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Abstract. The barred spiral galaxy M83 (NGC 5236) has been observed in
the 12CO J=1–0 and J=2–1 millimetre lines with the Swedish-ESO Submil-
limetre Telescope (SEST). The sizes of the CO maps are 10′×10′, and they
cover the entire optical disk. The CO emission is strongly peaked toward the
nucleus. The molecular spiral arms are clearly resolved and can be traced
for about 360◦. The total molecular gas mass is comparable to the total H i

mass, but H2 dominates in the optical disk.
Iso-velocity maps show the signature of an inclined, rotating disk, but also

the effects of streaming motions along the spiral arms. The dynamical mass is
determined and compared to the gas mass. The pattern speed is determined
from the residual velocity pattern, and the locations of various resonances
are discussed. The molecular gas velocity dispersion is determined, and a
trend of decreasing dispersion with increasing galactocentric radius is found.

A total gas (H2+H i+He) mass surface density map is presented, and
compared to the critical density for star formation of an isothermal gaseous
disk. The star formation rate (SFR) in the disk is estimated using data from
various star formation tracers. The different SFR estimates agree well when
corrections for extinctions, based on the total gas mass map, are made. The
radial SFR distribution shows features that can be associated with kinematic
resonances. We also find an increased star formation efficiency in the spiral
arms. Different Schmidt laws are fitted to the data. The star formation
properties of the nuclear region, based on high angular resolution HST data,
are also discussed.
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Galaxies are like people.

At first they seem normal,

but when you get to know them,

they are all a bit weird.

David Malin
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Preface

This thesis presents studies of various aspects of the molecular gas in the
barred spiral galaxy M83. The thesis is divided into two parts: The first
section aims to give the reader a general introduction to the field, as well
as describing the galaxy M83. The second part consists of reprints and
preprints of the included scientific papers.

The thesis is based on the following four publications:

I. Molecular gas in the galaxy M 83 - I. The molecular gas distri-

bution

Lundgren, A. A., Wiklind, T., Olofsson, H., & Rydbeck, G., 2004,
A&A, 413, 505

II. Molecular gas in the galaxy M 83 - II. The kinematics of the

molecular gas

Lundgren, A. A., Olofsson, H., Wiklind, T., & Rydbeck, G., 2004,
A&A, in press

III. Molecular gas in the galaxy M 83 - III. Its relation to star

formation in the disk

Lundgren, A. A., Olofsson, H., & Wiklind, T., A&A, to be submitted

IV. Star formation in the nuclear region of M83

Wiklind, T., Lundgren, A. A., Olofsson, H., & Rydbeck, G., A&A, in
prep

ix



x



Content

1 Introduction 1

2 The galaxy M83 3

2.1 The H i disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 The optical disk . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 The bar and the nucleus . . . . . . . . . . . . . . . . . . . . . 7
2.4 Previous CO observations . . . . . . . . . . . . . . . . . . . . 11

3 The conversion ratio - XCO 13

4 Kinematics 19

4.1 Density waves . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2 Pattern speed and resonances . . . . . . . . . . . . . . . . . . 20

4.2.1 Canzian method . . . . . . . . . . . . . . . . . . . . . 21
4.2.2 Tremaine-Weinberg method . . . . . . . . . . . . . . . 22

4.3 Position-velocity diagrams . . . . . . . . . . . . . . . . . . . . 24
4.3.1 Major axis . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3.2 Minor axis . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.4 Disk stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5 Star formation 27

5.1 The initial mass function . . . . . . . . . . . . . . . . . . . . . 28
5.2 SFR from broad band luminosities . . . . . . . . . . . . . . . 29
5.3 Lyman continuum photons . . . . . . . . . . . . . . . . . . . . 29
5.4 Extinction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.5 Star formation laws . . . . . . . . . . . . . . . . . . . . . . . . 31

5.5.1 The Schmidt law . . . . . . . . . . . . . . . . . . . . . 32
5.5.2 Alternative Schmidt laws . . . . . . . . . . . . . . . . . 34

xi



xii CONTENT

5.6 Star formation efficiency . . . . . . . . . . . . . . . . . . . . . 35

Bibliography 37

Acknowledgments 41



Chapter 1

Introduction

Molecular gas is one of the most important constituents to consider in any
study of the structure and evolution of spiral galaxies. It is the fuel for future
star formation, and, due to its dissipative nature, it will respond quickly and
strongly to dynamical influences.

Despite its ubiquity, hydrogen molecules are, due to their homonuclear
structure, very difficult to observe directly in the cool molecular clouds. In-
stead other molecules are used as tracers. Carbon monoxide (CO) is the sec-
ond most abundant molecule in the interstellar medium. The energy needed
to excite its lower rotational levels is well matched with the typical kinetic
energies in molecular clouds.

This thesis presents results on the molecular gas in the barred spiral
galaxy M83. Of particular interest is the coupling between the star forma-
tion, the mass surface density, and the kinematics of the molecular gas. The
study is primarily based on observations carried out with the Swedish-ESO
Submillimetre Telescope (SEST) on La Silla, Chile. The large data set con-
sists of observations of a number of various molecules and isotopomers, in
different lines. This data set is in this introduction represented by the two
spectra in Fig. 1.1. The results presented in this thesis are based on the 12CO
observations.

The results will also be compared to data from many other wavelengths,
ranging from 0.15µm to 21 cm, since the constituents of the interstellar
medium leave clues about themselves over the entire electromagnetic spec-
trum.

The first part of the thesis is organized as follows. Chapter 2 is devoted
to familiarize the reader with the galaxy M 83. Chapter 3 aims to shed some
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: The first spectrum (12CO, J=2–1, from June 1988) and the last
spectrum (HCN, J=1–0, from March 2003) of our molecular line observations
of M83 with SEST. The rest of our 12478 our spectra on M83 could not be
included here due to lack of space. Incidentally, none of these spectra are
included in this thesis; data from 1988 were not used due to the early receivers
being unstable, and data on other molecules will be used elsewhere.

light on the relation between the 12CO(J=1–0) velocity-integrated intensity,
that is measured by the radio telescope, and the mass surface density of
molecular hydrogen in the source. Chapter 4 introduces the basic concepts
of kinematics of gas (and stars) in galaxies. Finally, chapter 5 describes some
basic relations between the mass surface density of molecular gas and the rate
of star formation that it gives rise to.



Chapter 2

The galaxy M 83 from the halo

to the nucleus

2.1 The H i disk

M83 is known to have an unusually large H i disk (see Fig. 2.1), which extends
out to 6.5 times the optical (Holmberg) radius and covers an area of 2.1 square
degrees, or roughly 4 times the size of the full moon. Also noteworthy is that
about 80% of the total H i gas mass resides outside the optical diameter
(Huchtmeier & Bohnenstengel 1981). The total mass of the H i outside the
Holmberg radius is 6×109 M�, about 10% of the dynamical mass within the
Holmberg radius.

The velocity field of the H i disk indicates a change of the apparent major
axis with radius. Rogstad et al. (1974) proposed a model for the kinematics,
where the H i distribution is represented by annular rings in circular motion,
and where the position angle and inclination of the rings were free to vary.
With a reasonable variation of the geometry of the rings, their model could,
to some degree, recreate both the velocity field and the bright ridges found
in the H i surface density distribution. The latter would then be an effect of
the longer path lengths through the highly inclined annuli.

However, the network of arms in the H i disk is very intricate and it
is tempting to believe that the pattern is created as a consequence of a
process called galactic cannibalism - i.e., a small galaxy recently interacted
with M 83, and was destroyed by tidal forces. Indeed, deep optical images
(Fig. 2.2) reveal faint structures associated with some of these H i arms (Malin

3



4 CHAPTER 2. THE GALAXY M 83

Figure 2.1: An H i mosaic obtained with the ATCA (Australia Telescope
Compact Array). The image covers 66′×66′ (beam size 60′′×38′′). As a
comparison, the size of the optical disk is 10′×10′ and it corresponds to
the circular dark feature in the center of the image. The spiral arms in the
central disk are resolved. The rings show positions in which we have tried to
find CO emission well outside the main disk (see Table 2.1)

& Hadley 1997).

Incidentally, we have searched for molecular gas at five different locations
in these H i arms, but the search was fruitless (see Table 2.1). The lowest
1σ noise was 8 mK, which corresponds to an upper limit oon the H2 mass
surface density of 0.3 M� pc−2. This estimate should be compared with 1–
5 M� pc−2, which is the typical H i mass surface densities in the H i arms
(Tilanus & Allen 1993). Also, it is interesting to note that positions #2 and
#3 do show signs of recent star formation (D. Malin, priv. comm.) despite
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Figure 2.2: A deep image of M 83 in the V band (D. Malin, priv. comm.). A
properly scaled image of the disk is placed on the overexposed central part.
A faint arc can be seen to the north (up), and to the south of the galaxy
another faint feature is discernible.

very low mass surface densities of molecular gas.

2.2 The optical disk

The optical disk of M 83 (Fig. 2.3) has a striking spiral pattern, which is
dominated by bright and blue O and B stars. The color gradient seen across
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Table 2.1: CO observations in the outer H i arms of M 83. The upper limit of
the CO velocity-integrated intensity has been converted into molecular gas
mass surface density (ΣH2

) using the conversion factor described in chapter
3. The approximate positions of these locations are shown in Fig. 2.1.

# R.A. (J2000) Decl. (J2000) ΣH2
(M� pc−2)

1 13h36m23 -29◦28′00′′ <0.8
2 13h36m58 -29◦40′45′′ <0.8
3 13h37m00 -30◦05′54′′ <0.7
4 13h37m06 -29◦35′00′′ <0.3
5 13h37m40 -29◦52′00′′ <0.4

the arms is explained by the relatively short lifetime of the blue stars. (In
fact, the lifetime of these stars is so short that they will not leave the arms,
where they are normally born.)

The pattern is two-armed, but the two spiral arms are not perfectly sym-
metrical, and there are branches connecting the two arms. In the arms it is
possible to discern a complex system of intricate dust lanes.

The inclination of the galaxy is 24◦, which means that we see the galaxy
almost face-on. The position angle is 45◦, and it so happens that the major
axis coincides with the position angle of the bar. Since the galaxy is tilted
and the near side is the one on the upper right side (north-western side),
the dust lanes are more easily seen in the south-eastern sector; in the north-
western sector the dust lanes are hidden behind the stars, since these have
a larger scale height. The rotation of the galaxy is clockwise and the spiral
pattern is trailing.

The infrared view of the main disk (Fig. 2.4) is less dramatic since the
stars that dominate the light in this wavelength region are old and therefore
more evenly distributed over the disk. Note the dust lanes along the leading
edges of the bar.

The infrared to mm spectrum of a galaxy (12 to 1300µm) is dominated
by emission from dust grains of different temperatures. The distribution of
warm dust is well traced by IRAS images. However, gas mass estimations
done in the FIR wavelength range is systematically lower than those obtained
from CO(J=1-0) data, indicating that a large fraction of the gas and dust
mass resides in relatively cold regions (Devereux & Young 1990). Figure 2.5
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Figure 2.3: M83 observed with the ESO-Danish 1.5m telescope. This image
is a composite of three images in the B, V, and R, rendered as blue, green,
and red, respectively. The numerous bright objects seen evenly distributed
over the image are foreground stars that belong to our own Galaxy.

shows the distribution of the cool molecular dust in M83 as traced by the
1300µm emission. The observations were carried out at SEST in June 2003
using SIMBA.

2.3 The bar and the nucleus

M83 is one of the closest spirals with a prominent bar. The two major thin
dust lanes lie on the leading edges of the central oval (See Figs 2.4 and 2.6).
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Figure 2.4: M83 observed with the ESO New Technology Telescope (NTT)
and the Danish 1.5m. Images in I, J, and K are rendered as blue, green and,
red, respectively. On the overexposed bar region, an image with different
cuts has been placed in order to show the location of the dust lanes on the
leading edges of the bar.

This is the signature of a bar potential, due to the response of the interstellar
gas to the gravitational potential associated with the bar. The dust lanes is
a result of two slightly bent hydrodynamic shock fronts.

At optical and near-infrared wavelengths M 83 exhibits a very complex
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Figure 2.5: M83 observed with the bolometer SIMBA at SEST. The image
shows the distribution of the cool dust (< 30K).

structure, with star forming arcs, hotspots and heavy obscuration (e.g. Gal-
lais et al. (1991)). In addition, M83 may contain two dynamically important
regions in the center (Thatte et al. 2000), possibly related to the digestion
of a dwarf galaxy. The innermost region exhibits a structure reminiscent of
flocculent spiral arms, connecting the nuclear parts with the dust lanes of
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Figure 2.6: The nuclear region of M83 seen in J-K color.

the stellar bar. The near-infrared view of the nuclear region and its star
formation activity is presented in Paper IV.

We show in Paper II that the two central CO(J=2–1) emission peaks
coincide with the location where the leading edges of the bar attach to the
nuclear ring seen in a J-K color image (Fig. 2.6). Both the ring and the loca-
tion of the molecular gas are believed to be an effect of the pile-up of gas and
dust at the outer inner Lindblad resonance (oILR). However, some molecu-
lar gas is known to exist inside the ring, as revealed through interferometric
observations (Sakamoto et al. 2004).
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2.4 Previous CO observations

The first CO observations of M83 were carried out by Combes et al. (1978).
This pioneering survey covered the nuclear and bar regions with a handful of
positions, but could nevertheless report on basic properties of the molecular
gas in this galaxy. Our survey started in 1988 and a partial map was pre-
sented by Wiklind et al. (1990). The bar and nuclear regions were covered in
Handa et al. (1990) and in 2002 Crosthwaite et al. (2002) presented the first
complete map of CO emission in M83 (but the spatial resolution of the latter
survey was not high enough to clearly resolve the spiral arm pattern). Inter-
ferometric studies of the bar ends have been carried out by Kenney & Lord
(1991)and Rand et al. (1999). In these maps, individual molecular gas clouds
were resolved and the authors could report on various kinematic phenomena,
but the observations were hampered by the low fraction of recovered flux.
A recent interferometric study by Sakamoto et al. (2004) presented the first
maps of the nuclear region at high spatial resolution. These data revealed a
nuclear molecular gas ring and a nucleus offset from the dynamical center.
A complete list of the CO observations of M83 up until 2003 is presented in
Paper I.
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Chapter 3

The conversion ratio - XCO

Hydrogen molecules in the interstellar gas are very difficult to detect since
the environment in molecular gas clouds are very cold (≈ 10K), and typ-
ical collisional energies are much lower than the energies needed to excite
the molecular hydrogen. In addition, the hydrogen molecule has no electric
dipole moment because the center of mass coincides with the centre of the
charge distribution. Therefore, other tracers of the molecular gas have to
be used, and appropriate scaling factors for obtaining the gas mass must be
determined. This thesis rests on the scaling factor between CO intensity and
H2 mass, XCO.

The virial theorem and XCO

To obtain a relation between a cloud’s CO luminosity and its total molecular
mass, we assume the cloud to be gravitationally bound and in equilibrium.
If this is the case, the virial theorem can be applied. It has in fact been
observationally shown that the vast majority of the molecular clouds in the
disk of the Galaxy are in virial equilibrium (Solomon et al. 1987). For a
system in steady state, the internal kinetic energy, K, and its total potential
energy, W , is related via 2K +W = 0. For a cloud with mass M , consisting
of hydrogen molecules with a mean-square velocity 〈v2〉, the internal kinetic
energy becomes K = M〈v2〉/2. An estimate of the size of such a cloud
can be obtained from the gravitational radius Rg = GM2/|W |. The virial
equilibrium therefore becomes:

√

〈v2〉 ≡ σv =

√

GMVT

Rg

, (3.1)

13



14 CHAPTER 3. THE CONVERSION RATIO - XCO

where σv is the velocity dispersion of the hydrogen molecules. Since the CO
intensity is given by the velocity integration of the radiation temperature:

I1−0 ≡
∫

T ∗

Rdv ,

the velocity dispersion can be related to the CO luminosity of a spherical
cloud via

L1−0 = T1−0σv

√

2

28
πR2 , (3.2)

assuming that the line is optically thick, i.e., the luminosity arises from a
circular area with radius R. Note that the difference in mass of hydrogen and

carbon monoxide molecules introduces the factor
√

2/28, since the molecules

possess the same kinetic energy - not the same velocity. Equations (3.2) and
(3.1) are easy to combine into (assuming R=Rg)

L1−0 = T1−0

√

2

28

√

GMVTπ2R3 . (3.3)

In order to get rid of the R-dependence we can isolate the R3-term in

mH2
nH2

=
MVT

4
3
πR3

(where nH2
is the molecular hydrogen number density and mH2

is the mass of
a hydrogen molecule) and introducing the resulting expression into Eq. (3.3).
The following relation results

MVT = L1−0

√

28

2

√

4mH2

3πG

√
nH2

T1−0

. (3.4)

Even though the temperatures of molecular clouds have been observed to vary
as much as from ≈ 5 to ≈ 100 K depending on the environment, the factor√
nH2

/T1−0 seems to remain almost constant because the number density
changes accordingly (Scoville & Sanders 1987). Thus, we are able to obtain
a linear relation between the virial mass and the CO luminosity of a molecular
cloud.

In order to investigate the quantitative relation between the virial mass
and the CO luminosity. Solomon et al. (1987) observed several hundred
molecular clouds in the Galaxy. They found a very tight relation (Fig. 3.1)
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Figure 3.1: Virial mass as a function of the velocity-integrated CO(J=1–0)
intensity for molecular clouds in the Galaxy.

and they gave a power law expression which is valid over four decades of
mass:

MVT = 39L0.81±0.03
1−0 (M�) . (3.5)

Relation (3.5) allows us to proceed toward the goal of this derivation. If
a spherical cloud has a projected surface A and a mean intensity ĪCO, its CO
luminosity is defined as

LCO = AĪCO , (3.6)

and its mass by

M = AN̄(H2)mH2
, (3.7)

where N̄(H2) is the mean column density of hydrogen molecules. Division
of these, elimination of LCO with the use of (3.5), and the assumption of
M = MVT, lead to the following relation of a cloud’s mean column density
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and its CO luminosity.

XCO ≡ N̄(H2)

ĪCO

≈ 5.8 × 1021 ×M−0.235±0.046 (K km s−1)−1 cm−2 , (3.8)

where M is given in solar mass units.
When the galaxy is too far away to allow a separation of individual clouds,

the CO luminosity arises from an ensemble of (non-overlapping) clouds, i.e.,
the distribution of clouds in space and in line-of-sight velocity are large
enough that there is no ”shadowing”. The median mass of a molecular cloud
is guessed to be similar to those of the Milky Way, Mmedian = 5× 105 M�, as
given by Solomon et al. (1987). The resulting conversion factor is

XCO ≈ (3 ± 1.5) × 1020 (K km s−1)−1 cm−2 . (3.9)

The actual value of this factor, and its applicability in different envi-
ronments and at different redshifts have been widely discussed during the
last two decades, see Wilson (1995); Arimoto et al. (1996); Combes (2000);
Young & Rownd (2001). In our Milky Way galaxy the XCO factor has been
derived with a reasonable accuracy by comparing diffuse γ-ray emission and
the distribution of atomic and molecular gas (Bloemen et al. 1986; Strong
et al. 1988). In this work we have adopted the conversion factor derived using
this technique: XCO = 2.3 × 1020 (K km s)−1 cm−2.

There are, however, good indications that the XCO factor is different in
other galaxies. One important factor influencing the conversion factor is the
metallicity and the CO-H2 conversion factor has been found to vary by a
factor 5-10 in individual giant molecular clouds in the SMC (Rubio et al.
1993), M31 (Allen & Lequeux 1993) and M33 (Wilson 1995). The general
trend is that a low metallicity, usually combined with a strong UV radiation
field, leads toXCO values up to 1021 (K km s)−1 cm−2. The strong dependence
on metallicity was further explored by Boselli et al. (2002) for a sample of
nearby disk galaxies, using global estimates rather than individual GMCs.

Whereas the metallicity directly affects the number of carbon and oxygen
atoms available for CO, the XCO factor also depends on the cosmic ray den-
sity, e.g. the source for driving both the excitation and chemical evolution
of the molecular gas (Boselli et al. 2002). It is also important to realize that
the XCO value for a given system is a global parameter. A single conversion
factor between integrated CO intensity and the column density of H2 is un-
likely to characterize all regions of an individual galaxy. A conversion factor
variation was found in our own Galaxy already by Polk et al. (1988).
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Figure 3.2: The molecular gas mass surface densities, as calculated from
the CO intensities, compared to the atomic gas mass surface densities as a
function of galactocentric radius in M 83.

To summarize, the three most important factors to influence the CO-H2

conversion factor appears to be the metallicity, the UV radiation field and
the cosmic ray density. All of which vary from one galaxy to another, as well
as within a single galaxy. In the case of M 83 the situation is nevertheless
quite good since it has only a weak metallicity gradient and star formation
is prevalent over all of the disk. The use of a single XCO factor is likely to be
approximately correct and at most off by a more or less constant factor, with
the caveat that the central region has an environment drastically different
from the disk. Our gas mass estimates are therefore possibly off in this region,
while approximately correct in the disk.

Figure 3.2 shows a result from Paper I where the molecular gas mass
surface density, derived from our data, and using the above conversion factor,
is compared to the gas mass surface density of atomic gas. Even including
a generous uncertainty in the CO-H2 conversion factor, it is clear that the
interstellar medium in the inner 5 kpc of M83 is dominated by molecular
gas.
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Chapter 4

Kinematics of gas and stars in

disk galaxies

Investigations of gas motions in the nucleus and in the main disk play a key
role in understanding the structure and evolution of barred spiral galaxies
like M 83. Inflow of gas towards the center caused by a mass distribution
that is not circularly symmetric is often invoked to explain certain observed
phenomena, e.g., the feeding of Active Galactic Nuclei (AGNs), and the
fueling of bursts of star formation in the nuclear region, and may even cause
a change of a galaxy’s morphological type.

In a galaxy, the (common) angular speed at which the stars and gas move
in the galaxy will change as a function of radius. This phenomenon is called
differential rotation and leads to the ”winding dilemma”: any material arm
that is formed will within a few orbital timescales be so tightly wound up
that the structure disappears. Still, spiral patterns appear to be long-lived
and common phenomena.

The following sections explains some basic concepts and special relations
and methods used in Paper II. The reader is referred to Binney & Tremaine
(1987) for details on the dynamics of galaxies.

4.1 Density waves

The solution to the winding dilemma was presented in 1964 by Lin & Shu
(1964). The spiral pattern is a result of a density wave that moves with a
fixed angular speed.

19
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What happens when a gas cloud encounters the density wave? As it
nears the wave, it speeds up towards the density wave due to gravitational
attraction. After it passes through the wave, it slows down and leaves rel-
atively slowly since it has to climb out of the gravitational well. Also, the
cloud may have lost kinetic energy in encounters with other clouds. So the
gas clouds spend more time around the density wave than they would do
otherwise. The result is an enhanced gas mass surface density in the spiral
potential. For some time it has been debated whether the spiral density wave
actually triggers star formation in the gas, through compression and shocks,
or if the density wave simply arranges the gas clouds in a spiral pattern and
the clouds just keep forming stars as they would without being assembled
in a spiral arm structure (Elmegreen & Elmegreen 1986). One way of test-
ing this via the star formation efficiency, defined as the star formation rate
divided by the gas mass1. With sufficient angular resolution, e.g. resolving
the arm-interarm regions, it is thus possible to test the hypothesis that the
spiral density wave triggers star formation. Interferometric observations are
less suited for this since they tend to resolve out the extended diffuse gas
component. Our M 83 data has sufficient angular resolution and, since it is
single dish data, recovers the diffuse emission. The result is that the spiral
density wave do trigger star formation. We present these results in Paper
III.

However, the source of the spiral density wave has been vividly discussed.
It has been suggested that the development of spiral structures in galactic
disks may be due to central stellar bars. Interstellar gas that is subject to
periodical perturbations by the non-circularly symmetrical gravitational field
in a barred system will develop a density wave that attracts neighboring stars
and gas. Another possible cause of a density wave may be a gravitational
interaction with a massive galaxy.

4.2 Pattern speed and resonances

The spiral density wave rotates through the galaxy at a fixed angular speed,
the pattern speed (Ωp). In the inner parts of the galaxies, gas (and stars)
are moving faster than the pattern speed and overtake the density wave. In

1A star formation efficiency is correctly defined as
∫

SFR

Mg

dt, where the integration is

over a well defined interval. We will, however, use the simple ratio SFR/Mg and assume
that the time interval is ∼ 108 years for all SFR estimators.
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the outer parts of the galaxies, the gas moves more slowly than the pattern
speed and the spiral arms overtake the gas.

In general, the rotational velocity (vrot) in a spiral galaxy will increase
rapidly from 0 to about 200 km s−1 in the inner few kiloparsec. After this,
the rotational velocity is more or less constant. To a first approximation,
the orbits will be circular, but in addition to this, the objects will oscillate
radially. Under special conditions the frequency of these radial oscillations,
called the epicyclic frequency (κ) given by

κ2 =

(

R
dΩ2

dR
+ 4Ω2

)

Rg

, (4.1)

is commensurate with the pattern speed, and then resonances occur. The
obvious resonance is when the gas corotates with the pattern (Ω = Ωp), which
takes place at the so called corotation radius (CR). The general condition of
resonance is nm(Ω−Ωp) = ±κ, where m is the number of arms (in this case
2) and n an integer number ≥ 1. If n = 1, the resonance is called a Lindblad
resonance after the Swedish astronomer Bertil Lindblad.

In principle there are an infinite number of modes that could be excited
in a gaseous disk. In general, however, at most a few modes are found to
be dominating. One famous example of a galaxy with two simultaneously
excited modes is M51, which has a normal density-wave pattern in the inner
disk and one (slower-moving) in the outer disk due to a recent encounter with
NGC 5195 (Aalto et al. 1999; Zimmer & Rand 2004). For barred galaxies,
the pattern speed could in principle be different from that of the spiral arm
pattern. However, it is commonly believed that this is not the case, since
almost all galaxies with massive bars have spiral patterns emanating from the
bar ends. In fact, it is quite possible that the spiral density wave is excited
and driven by the bar.

Even if the pattern speed in a spiral galaxy has significant impact on the
structure and evolution of a galaxy, the determination of the pattern speed
is not straightforward. The spiral pattern of M83 has been determined using
two methods, which will be described here briefly.

4.2.1 Canzian method

Canzian (1993) proposed a kinematic technique to determine the pattern
speed of a galaxy by examining the residual image. The latter is the result
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Figure 4.1: The theoretical residual velocities resulting from the gas response
to a spiral density wave, The Canzian method (Canzian 1993) rests on the
behavior at the corotation radius, which is shown with an ellipse.

when an axisymmetric model velocity field is subtracted from the observed
velocity field. If the pattern is due to a density wave phenomenon, the image
will change character at the corotation radius due to a geometrical phase ef-
fect (Fig. 4.1). For a two-armed galaxy, the velocity residual field will display
one positive-negative pair within the corotation radius, and three beyond it.
The underlying reason is the response of the radial and azimuthal velocity
components of the gas clouds to the gravitational potential associated with
the spiral arm. Outside the CR, where the spiral density wave moves faster
than the gas, the gas will be decelerated by the gravitational potential, while
it will be accelerated in the forward direction inside the CR.

We applied the Canzian method to M83 and derived a pattern speed of
48 ± 8 km s−1 (Paper II).

4.2.2 Tremaine-Weinberg method

The Tremaine-Weinberg method uses measurements of the surface density
and velocity of a component (atomic gas, molecular gas, stars, or any com-
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ponent that reacts to a density wave in a galaxy) along lines parallel to the
major axis of the galaxy (Tremaine & Weinberg 1984). The crucial require-
ment on the tracer component is that it satisfies the continuity equation over
several orbital time scales. In most galaxies, neither atomic hydrogen nor
molecular gas will obey the continuity equation, because of conversion of gas
between phases (e.g., dissociation of molecules, and ionization of atomic gas)
and star formation on timescales shorter than the orbital. But in galaxies
the molecular phase dominates the ISM (as it does in M83) and the conver-
sion processes can be neglected as they won’t have a significant effect on the
molecular gas surface density, and the Tremaine-Weinberg method is applica-
ble. Another important requirement is that the observations has to be carried
out using a single dish telescope - observations done with interferometers will
in many cases miss the extended emission.

Zimmer & Rand (2004) have applied this method to M83 using our CO
data as input (Fig. 4.2). Converted to a distance of 4.5 Mpc, their estimation
of the pattern speed becomes 50 ± 8 km s−1, in good agreement with our
estimate in paper II. The analysis in Zimmer & Rand (2004) also suggested
the existence of a single pattern speed.

Figure 4.2: Tremaine-Weinberg method applied to M83 and based on our
CO(J=1–0) data (Zimmer & Rand 2004). The value 45 km s−1 applies to a
different distance than the one adopted by us.
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Figure 4.3: Schematic image of M83. The reaction of the gas in the vicinity
of the density wave is shown with filled arrows before the encounter with the
wave, and outlined arrows after the encounter. Along the minor axis, only
the radial component is shown, and along the major axis, only the azimuthal
component. The resulting velocity changes observed from our vantage point
are shown as unfilled circles for redshifted gas and filled circles for blueshifted
gas. The hatched region marks the corotation radius.

4.3 Position-velocity diagrams

In M 83 the major axis crosses the spiral arms twice, while the minor axis
crosses the spiral arms four times (see Fig. 4.3). This means that different as-
pects of the dynamics of the gas can be studied in position-velocity diagrams
along these axes.
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4.3.1 Major axis

Outside CR and outside the arm, the gas is slowed down in the azimuthal
direction by the more rapidly moving spiral potential, while on the inside of
the arm it is accelerated. The expected signature of a spiral density wave
is therefore a gradient in observed velocity across the CO spiral arm (which
we here assume is coincident with the spiral potential minimum - this is
not necessarily the case). The slope of the gradient (i.e. red-blue or blue-
red) depends on which side of the galaxy is being discussed, but common to
both sides is that the effect should be seen as an increase in velocity, above
that of the rotation curve, before the arm and a decrease in velocity, below
that of the rotation curve, beyond the arm (in the direction of increasing
galactocentric radius).

4.3.2 Minor axis

Along the minor axis the gas is accelerated radially outwards inside the arms,
and radially inwards outside the arms. Again, a gradient across the spiral
arm is expected. For gas on the north-western side this means a gradient
from blueshifted gas inside the arm to redshifted gas outside the gas, while
the opposite signature is expected on the south-eastern side.

4.4 Disk stability

For axisymmetric (m=0) perturbations, the dispersion relation for the gaseous
disk is

ω2 = κ2 + k2σ2
g − 2πG|k|Σg,0 , (4.2)

where σg is the velocity dispersion of the gas and Σg,0 the mass surface
density of the gas in the midplane of the disk. While ω2 > 0, ω is real and
the disk is stable, but if ω2 < 0, the amplitude of the perturbation, which
is proportional to exp(−iωt), is no longer a periodic function, and will grow
exponentially.

Exploring the marginally stable condition (ω = 0), the solution to Eq. 4.2
becomes

k =
κ

σg

Q−1 ± κ

σg

√

Q−2 − 1 (4.3)
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where Q is the Toomre stability parameter

Q =
κσg

πGΣg,0

(4.4)

This parameter serves as a thermometer of the kinematic temperature in
a disk. “Hot” disks have a value greater than one, and “cold” disks have a
Q < 1. Disks of the latter type have never been seen since they are extremely
unstable. Many disks are “cool” with a Q ≈ 1 − 2.

The characteristic wavenumber of the solution to Eq. 4.2 is

kchar =
κ

σg

Q−1 (4.5)

Using this and given that λ = 2π/k and Σ0,g = 0.5Σg (Elmegreen 1994), the
characteristic scale length of the instability can be derived:

λchar ≈
2σ2

g

GΣ0,g

≈ 2.2
(

σgas

7 km s−1

)2
(

Σgas

20 M� pc−2

)−1

kpc , (4.6)

while the characteristic mass is given by

Mchar = πr2
charΣg ≈

σ4
gΣg

G2Σ2
0,g

≈

≈ 2.6 × 107

(

σgas

7 km s−1

)4
(

Σgas

20 M� pc−2

)−1

M�. (4.7)

In Paper II we showed that these length and mass scales are in perfect
agreement with the Giant Molecular Associations (GMAs) that we see in
M83. The formation of GMAs through a disk instability is probably the
first process of star formation. Subsequently these associations fragment
into Giant Molecular Clouds (GMCs) where star formation is activated. The
location of the giant H ii regions in M83 are consistent with our gas mass
surface density distribution and the disk instability criterion.



Chapter 5

Star formation

A starburst galaxy is defined as having a massive star formation rate 1 − 2
orders of magnitude higher than (normal) quiescent star-forming galaxies.
Such a galaxy has a star formation rate (SFR) too high to be sustainable
over a longer time scale.

M83 is an active star-forming galaxy, and sometimes regarded as being a
starburst (Telesco et al. 1993; Calzetti et al. 2004), and sometimes not; Kil-
gard et al. (2002) found that even if the nuclear regions contains a starburst
region, the galaxy as a whole has an SFR lower than classical starbursts.

Still, M 83 is a place of vigorous stellar births and deaths. E.g., 25% of
the massive-star formation rate in the local universe (d < 10 h−1

50 Mpc, about
200 galaxies) is confined to 4 galaxies: M83, M82, NGC 253, and NGC4945
(Heckman 1997). Also, in M83 6 supernovae have been observed during the
last century (1923A, 1945B, 1950B, 1957D, 1968L, and 1983N), more than
in any other Messier galaxy, and second only to NGC6946, in which 7 SNe
have been observed.

During the last 50 years (when we estimate that regular observations of
M83 has been conducted) 3 SNe have been optically observed (1957D, 1968L,
and 1983N). All of these are identified as having massive progenitors (even if
this is not certain in the case of 1957D), i.e., mass ≥ 8 M� (Eck et al. 2002).
We therefore find a massive-star formation rate of 0.06 yr−1 (3/50). Given a
Salpeter IMF, this can be converted into an SFR(M ≥ 0.1M�) of 8 M� yr−1.

M 83 appears to experience enhanced star formation in the nucleus and in
the spiral arms (Larsen & Richtler 1999; Harris et al. 2001), possibly triggered
by a close encounter with the companion NGC 5253, or by the presence of
the gravitational potential of the bar, or a small galaxy swallowed by M83.

27
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Associated with the star formation is strong emission in the radio (Turner
& Ho 1994), in the infrared (Rouan et al. 1996) and in the X-ray (Kilgard
et al. 2002; Soria & Wu 2002).

Paper III of the thesis deals with the estimate of SFRs in the disk of M 83,
and Paper IV includes the star formation activity going on in the nuclear
region. Estimates of the SFR are almost exclusively based on the contribution
from main-sequence stars (often the most massive) to broad band fluxes,
ionization radiation, or dust heating. The main theoretical problem is to
reliably convert from the minor fraction of contributing stars, and the time
scale on which they contribute, to the large fraction of stars that are born per
unit time. This requires stellar evolutionary models combined with stellar
spectra and an initial mass function (IMF). The main observational problem
is to isolate the fraction of the radiation that is due to the main sequence
stars, and to make proper corrections for the internal extinction inside the
galaxy. We will here briefly describe the background to the SFR measures
used.

5.1 The initial mass function

The IMF gives the birthrate of stars per mass unit interval

dN = ψ(M)dM . (5.1)

This is a crucial property for the derivation of SFRs and associated properties
like star formation efficiency (SFE) and star formation history (SFH).

A special case is the Salpeter law

dN = αmM
−2.35dM (5.2)

This gives the total number of stars born per unit time

N = αm

∫ Mu

M`

M−2.35 dM =
αm

1.35

(

1

M`

)1.35

−
(

1

Mu

)1.35
]

≈ 16.6αm (5.3)

if M` = 0.1 M� (independent of Mu as long as it is sufficiently large).
The SFR (the amount of mass per unit time that is converted into stars)

is given by

SFR = αm

∫ Mu

M`

M−1.35 dM =
αm

0.35

(

1

M`

)0.35

−
(

1

Mu

)0.35
]

≈ 5.8αm (5.4)
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if M` = 0.1 M� and Mu = 100 M�. Note that

SFR(> 5 M�)

SFR
= 0.18 , (5.5)

i.e., even if the IMF is steep, the extrapolation done in the SFR is moderate.

5.2 Star formation rates from broad band lu-

minosities

The luminosity within a band λ is related to the IMF via

Lλ =
∫ Mu

M`

ψ(M)tλ(M)Lλ(M) dM (5.6)

where tλ(M) is the time over which a star of mass M contributes with a
significant luminosity Lλ. Note that this assumes that all of the flux in the
chosen band is due to main-sequence stars.

For a Salpeter IMF the resulting SFR is given by

SFR = 5.8
Lλ

∫Mu

M`
M−2.35tλ(M)Lλ(M) dM

(5.7)

Depending on the choice of λ this gives an estimate of the SFR during a cer-
tain period. As noted by Kennicutt (1998) the calibrations of (5.7) relations
for the U, B, and V bands through synthesis modeling show a considerable
dependence on the color of the galaxy if exponential star formation histories
are assumed. Better results are obtained when bands dominated by emission
from young stars are used.

5.3 Lyman continuum photons

In a similar way the number of Lyman continuum photons can be estimated
(assuming a Salpeter IMF)

Nc =
∫ Mu

M`

αmtc(M)nc(M)M−2.35 dM (5.8)
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With M` = 0.1 M� and Mu = 100M� the result is (Gallagher et al. 1984)

αm,c ≈ 2.5 × 10−54Nc (5.9)

The results depends somewhat on the upper mass cutoff, and it has been
assumed that the efficiency is 2/3 (i.e., 1/3 of the photons are lost on dust
or escapes the galaxy. Nc is dominated by 10–60M� stars with life times of
the order 107 yr.

An estimate of Nc can be obtained from UV continuum, nebular recombi-
nation lines, or thermal radio emission. Corrections for the fact that not all
Lyman continuum photons give rise to recombination lines or radio emission
must be done. Combined with 5.4 this gives the SFR.

5.4 Extinction

The space between the radiation source and the observer is not empty, but
contains matter which absorb some fraction of the emitted radiation. The
optical extinction can be estimated from the gas column densities using the
expression

τ =
[

NH

2.17 × 1021 cm−2

]

(5.10)

If the radiation sources lies behind a screen of material with an optical thick-
ness τ , the extinction in the V passband (AV) is given by

AV = 2.5 log eτ , (5.11)

but if the sources and interstellar medium are mixed, Eq. 5.11 will overesti-
mate the optical extinction. With the assumption of radiation sources being
well-mixed with the interstellar medium (Fig. 5.1) the extinction is better
approximated with the expression (Lequeux et al. 1981)

AV = 2.5 log
τ

1 − e−τ
(5.12)

This results in AV ∝ τ/2 for low optical depths and AV ∝ log τ for high optical
depths.

In Paper III we present the extinction map based on the total gas (H i+H2

and He) gas mass surface density, and we correct SFRs obtained from various
star formation tracers.
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Figure 5.1: The extinction in the V passband (AV) if the radiation sources
lie behind a screen (upper panel), or are embedded in a screen (lower panel),
with an optical thickness τ .

The nuclear region is very different from the disk. Firstly, the mass
surface density and SFR is much higher than in the disk. Secondly, the
kinematic situation is very complicated due to the large amounts of gas that
is being fed into the nuclear region by the shock fronts on the leading edges
of the bar. Because of this, the extinction is very patchy, and the assumption
of well-mixed gas is perhaps not applicable - in particular not on the scale
of 25′′, which is the resolution to which we are limited to in Paper III. In
Paper IV we show high resolution extinction maps based on H-K color map
obtained with the Hubble Space Telescope (HST). We also discuss the star
star formation history and the possible existence of a dormant black hole.

5.5 Star formation laws

It is crucial when modeling galaxy evolution to understand how the large-
scale SFR depends on the physical conditions in the interstellar medium
(ISM). However, the ISM in many galaxies is dominated by molecular gas
(in particular the galaxies that have a high SFR), and the lack of data with
high angular resolution mean that the processes that regulate the large-scale
star formation are poorly understood. This is one of the major limitations
in analytical models and numerical simulations of the evolution of galaxies.
Studies of the star formation law in nearby galaxies, like the one presented in
Paper III, can address this problem in two important respects: by providing
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empirical recipes that can be incorporated into models of star formation, and
by providing clues to the physical mechanisms that regulate this mechanism.

5.5.1 The Schmidt law

The most widely used parameterization of the star formation is the Schmidt
law (Schmidt 1959), which assumes a relation between the SFR and the gas
density

SFR ∝ ρn
g (5.13)

Observationally we deal with surface densities and we rephrase (5.13) as

ΣSFR = aΣN
g , (5.14)

where ΣSFR is the SFR per unit surface area. The Schmidt law has been
tested in numerous studies, with most power law indices, N , falling in the
range 1 − 2.

By comparing global values of SFR (Hα) and total gas for 36 low-inclination
galaxies, ranging over 6 decades in SFR, Kennicutt (1998) found a relatively
tight correlation (see Fig. 5.2),

ΣSFR = (2.5 ± 0.7) × 10−4

[

Σg

M� pc−2

]1.4±0.15

M� yr−1 kpc−2 (5.15)

Here both Σs were disk-averaged. When starbursts were excluded from the
fit, the power law index was N = 1.3 or N = 2.5 depending on the method
used to fit the Schmidt law to the data. The author underscores that the
assumptions of a constant internal extinction (assumed to be 1.1mag) and
conversion factor (XCO) introduces considerable scatter in the data.

In Paper III we derive, for M83, a power law index of N = 1.0 based on
the raw ΣSFR data and N = 1.9 for the extinction-corrected data (Fig. 5.3).
The high-end of the latter fit matches perfectly with that from Kennicutt
(1989) (see Fig. 5.2), and the low-end matches the lower envelope of the data
points. The latter discrepancy is likely an effect of either that the assumed
XCO in Kennicutt (1989) is too low (small galaxies tend to have higher XCO

(Arimoto et al. 1996) - a correction would move the points to the right)
and/or the assumed average extinction in Kennicutt (1989) is over-estimated
(galaxies with low Σg should have less extinction than average - thus moving
the point down).
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Figure 5.2: Global (average) SFRs as a function of average mass surface
density of gas (H i+H2) for normal disk galaxies (filled circles), centers of
normal galaxies (circles), and starbursts (squares), adopted from Kennicutt
(1989). The thin black line shows a Schmidt law with power law index
N = 1.4 and the thick grey line shows the fit to the extinction-corrected
data in our Paper III (N = 1.9). Both the nucleus and the disk average of
M83 was included in the Kennicutt (1989) sample, as indicated.

A large scale Schmidt law with index 1.5 is expected for a self-gravitating
disk if the SFR scales as the ratio of the gas density and the dynamical time
scale (∝ ρ−0.5), Σg/τd. The main problem is that τff is much shorter than
the gas consumption time scale, i.e., the SFE is very low (see Boselli et al.
(2002), and Rownd & Young (1999)), a fact not explained by this scenario.

Irrespective of the exact expression for the Schmidt law (see alternatives
below) there is good evidence for its applicability in the main disks and
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Figure 5.3: The SFR per square kiloparsec as a function of total gas mass
surface density. The left panel shows raw data and the right panel shows
extinction-corrected data. The black dots are the binned data, with the
1σ scatter of the data. To these data, we have fit a Schmidt law yielding
a power law index N ≈ 1 for the uncorrected data, and N ≈ 1.9 for the
extinction-corrected data.

central regions of galaxies (including starbursts) (see Elmegreen (2002) for
additional references).

5.5.2 Alternative Schmidt laws

There are alternatives to (5.14). Kennicutt (1989) suggests

ΣSFR = aΣg

1

τdyn

≈ aΣg

V

R
= aΣg Ω (5.16)

i.e., a disk processes a constant fraction of the gas into stars during each orbit
(variants with Σg replaced with ΣN

g also exist). Such a relation is expected
to hold when spiral arms are important triggers of star formation (Wyse &
Silk 1989), or when star formation is self-regulating and produces a constant
Q (Silk 1997). Nevertheless, also in this case there is no clear prediction that
the SFE should be low. In Paper III we find that the SFR scales as (ΣgΩ)1.4.
Dopita & Ryder (1994) suggest

ΣSFR = aΣN
g Σtot (5.17)

where Σtot is the total surface density. All these relations appears to fit
existing observational data equally well, even those of our own Milky Way
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(Boissier et al. 2003), meaning that it is difficult presently to identify the
main mechanisms that determine large-scale star formation.

The simplest law is

ΣSFR = aΣH2
, (5.18)

i.e., a constant SFE in the molecular gas, and the time scale for star formation
is determined by processes like stellar feedback, magnetic diffusion etc., which
do not vary with position in the galaxy. This suggests that the Schmidt law
is actually an effect of two processes (the first governing the conversion of H i

to H2 gas (N1), and the second one the formation of stars from the H2 gas
(N2). The index N is therefore given by,

N =
d ln ΣSFR

d ln Σg

=

[

d ln ΣSFR

d ln ΣH2

] [

d ln ΣH2

d ln Σg

]

= N2

[

1 +
d ln fmol

d ln Σg

]

. (5.19)

With N2 ≈ 1 and the fraction of molecular gas, fmol, increasing with Σg nat-
urally gives N ≥ 1. This is in fact more understandable since it is hard to
imagine how the H i gas, with its much larger scale height, should contribute
very significantly to the Schmidt law. However, in Paper III we find that the
SFR scales as Σ1.8

H2
, and that the SFE is not constant in the disk.

5.6 Star formation efficiency

A first, crude, estimate of the SFE for M83 can be obtained by dividing the
global SFR (6 M� yr−1, see Paper III) with the total gas mass within the
Holmberg radius (5.5×109 M�, Paper I). This gives a global SFE of about
10−9 yr−1, which corresponds to a gas consumption time scale of 109 yr (ne-
glecting gas infall and mass return from evolved stars). The SFR inferred
from FUV and Hα measures the star-forming activity over the last 108 yr, a
timescale commonly referred to as τ8, and a unit which we use throughout
this work. The global SFE estimate is 0.1 on the τ8 time scale - i.e., 10% of
the total available gas mass has been turned into stars during the last 108

years.
In Paper III we calculate the SFE from ΣSFR/Σg. The SFE map is,

compared to the SFR map, relatively smooth, but we do find evidence of an
increased SFE in the arms and in the nuclear regions. Therefore, we conclude
that spiral arms do not only accumulate gas, they also enhance the efficiency
by which this gas is converted into stars. The latter result is very interesting,
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and already suggested by the high power law index that we obtained for the
Schmidt law.

Furthermore, in Paper III, we find that the typical SFE is ∼0.02. The
discrepancy between this value and the global SFE estimate above (0.1)
is explained by the extremely high SFE in the nuclear region. Indeed, in
Paper IV, we find strong indications of massive star formation that has taken
place on a very short time scale. This indicates that huge amounts of gas
that has to be fed into the nucleus to replenish the supply of gas.
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