with our new observations, the radiative transfer calculations give

a range of densities, n(H2) = 103−3×104 cm−3, and a wide range of kinetic

temperatures, Tkin = 20− 100 K, depending on the density. The estimated

total [CI] cooling intensity is stronger by factors of ∼ 1−3 compared to the

total CO cooling intensity. The CO/C abundance ratios are 0.2-2, similar

to values found in Galactic translucent clouds. Future high-J CO and [CI]

2–1 observations will be able to better constrain the ambiguities of density

and temperature.
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Zusammenfassung

Das Verständnis des Zusammenhangs von Graviationsstabilität galaktis-

cher Scheiben und Sternentstehung, das Wechselwirken der atomaren und

molekulare Komponenten des interstellaren Mediums in einer Galaxie und

die physikalischen Bedingungen, im Besonderen Temperatur und Dichte,

sind für ein tieferes Verstehen des Sternentstehungsprozesses wichtig. Na-

hegelegene Galaxien wie die Spiralgalaxie M51 oder die südlichen Galaxien

NGC4945 und Circinus bieten ideale Bedingungen, um die genannten The-

men zu untersuchen.

Das CO-Molekül ist gut geeignet, den molekularen Anteil der Gaskom-

ponente von Galaxien zu studieren. Es ist das zweithäufigste Molekül

(nach dem molekularem Wasserstoff H2) im interstellaren Medium, seine

niedrigeren Übergänge sind bei typischen Bedingungen in Molekülwolken

angeregt und die Rotationsübergänge liegen im Radiobereich. Dadurch

kann die CO-Strahlung komplette Scheiben von Galaxien durchdringen und

ist vom Boden gut beobachtbar. Neben Komplementärdaten aus der Liter-

atur benutzen wir in dieser Arbeit Beobachtungen von 12CO 2–1, 12CO 4–3

und 13CO 2–1. Zusätzlich wurde der [C i] 3P1 −3 P0 Feinstrukturübergang

beobachtet, um die physikalischen Bedingungen in den zentralen Regionen

von Galaxien zu studieren.

Im ersten Teil dieser Arbeit werden am Beispiel der nahegelegenen Spi-

ralgalaxie M51 die Bedingungen für Sternentstehung untersucht. CO, H i,

Radio-Kontinuum, Staub und stellare Karten von M51, werden für die Un-

tersuchung der Sternentstehungsrate, des H2/H i Übergangs, des Gas-Staub

Verhältnisses, der Gravitationsstabilität der Scheibe der Galaxie und für die

Bestimmung der Eigenschaften von Riesenmolekülwolken kombiniert. Tei-

lergebnisse dieses Kapitels wurden in Astronomy& Astrophysics (461,143)

in 2007 veröffentlicht und sind für Publikation in Astronomy& Astrophysics

in 2008 eingereicht.

Um das molekulare Gas zu beobachten, benutzen wir die erste kom-

plette 12CO 2–1 Karte von M51 inklusive des Begleiters NGC5195, die

mit dem HERA-Empfänger am IRAM-30m Teleskop beobachtet wurde.
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Die Verteilung der atomaren Gaskomponente wurde mit H i-VLA Komple-

mentärdaten beobachtet und mit der molekularen Komponente zur totalen

Gasverteilung kombiniert. Mit Hilfe von Radio-Kontinuum Daten berech-

nen wir das sog. Schmidt law in M51, eine empirische Relation zwischen

Oberflächengasdichte und Sternentstehungsrate. Die Geschwindigskeits-

dispersionen des molekularen und atomaren Gases werden bestimmt.

Diese können lokal den Kollaps durch Gravitation verhindern. Um den

Toomre Parameter Q zu berechnen, der ein Maß für die Stabilität

gegen Kollaps ist, benutzen wir eine Sternmassendichtekarte abgeleitet von

2Mass K-Band Beobachtungen und Karten der Gasmassendichte sowie

der Geschwindigkeitsdispersionen der stellaren, atomaren und molekularen

Komponente der Scheibe. Wir verwenden den Gaussclumps-Algorithmus,

um die 12CO 2–1 Emission in Agglomerationen von Riesenmolekülwolken

zu zerlegen, deren Massen bis an die Auflösungsbegrenzung heranreichen.

Damit untersuchen wir das Klumpen-Massen Spektrum der identifizierten

Riesenmolekülwolken.

Das Verhältnis von molekularer zu atomarer Gasflächenmassendichte zeigt

eine Powerlaw-ähnliche Abhängigkeit vom hydrostatischem Druck Phydro.

Die Verteilung der Gasflächenmassendichte, Σgas, in M51 zeigt eine un-

terliegende exponentielle Verteilung mit einer Skalenlänge von hgas = 7.6

kpc und einem Massenanteil von 55% an der totalen Gasmasse, ähnlich der

Staubmassenverteilung. Die Gasflächendichte und die Sternentstehungsrate

pro Einheits-Fläche und Zeit, Σ̇SFR [M⊙pc−2Gyr−1], sind korreliert. Diese

empirische Beziehung wurde auch in anderen Galaxien festgestellt und wird

als Schmidt law (chapter 2.4) bezeichnet. Wir fitten ein lokales Schmidt

law mit einem Powerlaw-Index von n = 1.4± 0.6 in M51. Im Gegensatz zu

den H i -Momenten zeigen die CO-Dispersionen erhöhte Linienbreiten auf

den Spiralarmen im Vergleich zu den Zwischenarm-Regionen. Die radialen

Mittelungen zeigen Werte in der Nähe des Grenzwertes zur Gravitation-

sinstabilität: nach dem Toomre-Kriterium Qtot = 1 (chapter 2.3). In den

radialen Mittelungen variert Qtot zwischen 1.5 und 3. Eine Karte von Qtot

zeigt Werte um 1 in den Spiralarmregionen, was auf Selbstregulierung in

der Scheibe der Galaxie hindeutet. Das Klumpenmassenspektrum deckt

einen Massenbereich von 4.9 105 M⊙ bis 1.2 108 M⊙ ab und zeigt einen

Powerlaw-Index α = 1.71± 0.24. Die Positionen der 16 massivsten indenti-

fizierten Klumpen im Inneren von M51 zeigen die Form einer logarithmis-
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chen Spirale.

Im zweiten Teil der Arbeit werden die physikalischen Bedingungen in den

zentralen Regionen der Galaxien NGC4945 und Circinus aus molekularen

Linienbeobachtungen abgeschätzt. Die Temperatur, molekulare Dichte und

Säulendichte von CO und [C i] werden modelliert. Teilergebnisse dieses

Kapitels sind in Astronomy& Astrophysics (479,75) in 2008 publiziert.

Mit Hilfe des neuen NANTEN2 4m Submillimeter-Teleskops in der Pampa

la Bola, Chile, haben wir zum ersten Mal CO 4–3 und [C i] 3P1 −3 P0 in

den Zentralregionen der beiden Galaxien mit einer räumlichen Auflösung

von 682 pc beziehungsweise 732 pc beobachtet. Wir berechnen mit Hilfe

von Strahlungstransport die Kühlkurven von 12CO und 13CO und schätzen

Temperatur, Dichte und Säulendichte von CO und [CI] ab.

Die Zentren von NGC 4945 und Circinus zeigen [C i] 3P1−3P0 Luminosität

mit 91 beziehungsweise 67 Kkms−1kpc2. Das Verhältnis der integrierten

[C i] 3P1−3P0/CO 4–3 Intensiäten ist hoch mit 1.2 in NGC 4945 und 2.8 in

Circinus. Wir benutzen zusätzlich CO J= 1–0 , 2–1 und 3–2 sowie 13CO J=

1–0 , 2–1 mit den neuen Beobachtungen. Damit ergeben Strahlungstrans-

portrechnungen eine Spanne möglicher Dichten, n(H2) = 103−3×104cm−3,

und eine Spanne von kinetischen Temperaturen, Tkin = 20 − 100 K,

abhängig von den Dichten. Die abgeschätzte totale [CI]-Kühlleistung ist

stärker als die CO-Kühlleistung um einen Faktor von ∼ 1 − 3. Das CO/C

Häufigkeitsverhältnis ist 0.2-2. Zukünftige Beobachtungen von hohen CO

Übergängen und [CI] 2–1 werden es ermöglichen, die auftretenden Unsicher-

heiten in Dichte und Temperatur besser einzuschränken.



CONTENTS 11

Contents

1 Introduction 15

2 Background and concepts 21

2.1 Morphology of galaxies . . . . . . . . . . . . . . . . . . . . . 21

2.2 Formation and evolution of spiral galaxies . . . . . . . . . . 24

2.2.1 Density wave theory . . . . . . . . . . . . . . . . . . 26

2.3 Disk stability . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Kennicutt-Schmidt law . . . . . . . . . . . . . . . . . . . . . 31

2.5 Radiative transfer . . . . . . . . . . . . . . . . . . . . . . . 34

2.5.1 Collisional excitation . . . . . . . . . . . . . . . . . . 35

2.5.2 Radiation mechanisms . . . . . . . . . . . . . . . . . 36

2.5.3 Rate equation . . . . . . . . . . . . . . . . . . . . . . 38

2.5.4 Critical density . . . . . . . . . . . . . . . . . . . . . 40



12 CONTENTS

3 The nearby galaxy M51 - a laboratory to study the onset

of star formation 43

3.1 Introduction to M51 . . . . . . . . . . . . . . . . . . . . . . 44

3.2 IRAM-30m HERA-Observations . . . . . . . . . . . . . . . 46

3.2.1 12CO 2–1 . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.2 13CO 2–1 . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.3 Complementary data . . . . . . . . . . . . . . . . . . 49

3.3 Observational results . . . . . . . . . . . . . . . . . . . . . . 50

3.3.1 Integrated intensity map using the masked moment

method . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.2 Molecular gas distribution . . . . . . . . . . . . . . . 51

3.3.3 13CO 2–1 . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.4 H i and radio continuum . . . . . . . . . . . . . . . . 54

3.3.5 Dust emission . . . . . . . . . . . . . . . . . . . . . . 56

3.4 Molecular and atomic gas . . . . . . . . . . . . . . . . . . . 57

3.4.1 The total gas surface density . . . . . . . . . . . . . 57

3.4.2 Total gas densities in other galaxies . . . . . . . . . 61

3.5 Stellar surface density from the K-Band emission . . . . . . 63

3.6 Radial averages and Schmidt law . . . . . . . . . . . . . . . 64

3.6.1 Radial distribution of the gas . . . . . . . . . . . . . 65

3.6.2 The molecular gas fraction . . . . . . . . . . . . . . 67



CONTENTS 13

3.6.3 The hydrostatic pressure . . . . . . . . . . . . . . . . 69

3.6.4 Star formation rate and local Schmidt law . . . . . . 71

3.6.5 The local Schmidt law and star formation efficiency

in simulations . . . . . . . . . . . . . . . . . . . . . . 77

3.7 The structure of the total gas density . . . . . . . . . . . . 79

3.8 Gravitational stability . . . . . . . . . . . . . . . . . . . . . 84

3.8.1 Kinematics of the 12CO 2–1 data . . . . . . . . . . . 84

3.8.2 Radial Toomre analysis for the gaseous disk . . . . . 94

3.8.3 Discussion of the radial Qgas analysis . . . . . . . . . 96

3.8.4 The combined Toomre parameter Qtotal . . . . . . . 98

3.8.5 The local distribution of Qtot . . . . . . . . . . . . . 102

3.9 Correlation of Toomre Q and H2/ H i . . . . . . . . . . . . 106

3.10 Giant Molecular Associations in M51 . . . . . . . . . . . . . 107

3.10.1 Formation and destruction of GMCs . . . . . . . . . 107

3.11 Molecular cloud properties . . . . . . . . . . . . . . . . . . . 110

3.11.1 Gaussclumps . . . . . . . . . . . . . . . . . . . . . . 110

3.11.2 Mass and mass spectrum of clumps . . . . . . . . . . 112

3.12 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116



14 CONTENTS

4 The physical conditions in the central regions of galaxies 119

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.1.1 NGC 4945 . . . . . . . . . . . . . . . . . . . . . . . . 120

4.1.2 Circinus . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.1.3 The importance of submm lines in NGC4945 and

Circinus . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.2 Observations with the NANTEN2 telescope . . . . . . . . . 124

4.2.1 Spectra of CO 4–3 and [C i] 1–0 . . . . . . . . . . . . 126

4.3 Physical conditions . . . . . . . . . . . . . . . . . . . . . . . 128

4.3.1 Escape probability calculations using CO and 13CO 129

4.4 Summary and discussion . . . . . . . . . . . . . . . . . . . . 135

5 Outlook 143

A 12CO 4–3 in NGC 253 159

List of Publications 171

Danksagung 173

Erklärung 177

Lebenslauf 179



15

Chapter 1

Introduction

The identification of the observed nebular stellar aggregations as external

galaxies was not resolved until the early 20th century. In the Great debate

Shapley and Curtis discussed weather the spiral nebulae were stellar

clouds and part of the Milky Way or objects similar to the Milky Way at

greater distance. Hubble was able to resolve this debate (Hubble 1938)

and showed that the Andromeda galaxy was clearly outside of the Milky

Way using the 2.5m Mt. Wilson telescope for observations of Cepheid

variables in Andromeda. Cepheids show a strong correlation of luminosity

and the period of their variability which allowed Hubble to use them as

standard candles and to determine the distances to Andromeda more

precisely. Hubble was able to take advantage of the technological progress

in optical astronomy in the 19th century. The introduction and advance in

spectroscopy and photometry enabled the astronomers to obtain velocity

information and accurate luminosities of the observed objects.

Modern CCD-detectors and space based telescopes like the Hubble Space

Telescope launched in 1990, enable astrophysicists to survey large areas

of the sky at high angular resolution, overcoming the disturbances by

the atmosphere in ground-based observations (the recent introduction of

active and adaptive optics helps to reduce atmospheric disturbances in the

near-infrared and optical regime). Current knowledge is that the visible
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Universe contains about 100 billion galaxies, with each of them containing,

similar to the Milky Way, about 100 billion stars.

The birth of radio astronomy was in 1933 when Jansky discovered

extraterrestrial cm radio emission from the Milky Way and linked it to

the stars and the interstellar matter in the Galactic disk (Jansky 1982).

Reber (1940) performed the first extragalactic radio observations in the

Andromeda Galaxy M31 using a parabolic radio antenna.

After the first detections of molecules in space in the optical (CH,CH+,CN)

from 1937 (Swings & Rosenfeld 1937), extragalactic observations of molec-

ular gas in the radio domain were first done in 1974. Whiteoak & Gardner

(1974) detected the OH molecule in absorption in the southern galaxy

NGC4945 (this galaxy is also studied in this thesis). The first extragalactic

detection of the CO molecule by Rickard et al. (1975) followed.

The atmospheric radio window, enabling ground based observations,

extends from about 1MHz at the lower frequency range to around 1THz.

The low end cutoff is caused by ionospheric absorption and scattering.

At the high end, the absorption of atmospheric water and oxygen are the

main obstacles for observations. This is one reason for the remote dry

and high-altitude locations of modern mm and submm-radio telescopes:

e.g. the KOSMA1-telescope on the Gornergat, Switzerland at 3.100m, the

IRAM2-30m telescope at Pico Veleta, Spain at 3000m and the APEX3

and NANTEN2-telescopes at Pampa la Bola, Chile at 4900m altitude and

the future ALMA4 interferometer at the same location. Another excellent

site for submm-telescopes is Mauna Kea, Hawaii with the JCMT5 and the

CSO6 on site.

1 Kölner Observatorium für Submillimeter Astronmie
2 Institut de Radio Astronomie Millimetrique
3 Atacama Pathfinder Experiment
4 Atacama Large Millimeter Array
5 James Clerk Maxwell Telescope
6 Caltech Submillimeter Observatory
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Observations of external galaxies with these sensitive facilities enable us to

study the distribution of the interstellar medium over the whole disk of a

galaxy, in contrast to galactic studies which are in the optical limited due

to the strong extinction in the disk of the Milky Way and the location of

the observer within the disk. The disk of a galaxy is composed of stars and

gas. The relative mass fraction of the interstellar medium varies depending

on the location in a galaxy and among other things, this fraction will be

investigated in the spiral galaxy M51. The gas consists of an atomic and

molecular component with locally varying mass fractions. The dynamics

and structure of the atomic gas are well traced by the 21 cm hyperfine

structure line of the neutral H i atom. We will later combine H i-data from

our collaborators and observed line transitions in CO and [C i] as tracers

of the molecular gas.

To date approximately 130 molecules have been detected in measurements

beyond our solar system. As a tracer for the molecular gas we use CO. It is

the second most abundant molecule after H2 in the interstellar medium as it

is very stable due to its high binding-energy. CO is used as a standard tracer

for molecular mass with rotational transitions in the radio window. H2 is not

suitable because it needs high excitation temperatures of several hundred

Kelvin which exceed the typical temperatures of the cold molecular phase

of interstellar medium of several 10 K significantly. The CO molecule has a

photo-dissociation potential of 11.1 eV, which is near the upper end of the

interstellar photon field of 13.6 eV caused by absorption at the Lyman edge

due to atomic hydrogen. The excitation energy of the lowest lying rotational

transition is at 5.6 K, ideal for studying the interstellar medium with typical

temperatures of several 10 K. CO is a linear diatomic molecule with a

low permanent dipole moment of 0.1 Debye. The low-J CO transitions

thus have critical densities of ∼ 104 cm−3 for collisions with H2 at typical

temperatures in the interstellar medium. A critical density describes a state

of balance between the radiative (spontaneous emission depending on the

Einstein A-coefficient) and collisional de-excitation (proportional to the

density), for a given line transition (see also chapter 2.5).

Another important tracer is the neutral carbon [C i] atom. The fine struc-

ture transition [C i] 3P1 −3 P0 (henceforth 1–0) is excited at 24 K and with
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a relatively low critical density of 103 cm−3, matching typical conditions in

the interstellar medium. The [C i] atom has been found in good correlation

with low-J CO lines (e.g. Mookerjea et al. 2006) and appears to be a good

tracer of surface regions of clumps illuminated by the FUV field of newborn,

massive stars (e.g. Kramer et al. 2005). The photo-ionization potential of

[C i] to [C ii] is at 11.3 eV. The [C i] 1–0 line has been detected in about 30

galactic nuclei (Gerin & Phillips 2000; Israel & Baas 2002; Israel 2005).

The [C ii] 158 µm fine-structure line is another important tracer associated

with warm, dense photo dissociated surface regions of molecular clouds il-

luminated by nearby OB stars. It is excited at 92 K and the critical density

is 5 103 cm−3. Emission of CO, [C i] and [C ii] traces the bulk of carbon

bearing species in molecular clouds and is important in their chemical net-

work. The HCN molecule is a tracer found in dense molecular gas regions

with typical densities of n(H2)= 104 − 105 cm−3.

Outline

In this thesis, newly observed 12CO 2–1,12CO 4–3,13CO 2–1, and [C i] 1–0

-data are combined with complementary molecular line, radio continuum,

and H i -data from the literature or recently observed by collaborators.

This data are used to study the physical conditions and mechanisms of

star formation in the interstellar medium of external galaxies.

In chapter 2, we summarize important background and theoretical concepts

as far as they are relevant for the analysis parts of this thesis. This includes

the Hubble scheme for the classification of galaxies, mechanisms for the

formation of spiral galaxies, the gravitational stability of disks in galaxies

and empirical star formation relations.

We also discuss how to determine physical conditions like temperature,

density, and column density from observed integrated intensities using

radiative transfer calculations. This is later applied to the central regions
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of the two southern galaxies Circinus and NGC4945.

In chapter 3, we study the nearby spiral galaxy M51 as a template

source for global and local distribution of the atomic and molecular gas,

star formation laws and gravitational stability of the disk. We identify

molecular clouds from the 12CO 2–1 data and study their mass and

stability. The dynamics of M51 and the deviations of purely rotational

motions are discussed and compared to model predictions.

For this analysis the first complete 12CO 2–1 map of M51 including

the south-western spiral arm and the companion galaxy NGC5195 is

presented. This map was obtained with the IRAM-30m telescope using

the receiver array HERA7. We combine these newly observed data set

with additional H i, radio continuum, and infrared (K-band 2.2µm)-data.

The M51 project was a collaborative effort together with C. Kramer, J.

Stutzki, B. Mookerjea (KOSMA), K. Schuster (IRAM, France) and S.

Garcia-Burillo (Observatorio de Madrid, Spain).

Chapter 4 assesses the physical conditions, namely temperature, density

and column density, in the central regions of the southern starburst galax-

ies NCG4945 and Circinus. First detections in the 12CO 4–3 and [C i] 1–0

transitions in these sources combined with lower rotational CO transitions

and radiative transfer calculations are used to determine these quantities.

The abundance ratio of CO and [C i] is discussed and compared to abun-

dance ratios in molecular clouds and central regions of other galaxies. The

observations have been carried out by me, C. Kramer, R. Simon and the

NANTEN2-team using the NANTEN2-telescope in Pampa la Bola, Chile.

This telescope is operated jointly by the Nagoya University radioastronomy

group (Prof. Fukui), the KOSMA group from Universität zu Köln (Prof.

Stutzki), the University of Bonn (Prof. Bertoldi) and other contributing

partners from Chile, Australia and Korea. The observations and analysis

in southern extragalactic sources were a joint project of the KOSMA-group

(C. Kramer, J. Stutzki) and colleagues of the Argelander Institute, Univer-

sity of Bonn (M. Aravena, F. Bertoldi).

In the last chapter, we address the perspectives of future extragalactic stud-

7 Heterodyne Receiver Array
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ies using the new generation of radio-astronomical facilities on ground-, air-

and space-based platforms.
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Chapter 2

Background and concepts

2.1 Morphology of galaxies

The following sections follow closely parts of the books J.Binney and

S.Tremaine: Galaxy Dynamics and the lecture Entwicklung von Galaxien

by S. Hüttemeister and summarize relevant concepts in the context of this

thesis.

Figure 2.1: Hubble sequence of galaxy morphology.
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Figure 2.2: An HST composite edge on view of the Sa-type spiral galaxy

M101. M101 nicely shows the structure of disk galaxies including the bulge

in the center, the disk and the halo (www.spacetelescope.org).

Galaxies are classified into different categories based on their appearance

in the optical. As an example the classification scheme of the Hubble se-

quence is shown in Fig. 2.1 (Sandage 1961). This classification scheme was

introduced by Hubble in 1936 in his book The realm of nebulae. Hubble

interpreted the diagram as a time series of evolution of a galaxy with in-

creasing age from left to right (Fig. 2.1) thus, referring to ellipticals as

early-type and to spirals as late-type galaxies. The Hubble interpretation

of the diagram is discarded today but the nomenclature of early-types, late-

types still is in use although in conflict with the temporal evolution. The

spiral galaxy’s in fact turned out to be the earlier stage of galaxy evolution

compared to ellipticals.

Elliptical galaxies are labeled En where the axial ratio b/a of major axis b

and minor axis a determines the number via n = 10(1 − b/a). For galax-

ies later than elliptical type, the Hubble diagram shows two branches of

galaxies distinguishing between barred galaxies and the so called normal

galaxies. The barred galaxies occur with a similar frequency as the nor-

mal galaxies. The S0 or SB0 type galaxies are called lenticular galaxies

and show a central brightness distribution similar to an elliptical galaxy. In

the outermost parts they become rather flat, which is best seen in edge-on

systems. The second branch in the Hubble sequence contains the normal

spirals. The morphology of these types of systems shows a more or less ex-

tended central bulge resembling the brightness profile of an elliptical galaxy

and no visible bar. The bulge is the central part of a rather thin disk which

shows a more or less pronounced spiral pattern. The early-type spirals are
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located on the left side of the Hubble diagram and show a more extended

bulge and a rather smooth spiral structure. The late-type spirals show a

less extended bulge and sharply defined spiral arms. Galaxies obeying no

symmetry were classified as irregulars in the Hubble classification.

Figure 2.3: Classification of galaxy morphology by de Vaucouleurs. The

sketch is taken from Buta & Combes (1996).

Other classification schemes were later introduced e.g. by de Vaucouleurs

(1959) and Elmegreen & Elmegreen (1982). The de Vaucouleurs scheme is

used in this work and is an extension of the Hubble scheme (see Fig. 2.3).

The Hubble classification from ellipticals to spirals and irregulars is kept.

The classification of the spirals is more sophisticated. Three criteria deter-

mine the galaxy type according to de Vaucouleurs (1959): the absence or

presence of a bar (SA, SB or intermediate SAB), the absence or presence

of ring-like structures (symbols s, r or rs) and the appearance of the spiral

arms. Additional to the Hubble specifications of the spiral arms, Sd for

diffuse, broken arms with a faint bulge is introduced and Sm for irregu-

lar appearance without a bulge. The combination of these three criteria

determines the galaxy type according to the Vaucouleurs scheme.

In the next sections, we will give a summary of theoretical concepts for the

formation of spiral galaxies and set the stage for terms later used in the
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detailed analysis of the spiral galaxy M51.

2.2 Formation and evolution of spiral galaxies

Spiral patterns are a well known morphology observed in galaxies. They

seem to be long-lived in the sense that they are stable over several orbital

timescales, implied by the large number of galaxies with prominent spiral

patterns.

The simplest concept producing spiral structure is differential rotation. Gas

and stars in galaxies rotate with different angular velocities at different radii

Ω = Ω(r), the so called differential rotation. A spiral pattern caused by this

effect would windup in a few orbital timescales around the center in contrast

to the observed structures in galaxies, as we will discuss next.

Rotation curves of spiral galaxies, i.e. the dependence of rotation velocity on

galactocentric radius v(r) around the center, have been mostly determined

from optical- and HI-line spectroscopy and subsequently created position-

velocity diagram’s. E.g. Sofue et al. (1999) studied rotation curves from a

sample of around 50 spiral and irregular galaxies. They used a fixed inten-

sity criterion (depending on the maximum and lowest-contour intensity) to

determine the rotation velocity at a given position in the position-velocity

diagram. Typically rotation curves of all types of spiral galaxies show a

similar structure. After a steep rise of the rotation velocity in the central

part, the rotation curve flattens at galactocentric radii of up to 5 kpc from

the center and stays constant in the outer part. The flat outer parts are not

expected from the observed mass profiles assuming Keplerian motions and

Newtonian gravity and were one of the first indications for the existence of

dark matter and dark matter halos in galaxies.

For a constant rotation velocity, the angular velocity Ω = v(r)/r thus

shows differential rotation with the dependence Ω ∼ r−1. If the spiral arms

would be rotating with this differential rotation, the spiral arms would

wind-up in few rotations around the center. Thus, a much tighter spiral
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Figure 2.4: Composite Hubble Space Telescope image of the grand-

design spiral galaxy M51 showing the prominent spiral structure

(www.spacetelescope.org).

structure than found in observations of spiral galaxies would be expected

(e.g. Kalnajs 1973). Typical values are a constant circular velocity vc=200

kms−1 at a radius R=8 kpc. After a (relatively short) time of 1 Gyr the

pitch angle of the spiral arms winds up to 2 ◦ - the tightest pitch angles

observed range from 5 ◦ to 30 ◦ , depending on the galaxy type. This

shows the shortcoming of the differential rotation approach.

Lin & Shu (1964) were the first to solve the wind-up dilemma by present-
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ing a density wave theory to explain the observed spiral structure in disk

galaxies. The theory assumes that a density wave moves through the disk

of the galaxy at a constant angular velocity (pattern speed Ωp). Possible

triggering mechanisms will be mentioned later. We will discuss the density

wave mechanism in more detail in the next section.

2.2.1 Density wave theory

Figure 2.5: Illustration of different trajectories: a) Definition of the coor-

dinate system. b) General case of a rosette. c) κ = 2Ω. d) Ω = Ωp.

In disk galaxies gas and stars move on nearly circular orbits as dissipation

forces (caused by tidal or collisional interaction), force them to enter

the lowest energy trajectory. The special case of a Keplerian potential

yields ellipses as orbits with circles as the lowest energy limit case. Orbits

of non-Keplerian potentials can be approximated by precessing ellipses

forming rosettes.

For disk galaxies a commonly used approximation for the orbits (also later

used in the analysis of the M51 observations) is the epicyclic approximation.

The epicyclic frequency is defined as κ2 ≡ ∂2Φeff/∂r
2, neglecting all higher

order terms in the Taylor expansion of the effective potential (different cases

of κ are illustrated in Fig. 2.5). Φeff is the axisymmetric effective potential

in the rotating frame including the centrifugal potential. Motions in the
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plane of the galaxy are considered. In terms of the angular frequency κ can

be expressed as: κ2 = r dΩ2

dr + 4Ω2, with the angular frequency Ω = v/r.

Figure 2.6: Corotation radius and Lindblad resonances in density wave

theory.

Assuming a fixed pattern speed of the density wave and differential rota-

tion of stars and gas, there are certain locations in a disk galaxy where

resonances occur. In a corotating frame with Ω
′

= Ω − Ωp, the epicyclic

orbits are closed if Ω
′

= κ/m with m the number of spiral arms. In this

case, stars and gas are moving in resonance with the pattern speed. For

m = 2 this resonances are called Lindblad resonances and defined as:

Ωp = Ω − κ/2 : the inner Lindblad resonance (ILR), (2.1)

Ωp = Ω + κ/2 : the outer Lindblad resonance (OLR). (2.2)

The corotation radius is located where density wave and gas and stars

move at the same angular velocity Ωp = Ω.
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Figure 2.7: Spiral patterns created by small differences in the pattern speed

Ωp in the different orbits.

One way to explain the existence of spiral patterns is the following simple

approach. Assuming every orbit (rotating with Ωp) produces closed ellipses

in the corotating frame, the equation Ωp = Ω − κ/2 holds. If Ωp is nearly

constant or slightly different for all orbits, the spiral pattern performs

a rigid rotation without winding up of the spiral arms as illustrated in

Fig. 2.7. The assumption of a nearly constant Ωp holds in the Milky Way

over a large range from galactocentric radii of 3 to 20 kpc. The frequent

occurrences of two-armed spiral patterns, as very prominently seen in the

grand-design galaxy M51 (detailed analysis of this source later), have been

explained by Kalnajs (1973) using this approach.

Especially near the ILR, density waves are strongly damped through

interaction with the accumulated matter and often do not reach the

corotation radius. A reflection at the ILR creates a leading wave with

respect to the spiral pattern but the trailing wave is strongly amplified

by up to a factor of 10. This phenomenon is called swing amplification

(see Fig. 2.9) and presents one plausible scenario for the fact that most

observed spiral arms are trailing with respect to the direction of rotation

(e.g. Mark 1976; Goldreich & Tremaine 1978).

Note that the density wave theory by Lin & Shu (1964) does not take

into account the self-gravity of the density wave and is in that sense not

self-consistent. Toomre (1977) reviews the theories of spiral structure based

on the Lin and Shu approach in great detail. The density wave theory

provides a number of mechanisms to explain the observed variety in spiral

galaxies but none of them is able to account for all observed galaxy types.
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Figure 2.8: Sketch of the mechanism of swing amplification of a density

wave mode as presented in Toomre (1981).

Triggering The triggering mechanism of the density wave is at the

moment not fully understood. One plausible scenario is a density wave

from a bar (Huntley et al. 1978) or the interaction with a neighbor

galaxy which induces a transitory density wave. In the case of the M51

system, Toomre & Toomre (1972) numerically modeled the passage of the

companion NGC5195. The model reproduces the overall observed structure

of the system but differs significantly in the central part. A possible reason

for this is that self-gravity has been neglected in this model. Garcia-Burillo

et al. (1993a) performed 3D Monte Carlo simulations of the interacting

M51 system, neglecting self-gravity. The modeled velocity field matches

very well with an observed CO-velocity field. However, this mechanism

can only explain spiral arms in galaxies with a nearby companion.

There exist alternative models to the density wave approach which can
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explain spiral structure. Models based on stochastic star formation have

been successful in producing the fragmented and flocculent structure

observed in some spiral galaxies (Goldreich & Lynden-Bell 1965; Sellwood

& Carlberg 1984). Magnetohydrodynamic theories discussed in the 1950s

failed to explain modern observational results.

After the sections summarizing the morphology of galaxies and possible

mechanisms creating the observed spiral arm structure, we will next intro-

duce mechanisms governing the locations of star formation in a particular

galactic disk.

2.3 Disk stability

An important parameter for the understanding of star formation in disk

galaxies is the local stability against gravitational collapse. Gaseous and

stellar disks are stable against non-axisymmetric disturbances (Goldreich &

Lynden-Bell 1965; Julian & Toomre 1966). For axisymmetric perturbations

(m = 0) in a gaseous disk rotating at a fixed angular frequency Ω, the

dispersion relation is analogous to the dispersion relation leading to the

Jeans criterium, describing the stability of a gas cloud against collapse:

ω2 = 4Ω2 − 4πGρ0 + k2v2
s , (2.3)

where ρ0 is the volume density and vs the speed of sound. In the case of

the Jeans criterium this leads to a critical wavelength λcrit, which is the

minimum wavelength leading to instability and collapse of the gas into

stellar condensation: λcrit = ( Π
Gρ0

)1/2 vs.

Disk galaxies are close to the special case of a very thin differentially ro-

tating disk and we can replace the density term 4πρ0 by 2πGΣgas. Here we

first consider the pure gaseous disk following the Toomre approach. Σgas is

a surface mass density (measured in units of M⊙ pc−2). Inserting the previ-

ously defined epicyclic frequency κ, the dispersion relation for axisymmetric
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disturbances in the plane of the disk is:

ω2 = κ2 − 2πGΣgas|k| + k2v2
s . (2.4)

k is the wave number and vs the speed of sound of the gas. This relation also

uses the tight-winding assumption: to first order the long-range coupling

of the gravitational force can be neglected (e.g. Kalnajs 1973). Solving this

quadratic equation, we see that a gaseous disk is stable against axially

symmetric disturbances for

Qgas = vsκ/(πGΣgas) > 1. (2.5)

Qgas is the Toomre stability parameter (Toomre 1964). For a pure stellar

disk the stability parameter is similar. From equation 2.5 we see that

gravity drives the disk towards collapse while velocity dispersion and

the epicyclic motion hinder this collapse. For Qgas > 1 the disk is stable

against gravitational perturbations, while for Qgas < 1 the disk is unstable.

In a real-life galaxy we will have interaction of the stellar and gaseous

components. The interaction complicates the treatment of the gravitational

stability of the disk. Stars and gas are treated as two different isothermal

fluids (Wang & Silk 1994). The dispersion relation for two isothermal fluids

is presented e.g. in Jog & Solomon (1984). Wang & Silk (1994) derive a

linear approximation in the stellar and gaseous wavenumber ks.g for the

total Toomre Q parameter:

Q−1
total = Q−1

gas +Q−1
stellar. (2.6)

The impact of the stellar contribution on the total disk stability can be

significant and we come back to this in the special case of M51 in a later

chapter.

2.4 Kennicutt-Schmidt law

Next, we will discuss an empirically determined relationship of gas density

and star formation rate. A summary of the most recent results in this field
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is contained in the annual review by McKee & Ostriker (2007). The star

formation rate Σ̇SFR, i.e. the stellar mass density created in a certain time

interval, and the total gas density have been studied in large samples of

galaxies. A star formation rate is typically given in units of M⊙ pc−2Gyr−1.

A fundamental physical quantity associated with a star formation rate is the

star formation efficiency ǫsfr = Σ̇SFR/Σgas, the ratio of star formation rate

and available gas density. ǫsfr describes how quickly gas is converted into

stars typically in units of Gyr−1. The inverse quantity is the so called gas

depletion time and quantifies the time-scale on which the whole gas reservoir

is converted into stars, assuming a constant star formation efficiency over

time.

The star formation rate can be deduced from the far-infrared (FIR) dust

continuum emission. Parts of the FIR emission is related to current star for-

mation as it traces young stars forming embedded in molecular clouds (Yun

et al. 2001). A non-star formation contribution to the FIR stems from cold

cirrus emission which contributes to the total FIR emission with varying

fraction in different galaxies (Helou 1986). Helou (1986) uses IRAS1-data

to conclude that in most galaxies the FIR traces massive young stars but

there are galaxies where the cirrus component dominates.

Another tracer for the star formation rate is 20 cm radio continuum emis-

sion, which consist mainly of non-thermal synchrotron emission radiated by

cosmic rays interacting with magnetic fields. The sources of the cosmic rays

are supernovae remnants and thus trace high-mass star formation. We use

empirical relations between non-thermal synchrotron emission and super-

novae rate following Condon (1992). Note, that a tight correlation of FIR

and radio continuum emission has been found in many sources (Condon

1992). We discuss the radio continuum as a tracer for star formation in the

case of M51 in more detail later.

The most widely studied empirical law linking star formation rate and

gas density is the Kennicutt-Schmidt law (Schmidt 1959; Kennicutt 1998).

It assumes a powerlaw dependence of the star formation rate on the gas

density:

Σ̇SFR = AΣn
gas. (2.7)

1 Infrared Astronomical Satellite
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In this description, star formation rate and gas density are usually averaged

over the whole galaxy or azimuthally averaged over an annulus of a certain

width. This may introduce averaging over areas with very different star for-

mation rates and gas densities and thus results must be taken with caution.

The empirical determined Kennicutt-Schmidt law is also found in models,

as e.g. set up by Elmegreen (1994) where self-gravity as well as magnetic

fields are considered. The average star formation rate will depend on the

volume efficiency for star formation ǫ, the instability due to gravity (with

varying degree depending on the strength of the magnetic field) and the

available volume gas density ρgas. For reasonable assumptions, Elmegreen

(1994) derive a volume Kennicutt-Schmidt law of ρSFR ∝ ρ1.5
gas .

The Schmidt law was globally studied by Kennicutt (1998) in a sample of

88 galaxies. In this paper, the star formation rate and the gas densities

were averaged over the complete galaxy.

Improving on the global averaging, radially averaged Schmidt law studies

followed. E.g. Wong & Blitz (2002); Boissier et al. (2003); Heyer et al.

(2004) studied the radially averaged Schmidt law in individual galaxies.

The powerlaw indices of the observed Schmidt laws show a range of 1.2-2.5.

Alternative descriptions for the Schmidt law are proposed in recent pub-

lications. E.g. Wong & Blitz (2002) found a good correlation of the star

formation rate with an H2 Schmidt law, namely a correlation of the star

formation rate density with molecular gas density in the disk of their galax-

ies, neglecting the atomic component of the gas density.

High resolution sub-kpc studies in different regions of a sample of 15 galax-

ies done by Bigiel et al. (2007) also indicate a tight correlation of the H2

gas with the star formation rate.
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Figure 2.9: Relation of the global star formation rate ΣSFR and the gas

density Σgas in 61 normal spirals from the sample studied in Kennicutt

(1998). Dashed and dotted lines indicate relations for constant global star

formation efficiency.

2.5 Radiative transfer

In this section, the determination of physical properties from line intensities

using radiative transfer model’s is explained. In particular the escape prob-

ability formalism is summarized which we use in the following to study the

central regions in the southern galaxies Circinus and NGC4945 in chapter

4. For a more comprehensive discussion on radio-astronomical quantities

and their derivation see Stutzki (2001).

The comparison of intensities of different line transitions of a molecule

enables to determine the excitation conditions in the observed region. In the

case of local thermodynamic equilibrium (LTE) the level population follows

a Boltzmann distribution and only depends on the temperature. In general,

the interstellar medium is not in LTE and more complex mechanism are

needed to obtain e.g. density and temperature in an observed region.
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In the case of line emission of molecules, two fundamental mechanisms

govern the level populations: the excitation through collisions and radiative

excitation.

2.5.1 Collisional excitation

Due to the overwhelmingly dominant abundance of H2 in molecular clouds,

only collisions with H2 as a partner must be considered. We consider the

transition of a molecule from a state i to j. The collision rate Cij is pro-

portional to the density of H2 molecules n(H2) and the collision coefficient

γij :

Cij = n(H2)γij . (2.8)

γij itself is the thermal average of the product of scattering cross section

σij of the molecule and the thermal velocity v of its scattering partners:

γij =< σijv >.

For a two-level system with upper state u and lower state l, the change of

the upper level population nu is

dnu

dt
= −nuCul + nlClu, (2.9)

the equivalent holds for the lower level. The particle number is conserved:

dnu

dt
= −dnl

dt
. (2.10)

Thus, in equilibrium we get:

nuCul = nlClu,

nu

nl
=

Clu

Cul
:=

gu
gl

exp(−Eu − El

kTex
). (2.11)

The coefficients gu, gl are the statistical weights of the corresponding levels.

Equation 2.11 defines the excitation temperature Tex.

This definition is motivated by the fact that if the level population is ther-

malized, the excitation temperature is the kinetic temperature Tex = Tkin.
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In the more general case of a multi-level system, all pairwise excitation

temperatures of the different transitions equal the kinetic temperature.

The above relation thus links the up-, and downward collisional rates with

the kinetic temperature of the collision partners. Although derived for the

case of the thermal equilibrium with the collisional partners, the left side,

i.e. the ratio of rate constants, is a microscopic property and the relation

also holds off thermal equilibrium. This, at first hand, surprising connection

is also called detailed balance relation.

The fundamental reason for this is micro-reversibility, i.e. the probability of

a transition is identical for forward and backward collisions of the scattering

partners in the case of identical quantum numbers. For more details see also

Stutzki (2001).

Next, we will discuss radiative excitation before combining both processes

in the rate equation.

2.5.2 Radiation mechanisms

For simplicity we again introduce all processes for a two level system with

levels l and u. The population of the levels will depend on the emission

probability from the upper level to the lower level (Einstein coefficient

Aul) and stimulated emission. Stimulated emission from the upper to the

lower level is characterized by the Einstein coefficient Bul and the mean

intensity Jν . Additionally, absorption of photons will populate the upper

level depending on Blu and Jν . The frequency at absorption and emission

will not exactly correspond to the energy difference of the levels. Due to

pressure broadening, the intrinsic line width caused by the Heisenberg

uncertainty principle (resulting in a Lorentzian line profile) and thermal

and turbulence broadening (resulting in a Gaussian line profile), the line

profile φ(ν − ν0) is a Voigt profile.

Volume emissivity ην and absorptivity χν for this system are then given

via:
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ην(r) = hν/4πAulnuφ(ν − ν0), (2.12)

χν(r) = hν/4π (Blunl − Bulnu)φ(ν − ν0). (2.13)

depending on the density in the upper and lower levels. The source function

Sν = ην/χν = Aul/(Blunl/nu − Bul) thus only depends on the ratio of

population in the levels. The source function is a Planck-function depending

on the excitation temperature Tex:

Sν =
2hν3

c2
1

exp(hν/kTex) − 1
= Bν(Tex). (2.14)

Tex is defined via the population of two levels, which follows a Boltzmann

distribution: nu

nl

= gu

gl

exp(hν/kTex) (see above).

A line intensity at a position r in the direction n is given via the formal

solution of the radiative transfer equation:

Iν(r,n) = Iν,bg,S exp(−τν0(r,n)) +

∫ τν0

0
Sν(τ

′

ν) exp(τ ′ν)dτ ′ν (2.15)

Iν,bg,S is the background intensity along the line of sight for the line fre-

quency ν, τν is the optical depth and τν0 the optical depth in the line center.

Sν is the source function, discussed above. As Sν will depend on Iν , solving

the formal radiative transfer equation needs some simplifying assumptions:

Excitation temperatures Tex of different line transitions are assumed to be

spatially constant in the whole source. The optical depth along the line of

sight is taken to be τν,S = τν,0∆ν φ(ν − ν0) with the line profile normalized

to
∫

φ(ν)dν = 1. For frequencies beyond the line profile νt − ν >> δν:

τν,S = 0 and Iν = It,bg. It,bg is the background continuum radiation which

contains at least the contribution of the cosmic microwave background at

2.7 K. The observed line intensity as the difference of line and continuum

emission in direction r,n is given in the so called detection equation:

Iν,l = (Sν − It,bg)(1 − exp(τν,S)). (2.16)
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The source function and optical depth are determined from the excitation

temperature Tex and one level population, e.g. of the upper level. Before

the escape probability approximation is discussed, we first introduce the rate

equation for a multi-level system which describes the local level population.

2.5.3 Rate equation

Next, we discuss the rate equation for the general case of a multilevel sys-

tem. The level population will be determined from radiative and collisional

excitation and deexcitation. The rate equation describes the change in local

level population for the level i:

0 =
dni

dt
=

∑

t

(δut,i[nut
At + nut

JtBut,lt − nltJtBlt,ut
] +

δlt,i[nut
At + nut

JtBut,lt − nltJtBlt,ut
])

−
∑

j>i

[niCij − njCji] +
∑

j<i

[niCij − njCji]. (2.17)

The index t symbolizes the sum over all radiative transitions connecting

to level i. Thus, the local level population depends on the local radiation

field Jt, and the collision rates. The collision rates itself depend on the

density (n(H2)) and the kinetic temperature Tkin which itself determines

the thermal (Maxwell) velocity distribution.

Solving this coupled system of equations and the formal solution of radiative

transport in equation 2.15 is only possible iteratively and numerically as it

contains non-local dependencies. We use the escape probability model e.g.

as introduced by Stutzki & Winnewisser (1985) and will briefly explain the

assumptions of the escape probability approach.

As assumed for the derivation of the detection equation, the excitation tem-

peratures Tex are taken to be spatially constant. Thus, effectively the mean

excitation temperatures in the source are considered. The escape probabil-

ity βν(r,n) = exp(τν,0(r,n)) describes the fraction of photons escaping the
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cloud from r in direction n. The assumption of isotropic background radi-

ation and a constant background intensity and source function within the

line width makes the calculation of the steradian averaged escape proba-

bility easier. The mean intensity is then given as

Jν(r) = (1 − βν(r))Sν0 + βν(r)Jν0,bg. (2.18)

As Sν, Jν are considered constant with frequency, they were replaced with

Sν0, Jν0. The frequency dependence of the optical depth is determined

from the normalized profile function φ(ν0) = φ(ν − ν0) as above yield-

ing φ(ν0)(ν = ν0) = 1/∆ν. Frequency averaging weighted with the profile

function yields:

Jt(r) = (1 − βt(r))Sν0 + βt(r)Jν0,bg , (2.19)

with the line-averaged escape probability:

βt(r) =

∫

βν(r)φ(ν − ν0)dν

=

∫

dν

∫

dn2φ(ν − ν0)exp(−τν,0(r,n)∆νφ(ν − ν0)). (2.20)

Using the escape probability approximation, the rate equation system gets

less complicated as the non-local dependency of the mean intensity on the

level population (via source-function and optical depth) is simplified to a

dependence on local level populations.

However, the escape probability approach is not self-consistent. The line-

averaged escape probability is varying with the location, which results in

a spatial variation of the mean intensity and thus (via the rate equation)

in level populations varying with location. This is not consistent with the

assumption of a constant source function.

Redefining the source function (or excitation temperatures respectively)

by an effective mean source function and similarly the escape probability,

this inconsistency can be overcome. Using analogous a typical mean optical

depth, the escape probability is given as:

βt(τν0) =

∫

(−τν0∆νφ(νt − ν))φ(νt − ν)dν. (2.21)
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The escape probability formalism with its assumption of a mean source

function thus gives a local dependence of source function and mean inten-

sity.

2.5.4 Critical density

As collisional and radiative processes enter into the rate equation, one can

estimate for a given line transition t, which process dominates at a certain

density nH2
. The following considerations are made for the case of a two-

level system: we use the escape probability approximation and the mean

background intensity is expressed via a blackbody temperature Trad. The

rate-equation in this case yields the following relationship:

exp(−hν/kTex) =
exp(−hν/kTkin) + exp(−hν/kTrad) × n∗eff/nH2

1 + n∗eff/nH2

(2.22)

The critical density n∗ of a molecular transitions and the effective critical

density n∗eff are defined as:

n∗ =
At

γul
, n∗eff =

βt

1 − exp(−hν/kTrad)
n∗. (2.23)

The critical density defines the density at which the spontaneous emission

described by the Einstein-A coefficient is equal to the collisional deexcita-

tion.

For a given molecular transition with a critical density n∗, at densities

nH2
>> n∗, collisional processes dominate Tex ≈ Tkin. The system is in

an LTE state and the level population follows a Boltzmann distribution at

temperature Tkin. Even if the system is not in LTE, trapping of photons

due to high optical thickness can reduce the effective critical density by

the escape probability factor βt. Analogous, a high background radiation

temperature Trad increases the effective critical density.
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In the case of nH2
<< n∗, the radiation temperature Trad of the back-

ground will determine the level population, as radiative processes dominate.

Only in the case of a two-level system the transition from Trad to Tkin with

increasing density occurs monotonously.

The critical density e.g. for the CO 2–1 molecular transition at Tkin= 40 K is

1.5 104cm−3 decreasing to 8.2 103cm−3 at Tkin= 100 K (Flower & Launay

1985). The analysis of CO and [C i] intensities in the southern galaxies

Circinus and NGC4945 using radiative transfer calculations in the escape

probability formalism (Stutzki & Winnewisser 1985), will be presented in

chapter 4.
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Chapter 3

The nearby galaxy M51 - a

laboratory to study the

onset of star formation

Parts of this chapter have been published in� Schuster, K., Kramer, C., Hitschfeld, M., Garcia-Burillo, S. and

Mookerjea, B., Astronomy & Astrophysics, 2007, in press,� Hitschfeld, M., Kramer, C., Schuster, K., Garcia-Burillo, S. and

Stutzki, J., Astronomy & Astrophysics, 2008, submitted.

In this chapter, the spiral galaxy M51 is used as a sample source to investi-

gate the distribution of atomic and molecular gas, empirical star formation

relations also found in other galaxies and the gravitational stability of the

disk according to the Toomre criterion. Due to its proximity and inclina-

tion, M51 is an ideal target to study the conditions and efficiency at which

it forms stars from the gas. First, the widely studied astronomical source

M51 is introduced, including previous results in the context of this thesis.
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3.1 Introduction to M51

M51 is an interacting, grand-design spiral galaxy at a distance of only

8.4 Mpc seen nearly face-on (Table 3.1). It is rich in molecular gas, most of

which is found in the two very prominent spiral arms which are presumably

caused by the tidal interaction (Tully 1974a; Howard & Byrd 1990; Toomre

& Toomre 1972).

Table 3.1: Basic properties of M51. References: a RC3 catalogue de Vaucouleurs

et al. (1991), b Feldmeier et al. (1997), note that Takáts & Vinkó (2006) recently

reported a distance of only 7.1 ± 1.2Mpc, c Tully (1974b).

M51

RA(2000) 13:29:52.7

DEC(2000) 47:11:43

Type SA(s)bc peca

Distance [Mpc] 8.4b

11′′ correspond to 448 pc

Heliocentric velocity [kms−1] 463a

Position Angle [◦] 170c

Inclination [◦] 20c

Kinematic studies reveal unusually large streaming motions implying a

strong density wave and the presence of galactic shocks (Aalto et al.

1999). The [C ii] map of Nikola et al. (2001) shows two secondary lobes

of emission to the northeast and southwest near the corotation radius

of the density wave pattern, presumably due to cloud-cloud collisions,

stimulating star formation. Calzetti et al. (2005) combine Spitzer infrared

data of IRAC1 and the MIPS2 with UV data from the GALEX3. These

data are used to discuss the various tracers of star formation in M51.

Enhanced star formation activity at the two lobes seen in [C ii] is probably

triggered by the interaction (Nikola et al. 2001). This is also indicated

1 Infrared Array Camera
2 Multi Imaging Photometer for Spitzer
3 Galaxy Evolution Explorer
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by disk simulations of Toomre & Toomre (1972) which show tidal tails

emerging from the disk at the positions of enhanced star formation. VLA4

observations of the H i line show a prominent tail outside the main disk

extending to the south and east, and covering more than 25′, i.e. 100 kpc, in

projected distance (Rots et al. 1990) (cf. Tilanus & Allen 1991). Meijerink

et al. (2005) find that a major fraction of cold dust emission at 850µm

stems from an extended exponential disk with a scale lenght of 5.45 kpc,

possibly also tracing total gas column densities. The kinematics of Hα

emission of M51 were recently studied by the SINGS5 team (Daigle 2006),

improving on the work of Tilanus & Allen (1991).

The relative importance of the different components of the interstellar

medium was addressed by Nikola et al. (2001) when trying to explain the

mapped [C ii] emission using modeling of photon dominated regions (PDRs).

In a recent study comprising all major cooling lines of the molecular gas, i.e.

those of [C ii], [O i], CO, and [C i], at selected spiral arm positions and the

center of M51, Kramer et al. (2005) conclude that the bulk of the emission

stems from clumpy PDRs. Only about 15–30% of the [C ii] emission stems

from dense H ii regions. The [C i] and CO emission of the center region

have also been studied by Israel et al. (2006); Israel & Baas (2002); Gerin

& Phillips (2000). Schinnerer et al. (2004) mapped two distinct regions in

the spiral arms of M51 in HCN, HCO+ and other tracers of the chemistry.

Rydbeck et al. (2004) presented a large CO 1–0 map of M51 obtained at the

Onsala-20m telescope. The inner region of M51 were previously mapped

in CO 1–0 with the FCRAO-14m6, IRAM-30m, and NRO7-45m telescopes

by Scoville & Young (1983); Lord & Young (1990); Garcia-Burillo et al.

(1993b); Nakai et al. (1994); Kuno et al. (1995a); Kuno & Nakai (1997).

These single-dish observations reveal the large-scale emission for which in-

terferometric observations are not sensitive. OVRO8 was used to create CO

1–0 maps by Rand & Kulkarni (1990) and Aalto et al. (1999). Helfer et al.

(2003) used BIMA9 in combination with NRAO10-12m single-dish data to

4 Very Large Array
5 Spitzer Infrared Nearby Galaxies Survey
6 Five College Radio Astronomy Observatory
7 Nobeyama Radio Observatory
8 Owens Valley Radio Observatory
9 Berkeley Illinois Maryland Association
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map the inner part of M51 in CO 1–0.

Shetty et al. (2007) recently presented a detailed 2D study of the velocity

field of M51 using interferometric CO 1–0 data at 6′′ resolution and Fabry-

Perot Hα data. Henry et al. (2003) studied the strong density wave in M51

and speculate that it is a superposition of different modes.

3.2 IRAM-30m HERA-Observations

3.2.1 12CO 2–1

In the context of this thesis, the raw data of 12CO 2–1 observations of

M51 with the IRAM-30m were reduced and analyzed. The M51 observa-

tions were a collaborative effort of C. Kramer, B. Mookerjea and J. Stutzki

(KOSMA) and K. Schuster (IRAM, France). The data reduction was done

using the CLASS and GREG programs, which are part of the GILDAS11

software package.

The observations of the 12CO 2–1 emission from M51 were conducted

with the IRAM-30m telescope in February 2005 using the 18 element fo-

cal plane heterodyne receiver array HERA (Schuster et al. 2004) together

with the WILMA12 auto correlator backend. WILMA has a channel spac-

ing of 2.6 kms−1 (2 MHz) and a bandwidth of 1200 kms−1 (930 MHz). Pixel

2 of the second HERA polarization showed excess noise and was ignored

from further analysis.

Observations were conducted in position switched on-the-fly (OTF) mode

scanning M51 in right ascension. Sampling was 6′′ in RA. HERA was ro-

tated by 18.5◦ to obtain a spacing of 7.6′′ in declination between adjacent

scan lines (Schuster et al. 2004). This corresponds to near Nyquist sampling

for a half power beamwidth (HPBW) of 11′′. The resulting map in 12CO 2–

1 has a size of 11′×11′. Fig. 3.1 shows the 7′×10′ sub-region where CO was

10 National Radio Astronomy Observatory
11 http://www.iram.fr/IRAMFR/GILDAS
12 Wideband Line Multiple Autocorrelator
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Figure 3.1: Map of 12CO 2–1 integrated intensities [Kkms−1] showing

M51 and its companion galaxy NGC5195 in the north-east. The image

has a resolution of 11′′ and is constructed from a masked moment calcu-

lation integrating over the full kinematic extent of M51, 350 kms−1 < vlsr

< 600 kms−1 (see section 3.3.1). Color coded intensities are on a logarith-

mic scale. The cross marks the 0/0 center position at (eq.2000) The noise

level is 1σ = 0.65 Kkms−1. Contours range in units of 1σ from 1, 3, 6, 16

to 56 in steps of 10. The peak intensity is 47.3Kkms−1. All intensities are

on the T ∗

A scale.
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Figure 3.2: 12CO 2–1 and 13CO 2–1 observations were conducted with the

IRAM-30m telescope on Pico Veleta, Sierra Nevada.

detected. An emission-free reference position was selected at offsets (10′,0′).

The 12CO 2–1 mean baseline rms is 18 mK at 5 kms−1 velocity resolution

on the T ∗

A scale. To correct to first order for the telescope efficiencies, i.e.

to go from the T ∗

A scale to the Tmb scale, we simply multiplied the antenna

temperature data with the ratio of forward efficiency Feff = 0.91 over main

beam efficiency Beff = 0.52. These numbers show that the mapped spatial

structure of M51 is to some extent smeared out by the error beams of the

IRAM-30m telescope (Greve et al. 1998) - this will be later discussed in

more detail.

3.2.2 13CO 2–1

The observations of the 13CO 2–1 emission in the north-western inner spiral

arm of M51 were conducted with the IRAM-30m telescope in January 2007.

The 13CO 2–1 M51 observations were carried out and reduced by me and

C. Kramer.

We used the HERA receiver array together with the WILMA auto cor-

relator backend. Observations were conducted in position switched OTF

mode scanning along the north eastern spiral arm in M51. An emission-

free reference position at offsets (10′,0′) was chosen. A 68′′×138′′-map with
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a sampling of 6′′ was observed. σ corresponds to 0.36 Kkms−1 at 5 kms−1

velocity resolution on the T ∗

A scale.

Fig. 3.4 shows the integrated intensity of 13CO 2–1 in the entire north-

eastern spiral arm region where we detected 13CO 2–1 emission in M51.

The observed spectra are shown in Fig. 3.3.

3.2.3 Complementary data

We briefly present the complementary data used in the determination of

the Schmidt law and the gravitational stability analysis of the disk of M51.

The H i-data trace the atomic component, K-Band emission is a possible

tracer for the stellar component of the galaxy. Radio continuum emission

was used for the derivation of the star formation rate. We compare the

distribution of the total gas density in M51 to the structure of the dust

emission using 850µm-data. The observations of the different tracers are

presented next.

H i We use data of the H i Nearby Galaxy Survey (THINGS) (Walter

et al. 2005, 2008). M51 was observed in the VLA D, C, and B array config-

urations and presented in Kennicutt et al. (2007). In D-configuration the

interferometer is sensitive to scales of 15′ and thus we expect to detect

almost the total flux for M51. The angular resolution in the integrated in-

tensity image is 5.86′′× 5.56′′. The sensitivity of the THINGS data is 0.44

mJy/beam for 5.2 km/s channel width (Walter et al. 2008). Rots et al.

(1990) obtained 1.4 mJy/beam for a similar beam size but 10.3 km/s chan-

nel width. This a factor of 4 higher compared to THINGS at the same

velocity resolution.

Radio continuum For the derivation of the star formation rate in a later

section, we use a map of radio continuum intensities at 20 cm (Patrikeev

et al. 2006). The observations were carried out with the VLA in C+D

configuration. The angular resolution of the M51 map is 15′′ resolution.
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K-Band To derive stellar densities, we used the K-Band images of the

Two Micron All Sky Survey (2MASS) Large Galaxy Atlas (Jarrett et al.

2003). The 2MASS M51 image has an angular resolution of 3′′.

850µm dust emission Meijerink et al. (2005) present 850µ m dust emis-

sion observations of M51 with SCUBA13 at the JCMT. In the final back-

ground substracted and calibrated image, the FWHM is 15′′ and the rms

is 9 mJy/beam. For details on calibration and observation techniques see

Meijerink et al. (2005).

3.3 Observational results

In this section, the local distribution of the different observed emission

lines in the disk of M51 is presentend and described. These data are of

fundamental importance in the later analysis parts and are thus presented

in great detail.

3.3.1 Integrated intensity map using the masked moment

method

To create the integrated intensity map of the 12CO 2–1 data (Fig. 3.1)

and 13CO 2–1 data (Fig. 3.4), we used the masked moment integration

method presented in Adler et al. (1992). This technique minimizes the noise

contribution from emision-free channels whithin the chosen velocity range.

In M51 the full velocity range of emission is 350 kms−1 < vlsr < 600 kms−1.

The integrated intensity or zeroth moment M0 is defined as

M0 =
∑

v

Tv, (3.1)

where Tv is the v-th channel intensity map and the sum is carried out over

a specific velocity interval.

13 Submillimetre Common-User Bolometer Array
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The masking method requires additionally for each pixel i a mean value

< T i
v(x, y) > above a threshold in a specified volume surrounding the pixel.

Only if the average value < T i
v(x, y) > for the actual volume is above the

specified threshold, the center value of the volume T i
v(x, y) is added in the

sum of the zeroth moment M0. The threshold value is typically between

1-2σ of the map (Adler et al. 1992). We used a 2σ threshold for the 12CO

2–1 data of M51. The volume for a given pixel are the neighbor pixels (in

3D).

3.3.2 Molecular gas distribution

The HERA map of 12CO 2–1 (Fig. 3.1) is the first CO map of M51 encom-

passing the companion galaxy as well as the south-western arm out to a

radius of ∼ 12 kpc in a homogeneously sampled data set at linear scales of

down to 450 pc.

The emission detected with the 30m telescope traces the well known

two-armed spiral pattern out to the companion galaxy NGC 5195, which

shows up brightly in the north-east at ∼ 10.5 kpc radial distance, and out

to the south-western tip of the second arm at the opposite side of M51.

The outer parts of the two arms in the west and in the east appear more

fragmented than the inner parts. The western arm especially is almost

unresolved. Inter-arm emission is detected above the 3σ level out to radii of

about 6 kpc. Several spoke-like structures connect the spiral arms radially.

CO-to-H2 conversion in M51 To estimate e.g. the total H2 column

densities from the integrated CO 2–1 intensities later used for the map of

the total gas density, a 2–1/1–0 intensity ratio of 0.8 as found by Garcia-

Burillo et al. (1993b) is assumed. For the CO-to-H2 conversion factor X,

we assume a quarter of the the Milky Way value XMW (Strong et al.

1988; Strong & Mattox 1996) and constant with radius (Garcia-Burillo

et al. 1993b; Guélin et al. 1995). The total H2 column density per beam

in M51 is thus: N(H2) = 0.25XMW (1/0.8)
∫

Tmb(CO(2 − 1))dv with
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XMW = 2.3 1020cm−2(Kkms−1)−1.

Garcia-Burillo et al. (1993b) used 12CO 1–0 to 12CO 3–2 data and Monte

Carlo radiative transfer simulations as well as 12CO/13CO ratios and a

comparison with the extinction in 39 HII regions to estimate the X-factor

and found it constant with galactocentric radius. Guélin et al. (1995) inde-

pendently derived the CO-to-H2 conversion factor, using dust continuum

data. Similar X-factors for M51 were found by Kuno et al. (1995b), using

CO data and visual extinctions towards H ii regions, and by Adler et al.

(1992) using BIMA CO 1–0 data assuming that the giant molecular clouds

(GMCs) are in virial equilibrium.

The X-factor may be a function of the metalicity in spiral galaxies as has

been suggested by several authors (e.g. Arimoto et al. 1996). However,

other factors like the radiation field or the cosmic-ray rate also have a

strong impact on the CO-to-H2 conversion factor (Bell et al. 2006). The

metalicities of M51 have been found to be slightly super solar showing

only a shallow drop with radius by only −0.02 dex kpc−1 (Bresolin et al.

2004): 12 + log(O/H) = 8.72(±0.09) − 0.28(±0.14)R/R0 with R0 = 5.4′.

The almost constant metalicity appears to be consistent with a constant

X-factor.

The 3σ limit 12CO 2–1 data with resolutions of 11′′ and 5 kms−1 corresponds

to a mass of 1.7 105 M⊙. The spatial resolution of 450 pc does not allow

to detect individual GMCs if their typical size is ∼ 50 pc. The individual

clumps delineating the spiral arms like beads on a string (Fig. 3.1) have been

labeled giant molecular associations (GMAs). These may be bound clusters

of GMCs as suggested by Rand & Kulkarni (1990) or random superpositions

of molecular clouds and GMCs (Garcia-Burillo et al. 1993a).

The total mass of the molecular gas of M51 derived from the CO 2–1 data

set is 1.94 109 M⊙. This value agrees well with the total mass of 1.6 109 M⊙

derived by Helfer et al. (2003) from NRAO 12m CO 1–0 data when using

the same CO-to-H2 conversion factor and distance.
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3.3.3 13CO 2–1

In Fig. 3.3 the observed spectra of 13CO 2–1 in the north-eastern spiral

arm region are shown. Emission is detected in the velocity range of 350-500

kms−1. The temperature is on the T∗

A-scale ranging from -0.01 to 0.05 K.

The noise increases at both edges along the scan direction due to undersam-

pling in these regions. The integrated intensity is presented in Fig. 3.4. The
13CO 2–1 integrated intensity distribution was created using the masked

moment technique as described above using a threshold of 2σ with a noise

level of σ = 0.36 Kkms−1.

Both regions of strong 12CO 2–1 emission also show emission in 13CO 2–1.

The maximum intensity in both regions is shifted outwards from the center

of the galaxy by approximately 20′′. The southern region shows two peaks of
13CO emission on the inner spiral segment at 90′′/60′′ and 80′′/100′′. At the

northern clump the 13CO emission is shifted but also slightly more extended

compared to the 12CO emission. The ratio of the maximum intensity in
13CO and 12CO is at around 13. The average ratio found was 15 in a

sample of 8 galaxies studied by the UMass/INAOE Galaxy Survey.

The northern spiral arm region was chosen for observations due to its very

prominent 12CO 2–1 emission (Fig. 3.1) and strong 13CO 2–1 intensity at

one position (Garcia-Burillo et al. 1993b). In this region Kramer et al.

(2005) detected [C i] at one position and Nikola et al. (2001) observed

strong [C ii] emission.

This thesis presents the spatial distribution of the 13CO 2–1 emission in

the northern spiral arm region in M51. In future investigations, it will be

interesting to use the optically thin 13CO 2–1 as a tracer for the column

density and subsequently the molecular mass. This will enable to locally

check the CO-to-H2 conversion factor X in this region. Possibly future high-

resolution interferometer observations with the PdB-IRAM interferometer

at 2′′-3′′ angular resolution in 13CO 2–1 will allow to study the masses of

single giant molecular clouds.
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Figure 3.3: Map of 13CO 2–1 spectra in the northern spiral arm region

of M51. The spectra are on T∗

A-scale from -0.01 to 0.05 K and the velocity

range covers 300-550 kms−1.

3.3.4 H i and radio continuum

The H i emission at 6′′ resolution (Fig. 3.5) is weaker in the inner region

while the outer CO arms are clearly delineated in H i and show up promi-

nently. There is also prominent patchy H i emission in the south where CO

is not detected.

In the inner arms of M51, inside the corotation radius of ∼ 7.4 kpc (Garcia-

Burillo et al. 1993a), H i and Hα emission (Rand & Kulkarni 1990; Tilanus

& Allen 1991; Scoville et al. 2001) as well as young star cluster complexes

(Bastian et al. 2005) are seen slightly towards the convex side, i.e. down-

stream relative to the CO emission, suggesting that they arise when GMCs

are destroyed by short-lived OB stars. In a later section, physical mecha-

nisms governing the fraction of atomic to molecular gas are discussed.

Fig. 3.5 shows that the H i clouds tracing the south-western spiral arm, peak

on the concave side of the CO arm. This is outside the corotation radius

and thus again downstream, consistent with the above interpretation.
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Figure 3.4: Map of 12CO 2–1 integrated intensities and 13CO 2–1 in con-

tours on top. The map shows the entire north-eastern spiral arm region

where we detected 13CO 2–1 in M51. Contours range in units of 0.5σ from

0.18 to 1.20 Kkms−1. The underlying 12CO 2–1 integrated intensity is given

in units of Kkms−1.

Fig. 3.6 shows a map of the radio continuum (RC) at 20 cm (1.4 GHz) taken

with the VLA at 15′′ resolution (Patrikeev et al. 2006). Further below, we

will use this map to derive the star formation rate per unit area. The radio

continuum map shows strong emission in the inner arms, which slowly

drops off towards the outer arms. There is patchy 20 cm emission in the

south where there is H i but only very little CO. Again similar to H i, the

20 cm emission tracing the south-western spiral arm peaks on the concave,

downstream side of the CO arm. The spiral arm near (−40′′, 125′′) shows

an interesting discontinuity and local lack of radio continuum, H i, and CO

emission. Patrikeev et al. (2006) discuss systematic offsets between the

spiral arms traced by 6 cm radio continuum emission, ISOCAM data at

15µm, and BIMA CO 1–0 emission over scales of several kpc.
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Figure 3.5: VLA map of the H i column density [1E20 cm−2] at 6′′ resolu-

tion in colors. Contours show integrated 12CO 2–1 intensities (cf. Fig. 3.1).

3.3.5 Dust emission

The 850µm emission in M51 shown in Fig. 3.7 is broader and smeared out

compared to the 12CO 2–1 emission, which delineates spiral arms more

prominently. The spiral arm regions in the central part are visible. In the

outer parts, the spiral arms prominently visible in CO are not detected in

dust emission. Meijerink et al. (2005) decomposed the dust emission in an

extended underlying exponential disk and spiral structure superimposed.

In the analysis parts, we will compare this composition with the structure

of the total gas surface density in M51. Note that especially in the spiral

arms the dust emission may be significantly contaminated by 12CO 3–2

emission up to 30-40 % (Meijerink et al. 2005).
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Figure 3.6: Map of radio continuum intensities at 20 cm (VLA C+D,

15′′ resolution) in units of Jy/beam (Patrikeev et al. 2006). Contours show

integrated 12CO 2–1 intensities (cf. Fig. 3.1).

3.4 Molecular and atomic gas

3.4.1 The total gas surface density

In Fig. 3.8 we present a map of the total gas surface density Σgas. This

map is a major ingredient of the gravitational stability analysis which is

discussed later. It combines the the local distribution of the molecular and

atomic components in the disk of M51.

To convert from the observed integrated intensities to the total gas surface

density, we use the relation Σgas = 1.36× (ΣH2 + ΣH i) taking into account

the mass contribution from He. The atomic surface density was calculated
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Figure 3.7: Map of 850µm dust emission observed with SCUBA (in raw

instrumental units) at the JCMT (Meijerink et al. 2005). 12CO 2–1 in

contours and HPBW indicated.

from the THINGS H i column density image of M51 smoothed to 11′′

resolution. Two logarithmic spirals (shown in black) serve as a guide to

delineate the inner spiral arms. They are adopted from Shetty et al. (2007)

who determined them based on 12CO1-0 data. As this is the first total gas

density map of M51, we briefly summarize some prominent morphology

of the map next. There are several spur-like structures bridging the gap

between the inner spiral structure and the outer spiral arms e.g. in the

north-western area at (-40′′,80′′) at a surface density of 20-30 M⊙ pc−2.

Also, in the north-east at (100′′,100′′) there is a strong bridge between

inner and outer spiral arms with a total gas surface density of 20-40

M⊙ pc−2. The gaps or minima in total gas density seen in the spiral arms

e.g. at (-80′′,-40′′) and at (-120′′,60′′) are interpreted as the signature of 4:1
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Figure 3.8: Map of the total gas mass surface density Σgas in M51 in

M⊙ pc−2 derived from the 12CO2-1 and H i-emission.The 1-σ value of the

total gas density map is 0.8 M⊙ pc−2. A logarithmic spiral is shown in all

Figures of M51 to guide the eye. Contours mark regions discussed in §3.4.1
and Table 3.2.

ultra harmonic resonances by Elmegreen et al. (1989), applying density

wave theory.

Next, we mask different regions in M51 to characterize their average prop-

erties in Table 3.2. We identify spiral arm regions in the total gas density

map using a threshold surface density of 20 M⊙ pc−2. This discerns spiral

arm and interam regions in the central part similar to visual inspection

of the total gas density map. This threshold also roughly reproduces the
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shape of the spiral arms in Hα-emission (Scoville et al. 2001), 20cm radio-

continuum emission (Patrikeev et al. 2006) and CO 1–0 interferometer data

(Shetty et al. 2007). The inner spiral arms and the companion are marked

in black short-dashed contours. The outer spiral arm regions are indicated

in red contours. The closed non-spiral arm regions labeled Inter in Fig. 3.8

are averaged for the interarm regions properties. The disk outside the previ-

ous regions and above the 3σ level of 2.4 M⊙ pc−2 (σ(ΣH2)= 0.36 Kkms−1,

σ(ΣH i )= 0.44 Kkms−1), indicated by the white contour, we label as the

outer disk.

Σgas in the spiral arm regions The total gas surface density in Fig. 3.8

peaks at 127 M⊙ pc−2. The inner spirals with the most dense region just

south-west of the center show peak total gas surface densities of 80-100

M⊙ pc−2 . Averaging over the indicated inner spiral arm region covering

the eastern and western arms, we obtain Σgas ∼26.8 M⊙ pc−2 (Table 3.2).

The western inner arm shows a significant gap near (-80′′,-80′′) leading to

the lower average density.

The outer spiral arms show less gas surface density compared to the inner

spiral arms with an averaged total gas density of 18.8 M⊙ pc−2 including

the south western spiral arm and the north eastern spiral arm. This is

approximately a factor of 1.5 weaker than the spiral arms in the central

region. Few high density regions on the outer spiral arms reach Σgas of

40-50 M⊙ pc−2 e.g. to the south-west at (-120′′,-200′′) and the north-east

at (140′′,100′′). This is significantly weaker compared to the peaks in the

center.

Σgas in the interarm regions The interarm regions show surface densi-

ties of 5-15 M⊙ pc−2. The average value is 9.4 M⊙ pc−2. The averaged inner

arm/interarm contrast in the total gas surface density is 2.9 confirming the

results of Garcia-Burillo et al. (1993b) in the integrated CO 2–1 intensities.

Table 3.2 summarizes these results.
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Table 3.2: Properties of Σgas and ΣH2/ΣHI in M51 averaged over the areas

shown in Fig. 3.8.

Σgas ΣH2/ΣHI

[M⊙ pc−2]

inner spiral arms 26.8 2.3

outer spiral arms 18.8 0.21

interarm region 9.4 0.71

outer disk 6.4 -

NGC5195 - companion 20.2 0.4

ratio inner/outer spiral 1.4 11.0

inner arm/interarm 2.9 3.2

outer arm/interarm 2.0 0.3

Error-beam pick up Note that the arm/interarm contrast in the 12CO

2–1 map is a lower limit as error beam contribution affects the integrated

intensities. In interarm regions the pick-up of arm regions will tend to

increase the intensity while in arm regions the situation is reversed. The

IRAM-30m telescope has 3 error beam contributions with beam widths of

125′′, 180′′ and 950′′ at 230 GHz with relative power contributions of 10-

20%, 12% and 26% for a beam efficency of Beff = 0.42 (Greve et al. 1998).

As the Beff increased to Beff = 0.52 the relative power contributions of the

error beams will be lower to date.

3.4.2 Total gas densities in other galaxies

We will compare the total gas density map of M51 to the nearby galaxies

M83 and LMC, as they belong to the few galaxies where high resolution

total gas density maps are published. In the future the combined analysis

of complete H i and CO maps of a large sample of galaxies will allow to

infer possible correlations of gas density and distribution with galaxy type

or the global environment of a galaxy, e.g. the interaction with a neighbor

galaxy.
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M83: First, we compare the Σgas distribution of M83 (Lundgren et al.

2004) with our results in M51. M83 is a nearly face-on galaxy with a similar

inclination of 24◦ compared to M51, showing a pronounced spiral structure.

M83 is at a distance of 4.5 Mpc and the total gas density map in Lundgren

et al. (2004) has an angular resolution of 22′′ (i.e. 480 pc) similar to the

physical resolution of the M51 data. The map is created using 12CO 1–0

observations assuming a constant X-factor and additionally H i-data for the

atomic component. M83 has in general a significantly higher mass density

compared to M51 reaching Σgas= 500 M⊙ pc−2 in the center and 100-200

M⊙ pc−2 in the inner spiral arms. The interarm regions show total gas

surface densities of 10-20 M⊙ pc−2. This is still roughly a factor of 5 higher

than the value derived in M51. The arm/interarm contrast is stronger than

in M51.

Sakamoto et al. (1999) studied the influences of bar driven molecular gas

transport into the inner part of galaxies. As M83 inhibits a strong central

bar, the higher gas densities compared to M51 might be the result of en-

hanced gas accretion by the bar. Spurs and bridges connecting spiral arm

regions are also found in M83, especially in the inner 100′′.

LMC: Yang et al. (2007) present a total gas surface density map of the

LMC, an irregular SB dwarf of the Milky Way with an inclination angle

of 35◦at only 50 kpc distance. Yang et al. (2007) used 12CO 1–0 (Fukui

et al. 2001) and H i -data (Kim et al. 2003) to construct a map of the

total gas density at a spatial resolution of 40 pc. The Σgas map of the

LMC shows several dense regions with densities up to 100 M⊙ pc−2. The

linear dimension of these regions varies from around 50 pc to 4 kpc. Their

orientation is not organized in spiral arms.

The lowest density areas in the LMC have densities of Σgas= 4 M⊙ pc−2

(Yang et al. 2007), very similar to the detection limit achieved in M51.
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Figure 3.9: Map of the K-band luminosity LK from the Two Micron All

Sky Survey (2MASS) Large Galaxy Atlas (Jarrett et al. 2003) smoothed to

11′′ resolution. The units are L⊙.

3.5 Stellar surface density from the K-Band emis-

sion

The stellar surface density is an important parameter in determining the

stability of the disk. We use the K-Band images of the 2MASS Large

Galaxy Atlas (Jarrett et al. 2003) to determine the stellar surface mass

density Σ∗. The K−Band is a reasonable tracer of the stellar mass density

as it is much less affected by extinction within M51 than e.g. the B−Band

in the optical. The Galactic foreground extinction in the K−Band is 0.013

mag compared to 0.152 mag in the B−Band (Schlegel et al. 1998).
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Bell & de Jong (2001) discuss mass-to-light ratios in the optical and near-IR

passbands. Assuming an universal spiral galaxy initial mass function (IMF),

they find variations of the mass-to-light ratio of up to 7 in the optical, 3 in

the B−Band and 2 in the K−Band. To convert from luminosities to solar

masses, we use a K−Band mass-to-light ratio MK/LK = 0.5 M⊙/ L⊙(Bell

& de Jong 2001). The stellar surface density is then determined from the

K−Band luminosities via Σ∗ = 4.27 10−5 × LK M⊙ pc−2 for a distance of

8.4 Mpc to M51 and an angular resolution of 3′′.

3.6 Radial averages and Schmidt law

Figure 3.10: Radial distributions of surface densities of H2, H i, the total

gas, and the star formation rate per unit area in M51. The lower box shows

the ratios Σgas/Σ̇SFR and ΣH2
/Σ̇SFR.

Next, the correlation of H2 and H i surface densities in radial averages and

the local distribution is studied. We also investigate the local Schmidt law
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for M51 using estimations of the star forming activity along radial averages,

including the outskirts of the disk where H i dominates.

3.6.1 Radial distribution of the gas

Total H2 column densities are derived from the integrated CO 2–1 in-

tensities as described in Sec. 3.3.2. We derive the face-on surface den-

sity via ΣH2
= 2mHN(H2) cos i with the atomic hydrogen mass mH

and the inclination angle i of M51 (Table 3.1). The total H i col-

umn density is derived assuming optically thin emission: N(HI) =

1.82 1018
∫

Tmbdv/(Kkms−1) cm−2. The corresponding surface density is:

ΣHI = mHN(HI) cos i. The total molecular mass of M51 is 1.94 109 M⊙

(Sec. 3.3.2) and the global ratio of H i over H2 mass is 1.36. The molecular

gas content of M51 is similar to the total molecular mass of the Milky Way,

1.3 109 M⊙ (Misiriotis et al. 2006). However, the Milky Way has a larger

fraction of H i mass. The ratio of H i over H2 mass in the Milky Way is 6.3.

Fig. 3.10 shows the radial profiles of the surface densities.

Radial averages 14 of surface densities in this thesis were created by aver-

aging in azimuth in elliptical annuli spaced by 10′′, including points of no

detection, and centered at the (0,0) position. The annuli were assumed to

be circular rings viewed at an inclination angle i = 20◦ and with a line of

nodes rotated from north to east by the position angle PA=170 ◦(Table 3.1).

Total gas surface densities are given by Σgas = 1.36(ΣH2
+ ΣHI) which

includes helium. The radially averaged Σgas drops by a factor of ∼ 20 from

70 M⊙ pc−2 in the center to 3M⊙ pc−2 at radii of 12.2 kpc (300′′) (Fig. 3.10).

Fig. 3.11 shows the variation of ΣHI/ΣH2
with radius in M51. Standard

deviations of the mean ΣHI and ΣH2
are calculated from the rms values

along the annular averages: σ = rms (Npix/nbeam)−0.5, following Wong &

Blitz (2002) with the number of pixels per annulus Npix and the number of

pixels per beam nbeam. The fraction of atomic gas gradually increases with

14 hereafter we use the term radial averages to define the radial profiles of quantities which

are averaged over azimuth as a function of radius in the disk of the galaxy
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radius. In the inner regions of M51, up to ∼ 6 kpc, the ratio of HI to H2

surface density scales roughly with R1.5. As the radial HI profile in M51 is

roughly constant, varying only by a factor of ∼ 5, the powerlaw dependence

of the ratio of molecular and atomic gas is largely due to the decrease

of the molecular gas surface density which drops by more than 2 orders

of magnitude. The H i gas surface density starts to exceed the molecular

surface density at radii greater than 4 kpc. The outer regions show deviate

from any simple powerlaw. The peak ΣHI/ΣH2
fraction reaches values of 20

in the outer areas of our map.

Figure 3.11: Radial distribution of the ratio of atomic ΣHI to molecular

surface densities ΣH2
for M51 (thick line), the six spirals of the sample of

Wong & Blitz (2002), and M33 (Heyer et al. 2004). For comparison, we

show two powerlaws, one where the ratio scales with R1.5 and one where it

scales with R.

The ratio of atomic and molecular gas surface densities Fig. 3.11

also shows the fraction of atomic gas for the seven spirals studied by Wong
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& Blitz (2002) and for M33 studied by Heyer et al. (2004). In the center

regions, the ΣHI/ΣH2
ratio of the nine galaxies varies strongly between

0.03 in NGC 4321 and slightly more than 1 in M33. With the exception of

M33, the inner regions are clearly dominated by molecular material. For the

galaxies of the Wong sample, the ratio scales roughly withR1.5 for radii upto

∼ 6 kpc. In M33, the atomic gas dominates the total gas surface density

for the entire disk, in strong contrast to the other 8 spirals (Fig. 3.11). The

slope is much more shallow: the fraction of atomic gas scales with R0.6 only

(Heyer et al. 2004). At ∼ 7 kpc, the fraction equals the fraction found at

that distance in M51.

3.6.2 The molecular gas fraction

Fig. 3.12 shows the ratio map of atomic gas surface density ΣH i and

molecular gas surface density ΣH2. Note that this is the inverse ratio

compared to radial averages in the previous section. This is intentional as

we will compare ΣH2
/ΣH i to the hydrostatic pressure subsequently. In

the map areas below 2σ=1.3 Kkms−1 of the masked-moment integrated

intensity image of 12CO 2–1 were blanked. As the H i is more extended,

the ΣH2 limits the extend of the map.

The map of ΣH2/ΣH i (Fig. 3.12) shows a steep decrease of the ratio from

peak values of around 50 in the center to 0.1 in the outer regions (cf.

radial averages). The spiral arms in the center are the regions with the

highest fraction of molecular gas. The average ratio in the two inner spiral

arms delineated in Fig. 3.8 is 2.1. Outwards, at radii of around 100′′, the

ratio drops also in the spiral arms. The north-eastern and south-western

continuation of the inner spiral arms shows ΣH2/ΣH i at around 1 and in

few regions up to 2-3. There are few regions with a ratio of 1 or slightly

above which are correlated with the regions of increased total gas density

(Fig. 3.8). The average ratio on the outer spiral arms in the marked

polygons is 0.21. This is a factor of 10 lower compared to the inner spirals.

The interarm region shows an average ratio of 0.71.
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Figure 3.12: Map of the ratio of molecular- (ΣH2
) and atomic gas surface

density (ΣH i) in M51 derived from the 12CO 2-1 and H i-emission. Regions

without detection of 12CO 2-1 are blanked. The 1-σ limit in the 12CO 2-1

data is 0.65Kkms−1 corresponding to ΣH2
= 0.36 M⊙ pc−2.

The dominant trend in the ΣH2/ΣH i-ratio is the decrease with galac-

tocentric radius by at least one order of magnitude. Additionally, the

ΣH2/ΣH i-ratio varies between spiral arm and interarm regions. This weaker

effect, possibly induced by the spiral density wave, locally influences the

ratio. This enhances the molecular fraction in the inner parts further

and weakens the decrease of the molecular fraction in the outer spiral arms.

The hydrostatic pressure in the disk of M51 has been recently identified as

an important parameter governing the ratio of atomic and molecular gas

e.g. by Blitz & Rosolowsky (2004a). The next subsection will address the
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hydrostatic pressure in M51 and its correlation with the ratio of atomic

and molecular surface density.

3.6.3 The hydrostatic pressure

Recent investigations, e.g. by Blitz & Rosolowsky (2004a,b, 2006), have

shown a tight correlation of the ratio of molecular ΣH2 and atomic gas

densities ΣH i in external galaxies and the hydrostatic pressure Phydro.

Elmegreen (1993) theoretically studied the impact of hydrostatic pressure

and radiation field on the ratio of atomic and molecular gas. He concludes

that the pressure should be the dominant factor and predicts a powerlaw
ΣH2

ΣH i
∼ P 2.2

hydro.

Following Blitz & Rosolowsky (2004b), the hydrostatic pressure can be

estimated for an infinite disk with isothermal gas and stellar layers from

the midplane pressure in equilibrium:

Phydro = (2G)0.5Σgasσgas(ρ
0.5
∗ + (

π

4
ρgas)

0.5). (3.2)

Assuming the volume density of the gas ρgas is small compared to the stellar

density ρ∗ and a self-gravitating stellar disk (Σ∗ = 2ρ∗h∗):

Phydro = 0.84(GΣ∗)
0.5Σgas

σgas

h0.5
∗

. (3.3)

Σ∗ is the stellar surface density which we will address in a later section,

Σgas the total gas density and σgas the velocity dispersion of the gas. We

estimated σgas from the 12CO 2–1 velocity dispersion as we will discuss in

the next section. For the stellar scale height we adopt h∗ = 1 kpc consistent

with studies by van der Kruit & Searle (1981); Kregel et al. (2002). They

find in their surveys of edge-on spiral galaxies a variation of h∗ from 0.4-

1.7 kpc with no dependence on the galactocentric radius. For all input

quantities in SI-units, Phydro in equation 3.3 is given in N/m2. In more

convenient units with surface densities in M⊙ pc−2, the gas dispersion in

kms−1 and the stellar scale height in pc, the equation takes the form:

Phydro/kB = 272 cm−3K(Σ∗)
0.5Σgas

σgas

(h∗)0.5
. (3.4)
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Figure 3.13: The fraction of molecular gas density ΣH2
and atomic gas

density ΣH i is plotted against the hydrostatic pressure Phydro. The slope

found in Blitz & Rosolowsky (2006) is indicated in red. In green the fit

to our data Pfit is shown. Galactocentric radius in decreasing from left to

right.

Fig. 3.13 shows the ratio of molecular gas density ΣH2
and atomic gas den-

sity ΣH i plotted against the hydrodynamic pressure Phydro. A linear regres-

sion fit yields a powerlaw:

ΣH2

ΣH i

= (Phydro/P0)
α, (3.5)

with the powerlaw coefficient α = 0.87 ± 0.03 and P0= (1.92 ± 0.07) 104

cm−3K. The slope of 0.87 is very similar to the slope of 0.92 determined

by Blitz & Rosolowsky (2006) for a sample of 14 spiral and dwarf galaxies,

including M51. We find a slightly lower P0 compared to the mean result of

Blitz & Rosolowsky (2006) in their sample with (3.5 ± 0.6) 104) cm−3K.

The stellar surface density Σ∗ at ΣH2
/ΣH i=1 is at around 50 M⊙ pc−2.

Blitz & Rosolowsky (2006) found in most of their galaxies a higher value

of around 120 M⊙ pc−2 using an Galactic X-factor.
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The importance of hydrostatic pressure This result underlines the

importance of the hydrostatic pressure as the physical parameter determin-

ing the fraction of molecular to atomic material at a given radius on large

scales. The nearly linear dependence found over the whole pressure regime

is expected by theoretical predictions (Blitz & Rosolowsky 2006; Elmegreen

1993), if the gravitational potential imposed by the gaseous component is

small compared to the stellar component. Note, that the pressure depen-

dence of the molecular to atomic fraction is expected to break down when

the spatial resolution of the observational data is of the order of the size of

a single GMC. A single GMC is expected to have enhanced pressure due to

self-gravity and the assumption of pressure equilibrium is no longer valid

(Blitz & Rosolowsky 2006).

The next chapter deals with the Schmidt law, i.e. the correlation of the total

gas surface densities with the star formation rate derived from the 20 cm

radio continuum data, for M51. We introduced the Kennicutt-Schmidt law

in section 2.4.

3.6.4 Star formation rate and local Schmidt law

Star formation rate from the radio continuum emission Various

tracers of star formation such as Hα, UV, the far infrared continuum, and

the radio continuum are frequently used. Hα emission is directly linked to

OB associations but subject to extinction. See Bastian et al. (2005) for

a recent study of the local star formation rate in M51, derived from Hα

images. Optically thin far-infrared (FIR) emission is usually taken as the

most direct indicator of star formation. In a recent study, Calzetti et al.

(2005) used MIPS/Spitzer 24µm maps to study the star formation rate.

Some questions remain however in regions of diffuse FIR emission from the

atomic ISM. In such regions the dominant contribution to the FIR flux may

be due to radiation heating of dust by the normal interstellar radiation field

(Cox & Mezger 1989) and thus not trace star formation.

Radio continuum as a tracer of the star formation rate The radio

continuum has widely been accepted as an alternative measure for star
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formation activity, a fact which is underlined by the very strong FIR/RC

correlation in many different galaxies (see the review by Condon 1992).

The FIR/RC correlation holds also on local scales of a few hundred parsecs

comparable to the resolution of our data set. See Murphy et al. (2005) who

recently studied this relation in M51. The large scale 20 cm map of Patrikeev

et al. (2006) at 15′′ resolution is shown in Fig. 3.6 and we assume that the

20 cm radiation can be used as a direct indicator for the star formation rate.

The FIR/RC correlation and a subsequent SFR/FIR conversion is used to

derive the star formation rate. We then compare the star formation rate

with the H2 and H i surface densities in order to check for star formation

thresholds.

Figure 3.14: Radially averaged star formation rate per unit area, Σ̇SFR,

versus surface density of H i , H2, and the total gas Σgas. The solid green

line is the local Schmidt law found in M51. The dashed-dotted black line is

the global Schmidt law found by Kennicutt (1998). Drawn blue lines repre-

sent lines of constant gas depletion time or star formation efficiency.

The radio continuum emission of the disk of M51 reflects the spatial distri-
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bution of the current star formation rate. In normal galaxies, such as M51,

most of the radio continuum at 20 cm is non-thermal synchrotron emis-

sion (Condon 1992), radiated by cosmic rays interacting with the magnetic

fields of the interstellar medium. The cosmic rays in turn are emitted by

supernova remnants. The remaining radio continuum emission is free-free

bremsstrahlung emission from thermal electrons in H ii-regions. The radio

continuum thus traces the current star formation rate of massive stars.

The observed optically thin radio continuum emission is known to be well

correlated with FIR dust continuum emission in a large variety of sources,

including normal disk galaxies. The tight correlation was confirmed by

Helou et al. (1985) using IRAS data and is described by the parameter

q = log
( FIR

[3.75 1012 Wm−2]

)

− log
(S20cm

[Jy]

)

. (3.6)

The parameter q was found to be 2.3 with a dispersion of ∼ 0.2 dex in a wide

variety of sources (Condon 1992). We used this relation to derive the FIR

flux at 15′′ resolution at each position in M51. Murphy et al. (2005) have

recently confirmed that this correlation holds for a map of M51 at 70µm

using MIPS/Spitzer at 19′′ resolution. In the disk, they find a median and

scatter of q70 = 1.94 ± 0.19. Note that the correlation is expected to break

down at yet smaller scales of a few hundred parsecs around massive star-

forming regions (Boulanger & Perault 1988).

The FIR intensity reflects the current star formation rate (see e.g. Yun et al.

2001), as young stars form deeply embedded in their parental molecular

clouds, before dispersing their environment by forming H ii regions and

by supernovae explosions. Following the argument of Thronson & Telesco

(1986), the FIR luminosity is proportional to the star formation rate:

LFIR = SFR tFIR L/M, (3.7)

where L/M is the luminosity-to-mass ratio of the young stellar clus-

ters. Assuming a typical disruption time-scale of tFIR = 2106 yr and a
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Salpeter initial mass function (IMF), the current star formation rate is

SFR= 6.5 10−10 (LFIR/L⊙) M⊙ yr−1. In summary, the star formation rate

per unit area is related to the flux density at 20 cm via

Σ̇SFR

[M⊙ pc−2 Gyr−1]
= 1.53 105 S20cm

[Jy beam−1]
. (3.8)

The gas depletion or consumption time is defined as τgas = Σgas/Σ̇SFR.

This is the time which would be needed to convert the total gas content

into stars assuming that the SFR is constant with time and that there is

no gas infall or recycling via stellar winds. Note, that the inverse of the gas

depletion time is the star formation efficiency. Next, we compare the global

star formation rate of M51 with previous extragalactic studies.

The global star formation rate The global star formation rate of M51

is 2.56 M⊙ yr−1 and the global gas depletion time 0.76 Gyr. The latter value

corresponds to a global star formation efficiency (SFE) of 13% per 0.1 Gyr.

Both values, the depletion time and the SFE, agree to within a factor

of 2 with the values derived by Scoville et al. (2001) from Hubble Space

Telescope (HST) Hα images and CO data. Misiriotis et al. (2006) have

recently studied the distribution of the ISM in the Milky Way. They find

a similar SFR of 2.7 M⊙ yr−1 but factor ∼ 5 larger gas depletion time of

3.57 Gyr in the Milky Way. Typical normal spiral galaxies need less time

than found in the Milky Way, but more time than found in M51, to consume

all the gas into stars. Kennicutt (1998) finds a median depletion time of

2.1 Gyr for his sample of 61 normal disk galaxies which shows variations

between 0.2 Gyr in starburst galaxies like NGC 5169 and 12 Gyr in early-

type spirals such as M31.

The radial averaged star formation rate The radial averaged SFR

peaks above 100 M⊙pc−2Gyr−1 in the center (Fig. 3.10), indicating a nu-

clear starburst, and drops radially to values of 3M⊙pc−2Gyr−1 at 12 kpc

distance. Note that the C2 cluster complex studied by Bastian et al. (2005)

shows a local SFR of 2600 M⊙pc−2Gyr−1, while the other complexes stud-

ied by these authors show moderate local rates of ∼ 60−70 M⊙pc−2Gyr−1.
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Regions of more than ∼ 100M⊙pc−2Gyr−1 (i.e. 0.1 M⊙kpc−2yr−1) are clas-

sified as starbursts (e.g. Kennicutt 1998). The center of M51 harbors a

Seyfert 2 AGN surrounded by a ∼ 100 pc disk/torus (Kohno et al. 1996) of

warm and dense gas (Matsushita et al. 1998, 2004).

Schmidt law Fig. 3.10 shows the variation of the radially averaged star

formation rate in comparison with the H i , H2 and the total gas surface

density in M51. Ignoring the center, the radial drop of the star formation

rate closely resembles the drop of the total gas surface density. Neither does

the SFR show the rather flat distribution of the atomic gas nor the much

steeper drop of the molecular gas. In contrast, we would have anticipated a

good correlation of the star formation rate with the molecular gas since star

formation is known to occur only in molecular clouds. Indeed, Heyer et al.

(2004) find a strong correlation between the star formation rate and the

molecular gas surface density in M33. Similarly, Wong & Blitz (2002) report

a much better correlation of Σ̇SFR with ΣH2 than with ΣHI in their sample of

6 molecule-rich spirals. However, Kennicutt (1998) who studied 88 galaxies

and found that the disk-averaged SFR is much better correlated with the

disk-averaged H i surface densities than with the H2 surface densities. In

M51, H i is often found downstream of the CO arms indicating that the H i

clouds are the remnants of GMCs photo-dissociated by young massive stars

(Sec. 3.3.4). The star formation rate may thus regulate the surface density

of the atomic gas and hence explain the observed correlation.

Fig. 3.14 shows the variation of SFR in M51 with gas surface densities to-

gether with lines of constant gas depletion time. The gas consumption time

in M51 varies between 0.1 Gyr in the center where the gas surface density

and the SFR surface density are high and 1Gyr at large radii where the

gas surface density and SFR density are low (Figs.3.10,3.14). In contrast,

the Milky Way (Misiriotis et al. 2006) and the 6 CO-bright spiral galaxies

studied by Wong & Blitz (2002) exhibit gas depletion times which are larger

by a factor of about 10. They rise from ∼ 1Gyr in the centers to ∼ 10 Gyr

and slightly more in the outskirts.

Fig. 3.14 also shows that the star formation rate is proportional to a power

of the total gas surface density im M51
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A n Reference

Local Schmidt laws:

M51 1.12 ± 0.50 1.35 ± 0.61 this thesis

M33 3.5 ± 66 3.3 ± 0.07 Heyer et al. (2004)

Milky Way 2.18 ± 0.20 Misiriotis et al. (2006)

7 CO-bright spiral galaxies 1.7 ± 0.3 Wong & Blitz (2002)

16 spiral galaxies ∼ 2 Boissier et al. (2003)

simulations 0.25 ± 0.16 1.31 ± 0.15 Li et al. (2006)

Global Schmidt laws:

97 normal and starburst galaxies 0.25 ± 0.07 1.4 ± 0.15 Kennicutt (1998)

7 CO-bright spiral galaxies 1.7 Wong & Blitz (2002)

simulations 0.11 ± 0.04 1.56 ± 0.09 Li et al. (2006)

Table 3.3: Schmidt law Σ̇SFR = AΣn
gas observed in M51 and other galax-

ies and samples of galaxies in comparison with the Schmidt law derived

simulations. Σ̇SFR and A are in units of M⊙pc−2 Gyr−1 and Σgas in units

of M⊙pc−2. The values of the sample of Wong & Blitz (2002) hold for an

extinction correction that depends on the gas column density.

Σ̇SFR = AΣn
gas (3.9)

i.e. follows a Schmidt law (Schmidt 1959), with normalization A = 1.1±0.5

and the slope n = 1.4 ± 0.6 where Σ̇SFR is in units of M⊙pc−2 Gyr−1 and

Σgas in units of M⊙pc−2.

The Schmidt law in other galaxies In Table 3.3, the result in M51 is

compared with other galaxies and the results from simulations. The slope

found in M51 agrees with the global Schmidt law, seen in a study of disk-

averaged Σgas and Σ̇SFR of 61 normal and 36 starburst galaxies (Kennicutt

1998). Note however, that the slope of the 61 normal galaxies is much less

well-defined. Depending on the fitting method it varies between 1.3 and 2.5

(Kennicutt 1998).
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In contrast, the observed slopes of local Schmidt laws, describing radial

averages of Σgas and Σ̇SFR in individual galaxies, do not in general agree

with the global value, but vary strongly between 1.2 and 3.3. Wong &

Blitz (2002) studied radial averages of Σgas and Σ̇SFR in a sample of spiral

galaxies and derive local Schmidt laws with slopes between 1.2 and 2.1,

assuming that extinction depends on gas column density. Boissier et al.

(2003) study 16 spiral galaxies to study the local star formation laws and

find a slope of ∼ 2. In a similar study, Heyer et al. (2004) shows that M33

exhibits a significantly steeper slope of 3.3. Misiriotis et al. (2006) find a

slope of 2.2 for the Milky Way.

3.6.5 The local Schmidt law and star formation efficiency in

simulations

Recent smoothed particle hydrodynamics (SPH) simulations of gravita-

tional instability of isolated disk galaxies comprising a dark matter halo, a

disk of stars, and isothermal gas by Li et al. (2005, 2006) find a slope of

1.31 of the local Schmidt law (Table 3.3), close to the slope of the global

Schmidt law, which is also reproduced, and close to the slope of 1.35 found

in M51. On the other hand, the slope of 1.3 is at the low-end of the local

Schmidt law slopes observed so far.

We find a normalization factor A of the local Schmidt law in M51 of 1.12

M⊙pc−2 Gyr−1 (Table 3.3), similar to A of gas-rich models in Li et al.

(2006). This is a factor 5 larger than the average value of the Li et al.

(2006) models. It is also a factor 5 larger than the normalization found in

the large sample of Kennicutt (1998).

Interestingly, the normal galaxies of the Kennicutt (1998) sample show on

average a factor ∼ 3 longer gas consumption times than found in M51. In

section 3.6.4 we also noticed that the Milky Way (Misiriotis et al. 2006)

and the 6 CO-bright galaxies studied by Wong & Blitz (2002) exhibit con-

sumption times which are larger than the consumption time found in M51

by about one order of magnitude. Apparently, the star formation efficiency

of M51 is higher than in many other normal galaxies.
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The reason may be the interaction of M51 with its neighboring galaxy

NGC 5195, as has been proposed before as mentioned in the Introduction

(e.g. Nikola et al. 2001; Howard & Byrd 1990; Toomre & Toomre 1972). This

is supported by the recent simulations of Li et al. (2004) which show that

interaction and merging can lead to instable disks and strong starbursts.
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Figure 3.15: The residual map of the total gas surface density after re-

moval of a fitted underlying exponential disk. The exponential disk is shown

in contours with contour levels 1 M⊙ pc−2, 5 M⊙ pc−2 increasing to 20

M⊙ pc−2 in steps of 5 M⊙ pc−2.

3.7 The structure of the total gas density

An underlying exponential disk in M51

Before entering in the stability analysis of the disk, the structure of the

total gas density in M51 is further investigated. Following the analysis of

an underlying exponential dust disk by Meijerink et al. (2005) using 850µm

dust emission observed with SCUBA at the JCMT, the properties of an

exponential disk using the two-dimensional total gas density distribution
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Figure 3.16: The residual map of the 850µm dust emission after removal

of a fitted underlying exponential disk (Fig.2 in Meijerink et al. 2005). The

3σ-level is at 24 Jy/beam.

Table 3.4: Properties of the exponential gas disk in M51.

(a) Properties of the dust disk are from Meijerink et al. (2005)

Σgas scale length hgas 7.6 ±0.1 kpc

Amplitude: Σpeak
gas 17.8 ±0.2 M⊙ pc−2

disk/total mass-fraction gas 61%

dust scale length hd (a) 6.3 kpc

Amplitude: Σpeak
dust (a) 0.77 ±0.2 M⊙ pc−2

disk/total mass-fraction dust (a) 55%
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Figure 3.17: Radial averaged distribution of the stellar surface density and

the the total gas surface density. The dashed line shows stellar densities,

ignoring the companion. The mass surface densities of the fitted exponential

disks to the total gas density is also shown (cf. Fig.4 in Schuster et al.

(2007)). Σdust is taken from Fig.6 in Meijerink et al. (2005). The ratio

of Σgas/Σdust for the exponential disk and the residual images, assuming

Tdust = 25K in the spiral arms, is shown in the lower box. Dust values

below 3σ = 24 Jy/beam are ignored

will be discussed and the results compared to the properties of the dust

disk found by Meijerink et al. (2005).
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Exponential disk in the total gas distribution An inclined elliptical

exponential disk is fitted to the Σgas distribution map, assuming a centered

disk at an inclination of 20◦ and a position angle of 170◦ . The scale length

hgas and the amplitude Σpeak
gas are determined from a 2D fit of an exponen-

tial distribution Σgas = Σpeak
gas × exp(−R/hgas). All pixels in the total gas

density map exceeding a threshold surface density of Σgas = 20 M⊙ pc−2

were blanked. This corresponds to the arm regions we marked in Fig. 3.8

and discussed in §3.4.1. A significantly higher blanking threshold leads to

an overestimation of the exponential disk in the central parts as spiral arm

regions are included in the fitting.

The scale length of the fitted exponential decay of the total gas disk is

hgas = 7.6 kpc (Table 3.4) with the peak at 17.8 M⊙ pc−2. The reduced χ2

of the fit is 5.1. The fraction of total gas mass contained in the exponential

disk is 61%. Thus, the spiral arms contain only ∼ 40% of the total gas

mass.

Exponential disk in the dust emission To derive masses from 850 µm

fluxes, Meijerink et al. (2005) used a radiative transfer model to derive the

stellar- and dust scale length and the temperature profile of the dust. They

assumed a radial exponential density distribution and used a combined

bulge and exponential disk profile for the stellar component. They derive

a temperature profile varying slightly from 25 K in the center to 17 K at

10 kpc radial distance. The central dust mass surface density Σdust varies

between 0.7-0.9 M⊙ pc−2 for the silicate to graphite fractions in the mod-

els between 0.2:0.8 to 0.5:0.5. In Fig. 3.17 the modeled dust mass surface

density of Meijerink et al. (2005) for a silicate to graphite ratio of 0.5:0.5

is presented. This profile only represents the dust surface density Σdust in

the fitted exponential disk.

The scale-length of the dust disk is hd = 5.45 kpc corresponding to hd = 6.3

kpc for a distance of 8.4 Mpc (Feldmeier et al. 1997). The fraction of the

dust contained in the exponential diffuse disk is 55%, very similar to the

fraction of 61% derived for the total gas. The dust fraction of 55% is derived

assuming an isothermal dust disk. Note that the error caused by the differ-

ence in temperature from 25 K in the center to 17 K (Meijerink et al. 2005)
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in the outer parts, is only 35% using M25K
dust/M

17K
dust = B850(17K)/B850(25K)

where B(T ) is the Planck function.

The results found for the total gas density data confirm the importance of

the underlying diffuse disk (Meijerink et al. 2005).

Gas-to-dust ratios The gas-to-dust surface density ratio of the expo-

nential disks was derived from two independent data sets, from the CO

and H i maps, and from the SCUBA 850µm map. The radial averaged gas-

to-dust surface ratio is shown in blue in the lower box in Fig. 3.17. It is

nearly constant with galacto-centric radius at 23-26, about a quarter of the

canonical Galactic gas-to-dust ratio of 100. This constancy is in contrast for

example to the strong radial variation of the H i/H2 surface density ratio

by more than a factor 100.

Only in the inner region, where H2 dominates the total gas mass, the X-

factor to convert integrated CO intensities to H2 column densities may play

a role: As described in paragraph 3.3.2 , we used an X-factor of 0.25 times

the Galactic X-factor, as was found by Garcia-Burillo et al. (1993b); Strong

et al. (1988).

To check for constancy in the Σgas/Σdust ratio in the spiral arms, we com-

pute the Σgas to Σdust ratio in the residual map after subtracting the expo-

nential disk, which mainly consists of the spiral arms. This ratio is shown

in red in the lower box in Fig. 3.17. The radially averaged residual total gas

surface density is computed from Fig. 3.15. For the computation of dust

surface density in the spiral arms, we use Fig.2 in Meijerink et al. (2005)

and assume a uniform dust temperature Tdust = 25K and κ850 = 1.2cm2g−1

(Meijerink et al. 2005). The dust surface density is given via:

Σdust = Mdust/Abeam = F850d
2/(κ850B850Tdust). (3.10)

F850 = S850/Ω850 × Abeam is the integrated flux. S850 is the flux density,

Ω850 the beam size and Abeam the beam area at the distance d. B850 labels

the Planck-Function at 850 µm.

The resulting fraction of Σgas and Σdust in the spiral arms, shown in

Fig. 3.17, is not constant with radius. In contrast to the fraction in the

exponential disk, we see a strong variation in the spiral arms with a mini-

mum of 73 at 3.8kpc and a value of 186 in the center. Thus the gas-to-dust
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surface density ratio is a factor of 3-8 higher in the spiral arms compared to

the underlying exponential disk. Note that the dust map in the spiral arms

is contaminated with CO 3–2 line emission by up to 30-40% (Meijerink

et al. 2005).

3.8 Gravitational stability

In section 2.3, the theoretical background for the Toomre approach to grav-

itational stability of galactic disks was introduced. Major parameters are

the total gas density, which has been discussed in the last sections, and the

dispersion of the gas and stars in the disk, respectively. Thus, before enter-

ing the stability analysis in M51, we present the velocity field of 12CO 2–1

observations, the equivalent widths of 12CO 2–1, a measure of the dispersion

of the molecular gas, and the H i dispersion. Also, the residual velocities

from purely rotational motions in the 12CO 2–1 data are computed and

used as a measure for streaming motions. The effect of streaming motions

on the local dispersion which might be stabilizing the gas against collapse

is estimated.

3.8.1 Kinematics of the 12CO 2–1 data

Velocity field and streaming motions

In Fig. 3.18a, the velocity field of the 12CO 2–1 data is shown ranging from

370 to 550 kms−1 with the northern part blue-shifted towards us and the

southern part of the galaxy red-shifted due to the inclination of the galaxy.

For comparison, Fig. 3.18b shows the velocity field for purely circular mo-

tions derived from the rotation curve of M51 (Garcia-Burillo et al. 1993b,a).

A position angle of ΘMA = 170◦ (Tully 1974a) is used to create Fig. 3.18b.

Also, a constant inclination of i = 20◦ and a central velocity of vsys =472

kms−1 (Tully 1974a; Shetty et al. 2007) are taken as input parameters. Θ
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Figure 3.18: Left: Map of the first moment vobs =
∫

T v dv/
∫

T dv show-

ing the intensity weighted mean velocity of the 12CO 2–1 data with all points

below the 5-σ-level blanked. Right: Map of the calculated velocity field vmod

using the rotation curve of Garcia-Burillo et al. (1993b,a). The velocity

ranges from 370 to 550 kms−1. Contour levels in steps of 7kms−1.

is the azimuthal angle in the disk of M51. The velocity field vmod shown in

Fig. 3.18 is then given at each point via

vmod = vsys + v(R) × cos(Θ − Θmean
MA ) ∗ sin(i). (3.11)

The dominant component creating the observed velocity field is the

differential rotation curve v(R). This creates symmetrically bending

of the iso-velocity contours with respect to the position of the minor

axis (Fig. 3.18a). The observed velocity field also shows many complex

structures and distortions not expected from purely rotational motions.

Residual velocity The residual velocity is the difference of the observed

velocity field vobs (see Fig. 3.18) and the purely rotational motions vmod
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(see Fig. 3.18). In the following, this velocities will be also identified with

streaming motions. The residual velocity map is shown in Fig. 3.19. This

method to determine the non-circular streaming motions has been also

presented in (Garcia-Burillo et al. 1993a).

Some of the regions showing the strongest distortions caused by non-circular

streaming motions in Fig. 3.18a and Fig. 3.19 will be discussed in the fol-

lowing. In the inner part of the disk especially on the north-west part of

the inner spiral arm at (-80′′,50′′) and in the south-east on the inner spiral

structure at (70′′,-50′′), strong streaming in a velocity range of around 35

kms−1 is evident when comparing with the purely rotational velocity field

in Fig. 3.18b. Similar strong distortions of the iso-velocity contours show

up at (60′′,-40′′), also indicating strong non-circular motions in this region.

In the outer regions of the disk, next to the western spiral arm exist stream-

ing motions in the north-west at (-80′′,100′′), but also in the south-west at

(-110′′,-90′′) creating a significantly different shape of the observed velocity

field compared to the purely rotational velocity field. The gradients and the

bending show a similar behavior as in the more central regions of strong

streaming.

Interestingly, on both outer spiral arms no strong bending of the iso-

velocity contours is seen and the observed velocity field resembles the purely

rotational motions. This might be caused by their locations at radii of

∼ 120− 170′′ from the center of the galaxy, which lie close to the predicted

location of the corotation radius at 160′′ by Garcia-Burillo et al. (1993a,b).

At this position no net streaming is expected. Next, we will compare the

results obtained from the 12CO 2–1 data with previous observations in M51.

Previous results on streaming motions in M51 The residual map

Fig. 3.19 matches very well with the streaming motions identified by Garcia-

Burillo et al. (1993a). E.g. the very prominent streaming in the north-

western part of the inner spiral arm is identified at a residual velocity of

-27 kms−1. Also, the streaming in the south-eastern inner spiral arm occurs

in both studies at the same residual velocity of around 25 kms−1 and shows

the same shape and size. This feature extents further down south connecting
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the inner spiral to the outer spiral arm in the south-west direction. A high

resolution OVRO-map of the inner 30′′ showing the residuals after removing

a rotation curve from the observed velocity field is presented in Aalto et al.

(1999). The map shows much more detailed the very inner region of M51

at 3′′ resolution and the residuals generally agree with our 11′′ single dish

observations.

Figure 3.19: Map of the residuals of the observed velocity field Fig. 3.18a

corrected for by the modeled velocity field Fig. 3.18b: vobs − vmod [kms−1].

Non-circular streaming motions in M51 have been previously observed in

H i and CO by several authors (Tilanus & Allen 1989; Vogel et al. 1988;

Garcia-Burillo et al. 1993a; Aalto et al. 1999). The former studies mainly

concentrated on the central part of M51. Garcia-Burillo et al. (1993a) in-

vestigated the 12CO 2–1 gas kinematics in the central 150 ′′ of M51 at a
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similar resolution.

Shetty et al. (2007) present the 12CO 1–0 velocity field at 6′′ resolution cov-

ering the whole disk of M51 including the companion. They discuss radial

and tangential components of the observed velocity depending on the arm

phase. To accurately determine these components, the systemic velocity,

position angle and inclination are determined by the authors using a 2D-

fit to the data and thus minimizing the error on the radial and azimuthal

component splitting of the velocity field.

The radial and azimuthal velocity profiles determined by Shetty et al.

(2007) in M51 show a complex structure. Velocity profiles associated with

the eastern inner spiral arm qualitatively agree well with density wave the-

ory (Lindblad 1963; Lin & Shu 1964) showing a significant increase of the

azimuthal velocity as the gas enters the arm. The profiles in the western

inner spiral arm do not agree with this simple picture but indicate that

the density wave in M51 is a superposition of different modes (Henry et al.

2003). The 12CO 2–1 data lack spatial resolution to unambiguously resolve

this issue. The velocity profiles at 11′′ resolution in the western spiral arm

and the lack of streaming in the outer spiral arms are in general agreement

with a single density wave (see model by Garcia-Burillo et al. (1993a)).

Indications for streaming in the isovelocity contours A qualitative

indication of streaming motions is the bending of iso-velocity contours and

the comparison with predictions of density wave theory. The opposite bend-

ing of the iso-velocity contours in arm and interarm regions of the 12CO

2–1 observations in Fig. 3.18a as seen i.e. at the north-western inner spiral

at around (20′′,-80′′) in accordance with density-wave theory (Lin & Shu

1964) which predicts this kinematic effect observed in the data. We will

briefly describe the mechanism creating the observed velocity profiles.

Density-wave theory , introduced in chapter 2, predicts opposite bending of

the iso-velocity contours in the arm and interarm regions (Lin & Shu 1964).

For trailing spiral arms the gas upstream of the spiral arm streams radially

outwards and slows down its rotation as it enters the spiral potential. After

that it will be accelerated tangentially along the potential (Garcia-Burillo
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et al. 1993a). This behavior is prominently seen along the minor axis. In the

interarm-region, before entering the spiral arm, the iso-velocity contours

bend in the northern direction. As the gas gets attracted by the spiral

potential, it first slows down its rotation which is seen in a bending in

the southern direction as the velocity changes towards the central velocity.

Near the spiral arms, the gas gets dragged along the spiral arm. Before

leaving the arm, the bending changes again towards the northern direction

as the gas movement is again dominated by rotation. However, the overall

velocity field in M51 is complex and may consist of a superposition of

different modes of a density wave (Henry et al. 2003).

Equivalent widths

12CO 2–1 For the analysis of the gravitational stability using the Toomre

criterion, the velocity dispersion of the gas is an important parameter pos-

sibly stabilizing the gas locally. The map of equivalent 12CO 2–1 line widths

∆veq =
∫

Tdv/Tpk is shown in Fig. 3.20.

The maximum equivalent widths are observed in the center with values

reaching up to 100 kms−1. The inner spiral structure is clearly visible having

enhanced ∆veq between 20 and 70kms−1 decreasing with galactocentric

radius. In the south-western inner spiral arm, regions with high equivalent

widths at (80′′,-50′′) are correlated with strong distortions of the iso-velocity

contours. Regions with a distance greater than 100′′ from the center show

a significantly lower equivalent width of 15-20 kms−1. At (60′′,100′′) there

is a break of the equivalent widths of the inner spiral arm. They decrease

to 15-20 kms−1 although the spiral arm continues.

In the outer regions, only some regions at the center of the companion

NGC5195, in the south-east at (-100′′,-100′′) and in the north-east at (100′′,-

100′′), show increased equivalent widths of around 40 kms−1 and bending of

the iso-velocity contours. The outer spiral arms only show increased equiva-

lent widths at (-100′′,-100′′) at the connecting arm with the companion. On

the south-western outer spiral arm we observe uniform equivalent widths

of around 15 kms−1. Next, the dispersion of atomic component traced by

H i emission is discussed.
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Figure 3.20: Map of the equivalent width ∆veq of the 12CO 2-1 emission

in kms−1. In contours the velocity field is shown from 350 kms−1 to 600

kms−1 in steps of 7 kms−1.

H i In Fig. 3.21 the square root of the second moment M
1/2
2 =

√

T v2 dv/
∫

T dv of the H i emission is shown. For a Gaussian line pro-

file: M
1/2
2 = FWHM = ∆veq.

The second moments show values of around 30-50 kms−1 in the central

part. In the spiral arm regions in the inner part as well as in the outer

spiral arms the second moment is at 10-20 kms−1. The spiral arms show

higher values of M2 compared to the interarm regions. E.g. in the inner

interarm region at (0′′,100′′) M2 shows values up to 40 kms−1 which is

significantly higher compared to the arm regions. Towards the companion,

the second moments increase again reaching values comparable to the values
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Figure 3.21: Map of the square root of the second moment M
1/2
2 =

(
∫

T v2 dv/
∫

T dv)1/2 of the H i emission in kms−1. We blanked the M2-map

where the H i surface density drops below the 3-σ level of 1.33 M⊙ pc−2.

in the central region. In Fig. 3.22 the radial averaged velocity dispersion of
12CO 2–1, H i and the stellar component of the disk are shown. The gas

dispersions resemble the features described in the maps before. In the radial

averages the H i dispersion is higher compared to the CO dispersion from

a galactocentric radius of 5 kpc (Fig. 3.22).

Comparison of CO and H i equivalent widths

The radial averaged dispersion of the molecular gas exceeds the atomic

dispersion up to a radius of 4 kpc (Fig. 3.22). The decrease of the dispersion

of atomic component in the inner part from around 20 to 10 kms−1 within
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Figure 3.22: Radial averages of the velocity dispersion of CO (σCO), H i

(σH i) and the stellar component (σ∗).

2 kpc is steeper compared to the decrease of the CO dispersion. The radial

averaged atomic component then stays constant at around 10 kms−1 out

to radii of 12 kpc. The CO dispersion drops to 6 kms−1 below the atomic

dispersion at radii of around 6 kpc and increases to 11 kms−1 outwards due

to the increased dispersion in the center of the companion.

Averaged dispersion in spiral arm and interam regions The aver-

age values of the equivalent widths in the inner spiral arm regions, defined

in Fig. 3.8, are 25.9 kms−1 in CO and 21.5 kms−1 in H i (see Tab. 3.5).

In the outer spiral arms the difference is bigger with the H i widths at

18.3 kms−1 compared to 11.1 kms−1 in CO. In the interarm regions the

H i widths are 19.4 kms−1 are on average significantly broader compared

to CO at 7.3 kms−1.

The averaging of the interarm region includes the south-western regions

at (-50′′,−200′′), where the H i widths are significantly smaller compared

to the inner interarm regions. Fig. 3.21 reveals in the inner region that H i

interarm widths exceed the line widths on the spiral arm regions. E.g. the

western inner spiral arm shows H i widths down to 10 kms−1 while the

interarm region exhibits values up to 40 kms−1. This situation is reversed

compared to the picture seen in the CO equivalent widths. We try to give
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a interpretation of this scenario next.

Table 3.5: Equivalent widths ∆veq of CO and H i in M51 averaged over the

areas shown in Fig. 3.8.

∆veq(CO) ∆veq(H i )

[kms−1] [kms−1]

inner spiral arms 25.9 21.5

outer spiral arms 11.1 18.3

interarm region 7.3 19.4

ratio inner/outer spiral 2.3 1.2

inner arm/interarm 3.6 1.1

outer arm/interarm 1.5 0.9

Dissociation scenario for the observed line widths The following

scenario may explain the observations (cf. Garcia-Burillo et al. 1993b; Rand

et al. 1992): the dispersion of the molecular gas is enhanced in the spiral

arms due to frequent collisions of molecular clouds which may be enhanced

by streaming motions driven by the density wave. The atomic clouds in the

arms appear to form a different population as their local velocity dispersion

is much less compared to the molecular gas. We speculate that thus H i in

the arms stems mainly from photo dissociated H2 in GMCs, where the

dispersion has already decreased due to dissipation. The interpretation of

VLA H i and OVRO CO observations by Rand et al. (1992) also favors this

dissociation scenario.

Stars The stellar velocity dispersion, shown in Fig. 3.22, is another impor-

tant parameter for determining the gravitational stability of the combined

disk of gas and stars. In combination with the CO and H i dispersion it

is briefly presented here and later used to determine the stability of the

stellar component.

For the estimation of the stellar velocity dispersion in M51, this analysis

follows Boissier et al. (2003) and Bottema (1993). They showed that the

velocity dispersion follows an exponential fall-off σstars = σ0 exp(−R/2hB)
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depending on the scale length of the B-band hB of the disk. The B-band

scale length is hB = 2.82 kpc (Trewhella et al. 2000) and the central stellar

velocity dispersion in M51 is σ0 = 113 kms−1 (McElroy 1995).

Rotation curve

The rotation curve of M51 is needed to calculate the epicyclic frequency,

introduced in chapter 2, the last missing parameter for the Toomre analysis

in M51. The rotation curve of M51 was derived by Garcia-Burillo et al.

(1993b,a) from the CO 2–1 position-velocity diagram along the major axis

of M51, using the velocities at the peak intensities, and correcting for the

inclination. The rotation curve (Fig. 3.23) rises steeply within 10′′ of the

center indicating the presence of a compact nuclear mass component in

addition to the central bulge and then stays constant at ∼ 200 kms−1 out

to a radius of 10 kpc. We assume here that the rotation curve stays almost

constant further out to at least 12 kpc, ignoring any effect of the companion

galaxy. The definition of the rotation curve used here appears to be more

appropriate for the face-on galaxy M51 than the definition used by Sofue

(1996) who derived the rotation curve from the terminal velocities at which

the peak intensity has dropped to 20% of its value, which leads to very high

velocities of upto 260 kms−1 at radii between 3 and 9 kpc. Next, the stability

of the disk is studied using the Toomre criterion.

3.8.2 Radial Toomre analysis for the gaseous disk

We introduced the Toomre criterion for gravitational stability in section

2.3. The stability analysis for M51 is presented in a two step approach:

this section deals with the gaseous disk only and the contribution from the

stellar component is neglected. This is important to be able to compare to

similar approaches in other galaxies. The next section includes the stellar

component and shows its importance for the gravitational stability of the

disk.
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The Toomre parameter (Toomre 1964) for a gaseous disk is defined as

Qgas(R) ≡ Σcrit(R)

Σgas(R)
=
κ(R)σgas(R)

πGΣgas(R)
, (3.12)

describing the competition of pressure and rotation on the one side and

gravitation on the other side, at a given radius. If Qgas is less than 1, i.e.

when the gas surface density exceeds the critical surface density, the disk

is unstable against axisymmetric perturbations.

In the following, its assumed that the gaseous disk of M51 is almost unstable

as predicted by disk models (e.g. Lin & Pringle 1987), i.e. Qgas = 1, to cal-

culate the critical gas velocity dispersion σcrit necessary to stabilize the gas

against gravitational collapse. Using these assumptions, σcrit is compared

to the observed velocity dispersion of the molecular gas, σCO, as function

of the galacto-centric radius.

Critical velocity dispersion

Fig. 3.23 shows the radially averaged critical velocity dispersion σcrit derived

from the gas surface density and the rotation curve, assuming Qgas = 1

(Equation 3.15). The critical dispersion, necessary to stabilize the gas

against gravitational collapse, lies between 1.7 and 6.8 kms−1. The disper-

sion peaks near R = 5.5 kpc where the H2 surface density is high (Fig. 3.10).

It then declines slowly to ∼ 2 kms−1 at R = 12 kpc.

Observed velocity dispersion

The velocity dispersion of the molecular gas is estimated here from

the equivalent 12CO 2–1 line widths ∆veq =
∫

Tdv/Tpk via σCO =

∆veq/(2
√

2 ln 2).

The map of the CO equivalent widths was discussed and presented in Fig.

3.20. To compare to the radial prediction of the critical dispersion from the

Toomre criteria, Fig. 3.23 shows the radially averaged velocity dispersion

σCO. It drops from ∼ 28 kms−1 in the center to ∼ 6 kms−1 at radii of 7 to
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9 kpc. Further out, it rises again to values of ∼ 8 kms−1. The rise of the

observed dispersion at radii of 10-13 kpc, is due to the increased line widths

in the companion galaxy.

The CO velocity dispersion observed in M51 exceeds the critical dispersion

at all radii. The ratio between the observed and the critical dispersions

drop from a factor of ∼ 5 to almost 1 for radii between 1 and 5 kpc. This

may indicate that the gas is stabilized against collapse at all radii.

However, the observed gas dispersions are averages over the 450 pc beam

and along the elliptical annuli, and are broadened relative to the intrinsic

dispersions due to systematic motions which might not contribute necessar-

ily to local support of the gas against gravity. The influence of the previously

discussed streaming motions on the gravitational stability as well as the in-

fluence of stars will be investigated in the next section. First, the gas-only

stability analysis results are discussed in the context of the literature and

similar studies.

3.8.3 Discussion of the radial Qgas analysis

Several authors have argued that galactic disks are self-regulated through

gravitational instabilities to have their Toomre Q parameter of the order

of 1 (see e.g. Combes 2001). As soon as gas dissipation leads to Σgas >

Σcrit at a given radius, the disk becomes gravitationally unstable, leading

to density waves transferring angular momentum, causing dissipation and

heating of the gas and thus an increase of the velocity dispersion, stabilizing

the disk again. Models indeed indicate that the disk settles at the border

of instability (Lin & Pringle 1987).

Observationally, Qgas has often been found to be larger than 1 by factors of

a few. Kennicutt (1989) derived radial averages of the Toomre-parameter of

a sample of 15 galaxies, assuming a constant velocity dispersion of 6 kms−1,

and found that star formation is restricted to regions where Qgas < 1.5. A

similar conclusion was drawn from a study of 32 nearby spiral galaxies by

Martin & Kennicutt (2001) with few exceptions.15 Similarly, Wong & Blitz
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Figure 3.23: Left: The black drawn line shows the 12CO 2–1 gas dis-

persion σCO derived from the observed equivalent widths. Positions without

detection of 12CO are ignored. The green drawn line shows the gas dis-

persion σcrit, assuming gravitational stability, i.e. Σcrit = Σgas. Right:

The dashed line gives the rotation curve derived by Garcia-Burillo et al.

(1993a).

(2002) also assume a constant velocity dispersion and find Σgas ≈ Σcrit over

a wider range of radii for some of their galaxies while others show deviations

of factors of ∼ 2.

While in the inner 4 kpc of M51, the gas dispersion is large and Qgas lies

between 2 and 5, the stars may contribute here, and push the disk towards

gravitational collapse. In the outer parts the observed CO dispersion is near

the dispersion expected for a self-regulating disk.

15 Both, Kennicutt (1989) and Martin & Kennicutt (2001) included M51 in their sam-

ple, using FCRAO 50′′ CO 1–0 data combined with Hα data. However, the Toomre

parameter and its variation with radius in M51 are not explicitly discussed.
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3.8.4 The combined Toomre parameter Qtotal

Next, we investigate the gravitational stability of the disk of M51 using the

Toomre Q-parameter, taking into account the stellar and gaseous contribu-

tion. In general, the Toomre stability criterion is depending on the epicyclic

frequency κ(R), the velocity dispersion σ(R) of the component considered,

and the surface density Σ (Toomre 1964):

Q =
κ(R)σ(R)

πGΣ
. (3.13)

Map of Qgas Assuming the molecular and the atomic gas in the disk of

M51 are two independent isothermal fluids, the expansion in wavenumber

by Wang & Silk (1994) can be applied, neglecting quadratic and higher or-

der terms in the wavenumber i.e. in the velocity dispersions. The combined

Toomre parameter for the gas in this approximation is:

Q−1
gas = Q−1

H2
+Q−1

H i
. (3.14)

For κ(R), the rotation curve derived from CO is used. For σ(R), we use the

dispersions derived from CO and H i respectively.

Fig. 3.24 shows the map of Qgas The central part shows Qgas parameters

above 10 which is mainly caused by the enhanced velocity dispersions in the

center. Especially the nuclear region in the inner 10′′ the disk is significantly

above the threshold for being gravitationally unstable. The steep rotation

curve may also lead to a broadening of the velocity dispersion in this very

inner region. On the two inner spiral arms the Qgas parameter drops to

values of around 2 and slightly below. Some regions e.g. at 60′′/60′′ drop

below the threshold of 1 and become instable to collapse. There are also

some spur like structures with Qgas significantly above the critical level

disrupting the spiral arms. The whole map but especially the inner region

shows the trend of higher gravitational stability in the interarm regions

which is mainly caused by the lower gas surface density.

In the outer spiral arms the gas becomes less stable compared to the inner

spiral arms. On the outer south-western arm Qgas values on the whole arm
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Figure 3.24: Map of the Toomre parameter for the gaseous component

Qgas. Pixels with Σgas below the 3σ-level are blanked. The contours show

Qgas= 0.5, 1, 2, and 5

.

have values between 0.5 and slightly above 1 indicating a gravitationally

critical environment. The outer north-eastern spiral arm shows Qgas values

between 0.5 and 3 and is generally not as instable as the south-western spiral

arm. Still, large regions on the arm are near the threshold for gravitational

instability. The companion galaxy NGC5195 shows a similar behaviour as

M51 with increasing Qgas up to 3 towards the nucleus.

Adding the stellar component For the inclusion of the stellar compo-

nent, the assumption to two independent isothermal fluids, namely gas and

stars, is made. This is a model, assuming that stellar, atomic and molecular
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components do not interfere with each other severely and perform friction-

less motions (Wang & Silk 1994). The Q-parameter for a pure stellar disk

is calculated analog to Qgas. The epicyclic frequency determined from the

rotation curve is assumed to be identical.

Q−1
tot = Q−1

gas +Q−1
∗ . (3.15)

The calculation of Q∗ is based on the 2Mass K-band image smoothed to

11′′, as described before. In Fig. 3.25, the radial averages of Qtot and Qgas

are shown.

Radial averages of Qtot The radial averaged Toomre parameter Qtot

is at around 2 in the center increasing slightly in the inner spiral arms.

To a galactocentric radius of 10 kpc the Toomre parameter always shows

values between 1.5-3 close to the threshold for gravitational stability of 1.

Fig. 3.25 shows the important impact of the stellar gravitational potential

compared to the gas-only stability analysis. The radial averaged Qtot is thus

always closer to the threshold of Qtot = 1 compared to Qgas. The combined

Toomre parameter is significantly lower in the central part. Qgas is far from

the threshold in the central region at values of around 10.

The importance of the stellar contribution has been studied by Boissier

et al. (2003) using radial averages of the Toomre Q-parameter in their sam-

ple of galaxies comparing Qgas and Qtot. They assume a constant velocity

dispersion and find that the stellar contribution lowers the Q-parameter by

up to 50% towards the critical threshold. In the central part of M51, we

find the impact of the stellar component to be even stronger, reducing the

Q-value by around 70%.

In general, the stability parameter in the disk is near the threshold to

collapse indicating self-regulation of the disk Combes (2001). Before a more

detailed discussion of the results, we estimate the influence of the streaming

motions on the gravitational stability.

Influence of streaming motions To study the effect of streaming mo-

tions on the stability we deconvolved the residual map (Fig. 3.19) from the
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observed map of the 12CO 2–1 equivalent widths ∆veq (Fig. 3.20) assuming

Gaussian line profiles:

∆v2
corr = ∆v2

eq − (vobs − vmod)2 (3.16)

∆vcorr is the intrinsic linewidth, corrected for the broadening caused by

streaming motions. This reduced dispersion leads to a reduction of QH2
,

which is not significant as is estimated below.

A local change of the equivalent widths ∆veq propagates into Qgas according

to Gaussian error propagation - typical values of QH i = 1 − 5, QH2
=

1 − 10 , σCO = 10kms−1 and an error of 50% on the velocity dispersion,

yields absolute uncertainties in Qgas of 0.04-0.56. In the radial averages, the

maximum relative change between the corrected and uncorrected Qtot is

7%. In the following, the streaming motions are neglected and the observed

∆veq is used as a measure for the velocity dispersion of the molecular gas.

Figure 3.25: Radial average of the total Toomre parameter Qtot including

the stellar contribution. In red the radial average of the gas-only Toomre

parameter Qgas is shown.
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3.8.5 The local distribution of Qtot

In the following, we will discuss the gravitational stability using a map of

the Toomre Q-parameter.

Figure 3.26: Map of the total Toomre parameter Qtot including the stellar

contribution. Pixels with Σgas below the 3σ-level are blanked. The contours

show Qtot= 0.5, 1, 2, and 5.

The inner spiral arms show Qtot values between 1-2 near to the threshold

for gravitational stability (Fig. 3.26). The regions between the inner spiral

arms show values up to a factor of 2-3 higher as they lack surface density.

Some spurs disrupting the spiral arms and connecting the spiral arms show

up.
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The outer south-western spiral arm is almost everywhere critical to grav-

itational collapse with Qtot below 1 or around 1. Compared to the radial

averaged analysis of the gaseous component, this result is significantly dif-

ferent as the stellar potential lowers the Q-value as discussed before and we

only find one region at (-130′′,-60′′) with Qtot slightly above 1. The outer

north-eastern spiral arm shows Qtot of around 1 and below and few small

regions reaching values of about 2.

Thus, in summary we see two systematic trends in Qtot: a slight decrease

from the central parts to the outer regions. In the spiral arms peak values

decrease from ∼ 1.5−3 to ∼ 0.5−1. Note, that no systematic change of the

gas depletion times and thus the star formation efficiency from the inner

to the outer parts was found in section 3.6.4. The second evident trend is

a generally lower Qtot for the spiral arm regions compared to the interarm

regions. In the outer disk, beyond the outer spiral arms, the disk is far from

gravitational collapse based on the Toomre analysis.

Qtotal for a constant gaseous velocity dispersion In Fig. 3.27 the

total Toomre parameter using a constant velocity dispersion of the gaseous

component of σ = 6kms−1 is shown. It is closer to the critical regime in the

inner part of M51 up to a radius of 4 kpc. This shows the influence of the

observed velocity dispersion in the central regions where the dispersion of

the gas increases the threshold for instability. In the outer part the observed

dispersions are below the assumed constant velocities. The Q-parameter for

the constant velocity dispersion is everywhere close to 1 and never exceeds

values of 2. The comparison of the results of these different approaches is

important when comparing with results in the literature. The assumption

of a constant dispersion lowers the Q-value in M51, especially in the spiral

arm regions. Next, we compare the obtained results to similar investigations

in other galaxies.

Maps of Qtotal in the LMC A similar study at higher spatial resolution

of the total Toomre parameter combining the stellar and gaseous contri-

bution Qtot has been done in the LMC by Yang et al. (2007) using the

assumption of a constant velocity dispersion. As the LMC has no promi-

nent spiral structure, the Qtot-map by Yang et al. (2007) also shows no
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Figure 3.27: Map of the total Toomre parameter Qtot including the stellar

contribution, assuming σgas = 6kms−1.

spiral arms with enhanced instability. They conclude the importance of the

stellar contribution for the gravitational stability. Correlating the locations

of massive young stellar objects (YSOs) in the LMC with the gravitational

stability, Yang et al. (2007) find 85% inside gravitational unstable regions.

This underlines the importance of gravitational stability of the disk for

large-scale star formation in the LMC.

Both galaxies show large regions near the critical value for collapse indi-

cating possible sites for star formation. The threshold density according to

the Toomre approach is depending on gravity counter balanced by velocity

dispersion and the epicyclic motion of the gas and stars. The result that

Qtot is near 1 in large areas of the disk is notable and has led other authors



3.8: Gravitational stability 105

e.g. Combes (2001) to speculate that self-regulation drives these galaxies

near the threshold of gravitational stability and thus yielding Toomre pa-

rameters of the order of 1.

The self-regulation scenario A sketch of the feedback-cycle is the

following: the birthplaces of stars are deeply embedded in dense cores of

molecular clouds formed through gravitational collapse of molecular mate-

rial. Once massive star formation has set in, the dispersion in the cloud is

increased due to expansion of HII-regions. Stellar winds, supernovae explo-

sions from massive stars and bipolar jets will introduce mechanical energy

in the interstellar medium and locally enhance the dispersion. Before the

formation of molecular clouds and subsequent dissipation leading to star

formation, density waves induce turbulence on large scales via cloud-cloud

collisions in spiral arms. These feedback mechanisms increase the dispersion

of the gas and the Q-value.

The ionization radiation will form atomic gas from the molecular material

which will subsequently cool down, become less turbulent and condensate

forming new molecular clouds. The Toomre parameter will thus decrease

towards gravitational instability. Globally, this regulation keeps Q near 1.

In the interarm regions the gas keeps stable as no stars are formed, although

these feedback mechanisms are not at work.

Simulations including feedback Shetty & Ostriker (2008) use hydro-

dynamic simulations including feedback to study star formation and the

structure of galactic disks. They find that a simple feedback mechanism

with one star formation event per cloud can not sustain a global spiral pat-

tern in galactic disks. This indicates that the modeling of feedback needs to

be improved as spiral structure is evident in observations. Quillen & Bland-

Hawthorn (2008) explain episodic star formation in galaxies by strong feed-

back mechanisms using numerical models.

In recent 3D smoothed particle hydrodynamics simulations of isolated disk

galaxies, Li et al. (2005, 2006) confirmed the major role of gravitational sta-

bility in the process of star formation and were able to examine a threshold
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surface density. This evidence for the Toomre formalism in their simula-

tions is also dominating any magnetic effects on star formation. Magnetic

fields slow the collapse of the gas but do not stop it (Shetty & Ostriker

2008).

Having discussed the gravitational stability and the fraction of molecular

and atomic gas in the disk of M51, next a possible correlation of both is

investigated.

3.9 Correlation of Toomre Q and H2/ H i

Figure 3.28: For every position in M51, the total Toomre parameter Qtotal

is plotted against the ratio of the molecular and atomic surface densities

ΣH2/ΣH i. Blue points mark the inner 70′′ of galactrocentric radius.

In Fig. 3.28, a the Toomre Q-parameter is correlated with ratio of molecular

and atomic surface density in M51. The inner 70′′ radius corresponding to

the central part of the galaxy and the outer parts are discerned.

There is no correlation evident from Fig. 3.28. Low molecular gas fractions

show bothQ-values above and below the critical value of 1. At the molecular

dominated regions the Q-value tends to be above the critical threshold, but

also values below 1 occur.
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Discerning between the inner 70′′ in galactrocentric radius (marked blue in

Fig. 3.28) and the positions lying further outward, there is a clear trend for

higher Q’s in the central part. As seen in the map of the Toomre parameter

before, the main reason for a higher Q is an enhanced dispersion in this

regions. From this result, a clear correlation of the gravitational stability

with the fraction of molecular to atomic gas does not exist in M51.

The gravitational stability of the galactic disk in M51 determines the pos-

sible collapse of gas to molecular condensations and eventually subsequent

star formation. An alternative mechanism of molecular cloud formation by

Wyse (1986) is applied to M51 in the next section.

3.10 Giant Molecular Associations in M51

3.10.1 Formation and destruction of GMCs

Wyse (1986) discussed the observed differences between the radial profiles

of atomic and molecular gas of disc galaxies. She suggested that random

collisions between low-mass atomic clouds in the interarm region create

small molecular clouds, which agglomerate into GMCs in the spiral arms.

These agglomerations of molecular material have typical sizes of around

100 pc and masses of 102-106 M⊙. An example of a Giant molecular cloud

near the Carina nebulae by the Hubble Space Telescope (HST) is shown in

Fig. 3.29.

The collision rate of the atomic clouds is determined by how often a spi-

ral arm is encountered which is expressed by the orbital frequency Ω(R),

reduced by the pattern speed Ωp of the spiral density wave:

ΣH2
∝ (ΣHI)

2(Ω(R) − Ωp). (3.17)

Garcia-Burillo et al. (1993b) derived a pattern speed of Ωp =

27 kms−1kpc−1 and corotation at 7.4 kpc by comparing Monte Carlo sim-

ulations of the cloud hydrodynamics in M51, with the CO data of Garcia-

Burillo et al. (1993a). In the studies of Elmegreen et al. (1992); Zimmer



108 CHAPTER 3. The nearby galaxy M51

Figure 3.29: HST image indicating the Giant molecular cloud associ-

ated with M16 (eagle nebula) at 2.1 kpc distance traced by H i in contours

(www.spacetelescope.org).

et al. (2004, cf.) similar values for pattern velocity and corotation radius

were found. For radii outside corotation, the pattern speed Ωp exceeds the

orbital speed Ω. To estimate the collision frequency, |Ω(R) − Ωp| is used.

Note however, that Garcia-Burillo et al. (1993b) could not exclude the pres-

ence of a second pattern excited by the tidal interaction and corotating with

the companion in the outer parts.

Fig. 3.30 shows the observed ΣH2
versus Σ2

HI|Ω − Ωp|. Note that in this

case the atomic surface density ΣHI is estimated from the VLA map of

integrated H i intensities by Rots et al. (1990) at 13′′ resolution. The ra-

dial averaged ΣHI differs less than 20% from the more recent THINGS data.

Ignoring the singularity near corotation, a fit to the data results in a slope

of 1.01 ± 0.54, in excellent agreement with the predicted slope of 1. Equa-

tion 3.17 describes a remarkable tight correlation between the radial profiles

of the molecular and atomic gas densities squared, showing that these two

surface densities are related through the number of spiral arm passages.

Interestingly, the seven galaxies studied by Wong & Blitz (2002) do not
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Figure 3.30: Molecular gas surface density ΣH2
plotted against (ΣHI)

2|Ω−
Ωp|. The dashed line represents a slope of 1 which holds when ΣH2

∝
Σ2

HI|Ω − Ωp| (Wyse 1986). The drawn line shows the results of a linear

fit, excluding one data point near corotation.

exhibit any such clear correlation. As already discussed in section 3.3.4, H i

clouds are in general found downstream of the spiral arms throughout the

disk, indicating that they are the photo dissociated remnants of GMCs. The

relation proposed by Wyse (1986) thus appears to be a valid description of

the destruction of GMCs, rather than their formation. In the next section,

locations and properties of molecular clouds in M51 based on the 12CO 2–1

observations will be studied systematically.
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3.11 Molecular cloud properties

3.11.1 Gaussclumps

To study the properties of molecular clouds in M51, the 12CO 2–1 emission

of M51 has been decomposed into Gaussian shaped clouds using the

Gaussclumps algorithm by Stutzki & Güsten (1990). Before discussing the

results, an overview of the algorithm and alternative approaches is given

next.

The Gaussclumps-algorithm has been developed to study the clumpy struc-

ture of the interstellar medium and to derive properties of the ensemble of

fitted clumps like mass or the distribution of clumps16. One alternative ap-

proach for the decomposition of emission is eye-inspection (e.g. Lada et al.

1996; Blitz 1993), which is biased towards larger clumps and limited to

less crowded areas. Another commonly used machine-based algorithm is

Clumpfind by Williams et al. (1994). It identifies the local maxima in the

observed intensity and assigns the 3D volume elements of the data cube to

the local maxima. Thus, the clump number is fixed by the number of local

maxima, while the clump shape in Clumpfind can be complex. The identi-

fication of weaker overlapping clumps is problematic in this scheme. Next,

we will briefly describe the Gaussclumps algorithm, used in this thesis:

Gaussclumps iteratively fits a local Gaussian to the global maximum of

the 3D-data cube (two spatial, one velocity component) and subtracts it.

Additional constraints for the fit (imposed through stiffness-parameters)

control the intensity of the fitted Gaussian with respect to the observed

intensity and the relative difference in the positions of the fitted Gaussian

center and the maximum intensity in the actual map. The algorithm fits the

intrinsic, deconvolved widths in all three dimensions to the observed data

taking into account the specified angular and spectral resolutions. It uses a

modified least-square fitting procedure (as described above). Gaussclumps

reproduced artificially created power law indices of clump ensembles with

16 We use the term clumps to describe the discrete units in which the emission is decom-

posed using Gaussclumps.
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an accuracy of 0.1 for the powerlaw index α in the range of 1.1 to 1.75

(Stutzki & Güsten 1990). The output results are the clump center positions,

widths in the two spatial and the velocity coordinates and the clump peak

temperature. The properties of individual clumps, especially at the lower-

mass end where the decomposition is not without ambiguities, are to be

taken with caution.

The algorithm has been applied in several different molecules and sources,

for example by Stutzki & Güsten (1990) in M17 using C18O 2–1 emission.

E.g. Kramer et al. (1998); Simon et al. (2000) studied galactic molecular

clouds using Gaussclumps and find clump mass spectra with a powerlaw

index α = 1.8. Below, we will apply Gaussclumps to identify clumps in the
12CO 2–1 emission of M51.

Cloud properties and selection

The IRAM data set is fully sampled on a 6′′ grid with 5 kms−1 velocity

resolution. We will adopt the notation Giant Molecular Associations

(GMAs) for the fitted massive clumps. This is due to the distance to M51

of 8.4 Mpc and the spatial resolution of 11′′ which corresponds to 470 pc

and is beyond the typical size of single GMCs of around 100 pc. Thus the

lower mass limit in the result for M51 is significantly higher compared to

similar galactic studies, e.g. Kramer et al. (1998).

The iterative clump-fitting algorithm was stopped in the case of the 12CO

2–1 data, if the peak intensity of the fitted clump went below the 3σ limit

of 0.51 Kkms−1 on T∗

A-scale for the 12CO 2–1 data.

Only clumps with a deconvolved size of at least 20% beamsize in both spa-

tial dimensions and channel width were accepted. The 155 accepted clumps

of the IRAM data contain a total mass of 1.48 109M⊙ which corresponds

to 78% of the total molecular gas mass found in M51.

The corresponding central clump positions fitted by Gaussclumps are shown

on top of the 12CO 2–1 integrated intensity map in Fig. 3.31.
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Figure 3.31: Map of the integrated 12CO 2–1 intensity and the 155 clumps

identified by Gaussclumps.

3.11.2 Mass and mass spectrum of clumps

The calculation of the molecular surface density of the clouds is one as

described before in section 3.3.2. Assuming a Gaussian-shaped clump and

a distance to M51 of 8.4 Mpc, the LTE mass is given via:

MLTE = 3327M⊙ × Tmb/K × ∆v/kms−1 × θx/
′′ × θy/

′′. (3.18)

where θx and θy are the angular sizes of the half-axis of the fitted clump,

Tmb is the main beam temperature and ∆v is the FWHM line width.

The clump mass spectra is shown in Fig. 3.32. We used a least-squares fit

weighted with ∆N1/2 to determine a power law index α of the clumpmass
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distribution:

dN/dM ∝M−α. (3.19)

Figure 3.32: Binned mass spectrum of the accepted 155 clumps of the
12CO 2–1 emission in M51.

Table 3.6: Mass spectra of GMCs and GMAs in external galaxies. The

number of identified clouds is given in column 4.

Source Distance Resol. No. α

[pc2]

Antennae 19 Mpc 310 × 480 100 1.4 ± 0.1

M51 8.4 Mpc 450 155 1.7 ± 0.2

M33 850 kpc 50 148 2.6 ± 0.3

M31 780 kpc 90 389 1.6 ± 0.2

LMC 54 kpc 41 168 1.9 ± 0.1

The result for the power law index is α = 1.71 ± 0.24 . The correlation

coefficient is r = 0.95.

This result deviates significantly from the shallow power law found for the

Antennae by Wilson et al. (2003) where a similar spatial resolution was

achieved. The power law index in the study of the LMC (Fukui et al. 2001)

is similar to our result. The spatial resolution of this study of the LMC is

2.6’ and due to the relative proximity of the LMC thus allows to resolve

masses down to single GMCs. The same is valid for the lower mass limit of
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Table 3.7: Mass spectra of GMCs and GMAs in external galaxies. Mmin

and Mmax are the minimum and maximum cloud mass detected. Mturn is

the mass at the turnover of the spectrum.

Source Mmin Mturn Mmax Lit.

[M⊙] [M⊙] [M⊙]

Antennae 2 106 5 106 9 108 Wilson et al. (2003)

M51 5 105 3 106 1 108 this paper

M33 3 104 2 105 7 105 Engargiola et al. (2003)

M31 2 104 1 105 5 105 Muller (2006)

LMC 4104 8 104 3 106 Fukui et al. (2001)

the study by Engargiola et al. (2003) in M33. The power law found in M33

is significantly steeper than in the other galaxies (Table 3.7).

The mass range of the fitted clumps in M51 is 4.9 105 M⊙ to 1.2 108 M⊙
for the 12CO 2–1 data. The clump mass range is of the order of the study of

Supergiant Molecular Complexes in the Antennae by Wilson et al. (2003).

The lower limit in our study goes about one order of magnitude deeper. The

biggest GMA found in M51 has a mass of 1.2 108 M⊙ and is therefore ten

times less massive than the most massive complex found in the Antennae.

Spiral structure of the GMAs

An analysis of the spatial distribution of the most massive clumps found

by Gaussclumps in M51 is presented next. As discussed by e.g. Kennicutt

(1981) spiral arms of galaxies tend to resemble the shape of a logarithmic

spiral.

A logarithmic spiral takes its simplest form in polar coordinates: r(φ) =

r0 exp(tan(ψ)φ). Here r and φ are 2D polar coordinates and ψ is the pitch-

angle of the logarithmic spiral. Hyperbolic and normal spiral shapes yield

worse fits for the centers of the clouds in M51.

In Fig. 3.33 the two fits to the 16 most massive GMAs for a low mass cut

of 2 × 107M⊙ are shown. These clumps resemble 55% of the total mass
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Figure 3.33: The red lines represent logarithmic spiral fits to the distri-

bution of the 16 most massive GMAs in M51 in a φ-lnr-plot. These most

massive clumps fitted by Gaussclumps contain 55% of the total clump mass.

In the right plot the fits and position are shown on a ∆α-∆δ-scale.

decomposed into clumps. We deprojected the center positions of the clumps

using as before a position angle of 170◦ and a inclination of 20◦ and created

a lnr-φ-plot. The linear fits give two logarithmic spirals with pitch angles

ψ1 = 23 ± 6◦ and ψ2 = 20 ± 10◦ for the inner area of M51 out to a radius

of 7.4kpc.

The prominent spiral shape is strongly degenerated if we include more low

mass clumps. This is caused by the locations of the more massive clumps

in the inner region and a strong variation of the pitch angle in the outer

regions of M51. Low mass clumps can also be found on the spurs connecting

the spiral arms and in some innerarm regions as shown in Fig. 3.31.

This results for the pitch angle ψ agree within the errors with the result of

Kennicutt (1981) who obtains ψ = 15 ± 2◦ for M51 via visual inspection

of optical images. Shetty et al. (2007) determine a pitch angle of ψ = 21.1◦

for the spiral arms in the 12CO 1–0 data in accordance with the 12CO 2–1

result.

The derived spiral structure is plotted on the integrated 12CO 2–1 intensity
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Figure 3.34: Map of the integrated 12CO 2–1 intensity and the logarithmic

spirals derived by the distribution of the 16 most massive clumps found by

the Gaussclumps algorithm.

in Fig. 3.34 and shows a good correlation with the inner spiral arms seen

in the integrated intensity.

Next, a summary of the main results obtained for M51 in the last chapter

is presented.

3.12 Summary

Using the complete 12CO 2–1 map of M51 combined with H i VLA data

from the THINGS team, amongst other things the total gas density and
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ratio map of molecular and atomic surface density have been presented.

Additionally, the radio continuum at 20 cm and 850µm dust emission at

similar resolutions were used to study the Schmidt law, the 12CO 2–1 ve-

locity field and the combined gaseous and stellar Toomre Q-parameter. The

gas-to-dust ratio in an underlying exponential disk and in the spiral arms

was calculated. In details the main results are :� Global properties: The total H2 mass of M51 is 1.94 109 M⊙ , the

total H i mass is 2.28 109 M⊙ and the global star formation rate is

2.56 M⊙ yr−1.� The total gas surface density drops from ∼70 M⊙ pc−2 in the center to

∼ 3 M⊙ pc−2 at radii of 12 kpc. The ratio of atomic to molecular gas

surface density rises from 0.1 in the center to 20 in the outer regions.

It is 1 at ∼ 4 kpc. Up to ∼ 6 kpc, the ratio follows a simple power

law of R1.5 similar to that found in other spirals. At larger radii, the

simple power law relation breaks down.� The gas depletion times in M51 vary between 0.1 and 1Gyrs, and are

shorter than in many other non-interacting normal galaxies. Simu-

lations indeed show that interaction can lead to high star formation

efficiencies.� The star formation rate per unit area drops from ∼ 400

M⊙ pc−2 Gyr−1 in the starburst center to ∼ 2 M⊙ pc−2 Gyr−1 in the

outskirts. It is much better correlated with the total gas surface den-

sity than with the surface densities of the molecular or atomic gas.

The correlation follows a Schmidt law Σ̇SFR ∝ Σn
gas with an index

of n = 1.4 ± 0.6. Only few studies of local Schmidt laws exist to

date. The slopes of local Schmidt laws observed in other spirals vary

strongly between 1.2 and 3.3. The slope of 1.4 agrees with recent SPH

simulations of isolated disk galaxies Li et al. (2005).� The averaged total gas density on the inner spiral arms is at around 28

M⊙ pc−2 which is nearly a factor of 3 higher compared to the interarm

regions. The ratio of molecular to atomic gas surface density is highest

in the inner spiral arms at around 50 decreasing to 0.2 in the outer

spiral arms.
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with a scale length of 7.6 kpc. This is comparable to an underlying

exponential disk in the 850µm dust continuum (Meijerink et al. 2005).

The gas-dust ratio stays constant with galactocentric radius at values

of 24 in the exponential disk but varies in the spiral arms from values

of 80-200.� The 12CO 2–1 velocity field shows distinct differences with respect to

purely rotational velocity field and a map of this residuals from purely

rotational motions is shown. The equivalent width of the 12CO 2–1

lines decrease from 100 kms−1 in the central part to less than 15

kms−1 in the outer regions. The second moments of H i show similar

values compared with 12CO 2–1 but a significantly different distribu-

tion with higher dispersion in the interarm regions and lower values

on the spiral arms.� The critical gas velocity dispersions needed to stabilize a gas-only

disk against gravitational collapse in M51, vary with radius between

1.7 and 6.8 kms−1 applying the Toomre criterion. Observed radially

averaged dispersions derived from the CO data exceed the critical

dispersions by factors of 1 to 5.� The gravitational stability using a combined stellar and gaseous

Toomre parameter Qtotal was also presented. The impact of the stel-

lar component on the stability is significant. It lowers Qtotal up to 70

%. The Toomre parameter is thus close to the threshold for instabil-

ity Q = 1. The values of the Toomre parameter vary between 5 in

the interarm regions decreasing to below 1 on the spiral arms. In gen-

eral, the spiral arm regions are close to the threshold for gravitational

instability. This result indicates self-regulation in the disk of M51.� The Wyse relation describing the accumulation of molecular clouds

from atomic clouds (ΣH2
versus Σ2

HI|Ω − Ωp|) holds with a nearly

linear slope in M51.� The 12CO 2–1 emission is decomposed into clumps using Gauss-

clumps. The clump mass spectrum is fitted by a powerlaw with a

powerlaw index α = 1.7 ± 0.2. The mass rage of the clumps in M51

extends from 2106 to 9 108 M⊙.
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Chapter 4

The physical conditions in

the central regions of

galaxies

4.1 Introduction

Parts of this chapter have been published in� Hitschfeld, M., Aravena, M., Kramer, C., Bertoldi, F. and the

NANTEN2-Team, Astronomy & Astrophysics, 2008, in press.

In this chapter, we study the physical conditions, namely the temperature,

density and column density of the spiral galaxies NGC4945 and Circinus.

The spiral galaxies NGC 4945 and Circinus are relatively nearby at dis-

tances of ∼ 3.7 and ∼ 4Mpc. They belong to the nearest but also infrared

brightest galaxies on the sky indicating strong emission also in the sub-mm

domain and thus ideal targets for this study on the physical conditions

using sub-mm line transitions.
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First, we present the major properties of the sources and the results of

previous studies in these sources. Afterwards, we introduce the observa-

tions with the new NANTEN2 submm telescope on Pampa la Bola, Chile

and analyze the integrated line intensities using the escape probability

formalism, which was summarized in chapter 2. Subsequently, the results

of the observations and the radiative transfer modeling are compared with

similar observations in other extragalactic sources.

Table 4.1: Basic properties of Circinus and NGC4945. LIR is the total mid and

far infrared luminosity calculated from the flux densities at 12µm, 25µm, 60µm,

100µm listed in the IRAS point source catalogue (Lonsdale & Helou 1985) using

the formulae given in Table 1 of Sanders & Mirabel (1996) and the distances listed

below. References: a RC3 catalogue of de Vaucouleurs et al. (1991), b Mauers-

berger et al. (1996), c Freeman et al. (1977), d Curran et al. (1998), e Fullmer &

Londsdale (1989) .

Circinus NGC 4945

RA(2000) 14:13:09.9 13:05:27.4

DEC(2000) -65:20:21 -49:28:05

Type SA(s)ba SB(s)cda

Distance [Mpc] 4.0d 3.7b

38′′ correspond to 732 pc 682 pc

LSR velocity [kms−1] 434 555

Inclination [deg] 65c 78b

LIR [1010 L⊙] 1.41g 1.39g

S100[Jy] 3.16 102 6.86 102

4.1.1 NGC 4945

NGC 4945, a member of the Centaurus group of galaxies, is seen nearly

edge-on (Table 4.1) with an optical diameter of ∼ 20′ (de Vaucouleurs

et al. 1991). H i kinematics indicate a galaxy mass of 1.4 1011 M⊙ within

a radius of 6.3′ with molecular and neutral atomic gas contributing ∼ 2%

respectively (Ott et al. 2001).
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Figure 4.1: ESO optical image of the spiral galaxy NGC4945.

With a dynamical mass of ∼ 3 109 M⊙ in the central 600 pc (Mauersberger

et al. 1996), it is one of the strongest IRAS point sources with almost all

the far infrared luminosity coming from the nucleus (Brock et al. 1988).

Observations of the X-ray spectrum are consistent with a Seyfert nucleus

(Iwasawa et al. 1993), and further analysis of optical imaging and infrared

spectra (Moorwood & Oliva 1994) suggests that this object is in a late

stage on the transition from starburst to a Seyfert galaxy. Its nucleus was

the first source in which a powerful H2O mega maser was detected (Dos

Santos & Lépine 1979).

Studies in H i (Ables et al. 1987) and low-J CO transitions (Whiteoak et al.

1990; Dahlem et al. 1993; Ott 1995; Mauersberger et al. 1996) suggest the

presence of a face-on circumnuclear molecular ring. Millimeter molecular
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multiple transition studies (Wang et al. 2004; Cunningham & Whiteoak

2005) are consistent with this result. The bright infrared and radio emis-

sion in the nucleus (Ghosh et al. 1992), and the evidence that large amounts

of gas seem to coexist in the central 30′′ (Henkel et al. 1994) make it par-

ticularly suited for studying the high density environment in the center of

this galaxy.

4.1.2 Circinus

Figure 4.2: HST composite image of the spiral galaxy Circinus.

The nearby starburst spiral Circinus has a small optical angular diame-

ter of ∼ 7′ compared to its hydrogen diameter DH = 36′ defined by the

1 1020atoms cm−2 contour in Freeman et al. (1977).

Circinus has a dynamical mass of ∼ 3 109 M⊙ within the inner 560 pc (Cur-

ran et al. 1998) matching the value obtained for NGC 4945. Large amounts

of molecular gas have been found by studies of low-J CO observations (Jo-

hansson et al. 1991; Aalto et al. 1995; Elmouttie et al. 1998; Curran et al.
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1998) including C17O, C18O and HCN (Curran et al. 2001). The strong

H2O maser emission found (Gardner & Whiteoak 1982) trace a thin accre-

tion disk of 0.8 pc radius, with a significant population of masers lying away

from this disk, possibly in an outflow (Greenhill et al. 1998). Its obscured

nucleus is classified as X-ray Compton thick Seyfert 2. It shows a circumnu-

clear star burst on scales of 100 - 200 pc (Maiolino et al. 1998) with complex

structure of H ii as seen in HST Hα images (Wilson et al. 2000). Adaptive

optics studies find there has been a recent star burst (∼ 100 Myr old) in

the central 8 pc accounting for 2% of the total luminosity (Mueller Sánchez

et al. 2006). The strong FIR emission, the large molecular gas reservoir,

the existence of a molecular ring associated with star burst activity (Cur-

ran et al. 1998) and the similarity with NGC 4945 make Circinus and the

former ideal objects for comparative studies of the dense and warm ISM in

their nuclei.

4.1.3 The importance of submm lines in NGC4945 and

Circinus

Both NGC4945 and Circinus show a strong central star burst activity which

is fed by large amounts of molecular material which has been studied ex-

tensively at millimeter wavelengths (e.g. Curran et al. 2001; Wang et al.

2004). Sub-millimeter observations are largely missing. The important ro-

tational transitions of CO with J ≥ 4 and the fine structure transitions

of atomic carbon have not yet been observed. These transitions often con-

tribute significantly to the thermal budget of the interstellar gas in galactic

nuclei and are therefore important tracers of the physical conditions of the

warm and dense gas. We motivated the importance of submm-observations

and in particular of CO and [C i] in chapter 1. The CO 4–3 transition in

particular is a sensitive diagnostic of the dense and warm gas while the CO

1–0 transition traces the total molecular mass.

Heating mechanisms The strong cooling emission is balanced by

equally strong heating caused by the vigorous star formation activity in

the galaxy centers. The variation of CO cooling intensities with rotational

number, i.e. the peak of the CO cooling curve, reflects the star forming
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activity (Bayet et al. 2006) and, possibly, also the underlying heating mech-

anisms. Several mechanisms have been proposed to explain the heating of

the ISM in galactic nuclei and it is currently rather unclear which of these is

dominating in individual sources (e.g. Wang et al. 2004). Heating by X-rays

from the active galactic nuclei (AGN) may lead to strongly enhanced in-

tensities of high-J CO transitions (Meijerink et al. 2007), possibly allowing

to discriminate this heating mechanism from e.g. stellar ultraviolet heating

via PDRs (e.g. Bayet et al. 2006). The greatly enhanced supernova rate by

several orders of magnitude relative to the solar system value leads to an

enhanced cosmic ray flux, providing another source of gas heating in the

centers (Farquhar et al. 1994; Bradford et al. 2003).

Another mechanism for heating is provided by shocks. The most impor-

tant, large-scale shocks, are produced by density wave instabilities which

induce gravitational torques (in spiral arms and/or bars) and make the gas

fall into the nucleus (Usero et al. 2006). A non-negligible contribution is

also given by shocks produced by supernovae explosions. On smaller scales,

bipolar outflows from young stellar objects (YSO) can also contribute to

this heating although to a lesser extent (e.g. Garćıa-Burillo et al. 2001).

4.2 Observations with the NANTEN2 telescope

Figure 4.3: The NANTEN2 sub-millimeter telescope at Pampa la Bola,

Chile. Picture taken by R.Simon.

The NANTEN2 sub-millimeter telescope (e.g. Simon et al. 2007; Kramer

et al. 2007) on Pampa la Bola at an elevation of 4900m together with

a dual channel 490/810 GHz receiver was used to observe the centers of

NGC 4945 and Circinus (Table.4.1) in CO 4–3 and [C i] 1–0. This telescope

is operated jointly by the Nagoya University radioastronomy group , the

KOSMA group from Universität zu Köln, the University of Bonn and other

contributing partners from Chile, Australia and Korea.
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The observations were done from September to October 2006 using

position-switch mode with 20 sec On- and 20 sec Off-time. In October 2007

we re-observed 12CO 4–3 in the centers of NGC4945 and Circinus with

the newly available chopping tertiary in double beam-switch mode yielding

significantly improved baselines and removing atmospheric features in the

spectra. In NGC 4945 the total integration times ON-source are 17 min and

10 min for 12CO 4–3 and [C i] 1–0 respectively and in Circinus integration

times ON-source are 10 min and 34 min for 12CO 4–3 and [C i] 1–0 respec-

tively at source elevations of 40-60◦. The relative calibration uncertainty

derived from repeated pointings on the nuclei is about 15%.

Observation mode and telescope characteristics Position-switching

was conducted by moving the telescope 10′ in azimuth, i.e. out of the

galaxy. Using double beam-switch (dbs) mode, the chopper throw is fixed

at 162′′ in azimuth with a chopping frequency of 1 Hz. Typical double-

sideband receiver temperatures of the dual-channel 460/810 GHz receiver

were ∼250 K at 460 GHz and 492 GHz. The system temperature varied

between ∼850 and ∼1200 K. As backends we used two acusto optical spec-

trometers (AOS) with a bandwidth of 1 GHz and a channel resolution of

0.37 kms−1 at 460 GHz and 0.21 kms−1 at 806 GHz. The pointing was reg-

ularly checked and pointing accuracy was stable with corrections of ∼ 10′′.

The half power beam width (HPBW) at 460 GHz and 492 GHz is 38′′ with

a beam efficiency Beff = 0.50 and a forward efficiency Feff = 0.86 (Si-

mon et al. 2007). The calibrated data on T ∗

A-scale were converted to Tmb

by multiplying with the ratio Feff/Beff . The standard calibration proce-

dure derives the atmospheric transmission (averaged over the bandpass)

from the observed difference spectrum of hot load and blank sky, the latter

taken at a reference position. Next, the model atmosphere atm is used to

derive the atmospheric opacity taking into account the sideband imbalance.

This is an important correction, especially when observing the CO 4-3 and

[CI] 1-0 lines. This pipeline produces the standard spectra on the antenna

temperature scale (T ∗

A). In addition, we removed baselines up to first order.

The 810 GHz channel was not used for these observations due to insufficient

baseline stability. All data presented subsequently are on the Tmb scale.

Next, we will present the spectra of CO 4–3 and [C i] 1–0 in NGC4945 and
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Circinus and present complementary data, needed for the radiative transfer

modeling.

4.2.1 Spectra of CO 4–3 and [C i] 1–0

Figure 4.4: CO 4–3 and [ C i] 1–0 spectra of Circinus and NGC4945 ob-

tained with the NANTEN2 telescope together with low-J CO observations

by Curran et al. (2001, 1998); Mauersberger et al. (1996). All data are at

38′′ resolution, only the CO 3–2 spectrum of Circinus is at 15′′ resolution.

The small amount of excess emission in the blue wing of the [ C i] 1–0 line

in Circinus maybe caused by small pointing variations in the eastern direc-

tion as emission in lower-J CO lines extends to this region and velocities

(Curran et al. 1998).

Fig. 4.4 shows the 12CO 4–3 and [C i] 1–0 spectra of NGC 4945 and Circinus

obtained with the NANTEN2 telescope. CO 4–3 spectra peak at 700 mK in

NGC 4945 and 250 mK in Circinus. Outside the velocity ranges of 350–

800 kms−1 and 200–600 kms−1 respectively, the baseline rms values are

11 mK and 25 mK, respectively, at the velocity resolution of 15 kms−1.

[C i] 1–0 spectra peak at 900 mK in both galaxies while the rms values are

110 mK and 140 mK, respectively. The [C i] 1–0 area-integrated luminosities

are 91 Kkms−1kpc2 and 67 Kkms−1kpc2 in NGC4945 and Circinus.
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Curran et al. (2001, 1998) and Mauersberger et al. (1996) mapped the

low-J 2–1, and 3–2 transitions of CO in the centers of both galaxies with

SEST. We smoothed these data to the resolution of the NANTEN2 data,

i.e. to 38′′. Only the 12CO 3–2 spectrum in Circinus is shown at its original

resolution of 15′′ because a map of the central region could not be retrieved.

Calibration of the CO 3–2 spectrum in NGC 4945 was confirmed recently

at APEX (Risacher et al. 2006). The 12CO 1–0, 13CO 1–0 and 13CO 2–1

spectra of the central region of NGC 4945 and Circinus are presented in

Curran et al. (2001). Integrated intensities are given in Table 4.2.

Table 4.2: Observed line intensities in Circinus and NGC4945. Calibration un-

certainties are estimated to be 15%. The spectra in Fig. 4.4 and the integrated in-

tensities correspond to the listed angular resolution (FWHM). References: aCurran

et al. (2001),b Mauersberger et al. (1996).

Circinus NGC 4945

line transition Iint Iint FWHM

[Kkms−1] [Kkms−1] [′′]

CO 1–0a 180 510 45

CO 2–1a 177 390 38

CO 3–2b - 330 38

CO 3–2b 230 - 15

CO 4–3 58 212 38
13CO 1–0a 12 30 45
13CO 2–1a 19 45 38

[CI] 1–0 163 248 38

NGC 4945 shows broad emission between 350 and 800 kms−1. The CO 4–3

line shape resembles the line shapes of 1–0 and 2–1.The line shape of [C i]

1–0 is similar to that of the CO transitions with a slightly higher peak

temperature than CO 4–3.

In CO 1–0 and 2–1, Circinus shows broad emission between 200 and about

600 kms−1. The velocity component at ∼ 550 kms−1 becomes weaker with

rising rotational number. Emission of [C i] 1–0 is restricted to 200 and

∼ 500 kms−1 only. In Circinus, the [C i] peak temperature is a factor ∼ 3

stronger than CO 4–3.
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In the next section we estimate the CO and [C i] column densities from the

integrated intensities in LTE approximation and using an Galactic X-factor.

After that more sophisticated radiative transfer calculations in the escape

probability approximation are used to determine the physical conditions.

4.3 Physical conditions

LTE In the optically thin limit, the integrated intensities of [C i] and
13CO listed in Table 4.2 are proportional to the total column densities.

Local thermal equilibrium (LTE) column densities of carbon are rather

independent of the assumed excitation temperatures (e.g. Frerking et al.

1989). We find NC = 3.4 − 3.9 1018cm−2 in NGC 4945 and NC = 2.2 −
2.5 1018cm−2 in Circinus for a temperature range of Tex = 20 − 150 K.

We used the 13CO J=1–0 and J=2–1 integrated intensities to derive to-

tal CO column densities, assuming LTE, optically thin 13CO emission, a

CO/13CO abundance ratio of 40 (Curran et al. 2001), and Tex = 20 K. We

find a total CO column density of NCO= 1.0-1.7 1018cm−2 and NCO= 4.1-

6.7 1017cm−2 in NGC 4945 and Circinus respectively depending on which

transition is used, 1–0 or 2–1. Varying the temperature to Tex = 150 K

the column density of CO slightly increases up to NCO= 3.2 1018cm−2 and

NCO= 1.4 1018cm−2 for NGC4945 and Circinus.

X–factor method Another method is using the Galactic CO 1–0 to H2

conversion factor XMW = 2.3 1020cm−2(Kkms−1)−1 (Strong et al. 1988;

Strong & Mattox 1996) and the canonical CO to H2 abundance of 8.5 10−5

(Frerking et al. 1982) to derive NCO= 3.5 1018cm−2 for Circinus, i.e. a factor

of ∼ 10 larger than the LTE estimate indicating that the X-factor is only

1/10 Galactic. As the abundance of CO maybe different in NGC4945 and

Circinus this result has to be taken with caution.

For NGC4945 Wang et al. (2004) derive an X-factor 7 times smaller than

the Galactic which leads to NCO= 1.4 1018cm−2 in good agreement with

the LTE approximation from 13CO. The LTE column density derived from
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13CO in Circinus also indicates an X-factor which is around 10 times smaller

than the Galactic value.

The CO/C abundance ratio is 0.29-0.50 in NGC 4945 and 0.19-0.27 in Circi-

nus using the LTE column densities.

4.3.1 Escape probability calculations using CO and 13CO

We modeled the 12CO and 13CO emission lines using an escape probability

radiative transfer model for spherical clumps. The radiative and collisional

excitation mechanisms, all relevant quantities and the escape probability

approximation were introduced in chapter 2. For the modeling we use the

escape probability code by Stutzki & Winnewisser (1985).

Model input Input parameters in the model are the CO collision rates of

Schinke et al. (1985), energy levels of the transitions and Einstein A-values.

The physical parameters kinetic temperature Tkin, molecular density n(H2),

and column density NCO determine the excitation conditions in this non-

LTE model (Table 4.3).

In NGC 4945 and Circinus, we used the ratios of the observed integrated

intensities of CO 1–0 to 4–3 and the 13CO 1–0 and 2–1 transitions (Curran

et al. 2001) to obtain column densities, density and kinetic temperature,

assuming a constant 12CO/13CO abundance ratio. Using line ratios at sim-

ilar resolution gives us the advantage that the beam filling factor cancels

out in the ratio. We used an abundance ratio of 40 in both sources in ac-

cordance with Curran et al. (2001). The escape probability code uses an

internal clump line width ∆vmod which is hardly effecting the outcome of

the model in the reasonable range of 1-20 kms−1.

A χ2-fitting routine then compared in a simultaneous fit the J line ratios of

the model output Rj
mod to the ratios of the observed integrated intensities

Rj
obs and determined the model with the minimal χ2. We compute the

normalized χ2 with the degrees of freedom d = J − p and J being the
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number of independent ratios and p the number of parameters, in our case

Tkin, n(H2) and NCO, to be determined :

χ2 =
1

d

J
∑

j=1

(Rj
mod −Rj

obs)/σj . (4.1)

The errors σj due to calibration uncertainties are estimated to be 20%.

In Circinus the 12CO 3–2 line is missing leaving one degree of freedom

compared to two in NGC 4945.

Tkin and n(H2) are determined with this step. To compare the modeled

integrated intensities Imod to the absolute observed intensities Iobs we have

to account for the velocity filling, due to the velocity width ∆vmod of an

individual clump to the width of the galaxy spectrum ∆vobs and the beam

dilution, due to the size of the modeled clump Acl compared to the beam

area Abeam.

Velocity filling and beam dilution The large velocity width of the

observed spectra implies several clumps in the beam Ncl=n∆vobs/∆vmod

with n ≥ 1 (Table 4.3). The beam dilution is determined by the fraction

of modeled clump area to the beam size which we express in terms of

an area filling factor per clump φA,cl= Acl/Abeam. The total area filling

factor is φA= Ncl φA,cl. The size of the clump with radius R, Acl = πR2,

can be inferred via the mass M and density n(H2) of the clump: R =

(3/(4π)M/n)(1/3) . In summary, the modeled intensities of the individual

clumps Imod are converted to the intensities of a clump ensemble Iens which

can then be compared with the observed intensities:

Iens = Imod ×Ncl × φA,cl = Imod × φA. (4.2)
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Table 4.3: Escape probability model results with two representative solutions for

each source.NCO and NH2
denote the total beam averaged column density of CO

and H2, i.e. local clump column densities weighted by the total area filling factor

φA. M denotes the total mass. Ncl is the number of clumps in the beam, ∆vmod

is the modeled velocity width and φA is the total filling factor to convert from

modeled to observed intensities. The total cooling intensities are given in units of

10−5ergs−1cm−2sr−1.

Circinus NGC 4945

χ2 2.0 9.6 4.8 12.4

n(H2)loc [cm−3] 104 103 3 104 103

Tkin [K] 20 100 20 100

NCO [1016cm−2] 35 50 76 63

NC [1016cm−2] 230 30 330 98

NH2
[1020cm−2] 37 46.5 89 74

M [106M⊙] 630 792 1385 1114

∆vmod [kms−1] 5 5 10 10

∆vobs [kms−1] 186 186 188 188

Ncl 50 38 35 40

φA 2.0 6.3 1.5 4.0
12CO/13CO abundance ratio 40 40 40 40

CO/C abundance ratio 0.15 1.67 0.23 0.64

[C i] cooling intensity 4.1 7.88 7.2 11.8

CO cooling intensity 2.1 2.8 6.6 5.7

[C i] /CO cooling intensity ratio 2.0 2.8 1.1 2.1

Results in NGC 4945

Fig. 4.5b shows the observed intensities of CO, 13CO, and [C i] together

with two representative solutions of the radiative transfer calculations (see

also Table 4.3).

CO. Fitting the CO and 13CO lines, we find a degeneracy in the n(H2)-

Tkin plane of the solutions for a rather constant pressure n(H2)× Tkin ∼ 105

Kcm−3. The best fits are achieved for a 12CO/13CO abundance ratio of 40,
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similar to the value found by Curran et al. (2001). Low χ2-values (see Ta-

ble 4.3) constrain the densities to n(H2) = 103−105cm−3 and temperatures

to a wide range of Tkin=20-180 K with higher temperature solutions corre-

sponding to lower densities. The best fitting solution is n(H2) = 3 104cm−3

and Tkin=2 0K. However, this solution is not significantly better than e.g.

n(H2) = 103cm−3 and Tkin=100 K (Fig. 4.5b, Table 4.3).

The fitted column density NCO agrees with the LTE approximation for the

CO-column density within a factor of 2–3.

The peak of the modeled CO cooling curve at J=4 contains 35.6% of the

total 12CO cooling intensity of 6.6 10−5 ergs−1cm−2sr−1 computed by sum-

ming of the cooling intensity of the 12CO transitions from J=1 to 20 for

the Tkin=20 K solution.

We use the radiative transfer model to predict the 12CO 7–6 intensity. It is

rather weak, depending strongly on Tkin. It varies from 1.3 Kkms−1 for the

Tkin=20 K solution to 4.1 Kkms−1 for the Tkin=100 K fit.

Curran et al. (2001) find in this source n(H2)=3×103cm−3 and Tkin=100

K from 12CO observations of the 3 lowest transitions and 13CO data of the

two lowest transitions. In their multi-transition study Wang et al. (2004)

estimate a density of n(H2)= 103cm−3 for an assumed temperature Tkin=50

K from CO transitions up to J = 3. In contrast, the observed CN and

CH3OH lines indicate local densities around 104cm−3. The solutions for CO

and 13CO found in the literature are in good agreement with our parameter

space of solutions showing that the additional CO 4–3 line does not help

significantly to improve on the fits.

Atomic carbon. Assuming the same density, kinetic temperature, ve-

locity filling, and beam dilution for Carbon as for CO, we use the observed

[C i] intensity and the radiative transfer model to estimate the carbon col-

umn density and hence the CO/C abundance ratio. The CO/C abundance

ratio varies between 0.23 and 0.64 for the two solutions listed in Table 4.3.

The corresponding carbon column densities are NC = 3.3 1018cm−2 and

NC = 9.8 1017cm−2 for the high and the low density solution, respectively.

The column density for the latter solution is a factor of 3 lower compared to
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the LTE carbon column density. The assumption of optically thin emission

in the LTE might be overestimating the column density compared to the

escape probability modeling. We also use the model to predict the [C i] 2–1

intensity. It is 16 Kkms−1 for the Tkin=20 K/n(H2) = 3 104 cm−3 solution.

However, this result is critically depending on the kinetic temperature. The

Tkin=100 K/n(H2) = 103 cm−3 solution yields 182 Kkms−1. Also, the [C i]

2–1/[C i] 1–0 line ratios change from 0.07 to 0.75, depending on the solu-

tion.This shows that the high lying transitions can be used to break the

degeneracy. The total cooling intensity of both [C i] lines is listed in Ta-

ble 4.3 for both presented solutions. The cooling intensity of the two [C i]

lines is thus of the order of the total cooling intensity of CO with the C/CO

cooling intensity ratio varying between 1.1-2.1 for the discussed solutions.

Figure 4.5: Radiative transfer modeling results and observations: Filled

blue points show the observed CO and blue circles the modeled CO. The

dotted line indicates the best fit solution. Filled red triangles show the ob-

served 13CO and red triangles the modeled 13CO. Dash-dotted lines show a

higher temperature solution. Filled black points are the observed [CI] inte-

grated intensities and black circles the predicted [CI] integrated intensities.

Results in Circinus

CO. The modeled CO cooling curves are shown in Fig. 4.5a and the fit

results are summarized in Table 4.3. The CO line ratios are given for a

∆ vmod=5 kms−1 so there are about 40 clouds in the beam to account for
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the observed velocity width of ∆ vobs=186kms−1. The assumed 12CO/13CO

abundance ratio of 40 is slightly lower than the values of ∼ 60, found by

Curran et al. (2001).

Good fits corresponding to low χ2 (see Table 4.3) can be found for densities

of n(H2) = 103 − 104.5cm−3 and a large range of temperatures of Tkin=20-

160 K while the product of n(H2) × Tkin stays approximately constant at

∼ 105Kcm−3. Again, a number of solutions provide consistent CO cooling

curves.

The lowest χ2 is obtained for n(H2) = 104cm−3, Tkin=20 K and a col-

umn density of NCO = 3.5 1017cm−2 assuming 50 modeled clumps in the

beam. The column density NCO is well determined showing a steep gradient

of χ2-values for varying densities and temperatures. This is in reasonable

agreement with the LTE-approximation from 13CO. A second solution at

n = 103cm−3 and Tkin=100 K also lies within the 1σ-contour of the χ2

distribution (cf. Fig. 4.5 and Tab.4.3).

The results agree well with the solutions found by Curran et al. (2001).

They find Tkin=50-80 K and n(H2) = 2 103cm−3 from observations of the

3 lowest 12CO transitions and the 2 lowest 13CO transitions.

The modeled CO cooling curve peaks at J=4 containing 35% of the total
12CO cooling intensity of 2.1 10−5 ergs−1cm−2sr−1 for the Tkin=20 K fit.

The predicted integrated intensity of 12CO 7–6 is very weak, varying

strongly from 0.1 Kkms−1 for the Tkin=20 K solution to 1.9 Kkms−1 for

Tkin = 100 K.

Atomic carbon. Assuming the same density and temperature for carbon

as for CO, we use the best fitting CO model to derive the [C i] 1–0 intensity,

carbon column densities, and CO/C abundance ratios. The predicted CO/C

abundance ratio is 0.15, again consistent with the optically thin LTE result.

The predicted [C i] 2–1 integrated intensity is 6.1 Kkms−1.

As in NGC 4945, changing the temperature has a big effect on the [C i] 2–1

intensity. The Tkin=100 K solution yields 111 Kkms−1 and a higher CO/C
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abundance ratio of 1.67. Thus the [C i]2–1/[C i]1–0 line ratios changes from

0.04 to 0.74.

The corresponding carbon column densities for the two presented solutions

are NC = 2.3 1018cm−2 and NC = 3.0 1017cm−2, respectively. For the latter

solution the column density is about a factor of 10 lower compared to the

LTE carbon column density. The optically thin assumption for the LTE

modeling is obviously not working in the high temperature and low density

scenario.

The total cooling intensity ratio of [C i] /CO is varying from 2.1 to 2.8 for

the presented solutions. Carbon is a stronger coolant than CO by a factor

of 2-3.

Next, we will discuss the results obtained from observations and radiative

transfer modeling in the context of previous extragalactic investigations.

First, the purely observationally determined quantities like [C i] luminos-

ity, [C i] 1–0/CO 4–3 and [C i] 1–0/ 13CO 2–1 line ratios are compared to

previous extragalactic observations. Subsequently, results based on the ra-

diative transfer calculations like abundance ratios and total cooling power

are discussed.

4.4 Summary and discussion

[C i] 1–0 luminosities

The [C i] 1–0 luminosities for the centers of the Seyfert galaxies NGC 4945

and Circinus are 91 and 67 Kkms−1kpc2 (Fig. 4.6). To date, about 30 galac-

tic nuclei have been studied in the 1–0 line of atomic carbon, most of which

are presented in Gerin & Phillips (2000) and Israel & Baas (2002). The [C i]

luminosity of a source is an important property since it gives the amount

of energy emitted per time which is proportional to the number of emitting

atoms, i.e. proportional to the [C i] column density in the limit of optically

thin emission. The NANTEN2 38′′ beam achieves ∼700 pc resolution in
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Circinus and NGC 4945 which both lie at ∼4 Mpc. To achieve the same spa-

tial resolution for galaxies at ∼12 Mpc distance, e.g. for NGC 278, NGC 660,

NGC 1068, NGC 3079 and NGC 7331 listed in Israel & Baas (2002), one

would need an angular resolution of ∼ 13′′, comparable to the 10′′ JCMT

beam at 492 GHz. The luminosities studied in these 7 sources do thus all

sample the innermost ∼700 pc. Area integrated [C i] luminosities are found

to vary strongly between ∼1 and ∼ 160 Kkms−1kpc2 in these 7 galaxies

(Fig. 4.6) (Israel 2005; Israel & Baas 2002). Quiescent centers show modest

luminosities 1 ≤ L([C i])≤ 5Kkms−1kpc2, while starburst nuclei in general

show higher luminosities. The largest luminosities are found in the active

nuclei of NGC 1068 and NGC 3079 which show 50 and 160 Kkms−1kpc2

(Israel & Baas 2002). NGC4945 and Circinus also fall in this category

(Fig. 4.6).

[C i] 1–0/CO 4–3 line ratios

The [C i] 1–0/CO 4–3 ratio of integrated intensities is 1.2 in NGC 4945 and

2.8 in Circinus. For Circinus the ratio is larger than any ratios previously

observed in other galactic nuclei or in the Milky Way. The [C i]1-0/CO 4–3

ratio is shown in Fig. 4.6) versus the area integrated [C i] luminosity. As also

discussed in Israel & Baas (2002), we see no functional dependence. Galactic

sources (not shown in this figure) would be lying in the lower left corner.

Israel (2005) studies 13 galactic nuclei and finds that the [C i] 1–0 line is in

general weaker than the CO 4–3 line, but not by much. Ratios vary over

one order of magnitude between 0.1 in Maffei2 and 1.2 NGC 4826. Galactic

star forming regions like W3 Main or the Carina clouds show much lower

values, between about 0.1 and 0.5, which are consistent with emission from

PDRs (Kramer et al. 2004; Jakob et al. 2007; Kramer et al. 2007). Fixsen

et al. (1999) find 0.22 in the Galactic center and 0.31 in the Inner Galaxy.

The variation seen in the various Galactic and extragalactic sources appears

to be intrinsic and not due to observations of different angular resolutions.

This is because the frequencies of the two lines are very close and angular

resolutions are therefore similar if the same telescope is used.
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Figure 4.6: a) [ C i]1-0/13CO 2–1 ratios versus L([C i]). b) [ C i]1-0/CO

4–3 ratios versus L([C i]). Black points are the results from Israel & Baas

(2002) and red points are the ratios from this thesis.

[C i] 1–0/ 13CO 2–1 line ratios

The [C i] 1–0/ 13CO 2–1 line ratios in NGC 4945 and Circinus are 5.51 and

8.57, respectively (Fig. 4.6).In NGC4945, the observed ratio is consistent

with results found in previous studies (Israel & Baas 2002; Gerin & Phillips

2000) ranging up to ratios of 5. For Circinus, the ratio is again higher than

any previous measurement.

Two thirds of the sample of galaxies studied by Israel & Baas (2002) show

[C i] 1–0/ 13CO 2–1 line ratios well above unity. The sample consists of qui-

escent, star burst and active nuclei. The highest [C i] 1–0/ 13CO 2–1 ratios

are found in star burst and active nuclei consistent with our observations.

Gerin & Phillips (2000) find a similar result with two thirds of the galax-

ies in their sample exceeding a ratio of 2. High ratios can be qualitatively

understood in low column density environments with mild UV radiation

fields. In these regimes most CO will be dissociated and the gas-phase car-

bon will be neutral atomic (Israel & Baas 2002). This implies that dense,

star forming molecular cloud cores are not the major emission source in

galaxy centers.

In general the studied centers of external galaxies show stronger [C i] emis-
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sion than one would expect from Galactic observations which show typical

ratios of 0.2-1.1 (Mookerjea et al. 2006). In Galactic sources high ratios are

found in low gas column densities and medium UV radiation environments

where 13CO will be dissociated and atomic carbon remains neutral in the

gas phase like i.e. in translucent clouds and at cloud edges (Israel 2005). He

concludes that the dominant emission from galaxy centers does not stem

from PDRs.

Meijerink et al. (2007) studied irradiated dense gas in galaxy nuclei

using a grid of XDR-1 and PDR-models. For the same density the

predicted [C i] 1–0/ 13CO 2–1 line ratios are significantly higher for the

XDR- compared to PDR-models (Fig. 10 in Meijerink et al. 2007). We

observed ratios of 61 and 95 in NGC4945 and Circinus respectively, on the

erg-scale. These ratios can be explained by XDR-models at high densities

n(H2) = 2 103 − 105cm−3. PDR-models explain the observed ratios in low

density regimes with n(H2) = 2 102 − 6 102cm−3. The high [C i] 1–0/ 13CO

2–1 line ratios observed in NGC 4945 and Circinus may hint at a significant

role of X-ray heating in these galaxy nuclei as our predicted densities

of n(H2) = 103 − 104cm−3 agree with the high-density XDR-models in

Meijerink et al. (2007).

Total CO and [C i] cooling intensity

In all sources studied by Bayet et al. (2006) but NGC 6946, the CO cooling

intensity exceeds that of atomic carbon. They find the [C i] to CO cooling

ratio to vary between ∼ 0.3 for M83 to ∼ 2 for NGC 6946. NGC 4945 and

Circinus show similarly high values as the latter galaxy: In NGC 4945 this,

ratio is ∼ 1− 2 and in Circinus we find ∼ 2− 3. These values are around 2

orders of magnitude higher than the typical values found in Galactic star

forming regions (Jakob et al. 2007; Kramer et al. 2007).

1 X-ray dominated regions
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Shape of the CO cooling curve

The modeled CO cooling curve of NGC 4945 and Circinus peaks at J = 4.

Observations of the higher lying CO lines i.e. the CO 6-5 and CO 7-6

lines will however be important to verify our model predictions and the

importance of CO cooling relative to C.

The shape and maximum of the cooling curve of 12CO has been studied in

a number of nearby and high-z galaxies. Fixsen et al. (1999) find a peak at

J=5 in the central part of the Milky Way using FIRAS/COBE data and

rotational transitions upto 8–7. Bayet et al. (2006) observed 13 nuclei in

mid-J CO lines upto 7–6 and find that the peak of the cooling curves vary

with nuclear activity. While normal nuclei exhibit peaks near Jup = 4 or

5, active nuclei show a peak near Jup = 6 or 7. NGC 253 was observed at

APEX in CO upto Jup = 7 and shows a maximum at J = 6 (Güsten et al.

2006). On the other hand, studies of high redshift galaxies show cooling

curves peaking as low as J=4 for SMM16359 (Weiß et al. 2005), as high as

J=9 in the case of the QSO APM08279 (Weiss et al. 2007), and peaking at

J=7 for the very high redshift (z = 6.4) QSO J1148 (Walter et al. 2003).

Pressure of the molecular gas

A wide range of temperatures Tkin = 25 − 150 K and densities n(H2) =

5 102 − 7 105cm−3 has been found in similar studies of external nuclei, in-

cluding ULIRGs2, normal spirals, star burst galaxies, and interacting galax-

ies (e.g. Bayet et al. 2006; Israel & Baas 2002). In the irregular galaxy

IC 10 rather high densities n(H2) ∼ 106cm−3 and low temperatures of

Tkin = 25 K are found while the molecular gas in the center of the spiral

galaxy NGC 6946 is found to be less dense n(H2) = 103cm−3 but much

hotter Tkin = 130 K. Güsten et al. (2006) studied NGC 253 to obtain

n(H2) = 103.9cm−3 and Tkin = 60 K while Bradford et al. (2003) inves-

tigated the same source and derived a higher Tkin = 120 K and density

n(H2) = 4.5 104cm−3. Both studies used 12CO 7–6 observations. However,

the temperature/density degeneracy cannot be resolved. The solutions we

2 Ultra-Luminous Infrared Galaxy
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present in our study of NGC 4945 and Circinus show densities and temper-

atures of n(H2) = 103 − 104cm−3 with a less well constrained temperature

Tkin = 20 − 100 K depending on the density, as discussed before.

[C i] 2–1/1–0 line ratio

The modeled [C i] 2–1/1–0 line ratios change from 0.07 to 0.75 in NGC 4945

and from 0.04 to 0.74 in Circinus for the presented escape probability solu-

tions. Observed ratios vary from 0.48 in G333.0-0.4 (Tieftrunk et al. 2001)

to 2.9 in W3 main for galactic and extragalactic sources (Kramer et al.

2004). For M82, Stutzki et al. (1998) found a ratio of 0.96. Bayet et al.

(2006) observed ratios ranging between 1.2 (in NGC 253) to 3.2 (in IC 342).

The [C i] 2–1/1–0 line ratio for the low temperature solution predicted for

NGC4945 and Circinus is significantly lower than previous results in the

literature.

CO/C abundance ratio

Compared to an abundance ratio CO/C of 3-5 in NGC 253 (Bayet et al.

2004) and an average value of 2 in the nucleus of M83 (White et al. 1994;

Israel & Baas 2002), NGC 4945 and Circinus have a higher fraction of

atomic carbon in their nuclei which resembles the low CO/C abundance

ratios found in Galactic translucent clouds. We find values of 0.23-0.64 in

NGC 4945 and 0.15-1.67 in Circinus. Due to the degeneracy of n(H2),T

the abundance ratios cannot be determined more accurately. In galactic

molecular clouds values range between 0.16-100, low values are found in

translucent clouds (Stark & Dishoeck 1994) while massive star forming re-

gions show high CO/C abundances (Mookerjea et al. 2006).

Future observations of CO 7–6 and [C i] 2–1 will be important to get a

better handle on the the kinetic temperature and density to resolve their

degeneracy, also for an understanding of the dominating heating mechanism

i.e. X-ray or UV heating.
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In the next chapter, we will give an outlook on future observational facili-

ties and why they might help to improve the recent understanding of star

formation and the related mechanisms.
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Chapter 5

Outlook

Figure 5.1: The future CCAT observatory - KOSMA is a partner in this

collaborative effort lead by Cornell University and CalTech. The location

will be Cerro Chajnantor, Chile (altitude 5.600 m).

We found in the stability analysis of M51, using a combined stellar and

gaseous Q-parameter, a value near the threshold of gravitational stability

Qtotal = 1 over large regions of the galactic disk of M51. Especially spiral

arm regions showed a value closer to the threshold compared with interarm

regions. A similar study in the LMC (Yang et al. 2007) also found the

galactic disk of the LMC near the threshold for gravitational collapse which

indicates possible self-regulation in galactic disks.

In the future, it will be interesting to investigate these processes in a bigger
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sample of nearby galaxies. Recently, high-resolution complete H i -maps e.g.

by the THINGS H i survey of a sample of 34 galaxies and LVHIS1, covering

all nearby galaxies, were obtained or are close to completion. The neces-

sity of complete CO single-dish or interferometer maps of nearby galaxies

tracing the molecular component is at the moment met by new observ-

ing campaigns e.g. at the IRAM-30m telescope lead by Walter, Leroy et

al. Thus, it will soon be possible to investigate the gravitational stability

and its link to star formation in different galaxy environments in a larger

sample.

The spatial resolution of the IRAM-30m 12CO 2–1 corresponds to about 500

pc in M51 and limits us to study agglomerations of several molecular clouds

in the beam. Current state of the art interferometers in their most extended

configuration, like the PdB-IRAM interferometer (angular resolution 1.5′′

at 230 GHz), Carma (0.2′′ at 230 GHz) and the SMA (1′′ at 230 GHz), can

achieve a factor of about 10 better angular resolutions.

Future high resolution facilities will significantly improve on this situation.

The foremost, ALMA with angular resolutions of 0.01′′ at 275 GHz in the

most extended configuration, will improve on the current facilities. ALMA

will exhibit a collective area of about 7000 m2 and a frequency coverage of

31-950 GHz (www.eso.org). ALMA will extend similar analysis as today is

done in nearby galaxies upto redshifts of z = 1-2. An angular resolution of

0.1′′ corresponds to 870 pc at z=1 (D= 1800 Mpc).

In nearby galaxies with a distance of 5-10 Mpc, 0.1′′ correspond to less than

5 pc spatial resolution which allows future high-resolution investigations of

e.g. the Schmidt law. ALMA offers the possibility to resolve individual

GMCs in these sources, determine their virial masses, and to subsequently

check the CO-H2 conversion factor X. This analysis, performed in a big

sample of nearby galaxies, will improve the understanding of the depen-

dence of the X-factor on galactic environment such as e.g. the metallicity.

Thus, uncertainties in the current understanding of star formation laws can

be reduced.

Additionally, it will be possible to check the gravitational stability of dif-

ferent areas of a galactic disk in spiral arm and interarm regions at high

1 The Local Volume H i Survey



145

Figure 5.2: SOFIA observatory - KOSMA is contributing to the GREAT

receiver aboard SOFIA.

angular resolution. The details of how stars form from the gravitational

collapse of molecular clouds might then be better understood and a com-

prehensive overview of an entire galaxy can be obtained.

We saw in the analysis of the central regions of NGC4945 and Circinus that

low to mid-J CO and the [C i] 1–0 lines are not sufficient to unambiguously

determine the physical conditions in these regions. With the SMART-array

receiver operational from mid-2008 at the NANTEN2 telescope, CHAMP+2

at the APEX telescope and the future CCAT3 observatory, new observa-

tional opportunities become available soon. NANTEN2 with the 16-pixel

SMART4 receiver and a 25′′ beam at 810 GHz is well suited for fast map-

ping of extended areas on the sky. CCAT will be a 25 m diameter telescope

with a surface rms of 10 µm and a field of view of 5′ x 5′ equipped with

multi-pixel heterodyne arrays and bolometer cameras (www.submm.org).

Its angular resolution is upto 2′′ at 1.5 Thz. These observatories enable effi-

cient mapping of galactic and extragalactic sources in the CO 4–3 and 7–6

lines as well as in the [C i] atomic fine-structure lines. ALMA will provide

follow-up observations at high angular resolution in this frequency range.

The ground-based detection of other important cooling lines of the ISM

2 Carbon Heterodyne Array of the MPIfR
3 Cornell Caltech Atacama Telescope
4 SubMillimeter Array Receiver for Two frequencies
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in the Terahertz regime, e.g. the atomic fine structure lines of [OI],

[CII] and [NII], is impossible due to atmospheric absorption. [OI](63µm,

145µm),[CII](158 µm) and [NII](122µm, 205µm) combined with [C i] and

CO are the major cooling lines of the gas in the ISM. The major part of

[CII] emission originates from the surfaces of PDRs. The combined ratio of

[NII](205µm) and [CII] is a tracer of the star formation rate and will pro-

vide valuable information about the star formation efficiency in different

positions of a galaxy as well as different galaxy types.

The airplane observatory SOFIA5 will be able to largely overcome the at-

mospheric limitations and the satellite-mission HERSCHEL will not be

affected by the atmosphere. SOFIA with the GREAT6 and future STAR7

heterodyne receivers and HERSCHEL with HIFI8 and PACS9 will thus

provide insight into the transition from atomic and molecular gas as well

as the ionized fraction of the ISM, starting from early 2009. For the first

time, small maps of the above mentioned major cooling lines of the ISM

will be observable with full velocity resolution. Thus, also more detailed

modeling of the central regions of NGC4945 and Circinus (among many

other galaxies) will be able to further constrain the physical conditions in

these regions.

5 Stratospheric Observatory for Infrared Astronomy
6 The German first light heterodyne instrument for SOFIA
7 SOFIA Terahertz Array Receiver
8 Heterodyne Instrument for the Far Infrared
9 Photodetection Array Camera Spectrometer
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2004, in Astronomical Society of the Pacific Conference Series, Vol. 320,

The Neutral ISM in Starburst Galaxies, ed. S. Aalto, S. Huttemeister, &

A. Pedlar, 152

Sakamoto, K., Okumura, S., Ishizuki, S., & Scoville, N. 1999, 124, 403

Sandage, A. 1961, The Hubble atlas of galaxies (Washington: Carnegie

Institution, 1961)

Sanders, D. B. & Mirabel, I. F. 1996, ARA&A, 34, 749

Schinke, R., Engel, V., Buck, U., Meyer, H., & Diercksen, G. 1985, 299, 939

Schinnerer, E., Weiss, A., Scoville, N. Z., & Aalto, S. 2004, in Bulletin of

the American Astronomical Society, Vol. 36, Bulletin of the American

Astronomical Society, 812

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Schmidt, M. 1959, ApJ, 129, 243

Schuster, K.-F., Boucher, C., Brunswig, W., et al. 2004, A&A, 423, 1171

Schuster, K. F., Kramer, C., Hitschfeld, M., Garcia-Burillo, S., & Mooker-

jea, B. 2007, A&A, 461, 143

Scoville, N. & Young, J. S. 1983, ApJ, 265, 148

Scoville, N. Z., Polletta, M., Ewald, S., et al. 2001, AJ, 122, 3017

Sellwood, J. A. & Carlberg, R. G. 1984, ApJ, 282, 61

Shetty, R. & Ostriker, E. C. 2008, ArXiv e-prints, 805

Shetty, R., Vogel, S. N., Ostriker, E. C., & Teuben, P. J. 2007, ApJ, 665,

1138



BIBLIOGRAPHY 155

Simon, R., Graf, U., Kramer, C., Stutzki, J., & Onishi, T. 2007, Technical

Report: Beam efficieny measurements at NANTEN

Simon, R., Jackson, J. M., Bania, T. M., Clemens, D. P., & Heyer, M. H.

2000, Bulletin of the American Astronomical Society, 32, 708

Sofue, Y. 1996, ApJ, 458, 120

Sofue, Y., Tutui, Y., Honma, M., et al. 1999, ApJ, 523, 136

Stark, R. & Dishoeck, E. F. V. 1994, 286, L43

Strong, A. W., Bloemen, J. B. G. M., Dame, T. M., et al. 1988, A&A, 207,

1

Strong, A. W. & Mattox, J. R. 1996, A&A, 308, L21

Stutzki, J. 2001, Astrophysik I - Skript

Stutzki, J., Bensch, F., Heithausen, A., Ossenkopf, V., & Zielinsky, M. 1998,

336, 697

Stutzki, J. & Güsten, R. 1990, 356, 513

Stutzki, J. & Winnewisser, G. 1985, A&A, 144, 13

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

12CO 4–3 in NGC253

We observed the central region of NGC253 in 12CO 4–3 to check the NAN-

TEN2 calibration scheme. This region was already mapped in 12CO 4–3

with the APEX telescope (Güsten et al. 2006). The angular resolution of

APEX is 13.3 ′′ at 12CO 4–3. The APEX data were smoothed to the NAN-

TEN2 HPBW of 38′′ using a Gaussian kernel.

The resulting spectra at the center position are shown in Fig. A.1. The

agreement in line temperatures and shapes is very good and thus confirms

the calibration scheme at NANTEN2. A investigation of the physical con-

ditions of the central region of NGC 253 using a LVG-approximation can

be found in Güsten et al. (2006).

Figure A.1: Observed 12CO 4–3 line emission in NGC253 from APEX

(black line) and NANTEN2 (red line). We attribute small but systematic

deviations of peak temperatures in the blue wing of the 12CO 4–3 line to

small pointing variations.
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