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If there is something very slightly wrong in our definition of the theories,
then the full mathematical rigor may convert these errors into ridiculous
conclusions.

Richard P. Feynman, 1918-1988.
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Summary

The physics and turbulent properties responsible for shaping the structure in molecular
clouds are analysed.

Data from the Two-Micron All-Sky Survey are used to determine all-sky median near-
infrared extinction maps. Two types of map are made: maps with a near-constant noise
in cach pixel and maps with a constant resolution. The standard map has a resolution as
high as 1" along the Galactic plane. The resolution and depth of optical extinction are
significantly better than those achieved in previous large-scale studies.

The maps are used to examine the column density and mass distributions of 30 nearby
molecular clouds. The low column density (i.e. turbulence dominated) parts of the
clouds could be well fit by a log-normal distribution. A universal extinction threshold
of Ay =5.6+1.2 mag is found, above which there is an excess of material when compared
to a log-normal distribution. Gravity is implied as the dominant factor in structure shap-
ing above this threshold, as the column density and mass distributions are similar for all
clouds. Below this threshold, the structure is determined by turbulence and the environ-
ment of the cloud. Two groups of clouds with distinct column density/mass distributions
are identified, that correspond to ‘star forming” and ‘non-star forming’ groups.

Structure function and A-variance analyses are performed on the same nearby molec-
ular clouds. Average values are calculated for the structure function parameters A, inter-
mittency, codimension and fractal dimension. The results imply a mixture of solenoidal
and compressive forcing in the turbulence dominated regions of the clouds.

An average value for the mass index scaling exponent is calculated which is close
to the value expected for clouds where turbulence is driven/governed by solenoidal forc-
ing. For the ‘star forming’ clouds the average value implies a mixture of solenoidal and
compressive forcing, while the value for the ‘non-star forming” group implies exclusively
solenoidal forcing. It is concluded from this that compressive forcing is associated with

the presence of clustered star formation.
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Chapter 1. Introduction and Theory

This chapter sets the context for the basis of this thesis. Firstly, the motivation behind the
research is given. Then molecular clouds, the sites of star formation are discussed. The
following section briefly outlines the current theory of star formation with relevance to
the specific area of study in this thesis. Then the topics of interstellar dust and extinction
are presented. The latter is followed by a section discussing some of the methods of
measuring extinction. The next section discusses turbulence in the interstellar medium
(ISM). This is followed by a review of some methods to analyse the structure of molecular

clouds. Lastly, an outline is given of some of the remaining problems to be solved.

1.1 Motivation

Stars are important for several reasons. Firstly, they are the main source of radiation in the
Universe, either directly or indirectly. Dust in the interstellar medium absorbs starlight
and re-radiates it at longer wavelengths - this alone accounts for ~30% of observed radi-
ation (Bernstein et al., 2002). Secondly, all clements heavier than H, He and Li originate
from stars, hence we are literally made from star dust. All of the heavy elements (heavier
than Fe) that exist on Earth were created in supernova caused by the death of massive
stars.

Thirdly, stars provide us with our main source of information about the Galaxy and
Universe in which we live. Both in the daytime and night-time, all of the natural light
we see in the sky originates from stars. By using observations at optical and other wave-
lengths, much information can be gleaned. This information includes: the constituting
clements of stars, their temperature, size, age ectc. Studying the life cycles of stars is im-
portant; for example, life on carth depends on our nearest star, the Sun. Over the last
hundred years or so astronomers have studied many different types of stars in the Uni-
verse, each at different stages in their life cycle. Star formation is ongoing at the present
time and occurs exclusively in molecular clouds.

Molecular clouds are observed as dark patches in the starry sky. They are especially

prevalent along the Milky Way. As an example, Figure 1.1 shows the Pipe Nebula, the
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Prancing Horse Nebula, and part of the Galactic plane towards the Galactic centre. As
the name suggests molecular clouds are made from molecules - hydrogen and other ele-
ments. The collapse of fragments of molecular clouds is the precursor to star formation
and is subject to several factors including turbulence, magnetic fields, gravity and ther-
modynamics.

The mass of the stars that are formed depends on the conditions in the molecular cloud
at the collapse. Knowing the mass of stars is important as this parameter determines the
life and death of the star. Therefore, elucidating the conditions in molecular clouds prior to
the collapse is important. This thesis investigates the structure of molecular clouds using
all-sky median near-infrared extinction maps. The column density and mass distributions

of molecular clouds are analysed along with the structure functions of the clouds.

Figure 1.1: An example of molecular clouds, the Pipe Nebula (centre right) and the Pranc-
ing Horse Nebula (centre left - optical image (©) Chris Cook and Jim Janusz). The Galactic
centre is at the lower right of the image.

This thesis is presented in the following order. After this chapter, which sets out the

context and background, the second chapter outlines the data analysis method. The third

-
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chapter presents the results, and the fourth chapter gives the interpretation of the results.
The fifth and final chapter is the conclusion of the thesis.

It should be noted that while the research in this thesis was being carried out, some
of the works cited were published (i.e. in the years 2007-2010). In some cases it was
possible to incorporate the published findings in this work; in other cases it was not. One
example of the latter was the work by Knude (2010), which gave revised distances to
nearby molecular clouds. This work was published after the majority of the analysis for
this thesis had been performed, therefore the revised distances were not used, but only

referenced.

1.2 Molecular Clouds

This section outlines the role of molecular clouds as the birthplace of stars. The important
attributes of molecular clouds are outlined, followed by a discussion on the evolution of

clouds.

1.2.1 The Birthplace of Stars

Molecular clouds range in size from as small as < 0.1 pc to 100 pc and have masses of
~M,, up to 10° M, (Mac Low & Klessen, 2004). Within the clouds there are smaller scale
structures of a few parsecs and masses of around a few thousand solar masses (Larson,
2003a). These may form clusters of stars. Smaller structures on the scale of 0.1 pc and
with a mass of approximately 1 My may form isolated or small multiple systems (e.g.
Visser ct al. (2002)).

Some aspects of the structure of molecular clouds may be modelled by using fractal
type structures (e.g. Elmegreen et al. (2000)). The boundaries of molecular clouds es-
pecially have fractal-like structures which suggest the presence of turbulent flows (e.g.
Falgarone et al. (1991)). Therefore, turbulence is strongly believed to be responsible for
the structure of molecular clouds. Like terrestrial clouds, molecular clouds are dynamic

and do not exist in a state of equilibrium. Furthermore, virtually all molecular clouds are




Chapter 1. Introduction and Theory

observed to be forming stars (Mac Low & Klessen, 2004). Hence, there cannot be any
‘dead time” between the formation of the cloud and the commencement of star formation.

The molecules in the clouds are formed on dust grains (discussed later in Section 1.4),
and the rate of formation of molecules depends on the density of dust. Higher rates of
formation occur in denser regions (Larson, 2003a). A minimum column density is re-
quired in molecular clouds to shield the molecules from being dissociated by interstellar
UV radiation. This threshold is approximately 10-20 Mg, pc™ (Ny =~ 1 — 2 - 10?', corre-
sponding to a visual extinction of about 0.5-1 mag 4, (Hartmann et al., 2001)). Typical
column densities are higher than this and are about 100 M, pc™2. Molecular clouds are
surrounded by regions of less dense material in the form of atomic gas. The mass of in-
terstellar gas in our Galaxy is divided roughly equally between molecular hydrogen and
atomic hydrogen (e.g. Draine (2009)).

The densities of gas in molecular clouds can be as least high as 10° cm™ in the cores;
clumps may have a density around 10° cm™ (Larson, 2003a). However, the typical den-

sity of the whole cloud is of the order of 20 cm™

. In the densest parts of the cloud, the
gas is thermally coupled to the dust. The dust controls the temperature due to its thermal
emission properties. Therefore, the temperature is kept low, and of the order of 10 K over
the range of densities found (e.g. Masunaga & Inutsuka (2000)). Gravity is a dominant
force over thermal pressure except in the smallest clumps. However, the clouds form
stars quite inefficiently (star formation efficiencies are typically less than 5%), which im-
plies that the collapse of clouds is impeded - the most likely mechanisms for this being
turbulence or magnetic fields (Klessen et al., 2000; Brandenburg & Nordlund, 2009).
The observed motions within molecular clouds are supersonic. The velocities greatly
exceed the typical sound speeds of 0.2 km s™!. The motions observed tend to be random
small-scale and these are referred to as turbulence. See Section 1.7 for further discussion
on this topic. Magnetic fields also have an effect on the structure of molecular clouds.
These are difficult to measure directly. However, using simulations of magnetohydrody-

namic (MHD) waves it has been found that the MHD wave motions decay on a timescale

of the order of the crossing time of the cloud (e.g. Mac Low et al. (1998)). Therefore, the
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MHD turbulence requires a source of energy to continually regenerate it.

1.2.2 Evolution of Molecular Clouds

Molecular clouds in the ISM are transient features which exist over a relatively short
timescale of the order of millions of years or less (e.g. Elmegreen (2000)). This corre-
sponds to the order of the crossing time of the turbulent motion across the cloud (Elmegreen,
2000; Hartmann, 2003). For GMCs a typical lifetime is quoted as 17+4 Myr by Murray
(2010). A review of the evolution of molecular clouds is given in Vazquez-Semadeni
(2010), in which developments in the study of molecular clouds over the last couple of
decades are reported. These developments are included in the remainder of this section.

Using observations of the galaxy M33, Engargiola ct al. (2003) have found that GMCs
arc assembled rapidly from swept-up HI, with star formation commencing promptly. Fur-
thermore, Kawamura et al. (2009) suggest that clouds undergo an evolutionary process
whereby the mass and star formation rates incrcase with time. Using observations of
GMCs in the Large Magellanic Cloud (LMC) they postulated that the mass of GMCs in-
creases from 10%373 M, to 10536 M,, in approximately 25 Myr. After this time the GMCs
have also produced clusters and HII regions. The material is available for such clouds to
grow since they are not isolated entities and lack any discernible boundary or disconti-
nuity (Ballesteros-Paredes et al., 1999). So the cloud forms once material swept up from
the cold neutral medium (CNM) reaches a sufficient density to allow the formation of
hydrogen molecules (Vazquez-Semadeni, 2010).

Once a cloud forms and begins to grow, it rapidly becomes molecular, magnetically
supercritical and gravitationally unstable (Vazquez-Semadeni, 2010). This indicates that
the cloud should contract immediately. However, theory indicates the cloud is a mixture
of cold and warm gas (Vazquez-Semadeni et al., 2006), and that the turbulence inherent
in the cloud at formation has an important role in the early development of the cloud.
When collapse does occur, it is thought to occur locally at first with only a small fraction
of the cloud mass involved and the bulk of the cloud remaining at low density (referred to

as hierarchical gravitational collapse by Vazquez-Semadeni et al. (2007)). The density

6
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fluctuations are non-linear hence the free-fall timescales of local collapses are shorter
than those of the cloud. Typical timescales for local collapses are of the order of 10 Myr
(Vazquez-Semadeni, 2010).

The first stars to be formed in a cloud result from the collapse of low mass structures
in the cloud and these are the most numerous sites of star formation within the cloud (as
implied by Vazquez-Semadeni (1994)). Of course most of the mass involved in star for-
mation in the cloud goes into the formation of clusters of stars (Lada & Lada, 2003). Nu-
merical modelling of this configuration in clouds has been performed (Vazquez-Semadeni
et al., 2007) and is found to be consistent with observations (Vazquez-Semadeni ct al.,
2009). In the latter it was found that they were able to successfully model the attributes
(e.g. masses, sizes, velocity dispersions etc.) of both low mass and high mass star forming
regions.

Subsequent star formation in clouds may be driven by feedback from existing stars in
the cloud, or outflows from stars, or by supernovae (by high-mass, short lived stars). In
the first case, it is not known whether the feedback from existing stars in a cloud actually
disperses the cloud or allows the cloud to survive in some short-term equilibrium. More
observations, modelling and analysis need to be done to provide a conclusive answer
(Vazquez-Semadeni, 2010). Certainly the feedback only disperses the cloud locally.

Secondly, simulations have suggested that outflows may be sufficient to sustain turbu-
lence in clouds on parsec scales (Carroll et al., 2009). The energy and momentum from
the outflows is converted into turbulent motion in the clouds, and can provide this energy
for several crossing times (Matzner, 2007). Thirdly, the energy input from supernova
explosions was simulated by Joung & Mac Low (2007). They found that although super-
novae produce compressed clouds and hence local star formation, global star formation
across the cloud is actually hindered.

Finally, molecular clouds are dispersed by such factors as UV radiation, stellar winds
and supernovae (Baumgardt & Kroupa, 2007). As mentioned carlier, the typical lifetime
for a GMC is of the order of 17+4 Myr (Murray, 2010). Any clusters of stars contained

within the cloud are also affected with three probable final stages - either complete dis-
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persal, or only a loose association remaining, or a compact core (Chen & Ko, 2009).

1.2.3 The Larson Relations

An important result was published by Larson (1981), finding that the densities, internal
velocities and size of molecular clouds could be described by a power-law relation. The
measurement of internal velocities was particularly important as it showed that the mo-
tions in molecular clouds resulted from supersonic turbulence.

The three relations for linewidth (velocity dispersion) and size (e.g. Myers (1983);

Solomon et al. (1987)), virial equilibrium, followed by density and size are given by,

oo P 8~0.5+0.05, (1.1)
2GM
o (1.2)
a-r
and
pxra=-1.1. (1.3)

Only two of the Equations 1.1, 1.2 and 1.3 are independent. Furthermore, only one of
these relations may be real in 3D data - namely Equation 1.1. A typical velocity for o is
of the order of 0.72+0.07 km s~' (Solomon et al., 1987).

The significance of Equation 1.2 is that it implies that molecular clouds are gravi-
tationally bound (i.c. 2 Etneic = Epoeniar)- For clouds with values of @ > 1, they are
unbound and are either in the process of expanding or prevented from doing so by an
external pressure.

The behaviour suggested by Equation 1.3 is only observed due to the limited dynamic
range of the tracer molecules, therefore is unlikely to be real (Scalo, 1990). The equa-
tion implies constant column densities between clouds. It also implies that the mass M

contained within the radius 7 should scale as M(r) o 2, as discussed later in this section.
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The original published form of Equation 1.1 had 8 ~ 0.38 (Larson, 1981), which is
close to that expected by Kolmogorov type turbulence, i.e. 8 = 1/3 (see Section 1.8.1.1).
However, Passot et al. (1988) found that 8 ~ 0.5 (e.g. Myers (1983)), which is closer to
the result expected from Burger’s type turbulence (see Section 1.8.1.3), for the observed
strongly turbulent conditions.

An equation relating the column density to the size of the cloud was derived by

Solomon et al. (1987),

(Hh) = (1.5 £0.3) - 10%2em™(R/ pe) 001, (1.4)

This equation is dependent on the relation between the mass of the cloud and the radius
being of the order M(r) o r*; however, for lower mass cloud the relation is more like M o
R'" (c.g. Kauffmann et al. (2010b)), altering the exponent in Equation 1.4 to —=0.1+0.1.
In single clouds, with 0.1 < » < 1.0 pc, Lombardi et al. (2010a) found that M(r) o ',
The lack of consensus for a value of the exponent indicates that more data is needed to
ascertain the true value. For further discussion on this topic, relating to the practical use

of the mass-size relation, see Section 1.8.3.

1.3 Star Formation

In this section the standard picture of star formation is discussed, with emphasis on the
natal clouds. Also discussed are relevant topics such as the Initial Mass Function (IMF),
the formation of binary systems, multiple systems and clusters. Then Star Formation Ef-
ficiency (SFE) and Star Formation Rate (SFR) are discussed. Finally, recent observations

in the area of star formation are discussed along with some ongoing projects.

1.3.1 The Standard Picture

The majority of star formation in our Galaxy happens in the spiral arms, where there
are concentrations of interstellar gas in the form of molecular clouds (Larson, 2003a).

Some star formation also occurs at the centre of the Galaxy, but can only be inferred
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indirectly due to obscuration by dust. The interstellar gas from which stars form consists
predominantly of molecules (e.g. H,, CO, NH; etc), hence the name molecular clouds
(see Section 1.2).

The ‘standard picture’ proposes that star formation occurs in molecular clouds in the
following way. Density fluctuations in an almost stable uniform medium become ampli-
fied by gravity. This process is known as “gravitational instability’ (Jeans, 1928). This
‘classical” view does not take into account the effects of rotation, magnetic fields or tur-
bulence. The fluctuations fall into two categories; firstly, short-wavelength perturbations
which are pressure dominated and propagate as sound waves. Secondly, perturbations
with a longer wavelength exceeding a critical value propagate and grow exponentially.
These waves are gravity dominated. Their wavelength exceeds the ‘Jeans length’ given

by e.g. Larson (2003a),

Ay = n1e(Gp)1, (1.5)

where p is the density, ¢ is the isothermal sound speed, and G is the gravitational constant.
A minimum mass - above which the cloud becomes gravitationally unstable - can be de-
rived, assuming the density fluctuations have similar dimensions in all three coordinates.

This minimum mass, termed the ‘Jeans mass’ is given by (Spitzer, 1978),

5.57¢

MJ = e
Gip1

(1.6)

The factor of 5.57 assumes that the density perturbations are planc wave; for spherical
perturbations the factor becomes 8.53 (Larson, 1985). However, the Jeans analysis does
not take account of the fact that collapse of the background medium may overwhelm
the local density fluctuations (Larson, 2003a). But, results from numerical simulations
suggest that using the Jeans analysis as an approximation is still useful.

One may consider a stable situation with an isothermal sphere in equilibrium, with
a finite size, fixed temperature and boundary pressure. The density of this sphere is not

constant (as for the ‘Jeans mass’ analysis) but increases towards the centre of the sphere.
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This condition may exist in a prestellar core in a near equilibrium state. Such a sphere
is known as a Bonner-Ebert sphere. It would be liable to collapse if its radius exceeds a

critical value (e.g. Spitzer (1968)),

0.48¢2
Rpp = ——, (1.7)
G2Pz
or its mass exceeds the value,
1.18¢*
MB/L' = 3 | [ (]'8)
GipP:

Here, P is the boundary pressure. In an isothermal medium the pressure and density
arc related by P = pc?, therefore Equations 1.7 and 1.8 are related to Equations 1.5 and 1.6
but with smaller coefficients. This is expected since for the Bonner-Ebert sphere contains
only matter where the density is higher than the background density.

Once the cloud has fragmented, the collapse of prestellar cores can be considered. Two
different types of model exist which place limits on how the collapse may be initiated.
One model is that the collapse occurs when gravity overcomes the thermal pressure in
a marginally stable clump of gas. The initial state is assumed to be similar to that of a
Bonner-Ebert sphere considered carlier.

The other type of model assumes that the prestellar cores are supported by magnetic
fields and condense gradually by ambipolar diffusion (Shu, 1977). The gas contracts
slowly across the field lines and charged particles (such as electrons and ions) are only
able to move along the field lines and hence inhibit the movement of uncharged particles.
The core should then collapse only once enough mass has accumulated to overcome the
magnetic support. However, Nakano (1998) state that it is highly implausible that am-
bipolar diffusion is the mechanism responsible for the formation of cloud cores, due to
the turbulent velocity profiles observed. This implies that turbulence may have a greater
role in supporting cloud cores against gravity, and that the collapse may be due to the
dissipation of turbulence rather than by ambipolar diffusion (Nakano, 1998).

The thermal behaviour of the gas is important to the collapse. The temperature of
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the gas is able to fall at increasing gas density, but only if the density is low initially.
This is due to the increasing efficiency of atomic and molecular line cooling. At higher
densities, the gas becomes thermally coupled to the dust, which controls the temperature
through thermal emission. In this way the temperature rises only slowly. Overall the
temperature remains in the range 6 K to 12 K while the density increases by a couple
of orders of magnitude (Larson, 2003a). This occurs where the core is optically thin to
thermal emission from the dust, at densities below 10'? cm™.

The collapse of a uniform sphere of gas (in the absence of a pressure gradient) occurs

in the timescale,

3n \?
trr = . 1.9
H (32Gp) (19)

known as the free-fall time (Spitzer, 1978). Here, p is the density of the gas and G is
the gravitational constant. In reality a finite outward pressure gradient would slightly
decelerate the collapse. However the time for cach radial mass shell to collapse, using the
average interior density of the shell, is still close to the free-fall time. So the denser inner
regions of the sphere collapse at a faster rate than the outer less dense regions.

Once the initial core has formed, the central region becomes opaque to thermal dust
emission and the temperature begins to rise. A second collapse then occurs which raises
the central density to what would be expected for a star. However, the central mass is still
rather small with a mass of approximately 1072 M,, (Larson, 2003a). The remaining mass
of the star is acquired through accretion. A disk of rotating material forms around the
protostar and material falls into the centre. In the model by Shu (1977), the accretion rate

is given by,

- 0.975¢°

M 1.10
e (1.10)

where ¢ is the isothermal sound speed. This would lead to the formation of a solar mass
star in approximately 6.5 x 10° years (Larson, 2003a). The actual accretion rate is higher

than this, one possible solution gives a rate of 46.9 ¢*/G, known as the ‘Larson-Penston-
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Hunter’ solution (e.g. derived from Hunter (1977)).

As part of the accretion process angular momentum must be conserved, which may
be through the presence of jets and outflows, or by angular momentum being lost to the
outer reaches of the disk. This leads to longer than expected accretion timescales (Lar-
son, 2002); a more likely solution is given later in Section 1.3.3). The rotation rate of
the protostar increases through this process. Once accretion has finished then the central
protostar becomes visible to optical observations. Sources within clouds that are only vis-
ible to far-infrared and millimetre wavelength observations are defined as Class () sources
(André¢ ct al., 2000).

To quantify a measure of stellar youth, the infrared excess of a young source can be

derived from its infrared spectral index,

_ dlog(AFy)

= A1
QR dlog A (1.11)

where A is the wavelength and F; is the measured flux density at that wavelength (Stahler
& Palla, 2005). Objects with a;; > 0 are defined as Class I sources. These are found in
dense cores using emission from NHj for example. Objects for which —1.5 < ajz < 0 are
defined as Class Il sources. Class III sources have a;p < —1.5 (Stahler & Palla (2005),

following the original classifications given in Lada (1987)).

1.3.2 The Initial Mass Function

Knowing the distribution of stellar masses at birth from the molecular clouds is impor-
tant. This is known as the initial mass function (IMF - Salpeter (1955)). The IMF gives
the relative number of stars produced per unit mass interval (Kroupa, 2002). Ultimately,
the amount of material that can accrete onto a prestellar core is determined by several fac-
tors; the amount of mass available, the temperature/density of the cloud, magnetic fields,
turbulence. Therefore, a fully deterministic theory for the IMF is unlikely to exist (Mac
Low & Klessen, 2004). However, much research has been done to understand what can

be observed. Salpeter derived the following relation (Salpeter, 1955),
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dN
dlog M

« M, (1.12)

with a value for @ of ~1.35. However, plotting the IMF against log M for even solar
neighbourhood stars shows a deviation from this value, especially at lower masses. For
example, as M approaches 0.08 M,,, the smallest amount of mass for a which an object
is able to undergo nuclear fusion, the value of @ seems to approach 0. In dense cores, a
similar relation exists as for the IMF, called the dense core mass function (DCMF - Alves
et al. (2007). In their paper, Alves et al. (2007) conjecture that the origin of the IMF
is linked to the DCME, perhaps originating from a thermal, ‘Jeans-like’, fragmentation
process in the molecular gas.

In recent work, a more complex value for @ has been derived. For self-gravitating
structures, Hennebelle & Chabrier (2008) found that @ = (n—1)/(2n—4) where nis = 3.8
(the spectral index for the velocity power spectrum). For non self-gravitating structures

they found that @ = 2 — »’/3, where »’ is the power spectrum index of log p.

1.3.3 Formation of Binary Systems

One difficulty in explaining how stars accrete mass arises from the issue of angular mo-
mentum conservation. The rotation velocity of the system will increase dramatically as
the system becomes more compact, resulting in such high speeds that the system would
break apart. A solution might be that stars (of mass <10 M) form in pairs or multiple
systems, thereby some of the angular momentum goes into the orbital motions of the stars.
Of course solitary stars are also observed, and their presence could perhaps be explained
if stars form in a triple system and one star is ejected (Larson, 1972; Reipurth, 2000), leav-
ing a binary system. Isolated star formation may also occur in molecular clouds where
the turbulence causes local collapse, but upholds the cloud at larger scales (Klessen et al.,
2000). In this case, the star formation rate is lower and the protostars are thinly spread
out in the cloud. Returning to angular momentum, most is actually lost due to the brak-

ing effect of magnetic fields, both in individual and multiple systems (e.g. Mouschovias
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(1991)).

Fragmentation occurs due to excessive rotation during the isothermal phase of collapse
(Larson, 2003a). The presence of a ring or bar structure in the disk will also lead to the
formation of binaries and multiple systems. Interactions with other nearby cores will
increase the likelihood of binary systems (Whitworth, 2001). If the structure of the cloud
is filamentary then the initial conditions for collapse are non-axisymmetric and this will
increase the possibility of binary formation. The removal of angular momentum through
Jjets was discussed earlier; it turns out that more than 85% of jet sources are in binary or
triple systems, suggesting that the jets are triggered by the close companions (Reipurth,

2000, 2001).

1.3.4 Formation of Multiple Stars and Clusters

There is strong evidence that stars more massive than 10 Mg, form in clusters (such as in
the constellation of Orion, shown in Figure 1.2. Three of the molecular clouds analysed in
this thesis are found in Orion). Clusters form in more massive molecular clouds where the
densities and temperatures are much higher than for low mass star formation (7 > 107¢m™
and T > 100 K, Evans (1999)). These clouds do not tend to be long-lived entities (of the
order of 1 Myr - Vazquez-Semadeni et al. (2005)). However, there is still debate as to
the exact mechanism of massive star formation. Some evidence suggests that high-mass
star formation is simply a scaled-up analogue of low-mass star formation (Molinari et al.,
2008).

Massive cloud cores tend to generate large density fluctuations and clumpy substruc-
ture (Larson, 1981). This leads to the creation of clusters of stars. These may in turn
merge carly on to form more massive stars. Within clusters, there is a powerlaw relation

between the most massive star in the cluster, and the mass of the remaining stars (e.g.

My, ~ 1.2 M°*%  Larson (2003b), also see Johnston et al. (2009)).

cluster?
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Figure 1.2: The constellation of Orion, containing sites of star formation in which clusters
are formed (optical image () Rogelio Bernal Andreo). Three of the molecular clouds
analysed in this thesis are found in Orion; A-Ori (associated with the nebulosity on the
left), Orion A (located middle right of the image) and Orion B (below the centre of image).
This optical image shows ‘Barnard’s loop’ (large circular structure on the right) together
with many other famous nebulae including M42/3, and the Horsehead nebula etc.

1.3.5 Star Formation Efficiency and Star Formation Rate

An important question to consider is what is the efficiency of star formation, i.e. what
percentage of a molecular cloud is converted in stars? Without any kind of support GMCs
could be expected to collapse on a timescale of 1-2 free-fall times (Goldreich & Kwan,
1974). Ignoring the effects of stellar feedback within the cloud, this would lead to most
of the material being converted into stars and hence a high star forming efficiency (SFE),
a fact that was disputed soon after the former supposition (Zuckerman & Evans, 1974).
Evidence suggests that once the fraction of material used to make stars in a cloud reaches
esmc ~0.08 then stellar feedback disrupts the collapse of further material (e.g. Murray

(2010)). This fraction may also be defined by Equation 1.13,

M,

S N (1.13)
Mg yc + M,

EGMC =

where M, is an estimate of the mass contained in young (< 3.9 Myr) stars and Mgy is

the mass of the cloud (Murray, 2010). An upper limit on the value of € 1s given by
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Alves et al. (2007) of 30%=10% for the dense cores of clouds (hence this relates to the
self-gravitating parts of clouds). However, Murray (2010) found a range of values for
e mc from 0.2% to 20%. They measured a typical lifetime for a cloud with average mass
in their sample of 17+4 Myr, using WMAP data of 13 bright free-free emission sources
in the Galaxy (Murray & Rahman, 2010). This corresponds to approximately 2 free-fall
times. They concluded that the star formation rate in molecular clouds increases with age
until the feedback from stars in the cloud disrupts the process. Thus, the star formation
rate is unlikely to be determined by turbulence. Star formation efficiency and the lifetime
of GMC:s are discussed in Feldmann & Gnedin (2010). Using models they find there is
insufficient observational evidence to prove whether a varying rate of star formation exists
in molecular clouds.

In a recent paper, Lada et al. (2010) investigated the star formation activity for a selec-
tion of nearby molecular clouds. They found that the star formation rate varics between
different clouds. In particular, they found that the rate of star formation S FR is related to
the mass of the cloud M,y above an extinction threshold of 0.8 mag A, by the relation

Equation 1.14,

SFR(Moyr™") = 4.6 £ 2.6 x 1075 My 5(M,). (1.14)

They also found that Equation 1.14 agrees with obscrvations of star formation rates in

both Galactic and extragalactic star formation sites.

1.3.6 Observations of Star Formation

This section outlines the nature of relevant observations, firstly giving an overview of the

COMPLETE Survey as an example.

1.3.6.1 The COMPLETE Survey

The COordinated Molecular Probe Line Extinction Thermal Emission (COMPLETE,

Ridge et al. (2000)) Survey of Star Forming Regions is an attempt to provide a compre-
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hensive database of data useful for understanding star formation. The survey combines a

whole variety of data, including

e Extinction maps derived from 2MASS data using the NICER algorithm (explained

in Section 1.6.6.2).

Extinction and temperature maps derived from /R4S 60 um and 100um emission.

H I maps of atomic gas.

12CO and *CO maps of molecular gas.

Submillimeter continuum images of emission from dust in dense cores.

The COMPLETE survey was executed in two phases; Phase I to gather observations at
scales from 0.1 pc to 10 pc (i.e. a more “macroscopic’ view of the star formation process),
and Phasc II to focus more on star-forming cores where the scale is < 0.1 pc. Phase I of
the COMPLETE survey presented data on the Ophiuchus and Perseus molecular clouds
(Ridge et al., 2006). Numerous publications have been released since this first work. The
material published in respect of the COMPLETE survey may be accessed via links on the

COMPLETE webpage!.

1.3.6.2 Observing the Column Density Distribution

In order to better understand the processes involved in star formation, it is necessary to
probe the structure of the molecular clouds in which they form. In an ideal situation one
would want to know the volume density distribution of the molecules in the cloud. At this
point there are two problems. Firstly, it is not possible to ascertain the volume distribution,
due in part to the fact that only one view of the cloud is presented to the observer due to
the extreme distance (though recently a method has been outlined by Brunt et al. (2010)
to recover the 3D PDF from 2D column density data). Any assumptions that could be
made would be heavily dependent on the model(s) used. Secondly, molecular hydrogen

cannot be observed in emission at low temperature due to its configuration. As it does not

'http://www.cfa.harvard.edu/COMPLETE.
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possess a permanent dipole moment, the lowest possible transition (rotational, J = 2 —
0) requires an ambient temperature of around 510 K; however molecular clouds have a
typical temperature of only 20 K or less.

Therefore, it is necessary to consider what methods can be used to trace the molecular
hydrogen (column density) distribution in molecular clouds. An excellent comparison
of some methods of cloud structure analysis are given in Goodman et al. (2009). An
overview of their COMPLETE survey (Ridge et al. (2006) - data from which was used to
make the comparison) was given in Section 1.3.6.1. The three methods of cloud structure
analysis compared were near-infrared extinction mapping, thermal emission mapping in
the far-infrared, and mapping the intensity of CO isotopologues (i.c. tracing the gas in the
cloud rather than tracing the dust as in the first two methods).

The near-infrared extinction maps used by Ridge ct al. (2006) were derived using
data from the Two Micron All-Sky Survey (2MASS). The maps had a resolution of ap-
proximately 5 and measured visual extinction from 0 mag to 10 mag with a reliability
of ~0.25 mag. The far-infrared maps used data from the IRIS (Improved Reprocessing of
the IRAS Survey) database (Miville-Deschénes & Lagache, 2005). They used the IRIS
flux maps at 60um and 100um to derive dust temperature and far-infrared optical depth
maps, which are converted to column density maps by using a calibrated conversion from
far-infrared optical depth to near-infrared extinction (see also Pineda et al. (2008)). Lastly,
the molecular line emission maps ("*CO and '*CO) were made for the COMPLETE Sur-
vey (Section 1.3.6.1), with the data smoothed to 5" to match the other maps. The '*CO
data was used to calibrate by estimating the excitation temperature, and a constant abun-
dance of H, is assumed relative to *CO. A conversion procedure is used to give the 4y
from the *CO maps.

On comparing the results from these three methods, Goodman et al. (2009) found that
the maps made using molecular line mapping do not give column densities that resemble
those made from the maps using the dust based methods. Therefore, the '*CO maps are
of limited use. They also found that the correct calibration of the maps in all three cases

is crucial. They concluded that extinction maps made using data in the near infrared

-
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represent the least biased way to measure column density in molecular clouds, assuming
the near constancy of the gas to dust ratio (Hildebrand, 1983).

As mentioned ecarlier, gases such as CO may be used to trace the molecular hydrogen
in a cloud. This is less straightforward than with using dust as a tracer, due to the abun-
dance of CO changing with the density of the cloud (e.g. Glover & Mac Low (2010)).
Firstly, there is the likelihood that CO emission attributed to molecular clouds may in
fact be from diffuse molecular gas in the ISM (Liszt et al., 2010). The diffuse molecular
gas emission is observed along lines of sight away from dark clouds but is also likely to
interfere with measurements in dark clouds too.

Secondly, the existence of CO is dependent on being shielded from photodissociation
and there is a sharp cut-off in the abundance in CO at 4, < 3. (This is confirmed in Pineda
et al. (2010), who find that the relationship between 4, and N(CO) is linear between
Ay = 3-10, and that the fractional abundance of CO below A = 3 is lower by two orders
of magnitude). When shiclded from ultraviolet radiation, all available gaseous carbon is
found in CO. Despite the variation in the ratio of CO to H, throughout molecular clouds,
the integrated intensity measured from the J = 1 — 0 rotational transition line in '*CO

and the H, column density appear to show a good correlation.

1.4 Interstellar Dust

This section discusses the dust found in the interstellar medium, including background
information and theory. Beforehand, some theory is given on molecular hydrogen and

carbon monoxide, both of which are important molecules associated with interstellar dust.

1.4.1 Molecular Hydrogen

The chief constituent of molecular clouds is the hydrogen molecule (e.g. Shull & Beck-
with (1982)). Unfortunately, it is difficult to detect as even the lowest excited energy
levels (corresponding to rotation of the molecule) are too far above the ground state to be

sufficiently populated at low temperature. Furthermore, as the molecule consists of two
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identical atoms it lacks a permanent dipole moment. Radiation from a rotationally excited
molecule is possible through the slower quadrupole transition. The vibrational and rota-
tional states are denoted by v and J respectively. The rotational quantum number J can
only change by 0 or +2, with J = 0 — 0 not allowed. These changes are denoted O, Q
and S for AJ = 42, 0, =2 respectively. There are no sclection rules for the vibrational
quantum number v for electric quadrupole transitions.

The lowest possible rotational transition is the 0-0S(0) linc (i.e. J = 2 — 0, within
the v = 0 state) transition which has an energy change of over 500 K. This is detectable at
a wavelength of 28.2um in the far-infrared. This line is only observed in warm molecular
hydrogen, i.c. not in cold molecular clouds.

Another useful line, due to it’s high brightness, is the 1-0S(1) line which is observed in
the near-infrared at 2.12um. This arises from the J = 3 — 1 ro-vibrational transition, with
v changing from 1 to 0. However, the ambient temperature required is in excess of 6000 K,
therefore this line is usually observed as a result of shocks or energetic collisions in high

density regions.

1.4.2 Carbon Monoxide

The CO molecule is less abundant in molecular clouds than H,, but is also self-shielding
against ambient ultraviolet radiation. Hence, it can be used to as a tracer of molecular
gas. Unlike H,, it does have a permanent dipole moment, therefore J can change by +1.
These changes are denoted by O, P, Q, R, S for AJ =+2,+1, 0, —1, =2 respectively.

The lowest energy transition is the 0-OR(0) line (i.e. J = 1 — 0, within the v = 0 state)
which requires an ambient temperature of 5.5 K. It emits strongly at radio frequencies,
for example the photon emitted by the / = 1 — 0 transition has a wavelength of 2.6mm.
Beyond a critical density, the emissivity decreases as more molecules are excited to states
with J > 1. At this point the molecule is ineffective as a gauge of it’s density. Other
isotopes of CO are useful, such as *CO, which remains optically thin even in high den-
sity clouds (due to lower abundance) and has a near-constant abundance except in cold

(T <15 K) cores (Goodman et al., 2009).
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1.4.3 Background and Theory of Interstellar Dust

Dust is an important tracer of molecular hydrogen in molecular clouds. The existence of
dust in the interstellar medium was first implied in the 1920s, when a technique for mea-
suring the extinction of starlight using the dimming of stars by dark clouds was published
by Wolf (1923). Then Trumpler (1931) postulated that these dark clouds were caused by
the presence of ‘free atoms or fine cosmic dust’. Photographic catalogues of dark ‘nebu-
lae’ had been made by Barnard from around 1910 to 1927. Much work was done by Bok
in the 1960s onwards in categorising these clouds (e.g. Bok (1956)). Studies have shown
that dust grains condense out of the dense, warm winds of evolved stars, or are formed
from supernova explosions (e.g. Rho ct al. (2009)).

The composition of dust in the ISM can only be determined indirectly as it is not
yet possible to collect samples from outside of our solar system. Studies of dust within
our Solar system are useful, but show a population of dust that cannot be compatible
with the wider ISM (e.g. Draine (2008)). Dust grains consist predominantly of carbon,
silicon, hydrogen, magnesium and iron (¢.g. Draine (2003, 2009). Dust along the line
of sight attenuates (and reddens) starlight, and this allows the properties of the dust to be
investigated.

The decrease in observed extinction with wavelength, as shown in Figure 1.3 (from Draine
(2009)), is known as the extinction curve. A broad bump in the extinction curve at 2175 A
is likely due (Weingartner & Draine, 2001) to clusters of Polycyclic Aromatic Hydro-
carbons (PAHs). PAHs consist of linked carbon rings arranged in planar form (Stahler
& Palla, 2005). For example, excess emission in the infrared due to PAHs is observed
in planctary nebulac (Cohen & Barlow, 2005). Silicate features are also observed in the
spectra.

A less prominent feature in the extinction curve are the Diffuse Interstellar Bands
(DIBs). Over 150 spikes in the range 0.38-0.868 um have been identified (Jenniskens &
Desert, 1994). The origin of DIBs is believed to be the presence of protonated PAHs in
the grains (Pathak & Sarre, 2008). Spectroscopic analysis of dust reveals other features

such as the presence of silicates, chain-like hydrocarbon bonds, ice features and other
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Figure 1.3: An extinction curve showing the variation in extinction with wavelength over
the range 10,000 A to 1250 A. The bump at 2175 A is clearly visible. Also shown are the
wavelengths of some Diffuse Interstellar Bands (DIBs). Figure taken from Draine (2009).
species including CO,, NH;, CO, CH3OH, CH, and others (Draine, 2003). Even H,O is
postulated to form on dust grains (Mokrane et al., 2009) in the presence of ozone. Other
clements including O, Mg, Si and Fe have been inferred from X-ray observations due to
the absorption of X-rays (Schulz et al., 2002). Another feature which gives some insight
into the composition of dust grains is Extended Red Emission (ERE). This consists of a
broad emission between ~5400 A and ~9000 A peaking between 6100 A and 8200 A
(Draine, 2003). The exact cause of ERE is uncertain but several sources such as PAHs
and quenched carbonaceous composites have been suggested (Wada et al., 2008).

Dust is responsible for obscuring much radiation at visual and ultraviolet wavelengths,
except that emitted by relatively nearby sources (e.g. Mathis (1990), Draine (2003)). It
also determines the wavelengths at which other galaxies may be observed. The energy
absorbed by dust is re-radiated at far infrared wavelengths, and this makes up 30% of

the luminosity of the Galaxy Bernstein et al. (2002). Dust controls the behaviour of the
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ISM, and the process of star formation. The gas-to-dust ratio in molecular clouds is a
near constant (100 to I, from e.g. Hildebrand (1983)), due to the heavy processing of
dust in the ISM (Mathis, 1990). The star formation efficiency (SFE) is determined by the
distribution of gas and dust in the Galaxy. In regions of high dust concentration, such as
star forming cores, the SFE found using models can be as high as 50% (Clark & Bonnell,
2004). Typical rates of star formation in clusters, again using models, yicld a SFE of 5-
10% (Clark et al., 2005).

The shape and alignment of grains has an important effect of the polarisation and
reddening of starlight. Light from reddened stars tends to be linearly polarised due to
differential extinction by dust grains aligned by a local magnetic field (Draine, 2003,
2009). The dust grains must be sufficiently non-spherical for extinction in one polarisation
mode to be sufficiently different from the extinction measured in the other polarisation
mode (Draine, 2003). Grains may also be aligned by radiative torques (Lazarian & Hoang,
2009; Lazarian, 2009). These are caused by the grains exhibiting a different cross-section
to left-handed and right-handed photons. In the first instance this should result in the spin-
up of grains. However, gaseous bombardment and infrared emission reduce the spin rates
and allow alignment with the magnetic field. A model for the treatment of spinning grains
is given by Ali-Haimoud et al. (2009). Dust grains are also responsible for the scattering
of incident starlight (e.g. Li (2008)). The scattering can be forward or back-scattering
depending on the position of the illuminating source.

The primary method of heating of dust grains in the ISM is by the absorption of in-
cident radiation from stars. The density of dust grains in the ISM is sufficiently low so
that there is little collisional heating. Dust grains cool by emission of infrared radiation,
occuring over a typical timespan of 24 hours (Draine, 2003). Grain temperatures vary
along cach line-of-sight, and between different grain types and sizes throughout a molec-
ular cloud (e.g. Schnee et al. (2006)). Larger grains with a radius of >200 A arc better
able to retain a constant temperature, whereas smaller grains with a radius of <50 A vary
wildly in temperature. It is difficult to derive an average temperature for smaller grains

due to these fluctuations. In smaller grains the infrared emission happens soon after heat-
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ing by a photon, while the grain temperature is at a peak (Draine, 2003). Over the smaller
size scales, the larger grains are more frequently hit by photons so are more constant in
temperature.

The radiation absorbed by grains is subsequently re-emitted at longer wavelengths.
Therefore, observations in far-infrared and sub-millimetre wavelengths are required to
probe the dust emission. The exact wavelength depends on the temperature of each grain.
Treating each grain as a blackbody, the peak wavelength of the emission can be deter-

mined from Wien's displacement law (e.g. Stahler & Palla (2005)),

29-1073

/lmu\' = T

(1.15)

Therefore, at 240um, the corresponding temperature is approximately 12 K, for example.

Emission is also observed from diffuse dust, which exceeds that expected from ther-
mal emission. The strongest bands are in the wavelength range 3.3-11.3um. These bands
closely correspond to C-C or C-H bond vibrations in molecules such as PAHs, and are
caused by vibration in the outer bonds of the PAH molecules.

Observations show that most of the dust in the Galaxy lies along the Galactic plane.
The actual distribution of dust is found to be asymmetrically warped about the plane.
Marshall et al. (2006) used data from 2MASS to measure the extinction along 64,000 in-
dividual lines of sight in the Galactic centre (/ within 100° of the Galactic centre; |5] < 10°)
to determine the distribution of dust. They compared the results with existing extinction
maps and CO surveys, and found the same large scale structures in each map. In terms of
the warping, which is most pronounced at distances of around 8 kpc, the material warps
towards the north at values of |/| = 60 to 80° and warps towards the south at values of
/| = 280 to 300°.

Dust grains may be destroyed or broken-up by grain-grain collisions in interstellar
shock waves, e¢.g. caused by supernovae (Draine, 2003). In such regions, the size dis-
tribution of the dust is altered and the small-to-large size ratio is increased (Mazzei &
Barbaro, 2010). This explains the presence of anomalous extinction curves which cannot
be explained by a simple relation (see Section 1.5.1).
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1.5 Extinction

Extinction of starlight is caused by the presence of dust along the line of sight. Dust
causes the starlight to be attenuated and reddened. As previously discussed, the level of
attenuation varies with wavelength. The term reddening derives from the fact that the level
of attenuation is greater at shorter (bluer) wavelengths. A reliable way to measure extinc-
tion is to compare two identical stars (at an identical distance), one exhibiting extinction,
and the other in a region free from extinction. This is known as the ‘pair-method’. The
extinction may obtained by using the observed flux of each star, F, and F9 respectively,

together with Equation 1.16,

F
A,l =2.5 10g1() F_ . (116)
AP

A drawback of this method is having to calculate the extinction along every line of
sight, i.e. for every star in the field. This makes the method computationally expensive
and restricts the area that can be investigated. It also relies on the accurate determination
of the type of each star, and the fact that each star needs to be compared with an identical

star in an extinction-free field, at the same distance.

1.5.1 Reddening Law

To determine how starlight is affected when it has passed through a molecular cloud, a
‘reddening law’ is used (Ricke & Lebofsky, 1985). This can be determined by taking a
field of stars, and calculating the colour-excess () of three wavebands (J/, H and K, for
example). Therefore, the reddening is the difference between the observed star colour and
the true colour given the star’s spectral type. The intrinsic (¢#7) colour is deducted from
cach star’s measured colour and the results are plotted, one waveband against the other,
i.e. plotting [J — H] — [J — H],, against [H — K] — [H — K],,.. If the data conform to the
reddening law, then the plotted points lie roughly along a straight line.

One can define the ratio of total to selective extinction Ry = Ay /E(B - V) = 3.09

(Ricke & Lebofsky, 1985). The quantity Ry is dimensionless and may be determined by
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extrapolating near-infrared extinction out to infinite wavelength (e.g. Mathis (1990)). For
the diffuse ISM a typical value of Ry is approximately 3.1, but this varies for different
lines of sight. In the Taurus and Ophiuchus molecular clouds the value of R, may be as
high as 4 to 6 due to the density of these clouds (Mathis, 1990). A reddening law similar
to that of Ricke & Lebofsky (1985) was derived using 2MASS data (Indebetouw et al.,
2005). Their data (showing ([J — H]) as a function of ([/ — K])) are quoted in Figure 11
of Lombardi et al. (2008a).

1.5.2 Optical Extinction

Extinction may be measured at optical wavelengths, giving good sensitivity at low values
of Ay (e.g. Ay < 5), (Dobashi et al., 2005). However, a major drawback is poor pen-
etration into clouds. Visual extinction can be measured for values of 4, as high as 20
(Cambréesy ct al., 2002), but generally will give lower values of 4 compared to methods
which are better able to penetrate clouds (e.g. at longer wavelengths).

Visual extinction is proportional to the column density of material along the line of

sight. The column density can be expressed as

Ay

N(H) = 6.83 x 10> em™ 7
.

(1.17)

The extinctions at three wavelengths (say, at the B-band, V-band and an arbitrary

wavelength A) are related by (e.g. Stahler & Palla (2005)),

EQ-V) A, Ay

= - : (1.18)
E(B-V) EB-V) EB-V)

with E(A = V) = Ay — Ay and E(B—-V) = Ay — Ay and Ay/E(B - V) = Ry. The
quantities £(A — V) and E(B — V) represent the colour excess. It is preferable to use
longer wavelengths than V, as the extinction law becomes less dependent on the line of
sight (Mathis, 1990). Hence, near-infrared (NIR) wavelengths are useful for calculating

extinction.
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1.5.3 Near-infrared Extinction

At near-infrared wavelengths (~0.9um and ~5.0um) the extinction curve can be expressed

as a power-law (Mathis, 1990), such that,

Ayoc 7P, (1.19)

The value of g varies in the literature and is around 1.6-1.8 (e.g. Draine (2003), Froebrich
et al. (2007), Stead & Hoare (2009) found B8 =~ 2.14, using a combination of UKIDSS
Galactic Plane Survey data and a synthetic model). The value varies for different clouds
and in regions of high extinction may be slightly higher. The factor 8 was found to depend

on the column density of the cloud being measured (Froebrich & del Burgo, 2006).

1.6 Techniques to Measure Extinction

This section outlines different methods that can be used to measure extinction, such as
the star count method, extinction from reddening, using reflection from clouds and colour

excess methods.

1.6.1 Star Count Method

Extinction may be measured using the Star Count method. The number of stars in a
small area of sky are compared to a control arca of the same size in a region free from
extinction (e.g. Wolf (1923); Bok (1956); Froebrich et al. (2005); Dobashi et al. (2005)).
This method can be visualised by plotting the log of the cumulative number of stars at
increasing magnitude, from the two areas. Such a plot is known as a Wolf diagram (see
Figure 1.4). This method assumes that extinction reduces the magnitudes of all the stars
in the region affected by extinction, except those brighter than a certain magnitude. The
brighter, unaffected stars are therefore in the foreground. The extinction can then be

calculated along the line of sight by subtracting the difference in magnitudes between the

two fields.
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Figure 1.4: A Wolf diagram, showing the shift in magnitude (A M) above a certain thresh-
old (M1) for a dark cloud when compared to a comparison field. The offset in magnitude
gives the extinction value for the dark cloud.

There are several major disadvantages of this method. One drawback of this method
is the assumption that the absolute magnitude of each star counted is identical. Another
drawback is that the stars counted are distributed evenly in space. Both assumptions are
in practise not correct. This method also gives a high noise compared to other methods,
as the noise is inversely proportional to the root of the number of stars. This method only
produces a meaningful result if a sufficient number of stars can be counted (Froebrich
ct al., 2005). This places a lower limit on the size of the area where extinction can be
measured and hence the resolution attainable. Furthermore, the maximum visual extinc-
tion which can be measured is limited by the fraction of foreground to background stars
in the field (Cambrésy et al., 2002). Of course, the number of background stars detected
varies with the amount of material along the line of sight. Hence, the suppression of
foreground stars is critical to obtaining the correct extinction.

Using an optical star count method, Cambrésy (1999) published extinction maps of
several well known molecular clouds. The following giant molecular clouds were sur-

veyed: Lupus, p Ophiuchus, Scorpius, the Coalsack, Taurus, Chamaeleon, Musca, Corona
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Australis, Serpens, IC 5146, Vela, Orion, Monoceros R1 and R2, the Rosette nebula and
Carina. An adaptive grid method was utilised which used a fixed number of stars per cell
(20 stars per cell), rather than a fixed cell size. In this way the noise per pixel was kept
more-or-less constant. The maximum extinction values found are approximately 10 mag.
Analysis of the data gave estimates for the masses of the individual clouds.

A catalogue and atlas of dark clouds was published by Dobashi et al. (2005), using
data from the Digitised Sky Survey. The survey covered the sky for the region where
|b] <40°. The data were obtained in three wavebands, (B, V, and R). Two different map
resolutions were produced, the high resolution map having a resolution of 6’, the lower
resolution being 18’. The survey identified 2448 dark clouds with 2841 clumps within
them. Physical parameters of the clouds and clumps, such as position, size and Ay are
given. A comparison with the maps of Schlegel et al. (1998) (see Section 1.6.3) is given in
the paper, finding that their 4, values are a few times lower than the 4 (derived from the
E(B - V) given by Schlegel et al. (1998)). The explanation for this, in the Galactic plane
region, is given as being due to the dust temperature assumed by Schlegel et al. (1998)
not being appropriate to measure the 4 correctly. At higher latitudes the discrepancy is

attributed to enhancement of dust emissivity at infrared wavelengths.

1.6.2 Extinction from Reddening

As discussed in Section 1.5.1, the ratio of the total extinction in a given waveband (4,) to

the selective extinction (E(B — V), for example) is generalised by (e.g. Mathis (1990)),

A

LBy

(1.20)

However, the ratio R, is not constant and varies according to the Spectral Energy
Distribution (SED) of the source. The SED of a source is affected by the composition
of the source and by dust along the line of sight. A method of correcting photometry at
any wavelength for extinction is outlined in McCall (2004). Any measure of reddening

for a target should first be converted into an optical depth at a standard wavelength. The

30



Chapter 1. Introduction and Theory

recommended standard wavelength is 1 gum (McCall, 2004), due to the lower sensitivity
of reddening laws to environment in the near-infrared.

A combination of the star count method with reddening (utilising the colours of stars)
was published by Cambrésy et al. (2002). Data from 2MASS was used to make an ex-
tinction map of the North America and Pelican Nebula region. Visual extinctions with up
to values of 35 mag were measured. When combining the star count method with redden-
ing, correct calibration of the two methods is important. For example, the same cell size
was used for each method. They also found that less than 3% of the mass of any given

molecular cloud is found at 4, values of higher than 20 mag.

1.6.3 Emission from Dust

A full sky map of E(B — V) was produced by Schlegel et al. (1998), intended as a new
estimator of Galactic extinction. Data from the COBE/DIRBE and /RAS/ISSA maps were
used. The £(B — V) map, using observations at 100um, shows dust temperature. Diffuse
emission from dust in the infrared can be used as a measure of column density. The
E(B — V') values may be converted to extinction, Ay, by assuming an Ry value of 3.1.
The resolution of the final £(B — V) map is 6.1’. The removal of zodiacal light was a
major factor in producing the map, this was achieved by modelling the interplanetary dust
with measurements at 25um (as interplanetary dust is prevalent in this wavelength), and
extending this model to the actual (longer) wavelength used. Normalisation of the maps
was achieved by using the colours of background galaxics as calibration.

Regarding the dust temperature, a variation of approximately 4 K (between 17 K
to 21 K) is present, giving rise to a variation of a factor of 5 in terms of column den-
sity. In the paper the authors state that the accuracy of the maps for [b] <10° requires
further investigation. However, the temperature in cores is lower, ¢.g. 7 =~ 10.6K in
the star forming Bok globule CB244 (Stutz et al., 2010). Furthermore, the line of sight
temperature distribution is not known, leading to inaccuracies when converting the dust-
continuum emission into column density. The dust emissivity is not well understood at

the wavelengths of 100um. Subsequent to the publication of the Schlegel ct al. (1998)
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maps, Arce & Goodman (1999) and Yasuda ct al. (2007) found that their extinction val-
ues differed from those derived using the E(B — V) values by a factor of ~1.4. They
attribute this to a departure in the relationship assumed by Schlegel et al. (1998) between

dust emissivity and £(B — V) above values of E(B — V) > 0.15 (0.47 mag 4y ).

1.6.4 Reflection from Clouds

One technique to analyse the structure in molecular clouds is to study the scattering of
ambient starlight (termed ‘cloudshine’ ¢.g. Nakajima et al. (2003); Foster & Goodman
(2006)). This method works as the reflected radiation is a function of the mass distri-
bution in the cloud. The reflected emission can be observed at infrared wavelengths as
these allow deeper probing of the structure compared with optical wavelengths (Padoan
et al., 2006). This method of measuring the density structure of clouds does not suffer
from problems that afflict other methods (e.g. problems due to dust temperature and dust
emissivity that affect emission methods), but does rely on the isotropic illumination of the
cloud by ambient starlight. In this respect, the method relies on the cloud being uniformly

distant from the illuminating stars.

1.6.5 Molecular Line Emission

Due to the temperatures and densitiecs found in molecular clouds, emission lines from
the molecules are present in sub-mm and radio wavelengths. To be useful as a tracer of
molecular hydrogen, the abundances of molecules need to be known. The abundances
arc typically small, but high enough in the denser parts of clouds to be useful. Therefore,
molecular line emission is not useful for tracing low column density regions. Furthermore,
the abundances may vary due to chemical evolution, or the molecules may freeze-out
onto dust grains - making the method unreliable where this occurs. Another difficulty
with this technique is that the line fluxes are also temperature dependent and lines may be
optically thick. Nonetheless, an example of a survey using this technique is described in

Section 1.3.6.1.
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1.6.6 Colour Excess Methods
1.6.6.1 Near Infrared Colour Excess

A new way to calculate extinction was developed to utilise near-infrared data. The Near
Infrared Colour Excess method was presented by Lada et al. (1994). The dependence of
extinction on wavelength in the near-infrared range (around 0.9um to 5.0um) means that
the additional colour of a star attributable to extinction (called the colour excess) can be
derived as

int int

<A = A >=(mg —my,) — (M —my)) = Ay — Ay, (1.21)

Here m,, and m,, are the observed magnitudes, and mf;” are the intrinsic, or true, magni-
tudes at A, and A,.

Using Equation 1.19 to obtain the ratio of extinctions at two wavelengths gives

Ay (4
. 8 (_1) ) (1.22)
Ay, A
Rearranging Equations 1.21 and 1.22 gives,
< /{| = /12 >

Ay, = (1.23)

S
A _
(&) -1
where £ is the near-infrared power law index. For a third wavelength, 13, where A, < A, <

A3, a similar relation can be found,

Ay = —2 L2 (1.24)

The relationship between the power law factor B and colour excess can be better un-
derstood by the use of a colour-colour diagram (see Figure 1.5). Plotting the E(J — H)
magnitudes against the £(H — K) magnitudes for a sample of stars in a region with extinc-
tion shows a general linear relationship. The gradient, R, is the colour excess ratio (e.g.

Froebrich & del Burgo (2006)). The factor B can then be estimated using, for example,

33



Chapter 1. Introduction and Theory

4 T € v 10 l V7 & ® §F % % ¢ % T T T I -4 & § F % ¢ T ¥

w
T X Fok- % ¥ I T T 1 £ 3T T T 0

B N N | T | G R - T T
I T

1 ! B 3 l ) I S NN N O S (N T l 1 | O - IO A l 1 { I S | | YR A I ST l U T A ) | S R . |

IIIIIIIIIIITTT

llllllllIIIlllllllllllll‘lllllllll

0 1 2
(H - Ky)

Figure 1.5: An example colour-colour diagram for stars in the molecular cloud
[MAB97]250.63-3.63 towards IRAS 07527-3446 in our Galaxy (from Yun et al. (2009)).
Here the data are being used to classify whether or not stars belong to a cluster. Filled
circles denote sources inside the expected limits of the cluster, while open circle denotes
those stars outside of this arca. The vertical dashed line at (H — K;) = 0.62 mag denotes
the cut-off colour for cluster membership. A typical error bar is represented by the cross
on the lower right.

W

Equation 10 in Froebrich & del Burgo (2006).

The NICE method relies on the intrinsic (H—K) colours of normal main sequence stars
being distributed over a small range (sce Table 3 in Koornneef (1983)). The average (H —
K) colour is assumed to be 0.15 mag. If the intrinsic colours of the background stars are

known, then the accuracy of the extinction measurements can be improved. Calibration
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using stars in a nearby control field will allow this, providing the control field is free from
extinction (Lada et al., 1994).

An extinction map covering major clouds in the Galactic anticentre region was pub-
lished by Froebrich et al. (2007). The extinction map was made using the NICE method
of Lada et al. (1994). The map has an oversampling of 2 with pixel sizes of 2’. Using their
map the power-law index of the reddening law (8 = 1.8 £ 0.2) was found for molecular
clouds in the anticentre region. Additionally, the column density distributions (CDDs)
were analysed for major molecular clouds in the region. Plots of log N (where N is the
number of pixels) against 4, were produced. A linear polynomial was fitted to each of the
log N against A, plots. They found the slope of the column density distributions became
steeper with at greater distances. This was attributed either to a change in the physical
laws in molecular clouds at a threshold scale of 1 pc, or to the dilution of 4y values with

distance.

1.6.6.2 The NICER Method

A generalised version of the NICE method was later developed by Lombardi & Alves
(2001). They called their method NICER (Near Infrared Colour Excess Revisited). This
method can utilise data from three bands (i.e. the J, H and K bands), by combining two

ways of calculating extinction,

P 1 - obs int
Ay = 15.846-[7V-Z(H—K)[ = (= K} >], (1.25)

n=1

and

4 1 - obs int
Ayv:9.35-[NZ(.]—H)’ —((J - H) >]. (1.26)

n=1

Both Equation 1.25 and 1.26 give some uncertainty in the estimate of 4. The uncer-

tainty in 4, depends on three factors,

1. The scatter in intrinsic colour is larger for [J — H] than for [H — K],
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2. The photometric errors for the J-band are smaller then those for the K-band (unless

viewing along the line-of-sight for high extinction clouds),

3. The numerical coefficient in Equation 1.26 (i.e. 9.35) is smaller than the numerical

coefficient in Equation 1.25.

Therefore there are advantages and disadvantages to using cither Equation 1.25 or 1.26
when calculating extinction. Lombardi & Alves (2001) combine these estimators to give

an ‘optimal estimator’ for the extinction,

Ay = by [c‘]’["" - (c’l’)J + b, [C‘z'l"' - (cé’)] . (1.27)

Here, ¢, and ¢, represent the chosen colours, i.e. [/ — H] and [H — K], b; and b, are

determined from Equations 1.28 and 1.29,

b]k; + 1)2/(2 = li (128)
a+bi{c)y+b{(5)=0, (1.29)

where &, and £ are the coefficients from Equations 1.25 and 1.26 (i.e. 1/9.35 and 1/15.846).

The variance for this method is given in Equation 1.30,

VCII"(/’i V) = 2,‘._/‘b,'b_/'C()V,'_j(C[r) + Z/V./‘bib./'C()V,',j(E). (] 30)

In Equation 1.30, the covariances of the intrinsic colours (Cov; ;(c")) and the covari-
ance of the photometric errors (Cov; ;(€)) are used. The index i denotes the colour used
(e.g. [/ — H], [H — K]), and j originates with the covariance matrix.

In the case where more than one star is used to calculate an extinction, the NICER
method applies a spatial smoothing to stars that are angularly close together. This allows
a smooth extinction map to be made with a high signal-to-noise ratio. The improvement
of signal-to-noise compared with the NICE method is a factor of two on the noise vari-
ance (Lombardi & Alves, 2001). This means that with 2MASS data, clouds with an 4,

of 0.5 mag can be detected with a signal-to-noise of 3c.
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Data from the 2MASS point source catalogue were used to make wide field extinction
maps (Lombardi et al., 2006, 2008a). In Paper I, Lombardi et al. (2006), an extinction map
was produced of the Pipe Nebula covering 48 square degrees. Using the NICER technique
their map is sensitive down to 0.5 4y at a 3-0- detection limit and has a resolution of 17. A
normal reddening law for the Pipe Nebula was found, that is E(J—H) = (1.85+0.15)E(H -
K). A more accurate relationship was derived between the near-infrared extinction and
the "CO column density. It was found that CO measurements are insensitive for low
column densities corresponding to an A, of up to 2 magnitudes.

In Paper I, Lombardi et al. (2008a), the NICER technique was applied to the Ophi-
uchus and Lupus clouds. A larger area of 1672 square degrees was covered, with sen-
sitivity down to Ax = 0.05 mag (corresponding to an 4, of 0.46 mag). The resolution
quoted is 3’. They used the data to derive structure functions for the two clouds, finding
that the Lupus cloud exhibited a structure function plot that would be expected from the
theoretical work of She & Leveque (1994), while Ophiuchus could not be fit satisfactorily

to any existing theoretical model.

1.6.6.3 The NICEST Method

In order to overcome problems with the NICE and NICER methods, a revised method
called NICEST was proposed by Lombardi (2009). The former methods suffer from
small scale inhomogeneities arising from either sub-structures or unresolved filaments in
clouds, or from foreground stars. These problems are dealt with in the NICEST method
by introducing a smoothing technique which does not bias the extinction estimate. An

new estimator for the extinction at some point in the sky is,

a Z:n HAAII 2H n 121
T e SEOHR g (1.31)

W, Zwy,
In Equation 1.31, w, denotes the weighting for the stars around the point of interest,
equivalent to w(x’; x)10%%14: This is a function of the position and displacement from the
position (x and x'), « is the slope of number counts, and 4, is the extinction law for the

waveband utilised. The term g is equivalent to ak, In 10.
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An adjustment for the presence of foreground stars, involves calculating the fraction of
foreground stars to background stars in an extinction free region, f;. Due to the weight-
ings used in the overall estimator, this fraction should not change in extincted regions.
Therefore, the estimator can be adjusted to by a factor of 1/(1-£;). This factor will be
close to 1 for nearby molecular clouds.

The NICEST method was used to make 23 near-infrared extinction maps by Kainu-
lainen et al. (2009). For nearby clouds (d ~ 170 pc) they were able to attain a resolution
of 2’ with a 3o-error of between 0.5-1.5 mag 4. They used the maps to show that the
column density PDFs could be fit by a log-normal relationship at low 4, values. At higher
column densities they found that power-law-like ‘wings’ formed, indicative of active star-
forming clouds. They also conjectured that turbulence plays a major role only in the early
stages of the cloud formation and that other factors such as gravitational forces tend to

become more prevalent.

1.7 Turbulence in the ISM

[n this section a definition is given of turbulence in the astrophysical sense. This is fol-
lowed by the theory of the energy spectra in turbulence. Finally, a discussion is presented

of recent attempts to model astrophysical turbulence using simulations.

1.7.1 Definition of Turbulence

In the context of the ISM, ‘turbulence’ refers to the random, chaotic motion of material
within a molecular cloud. The study of turbulence and its impact on astrophysical pro-
cesses is a vast subject which may only be summarised here. There are several useful
reviews, such as Elmegreen & Scalo (2004), Scalo & Elmegreen (2004) and Brandenburg
& Nordlund (2009). The role of turbulence in controlling star formation is reviewed by
Mac Low & Klessen (2004) and Ballesteros-Paredes et al. (2007).

In turbulent motion energy is distributed over a large range of length scales (i.e. from

small to large) with the bulk of the energy held in the larger scale motions. For example,
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turbulence driven accretion is postulated to operate over a wide range of astrophysical
scales (Klessen & Hennebelle, 2010). The energy is cascaded down from larger scales into
smaller scales, at which viscosity becomes important. At these small scales the motion
becomes random and isotropic, hence statistical methods provide the best way to study
turbulence.

Though the turbulence observed in molecular clouds may not exactly resemble the
‘classical” eddy turbulence seen in a terrestrial setting, classical theory is still useful. A
flow of material/fluid may be classified as laminar or turbulent according to a dimension-
less quantity known as the Reynolds number (see Equation 1.32). This is calculated by
the ratio of inertial force to viscous force in the flow. A fully turbulent flow is generally
defined as one having a Reynolds number of around 2000 and above, though this is only

approximate. The Reynolds number is,

Re=t_ £~ (1.32)

where p is the density, V' is the mean velocity of the fluid, L is the length scale and y is
the dynamic viscosity.

The energy supplied to drive the turbulence in the ISM can come from several sources,
including on larger scales, Galactic shear, supernova explosions, gravitational instability
within spiral arms and stellar winds/radiation (Brunt et al., 2009). Small scale sources
such as outflows from young stars also contribute but do not provide the velocity fluctua-
tions provided by larger scale sources (Brunt et al., 2009). Interstellar turbulence is found
to decay with a timescale around that of the gravitational free-fall time for a collapsing

cloud, hence the need for a constant driving source (Mac Low ct al., 1998; Ostriker et al.,

2001).
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1.7.2 Simulations of Turbulence
1.7.2.1 Limitations of Modelling

Much work has been done to model the effects of turbulence to attempt to match what is
observed in molecular clouds. Firstly, consideration needs to made of the limitations that
are imposed on simulations. A major limitation is the number of ‘particles’ included in
the calculation (i.e. the performance of the machines used in the calculations limits the
scope of the simulations). Including too many ‘particles’ in the simulation, cither because
they are too small or the arca/volume too large, will mean that the simulation cannot
be run in a reasonable timescale. Therefore, the ‘particles’ are typically not actually
individual molecules but much larger units, hence the size of these units places a limit on
the resolution that can be attained.

Other limitations are caused by the assumptions made prior to the simulation. Usually
not all physical influences are taken into account (e.g. they may be deemed to have a
negligible effect) so may not be included. For example, Federrath et al. (2009) assume
the gas in molecular clouds is isothermal in their simulations, as a rough approximation.
In practice there are variations in the temperature of gas in molecular clouds (e.g. Lehti-
nen et al. (2007)). Other effects may be ignored altogether if they are deemed to have
a minimal effect, such as stellar feedback in the simulations by Cho & Kim (2010). Fi-
nally, any defects in physical laws used in the modelling (e.g. using Jean’s mass as the
threshold for collapse of material) will affect the results, potentially rendering them unre-
alistic. Therefore, simulations can only ever provide a rough approximation of physical

Processces.

1.7.2.2 Recent Work in Turbulence Modelling

The advent of modern computers has allowed the simulation of physical conditions found
in molecular clouds (Klessen et al., 2009). Many different scenarios can be modelled,
with an emphasis on matching the results to actual observations. The entire process from

the assembly of the molecular cloud, to the formation of fragments, cores and protostars
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can all be modelled.

For example, simulations have been used to find that probability density functions
(PDFs) for volume and column density distributions (with an isothermal equation of state)
in turbulent clouds can be fitted with a log-normal function (c.g. Passot & Vazquez-
Semadeni (1998); Padoan et al. (1997)). Observations indicate that clouds which are
forming stars have column density PDFs which show an extended tail at high extinctions
(when fitted by a log-normal function), whereas non-star forming clouds do not (Kainu-
lainen et al., 2009). The extended tail in the PDF is formed by self-gravity (Cho & Kim,
2010), which increases the core formation rate.

The 3D structure of molecular clouds is modelled and examined in Audit & Hen-
nebelle (2010). They performed high-resolution numerical simulations of converging
flows. They found that the thermal behaviour of the gas has a major effect on the density
PDFs. In the isothermal case, the resulting PDF can be well fit by a log-normal rela-
tion. However, using a 2-phase scenario, only the high density component of molecular
clouds could be well fit by a log-normal function. The low density component (in the
range 10-300 cm™) produced a PDF which deviated significantly from a log-normal type
distribution, raising a doubt as to whether a log-normal density distribution is appropriate
for molecular clouds. But they propose no better distribution. Furthermore, using models
of three molecular clouds formed in different ways, Tassis et al. (2010) found that log-
normal type distributions are common to all generic molecular cloud types, rather than a
particular indicator of supersonic turbulence in the cloud.

Using simulations, it is possible to separately treat the solenoidal and compressive
forcings that are drivers of the turbulence in the ISM, and also model combinations of
them both. Observations of solenoidal forcing (see Equation 1.33) will show vortex-like,
filamentary structures (Elmegreen & Scalo, 2004). These have a fractal dimension of one
(denoted D = 1).

Compressive forcing (see Equation 1.34) is caused by the action of shocks and large
scale flows on a molecular cloud (Elmegreen & Scalo, 2004). Therefore, the motion

is longitudinal and results in sheetlike structures. Hence, the structures have a fractal
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dimension D = 2. Theoretical results indicate that turbulence in the ISM arises from
a mixture of solenoidal and compressive forcing (Federrath et al., 2010). These can be
expressed as solenoidal modes u,,; and compressive modes u,,,,, respectively (Elmegreen

& Scalo, 2004),

V. Uy, = 07 (133)

YV X Uy = 0. (1.34)

Federrath et al. (2010) assume that the gas is isothermal in their simulations, as a rough
approximation. Work by Kirk et al. (2009a) analyses the interplay between turbulence and
magnetic fields in molecular clouds using simulations. They test which simulations bear
similarities to real molecular clouds, using a ‘thin sheet geometry’ for the simulations.
This results in reasonably quick (when compared with true 3-D) simulations allowing the
testing of many input parameters. They find that magnetic fields dampen turbulence on
both small and large scales, thus some mechanism is required to inject further energy on
the larger scales to overcome the dampening. Kirk et al. (2009a) conclude that further
simulations should be performed at higher resolutions to assess the implications of their
result.

Simulations of turbulence have been used to describe the nature of protostellar cores.
The predominant force acting on cores is self-gravity. Ballesteros-Paredes et al. (2007)
postulated that the self-gravitating, turbulent gas found in cores is unlikely to be shaped
by magnetic fields, which have only a minor effect. In models of turbulent magnetised
clouds the cores do not align with the magnetic field (Ballesteros-Paredes & Mac Low,
2002). Girichidis et al. (2010) produced adaptive-mesh hydrodynamical simulations of
collapsing turbulent cloud cores. They found that the initial density profile in collapsing
cores is mostly responsible for determining the cloud evolution and formation of clusters.

However, Smith et al. (2009) found that the environment around the core must also be

important in it’s evolution, since the initial density profile alone does not entirely account
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Figure 1.6: An example simulation of a molecular cloud forming two dense cores, from
Bate (2009). The time units are given in free-fall times (1.90 x 10° Yrs). Each panel

"

shows the log of the column density VN, from —1.7 < log/N < 1.5 gcm™.

for behaviour seen in their simulations. A similar result was found by Bate (2009), who
found that changing the initial power spectrum in a star forming molecular cloud had
little or no effect on the stars produced, in their simulations. An example of one of their
simulations is shown in Figure 1.6.

Another application of modelling is to simulate the abundances of molecules in molec-
ular clouds. Work by Glover et al. (2010) models the formation of CO and H; in molecular
clouds. They found that H, is a good tracer of the gas distribution, but that CO does not
correlate well with the density of the gas » or visual extinction 4y. They also found that
the temperature of the gas in clouds is not constant, with some gas at temperatures of
T > 20K in less dense parts of the clouds. In a later paper, Glover & Mac Low (2010)
found that H, abundance is a function mainly of the available formation time, and is rela-
tively insensitive to photodissociation. They found that only a few tenths of a magnitude
of visual extinction is required to shicld the molecular hydrogen from being destroyed.
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1.8 Structural Analysis of Molecular Clouds

In this section the definition of structure functions is given, followed by a brief summary
of some of the previously published models of turbulence in the literature. Finally, the A-
variance technique for analysing structure in images, and the mass-size relation analysis

technique are discussed.

1.8.1 Definition of Structure Functions

Differences in velocity between two distant points in a turbulent medium are expected to
be uncorrelated, whereas the velocity difference between two points in close proximity
should be highly correlated. Reconciling these relations of velocity differences leads us
to determine structure functions for the medium. These are of the form (e.g. Elmegreen

& Scalo (2004), Lombardi ct al. (2008a)),

Sp(@) =4y (0) = Ay O+ ) "), (1.35)

where ¢ represents the distance between points, 6 represents all positions in the cloud,
and p is the order of the structure function. Here the observable is the visual extinction,

Ay. A power-law can be fitted to the resulting structure function, of the form,

S ,(9) o« g1, (136)

which gives a slope n(p). This can be used to compare the structure functions of differ-
ent clouds against those predicted by theoretical models (see following Sections 1.8.1.1,

1.8.1.2 and 1.8.1.3).

1.8.1.1 The Kolmogorov Model

Due to the instantaneous and chaotic nature of turbulence, a statistical approach must
be considered for analysis. Kolmogorov (1941) (hereafter K41) carried out this kind of

analysis and derived the following result for the energy spectrum function,
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E(k) = Cxe k3, (1.37)

where Cx is called the Kolmogorov constant, € is the viscous dissipation rate and & is
the wave number. The exponents are derived using standard dimensional analysis. Cyg
tends to deviate for higher-orders in the structure function (explained in Section 1.8.1). In
physical space, Kolmogorov predicts the longitudinal velocity structure functions S, of

order p, such that,

S, (¢) = C, (ed)T ox ¢"P), (1.38)

Here, ¢ is the distance between points, C,, is some constant which depends only on the
order p, and € is the viscous dissipation rate. In the general case, S, is proportional to
¢ to the power the scaling exponent 7(p). For Kolmogorov type turbulence one finds the

ratio of scaling exponents normalised to the third order is,
nwp) _p
. 1.39
) 3 (=%

Kolmogorov found a relation between the length scale L and the mean rate of energy

dissipation E,

B i (1.40)

where 7 is an empirically determined constant and v is the velocity is the medium. Tur-

bulent viscosity, v, is defined as,

y = Av. (1.41)

This approach assumes that the turbulence is driven on large scale (L), forming eddies
at that scale, and that the energy is then cascaded down into smaller eddies and scales.
To be in equilibrium the energy flow must be constant from one scale to the next, and

eventually dissipated according to Equation 1.40. In practice this is not valid for any
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scale of motion, mainly due to other, non-local, interactions affecting the medium. The
Kolmogorov wave number is defined, k,, above which viscosity will dampen the velocity

perturbations. This leads to the relation

ky = (%) , (1.42)
7

which defines the dissipation range.

1.8.1.2 The She-Leveque Model

Experimental measurements for the scaling exponents show a deviation from the Kol-
mogorov relation for turbulence, for increasing orders of p. In this case the flow is said
to be intermittent and the Kolmogorov relation Equation 1.39 no longer holds. This is
due to the scaling of velocity differences over fixed distances being different in different
locations (Brandenburg & Nordlund, 2009). She & Leveque (1994) (hereafter SL92) de-

rived the following relation for the velocity scaling function (as displayed in Padoan et al.

(2003)),
{(p)
— = + C(1 = B"), 1.43)
) =P B") (
where the factor C is the codimension,
1 -3y
= —F 1.44
B= =g (1.44)

and B is the intermittency parameter and vy is a scaling factor. This relation works for
structures that are not influenced by magnetic fields. For incompressible (or weakly com-
pressible) turbulence it was shown that C = 2, ¥ = 1/9 and 8° = 2/3 so we have (She &

Leveque, 1994),

) _»p
3 "9 "?

= (%” (1.45)

The most intense dissipative structures have a filamentary or vortical structure, hence
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the theoretical fractal dimension is D = 1. In practice, the vorticity structures do not have
a one dimensional structure on the smallest scales (Elmegreen & Scalo, 2004), and the

fractal dimension is greater than one.

1.8.1.3 The Kolmogorov-Burgers Model

Boldyrev (2002) (hereafter B02; see also Boldyrev et al. (2002)) extended the She-Leveque
relation to model supersonic turbulence. They found that while turbulence obeys the Kol-
mogorov law in the inertial range, the behaviour deviates in the dissipative range (i.c. as
the turbulence decays) due to the development of shock singularities. Revised values for
the parameters were derived, so that C = 1,y = 1/9 and 8° = 1/3, leading to a revision

of Equation 1.45,

{(p) p 1\

Equation 1.46 shows good agreement with simulations of highly supersonic turbulence.
Whilst interstellar turbulence is most likely solenoidal, the most dissipative structures are

shocks or sheetlike structures (Elmegreen & Scalo, 2004). These have a fractal dimension

of D =2.

1.8.2 The A-variance Technique

A method for analysing astronomical images containing molecular cloud structures, called
the A-variance technique, was introduced by Stutzki et al. (1998) (and improved on by Os-
senkopf et al. (2008a)). It was noted that the structure in molecular clouds bore similari-
tics to fractional Brownian motion (fBm) fractals (Stutzki et al., 1998). A phenomenon of
fBm is similar to classical Brownian motion except that the increments in fBm are depen-
dent - i.e. if the pattern at any point in fBm is increasing, it will tend to increase in the next
step. The structure resulting from fBm may be characterised by a power law spectrum and
power spectral index. By using the power spectral index the A-variance technique can be

used to quantify the structural scaling behaviour of e.g. molecular clouds (Bensch et al.,
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2001).

The A-variance technique is an adaptation of a method used for measuring drift char-
acteristics of electronic devices and instrumentation known as Allan-variance. The Allan-
variance is the variance of the differences of subsequent averages over time # in a random
time series. This is usually performed on a 1-dimensional array in electronics, however,
for analysis of images a 2-dimensional approach is required. With images it is necessary
to analyse the variance between differences of averages, over adjacent areas with spatial
separation /. The technique works by measuring the quantity of structure on a particular
length scale (e.g. Ar) and filtering the data f(Ar) with a spherically symmetric ‘down-
up-down’ type function. The A-variance is defined as Equation 1.47 (Ossenkopf et al.,

2008a),

2
Ikld| k. (1.47)

w0 =2n [ P |,

In Equation 1.47, @, denotes the Fourier transform of the filter function with size /

and wavenumber k. The choice of filter function is important, and two specific filter types
were found to satisfactorily probe the structure in molecular clouds, a French hat filter
and a Mexican hat filter (Ossenkopf et al., 2008a). Both filters are spherically symmetric
composite functions with separate functions for the core and the annulus. The French
hat filter is a spherical ‘down-up-down’ type function while the Mexican hat is composed
of two Gaussian functions to give a smoother transition from the core to the annulus.
The optimal filter function for molecular clouds was found to be either a Mexican hat
filter with a diameter ratio of 1.50, or a French hat filter with a diameter ratio of 2.30
(Ossenkopf et al., 2008b).

The French hat filter is defined using Equations 1.49 and 1.50,

(:);An==<:XAm-(:xAm, (1.48)

l,core lann
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1: A <1)2,

4

Q(A") =— et
~ nl?

core 0: |AI‘| > //2 ’

162 =1) 1 1)2<|Arl<vx1/2,

4

Q(A,,) =— (1.50)
2

Lann 0 A L 12| A > v X /2.

The Mexican hat filter is defined using Equations 1.51 and 1.52,

4 Ar?
Q(AF)ZECXP(—WZ)Z), (1.51)
4 Ar? Ar2
@(A") = 7'[/2()/2 _ 1) ICXP ((V1/2)2) - CXp ((1/2)2)] 3 (152)

ann

In a comparison of the results obtained using the French hat filter compared with those
obtained using the Mexican hat filter, it was found that both filters were equally good for
analysing molecular clouds. Therefore, the Mexican hat filter was arbitrarily chosen for
this analysis, rather than generating similar results twice. To obtain reliable A-variance
values, the parameter /X v must not exceed 2/3 of the image size, when using the Mexican
hat filter (Ossenkopf et al., 2008a).

A draw-back of the A-variance method is that it has a high sensitivity to the noise orig-
inating with the photometric errors in the observations (Ossenkopf & Mac Low, 2002).
This results in large uncertainties associated with the o3 values, especially in images with
large ‘empty’ areas.

A quantitative measure of the slope of 0% against r is given by the mass index scaling
exponent a, as o3 (r) o *. The mass index scaling exponent must firstly be determined
over the correct dynamic range, otherwise the correct slope is not determined (Ossenkopf
et al., 2008a). The lower limit of the range is determined by the level of noise, the size of
oversampled pixels (if oversampled), and the size of the smallest structure in the image.

The upper limit is determined by the largest size of structure in the image.
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1.8.3 The Mass-Size Relation in Molecular Clouds

The Mass-Size relation method is a contour-based map analysis technique developed
by Kauffmann et al. (2010a) (building on work by Rosolowsky et al. (2008)). It is known
that the mass contained within a radius # is proportional to 7* (McKee & Ostriker, 2007).
The Mass-Size method utilises extinction maps to identify regions of similar column den-
sity (denoted visually by contours) and calculating the mass within them. The effective
radius is measured for ecach contour. The Mass-Size relation can be seen by plotting a log-
log diagram of mass against effective radius. Using this method, Kauffmann et al. (2010a)
find agreement with mass-size measurements derived using the CLUMPFIND technique,
however little correlation was found at a detailed level when compared to CLUMPFIND re-
sults. This is expected as molecular clouds show smooth, large-scale profiles which cause
problems for an automated routine analysing for thresholds in the data (e.g. Froebrich
et al. (2007)).

In their second paper, Kauffmann et al. (2010b) used the technique to analysis local
molecular clouds. They found a revision of the mass-size law m(r) =460 M, (r/pc)' (i.c.
from Larson’s third law, - Larson (1981) and McKee & Ostriker (2007)) for several local
GMCs of m(r) oc r'*7. The exponent is stated as being highly approximate for a particular
cloud, but less than 1.5. They found a limiting case for the mass range of structure as
m(r) < 870My(r/pc)'*, ic. that fragments in clouds not forming massive stars have
mass less than this in a range of radius 0.01 < (r/pc) < 10 (Kauffmann & Pillai, 2010).
Therefore, the majority of clouds fall short of this threshold for massive star and cluster
formation.

At larger scales (1 < r/pc < 4) they found a limiting relation for the most massive frac-
tions of m(r) = 400 M, (r/pc)'-” Kauffmann et al. (2010b). Examples of clouds containing
such fragments include Taurus, Perseus, Ophiuchus and the Pipe Nebula. The relation

compares well with that obtained by Lombardi et al. (2010a), that m(r) = 380 M (r/pc)"°.
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1.9 Remaining Problems to be Solved

Having briefly discussed the topics of molecular clouds and star formation, this section
outlines remaining problems and questions, which this thesis will address.

Are there any correlations between the physical attributes of GMCs and the parameters
that can be determined observationally? Does the star formation rate or mode of star
formation depend on such factors as the column density/mass distribution in the cloud, or
can analysis of the structure functions reveal a correlation? For example, in their paper
analysing the Taurus, Perseus and California cloud complexes, Lombardi ct al. (2010b)
found that these three diverse clouds (in terms of the mode of star formation) cannot be
fit by one model to explain the internal structures. However, is there, for example, a
correlation between the star formation mode and any of the observable parameters (e.g.
structure functions, A-variance peaks etc.)?

Are there observable differences between clouds that are forming clouds and those
that are not or have a low star formation rate? There are few clouds which have no star
formation ongoing within them (Kainulainen et al., 2009) and these tend to be of lower
mass than GMCs (which generally have a mass of at least 1 - 10* M, (McKee & Ostriker,
2007)). Larger clouds form stars either in clusters (Lada & Lada, 2003), or in isolation
(such as in the Taurus molecular cloud (Mizuno et al., 1995)). Does the star formation
mode result from the environment in which the cloud is situated?

Is there a cut off threshold of column density between turbulence dominated material
and that which is self-gravitating? For example, using 850um continuum emission data,
2MASS and R-band data, Johnstone ct al. (2004) found candidate protostellar cores in the
Ophiuchus cloud. They associated these cores exclusively with high extinction regions in
the cloud using an extinction map. They found that no candidate objects were observed
at extinctions of less than 7 mag A4y, hence this could be a cut-off threshold between the
star forming and non-star forming parts of the cloud. This analysis will be carried out for

many clouds in this thesis to see if there is a common threshold between clouds or not.
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This chapter outlines the methods used. Firstly, an overview of the 2MASS project is
given, including the details relevant to this thesis. Then the extinction maps and extinction
determination methods are described, including the calculation of the uncertainties. The
sample clouds selected for analysis are presented, with relevant details, along with the
Galactic plane region which was also analysed. The cloud structure analysis and structure
function determination methods are then described. Finally, there is a brief overview of

the methods used for testing correlations.

2.1 The 2MASS Project

The extinction maps made for this research used data from the Two Micron All Sky Sur-
vey (2MASS). 2MASS was a survey of the entire sky at three near-infrared wavelengths
(the following specifications for 2MASS come from Skrutskie et al. (2006), or from the

2MASS website'). These were the J, H and K, bands (see Table 2.1).

Table 2.1: A Table showing wavebands used in by 2MASS.
Waveband | Wavelength Bandwidth ~ Signal-to-noise greater than 10

Mm pm at magnitudes brighter than
! 1.23% 0.162 15.8
H 1.662 0.251 15:1
K 2.159 0.262 14.3

Two highly automated 1.3m telescopes were used for the observations, one in the
northern hemisphere, the other in the southern hemisphere, in order to cover the whole
sky. The northern telescope was at the Mount Hopkins observatory in Arizona, USA
(coordinates N 31°40” 50”8, W 110°52"4170). The southern telescope was at the
Cerro Tololo Inter-American Observatory (CTIO) in Chile (coordinates S 30° 10" 3”7,
W 70°48" 18”0). The domes for the two telescopes are shown in Figure 2.1, with the
northern facility on the left and the southern facility on the right. The survey began in
June 1997 at the northern observatory and March 1998 at the southern observatory. The
survey was completed on 15th February 2001. In terms of weather restrictions, the survey

was carried out on clear nights with no threat of rain.

"http://www.ipac.caltech.edu/2mass/overview/about2mass.html
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Figure 2.1: The left image shows the dome and telescope of the northern facility at the
Mount Hopkins observatory in Arizona, USA, while the right image shows the dome and
building of the southern facility at the Cerro Tololo Inter-American Observatory (CTIO)
in Chile.

2MASS represented a considerable improvement on previous surveys (e.g. the Two
Micron Sky Survey (TMSS) which surveyed ~70% of the sky (Neugebauer & Leighton,
1969)). For example, the improvement in sensitivity of 2MASS compared with TMSS
was a factor of 80,000. 2MASS could detect objects around 100 million times fainter
than TMSS. A pixel size of 2.0” square was used. Sources brighter than 1 mJy were
detected. Each frame in the observations comprised of six 1.3s exposures leading to a
total integration time of 7.8s.

A problem affecting the J and H-band observations was the detection of airglow in
the earth’s atmosphere. The K, band observations suffered from the effects of seasonal
variation (i.e. weather), in that fainter objects could be detected in better conditions. This
effect causes the appearance of ‘stripes’ in any (e.g.) extinction maps compiled using
2MASS data.

The following data products were released by the 2MASS project.

1. A digital atlas of the sky comprising of small (8" by 16") images.

2. A point source catalogue containing accurate positions and fluxes for around 471

million objects.

3. Anextended source catalogue containing positions and magnitudes for galaxies and

nebulous objects.
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The second item - the point source catalogue - was used to make the extinction maps

for this thesis.

2.2 The Extinction Maps

As discussed earlier (in Section 2.1), data were extracted from the 2MASS Point Source
catalogue (Skrutskie et al., 2006). The required data were: the stellar coordinates (in RA
and Dec), the J, H, and K magnitudes, and the photometric uncertainties for the J, H,
and K magnitudes. Good photometric quality was ensured by only using stars with a
quality flag of "AAA’. Therefore, the signal-to-noise ratio for the J, H, and K bands was
greater than 5.

Using only stars with quality flag “AAA’ meant that, without oversampling, a star
density of at least one star per pixel could be attained. This applies in the areas of highest
extinction (i.e. in the Galactic plane region) with |h| <20, and a pixel size of 30". Including
sources with a lower quality flag would increase the number of stars available and allow
the possibility of higher resolutions to be attained, but at the cost of increased noise.

The coordinates were then converted into the Galactic coordinate system (Blaauw
ct al., 1960) using the IRAF CONVERT utility and these were prepended to the data files.
The data files were then split into smaller, more manageable .txt files each containing
sources in a horizontal strip 2° high by 360° wide. These strips were further split into
blocks depending on the density of stars at that latitude, i.e. smaller files for higher
density regions. For example, in the higher latitudes above |b| >70° the full width of 360°
was used, whereas at the Galactic Plane the strips were only 1° wide. The strip width was
varied accordingly in between, as shown in Table 2.2, so that each file contained roughly
the same number of stars.

Each file/block contained extra data within an overlap (in / and b) to allow for over-
sampling and ensure that there were enough nearby stars in order to find, say, the near-
est 100 stars to the centre of a pixel on the edge of the block. The overlaps were an

extra 0.1° for || <20° and 0.25° at |h| >20°. This gives a total of 3088 input files covering
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Table 2.2: A Table showing the width (in /) of the 2°b strip files and the number of files
created.

|b| ° Width (/°) in file No. of files

0- 4 1 1440

4- 8 2 720

8—10 3 240
10-14 8 180
14-18 12 120
18 -22 20 72
22 - 28 24 90
28 — 36 36 80
36 —48 72 60
48 - 70 120 66
70 - 90 360 20

the whole sky. Additionally, files corresponding to each data file were created specify-
ing the parameters for that block (minimum and maximum coordinates with pixel size).
This allowed the parameters of the data to be known before the data was read, so that the
correct dimensions of arrays could be declared in advance.

The pixel size was varied from 0.5 at b = 0° and 2’ at b = 90°. The variation with
Galactic latitude is shown in Table 2.4. The final maps are available via the internet®. The
maps are presented in the Mercator projection, in 360° by 20° strips to keep the maximum

size of individual files to under an acceptable amount of 200 Mb.

2.2.1 The Types of Map

This section describes the types of map made for the analysis. Firstly, one must consider
whether the data is to be oversampled. In the simplest case, the map is divided into square
pixels and only the data (stars) in each pixel are analysed. In this instance there is no
oversampling of the data. However, if the data outside of a particular pixel is included
in the calculation then the data is said to be oversampled. Oversampling gives smoother
results for an image, especially where there are few data items in some of the pixels.
Oversampling is disadvantageous if one is interested only in the data in each pixel, i.e. if

estimating the mass of a molecular cloud.

“http://astro.kent.ac.uk/extinction
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Table 2.3: The different maps created for the project. A brief description is given together
with the type of map (con-noise or con-res). The oversampling status is specified together
with the shape of the resolution element.

No. Description Map Type Oversampling Resolution element
(y/n)

] Ay - 25 stars Con-noise vy Circle
2 Ay - 49 stars Con-noise y Circle
3 Ay - 100 stars Con-noise vy Circle
4 o4, - 25 stars Con-noise vy Circle
5 o4, - 49 stars Con-noise 'y Circle
6 o4, - 100 stars Con-noise y Circle
7 Distance to 25" neighbour ~ Con-noise y Circle
8 Distance to 49" neighbour ~ Con-noise 'y Circle
9 Distance to 100" neighbour ~ Con-noise y Circle
10 A4y Con-res y Circle
11 oy Con-res y Circle
12 Ay -0.5 Con-res n Box
13 Ay -1 Con-res n Box
14  A,-2 Con-res n Box
15 Ay-4 Con-res n Box
16 oy, -0.5 Con-res n Box
17 oy -1 Con-res n Box
18 04, -2 Con-res n Box
19 oy, -4 Con-res n Box
20 No. of stars in each 0.5 box Con-res n Box
21 No. of stars in each 1" box ~ Con-res n Box
22 No. of stars in each 2’ box Con-res n Box
23 No. of stars in cach 4’ box ~ Con-res n Box

Table 2.4: Pixel sizes and spatial resolution of the maps depending on Galactic latitude
|b]. For the Con-noise-maps the spatial resolution depends on the number of stars (25, 49,
or 100) used and also varies with position.

|b] range  Pixel size

Spatial resolution

'] of Cons-res maps [']
90° —50° 2.0 6.8
50° —40° 1.5 5.1
40° —20° 1.0 34
20°— 0° 0.5 1.7

If the data used is within a radius, 7, of the centre of the pixel, then the sampling rate

can be calculated as Equation 2.1,

2.1)
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Here, rate is the oversampling rate, # is the resulting radius. If square resolution elements
are used which are larger than the map pixels, then the oversampling rate is simply the
size of the square divided by the size of the pixel. If the resolution elements are smaller

than the pixel size then the data is said to be undersampled.

2.2.1.1 Constant Noise Maps

When using 2MASS data, the photometric uncertainties of stars are generally similar in
each region, due to the observing conditions when the data was taken (see Section 2.1).
Therefore, using the same number of stars in the calculation for cach pixel will give a
near-constant noise for that pixel as the noise depends on 1/N (where N is the number of
stars. See Section 2.4.1 for further details). So a fixed number of stars from the centre
of each pixel was chosen - 25, 49 and 100. As the noise is near-constant these maps are
hence named Con-noise maps. The distribution of individual statistical uncertainties can
be seen later in Figure 3.8 (see Section 3.2.1). This type of map will have a variable spatial
resolution, as the distance to the ‘Nth’ star and the amount of oversampling is variable

and depends on the star density in that arca.

2.2.1.2 Constant Resolution Maps

Other extinction maps were determined using only stars within a fixed distance of the
centre of cach pixel. Hence, these maps are known as con-res maps. For maps 10 and 11
(see Table 2.3), the radius was chosen as 1.7 times the pixel size to give an oversampling
of three (see Equation 2.1). The maps created are shown in Table 2.3. As the resolution
is fixed, the noise therefore varies from one pixel to another, as cach pixel contains a
different number of stars. The distribution of the individual statistical uncertaintics for
these maps is shown in Figure 3.9 in Section 3.2.2.

In order to investigate the structure of GMCs additional con-res maps were created
where the values in each pixel are independent of neighbouring pixels, i.c. no oversam-
pling. Therefore, constant resolution maps were made with no oversampling; these are

the maps used for the analysis of column density and mass distribution. These maps are
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Table 2.5: The pixel sizes of con-res maps 12-23.

|b| range | Pixel size of Pixel size of Pixel size of Pixel size of

maps 12, 16,20 maps 13, 17,21 maps 14, 18,22 maps 15, 19, 23

['] ['] ['] [']
90° -50° | 2.0 4.0 8.0 12.0
50°—-40° | 1.5 3.0 6.0 12.0
40°—-20° | 1.0 2.0 4.0 8.0
20°— 0° ] 0.5 1.0 2.0 4.0

also shown in Table 2.3, and are numbered maps 12 through 23.

It should be noted that each resolution clement in these maps is a box shape rather
than a circle. The differences caused between these two pixel shapes were analysed.
A grid containing 10,000 randomly distributed values (between 0 and 1) was created.
The median values were found for each square in the grid, and also for a circle (of ra-
dius 0.5, therefore undersampled) centred on cach pixel. A histogram of the differences
between the two median value grids was found to be a Gaussian distribution with param-
eters 0=2.6 - 107 and u=-7.7 - 1073, Therefore, the effect is negligible due to the small
value of 0.

In the additional con-res maps maps (12-23), the size of each pixel was varied (e.g.
from 0.5” to 4’ for |h| <20) in multiples of two, to determine whether any observed trends
are the same at different spatial scales. The pixel sizes (and the dependence on Galactic
latitude) for the con-res maps 12-23 are as shown in Table 2.5. These additional con-res
maps were produced using the method described above in Section 2.2. As discussed, the
pixels consist of square boxes rather than sclecting stars within a certain radius of the
pixel centre. This allows the use of all available sources without oversampling. The same

pixel sizes apply for the variance (o4, ) maps and star density maps.

2.3 Extinction Determination

In this section the methods used to determine the extinction are discussed, using the data

extracted from the 2MASS point source catalogue as described in Section 2.2.
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2.3.1 Median Colours

For the next stage of making the maps, the median colour (e.g. J-H, H-K and J-K) is
determined in cach pixel using the stars contained in that pixel. This gives a map which
can be used to create the colour excess maps. Using the J and A band data (for example)

the median colour was then calculated for each pixel,

[J = H] = Median(ni, — my,). (2.2)

Here, i represents the index of each star contained in the pixel. The data was pro-
cessed using an IDL script, which output FITS files of each block. The calculations for
the con-noise (variable resolution) maps used the nearest N number of stars to the centre
of each pixel. As discussed in Section 2.2.1.1 values of 25, 49 and 100 were used for
N. The calculation of distance to the centre of the pixel included a correction (of cos b)
to eliminate the effect of stretching with latitude due to the choice of projection, which
becomes more significant at higher latitudes.

The median colour was used rather than the mean for the following reasons:

1. The effect of young (i.c. with a disk), intrinsically red stars which would influence

the mean is eliminated.

2. The effect of clusters with colours different from the foreground/background

colours is eliminated.

3. The correct colour excess is measured, or else the cloud is not detected.

The first two points are valid as long as there are more foreground and background
stars than young or red stars. In our maps only two clusters with intrinsic redness domi-
nate over the extinction. These objects are the Orion Nebula Cluster and the cluster in the
L 1688 cloud in Ophiuchus.

To measure the unbiased colour excess/extinction, the third point is the most important
consideration. As long as there are more background stars to the cloud then using the

median ensures that the colour of the background stars is measured which leads to the
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correct value of the extinction. If there are more foreground stars than background stars
then the cloud is not detected at all. If one was to use the mean instead of the median one
would only measure part of the extinction, and the result would vary for similar clouds at
different distances (see Froebrich & del Burgo (2006) for further comparison between the

use of the mean (with a star counting method) or median (colour excess)).

2.3.2 Colour Excess

The maps of median colour are converted into maps of colour excess. An adjustment
needs to be made in respect of the various stellar populations in different parts of the
Galaxy, which give rise to differing median colours. An iterative method to deal with this

was developed. The steps are:

I. The median colour maps were re-binned to a larger pixel size of 10’, then median

filtered with a filter size of one degree.

2. Regions influenced by dust clouds were masked out. Firstly, dust clouds were iden-
tified using the maps by Schlegel et al. (1998). Data with £(B — V) > 0.125 mag
(i.e. Ay > 0.39 mag) were identified as clouds and masked. In subsequent iterations
this stage was completed using a preliminary version of our map. Data with an
extinction of 4 > 0.5 mag were identified and masked. This area mask was then
extended by 40 into unmasked regions to ensure all major clouds were adequately

masked out.

3. Spline functions were then fitted to the unmasked (i.e. extinction free) regions,
along every 10" column of constant Galactic longitude with knots at every degree.
This allowed the estimation of the background colour values in regions with dust

clouds present (i.e. with no available extinction free data).

4. Spline functions were then fitted to the unmasked regions along 10’ rows, to the
results from the previous stage. The result of this stage was then expanded to the

size of the desired map and smoothed to 5.
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5. This resulting colour background map is subtracted from the original median colour

map, giving the colour excess map (see Equation 2.3).

6. Subsequent iterations are repeated from stage 2.

The colour excess is derived by subtracting the colour background map from the orig-

inal median colour map,

J = H)gpy = [J = Hlaw = fitlJ = H] - (2.3)

Here, (/, b) denotes the position in the map, from Galactic / and b coordinates.

Since three wavelengths were utilised one can in principle calculate three colour ex-
cess maps for a given waveband. However the (J — K) colour excess is not used as the
data is not independent of the other two colours. Using the H-band, there are two indepen-
dent ways of deriving the extinction 4, i.e. Equations 1.23 and 1.24 from Section 1.6.6.1.
In these equations the bands J, H and K are represented by A, A4, and A3 respectively.
is the near-infrared power law index. See Section 2.4.2 for a discussion on the effect of
changes in B. The extinction calculated using the two bands was averaged and converted
to visual extinction,

5.689
Ay = — (An-my + Asig-xy) (2.4)

The factor of 5.689 is used to convert the H-band extinction into A, (Mathis, 1990).

2.3.3 Calibration Offsets

Before the extinction maps could be used, we needed to take account of differences aris-
ing from the different colour excesses. Giant and dwarf stars of the same spectral type
have different colours. This was an issue in the H-band extinction map created using the
(J — H) colour excess data. In general, giants will have redder [/— H] and [J - K] colours
than dwarfs. The fitted function however, determines the median colour of dwarf stars,

as it was not possible to use data from around the central Galactic plane (where giants
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Figure 2.2: Gray scale representation of the difference map calculated as D4, = 5.689 -
(Ap—ry — Apu-xy) (see text for details). Ay values are scaled linearly from —1.5 mag
(black) to +1.5mag (white). The image size is 360° x 180° with the Galactic Centre
(bulge) in the middle. The p Ophiuchus complex appears just above and to the right
of the centre. The two white patches to the lower right of the centre are the Large and
Small Magellanic Clouds.

dominate) due to the over-abundance of dust clouds. It turns out that the (// — K) colour
excess maps do not suffer as much from this problem, hence they were used as a control
field.

A differences map D,, was determined using the extinction maps created from the

two colour excess maps (J — H) and (H — K), using the relation

DAV — 5689 : (AH,(J_H) - AH,(H—K)) . (25)

Clearly, systematic residuals were found (see Figure 2.2).  An offset of
nearly 2 mag 4y is found in the regions close to the Galactic centre (shown by the central
white area in Figure 2.2), caused by giants. This region extends by approximately 120° in
L.

As shown in Figure 2.2, there are also negative offsets along the Galactic plane, away
from the Galactic centre. The likely cause is a greater fraction of higher mass stars con-
tained in this region of spectral types O to F. These stars have a [J — H] colour smaller

than that of the low mass dwarfs found away from the Galactic plane which were used
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Figure 2.3: The all sky extinction map using the ncarest 49 stars. The image size is
360° x 180° with the Galactic Centre in the middle. Optical extinction values are scaled
lincarly from —1 mag (white) to +7 mag (black).

for the fitting of the background. This effect is not so pronounced in the [/{ — K] colour
and therefore gives rise to the observed difference. Another explanation could be due to
objects with an [H — K] excess due to the presence of a disk. This is true for the Orion
Nebula Cluster and L 1688 but cannot be true for such a large region shown in Figure 2.2.
Therefore, the former explanation is most likely.

The difference image D4, was filtered to correct for these large scale offsets. The
filtering size was 4.5° in / and 0.3° in b. The difference image was then subtracted from
the [J — H] map before the final extinction map (shown in Figure 2.3) was created using
Equation 2.4. If the subtraction of differences was not done correctly, this would lead to
incorrect 4y values in the maps. This in turn would lead to incorrect analysis of the col-
umn density and mass distributions. However, there would be little effect on the analysis
of structure. The maps obtained from [H — K] were compared with the maps of Dobashi
et al. (2005) and no deviations are found greater than one sigma in uncertainty.

There are smaller variations in the maps due to changes in the observing conditions -

these were discussed in Section 2.1.
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2.4 Calculation of the Uncertainties

This section describes the calculation of the uncertainties, both statistical and systematic.

2.4.1 Statistical Uncertainties

Maps of the uncertaintics (or variances) in extinction were produced corresponding to
cach extinction map. To create these the photometric errors extracted from the 2MASS
catalogue were propagated using the following formulae. For the median colours the

uncertainties in a given pixel were calculated by

1.253 L -
TR = Z:(crj)2 + Z(O'Q,)z- (2.6)
=1 =il

Here, N is the number of stars in the pixel, o, and o7, are the J and H-band uncer-
taintics in the photometry of each star in the pixel. The factor of 1.253 comes from using
the median to calculate the final uncertainty rather than using the mean (from Kenney &
Keeping (1962), page 211). The efficiency of the median is the ratio of the variance of
the mean over the variance of the median, i.e. 4N/ (2N+1). For large values of N this
tends to 2/m ~ 0.637. The factor by which the uncertainty in the median is larger than the

uncertainty in the mean is the root of the reciprocal of this,

T
— =~ 1.253. 2.7
\/; 53 2.7

Therefore, the uncertainty by using the median is larger by a factor of 1.253 than using
the mean, for large samples and a normal distribution.

To calculate the uncertainties in colour excess, the uncertainties derived using Equa-
tion 2.6 were used. It was assumed that during the conversion from colour maps into

colour excess maps only systematic and not statistical uncertainties were introduced, i.c.,

O =ty = O[J=H]- (2.8)

The errors in the H-band extinction determined from the colour excess are
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T (J-H)
O sy = i (2.9)

BT

and

o R (2.10)

(o] H{H-K) : (,1;\- )_ﬁ

/l[[

These variances were combined to ascertain the overall variance in the final 4, map,

in Equation 2.11,

. (5.689) , ,
oy, = (—) . ((T“ + Tty T 2. 0'(;(,‘,.). (2.11)

2 Ap -

The covariance of the two extinction maps, o, is introduced (compare Equation 2.11
to Equation 2.4), as the terms are not independent of each other (see Froebrich & del
Burgo (2006) for example). The o, value was calculated in the following way. Firstly, a
histogram was produced of the extinction values in a cloud-free area in the final extinction
map. Secondly, the FWHM of this distribution was measured, giving a value for 0'/21',.
Then o, was calculated by using the known contributions from the o, and o -k,
maps (i.c. see Equations 2.9 and 2.10).

An alternative method to calculate o, (but only using data from extinction-free re-

gions) would be to use the relation

1 +
Ocov = N Z <(A//,<./—/1>)_,- (4 //.</1—1\'>)_,~), (2.12)
=

which is summed over all pixels, j. Note that because the H-band extinction values are not
independent of each other this method yields too small a value for o, - typical values
are 0., ~0.0015 mag®. Therefore, this method was rejected in favour of the process
described above. The actual values for the covariance are shown in Section 3.3 in the
Results chapter.

Using the con-noise maps for the nearest 25, 49 and 100 stars, it was found empirically

that the average covariance values can be calculated using Equation 2.13,
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Teoo(N) o« N™O%, (2.13)

This formula can be applied when calculating the uncertainties for the con-res maps, as
we know the star density for each pixel. The method used for the con-noise maps is not

valid here as the number of stars in cach pixel varies.

2.4.2 Systematic Uncertainties

Systematic uncertainties introduced during the making of the extinction maps need to be
taken into account. These may arise from stages such as fitting the background median
colours (due to imperfections in the fit), or from variations in the extinction law in differ-
ent areas of the maps. Such uncertainties could be included in Equation 2.11, however,
due to the different sizes and scales of the uncertainties it is not possible to add them

numerically. The magnitude and likely impacts are discussed here.

e Any imperfections in the fit of the background colours will introduce systematic
uncertainties. The scale of these offsets will be larger than the filter size of 4.5° in /
and 0.3° in b used in the fitting process. Therefore, any systematic uncertainty here
will not influence the observed structure or CDD in any particular cloud, but may
affect the extinction, 4. However, the magnitude of the offsets is found to be small
in comparison with the maps of Schlegel ct al. (1998) and Dobashi et al. (2005).

See Sections 3.1.3.2 and 3.1.3.3 for further discussion.

e Small scale systematic offsets caused by the 2MASS observing procedure, which
may appear as stripes on any maps using 2MASS data. This is a local issue occur-
ing over scales of around ~14’ by ~6’. These stripes are caused by the observing
conditions leading to varied completeness limits on different nights observations.
Under darker conditions more redder stars are detected, so the median colour of
stars changes. The [H — K] observations are more aftected as deeper observations
at thesc wavelengths pick out more dwarfs which tend to be redder; the [J — H]

observations are not affected as much. Apart from the use of Quality flag "AAA’
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stars, no other restrictions were placed on the stars included in determining the ex-
tinction maps so as not to reduce the achievable spatial resolution. The magnitudes
of these offsets amount to 1 mag Ay in the maps determined from [H — K] colours
and 0.5 mag Ay in the those determined from [J — H]. Therefore, the maps deter-
mined from [J — H] colours are less affected by this issue. In the final maps the
magnitude of this effect can be as high as double the systematic uncertainty. Hence,
care should be taken especially with any cloud structures that are aligned with the

sweep direction of the 2MASS observations.

e Any variations in the extinction law with spatial scale will introduce small scale
systematic uncertainties. The extinction law is expected to change in regions of
high column density. The optical properties of the dust may be altered by coagu-
lation of grains or the formation of ice mantles (see Ossenkopf (1993), Preibisch
ct al. (1993), Larson & Whittet (2005)). A change in our value of f=1.70 of +0.2
leads to a change in A4y of ~10%. Given an example uncertainty of 0.28 mag (for
the con-noise map of the nearest 49 stars - see Table 3.4 in the Results chapter),
such variations in the extinction law would only be measurable at 4, values greater
than 8 mag, i.e. three sigma detections. This justifies the use of a constant value

(of 1.70) for B.

2.5 Cloud Selection

This section gives details about the individual clouds selected for analysis. Only clouds
with a reliably known distance were selected. The clouds were chosen to be relatively
nearby - all arc less than 1 kpc in distance, with the exception of the Rosette Nebula.
Clouds close to the Galactic centre (and along the plane towards the Galactic centre) were
avoided due to the likelihood of having two (or more) clouds along the line of sight, which
would invalidate the analysis.

The 30 sample clouds are shown in Table 2.6. The / and b ranges shown in the table

denote the rectangles extracted from the con-res maps. The table also shows the distance
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Table 2.6: Summary table of the clouds analysed. The table shows the arca analysed for
each cloud in Galactic coordinates, the distance and the source of the distance data.

Name [ range b range Dist. Dist. reference

[*] [°] (pc)
Aquila Rift 32.5- 255 2.0- 6.0 225 Straizysetal.(2003)
Auriga 1 156.0-173.0 -12.0- -3.0 450 Lada ctal. (2009)
Auriga 2 175.0-186.0 -11.0- -2.0 140 Kenyon etal. (2008)
Cepheus Flare 100.0-117.0 10.0—- 20.0 390 Kun ectal. (2008)
Chamaceleon I 295.5-298.0 -17.5—-14.0 160 Whittetctal. (1997)
Chamacleon II ~ 302.0-304.5 -15.5—--13.0 178 Whittet et al. (1997)
Chamaeleon I~ 300.5-304.0 -19.0—--15.5 150 Whittet et al. (1997)
Circinus 316.0-319.0 -6.0— -3.0 700 Bally etal.(1999)
Corona Australis 1.0 -359.0 -20.0--17.0 170 Knude & Hog (1998)
Cygnus OB7 88.0—- 95.0 1.0— 5.5 770 Uyanikeretal.(2001)
A Ori 188.0-201.0 -18.0— -6.0 400 Muench et al. (2008)
Lupus 1 337.0-340.0 14.0— 18.0 155 Lombardi etal. (2008b)
Lupus 2 338.0-340.0 11.0- 12.5 155 Lombardietal. (2008b)
Lupus 3 338.0-340.5 8.5- 10.5 155 Lombardi etal. (2008b)
Lupus 4 335.0-339.0 6.0—- 9.0 155 Lombardiectal. (2008b)
Lupus 5 340.5-3440 7.0- 11.0 155 Lombardi etal. (2008b)
Lupus 6 339.0-344.0 50- 7.0 155 Lombardictal.(2008b)
Lupus 7 336.0-338.0 4.0- 5.5 155 Lombardietal. (2008b)
Lupus 8 334.0-338.0 20— 4.0 155 Lombardietal. (2008b)
Lupus 9 345.0-349.0 50— 8.0 155 Lombardi etal. (2008b)
Monoceros 212.0-222.0 -13.0— -7.0 830 Carpenter & Hodapp (2008)
Musca 300.0-303.0 -10.0- -6.0 150 Knude & Hog (1998)
Ophiuchus 350.0-360.0 12.0- 19.0 119 Lombardi et al. (2008b)
Orion A 208.0-219.0 -21.0—--16.0 410 Muench et al. (2008)
Orion B 201.0-211.0 -17.0— -8.0 410 Muench et al. (2008)
Perscus 156.0-163.0 -25.0—--15.0 310 Motte & André (2001)
Rosette Nebula  204.5-210.0 -3.5— -0.5 1650 Roman-Zuniga & Lada (2008)
Scorpius 357.0—- 6.0 16.0— 20.0 120 Cambrésy (1999)
Serpens 30.0— 32.0 4.0- 6.0 260 Straizysetal.(1996)
Taurus 164.0-178.0 -19.0--10.0 140 Kenyon ctal. (2008)

and the reference for the distance data.
A representation of the positions of the clouds relative to the solar system and Galactic
centre is shown in Figures 2.4 and 2.5. The data are shown over two separate figures for

clarity. The axes units are in parsecs.
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Figure 2.4: The cloud positions relative to the solar system (origin) and Galactic centre
(8.33+0.35kpc to the right). The axes units are in parsecs. The grey circles show the
positions of the clouds detailed in Figure 2.5.
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Figure 2.5: The cloud positions relative to the solar system (origin) and Galactic centre
(8.33+0.35kpc to the right). The axes units are in parsecs.
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Figure 2.6: Grey scale representation of a detail of the con-noise extinction map based on
the nearest 49 stars, used for the Galactic plane analysis (inner boxed area). Extinction
values are square root scaled from 0 mag (white) to 15 mag (black) of optical extinction.

2.6 Galactic Plane Analysis

This section describes the part of the Galactic plane that was also selected for analysis.
The area, in the region 125° </ < 250°, |b| < 5°, contains at least onc or more molecular
cloud. Therefore, it is of interest to apply the techniques used in this thesis to this area, to
analyse how the CDDs and structure function parameters vary with position. The whole
region was split into individual regions of 5° x 5° (see Figure 2.6). Each individual region
contains material above 1 mag 4, in cach part. The fundamental difference of these
regions compared to the selected GMCs is that the distance to each ‘cloud’ is not known.

In fact there may be two or more clouds along the line of sight.

2.7 Cloud Structure Analysis Methods

This section describes the methods used to analyse the CDDs of the selected molecular
clouds. The CDDs can be investigated at different spatial scales using 4y maps with dif-
ferent sized pixels. Previously published methods of analysing the CDDs were discussed
in Sections 1.6.6.1 and 1.6.6.2.

The analysis was performed at four spatial scales, using the con-res maps num-
bered 12-15. Therefore, the pixel sizes were 0.5” to 4.0” where || <20. The extinction
values were extracted for the coordinate range of each cloud (see Section 2.5). Histograms
of Ay values were produced for each cloud, using varying step sizes. The different step
sizes used were 0.125 mag, 0.25 mag, 0.5 mag and 1.0 mag. Analysis shows that provid-
ing there are a sufficient number of data items in each bin, the step sizes have little effect

on the slope (see Figure 3.10 in the Results chapter). Only pixels with extinction values
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Figure 2.7: Plot of the log N vs Ay column density distribution for the Auriga 1 cloud
(filled diamonds). Overplotted are the two fits obtained for the low and high column
density region.

between —1 mag and +20 mag were used. The turbulence dominated bulk of molecular
clouds is observed at an A range of approximately 1 to S mag. whereas the non-turbulent,

star forming mass lies at visual extinctions of more than 5 mag. Beyond about 17 mag A4y

insufficient data are available for this analysis.

2.7.1 log N vs Ay Column Density Distribution

Plotting 4, against log N for molecular clouds revealed that there is a lincar relationship
over certain magnitude ranges. This is the case since the CDDs arise from turbulent
fragmentation, and turbulence is by nature self-similar at differing scales. Therefore,
using the gradient from our plots allows characterisation of the CDDs for different clouds.
The range of magnitudes over which a linear fit could be made was determined, and then
the fitting was performed. The error of the fit was calculated as the RMS deviation of the
fit from the data. An example is shown in Figure 2.7, for the cloud Auriga 1.

The example in Figure 2.7 shows that there are two distinct ranges over which a linear
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fit can be made. These correspond to the low and high A4 ranges and the slopes are named
Yiow and ¥y, respectively. The threshold of the change from low to high varies between
clouds but typically occurs between 5 and 10 magnitudes of A,. The low 4, region is
dominated by the turbulent forces in the cloud, whereas in the high 4, region the effect
of gravity in the cloud becomes more important.

To compare the data at different spatial scales, the gradient of the slope was plotted
against spatial scale. The spatial scale was calculated as the distance that the scale size
represents at the distance of the cloud. For example 0.5 at a distance of 140 pc represents
a spatial scale of 0.02 pc, or 4200 AU. Using the relationship between gradient and spatial
scale, the gradient at a given spatial scale could be derived for each cloud. This allows us
to compare cach cloud at the same spatial scale. A scale of 0.1 pc was chosen as this is
an approximate size for a core of a molecular cloud (e.g. Larson (2003a)). The results are

discussed in Section 3.3.

2.7.2  Log-Normal Fits to the Column Density Distribution

The CDDs were also investigated by fitting the histogram of the data to a relation of the
form used by Lombardi et al. (2008a), (Equation 2.14; which is equation 12 from their
paper expressed in terms of A4, rather than Ax). This log-normal relation follows from
the fact that the probability distribution for the volume density in molecular clouds is
log-normal for iso-thermal flows, e.g. Passot & Vazquez-Semadeni (1998). Of course,
real observations can only probe the column density of the molecular clouds, which is the
volume density integrated along the line of sight. In the event that there are several clouds
along the line of sight, the column density distribution should be normal, hence the data
should fit to a normal relation not log-normal (Passot & Vazquez-Semadeni, 1998).
Fitting the data to Equation 2.14 was achieved using conventional fit finding tech-
niques, but only after trialling three of the four input parameters to obtain an approximate
fit (parameter a can be found by normalisation. See Table 2.7 for a list of the parameter
ranges). The “best” fits were decided by finding the fit with the smallest RMS deviation,

in terms of the error bars. Using the “best fit, starting values for the parameters were
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Table 2.7: Parameter ranges used to create library of trial fit values, for fitting data to
Equation 2.14.

Parameter | Ay range Increment used
Ao -14.8 mag 4, — -0.9magd, 0.1

Ay l.lmag 4y —13.0magd, 0.1

o 1.10 mag Ay — 1.70 mag 4, 0.01

fed into the fit finding software. This was only successful in about half of the cases; the
‘best/trial” values were used for the remaining fits. The errors for the fits were calculated

from the RMS of the fit from the data.

(In(4y — 4g) — In4,)?

N Ay) = ex
l) Ay — Ay # g 2(11]0')2

(2.14)

This method of fitting is valid only where there is one cloud along the line of sight.
The molecular clouds selected for analysis are sufficiently far away from the Galactic
plane for this to be the case. As with the method for fitting log N against 4y, it is nec-
essary to ascertain the value of the fit parameters at the same spatial scale. This was
achieved by working out the relationship between the four parameters (a, 4y, A, and o) in
Equation 2.14 and spatial scale. This was done in the same way as in Section 2.7.1. The
parameters at a spatial scale of 0.1 pc were then derived to enable like-for-like comparison

of clouds.

2.7.3 log M vs Ay Mass Distribution

Analysis of the distribution of mass against 4, was performed in a similar way to the
column density distribution analysis. Firstly, the mass in each pixel was ascertained using
Equation 2.15, from Cambrésy (1999) and Dickman (1978). Secondly, the mass of a
cloud was calculated by summing up the masses of each pixel from high 4, to low 4,

(i.c. integrating the mass of the cloud).

Nll

M= (ad)z;lA—V D Ay, (2.15)

calculated for the i pixel in the map, where a is the angular size of the pixel map, d is
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Figure 2.8: Plot of the mass distribution in the cloud Auriga 1, together with the two fits
to the low and high column density regime.

the distance of the cloud and u is the mean molecular weight when corrected for helium
abundance. This method can only be applied when the distance to the cloud is known. An
example plot for the Auriga 1 cloud is shown in Figure 2.8. This shows the cumulative
mass M above the given extinction 4.

These plots demonstrate the same behaviour as for column density distribution there-
fore plots of log M vs Ay also show linear relationships in the low A4 and high 4, regions.
These two regions can be denoted in a similar way as for the CDDs, by using dy,,, to rep-
resent the slope for the low Ay region and 6, the slope for the high 4y region. As before
there is a point where the change in behaviour occurs, which can be understood as the
extinction threshold for star formation, Aysx (c.g. Johnstone ct al. (2004) and Kirk et al.
(2006)) in cach cloud.

Using the mass distribution allows the calculation of several interesting parameters.
Firstly, one can calculate M, the mass of the cloud above 1 4,. This gives a rough
estimate of the mass of the cloud in both the turbulence and gravity dominated regimes.
Secondly, the extinction at which the two slopes d,,, and 0y, intercept gives a value for

the star formation threshold A, s, above which material is potentially available for star
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formation.

Thirdly, the visual extinction for a core with M = M, can be derived. This is found
by extrapolating the slope 0y, to a mass of 1 M. Furthermore, a value for the maximum
star formation efficiency S F'E can be derived by taking the fraction of the mass above the
star formation threshold and multiplying by 1/3 (see Alves et al. (2007)). These results

arc shown in Table 3.7 and discussed in Section 3.3.3.

2.7.3.1 Molecular Cloud Density

The average densities for the region above 1 4y and for the star formation region (p,, and
psr respectively) were calculated, for cach of the 30 sample clouds using Equation 2.16.
This method projects the cloud (which is only in two dimensions in the data) into the
third dimension to find the volume. It assumes that all the material along the line of sight
belongs to the cloud.

_ 8.78-10" - M[M,)]

— ’ 2.16
oMo P ] = S ey o

in units of M, - pc=*, where N is the number of pixels in the appropriate 4y regime (cither
the whole cloud or just the part associated with star formation), x is the size of a pixel
in arcseconds, d is the distance to the cloud in parsecs. The constant (8.78 - 10'%) is the
number of AU in a parsec to the power of three. The mass M is cither M), 1.¢. the mass
above one A, (see Section 2.7.3), or the mass derived from the ratio of mass above the
star formation threshold (denoted M), depending on which density is being calculated.

The results are shown in Table 3.7 and are discussed in Section 3.3.3.1.

2.8 Structure Determination Methods

The methods for analysing the structure of clouds are described in Section 1.8. In this

section the application of these methods to the data is discussed.
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2.8.1 Structure Function Method

A useful way to quantify the structure of a molecular cloud is to find the structure function.
This is defined in the form of Equation 2.17, (following work by e.g. Lombardi et al.
(2008a); Padoan et al. (2002) and Padoan et al. (2003)). The equation is expressed here

in terms of our observable, 4.

S (AF) = (| Ay () = Ay ( = Ar)PY, (2.17)

where Ar is the distance between points, »” represents all the map positions, Ay is the
extinction at points 7" and p is the order. For p = 2 the formula is the two-point correlation
function of the extinction map. The brackets () denote that the average over all pixel
positions is used. For each order p the scaling exponent n(p) are found by fitting a power-
law to values of S ,(Ar) against Ar. It is assumed that the scaling exponents are related to

the structure functions by Equation 2.18 (e.g. Padoan et al. Padoan et al. (2003)),

S (AF) o« AP, (2.18)

The exponents n are determined from Equation 2.18 and the derived structure func-
tions are then normalised to the third order. An example plot of S () against §3(r) for the
cloud Auriga 1 is shown in Figure 2.9. A universal behaviour should then be exhibited at
low Reynolds numbers (predicted by (Benzi et al., 1993)).

To calculate the structure functions, only data in the low A, regime was used - i.c.
data where the 4, values were between the self-shiclding threshold and the star forma-
tion threshold, 4y gr. Also, only the con-noise maps were used for this analysis. Sce
the discussion below regarding the possibility of reducing of noise in the con-res maps
(Section 2.8.1.1). Data at the same spatial scales were used for each cloud - from 0.1 pc
to 1.0 pc, to allow comparison of the results.

The results should be modelled to enable comparison of different clouds. Unfortu-
nately, there is no model for incompressible turbulence for the column density projection

of a molecular cloud. Instead, the work of Padoan ct al. (2002) was followed and it was
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Figure 2.9: An example plot showing the variation of S ,(r) (y-axis) against S 3(r) (x-axis)
for values of p ranging from 1 (lowest) to 20 (highest), for the cloud Auriga 1. Data from
the con-noise map with the nearest 49 neighbouring stars is used. For each power p, a
linear fit is also displayed.

instead assumed that the density scaling exponents are equivalent to the velocity scal-
ing exponents, ({(p)/{(3), c.g. Dubrulle (1994)). The relation for the velocity scaling
exponents has the form of Equation 2.19,

{(p) _ p._A

£
Z3) —(I‘A)§+q(l—ﬂ)» (2.19)

where g is the degree of non-intermittency parameter and A is related to the codimension
CandBas A = C-(1 — B). The fractal dimension of the cloud, D, is givenby D = 3 — C.
The K41 relation can be expressed by using Equation 2.19 and setting A= 0. As discussed
carlier, the use of the velocity scaling parameter, ¢, instead of the projected column density
scaling parameter, 1, is in keeping with Padoan et al. (2002) (they state however that it
is not known a priori whether this should be the case). The scaling exponents derived
from integrated intensity images were found to follow the velocity scaling using the B02
relation (Padoan et al., 2003).

The parameters A, C, 8 and D may then be derived for each cloud and compared with
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the velocity field structure functions obtained from the aforementioned theoretical works
by K41, SL94, B02 and also by Schmidt et al. (2008) (hereafter S08). This was achieved
by creating a library of many possible outputs of Equation 2.19 and selecting the fits with
an RMS of less than 0.1 when compared to the derived structure functions. For creating
the library of outcomes of Equation 2.19, the parameter A was varied from 0.02 to 1.20
with increments of 0.01, and C was varied from 0.02 to 3.00 with increments of 0.01. The
values for 8 and D are not required as they are functions of A and C.

Regarding the comparison with previously published models, the simplest model to
consider is that of K41 (see Section 1.8.1.1). The energy over a large range of lengths
(known as the ‘inertial range’) in turbulent flows is redistributed from larger scales into
ever smaller scales until the effects of viscosity become important. In K41, Kolmogorov
considered the velocity structure functions S, and S;, showing that both are power laws
of the form of Equation 2.18, with the exponents being 2/3 and | respectively. Due to the
self-similarity of turbulence at different scales, this law can be extended to all powers of
p such that n(p) = p/3.

Experimental measurements for the velocity scaling exponents show a deviation from
the K41 relation for turbulence, for higher orders of p - known as intermittency. This
is manifested in non-Gaussian tails found in plots of the probability density functions
(PDFs) of e.g. the column density, and the anomalous scaling of higher order structure
functions (e.g. Anselmet et al. (1984)). Therefore, a relation is needed for the scaling that
considers the effects of intermittency.

In SL94, a scaling relation was derived that accounts for intermittency (see Equa-
tion 1.45 in Section 1.8.1.2). This relation shows good agreement when compared to
simulations of structures that are not influenced by magnetic fields. For incompressible
turbulence, SL94 derived that C = 2 and A = % It then follows that D = 1 i.e. that the
most intermittent structures are filaments.

The SL94 relation was extended by B02 to model highly supersonic turbulence and
also take account of magnetic fields (see Equation 1.46 in Section 1.8.1.3). Using the B0O2

model, it follows that C = 1 with A = % as with the SL94 model. Therefore, D = 2, i.c.
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the structures are sheetlike in form.

The scaling exponents were found to be well described by log-Poisson models in
the work by S08. Their models predict A =~ 1, rather than % The S08 model applied
two different modes of forcing to drive the turbulence, solenoidal (divergence-free) and
compressive (rotation-free). The parameters A and C differ in value depending on the
type of forcing applied. For example, if A = 1, then C = 1.1 for solenoidal forcing (e.g.
resulting from the presence of magnetic fields) and C =~ 1.5 for compressive forcing (e.g.
resulting from large scale flows, shocks etc.). Conversely, if C is fixed so that C' = 1
(as in the Kolmogorov-Burgers model, see Section 1.8.1.3), then A = 0.79 for solenoidal

forcing and A ~ 0.94 for compressive forcing (SO08).

2.8.1.1 Reducing the Effects of Noise when Calculating Structure Functions

The uncertainties associated with the 4, maps may have an undesirable effect on the re-
sulting structure functions. This is especially true for the con-res maps where the noise
varies from pixel to pixel and is generally larger than for the con-noise maps (sce Fig-
ures 3.9 and 3.8 in Sections 3.2.2 and 3.2.1 respectively). One approach is to use only
pixels in the extinction maps where the 4y value in the pixel is above the self-shiclding
threshold (i.e. 1 mag A, and above). This tends to reduce the number of pixels with a
large noise.

Despite discarding pixels below the self-shiclding threshold, the effect of noise (orig-
inating from photometric errors) may still mean that one is unable to derive a meaningful
structure function. One further approach to try and minimise the effect of noise is as
follows. An adjustment is made to Equation 2.17 to weight the 4 values in cach pixel

according to the corresponding uncertainty,

XAy () = Ay (¥ — Ar) |P
w,| v () v (1 )| > (2.20)

Sw¥

S/)(Ar) = <
In Equation 2.20, w; is the weight for each pixel 7, and X is a power that can be varied
experimentally. Values of % %, 1, 2, 3 and 4 were used for X. The weighting factor, w;,

can be either Ay /o or just 1/o. Clearly, this approach gives the best results with the
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con-res maps, where the noise varies from pixel to pixel. The results of this analysis are

discussed in Section 3.4.

2.8.2 The A-variance Method

The A-variance technique (as described in Section 1.8.2) was applied to the con-noise
maps, to analyse the structure. One aim was to provide a quantitative measure (¢.g. width
and length) of the elements of structure such as filaments, sections of filaments (where
the filaments are not contiguous) and cores. According to their paper, the method under-
estimates the peak positions by 10-20%, which should be taken into account with when
interpreting the results (Ossenkopf et al., 2008a).

Measurement of the larger elements of structure (that approach the size of the cut for
that cloud) may not be possible due to the limitations of the technique - it is not able
to identify peaks in o5 when the cloud occupies most of the image (Ossenkopf et al.,
2008a). However, simply enlarging our cuts for individual clouds might not be benefi-
cial as unwanted sections of other clouds would be introduced, which could aftect the
measurements. Therefore, our maps were tiled 2 X 2 so that all peaks were detected.

As well as being applied to the con-noise maps, the A-variance technique was also
applied to the corresponding star-density maps. These show enhanced structure in high 4,
regions as the distance to the nth nearest star increases logarithmically in high extinction
regions. Furthermore, the star density maps do not trace the finer structure at low Ay so
any peak in A-variance found using these maps will arise from material at higher column
densities. As with the 4, maps, they were tiled 2 X 2 to detect the peaks in A-variance; in
some cases it was necessary to tile 3 x 3 to achieve this (for the clouds Lupus 3, Musca
and Perseus).

The A-variance analysis was also used to calculate the mass index scaling exponent a
for each cloud. This is measured by fitting a power-law to the resulting plot of A against
scale (see Figure 2.10; right panel). The fit is made over the lincar part of the diagram
of the A-variance o3 against lag ». Care must be taken with the fit to avoid any pixels

affected by oversampling (at lower values of r). The number of pixels to be discarded
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because of oversampling is calculated using the corresponding star density maps.

finin) = -0,3852 , fimax) = 11,61 a0= 0,00632(+/-0,000171), alpha= 0,704(+/- 0,00810), al= 0.00(+/- 0.00)

Blanking value: [FLOOEWE  Pixel stzat [1.00 x[n.oo Update Lover 1imit| Upper: linit| Bosm size: {p.oo Error veighing: * Clear|

Figure 2.10: Example screenshots obtained while using the IDL DELTAVARWIDGET.
The panel on the left shows the input screen with the Circinus cloud as an example (using
the con-noise map with the nearest 49 stars). The right panel shows the output for the
same cloud, with fitting to the appropriate range of values to determine the mass index
scaling exponent a.

The A-variance results were obtained using the IDL DELTAVARWIDGET® provided
by Ossenkopf et al. (2008a). Example screenshots obtained while using the widget are
shown in Figure 2.10. The panel on the left shows the input screen with the Circinus cloud
as an example (using the con-noise map with the nearest 49 stars). The right panel shows
the output for the same cloud, with fitting to the appropriate range of values to determine

the mass index scaling exponent a.

2.9 Correlation Determination Methods

In order to test for correlations in the results, it is necessary to use appropriate methods.

This section outlines the methods used for testing for correlations in this thesis.

http://hera.phl.uni-koeln.de/ ossk/ftpspace/deltavar/
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2.9.1 Pearson’s Correlation Coefficient

One method of testing for correlations between two groups of data is to find Pearson’s

correlation coefficient r, using the following formula (Wall & Jenkins, 2003),
¥, X - - 7)

VB (= TR - T

r=

(2.21)

where X and Y are the two groups for which the correlation is being determined. The test
returns a value for 7 between —1 and 1. A positive correlation between groups X and Y
will return a positive value and vice versa. A strong correlation will have a value || > 0.9.

Values for r around zero indicate no correlation between the two groups.

2.9.2 The Kolmogorov-Smirnov Test

Another way of testing for correlations is to use the Kolmogorov-Smirnov (two-sample)
test (Wall & Jenkins, 2003). This is useful if one wants to be able to reject a null hypothe-
sis Hy, i.e. that two distributions do not belong to the same “parent’ group. The following

procedure is used (Wall & Jenkins, 2003) to perform the test:

e The observed cumulative frequency distribution under H, is calculated for the first

group S ,,(x), for the number of data items N,,.

e For the number of data items in the second group N, calculate S ,(x), the cumulative

frequency distribution for that group.
e Calculate the test statistic, D = max |S ,,(x) — S ,(x)|.

e A table is then consulted (e.g. Table A 2.10. in Wall & Jenkins (2003)) to determine
whether D has exceeded a critical value given the number of observations N, and

N,. If so, then Hj is rejected at that level of significance.

In practical terms the null hypothesis H, may only be used with confidence if the test
statistic D has a high degree of certainty (i.e. 99.9% that the distributions are not from the
same ‘parent’ group), otherwise the result is ambiguous.
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In this chapter the results are presented. The first section deals with the maps created for
the project. These are discussed and compared to previously published maps in the fol-
lowing section. The uncertainties arising from the photometric errors are also described.
Then, using these maps the CDDs and mass distributions for various clouds/regions are
calculated. The results for both CDDs and mass distributions are presented and discussed.
In the next section the results from the structure function and A-variance analysis of vari-
ous clouds/regions are reported. The effect of noise on the structure function results, and

on the A-variance results, is also described.

3.1 All Sky Extinction Maps

The maps created for this thesis are as shown in Table 2.3 (in Section 2.2). The resulting
Ay and spatial resolution maps are discussed here, while the maps of uncertainties are
discussed in Section 3.2. An example of one of our maps is shown in Figure 3.1. This
composite shows the con-noise map using the nearest 49 stars (in red), together with
the projected FUV radiation field of Galactic B-stars (in green) and the projected EUV
radiation field of Galactic O-stars (in blue). Some of the features visible in our map our
discussed in the following section.

The maps made for this project are available to download .

3.1.1 A, and Spatial Resolution Maps

Firstly, two examples of the maps created for this thesis are shown in Figure 3.2. In the
top panel is the con-noise map using the nearest 49 stars. The extinction values are scaled
linearly from —1 mag (white) to +7 mag (black). The most obvious feature in this map
is the dust distributed along the Galactic plane, with the bulge around the Galactic centre
in the middle. The Large and Small Magellanic clouds are also visible to the lower left
of the centre. These are visible due to the presence of red giants. Other features shown

are nearby GMCs including Ophiuchus (above the centre), Orion (far right) and Taurus

"from http://astro.kent.ac.uk/extinction/download.html
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Figure 3.1: A composite of our A4, using the nearest 49 stars (red), with the projected
FUV radiation field of Galactic B-stars (green) and the projected EUV radiation field of
Galactic O-stars (blue).

(far left). Away from the Galactic plane other features of low 4 are visible, especially in
the southern hemisphere at latitudes of ¥ —70°. A comparison with the E(B — V) maps
of Schlegel et al. (1998) also shows material at these positions, so these are real clouds
and not artefacts.

In the bottom panel of Figure 3.2, an image illustrating the distance to the 49" nearest
neighbour is shown. The distance varies from approximately 1" at b = 0° to approxi-
mately 10" at |b| ~ 90°. Therefore, the spatial resolution varies by about a factor of 10
from the Galactic plane to the poles in the nearest 49" star maps. The spatial resolution
is better than 3’ to 5’ in the regions that contain molecular clouds, where |b| < 30°.

More detailed prints of the con-noise maps using the nearest 49 stars are shown in

Appendix A.1.

3.1.2 Theoretical Distance to which Extinction Values may be Calcu-

lated

For the maps in this thesis, the theoretical distance to which there are more background

stars than foreground stars was calculated using the Besancon Galaxy model » (Robin

Zhttp://model.obs-besancon. fi/
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Figure 3.2: Top Panel: The all sky extinction map using the nearest 49 stars. The image
size i1s 360° x 180° with the Galactic Centre in the middle. Optical extinction values are
scaled linearly from —1 mag (white) to +7 mag (black). Bottom Panel: Greyscale map of
the distance to the 49" nearest neighbour, i.c. a spatial resolution map of the data. Grey
values are scaled from 1’ (black) to 11’ (white). The image scale is the same as in the top
panel.
et al., 2003). This represents the theoretical distance to which clouds can be detected. In
practice this calculation was restricted to 85 points around the Galactic plane. This area is
of interest as it contains a large number of clouds where star formation is occuring. The
resulting distances are shown in Table 3.1.

As previously discussed, by using the median colour of stars rather than the mean, the

extinction is either measured correctly for a cloud or the cloud is not observed. Therefore,

it is of interest to know the distance to which the ratio of foreground stars to background
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Figure 3.3: Greyscale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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stars is unity. To generate the inputs for the Besancon model the completeness limit for

the J, H and K bands were calculated. For this the Vizier® facility was used to generate

a list of 2MASS sources around cach point of interest. Then the distance to the median

star at each coordinate was taken, to find the approximate distance to which a cloud can

be detected at that those coordinates. In practice the actual distance is less than this

theoretical maximum, due to the crude estimate of extinction along the Galactic plane

used in the model (Robin et al., 2003). It should also be noted that the Besancon Galaxy

model assumes a distance of 8.5 kpc to the Galactic centre whereas the current distance

is 8.33+0.35 kpc (Gillessen et al. (2009)).

Table 3.1: Table showing distance to which there are an equal number of foreground stars
to background stars (i.c. the distance to the median star) for various values of / and b.
These are obtained using the Besancon Galaxy model (Robin et al., 2003).

[ b dist b dist b dist b dist b dist b dist b dist
[°] [°] (kpe)  (kpe)  (kpe)  (kpe)  (kpc)  (kpe)  (kpc)
0 -5 739 -4 759 -2 807 0 857 2 839 4 800 5 8.04
30 -5 407 -4 545 -2 691 0 777 2 720 4 562 5 4.76
60 -5 285 -4 327 -2 453 0 585 2 741 4 541 5 3.64
90 -5 191 -4 2.07 -2 245 0 3.01 2 432 4 451 5 3.97
120 -5 163 -4 175 -2 187 0 217 2 258 4 256 5 232
150 -5 151 -4 159 -2 1.73 0 201 2 211 4 199 5 193
180 -5 167 -4 161 -2 1.87 0 197 2 185 4 1.69 5 1.57
210 -5 185 -4 195 -2 207 0 193 2 171 4 157 5 148
240 -5 233 -4 253 -2 247 0 207 2 1.89 4 1.63 5 1.57
270 -5 339 -4 423 -2 375 0 289 2 243 4 208 5 193
300 -5 395 4 559 -2 711 0 575 2 450 4 328 5 2.74
330 -5 461 -4 573 -2 7.67 0 761 2 744 4 562 5 4.30

3.1.3 Comparison with Previously Published Extinction Maps

In this section the con-noise maps arc compared with previously published large-scale

extinction maps by Dobashi et al. (2005) (D05; see Section 1.6.1) and Schlegel et al.

(1998) (S98; see Section 1.6.3). Table 3.2 shows selected properties of eight regions for

comparison.

http://vizier.u-strasbg. fr/viz-bin/VizieR
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Table 3.2: Summary table of the properties of selected regions in con-noise map of the nearest 49 stars. Listed are the region name and the area.
The slope and offsets of the extinction when compared between our map, D05 and S98 are also displayed. The (*) indicates slopes and offsets
that have been fit by eye. since no satisfactory linear regression fit could be achieved.

Region Name [ range b range Dobashi vs Our map Schlegel vs Our map Schlegel vs Dobashi

offset slope offset slope offsct slope

1 Camelopardalis 157.2° -152.2° 14°-64° 0.22 L21 -0.52 0.52 -0.61 0.36

2 Serpens 31.3° - 26.3° 1.3°-6.3° 0.17 1.28 -1.70* 1.00* -1.40* 0.80"

3 Lupus 341.8° -336.8° 1.9°-6.9° 0.82 1.06 -0.34 0.73 -0.80* 0.60*

4 Vela 272.0° -267.0° 1.0°-6.0° 0.22 1.41 -0.86 0.70 -0.48 0.37

5 Taurus 166.0° - 161.0° 4.9°-99° 0.19 113 -0.31 0.62 -0.54 0.56

6 North America Neb.  85.0° - 80.0° 1.0°-6.0° 0.19 1.34 -0.74 0.73 -0.42 0.46

7 Monoceros 225.5° -223.5° 1.0°-6.0°0 -0.01 1.23 -0.48 0.58 -0.70" 0.55

8 Auriga 185.0° - 180.0° 3.0°-8.0° 0.11 1.23 -0.58 0.65 -0.63 0.46

Averages: 1.24 0.69 0.52
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Figure 3.4: A representation of the distance at which there are the same number of fore-
ground stars to background stars, at various points around the Galactic place. The data

are scaled linearly from black (1.48 kpc) to white (8.57 kpc). These distances are derived
using the Besancon Galaxy model (Robin et al., 2003).

3.1.3.1 A Visual Comparison

A visual comparison of an example region (containing the Serpens molecular cloud) with
the maps of D05 and S98 is given in Figure 3.5. The map being compared is the 4y
con-noise map of the nearest 49 neighbouring stars. The comparison images cover a 100°
square region around the Serpens molecular cloud. In the plots the extinction values are
scaled linearly from 0.5 mag (white) to 20 mag (black).

The main difference between the plots in Figure 3.5 is the higher spatial resolution of
the 49" nearest neighbour map (between 2’ and 4’ for this region) compared to approxi-
mately 6’ for the other two maps. Therefore, finer details can be observed in the former -
specifically smaller, higher density cores and smaller scale structures.

Comparing the 49" nearest neighbour map with the map of D05, it can be seen that
a number of the high density cores are not detected in the DO5 map, due to their method
of optical star counts not being able to trace high column densities. Also, it is readily
apparent that the D05 map does not detect most clouds along the Galactic plane. This
is also due to the optical star counting technique not tracing high column densities. The

technique used in this thesis is able to trace high column density regions better, with some

91




Chapter 3. The Results

Figure 3.5: Gray scale representation an example region (Serpens) of our 4y map (top
left panel), the map of D05 (top right panel), the map of S98 (bottom left panel) and all
three images overlaid in colour (bottom right panel). The images are 10° X 10° in size and
encompass a coordinate range of 20° < / < 30° and 0° < b < 10°. The extinction values
in all maps are scaled linearly. For the black and white images, white represents 0.5 mag
optical extinction, while black represents 20 mag Ay. The colour image shows our map
(green), S98 (red) and DOS (blue).

exceptions close to the Galactic plane (with || < 1°). In these cases, foreground stars
dominate the stellar population and using the median colour excess results in the cloud
not being detected. These small regions are visible as white areas along the bottom of the
top left panel of Figure 3.5.

The differences between the three maps are best demonstrated using a colour image
(Figure 3.5, bottom right panel). In the figure our map is rendered in green, S98 in red

and D05 in blue. For example the core (to the left of the figure, below the middle) is not
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well measured in the S98 map due to it’s low temperature. The core does not appear in
the DOS map due to the star count/optical extinction method used. Thus it appears green
in the figure where it is detected by our map. The Galactic plane (with |5 < 1°, bottom of
the figure) is well detected by the S98 map but not so well by our map (the cloud is not
always detected, due to the dominance of foreground stars). The D05 map does not detect
this region at all.

There are two main differences when comparing the 49" nearest neighbour map with
the map of S98. Firstly, the 4, values calculated from the S98 map are about a factor
of 1.5 to 2.0 higher. This was discussed in D05, and the likely cause is systematic uncer-
tainties in the assumed dust temperature and emissivity in the S98 map. Secondly, there
arc some high extinction regions in the densest cores, and within 1° of the Galactic plane,
in the S98 map. The high extinction regions in the densest cores are likely to be superim-
posed point sources and/or regions where the dust temperature differs significantly. Near
the Galactic plane this effect may also occur, but it should be noted that the S98 map
traces the emission effectively to infinity. Therefore, the technique used for the S98 map

is not limited by distance but detects all material along each line-of-sight.

3.1.3.2 Comparison with Dobashi et al. (2005)

In Figure 3.6, the 4, values obtained from our 49" nearest neighbour map are compared
to those obtained using the DOS map. The area compared is a 5° by 5° region in Serpens,
the coordinates of which are shown in Table 3.2. In Figure 3.6, only a small selection
(20.44 %) of random pixels is plotted to improve visibility, due to the high number of
pixels in the region. A line of best fit (fitted excluding outliers) is shown in the plot
together with the one-to-one line. The plots for the other areas listed in Table 3.2 are
shown in Appendix A.2.1.

Figure 3.6 shows that using the D05 map systematically underestimates the extinction
being by about 20 %. The systematic offset is only 0.17 mag which is well below the noise
level and is therefore negligible. Large differences between the two methods become

apparent at higher column densities (greater than 5-6 mag 4). Two reasons for this are;
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i) the optical star count method used in DOS is not able to measure high density cores, and
i1) the DOS maps use a lower resolution and are not able to discern the structures seen in
our map.

The remaining figures shown in Appendix A.2.1 exhibit the same trend - there is al-
ways a systematic underestimation of 4y in the D05 values by about 20 %. There are also
systematic offsets which, as before, are below the variance level of our map. This demon-
strates that the calibration of the colour excess values is correct at different positions
around the map. The only exception to this is the Lupus region (see Appendix A.27).
On inspecting the plot, it can be seen that a linear fit is not appropriate for this region.
This could be due to the large number of small scale 4 cores (e.g. see Lombardi et al.
(2008a)) or perhaps due to the clouds in the Lupus region being at different distances
(such as suggested by Knude (2010)).

In the comparison against the D05 map, the slope of the linear fits is around 1.2 (see
Table 3.2). One possible explanation is that the incorrect extinction law was used when
making the maps for this thesis. However, this is unlikely for the following two reasons.
In the first instance, one would expect to find residuals resembling molecular clouds on
comparison of the 4;; maps determined from (J — H) and (/{ — K) colour excess. These
residuals were not present. Secondly, the factor of 20 % could be explained by a value
for B of 2.2 when converting from colour excess to extinction. Generally the value for 8
is less than 2.0 so that cannot be the reason.

A likely cause for the 20 % discrepancy is due to the technique used by D0O5. When
using the star counting technique, there is an increasing proportion of foreground stars
for more distant clouds. Therefore, the extinction is underestimated for more distant
clouds with this technique. With the technique used for this thesis (median colour ex-
cess method), either the correct extinction is measured, or the cloud is not detected (see
Section 2.3.1 for discussion on this). The paper by Froebrich & del Burgo (2006) gives
a comparison of these two techniques and found that the magnitude of the difference is

around 20 %.
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Figure 3.6: Comparison of the optical extinction values for the region Serpens between
the nearest 49 stars con-noise extinction map and the map from DO0S. The overplotted
solid lines are a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of
the fit.

3.1.3.3 Comparison with Schlegel et al. (1998)

In this section, the con-noise map using the nearest 49 stars is compared to extinction
values derived from the map by S98. A plot of our 4, values against theirs is shown
in Figure 3.7. The region examined is the same as that in the comparison with D05 in
Serpens. In this region there is an offset of approximately 1.7 mag Ay, found from the
intercept of the line of best fit. This offset is generally higher than the one sigma variance,
for reasons detailed in the next paragraph.

The gradient of the fit of our data against S98 is approximately unity. For the cases
where our 4 values are higher than those derived from the S98 map, it could be due to the
higher spatial resolution of our map at that location. In areas close to the Galactic plane,

our technique is limited in areas of high extinction due to the dominance of foreground
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Figure 3.7: Comparison of the optical extinction values for the region Serpens between
the ncarest 49 stars con-noise extinction map and the map from S98. The overplotted
solid lines are a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of
the fit.

stars. In these areas, the S98 map leads higher extinction values.

Generally, the extinction values derived from the S98 map are between a factor of 1.5
and 2.0 higher than the 49 nearest stars con-noise map. This result is in agreement with
the findings of Dobashi et al. (2005), who found that the values of extinction derived from
the S98 map were overestimated by a factor of approximately two. The principle reasons
for these differences are uncertaintics in the dust temperature and dust emissivity, together
with the longer line-of-sight distance (effectively to infinity) in the S98 map.

The plots for the remaining arcas shown in Table 3.2 are shown in Appendix A.2.2.
As a comparison, plots of the same arcas using the Dobashi 4, against those derived from

S98 are shown in Appendix A.2.3.

96




Chapter 3. The Results

3.2 The Distribution of Uncertainties in the 4, Maps

3.2.1 Con-noise Maps

Maps of the uncertaintics were made, corresponding to the maps of 4, and spatial reso-
lution. The con-noise maps made for this thesis (shown in Table 2.3) use a fixed number
of stars around cach pixel. The stars selected have similar photometric errors, and using
a fixed number of stars around each pixel results in a near constant noise. When using a
fixed pixel size, the number of stars in each pixel varies, hence the noise is more variable.
Using the method outlined in Section 2.4.1, the covariance for each map was
calculated.  Values for o, calculated using this method range from 0.0025 mag?
to 0.0055 mag® (from the con-noise map of the nearest 49 stars). The final value used
in making the uncertainties map was o ,=0.004 mag®. In Table 3.3 example values of
o, are given for different extinction free regions.
Table 3.3: Examples of the covariance values, o, determined in a number of extinction
free regions.
[ range b range T cov [Mag?]
163.3° — 158.3° +32.3° — +37.3° 0.0055
31.3° — 26.3° +31.3° — +36.3° 0.0031
313.3° —=308.3° +31.9° — +36.9° 0.0026
272.0° —267.0° +31.0° — +36.0° 0.0030
143.0° — 138.0° -35.7° — =-30.7° 0.0039
85.1° — 80.1° -36.0° — -31.0° 0.0037

225.5° -220.5° -36.1° - -31.1° 0.0047
244.2° -239.2° -317.5° - -32.5° 0.0052

Some examples of the variance for different regions are shown in Table 3.4. Also
shown are the names of the molecular clouds and the coordinates of the arcas in which
the variance was calculated.

The one sigma variance for the con-noise maps 1, 2 and 3 is shown in Figure 3.8.
The variance is calculated in a 5°x 5° region near the Galactic plane (2.5° < b < 7.5%
221.67° < [ < 226.67°). In the figure the narrowness of the peaks for these maps is
apparent, as the photometric uncertainties do not vary much from star-to-star.

Using Figure 3.8 it can be seen that the peaks in the variance distribution for the
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Table 3.4: a table of the variance, o 4,, in selected regions in the con-noise nearest 49 stars

map.
Name [ range b range T4y
[mag]
Camelopardalis  157.2° - 152.2° 1.4°-6.4° 0.286
Serpens 31.3° - 26.3° 1.3°-6.3° 0.282
Lupus 341.8° -336.8° 1.9°-6.9° 0.282
Vela 272.0° -267.0° 1.0°-6.0° 0.281
Taurus 166.0° -161.0° 4.9°-9.9° 0.282
N. America Neb.  85.0° - 80.0° 1.0°-6.0° 0.278
Monoceros 225.5° -223.5° 1.0°-6.0° 0.281
Auriga 185.0° -180.0° 3.0°-8.0° 0.281
1000 1 T T T
i 100 stars .
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. i 4
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Figure 3.8: Distribution of the individual statistical uncertainties of our 4, values in a
5°x 5° region near the Galactic Plane (2.5° <b<7.5°; 221.67° </<226.67°). The one
sigma variance distribution o, is shown for the maps using the nearest 25 (peak at
approximately 0.21 mag), 49 (peak at approximately 0.28 mag), and 100 stars (peak at
approximately 0.37 mag). Note that the peaks of the distributions will not change with
position for the con-noise maps (sce ¢.g. Table 3.4) since the same number of stars is
included in the 4, calculation.

con-noise maps are at 0.21 mag, 0.28 mag and 0.37 mag for the 25", 49" and 100"
nearest neighbour maps, respectively. For the 497 nearest neighbour map, for example,
material at 1 4, is always detected with a signal-to-noise ratio of greater than three. This

is important as 1 Ay is the threshold for self-shiclding in molecular clouds (Hartmann

etal., 2001).
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Figure 3.9: Distribution of the individual statistical uncertainties of our 4, values in a
5° x 5° region near the Galactic Plane (2.5° <b<7.5°% 221.67° </<226.67°). The one
sigma variance distribution o4, is shown for the maps using a constant pixel size (maps
10, 12, 13, 14 and 15 - see Table 2.3). The peaks are at: ~0.85 mag for map 10, ~1.36 mag
for map 12, ~1.17 mag for map 13, ~0.72 mag for map 14 and ~0.38 mag for map 15.

3.2.2 Con-res Maps

The one sigma variances for the con-res maps 10, 12, 13, 14 and 15 are shown in Fig-
ure 3.9. These are calculated in the same 5°x 5° region near the Galactic plane as for the
con-noise maps (2.5° < b < 7.5°; 221.67° < I < 226.67°). It can be seen from the figure
that the noise of the con-res maps has a greater width than for the con-noise maps, due to
the dominance of the covariance term in the calculation of the variance (see Section 2.4.1).
Some pixels in the con-res maps do not contain any stars, hence no extinction or noise
is calculated from them. Multiple peaks in the distribution of uncertainties are seen for
maps 12 and 13 in Figure 3.9. These peaks arise as the distribution of uncertainties differs
according to the number of stars in the pixel. The majority of pixels only contain 1, 2 or 3

stars in these two maps.

3.3 Column Density and Mass Distributions

This section presents the results of the analysis of the CDDs and mass density distribu-
tions. The clouds being compared are those shown in Table 2.6. To allow comparison
of the parameters between clouds, a common physical resolution was chosen of 0.1 pc.

This is possible since the clouds are all within a kpc, with the exception of the Rosette
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Nebula. The physical resolution of 0.1 pc corresponds to the Jeans length of a core with a
temperature of 15 K and a density of 5 X 10* cm™. The analysis of the mass distributions
is reported in Section 3.3.3.

In principle there are three ways that the structure parameters of the clouds can be

determined at a common scale,

1. Make the extinction maps individually for each cloud at the same spatial resolution

(using the known distance of the cloud).

3]

. Make the extinction maps at a sufficiently high spatial resolution and then rebin the

clouds to a common resolution.

3. Calculate the properties of the clouds at several different spatial resolutions and

then interpolate the results to derive the parameters at the correct scale.

The first option would be the most ideal solution, but using the method outlined in this
thesis, whole sky maps would have to be made for each cloud. This approach would be
too laborious. The second option is found to be problematic and the issues are discussed
in the following paragraphs. Option 3 was chosen as it allows a comparison at not just
one common scale, but the properties at other spatial resolutions can be investigated too.

By using the four con-res maps, four spatial resolutions are obtained. In the left
panel of Figure 3.10, the variation of the slope of the column density 7y, with spatial
resolution for the Auriga 1 cloud is shown. At cach of the four spatial resolutions the
slope is determined four times by using the different sized histogram bins as described in
Section 2.7. An example of a histogram for the Auriga 1 cloud is shown in the right panel
of Figure 3.10. This shows the log of the number of pixels against 4.

It can be seen from the left panel in Figure 3.10 that the results using the different
sized histogram bins are similar and can be averaged. Similar results were obtained for
the other clouds analysed and the plots are shown in Appendix B.1. Most of the clouds do
not show any particular dependence of the slope on scale, while about a third (11/30 for
the low A, region, 6/30 for the high 4, region) show a decrease in slope (¥, and g,

respectively) with decreasing resolution.
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Figure 3.10: Left Panel: A plot showing the measured slopes of the CDD vy, against
spatial scale for the Auriga 1 cloud. The four data points at each scale correspond to the
four histogram widths used. Right Panel: A histogram showing the log of the number of
pixels in cach bin against 4, for the Auriga 1 cloud.

Using the cloud Auriga 1 as an example, in both the low 4, and high 4, regions the
slope decreases with decreasing resolution. This can interpreted as the cloud having small
high extinction cores which are not detected at the larger spatial scales. This is not the
case for the majority of clouds. In some cases the slopes cither increase with decreasing
scale, fluctuate randomly or remain static. These clouds may therefore have a much lower
number of small scale high extinction cores.

An appropriate question to ask at this point is whether similar results would be ob-
tained by simply rebinning the highest resolution map to the same resolutions as the other
three maps? A comparison of the two methods is shown in Figure 3.11, where the dotted
line represents the results by using just the highest resolution map and rebinning it. The
general trend of the slopes is preserved, however the individual y,,,, values differ by up
to one sigma from using the four con-res maps. The full set of plots for both 7y, and
Yuien values are shown in Appendix B.1. The differences are mostly less than the one
sigma uncertainties, but there are some cases where the differences are greater. These are
the clouds Chamacleon 11 (Figure B.26, left panel), Lupus 2, 6, 7 and 9 (Figures B.33
(left panel), B.37, B.38 (left panel), B.39 (left panel), and B.40), the Rosette Nebula (Fig-
ure B.47, left panel) and Scorpius (Figure B.48, left panel).

So the third option was chosen as the method to analyse cloud parameters at the same
spatial scale for the reasons discussed in the previous paragraphs. Option two would be

unreliable in that the actual results obtained may lic more than one sigma in uncertainty
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Figure 3.11: Plot showing the variation of slope () for the Auriga 1 cloud. The solid
line connects the points obtained using the con-res Ay maps and the dotted line connects
the points obtained by rebinning the highest resolution map to obtain the remaining three
resolutions.

from the true value. The subsequent analyses are performed using option three.

Analysis was also performed to confirm whether the different slopes measured at dif-
ferent pixel sizes was a real effect or could simply be an effect of rebinning. To do this
a sample cloud (Lupus 1 and 2 combined) was compared to a random distribution of the
same valued pixels. At the highest resolution (0.5”) no difference was observed, as ex-
pected. The randomly distributed image was then rebinned to half resolution (e.g. 1.0)
and compared to the corresponding ‘real’ cloud at that resolution. It was found that the
rebinning process artificially removed higher values resulting in a higher gradient. This
is expected as any cores in the ‘real cloud’ have been lost during the redistribution of pix-
cls. For the next highest resolution of 2.0 the rebinning process removed all of the pixels
in the desired range therefore a gradient could not be measured. Therefore, the slopes

measured at the different resolutions are a real effect and not just the result of an artificial

rebinning of the data.
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Figure 3.12: Plot of the best log-normal fit (dotted line) to the normalised CDD (solid line)
for the Auriga 1 cloud. The fit parameters are interpolated to a spatial scale of 0.1 pc, and
the data for the spatial resolution closest to 0.1 pc are shown.

3.3.1 Log-Normal Fits to the Column Density Distribution

The fit parameters for each cloud analysed were obtained using the technique described in
Section 2.7.2. The results for an example cloud, Auriga 1, are shown in Table 3.5. These
include the spatial resolutions and histogram bin widths used, and also the rms values of
the fit. It can be seen that there is an apparent trend in the parameters. For example o,
the width of the distribution in Equation 2.14, increases with spatial scale. This can be
explained by small scale high extinction cores being undetected at larger spatial scales.
Therefore, only the larger scale low extinction cores remain detected which leads to an
increase in .

The normalised CDD for Auriga 1 is plotted in Figure 3.12. The solid line in the figure
shows the data for the spatial resolution closest to 0.1 pc. The dotted line is the fit with
parameters interpolated to a spatial scale of 0.1 pc. The plots for all the clouds analysed
are shown in Appendix B.1.1. The results for all the clouds, scaled to 0.1 pc, are shown
in Table 3.6.

The results from the best (i.e. lowest rms) log-normal fits at a spatial scale of 0.1 pc
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Table 3.5: Table of fit parameters obtained at various spatial resolutions and histogram bin sizes for the Auriga | cloud. Results from the fit of the
log-normal distribution (parameters a, 4y, 4; and o) are shown together with values for the slopes y and 6.

Sp. Res. Sp. Res. Bin size a Ao Ay o TS Yies Yeah Obw Okigh
['] [pc] [mag] [mag] [mag] [mag] [mag] [o]

0.5 0.065 0.125 262 -242 250 1.06 64 -049 -0.22 -0.38 -0.14
0.5 0.065 0.250 269 -247 256 1.06 4.7 -049 -0.23 -0.38 -0.14
0.5 0.065 0.500 315 -29.2 301 1.05 34 -049 -0.23 -0.38 -0.14
0.5 0.065 1.000 84.6 -80.2 81.0 1.02 2.0 -049 -0.22 -0.39 -0.14
1.0 0.131 0.125 11.1  -98 108 1.12 88 -0.50 -0.26 -0.36 -0.13
1.0 0.131 0.250 11.2 -9.8 109 1.12 6.5 -049 -0.27 -0.36 -0.13
1.0 0.131 0.500 11.5 -10.1 115 1.12 48 -049 -0.26 -0.37 -0.13
1.0 0.131 1.000 13.2 -11.7 12.8 1.11 29 -049 -0.25 -0.37 -0.13
2.0 0.262 0.125 4.1 -32 41 1.23 122 -0.56 -0.33 -0.36 -0.14
2.0 0.262 0.250 4.1 -3.2 42 124 9.0 -0.56 -0.32 -0.37 -0.14
2.0 0.262 0.500 42 -34 43 123 6.6 -0.56 -0.32 -0.38 -0.14
2.0 0.262 1.000 55 -4.1 50 120 4.2 -0.55 -032 -0.39 -0.14
4.0 0.524 0.125 22 -1.5 23 132 16.0 -0.69 -045 -047 -0.27
4.0 0.524 0.250 22  -1.6 23 132 11.6 -0.69 -0.38 -0.48 -0.27
4.0 0.524 0.500 25 -1.8 25 1.29 9.3 -0.70 -0.41 -0.48 -0.28

4.0 0.524 1.000 34 25 33 124 49 -0.70 -0.39 -0.47 -0.29

s)msay Ay L, “¢ 1ydey)
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Table 3.6: Summary table of the clouds analysed. The parameters a, 4y, 4; and o from
Equation 2.14 are shown with the rms of the fit (in terms of error bars). The parameters y
(CDD) and ¢ (mass distribution) are also shown.

Name a Ao A, o rms  Yiew Yhigh  Olow  Ohigh
[mag] [mag] [mag] [mag] [o]
Aquila Rift 57 -0.9 6.0 135 3.3 -0.23 -0.13 -0.16 -0.12
Auriga | 159 -142 153 1.10 4.7 -048 -0.24 -0.36 -0.13
Auriga 2 5.5 -4.6 56 1.14 2.5 -0.71 -0.32 -0.51 -0.21
Cepheus Flare 1.9 -11.1 120 L.11 54 -0.54 -0.20 -0.42 -0.11
Chamaeleon 1 2.1 -14 23 1.58 1.8 -0.35 -0.17 -0.17 -0.14
Chamacleon II 20 -14 22 152 1.8 -0.34 -0.22 -0.17 -0.15
Chamaeleon 111 35 3.0 37 129 14 -046 -036 -0.30 -0.24
Circinus 98 -7.5 99 1.17 45 -0.36 -0.17 -0.24 -0.16
Corona Australis 22 -1.7 25 146 1.7 -040 -0.16 -0.15 -0.16
Cygnus OB7 40 -1.3 42 136 1.1 -0.25 -0.17 -0.24 -0.19
A Ori 12.8 -12.3 129 1.11 4.6 -0.51 -0.34 -0.40 -0.13
Lupus 1 3.8 -3.0 39 120 2.3 -0.54 -0.21 -0.22 -0.12
Lupus 2 44 -3.6 44 1.12 1.1 -0.61 -0.24 -0.27 -0.09
Lupus 3 20 -0.9 2.1 140 1.9 -0.58 -0.23 -0.25 -0.19
Lupus 4 2.8 -1.5 28 1.24 22 -0.79 -0.18 -0.40 -0.11
Lupus 5 33 -1.6 34 122 2.0 -0.71 -0.54 -0.59 -0.34
Lupus 6 46 -2.1 46 1.16 0.8 -0.96 -0.70 -0.73 -0.06
Lupus 7 35 -1.0 36 126 1.0 -0.56 -0.35 -0.46 -0.48
Lupus 8 49 -1.3 50 1.19 1.3 -0.75 -0.58 -0.57 -0.51
Lupus 9 54 33 54 1.10 1.6 -1.03 -045 -0.96 -0.53
Monoceros 51 -44 52 1.18 3.2 -042 -0.18 -0.32 -0.12
Musca 8.6 -8.1 8.7 1.14 4.7 -1.04 -0.22 -0.16 -0.24
Ophiuchus 2.1 -1.1 23 148 5.8 -0.27 -0.11 -0.17 -0.13
Orion A 39 -3.0 41 139 42 -0.28 -0.15 -0.18 -0.12
Orion B 64 -55 6.5 123 43 -0.39 -0.13 -0.26 -0.11
Perscus 129 -123 13.0 1.13 39 -042 -0.22 -0.28 -0.15
Rosectte Nebula 59 -49 6.1 134 23 -0.20 -0.19 -0.20 -0.15
Scorpius 30 -1.8 3.1 1.32 3.0 -0.56 -0.29 -0.31 -0.16
Serpens 123 -73 124 1.13 2.1 -032 -0.16 -0.21 -0.14
Taurus 45 -3.8 46 126 32 -0.34 -0.15 -0.24 -0.14

give the following statistics. The parameter a, which is associated with the amplitude
of the distribution in Equation 2.14, ranges from 2.0 (Chamacleon II) to 15.9 (Auriga 1)
with a mean of 5.8+3.7. Parameter 4, the offset of the distribution, ranges from —14.2
(Auriga 1) to —0.9 (Aquila Rift and Lupus 3). The mean value is at —4.1+3.4. The
parameter A, lies between 2.1 (Lupus 3) and 15.3 (Auriga 1) with a mean of 6.0+3.7. The
dispersion o lies between 1.10 (Auriga 1 and Lupus 9) and 1.58 (Chamaceleon I) with a

mean of 1.33+0.15.
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Table 3.7: Summary table of the clouds analysed. The parameters derived from the mass
distribution (M,,,,, Aysr, Av.ag, and MSF), together with the densities of the low A4, and
high A regions (p., and ps; respectively).

Name Mipag Avse Avm, MSF Pay PsF

[10° Mo] [mag] [mag] [%] [Mo-pc™] [Mo - pc”]
Aquila Rift 154 9.3 41 1.58 24 100
Auriga | 268 7.4 32 0.19 4.9 99
Auriga 2 12.7 4.9 15 0.33 12 1900
Cepheus Flare 152 6.5 33 0.15 8 550
Chamacleon | 1.74 1.2 24 31.0 78 12000
Chamacleon 11 1.18 6.7 21 3.81 51 500
Chamacleon 111 1.49 5.7 13 1.31 76 780
Circinus 113 6.8 30 1.36 4.0 42
Corona Australis 1.00 3.7 23 9.60 58 1500
Cygnus OB7 2110 12.0 31 0.07 13 69
A Ori 122 7.2 28 0.12 6.9 100
Lupus 1 1.27 5.3 23 3.75 26 2100
Lupus 2 0.19 4.2 20 4.71 15 290
Lupus 3 0.93 2.9 16 10.8 18 830
Lupus 4 2.61 3.7 24 285 9.2 830
Lupus 5 9.83 5.3 10 0.09 27 220
Lupus 6 40.7 5.6 27 0.01 100 1000
Lupus 7 5.02 11.2 9 0.0l 70 10000
Lupus 8 135 5.8 10 0.06 340 590
Lupus 9 324 3.3 8 0.22 63 6700
Monoceros 73.9 4.8 35 2.01 1.3 23
Musca 0.31 6.0 13 495 4.6 620
Ophiuchus 8.60 8.6 27 0.78 18 3400
Orion A 44.0 5.4 37 5.03 16 330
Orion B 77.9 6.8 38 1.09 7.2 580
Perscus 27.2 5.3 26 2.10 44 2700
Rosette Nebula 248 8.9 34 0.84 1.5 19
Scorpius 4.05 5.6 20 1.28 30 2100
Serpens 46.4 7.7 31 1.28 100 860
Taurus 18.4 4.4 28 4.84 32 6500

The goodness of fit, rms, is an indicator of the amount of excess (potentially grav-
ity dominated) material in a cloud. Some of the clouds were well fitted by a function
of the form of Equation 2.14. Those fit with an rms of less than 30~ were Auriga 2,
the Chamaeleon clouds, Corona Australis, Cygnus OB7, the Lupus clouds, the Rosette

Nebula and Serpens.
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3.3.1.1 Log-Normal Fits to the Column Density Distribution in the Galactic Plane

The CDD results for the central Galactic Plane region for the parameter 4, (see Equa-
tion 2.14) are shown in Figure 3.15. The data are displayed visually for this region by
showing the value for each 5° X 5° square as a shade between black and white. The over-
laid contours are the 3 mag 4, (outer) and 6 mag 4, (inner) from the nearest 49 star
extinction map. This is included to show the position of the central region of the Galaxy.
The data for the other parameters is shown in Appendix B.1.2.1.

On inspecting the plots for the parameter a (from Equation 2.14), there are no apparent
trends of the value compared with Galactic position (see Appendix B.16) for the 0.5 map.
However, the remaining three maps do show a slight increase in the value of parameter a
around the Galactic centre. The values of a range from 3.3 to 12.6 (0.5") and from ~1.3
(all) to 9.9 (4.0”). The mean values are 6.9 (0.5"), 4.7 (1.0"), 3.9 (2.0") and 3.9 (4.0").
These values for @ compare with a mean of 5.9+3.8 for the 30 selected clouds. The plots
for the parameter 4, (see Figure 3.13 or Appendix B.17) show a trend of higher values
in the denser region around the Galactic centre. The values of A, range from —8.3 (4.0")
and —12.6 (0.5) to —1.0 for all pixel sizes. The mean value range from —1.8 (4.0") to —4.6
(0.5"). These values compare to a mean of —4.4+3.8 for the 30 éamplc clouds.

For the parameter 4; the values around the Galactic centre appear generally higher
than those away from the centre (see Appendix B.18). The values range from 1.4 (4.0")
and 3.7 (0.5") to 8.7 (2.0") and 12.7 (0.5”). The mean values range from 3.9 (4.0") to 7.2
(0.5"), compared to 6.0+3.7 for the 30 sclected clouds. The plots for the dispersion pa-
rameter o (see Appendix B.19) the value are higher around the Galactic centre. Here, the
values range from ~1.1 (all) to 1.7 (all). The mean values of o are ~1.4 (all), compared
to 1.25+0.13 for the 30 selected clouds.

The values of the rms of the fit range from 1.0 (4.0") and 3.0 (0.5") to 9.3 (4.0")
and 40.0 (0.5"). These values show a clear trend with Galactic position (sec Ap-
pendix B.20) - the value of rms are higher in the Galactic centre. This can be understood
by the increased likelihood of multiple clouds along the line-of-sight towards the Galactic

centre hence the goodness of fit is lower. The mean values of rms range from 4.2 (4.0)
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Figure 3.13: Visual representation of the fit parameter 4, obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5, 1.0°, 2.0’ and 4.0’ arc shown. The data are scaled lincarly from -13 (black) to 0 (white). The overlaid contours are the 3 mag 4, (outer) and
6 mag A, (inner) from the nearest 49 star extinction map.
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Figure 3.14: Top Left: The slope gradients of the column density distribution, yy,., plot-
ted against scale for the sample clouds. Top Right: As Top Left but for slope gradients
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scale for the clouds analysed. Bottom Right: As Bottom Left but for the slope gradients
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to 14.5 (0.5"), compared to 2.9+1.6 for the 30 sample clouds.

3.3.2 log(N) vs Ay Column Density Distribution

The CDD gradients y were calculated as described in Section 2.7.1. As shown in Fig-
ure 2.7 (again using the Auriga 1 cloud as an example), there are two distinct regions over
which the gradients are obtained, nominally a low 4, range and a high 4, range. The
gradients obtained from these ranges are denoted ., and ;. respectively. Turbulence
in the cloud dominates in the low 4 region and gravity becomes predominant in the high
Ay region. The figures for each of the clouds analysed are shown in Appendix B.1.3. In
addition to the figures shown in Appendix B.1.3, the data are plotted together in the top
panels of Figure 3.14.

The values of the slopes 7y, and 7y, for ecach cloud are shown in Table 3.6.
The values of 7y, range from —1.04 (Musca) to —0.20 (Rosette Nebula) with a mean

of —0.51+0.23, while the values of 7, range from —0.70 (Lupus 6) to —0.11 (Ophi-
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uchus) with a mean of —0.26+0.14. Generally the values of y;,, are double those of ;g
The scatter of values for the high 4, region is much less than the scatter of values for
the low A4, region, which is clearly evident in Figure 3.14. This is a strong indication
that gravity influences the column density distribution at higher 4, and star formation is
commencing. The differences in CDD between the high 4, regions of clouds become
lesser as they undergo gravitational collapse. Much larger differences are seen at lower
column densities, due to external factors such as the environment of the cloud, or the type
of forcing of the turbulence.

It can be seen from Figure 3.14 that there arc two distinct groups in the data at low
Ay values. These groups may be described as star forming (SF; forming stars in clusters)
and non-star forming (non-SF; forming only isolated stars) clouds, as will be described in
Section 4.2. The following statistics are found for the two groups. For the SF group, with
shallower gradients, the values of vy, range from —0.42 (Perseus) to —0.20 (Rosette Neb-
ula) with a mean of —0.32+0.07. For the non-SF group v,,,, ranges from —1.04 (Musca)
to —0.42 (Monoceros), with a mean of —=0.66+0.20. For the SF group the ., values range
from —0.28 (Perscus) to —=0.11 (Ophiuchus) with a mean of —0.16+0.03. The non-SF

group’s values range from —0.70 (Lupus 6) to —0.22 (Musca) with a mean of —0.33+0.15.

3.3.2.1 log(N) vs Ay Column Density Distribution in the Galactic plane

The data are displayed for the Galactic plane region by showing the value for each 5° x 5°
square as a shade between black and white. The overlaid contours are the 3 mag 4y
(outer) and 6 mag Ay (inner) from the nearest 49 stars 4, map. This is included to show
the position of the central region of the Galaxy. The data for the con-res map with a pixel
size of 0.5 at the Galactic Plane is shown in Figure 3.15. The data for the other con-res
maps are shown in Appendix B.1.4.

The plots of 7y, for the Galactic Plane show shallower slopes in the higher extinction
arca around the Galactic centre (see Appendix B.51). The values of y,,,, range from —0.65
(4.0") and —-0.33 (0.5’) to —0.01 (0.5") and 7.3 (4.0’ - likely to result from a poor fit). The

median values (chosen to eliminate the poor fits) range from —0.14 (2.0 and 4.0") to —0.16
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(1.0 and 0.5").

These values compare with a mean of —0.51+0.23 for the 30 sample clouds. The
same trend is observed for the values of ;. (see Appendix B.52). Here, the values range
from —1.5 (4.0") and —0.26 (0.5") to —=0.07 (2.0’, 1.0" and 0.5") to 0.05 (4.0”). The median
values (again used to eliminate bad fits) range from —0.27 (4.0") to —0.17 (0.5"), compared

to a mean of —0.26+0.14 for the 30 selected clouds.

3.3.3 log(N) vs 4y Mass Distribution

The mass distribution gradients were calculated as described in Section 2.7.3. An example
is shown for the Auriga 1 cloud in Figure 2.8. The mass distribution slopes . and 6y;gs,
for the low 4, and high 4, regions respectively, are overplotted. The values of these
slopes are shown in Table 3.5.

The mass distribution slopes for our sample clouds are shown in Table 3.6. The data
are plotted together in the bottom panels of Figure 3.14. The individual plots for each
cloud are shown in Appendix B.2. The data show similar scatter behaviour as for the
column density distributions. For the slopes d;,, the values range from —0.96 (Lupus 9)
to -0.15 (Corona Australis) with a mean of —0.33+0.19. The 6, values range from —0.53
(Lupus 9) to —0.06 (Lupus 6) with a mean of —0.19+0.12. As before, the low A4, regions
show a larger scatter than the high A4, regions.

Treating the SF and non-SF groups separately again, the values of ¢, for the SF group
lie between —0.28 (Perseus) and —0.15 (Corona Australis) with a mean of —0.21+0.04.
For the non-SF group the values lic between —0.96 (Lupus 9) and —0.16 (Musca)
with a mean of —0.43+0.20. The values of ¢y, for the SF group range from —0.19
(Cygnus OB7) to —0.06 (Lupus 6) with an average of —0.14+0.02. For the non-SF
group the &y values range from —0.53 (Lupus 9) to —0.06 (Lupus 6) with an average
of —0.22+0.15.

The total mass of each cloud (above 1 4y, denoted M,,,,) is calculated by extrapolat-
ing the fit of the low 4, regions to 1 mag A,. For the majority of the clouds 1 mag 4y

corresponds to the background extinction (as the clouds are mostly distributed along the
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Galactic plane). This means that data from the noisy background (below 1 mag A4y)
is excluded from the calculation and that the integration is performed only for material
above the threshold for self-shielding from UV radiation (e.g. Hartmann et al. (2001)).
The values of M,,,q, range from 0.31 - 10° M, (for the Musca cloud) to 2110 - 10° M,
(Cygnus OB7). The median value is 23+22 - 10° M,, (using the median absolute deviation
for the uncertainty, and thereafter in this section). When considering the two groups (SF
and non-SF) separately, the median value for the SF group is 42440 - 10° M,, and for the
non-SF group the median value is 9.8+9.5 - 10° M,

The extinction value of a I M, core with the Jeans Mass (denoted A4, in Table 3.7)
can be found by extrapolating the fit of the high 4, region to one solar mass. This value
characterises the maximum extinction in the cloud before commencement of the collapse
of material to begin star formation. The values of Ay, range from 8 mag 4, (Lupus 9)
to 41 mag A, (Aquila Rift). The median value for 4y, is 25+6.5 mag 4. Considering
the SF and non-SF groups separately, the median value for the SF group is 30+4 mag 4
while the median for the non-SF group is 20+7 mag A .

A threshold extinction value can be determined for each cloud, which indicates
whether material is likely to be involved in star formation (higher 4,), or in the turbulent
mass of the cloud (lower 4,). This is found by determining the intercept between the low
Ay and high A fits of the mass distribution. This can be understood as the star formation
threshold 4.5 of the cloud. The values of 4y, range from 1.2 mag 4, (Chamaeleon I)
to 12.0 mag 4, (Cygnus OB7). The median value of Ay gx is 5.6+1.2 mag A. For the
two groups the median value for the SF group is 6.7+1.8 mag Ay, while the median value
for the non-SF group is 5.6+0.8 mag 4.

The ratio of the mass above Ay, to the ratio of the mass below the threshold (but
above 1 mag A4y) is also determined. If it is assumed that 1/3 of the mass above the
threshold is used in the star formation process (Alves et al., 2007), then the mass frac-
tion involved in star formation for the cloud, MSF, can be measured. The values of
MSF lie between 0.01% (for Lupus 6 and 7) and 31.0% (Chamaeleon I), with a me-

dian of 1.34+1.30%. When considering the SF and non-SF clouds separately, the median

113




Chapter 3. The Results

value for the SF group is 2.10+1.71%, while the median value for the non-SF group

15 0.33+0.32%.

3.3.3.1 Molecular Cloud Density

The densities of the 30 sample clouds were calculated, both for the whole cloud and for
the region associated with star formation, using the method described in Section 2.7.3.1.
These are denoted as p,4, and pgp respectively in Table 3.7. In this section the median
and median absolute deviations are quoted to mitigate for the effect of the large outly-
ing values (especially in the high 4, regime). The overall densities for the clouds p,
range from 1.3 M, - pc=* (for Monoceros) to 340 M, - pc™* (in Lupus 8), with a median
of 21£15 M, - pc™*. For the regions associated with star formation, the values of pg
range from 23 M, - pc™3 (for Monoceros) to 10000 M, - pc™* (for Lupus 7). The median
value for pg - is 700600 M, - pc™.

When treating the SF and non-SF groups separately, the values of p,, for the SF
group are found to range from 1.5 M, - pc™ (the Rosette Nebula) to 100 M, - pc™ (for
Serpens), with a median value of 24420 M, - pc=. The values for the non-SF group lie
between 1.3 M,, - pc™* (for Monoceros) and 340 M, - pc (for Lupus 8), with a median
value of 18413 M, - pc™> - slightly higher than for the SF group. For pg, the values of
the SF group range from 19 M, - pc™> (for the Rosette Nebula) to 12000 M, - pc™* (for
Chamacleon I). The median value for pg - is 580+530 M, - pc™>. For the non-SF group the
value of pg - lie between 23 M, - pc™* (for Monoceros) and 10000 M, - pe= (for Lupus 7).
The median value of pg for the non-SF group is 780+560 M, - pc=, lower than for the

SF group.

3.4 Structure Functions

Using the method described in Section 2.8.1, the parameters in Equation 2.19 were de-
rived for the 30 molecular clouds analysed in this thesis. The results arc shown in Ta-

ble 3.8. Note that no fits with an RMS of less than 0.1 were obtained for the Lupus 9 and
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Rosette Nebula clouds. The best available data were therefore used for the plots for these
clouds. An example plot for the Auriga 1 cloud is shown in Figure 3.16. The red line in
the plot shows the best fit and is shown alongside the model data postulated by K41, SL94
and B02. The plot also shows the difference of the fit from the data against the values of

the order p. The plots for all of the 30 sample clouds are shown in Appendix C.1.1.
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Figure 3.16: The structure function plot for the Auriga 1 cloud. Our data (red line) are
compared against the models of K41 (solid line), SL94 (dotted line) and B02 (dashed
line). The best fit values of A, C, B, D and the RMS value are shown. A plot of the

difference of the fit from the data against p is also displayed.

Starting with the parameter A, the values lie in the range 0.45 (Auriga 2) to 1.05
(Musca) with a mean of 0.83+0.14. This value lies roughly halfway between the figure
of A=2/3 quoted in the literature (e.g. (Padoan et al., 2003)), and A = 1 (e.g. (Schmidt
et al., 2008)). The codimension C lies between 1.18 (Auriga 2) and 2.43 (Scorpius) with
a mean of 1.91+0.33. The values of B (the degree of non-intermittency) range from 0.38
(Circinus) to 0.65 (Lupus 2) with a mean of 0.53+0.08. The literature quotes a values for 8
of either 2/3 (SL94) or 1/3 (B02). The values of the fractal dimension D lie between 0.59
(Scorpius) and 1.82 (Auriga 2), with a mean of 1.08+0.37. A value of D = | corresponds

to a thin, filamentary structure for the cloud while D = 2 corresponds to a flat, sheetlike
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structure.

Now the two groups identified from Figure 3.14 are considered separately. For the SF
group, the mean value of A is 0.83+0.11, identical to the figure for all 30 selected clouds.
The mean of C is 1.81£0.33, slightly lower than the value for the whole group, but casily
within lo~. For the parameter B, the mean is 0.51+0.10, similar to the value for all the
clouds. The mean of D is 1.19+0.33, higher than the mean for all clouds but within 1o

For the non-SF group, the mean value of A is 0.83+0.16, again identical to the value
for all 30 sample clouds. For the codimension C the mean is 1.98+0.33, higher then
the value for the whole ensemble. For S the mean is 0.56+0.08 and for D the mean
is 1.02+0.33, lower than the mean for all clouds together but again within lo-.

The values quoted in Figure 3.4 were generated using structure functions which only
used data in the low 4, ranges (i.c. with 4, values between the self-shielding threshold
and the star formation threshold - see Section 2.7.1). These low A4y regions are dominated
by turbulence. However, there are many different ways of making the structure functions
for cach map. These include for example using our con-res maps with a variation of
Equation 2.17 to include a weighting as discussed in Section 2.8.1.1. For example, the
pixels with lower noise were given a higher weighting. In addition the weighting could
be varied to favour different regions of each map (i.e. different ranges of 4,/). One could
also take cuts of ecach map using only pixels with a value greater than the self-shielding
threshold of 1 mag 4.

Using the methods outlined in Section 2.8.1.1 a total of 51 different ways of deriving
a structure function for each map were tricd. Using 16 different clouds gives a total
of 816 different structure function plots. Fitting of the structure functions against the
models of K41, SL94 and B02 was attempted. Out of the 816 plots, only 30 fitted to any
of the models with an RMS of the fit less than 0.1. Of the fits. 48% fitted to the B02
model, 23% to the K41 model and the remaining 29% to the SL94 model. There was
no discernible trend in the fitted models when correlating to the method used to derive
the structure functions. Therefore, only the con-noise maps were used for the structure

function analysis.
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Table 3.8: The structure function fitting parameters A, C, 8 and D for the 30 sample
clouds, together with the standard deviations and rms of the fit. The scaling exponents
n(2) and n(3) are also given.

Name A oy C o¢ B op D op RMS orys n(2) n(3)
Aquila Rift 0.96 0.06 2.03 0.40 0.52 0.07 0.97 0.40 0.04 0.01 0.448 0.608
Auriga 1 0.77 0.07 2.05 0.55 0.59 0.13 0.95 0.55 0.05 0.01 1.149 1.664
Auriga 2 0.45 0.20 1.18 0.63 0.57 0.14 1.82 0.63 0.04 0.01 0.701 0.989
Cepheus Flare  0.58 0.25 1.97 0.63 0.69 0.11 1.03 0.63 0.04 0.01 0.991 1.455
Chamaeleon 1  0.74 0.24 2.01 0.52 0.63 0.10 0.99 0.52 0.04 0.01 1.081 1.527
Chamacleon2  0.93 0.09 1.88 0.43 0.49 0.09 1.12 0.43 0.05 0.02 0.671 0.927
Chamacleon3  0.91 0.06 2.12 0.54 0.54 0.13 0.88 0.54 0.05 0.02 0.456 0.653
Circinus 1.01 0.07 1.67 0.38 0.38 0.10 1.33 0.38 0.06 0.02 0.329 0.436
Corona Australis 0.88 0.07 2.28 0.45 0.60 0.08 0.72 0.45 0.04 0.02 0.658 0.929
Cygnus OB7 0.77 0.14 1.31 0.45 0.37 0.20 1.69 0.45 0.06 0.02 0.596 0.816
A Ori 0.90 0.11 2.05 0.47 0.54 0.13 0.95 0.47 0.05 0.02 0.651 0.923
Lupus 1 0.69 0.17 1.36 0.57 0.43 0.28 1.64 0.57 0.06 0.02 0.421 0.595
Lupus 2 0.30 2.28 0.41 0.71 0.13 0.72 0.41 0.05 0.03 0.64 0.102 0.161
Lupus 3 0.96 0.07 2.00 0.40 0.51 0.07 1.00 0.40 0.04 0.01 0.735 1.001
Lupus 4 0.84 0.10 2.20 0.44 0.61 0.06 0.80 0.44 0.04 0.01 0.291 0.411
Lupus § 0.78 0.22 2.16 0.47 0.62 0.15 0.84 0.47 0.05 0.01 0.573 0.816
Lupus 6 0.92 0.07 2.05 0.53 0.53 0.10 0.95 0.53 0.05 0.02 0.315 0.406
Lupus 7 0.88 0.09 1.62 0.35 0.44 0.09 1.38 0.35 0.05 0.02 0.213 0.290
Lupus 8 0.95 0.13 2.05 0.47 0.52 0.11 0.95 0.47 0.05 0.02 0.485 0.679
Lupus 9 - - - - - - - - - - 0.265 0.460
Monoceros 0.93 0.06 1.97 0.45 0.51 0.09 1.03 0.45 0.05 0.01 1.061 1.429
Musca 1.05 0.09 2.23 0.41 0.51 0.11 0.77 0.41 0.06 0.02 0.155 0.212
Ophiuchus 0.74 0.11 1.69 0.54 0.54 0.11 1.31 0.54 0.05 0.02 1.312 1.894
Orion A 0.67 0.28 1.20 0.54 0.40 0.21 1.80 0.54 0.06 0.02 1.128 1.559
Orion B 0.83 0.09 2.05 0.58 0.57 0.11 0.95 0.58 0.05 0.02 1.329 1911
Perscus 0.74 0.14 1.87 0.62 0.58 0.11 1.13 0.62 0.04 0.01 1.305 1.876
Rosctte Nebula - - - - - - - - - - -0.15 0.035
Scorpius 0.98 0.10 2.43 0.39 0.59 0.04 0.57 0.39 0.04 0.02 0.866 1.233
Serpens 0.95 0.07 1.63 0.38 0.40 0.10 1.37 0.38 0.06 0.02 0.171 0.216
Taurus 0.75 0.25 2.14 0.55 0.65 0.09 0.86 0.55 0.04 0.01 0.979 1.413
3.4.1 Structure Functions in the Galactic Plane Region

The structure function parameters A, C, g and D were derived for the Galactic plane

area (described in Section 2.6) using the same method as for our 30 sample clouds. The

average rms deviation for each fit is also shown (only fits with an rms of less than 0.1

were used). The results are shown in Figure 3.17. The data are displayed visually for the

region by showing the value for cach 5° x 5° square as a shade between black and white.

The overlaid contours are the 3 mag 4, (outer) and 6 mag A (inner) from the nearest 49
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stars extinction map. This is included to show the position of the central bulge of the
Galaxy. The full results including the standard deviations are shown in Appendix C.1.2.

The plots for the parameter A show higher values around the Galactic centre (see Ap-
pendix C.16). The values of A range from 0.07 to 1.03 with a mean of 0.66. This compares
to 0.83+0.14 for the 30 sample clouds. The values for codimension C range from 0.76
to 2.46 with a mean of 1.51, compared to 1.91+0.33 for the 30 sample clouds. The plots
show do not show a clear trend when comparing values to position. The values of 8 range
from 0.09 to 0.97 with a mean of 0.48. These compare to mean value of 0.54+0.09 for
the 30 sclected clouds. Again, there is no obvious trend in this parameter with Galactic
position (see Appendix C.17).

The values of fractal dimension D appear to have higher values around the Galactic
centre. The values lie between 0.54 and 2.24 with a mean of 1.49. These values compare
to a mean of 1.09+0.33 for the 30 sample clouds. Finally, the rms values of the fit do
not show any trend compared to the position around the Galactic Plane. The values of
rms range from 0.03 to 0.10 (only fits with an rms of better than 0.1 were selected). The
mean value is 0.06 which compares to 0.05+0.01 for the 30 selected clouds. Therefore,

the quality of fits is marginally better for the 30 selected clouds.

3.4.2 The effect of Gaussian-Distributed Noise on Structure Func-

tions

An important consideration is to determine the effect of noise in an image when calcu-
lating structure functions. With real data the noise is intrinsic and cannot be completely
removed from the image. To investigate the effect of noise, a test image was created as a
rough analogy of a molecular cloud. The test image consists of a sample grid of 400 x 400
pixels containing simply a circle of radius 124 pixels, where the values of the pixels in
the circle ranged (arbitrarily) from 0.81 (edge) to 10.0 (centre). The remaining pixels in
the grid were set to zero. The test image is shown in Figure 3.18.

Performing structure function analysis on this test grid gave a fit to the Kolmogorov

model (i.e. with A = 0). The test grid was also rebinned three times, each to one half
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Chapter 3. The Results

Figure 3.18: The test image used to examine the effect of adding noise on the resulting
structure function. Left: the original image without noise, Right: the original image with
1o Gaussian noise added. Note the lesser quality in the second image.

the resolution of the previous grid, to make grids of 200 x 200, 100 x 100 and 50 x 50
(see Figure 3.19). Structure function analysis on the first two of these grids yielded fits
that did not conform to any known model but Wcre approximate to the She-Leveque and
Boldyrev models. The final grid of 50 x 50 gave a fit approximate to the Kolmogorov
model. Note that even without adding noise, the mere effect of rebinning has caused the

second two ﬁts to deviate away from the ﬁt obtamed using the ongmal image.
The exercise was rcpcatbd uSmg“bhe foup St“amagcs ‘(ongmaf and three rebinned)
w;‘

by adding probrcsswc a’fnounts of Gaussmn mmsg:‘@@’bé‘bh, Jmagb Thc rcsults shown in
Table 3.9 use the firkt 10& ﬁtg Q,whgl‘*e avalla’ole with an RMS ot;Hcss than 0.1. The

‘e B \
table shows the mean value of thc pagamctcrs A, C, B and D for these fits. There is no
$

obvious trend in any of the paramctcrs when the amount of noise is increased, when the

uncertainties are taken mto‘account. _‘ ’ ;'.;'

'
t

Inan addltlorfme‘y lo‘Gaus.‘ua jrtt:ﬂs‘e was ' WO X 400 test image

n 1'1 2 !‘M 'vr '\91
and then furthcr mcrcrrfbnts'(')F‘ho“{s wére add&d ?Q% amou t\g' of" ’l/ 160') Iﬁ this instance

the test 1mag,c more closely rcscmblcs an obscrvcd molecular cloud, due to the inherent
;

noise of lo-. The results are shoWn in Table 3.10. Adding noise tends to decrease the value

of A. There are no obvious trcnds, with other parameters when taking thc uncertainties into
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Figure 3.19: First Panel: Plot of 5(p)/n(3) against p for a 400 x 400 test grid (solid
red line). Also shown are three theoretical models: Kolmogorov (solid black line), She-
Leveque (dotted line) and Boldyrev (dashed line). Second Panel: As first panel but with
a 200 x 200 test grid. Third Panel: As first panel but with a 100 X 100 test grid. Fourth
Panel: As first panel but with a 50 x 50 test grid.

account.

In addition to adding noise to a test cloud, Gaussian noise was also added to a selec-
tion of real molecular clouds (as described in Section 3.4.2). The results are shown in
Table 3.11. For the parameter A there is no obvious trend when the noise increases; the
value increases in some cases and decreases in others. The value of the codimension C,
however, tends to increase with noise in all cases. This is reflected in a consistent de-
crease of the fractal dimension D with increasing noise. The degree of non-intermittency
parameter 3 tends to increase with increasing noise, probably due to the dependence of B

on A and C. However, any apparent trends arc within the bounds of the uncertainties so

can be disregarded as they are not significant.

121



Chapter 3. The Results

Table 3.9: Table of results when adding Gaussian noise to a test image. The size of the test
image and amount of noise added is shown in the left column with the grid width/height
in pixels. The values of the parameters A, C, g and D are shown with the respective

uncertainties. The RMS and standard deviation of the RMS are also shown.
Tpr A TA & agc /3 o D ap RMS TRMS

No noise, 400 0.02 0.01 2.03 0.58 0.99 0.01 0.97 0.58 0.01 0.01
No noise, 200 0.58 0.04 0.81 0.23 0.23 0.28 2.19 0.23 0.07 0.02
No noise, 100 0.40 0.06 0.86 0.37 0.48 0.15 2.14 0.37 0.05 0.02
No noise, 50 0.22 0.04 1.93 0.72 0.87 0.04 1.07 0.72 0.01 0.01
/160,400  0.65 0.07 1.92 0.52 0.65 0.06 1.08 0.52 0.03 0.01
/160,200  0.63 0.06 1.32 0.37 0.50 0.09 1.68 0.37 0.05 0.01
1/160, 100 0.42 0.06 0.92 0.40 0.50 0.15 2.08 0.40 0.05 0.01
/160, 50 0.23 0.04 1.94 0.72 0.87 0.04 1.06 0.72 0.01 0.01
/80, 400 0.65 0.07 1.92 0.52 0.65 0.06 1.08 0.52 0.03 0.01
1/80, 200 0.67 0.07 1.91 0.52 0.64 0.06 1.09 0.52 0.03 0.01
1/8c, 100 0.43 0.06 1.10 0.45 0.57 0.12 1.90 0.45 0.04 0.01
1/80, 50 0.25 0.05 1.77 0.75 0.84 0.06 1.23 0.75 0.01 0.01
3/160,400  0.32 0.06 1.74 0.71 0.80 0.06 1.26 0.71 0.07 0.01
3/160,200  0.71 0.06 2.19 0.48 0.67 0.05 0.81 0.48 0.03 0.0l
3/160, 100  0.45 0.07 1.26 0.51 0.61 0.10 1.74 0.51 0.03 0.01
3/160, 50 0.25 0.04 2.01 0.69 0.86 0.04 0.99 0.69 0.01 0.01
/40, 400 - - - - - - - - -
1/40, 200 0.62 0.07 1.82 0.53 0.64 0.07 1.18 0.53 0.03 0.0l
/40, 100 0.47 0.07 1.39 0.53 0.63 0.09 1.61 0.53 0.03 0.01
/40, 50 023 0.05 1.73 0.75 0.85 0.05 1.27 0.75 0.01 0.01

Table 3.10: Table of results when adding noise to a test image. The amount of noise in
the test image is shown in the left column. The values of the parameters A, C, g and D
arc shown with the respective uncertainties. The RMS and it’s standard deviation are also

shown.
Type A oy C oc B o D op RMS orus

Test Cloud (1 o) 0.50 0.06 1.18 0.41 0.55 0.11 1.82 0.41 0.04 0.01
With 1/160 0.50 0.06 1.21 0.42 0.55 0.10 1.79 0.42 0.04 0.01

With 1/80 0.48 0.06 1.09 0.40 0.53 0.12 1.91 0.40 0.05 0.0l
With 3/160 0.48 0.06 1.17 0.43 0.56 0.11 1.83 0.43 0.04 0.0l
With /40 0.44 0.06 0.96 0.38 0.49 0.14 2.04 0.38 0.05 0.01

3.5 A-variance

The A-variance results for the 30 sample clouds studied are shown in Table 3.12, using the
method described in Section 2.8.2. The table shows the scale (in pc) of any peak in the A-
variance plot. The peaks reveal the scale at which a change in the structure occurs, i.e. the
size of the cloud, the length of filaments etc. Peaks were found for all clouds using both
the A, maps and star-density maps, by tiling the images as described in Section 2.8.2.
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Table 3.11: Table of molccular cloud data with noise added. The names of the clouds
and the amount of noise added is shown in the left column. The values of the parameters
A, C, B and D are shown with the respective uncertainties. The RMS and corresponding
standard deviation are also shown.

Name b TA (& e 3 oy D, Jgp RMS TRMS
Corona Australis 0.85 0.03 2.64 0.25 0.68 0.02 0.36 0.25 0.09 0.01
with 1/160 0.83 0.06 2.35 0.41 0.64 0.04 0.65 0.41 0.03 0.01
with 1/8c 0.83 0.06 2.39 0.41 0.65 0.04 0.61 0.41 0.03 0.01
with 3/160 0.86 0.06 2.42 0.40 0.64 0.04 0.58 0.40 0.03 0.01
with 1/40 0.92 0.05 2.57 0.33 0.64 0.03 0.43 0.33 0.04 0.01
Circinus 0.71 0.07 1.68 0.43 0.56 0.07 1.32 0.43 0.04 0.01
with 1/16¢ 0.70 G.06 1.51 0.39 0.52 0.08 1.49 0.39 0.04 0.01
with 1/8¢ 0.73 0.07 1.75 0.43 0.57 0.07 1.25 0.43 0.04 0.01
with 3/160 0.70 0.06 1.50 0.39 0.52 0.08 1.50 0.39 0.04 0.01
with 1/40 0.60 0.06 1.33 0.40 0.53 06.09 1.67 ¢.40 0.04 0.01
Chamaclcon 1.03 0.05 2.50 0.34 0.58 0.04 0.50 ¢.34 0.04 0.01
with 1/160 0.95 6.05 2.54 0.33 0.62 0.03 0.46 0.33 0.04 0.01
with 1/80 0.95 0.05 2.54 0.34 0.62 0.03 0.46 0.34 0.04 0.01
with 3/160 0.95 0.05 2.56 0.33 0.62 0.03 0.44 0.33 0.05 0.01
with /40 0.60 0.06 1.33 0.40 0.53 0.09 1.67 0.40 0.04 0.01
Orion A 0.64 0.06 1.21 0.35 0.45 0.11 1.79 0.35 0.05 0.02
with 1/160- 0.64 0.06 1.24 0.35 0.46 0.11 1.76 0.35 0.05 0.02
with 1/8c 0.65 0.06 1.25 0.35 0.46 0.10 1.75 0.35 0.05 0.02
with 3/160 0.72 0.06 1.53 0.39 0.52 0.08 1.47 0.39 0.04 0.01
with /40 0.80 0.07 1.90 0.43 0.57 0.06 1.10 0.43 0.04 0.01
Orion B 0.56 0.06 1.18 0.38 0.50 0.11 1.82 0.38 0.05 0.01
with 1/160 0.56 0.06 1.18 0.37 0.50 0.11 1.82 0.37 0.05 0.01
with 1/80 0.58 0.06 1.25 0.39 0.51 0.10 1.75 0.39 0.05 0.01
with 3/160 0.72 0.06 1.53 0.39 0.52 0.08 1.47 0.39 0.04 0.01
with 1/40 0.60 0.06 1.33 0.40 0.53 0.09 1.67 0.40 0.04 0.01

The sole exception was for the cloud Lupus 3, which showed no peak in A-variance at
any scale. Other clouds showed two peaks, such as Mcnoceros and Musca.

Examples of the plots of A-variance for the Aquila Rift cloud are shown in Figure 3.20.
These show the results obtained for our con-noise maps with the nearest 49 stars. The re-
sults obtained when using the ncarest 25 and 100 star maps showed peaks at the same
scales as for the 49 nearest stars maps. The left panel of the figure shows the plot ob-
tained using the con-noise map of Ay. The right panel shows the plot obtained using the
corresponding star density map. The data obtained using the 4y maps shows a peak in
o at ~6.0 pc while the data obtained using the corresponding star density maps shows a

peak in o3 at ~4.5 pe. The plots for all 30 sample clouds are shown in Appendix C.2.
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Figure 3.20: Plots showing the output obtained using the A-variance analysis using the
con-noise Ay map (left panel) and corresponding star density map (right panel) for the
Aquila Rift cloud, using the 49 nearest star maps. The dashed vertical line on the left
of cach plot shows the smallest scale at which data can be reliably used while avoiding
oversampling due to the spatial resolution of the it con-noise map.

———

The mean value of the peaks in A-variance (O'i,Ay) were calculated based on the
clusters found in the data. For the 4, map results, a cluster of values ranging from 0.8 pc
to 17.0 pc was found, and another cluster was found with values ranging from 30 pc
to 50 pc. The mean value of the peaks found in the first cluster is 5.9+5.1 pc, while the
mean value of the peaks found in the second cluster is 38.6+7.7 pc.

When considering the SF and non-SF clouds separately, the following results were
found. The SF group has two clusters of values for ﬂr. These range from 2.75 pc
to 18.0 pc for the first cluster and from 30.0 pc to 50.0 pc for the second. The mean value
of the peaks in the first cluster is 8.2+5.8 pc and for the second cluster the mean value
is 40.0£10.0 pc. For the non-SF group, there were also two clusters in the values, ranging
from 0.8 pc to 16.0 pc and from 33.0 pc to 40.0 pc. The mean value of the first cluster
is 4.4+4.1 pc, and for the second cluster is 36.5+4.9 pc.

For the star density maps, the following results for ai:< were found for the 30 sample
clouds. There were two clusters of values in the results. These range from 1.0 pc to 25.0 pc
and from 32.0 pc to 57.0 pc. The mean value of the peaks in the first cluster is 7.0£6.3 pc
and for the second cluster the mean is 44.3+9.2 pc.

Again, considering the SF and non-SF clouds separately, the following results were

found for o3, *. The SF group has three clusters of values. These range from 1.0 pc

to 9.0 pc, from 14.5 pc to 25.0 pc, and from 32.0 pc to 44.0 pc. The mean values

124




Chapter 3. The Results

Table 3.12: The A-variance results for the sample 30 clouds. The positions of the peaks
in o} for both the 4 and star density (*) maps are shown, together with the mass index
scaling exponents @ for the 4, maps with uncertaintics.

Name o, Ay oh ok ay, Ty,
[pc] [pc]
Aquila Rift 6.0 4.5 0.85 0.07
Auriga 1 33.0 46.0 0.36 0.07
Auriga 2 8.0 15.0 0.49 0.13
Cepheus Flare 16.0 19.0 0.18 0.10
Chamaceleon 1 42 1.6,4.0 096 0.10
Chamaceleon II 35 4.6 0.83 0.16
Chamaclcon III 2.25 6.0 0.66 0.16
Circinus 18.0 25.0 0.69 0.03
Corona Australis 2795 1.0 1.08 0.03
Cygnus OB7 40.0 37.0 0.23 0.07
A Ori 13.0 4.0,57.0 0.28 0.18
Lupus 1 1.75 7.0 0.69 0.07
Lupus 2 1.25 2.5 0.51 0.06
Lupus 3 2.75 - 0.82 0.05
Lupus 4 2.5 5.0 0.47 0.04
Lupus 5 4.5 7.0 0.58 0.11
Lupus 6 2.5 3.5 0.44 0.16
Lupus 7 2,95 2.2 0.42 0.03
Lupus 8 2.8 3.5 0.48 0.06
Lupus 9 3.0 5.5 0.36 0.02
Monoceros 6.0, 40.0 55.0 0.17 0.04
Musca 0.8,4.0 6.5 0.05 0.03
Ophiuchus 7.0 1.0,9.0 0.71 0.06
Orion A 17.0 19.0 0.96 0.18
Orion B 30.0 44.0 0.52 0.05
Perseus 14.0 32.0 0.64 0.12
Rosette Nebula 50.0 39.0 0.77 0.40
Scorpius 1.5,4.0 54 0.61 0.14
Serpens 3.25 1.8,4.75 0.73 0.03
Taurus 35,11.0 14.5 0.65 0.12

are 3.6+2.6 pc, 19.5+5.3 pc and 38.0+5.0 pe for the first, second and third clusters re-
spectively. For the non-SF group there are two clusters in the data. The range from 2.2 pc
to 19.0 pc and from 46.0 pc to 57.0 pc. The mean values are 6.6+4.7 pc for the first cluster
and 52.7+5.9 pc for the second cluster.

Also shown in Table 3.12 are values of the mass spectral index scaling exponents (a)
for each cloud, using the con-noise Ay maps and the corresponding star density maps.
However, only the values obtained from using the 4 maps are meaningful in terms of

125




Chapter 3. The Results

physics. The values obtained using the three maps were averaged. The values range

from 0.05 (Musca) to 1.08 (Corona Australis) with a mean of 0.57+0.25.

3.5.1 The Effect of Noise on the A-variance

As with the structure functions it is also necessary to consider the effect of noise on the A-
variance results. This was investigated in a similar way as for the structure functions (see
Section 3.4.2). The same test image of 400 x 400 pixels containing a circle was used.
As before the circle contained values scaled linearly from 10.0 (centre) to 0.81 (edge);
the rest of the pixels in the image were set to zero. The A-variance of this image was
calculated. This was repeated for three rebinned images of sizes 200 x 200, 100 x 100
and 50 x 50 as for the structure function analysis. Increments of Gaussian noise were
added to cach of the images in steps of 1/160 (with o taken as 0.28 mag as for the con-
noise map using the nearest 49 stars), up to 1/4o. The results are shown in Table 3.13.
It is clear from the table that adding noise has no clear effect on the values for the mass
spectral index scaling exponents @, within the uncertainties.

This exercise was repeated using the 400 x 400 test image, first adding 1o~ noise
(0.28 mag), then steps of 1/160 up to 1/40-. As in Section 3.4.2 this simulates the levels of
noise present in the con-noise maps. The results are shown in Table 3.14. Again it is clear
that adding noisc has no effect on the values of ¢, taking into account the uncertainties.

A further exercise was performed to see if adding Gaussian noise to the test image had
any effect on the peak in o%. In this case it was necessary to reduce the size of the circle
in the test image so that the A-variance analysis measured the peak in o3. The circle was
resized to 31 pixels in radius. This analysis was performed for the image firstly without
noise, and then with noise added in 1/160 increments staring from lo. The peak in o'i
remained constant at a radius of 54 pixels in cach case (roughly the diameter of the circle),
showing that adding noise does not affect the position of the peak.

As in Section 3.4.2 the analysis was also performed on a selection of real clouds.
Gaussian noise was added to the images in increments of 1/16o up to 1/40, and the A-

variances were calculated. The results are shown in Table 3.15. Again, the results do not
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Table 3.13: Table of results when adding noise to a test image. The size of the test image
and amount of noise added is shown in the left column with the grid width/height in
pixels. The values of the parameter @ are shown with uncertainties.

Type @ O,

No noise, 400 2.81 0.11

No noise, 200 2.97 0.24

No noise, 100 2.89 0.10

No noise, 50 2.79 0.52

1/160,400 291 0.15

1/160,200  3.02 0.28

/160,100 295 0.54

1/160, 50 2.79 0.52

1/8c, 400 2.81 0.12

1/8c, 200 2.95 0.19

1/8c, 100 2.98 0.34

1/8c, 50 2.79 0.52

3/160,400 291 0.15

3/160,200  2.96 0.20

3/160, 100 2.98 0.34

3/160, 50 2.79 0.52

/40, 400 2.81 0.12

/40, 200 295 0.19

1/40, 100 2.98 0.34

1/40, 50 2.79 0.52

Table 3.14: Table of results when adding Gaussian noise to a test image. The amount of
noise in the test image is shown in the left column. The values of the parameter a are
shown with uncertainties.

Type @ O

Test Cloud (1 o) 2.97 0.18

With 1/160 2.90 0.16

With 1/80 2.96 0.17
With 3/160 297 0.18
With /40 295 007

show any discernible trend.
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Table 3.15: Table of molecular cloud data with Gaussian noise added. The names of the
clouds and the amount of noise added is shown in the left column. The values of the
parameter @ and corresponding uncertainties are shown.

Name a0,

Corona Australis 1.08 0.03
with 1/160 0.96 0.01
with 1/80 1.00 0.01
with 3/160 1.02 0.01
with 1/40 0.96 0.01
Circinus 0.69 0.03
with 1/160 0.71 0.20
with 1/8c 0.72 0.16
with 3/160 0.72 0.16
with 1/40 0.72 0.16

Chamaceleon 0.84 0.16
with 1/160 0.69 0.03

with 1/80 0.68 0.01
with 3/160 0.68 0.01
with 1/40 0.68 0.01
Orion A 0.96 0.18
with 1/160 0.97 0.18
with 1/80 1.02 0.26
with 3/160 0.93 0.21
with 1/40 0.95 0.20
Orion B 0.52 0.05
with 1/160 0.69 0.33
with 1/8c 0.69 0.01
with 3/160 0.67 0.01
with /40 0.74 0.01

128



Chapter 4

Interpretation

129



Chapter 4. Interpretation

This chapter contains the interpretation of the data. Firstly, the maps made for the
project and their use are discussed. This section reports on the comparison of the maps
against previously published maps. The following section features the interpretation of
the column density distribution and mass distribution results, including a discussion of
the molecular cloud density results. The interpretation is given in the next section of the
structure function and A-variance analysis. Then a discussion of the individual results for
cach of the 30 sample clouds is given. Where available, the data are compared to literature

values.

4.1 All-Sky Near-infrared Extinction Maps

A number of maps were made for this thesis using data from the 2MASS point source
catalogue (Skrutskie et al., 2006). The maps cover all of the sky and were made using
the near-infrared colour excess (NICE) method (Lada et al., 1994). Of the extinction
maps, two different types were made. The first type are constant noise maps (with a
variable spatial resolution) and the second type are constant spatial resolution maps (with
a variable noise in each pixel). All the maps were made in a uniform way for the whole
sky, so that analysis on different regions can be compared.

The size of the pixels in the maps varies with Galactic latitude b, as detailed in Ta-
ble 2.4. The smallest pixel sizes are used near the Galactic Plane (|| < 20°) as there
arc more stars per unit area. The largest pixel sizes are used around the Galactic poles
(1b] > 50°) where there are not many stars or molecular clouds, and the compression of
the latitude coordinates / close to the poles means less pixels are required. Therefore, the
maps made for this project are most useful around the Galactic Plane where molecular
clouds are abundant.

Using the con-noise map with the nearest 49 stars as an example, the following
statistics apply. The distance to the 49" nearest star varies from 1’ near the Galactic
Plane to ~10’ at the poles. The standard measure of the uncertainties, the 1o~ variance,

is 0.28 mag 4. This ensures that all regions with an extinction of more than 1 mag 4y
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(the self-shiclding threshold of molecular clouds, e.g. Hartmann et al. (2001)) are detected
with a signal-to-noise ratio of better than 3.6.

There is, however, one area where these maps do not give meaningful results, which
are a few small regions of high extinction where |5 < 1°. This is due to a large number of
foreground stars causing a non-detection of the cloud(s). The maps show patches of lower
extinction when compared with the surrounding area (see the lower edge of Figure 3.5 in
Section 3.1.3.1). These areas should be mapped using observations at longer wavelengths
(see e.g. Schultheis et al. (2009) and Roman-Zuiiga et al. (2009)). Longer wavelength ob-
servations provide a better resolution in areas of high extinction, as more stars are detected
through the denser parts of clouds than with near-infrared observations. Using a combina-
tion of near-infrared and mid-infrared wavelength (3-8um) observations, Roman-Zuaiiga
et al. (2009) measure extinction values in the B 59 cloud of up to nearly 100 mag 4, for

example.

4.1.1 Comparison with Previously Published Maps

In Section 3.1.3 a comparison of the con-noise maps was made with the large-scale ex-
tinction maps of D05 (Dobashi et al., 2005) and S98 (Schlegel ct al., 1998). The major
difference between the maps is the spatial resolution, which is about 6’ for both the D05
and S98 maps, but varies between 1-5" (for |h| <20° where the majority of the clouds
analysed in this thesis are found), in our con-noise map using the nearest 49 stars. There-
fore, our maps are able to show much finer details such as small high-extinction cores and
small-scale structures, for |b] <20°.

As a result of this comparison, it is shown that the calibration of extinction values
in the con-noise maps (allowing for systematic differences) is correct to within the lo
variance on scales of a few degrees. In terms of systematic differences, the extinction
values in the con-noise maps are ~20% larger than those in D05. This may be due to
incorrect values used for the factors (Cyx and Cy ) to convert their A and A values into
Ay. They used values for these factors of Cyp = 1.21 andCyp = 0.76 (Dickman, 1978)

respectively. These factors change depending on the assumption of the reddening law and
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therefore could systematically alter the extinction values.

Alternatively, the reason for the higher extinction values in our maps, compared to
D05, may be due to differences in the extinction law used (e.g. Equation 1.19), for values
of . A value of 8 =1.7 was used for this thesis, while values in the literature vary
between 1.6-1.8 (e.g. Draine (2003), Froebrich et al. (2007)). For example, a change in
B of £0.2 leads to a difference in visual extinction of 10%. However, the error in g is
unlikely to be that large so this is probably not the reason.

Another explanation arises from the star counting technique used in D05 being inef-
fective in tracing high extinction arcas. For example, Kohyama ct al. (2010) indicate that
the D05 map is of limited use at extinction values above 10 mag A, due to non-detection
of background stars. However, this would lead to differences only in the high extinction
arcas, which is not the case.

Comparison of our con-noise maps against those of S98 found the extinction values
in the latter were ~40% larger. This is interpreted as being due to systematic uncertainties
in both dust temperature and emissivity in the maps of S98. This result agrees with that
reported by Dobashi et al. (2005) and Yasuda et al. (2007), that the reddening in S98
is over-estimated by a factor of 1.4 in regions where £(B — V) > 0.15. Furthermore,
Cambrésy et al. (2001) found that S98 over-estimated A4, (derived from their E(B - V)
by a factor of 2-3 times when compared with the star-count method (for a region in the
Polaris cloud). This is also consistent with our result, ¢.g. when comparing D05 with
S98 the differences in A, are close to a factor of two. In addition to the over-estimation of
extinction, an under-estimation is also found in some arcas by Gorbikov & Brosch (2010).

The variation in dust emissivity between dense and diffuse regions is examined in
Lehtinen et al. (2007), which potentially explains the differences found in our compar-
isons with the S98 map. Lehtinen et al. (2007) found that the dust emissivity increases
with decreasing temperature by a factor of two in the temperature range from 19 K to 14 K.
As a consequence of this temperature dependent effect, the apparent optical depth 7, (at
infrared wavelengths) is always lower than the true optical depth. Therefore, the apparent

emissivity of the dust is lower than the true value. The change in 7, is greatest at low
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temperatures, such as those found in dense molecular cores.

A map using far-infrared data (at 100um) with improved resolution compared to S98
was made by Miville-Deschénes & Lagache (2005). They achieved a better resolution
at 100um by keeping the full resolution from the ISSA data. Their map also improves
on S98 by taking into account variations in responsivity with brightness at scales smaller
than 1°. A recent paper giving corrections to the S98 map, by using passively evolv-
ing galaxies to determine corrections to the reddening, was published by Peek & Graves
(2010). Maximum deviations of 45 mmag in £(B — V) are quoted in this paper, caused
by underestimation of reddening in areas of low dust temperature. However, this paper
aims to constrain the errors in S98 over large areas of the sky at high precision, whereas
the differences noted earlier relate to high extinction regions (hence of interest for star

formation).

4.2 Analysis of Column Density Distribution

This section presents the results obtained from the analysis of the column density distri-
bution data, as described in Section 2.7. One result of this analysis is that the slope of
the column density distribution y decreases with increasing spatial scale for about half of
the clouds studied. This can be interpreted as the smaller scale high extinction cores no
longer being detected at the larger spatial scales. Therefore, the slope y for these cases is
steeper (more negative).

The remaining clouds do not show any overall trend in the values of y against spatial
scale. In these cases there may be fewer or no small scale high extinction cores - which
is implausible since all of the clouds involved in star formation are known to have small
scale cores. An alternative explanation could be a lack of small scale (about 8 pixels in
the highest resolution map, i.e. 4’) structure in these clouds, which would otherwise be
‘lost” when the map is rebinned.

Fitting the column density distributions to a log-normal function (see Equation 2.14 in

Section 2.7.2) gave mixed results. Some clouds could be fitted well by this type of relation
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(with an rms of less than ~1 mag 4,). Examples of these include Auriga 2, Chamacleon,
Corona Australis, Lupus, the Rosette Nebula and Serpens. Most of the remaining clouds
however, could not be fit well by this type of function. Some examples of these include
Auriga 1, Cepheus Flare, Circinus, A-Ori, Musca, Ophiuchus, Orion A and Orion B. This
result agrees with earlier works, such as on the Lupus and Ophiuchus clouds by Lombardi
et al. (2008a) and that on the clouds analysed by Kainulainen et al. (2009).

Using the results from Table 3.6 to compare the SF (clustered SF mode) and non-SF
(isolated SF mode) clouds, it is found that the non-SF clouds are fit better by Equation 2.14
than the SF clouds. The mean value of the rms is 2.6+1.5 for the non-SF group compared
to 3.4+1.8 for the SF group (also note the slightly larger standard deviation for the latter).
The lower quality of fits for the SF group is due to the presence of excess material at
higher 4, values, which is hence available for current and future star formation.

All of the clouds analysed showed an excess of material, at higher extinction values,
than what might be expected when compared to a simple log-normal distribution. The
goodness of fit to the log-normal relation might therefore be anticipated to correlate to the
amount of high 4, excess material of a particular cloud. The excess of column density
could relate to material that has decoupled from the turbulent field in the cloud and is now
dominated by gravity. With this in mind, any correlations between the goodness of fit rms
and other cloud properties were searched for, but none could be found.

One might expect that the »ms shows a correlation with y,,,. if the lower quality fits
are due to excess material at higher values of 4;. However, the value of the correlation
coefficient was only r = 0.26 (see Section 2.9.1 for the correlation coefficient method).
This may be due to the disparity between the fits and the data nof occuring in the high 4,
regime. On inspecting the plots of the log-normal fits against 4, (see Appendix B.1.1) it
is evident that the majority of deviations occur in the low A, regime between | mag Ay
and 4 mag Ay, i.c. not in the high 4 regime.

Furthermore, one might expect a correlation between rms and MS F (the mass fraction
involved in star formation). However, the correlation coefficient for this is » = —0.07. This

is likely to be for the same reason as with the y,,,, values; since the fits with worse (higher)
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rms values tend to deviate from the data in the lower 4 regime. The fact that the rms
values were better for the non-SF group may be a chance effect. The large standard
deviations in the rms values also obscure the meaning of these values.

When comparing the values of y at low column densities against high column den-
sities, a difference in the scatter of values was found. This amounts to a factor of 2.5
larger scatter for vy, values compared to ¥y, The values of vy, differ less from cloud
to cloud. This can be interpreted as the high 4, regions of the cloud being dominated
by gravity and therefore decoupled from the turbulence in the remainder of the cloud.
Whereas, in the low Ay turbulence dominated regions, the values of y,,,, vary from cloud
to cloud depending on the environment of the cloud and the feedback from star formation
within.

There are several factors which influence the turbulence in molecular clouds. One
likely source of turbulence is the large-scale gas flows that form the clouds (e.g.
Ballesteros-Paredes et al. (2007)). Hence, one expects the nature of the turbulence to
vary according to the parameters of the flows (e.g. amount of material available, velocity
of the flows, angles at which flows collide etc.). There may also be nearby supernovae
giving rise to compressive shocks in the cloud. Additionally, the nature and amount of
feedback caused by young stars within molecular clouds will vary according to the num-
ber and size of YSOs in the cloud. (e.g. Clark et al. (2005)). Therefore, one may expect
the column density distribution in the turbulence dominated regime (i.e. low 4y) to vary
from cloud to cloud.

Returning to the scarch for correlations, the two groups identified in the left panels
of Figure 3.14 of Section 3.3.2 (i.c. the SF and non-SF groups) are now compared with
data published in the literature. A correlation exists between our two groups and the
number of Young Stellar Objects (YSOs, as listed in Table 1 of Kainulainen et al. (2009) -
using results collated from the Handbook of Star Formation Volumes I (Reipurth, 2008a)
and II (Reipurth, 2008b)). The relevant data are displayed here in Table 4.1, with pertinent
data repeated from Tables 3.6 and 3.7.

The data in Table 4.1 show that most of the clouds listed by Kainulainen et al. (2009)

135



Chapter 4. Interpretation

Table 4.1: Table of star formation status for the 30 selected clouds, arranged by the two
distributions identified from Figure 3.14. The column density distributions slopes ¥, and
Yhigh» Mass distributions &y, and 9y, and the star formation extinction threshold Aysp
are repeated here for comparison. The fourth column shows whether the clouds are star
forming or not according to Kainulainen et al. (2009) (where available). The fifth column
gives an approximate number of YSOs in the cloud, the data collated from the Handbook
of Star Formation Volumes I (Reipurth, 2008a) and II (Reipurth, 2008b).

Name Yiow Yhigh Olow Onign Aysr Star forming? Nygos
(Y/N)
Aquila Rift -0.23 -0.13 -0.16 -0.12 9.3 - -
Chamaclcon | -0.35 -0.17 -0.17 -0.14 1.2°Y 200
Chamacleon I  -0.34 -0.22 -0.17 -0.15 6.7 Y 50
Circinus -0.36 -0.17 -0.24 -0.16 6.8 - -
Corona Australis -0.40 -0.16 -0.15 -0.16 3.7 Y tens
Cygnus OB7 -0.25 -0.17 -0.24 -0.19 12.0 - -
Ophiuchus -0.27 -0.11 -0.17 -0.13 49 Y 300
Orion A -0.28 -0.15 -0.18 -0.12 53 Y > 2000
Orion B -0.39 -0.13 -0.26 -0.11 6.8°Y > 100
Perseus -042 -0.22 -0.28 -0.15 53 Y > 100
Rosette Nebula -0.20 -0.19 -0.20 -0.15 8.9 - -
Serpens -0.16 -0.21 -0.21 -0.14 7.7Y 300
Taurus -0.15 -0.24 -0.24 -0.14 44Y 300
Auriga 1 -0.48 -0.24 -0.36 -0.13 74°Y tens
Auriga 2 -0.71 -0.32 -0.51 -0.21 4.9 - -
Cepheus Flare  -0.54 -0.20 -0.42 -0.11 6.5 - -
Chamaeleon III  -0.46 -0.36 -0.30 -0.24 5.7 N -
A Ori -0.51 -0.34 -0.40 -0.13 7.2 - -
Lupus 1 -0.54 -0.21 -0.22 -0.12 53 Y tens
Lupus 2 -0.61 -0.24 -0.27 -0.09 4.2 - -
Lupus 3 -0.58 -0.23 -0.25 -0.19 29 Y 50
Lupus 4 -0.79 -0.18 -0.40 -0.11 3.7 - -
Lupus 5 -0.71 -0.54 -0.59 -0.34 53 N -
Lupus 6 -0.96 -0.70 -0.73 -0.06 5.6 - -
Lupus 7 -0.56 -0.35 -0.46 -0.48 11.2 - -
Lupus 8 -0.75 -0.58 -0.57 -0.51 5.8 - -
Lupus 9 -1.03 -0.45 -0.96 -0.53 3.3 - -
Monoceros -0.42 -0.18 -0.32 -0.12 4.8 - -
Musca -1.04 -0.22 -0.16 -0.24 6.0 N -
Scorpius -0.56 -0.29 -0.31 -0.16 5.6 - -
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as star forming appear in group one of the two distributions. This may be understood from
the fact that these clouds have generally less negative values of y (i.e. shallower slopes)
hence more material at higher A4, available for star formation. However, two clouds listed
as star forming appear in group two, but have only tens of YSOs (Lupus 1) and ~50 YSOs
(Lupus 3) contained in them. The clouds listed in Kainulainen et al. (2009) as non-star
forming all appear in group two of the two distributions. A strong correlation is implied
here between the two groups (SF and non-SF) and the star formation activity taking place

in the clouds.

4.2.1 Galactic Plane Column Density Distribution

The results for the Galactic plane analysis, using the log-normal fits to the column density
distribution, were presented in Section 3.3.1.1. The parameters a, 4y, 4, and o differ
with position around the Galactic centre (denoted by the contours of 4;). There is a trend
in that the values of the parameters close to the centre are systematically higher/lower
than those outside of the centre. This is likely due to the higher extinction around the
Galactic centre. Furthermore, this trend is repeated with the values of the goodness of fit
rms which show that the fits are of poorer quality around the centre. This is probably due
to multiple clouds along the line of sight in this region, hence the CDDs cannot be well
fit by the log-normal function.

The following results were found, for the log(N) fits to the CDDs presented in Sec-
tion 3.3.2.1. One expects the values of the slopes y to decrease around the Galactic centre,
where the column densities are higher, hence there is more material at higher extinctions.
This is indeed the case. The effect is more pronounced with increasing pixel size, which
may be understood as less high extinction features (e.g. cores and filaments) are detected
at lower resolutions. The mcan standard deviation for the vy, data is nearly four times
that as for the 7y, data. This is likely due to the different factors that influence the
low Ay region (such as turbulence) when compared with the high A, regions, which are

dominated by gravity.
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4.3 Analysis of Mass Distribution

Using the method described in Section 2.7.3, the slopes of the mass distribution ¢ were
obtained for our sample clouds. As with the column density distributions, about half
of the clouds showed a decrease in the slope ¢ with increasing spatial scale, while the
remainder showed no overall trend. The reasons are likely the same as those discussed
in Section 4.2. As the spatial scale increases, smaller structures are no longer detected,
which leads to a decrease in 6.

However, the change in the slope ¢ is more prominent than for the column density
slopes y. Therefore, it is somewhat easier to ascertain the threshold in 4y (i.c. 4ygp in
Table 4.1) at which the dominant force in the cloud switches from turbulence to gravity.

Values for Ay5 range from 1.2 mag 4, (Chamacleon I) to 12.0 mag 4 (Cygnus OB7)
(see Table 3.7). This threshold can be associated with the extinction threshold for star
formation, originally quoted as 7 mag A, in Ophiuchus (Johnstone et al., 2004). This is
in good agreement with the mean value calculated for this thesis of 5.9 mag 4, (with a
standard deviation of 2.3 mag 4,). One might expect clouds with a lower star formation
threshold to be undergoing star formation as this implies there is more material available
at higher A4 values. This is the case - the clouds Chamacleon I and Corona Australis have
reasonably low star formation thresholds and are undergoing star formation (Kainulainen
et al., 2009).

An indicator of whether a cloud has the potential to form stars in the next 10%yrs is
the mass fraction involved in star formation (denoted MSF). In this study, values for
the MSF were found to vary from 0.07% to 31.0% (though the second highest figure
is 10.8%). Even so, this represents a range of more than two orders of magnitude. This
large spread of values may be due to the clouds being observed at different stages of
their evolution. Some of the clouds undergoing star formation (listed in Kainulainen et al.
(2009) and listed here in Table 4.1) have a higher value of MS F than those with only low
star formation. Examples of these include Chamacleon I, Corona Australis, Orion A and
Taurus. This implies that they have material dominated by gravity which is expected to

form more new stars with in the future.
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However, other examples such as Ophiuchus and Orion B have low values of MSF
(around 1 % cach). In this case, the interpretation is that these clouds are nearing the
end of their star formation phase. Only a small proportion of the mass in these clouds
is found in the regime dominated by gravity. Another explanation is that more material
will accumulate into higher density regions in these clouds and become available for star
formation at a later date. Whether this will happen depends on the interplay of turbulence,
gravity and magnetism at work in the clouds and as such can only be speculated on.
Molecular clouds are also surrounded by macro-turbulent HI regions which exchange
mass, energy and momentum both with other clouds and the molecular components within
(Ballesteros-Paredes et al., 1999).

The cloud properties listed in Tables 3.6 and 3.7 were tested to find correlations. It
might be expected that a link could be found to the predominant mode of star formation
(i.e. clustered or isolated). However, no correlation could be found. When comparing
clouds which form stars in clusters (SF clouds such as Orion A), with clouds that form
few, isolated stars (non-SF clouds such as Auriga 1), the differences between the column
density parameters are too ambiguous to discern any trend. For example, while the aver-
age values of parameters 6jy,, Aysp and MS F differ between the SF and non-SF groups,
the statistical uncertainties mean that the differences are not significant for the latter two
parameters.

A correlation against the properties of the turbulent (i.e. low A4y ) parts of the cloud
was also searched for. Such a correlation might be expected as the turbulent regions of
the cloud may drive the star formation mode, or perhaps the different turbulent properties
originate from feedback from young star clusters or YSOs. Once again no correlation was
found in the data. It is plausible that a correlation might exist with some environmental
attributes of the clouds, such as position above/below the Galactic plane (which can be
inferred from the latitude ), or the distance of the cloud from the Galactic centre, or the
direction of the cloud with respect to the solar system. However, the clouds analysed here
are all relatively nearby (~1 kpc or less except for the Rosette Nebula); this may explain

the lack of correlations. When testing for correlations the SF and non-SF groups were
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also considered separately but no correlations were found.

One might expect a correlation between the values of d,,, and parameters such as 4y
and MSF. These parameters can potentially all be linked to the level of star formation
of the clouds. Again, no correlations were found between any of the mass parameters
derived for this thesis. This can be explained by the following. Firstly, the values of 9,
relate to the distribution of material in the clouds rather than the explicit amount available
for star formation. Secondly, the threshold values 4.5/ appear to be independent of the
mass of the molecular cloud so again may not relate to the amount of material available
for star formation. This testing was repeating with the SF and non-SF groups treated
separately, and the same result was found.

Overall, the behaviour of the mass distribution § values resembled that of the column
density distribution y. The values of d;,, have a much larger scatter than the values of
Spign (4.5 times larger). This behaviour is hardly surprising since the mass distributions
are derived from the column density measurements. The reason for the larger scatter
in &, values is that the lower 4 regions of the clouds are dominated by turbulence,
which may be caused by large-scale flows acting on the clouds, supernovae and possible

feedback from stars within. This was discussed further in Section 4.2.

4.3.1 Molecular Cloud Density

The molecular cloud densities for the cach of our sample clouds (p,,) were calculated,
as well as for the region in each cloud associated with star formation (ps ). These were
presented in Section 3.3.3.1. For both p4, and pg the results cover a couple of orders of
magnitude (see Table 3.7). For the entire clouds - i.e. the low and high extinction regions

- the following results were found. The values of p 4, range from 52 cm™ to 1.4 - 10* cm™

(1.3 My - pc™ t0 340 M., - pc™*). For pg the values range from 920 cm™ to 4 - 10° em™
(23 My-pc= to 1:10* M, - pc?). As expected the densities are higher for the star forming
regions of the clouds.

When considering the two groups identified from Figure 3.14, one would expect

the median density of the SF group to be higher than that of the non-SF group.

140



Chapter 4. Interpretation

This is not the case (compare 255y = 2.322.1  10* em™ (580+530 M, - pc™?) with
psen = 31422 - 10* em™ (780+560 M, - pc™)). However, the size of the uncertain-
ties removes the significance of these value. This ambiguity may result from the highest
density material not being detected, due to lack of resolution of the smallest structures in

the clouds.

4.4 Analysis of the Structure of Molecular Clouds

A selection of nearby GMCs were investigated by calculating structure functions, as de-
scribed in Section 2.8. For this analysis only the low 4 parts of the clouds were selected
(i.e. pixels between 1 mag 4, and the star formation threshold for each cloud (see Sec-
tion 2.7.1)) as turbulence is expected to dominate in these regions. The structure functions
were calculated for each cloud using the con-noise Ay maps and n(p)/n(3) was plotted
against p. The structure functions were derived at a common range of scales for the
clouds, from 0.1 pc to 1.0 pc (where the data were available). The A-variance technique
was also used to investigate structure, using the con-noise maps, and this is discussed in

Section 4.4.3.

4.4.1 Structure Functions

Structure function analysis was performed on our sample of clouds, and the results are
shown in Table 3.8. The method used was described in Section 3.4. Correlations were
scarched for between the structure function parameter A and codimension C obtained
from the structure function analysis, and the parameters shown in Tables 3.6 and 3.7
(Section 3.3.1). The correlations were tested for by finding Pearson’s correlation coeffi-
cient r (see Section 2.9.1) for all combinations of the parameters. No correlations were
found with a value for  of better than 0.7 (generally only values of » = 0.9 and above are
convincing).

The structure function analysis was repeated by considering the SF and non-SF groups

separately (i.e. based on the two distinct distributions seen in the left panels of Figure 3.14
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of Section 3.3.2). Once again no correlations were found, for either group. This result
implies there is no link between the structure function parameters and the results obtained
from the column density and mass distribution analysis. Alternatively, any correlation
may have been obscured by the uncertainties in the results. This is unlikely as one would
still expect some correlations, but with less convincing coefficients, which is not the case.

When comparing the mean values of the parameters obtained from the structure func-
tion analysis for the SF and non-SF groups, slight differences are found. For example,
the mean value of the codimension C is 1.81+0.33 for the SF group and 1.98+0.33 for
the non-SF group. The Kolmogorov-Smirnov test (K-S test, see Section 2.9.2) was per-
formed to investigate the significance of any differences between the two groups for the
parameters A, C (also g and D). Only for the parameter A was the result convincing that
the distributions are not the same (0.0019% from the same group). For the parameter C
(and therefore fractal dimension D) the result was a 1.62% probability of being from the
same distribution. It should be noted that when using the K-S test, even this low prob-
ability of 1.62% does not ensure that the data are not from the same distribution. For
the intermittency parameter 8 there was a 55.7% likelihood that the distributions are the
same, which is again inconclusive.

The results of the K-S test lead to a couple of possible conclusions. Perhaps the two
groups are only distinct with respect to the parameter A and the other parameters are
common to both groups. In this case, only A may be used to distinguish which group
(SF or non-SF) a cloud belongs to when using structure functions. Alternatively, both
parameters A and C may be used to distinguish the groups, but uncertainties in the values
have lead to the K-S test giving an unconvincing result. The parameter g is highly likely
to be common to both groups, as both SF and non-SF clouds exhibit intermittency.

One correlation that was searched for was an increase in values of codimension C
with distance, i.¢. for the value of the fractal dimension D to decrease with distance. This
may be expected to occur as clouds ére less well resolved at larger distances. Structural
details are less well determined resulting in a more simplistic appearance. However, in the

analysis no such correlation was found. This may be due to the way cach cloud was ‘cut’
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from the larger 4, map (i.c. the region sclected for each cloud was chosen to encompass
cach cloud in a similar way). Additionally, the structure functions are determined on the
same scale - 0.1 pc to 1 pc; this scale is resolved for all the clouds analysed. Alternatively,
the structure in cach cloud may therefore be similar, on a macroscopic scale of the order
of the cloud size.

The variation of codimension C with distance for modelled clouds will be discussed in
a future paper (Froebrich et al. (in preparation)). Analysis will be performed to ascertain
whether varying the distance has an effect on the calculated structure function parameters
for a synthetic cloud. This analysis will be performed to closely match what is observed
with real molecular clouds, i.e. the synthetic cloud should have a realistic column density
distribution.

Two other questions will be addressed in this future paper. Firstly, it is likely that the
parameters A and C change when the same cloud is viewed from a different orientation.
The extent of differences in these values can be ascertained by theoretical modelling of
clouds, whereas this cannot be determined from observations. Theoretical modelling will
aim to clucidate what effect changing the viewing angle has on the parameters A and C.
If the calculated structure functions change significantly with viewing angle, this implies
that the structure functions parameters for different clouds cannot be compared like-for-
like. If the structure function parameters do not change significantly with viewing angle
then this effect can be discounted.

Secondly, a similar question applies for the positioning of background/foreground
stars - how do the values of the structure function parameters change if the positions of
background/foreground stars are altered? This will have a larger cffect on con-res maps,
compared with con-noise maps, where most pixels only contain a few stars. So, changing
the position of stars may have a large effect on the observed structure function parameters
(hence justifying our use of the con-noise maps for this purpose). Again this is something
that can be investigated by theoretical modelling.

For each of our sample clouds it was possible to fit the parameters A and C (and hence

B and D) with RMS values of less than 0.1. However, fitting our data to the models of
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K41, SL94 and B02 proved problematic. Several different ways of generating structure
functions - including the use of weightings to accentuate different 4, regions - were
discussed in Section 2.8.1.1. Only in a tiny minority of cases (~4%) was it possible to fit
to the models with an RMS of less than 0.1, and these cases were likely to be serendipitous
fits (since there was no pattern or trend in the few cases which did fit).

Therefore, fitting our calculated structure functions to the models of K41, SL94 and
B02 did not yield meaningful results. Although the con-noise maps were also used for
this analysis, using a weighting in the equation for deriving the structure functions (Equa-
tion 2.20) did not give acceptable results. It is thus concluded that the models of K41,
SL94 and B02 are insufficient to explain the observed structure in molecular clouds as
they are too simplistic. Furthermore, had this analysis produced a positive result the in-
terpretation would have to take account of the effect that the weightings had on the maps,
which is not a straightforward assessment. For example, different weightings accentuate
different regions in an extinction map, but not necessarily in a linear way. Therefore, this
type of analysis (the use of weightings) was discarded.

Using the method outlined in Section 2.8.1, the following structure function results
were obtained. The mean value for A of 0.83+0.14 is higher than A = 0 expected by K41
and A = 2/3 predicted by SL94 and B02. But it is lower than the value of A = I predicted
by S08. However, the 1o~ uncertainty in our result means the value could be as low as
A = 0.69 or as high as A = 0.97. The results for A quoted in this thesis imply that the
models by SL94 and B02 are too simplistic and that in reality a mixture of structures (¢.g.
filamentary and sheetlike structures) are present in clouds. Note that the mean values of
A for the SF and non-SF groups are identical at A = 0.83. This implies that both groups
contain a mixture of filamentary and sheetlike structures. High extinction features such
as small, high-density cores do not contribute to this analysis since only material at low
column densities was used to calculate the structures.

The mixture of solenoidal and compressive forcing in both SF and non-SF clouds is
not unexpected since transfer between the two forcing modes is possible. The vortic-

ity (w = V X u) and dilation (V - u) equations have an asymmetry that favours transfer
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from solenoidal to compressive components (Vazquez-Semadeni et al., 1996; Kornreich
& Scalo, 2000). Furthermore, compressive components may be transferred to solenoidal
when the pressure and density gradients are not aligned, such as in the case of oblique
shocks (Elmegreen & Scalo, 2004). Therefore, one expects a mixture of forcings in
molecular clouds.

The mean value of codimension parameter C is 1.91+0.33, which is close to the SL94
predicted value of C = 2, where the most dissipative structures are filamentary. B02
theorised a value of C = 1, i.e. that the most dissipative structures are sheetlike, arising
from e.g. shocks. Different theoretical values for C were postulated in SO8 depending on
the type of forcing; they found C = 1.1 for compressive forcing and C = 1.5 for solenoidal
forcing. Neither of these two results are close to the average value determined here.

Most of the results for C are closer to the expected value for solenoidal forcing, apart
from the results for the clouds Auriga 2 (C = 1.18), Cygnus OB7 (C = 1.31) and Orion A
(C = 1.20) (a mixture of SF and non-SF clouds). The mean value for the SF group is
C = 1.81 and for the non-SF group C = 1.98. This may imply that the SF group includes
a greater clement of compressive forcing than for the non-SF group, which hence lowers
the mean value for both groups. This in turn implies that shearing forces play a greater
part in determining the structure of the low 4, turbulence dominated regions of molecular

clouds.

4.4.1.1 The Effect of Noise on Structure Functions

The effect of noise on the structure function results was investigated by adding Gaussian-
distributed noise to a test image, and also to a selection of real clouds as described in
Section 3.4.2. Generally, the structure functions calculated did not conform to the pub-
lished models of K41, SL94 and B02. Instead, the data were fitted to Equation 2.19 and
the parameters A and C were derived. The parameters 8 and D are simply functions of A
and C, hence dependent on them.

For the test image (see Figure 3.18), a structure function corresponding to

Kolmogorov-type turbulence was calculated (i.e. A = 0). However, once noise was

145




Chapter 4. Interpretation

added to the image, the derived structure function parameters changed to A ~ 0.50 and
C =~ 1.2. Adding increasing quantities of noise only had a slight effect (a small decrease)
on the structure function parameter A. However, when adding artificial Gaussian noise
to the real clouds the opposite was found (a slight increase in the parameter A). The size
of the uncertainties means that these small trends are insignificant. Only the “jump’ from
Kolmogorov-type turbulence once noise is added is meaningful.

In conclusion, the effect of noise is to cause a deviation from the true structure func-
tion, with no obvious trend in real clouds, due to the random nature of the noise. In further
tests, when Gaussian noise above 1/40 (i.c. 0.07 mag A4,) was added (above the inherent
lo noise of 0.28 mag Ay), the resulting structure function could no longer be fit by a
relation of the form of Equation 2.19 with an rms of less than 0.1 o

An implication of this result is that the complete removal of noise would be necessary
to derive the true structure function. In practice, the noise may only be reduced and
cannot be totally removed. As discussed earlier (Sections 3.4 and 4.4.1), the con-noise
maps were used for the structure analysis for this reason. Even having used the con-noise
maps the noise may still have obscured any trend(s) present in the data, given the size of

the deviations in the results.

4.4.2 The Structure Functions Values in the Galactic Plane

The results of the structure function analysis for the Galactic plane region were presented
in Section 3.4.1. The plots showing how the values of the parameters vary with Galactic

coordinates are shown in Appendix C.1.2. Starting with the structure function parame-

1

ter A, the values arc generally around A = 0.6 — 1.0, except for longitudes / > 85° to the
left of the centre and / < —100° to the right. For these areas at the two ends of the region
analysed the values arc lower (A =~ 0.1 — 0.5). These lower values may be indicative of
Kolmogorov type turbulence, or relate to a lack of material in these positions. However,
the region chosen for the analysis of the Galactic plane has clouds throughout, so the lat-

ter explanation is unlikely. Therefore, there may be genuine change in the nature of the

turbulence in these areas.
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For the codimension C, there is a trend in that the values are lower in the high-

14

extinction region around the Galactic centre. The values are about C ~ 0.8 — 1.7; the
lower values are close to those expected for compressive forcing (C =~ 1.1 assuming
A = 1 (Schmidt et al., 2008)), whereas the higher values are closer to that expected for
solenoidal forcing (C =~ 1.5 (Schmidt et al., 2008)). Therefore, the Galactic centre re-
gion contains a mixture of these two types of driver. The areas to the left and right of the
Galactic centre have values C =~ 1.6—-2.2, which are generally higher than for the Galactic
centre, but closer to a value expected for solenoidal forcing.

The intermittency parameter 3 is related to A and C by the relation 8 = 1 =A/C. There
is a trend of lower B values around the Galactic centre (8 = 0.1 — 0.6). The values to the
left and right of the Galactic centre are higher (3 =~ 0.6 — 1.0). The values of the fractal
dimension D are related to C by C = 3 —D. Therefore, they show the opposite trend as for
C, with the values being higher around the Galactic centre (D =~ 2, implying a sheetlike

structure). To the left and right of the Galactic centre the values are D =~ 1, implying a

filamentary-type structure.

4.4.3 A-variance

The A-variance technique was applied to the con-noise maps (both 4, maps and star
density maps), as described in Section 2.8.2. The results are shown in Table 3.12 in
Section 3.5. Peaks identified in plots of o} against Ar were used to quantify the scale of
structure in our sample clouds. It should be noted that this method underestimates peak
positions by ~10-20% (Ossenkopf et al., 2008a). The peak positions quoted here do not
reflect the exact scale of the structure, due to the uncertainty in the quoted error.

Using the A-variance technique, peaks in o were generally found (where the data
were available) at scales of around ~0.8 pc to ~57.0 pc in both types of map (i.e. Ay
maps and star density maps). The star density maps tended to find peaks on a larger scale
than those found using the 4, maps, with a few exceptions (Aquila Rift, Chamaeleon I,
Corona Australis, A-Ori, Lupus 7, Ophiuchus and Serpens). In the case of the excep-

tions, this is due to the star density maps allowing the detection of structure on smaller
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scales (the small-scale structure is enhanced). On the whole, such small-scale structure
is not detected, probably due to not being resolved or lost when the oversampled data is
discarded.

Both our A4 and star density maps yield peaks in A-variance which fall into two clus-
ters; ‘smaller’ scale peaks and ‘larger” scale peaks. The peaks in o7 typically correspond
to the width of filaments or sheets in a cloud rather than the length of filaments which are
much longer (e.g. of the order of 40-50 pc for the Cepheus Flare cloud, where a peak was
found at 16 pc - see Figure C.21 in Appendix C.2). However, in e.g. Lupus 9 the peaks
correspond to the length of sections of the filaments rather than the width of the filaments
(see Figure C.37 in Appendix C.2).

Correlations were searched for in the results for the SF clouds and the non-SF clouds,
but none could be found. The results are within error bars, therefore any differences are
not statistically significant. A Kolmogorov-Smirnov test was performed, to see whether
the peaks in o3 belonged to the same distribution for the two groups. For the ‘smaller’
scale peaks (of the order 0.8-17.0 pc), the result was a 1.598% probability that the distri-
butions belong to the same group, therefore it is possible (but not conclusive) that there
is a fundamental difference in the peak scales for the SF clouds when compared to the
non-SF clouds. For the ‘larger’ scale peaks (of the order 30.0-50.0 pc), the probability of
belonging to the same distribution was 53.4%, i.e. inconclusive.

Regarding the scaling exponent @ for the density field, Federrath et al. (2010) found
different values depending on the type of forcing present in the cloud. They found that
a = 0.55 for solenoidal forcing and « = 1.34 for compressive forcing. The results obtained
for this thesis (see Section 3.5) show a considerable variation in measured values for «,
with the bulk of the values around the predicted amount for solenoidal forcing (the mean
value for a 1s 0.57+0.25).

Some of the calculated values of a are close to the predicted value for solenoidal forc-
ing, e.g. Auriga 2 (a = 0.49+0.13), Lupus 2 (a = 0.51+0.06), Lupus 4 (a = 0.47+0.04),
Lupus 5 (@ = 0.58+0.11) and Orion B (@ = 0.52+0.05). The clouds which have a value

of @ expected from the theoretical value for solenoidal forcing do not have any other
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parameters in common, therefore further theoretical work is required to understand the
significance of these values. Future modelling work should include a mixture of both
solenoidal and compressive forcing to match the observations.

Other values for @ are closer to the predicted value for compressive forcing. Examples
of these are Corona Australis (@ = 1.08+0.03) and Orion A (@ = 0.96+0.18). However,
other than both being SF clouds these two clouds do not have any other common param-
cters, so that no other parameter can be directly linked to the presence of compressive
forcing in the cloud. The remainder of the clouds, on the whole, are subject to solenoidal
forcing. Furthermore, there are no correlations between the values of @ and other cloud
parameters for the remaining clouds. In practice, it is likely that the forcing in individual
clouds with 0.55 < @ < 1.34 is a combination of both solenoidal and compressive forcing.

When considering the SF and non-SF groups separately, it was found that the mean
value of @ was 60% larger for the SF group. This can be interpreted as due to the presence
of structure at higher 4 in the SF clouds. The mean value for the SF group is (@) =
0.74 which implics a mixture of predominantly solenoidal forcing with some compressive
forcing. For the non-SF group the mean value is (@) = 0.45 which implies that the forcing
is likely to be exclusively solenoidal.

The values of @ should be taken in the context of the uncertainties in the A-variance
results. As shown in Figure 2.10 (see Section 2.8.2), the error bars for the A-variance can
be quite large (especially at large lags - i.e. scales). This leads to large uncertainties in the
values of a. Work needs to be done to revise the A-variance technique to reduce the large

uncertainties in the results.

4.4.3.1 The Effect of Noise on the A-variance

Analysis was performed to see what effect adding Gaussian noise had on the A-variance
results. The results of this analysis are shown in Section 3.5.1. When adding noise to the
test images there was no trend in the values of the mass index scaling exponent @ when
compared with the amount of noise added. This shows that the A-variance technique is

robust against noise in the pixels in this respect. Further analysis using the test image
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showed that the position of a peak in o3 did not change with increasing noise.

Using a selection of our sample of real clouds, further analysis was performed to see
what effect (if any) adding Gaussian noise to the image had. There was no discernible
trend in the values of @, when compared to the amount of noise added. However, noise
was an important factor when performing A-variance analysis using the con-res maps.
The results were inconsistent when comparing the four spatial resolution maps for each
cloud. This was due to the larger variation in noise between pixels caused by the low
number of stars in cach pixel. Therefore, the A-variance analysis was performed using

the con-noise maps.

4.5 Individual Clouds

In this section the interpretation is given for individual clouds. The results obtained for
this thesis (from Sections 3.3, 3.4 and 3.5) are discussed and compared with the literature.
The distance and mass estimates are discussed, and the area of the selection for each cloud
is quoted. The star forming status of each cloud is given and compared to the literature
(where available). The type of forcing (solenoidal or compressive, see e.g. Federrath et al.
(2010)) suggested by the data for each cloud is postulated. This discussion also quotes
the value of the mass index scaling exponent & (see ¢.g. Stutzki et al. (1998)) which gives

an indication of the type of turbulent forcing in each cloud.

4.5.1 Aquila Rift

The Aquila Rift is a ~430 pc? area at a distance of about 200-250 pc (Straizys et al..
2003). It includes the star forming region W 40 (Rodney & Reipurth, 2008). A mass for
the cloud calculated here of 154 -10° M,, compares well with the literature value of 150-
270 -10° M, (Straizys et al., 2003). The mass fraction involved in star formation MSF
is calculated at 1.58% and the star formation threshold is found to be 9.3 mag 4, above
which the material in the cloud is dominated by gravity. From the shallow gradient of the

column density distribution y,,,, the cloud is in the distribution of clouds likely to be star

150




Chapter 4. Interpretation

forming.

One puzzle concerning this region is that not many new stars are found (Prato et al.,
2008), yet the necarby Serpens region (discussed separately in Section 4.5.19) has many
new stars forming within it. The possible reasons behind this are either disruption to
the star formation by environmental factors (colliding super-bubbles converging on the
cloud, nearby supernovae etc., (Frisch, 1998)) or by the star formation being only sporadic
within the cloud. The few stars found in the region appear to be related (sharing similar
radial velocities (Prato et al., 2008)) but are spread out, implying an isolated mode of star
formation for this cloud.

In terms of structure, the cloud has a value of A = 0.96 and codimension C' = 2,
which leads to a value for D = 1 i.e. a thin, filamentary type structure. This also implies
that this cloud is subject to solenoidal forcing since Federrath et al. (2010) find that fila-
mentary structures are likely to arise from that type of forcing. The mass index scaling
exponent has a value @ = 0.85 which is in between the values expected for solenoidal and

compressive forcing.

4.5.2 Aurigal

The Auriga | cloud (also known as the California Molecular Cloud) is located at a distance
of ~450 pc (Lada et al., 2009) (though Knude (2010) suggests a closer distance of 330 pc)
and covers an area of 9400 pc’. The mass of the cloud is calculated at 268 -10° M,
which of the same order of magnitude as that calculated by Lombardi et al. (2010b)
of 132 -10° M, and Lada et al. (2009) of ~110 -10*M,. The MSF is calculated as 0.19%
and the cloud is categorised as non-star forming. This is at odds with some literature,
¢.g. Kainulainen et al. (2009), who state that the cloud is forming stars albeit at a low rate
(tens of stars - an order of magnitude less than the Orion Molecular Cloud (Lada et al.,
2009)). Furthermore, Auriga | contains only one significant embedded cluster of stars
(Lada et al., 2009).

The structure analysis for this cloud gave a value for A = 0.77 and a value for C =~ 2.

These indicate that the cloud has a thin, filamentary type structure. A visual inspection
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of the structure function plot (see Figure C.1, right panel, in Appendix C.1.1) with the
lowest RMS shows a close fit to the SL94 model, for values of p up to 15. This implies
vortex/filament type dissipative structures in the cloud rather than sheetlike dissipative
structures. Hence, the cloud is more likely to be subject to solenoidal forcing. The value
of @ derived from the A-variance analysis is @ = 0.36, which is lower than the values

predicted by Federrath et al. (2010), but more likely associated with solenoidal forcing.

4.5.3 Auriga 2

The cloud Auriga 2 covers an area of 590 pc” and lies at a distance of ~140 pc (Kenyon
et al., 2008). The mass of the cloud is calculated as 12.7 -10° M, and a star formation
threshold of 4.9 mag 4. The cloud has a MS F of 0.33%, and is categorised as non-star
forming due to the value of yy,,. (-0.71). According to the literature, most of the new stars
in this region are in small groups (Luhman, 2006). Furthermore, many of the pre-main
sequence stars are in binary or multiple systems (see Table 5 in Kenyon et al. (2008)).
Therefore, the mode of star formation is more likely clustered than isolated for this cloud.

The structure of the cloud is likely to be sheetlike in nature as the structure parameter
D = 2. This value suggests that the cloud is subject to compressive forcing. The value
of the structure parameter A is 0.45. The mass index scaling exponent @ = 0.49 which
is slightly lower than the value expected by Federrath et al. (2010) for solenoidal forcing.
This suggests the cloud is subject to solenoidal forcing which contradicts the results found

from the structure function analysis.

4.5.4 Cepheus Flare

The Cepheus Flare cloud lies at a distance of 390 pc (Kun et al., 2008, 2009), and covers
an arca of 7900 pc?. The region is forming stars and contains about 130 YSOs (Kirk
ct al., 2009b). However, the MS F calculated here is only 0.15%, hence the region may
be nearing the end of its star producing phase. The region is classified here as non-

star forming due to the vy;,,, value of -0.54. Nevertheless, star formation is known to be
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occuring in the Cepheus Flare, with YSOs found in small isolated groups (Kirk et al.,
2009b).

The structure function analysis yiclded mean values of A = 0.58 and C = 1.97,
implying a filamentary-type structure in the cloud. The value of the parameter C also
implies that the cloud is subject to solenoidal forcing. The parameter @ = 0.18 is rather

low but is suggestive of solenoidal forcing than compressive forcing.

4.5.5 Chamaeleon

The Chamaeleon cloud is usually split into three components which each have a slightly
different distance. Knude (2010) also gives three individual distances for these clouds,
but since the uncertainties in distance mean these overlap, a ‘common’ distance of 194 pc

is also quoted.

4.5.5.1 Chamaeleon I

The cloud Chamaeleon I covers an area of 68 pc? and lies at a distance of 160 pe (Whittet
etal., 1997) (however, Knude (2010) gives a distance of 196 pc). The value for the cloud
mass calculated here is 1.74 -10° M,, which compares closely to 1.8 -10°M,, (Cambrésy,
1999) and 2.3 -10° M,, (Kainulainen et al., 2009). This cloud has a high MS F of 31%, the
highest among the selection of analysed clouds. Thus it has a high potential to form stars
in the future. The cloud is classified here as a star forming cloud on the basis of it’s value
of i = —0.35. The star forming status agrees with the literature (e.g. Kainulainen et al.
(2009)) which shows the presence of about 200 YSOs in the cloud. The star formation
mode is found to be clustered in this cloud (e.g. Luhman (2007)).

The values of the structure parameters are A = 0.74 and C = 2.01, the latter of which
suggests a filamentary structure (D = 1). This also suggests that the cloud is subject to
solenoidal forcing, but the mass index scaling exponent has a value of @ = 0.96 which

implies a mix of solenoidal and compressive forcing.
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4.5.5.2 Chamaeleon II

The Chamacleon 11 cloud covers an area of 60 pc? and lies at a distance of 178 pe (Whittet
ct al., 1997) (Knude (2010) gives a distance of 209 pc). The cloud mass calculated here
is 1.18 -10° M,, which compares to 0.8 -10° M, (Cambrésy, 1999) and 1.5 -10° M,, (Kainu-
lainen et al., 2009). This cloud is also classified here as star forming and has a potential
MS F of 3.8%. The mode of star formation is found to be clustered for this cloud (Spezzi
ct al., 2009).

The structure parameter values of the cloud are A = 0.93 and C = 1.88 which imply
a filamentary structure for the cloud. The value of C also suggests the cloud is subject
to solenoidal forcing. However, the value @ = 0.83 suggests a mixture of solenoidal and

compressive forcing.

4.5.5.3 Chamaeleon III

The cloud Chamaeleon III covers an arca of 84 pc? and lies at a distance of 150 pc (Whit-
tet et al., 1997) (Knude (2010) quotes a distance of 217 pc). The mass of the cloud is
calculated here as 1.49 -10° M, compared to literature values of 1.3 -10° M, (Cambrésy,
1999) and 1.8 -10° M, (Kainulainen et al., 2009). This cloud is classified as non-star form-
ing and has a MSF of 1.3%. The non-star forming status is confirmed by the literature
(e.g. Gahm et al. (2002)).

The values of the structure parameters for this cloud are A = 0.91 and C = 2.12. The
latter implies a filamentary type structure and that the turbulence is driven by solenoidal
forcing. The value of @ = 0.66 is in keeping with this result as it is much closer to the

value expected for solenoidal forcing.

4.5.6 Circinus

The Circinus cloud is a 1300 pc? region at a distance of about 700 pc (Bally et al., 1999)
(Knude (2010) quotes a distance of 436 pc for this cloud). The mass for the cloud calcu-

lated here of 113 -10° M, compares to the literature value of 50 -10° Mo, A value for MSF
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of 1.36% is calculated and the star formation threshold is found to be 6.8 mag 4, above
which the material in the cloud is dominated by gravity. From the shallow gradient of the
column density distribution y,,, the cloud is in the distribution of clouds likely to be star
forming. In the literature, the star formation in this cloud is stated as likely to be caused
by the shock from a supernova (Reipurth et al., 2008).

In terms of structure, the cloud has a value of A = 1.01 and codimension C = 1.67,
which leads to a value for D = 1.33 i.e. likely to have a thin, filamentary type structure.
This result is in agreement with the value of @ = 0.69 for the mass index scaling exponent,

and with the literature (e.g. Reipurth et al. (2008)).

4.5.7 Corona Australis

The Corona Australis cloud is located at a distance of ~170 pc (Knude & Hog, 1998)
(Knude (2010) quote a distance of 148 pc and Neuhduser & Forbrich (2008) quote a
distance of 130 pc) and covers an area of 53 pc?. The mass of the cloud is calculated here
at 1.0 -10° M,, which of the same order of magnitude as that calculated of 1.6 -10° M, by
Cambrésy (1999) and also by Kainulainen et al. (2009). The MS F is calculated as 9.6%
and the cloud is found to be in the second group of clouds that are likely to be star forming.
The star formation mode is likely to clustered, since the cloud has a cluster at it’s core
(Neuhduser & Forbrich, 2008).

The values of the structure function parameters are A = 0.88 and C = 2.28. The latter
points to a filamentary structure for the cloud and solenoidal forcing as the driver for
the turbulence. The value of the mass index scaling exponent @ = 1.08 suggests mainly

compressive forcing, however.

4.5.8 Cygnus OB7

The Cygnus OB7 cloud lies at a distance of 770 pc (Uyaniker et al., 2001), and covers an
area of 5700 pc?. A detailed overview of this region is presented in Reipurth & Schneider
(2008), and in Aspin et al. (2009). The region is forming stars and is likely to contain a

significant number of YSOs. However, the value of MS F calculated here is only 0.07%,
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hence the region may be nearing the end of its star producing phase. The region is classi-
fied here as star forming due to the vy, value of -0.25.

The structure function analysis yielded mean values of A = 0.77 and C = 1.31. The
latter leads to a value for the fractal dimension D =~ 1.7, i.c. the cloud is likely to have a
sheetlike structure and is subject to compressive forcing. However, the value of @ = 0.23

is much lower than that expected for cither solenoidal or compressive forcing.

4.5.9 A-Ori

Located at a distance of 400 pc (the same distance as the nearby Orion Nebula Muench
ct al. (2008), see also Dolan & Mathicu (2001)), the A-Ori cloud covers an arca
of 7600 pc®. This makes the cloud the third largest area studied (after the Rosette Neb-
ula and Monoceros). A low value of MS F is found for this cloud (0.12%) and it is also
classified as non-star forming due to the vy, value of -0.51. This is at odds with the
literature, which confirms that star formation is ongoing in this cloud (Mathieu, 2008).
Star formation in the centre of the cloud has ceased, however, most likely due to a nearby
supernova.

The structure parameter values are A = 0.90 and C = 2.05, indicating a filamentary
structure for the cloud and that the cloud is subject to solenoidal forcing. The value of
a = 0.28 is rather low but is closer to the expected value for solenoidal forcing rather than

compressive forcing.

4.5.10 Lupus

The Lupus region may be split into 9 individual clouds (e.g. Lombardi et al. (2008a)). The
same distance is used for all of the clouds (155 pc, Lombardi et al. (2008b)). However,
Knude (2010) gives different distances for the first six clouds, between 144 pc for Lupus 1
to 230 pc for Lupus 3. All 9 of the Lupus clouds had values of y,,, that led to them being
classified as non-star forming. Some of the clouds here are relatively small in terms of the
numbers of pixels available hence the values should be used with caution (e.g. the masses

of clouds Lupus 6 and Lupus 8). A mass estimate is quoted in Froebrich & Rowles (2010),
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giving a total mass of 28.6 -10* M,, for clouds Lupus 1 through 6. This compares with the
literature value for the total cloud mass in Lupus of 18.2 -10° M,, (Lombardi et al., 2008a).

Three of the Lupus clouds (1, 3 and 4) are analysed in Spezzi et al. (2009). They
found that the YSOs in Lupus 1 and Lupus 3 tend to be clustered around the high density
peaks. In Lupus 4 the YSOs do not follow this pattern, but are randomly distributed away

from the high extinction regions.

4.5.10.1 Lupus1

The cloud Lupus 1 has a mass of 1.27 -10° M, which is lower than the literature values
of 10 -10° M,, (Cambrésy, 1999) and 2.9 -10° M,, (Kainulainen et al., 2009). The arca of
the cloud is 88 pc?. The cloud is classified as non-star forming as the value of y;,, is -0.51;
however the MS F is 3.75%. Perhaps this cloud is undergoing a transition and will exhibit
increased star formation in the future. Presently, the cloud has only tens of YSOs within
(Kainulainen et al., 2009).

The structure parameter values for the cloud are A = 0.69 and C = 1.36. The latter
indicates the structure of the cloud is more likely sheetlike than filamentary. It also in-
dicates that the cloud may be subject to a mixture of compressive forcing and solenoidal
forcing with a prevalence to the former. The value of @ = 0.69 is closer to that expected

for solenoidal forcing, but perhaps suggests a mixture of the two types.

4.5.10.2 Lupus 2

The Lupus 2 cloud has a mass of 0.19 -10° M, compared to the literature value of
0.08 -10° M., (Cambrésy, 1999). It covers an arca of 22 pc?. This cloud has a similar
MS F to Lupus 1 of 4.71%; so this cloud has the potential to produce stars in the future.
The values of the structure parameters for this cloud are A = 0.64 and C = 2.28, which
indicates a filamentary structure for the cloud and that solenoidal forcing is most likely
driving the turbulence in the cloud. The value of @ = 0.51 is close to that expected for

solenoidal forcing.
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4.5.10.3 Lupus3

The Lupus 3 cloud has a mass of 0.93 -10° M,,, which is slightly lower than the literature
values of 1.15 -10° M, (Cambrésy, 1999) and 1.1 -10° M,, (Kainulainen et al., 2009). It
covers an arca of 37 pc?. Although the cloud is classified here as non-star forming it has a
MS F of 10.8%. The literature confirms the presence of tens of YSOs (Kainulainen et al.,
2009). The structure parameter values for the cloud are A = 0.96 and C = 2.00. The
latter indicates a filamentary structure for the cloud and that the turbulence is driven by
solenoidal forcing. This is not in agreement with the value of @ = 0.82, which implies a

mixture of solenoidal and compressive forcing.

4.5.10.4 Lupus 4

The mass of the Lupus 4 cloud of 2.61 -10° M, is significantly higher than the literature
value of 0.63 -10° M, (Cambrésy, 1999). The area of this cloud is 88 pc?. The MSF of
this cloud is 2.85%. The values of the structure parameters for this cloud are A = 0.84 and
C = 2.20, indicating a filamentary structure for the cloud, and that the cloud is subject to

solenoidal forcing. The value of @ = 0.47 also suggests solenoidal forcing.

4.5.10.5 Lupus5

The Lupus 5 cloud has a mass of 9.83 -10° M, which is significantly higher than the
literature values of 2.5 -10°M,, (Cambrésy, 1999) and 3.6 -10° M, (Kainulainen et al.,
2009). It covers an area of 100 pc®. The MSF is just 0.09% and the non-star forming
status determined here agrees with Kainulainen et al. (2009). The structure parameter
values for the cloud are A = 0.78 and C = 2.16. The latter indicates a filamentary
structure for the cloud, and that the cloud is subject to solenoidal forcing. This is also

suggested from the value of @ = 0.58.

4.5.10.6 Lupus 6

The mass of the Lupus 6 cloud of 40.7 -10° M, is higher than the literature value of

10 -10° M, (Cambrésy, 1999), but in the same order of magnitude. This cloud covers
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an area of 73 pc?. The MSF for the cloud is just 0.01% which is in keeping with the non-
star forming status. The values of the structure parameters for this cloud are A = 0.92 and
C = 2.05, indicating a filamentary structure for the cloud, and that solenoidal forcing is
the driver of the turbulence. The value of @ = 0.44 is closer to that expected for solenoidal

forcing.

4.5.10.7 Lupus 7

The cloud Lupus 7 has a mass of 5.02 -10° M, and a MS F of just 0.01%. The areca of this
cloud is 22 pc?. 1t is listed among the clouds of non-star forming status. The structure
parameter values are A = 0.88 and C = 1.62. The latter indicates the structure is perhaps
a transition between filamentary and sheetlike. Therefore, the turbulence in this cloud
may be driven by a mixture of solenoidal and compressive forcing. However, the value of

a = 0.42 is indicative of solenoidal forcing.

4.5.10.8 Lupus 8

The Lupus 8 cloud lies closest to the Galactic plane of any of the individual Lupus cloud
and has a mass of 135 -10°M,,, which seems rather too high. This is likely to arise from
when the slopes 6,,, and dy,, are fit; due to the low number of pixels for this cloud the
slope fitting was problematic. The area of this cloud is 58 pc?. The high value for the
mass may be due to the low number of pixels used in the calculation for this small cloud
generating a large uncertainty in the value. The MS F for this cloud is 0.06%. The values
of the structure parameters arc A = 0.95 and C = 2.05, indicating a filamentary structure.
Therefore, the driver of turbulence in this cloud is most likely to be solenoidal forcing.

The value of @ = 0.48 strongly suggests solenoidal forcing.

4.5.10.9 Lupus?9

The cloud Lupus 9 has a mass of 32.4 -10° M, and a value for MS F of 0.22%. The cloud
has an arca of 88 pc’. The structure parameter values could not be calculated for this

clouds as there were no values with an RMS of less than 0.1 (chosen as this represented
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a good visual fit to the data). A value was obtained for the mass index scaling exponent
of @ = 0.36. This is somewhat lower than the expected values for both solenoidal forcing

and compressive forcing, but is much closer to the solenoidal figure.

4.5.11 Monoceros

The Monoceros cloud (sometimes referred to as the Mon R2 cloud) lies at a distance
of 830 pc (Carpenter & Hodapp, 2008), and covers an arca of 13000 pc®. The mass calcu-
lated here is 73.9 -10° M,,, which is similar to literature values of 90 -10° M, (Maddalena
et al., 1986) and 40 -10°M,, (Xie, 1992). The MSF is 2.01% but the cloud is classified
as non-star forming due to the vy, value of -0.42; this value is on the threshold between
star forming and non-star forming. The literature, however, confirms that Monoceros is
forming new stars (Carpenter & Hodapp, 2008). The mode of star formation is clustered.

The structure function analysis yiclded mean value of A = 0.93 and C = 1.97. The
latter leads to a value for the fractal dimension D = 1, i.e. the cloud is likely to have a
filamentary structure. This also indicates that the cloud is subject to solenoidal forcing.
The value for @ = 0.17 is rather lower than those predicted by (Federrath et al., 2010), but

is closer to the figure for solenoidal forcing.

4.5.12 Musca

Located at a distance of 150 pc (Knude & Hog, 1998) (Knude (2010) quotes a distance
of 171 pc), the Musca cloud covers an arca of 82 pc?. The mass is calculated here as
0.31 -10° M,, which is close to the literature value of 0.55 -10° M, Cambrésy (1999). This
cloud has the lowest mass of any of the selected clouds analysed in this thesis. A value
for MSF is calculated at 4.95% but Musca is also classified as non-star forming due to
the vy, value of -1.04. However, the cloud has the potential to form stars in the future.
The structure parameter values are A = 1.05 and C = 2.23, indicating a filamentary
structure for the cloud. Inspection of the image for this cloud (see Figure A.23 in Ap-
pendix A.1) appears to show either a filament or a sheet viewed edge-on. The value of

D = 0.77 implies that the cloud is subject to solenoidal forcing. The value of @ = 0.05
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calculated from the A-variance analysis is the lowest value for any of the selected clouds.
This may be due to the ‘edge-on’ appearance of the cloud in the image. This could be
tested by using the A-variance technique with models of clouds to evaluate how the values

of both A2 and @ vary with viewing angle (this is discussed in Section 5.2.1).

4.5.13 Ophiuchus

The Ophiuchus cloud (also referred to as the p-Ophiuchus cloud or L1688 - see Figure 4.1)
lies at a distance of 119 pc (Lombardi et al., 2008b). This distance compares to 133 pc
quoted by Knude (2010), or a value of between 120-140 pc quoted by Wilking et al.
(2008). 1t is 300 pc? in size. A value for the mass is calculated here as 8.6 -10° M, as
compared to literature values of 6.6 -10° M, (Cambrésy, 1999) and 8.3 -10° M,, (Lombardi
ct al., 2008a). The Ophiuchus cloud is a well known star forming cloud (e.g. Wilking
et al. (2008); the value of y,, calculated here puts the cloud in this classification) and
it has a value for MSF of 7.18%. The star formation mode for this cloud is clustered
(Friesen et al., 2009).

The values of the structure parameters are calculated as A = 0.74 and C = 1.69. The
latter figure suggests a transition between filamentary and sheetlike structure. Therefore,
the turbulence is probably driven by a combination of solenoidal and compressive forcing
with a predominance of the latter. The value of @ = 0.71 is closer to that expected for

solenoidal forcing but perhaps with some compressive forcing included.

4.5.14 Orion A

The Orion A cloud (also known as the Orion Molecular Cloud; this arca contains the
famous nebula M 42 and the Orion Nebula Cluster) is situated at a distance of 410 pc
(Muench et al., 2008). Both the clouds Orion A and Orion B are surrounded by a large
bubble of material known as Barnard’s Loop. The region covers 2300 pc? in size. The
mass calculated here is 42 -10° M,,. This area is forming stars prolifically (the number of

YSOs is in excess of 2000 (Kainulainen et al., 2009)), and has a MSF of 5.33%. This
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Figure 4.1: The p Ophiuchus region in the optical ((©) Chris Cook) (left in colour and
middle greyscale with overlaid contours of 4, from 3 mag A, to 21 mag 4,) and right
detail of the con-noise extinction map based on the nearest 49 stars. Extinction values are
square root scaled from 0 mag (white) to 15 mag (black) of optical extinction.
indicates that the cloud will continue to form stars in the future. The star formation mode
for the Orion A and Orion B clouds is clustered (Lada, 1992).

The structure function parameters have the values A = 0.67 and C = 1.20. The latter
figure suggests a sheetlike structure. It also implies the predominant driver of turbulence
is compressive forcing rather than solenoidal. This factor is the probable cause of the

high star formation rate. The value of @ = 0.96 is in-between the expected values also

suggesting a mixture of the two forcings.

4.5.15 Orion B

The Orion B cloud extends roughly north from the Orion A cloud and covers 4600 pc?.
It has a mass of 77.9 -10° M,,. Incidentally, the mass for the wider Orion area is quoted
as 300 -10° M,, in Cambrésy (1999); the total mass here for Orion A and B plus A-Ori is
241.9 -10° M,,. The Orion B cloud is forming stars (but less prolifically than Orion A; here
the number of YSOs is around 100 (Kainulainen et al., 2009)) and has a MS F of 1.09%.
This is relatively low and may indicate the cloud is nearing the end of its production of
stars. As with Orion A the star formation mode is clustered.

The values of the structure function parameters are A = 0.83 and C = 2.05, which

indicates a filamentary structure for the cloud. Hence, solenoidal forcing is implied as the
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driver of the turbulence in this cloud. The value of @ = 0.52 is much closer to the value

expected for solenoidal forcing rather than compressive.

4.5.16 Perseus

The Perseus cloud covers an arca of 1000 pc? and the cloud lies at a distance of 310 pe
(Motte & André, 2001). However, the dark cloud LDN 1459 and reflection nebula
NGC 1333 associated with this cloud are located at a distance of 213 pc according to
Knude (2010)). The mass of the cloud calculated here is 27.2 -10° M, (compared to the
literature values of 27 -10° M,, (Lombardi et al., 2010b), ~19 -10° M,, (Kirk et al., 2006)
and 20 -10° M, (Kainulainen et al., 2009)). The cloud is classed as star forming and has
a value for MSF of 2.1%. Therefore it has potential to form new stars in the future. The
star formation mode in Perscus is clustered.

The structure function parameters are A = 0.74 and C = 1.87. The latter points
to a filamentary structure for this cloud. The driver of the turbulence is more likely to
be solenoidal forcing rather than compressive. This is also implied from the value of

a = 0.64 which is closer to the value expected by solenoidal forcing.

4.5.17 Rosette Nebula

The Rosette Nebula in Monoceros (also known as NGC 2237-9/NGC 2244 or Caldwell 49
- see Figure 4.2) lies at a distance of 1650 pc (Roman-Zainiga & Lada, 2008) and cov-
ers 14000 pc®. The mass is calculated here as 248 -10° M, (compared to the literature
value of 500 -10° M, (Cambrésy, 1999)). The cloud is classed here as star forming and
has a value for MS F of 0.84%. Therefore, the potential to form stars in the future is fairly
low. The star formation mode is clustered.

The structure parameter values could not be calculated for this cloud as there were no
values with an RMS of less than 0.1. However, a value was obtained for the mass index
scaling exponent (@ = 0.77) which suggests solenoidal forcing as the driver of turbulence

for this cloud, with a lesser component of compressive forcing.
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Figure 4.2: An optical image of the nebula associated with the molecular cloud - The
Rosette Nebula (optical image (©) Chris Cook).

4.5.18 Scorpius

Lying at a distance of 120 pc (Cambrésy, 1999) is the Scorpius molecular cloud located
in the constellations Scorpius and Ophiuchus. The cloud has an area of 160 pc. The
mass calculated here is 4.05 -10% M,, close to the literature value of 6 -10° M, (Cambrésy
(1999), though the cloud analysed in that paper is only the material on the right-hand side
of our cut. The left-hand side of our cut includes Cloud name 57 as identified by DOS,
which contains 15 associated clouds including LDN 162 and LDN 141. The material is
classified here as non-star forming, and has a MSF of 1.28%. The structure function
parameters are A = 0.98 and C = 2.43, indicating a filamentary/point-like structure. This
also suggests that solenoidal forcing is the principal driver of turbulence in the cloud, the

value of @ = 0.61 agrees with this.

4.5.19 Serpens

The Serpens (sometimes referred to as Serpens Cauda) cloud is at a distance of 260 pc
(Straizys et al., 1996). However, a value of 193 pc is quoted by Knude (2010) and a
value of 230 pc is quoted by Eiroa et al. (2008). The region examined here is contained

within the Aquila Rift cloud. It is an active area of star formation and contains new,
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young clusters of stars hence the mode of star formation is clustered. The cloud has an
arca of 82 pc?. It has a mass of 46.4 -10° M,,, close to the literature value of 36 -10° M,
(Kainulainen et al., 2009).

The cloud is classed as star forming and the MS F is 1.28%. The values of the struc-
ture function parameters arc A = 0.95 and C = 1.63, indicating a mixture between a
predominantly filamentary, but partly sheetlike structure. This implies that the turbulence
is driven by a combination of mostly solenoidal and also compressive forcing. The value

of @ = 0.73 also confirms this interpretation.

4.5.20 Taurus

The Taurus cloud is located at a distance of 140 pc (Kenyon et al., 2008) (this is close to
the value of 147 pc quoted by Knude (2010)). This cloud includes an elliptical feature
known as the Taurus Molecular Ring (see Figure A.18 in Appendix A.1). It covers an arca
of 750 pc®. The mass calculated here is 18.4 -10° M, which compares to literature values
of 20.3 -10° M, (Lombardi et al., 2010b), 15 -10°M, (Pineda et al., 2010), 11 -10°M,
(Cambrésy, 1999) and 8.1 -10° M, (Kainulainen ct al., 2009).

The Taurus cloud is forming stars and has a MS F of 4.84%. Therefore, it has the po-
tential to keep forming stars in the future. In a recent paper, Schmalzl et al. (2010) find 39
star forming cores in a filament devoid of YSOs (named B 211). They postulate that
fragmentation is still taking place in this filament and that star formation is yet to occur.
In this cloud, stars tend to form in isolation rather than in clusters (Mizuno et al., 1995),
hence the mode of star formation is isolated. The Taurus molecular cloud is unusual due
to the number of YSOs observed in the cloud, given the isolated mode of star formation.
This could be due to the proximity of the cloud allowing observation of the YSOs, which
would not all be detected if the cloud were more distant.

The structure function parameters are A = 0.75 and C = 2.14. The latter figure indi-
cates a filamentary structure for this cloud, and that solenoidal forcing is the predominant
driver of turbulence in this cloud. The value of @ = 0.62 concurs with this, perhaps with

a lesser component of compressive forcing.
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This chapter outlines the conclusions of the thesis. These are dealt with in three sections;
the extinction maps, the column density and mass distributions, and the structure function
and A-variance analysis. Finally, a description of future work is presented, specifically
of techniques that would improve resolution, and allow higher extinction regions to be
probed. This includes a list of surveys that are collecting data that could be used for such

analysis.

5.1 Conclusions

5.1.1 All-Sky Maps

The first part of this thesis involved determining the all-sky median near-infrared extinc-
tion maps. Two types of map were created (con-noise maps and con-res maps). The
extinction maps were compared to existing maps published by D05 and S98. The map
using the nearest 49 stars to the centre of each pixel, as an example, has a resolution of 1
near the Galactic plane and up to 5" where |h| = 30°, and in dense cloud regions. This is a
superior resolution than those attained by D05 and S98 (both approximately 6”). Hence,
the maps made for this thesis offer a significant advantage in resolution for objects along
the Galactic plane (for |[b] < 30°). All nearby GMCs are found within this region. When
compared with DOS and S98, our maps show enhanced details such as the finer structure
and cores etc..

When comparing the con-noise maps to those made by DO0S, it was found that the
latter systematically underestimate the visual extinction by about 20%. The most likely
cause is that the star-count method used by D05 has the drawback of a limiting extinction
which can be measured, determined by the fraction of foreground to background stars
(c.g. Cambrésy et al. (2002)). For example, the maps of D05 only measure values of 4y
up to approximately 10 mag, whilst ours measure up to about 20 mag 4y, thus doubling
the traceable 4, range.

However, when comparing the con-noise maps to those by S98, it was found that the

latter systematically overestimate the visual extinction by around 40%. This is likely due
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to the assumptions of dust temperature and emissivity in the technique of S98. The line
of sight dust temperature distribution is impossible to ascertain. Deviations in dust emis-
sivity in molecular clouds lead to large changes in the measured colour excess, especially
at longer wavelengths (i.e. 100um used by S98), as previously pointed out by Dobashi
et al. (2005) and Yasuda et al. (2007). These factors may explain the differences in values
between the maps.

In conclusion, the maps presented in this thesis offer a significantly improved reso-
lution than S98 and DO5. The A4, range that is traced is double that of DOS, at higher
extinctions. Our maps are independent of dust temperature and use the best tracer of the

true column density.

5.1.2 Column Density and Mass Distributions

The con-res maps were used to investigate the CDDs of a selection of 30 nearby giant
molecular clouds. By calculating the slopes of the CDDs at four different spatial scales, it
was possible to determine the dependence of the slope with spatial scale. Thus, the slopes
were interpolated to a common spatial scale of 0.1 pc (the approximate size of a molecular
cloud core e.g. Larson (2003a)). The CDDs showed two distinct regions which could be
fitted with a log-normal relationship - in the low 4, (turbulence dominated) regime and
the high A4, (gravity dominated) regime.

Plotting the slopes of the low 4, CDDs and mass distributions showed two distinct
groups, which corresponded to those clouds identified as “star forming’ and ‘non-star
forming’ (by Kainulainen et al. (2009)). A threshold extinction value dividing the low
Ay and high A4, regimes was found (using the mass distributions) to have a median value
of Aygr = 5.6 £ 1.2 mag. The low A4, turbulence dominated regions showed different
behaviour between the clouds, which may be expected if the clouds are being acted on
by external influences dependent on their environment (e.g. large-scale flows, nearby
supernovae etc.).

However, plotting the slopes of the high 4, CDDs and mass distributions did not

reveal any separate groups. This was interpreted as the high 4, material being dominated
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by gravity and hence showing similar behaviour for all clouds. No external influence
affects the CDDs of the high 4, regions of the clouds. This indicates that the feedback
from stars within the clouds has only a small effect on the CDDs and mass distributions.
The sample of clouds contains some which are forming many stars and some which have
very low star formation. Yet the CDDs and mass distributions of the high extinction
regions are similar for all of the clouds irrespective of star formation activity.

The mass fraction of material involved in star formation MS F covers several orders
of magnitude, from just 0.01% to 31.0%, with a median value of MSF = 1.34%. This
shows that some clouds in the selection have the potential to form stars in the next 10°
years (e.g. Chamaeleon I, Corona Australis, Orion A and Taurus), whilst other clouds
may have ended their star forming epoch (such as Ophiuchus and Orion B). Therefore,
the clouds are observed at different stages in their evolution.

Correlations were searched for as to whether any of the parameters determined from
the CDDs and mass distributions correlated to the mode of star formation, but none were
found. No correlation was found, for example, with any of the CDD or mass distribution
propertics and the predominant mode of star formation (i.c. clustered or isolated). This
may be due to the extinction maps only showing the material with the potential to be
involved in star formation, rather than the conditions that lead to the star formation mode
that is now observed.

It might be expected that the low Ay, turbulence dominated, regions of the clouds
show some dependence on the mode of star formation, but no dependence was found.
This indicates that the feedback from young clusters and isolated Y SOs in the cloud plays

an insignificant role in determining the mode of star formation.

5.1.3 Structure Function and A-variance

Structure function analysis was performed on our sample of clouds. The analysis used
the con-noise maps and only pixels with extinction values between the 1 mag 4, self-
shielding threshold and the star formation threshold 45, - i.e. the turbulence domi-

nated part of the clouds. The calculated structure function parameters indicate a diver-
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sity between the clouds. These differences may arise from a mixture of turbulent fields
(solenoidal and compressive forcing) in the clouds or from the effects of projection and
viewing angle.

The average value of the structure parameter A = 0.83 + 0.14 does not agree with that
expected by published models. For example, SL94 and SO8 assume that the most intense
dissipative structures in the turbulence are vortex filaments, hence A = 1 is predicted.
Vortical structures arise when the forcing is solenoidal. However, the model by B02
assumes that the most dissipative structures are shocks (appearing as sheetlike structures),
and that A = 2/3. In this case the forcing is compressive.

Our result indicates that for the average cloud, the forcing is a mixture of solenoidal
and compressive forcing, in order to account for our value of A. This is expected as
compressible turbulence interacts strongly with the solenoidal mode, even at moderate
Mach numbers (Elmegreen & Scalo, 2004). The similar value of A for both the ‘star
forming’ and ‘non-star forming’ groups, also implies the same mixture of forcings.

For the codimension parameter C, the average value was found to be C = 1.9 £+ 0.3,
leading to a valuc for the fractal dimension of D ~ 1, i.e. that the clouds are largely
filamentary in form. This is close to the theoretical value predicted by SL94 of C = 2
(i.e. D = 1, a filamentary structure), while BO2 predicted C = 1 (D = 2; a 2D sheetlike
structure). The work by SO8 predicts a value of C = 1.5 for solenoidal forcing and
C =~ 1.1 for compressive forcing (both of these results assume A = 1). Therefore, the
result for C appears to favour solenoidal forcing. For the ‘star forming’ group, the lower
value of the codimension C (1.81, implying D = 1.19) suggests that while solenoidal
forcing is dominant, compressive forcing has a greater influence than when compared to
the ‘non-star forming’ group.

On the whole, the individual clouds are governed by a mixture of solenoidal and
compressive forcing. It was therefore not possible to obtain a perfect fits for any particular
cloud to any existing theoretical model, as they cach use only one forcing mechanism.
The physical reason for this is likely due to the ‘ideal’ conditions assumed by the models,

which do not exist in practice. The precise mixture of turbulent driving mechanisms is
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likely to depend on the local conditions of the cloud.

Regarding the A-variance results, the following conclusions were reached. Peaks
in o were found for almost all of the clouds, the only exception being for the cloud
Lupus 3 when using the star-density map. The values of the peaks in o generally fall
into two clusters; ‘smaller’ peaks with sizes 0.8 17.0 pc (when using the 4, maps), and
‘larger’ peaks with sizes 30.0-50.0 pc (again, for the 4, maps). The ‘smaller’ scale struc-
tures correspond to the width of filaments/sheets. The *larger’ scale structures correspond
to. the length of individual sections of filaments, rather than the length of whole filaments.

No correlations were found between the peaks in o} and the star forming status of the
clouds. However, a Kolmogorov-Smirnov test showed the possibility that the ‘smaller’
peaks in o} for the SF clouds may belong to a different distribution to those of the non-
SF clouds. This possibility was much less likely for the ‘larger’ peak values. This may
indicate a physical difference in the width of sheets or filaments between the SF and non-
SF clouds.

The results for the mass index scaling exponent @ show an average value of a =
0.57 £ 0.25. This average value is almost exactly the value predicted by Federrath et al.
(2010) for solenoidal forcing (@ = 0.55) rather than the value expected for compressive
forcing (@ = 1.34). However, the large spread in our values means that about half are
in-between those expected for solenoidal and compressive forcing, and the remainder are
lower than the value expected for solenoidal forcing.

This can be interpreted as all of the clouds being subject to solenoidal forcing, ei-
ther by transfer from compressive forcing (Elmegreen & Scalo, 2004) or by mechanisms
within the clouds such as stellar feedback. For those clouds which do show evidence of
compressive forcing, this may indicate that the compression originates from external; in-
fluence such as supernova shocks or large-scale flows, or even a transfer from solenoidal
forcing (Vazquez-Semadeni et al., 1996; Kornreich & Scalo, 2000).

When considering the SF (i.e. forming clusters) and non-SF (i.e. isolated star forma-
tion) groups separately, it is found that the higher mean value for the SF group implies

a mixture of solenoidal and compressive forcing, while for the non-SF group the forcing
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is exclusively solenoidal. This result links the presence of compressive forcing to clus-
tered star formation. Compressive forcing is likely to be the trigger for the onset of star
formation in a cloud. For example, Federrath et al. (2010) find evidence of compressive
forcing happening predominantly in swept-up shells, in the Perscus and Rosette Nebula
molecular clouds. This indicates that, in these instances, compressive forcing originates

from an external source.

5.2 Future Prospects

This section outlines future prospects. Firstly, a discussion is given of the implications of
biases introduced by simulations. Then, alternative techniques for determining extinction
are presented. This is followed by a section outlining a selection of future missions and

surveys that could provide data uscful for analysing the structure of molecular clouds.

5.2.1 Comparison to Models

It is not clear how much of the differences in structure function parameters between the
clouds can be attributed to the turbulence, or from other biases. These biases relate to
effects such as the viewing angle of the cloud or the distance to the cloud. Additionally,
the random distribution of background stars also has an influence on the 4, map, which
in turn affects the structure function results. For example, if the background stars hap-
pened to be distributed in a different way, this may affect the calculated structure function
parameters. The extent of this influence can only be ascertained by modelling different
distributions of background stars and analysing the results.

The conversion of the true column density into the extinction map also has an affect
on the calculated structure functions results. Certainly, simulations must model clouds
correctly in order to represent what is observed, otherwise the results may be invalid.
A comparison is being undertaken of how the derived structure function parameters are
affected by these biases (Froebrich et al. (in prep.)). This will also determine to what

extent the differences observed between clouds are real or result from the biases.
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5.2.2 Other Techniques for Determining Extinction

5.2.2.1 NICEST

The maps presented in this thesis were prepared using the median near-infrared colour ex-
cess (NICE) technique. This allowed the maps to be prepared in sufficient time to perform
the column density and structure function analysis. However, the use of more refined tech-
niques (e.g. NICEST, see Section 1.6.6.3) would allow higher resolutions to be attained
(1" or better - Lombardi (2009)), at the cost of increased computation and preparation
time. The NICEST technique also allows high extinction filaments/cores to be probed,
resulting in higher extinction values being measured of up to 4y =~ 25 mag (3.8 mag Ay
higher than the largest value measured in B 59 using the NICER method, for example
(Lombardi, 2009)). NICEST reduces noise as foreground stars - which contribute to the

noise of the estimators - are identified and removed.

5.2.2.2 Multi-wavelength Techniques

In addition to applying an enhanced technique (such as NICEST), data at other wave-
lengths could be combined with near-infrared wavelength data. For example, mid-infrared
wavelength data can be used to probe high extinction filaments and cores. This technique
was used by Roman-Zuiiiga et al. (2009), to combine Spitzer mid-infrared data with near-
infrared data to obtain 4, values of up to 100 mag in the core of B 59. Therefore, com-
bining data from different wavelengths reveals more about the structure of regions of
high extinction. As with using the refined techniques such as NICEST, the time taken
to determine extinction maps with multi-wavelength data is greater, due to the increased

observational requirements and complexity in combining the data.

5.2.3 Future Missions and Surveys

There are several surveys ongoing at near-infrared wavelengths. The results of these
surveys could be used for analysing the structure of molecular clouds. The benefits of this

would be:
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e Improved completeness limits. Fainter background stars could be detected which

would allow detection of clouds at greater distances.
e Improved resolution. Finer details such as filaments and cores could be resolved.

e Higher extinction structures could be probed (i.e. 4y values from 25-100 mag.)

This section outlines some of the currently planned or proposed missions and surveys.

5.2.3.1 The GAIA mission

The GAIA mission aims to provide more accurate information on the positions and proper
motions of an unprecedented number of stars (approximately one billion stars - Perry-
man et al. (2001); Mignard (2005)). The survey will gather photometric data on stars
using 14 wavebands at wavelengths between 300 nm and 1000 nm (i.e. mainly optical
wavelengths). This data can be used in a similar way to Knude & Hog (1998, 1999),
who used HIPPARCOS data to measure interstellar reddening. They also used the data
to estimate more accurate distances to molecular clouds (such as Corona Australis and p
Ophiuchus) than had been possible before. Alternatively, GAIA data may be combined
with other data (e.g. infrared and near-infrared data such as 2MASS) to provide indepen-
dent determinations of extinction. Furthermore, GAIA parallax data may be combined
with photometric data to make 3D extinction maps (Knude, 2002). This technique will
allow individual clouds along the same line-of-sight to be separated (this is a problem

along the Galactic plane where there are perhaps several clouds along the line-of-sight).

5.2.3.2 UKIDSS

One major survey that began in 2005 is the UKIRT Infrared Deep Sky Survey (UKIDSS,
Lawrence et al. (2007)). Envisaged as a near-infrared counterpart to the Sloan Digital Sky
Survey, UKIDSS will cover about 7500 square degrees of the northern hemisphere sky.

The survey has a sensitivity of approximately three times greater than 2MASS.
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5.2.3.3 VISTA

The near-infrared wavelength will be covered by the Visible and Infrared Survey Tele-
scope for Astronomy (VISTA, see Emerson et al. (2004)), which has recently undergone
commissioning (Emerson & Sutherland, 2010). This telescope has a 4m main mirror that
will cover a wide field (a 1.65° diameter field of view), with observations detecting ob-
jects 3 mag fainter than 2MASS. A major survey covering the Galactic plane area is the
VISTA Variables in the Via Lactea (VVV) survey (Minniti et al., 2010). The aim of the
survey is to produce a 520 square degree atlas in the near-infrared, in the mid-plane of the
Galaxy which is rich in star formation. Using objects with reliably known distances the

atlas will provide a 3-D map of the arca surveyed.

5.2.3.4 NIRSS

Another proposed survey is called the Near Infrared Sky Surveyor (NIRSS, see Stern
ct al. (2010)). The proposal is for a space-based telescope with a 1.5m mirror situated at
Lagrangian point L2. The survey would be able to detect sources up to 3000 times fainter
than 2MASS. This survey could be used to improve on e.g. 2MASS by obtaining better
resolution data with the detection of fainter stars. This could be used for analysing the

structure of molecular clouds with higher sensitivity and better resolution.

5.2.3.5 James Webb Space Telescope

Due to launch in 2014/5, the James Webb Space Telescope (JWST, see Lightsey et al.
(2004)), will use a ~6.5m segmented mirror to observe in infrared wavelengths from 0.6-
28um. It will be able to resolve objects with a separation of ~0.5” (Krist et al., 2007).
The telescope will be situated at Lagrange point L2 which means that the earth will shicld
the telescope from most of the Sun’s radiation. Remaining radiation from the Sun (and
that reflected by the Moon) will be removed by a shield on the spacecraft. It will carry
a ncar-infrared camera known as NIRCam. This instrument will operate at wavelengths
from 0.7-5.0um, hence the data obtained would be useful for analysing the structure of

molecular clouds.
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5.2.3.6 Herschel

The Herschel space telescope, launched in May 2009, has the largest mirror on a telescope
in space. It detects radiation in the far-infrared (55-671um (Pilbratt et al., 2010)). Of par-
ticular interest is the work of André et al. (2010), who have used the SPIRE (Spectral and
Photometric Imaging Receiver) and PACS (Photodetecting Array Camera and Spectrom-
eter) cameras to observe the filamentary structure within the Aquila Rift and Polaris Flare
regions. These filaments contain embedded cores. Miville-Deschénes et al. (2010) also
used Herschel SPIRE data to show the this structure (filaments with embedded cores) is
found even on sub-parsec scales in the diffuse clouds of the Polaris Flare. Hence, this
instrument can be used to probe the structure of molecular clouds on sub-parsec scales

even in diffuse clouds.

5.2.3.7 Akari

The Akari (meaning: Light) spacecraft surveyed up to 94% of the sky in the mid-infrared
(9 and 18 um) and far-infrared (65, 90, 140, 160 um) from May 2006 to August 2007
(Onaka & Salama, 2009; Bertout, 2010). The mission surveyed many star forming re-
gions (Nakajima & The Atlas Team, 2009), an example being the Taurus-Auriga region
(Zahorecz ct al., 2010). The mid-infrared and far-infrared wavelength observations could

be used to probe regions of high extinction.

5.2.3.8 WISE

Wide-field Infrared Survey Explorer (WISE, Wright et al. (2010)) was launched in Octo-
ber 2009 and functioned for one year before it’s hydrogen coolant ran out. The sensitivity
of the detections is more than 1000 times greater than that of previous missions, includ-
ing Akari. WISE can detect fainter sources than e.g. the 2MASS survey by at least one
magnitude in the K band (used by 2MASS). Maps of interstellar dust distribution can be
made with WISE data (Wright et al., 2010). The 3.4um and 12um bands can be used to
detect PAH emission, while the 4.6um filter detects continuum emission from dust grains.
The 22um waveband detects emission from small grains and thermal emission from large
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grains.

In conclusion, these surveys will provide more sensitive measurements than 2MASS.
However, the distance to which clouds may be detected (using a median near infrared
colour excess (NICE) technique) may actually reduce due to the increased number of
foreground objects that will be detected. Hence, techniques such as NICEST are required
to remove the foreground stars that are detected and this will lead to longer computation
time to determine the extinction. If these surveys are used to examine the structure of
molecular clouds, the main improvements will be that finer structure can be observed due
to improved resolution and the high extinction zones around the cores will be available

for analysis.
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Chapter A. All-Sky Extinction Maps

A.1 High Resolution 4, Maps

In this section cut-outs from the con-noise maps using the nearest 49 stars are presented.
These cut-outs covers the Galactic plane region around the whole plane where |b| < 40°.
The extinction values are square root scaled from 0 mag (white) to 15 mag (black) of opti-
cal extinction. The cloud regions investigated for this thesis are shown on the appropriate

plots.
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Figure A.1: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.2: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.3: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.4: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.5: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.6: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.7: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.8: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.9: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.10: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.11: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.12: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.13: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.14: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.15: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.16: Grey scale representation of a detail of the con-noise extinction map based
on the necarest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.17: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to

15 mag (black) of optical extinction.
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Figure A.18: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.19: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.20: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values arc square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.21: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.22: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.23: Grey scale representation of a detail of the con-noise extinction map based
on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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Figure A.24: Grey scale representation of a detail of the con-noise extinction map based

on the nearest 49 stars. Extinction values are square root scaled from 0 mag (white) to
15 mag (black) of optical extinction.
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A.2 Comparison of Maps for Selected Regions

A.2.1 Our Map vs. Dobashi et al. (2005)
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Figure A.25: Comparison of the optical extinction values for regionl (Camelopardalis) in
Table 3.4 between our extinction map and the map from Dobashi et al.. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.4 for the parameters of the
fit.
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Figure A.26: Comparison of the optical extinction values for region2 (Serpens) in Ta-
ble 3.4 between our extinction map and the map from Dobashi et al. As solid line we

overplot a one-to-one line, as well as a linear fit. See Table 3.4 for the parameters of the
fit.
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Figure A.27: Comparison of the optical extinction values for region3 (Lupus) in Table 3.2
between our extinction map and the map from Dobashi et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Figure A.28: Comparison of the optical extinction values for region4 (Vela) in Table 3.2
between our extinction map and the map from Dobashi et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Figure A.29: Comparison of the optical extinction values for region5 (Taurus) in Table 3.2
between our extinction map and the map from Dobashi et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Figure A.30: Comparison of the optical extinction values for region6 (North America
Nebula) in Table 3.2 between our extinction map and the map from Dobashi et al. As
solid line we overplot a one-to-one line, as well as a linear fit. See Table3.2 for the |
parameters of the fit. i
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Figure A.31: Comparison of the optical extinction values for region7 (Monoceros) in
Table 3.2 between our extinction map and the map from Dobashi et al. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the
fit.
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Figure A.32: Comparison of the optical extinction values for region8 (Auriga) in Table 3.2
between our extinction map and the map from Dobashi et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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A.2.2  Our Map vs. Schlegel et al. (1998)
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Ay [mag] (our map)

Ay [mag] Schlegel et al. (1998)

Figure A.33: Comparison of the optical extinction values for regionl (Camelopardalis) in
Table 3.2 between our extinction map and the map from Schlegel et al. As solid line we

overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the
fit.
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Figure A.34: Comparison of the optical extinction values for region2 (Serpens) in Ta-
ble 3.2 between our extinction map and the map from Schlegel et al. As solid line we

overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the
fit.
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Figure A.35: Comparison of the optical extinction values for region3 (Lupus) in Table 3.2
between our extinction map and the map from Schlegel et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Figure A.36: Comparison of the optical extinction values for region4 (Vela) in Table 3.2
between our extinction map and the map from Schlegel et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Ay [mag] (our map)

Figure A.37: Comparison of the optical extinction values for region5 (Taurus) in Table 3.2
between our extinction map and the map from Schlegel et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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Figure A.38: Comparison of the optical extinction values for region6 (North America
Nebula) in Table 3.2 between our extinction map and the map from Schlegel et al. As
solid line we overplot a one-to-one line, as well as a linear fit. See Table3.2 for the
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parameters of the fit.
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Figure A.39: Comparison of the optical extinction values for region7 (Monoceros) in
Table 3.2 between our extinction map and the map from Schlegel et al. As solid line we

overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the
fit.
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Figure A.40: Comparison of the optical extinction values for region8 (Auriga) in Table 3.2
between our extinction map and the map from Schlegel et al. As solid line we overplot a
one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the fit.
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A.2.3  Dobashi et al. (2005) vs. Schlegel et al. (1998)
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Ay [mag] Schlegel et al. (1998)

Figure A.41: Comparison of the optical extinction values for regionl (Camelopardalis) in
Table 3.2 between the map of Dobashi et al. and the map from Schlegel et al. As solid
line we overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters

of the fit.
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Figure A.42: Comparison of the optical extinction values for region2 (Serpens) in Ta-
ble 3.2 between the map of Dobashi et al. and the map from Schlegel et al. As solid line
we overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of

the fit.
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Figure A.43: Comparison of the optical extinction values for region3 (Lupus) in Table 3.2
between the map of Dobashi et al. and the map from Schlegel et al. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the
fit.
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Figure A.44: Comparison of the optical extinction values for region4 (Vela) in Table 3.2
between the map of Dobashi et al. and the map from Schlegel et al. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the

fit.
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Figure A.45: Comparison of the optical extinction values for region5 (Taurus) in Table 3.2
between the map of Dobashi et al. and the map from Schlegel et al. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the

fit.
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Figure A.46: Comparison of the optical extinction values for region6 (North America
Nebula) in Table 3.2 between our extinction map and the map from Schlegel et al. As
solid line we overplot a one-to-one line, as well as a linear fit. See Table3.2 for the

parameters of the fit.
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Figure A.47: Comparison of the optical extinction values for region7 (Monoceros) in
Table 3.2 between the map of Dobashi et al. and the map from Schlegel et al. As solid
line we overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters

of the fit.
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Figure A.48: Comparison of the optical extinction values for region8 (Auriga) in Table 3.2
between the map of Dobashi et al. and the map from Schlegel et al. As solid line we
overplot a one-to-one line, as well as a linear fit. See Table 3.2 for the parameters of the

fit.
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Chapter B. Figures of Cloud Data

B.1 Column Density Distribution

B.1.1 Log-Normal Fits to the Column Density Distribution

The normalised CDD for the 30 sclected clouds are plotted in this section. The solid line
in the figure shows the data for the spatial resolution closest to 0.1 pc. The dotted line is
the fit with parameters interpolated to a spatial scale of 0.1 pc. These were obtained using

the method in Section 2.7.2.
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Figure B.1: The normalised CDD for the Aquila Rift (left panel) and Auriga 1 clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.2: The normalised CDD for the Auriga 2 (left panel) and Cepheus Flare clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.3: The normalised CDD for the Chamacleon I (left panel) and Chamacleon 11
clouds (right panel). The solid line in the figure shows the data for the spatial resolution

closest to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale
of 0.1 pc.
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Figure B.4: The normalised CDD for the Chamaeleon III (left panel) and Circinus clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.5: The normalised CDD for the Corona Australis (left panel) and Cygnus OB7
clouds (right panel). The solid line in the figure shows the data for the spatial resolution
closest to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale
of 0.1 pe.
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Figure B.6: The normalised CDD for the A-Ori (left panel) and Lupus 1 clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.7: The normalised CDD for the Lupus 2 (left panel) and Lupus 3 clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.8: The normalised CDD for the Lupus 4 (left panel) and Lupus 5 clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.9: The normalised CDD for the Lupus 6 (left panel) and Lupus 7 clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.10: The normalised CDD for the Lupus 8 (left panel) and Lupus 9 clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.11: The normalised CDD for the Monoceros (left panel) and Musca clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.12: The normalised CDD for the Ophiuchus (left panel) and Orion A clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.13: The normalised CDD for the Orion B (left panel) and Perseus clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.

4 10 4
Av (mag) o Av (mag)

Figure B.14: The normalised CDD for the Rosette Nebula (left panel) and Scorpius clouds
(right panel). The solid line in the figure shows the data for the spatial resolution closest
to 0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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Figure B.15: The normalised CDD for the Serpens (left panel) and Taurus clouds (right
panel). The solid line in the figure shows the data for the spatial resolution closest to
0.1 pc. The dotted line is the fit with parameters interpolated to a spatial scale of 0.1 pc.
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B.1.2 Galactic Plane results

The results for the Galactic Plane region are shown in this section.

B.1.2.1 Log-Normal fits to the Column Density Distribution
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Figure B.16: Visual representation of the fit parameter a obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5/, 1.07, 2.0’ and 4.0" arc shown. The data are scaled lincarly from 0 (black) to 13 (white). The overlaid contours are the 3 mag A (outer) and
6 mag 4, (inner) from the nearest 49 star extinction map.
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Figure B.17: Visual representation of the fit parameter 4, obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5’, 1.0, 2.0’ and 4.0’ arc shown. The data arc scaled lincarly from -13 (black) to 0 (white). The overlaid contours arc the 3 mag 4, (outer) and

6 mag A, (inner) from the nearest 49 star extinction map.
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Figure B.18: Visual representation of the fit parameter 4; obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5/, 1.0, 2.0’ and 4.0" arc shown. The data arc scaled lincarly from 0 (black) to 13 (white). The overlaid contours are the 3 mag 4, (outer) and
6 mag A, (inner) from the nearest 49 star extinction map.
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Figure B.19: Visual representation of the fit parameter o~ obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5/, 1.07, 2.0’ and 4.0’ arc shown. The data are scaled lincarly from 1.1 (black) to 1.7 (white). The overlaid contours are the 3 mag A (outer) and
6 mag A, (inner) from the nearest 49 star extinction map.
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Figure B.20: Visual representation of the fit parameter #ms obtained in the central Galactic plane. Results for the con-res maps with pixel sizes of
0.5%, 1.0/, 2.0’ and 4.0’ arc shown. The data are scaled lincarly from 0 (black) to 40 (white). The overlaid contours are the 3 mag A, (outer) and
6 mag A, (inner) from the nearest 49 star extinction map.
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Chapter B. Figures of Cloud Data

B.1.3 log(N) vs Ay Column Density Distribution

The plots of the CDDs 7yy,,, and vy, against scale for the 30 sample clouds arec shown

here. These were obtained using the method in Section 2.7.1.
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Figure B.21: A histogram showing the log of the number of pixels in each bin against 4,
for the Aquila Rift cloud (left panel). Plot showing the variation of slopes vy, (middle
panel) and y,,,;, (right panel) for the Aquila Rift cloud. The solid line connects the points
obtained using the con-res A, maps and the dotted linc connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.22: A histogram showing the log of the number of pixels in each bin against
Ay for the Auriga 1 cloud (left panel). Plot showing the variation of slopes ;. (middle
panel) and vy, (right panel) for the Auriga 1 cloud. The solid line connects the points
obtained using the con-res A, maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.23: A histogram showing the log of the number of pixels in cach bin against
Ay for the Auriga 2 cloud (left panel). Plot showing the variation of slopes 7y, (middle
panel) and y,g; (right panel) for the Auriga 2 cloud. The solid line connects the points
obtained using the con-res A maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.24: A histogram showing the log of the number of pixels in each bin against A4
for the Cepheus Flare cloud (left panel). Plot showing the variation of slopes ., (middle
pancl) and yj,y; (right panel) for the Cepheus Flare cloud. The solid line connects the
points obtained using the con-res Ay maps and the dotted line connects the points obtained
by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.25: A histogram showing the log of the number of pixels in each bin against 4y
for the Chamaeleon I cloud (left panel). Plot showing the variation of slopes v, (middle
panel) and ., (right panel) for the Chamacleon I cloud. The solid line connects the
points obtained using the con-res Ay maps and the dotted line connects the points obtained
by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.26: A histogram showing the log of the number of pixels in each bin against 4y
for the Chamacleon II cloud (left panel). Plot showing the variation of slopes y,,,, (middle
panel) and 7y, (right panel) for the Chamaeleon II cloud. The solid line connects the
points obtained using the con-res Ay maps and the dotted line connects the points obtained
by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.27: A histogram showing the log of the number of pixels in each bin against 4,
for the Chamaeleon I1I cloud (left panel). Plot showing the variation of slopes y,,, (middle
panel) and 7y, (right panel) for the Chamacleon IIT cloud. The solid line connects the
points obtained using the con-res Ay maps and the dotted line connects the points obtained
by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.28: A histogram showing the log of the number of pixels in cach bin against
Ay for the Circinus cloud (left panel). Plot showing the variation of slopes y;,, (middle
panel) and 1y, (right panel) for the Circinus cloud. The solid line connects the points
obtained using the con-res Ay maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.29: A histogram showing the log of the number of pixels in each bin against 4,
for the Corona Australis cloud (left panel). Plot showing the variation of slopes y;,,. (mid-
dle panel) and 7y, (right panel) for the Corona Australis cloud. The solid line connects
the points obtained using the con-res Ay maps and the dotted line connects the points ob-
taincd by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.30: A histogram showing the log of the number of pixels in each bin against 4,
for the Cygnus OB7 cloud (left panel). Plot showing the variation of slopes y,,, (middle
panel) and vy, (right panel) for the Cygnus OB7 cloud. The solid line connects the points
obtained using the con-res Ay maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.31: A histogram showing the log of the number of pixels in each bin against 4y
for the A-Ori cloud (left panel). Plot showing the variation of slopes 7y, (middle panel)
and yj,y, (right pancl) for the A Ori cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.32: A histogram showing the log of the number of pixels in each bin against Ay
for the Lupus 1 cloud (left panel). Plot showing the variation of slopes vy, (middle panel)
and vy, (right panel) for the Lupus 1 cloud. The solid line connects the points obtained
using the con-res A, maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.33: A histogram showing the log of the number of pixels in each bin against 4
for the Lupus 2 cloud (left panel). Plot showing the variation of slopes vy, (middle panel)
and g (right panel) for the Lupus 2 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.34: A histogram showing the log of the number of pixels in each bin against 4,
for the Lupus 3 cloud (left panel). Plot showing the variation of slopes vy, (middle panel)
and g, (right panel) for the Lupus 3 cloud. The solid line connects the points obtained
using the con-res A, maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.35: A histogram showing the log of the number of pixels in each bin against 4
for the Lupus 4 cloud (left panel). Plot showing the variation of slopes y,,,. (middle panel)
and g (right panel) for the Lupus 4 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.36: A histogram showing the log of the number of pixels in each bin against 4,
for the Lupus 5 cloud (left panel). Plot showing the variation of slopes y,,. (middle panel)
and Yy, (right panel) for the Lupus 5 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.37: A histogram showing the log of the number of pixels in each bin against Ay
for the Lupus 6 cloud (left panel). Plot showing the variation of slopes y,,, (middle panel)
and g, (right panel) for the Lupus 6 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.38: A histogram showing the log of the number of pixels in each bin against 4y
for the Lupus 7 cloud (left panel). Plot showing the variation of slopes y,,, (middle panel)
and g, (right panel) for the Lupus 7 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.39: A histogram showing the log of the number of pixels in each bin against 4
for the Lupus 8 cloud (left panel). Plot showing the variation of slopes y,,, (middle panel)
and g, (right panel) for the Lupus 8 cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.40: A histogram showing the log of the number of pixels in each bin against 4y
for the Lupus 9 cloud (left panel). Plot showing the variation of slopes yy,,, (middle panel)
and 1y, (right panel) for the Lupus 9 cloud. The solid line connects the points obtained
using the con-res A maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.

Figure B.41: A histogram showing the log of the number of pixels in each bin against 4y
for the Monoceros cloud (left panel). Plot showing the variation of slopes y;,, (middle
panel) and g, (right panel) for the Monoceros cloud. The solid line connects the points
obtained using the con-res Ay maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.42: A histogram showing the log of the number of pixels in each bin against 4,
for the Musca cloud (left panel). Plot showing the variation of slopes y,,,, (middle panel)
and 7y, (right panel) for the Musca cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.43: A histogram showing the log of the number of pixels in each bin against 4,
for the Ophiuchus cloud (left panel). Plot showing the variation of slopes y;,, (middle
panel) and 7y, (right panel) for the Ophiuchus cloud. The solid line connects the points
obtained using the con-res A, maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.44: A histogram showing the log of the number of pixels in each bin against 4y
for the Orion A cloud (left panel). Plot showing the variation of slopes y,,,, (middle panel)
and vy, (right panel) for the Orion A cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.

254




Chapter B. Figures of Cloud Data

hish
Yo
035 ?

1 -5
¥ |
£-04 -
Z s |

-0.45 [ e e}

i 025!

-.“'M_t O
N e,
I “was s mmom | - NN SR, i i | =8 T e = N
0 S 10 15 20 01 02 03 04 0.5 01 0.2 03 04 0.5
AV (mag) Scale (pe) Scale (pe)

Figure B.45: A histogram showing the log of the number of pixels in each bin against A,
for the Orion B cloud (left panel). Plot showing the variation of slopes y,,,, (middle panel)
and y;,; (right panel) for the Orion B cloud. The solid line connects the points obtained
using the con-res A, maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.46: A histogram showing the log of the number of pixels in each bin against Ay
for the Perseus cloud (left panel). Plot showing the variation of slopes v;,,, (middle panel)
and yy,,;, (right panel) for the Perseus cloud. The solid line connects the points obtained
using the con-res A, maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.47: A histogram showing the log of the number of pixels in each bin against 4y
for the Rosctte Nebula cloud (left panel). Plot showing the variation of slopes y;,,, (middle
panel) and 7y, (right panel) for the Rosette Nebula cloud. The solid line connects the
points obtained using the con-res Ay maps and the dotted line connects the points obtained
by rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.48: A histogram showing the log of the number of pixels in each bin against
Ay for the Scorpius cloud (left panel). Plot showing the variation of slopes yy,,, (middle
panel) and 7y, (right panel) for the Scorpius cloud. The solid line connects the points
obtained using the con-res Ay maps and the dotted line connects the points obtained by
rebinning the highest resolution map to obtain the remaining three resolutions.
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Figure B.49: A histogram showing the log of the number of pixels in each bin against A
for the Serpens cloud (left panel). Plot showing the variation of slopes yy,,, (middle panel)
and 7y, (right panel) for the Serpens cloud. The solid line connects the points obtained
using the con-res A, maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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Figure B.50: A histogram showing the log of the number of pixels in each bin against 4,
for the Taurus cloud (left panel). Plot showing the variation of slopes 7y, (middle panel)
and g, (right panel) for the Taurus cloud. The solid line connects the points obtained
using the con-res Ay maps and the dotted line connects the points obtained by rebinning
the highest resolution map to obtain the remaining three resolutions.
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B.1.4 Galactic Plane Plots

The data are displayed for the region by showing the value for each 5° x 5° square as
a shade between black and white. The overlaid contours are the 3 mag A4, (outer) and
6 mag A, (inner) from the nearest 49 star extinction map. This is included to show the

position of the central bulk of the Galaxy.
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Figure B.51: Visual representation of the slopes 7;,, obtained in the central Galactic plane. The gradients are scaled linearly from -0.5 (black)
to 0.0 (white). The overlaid contours are the 3 mag 4;- (outer) and 6 mag A4y (inner) from the nearest 49 star extinction map.
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Figure B.52: Visual representation of the slopes g, obtained in the central Galactic plane. The gradients are scaled linearly from -0.5 (black)
to 0.0 (white). The overlaid contours are the 3 mag Ay (outer) and 6 mag 4y (inner) from the nearest 49 star extinction map.
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B.2 Mass Distribution

The plots of mass distribution ¢y,, and ¢y, against scale for the 30 selected clouds are

shown here. These were obtained using the method in Section 2.7.3.
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Figure B.53: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Aquila Rift cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4 for the Auriga 1 cloud (right panel).
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Figure B.54: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Auriga 2 cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4 for the Cepheus Flare cloud (right panel).
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Figure B.55: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Chamaeleon I cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against Ay for the Chamacleon II cloud (right panel).
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Figure B.56: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Chamaeleon II cloud (left panel). A plot showing the log of the cumulative
mass (integrated from RHS) against 4, for the Circinus cloud (right panel).
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Figure B.57: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Corona Australis cloud (left panel). A plot showing the log of the cumulative
mass (integrated from RHS) against 4, for the Cygnus OB7 cloud (right panel).
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Figure B.58: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the A-Ori cloud (left panel). A plot showing the log of the cumulative mass (inte-
grated from RHS) against 4 for the Lupus 1 cloud (right panel).
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Figure B.59: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Lupus 2 cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4y for the Lupus 3 cloud (right panel).
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Figure B.60: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Lupus 4 cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4, for the Lupus 5 cloud (right panel).
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Figure B.61: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Lupus 6 cloud (left pancl). A plot showing the log of the cumulative mass
(integrated from RHS) against 4y for the Lupus 7 cloud (right panel).
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Figure B.62: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Lupus 8 cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4 for the Lupus 9 cloud (right panel).
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Figure B.63: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Monoceros cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4, for the Musca cloud (right panel).
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Figure B.64: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Ophiuchus cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4 for the Orion A cloud (right panel).
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Figure B.65: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Orion B cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4 for the Perscus cloud (right panel).
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Figure B.66: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Rosette Nebula cloud (left panel). A plot showing the log of the cumulative
mass (integrated from RHS) against 4, for the Scorpius cloud (right panel).
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Figure B.67: A plot showing the log of the cumulative mass (integrated from RHS) against
Ay for the Serpens cloud (left panel). A plot showing the log of the cumulative mass
(integrated from RHS) against 4y for the Taurus cloud (right panel).
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Chapter C. Structure of Giant Molecular Clouds

C.1 Structure Functions

C.1.1 Structure Function Plots

The structure function plots for the 30 sample clouds are shown in this section. The data
arc obtained at the same spatial scales for each cloud - from 0.1 pc to 1.0 pc. Our data
(red line) are compared against the models of K41 (solid line), SL94 (dotted line) and B0O2
(dashed line). The best fit values of A, C, 8, D and the RMS value are shown. A plot of
the difference of the fit from the data against p is also shown. These were obtained using

the method in Section 2.8.1.
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Figure C.1: The structure function plots for the Aquila Rift (left panel) and Auriga 1
clouds (right panel). Our data (red line) are compared against the models of K41 (solid
line), SL.94 (dotted line) and B02 (dashed line). The best fit values of A, C, B, D and the

RMS value are shown. A plot of the difference of the fit from the data against p is also
shown.

Figure C.2: The structure function plots for the Auriga 2 (left panel) and Cepheus Flare
clouds (right panel). Our data (red line) are compared against the models of K41 (solid
line), SL94 (dotted line) and B0O2 (dashed line). The best fit values of A, C, B, D and the

RMS value are shown. A plot of the difference of the fit from the data against p is also
shown.
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Figure C.3: The structure function plots for the Chamaeleon I (left panel) and
Chamaceleon II clouds (right panel). Our data (red line) are compared against the models
of K41 (solid line), SL94 (dotted line) and B02 (dashed line). The best fit values of A,

C, B, D and the RMS value are shown. A plot of the difference of the fit from the data
against p is also shown.
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Figure C.4: The structure function plots for the Chamaeleon III (left panel) and Circinus
clouds (right panel). Our data (red line) are compared against the models of K41 (solid
line), SL94 (dotted line) and B0O2 (dashed line). The best fit values of A, C, B, D and the
RMS value are shown. A plot of the difference of the fit from the data against p is also
shown.

Figure C.5: The structure function plots for the Corona Australis (left panel) and
Cygnus OB7 clouds (right panel). Our data (red line) are compared against the mod-
els of K41 (solid line), SL94 (dotted line) and B0O2 (dashed line). The best fit values of
A, C, B, D and the RMS value are shown. A plot of the difference of the fit from the data
against p is also shown.
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Figure C.6: The structure function plots for the A-Ori (left panel) and Lupus 1 clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),

SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, B, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.7: The structure function plots for the Lupus 2 (left panel) and Lupus 3 clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, B, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.8: The structure function plots for the Lupus 4 (left panel) and Lupus 5 clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and BO2 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.9: The structure function plots for the Lupus 6 (left panel) and Lupus 7 clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.10: The structure function plots for the Lupus 8 (left panel) and Lupus 9 clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.11: The structure function plots for the Monoceros (left panel) and Musca clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.12: The structure function plots for the Ophiuchus (left panel) and Orion A
clouds (right panel). Our data (red line) are compared against the models of K41 (solid
line), SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, B, D and the
RMS value are shown. A plot of the difference of the fit from the data against p is also
shown.
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Figure C.13: The structure function plots for the Orion B (left panel) and Perseus clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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Figure C.14: The structure function plots for the Rosette Nebula (left panel) and Scorpius
clouds (right panel). Our data (red line) are compared against the models of K41 (solid
line), SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, B8, D and the
RMS value are shown. A plot of the difference of the fit from the data against p is also
shown.
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Figure C.15: The structure function plots for the Serpens (left panel) and Taurus clouds
(right panel). Our data (red line) are compared against the models of K41 (solid line),
SL94 (dotted line) and B02 (dashed line). The best fit values of A, C, 8, D and the RMS
value are shown. A plot of the difference of the fit from the data against p is also shown.
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C.1.2 Galactic Plane Plots

The data for the structure function parameters A, C, 8 and D for the Galactic Plane arca

arc displayed here, together with the rms of the fit and corresponding standard deviations.
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Figure C.16: Visual representation of the parameters A and C with standard deviations obtained in the central Galactic plane. The data are scaled
linearly (black to white) as follows: A 0.0 to 1.0, o4 0.0 to 0.4, C 0.0 to 2.5, o 0.0 to 1.0. The overlaid contours arc the 3 mag 4y (outer) and
6 mag A, (inner) from the nearest 49 star extinction map.
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Figure C.17: Visual representation of the parameters A and C with standard deviations obtained in the central Galactic plane. The data are scaled
linearly (black to white) as follows: 8 0.0 to 1.0, 05 0.0 to 0.4, D 0.0 to 2.5, 0 0.0 to 1.0, rms 0.0 t0 0.1, 075 0.0 to 0.025. The overlaid contours
are the 3 mag 4 (outer) and 6 mag A4y (inner) from the nearest 49 star extinction map.
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C.2 A-variance

This section presents the plots obtained using the A-variance analysis, both for the 4,
and star density con-noise maps. These were made using the method described in Sec-

tion 2.8.2.
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Figure C.18: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Aquila Rift cloud, using the 49 nearest
star maps. The dashed vertical line on the left of each plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution
of the it con-noise map.
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Figure C.19: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Auriga 1 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noisc map.
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Figure C.20: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Auriga 2 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.21: A-variance against scale using the con-noise A, map (left panel) and corre-

sponding star density map (right panel) for the Cepheus Flare cloud, using the 49 nearest
star maps. The dashed vertical line on the left of each plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution

of the it con-noise map.
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Figure C.22: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Chamacleon I cloud, using the 49 nearest
star maps. The dashed vertical line on the left of each plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution
of the it con-noise map.
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Figure C.23: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Chamaeleon 1I cloud, using the 49
ncarest star maps. The dashed vertical line on the left of cach plot shows the smallest
scale at which data can be reliably used while avoiding oversampling due to the spatial
resolution of the it con-noise map.
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Figure C.24: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Chamacleon III cloud, using the 49
nearest star maps. The dashed vertical line on the left of each plot shows the smallest

scale at which data can be reliably used while avoiding oversampling due to the spatial
resolution of the it con-noise map.
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Figure C.25: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Circinus cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.26: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Corona Australis cloud, using the 49
nearest star maps. The dashed vertical line on the left of each plot shows the smallest
scale at which data can be reliably used while avoiding oversampling due to the spatial
resolution of the it con-noise map.
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Figure C.27: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Cygnus OB7 cloud, using the 49 nearest
star maps. The dashed vertical line on the left of each plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution
of the it con-noise map.
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Figure C.28: A-variance against scale using the con-noise A, map (left panel) and cor-
responding star density map (right panel) for the 2-Ori cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.29: A-variance against scale using the con-noise 4y map (left panel) and corre-
sponding star density map (right panel) for the Lupus 1 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.30: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Lupus 2 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which

data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.31: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Lupus 3 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which

data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.32: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Lupus 4 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which

data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.33: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Lupus 5 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the

it con-noisc map.
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Figure C.34: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Lupus 6 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the

it con-noise map.
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Figure C.35: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Lupus 7 cloud, using the 49 ncarest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the

it con-noise map.
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Figure C.36: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Lupus 8 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.37: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Lupus 9 cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.38: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Monoceros cloud, using the 49 nearest
star maps. The dashed vertical line on the left of cach plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution
of the it con-noise map.
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Figure C.39: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Musca cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.40: A-variance against scale using the con-noise 4, map (left panel) and cor-
responding star density map (right panel) for the Ophiuchus cloud, using the 49 nearest
star maps. The dashed vertical line on the left of each plot shows the smallest scale at
which data can be reliably used while avoiding oversampling due to the spatial resolution
of the it con-noise map.
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Figure C.41: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Orion A cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.

284



Chapter C. Structure of Giant Molecular Clouds

0.025

0.02 |

ad
b

0.015 |

001}

0 20 30 4 S0 0 20 30 40 50
Scale (pc) Scale (pe)
Figure C.42: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Orion B cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.43: A-variance against scale using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Perseus cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.44: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Rosette Nebula cloud, using the 49
nearest star maps. The dashed vertical line on the left of each plot shows the smallest
scale at which data can be reliably used while avoiding oversampling due to the spatial
resolution of the it con-noise map.
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Figure C.45: A-variance against scales using the con-noise Ay map (left panel) and corre-
sponding star density map (right panel) for the Scorpius cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.46: A-variance against scale using the con-noise A, map (left panel) and corre-
sponding star density map (right panel) for the Serpens cloud, using the 49 nearest star
maps. The dashed vertical line on the left of each plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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Figure C.47: A-variance against scale using the con-noise Ay map (left panel) and cor-
responding star density map (right panel) for the Taurus cloud, using the 49 nearest star
maps. The dashed vertical line on the left of cach plot shows the smallest scale at which
data can be reliably used while avoiding oversampling due to the spatial resolution of the
it con-noise map.
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