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Abstract

New stars in galaxies form in dense, molecular clouds of the interstellar medium.

Measuring how the mass is distributed in these clouds is of crucial importance for the

current theories of star formation. This is because several open issues in them, such as

the strength of different mechanism regulating star formation and the origin of stellar

masses, can be addressed using detailed information on the cloud structure. Unfortu-

nately, quantifying the mass distribution in molecular clouds accurately over a wide

spatial and dynamical range is a fundamental problem in the modern astrophysics.

This thesis presents studies examining the structure of dense molecular clouds and

the distribution of mass in them, with the emphasis on nearby clouds that are sites

of low-mass star formation. In particular, this thesis concentrates on investigating

the mass distributions using the near infrared dust extinction mapping technique. In

this technique, the gas column densities towards molecular clouds are determined by

examining radiation from the stars that shine through the clouds. In addition, the

thesis examines the feasibility of using a similar technique to derive the masses of

molecular clouds in nearby external galaxies.

The papers presented in this thesis demonstrate how the near infrared dust ex-

tinction mapping technique can be used to extract detailed information on the mass

distribution in nearby molecular clouds. Furthermore, such information is used to

examine characteristics crucial for the star formation in the clouds. Regarding the use

of extinction mapping technique in nearby galaxies, the papers of this thesis show that

deriving the masses of molecular clouds using the technique suffers from strong biases.

However, it is shown that some structural properties can still be examined with the

technique.

i



Acknowledgements

From all the people who have guided me towards the completion of this thesis, I

should name two in particular. First of all, I would probably not be an astronomer

at all without professor Kalevi Mattila. It was the late spring of 2003 when he first

offered me a possibility to work in the SF-ISM research group at the observatory. Ever

since, he has supported me in practically every choice I have made. He also had a big

role in arranging me the possibility of spending two years at ESO during 2005-2007.

Another endlessly supportive person during my studies has been Joao Alves, who

accepted me to be his PhD student at ESO in 2005. No matter how I look at it, the

two years at ESO (and in Munich) turned out to be very defining time for me both

professionally and personally. In addition, Joao has offered me numerous wonderful

possibilities, such as visiting and using Calar Alto observatory, visiting CfA, and keep-

ing me in the loop regarding projects like the Pipe Nebula. That’s just to mention a

few. I hope and believe we can collaborate even more once I reach Heidelberg :).

I’d like to say a big thanks to the people I had the possibility to work with at

ESO. It is a great inspiration for a student to be in such place. I’m also grateful for

the support provided by the people at the observatory of Helsinki, especially by the

members and students of the SF-ISM research group who have aided me in various

problems during the years. Finally, I’d like to thank Metsähovi Radio Observatory

and the people there for giving me a nice and sensible way of “doing my time” during

2008. In particular, thanks to Diana for the support and help with the thesis.

While astronomy is quite fun as it is, it is the people I’ve met while doing it that

really make me want to carry on. In this respect, a very special thanks need to go to

Christina, Yuri, Audrey, Arjan, Jarek, Kristina, Daniela, Eva, Karina, and Andreas.

Most often, it has been the small things that have made the difference. And sometimes,

just a few words of kindness stay alive for the lifetime. I hope the life brings us together

many times in the future, and that the life will serve us a few cocktails to ease the

general pain of living! Many others I should thank as well, forgive me not mentioning

you all here.

Another special thanks to my twin brother Juha and his family for all the evenings

and games and the life in general. Even though I’m moving a bit farther away in just

a few days, I’m sure you will not get rid of me completely ;-). I also thank my parents

who have provided the basis for all the work done here.

I remember writing in a school-essay some 13 years ago that “I wish to be an

astronomer, even though the books I read about them never really mention any Finnish

astronomers”. Surely, a part of that dream has now come to be true. For making that

happen, I thank you all.

ii



List of publications
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Chapter 1

Introduction

New stars are being born “everywhere” in the Galaxy. More than that, they are being

born everywhere in the universe. In the current understanding, star formation takes

place exclusively in the cold and dense clouds of the interstellar medium (ISM). Such

clouds consist mostly of hydrogen and helium, with minor fractions of heavier elements

included. The hydrogen in the star-forming clouds is in molecular form, and hence,

they are commonly referred to as molecular clouds. These molecular clouds are known

to be prevalent constituents of galaxies, not only at the present time, but also at higher

redshifts. Clearly, star formation is a very common, and thereby crucially important,

phenomenon throughout the known universe.

About 1 % of the total mass of the ISM is in dust grains, referred to as interstellar

dust. Interestingly, this minor component of the ISM occupies a central role in studies

of star formation. The importance of dust is three-fold. First, the dust is intricately

linked to the physics of the ISM throughout its evolution. It induces the formation

of molecules such as H2, it shields molecules from the interstellar radiation field, it

reprocesses radiation from ultraviolet and optical wavelengths to infrared, and it is

responsible for the cooling of pre-stellar cloud cores through collisional coupling with

gas. Clearly, understanding the physics of dust is directly linked to understanding the

physics of star formation. Second, the dust functions as an observational probe for

many characteristics related to star formation, such as the temperature of the ISM or

the spectral energy distributions of young protostars. Importantly, the dust provides

an indirect tracer of the total mass distribution in molecular clouds, perhaps the most

crucial quantity regarding star formation (see §3).

Finally, the dust is a nuisance. The star formation takes place deep inside parental

molecular clouds, and the dust surrounding young stars efficiently blocks and alters

radiation observed from them. Such effects must be accounted for when studying star

formation by examining radiation from young stars. Somewhat incongruously, the

physics of dust needs to be understood to be able to remove its effect from observations.

Star formation is often listed as one of the fundamental unresolved questions in as-
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Introduction 2

tronomy today, even though the process is well understood on a qualitative level. This

is because many fundamental issues in star formation still lack detailed description.

How does the ISM evolve from quiescence to the state of vigorous star formation?

How exactly do molecular clouds collapse? What is the origin of stellar masses? What

regulates star formation? Understanding star formation will require such questions to

be answered.

1.1 The aim of the Thesis

This thesis presents studies related to star-forming structures of the dense, molecular

ISM. In particular, the studies examine such issues in star formation that can be

addressed by determining how exactly the total mass is distributed in molecular clouds.

Moreover, the studies provide a view to the mass distribution of star-forming structures

as it is traced by dust extinction. This approach is utilized in studying very different

scales of structures: dense cores and globules, molecular clouds, and giant molecular

clouds (hereafter GMCs) in other galaxies. The papers presented in this thesis will

demonstrate the feasibility of using dust extinction data in studying some of the key

issues in star formation theories.

The thesis is organized as follows. In §2, a brief introduction to the various star-

forming structures of the ISM is given. In §3, the approach of determining the mass

distribution of molecular clouds via dust extinction is introduced. An adaptation of

this approach to study GMCs in external galaxies is discussed in §4. Chapter §5 gives

a short summary of the publications included in this thesis. Finally, the conclusions

of the work and some prospects for future work are presented in §6.



Chapter 2

Star-forming regions: from

globules to the GMCs of

galaxies

New stars in the Galaxy are born, without exception to our knowledge, in the dense

regions of the ISM where the hydrogen gas is in molecular form and reaches densities

of n(H2) > 103 cm−3, and the temperature is of the order 10 K. Such star-forming

structures manifest themselves on a large spectrum of scales, ranging from parsec-

sized globules that contain only a few solar masses to giant molecular clouds (GMCs)

that can measure up to several tens of parsecs in size and ∼ 106 M⊙ in mass. It has

become common to categorize the dense structures of the ISM based on their size.

Table 2.1 summarizes the related nomenclature and shows some typical properties of

the structures (Mac Low & Klessen 2004, following Cernicharo 1991). In the following,

these different star-forming structures and some key questions related to their physics

are briefly introduced.

2.1 Dense cores and globules

The smallest known size-scale of the star-forming ISM is represented by dense cores

that have sizes on the order of a tenth of a parsec (for other properties, see table 2.1.

Recent reviews have been given by di Francesco et al. 2007 and Ward-Thompson et al.

2007). The active star-forming regions that are sufficiently nearby for the dense cores

to be resolved can contain hundreds of such cores (e.g. Nutter & Ward-Thompson

2007; Enoch et al. 2008; Rosolowsky et al. 2008). The cores are preferentially located

in regions of highest column densities in their parental molecular clouds and they

are, to some degree, clustered (e.g. Stanke et al. 2006; Enoch et al. 2008). Their

shapes are nearly spherical, or ellipsoidal, and they do not show much substructure

3



Star-forming regions: from globules to the GMCs of galaxies 4

Table 2.1: Classification and some properties of the dense, molecular structures in the

ISM (table from Mac Low & Klessen 2004, following Cernicharo 1991).

except for possibly high central concentration (e.g. Harvey et al. 2003; Huard et

al. 2006; Kainulainen et al. 2007; Racca et al. 2008). Often the cores contain far-

and/or mid-infrared point sources indicating the presence of newly born stars. Indeed,

in the current understanding, the inner parts of the dense cores with high central

concentration undergo a gravitational collapse and form one or several protostars.

Such cores are thus considered as de facto precursors of stars.

It is not uncommon for small-scale molecular clumps to appear in isolation in the

surroundings of larger molecular clouds (Barnard 1919; Bok & Reilly 1947). Such

isolated structures were given the name globules due to their roundish appearance,

and historically they were in fact the first objects where star formation was proposed

to take place (Bok & Reilly 1947). Later, detailed studies showed that globules often

contain a dense core, or in some cases a few dense cores, and their star formation status

was also confirmed via detections of point sources inside them (e.g. Yun & Clemens

1990). Currently, it is known that roughly one third of globules harbor young stellar

objects within (e.g. Yun & Clemens 1990; Lee & Myers 1999). Except for the dense

core in their interiors, globules are observed to have very little internal structure, and

they show very narrow line widths of molecular species, further implying the lack of

significant substructure. Therefore, globules are important test-benches for studies

of low-mass star formation. The globules are ideal objects for such studies, because

they appear to be very simple objects, providing a view to the star-forming process

undisturbed by complicated interactions with surroundings.

During this past decade, one particular topic receiving considerable attention has

been quantifying the radial density distributions of the dense cores and globules. This

interest is related to the question of how to constrain theoretical models of protostellar

collapse. Such models include assumptions on the radial density distribution of a

dense core at the onset of the collapse, i.e. the initial condition of the collapse. In

particular, the classical model of protostellar collapse by Shu (1977) assumes that the

initial configuration at the onset of the collapse is an isothermal sphere that has radial

density distribution of the form ρ(r) ∝ r−2. Some other models assume density profiles

that are flat in the central region at the initial stage (Foster & Chevalier 1993; Basu

& Mouschovias 1994; Myers 2005 and references therein). These two types of models
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predict e.g. different mass accretion rates and therefore different core collapse times.

It can be hypothesized that determining the radial density distributions of dense cores

provides a direct test to distinguish between these scenarios.

A wealth of observational studies devoted to examining the internal structure of

dense cores has been performed using observations of thermal dust emission (e.g. Yun

& Clemens 1991; Ward-Thompson et al. 1999; Shirley et al. 2000; Evans et al.

2001; Kirk et al. 2005, 2006; Nutter & Ward-Thompson 2007), extinction mapping

techniques (Alves et al. 2001; Harvey et al. 2001, 2003; Lada et al. 2004; Kandori et

al. 2005; Kainulainen et al. 2007; Racca et al. 2008), or molecular line observations

and modeling (Jessop & Ward-Thompson 2001; Tafalla et al. 2004; van der Tak et al.

2005). These studies have resulted in a view where the protostellar cores have steep

radial density distributions, often resembling power laws with indices of −2 · · · − 2.3

down to very small radii (r ≈ 0.02 pc or 4000 AU). In contrast, the radial density

distributions of starless cores are often flat in their central parts and have a power-

law like drop in density only at larger radii, if at all. However, there appears to be

variation in density distributions among starless cores, as will be discussed below.

The observed density structures of dense cores and globules have been successfully

described using Bonnor-Ebert spheres (Ebert 1955, Bonnor 1956, BE hereafter) that

provide an interesting framework to study the stability of cores via their density dis-

tributions (e.g. Ward-Thompson et al. 1999; Alves et al. 2001; Teixeira et al. 2005;

Kainulainen et al. 2007; Racca et al. 2008). The radial density distributions of BE

spheres can be described by a single parameter, ξmax, which refers to the extent of the

profile in dimensionless units. The parameter ξmax is directly linked to the center-to-

edge density contrast of the sphere, ρc/ρξ(max). The gravitation and thermal pressure

in BE spheres are in equilibrium, and the structure is confined by external pressure,

if the ξmax ≈ 6.5, corresponding to ρc/ρξ(max) ≈ 14.

Majority of starless cores appear to resemble BE spheres with center-to-edge den-

sity contrasts close to the critical value, indicating that they may be close to thermal-

gravitational balance (e.g. Alves et al. 2001; Kandori et al. 2005; Racca et al. 2008).

Protostellar cores show considerably higher central concentrations or cannot be fit

with BE spheres at all (e.g. Harvey et al 2003; Huard et al. 2006; Kainulainen et al.

2007). Interestingly, a significant fraction of starless cores are observed to have larger

than critical center-to-edge density contrasts (Kandori et al. 2005, Racca et al. 2008).

One explanation for this could be that the cores receive additional support, e.g. by

magnetic fields or turbulence, thus appearing super-critical for the BE formalism that

takes only thermal support into account. Another possible explanation that has been

proposed is an interpretation of BE spheres as an evolutionary sequence where the cen-

tral concentration of a starless core increases as it slowly contracts toward the point

of forming a protostar (Kandori et al. 2005, based on Aikawa et al. 2005. However,

see also Myers 2005).

Very recently, attempts have been made to classify starless cores based on various



Star-forming regions: from globules to the GMCs of galaxies 6

criteria (Keto & Field 2005, Kirk et al. 2005, André et al. 2008, and Keto & Caselli

2008). The purpose of such schemes has been to distinguish the cores that are sus-

pected to be prestellar, i.e expected to form stars in the future. In particular, Keto &

Caselli (2008) suggested a model where the cores whose central densities exceed ∼ 105

cm−3 are prestellar in nature. The model is based on arguments that above that

density typical dense cores should be gravitationally unstable and therefore in slow

contraction or in a collapse. Also, at densities higher than that, the primary cooling

mechanism of gas changes from line radiation to the collisional coupling with dust,

resulting in temperature gradients inside the cores and thereby in a loss of thermal

support at their centers. The cores whose central densities do not reach the critical

value remain starless.

In conclusion, the evolution of dense cores and globules from density concentrations

of the ISM to the stage of high central concentration and gravitational instability is

a major unresolved topic in theories of low-mass star formation; Current models are

still incapable in predicting accurately the very basics of the core evolution. What

are the parameters that decide whether a core is capable of forming stars? What are

the timescales related to the core evolution? What drives the formation of the cores

themselves? Papers I and III presented in this thesis are related to the theme of these

questions.

2.2 Molecular clouds

The vast majority of star formation takes place in parsec- or tens-of-parsec sized clouds

of molecular gas, generally referred to as molecular clouds. Almost all known molecular

clouds show star formation at least on some level, although some exceptions are known.

Molecular clouds can further be found arranged in large complexes, referred to as giant

molecular clouds, or GMCs. Generally, such structures are considered to be the largest

individual ”units” in the molecular ISM (Scoville et al. 1990; Combes 1991).

The evolution of the ISM from a diffuse and atomic phase to a highly concentrated

and cold molecular phase that precedes star formation is a major unresolved question

in modern astrophysics. This topic has been a target of a great number of theoretical

studies, especially during the past decade due to the possibilities provided by mod-

ern supercomputing facilities (e.g. Li et al. 2005, 2006, Hennebelle & Audit 2007;

Audit & Hennebelle 2008). While the role of various phenomena in the molecular

cloud evolution has been examined extensively in the past, the modern view of the

topic is developing toward a scheme where the cloud formation, and furthermore the

star formation, is most decidedly driven by supersonic turbulence. Introducing this

extensive topic is far beyond the scope of this thesis, reviews on it have been recently

given by e.g. Mac Low & Klessen (2004), Hennebelle et al. (2007), McKee & Ostriker

(2007), and Ballesteros-Paredes et al. (2007). On a schematic level, the formation of

molecular clouds begins from large-scale (galactic disk scale) instabilities driving com-
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pressive flows of warm atomic gas (commonly referred to as the warm neutral medium

or WNM). A collision or compression of such flows leads to a turbulent shocked layer

in which the fragmentation to colder and denser, yet still atomic, structures occurs

(cold neutral medium or CNM). This leads to a highly structured configuration where

WNM and CNM are strongly mixed and clumped and the structures of the CNM have

supersonic velocities (supersonic for the CNM temperature), possibly further colliding

with each other. The compression and self-gravity may then locally lead to a CNM

structure which has a sufficiently high density and low temperature to be driven out

of the equilibrium between the WNM and CNM, thus forming a molecular cloud.

Molecular clouds have proven to be immensely complicated structures. They show

structures related to star formation, such as filaments, clumps, and cores, on all ob-

servable scales down to less than a tenth of a parsec. These structures are organized

in a hierarchical manner where low density gas that fills most of the cloud volume

surrounds denser structures that in turn harbor even denser structures (e.g. Falgar-

one et al. 1992; Lada 1992; Williams et al. 2000; Bergin & Tafalla 2007). As the

importance of the molecular cloud structure for star formation is evident, a myriad

of techniques have been developed to quantify their structure. Such methods include

fractal analysis (e.g. Stutzki et al. 1998; Sánchez et al. 2005), structure functions

(Padoan et al. 2002; Heyer & Brunt 2004; Lombardi et al. 2008), structure trees

(Houlahan & Scalo 1992; Rosolowsky et al. 2008), clump identification algorithms

(Stutzki & Güsten 1990; Williams 1994), etc.

Because of the complexity of molecular clouds, it is not trivial to define observ-

able measures that both characterize clouds in a physically meaningful way and can

be linked to theories of cloud structure in order to constrain them. One such mea-

sure relevant for the theme of this thesis is the form of the probability distribution

of (column) densities in molecular clouds (probability density function, PDF). The

large-scale column density mappings of nearby molecular clouds have shown that their

column density PDFs are quite well fitted with lognormal probability distributions

(Lombardi et al. 2006, 2008). As a result of the lognormal shape of the PDF, most of

the mass content of the clouds comes from low column density regions. Interestingly,

the column density PDFs of the clouds studied in Lombardi et al. (2006, 2008) showed

significant variations depending on the star formation activity of the cloud. In partic-

ular, in the Lupus complex and in the Pipe nebula only about 1 % of the total mass is

in regions where AV & 10 mag, while in Rho Ophiuchus the fraction is about an order

of magnitude higher (see Fig. 22 in Lombardi et al. 2008 for the corresponding PDFs).

It may well be that the differing PDFs reflect differences in physical conditions that

regulate the star formation in the clouds.

Directly linked to the possible observable measures mentioned above, one question

of great current interest is how the masses of dense cores are distributed in molecular

clouds (referred to as the core mass function, CMF). Measuring the CMF for molecular

clouds could provide constraints for turbulent fragmentation models (e.g. Padoan &
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Nordlund 2002). However, perhaps the greatest motivation in studying them derives

from recent observational studies where the CMFs derived for nearby molecular clouds

have been found to resemble the shape of the initial mass function of stars (IMF) (e.g.

Motte et al. 1998; Stanke et al. 2006; Alves et al. 2007; Nutter & Ward-Thompson

2007; Enoch et al. 2008 and references therein). In particular, many of these studies

have found that the CMF resembles a power-law distribution with a slope similar to

the high-mass slope of the IMF (power-law index of ≈ −2.3). Moreover, some studies

have found indications for a characteristic core mass, followed by a flattening in the

CMF toward lower masses. This is very similar to the shape of the IMF (see e.g.

Kroupa 2002). These findings have led to the hypothesis that the stellar masses might

be connected to the masses of their parental dense cores in a very straightforward

manner, i.e. via a constant star-forming efficiency.

There are, however, some considerable difficulties in the proposed connection. Mea-

suring the shape of the CMF accurately, and especially maintaining a physically mean-

ingful definition for ”a dense core” while doing that, is hampered by problems related

to general difficulties in measuring masses of ISM structures (see Section 3.1, also

Johnstone et al. 2000; Smith et al. 2008). Furthermore, the physical connection

between the parental cores and resulting stars is not well understood, as discussed in

Section 2.1. Depending on the core fragmentation, star multiplicity, and non-constant

star forming efficiency, the similarity of the CMF and IMF may not be a straight-

forward indicator of the constant star formation efficiency (e.g. Goodwin & Kroupa

2005; Goodwin et al. 2007, 2008 and references therein). Such effects were, however,

tested by Swift & Williams (2008) who argued that as a derivative of the CMF, the

IMF is relatively stable against different core evolution scenarios. In Paper III of this

thesis, a study related to this topic is presented. In particular, Paper III examines the

accuracy and completeness of the CMFs derived from dust column density data.

2.3 Molecular clouds in external galaxies

The studies of nearby molecular clouds have led to a comprehensive understanding of

several key concepts of the star formation process and of the evolution of the dense

ISM. However, as mentioned earlier, it appears that the processes ultimately regulating

star formation are linked to instabilities and compressive gas flows at scales larger than

individual GMCs (Mac Low & Klessen 2004; McKee & Ostriker 2007). This makes

it important to determine what are the global properties of star-forming regions, i.e.

GMCs, and what is their relation to the different types of galactic environments. In

the Milky Way, however, molecular clouds are strongly concentrated in the Galactic

plane. Thus, the view toward any other but nearby, off-plane clouds is confused by a

plenitude of clouds in superposition toward the Galactic plane. This confusion hampers

the possibilities to study the properties of GMCs on a Galactic scale, and effectively

prohibits compiling a full catalog of GMCs in the Milky Way.
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At the distance of the most nearby large galaxies, M31 (D = 780 kpc, Holland

1998) and M33 (D = 840 kpc, Freedman et al. 2001), the sizes of GMCs translate

to about 10 − 20” (e.g. Blitz et al 1993). At D . 5 Mpc where the most nearby

galaxies outside the Local Group are located, the corresponding sizes are on the order

of arcseconds. In principle, these scales are within the reach of several observational

techniques. Examining GMCs in nearby galaxies is beneficial because external galaxies

provide an ”outside”view to a full GMC population of galaxies. This makes it possible

to study the effects of galaxy scale structures on the properties of GMCs, and thereby

to examine the role of environment as a driver of star formation.

Clearly, single-dish observations of common molecular gas tracers (CO/thermal

dust emission) do not reach high enough resolution to resolve extragalactic GMCs.

Millimetre-wave interferometers (e.g. CARMA1, PdBI2, and the former BIMA3 and

OVRO4), however, can observe CO emission from extragalactic GMCs with resolutions

of a few arcseconds. The first systematic surveys of extragalactic GMCs using such

instruments were performed in the local group galaxies M33 (Wilson & Scoville 1990),

IC10 (Wilson & Reid 1991), M31 (Wilson & Rudolph 1993), and NGC6822 (Wilson

1994). These studies examined the basic properties such as sizes, line widths, surface

densities, and masses of extragalactic GMCs. Since then, numerous such studies have

been conducted in order to characterize GMC populations in nearby galaxies (e.g.

Wilson et al. 2000, 2003; Helfer et al. 2003; Engargiola et al. 2003; Rosolowsky 2005,

2007; Rosolowsky & Blitz 2005; Nieten et al. 2006; Bolatto 2008). In general, these

studies have developed the view that, within the Local Group, most of the molecular

gas is arranged in GMCs whose basic properties are not so far removed from the GMCs

in the Milky Way (e.g. Mizuno et al. 2001; Engargiola et al. 2003; Bolatto et al. 2003.

For a recent review, see Blitz et al. 2007). However, some significant differences in

characteristics such as the GMC mass distribution, the fraction of molecular mass in

GMCs, or line width-size relation have been observed (e.g. Rosolowsky 2005; Blitz et

al. 2006; Rosolowsky et al. 2007).

In analogy to the studies of the CMF for nearby molecular clouds (See section 2.2),

several recent studies have examined the mass function of GMCs in nearby galaxies

(Fukui et al. 2001; Engargiola et al. 2003; Wilson et al. 2003; Rosolowsky 2005;

Rosolowsky et al. 2007). In particular, Rosolowsky et al. (2007) presented a compre-

hensive CO survey of the GMCs in M33. They identified 149 GMCs from the data

and used them to examine the mass function in the galaxy. Another interesting view

on the mass function of extragalactic GMCs has been suggested by Bialetski et al.

(2005), who derived the GMC mass function for the Centaurus A galaxy using dust

absorption features in near-infrared (hereafter NIR, see Chapter §4). Their observa-

tions provided a seeing-limited, i.e. sub-arcsecond resolution (≈ 15 pc) view to the

1Combined Array for Research in Millimeter-Wave Astronomy.
2Plateau de Bure Interferometer
3Berkeley Illinois Maryland Association. At present, integrated with CARMA.
4Owens Valley Radio Observatory. At present, integrated with CARMA.
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GMC population of the Centaurus A galaxy. They used the observations to identify

over 400 GMCs from Centaurus A, and derived their mass function. In papers IV and

V of this thesis, a simulation study examining the feasibility of the method adopted

by Bialetski et al. (2005) is presented.



Chapter 3

Tracing the mass distribution

of the dense interstellar

medium

Several key issues in star formation are linked to the specifics on how the mass, i.e.

the H2 gas, is distributed in dense molecular clouds (see Chapter §2). However, deter-

mining the distribution of molecular hydrogen in molecular clouds presents a profound

dilemma for current astrophysics. The difficulties in determining the mass distribution

originate from two main factors. First, the H2 molecule does not radiate observable line

emission at the low temperatures that are prevalent in molecular clouds. Therefore,

the mass of H2 gas must be measured by indirect methods. The inherent properties

of any such method will undoubtedly complicate the measurement and increase un-

certainty of the result. Second, the structure of the dense ISM itself has turned out to

be immensely complicated, as the gas is usually organized in hierarchical structures

whose boundaries are fractal in nature (e.g. Scalo 1985; Beech 1987; Elmegreen 1996

and references therein; see also Mac Low & Klessen 2004). As a consequence of this

complexity, the derived column density distribution depends strongly on the spatial

resolution of the measurement, regardless of the adopted method. As the smallest

structures currently known to be present in the dense ISM and directly related to star

formation are smaller than ∼ 0.05 pc (∼ 2′ at the distance of 100 pc), this presents

difficulties even when considering the most nearby molecular clouds (e.g., see the dis-

cussion on the effect of small-scale structures on the derived extinction maps in Section

3.2.3). In this Chapter, the concept of mapping the dense ISM with color excess tech-

niques is introduced and the key properties of such techniques are examined.

11
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3.1 The common tracers of molecular hydrogen

Three methods have become conventional in mapping the mass distribution of molec-

ular clouds: observations of the rotational emission lines of the CO molecule at mil-

limetre wavelengths, observations of thermal dust emission in (sub-)millimetre, and

extinction mapping by observing stars shining through the clouds. In the following,

these methods are briefly introduced.

The use of the CO molecule as a mass tracer is based on easily accessible rotational

emission lines of the CO isotopologues. The lowest level rotational transitions of

the most abundant isotopologues, namely 12CO, 13CO, C18O, and C17O, occur at

millimetre wavelengths and are easily thermalized in the densities and temperatures

typical for molecular clouds. These lines can be routinely detected with ground-based

(sub-)millimetre telescopes. The intensities of the detected lines can be transformed

to column densities by making simplifying approximations about radiative transfer in

the cloud. For example, it is common to derive column densities by observing only

a single transition, such as C18O (J = 1 − 0). By assuming that the observed line

is optically thin and by estimating the excitation temperature for the cloud (which,

however, cannot be constrained by observing a single emission line), the integrated line

intensities can be transformed to CO column densities. Finally, the column density

of the observed CO isotopologue can be transformed to H2 column density using the

relatively well-known ratio of CO and H2 column densities (e.g. Frerking et al. 1982;

Solomon et al. 1987; Lombardi et al. 2006; Pineda et al. 2008).

The dust component of molecular clouds provides another commonly used tracer

of the total column density distribution. The dust grains are heated by the interstel-

lar radiation field and emit thermal radiation according to the Planck’s radiation law

modified by the wavelength dependent emissivity. The equilibrium temperature for the

dust grains in molecular clouds is around 10−15 K, setting the peak of the spectral en-

ergy distribution of the emitted radiation at far-infrared wavelengths (∼200-300 µm).

Unfortunately, the atmosphere is very opaque at this wavelength region, almost totally

preventing ground-based observations at wavelengths between ∼ 50 − 300 µm1. It is

possible to observe the dust emission from the ground through atmospheric windows

at & 350 µm where emission from the Rayleigh-Jeans part of the spectral energy dis-

tribution of the cold dust can be detected. However, the observing techniques limit the

sensitivity of such observations to regions of relatively high density and density con-

trasts. The detection threshold of such studies has typically been around AV ∼ 6− 10

mag in the past. However, with the most current state-of-the-art instrumentation the

threshold level is more likely to be AV ∼ 2− 5 mag. Transforming the observed fluxes

to column densities requires knowledge on the temperature and opacity of the dust

grains. The derived dust masses (or column densities) can then be transformed to

1There is an atmospheric window at ∼ 200 µm that is accessible in superior conditions. Instruments

designed to exploit this window are currently being established.
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those of H2 by assuming a constant gas-to-dust mass ratio (canonically, a factor of

100).

In addition to thermal emission, the dust component gives the possibility to mea-

sure column densities by its extinction of background starlight. The dust grains absorb

and scatter radiation propagating through the dusty medium, thereby altering the ra-

diation as observed from the background stars. The extinction due to dust grains

results in two effects that can be used to determine the mass distribution in molec-

ular clouds. First, because the extinction reduces the flux reaching the observer, the

density of stars brighter than some limiting magnitude decreases with increasing ex-

tinction. This decrease can be directly related to the optical depth of that region. This

approach, known as star counting, was one of the first methods used to determine the

distribution of the dense ISM (Wolf 1923; Bok 1937). Second, the cross section for ex-

tinction (i.e. for absorption and scattering) is wavelength dependent, resulting in the

reddening of the light shining through molecular clouds. The wavelength dependency

of the extinction, commonly referred to as the extinction law or the reddening law, is

one of the most extensively studied topics in astrophysics due to its significance for

a large number of applications. Figure 3.1 illustrates the extinction law between ∼ 3

µm-100 nm, normalized to extinction in the I band which has the central wavelength

λ = 0.802 µm (Draine 2003, incorporating data from Fitzpatrick 1999). Thanks to

the relatively well-known behavior of the extinction law, the reddening of light from

a background star can be related to the optical depth along that line of sight. This is

especially true at NIR wavelengths, where the extinction law is quite constant com-

pared to optical wavelengths (e.g. Mathis 1990). Furthermore, extinction in NIR is

about an order of magnitude lower compared to optical, which means that molecular

clouds are considerably more transparent in NIR. The derivation of extinction from

reddening is further facilitated by the fact that stars have relatively constant intrinsic

colors in NIR (e.g. Bessell & Brett 1988). Extinction mapping methods based on this

approach, generally referred to as color excess methods, are reviewed in more detail

in Section 3.2.

Each of the mass tracing methods introduced above have their inherent character-

istics, some of which are well known and understood while the effect of others can be

quite uncertain. For example, it is generally the case that dust extinction methods

are very sensitive for low column densities (AV . 15 mag), while very high column

densities (several tens of magnitudes in AV) are best probed through dust emission

observations. Molecular line studies, on the one hand, are reliable only over a rel-

atively narrow dynamical range (from a couple of magnitudes roughly to 10 mag).

On the other hand, they provide information on the velocity structure of the clouds

simultaneously with the information on the column density distribution. As a result of

the differing inherent properties, the mass tracing techniques are best considered com-

plementary to each other, and their usability depends on what properties are required

from the data. In the context of tracing (only) the mass distribution of molecular
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Figure 3.1: Left: The interstellar extinction curve from 5 µm to 0.1 µm (Draine

2003, according to Fitzpatrick 1999). The inset shows a magnification of the range

λ−1 = 0.2 . . . 1.5 µm−1. The different lines show the curve for different values of

total-to-selective extinction ratio, RV. The curves are normalized to I band (0.802

µm) Right: The NIR color-color diagram of non-reddened field stars (Bessell & Brett

1988).

clouds, a recent comparison of different methods by Goodman et al. (2009) concludes

that ”Dust is superior to molecular lines for tracing out the ”full” mass distribution

over the range of extinction studied [. . . ]”. They also examine the effect of variability

in various parameters that usually are assumed to be constants, and conclude that the

effects and biases due to such variations are probably more important than usually

admitted to. Given the importance of getting a realistic picture of the mass distri-

bution in molecular clouds, developing reliable mass tracing techniques clearly is a

fundamental topic in astrophysics today.

3.2 The color excess methods

As mentioned above, photometric observations of stars shining through molecular

clouds can be used to trace their H2 content, either via star counting or color excess

methods. In particular, the color excess methods developed during the past decade

have proven to be capable of providing a very sensitive view to the mass distribution

in nearby clouds. In this section, measuring H2 column densities via color excess

techniques is reviewed.

3.2.1 The color excess formalism and the NICE method

In a field-of-view toward nearby molecular clouds, at the distances of some hundreds

of parsecs at most, almost every observed star is expected be located behind the

clouds. The extinction and reddening of light in a geometry where radiation from a

background star propagates through a dusty medium, finally reaching the observer,
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can be described in a relatively simply manner. The flux in wavelength band i at the

position of the observer, Iobs
i , is linked to the unattenuated flux of the star, I0

i , via

the equation:

Iobs
i = I0

i × e−τi , (3.1)

where τi is the optical depth in wavelength band i. The ratio of fluxes in two bands

gives, by definition, the observed color of the star in magnitudes:

(mi − mj)obs = −2.5 log
Iobs
i

Iobs
j

. (3.2)

The optical depth in one band can be expressed as a multiple of the optical depth in

any other band by assuming a form for the wavelength dependency of optical depth,

i.e. for the extinction law. Defining:

ki = τi/τj, (3.3)

and substituting Eq. 3.1 into 3.2 gives:

(mi − mj)obs = −1.086× (1 − ki)τj − 2.5 log
I0
i

I0
j

. (3.4)

The last term is clearly the original color of the star, (mi − mj)0 (following Eq. 3.2).

Then:

Ei−j = (mi − mj)obs − (mi − mj)0 (3.5)

= −1.086τj × (1 − ki) (3.6)

= Aj × (ki − 1). (3.7)

These equations define the color excess, Ei−j , and show how the reddening caused by

the intervening medium is related to its optical depth. Again, with an assumption

of the form for the extinction law, the extinction in band j can be written in terms

of extinction in the V band. Then, the derived extinction can be related to the

column density along the line of sight using the well-established relation between visual

extinction and hydrogen column density (Bohlin et al. 1978):

N(HI + H2) = 9.4 × 1020 × AV [cm−1mag−1]. (3.8)

Together, Eqs. (3.5)-(3.8) provide the basic framework for using color excess measure-

ments as a tracer of total mass in molecular clouds.

Applying Eq. (3.5) to NIR data for derivation of column density values toward

individual stars was introduced by Elias et al. (1978), and later used by e.g. Frerking

et al. (1982) and Jones et al. (1984). In these studies only a small number of stars was

detected due to the limitations of NIR observing techniques at that time. The estimate

of the intrinsic color was done by attaining spectroscopic data and determining the

spectral classes for each star separately. Later, when the development of NIR array
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cameras enabled photometric observations of a large number of stars simultaneously,

Lada et al. (1994) presented the NIR color excess mapping method called NICE (Near

Infrared Color Excess method). In NICE, the intrinsic color is evaluated as the mean

of a large sample of stellar colors measured in a nearby field that can be assumed to

be free of extinction. This averaging is meaningful, because the intrinsic NIR colors of

stars are relatively constant. In particular, (J − H) ≈ 0-1 and (H − K) ≈ 0-0.3 (e.g.

Bessell & Brett 1988, see Fig. 3.1). Then, the extinction values toward each star are

calculated from the expression:

AV =
AV

Aj

(ki − 1)−1 ×
[

(mi − mj)obs − 〈mi − mj〉0

]

. (3.9)

Performing this calculation for a large number of stars in a molecular cloud region re-

sults in a set of random-placed, ”pencil-beam”resolution samples of the cloud’s extinc-

tion distribution. These samples are used to create a regularly discretized, smoothed

map by calculating a weighted mean of the samples at the center positions of a carte-

sian grid (i.e., of a map). This results in a high signal-to-noise extinction map from

which the column densities can then be calculated using Eq. (3.8).

3.2.2 The NICER method

The color excess mapping technique NICE was generalized to an optimized multi-band

technique by Lombardi & Alves (2001). This technique, referred to as NICER (Near

Infrared Color Excess Revisited), combines color excesses in several colors, taking

into account the photometric errors and the scatter in the intrinsic colors of stars,

to estimate extinction toward each observed star. In Lombardi & Alves (2001), the

technique is presented particularly for the NIR JHK bands, but it can be applied to

any set of wavebands, and also to more than three wavebands.

In the NICER method, the extinction toward each detected star is estimated by

minimizing the variance of an estimator that is linear in the independent observed

colors (written here for two colors, as in Lombardi & Alves 2001):

Ân
V = a + b1c

obs
1 + b2c

obs
2 , (3.10)

where a and bi are constant parameters and cobs
i are the observed colors. The index

n implies that the estimate is for the nth star of the sample. The variance of this

estimator can be written (see Eqs. 5-9 in Lombardi & Alves 2001 for the derivation):

Var(Ân
V) =

∑

i,j

bibjCovij(c
tr) +

∑

i,j

bibjCovij(ǫ). (3.11)

Here, the first covariance matrix contains the scatter in colors and the second contains

the error in photometric measurements. It is noteworthy that the former is expected

to dominate due to the good precision of typical photometric observations compared

to the scatter in intrinsic colors. Similarly to the NICE method, the average intrinsic
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colors of stars are evaluated from a nearby, extinction-free field. Then, the estimator

(Eq. 3.10) can be written in a form analogous to Eq. (3.9):

Ân
V = b1[c

obs
1 − 〈ctr

1 〉] + b2[c
obs
2 − 〈ctr

2 〉], (3.12)

where 〈ctr
i 〉 are now the average colors of background stars (measured in a reference

field), and bi are coefficients to be determined by the minimization. The formalism

for minimizing Eq. (3.11), and further for solving the coefficients bi is presented in

Lombardi & Alves (2001) (their Eqs. 5-13).

Determining yhe coefficients bi results in an extinction measurement toward each

star, Ân
V. Similarly with the NICE technique, these data are then used to create a

regularly sampled extinction map by spatially smoothing the extinction measurements

within a certain distance from the center points of a cartesian grid (i.e. of a map pixel).

Lombardi & Alves (2001) describe smoothing techniques using (1) a weighted mean and

a sigma-clipping procedure, and (2) a weighted median. In both cases, the individual

extinction measurements are weighted using a weight function whose value depends on

the distance from the center of the map pixel. Usually, a Gaussian weighting function

is adopted. The choice for the characteristic size of the weighting function (FWHM in

the case of a Gaussian) defines the effective resolution of the resulting extinction map.

The mean is additionally weighted with the inverse variances of the measurements,

giving in particular the weights:

wn =
W (θ − θn)

Var(Ân
V)

(3.13)

Here, W (θ − θn) refers to the weight term resulting from the angular distance of the

star located at θn from the grid point center located at θ (typically a Gaussian weight

function). Finally, the extinction value for a map pixel is then calculated as the mean

of the weighted measurements:

ÂV =

∑

n wnÂn
V

∑

n wn
. (3.14)

Lombardi & Alves (2001) describe also a sigma-clipping procedure to be used in

conjunction with the weighted mean smoothing in order to remove possible outliers (i.e.

foreground stars) from the sample. In sigma-clipping, the extinction values derived

toward each star (Ân
V) are compared to the estimate of the local, smoothed extinction

(ÂV). If the extinction value toward the star differs from the smoothed extinction by

more than some threshold value (e.g. 5-σ), the star is removed from the data and

the smoothed extinction is calculated again without it. Such an iterative technique is

efficient in removing outliers from the data, resulting in higher signal-to-noise in the

final map.

Since publication, the NICER technique has been employed in a variety of studies,

ranging from wide-field mappings of large complexes to the characterization of indi-

vidual dense cores at high-resolution. In particular, Lombardi et al. (2006) used data
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from the full-sky survey 2MASS2 (Skrutskie et al. 2006) in conjunction with NICER to

derive a ∼ 50 square-degree, arcminute-resolution extinction map of the Pipe nebula.

The map featured a 3-σ error of AV ≈ 0.5 mag, corresponding to the total gaseous

mass of M ≈ 0.09 M⊙ inside the FWHM resolution area (assuming a distance of 130

pc for the Pipe nebula, Lombardi et al. 2006). Similarly, Lombardi et al. (2008)

presented a large extinction map of ∼ 1700 square degrees covering almost the entire

northern part of the Galactic bulge, including the Ophiuchus and Lupus complexes. In

Paper II of this Thesis we derive an extinction map for the Chamaeleon I star-forming

cloud using NICER. These studies demonstrate well the possibility to trace the low-

and mid-range column densities with high signal-to-noise using data from a survey

that is relatively shallow, but has wide spatial coverage.

On smaller spatial scales, several studies have used the NICE or NICER methods

in conjunction with deep photometry gathered using large telescopes such as the Very

Large Telescope. In such studies, high-resolution (FWHM resolution ∼ 10” − 30”)

column density data have been used to e.g. examine radial density distributions of

dense cores and thereby to constrain models for protostellar collapse (e.g. Alves et al.

2001; Harvey et al. 2001, 2003; Teixeira et al. 2005; Kandori et al. 2005; Kainulainen

et al. 2008, Paper I; Racca et al. 2002, 2008; Huard et al. 2006). As another example,

such deep extinction measurements have been used to study the dust extinction curve

in dense cloud centers (Campeggio et al. 2007; Román-Zúñiga et al. 2007).

3.2.3 Key properties of the color excess techniques

From the point-of-view of an observer, the color excess mapping methods are based

on simple photometric data of stars in NIR bands. Such data are straightforward to

gather thanks to the general availability and high quality of present-day NIR instru-

mentation. The photometric magnitudes resulting from routine-like observations have

typical uncertainties of a few percent. Thus, the uncertainty in estimated color excess

values due to observational accuracy is normally smaller than the uncertainty due to

the scatter of the intrinsic colors of background stars (see Eq. 3.11) that span roughly

a range of (mH − mK)0 = 0 − 0.3 mag with σ ≈ 0.1 mag, and (mJ − mH)0 = 0 − 1.0

mag with σ ≈ 0.2 mag, if measured from a random field of 2MASS data. There-

fore, the color excess methods do not present particularly high requirements for the

photometric quality of the gathered data.

Both the highest achievable resolution and the signal-to-noise ratio of the map

produced by color excess techniques depend on the number of detected stars per unit

area. There are two factors that contribute to that number and are therefore essential

parameters for color excess techniques. First, the limiting magnitude of the data

is directly linked to the number of detected stars. Consequently, the resolution of

extinction maps can always be improved by making deeper observations. Second, the

2Two micron all sky survey
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density of stars is a strong function of Galactic coordinates. For example, toward

the Galactic bulge (e.g. the Pipe nebula) the number of stars in the 2MASS catalog

is roughly 15 times more than toward a region at a similar galactic latitude in the

Galactic anti-center (e.g. the Taurus complex).

In principle, calculating the smoothed value for each pixel of the extinction map

requires at least one star to be within the FWHM range from the pixel center. In

order to have uniform resolution over the map, the resolution of the extinction map

is defined by the regions of highest extinction where this condition can not be met if

higher resolution is chosen. Consequently, at low extinction regions the smoothed map

may have a large number of stars within the FWHM range while at high extinction

regions there are only a few. This means that the statistical error in the smoothed

extinction map is a function of extinction (see e.g. Fig. 10 of Lombardi 2005). It

also means that regions with low extinction are not sampled with resolution as high

as allowed by the data. It is also possible to calculate the smoothed map by using an

adaptive grid where the resolution changes with varying density of stars (Cambrésy

et al. 1997, 1999, 2002). In that case, the resolution is variable over the smoothed

map, being higher in low column density regions. Because the number of stars in a

resolution element is always the same, also the statistical error is uniform over the

map.

As an example, the practice has shown that resolutions that can be achieved using

2MASS data (limiting magnitudes J = 15.8, H = 15.1, K = 14.2, Skrutskie et al.

2006) vary from 1’ for molecular clouds that are located in front of the Galactic bulge

(e.g. Lombardi et al. 2006) to several arcminutes for clouds at high Galactic latitudes

and longitudes (e.g. Cambrésy 2002, Kainulainen et al. 2006, Lombardi et al. 2008).

In comparison, an integration time of some tens of minutes with the current 8-m class

telescopes yields NIR limiting magnitudes of ∼ 20−21 mags (without adaptive optics3).

Applying extinction mapping methods for such data has shown that in regions where

the background stellar density is high, resolutions of ∼ 10” can be achieved (e.g.

Román-Zúñiga et al. in prep.).

There are a few sources of possibly significant biases in the color excess mapping

techniques. Probably the most severe is the contamination of data by foreground

stars. The extinction derived toward such stars is always close to zero, obviously not

representing an estimate for the column density of dust in the cloud at that point.

If such stars are present in the data, the value derived for smoothed extinction will

be lower than the true extinction. The effect is especially strong when the weighted

mean smoothing is used, because the mean is quite susceptible to outliers in the data.

Lombardi (2005) presented a comprehensive analysis of the bias and total error due

3Estimated using exposure time calculators provided for ESO telescopes:

http://www.eso.org/observing/etc/ . With adaptive optics assisted observations, the limiting

magnitudes can be several magnitudes higher, but the fields of view of the current adaptive optics

instruments are no larger than some tens of arcseconds at most.
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Figure 3.2: Bias due to foreground stars and different completeness levels in various

color excess mapping techniques as determined by simulations (Figures from Lombardi

et al. 2005). ML stands for the Maximum Likelihood method (see Section 3.2.4). Left:

A bias in the simulation where there are no foreground stars, i.e. f = 0. Right: The

same, but for the simulation where f = 0.02.

to the foreground stars in different color excess techniques. As a general result, he

showed that the bias becomes significant when the fraction of foreground stars, f , is

higher than a few percent (for the range AV . 20 mags that is typically probed in

extinction studies). An illustration of the bias is shown in Fig. 3.2, where the bias

is shown as a function of true AV for three mapping methods (NICE, NICER, and the

Maximum Likelihood method, see Section 3.2.4).

In regions of high extinction, the foreground stars are usually easy to remove due

to the peculiar extinction values derived toward them (i.e. zero extinction) compared

to the neighboring stars. The sigma-clipping procedure described by Lombardi &

Alves (2001) is efficient in removing foreground stars from such regions. In contrast,

removing foreground stars from regions of low extinction is very difficult, although

their effect is not so crucial due to the higher number of real background stars per

resolution element (the foreground stars still contribute to the noise, though). A novel

way to deal with the foreground stars was presented in Lombardi (2009) with the

improved NICEST color excess technique (see Section 3.2.4).

It is noteworthy that for the closest molecular clouds (d . 200 pc), the predicted

fraction of the foreground stars is only ∼ 1 % (Lombardi et al. 2008). The bias due

to such a low fraction is low everywhere but in the regions of highest column densities

(AV & 20 mag), even if no action is taken to remove the stars from the data. The

regions where AV & 20 mag contribute only very slightly to the total mass or the total

area of molecular clouds, and therefore the error due to the foreground stars in the

total mass derived for a nearby cloud, is insignificant (e.g. Fig. 22 of Lombardi et al.

2008).

The sources detected in a molecular cloud region can also contain stars that are not

located behind it, but belong to the cloud itself (young stellar objects). The intrinsic



Tracing the mass distribution of the dense interstellar medium 21

colors of such objects are redder than those of the background stars, and therefore the

extinction will not be derived accurately toward them. In particular, the inclusion of

intrinsically red objects leads to overestimation of extinction toward the object (see

Eq. 3.7). Young stars are typically found at regions of high extinction, and because

the extinction toward them is over-estimated, it is not easy to remove them with a

sigma-clipping procedure. To some extent, the young stars can be identified by their

location in the J − H vs. H − K color-color diagram in which their red colors place

them outside the region where the reddened background stars should be located (i.e.

outside the“reddening sector”). Also, young stars can be identified by cross-correlating

the NIR data used for extinction mapping with some auxiliary data commonly used

to discern young stars, e.g. mid- and far-infrared point-source catalogs by the IRAS

and Spitzer satellites.

Even in the case where the data consists of true background stars only, the NICE

and NICER techniques exhibit a bias due to the structure of the true column density

distribution on scales smaller than the characteristic length chosen for the weight

function of the smoothed map (Eq. 3.13). This results from the fact that the stars from

which the smoothed extinction is determined exhibit varying amounts of extinction,

even within the characteristic length scale. The stars with low extinction values are

more likely to be detected, and the average calculated from them is biased toward

lower extinction values. This bias was described in detail by Lombardi (2005), and

later an improved color excess scheme was proposed by Lombardi et al. (2009) to

remove the bias (see section 3.2.4). For the nearby clouds the bias is relatively low.

Lombardi (2005) shows that for typical extinction mapping utilizing 2MASS data, the

bias is less than 0.2 mags at AV < 10 mag. However, it increases rapidly for higher

extinctions, reaching 1 mag at AV = 15 mag (Lombardi 2005). Hence, estimating

parameters such as the total mass of a cloud are not significantly affected by the bias,

but it may become substantial when considering the densest parts of clouds, e.g. the

dense cores (as demonstrated in Juvela et al. 2008).

3.2.4 Modifications of the color excess mapping scheme

Recently, various improvements and modifications have been developed for the basic

color excess mapping scheme. Some of them have been designed particularly to deal

with the shortcomings of the NICE(R) method that were mentioned in the previous

section, while others make an effort to combine color excess mapping with other tech-

niques or auxiliary data. In the following, the main characteristics of these methods

are introduced.

The most recently published color excess mapping technique is the NICEST tech-

nique (Lombardi 2009, based on Lombardi & Schneider 2001, 2002, 2003), which is

a direct continuation of NICER and is based on the same formulation. The NICEST

technique improves the NICER technique by including a correction for the bias due

to the possible substructure at scales smaller than the characteristic length of the
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smoothing function (see section 3.2.3). Importantly, the correction does not rely on

an assumption of the actual column density PDF, but is model independent. In prac-

tice, NICEST differs from NICER by introducing a modified equation for calculating

the estimator of smoothed extinction (Eq. 3.14). In short, the proposed estimator

overweights each individual extinction measurement used to calculate the smoothed

value by a term proportional to the measurement itself. Lombardi (2009) presents a

comprehensive analysis of the nature of the bias due to the small-scale inhomogeneities

(see also Lombardi 2005), and summarizes that the proposed estimator significantly

reduces the bias. Lombardi (2009) also presented the first application of the technique

by deriving an extinction map of the Pipe nebula. He compared the map to the one

derived using NICER, and concluded that in regions of low extinction the two maps

are equal, but at high column densities the NICEST produces higher extinction values

by typically ∼ 5 %.

Cambrésy (2002) suggested using a combination of both star counting and color

excess technique to derive the extinction. The purpose of the combination is to take

advantage of the independent information on extinction provided by the techniques.

In general, the star count method is known to suffer from larger statistical error,

especially at low extinctions (AK . 1 mag). In contrast, the color excess mapping is

sensitive to the bias by foreground stars and small-scale structure at high extinctions

(Lombardi 2005). In his method, Cambrésy (2002) used color excess technique for

regions of low extinction (AV < 15 mag), star counting for regions of high extinction

(AV > 25 mag), and a linear combination of extinction values produced by the two

methods at the intermediate range. A similar implementation has been used later also

by Cambrésy et al. (2005, 2006).

Lombardi (2005) presented a more comprehensive analysis of the statistical prop-

erties of the observed color excesses and stellar densities. Furthermore, he developed

a maximum-likelihood technique (referred to as the ML method) that combines these

statistics in order to derive extinction maps. Lombardi (2005) performed simulations

where the performance of the ML method was compared to that of NICE and NICER,

and showed that ML has both better accuracy and lower bias, especially if the data

suffers from contamination by foreground stars. To illustrate this, the bias due to the

foreground stars in the ML technique is shown in Fig. 3.2 (Lombardi 2005). Until

today, however, no study has adopted the method as such, most likely due to its more

complicated implementation compared to the NICE/NICER methods.

Foster et al. (2008) presented an improvement for the NICER technique, namely

GNICER, which uses the galaxies shining through the clouds as data points in addition

to the background stars. Normally, galaxies are not used by color excess techniques,

because their intrinsic colors are greatly different from those of stars. The distinction

between stars and galaxies is usually done automatically by the program performing

the photometry (e.g. SExtractor; Bertin & Arnouts 1996), and it is usually based on

measuring the shape of the object and comparing it to the point-spread-function of
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the image. In GNICER, the background galaxies are distinguished from stars by their

shapes, and the estimator of extinction toward them is calculated in a similar way as

is done in NICER for stars. The intrinsic colors for the galaxies are measured from

a nearby reference field, just as is done for stars. As a result of including galaxies

in the data, the number of data points increases, and therefore the signal-to-noise

and resolution of the resulting extinction map will be better. Foster et al. (2008)

conclude that this is particularly beneficial for examining clouds that are located at

high Galactic latitudes where the density of stars is low and most of the objects with

NIR excess are background galaxies.



Chapter 4

Mapping extragalactic GMCs

by dust attenuation

In the context of nearby molecular clouds, measuring color excesses of the background

stars provides a straightforward method for estimating the column density distribution

of molecular hydrogen in them. In principle, the same concept of comparing colors

of the background stars to the colors of non-reddened stars can be applied to NIR

and optical imaging data of external galaxies. Such an approach is interesting due

to the seeing-limited (i.e. sub-arc-second scale) view to the GMCs in galaxies at

these wavelengths. For comparison, the angular diameters of GMCs at the distance

of nearby galaxies fall clearly below the beam sizes of the present-day single-dish

radiotelescopes (see e.g. Blitz 1993), limiting the feasibility to trace GMCs by their

molecular line emission. In this section, the attenuation and reddening properties of

extragalactic molecular clouds are considered. In particular, a color mapping scheme

that is analogous to the Galactic extinction mapping techniques is introduced.

4.1 Attenuation and reddening in extragalactic GMCs

In general, individual stars cannot be resolved in galaxies outside of the Local Group,

except for the (super)giants that can be resolved with deep, adaptive optics -assisted

observations. Instead, the surface brightness in a pixel of an observed image consists of

fluxes of a large number of stars located along the line of sight. If the observed galaxy

contains dust (in particular, molecular clouds), the total flux observed from those

stars can be significantly reduced before reaching the observer. As a consequence,

dark patches and lanes marking the presence of molecular clouds are commonly seen

in optical images of gas-rich galaxies. Historically, the presence of such features has

been known since the early years of photographic astronomy (e.g. Sandage 1961).

As noted in Section 2.3, the GMCs are expected to have angular diameters on

24
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the order of arc-seconds at the distances of nearby galaxies. The basic properties of

attenuation features caused by such a small-scale clouds can be examined by consid-

ering a schematic picture whereby a dust cloud is located inside the stellar population

of a galaxy. If the radiation emitted from inside the dust cloud is insignificant with

respect to the total intensity along the line of sight, the intensity in band i reaching

the observer, Iobs
i , can be written as (e.g. Gallagher & Hunter 1981):

Iobs
i = (1 − xi)I

0
i × e−τi + xiI

0
i

(

+ Isca
i (xi, τ)

)

, (4.1)

where xi is the fraction of intensity that originates from the stars that are located

between the cloud and the observer. The last term of the equation is the intensity

that is scattered toward the observer from all directions by the cloud (not included

in Gallagher & Hunter 1981). The term for the scattered intensity is a function of

optical depth, and more importantly, a function of geometry and thereby of x (e.g.

Natta & Panagia 1984; Witt et al. 1992). The significance of it in different geometries

is a matter of current debate and a wealth of radiative transfer studies have been

conducted in order to study its importance (see section 4.2).

In the context of extragalactic dust absorption studies, it is common to define

apparent extinction1 which describes the reduction of the observed intensity in the

on-cloud pixels with respect to the unattenuated intensity (e.g. Calzetti 2000):

Aa
i = mobs

i − m0
i = −2.5 log

Iobs
i

I0
i

. (4.2)

Note that the unit of mi here is mag/�”, or mag/px (unlike in Eq. 3.2 where the unit

is mag). In practice, I0
i for this equation is estimated either from a region close to the

absorption feature in question, or from a surface brightness model of the galaxy (if

such can be constructed from observations). Analogously with the extinction law (see

section 3.1), the wavelength dependency of apparent extinction is referred to as the

attenuation function or attenuation law. It is, however, important to note that unlike

the extinction law, the attenuation function is a function of parameters such as the

line-of-sight geometry and viewing angle, and it does not reflect the actual extinction

cross section of dust in the same straightforward manner as the extinction law.

In analogy to calculating colors of individual stars, two images taken through

different broadband filters can be subtracted from each other to create a color im-

age (Eq. 3.2). Because of the wavelength dependency of dust absorption, such

an image can show prominent reddening features caused by dust clouds. The red-

dening of an image pixel can be quantified by defining a color excess analogously

with Eq. (3.5) as the difference between the observed and “intrinsic” colors, i.e.

Ei−j = (mi − mj)obs − (mi − mj)0. Here, the intrinsic color refers to the color of

1There is some variety in the literature for the terms used to describe the attenuation of light

in various situations. For the geometry considered here, Eq. (4.2) is best referred to as ’apparent

extinction’ (e.g. Howk et al. 2000; Calzetti 2001)
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the stellar population if it would be free from reddening. The intrinsic color term can

be evaluated from a reference region close to the reddening feature in question, analo-

gously with the Galactic color excess methods. The relation between the derived color

excess and optical depth can then be established by writing the color excess following

Eqs. (3.2) and (3.5):

Ei−j = −2.5 × log
(1 − xi)e

−τi + xi +
Isca

i

I0

i

(1 − xj)e−τj + xj +
Isca

i

I0

i

. (4.3)

Even though Eq. (4.3) is an over-simplification (see the discussion later in this section),

two important properties can be seen by examining its behavior. First, for a given

optical depth, the color excess decreases when the fraction of foreground light increases.

Further, the color excess increases as a function of optical depth only up to τK ≈

0.5 . . . 1.5, depending on x and wavelength, after which it saturates starting to decrease

with increasing optical depth. To illustrate, Fig. 4.1 shows EJ−H and EH−K as function

of K band optical depth, τK, for different values of x (resulting directly from Eq. 4.3).

Second, as the dust albedo increases toward shorter wavelengths (e.g. Gordon

2004), the terms including scattered light further reduce the observed reddening. The

strength of this effect for different geometries and different types of dust distributions

is still largely unknown, but generally it is considered to be significant in environments

typical for embedded dust clouds (see the studies referred to later in this section). If

the scattered flux was insignificant, and thereby absent from Eq. (4.1), observations at

two or more wavelengths could be used to solve both x and τi (assuming that xi = xj).

Such an approach has been adopted in some optical studies (Gallagher & Hunter 1981;

Knapen et al. 1991; Howk & Savage 1997, 2000), leading to “first-order-corrected”

estimates of the total optical depths. However, this approach generally does not result

in solutions for x at reasonable values of RV. This is hypothesized to be due to

neglecting the scattered light and clumping of clouds, or because different wavelengths

might probe different regions of the clouds. The significance of the scattered light for

the apparent extinction and reddening by extragalactic GMCs is also studied in Paper

V of this thesis.

In the above, a simplified description of both the attenuation and reddening in

extragalactic dust clouds was given. Clearly, the color excesses are expected to sat-

urate at lower optical depths than the apparent extinction, thereby possibly making

apparent extinction a more useful tracer of dust absorption. There are, however, some

advantages in tracing dust features using their colors, particularly at NIR wavelengths.

Estimating apparent extinction requires a reasonable model for the surface brightness

of the galaxy in question. The surface brightness gradients in galaxies may, however,

be strong especially in regions where GMCs are expected to be located, i.e. in the

surroundings of spiral arms. Such gradients are usually much less prominent in color

than in surface brightness. In particular, at NIR wavelengths the colors of galaxies

are relatively constant (e.g. Moriondo et al. 2001). As a consequence, estimating
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Figure 4.1: Apparent extinction and color excess, as defined by Eqs. (4.1) and (4.3),

as functions of K band optical depth for various fractions of foreground light, x. The

thick straight lines show the case where x = 0, and the thin lines, from top to bottom,

x = 0.1 − 0.7 in steps of 0.1. Top: AK, Middle: EJ−H, Bottom: EH−K.
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(mi − mj)0 can often be done more accurately than estimating I0
i . In addition, con-

ducting color studies at NIR wavelengths is beneficial due to the same reasons that

were given in section 3.1 in the context of Galactic color excess studies. In NIR, the

optical properties of dust are more constant and the extinction roughly 10 times lower

than in optical.

4.2 Examples of studies of dust attenuation in galax-

ies

The attenuation effects caused by dust in galaxies have been studied extensively and

from numerous points of view using radiative transfer simulations. The topic has

been strongly driven by the efforts to understand how the dust content of galaxies

affects the total light emerging from them and how the effects change as functions of

the basic parameters that describe the geometry and dust distributions of galaxies (a

review on the topic has been presented by Calzetti 2001). A realistic description of

the attenuation effects has been of particular interest for studies of the star formation

history of galaxies and of the Universe. This is because many indicators of important

parameters such as star formation rate or the total stellar mass (traced by the rest-

frame UV/NIR fluxes) are directly affected by dust extinction and therefore by the

form of the attenuation law (e.g. Kennicutt 1998; Calzetti 2001). Another extensively

studied topic closely related to the theme has been the question of whether spiral

galaxies are opaque of not (Disney et al. 1989; Valentijn 1990; White & Keel 1992;

recent study conducted e.g. by Holwerda et al. 2007, and by references therein).

In the context of tracing extragalactic GMCs by their dust absorption features, the

basic problem is to a large degree similar to the studies concerning the effects of dust

on the integrated light from galaxies. However, when considering individual GMCs in

nearby galaxies the problem is somewhat simplified due to less complicated and often

better constrained line-of-sight geometry toward the GMCs. Still, the general results

of the studies involving dusty systems are directly relevant for tracing extragalactic

GMCs. Some main results of such studies are introduced in the following.

A large variety of simulation studies have been conducted in the past in order to

make predictions on how the attenuation and color excesses behave as functions of

the true optical depth of the system (Witt et al. 1992, 1996; Witt & Gordon 2000;

Pierini et al. 2004; Tuffs et al. 2004; see Calzetti 2001 and references therein). In the

most recent simulation studies of the topic, the attenuation effects are examined using

realistic dust density distribution models of galaxies resulting from MHD simulations

(e.g. Jonsson et al. 2006; Rocha et al. 2008). In particular, these studies describe the

behavior of the attenuation function for different geometries and explore the effect on

it of various parameters, such as clumpiness, filling factor, and viewing angle. As a

common result of these studies, it has become evident that the attenuation function is
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Figure 4.2: Attenuation and color excess curves derived from simulations for various

geometries of stars and dust. Left: Simulated attenuation curves. The y-axis gives the

’attenuation optical depth’, defined as τatt = − ln (fesc), where fesc is the fraction of

flux escaping from the system. The thick line shows the interstellar extinction curve.

Right: E(B-V) color excess as a function of V band optical depth, τV. Note the

saturation of the color excess, which is analogous to the behavior of color excess of a

single, embedded cloud shown in Fig. 4.1. Both figures are from Witt & Gordon 2000.

a complicated function of several structural parameters, depending strongly e.g. on the

relative geometry of stars and dust, and the inhomogeneity of the dust distribution. In

addition, a consensus is developing toward the view that at all wavelengths from NIR to

ultraviolet the impact of the scattered light is significant for any realistic configuration

(Bruzual 1988; Witt et al. 1992; Emsellem 1995, Baes & Dejonghe 2001).

Generally, these simulations predict the attenuation function of galaxies to be flat-

ter compared to the interstellar extinction law2. This behavior is illustrated in Fig.

4.2 where some of the attenuation curves calculated by Witt & Gordon (2000) for

various geometries is shown. Clearly, the attenuation in a system where stars and

dust are mixed has a very different wavelength dependency compared to foreground

screen geometry (indicated in the figure with a thick solid line). The flat attenuation

function has a strong impact on the observed color excesses. For example, the EB−V

color excess saturates at the total V band optical depths of a few depending on the

geometry of the system. An illustration of the EB−V color excess in the simulations

of Witt & Gordon 2000 is shown in Fig. 4.2. In paper V of this thesis, we present a

study where we examine the attenuation caused by extragalactic GMCs in NIR bands.

Observationally, the attenuation law has been examined in galaxies, or in some

particular regions of galaxies, by numerous studies (see Calzetti 2001 for a review).

Particularly, an extensive work on the attenuation law in starburst galaxies has been

2By definition, the attenuation function would equal to the extinction law if all the dust respon-

sible for extinction would be located between the light source and the observer, the dust would be

homogeneous, and the effect of scattering negligible.
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published in a series of papers by Calzetti et al. (1994, 1997, 1999, 2000. The work

is reviewed in Calzetti 2001). In their work, Calzetti et al. derived an empirical

attenuation curve by comparing UV-to-NIR colors to Hα / Hβ line ratios in a sample

of starburst galaxies. This resulted in an attenuation curve significantly flatter than

the attenuation function in the foreground screen geometry. The attenuation law is

commonly referred to as ”The Calzetti Law”, and it has been adopted by numerous

studies e.g. to make attenuation corrections to the fluxes observed from galaxies.

It should be noted that such a law represents average attenuation derived from a

sample of galaxies. Individual galaxies might have quite different attenuation curves

depending on the exact specifics of the distribution of dust and stars in them. To

emphasize this point, e.g. Witt & Gordon (2000) conclude: ”Under no circumstances

should it [The Calzetti Law] be used for the attenuation correction for single galaxies.”.

While color maps have been commonly used in morphological studies of galaxies

and in their classification (e.g. Regan & Mulchaey 1999; Moriondo et al. 2001; Er-

win & Sparke 2002; Carollo et al. 2002; Eskridge et al. 2003; Lanyon-Foster 2007),

studies where the properties of individual GMCs have been studied using colors or at-

tenuation have been few. At optical wavelengths, high-resolution images taken by the

Hubble Space Telescope have been used to distinguish and to characterize individual,

extra-planar GMCs in edge-on galaxies (Howk & Savage 1997, 1999, 2000; Thompson

et al. 2004). In these studies, the extraplanar dust features were identified from sur-

face brightness images using image processing techniques, and the apparent extinction

toward them was examined directly as suggested by Eq. 4.1 and assuming that the

scattered intensity is negligible.

Only very few studies have applied the approach at NIR wavelengths. The reason

for this has, in part, been the lack of large NIR array cameras that have only been

available for somewhat more than a decade now. In addition, there have been difficul-

ties in interpreting the dust attenuation features as discussed earlier in this section.

Regan et al. (1995) used optical-NIR color maps in conjunction with radiative transfer

modeling to derive the optical depth and dust scale height in NGC1530. Elmegreen

et al. (1998) presented a discovery of a double circumnuclear ring from nearby spiral

galaxy M83. Their discovery was based directly on the J − K image of the galaxy

and the dust reddening features present in it. Numerous studies have examined the

reddening of galaxies in NIR in order to derive the properties of their dust content on

larger scales (e.g. Witt et al. 1994, Kuchinski et al. 1998; Ferrara 1999; Berlind et

al. 1997; Xilouris et al. 1998, 1999; Holwerda et al. 2005; Bianchi 2007, 2008). These

studies have examined parameters such as dust albedo, dust disk scale height and -

length, and total opacity in nearby galaxies. Recently, Bialetski et al. (2005) presented

a study of the reddening features in the nearby Centaurus A galaxy (NGC5128) using

medium-depth NIR JHK band data. They derived color excess maps for the galaxy

and used those maps directly as indicators of GMCs. Indeed, the color excess maps

showed the dust distribution in great detail, and Bialetski et al. (2005) used those
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data to derive the GMC mass function for the galaxy. In Papers IV and V in this

thesis, we examine the feasibility and properties of the method adopted by Bialetski

et al.
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Summary of the publications

5.1 The smallest scale of star formation: the glob-

ules

Paper I: A comparison of density structures of a star-forming and a non-star-forming

globule. DCld303.8-14.2 and Thumbprint Nebula.

by Kainulainen, J., Lehtinen K., Väisänen P., Bronfman L., Knude J.

In Paper I, we study the structure of isolated, small-scale star-forming units, the

globules. We compare the radial density distribution of a globule that has very recently

formed a star to that of a globule that shows no signs of star formation. In particular,

we examine two small globules, namely DCld303.8-14.2 (DC303) and the Thumbprint

nebula (TPN), using high-resolution dust column density maps derived using the color-

excess method NICE(R). The primary goal of the study is to find out if the differing

star formation statuses of the two seemingly similar globules is reflected in their radial

density distributions.

Because of the advantages of the quite recently developed extinction mapping tech-

nique (Lombardi & Alves 2001), and because of the earlier success in applying the

technique to dense cloud cores (Alves et al. 2001), we decided to employ the ex-

tinction mapping scheme in our work. In order to obtain deep NIR data required for

high-resolution extinction mapping, we observed the globules in JHKS bands with the

ESO/VLT telescope using the ISAAC instrument. The photometry of the detected

stars was used to calculate the extinction toward each detected star using either the

NICE or NICER technique. The extinction values were then averaged over concen-

tric circular rings and the resulting profile was interpreted in terms of radial density

distributions of the globules using Bonnor-Ebert and power-law models.

The extinction maps derived for the globules revealed the star-forming globule

DC303 to be very compact and opaque with the maximum extinction of Amax
V ≈

32
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30 mag, while the non-star-forming globule TPN was considerably more transparent

having Amax
V ≈ 10 mag. The globules were found to have clearly differing radial density

structures. The density distribution of the star-forming globule was best fitted with

a single power-law having an exponent p = 2.29 ± 0.08 at r > 0.015 pc. The profile

was equally well described with a Bonnor-Ebert sphere having the dimensionless outer

edge of ξmax = 23 ± 3. In contrast, the radial density distribution of the non-star-

forming globule TPN was flattened in the central region at r . 0.02 pc. The profile was

best reproduced with a Bonnor-Ebert model characterized by the parameter ξ > 8±2.

These results strengthened the view of the earlier dust emission studies that the starless

cores have ßat density profiles compared to protostellar cores.

5.2 Mapping the star-forming structures in molecu-

lar clouds

Paper II: The ratio of N(C18O) and Av in Chamaeleon I and III. Using 2MASS

and SEST.

by Kainulainen, J., Lehtinen K., Harju J.

Paper III: The fidelity of the core mass functions derived from dust column density

data.

by Kainulainen, J., Alves, J., Lada, C.J., Rathborne, J.

In Paper II, we examine the ratio of visual extinction, AV, and C18O column density,

N(C18O), in the nearby Chamaeleon I (Cha I) and in a part of the Chamaeleon III

(Cha III-B) molecular clouds. Cha I is an active star-forming cloud containing several

clumps with differing degrees of star formation. In contrast, Cha III is a quiescent

cloud that has no known young stars or star-forming activity (see Luhman 2008 for a

recent review on the Chamaeleon complex).

In the cold and dense environments typical for star-forming clumps, the CO molecules

are known to deplete onto dust grains and thus be absent from the gas phase. In Paper

II, our goal is to test the hypothesis that the on-going star formation in Cha I will

efficiently release depleted CO molecules from dust grains. To test this, we compare

column densities of the CO gas to extinction (i.e. dust column density) that, in the

current understanding, is a more reliable tracer of the total gas column density in the

high densities of star-forming clumps. Thus, the N(C18O)/AV ratio in Cha I could be

different from that in Cha III-B.

To calculate the extinction through the clouds, we applied the NICER color-excess

method to the NIR photometric data retrieved from the 2MASS database. The re-

sulting extinction maps of Cha I and III-B provide 2′ and 1.5′ angular resolution and

the dynamical range of AV ≈ 0.75 (3σ) . . . 18 mag. The C18O column densities were

derived from C18O (J = 1 − 0) molecular line data collected with SEST (Swedish-
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ESO Sub-millimetre Telescope). The C18O column densities derived from the data

were then correlated with the extinction data to examine the C18O/AV ratio in the

mapped regions.

The average N(C18O)/AV ratio was found to be similar in Cha I and Cha III-B.

This result contradicts with an earlier study of the same regions by Hayakawa et al.

(1999, 2001) who used a different data set to examine the ratio. The discrepancy is

likely due to an inexplicable difference in the intensity scales of the C18O data of these

two studies toward the Cha I cloud. We also detected variations in the N(C18O)/AV

ratio between the different clumps in Cha I. In the most active star-forming clump of

the cloud, the N(C18O) level was enhanced by a factor of 1.5 . . . 3.5 with respect to

the clumps where the N(C18O) level was lowest. The clumps in which the N(C18O)

level was lowest were clearly the least active clumps in Cha I. Therefore, we suggest

that this enhancement is caused by an increased amount of gas phase N(C18O) as a

result of active star formation. The clumps where the relative N(C18O) level is low

are cold, dense clumps with higher degree of molecular depletion. Thus, it appears to

be conceivable to use the combination of 2MASS data and large scale C18O surveys

for finding low-temperature molecular clumps.

In Paper III, we study the feasibility of constructing the core mass function (CMF)

for molecular clouds using dust column density data. Our work was inspired by the

recent publications where the color-excess methods had been used to derive high dy-

namic range, arc-minute resolution column density maps for nearby molecular clouds

(Lombardi et al. 2006, 2008), and by the possibility of using such data to examine

the CMF for the nearby clouds. In particular, such data were first used in deriving

the CMF by Alves et al. (2007). In their work, Alves et al. exploited the wide-field

extinction map of the nearby Pipe Nebula (Lombardi et al. 2006) to derive the CMF

for the cloud. In our study, we therefore decided to simulate the conditions of the dust

column density field in the Pipe nebula.

In Paper III, we study the issues related to identifying and extracting dense cores

from a variable background column density component of molecular clouds. Our goal

is to examine the accuracy of the derived core masses, the accuracy and completeness

limits of the derived CMFs, and possible biases in the CMF introduced by the extrac-

tion algorithm. We did this by performing simulations where artificial core populations

were embedded into a field of variable background extinction, the cores were extracted

from the simulated data, and the CMF was constructed from them. The derived CMF

was then compared to the input CMF of the simulations. The simulations were re-

peated for various core populations and the core extraction was repeated with several

parameter sets for the core identification algorithm. In particular, we examined how

the accuracy of the derived core masses and the CMF depend on how crowded the core

population is. In our simulations, we described the core crowding using a parameter

f = mean nearest neighbor distance / mean diameter. Thus, for a core population
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with f = 1 the cores are, on average, marginally not overlapping.

Our simulations showed that the CMF can be derived accurately for a molecu-

lar cloud using column density data and a core identification scheme based on 2-

dimensional contouring (i.e. the method proposed by Alves et al. 2007), provided

that the core population is not very crowded. For the background extinction field

chosen in our simulations, i.e. for the Pipe nebula, we found that the derived CMF is

an accurate reproduction of the underlying, input CMF if f & 1.5. If this condition is

met, the derived CMF is accurate and more than 90 % complete above M > 0.8 . . . 1.5

M⊙ (adopting the distance of 130 pc for the Pipe nebula), depending on the param-

eters selected for the core extraction algorithm. In particular, the best accuracy was

achieved by choosing low threshold level and narrow contour level spacings for the

contouring algorithm. We also described the accuracy at which the individual core

masses are recovered using the method. We found that the typical uncertainty in the

mass determination is ∼ 25 %, although the uncertainty depends quite strongly on

mass (for cores more massive than ∼ 2 M⊙, the uncertainty is only 5-10 %).

One interesting point brought up by the simulations was that when decreasing the

core mass, at some point the accuracy in the mass of a detected core becomes sensitive

to exactly how the ”core”was defined in the simulation (we used Gaussian ellipsoids).

We found that this effect becomes significant when the core mass is lower than a few

tenths of a solar. We consider this to be a rather important finding, because it implies

that performing any kind of completeness correction for the derived CMF below that

mass is highly non-trivial, requiring examination of variables such as core profiles and

the extent of the cores. Above that mass, however, the effect of such variables is

insignificant and it is relatively straightforward to estimate the fidelity of the derived

CMF using simulations such as those presented in Paper III.

5.3 Tracing the masses of extra-galactic GMCs by

attenuation effects

Paper IV: Determination of the mass function of extra-galactic GMCs via NIR

imaging. Testing the method in a disk-like geometry.

by Kainulainen, J., Juvela M., Alves J.

Paper V: Near-infrared reddening of extra-galactic GMCs in face-on geometry

by Kainulainen, J., Juvela M., Alves J.

In Papers IV and V, we report results from a simulation study where we examine

the accuracy of a scheme where the masses of GMCs are derived from NIR color-

excesses using the simple-minded approximation that color-excesses are linear tracers

of the gas column density. Our work was largely inspired by the observational work of

Bialetski et al. (2005) who used medium depth NIR images of the Centaurus A galaxy
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to examine the GMC mass function in the galaxy. To examine the feasibility of this ap-

proach, we performed a series of experiments where a population of discrete structures

mimicking GMCs was embedded into a stellar radiation field. Because the attenuation

effects are strongly dependent on geometry (and viewing angle), we decided to adopt a

very simple plane parallel geometry where an exponential cloud distribution is located

inside an exponential stellar light distribution, viewed from the direction parallel to

the gradient of the field. Schematically, this geometry resembles a view toward, say,

an inter-arm region of a spiral galaxy, viewed face-on (inclination angle of zero). The

essential properties of the geometry can be described by a single parameter, ξ, which

is the scale height of the exponential distribution for dust divided by that of the dis-

tribution of the stars. We carried out 3D Monte Carlo radiative transfer calculations

in the models to calculate the scattered flux, resulting in simulated surface brightness

images of the models at NIR bands (JHK). The simulated images were used to derive

color-excess maps for the models and the clouds were identified from them. The color-

excesses were then transformed to cloud masses using the foreground screen geometry

approximation, and the masses were used to compose the mass function of the GMCs.

Finally, the derived masses and mass functions were compared to the input masses

and mass functions.

The results of our simulation study were published in two parts. In Paper IV, we

reported the results particularly regarding the derivation of the GMC mass function

from color-excess data. In Paper V, we described the attenuation effects and the role

of the scattered light in our simulations in more detail.

Our simulations showed that for the chosen geometry, the combined effect of fore-

ground stars and scattered light makes the derivation of the GMC mass function from

color-excess data practically impossible. While the input mass functions in the simula-

tions were power-laws with exponents −1.5, −2.0, and −2.5, the slopes of the derived

mass functions were always in the range ∼ −2... − 2.5, and did not correlate strongly

with the input slope. We also described the detection efficiency of the clouds and

concluded that it drops very rapidly for clouds below M . 105 M⊙.

We found a very poor correlation between the observed and input masses of indi-

vidual GMCs. In practice, a cloud can be detected at any mass smaller than its true

mass with a significant probability (down to the detection limit). Thus, measuring

masses of individual clouds directly from color-excesses can produce highly inaccurate

results (the color-excess always gives a reasonable lower limit, though). The total

mass detected in our simulations using color-excess maps was almost an order of mag-

nitude smaller than what was the total input mass in the simulations. However, this is

partly because we calculated the total detected mass as a sum over all detected clouds.

Therefore, the estimate is affected by the threshold level we used to extract GMCs

from the color-excess maps.

In Paper V, we examine the effective NIR reddening law and the attenuation func-

tion in the GMC regions of our simulations. The effective reddening law, i.e. the
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EJ−H/EH−K ratio, was found to be close to unity. The attenuation function, defined

by the ratios of apparent extinction in various bands, was found to be very flat (or

”grey”). We derived the typical values of AJ/AH ≈ 1.1 and AH/AK ≈ 1.35− 1.55. We

also described how these values change as a function of the ξ parameter and discussed

whether these relatively simply-observed ratios could be used as indicators of ξ. We

examined the significance of the scattered light in the simulations by repeating all cal-

culations without the scattered light. The scattered flux had a significant impact on

all observables, and we found that in high column density lines of sight the observed

flux could comprise up to 20 − 30 % scattered light. For most of the clouds (AV less

than a few magnitudes), however, the fraction was ≈ 5 − 10 %.



Chapter 6

Conclusions and future

prospects

The mass distribution of the dense, molecular ISM is linked to several key issues in

theories of star formation. Unfortunately, determining the distribution accurately is

difficult, especially at the small angular scales required to resolve star-forming struc-

tures in detail. Novel, NIR extinction mapping techniques have proven to be capable

of tracing the mass distribution over a relatively wide dynamic range at a resolution

of some tens of arcseconds at highest. Thus, the techniques can provide unique infor-

mation on how the star-forming structures are organized in molecular clouds. These

capabilities are exploited and examined in the five publications presented in this thesis.

As is typical for most fields in astronomy, the progress in understanding star for-

mation is strongly related to technical advances. In the context of molecular clouds,

the supercomputing facilities have given a completely new perspective to star for-

mation by enabling examination of processes like radiative transfer and (magneto-

)hydrodynamics. Indeed, such simulations have resulted in numerous predictions of

the ISM structure as a function of different physical parameters. It is a great challenge

in astrophysics today to define what are the observable measures that can be used to

connect observations to these predictions, and thereby to constrain the models.

We have continued our work of examining the CMF for nearby clouds since the pub-

lication of Paper III. In particular, we have just finished compiling a revised version

of the Pipe Nebula CMF where several issues regarding the nature of the cores are

considered in order to derive a more meaningful and more accurate CMF (Rathborne

et al. 2009). The results of Paper III were also exploited in compiling the revised

version. Currently, we are undertaking studies of the CMF for other nearby clouds

for which arcminute resolution column density maps can be derived using color excess

methods. In this work, we will make use of the latest color excess techniques discussed
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in section 3.2.4. In particular, we are working on combining extinction data with dust

emission data in order to take advantage of the independent information of the mass

distribution provided by the methods.

Our work on extragalactic GMCs, started by the feasibility study presented in

Papers IV and V, has progressed steadily, and the first observational papers of the

work are currently being submitted. We are carrying on a project where we map

GMCs in nearby galaxies by their dust attenuation features. Within this project, we

have gathered medium-depth, wide-field NIR imaging data on several nearby galaxies.

This data is to be used in conjunction with radiative transfer modeling in order to

provide a uniformly defined view of their GMC populations. While the project as

a whole is still in an early phase, the results of an observational pilot study where

we have been testing the approach have been intriguing. In particular, in our pilot

study we examined the dust attenuation effects in the nearby Centaurus A galaxy and

managed to uncover hidden stellar structures in its interior. Most importantly, the

results of the pilot study make a strong statement in encouraging us to continue and

to develop this line of work. This indeed is our goal in the nearest future.

While the completion of ALMA1 is still a few years ahead, the observational star

formation community is looking forward to the launch of the Herschel satellite in

spring 2009. Studying star formation especially in nearby molecular clouds is one of

the main science drivers of Herschel. Several key programmes2 are dedicated to topics

such as the origin of the initial mass function, the initial condition of star formation,

and the properties of the star-forming ISM. Personally, I foresee participation in such

projects in my forthcoming postdoctoral appointment. The data provided by the

projects conducted with Herschel will undoubtedly induce a huge leap forward in

understanding the principles of star formation.

1Atacama Large Millimeter Array
2The list of guaranteed/open time key projects: http://herschel.esac.esa.int/Key Programmes.shtml

.



References

[1] Aikawa, Y., Herbst, E., Roberts, H., & Caselli, P. 2005, ApJ, 620, 330

[2] Aikawa, Y., Wakelam, V., Garrod, R. T., & Herbst, E. 2008, ApJ, 674, 984

[3] Alves, J., Lada, C. J, & Lada, E. A. 2001, Nature, 409, 159

[4] Alves, J., Lombardi, M., & Lada, C. J. 2007, A&A, 462, L17
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