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• Paper I: Harjunpää, P., Mattila, K., “The ratio N(CO)/E(J-K) in local molec-
ular clouds”, 1996, A&A, 305, 920–935
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1 The scope of this thesis

This thesis presents an investigation of some essential physical factors and processes
which influence the mass estimation and are thought to be important for the mor-
phology and evolution of interstellar dark molecular clouds. Understanding the prop-
erties, structure, dynamical state and fragmentation of molecular clouds is important
not only in their own rights, but also for the understanding of star formation. Since
all present-day star formation takes place in the cold and dense cores of interstellar
molecular clouds, the properties of molecular clouds control the nature and efficiency
of star formation.

1.1 CO-to-H2 mass ratio

Carbon monoxide (CO) observations at mm wavelengths provide the most widely
used method for mass estimation in dark molecular clouds. This is a consequence
of the facts that molecular hydrogen (H2), the main constituent of molecular clouds,
is difficult to observe with direct measurements and also, on the other hand, that
the second most abundant molecule, CO, is easily observable. The decisive quantity
for mass estimations is, thus, the column density ratio N(CO)/N(H2). According to
theoretical studies, however, no single canonical CO/H2 ratio is justified. The idea
of the variation of the N(CO)/N(H2) ratio with star forming activity was already
proposed in 1985 by Williams. Such a variation seems logical, since CO gas tends to
be depleted in cold quiescent clouds because of freezing of CO onto dust grains. In
star forming regions, CO is again rejected/evaporated back into gas phase because
newly formed stars warm their surroundings and create shocks and turbulence in the
surrounding regions. The light H2 molecule, however, does not freeze out on dust
grains. As can be seen from the above, the role of dust is important because of the
process of depletion and, in addition to that, because dust grains serve as sites for
H2 formation in the interstellar medium (ISM) and they attenuate and polarize light.
Extinction produced by dust can be used as a tracer of H2 column density, since it
has been shown that dust extinction correlates well with the total column density of
hydrogen (Bohlin et al. 1978; Vuong et al. 2003). Therefore, dust extinction can also
be used for calibrating the N(CO)/N(H2) ratio.

1.2 Magnetic fields traced by polarization

The structure of molecular clouds is commonly highly filamentary and clumpy. How-
ever, the origin and formation mechanism of the filamentary dark cloud structures
are not yet entirely understood. In many theoretical works, magnetic fields are pro-
posed to influence the formation of elongated molecular cloud filaments (Gehman et
al. 1996; Nakajima & Hanawa 1996; Fiege & Pudritz 2000a, 2000b). It has also
become evident that turbulence forms many filaments (Padoan et al. 1998; Klessen
& Burkert 2000; Ostriker et al. 2001). The conditions under which molecular cloud
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cores collapse and fragment are also still debated. The role of gravity, magnetic fields,
turbulence, thermal pressure, and rotation varies between different theoretical works.
Different models of molecular cloud formation can be used to predict structures of
dust and molecular gas and the behaviour of magnetic fields in clouds. In testing
the models, these predictions are compared with observational results. Polarization
maps, obtained from optical or near-infrared polarization observations of background
stars, or from the polarization of submillimeter dust continuum emission, are often
used in order to study magnetic field direction in interstellar clouds.

1.3 Collapse and fragmentation traced by molecular cloud mor-

phology and kinematics

The predictions of cloud structures from theoretical modelling, on the other hand, can
be tested by mapping the clouds using molecular line observations. For example, in our
molecular line studies we have found a pair of cloud cores in dark cloud L 1155, which
may be physically bound and orbiting each other. When compared to theoretical
models, these cores were interpreted to be fragmentations products of the rotating
parent cloud.

2 Molecular clouds

2.1 General properties

The interstellar medium is very inhomogeneous, and consists of gas and dust which
form clouds. The matter is affected by radiation from stars in different evolutionary
phases and by magnetic fields. The range of physical properties of the clouds is wide,
they are inhomogeneous and show a variety of shapes and structures. The clouds of
the lowest densities, nH ∼ 10–1000 cm−3, are called diffuse clouds. In these clouds a
substantial fraction of the hydrogen is atomic (HI). Clouds producing visual extinction
from 1 to 5 mag are often called translucent clouds. If the density is even higher, then
these are termed molecular clouds, in which the H atoms are almost totally converted
to molecular hydrogen.

Molecular clouds are usually further divided into dark clouds and giant molecular
clouds (GMC). These clouds often form complexes: within a less dense cloud there are
embedded several separate dense clouds which again show substructures. In Table 1 is
given some typical physical properties of GMCs and dark molecular clouds. The table
is adapted from a review by Goldsmith (1987). In the ISM there are also isolated,
very small and roundish dark clouds, called globules (Bok & Reilly 1947). They are
perhaps the simplest structures of the ISM. Against the stellar background, globules
can be seen as roundish, dark patches, which have well defined edges. The mean
mass and density of globules are around 10 M� and 103–104 cm−3, respectively (e.g.
Clemens et al. 1991; Lemme et al. 1996).
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Table 1: The physical properties of molecular clouds. (From Goldsmith 1987.)

Giant Dark
molecular clouds

clouds

C O M P L E X

Size (pc) 20–80 6–20
Density (cm−3) 100–300 100–1000
Mass (M�) 8×104–2×106 103–104

Temperature (K) 7–15 ∼10

C L O U D

Size (pc) 3–20 0.2–4
Density (cm−3) 103–104 102–104

Mass (M�) 103–105 5-500
Temperature (K) 15–40 8–15

C O R E

Size (pc) 0.5–3 0.1–0.4
Density (cm−3) 104–106 104–105

Mass (M�) 10–103 0.3–10
Temperature (K) 30–100 ∼10

The hierarchy of clumps and filaments in molecular clouds spans over all observable
scales. The observed mass spectrum of these structures can be described with a power
law, dN/dM∝M−γ with γ between 1.4 and 2.0 (e.g. Elmegreen & Falgarone 1996;
Kramer et al. 1998). Accordingly, in several recent articles, clouds have been found
to have self-similar structures which are best described as fractals (e.g. Bazell &
Désert 1988; Falgarone et al. 1991, Elmegreen & Falgarone 1996). The existence of
such fractal structures has been seen as the main evidence for turbulent motions in
molecular clouds (e.g. Elmegreen & Falgarone 1996; Elmegreen 2002).

2.2 Filamentary structure and magnetic fields

Complexes of interstellar clouds are composed of ensembles of cloudlets and filaments.
In Paper III, we are concerned with the formation and physics of elongated molecular
filaments with wavy, sinusoidal shapes. They are apparent on very large scales, as
seen on sky maps of atomic hydrogen (Hartmann & Burton 1997; Verschuur 1991) or
infrared cirrus (Deul & Burton 1992), as the main building blocks in giant molecular
clouds such as the Orion GMC (see e.g. Bally 1989 for a review, and Uschida et al.
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1991), and in clouds of intermediate and small sizes. The architecture of individual
clouds is affected by changes in the environment and also by internal forces produced,
for instance, by star formation in the clouds. It has become increasingly clear that
magnetic fields are, under certain conditions, of vital importance for the structure
and dynamics of the clouds.

Magnetic field strengths of some ten µG have been measured via methods relying
on Zeeman splitting (e.g. Crutcher et al. 1999; Bourke et al. 2001), and also estimated
via the Chandrasekhar-Fermi technique (Chandrasekhar & Fermi 1953), i.e. relating
the dispersion in polarization position angles to the magnetic field strength in the
plane of the sky (e.g. Myers & Goodman 1991; Chrysostomou et al. 1994; Lai
et al. 2001; Matthews & Wilson 2002; Lai et al. 2002; Crutcher et al. 2004; for
numerical testing of the method see also e.g. Padoan et al. 2001). Magnetic field
strength has also been estimated by comparing spectral lines of ions and neutral
molecules and thereby deriving their relative motions (Houde et al. 2000, 2002).
Padoan et al. (2004) used numerical modeling of the density power spectrum in
molecular clouds compared with observed molecular maps of the clouds to estimate
the average magnetic field strength in these clouds. The magnetic field direction in
the plane of the sky is generally assumed to be aligned with the polarization vectors
(Davis & Greenstein 1951). Polarization maps have, however, shown that the angle
between the mean polarization direction and the projected cloud axis of elongation
is not always perpendicular or parallel, but may obtain irregular values or show a
bimodal distribution. On the basis of observations, it is not clear that dark clouds
affect the ambient polarization pattern (Goodman et al. 1990; Myers & Goodman
1991).

The mechanism by which dark filamentary clouds form is not yet well understood.
Most theories on the formation of filamentary structures suggest that magnetic fields
play a dominant role (see e.g. Shibata & Matsumoto 1991; Hanawa et al. 1993;
Lazarian 1993; Nakamura et al. 1995; Gehman et al. 1996; Nakajima & Hanawa 1996;
Fiege & Pudritz 2000a, 2000b). It has also become evident that filamentary structures
can occur as a result of turbulence (see e.g. Padoan et al. 1998; Klessen & Burkert
2000; Ostriker et al. 2001). The possibility that sinusoidal and helical structures
develop as a consequence of electric currents accompanied by helical magnetic fields
along the filaments was considered by Carlqvist & Gahm (1992) and applied to large-
scale H I filaments by Verschuur (1995); see also Urbanik et al. (1997). A consequence
of the helical geometry of the magnetic field is that bimodal distributions, ”flips” of
90o, of the polarization position angles can arise (Carlqvist & Kristen 1997; Fiege
& Pudritz 2000c). Further theoretical studies indicate that in the densest cores,
the degree of polarization is expected to be very small, and that frequent collisions
between particles destroy the tendency of alignment. This effect fully accounts for the
observed saturation of the degree of polarization versus extinction, the “polarization
hole”, in dark clouds. A number of other possibilities have been listed by Goodman
et al. (1995), who propose that different physical properties of grains in dense clouds
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may cause the effect, with aspects of this suggestion discussed further by Lazarian et
al. (1997). Fiege & Pudritz (2000c) pointed out that the ”polarization hole” effect can
be explained in filamentary clouds with helical magnetic fields threading the cloud.

2.3 Cloud collapse and fragmentation

If a cloud is only supported against gravity by thermal pressure, it will collapse in
a free-fall time-scale if the mass of the cloud is larger than the Jeans’ critical mass.
The free-fall time-scale of a typical molecular cloud is of the order of ∼106 yr, but its
lifetime is thought to be a factor of 10–20 longer (Blitz & Shu 1980). The efficiency in
which a typical molecular cloud converts gas into stars is found to be low, only a few
percent (e.g. Duerr et al. 1982; Leisawitz et al. 1989). Thus, thermal support alone
would lead to far too high star formation rates and too short lifetimes for molecular
clouds when compared to observational results (Zuckerman & Palmer 1974). Thus, it
is necessary to have other mechanisms supporting the clouds against their own gravity.
Several alternatives have been proposed, but magnetic fields (e.g. Chandrasekhar &
Fermi 1953) and turbulence (e.g. Norman & Silk 1980; Bonazzola et al. 1987) seem
to be the most plausible possibilities.

The superthermal line widths of the observed molecular lines indicate that molec-
ular clouds are turbulent (Falgarone & Phillips 1990). The difficulty with turbulent
support of the clouds is that turbulence is highly dissipative (Goldreich & Kwan
1974), and thus, replenishing mechanisms are needed. On large scale the ISM is
turbulent (e.g. Braun 1999) and molecular clouds can already be turbulent during
formation. Interstellar turbulence may be driven by galactic shear and supershells on
larger scales. Intermediate-scale turbulence of the ISM may be caused by expanding
HII regions and supernova explosions. On smaller scales, interstellar turbulence may
primarily arise as a result of stellar winds and bipolar outflows.

A magnetic field cannot prevent the rapid gravitational collapse of a cloud, even
if the field remains frozen to the matter, if the cloud mass exceeds the magnetic
critical mass (e.g. Mestel 1985). In this situation, the cloud is said to belong to
the magnetically supercritical regime. In magnetically subcritical cases, the mass of
a cloud is below the magnetic critical mass and magnetic field can be important in
stabilizing the molecular cloud in the direction perpendicular to the field direction.
The former is thought to result in the production of massive stars or dense clusters of
stars, and the latter in slow formation of isolated low mass stars (Shu et al. 1987a,b).
The magnetic field is, however, only coupled to the charged particles. Neutral particles
drift in ambipolar diffusion slowly relative to the magnetic field and charged particles,
and they are affected by the field through ion-neutral collisions (Mestel & Spitzer
1956).

The difficulty with magnetic support is that it cannot provide support in the direc-
tion parallel to the magnetic field lines. However, in the presence of a magnetic field,
the turbulent disturbances can excite magnetohydrodynamic (MHD) waves (Arons &
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Max 1975) which can propagate along the field lines. These MHD waves were believed
to slow the dissipation of turbulence and to provide wave pressure which supports a
cloud along the magnetic field direction against self-gravity (Shu et al. 1987a; Fatuzzo
& Adams 1993; McKee & Zweibel 1995). Recent numerical simulations, however, have
also shown that MHD turbulence decays quickly, and therefore ongoing energy input
is still necessary (Mac Low et al. 1998).

In recent years, it has even been proposed that interstellar molecular clouds are
formed and dispersed on a dynamical timescale and that they never reach equilibrium
(Ballesteros-Paredes et al. 1999; Elmegreen 2000; Pringle et al. 2001; Hartmann
et al. 2001). If this is the case, then interstellar molecular clouds are much like
terrestrial clouds. In these models, cloud cores form by supersonic turbulent motions
(e.g. Padoan & Nordlund 2002; Mac Low & Klessen 2004) and sometimes even
gravitationally bound cores, which can collapse to form stars, are formed. In this
scenario, the need for the long-term support of molecular clouds does not exist any
more.

Stars are assumed to form singly in classical theories of star formation. It is now
almost certain, however, that binary or multiple formation of stars is the primary
mode of star formation (Bodenheimer et al. 2000; White & Ghez 2001; Goodwin
et al. 2004). At present the leading, but not the sole, explanation for this is the
fragmentation of rotating interstellar clouds (Bodenheimer et al. 2000; Hennebelle
et al. 2004). Another cause for multiple system formation can be fragmentation in-
duced by turbulence (Elmegreen 1997; Ostriker et al. 1999; Padoan & Nordlund 2002;
Bate et al. 2003; Klein et al. 2003; Larson 2003; Mac Low & Klessen 2004). Frag-
mentation was originally defined as the process in which two or more self-gravitating
protostars form during the gravitational collapse of a dense molecular cloud core.
Vázquez-Semadeni (2004) recently rephrased the definition: fragmentation describes
the sequential breakup of a diffuse and extended mass of gas into ever smaller regions,
ultimately leading to the formation of stars.

Understanding the mechanism of fragmentation has been a long-standing prob-
lem and it still is unresolved. The simulations of fragmentation are very demanding,
since the parameter space of initial conditions and fundamental physics is exten-
sive and requirements for computational performance are high. Over the past two
decades, mainly three-dimensional hydrodynamical numerical calculations have been
performed on the collapse and fragmentation of rotating molecular cloud by several
authors (for reviews see e.g. Bodenheimer et al. 2000; Hennebelle et al. 2004).
Considerable progress has, however, been made in predicting observable effects which
can serve as tests of the theoretical concepts. One prediction of the calculations is
that a disk, a ring or a bar is formed, which then rapidly fragments, the number of
fragments being generally only a few (2 to 5). Although the original cloud is not able
to collapse to form a star, the fragments themselves are predicted to be unstable to
collapse, which is due to the fact that most of the spin angular momentum of the
original cloud is predicted to go into the orbital angular momentum of the fragments
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and less into their spins. Most simulations are performed using non-magnetic cloud
models. In recent years, with growing performance in computing, three-dimensional
numerical magnetohydrodynamical simulations have started to appear. Boss (2000,
2002, 2004) showed that according to his model, fragmentation can still occur even if
the effects of magnetic fields are taken into account.

Only very few cases exist where observations can be interpreted to show evidence
for the predicted cloud fragments in orbital rotation, even though fragmentation is
expected to take place prior to the protostar phase. Martin and Barrett (1978) have
suggested that the pair of rotating globules B 163 and B 163SW may have collapsed
out of the ISM, and display a rotation which originated from the differential rotation
of the Galaxy; thus this pair might represent the expected first stage of a protostar.
Clark et al. (1977) and Clark & Johnson (1978) have interpreted the multiple velocity
components of CO and H2CO seen in the core B 213NW in Taurus in a similar way.
Baudry et al. (1981), however, preferred an interpretation in terms of a cloud-cloud
collision in this region. In Paper IV, we have presented evidence for another case of a
pair of dense cores, located in L 1155, which may be the fragmentation products of a
rotating collapsing cloud. However, when we proceed to the earliest observable phases
of the star formation process, evidence for young proto- and pre-main-sequence stars
in binary and multiple systems has started to appear (e.g. Fuller et al. 1996; Koresko
2000; Köhler et al. 2000; for review see Rodŕıguez 2004).

3 Dust and gas in molecular clouds

The interstellar dust grains have an increasingly important role in the astrophysics
of the ISM. In the following, the most central effects of interstellar dust are briefly
summarized. The most significant observational manifestation of the dust grains is
their ability to absorb, scatter and emit radiation. The dust grains absorb at visual
and ultraviolet (UV) wavelengths and reradiate this energy in far-infrared.

Dust grains also provide, along with the gas, mechanisms to control the temper-
ature of the ISM. One process of cooling the gas involves collisions of gas and dust
particles. The dust grains can give off the thermal energy gained in collision by radi-
ation in far-infrared. On the other hand, dust can heat the gas through photoelectric
heating, collisions with gas particles and via catalyzing the formation of H2 molecules.

Dust also has a significant role in the dynamics of star formation. The gravitational
energy from a collapsing cloud is radiated by dust grains in the far-infrared, thereby
enabling the process of star formation to proceed.

In addition, the importance of dust grains to interstellar chemistry is central. In
molecular clouds, dust shields the inner parts of clouds from UV radiation and thus
reduces the dissociation of molecules. Dust grains also serve as sites for the formation
of H2 molecules and in all likelihood many other chemical species, too.

The composition of interstellar dust is still controversial. Clues to the chemical

7



composition and size distribution can be obtained by comparing theoretical models
with observational data from both the continuum and spectral features in extinction,
scattering and emission. Silicates, carbonaceous materials (e.g. graphites and PAH
molecules), SiC and carbonates have been suggested to be candidate materials for the
interstellar dust grains.

The ratio of gas to dust by mass in the ISM is about 100, and this ratio is al-
most uniform throughout the Galaxy. The first detections of interstellar gas-phase
molecules (CH, CH+ and CN) were made in 1937, when several absorptions lines
observed in the visible spectra of bright stars were confirmed to originate from inter-
stellar molecules in the line-of-sight towards the background star (Swings & Rosenfeld
1937; McKellar 1940; Douglas & Herzberg 1941). The radio observations of interstel-
lar molecular lines started with the detections of OH (Weinreb et al. 1963), NH3

(Cheung et al. 1968), H2O (Cheung et al. 1969), and H2CO molecules (Snyder
et al. 1969; Palmer et al. 1969; Zuckerman et al. 1969). In this thesis, the key
molecular species hydrogen and carbon monoxide, the two most abundant molecules
in the interstellar medium, were observed for the first time at the beginning of the
1970s. H2 was first detected through its far-ultraviolet absorption lines in sightlines
traversing the diffuse ISM (Carruthers 1970). CO, on the other hand, was first dis-
covered in its J = 1 − 0 rotational transition in the direction of the Orion Nebula
(Wilson et al. 1970). So far, more than 130 interstellar molecules have been found
(see the DEMIRM List of the Known Interstellar Molecules: http://wwwusr.obspm.fr
/departement/demirm/list-mol.html).

Molecules are formed in the ISM through gas-phase and grain-surface chemistry
(for reviews in ISM chemistry see e.g. van Dishoeck 1998a,b; van Dishoeck & Blake
1998; Langer et al. 2000; Hartquist et al. 1998). Molecular hydrogen, the main con-
stituent of interstellar molecular clouds, mainly forms on the grain surfaces (Hollen-
bach & Salpeter 1971). CO is formed in diffuse clouds, mainly through the gas-phase
reactions (van Dishoeck & Black 1987)

C+ + OH → CO + H+ (1)

→ CO+ + H (2)

which are followed by

CO+ + H2 → HCO+ + H (3)

HCO+ + e → CO + H. (4)

A small contribution to the formation of CO comes from the following reactions

C+ + H2O → HCO+ + H (5)

CH+
3 + O → HCO+ + H2 (6)

CH + O → CO + H (7)

which are viable in dense molecular clouds.
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Molecules are efficiently destroyed by absorption of ultraviolet radiation at the
edges of dark clouds and in the vicinity of young stars. Thus, the rate of photodis-
sociation governs molecular abundances and their growth with depth in the outer
parts of dark clouds (e.g. van Dishoeck & Black 1988). The abundances of gas-phase
molecules in interstellar clouds also decrease by their collisions with cold dust grains.
In these collisions, molecules accrete onto grains, forming solid molecular icy mantles
on their surfaces. Water ice was detected in infrared (IR) absorption and identified in
1973 (Gillett & Forrest 1973). Many other solid-state species have subsequently been
detected with advances in instrumentation at infrared, among them solid CO (Lacy et
al. 1984). Freezing out of species onto the grains leads to grain-surface reactions and
the altering of the composition of the species. In star forming regions, the depletion
of molecules is decreased, since a newly-formed star warms the surroundings and the
ices on grains, enabling the molecules to evaporate back into the gas phase. Molecu-
lar outflows from young stars also give rise to the removal of molecular mantles from
grain surfaces by creating shocks and turbulent regions.

Most of the contents of molecular clouds are invisible. This is because molecular
hydrogen is generally unobservable with direct measurements. The reasons for this are
well known: 1) the H2 molecule has a symmetric structure and therefore its rotational
transitions are extraordinarily weak, and 2) much higher kinetic temperatures than are
generally found in molecular clouds would be required to excite the molecule even for
the transitions between the lowest rotational levels (the transition energy corresponds
to a temperature of 509K). However, direct observations of H2 can be done through
UV absorption lines in diffuse gas and it has thus been possible to determine the
gas-to-dust ratio in the direction of diffuse clouds (e.g. Bohlin et al. 1978). If this
gas-to-dust ratio is assumed to be universal, the distribution of H2 can be probed by
observing the distribution of dust. In recent years, widely distributed H2 has also
been observed via mid-IR (17.0 & 28.2 µm) emission in (e.g.) extragalactic sources
(see e.g. Valentijn & Werf 1999).

Since molecular hydrogen itself is so difficult to observe, other molecules serve
as useful probes of physical conditions in molecular clouds. Molecular spectroscopy
provides us with excellent tools for probing the huge ranges that are present in the size
scales and physical conditions (e.g. temperatures and densities) of the ISM. Molecular
spectroscopy can also be used to trace the velocity fields in the ISM.

4 Dust extinction and polarization as tracers of gas

column density and magnetic field structure

4.1 Extinction

The existence of interstellar dust was found because of the dimming of starlight it
causes (Trumpler 1930). The extinction (absorption plus scattering) is wavelength-
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Figure 1: Extinction normalized to I band extinction as a function of wavelength for
different values of RV. (From Draine 2004.)

dependent, the attenuation is greater in the blue than in the red, and it is there-
fore frequently referred to as reddening. The dimensionless ratios Aλ/AV or E(λ −
V )/E(B − V ) are often used to express this “extinction law”. The shape of the ex-
tinction curve varies from one line-of-sight to another. It is, however, possible to
parameterize the extinction law using just a single parameter. Cardelli et al. (1989)
did that utilizing the total-to-selective extinction ratio RV = AV/E(B − V ). Fitz-
patrick (1999) reworked this topic and Fig. 1 shows extinction curves based on his
work with different RV values as a function of wavelength. The average extinction
law for the diffuse local ISM is given by RV∼3.1 (Savage & Mathis 1979; Cardelli et
al. 1989). The lower the value of RV is, the steeper is the slope of the corresponding
extinction curve. The value of RV is related to the mean size of dust grains on the
line-of-sight, and it can vary from 2.1 (Welty & Fowler 1992) to 5.8 (Cardelli et al.
1989; Fitzpatrick 1999). For lines-of-sight passing through the diffuse ISM, RV nor-
mally has quite low values (generally about 3.1). In cold, dense molecular clouds we
can expect grains to coagulate (Stepnik et al. 2003) and thus the value of RV to be
higher (Cardelli et al. 1989). There are, however, also dense regions with rather low
RV values. It should also be noted that for any given value of RV, actual observations
show deviations from the average extinction curve, especially in UV.

Visual extinction is generally used as the reference extinction in the presentations
of extinction law for historical reasons. However, the extinction curve appears to be
independent of RV at wavelengths longer than 0.9 µm (Clayton & Mathis 1988). It
would thus be preferable to use infrared colour excess as a reference extinction for
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Table 2: Interstellar extinction as a function of wavelength normalized to AJ. (From
Mathis 1990. Reprinted, with permission, from the Annual Review of Astronomy and
Astrophysics, Volume 28 c© 1990 by Annual Reviews www.annualreviews.org)

extinction curves. Mathis (1990) chose AJ as reference extinction when he tabulated
the extinction law for RV=3.1 (diffuse dust) and RV=5.0 (“outer-cloud dust”) using
the results of Cardelli et al. (1989). This tabulation is shown in Table 2. The
wavelength ranges in the table from 0.002 to 250 µm and includes among others U
(0.365µ), B (0.44µ), V (0.55µ), J (1.25µ), H (1.65µ) and K (2.2µ) bands. From this
table, we can obtain

AV/AJ = 3.31 (8)

and
AV/E(J −K) = 5.3 (9)

if we assume that RV=4.0, which is the average of the two extremes 3.1 and 5.0.
In our studies of the N(CO)/N(H2) ratio in Papers I and II, we have chosen to

use dust as a primary tracer of H2. Commonly, for the gas-to-dust ratio in all kinds
of clouds the N(H)/E(B − V ) = [N(HI) + 2N(H2)]/E(B − V ) ratio given by Bohlin
et al. (1978) is utilized, even though, this ratio was obtained primarily from the
observations of low-extinction regions. Recently, however, Vuong et al. (2003) have
studied the gas-to-dust ratio using the photoelectric absorption of X-rays for N(H)
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determinations, particularly in the direction of ρ Oph, and came to the conclusion that
the same N(H)/AV ratio can be used for diffuse ISM and denser molecular clouds. In
addition, Kulesa’s (2002) results, obtained from infrared absorption lines of H2, gave
observational support for Dickman’s (1978b) expectation that the gas-to-extinction
ratio

N(H)/E(B−V) = 5.8×1021 cm−2mag−1 (10)

determined by Bohlin et al. (1978) for diffuse clouds (AV≤1 mag) could be extended
to higher extinctions and to dark clouds.

The determination of dust extinction can be done in several ways. The traditional
and widely used method is star counts which is based on the comparison of local
stellar densities (Wolf 1923; and e.g. Cambrésy 1999; Strafella et al. 2001). The
counts can be converted to extinction using the relation (see e.g. Dickman 1978a):

Aλ =
1
bλ

log
Nref

N
(11)

where N and Nref are the cumulative stellar densities in the obscured target region
and a nearby unobscured comparison region, respectively. The quantity bλ is the
slope of the log N vs. magnitude relation in the comparison region at the limiting
magnitude of the counts.

The extinction along the line-of-sight to an individual star can be estimated from
an observed colour of the star. For that purpose one needs knowledge of the extinction
law and the colour excess of the star. If we consider e.g. (J −K) colour, the colour
excess E(J −K) is derived from

E(J −K) = (J −K)observed − (J −K)intrinsic. (12)

The intrinsic colour, (J − K)intrinsic, can be obtained e.g. from the mean colour of
stars in a nearby, unobscured, reference field if we assume that the background field
stars in the direction of the investigated cloud are similar in nature to those in the
reference field.

Lada et al. (1994) combined the two above mentioned methods for data from
multiwavelength imaging surveys in near-infrared (NIR). In this way they achieved
better angular resolution and were also able to study thicker molecular clouds than
with the traditional method of optical star counts. Lombardi & Alves (2001) have
generalised this technique to an optimized multi-band technique.

In Papers I and II the extinction is obtained from NIR data since the clouds are
too thick to be studied using optical star counts.

4.2 Polarization

Another significant effect of interstellar dust, in addition to extinction, is polariza-
tion. The polarization of starlight was discovered in 1949 (Hall 1949; Hiltner 1949).
At the time of its discovery, polarization was already realized to be caused by aligned,
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elongated interstellar dust grains which selectively absorb and scatter the radiation
propagating through the ISM. This conclusion was drawn because the degree of po-
larization appeared to be a growing function of reddening. In addition, the direction
of polarization seemed to be quite uniform in a given direction of the sky. The degree
of polarization depends on the degree and direction of the alignment of the polar-
izing grains, but was also found to be a function of wavelength in a given direction
(Serkowski 1973). Polarization has its maximum at the optical wavelengths and is
lower in the UV and IR. The wavelength (λmax) of the maximum polarization varies
from one line-of-sight to another, but correlates with the value of RV (Clayton &
Mathis 1988; Whittet & van Breda 1978).

The direction of polarization of starlight was observed to follow the direction of the
galactic magnetic field (Serkowski et al. 1975; Manchester 1974). This can be expected
if the polarizing grains are aligned by the magnetic field. Davis & Greenstein (1951)
proposed that the spin axis of a dust grain will slowly be aligned with the direction
of the magnetic field by paramagnetic relaxation. The exact mechanism responsible
for grain alignment is, however, still an open question. It has also been suggested
that streams of particles (Gold 1952; Salpeter & Wickramasinghe 1969) or photons
(Harwit 1970) through the ISM would spin up and align the dust grains. Currently
the most promising mechanism for aligning dust grains seems to be radiative torques,
i.e. spinning up of the grains through the scattering of photons (see the review of
grain alignment by Lazarian 2003). It has been realized that radiative torques are
able to predict many observational results. E.g. Whittet et al. (2001) found that
in the direction of Taurus, there is no correlation between λmax and RV. This was
interpreted as size-dependent variations in grain alignment, occurring in such a way
that when moving deeper into the cloud, the small grains lose their alignment first.
Thus, this result gives support for the radiative torque alignment mechanism.

The direction of the magnetic field component parallel to the plane of the sky can
thus, in principle, be obtained by measuring the direction of the linear polarization
of light from background stars under the assumption of an alignment of elongated
dust grains in the field (Davis & Greenstein 1951). It was long thought that such
polarization maps also provided information on the magnetic field structure inside
the clouds. For elongated clouds it has, however, been found that the direction of the
polarization can be along the major axis of the filament but also perpendicular to it,
or as in several cases, in any direction. In addition to methods relying on Zeeman
splitting (e.g. Crutcher et al. 1999; Bourke et al. 2001), the strength of magnetic field
can also be estimated using the Chandrasekhar-Fermi technique (Chandrasekhar &
Fermi 1953) which relates the dispersion in polarization position angles in the plane of
the sky to the magnetic field strength (e.g. Myers & Goodman 1991; Chrysostomou
et al. 1994; Lai et al. 2001; Matthews & Wilson 2002; Lai et al. 2002; Crutcher et
al. 2004; for numerical testing of the method see also e.g. Padoan et al. 2001).

As already mentioned in Sect. 2.2, two new issues have become apparent for using
polarization as a tracer of magnetic fields in molecular clouds. The first is that in cer-
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tain cloud regions, there is a large spread in position angle, and in some cases even a
bimodal distribution (Goodman et al. 1990; Myers & Goodman 1991). The second is
that when overviewing the degree and direction of polarization in larger areas around
the clouds, it is not directly evident that dark clouds add much to the polarization
over that of the general field. This indicates that the dense molecular clouds are not
very efficient in polarizing the light of background stars. Possible reasons for this are
changing properties of the dust grains, complex magnetic-field geometries, reduced
alignment conditions inside the clouds or disordered, sub-resolution-scale variations
in the orientation of aligned grains in dense regions (Goodman et al. 1995; Good-
man 1996; Gerakines et al. 1995; Weintraub et al. 2000). Attempts to get direct
information on the alignment of grains inside the clouds through measurements of
the polarization of the submillimeter or far-infrared dust emission have so far been
confined mainly to star forming regions, where internal heating of dust is substantial
(see e.g. Hildebrand 1996). However, observations of polarized thermal dust emission
from quiescent prestellar cores have now begun to appear, starting with the work of
Ward-Thompson et al. (2000). Observations have shown that the thermal emission by
dust is generally polarized (e.g. Hildebrand et al. 2000). The maps of this polarized
dust emission almost always show that the degree of polarization is decreasing with
the increasing intensity of the thermal emission. Therefore, Padoan et al. (2001) con-
cluded in their theoretical study that polarization of submillimeter dust continuum,
in the same way as the optical and near-IR polarized absorption of background stars,
does not trace magnetic fields inside dense molecular clouds.

Earlier surveys of optical/NIR polarization of clouds were made with photopo-
larimeters, and trace patterns with angular scales of arc minutes or degrees in the
sky. More data is needed on which clouds may show wiggles in the pattern of po-
sition angles, indicating that the cloud itself is polarizing the light passing through
it. For this purpose, more fine-grid maps of linear polarization collected from ar-
eas both within and far outside the cloud boundaries are needed. CCD polarimeters
have proven to be useful complementary tools. They reach deep magnitude limits,
and thereby trace through high column densities of dust. Hence, it follows that the
spatial resolution in the polarization maps is better than that obtained with classi-
cal techniques. The breakthrough of sensitive submillimeter and far-infrared cameras
with imaging polarimeters have made polarization mapping feasible even at these
wavelength ranges (e.g. Greaves et al. 2003).

Wide-field CCD polarimetry has been used in studies of young embedded stars
(e.g Hodapp & Deane 1993; Whitney et al. 1997), and for the mapping of some
molecular clouds with ongoing star formation (e.g. Jarrett et al. 1994; Tamura et al.
1996; Sogawa et al. 1997; Jones 2003; Jones & Amini 2003; Jones et al. 2004), and a
few globules (e.g. Hoddapp 1987; Kane et al. 1995; Sen et al. 2000). In Paper III,
we present infrared CCD polarimetry together with some complementary optical and
near-infrared observations of selected regions in three filamentary molecular clouds
of intermediate size with wavy substructures. For two of these clouds, there is no
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indication so far of star formation activity, while in the third, no detailed study of
possible star formation exists, although Clark (1991) found a number of FIR sources
in the area.

5 CO as a tracer of molecular mass of interstellar

clouds

Because of the difficulties in observing H2, it is common to use carbon monoxide as
a tracer of H2. CO seems to be a favourable tracer for this purpose, since it is the
second most abundant molecule in the interstellar medium after molecular hydrogen,
and the energy difference between the lowest rotational levels of CO corresponds
to a temperature which is lower than the typical kinetic temperature of molecular
clouds. The electric dipole moment of the molecule is also relatively low, µ≈0.1D,
and hence, the rotational transitions can be excited at quite low gas density and CO
column density. Therefore, CO is easily observable in molecular clouds and, it has
thus become customary to study the distribution and mass of H2 in the interstellar
medium using one canonical N(H2) to N(CO) ratio (see e.g. Sanders et al. 1984).

Since CO is such an important tracer for studies of molecular clouds, there have
also been theoretical studies of the CO abundance as well as the abundance ratio of
CO and H2 (e.g. Williams 1985; van Dishoeck & Black 1987, 1988; van Dishoeck
et al. 1992; Taylor et al. 1993; Sakamoto 1996). Williams (1985) pointed out that
even though the presence of H2 is crucial for the efficient production of CO, there are
no theoretical grounds for the use of a canonical N(CO)/N(H2) ratio. He proposed
that the N(CO)/N(H2) ratio could vary even within a single molecular cloud, and
that it would correlate with the rate of star formation within a given region or part
of a cloud. This variation is caused by the freezing of CO onto dust grains in cold
quiescent clouds, a process which is counter-balanced by CO evaporation back into
the gas phase in star forming regions. In contrast, the light H2 molecule does not
freeze out onto the dust grains.

As can be seen from the above, the ratio of N(CO) and N(H2) is an important
quantity also requiring careful observational studies. We have done this in our Papers
I and II. As a background for this work, a few aspects about the relative abundances
of the isotopic species of CO should be mentioned. These relative abundances are af-
fected by chemical fractionation and isotope-selective photodissociation, among other
things. The chemical fractionation is produced by the ion-molecule exchange reaction:

13C+ +12 CO →
←

12C+ +13 CO + 36K. (13)

At low temperatures, in those parts of the clouds where there are enough 13C+ ions
available, this reaction enhances the amount of 13CO with respect to 12CO. Photodis-
sociation of CO isotopes by UV radiation is rapid at the edge of a cloud. Deeper into
the cloud, the photodissociation rates decrease as a consequence of the attenuation of
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UV radiation by dust grains, and the shielding of H, H2, and CO itself. As a result
of self-shielding, the photodissociation rate of 12CO inside the cloud decreases faster
with increasing depth than the rates of the less abundant isotopomers. Normally,
there is a region inside a cloud where these two processes, chemical fractionation and
isotope selective photodissociation, compete. The former enhances the abundance of
13CO with respect to 12CO, whereas the latter has the opposite effect. Deeper inside a
cloud, the effects of both of these processes become negligible, since the concentration
of 13C+ has become rather low and even rarer isotopes of CO have become shielded
against dissociating UV radiation.

Choosing a suitable CO isotope for CO-to-H2 comparison is not straightforward.
12CO emission is generally strongly saturated and therefore not useful for tracing
physical conditions in molecular clouds. The relative abundance of 13CO may be
enhanced by chemical fractionation and at even a moderate depth into a cloud, its
emission may become saturated. The spectral lines of the less abundant C18O isotope,
on the other hand, are useful only in the inner parts of the clouds, where its emission
is strong enough. In these parts of a cloud, the photodissociation rate for C18O may,
however, still be relevant.

The molecular hydrogen column density for N(CO)/N(H2) studies is usually de-
rived using some other known primary indicator of H2. Several methods have been
used:

• γ-ray emissivity is the product of cosmic ray intensity and gas density, thus,
γ-rays can be used to estimate gas density (e.g. Bloemen 1989, Strong et al.
1994). The distribution and flux of cosmic rays, however, cause an inevitable
uncertainty in this method.

• Soft X-ray radiation suffers absorption through interstellar atoms (e.g. Mor-
rison & McCammon 1983; Balucinska-Church & McCammon 1992; Wilms et
al. 2000). There is therefore a low-energy cut-off in the spectra of most of
the Galactic X-ray sources. Comparison of this spectrum with a theoretically
predicted spectrum without absorption, gives an estimate for hydrogen column
density. However, to produce a theoretical spectrum, lacking absorption, is not
a simple task.

• The mass of a molecular cloud can be estimated using the virial theorem (see
e.g. Dickman et al. 1986, Stark et al. 1988). This technique seems simple, since
all the information needed is a measure of the size of the cloud and velocity
spread of the gas in it. Simplifying assumptions are, however, needed about the
structure and the internal dynamics of the molecular cloud. In addition, the
results using different molecular lines usually differ from each other. Thus, one
should be able to choose a line which best reflects the intrinsic conditions in the
cloud.

• By observing several rotational transitions of a molecule, one can also estimate

16



the column density of H2. First, solving the equilibrium equations for different
transitions will give a value for the volume density of H2 (e.g. Leung & Liszt
1976; Liszt & Leung 1977). Then, using the estimated depth of the cloud along
the line of sight, one can obtain the column density of H2. Suitable molecules
for this purpose are e.g. CO, H2CO or CN, but each molecule is useful only at
a certain density range.

• Comparing results from chemical modeling and abundances obtained from ob-
servations of several molecules, one can obtain an estimate for the density of
the gas (e.g. Black & Dalgarno 1977; Millar & Freeman 1984a,b). With the
knowledge of the composition of the gas, one is able to determine the H2 density.
This method, however, requires a rather extensive observing programme.

• The most commonly used, and perhaps the most reliable, indirect method to
trace molecular gas is through dust column density (Bohlin et al. 1978; Vuong
et al. 2003). Here one has to assume that the gas-to-dust ratio is constant. As
an indicator of dust, one can use the far-infrared emission of dust or extinction
caused by the dust. For determining extinction there are several alternatives.
It can be obtained from star or galaxy counts, or from colour excesses of back-
ground stars. Dust extinction as a tracer of gas column density has already
been discussed in more detail in Sect. 4.1.

We have chosen the method of using the infrared extinctions of background stars
for tracing dust, and thereby the H2 column density. Hence, we have studied the
N(CO)/AJ and N(CO)/E(J −K) ratios. In the literature, there have been several
similar studies, starting with the pioneering work of Encrenaz et al. (1975), in which
AV , obtained from star counts, was utilized as the primary tracer of H2. Similarly,
other studies (e.g. Dickman 1978b) utilized optical star counts. However, optical star
counts enable the determination of visual extinction only at rather low extinctions.
Therefore, e.g. Frerking et al. (1982) chose to use near-infrared photometry of back-
ground stars for determining the extinction. This is the method which we have also
utilized in our studies in Papers I and II. With this technique, we are also able to
study very dense molecular clouds with high extinctions. Another advantage of using
NIR wavelengths is that the results are independent of the value of RV. However,
the pencil-beam of the extinction determinations of background stars samples a much
smaller solid angle than the beam used for the CO observations. Thus, in the case
of small scale structures (smaller that the beam size for the CO line), the extinction
obtained using a background star may underestimate or overestimate the mean ex-
tinction associated with the area sampled by the beam in CO. In order to overcome
these uncertainties, Lada et al. (1994) combined the advantages of the two meth-
ods, star counting and direct measurement of near-infrared colour excesses. They
smoothed the angular resolution of the infrared imaging data to the same size scale
with CO observations. Lombardi & Alves (2001) developed the colour excess method
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Table 3: A summary of results of the N(CO) vs. extinction studies presented in the
literature. (The original table has been adopted from Hayakawa et al. 1999 and it is
updated with the latest results.)

AV vs. N(13CO) relationships

Cloud name AV Relationship† Range Reference
definition A B (mag)

L 134 star count 3.8±1.5 ... AV <5 1
Dark clouds star count 2.5±1.3 ... 1.5 ≤AV≤10 2
L 43 star count 1.5 ... AV≤12 3
Taurus photometric 1.4 -1.4 1< AV <5 4
ρ Oph photometric 2.7 -4.3 4< AV <15 4
L 1495 star count 2.2±0.3 -0.66±0.67 5
L 1517 star count 1.8±0.5 -0.54±0.9 5
L 1489 star count 2.2±0.4 -1.3±1.1 5
Perseus star count 2.5±0.5 -2.0±1.1 1< AV <5 6
ρ Oph IR star count 2.16±0.12 -3.06±0.90 0< AV <10 7
IC 5146 photometric 2.18±0.24 ... AV≤5 8
R CrA photometric 1.74±0.39 -8.4±6.37 7.5< AV <26.5 9
Coalsack photometric 0.80±0.14 -0.64±0.34 1.4< AV <8.5 9
Cha I photometric 1.55±0.33 0.47±1.09 1.6< AV <8.5 9
Cha I IR star count 1.2±0.1 0.7±0.3 1< AV <10 10
Dense clouds H2 absorption 3.2±0.8 ... 13
B 335 photometric 1.3±0.3 0.3±0.7 1.0< AV <4.3 14
B 133 photometric 0.9±0.1 1.6±0.5 1.3< AV <7.3 14
L 466 photometric 0.9±0.1 2.6±0.4 1.6< AV <6.2 14

AV vs. N(C18O) relationships

Cloud name AV Relationship‡ Range Reference
definition C D (mag)

Taurus photometric 0.7 -1.3 2< AV <4 4
(envelope)
Taurus photometric 1.7 -2.2 4< AV <21 4
(core)
ρ Oph photometric 1.7 -6.6 4< AV <15 4
L 1495 star count 2.5±0.8 -2.8±1.5 5
HCL 2 star count 2.5±0.5 -3.8±1.1 2< AV <6 11
IC 5146 photometric 2.1±0.1 -2.5±0.2 AV≤15 8,12
R CrA photometric 1.8±0.4 -9.5±6.3 7.5< AV <26.5 9
Coalsack photometric 0.9±0.2 -2.3±1.4 3.5< AV <15.5 9
Cha I photometric 2.5±0.3 -2.8±1.3 1.6< AV <15.0 9
L 977 photometric 2.0±0.1 -2.3±0.2 AV≤10 12
Cha I IR star count 3.5±0.3 -5.7±1.3 1< AV <10 10
B 335 photometric 1.6±0.1 -0.9±0.5 1.0< AV <11.9 14
B 133 photometric 1.1±0.1 -0.0±0.3 1.3< AV <18.2 14
L 466 photometric 2.4±0.2 -0.6±0.7 1.6< AV <6.6 14
†Presented in the form: N(13CO)(cm−2)= A×1015AV + B×1015.
‡Presented in the form: N(C18O)(cm−2)= C×1014AV + D×1014.
(1) Tucker et al. (1976); (2) Dickman (1978b); (3) Elmegreen & Elmegreen (1979);
(4) Frerking et al. (1982); (5) Duvert et al. (1986); (6) Bachiller & Cernicharo
(1986); (7) Dickman & Herbst (1990); (8) Lada et al. (1994); (9) Paper I; (10)
Hayakawa et al. 1999; (11) Cernicharo & Guélin (1987); (12) Alves et al. (1999);
(13) Kulesa (2002); (14) Paper II
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further to an optimized multi-band technique, which also applies a spatial smoothing
to adjacent stars within a given convolving beam. In our Paper II, we utilized the
technique of Lombardi & Alves (2001) and J(1.24 µm), H(1.66 µm) and Ks(2.16 µm)
band magnitudes from the 2MASS archive.

Table 3 summarizes the results from many of the N(13CO)/AV and N(C18O)/AV

studies over the past years, including our own results as described in Papers I and
II. Also included are the recent results by Kulesa (2002) based on near-IR absorption
lines of H2, 12CO, and 13CO towards luminous obscured infrared sources, generally
YSOs. He found the [12CO/H2] abundance ratio to vary in the range (1.5–2.5)×10−4.
To compare with our results, on the basis of our Table 6 in Paper II, we obtain a range
of (0.5-2.2)×10−4 for the [12CO/H2] ratio by assuming [12CO/13CO] abundance ratio
to be 60.

A basic assumption in this thesis is that in cold quiescent clouds the abundance of
gas-phase CO decreases by freezing out onto dust grains (Williams 1985). Detections
of solid-phase CO at 4.67 µm have given observational evidence for this assumption
(Lacy et al. 1984; for recent review see e.g. Shuping et al. 2000). However, the
gas/solid state ratio for CO has been found to vary from 10 to 100 (van Dishoeck
et al. 1996). Thus, the abundance of solid-phase CO does not alone explain the
variations we have found in the N(13CO)/AJ and N(C18O)/AJ ratios. One possibility
to explain this lack of CO in quiescent dark clouds can be grain surface oxidation of
CO producing CO2, which is studied via laboratory experiments by e.g. Roser et al.
(2001). They found that the timescales for this process are short enough to convert
a large fraction of solid CO into solid CO2 on grain surfaces.

6 Summary of the original papers

The main results of the four papers included in this thesis are briefly presented in the
following sections. A description of the thesis author’s contribution to the papers is
given at the end of each section.

6.1 Paper I

The purpose of Paper I was to investigate the 13CO/H2 and C18O/H2 ratios, as well
as the reasons for their variations. Our study has been carried out in the direction
of three local clouds: the Coalsack, Chamaeleon I (Cha I) and R Coronae Australis
(R CrA). In addition, a few positions in the direction of L 1641 have been examined.
For these dark clouds, a uniform set of colour excess values towards highly reddened
background stars was available from the literature, based on near-infrared photometry
data. Using the 15-m Swedish-ESO Submillimeter Telescope (SEST), we observed
the 12CO, 13CO and C18O J = 1 − 0 emission lines towards these background stars
and, in a few selected directions, the J = 1 − 0 transition of C17O. Each one of
these background stars provides a narrow column probe of the dust in the cloud
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and, combined with our CO observations, gave us the possibility of studying the
N(13CO)/E(J−K) and N(C18O)/E(J−K) ratios in different types of clouds, ranging
from quiescent environments to those harbouring active star formation.

Our approach in this paper was to first investigate the correlation of the N(13CO)
and N(C18O) values with the near-infrared colour excesses. The near-infrared colour
excesses were preferred to the visual extinctions as a measure of dust column density
for two reasons: (1) most of our lines of sight have (intentionally) such large extinctions
that E(B − V ) values are no longer observable; and (2) the near-infrared extinction
curve is independent of the properties of the dust cloud (diffuse or dense) for λ >

0.9 µm, whereas the optical extinction curve depends strongly on these (cf. Mathis
1990). As a second step, we derived the dependence between N(CO) and AV. While
AV is frequently used as the ”standard” measure for dust column density, its value
cannot be unambiguously determined for such dense dust clouds as are being studied
in the present paper. This is due to the variations in the ratio of AV to colour excess
(=RV) between diffuse and dense clouds. As a third step, we investigated the CO/H2

abundance ratio. To obtain H2 column densities, we used the dust column densities
and adopted a range of values for the gas-to-dust-ratio.

We found that the N(13CO) and N(C18O) to E(J − K) ratios vary from cloud
to cloud: they are a factor of ∼ 2 larger in Cha I and R CrA than in the Coal-
sack. Thus, our results do not support the use of one canonical N(13CO)/E(J −K),
N(C18O)/E(J −K), N(13CO)/AV or N(C18O)/AV ratio in dark clouds. These re-
sults can be interpreted in two alternative ways: firstly that the N(13CO)/H2 and
N(C18O)/H2 ratios are higher in active star forming regions (Cha I, R CrA, and
L 1641) than in more quiescent regions without star formation (Coalsack), or sec-
ondly, that the ratio N(H2)/E(J − K) changes from cloud to cloud and is higher
in active star forming regions than in quiescent clouds. Since the publication of Pa-
per I, Vuong at al. (2003) have recently found that the N(H)/AJ ratio in ρ Oph
is in agreement with the Bohlin et al. (1978) N(H) vs. AJ correlations in diffuse
clouds, and they did not find any correlation between the deviations of the N(H)/AJ

ratio and the column density. Thus, their results give support for a N(H)/AJ ra-
tio being the same for diffuse and dense clouds. Consequently variations in the
N(13CO)/E(J − K) and N(C18O)/E(J − K) ratios are also likely to reflect vari-
ations in the N(13CO)/N(H2) and N(C18O)/N(H2) ratios. Therefore, e.g. using the
N(13CO)/N(H2) or N(C18O)/N(H2) ratio found for active star forming regions could
underestimate the mass determined from 13CO or C18O observations for a quiescent
cloud by a factor of ∼ 2.

All the observations and their reductions in this paper were made by the au-
thor. The author also performed the analysis and wrote the paper. The co-author
and supervisors, however, provided substantial guidance and gave valuable comments
throughout the whole work.
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6.2 Paper II

This paper is a continuation of the work presented in the Paper I. The only non-star-
forming cloud in the sample of Paper I was a globule in the Coalsack. Our aim in
Paper II was therefore to add more quiescent clouds to the sample and to find out
whether the variations of the N(13CO) and N(C18O) to extinction ratios for isolated
globules agree with the trend found in Paper I, or if these ratios in globules are actually
different from the values for other dark clouds.

In Paper II, we have chosen three globules: B 335, B 133 and L 466. B 335 is a
representative of dense globules with an embedded protostar. B 133 and L 466 are
non-star-forming globules, as they are without any known YSOs (Yun & Clemens
1990; Yun & Clemens 1994; Yun & Clemens 1995; Yun 1997). In the present work,
we have classified the clouds as “star-forming” or “non-star-forming” simply on the
basis of the association of YSOs. We have considered as star-forming clouds those
clouds with at least one associated YSO, whereas we considered as quiescent clouds
those without any known YSO. Lines of sight in the direction of these globules were
initially selected towards background stars with near-infrared photometry available
from the literature. During the course of this work, the Two Micron All-Sky Survey
(2MASS) became available and was used to derive the AJ extinction values.

In agreement with our study in Paper I, the N(13CO)/AJ and N(C18O)/AJ ratios
also varied in the case of globules from cloud to cloud, and appeared to reflect the
level of star forming activity. Caution should therefore be taken when using these
ratios, since no justification was found for one canonical N(13CO)/AJ or N(C18O)/AJ

ratio in globules. The highest ratios can underestimate the mass obtained using CO
observations by a factor of ∼ 2 in some regions.

In the same way as in Paper I, the N(13CO)/N(C18O) ratio increases at lower
extinctions at the edges of the clouds. This 13CO abundance enhancement has the
effect of making the N(13CO) vs. AJ slopes shallower.

One of the clouds, L 466, was also mapped in the C18O(J = 1 − 0) line. Our
C18O(J = 1 − 0) mapping revealed the clumpy structure of the globule, including
several density concentrations. In the densest core of the cloud, there are signs of
ring- or shell-like structure in the C18O map. This type of structure can be caused by
the fragmentation of a rotating cloud (e.g. Cha & Whitworth 2003) or the depletion
of CO isotopes onto grains.

A major fraction of the observations of single positions were made by the author.
As in Paper I , the reduction of the observations, the analysis of the data and the
writing of the paper were performed by the author with guidance from supervisors.
The co-authors mapped the cloud L 466 in C18O line and provided the 2MASS-based
extinction maps of the globules and the extinction values for the single positions.
They also gave valuable comments on the text.
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6.3 Paper III

For this study, clouds were selected which are composed of long, wavy threads of fil-
aments, and are not known to be disturbed by star formation. In such environments,
the cloud morphology may indicate special magnetic field structure. We wanted to
explore the possibility that these structures were also apparent in the polarization pat-
terns and to thus examine the possible contribution to the polarization from molecular
clouds. In this paper, we carried out deep CCD polarimetry of background stars in the
I band in selected fields in three filamentary, molecular clouds: the L 1400 complex,
L 204, and MBM 25, at galactic latitudes 4◦, 21◦, and 31◦, respectively. For these
observations, we used the Nordic Optical Telescope. Through careful image analysis,
we were able to extract with satisfactory accuracies both the degree of polarization
P and the position angle θ for stars as faint as I = 19.5. This opened up the possi-
bility of studying small-scale irregularities, on angular scales down to a few arcsec, in
the distribution of the degree and direction of polarization. In addition, we derived
extinctions from star counts for each region. In one area in the L 1400 complex,
independent measures of extinction were derived from E(H −K) colour excesses.

The polarization patterns were remarkably smooth over the fields, particularly for
the L 1400 complex, and there is no indication of any statistically significant differ-
ence in the degree or angle of the polarization between obscured and non-obscured
regions. The average position angles are in accordance with the general orientation of
polarization in the areas. From this general result, we concluded that the interstellar
molecular filaments studied contribute very little to the interstellar polarization. Our
results have been strengthed by results obtained for other cloud regions, showing re-
duced polarizing efficiency of the dense medium (e.g. Goodman et al. 1995; Gerakines
et al., 1995; Arce et al. 1998; Davis et al. 2000; Henning et al. 2001).

Using a semi-empirical version of the Davis-Greenstein mechanism, we also cal-
culated in Paper III the polarization for simple models of the three clouds studied,
and found that it is considerably smaller than the typical background polarization, a
result in agreement with the polarimetric measurements.

Most stars seen in the cloud regions are background stars. The L 1400 complex
and L 204 contain regions of high obscuration (AV > 2 mag). Within uncertainties,
P is found to be constant with decreasing brightness in I, and therefore independent
of distance and/or AV. In the P versus I magnitude plot in Fig. 10 the slight increase
in P after 16 mag, for the stars inside obscured regions, is most likely due to the
increasing uncertainties.

This paper was based on the observational data of one of the co-authors. The
author performed all the reduction of the polarimetric data, and wrote an IRAF-
program for that purpose. The author also had an important role in analyzing and
writing the paper.
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6.4 Paper IV

In this paper, our aim was to study the physical properties, morphology, kinematics
and dynamics of the high-latitude dark cloud L 1155/1158 in Cepheus. Lynds 1155 is
a dense core within the dark cloud L 1158, which is part of a cloud complex including
L 1147/48, L 1152 and L 1157. This complex is located at the relatively high galactic
latitude of b∼15◦. The distance of L 1147/58 has been estimated to be 350 pc (Witt
et al. 1982). In this cloud complex, star formation has recently occurred in the cloud
L 1152. This has two IRAS sources, which according to their colours, are found to be
Class I sources (Benson et al. 1988). In addition, at the North-Eastern edge of the
cloud L 1158 there is a pre-main-sequence star, PV Cephei (Levreault 1984; Cohen
et al. 1981), which has been extensively studied after the publication of our paper
IV (Scarrot et al. 1991; Li et al. 1994). Goodman & Arce (2004) have very recently
suggested that PV Cephei may have formed in, and been thrown out of, the massive
star-forming cluster NGC 7023, more than 10 pc away from its present location.

For our purposes, we conducted CO, 13CO, C18O, HCO+ and NH3 observations
and star counts in the direction of this cloud. Our C18O, HCO+ and NH3 observations
showed that the cloud L 1155 actually consists of two separate cloud clumps which we
called L 1155 C1 and L 1155 C2. The maxima of the H12CO+ and NH3(1,1) radiation
temperature maps coincide with each other, except in the front region between these
clouds where a maximum is seen in the HCO+ emission but not in NH3. This third
HCO+ emission maximum is probably due to decreasing self-absorption of HCO+

emission outside of the densest part of the cloud L 1155 C1. In the cloud L 1155 C1,
the C18O, HCO+ and NH3 line velocities show a systematic pattern which indicates
rotation of the cloud. The kinetic temperatures of the central regions are found to
be around 10K. Using the NH3 observations, we found for the number densities of
H2 values of 1.6×104 and 6.9×104 cm−3 at the centres of the clouds L 1155 C1 and
L 1155 C2 respectively. The masses of the cores C1 and C2 inside the boundary
of T ∗R≥0.5K are approximately 14 and 4M� respectively. According to the Jeans
criterion, the core C1 might be gravitationally unstable. We found that the clouds
L 1155 C1 and C2 could be a physically bound pair. It is possible to explain the
presence of a bound pair of dense clumps L 1155 C1 and C2, embedded within the
rotating extended cloud L 1158, with the fragmentation of the parent cloud.

Since the publication of Paper IV dates back to 1991, a review of the advances in
the field is in order. Since that time, L 1155 has been included in several surveys of
low-mass cores with and without stars (e.g. Williams et al. 1998; Caselli et al. 2002;
Walsh et al. 2004) and pre-stellar cores (e.g. Ward-Thompson et al. 1999, 2002;
Park et al. 2004). In the study of Ward-Thompson et al. (2002) using ISO data, no
evidence was found for a central heating source in these pre-stellar cores. Yonekura
et al. (1997) conducted a large-scale 13CO(J = 1–0) survey in the direction of the
Cepheus and Cassiopeia regions, also including L 1155. They estimated the mass of
the entire complex L 1148/L 1152/L 1155/L 1158 to be 1500 M�.
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Figure 2: On the left-hand side is the integrated intensity map of N2H+ emission
and the CS profile map, and on the right-hand side averaged CS and N2H+ spectra
in the direction of L1155 C2. The CS and N2H+ spectra are averaged within the
half-maximum contour of the N2H+ emission. The (0,0) position is located at R.A.
20h43m00.0s, Dec. 67o41’47” (1950.0). The N2H+ peak velocities have been indicated
with the dashed lines. For the N2H+ integrated intensity, the lowest, half-maximum,
and peak levels are 0.075, 0.374, and 0.748 K km s−1, respectively. (From Lee et al.
2001, reproduced by permission of the AAS.)

We concluded that the core L 1155 C1 might be collapsing. This view has received
support from the studies of Lee et al. (1999, 2001). Based on the CS(2-1) and N2H+(1-
0) observations, they found that L 1155 C1 was an infall candidate. Using CS(2-1)
and N2H+(1-0) observations, Lee et al. (1999) regarded L 1155 C2 as “a strong infall
candidate”. This was confirmed by Lee et al. (2001). In Figs. 2 and 3 are shown on
the left-hand sides the integrated intensity maps of N2H+ emission and the CS profile
maps and on the right-hand sides averaged CS and N2H+ spectra in the direction of
L 1155 C2 and L 1155 C1, respectively. An extended infall asymmetry can be seen in
the CS profile maps, and in the averaged spectra, the infall profiles are very clear.

This cloud was initially included in Mattila et al.’s long-range program of molecular
line observations of high-latitude dark nebulae (Mattila et al. 1985). The author
conducted additional observations of the cloud with Metsähovi 14-m radio telescope.
She reduced all the molecular line radio observations from the object and performed
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Figure 3: The same as in Fig. 2 but for L1155 C1. The lowest, half-maximum, and
peak levels are 0.070, 0.348, and 0.695 K km s−1 respectively, for the N2H+ integrated
intensity. Because of the large velocity gradient in this core, the systemic velocity of
the averaged spectra have been shifted to coincide with that of the brightest N2H+

position. (From Lee et al. 2001, reproduced by permission of the AAS.)

the analysis. Important instructions were provided by the co-authors. The author
wrote the article, but the co-authors assisted significantly.

7 Concluding remarks

The most intriguing feature of molecular clouds is that they are the sites of birth
for stars. In addition, they contain about half of the mass of the ISM in the Galaxy
and are also the coolest known objects in the universe. Thus, as well as being inter-
esting objects for research by themselves, we also need to study their physical and
chemical structure and their evolution in order to understand the formation of stars.
In this thesis I have presented investigations of some essential physical factors and
processes which influence the mass estimation and are thought to be important for
the morphology and evolution of interstellar molecular clouds.

The CO-to-H2 abundance ratio is a crucial quantity for estimating the masses
and dynamical states of molecular clouds. In this thesis, observational evidence has
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been presented from seven nearby dark clouds and globules, indicating that this ratio
varies from cloud to cloud and even between the different parts of a unit cloud.
The variations are suggested to reflect the level of the star formation activity in the
adjacent regions. We therefore conclude that caution should be taken when using the
CO-to-H2 mass ratio, since no justification was found for the use of one canonical
ratio for all clouds.

Some interstellar clouds consist of long, wavy threads of filaments. In such envi-
ronments, the morphologies may indicate special arrangements of the magnetic field
substructure in the clouds, and we wished to explore them by studying their polariza-
tion patterns. A deep CCD polarimetry in the I band was carried out in selected fields
in three filamentary, molecular clouds: the L 1400 complex, L 204, and MBM 25. Con-
trary to expectations, the polarization patterns turned out to be remarkably smooth
over the fields, particularly for the L 1400 complex, and there were no indication of
any statistically significant difference in the degree or angle of the polarization be-
tween obscured and non-obscured regions. We therefore concluded that the interstellar
molecular filaments studied contribute very little to the interstellar polarization.

The morphology, kinematics and dynamics of dense interstellar clouds can often
best be studied by means of molecular lines. Such a study of the dark molecular
cloud L 1155/1158 in Cepheus was included in this thesis. Our C18O, HCO+ and
NH3 observations have shown that the cloud L 1155 actually consists of two separate
cloud clumps, which we refer to as L 1155 C1 and L 1155 C2. According to the Jeans
criterion, the core C1 might be gravitationally unstable. We also found that the cores
C1 and C2 could be a physically bound pair, which is possible to explain with the
fragmentation of the rotating parent cloud L 1158. Together with results from other
complexes, these observations show that fragmentation of rotating clouds is a viable
mechanism of core formation.

Interstellar molecular clouds, although a mature field of astrophysics, continue to
exercise our minds. In particular, many open questions remain concerning their life-
time and evolutionary history. Are molecular clouds supported against gravity or are
they just like terrestrial clouds: dynamic and rapidly changing structures? Recently,
it was proposed that molecular clouds are not long-lived objects as was assumed ear-
lier. Such a scenario would remove the need for a mechanism supporting molecular
clouds against self-gravity which, has been a central problem in many studies for some
time now. For solving these puzzles, we need reliable methods for determining the
essential physical parameters, such as masses of molecular clouds and magnetic field
structures. Thus, the work done in this thesis has to be continued. Not just more
data, but better quality data utilizing the latest observing techniques is needed in
order to improve the statistics of this type of study and to gain a better picture of
how CO behaves as an indicator of molecular gas under different cloud conditions,
and also how polarization behaves, especially in quiescent clouds.
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Roser, J.E., Vidali, G., Manicó, G., Pirronello, V. 2001, ApJ, 555, L61

Sakamoto, S. 1996, ApJ, 462, 215

Salpeter, E.E., & Wickramasinghe, N.C. 1969, Nature, 222, 442

Sanders, D.B., Solomon, P.M., Scoville, N.Z. 1984, ApJ, 276, 182

Savage, B.D., & Mathis, J.S. 1979, ARA&A, 17, 73

Scarrott, S.M., Rolph, C.D., Tadhunter, C.N. 1991, MNRAS, 249, 131

Sen, A.K., Gupta, R., Ramaprakash, A.N., Tandon, S.N. 2000, A&AS, 141, 175

Serkowski, K. 1973, in Interstellar Dust and Related Topics, IAU Symposium no.
52, eds. Greenberg, J.M., van de Hults, H.C., Dordrecht, Boston, Reidel, p. 145

Serkowski, K., Mathewson, D.L., Ford, V.L. 1975, ApJ, 196, 261

Shibata, K., & Matsumoto, R. 1991, Nat, 353, 633

Shu, F.H., Adams, F.C., Lizano, S. 1987a, ARA&A, 25, 23

Shu, F.H., Lizano, S., Adams, F.C. 1987b, in Star forming regions, IAU Symp. 115,
eds. Peimbert, M., Jugaku, J., Dordrecht, D. Reidel Publishing, p.417

Shuping, R.Y., Snow, T.P., Chiar, J.E., Kerr, T. 2000, ApJ, 529, 932

Snyder, L.E., Buhl, D., Zuckerman, B., Palmer, P. 1969, PhRvL, 22, 679

Sogawa, H., Tamura, M., Gatley, I., Merrill, K.M. 1997, AJ, 113, 1057

Stark, A.A., Bally, J., Knapp, G.R., Wilson, R.W. 1988, in Molecular Clouds in the
Milky Way and External Galaxies, eds. Dickman, R.L., Snell, R.L., Young, J.S.,
Berlin: Springer, p. 303

Stepnik, B., Abergel, A., Bernard, J.-P., Boulanger, F., Cambrésy, L., Giard, M.,
Jones, A.P., Lagache, G., Lamarre, J.-M., Meny, C., Pajot, F., Le Peintre, F.,
Ristorcelli, I., Serra, G., Torre, J.-P. 2003, A&A, 398, 551

Strafella, F., Campeggio, L., Aiello, S., Cecchi-Pestellini, C., Pezzuto, S. 2001, ApJ,
558, 717

Strong, A.W., Bennett, K., Bloemen, H., Diehl, R., Hermsen, W., Morris, D.,
Schoenfelder, V., Stacy, J.G., de Vries, C., Varendorff, M., Winkler, C., Youssefi,
G. 1994 A&A, 292, 82

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

Tamura, M., Hayashi, S., Itoh, Y., Hough, J.H., Chrysostomou, A. 1996, in Po-
larimetry of the interstellar medium, eds. Roberge, W.G., Whittet, D.C.B.,
San Francisco: Astronomical Society of the Pacific, p. 372

Taylor, S.D., Hartquist, T.W., Williams, D.A. 1993, MNRAS, 264, 929

Trumpler, R.J. 1930, PASP, 42, 214

32



Tucker, K.D., Dickman, R.L., Encrenaz, P.J., Kutner, M.L. 1976, ApJ, 210, 679
Urbanik, M., Elstner, D., Beck, R. 1997, A&A, 326, 465
Uschida, Y., Fukui, Y., Minoshima, Y., Mizuno, A., Iwata, T. 1991, Nature, 349,

140
Valentijn, E.A., & van der Werf, P.P. 1999, ApJ, 522, L29
van Dishoeck, E.F. 1998a, in The Molecular Astrophysics of Stars and Galaxies, eds.

Hartquist, T.W., Williams, D.A., Oxford, Oxford Univ. Press, p. 53
van Dishoeck, E.F. 1998b, Faraday Disc., 109, 31
van Dishoeck, E.F., & Blake, G.A. 1987, in Physical processes in interstellar clouds,

eds. Morfill, G., Scholer, M.S., Dordrecht, D. Reidel Publishing Co., p. 241
van Dishoeck, E.F., & Blake, G.A. 1988, ApJ, 334, 771
van Dishoeck, E.F., & Blake, G.A. 1998, ARA&A, 36, 317
van Dishoeck, E.F., Glassgold, A.E., Guelin, M., Jaffe, D.T., Neufeld, D.A., Tielens,

A.G.G.M., Walmsley, C.M. 1992, Proc. IAU Symp. 150, Astrochemistry of
Cosmic Phenomena, ed. Singh, P.D., Kluwer, Dordrecht, p. 285

van Dishoeck, E.F., Helmich, F.P., de Graauw, T., Black, J.H., Boogert, A.C.A.,
Ehrenfreund, P., Gerakines, P.A., Lacy, J.H., Millar, T.J., Schutte, W.A., Tie-
lens, A.G.G.M., Whittet, D.C.B., Boxhoorn, D.R., Kester, D.J.M., Leech, K.,
Roelfsema, P.R., Salama, A., Vandenbussche, B. 1996, A&A, 315, L349

Vázquez-Semadeni, E. 2004, Ap&SS, 292, 187
Verschuur, G.L. 1991, Ap&SS, 185, 137
Verschuur, G.L. 1995, Ap&SS, 227, 187
Vuong, M.H., Montmerle, T., Grosso, N., Feigelson, E.D., Verstraete, L., Ozawa, H.

2003, A&A, 408, 581
Walsh, A.J., Myers, P.C., Burton, M.G. 2004, ApJ, 614, 194
Ward-Thompson, D., Andre, P., Kirk, J.M. 2002, MNRAS, 329, 257
Ward-Thompson, D., Kirk, J.M., Crutcher, R.M., Greaves, J.S., Holland, W.S.,
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