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I think a life or a time looks simple
when you leave out the details,

the way a planet looks smooth, from orbit.
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A B S T R A C T

Stars are found to form along and at junctions of filaments within molecular clouds.
Filaments are elongated structures that have higher densities compared to their diffuse
surroundings. Their first sightings date back to photographic plate observations of
Barnard (1910). With the advances in astronomical instrumentation, observatories such
as the Herschel Space Observatory were able to produce high sensitivity images of
molecular clouds throughout the Galaxy. These images revealed that molecular clouds
are pervaded with filaments on all scales. Furthermore, the filaments observed with
Herschel in all molecular clouds are found to have common physical properties such
as their width, bringing up an important question: “Can the properties of filamentary
structure be universal?”

In this thesis, I focused on the most nearby high-mass star forming region, the Orion
A molecular cloud, and investigated the properties of its filamentary structure. Orion A
is one of the most studied regions in the Galaxy and its filamentary nature was first
presented with a large scale 13CO map in a study by Bally et al. (1987). Throughout
this I made use of two large scale mapping surveys; the CARMA-NRO Orion Survey
(Kong et al. 2018) and the C+ Square Degree Project. I also made use of the Herschel
column density and temperature maps of the region (Stutz & Kainulainen 2015).

In order to study the properties of the filaments, I first employed a structure de-
tection algorithm, Discrete Persistent Structures Extractor (DisPerSE, Sousbie 2011),
and investigated its performance on synthetic datasets. I found that in cases of low
dynamic range and high levels of noise, DisPerSE can create artificial networks of fila-
ments. Moreover, I developed a python based package, the Filament Characterization
Package (FilChaP), that takes 2-dimensional (2D) or 3-dimensional (3D) datasets and
DisPerSEfilaments, and returns filament properties. FilChaP calculates filament length,
width, skewness, kurtosis and curvature and is freely available for the community at
https://github.com/astrosuri/filchap.

Using FilChaP , I have investigated filament properties in different tracers (12CO,
13CO, C18O, [C ii] and dust column density). I found that filaments seen in C18O
emission have a common width of ⇠0.1 pc. The filament widths are independent from
their central column densities, line masses and velocity dispersions. The majority of the
dense cores are formed along the most gravitationally unstable filaments. I also found
that the filaments are highly substructured and these substructures contribute to the
turbulent velocity dispersion that provides support to the filaments and keeps them at
a relatively constant width.

This study revealed that, when calculating filament properties, it is important to
separate structures along the line of sight by their velocities. In cases of filament widths
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calculated on the C18O integrated emission and dust column density maps, I found
deviations from those filament widths calculated using the C18O datacube. These
deviations are purely caused by the fact that integrated emission and column density
maps cannot distinguish nearby structures or structures along the same line-of-sight
at different velocities. Finally, I have looked at the [C ii] emission that mainly outlines
the stellar feedback in the region. By comparing the radial profiles of C18O, 13CO, dust
column density and [C ii] , I found that [C ii] emission almost always surrounds the
emission from the dense gas indicating a chemical layering of different species that is
typical for clumpy photo-dissociation regions.
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Z U S A M M E N FA S S U N G

Sterne entstehen üblicherweise in Molekülwolken entlang oder an Knotenpunkten
von Filamenten. Filamente sind ausgedehnte Strukturen, die verglichen mit ihrer dif-
fusen Umgebung höhere Dichten haben. Ihre erstmalige Sichtung gab es schon zu
Zeiten photographischer Plattenbeobachtung Barnard (1910). Doch mit dem Fortschritt
astronomischer Instrumente, konnten Observatorien wie das Herschel Weltraumob-
servatorium Bilder höherer Sensitivität von Molekülwolken überall in der Galaxie
aufnehmen. Diese Aufnahmen enthüllten, dass Molekülwolken durchzogen sind von
Filamenten in allen Größenordnungen. Des Weiteren ergab sich, dass die mit Herschel
beobachteten Filamente gemeinsame Eigenschaften wie beispielsweise deren Breite
hatten. Dies warf eine wichtige Frage auf: “Könnten die Eigenschaften filamentärer
Strukturen universell sein?”

In meiner Dissertation beschäftige ich mich mit der uns am nächsten liegenden Stern-
entstehungsregion massereicher Sterne, der Molekülwolke Orion A, und bestimmte
die Eigenschaften ihrer Filamente. Orion A ist die meist untersuchteste Region unserer
Galaxie und ihre filamentären Strukturen wurden erstmals in einer large-scale 13CO
Karte von Bally et al. (1987) dargestellt. Grundlage meiner Arbeit waren zwei large-scale
surveys: Das CARMA-NRO Orion Survey (Kong et al. 2018) und das C+ Square Degree
Project. Ebenfalls verwendete ich Herschel Säulendichte und Temperatur Karten (Stutz
& Kainulainen 2015). Um die Eigenschaften der Filamente zu bestimmen, nutzte ich
zunächst einen Struktur-Ermittlungs Algorithmus, Discrete Persistent Structures Extrac-
tor (DisPerSE, Sousbie 2011), und testete dessen Performance (Leistungsfähigkeit) an
synthetischen Daten. Im Falle eines low dynamic range und starkem Rauschen, konnte
Disperse ungewollt artifizielle Netzwerke filamentärer Strukturen erstellen. Zudem ent-
wickelte ich einen Python basierten Code, Filament Characterization Package (FilChaP),
welcher aus einem 2-dimensionalen (2D) oder 3-dimensionalen (3D) Datensatzes und
DisPerSEFilamenten, die Filament Eigenschaften ermittelt. FilChaP bestimmt die Fila-
ment Länge, Breite, Neigung, Wölbung und Krümmung und ist für die Community
frei verfügbar auf https://github.com/astrosuri/filchap.

Mit FilChaPhabe ich die Charakteristika der Filamente für verschiedene Tracer (
12CO, 13CO, C18O, [C ii] und Staub Säulendichte) bestimmt, mit folgenden Ergebnissen:
Filamente in C18O Emission haben eine uniforme Breite von ⇠0.1 pc, welche unabhängig
von ihrer zentralen Säulendichte , Masse pro Länge oder Geschwindigkeitsdispersion ist.
Die Mehrzahl der dichten Kerne entstehen entlang der gravitativ instabilen Filamente.
Auch wiesen die Filamente viele Substrukturen auf, welche Turbulenzen erzeugen und
somit für eine realtiv konstante Filamentbreite sorgen.
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Diese Arbeit zeigte, dass beim Berechnen der Filament Eigenschaften, Strukturen
entlang der Blickrichtung nach ihren Geschwindigkeiten sortiert werden sollten. Fi-
lamentbreiten, die mittels C18O integrierten Emissions und Säulendichten Karten
bestimmt wurden, zeigten Abweichungen zu denen, die durch C18O Daten ermittelt
wurden. Diese Abweichungen wurden lediglich verursacht, da die integrierten Emis-
sions und Säulendichten Karten nicht zwischen nahen Strukturen und Strukturen
entlang der gleichen Blickrichtung mit anderen Geschwindigkeiten unterscheiden. Im
letzten Teil betrachte ich die [C ii] Emission, welche stellares Feedback aufzeigt. Beim
Vergleich der radialen Profile von C18O, 13CO, Staub Säulendichte und [C ii] ergab sich,
dass die [C ii] Emission nahezu immer die Emission des dichten Gases umgab. Dies
deutet auf chemische Schichten verschiedener Spezien hin, was typische für klumpige
Photodissoziation Regionen ist.
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Part I

U N D E R S TA N D I N G T H E S TA R F O R M AT I O N P R O C E S S

The following two chapters intend to provide a motivation and an up-to-
date, yet, perhaps incomplete, astrophysical background for the reader.





1
M O T I VAT I O N

We wonder. As mankind, what makes us special is the ability to wonder, ask questions
and assess the answers that we find. We live on a planet that orbits around a G-type, or
in other words an average, star. But we know more than that. We know that there are
other planets in our Solar System. Our Solar System is at a distance of approximately
8 kpc1 from the center of our Galaxy, the Milky Way (see Figure 1.1). We also know,
that the Milky Way harbours at least 100 billion stars and is a spiral galaxy that belongs
with a group of other nearby galaxies called the Local Group. The Local Group extends
about 6 Mpc and belongs to a super galaxy cluster named the Virgo Supercluster with
a diameter of 33 Mpc. We observed other superclusters in the Universe too, and we
know that they are the largest gravitationally bound structures. In retrospect, we have
uncovered unimaginable scales around us and with the advancing technology we are
able to study scales ranging orders of magnitudes: from the birthplaces of individual
stars in our own Galaxy to clusters of galaxies at distances of tens of megaparsecs away
from us.

As cliché as it may sound, stars are indeed the building blocks of galaxies. Under-
standing the detailed physics of how stars form is one of the many steps in the quest
of understanding our Universe. Especially high-mass stars, those stars with masses at
least 8 times the mass of our Sun (M�) play an important role. Through stellar feedback
processes such as stellar winds and radiation pressure in earlier stages of their evolution
and supernova (SN) explosions at the end of their lifetimes, the high-mass stars affect
the dynamics and composition of the Interstellar Medium (ISM) of our Galaxy. The SN
explosions may even disrupt the birthplaces of stars, the molecular clouds. Therefore,
formation and evolution of stars alter the ISM dynamically and chemically, and hence,
affect the evolution of galaxies.

Within the past decade, stars are found to be form along dense and elongated struc-
tures called the filaments in molecular clouds (Molinari et al. 2010; Schneider et al. 2012).
The Herschel space observatory showed that indeed all the observed molecular clouds
are pervaded by filamentary networks (André et al. 2010). As filamentary structures are
observed even in non-star forming clouds, they are thought to be the precursors of star
formation. Therefore, it is vital to study the properties of the filamentary structure of
molecular clouds, in order to be able to understand the processes that lead to formation
of stars.

1 Parsec (pc) is a unit of length that is equal to 3.26 light years, or 30 trillion kilometers. A kiloparsec (kpc)
is a thousand parsecs and a megaparsec (Mpc) is a million parsecs.
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Figure 1.1: Artist’s impression of the Milky Way. Our Sun is located at distance of about 8 kpc
from the center. Credits: NASA/JPL-Caltech/R. Hurt (SSC/Caltech).

This thesis is aimed at studying the filamentary structure of the most nearby cloud
that actively forms high-mass stars: the Orion A molecular cloud. With its wide range
of star formation activities and proximity of only 388 pc (Kounkel et al. 2017), the Orion
A molecular cloud is perhaps one of the best laboratories to study the role of filaments
in the process of star formation.

In the following, I give a brief description of how this thesis is organized. In Chapter 2,
I give a detailed introduction to the properties of the ISM (Section 2.1), description
of observations of molecular clouds (Section 2.2), low and high-mass star formation
(Section 2.3), the filamentary structure (Section 2.3), properties of the Orion A molecular
cloud (Section 2.5) and an insight on the observational astronomy (Section 2.6).

In this work I use observational datasets from two large-scale Orion surveys: the
CARMA-NRO Orion Survey and the C+ Square Degree Project. Hence, in Chapter 3, I
give the technical details of these observations.

Chapter 4 and 5 are dedicated to two softwares that are used in this thesis: DisPerSE 2

and FilChaP 3. DisPerSE is an open source software that I employed for filament identi-

2 Discrete Persistent Structures Extractor (DisPerSE), Sousbie (2011).
3 Filament Characterization Package (FilChaP), Suri et al. 2018, submitted to A&A.
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fication. FilChaP on the other hand has been developed for automated characterization
of filament properties throughout this work. Furthermore, in Chapter 6 I describe how
the filament identification was performed on the CARMA-NRO datasets.

In Chapter 7, I apply FilChaP on the C18O data cube from the CARMA-NRO Orion
Project, and present the distribution of filament widths as seen in C18O emission
(Section 7.1). In this chapter, I present a filament stability analysis that is closely related
to fragmentation and formation of new stars (Section 7.2). I also discuss the role of
substructure and turbulence in keeping filaments at what seems to be a constant width
(Section 7.3).

In Chapter 8, I present a comparison of filament properties in different tracers: 13CO,
C18O, dust column density and [C ii] emission. In Section 8.1, I discuss the general
morphology of these tracers. In Section 8.2, I give the results of calculated filament
properties in each tracer and discuss their differences. In Section 8.2.3, I discuss the
possibility of the less dense filaments being affected by the strong UV radiation and
resembling clumpy photo-dissociation regions.

Finally, in Chapter 9 and Chapter 10, I present the conclusions of this work and
future possibilities.





2
I N T R O D U C T I O N

In the Galaxy, everything between the stars is called the Interstellar Medium (ISM). The
ISM is composed of dust grains, the interstellar radiation field, cosmic rays, magnetic
fields, molecules and atoms. In the following few sections, I elaborate on how the
stars form within their cold (⇠10 K) and dense (⇠104 cm�3) natal clouds and how the
signatures of this process can be observed.

2.1 properties of the interstellar medium

The majority of the gas within the ISM is in the form of the two most abundant elements
in the Universe, hydrogen and helium. While hydrogen accounts for 70% of the gas
mass and helium is 28%, a small fraction (2%) of the gas mass is in heavier elements.
While 60% of the hydrogen is in the form of atomic hydrogen (H i )1, 20% of it is in the
molecular form (H2) and 20% is ionized hydrogen (H ii ). The ISMis often referred to
be multi-phased. The term multi-phase ISMimplies the co-existence of gas at different
temperatures, densities, hence having a variety of distinguishable chemical and thermal
states. As explained in the recent review by Klessen & Glover (2016), these states are:

• Warm Neutral Medium (WNM): Warm and diffuse atomic gas with temperatures
of 104 K and densities of 0.2–0.5 cm�3.

• Cold Neutral Medium (CNM): Cold and dense atomic gas with temperatures of 100
K and densities of 20–50 cm�3. The existence of CNM and WNM, the two-phased
ISMmodel, was first suggested by Field et al. (1969).

• Hot Ionized Medium (HIM): Hot, ionized state of gas created through blast waves
from energetic explosions of supernovae, first suggested by McKee & Ostriker
(1977). The HIM reaches temperatures of 106 K and densities of 10�2 cm�3. As
these temperatures are close to the temperatures in the Sun’s corona, the HIM is
sometimes referred as Coronal Gas.

• Warm Ionized Medium (WIM): Ionized gas with temperatures of 104 K but densi-
ties similar to WNM. The origin of this medium is the regions of ionized hydrogen
known as H ii regions, and this is the reason for high temperatures and relatively
high densities.

1 Throughout this work the roman numerals are used to indicate the emission from certain species as the
following: the ionized hydrogen as species is denoted as H+ whereas its emission is denoted as H ii . The
roman numeral ii is used for the singly ionized atom and i denotes a neutral atom.

7



8 contents

• Molecular Gas: Cold and dense phase of the ISMwith temperatures of 10 K and
densities larger than 102 cm�3. Molecular gas is observed in the form of molecular
clouds that harbour star formation throughout the ISM.

In addition to the atomic and molecular species that accounts for the 99% of the mass
of the ISM, dust grains which account for the remaining 1% also play an important role
in the process of star formation. Dust grains absorb and scatter photons at wavelengths
smaller than their sizes (1 µm - 1 nm, Mathis et al. 1977), therefore, can be accounted
for absorption in the UV and optical regime of the electromagnetic spectrum. They
process and reemit the absorbed starlight at far-infrared wavelengths. Dust grains are
mainly carbonaceous (Mathis et al. 1977) or are made of silicates (Draine & Lee 1984).
The infrared emission from the dust mostly correlates with the emission from the dense
gas, as dust surfaces act as a catalysts for H2 formation. Furthermore, the dust grains
shield molecules from ionizing radiation and by reemitting the absorbed photons they
contribute to the cooling in the ISM.

2.2 molecular clouds

Molecular clouds so as the name goes are composed predominantly of molecular
gas. Therefore, the fact that the molecular clouds exist suggests conversion of majorly
atomic gas to molecular gas. There are two main theories of molecular cloud formation,
formation via cloud-cloud collision and formation via converging flows (also known as
colliding flows).

The cloud-cloud collision theory was first suggested by Oort (1954). The idea is very
similar to the coagulation of dust particles that form larger dust particles, planetesimals
and eventually planets in solar systems. In the case of molecular cloud formation, it
is the discrete self-shielded smaller masses of molecular clouds that coagulate and
form larger clouds. However, this theory was discarded for the formation of higher
mass molecular clouds (106 M�) because acquiring such masses require a timescale of
100 Myr which is much larger than the lifetime of these clouds (Blitz & Shu 1980).

The colliding flow theory suggests that instead of being discrete and isolated objects,
molecular clouds are stagnation points of interacting turbulent flows. In this scenario,
dense gas with low temperatures is produced via thermal instabilities at the shock-
front, allowing molecular gas (H2 and CO) to form. For further reading, I refer to
Hennebelle & Pérault (2000), and for a more recent review; Klessen & Glover (2016)
and the references therein. This scenario helps us think molecular clouds as the densest
locations of the multi-phase ISM, embedded in a much lower density gas.

Larson (1981) showed that there are common properties of the observed molecular
clouds. He compiled a number of observations towards different molecular clouds that
yielded what is now known as the “Larson’s Relations”: the size–linewidth and the
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Figure 2.1: Size–linewidth relation derived in Solomon et al. (1987).

mass–linewidth relations. The size–linewidth relation suggests that the observed size
of a molecular cloud is related to the linewidth of the observed emission with:

s ' 1.1 km s�1
✓

L
1 pc

◆0.38
, (2.1)

where s is the linewidth and L is the size of the cloud. The mass–linewidth relation is
similar, the correlation of the mass of a cloud and the linewidth of the observed tracer
is given with:

s ' 0.43 km s�1
✓

M
1 M�

◆0.2
, (2.2)

where M is the mass of the cloud. Later Solomon et al. (1987) used 273 cloud samples
and found the scaling index to be 0.5, instead of 0.38. Figure 2.1 shows the scaling
relation presented in Solomon et al. (1987). The size–linewidth relation is accepted as a
proof of turbulence in molecular clouds. For a detailed read, I refer to the review by
McKee & Ostriker (2007). More recently, Larson’s size-linewidth relation was revisited
(e.g. Heyer et al. 2009; Ballesteros-Paredes et al. 2011). The authors found that the
size-linewidth relations is also dependent on the gas surface density, S, following a
relation: s µ L1/2S1/2. Additional physical properties of molecular clouds are presented
in Table 2.1.
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2.3 star formation

Star formation process progresses differently based on the initial stellar mass. With this
idea in mind, let us first take a look at the most generic view of the star formation. In
order to explain the scales involved, I will use three different definitions; molecular
clouds, clumps, prestellar cores as given in Table 2.1. Turbulent compression within
molecular clouds cause formation of higher density clumps, which then fragment to
condensations of bound cores. The first stage of star formation is the isothermal collapse
of the cores. These cores are initially in a balanced state with turbulent, magnetic and
thermal pressure supporting against gravitational collapse (e.g. Shu et al. 1987). Due
to turbulent motions and local instabilities, the cores start to collapse. The collapse
is at first isothermal because the energy can still be radiated away through atomic
excitation. This isothermal phase is followed by the formation of a central “protostar”
with high densities, the protostar is therefore no longer transparent to the radiation.
The following evolution of the protostar is often regarded as early stages of star formation
and can be observationally distinguished stage by stage.

2.3.1 Low-mass star formation

Firstly, the youngest protostar, a Class 0 object, goes through the main accretion phase.
It is embedded within an envelope where it constantly gains mass through an accretion
disk. To conserve its angular momentum, the protostar radiates away its excess energy
by bipolar outflows. The Class 0 objects can be observed through their collimated
outflows in, for example, CO or SiO emission lines in the millimeter regime, or dust
emission from the envelope in sub-millimeter continuum emission. During the ClassI
phase the evolved accreting protostar becomes visible in the infrared regime. The
mass of the protostar becomes larger than the mass of the infalling envelope and the
temperature rises to a few hundred Kelvins. The next phase, the Class II object no longer
accretes, the envelope is dissipated and the object is now a pre-main sequence star.
The Class II and Class III objects (Classical and weak T Tauri stars) are distinguished
by the existence of a protoplanetary disk. Once the central temperature of the pre-
main-sequence star is high enough to ignite hydrogen fusion, it no longer contracts,
and is supported by the radiation pressure. The main sequence object is then called a
star. Illustrations of protostellar evolution of low-mass stars and their corresponding
Spectral Energy Distributions (SEDs) are given in Figure 2.2 and 2.3, respectively (Credit:
Persson, Magnus Vilhelm (2014): Current view of protostellar evolution and SEDs of
the different protostellar evolutionary stages).
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Table 2.1: Properties of molecular clouds, clumps and cores taken from Klessen & Glover (2016)

Molecular Clouds Clumps Cores

Size (pc) 2 – 20 0.1–2 0.1
Mean Density (H2 cm�3) 102–103 103–105

�105

Mass (M�) 102–106 10–103 0.1–10
Temperature (K) 10–30 10-20 7–12
Linewidth (km s�1) 1–10 0.5–3 0.2–0.5
Turbulent Mach number 5–50 2–15 0–2
Column Density (g cm�2) 0.03 0.03–1.0 0.3–3
Crossing time (Myr) 2–10  1 0.1–0.5
Free-fall time (Myr) 0.3–3 0.1–1 0.1
Examples Orion, Perseus L1641, L1709 B68, L1544

 

Prestellar
Core

Class 0 Class I

Class IIClass IIIPlanetary
System

30 000 AU 10 000 AU 300 AU

100 AU100 AU50 AU

Figure 2.2: Evolutionary stages of a protostar (Credit: Magnus Vilhelm Persson, doi: https:
//doi.org/10.6084/m9.figshare.654555.v7).

https://doi.org/10.6084/m9.figshare.654555.v7
https://doi.org/10.6084/m9.figshare.654555.v7


12 contents

1 10 100 1000 1 10 100 10002

1 10 100 100021 10 100 10002

Class 0 Class I 

Class III Class II 

lo
g
 λ

F(
λ)

lo
g
 λ

F(
λ)

lo
g
 λ

F(
λ)

lo
g
 λ

F(
λ)

λ [μm]λ [μm]

λ [μm] λ [μm]

Black
Body

Black
Body

Black
Body

Black
Body

Disk
Disk?

IR Excess

Figure 2.3: SEDs of protostars at different evolutionary stages (Credit: Magnus Vilhelm Persson,
doi: https://doi.org/10.6084/m9.figshare.1121574.v2).

2.3.2 High-mass star formation

The formation and evolution of high-mass stars are known to differentiate from that
low-mass stars, mainly because of the different time scales involved and energies
involved. The Kelvin-Helmholz timescale or the thermal timescale of stars indicated
the time that is needed for the star to radiate away its gravitational potential energy. It
is given as the following:

tKH =
GM2

2RL
, (2.3)

where G is the gravitational constant, M is the stellar mass, R is the radius of the
star and L is the luminosity. In this context, the Kelvin-Helmholz timescale represents
the phase of gravitational contraction, that lasts until the protostar ignites hydrogen
burning. For high-mass stars, the tKH is much longer than the free-fall time scale of the
envelope given by:

tf f =

✓
3p

32Gr

◆2
, (2.4)

where r is the density. This means, that the high-mass protostar starts nuclear fusion
while it is still in the accretion phase. Figure 2.4 illustrates the high-mass star formation
processes. The main observational difference between the low-mass and high-mass star

https://doi.org/10.6084/m9.figshare.1121574.v2
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Figure 2.4: Illustration of formation and evolutionary sequence of high-mass stars (Credit:
Cormac Purcell).

formation is that the high-mass stars are able to produce enough UV photons to ionize
hydrogen in their immediate surroundings. Firstly, the density and temperature of the
prestellar core increase due to the collapse, at this stage a Hot Molecular Core (HMC) is
formed. The embedded protostar heats up the core to a few hundred Kelvins (Kurtz
et al. 2000). The HMCs show rich chemistry of e.g long hydrocarbon chains, and complex
organic molecules that are also present on the Earth (e.g. Schilke et al. 2001). The
HMC can be observed in the infrared and sub-millimeter regime. When the accreting
protostostar is able to ionize its surroundings, a Hyper Compact H ii (HCH ii ) and
then Ultra Compact H ii (UCH ii ) regions form. These two stages are distinguished
by their electron densities, the HCH ii regions have electron densities of about 107 to
109 cm�3, whereas for UCH ii regions these values are around 105 to 106 cm�3. The
HCH ii regions are also smaller in size by an order of magnitude (Kurtz 2005). This
stage is followed by the formation of a classical H ii region where high-mass stars and
OB-associations are often observed.

2.3.3 Photo-dissociation regions

The far-ultraviolet radiation (5.6 eV < hn < 13.6 eV) from the high-mass stars or
the interstellar radiation field can produce a so called photo-dissociation region or
photon-dominated region (PDR) (Hollenbach & Tielens 1999). PDRs are the transition
regions where chemical layering between the molecular, atomic and ionized species in
molecular clouds can be observed. An illustration of a PDR is given in Figure 2.5. Close
to the radiation front, ionized and atomic species are observed while further outside
the gas is in neutral and molecular form. In this case the important transition regions
are H+/H/H2, C+/C/CO and O/O2.

PDRs are often observed around the high-mass stars where H ii regions are present.
Surrounding the H ii region, lower energy photons escape into the cloud and dissociate
CO and O2 and ionize, for example, the carbon atom. [C ii] fine structure line is,
therefore, a good tracer of PDRs.
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Figure 2.5: Illustration of of a photo-dissociation region (Credit: Hailey-Dunsheath 2009).

2.3.4 The initial mass function

For a group of stars, the distribution of masses at which a star starts hydrogen burning
is usually described as the Initial Mass Function (IMF). The IMF was first characterized
by (Salpeter 1955) with a power-law. The function has the following form:

x(m)D(m) = x0

✓
m

M�

◆�2.35 ✓ Dm
M�

◆
, (2.5)

where M� is the mass of the Sun and x(m)D(m) is the number of stars with masses
between m and m + D(m). The index -2.35 indicates a sharp decline in the number
of stars as one moves towards higher and higher stellar masses. Later, (Kroupa 2001)
introduced a second power law with a less steep index towards the low mass end of
the function, and (Chabrier 2003) re-defined the function as a log-normal distribution.
Although the number of high-mass stars are much less compared to the low-mass stars
as seen from the IMF, they are vital sources of thermal, kinetic and radiative energy in
the ISM through stellar winds and UV radiation. At the end of their lives they explode
as SN, and this process can disrupt embedding molecular clouds. The SN explosions are
also sources of nucleosynthesis where elements heavier than iron are produced.

A mass distribution similar to the IMF has also been observed for the masses of dense
cores within molecular clouds (Lada et al. 2007). The Core Mass Function (CMF) has a
similar shape to the IMF but is shifted towards the higher masses. The similarity and
differences in these two functions suggest that (1) the initial masses of the cores are
relevant for the final mass of the stars, (2) since the cores tend to have higher masses,
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Figure 2.6: Comparison of the IMF and CMF presented in Könyves et al. (2010).

only a fraction of this mass seems to be turned into stars (Matzner & McKee 2000).
Figure 2.6 is an example of the observed CMFs compared to the Kroupa and Chabrier
IMFs (Könyves et al. 2010).

2.4 filamentary structure

Over the past decade, the Herschel Space Observatory revealed that the locations of dense
clumps are coincident with filamentary structures within molecular clouds. Filaments
are simply elongated, high-contrast structures. Although, Herschel has revealed that
filaments are prevalent in all of the observed molecular clouds, the existence of these
structures have been known for over a century. For example, Barnard (1910) describes
the filamentary structures in his photographic plate observations towards Ophiuchus
as the existence of vacant, dark and elongated lanes.

More recently, science highlights of Herschel Gould Belt Survey (HGBS) revealed
extraordinary images of detailed filamentary structures of the Aquila and Polaris molec-
ular clouds (André et al. 2010; Molinari et al. 2010). Figure 2.7 shows a composite 3-color
image of the Aquila (Eagle) nebula that is constructed from 70, 160 and 500 µm images
of Herschel’s PACS and SPIRE receivers. Later, Arzoumanian et al. (2011) analyzed the
properties of 3 HGBS clouds including ⇠ 90 filaments spanning an order of magnitude
in column density. The analysis yielded a narrow filament width distribution with
a median of 0.1±0.03 pc. As the distribution of filament widths appeared to have a
very little dispersion around this median value, the question was whether there is a
“universal” filament width that is perhaps set by the underlying physical processes.
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Figure 2.7: 3-color composite image of the Aquila (Eagle) nebula observed with Herschel.
The red, green and blue colors represent 500 (SPIRE), 160 (PACS) and 70 (PACS)
observations (image credit: http://www.esa.int/Our_Activities/Space_Science/
Herschel/Inside_the_dark_heart_of_the_Eagle).

The interest in filament properties have significantly increased with the observations of
the Rosetta molecular cloud revealing that the majority of the stars and star clusters
reside within the identified filaments (Schneider et al. 2012). Therefore, a tremendous
observational and theoretical effort has since been devoted to understand the properties
of filaments and how they are tied to the process of star formation.

2.4.1 Formation of filaments

Filaments are prominent structures throughout the Universe; they are found in large
scale simulations of the Universe as the Cosmic Web spanning kpc scales, but they are
also found in nanometer scales in muscle cells called the actin filaments. Here, we are
concerned with the filaments of sizes of a fraction of a parsec, within molecular clouds
in the Galaxy, and there are comprehensive theories about how these filaments form.

The formation of the cosmic web structure happens purely due to gravitational
collapse as in the early Universe the gravitational potential of the dark matter haloes

http://www.esa.int/Our_Activities/Space_Science/Herschel/Inside_the_dark_heart_of_the_Eagle
http://www.esa.int/Our_Activities/Space_Science/Herschel/Inside_the_dark_heart_of_the_Eagle
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dominate. The gravitational collapse of tri-axil matter naturally forms structures with
large aspect ratios, as the matter first collapses along the short axis (Lin et al. 1965;
McKee & Ostriker 2007). In molecular scales, gravity is not the only dominant force.
In fact in a number of studies, filaments were found to form as a result of supersonic
turbulence regardless of the existence of the gravity (e.g. Ballesteros-Paredes et al. 1999;
Padoan et al. 2001; Krumholz et al. 2007; Gómez & Vázquez-Semadeni 2014; Smith et al.
2014b). While Pudritz & Kevlahan (2013) argued filaments form at the intersection of
colliding flows, Hennebelle (2013) suggested turbulent shear may also stretch structures
into an elongated form.

2.4.2 Filament widths

Let us take a closer look at how the filament widths are calculated in the aforementioned
studies. As the observations do not have a real third dimension, the observers do not
know the real 3-d orientation of molecular clouds. What we do know, is a projected
image of the observed structure on the plane of the sky. Thus, we are only able to
calculate the width of a filament assuming it has a very little extension along the line of
sight. With this idea in mind, Arzoumanian et al. (2011) calculates slices perpendicular
to the filament spines. Each of these slices along the filaments yield a radial column
density profile. The assumption here is that the width of these profiles is a good
representation of the width of the filaments. Arzoumanian et al. (2011) average all
the perpendicular slices along a single filament to obtain an averaged column density
profile that represents the entire filament2. An example column density profile and
the resulting distribution of filament widths of 90 filaments in this study is shown in
Figure 2.8 left and right panels respectively.

Arzoumanian et al. (2011) uses Gaussian and Plummer-like functions to estimate
the width of the average column density profiles. The Plummer-like function takes the
following form:

Sp(r) = Ap
rcR f lat


1 +

⇣
r

R f lat

⌘2
�( p�1

2 )
, (2.6)

where rc is the central density, R f lat is the radius within which the density is uniform,
p is the power law index at large radii, and Ap is a finite constant that is related to
the filament’s inclination compared to the plane of the sky. As we cannot estimate the
inclination, it is often assumed to be zero. Plummer-like functions are employed to
describe the column density of a homogeneous cylinder with an inner flat portion.
Previously, Ostriker (1964) showed that for an isothermal and homogeneous cylinder the

2 In Chapter 5 I study how well an averaged profile can represent an entire filament.
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Figure 2.8: Left: An averaged column density profile from Arzoumanian et al. (2011), their
Figure 5. The profile is overlaid with the beam of the observations (cyan solid line),
Gaussian fit (cyan dotted line), and three Plummer-like fits with power law indices of
4 (purple dashed line), 3 (red dot-dashed line) and 2 (dotted red line). The dispersion
around the averaged profile is shown with yellow errobars. Right: Distribution of
filament widths obtained from 3 different molecular clouds in Arzoumanian et al.
(2011), their Figure 6.

power-law index of the Plummer-like function takes a value of 4. When Arzoumanian
et al. (2011) fitted the power-law index as a free parameter, they obtained a value of 2;
which was attributed to these filaments being non-isothermal.

As the studied filaments spanned orders of magnitudes in column density, the fact
that the higher column density filaments still have an approximately constant width
brought up the question: “How do the high column density filaments sustain their
width without shrinking?”. The authors suggested that filaments may be constantly
accreting from their surroundings, hence, the higher column density filaments do not
narrow down as a consequence of gravitational collapse. Clarke et al. (2017) suggests
that formation of substructure within the filaments may lessen the effects of gravity,
thus, quenching gravitational collapse.

2.4.3 Fibers and substructure

All evidence from studies within the last decade point to a dynamic star formation
scenario where most of the mass is gathered in dense filaments which then fragment
into star forming cores. There has been substantial effort from both observational and
theoretical side to understand and explain the substructure of filaments. Hacar et al.
(2013) investigated the filamentary structure of the low mass star forming region Taurus
in C18O emission. They found the 10 pc long main filament is composed of many
smaller fibers that have lengths of 0.5 pc and are coherent in velocity. They found that
these fibers belong to distinct groups in terms of the similarities in their kinematics and
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chemical compositions. Therefore, they suggest a hierarchical core formation scenario
as follows; first the gas is accumulated in the main filament that fragments into bundles.
The bundles fragment into velocity coherent fibers which then further fragment into
cores. Following up on the work by Hacar et al. (2013), Tafalla & Hacar (2015) studied
the distribution and properties of dense cores in the Taurus region. Together with the
analysis of Hacar et al. (2013), they refer the hierarchical core formation scenario as
fray and fragment. From the theoretical side this idea was challenged by the simulations
of ?. The authors found that the fibers in their simulated molecular cloud existed
before fragmentation of the main filaments. The simulations showed that as the cloud
collapses, the fibers are swept together into a large scale filament by large-scale flows
of gas. The authors referred the opposing scenario as fray and gather (Smith et al. 2016).

As mentioned earlier, the observed data has 3-dimensions, position-position-velocity
(PPV). The velocity information comes along because of the movement of each observed
particle along the line of sight. The real 3-dimensional space, however, has dimensions:
position-position-position (PPP) to which observers have no access to. Therefore the
real 3-dimensional structure of fibers identified in PPV space can only be assessed
in synthetic datacubes. Smith et al. (2016) showed that the network of fibers in their
simulated cloud overlap along a sightline which causes then the observed narrow fibers
as distinct velocity components in C18O. Clarke et al. (2018), however, has showed that
the fibers identified in PPV correspond to sub-filaments identified in PPP only 50%
of the time. Because of the projection effects, the fibers may seem velocity coherent
and distinct in PPV space, but in PPP they do not always translate to continuous and
distinct structures. Figure 2.9 shows velocities of each point along a single sub-filament
identified in PPP. This filament shows at least 3 different velocity coherent structures
that in PPV may appear as 3 distinct fibers, whereas in reality they are one single
sub-filament.

2.5 the orion a molecular cloud

The main subject of interest for this thesis is the Orion A molecular cloud. The Orion A
molecular cloud is a part of the Orion Giant Molecular Cloud complex at a distance of
approximately 388 pc (Kounkel et al. 2017). It is the closest region where high-mass
stars are actively being formed. It also already encompasses a high-mass star cluster
called the Trapezium cluster, which baths the region in ionizing UV radiation. This
young star cluster was discovered by Galileo Galilei in 1617. The brightest star in the
cluster is named Q1 Orionis C, and it is an O-type star with a mass 40 times than that
of the Sun.

Due to its proximity, Orion A has been observed continuously at all wavelengths.
As seen in the optical regime, the molecular cloud lies below the belt of the infamous
winter sky constellation Orion, also known as the Hunter, and can be spotted with bare
eyes on a clear night. The Trapezium stars emit ionizing UV radiation that consequently
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Figure 2.9: Velocities along a single PPP sub-filament (Clarke et al. 2018). When looked at in
PPV this single sub-filament can be identified as multiple velocity coherent fibers.
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formed the first observed H ii region, known as M42. The ionizing radiation also creates
a PDR between the molecular gas and the H ii region. The Orion Bar is the most studied
PDR in the ISM. The winds from the Trapezium stars form an expanding bubble called
the Orion Veil Bubble. A part of the bubble was also observed in high energy X-rays
(Yamauchi et al. 1996, later observed also with the Chandra Observatory). The first
large scale molecular line observations towards the cloud were done by Bally et al.
(1987), allowing for the first time to see the dense filamentary gas distribution of 13CO
line emission over 2 square degrees. Bally et al. (1987) named the northern portion
of the cloud the integral shaped filament (ISF), which is how it is referred up to this
date. These observations revealed that the ISF is highly filamentary. Quoting Bally et al.
(1987); “..the observations unraveled that in addition to the two or three larger ones, the Orion
A molecular cloud is composed of many smaller filaments”.

More recently, Hacar et al. (2018) studied dense gas emission (N2H+) in the northern
portion of the ISF with Atacama Large-millimeter Array (ALMA). These observations
confirmed the existence of many dense and narrow filaments (with widths of 0.03 pc)
in the northern ISF.

A comprehensive image of the Orion A cloud was published in Meingast et al.
(2016), as a part of the Vienna Survey in Orion (VISION) project. Figure 2.10 shows
the beautiful near-infrared map of Orion A using the Visible and Infrared Survey
Telescope for Astronomy (VISTA, Emerson et al. 2006) within the frame work of the
VISION project. The upper panel of this image is a histogram with the number of
publications throughout the cloud. The region that has been studied the most is the
OMC-1 region. Here, I should mention that the individual star forming regions in
Orion A use a common nomenclature throughout the ISF. These regions are referred
as: Orion Molecular Cloud X (OMC-X), where X is a number denoting the region.
The center of the ISF hosting the Trapezium cluster and the the Orion Bar is named
OMC-1, along with OMC-2 and OMC-3 in the north. OMC-2 and OMC-3 regions
host intermediate mass protostars that have been studied thoroughly (e.g. Takahashi
et al. 2008, 2012). The OMC-3 region lays adjacent to the NGC1977 star forming region
in the north. The NGC1977 region also has an expanding bubble powered by a B0
star (42 Ori). A PDR at the intersection between the NGC1977 bubble and the OMC-3
region is recently observed in [C ii] emission (Pabst et al. submitted; Kabanovic, S. PhD
thesis). Additionally, OMC-4 lays about 10 arcmin south of the Trapezium cluster and
harbours dense cores that form a V-shaped structure that is prominent in dust emission
(Johnstone & Bally 2006). About 30 arcmin south of the Trapezium cluster, the NGC1980
region harbours a high-mass binary system with spectral types O9 and B1 (Johnstone &
Bally 2006). Behind the NGC1980 cluster, Johnstone & Bally (2006) identified a cluster
of sub-millimeter cores which they named OMC-5. L1641-N is also an embedded
cluster and an active star forming region in the southern ISF which harbours many mid-
infrared sources and Herbig-Haro (HH) flows (Ali & Noriega-Crespo 2004; Reipurth
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Figure 2.10: The Orion A molecular cloud as seen in near infrared in VISION survey (Meingast
et al. 2016). The upper panel indicated the number of publications regarding each
region throughout the cloud.

et al. 1998). For a detailed study of the southern L1641 region, different clumps and
mass distributions, I refer to Polychroni et al. (2013).

2.6 an observational view

We live in the age of advanced telescopes and high quality receivers with which we
can look for answers to our almost “too specific” astrophysical questions. These tele-
scopes and receivers are designed to receive emission at certain wavelengths. Particular
wavelengths carry information on physical processes in the Universe which lead to
absorption and emission of light. Except for the analysis of meteorites, cosmic rays
and space experiments where material can actually be collected, all we know about
the Universe is based on the information we receive through electromagnetic radiation.
However, the Earth’s atmosphere is not transparent to all wavelengths of the electro-
magnetic spectrum. Figure 2.11 is a sketch showing which wavelengths can be observed
and how. As one can see, not all the light is transmitted to the Earth’s surface, some
of it is scattered or absorbed by the atmosphere. Therefore, for the wavelengths that
cannot be observed with ground-based telescopes there are air-borne observatories,
space telescopes (or satellites) and space-shuttle missions. The visible (also known as
optical) light can be observed both with space and ground-based telescopes. Some of
the widely used optical telescopes are Keck and Gemini ground-based telescopes, along
with the Hubble Space Telescope (HST).
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Figure 2.11: Transmission of different wavelengths through the Earth’s atmosphere.
Figure credit: https://courses.lumenlearning.com/astronomy/chapter/
the-electromagnetic-spectrum/

The atmosphere becomes opaque as one moves towards higher energy radiation (or
shorter wavelengths; E = h c/l). However, there are (and have been) space telescopes
that operate at orbits above the Earth’s atmosphere and observe UV-radiation, X-rays
and gamma rays. For example Galaxy Evolution Explorer (GALEX) space telescope
operated in the UV-regime. Some of the X-ray telescopes are; Chandra, The Roentgen
Satellite (ROSAT), and The X-ray Multi-Mirror Mission (XMM-Newton), while Fermi and
International Gamma-Ray Astrophysics Laboratory (INTEGRAL) operate in gamma-rays.
In addition to these satellites, there have been balloon-borne experiments and space
shuttle launches that gave us the opportunity to observe this high energy part of the
electromagnetic spectrum.

The atmosphere is more transparent to longer wavelengths, therefore, infrared (par-
tially) and radio waves can be observed from the ground. Observatories such as Gemini
and Subaru can observe in the near-infrared regime from the ground. Satellites such as
Spitzer and Herschel observed infrared emission from outside of the atmosphere, while

https://courses.lumenlearning.com/astronomy/chapter/the-electromagnetic-spectrum/
https://courses.lumenlearning.com/astronomy/chapter/the-electromagnetic-spectrum/
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the Stratospheric Observatory for Infrared Astronomy (SOFIA) telescope mounted on
an airplane that flies at high altitudes providing observations of this regime.

Far-infrared and sub-millimeter emission can also be observed from the ground
with radio telescopes such as the James-Clerk-Maxwell Telescope (JCMT), Institut de
Radioastronomie Millimétrique (IRAM) 30 m telescope and the Nobeyama Radio Obser-
vatory (NRO) 45 m telescope. Longer wavelengths in the radio regime can be observed
with, for example, the Effelsberg and the Green Bank Telescope (GBT).

2.6.1 Observations of molecular clouds

This particular thesis is focused on disentangling the properties of the Orion A molecu-
lar cloud and for this purpose, I would like to explain how the molecular clouds can
be observed. As mentioned in Section 2.2, the molecular clouds are made mostly of
molecules which can be observed in absorption and emission. In addition, molecu-
lar clouds can also be observed through line emission of atoms and of course, dust
emission.

2.6.1.1 Molecular line emission

In order for a molecule to be observed, it either has to absorb or emit photons from
a certain quantum mechanical state. These states are discrete and can be excited by
collisions, photons and radiative (de)excitation. If the (de)excitation yields absorption
or emission of a photon, then, this photon can be observed at a frequency that is
proportional to the energy difference between the transition states (DE = hn).

Unfortunately, the most abundant molecule in the Universe, H2, cannot be used to
study the molecular clouds, and the reason is as follows: molecular clouds are often
cold (10 – 20 K), and hence, only the low energy states of molecules can be excited.
The transitions between the lowest energy states are called the rotational transitions,
and are followed by higher energy transitions allowed in vibrational and electronic
states. The H2 is a symmetric molecule and lacks a permanent electric dipole moment.
Its electric quadrapole transitions, although observable, are very weak and require
high energies to excite. Therefore H2 cannot be used to trace the cold gas, but can be
observed towards PDRs.

The rotational transitions can be observed in the sub-millimeter and millimeter
regime, while the vibrational transitions are observed in infrared and the electronic
transitions are observed in the optical regime. The rotational levels of the abundant
molecules can be used to probe properties of clouds. CO (carbon monoxide3) is the
second most abundant molecule in the ISM, because of its low excitation energy it is
often observed instead of H2 to trace the molecular gas. However, there is a portion of

3 Throughout this thesis the main carbon-monoxide isotope 12C16O is denoted as CO. The isotopologues
13C16O and 12C18O are denoted as 13CO and C18O, respectively.
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the molecular gas that cannot be observed in CO, called the CO-dark gas. For a more
in depth discussion on the CO-dark gas, I refer to Smith et al. (2014).

Although CO is abundant in all molecular clouds, it cannot be used to study all
densities. As we know, from filaments to clumps and cores the density inside a molecu-
lar cloud increases. How far inside a molecular cloud we can see is measured by the
optical depth, and in order to understand it, one must also understand the radiative
transfer. The radiative transfer equation describes the propagation of radiation in the
ISMand it is as follows:

In(tn) = In(0)e�tn +
Z tn

0
e(tn�t0)Sndt0, (2.7)

where In(tn) is the observed intensity that equals to the optical depth attenuated
intensity of the observed source, plus the sum of the emission from the medium that
is attenuated by the optical depth at each point. The term Sn is called the source
term and it depends on the characteristics of the medium. When the optical depth
is large (t >> 1) the emission is called optically thick, whereas, when the optical
depth is significantly small (t << 1) the emission is optically thin. Because CO is
abundant, the emission from the CO molecules can be absorbed by the molecular
gas and is radiated away only at the surface of the cloud. Therefore, CO is optically
thick and through the CO emission seeing deeper into the cloud is not possible. The
less abundant isotopologues 13CO and C18O are often used to trace denser regions in
molecular clouds.

2.6.1.2 Fine Structure Line Emission

In this work I make use of ionized Carbon observations to trace the transition regions
between the molecular gas and the atomic gas called PDRs. Throughout this work the
ionized Carbon species is denoted as C+, while the emission caused by the forbidden
transitions from these species is denoted as [C ii] . These transitions are called “for-
bidden” because in laboratory conditions no emission from these transitions can be
measured due to collisional de-excitation. They are collisionally de-excited because the
corresponding transitions are electric dipole forbidden and, hence, are either electric
quadrapole or magnetic dipole which are very weak. In space however, where the
densities are much lower, it is more likely that the atoms would emit a photon that
corresponds to a forbidden transition line, than to be collisionally de-excited.

Fine structure states are energy levels that split from the main energy levels of
an atom. The fine structure line splitting is caused by the interaction of the orbital
momentum of an electron around the nucleus and its spin. This split was first observed
for the Hydrogen atom by Michelson & Morley (1887) and later, Sommerfeld (1916)
expanded the classical Bohr model to include relativistic corrections and introduced
the “fine-structure constant” to characterize the amount of splitting between the energy
levels.
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In order to understand the fine structure transitions, we have to look at how exactly
the orbital angular momentum and the spin angular momentum couple to one another.
The total angular momentum of an atom (J) is the vectorial sum of total spin angular
momentum of its electrons (S) and their total orbital angular momentum (L):

J = L + S (2.8)

Therefore J can have the values between L + S and L � S and this is known as the
spin-orbit coupling that causes the fine structure energy levels. The notation to descrive
these energy levels is simply: 2S+1LJ . For electron shells S, P, D, F, ... L takes the values
0, 1, 2, 3, ... .

Now we can look at the electron configuration of the Carbon ion specifically: 1s22s22p1

(for a thorough discussion, I refer to Draine 2011). The electron that is responsible for
the fine structure splitting is the electron in the last shell (p-shell). As this electron is in
the p-shell, the angular momentum L = 1. The spin angular momentum is S = 1/2,
yielding J = 1/2 and J = 3/2. Therefore the fine structure transition of C+ in the
ground state is:

2P3/2 !
2P1/2

This transition takes place in the infrared regime and can be observed at 1.9 THz.

2.6.1.3 Dust continuum emission

While the interstellar dust can be observed in extinction of starlight in the near-infrared
regime, it can also be observed in emission in the far-infrared/sub-millimeter regimes
as the dust continuum emission. The observed dust continuum emission in the far-
infrared/sub-millimeter regimes is simply thermal radiation from the dust grains as
a result of heating by the absorbed starlight. Cox & Mezger (1989) suggests that one
quarter of the observed emission from a spiral galaxy originates from thermal dust
emission.

The dust emission is, given a uniform dust temperature (Tdust) can be approximated
as a modified blackbody function. Hence, the intensity at frequency n is then given by:

In = Bn(Td)(1 � e�tn), (2.9)

where tn is the optical depth as a function of the given frequency and Bn(Td) is the
Planck function:

Bn(Td) =
2hn3

c2
1

ehn/kTd � 1
, (2.10)
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where h is the Planck constant, k is the Boltzmann constant and c is the speed of light.
The optical depth is given by:

tn =
Z

los
knrdl, (2.11)

where kn is the absorption coefficient at the given frequency. The frequency dependent
dust opacity is defined as:


kn

cm2 g�1

�
= k0

h n

1000 GHz

ib
, (2.12)

where b is the dust emissivity index. The dust emissivity index is depends on the
properties of the dust grains such as the sizes and composition, but in the star forming
regions it is found to be between 1 and 2 (Walker et al. 1990). The exact value of the
coefficient k0 is not known, however at 1000 GHz, it is taken as 0.1 cm2 g�1 (Beckwith
et al. 1990). Assuming a gas-to-dust ratio (or can also be calculated as shown in Sánchez-
Monge 2011) that is often taken as 110 (Sodroski et al. 1997), one can calculate the total
volume density:

nH2 =
1

µmH

Xgd

(4/3)pR3 , (2.13)

where µ is the mean molecular mass of the hydrogen atom, mH is the mass of the
hydrogen atom, Xgd is the gas-to-dust ratio and R is the radius of the cloud. Then,
integrating over the line-of-sight the total column density can be calculated:

NH2 =
Z

los
nH2 dl, (2.14)

as given in Sánchez-Monge (2011) this equation can be rewritten in practical units as
the following:


NH2

cm�2

�
= 2.21 ⇥ 1024

Xgd

M�

� h µ

2.3

i�1

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arcsec

��3  D
kpc

��3
, (2.15)

where QS is the beamsize of the observations and D is the distance to the observed
object.
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2.6.2 Radio Astronomy and Radio Interferometry

As most of this work is based on sub-millimeter observations, I will discuss further
about radio astronomy and radio interferometry in this section. The radio sky is much
more quieter than the visible sky because the emission from the Sun does not play
an important role in longer wavelengths. Therefore, the radio observations can be
carried out also during day time. One of the limitations of radio observations, on the
other hand, is the water vapor in the atmosphere absorbing the emission at shorter
radio wavelengths. Because of this reason, most radio telescopes that operate at shorter
wavelengths are placed at dry regions and a few kilometers up in the mountains.

Radio telescopes consist of a large dish that is a parabolic reflector, a mount and the
electronics that amplify the incoming signal and send it to the receiver on the back-end
of the telescope. By the receiver, the signal is converted from power to digital signal
which can then be analyzed using a computer. The Fourier transform of a single dish
antenna’s aperture, gives us the beam pattern that is composed of the “main-beam” (or
“main-lobe”) and the “side-lobes” as illustrated in Figure 2.12.

Figure 2.12: Beam pattern of a single dish tele-
scope. Credit: http://gmrt.ncra.
tifr.res.in/gmrt_hpage/Users/
doc/WEBLF/LFRA/node29.html

The main-beam is the primary maxi-
mum response of the antenna, however,
some of the emission is lost through the
side-lobes. The width of the main-beam
where its response drops to half of its
maximum is called Half Power Beam
Width (HPBW). HPBW is proportional to
l/D, where l is the wavelength of the
incoming radiation and D is the diameter
of the telescope. Therefore, the resolution
of a single-dish telescope depends on the
observed wavelength and the size of the
antenna. In order to achieve a higher an-
gular resolution in the sky, the telescope

size must be increased. However, building large telescopes is technically non-trivial
and very expensive. Therefore, we use interferometers instead, which are composed
of smaller sized telescopes but act as one large telescope. Figure 2.13 shows a simple
sketch of a two-element interferometer.

The antenna pairs separated by the baseline d receive the signal which is then cross-
correlated for each pair. The recorded phase difference between the antenna-pairs can
be corrected when the data is calibrated (see Chapter 3). The correlated signal from
an antenna pair is called a “visibility” and it is simply the Fourier transform of the
observed emission from the source. The Fourier transform of the sky-plane (xy � plane)
is called the uv� plane, and each visibility that comes from an antenna pair corresponds
to a point in the uv � plane. In order to obtain a good map, the uv � plane has to be

http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
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sampled with as many baselines to prevent the loss of emission due to the gaps between
the telescopes.

Figure 2.13: A simple interferometer. Credit:
https://en.wikipedia.org/wiki/
File:PhaseInterferometry.png

Instead of the diameter of a single tele-
scope, the angular resolution of an inter-
ferometer depends on the longest base-
line between the antenna pairs; the longer
the baseline, the smaller scales can be re-
solved. Although, the baselines can be
increased to improve the resolution, they
can never be zero. This introduces the
non-zero baseline problem. Because of the
gaps between the antennas, an interfer-
ometer filters out the large scale extended
emission. Therefore, interferometric ob-
servations are almost always combined
with single dish observations to account
for emission on all the observable size
scales.

https://en.wikipedia.org/wiki/File:PhaseInterferometry.png
https://en.wikipedia.org/wiki/File:PhaseInterferometry.png




Part II

O B S E RVAT I O N S A N D T O O L S

The goal of the following chapters is to acquaint the reader with the astro-
physical observations that are used for this work (see Chapter 3), present
the analysis tools that I used and developed. One of the two major tools that
I used is DisPerSE ; an open source software for structure identification (see
Chapter 4). The latter is FilChaP , a python-based tool for the analysis of
the filaments that I developed and made publicly available (see Chapter 5).
The tests on FilChaP and its functionalities are published in Suri et al. (2019)
which can be found in Appendix B. Figures 4, A1, A2, A3 and A4 from
Suri et al. (2019) are reproduced in this part of the thesis with permission
c�ESO. I note, however, because the publication of the article superseded

the submission of the thesis, some figures slightly deviate in the refereed
and published version of Suri et al. (2019) from the ones presented in this
part of the thesis.





3
O B S E RVAT I O N S

In this chapter, I elaborate on the acquisition, preparation and highlights of the science
data that is utilized in this thesis work. The majority of this work is based on the
data observed within the framework of the CARMA-NRO Orion Survey (Kong et al.
2018), where we combined a set of interferometric data (see Section 3.1.1) and a set
of single dish data (see Section 3.1.2). In the CARMA-NRO Orion Project, I have
contributed to the observations at Combined Array for Research in Millimeter-wave
Astronomy (CARMA), and was responsible for the data reduction between 2014-2015
while the data acquisition still continued. Additionally, I have contributed to the earlier
efforts to combine interferometric and single dish data. I am also a part of the C+

Square Degree Project, and made use of [C ii] emission data that is further explained
in Section 3.2. I, additionally, used the Herschel dust column density and temperature
maps from Stutz & Kainulainen (2015). For the details on the derivation on the dust
column density and temperature maps I refer to the corresponding paper.

3.1 the carma–nro orion survey

3.1.1 CARMA Observations

CARMA1, was a 23-element interferometer in California, USA (see Figure 3.1). It com-
posed of 6 antennas with a size of 10.4 meters, 9 antennas with a size of 6.1 meters
and 8 antennas with a size of 3.5 meters. The array operated at frequencies 30 – 250
GHz, or wavelengths 1 cm – 1 mm. With the longest baselines at 230 GHz, the array
could reach a 0.15 arcsec angular resolution; at the distance of Orion A, this translates
to a spatial resolution of 0.003 pc ⇡ 620 AU. The array alternated between different
configurations for varying baselines, that are listed below from the longest baseline
with the most extended to shortest baseline with the most compact configurations:

• A configuration (extended): 0.25 – 2 km

• B configuration: 100 m – 1 km

• C configuration: 30 – 350 m

• D configuration: 11 – 150 m

• E configuration (compact): 8 – 6 m

1 CARMA has shut down in April 2015.
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Figure 3.1: The CARMA interferometer. (Credit: J. Kauffmann)

The CARMA Orion Key Project (PI: Dr. John Carpenter, the project was later named
CARMA-NRO Orion Survey) was granted approximately 1500 hours of observing time
at CARMA and the observations took place between 2013–2015. A 2 square degree area
towards the Orion A molecular cloud was divided into subfields of 6 arcmin x 6 arcmin
with a total number of subfields 181. Each subfield was observed at 3 different hour
angles in order to obtain a good uv coverage. Furthermore, each of these subfields was
observed using 126 pointings with hexagonal Nyquist sampling, with each pointing
observed approximately for 15 seconds. The observations were done in the two most
compact configurations of that array; CARMA D and E configurations. The CARMA D
and E configurations provided minimum and maximum baselines of: 11–150 m and
8–66 m, as listed above. This in angular scales translates to 4.5 – 62 arcsec with D
configuration at 110.2 GHz, and 10–85.5 arcsec with the E array. The two configurations
were chosen such that the observed spatial scales have an overlap, therefore they can
be combined together, resulting in a final angular scale coverage from 4.5 to 85.5 arcsec.

The array receivers were tuned to observe 12CO(1–0), 13CO(1–0), C18O(1–0), CS(2–1),
CN(1–0), SO(2–1) and 3 mm continuum emission simultaneously. The CO isotopologues
towards the same region was also mapped using the NRO 45m telescope, and then,
combined with the interferometric dataset. The final rms and spectral resolution for the
combined datasets are shown in Table 3.1. As the rest of the interferometric data are yet
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Table 3.1: Specifics of the CARMA Observations

Transition Frequency Velocity Resolution rms
[GHz] [km s�1 ] [K]

12CO(1–0) 115.27 0.25 0.86
13CO(1–0) 110.201 0.22 0.64
C18O(1–0) 109.782 0.22 0.47

CS(2–1) 97.981 0.08 –
CN(1–0) 113.490 0.07 –
SO(2–1) 109.252 0.26 –

continuum 101 & 111.8 – –
continuum 102 & 110.8 – –

to be combined with single dish data, they have no final rms values, and the indicated
velocity resolutions correspond to velocity resolution in the initial correlator setup.

3.1.1.1 Calibration

Data reduction is a crucial step in order to deduce the source fluxes. There are features
of the telescopes, receivers and the atmosphere that affect the observed flux, therefore
need to be eliminated when preparing for the version of the data that is scientifically
acceptable. In order to calibrate the data, 3 different calibrators are used, namely: flux,
gain/phase and bandpass calibrators. These calibrators are often selected to be point
like sources, often bright quasars, in order to ensure that all the baselines detect the
same amount of flux, in a relatively short amount of time.

The calibration of the data during and after data acquisition was performed using
Multichannel Image Reconstruction, Image Analysis and Display (miriad) radio interfer-
ometry data reduction software (Sault et al. 1995) using a customized bash script that
was developed and optimized for CARMA by Dr. John Carpenter.

The bandpass calibration is used to calibrate the receiver response for each frequency
window. This is usually done by looking at a bright quasar with no bright spectral lines.
Alternatively, during recent Atacama Large Millimeter/submillimeter Array (ALMA)
observations, planets and satellites for which the spectral lines can be modeled in detail
are also being used. In the case of our CARMA observations the observed quasars were
primarily 3C84 and also, 0423–013 and 0532+075.

The gain/phase calibration helps correct for the phase variations over time. It is desir-
able that the observed, preferentially, quasar is close to the object of interest for the
observations. This prevents large atmospheric changes when moved from the calibrator
to source. For the gain calibration we observed quasar 0532+075 every 20 minutes.
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Figure 3.2: The NRO 45 m telescope. Credit: NRO

Within the observed period of 20 minutes the phase variations in the atmosphere are
not large, and therefore, can be tracked, in order to perform calibration.

The flux calibration is used to calibrate the absolute flux scale of the observed sources.
This is done by looking at a bright object with a well-know flux, and therefore, having
corrections for amplitude over time. Flux calibration during the CARMA observations
were done using Uranus, Mars and when both not observable 3C84.

3.1.2 NRO45m observations

The NRO 45m telescope (NRO45m, see Figure 3.2) is a single radio antenna located
in Nobeyama, Japan. The 45 meter dish telescope observes at a wavelength regime
between 20 GHz (⇠1 cm) and 115 GHz (3 mm). This gives the telescope an angular
resolution of 15 arcsec at 115 GHz.

The NRO45m observations of 12CO, 13CO and C18O were taken in two steps with
two different receivers. Between 2007 and 2009 the The 25-Beam Array Receiver System
(BEARS) receiver was used (Sunada et al. 2000). These observations are well described
in Shimajiri et al. (2014). More recently, to extend the single dish map in order to
match the CARMA coverage, the new dual-polarization 4-beam receiver, the Four beam
Receiver System on 45m-Telescope (FOREST), Minamidani et al. 2016, was used. The
FOREST observations took place between 2014 and 2017, and the process is described in
Kong et al. (2018).
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The BEARS receiver observations took in separate parts, as the simultaneous observa-
tions of all the CO isotopologues with the given bandwidth (32 MHz, Sorai et al. 2000)
were not possible. Therefore the 12CO observations took place first, between 2007 and
2009 (Shimajiri et al. 2011). The 13CO and C18O observations took place between 2013
and 2014 (Shimajiri et al. 2014, 2015). The CO isotopologues were observed with an
original velocity resolution of the receiver; 0.1 km s�1 . The resulting maps, however,
were convolved to 0.3 km s�1 to reach an rms level of 0.7 K in 13CO and 0.2 K in C18O,
and to 1.0 km s�1 for 12CO to reach an rms level of 0.94 K. The resolution of these
observations are 0.03 pc with an effective beamsize of 15 arcsec at 115 GHz.

During the FOREST observations, all three CO isotopologues were observed simul-
taneously Spectral Analysis Machine for the 45m telescope until December 2016. As
the receiver settings were changed after, the observations of 13CO and C18O were
carried out separately. For these observations the Spectral Analysis Machine for the
45m telescope (SAM45) which allowed for larger bandwidth (63MHz) and resolution
(0.04 km s�1 ) compared to BEARS observations. The final effective beamsize of the
NRO45m observations is 22 arcsec, resulting in an spatial resolution of 0.04 pc.

3.1.3 Joint imaging of the CARMA and NRO45m data

Although the interferometers provide us with a unique, detailed look of the observed
region, they are not perfect instruments. The fact that the shortest spacing between the
elements of an interferometric array can never be zero means that an interferometer can
never 100% recover the information on the extended structures in the observed region.
In order to account for the missing flux caused by the gaps between the antennas, the
interferometric data is often combined with a single dish (SD) data. The combination
allows for recovering the information on large scales (with the SD) and on scales that
are well resolved (with the interferometer). For the CARMA-NRO Orion Survey, miriad
is utilized for this task. The combination and joint imaging of the data is explained
thoroughly in Kong et al. (2018). The survey team has followed the milestones set by
Koda et al. (2011), and a schematic explanation on the process is given in Figure 3.3.
Going along this scheme, following the arrows, the data combination process starts with
having the data from both observatories. we start with the data from both observatories.
For the interferometer, we follow the standard data reduction explained above, and
obtained calibrated visibilites. For the single dish data, we followed the standard data
reduction and obtain a datacube (image) for each molecular line. This datacube was
then Fourier transformed and sampled with a gaussian distribution of visibilities
to produce visibilities for the single-dish data. The single-dish visibilities are then
combined with the interferometer visibilities to finally produce the final image.

Below I explain the critical steps of the data combination process in more detail:

• Flux Scaling Factor: In order to combine the NRO45m data with the interferomet-
ric data in the uv-plane, our team first investigated the flux scaling factor between
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Figure 3.3: Flow chart of how CARMA and NRO45m data was combined (taken from Koda
et al. (2011), Figure 4).

the CARMA image, and visibilities created from the NRO45m data. The flux
scaling factor is the comparison between the fluxes observed by the interferometer
and the single dish telescope. As a first step, the NRO45m data is regridded to the
same pixel size as CARMA (both in velocity and spatial pixels), and deconvolved
with the NRO45m beam. The deconvolution of the NRO45m map is done by
using the demos task within miriad. During this task a dummy primary beam
response to each de-mosaicked pointing is added. This is simply because, the
imaging task invert that will be used in the next step will correct for the primary
beam response. Then, using the task uvmodel the NRO45m pointings visibility
distribution that mimicks the CARMA visibility distribution is created. The entire
uv domain that the CARMA spans is (0–17 kl), but for the combination a common
range of visibilities from the both telescopes is selected (3–6 kl). The common
range of visibility sets are, then, transferred from the Fourier domain back to
the image domain using the invert task. Finally the flux scaling factor between
the two maps (CARMA and NRO45m visiblities) are calculated. These flux scale
ratios in the common range of visibilities (FCARMA/FNRO45m) are; 1.6 for 12CO and
1.5 for 13CO and C18O (see Kong et al. (2018) for a detailed discussion).

• Joint imaging and deconvolution: Once the flux scaling between the two maps
is determined, the datasets can be combined, once again in the uv domain. For
this, the flux scale corrected NRO45m image is deconvolved and transferred back
to the Fourier space as described above. A random set of NRO45m baselines were
generated using the task hkuvrandom. Then, the uvmodel task is used to generate



3.1 the carma–nro orion survey 39

Table 3.2: Properties of the combined maps.

Transition Beam PA DV sK

[arcsec] [deg] [km s�1 ] [K]
12CO(1–0) 10⇥8 -13 0.25 0.86
13CO(1–0) 8⇥6 10 0.22 0.64
C18O(1–0) 10⇥8 -0.4 0.22 0.47

visibilities for each pointing. The newly created NRO45m visibilities and the
existing CARMA visibilities are transformed back to the image domain together
using the invert task as a combined dirty cube. Each channel of the dirty cube
is then cleaned (deconvolved) using mossdi2 task until the stopping intensity
threshold (3 times the rms noise) is reached.

All CO isotopologues observed with CARMA are combined with the single dish data
from the NRO45m telescope. The final beamsize, beam position angle (PA), velocity
resolution (DV) and the rms per velocity channel in main-beam temperature units (sK)
of the combined maps are presented in Table 3.2.

3.1.4 The combined CO datasets

In this subsection, I present and describe the structure seen in the combined CARMA-
NRO datasets. In order to be able to convey the kinematic information along with the
integrated intensity of the structures seen, I use 3 color (RGB) images of the region
(Figures 3.4, 3.5, 3.6 for 12CO, 13CO and C18O) that are adopted from Kong et al. (2018).
Each color represents the integrated intensity of a certain velocity range; red from 9.8 –
12.1 km s�1 , green from 7.3 – 9.6 km s�1 and blue from 4.8 – 7.1 km s�1 . Some of the
most relevant star forming regions are marked on each map. The extent of 12CO and
13CO is slightly larger because of the amount of diffuse gas contained in the southern
region. The maps span an extensive area from -5 to -7� in declination; and include
OMC-1, OMC-2, OMC-3 and OMC-4 in the north, L1641-N and NGC1999 clusters in
addition to a variety of HH objects in the south. The imprint of the expanding Veil
Bubble on the molecular gas is visible in 12CO. This region is known as the KH-ripples
(KH; Kelvin-Helmholz instability) and was discovered by Berné et al. (2010). The
instability that produced the KH-ripples is caused by the two interacting phases of the
gas; the high-velocity plasma fluid that is produced by the high-mass stars, and the low
velocity, dense molecular gas. The northern portion of the gas, close to the star forming
region OMC-3, is the under influence of yet another bubble; the NGC1977 driven by a
B0 star. Both bubbles are observed in ionized Carbon, C+ emission shown in Figure 3.7.
Additionally, the dense C18O gas highlights the filamentary structure of the cloud.
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In addition to the bubbles, arcs and filaments, these maps bear a surfeit of kinematic
information. The cloud has a striking large-scale velocity gradient where north of the
ISF is redshifted with velocities of 11 km s�1 , whereas below OMC-1 the gas is a
mixture of green and blue velocities, and blue dominating in the most southern tip of
the observed area with velocities of ⇠ 5km s�1 . The most active and dense region in
the entire map, the OMC-1, shows complex kinematics in 12CO and 13CO due to the
overlapping information from the gas that is exposed to stellar feedback and possible
infall (Hacar et al. 2018) and/or explosive outflow motions (Bally et al. 2017). The
southern part of the ISF and the L1641 cloud show structures that have a mixture of
blue and green velocities. Using NRO45m 12CO observations (Nakamura et al. 2012)
suggested cloud-cloud collisions as an explanation for the existence of a mixture of
structures with different velocities around the L1641-N region.

Additionally, the channel maps of the CO isotopologues are presented in Figures A.1,
A.2, A.3. These figures demonstrate the plethora of information encompassed in the
combined maps.
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Figure 3.4: 12CO RGB map, adopted from Kong et al. (2018).
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3.2 c+ square degree project (c+ squad)

In addition to the CARMA-NRO Orion Survey, the work presented here also makes use
of the [C ii] emission data obtained within the framework of the C+ SQUAD Project (PI:
Alexander Tielens). The C+ SQUAD team observed large scale [C ii] emission using the
SOFIA telescope.

3.2.1 SOFIA Observations

SOFIA is a 2.7 m single-dish telescope, mounted on a Boeing 747SP NASA aircraft
(Becklin & Gehrz 2009). It is a joint project by NASA, and Deutsches Zentrum für Luft-
und Raumfahrt (DLR). The SOFIA observations are executed above 99% of the water
vapour in the atmosphere, at 12–14 km of altitude. SOFIA has 6 receivers (EXES, FIFI-LS,
FORCAST, FPI+, GREAT, HAWC+) with a total wavelength coverage from 0.3–1600µm.
The [C ii] observations made use of the upGREAT receiver for the [C ii] observations.
upGREAT is a 14-pixel heterodyne receiver, an updated version of the single pixel
German Receiver for Astronomy at Terahertz Frequencies (GREAT) receiver (Heyminck
et al. 2012). upGREAT operates between 1.2 and 4.7 THz and is developed in Bonn and
Cologne (PI: Rolf Güsten, MPIfR). The team has spent 42 hours of observing time to
obtain a high sensitivity [C ii] map of Orion A, that spans a degree (7 pc) in declination
and right ascension.

The data reduction was done using Grenoble Image and Line Data Analysis Software
(GILDAS)2 developed by IRAM-Grenoble. The final data product has a 0.3 km s�1 velocity
and 16.7 arcsec angular resolution (0.03 pc in spatial scales), and an rms of ⇠ 1.5 K per
velocity channel. This is the first large scale, velocity resolved, the [C ii] map of Orion A
that has ever been observed. The resulting channel maps are shown in Figure A.4; from
-1.9 km s�1 to 14.3 km s�1 with 0.9 km s�1 increments.

3.2.2 The [C ii] dataset

To exploit the amount of structure and kinematic information seen in the [C ii] map, in
Figure 3.7 I present an RGB image of the peak intensity of the emission. The reason
why the peak intensities are used instead of integrated intensities (in contrast to the
CO maps presented above) is the higher noise level present in the [C ii] map, and when
integrated, noisy features become more apparent. The red colors correspond to the
peak intensities between 9.4 and 14.3 km s�1 , greens to 5 and 9.4 km s�1 and blue
colors to -1 and 5 km s�1 .

The most fascinating structure seen in the [C ii] map is the Orion Veil Bubble. The
Veil Bubble is powered by energetic stellar winds from the O-stars of the Trapezium

2 http://www.iram.fr/IRAMFR/GILDAS

http://www.iram.fr/IRAMFR/GILDAS
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cluster at the heart of OMC-1. The features of the expanding bubble is carved into the
diffuse ionized gas. The NGC1977 bubble in the north, in addition to the M43 and M42
H ii regions can be seen in great detail.

The [C ii] map, as the maps of the CO isotopologues, contains remarkable kinematic
features. Similarly, the large-scale, north-south velocity gradient is also imprinted on the
diffuse gas traced by the [C ii] emission. The Veil shows a highly asymmetric behavior,
with the eastern side of the peak emission having higher velocities (green) than to
western side (blue). This is simply because the observer sees two sides of the expanding
bubble, the one that is going away from us and the one that is approaching. The detailed
analysis of the kinematics of this spectacular bubble, I refer to Pabst et al. submitted
to Nature. Immediate south of the Orion Bar shows clear redshifted emission that is
probably due to the expansion of the H ii region. The exceedingly complex kinematics
of the OMC-1 region seen in [C ii] emission is coincident with the information that
can be extracted from the 12CO map shown in Figure 3.4. The western fingers have a
mixture of green and blue velocities in addition to the Orion bar that appears to be
more orange. At green velocities, the extension of the Orion Bar towards the south-west
can be seen. This extended bar is not visible in the CO maps, but was previously
observed in H i emission (van der Werf et al. 2013).
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Figure 3.7: [C ii] emission RGB peak intensity map.



4
D I S P E R S E : D I S C R E T E P E R S I S T E N T S T R U C T U R E S E X T R A C T O R

4.1 filament identification with disperse

In many previous studies (e.g. Arzoumanian et al. 2011; Schneider et al. 2012; Palmeirim
et al. 2013; Panopoulou et al. 2014), the filaments were identified either on column
density or integrated intensity maps that are only 2D (position-position). We would like
to identify our filaments in the spectral line cubes in 3D (position-position-velocity).
Amongst the commonly used structure identification algorithms such as getfilaments
(Men’shchikov 2013) or FilFinder (Koch & Rosolowsky 2015), DisPerSE, Sousbie 2011) is
the only one that can handle 3D datasets. Therefore, to ensure reproducibility we use
DisPerSE ; an automatic way to identify filaments.

4.1.1 Methodology

DisPerSE is designed to identify topological features such as peaks, filaments or voids
in a given dataset. These features are identified using the “Discrete Morse Theory”
(Forman 2002), and the noise in the data is dealt with an application of the “Persistence
Theory” (Edelsbrunner et al. 2000).

In the simplest form; many astrophysical objects can be realized as distinct topological
features. The Morse Theory (Milnor 1963), provides a definition for these structures.
For example ascending or descending manifolds can be representative of filamentary
structures; both in molecular clouds or in the cosmic web simulations, their stagnation
points – the critical points, representing star clusters or dark matter halos. The Morse
Theory, however, mathematically is only applicable to smooth, well defined and twice
differentiable Morse functions. The astropyhsical observations (or simulations) are, on
the other hand, discrete. Therefore, DisPerSE relies on the Discrete Morse Theory that
is introduced for the first time by Forman (2002). Instead of assuming a continuous
Morse function, the Discrete Morse Theory assigns discrete values to each cell.

In order to understand all the nomenclature mentioned in the above paragraph I give
the definitions of these topological terms related to our filament identification:

• Critical Points: If the gradient of a function is equal to zero at point P; Dx f (p) =
0, then point P, with the coordinate p is a critical point of that function.

• Morse Function: A Morse function is a smooth generic function and its critical
points are by definition non degenerate. Hence, for any critical point P; H f (p) 6= 0
where H f (p) is the Hessian matrix and H f (p) = d2 f /dpidpj(p).

47
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• Arcs: An arc is a curve whose starting point and destination is a critical point.
Arcs trace the gradient of the field.

• Filaments: A filament is composed of 2 arcs that start from the same saddle point
and connect two maxima to one another.

• Morse-Smale Complex (MSC): a topological tessellation that contains information
on how critical points and arcs are connected. Figure 4.1 illustrates a 2D density
field (left) and its MSC (right).

For further definitions and detailed mathematical background of the Morse Theory, I
refer the reader to Sousbie (2011).

Using the Morse Theory, DisPerSE calculates the MSC of a given dataset. However
by definition, each critical point will be connected to another one with no restriction,
leading to identification of a copious number of filaments. In addition, the existence of
noise in astrophysical datasets leads to identification of critical points that are essentially
not related to the underlying physical structure. Therefore, DisPerSEuses an additional
concept, persistence, in order to evaluate which of these structures in the MSC are more
prominent, and hence, more likely to be a real feature of the dataset. Persistence is de-
fined as the difference of the values between two critical points that are connected with
an arc (critical point pair). Hence, persistence defines the contrast between the critical
points in a pair; the maxima and the saddle points. A high persistence level means
that the maximum has higher contrast with respect to its surroundings. Eliminating
those pairs with low persistence, in turn, leaves us with the most prominent structures
that stand out from the rest. In addition to the persistence threshold, one can set up a
detection threshold to eliminate peaks created by noise. This threshold is usually set to
be a product of the noise level.

4.1.2 User defined parameters

DisPerSE is available for download and has an extensive tutorial for understanding its
functions and user defined parameters1. Here, I will focus on the key parameters that
play a vital role in determining the shape and number of filaments identified.

DisPerSE ’s main function is called mse which calculates a MSC of a given dataset,
and it can be directly run on a FITS2 (Flexible Image Transport System). The persistence
parameter is given to Mse as an argument. This can be set through two different ways.
With the option -interactive, DisPerSEplots a persistence diagram where all the
critical point pairs are plotted, and user can decide by eye where to set the persistence
threshold. An example persistence diagram from the DisPerSE tutorial (see link on the

1 http://www2.iap.fr/users/sousbie/web/html/indexd41d.html
2 Most observational datasets come in or can be converted to the FITS format, however, DisPerSE can be

applied to datasets in a regular grid or an unstructured network.
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Figure 4.1: Left: A density field with gradient. The color scale indicates the gradient of the den-
sity field, with small black arrows marking the direction the gradient. The red, green
and blue circles represent maxima, saddle points and minima, respectively. The pink
lines indicate arcs that connect minima and maxima. Right: MSC of the density field
shown in the left panel. The black lines that represent filaments (maxima - saddle
point connections) and white lines represent anti-filaments (minima - saddle point
connections). The blue, red and purple regions represent a descending manifold,
and ascending manifold and their intersecting region, respectively. Filaments are
the ridges of these manifolds. The yellow and green curves are arc connecting two
minima and originating from the same saddle point. Credit: Sousbie (2011).
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figure) is shown in Figure 4.2. The diagram shows a 2D histogram of the critical point
pair distribution based on a column density map. The y-axis is the persistence (the
difference between densities of the critical points in a pair) and the x-axis is the lowest
density value of a pair. The pink dash-dot line marks the persistence threshold set
by the user by eye. It can be seen that this threshold is set at a level above which the
points stand out from the bulk of the distribution. These points above the threshold
represent high persistence pairs; or in other way structures that are more prominent
compared to the rest. In order to set the threshold the user can use Ctrl+left click,
adjust it up and down by holding the Ctrl key and dragging the line around. When
the threshold is at the desired position it can be applied to the MSC, that is already
calculated prior to this point, by clicking Done on the diagram window. Another way
to set persistence is without using the diagram. This can be done using the -cut option
of mse. Unlike -interactive, -cut option is followed by a number, that is the absolute
value of the desired threshold. The user can already decide this without seeing the per-
sistence diagram, simple by setting the threshold as a factor of the noise rms in the data.
Therefore a simple first step to running DisPerSE from the command line is as following:

> mse fitsFile.fits -interactive -upSkl -periodicity 0

or
> mse fitsFile.fits -cut 6.2e+20 -upSkl -periodicity 0

where the -upSkl option is set to identify filaments that connect maxima to saddle
points. Anti-filaments, or void filaments, can be identified by using the option -downSkl.
By default DisPerSE assumes periodic boundaries for the dataset. This is disabled by
setting -periodicity to 0.

Once one of the above commands is run, DisPerSEproduces a .MSC file where all the
MSC information is stored. This file can be reused with the option -loadMSC followed
by the name of the MSC file. This allows DisPerSE to skip the calculation of the MSC,
and use the already existing one. The second file that DisPerSEproduces through mse

is an .NDSkl file. This is the so-called skeleton file where the information of filaments
after the application of the persistence threshold is stored.

The next step is naturally to extract the information on filaments to a format with
which we can work. Therein, the second command that needs to be run is skelconv. The
skelconv command allows us to make further adjustments on the skeleton (e.g. smooth,
assemble, etc) and write it as a FITS, ASCII or vtp file. Before we produce our final
skeleton, we have to eliminate the filaments that are produced by noise. There can
be cases where the noise in the data produces critical point pairs with high contrast,
hence, high persistence. With skelconv we can set up another user defined cut level;
the detection threshold. The detection threshold can either be visually inspected on
the persistence diagram or can be set as a product of the noise level that is a known
parameter for most observational datasets, or can be easily calculated.
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Figure 4.2: Example persistence diagram. The plotted distribution is the distribution of critical
points. On the x-axis, the lower density of the two critical points in a pair is plotted.
On the y-axis, the difference between the densities of the critical points is plotted.
The pink line marks the persistence threshold, and the green dashed line marks the
detection threshold. Image taken from http://www2.iap.fr/users/sousbie/web/
html/index55a0.html?category/Quick-start

http://www2.iap.fr/users/sousbie/web/html/index55a0.html?category/Quick-start
http://www2.iap.fr/users/sousbie/web/html/index55a0.html?category/Quick-start
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An example detection threshold is set on Figure 4.2 with a green dashed line. Accord-
ing to this diagram, now the only critical points that will be in the final skeleton are
the ones that are above both the detection and the persistence threshold. These points
are located on the upper right corner of the diagram. Unlike the persistence threshold,
the detection threshold is set using the skelconv command. The second command,
therefore, we run on the dataset is as follows:

> skelconv skeletonfile.NDSkl -breakdown -smooth 6

-trimBelow 4e+20 -assemble 70 -toFITS

where the detection threshold is set by the -trimBelow option that is followed by the
value of the threshold. The -breakdown option sets dummy critical points so that the
arcs do not overlap with one another. As DisPerSEworks on a pixel basis, depending on
the resolution of the data the identified filaments can look wiggly. This can be smoothed
out by using the -smooth option followed by a number that represents the number of
pixels over which the filament should be smoothed. In the example above, this number
is set to 6. DisPerSE also allows for connecting smaller filaments together to form larger
structures. This can be done using the -assemble option. If two filaments form an angle
smaller than the value set with -assemble they are merged to a single filament. In
the example, this limit is 70 degrees. With the option -toFITS the resulting skeleton
is written into a FITS file. However, instead of -toFITS, -to vtp or -to ASCII can be
used depending on the desired output format. For further commands and options I
refer the reader to the DisPerSEmanual.

4.1.3 Tests on synthetic data

Using the above commands, I investigate how DisPerSE behaves in the presence of noise.
As the observational data cannot be obtained without noise, the only way to conduct
this experiment is to have a synthetic dataset with no instrumental or atmospheric
noise. In the following, first, I study a simple case of isolated filaments, and then I
look at filaments in a more sophisticated environment in simulated observations of a
molecular cloud.

4.1.3.1 Tests on simple filamentary networks

I start with a very simple example where I put elongated structures as filaments in a
fits file and add random Gaussian noise. These filaments are built to have Gaussian
radial intensity profiles and different widths. Figures 4.3 and 4.4 show six different
versions of this filamentary network including different levels of noise. In figures 4.3
and 4.4 left and right panels show the filaments and their respective radial intensity
profiles. The intensity profiles are extracted from the locations marked by the black
solid line close to the top left corner on each sub-panel. In Figure 4.3, from top to
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bottom, the sub-panels show the original network without any noise and with noise
levels of 3% and 10% of the maximum intensity of the network (which is in arbitrary
units). In Figure 4.4 the sub-panels show the same network with 20%, 30% and 50%
noise. The goal of this exercise is to test DisPerSE ’s behavior in detecting filaments
when the noise level increases.

I run DisPerSE on these 6 cases of data with varying noise levels. The corresponding
persistence diagrams are shown in Figure 4.5. The noise level increases from left to
right and top to bottom and the pink dashed lines show the persistence threshold set
for each case. In the example without noise (top left sub-panel), one can see the points
with high persistence distinctly. This, however, gets less and less obvious with the
increasing level of noise as the difference between the number of critical points found
by DisPerSE increases. Furthermore, it becomes harder to distinguish between the real
critical point pairs and the ones created by noise that have high persistence. From the
case without the noise, we know that the real persistence threshold should be set to
0.142. However, the latter cases have critical point pairs created by noise close to the
real persistence threshold. These pairs created by noise and those come from the real
structures in the data are indistinguishable to DisPerSE . Therefore, to avoid including
structures originate from the noise in the imperfect (noisy) datasets, the persistence
threshold has to be increased with the increasing level of noise. It is still possible that
the noise in a dataset could lead to critical point pairs with high persistence. Therefore,
as explained in Section 4.1.2, a detection threshold needs to be set. For the 3 cases I
examine here, there is no detection threshold for the noiseless case, and for the cases
with noise, the detection threshold is always set to 5 times the noise level.

DisPerSEoutputs the calculated skeleton files either in a fits format or vtp format
that is easy to look at using a visualization software such as ParaView or DS9. However,
when plotting the identified filaments on the data for publication purposes, these
formats do not come in handy. For this purpose I have written a filament extraction
algorithm that is python based, and can be applied to the fits file that contains the
filaments. Each filament in the fits file has the value of their individual filament IDs.
For example, all the pixels that belong to Filament 1, are given the value 1. Therefore, it
is straight-forward to extract filaments by their IDs. The algorithm3, therefore, picks all
the filament coordinates with their corresponding IDs and writes them out in separate
text files, which are easy to read and plot.

Figure 4.6 shows the identified filaments for the 6 different cases. Each individual
filament identified through DisPerSE is shown as a coloured segment on the data.
Even in the case with no noise, the filaments are broken into smaller segments at the
connection points of filaments. This happens because where filaments cross each other,
the intensity increases, and DisPerSE takes these high intensity points as maxima. With
the increasing level of noise, the identified filaments become more wiggly and less of

3 All the algorithms that I developed for this work are publicly available at
https://github.com/astrosuri/filchap for the community use.
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straight lines. Up to the noise level of 20% the filamentary structure is similar to the
case without noise. At a noise level of 20%, as the identified critical points from the real
structures and the noisy ones blend in together, the persistence threshold that is set up
using the persistence diagram eliminates a real filament as well. The filament on the
bottom left corner on the images is no longer identifiable at a noise level of 20%. For the
case of 30 and 50% noise level, the formerly identified coherent and elongated filaments
vanish. The high levels of noise in the data causes the identification of disconnected
and fragmented short segments along the filaments.

4.1.3.2 Tests on complex maps

As we have seen in Section 4.1.3.1, DisPerSE ’s performance in detecting filaments de-
creases with the decreasing signal to noise ratio. However, this simple test is composed
of filaments that are isolated and perfectly elongated. In this section, I investigate
DisPerSE ’s performance on the synthetic emission maps of molecular clouds, which
provide a more realistic environment to investigate how the identification of the fila-
mentary structure is affected by noise.

For the purpose of this exercise I use a column density map of a molecular cloud pro-
duced in the SILCC (SImulating the LifeCycle of molecular Clouds)-Zoom simulations
(Seifried et al. 2017). These simulations are based on the original SILCC simulations that
investigate the evolution of the multiphase ISM in a stratified galactic disk environment
(Walch et al. 2015; Girichidis et al. 2016). The zoom-in simulations focus on the self
consistent formation of molecular clouds within this environment with a high spatial
resolution of 0.1 pc. Figure 4.7 shows the simulated column density map.

The molecular cloud has a very high dynamic range such that the column density of
the filaments is already at level of 10% of the maximum column density, sometimes even
lower. Therefore, when adding noise, I do not consider the maximum level emission in
the entirety of the map like the previous section, instead, I consider the “maximum”
emission level, as the level of filament column density which is ⇠0.01 g cm�2. This is
because the maximum column density is quite high, and setting up a noise level of
10% of this value will add too much noise on the diffuser parts of the cloud, making
filament identification impossible. Hence, when I add a conservative amount of noise
based on the level of emission from the diffuser filaments, the behavior of DisPerSE can
still be tracked without losing the emission to the noise. In the following, I examine the
cases where a 3%, 10% and 20% noise level is introduced to the data. The identified
filaments for each case is shown in Figure 4.8. From left to right and top to bottom, the
panels show filaments identified in the case of no-noise, 3%, 10% and 20% noise.

The problem of filament identification with DisPerSE occurs when a low persistence
threshold is used in a low signal to noise data. Figure 4.9 shows and example of the
filaments identified in the case with 20% noise (as in Figure 4.8 bottom right panel)
but with different detection and persistence thresholds. In the left panel, the detection
threshold is set to 2.5 times the noise level; that is half the value used in the case
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Figure 4.3: Top, middle and bottom panels show synthetic filamentary networks (left) and
intensity profiles (right) extracted from a single filament in the network. The top
panel is an example of a filamentary network created without noise. The middle and
bottom panels show the same network with noise levels that correspond to 3% and
10% of the maximum intensity along the filaments, respectively. The black horizontal
lines perpendicular to a filament’s spine located in the top left corner indicate the
position of perpendicular slices from which the intensity profiles are extracted.



56 contents

0

250

500

750

1000

0.

0.5

1.0

1.5

2.0

0

250

500

750

1000

0.

0.5

1.0

1.5

2.0

0 500 1000
x [pixels]

0

250

500

750

1000

y
 [

p
ix

e
ls

]

0.

0.5

1.0

1.5

2.0

20%

30%

50%
0 50 100 150 200

Distance accross the filament [pixels]

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

D
e
n
si

ty
 [

a
rb

it
ra

ry
]

0 50 100 150 200
Distance accross the filament [pixels]

0.5

0.0

0.5

1.0

1.5

D
e
n
si

ty
 [

a
rb

it
ra

ry
]

0 50 100 150 200
Distance accross the filament [pixels]

0.50

0.25

0.00

0.25

0.50

0.75

1.00

1.25

D
e
n
si

ty
 [

a
rb

it
ra

ry
]

Figure 4.4: Same as Figure 4.3, but for the noise levels of 20, 30 and 50% from top to bottom,
respectively.
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Figure 4.5: Top, middle and bottom panels show the persistence diagrams for a network without
noise, and with noise levels increasing from 3% to 50% of the filament’s maximum
intensity, from left to right and top to bottom, respectively. The pink dashed line
indicates the persistence level set to extract filaments.
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Figure 4.6: Top, middle and bottom panels show the identified filaments for the cases presented
in Figure 4.3 and 4.4. Top left sub-panel shows the filaments identified in the case
without noise, and the level of increases from left to right and top to bottom. The
individual filaments are plotted with different colors for presentation purposes.
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Figure 4.7: Column density map of a molecular cloud produced within the framework of SILLC
Zoom simulations (Seifried et al. 2017). The map is in units of g cm�3.
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Figure 4.8: Filaments identified on a column density map from the SILCC-Zoom simulations.
The top panel shows filaments identified for cases without any noise and a level of
3% noise. The bottom panel shows the cases of 10% and 20% of noise.



4.1 filament identification with disperse 61

presented in Figure 4.8 bottom right panel. The filaments appear more coherent and
much less fragmented, however longer filaments are identified then in the case without
noise. This is because a lower level of signal is accepted when connecting the critical
points. The right panel shows the case with a detection threshold 5 times the noise level,
but persistence threshold set to half the value deducted from the persistence diagram.
This is when the most fragmented filaments are detected. What is more interesting is
that because of the high level of connected structures, DisPerSE creates fake filamentary
networks. To illustrate the problem better, I would like to zoom in to the region that is
indicated with a black box in Figure ?? right panel and compare this to some of the
structures that are identified and published in an observed dataset.

The top panel of Figure 4.10 shows a zoom in to the region that is marked with a
black box in the right panel of Figure 4.9. DisPerSE created a hub that is the connection
point on many small filaments, created due to the high level of noise and a low level of
persistence criterion. The middle and bottom panels of Figure 4.10 show two structures
identified using DisPerSEon a part of the ATLASGAL4 dataset (figures taken from
Li et al. 2016). These structures are labeled as a complex network (middle) and an
unclassified structure (bottom) and they look similar to the fake filamentary network
that is shown in the top panel. Therefore, the experiments conducted in this section
and the previous one, suggest that if a higher persistence level was used in filament
identification in the ATLASGAL data, these complex networks would perhaps have not
been identified.

Unfortunately, the observed datasets do not always have a high signal to noise that
is uniform, especially in large scale surveys. In these cases, multiple combinations
of the persistence and detection thresholds can be used. However, even with that
compromise, the struggle boils down to (1) identifying filaments in regions with low
levels of emission where one needs to lower the thresholds, which in turn causes
identification of fake networks and too many filaments in the high signal to noise
regions, (2) identifying filaments in high levels of emission where usually higher
persistence level is enough, which prevents locating filaments in the low emission
regions. Therefore, the selected thresholds are usually adjusted for DisPerSE to identify
structures that are apparent to the most reliable, yet by no means perfect, source of
filament identifier; the human eye. Although the optimal value for the thresholds is
5 times the noise level to prevent connecting critical points created by noise together,
they can be adjusted to be higher for the higher signal to noise datasets, and can be
slightly lower for the lower signal to noise datasets. The experiments run in these two
sections suggest the persistence threshold set to less than 3 times the noise level can
create fake filamentary networks. Therefore, these networks in the noisy datasets can
always be used for a sanity check for the level of persistence.

4 APEX Telescope Large Area Survey of the Galaxy (ATLASGAL) is a Galactic survey that covered 420
square degrees towards the inner Galactic plane at 870 µm dust continuum emission using the Atacama
Pathfinder Experiment (APEX) telescope with an angular resolution of 19.2 arcsec (Schuller et al. 2009).
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Figure 4.9: Filaments identified in the case of 20% noise. The left panel shows the case when
the detection threshold is set to 2.5 times the noise level that is half of the value
which was used profucing the filaments in Figure 4.8 bottom right panel. The right
panel shows detection threshold 5 times the noise level, but persistence threshold
set to half the value deducted from the persistence diagram. The black box is used
to indicate the region that is zoomed in, in Figure 4.10 top panel.



4.1 filament identification with disperse 63

Figure 4.10: Top panel shows the fake filamentary network indicated with a black box in the
right panel of Figure 4.9. The middle and bottom panels show two identified
structures in the ATLASGAL dataset presented in Li et al. (2016). The structure
shown in the middle panel was classified as a complex network, whereas the
structure in the bottom panel was labeled unclassified.
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F I L C H A P : F I L A M E N T C H A R A C T E R I Z AT I O N PA C K A G E

In this chapter, I give a detailed explanation of a python package that I developed for
the analysis of the data presented in Chapter 3.

The growing interest of the scientific community in the properties of filamentary
structure triggered the need to write an automated algorithm that can be applied to any
dataset, yielding statistics of the identified filaments. For this purpose, I have written
FilChaP : Filament Characterization Package, that is a publicly available python based
algorithm. FilChaP can be downloaded at: https://github.com/astrosuri/filchap.

My interest in producing such an algorithm has started with my master’s thesis work
(Suri 2014). I had produced several separate codes which I used to calculate filament
properties on a preliminary 13CO data cube from the CARMA-NRO Orion Survey.
However, as I gained experience in coding, these preliminary codes have evolved into a
more accurate, efficient and user friendly package. I have adopted a complete different
way of calculating filament widths, while I kept the bit for the length calculation and
removed the data specific, hardcoded variables. I have also written a nearest neighbour
algorithm, to sort the DisPerSE skeleton points.
FilChaPuses filament coordinates (in this work, extracted using DisPerSE ) as a base

to calculate filament properties. It can be used in 3D mode for the position-position-
velocity data cubes or in 2D mode for column density or integrated intensity maps.
It calculates filament length, width, curvature, skewness and kurtosis. Then, these
statistical properties can be easily examined, and compared to other observed datasets,
and/or simulations.

5.1 user defined parameters

Before it starts to calculate properties, FilChaPneeds to know a few specifics of the
data. To make it easier for the user, I have created a parameter file; userDefined.param,
which can be modified easily using any text editor. These parameters are in two groups,
(1) those that can be tuned by exploring the parameter space, (2) those that are the
properties of the data set and should be absolute values. The parameters that fall into
the first category are as follows:

• npix: the number of pixels that will be used for perpendicular cuts. The resulting
length of the perpendicular cut is equal to twice the npix value. If nothing is
known about the width of the filaments prior to running FilChaP , one can give a
rough estimation of about a few times 0.1 pc. Then, the intensity profiles should
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be checked to confirm all the emission form the filament is within the 2 ⇥ npix
range.

• avg_len: number of skeleton points to average over. The consecutive intensity
profiles along a single filament can be averaged to improve the signal to noise
ratio. The avg_len parameter tells FilChaPhow many intensity profiles should be
averaged.

• niter: number of iterations for the baseline subtraction process of the intensity
profiles (for more detail see Section 5.2.2).

• lam: weight for baseline subtraction (for more detail see Section 5.2.2).

• smooth: number of pixels to smooth the intensity profile with. This is needed to
calculate the positions of the intensity maxima and minima which are needed to
derive the positions of fitting boundaries.

The parameters that fall into the second category are as follows:

• fits_file: path to the fits file that will be used to derive intensities or column
densities.

• distance: distance to the source in units of pc. Needed to calculate lengths within
the cloud.

• pixel_size: size of 1 pixel in units of arcsec. Also needed to calculate lengths
within the cloud.

• dv: velocity resolution of the data in km s�1 , if it is in PPV. This is needed when
averaging the intensity profiles.

• noise_level: the noise level of the average intensity profile to calculate reduced
chi-sq value. I note that, although the noise level is specific to an individual data
set, it varies with the changing number of averaged profiles. Therefore, the user
has to adjust this parameter whenever the avg_len is changed.

5.2 calculation of filament widths

Filament widths is a highly debated topic, and the width calculation process forms
one of the core functions of FilChaP . Based on the shortcomings of the methods (fixed
fitting range, averaged intensity profiles over an entire filament) that were criticized in
previous works (e.g. Panopoulou et al. 2017), FilChaPhas an improved and more flexible
method to calculate filament widths. Some of these improvements is determining the
boundaries of an intensity profile to fit, introducing a variable averaging length for
averaging intensity profiles along a filament and assessing the goodness of the fits,
which I present in Sections 5.2.3, 5.2.5 and 7.1.3.
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Figure 5.1: An example of how the perpendicular profiles are extracted. The red dots represent
the disperse skeleton (as the resolution here is really high, the individual dots are
blended), the green dots are the calculated perpendicular pixels at a given point
along the skeleton.

5.2.1 Building the intensity profiles

For each identified filament, FilChaP extracts radial intensity profiles perpendicular
to the filament spines. Firstly, it calculates coordinates of normals at each point along
filament spines. The normals are perpendicular to the spine of the filaments, however
they do not always cross the midpoint of individual pixels. The solution to this problem
is to calculate the distances of each pixel close to the normal, and assign the closest ones
as perpendicular pixels. FilChaP assigns pixels to this category if they are at a distance of
less than 2 pixels. This method is adopted from Duarte-Cabral & Dobbs (2016). The
perpendicular pixels that lie on or adjacent to the normals are then used to produce
the radial intensity profiles. An example filament with a perpendicular cut is shown in
Figure 5.1. The length of the perpendicular slice is set by the npix parameter.

Because points along the identified filament are always defined by a velocity coordi-
nate too (x, y, v), we know the velocity range that the emission from a filament spans.
One can see the exact structure of the filament in PPV space. FilChaPuses this 3D struc-
ture during the extraction of radial intensity profiles. In the studies of dust continuum
emission the profiles are calculated over the entire velocity range. But because each
point along our filaments has a velocity coordinate, FilChaP averages intensities at the
velocity channel given by DisPerSE and the two adjacent velocity channels. Therefore
the intensities from each perpendicular slice are integrated over a 3*dv range around
the velocity channel at which the corresponding point on the filament is identified.
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This method allows to eliminate the confusion in PP and PPV space if there is emission
other than what belongs to the identified filament.

5.2.2 Baseline subtraction

Depending on the extended emission surrounding the filaments, their intensity profiles
calculated using the method explained in Section 5.2.1 can have baselines that vary
throughout the map; which affects their amplitudes and shapes. Hence, a baseline
subtraction routine is required to permit an automatic fitting routine for the profiles.
FilChaPuses the Asymmetric Least Squares Smoothing (AsLS) method that was intro-
duced by Eilers (2005) for baseline subtraction in spectroscopic data. The idea for the
majority of the baseline subtraction algorithms is simply having a smooth profile that
follows the global gradient and represents the original profile without the emission or
absorption features. Then this smooth profile, i.e. the baseline, is subtracted from the
main profile.

The least square method, in principle, is a good approach for baseline subtraction.
Imagine a noisy series of data y, and its smooth counterpart z. The deviation of z from y
is given by the sum of squared differences between the two series; S = Âi(yi � zi)2, and
the smoothness of z can be expressed with a simple roughness parameter; D = Âi D(zi).
Therefore the least square function takes the following form;

Q = wS + lD, (5.1)

where w and l are the weights that provide the smallest value of Q. Then, the minimal-
ization problem can be expressed in terms of matrices;

(W + lD0D)z = Wy, (5.2)

where W is the diagonal of w (Eilers 2005). For the general least square smoothing,
the weight is the same for both the negative and positive deviations of z. The AsLS
method, on the other hand, ensures that the positive deviations are weighted less than
the negative ones. This makes sense, because the signal in y that we are interested
in is always positive. The asymmetric weight parameter; wi is then equal to p for
yi > zi, and equal to 1 � p for yi < zi. Finally, a solution to Equation 5.2 can be found
iteratively starting with a smooth z (calculated with symmetric weights), calculating
the asymmetric weights; and then, using the new weights to calculate z. Figure 5.2
gives an explanation of how baseline subtraction process works. An example intensity
profile with a baseline gradient is shown on the left panel. Before one can calculate the
width of this profile, the gradient has to be eliminated. The red lines are the baselines
calculated for different iterations. The weights converge rather fast after a number of
iterations and the baseline icalculation is concluded. The baseline subtracted intensity
profile is shown on the right panel.
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Figure 5.2: Demostration of the baseline subtraction process. Left:Profile with a baseline gradient
overlaid with the calculated baselines at different iterations. Right: The same profile
as in the left panel after the baseline subtraction.

Eilers (2005) also gives a Matlab algorithm for the AsLS baseline calculation and this
can be find as a python code at https://stackoverflow.com/questions/29156532/

python-baseline-correction-library/29185844. This simple algorithm is as follows:

def baseline_als(y, lambda, p, niter=10):

L = len(y)
D = sparse.csc_matrix(np.diff(np.eye(L), 2))
w = np.ones(L)
for i in xrange(niter):

W = sparse.spdiags(w, 0, L, L)
Z = W + lambda * D.dot(D.transpose())
z = spsolve(Z, w*y)
w = p * (y > z) + (1-p) * (y < z)

return z

The algorithm takes the data y and 3 variables; lambda, p and niter which repre-
sent the smoothness of the series z, the weight for asymmetry and the number of
iterations, respectively. The authors have explored the parameter space for lambda and
p, and suggest that when the original data have peaks (or is in emmision and not
absorption); 0.001p0.1 and 102

lambda 109 give good estimation on the weights.
This algorithm is implemented in FilChaP and the variables can be adjusted in the
userDefined.param.

https://stackoverflow.com/questions/29156532/python-baseline-correction-library/29185844
https://stackoverflow.com/questions/29156532/python-baseline-correction-library/29185844
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5.2.3 Determining boundaries

One of the biggest problem in fitting an intensity profile such as the one shown
in Figure 5.2, is to set the boundaries on a fit. I would like to express clearer that,
the width calculated from the intensity profile always depends on the boundaries
because the filaments are not isolated structures. There is always emission surrounding
them, from other filaments, clumps, etc. Therefore, it is not surprising, when cutting a
perpendicular slice through the filament spine, one also picks up emission from nearby
structures. If this emission was non-existent and filaments were perfectly isolated, the
boundaries of the fit would not affect the calculated width of the profile. In reality
however, the larger the boundaries, the more emission from the surrounding structures
will be included in the fit, resulting in a larger filament width. Therefore, one must
acquire a method to set the boundaries around the emission from the filament itself.

In Figure 5.2, it can easily be estimated by eye that the emission from the filament
is within the x - range; -0.04 – 0.05. Our brain picks this up because we are able to
see the emission from the surrounding structures that peaks around -0.075 and 0.075.
It is easier to detect boundaries by eye, than it is to tell the computer to detect them.
Because human brain can do an immediate comparison between the strengths of the
relative peaks to decide whether the neighbouring structures are significant, or not.
The computer needs a criterion to identify a structure. In observational astronomy,
a structure that can be sampled by 3 beams (or, 3 beam-sizes) is often accepted as a
resolved structure. Therefore, I make use of this observational criterion to tell FilChaP ,
whenever it sees a minimum, that is the minimum of the neighbouring n points, it puts
a boundary there. Here n represents the number of pixels (points) in 3 beams. In order
to prevent picking up minima created by noise, FilChaP looks for boundaries on the
profile that is smoothed with a Gaussian kernel of the size of a beam. In Figure 5.3 an
example intensity profile is shown. The average intensity profile is shown with a solid
black line where the boundaries are marked with two grey dashed lines. For the width
calculation the profile is fitted with a Gaussian (blue), Plummer (p=2; yellow) and a
Plummer (p=4; red) function which I explain in the upcoming section (Section 5.2.4).

5.2.4 Fitting functions

FilChaPuses 4 different methods to calculate the width of the intensity profiles; a
Gaussian fit, two Plummer-like fits with power-law indices of 2 and 4, and the FWHM
of the second moment of distribution. The column density profile (here similar to
our average intenstiy profile) of a homogeneous and cylindrical filament is described
by a Plummer-like function with an inner-flat part, R f lat and a power-law index, p,
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Figure 5.3: Example intensity profile extracted along a filament detected in C18O data. The solid
black line is the average profile over 12 intensity profiles along a selected filament.
Solid grey lines are these 12 profiles. The grey dashed lines mark the borders of the
fits, which are shown in blue, yellow and red that correspond to Gaussian, Plummer
(p=2) and Plummer (p=4) fits.

that describes the decline at large radii (Arzoumanian et al. 2011). This function is as
follows:

Sp(r) = Ap
rcR f lat


1 +

⇣
r

R f lat

⌘2
�( p�1

2 )
, (5.3)

where rc is the central density, and Ap is a finite constant that is related to the filament’s
inclination compared to the plane of the sky. As observers, we do not have the knowl-
edge on the real third dimension of the filaments along the line-of-sight. Therefore,
the inclination angle is often assumed to be zero. To prevent the degeneracy between
the parameters rc and R f lat, instead of fitting the power-law index I fix it to common
literature values. I use p=4; as this value is often used to construct the density profile of
a isothermal and homogeneous cylinder (Ostriker 1964), and p=2; as this is the fitted
power-law index of various observed filaments (Arzoumanian et al. 2011).

Our fourth method benefits from the calculation of moments of distribution. The nth

moment of a distribution I is given by:

mn =
1
N

ÂN
i Ii (xi � x̄)n

sn , (5.4)
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where x̄ is the intensity weighted mean position of the profile, Ii is the intensity at
position xi, and s is the intensity weighted standard deviation of the profile. The second
moment is the variance of the distribution; and hence the FWHM of the intensity profile
is
p

m2 ⇥ 2
p

2ln2.

5.2.5 The averaging length problem

As emphasized in previous sections; the filaments are not isolated structures, and for
sure, along their long axis the properties vary. One of these varying properties is their
width. Previous studies (e.g. Arzoumanian et al. 2011) have explored the mean filament
profiles; the intensity (or column density) profiles that are averaged over the entire
length of a filament. Although this method increases the signal to noise ratio of the
averaged profile, it also wipes out all the information on how filament width changes
along the filament.

Figure 5.4 demonstrates how severe the effect of averaging can be. The four different
sub-panels of the figure show intensity profiles averaged over different length scales
along the filament. From left to right the top panel shows the profiles are averaged over
0.015, 0.045 pc which corresponds to length scales of 1 and 3 beam-sizes. The bottom
sub-panels show the intensity profiles averaged over 0.075 pc (or 5 beam-sizes) and the
entire filament. It can be seen that for all the cases except for the profile averaged along
the entire filament, the intensity profile shows two peaks; one corresponding to our
filament, the other corresponding to a nearby structure at -0.2 pc. The boundaries found
by FilChaP separates these two structures, allowing a fit that only takes into account
the filament of interest. These fits for the first three cases correspond to a FWHM of
about 0.16 pc. When, however, all the intensity profiles along the filament are averaged
into a single mean profile; the information on the nearby structure is completely lost,
and the calculated width is 0.27 pc; almost twice the width of the single filament.
FilChaPhas an implemented user defined parameter; avg_len that is used to decide

the number of intensity profiles that should be used to have an averaged profile. For
the analysis presented in Chapter 7, I use an averaging length of 3 beam-sizes (0.045 pc).
This allows me to improve the signal to noise level without losing any information on
the variation of the width along the filaments.

5.2.6 Finding shoulders

A function of FilChaP that I introduced for a quantitative measure of the complexity of
the intensity profiles is the detection of shoulders. Shoulders of a profile indicate that the
profile is not composed of a single function, but multiple. Figure 5.5 is a representation
of how shoulders of a function are seen and can be detected (Clarke et al. 2018). The
blue curve represents a function, f (x), that is composed of two Gaussians with a peak
at x = 0 and a shoulder at x = 2. The orange, green and red curves represent the
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l = 0.015 pc l = 0.045 pc

entire filament

FWHM = 0.16±0.01 pc

FWHM = 0.27±0.01 pcFWHM = 0.16±0.01 pc
Gaussian Fit
Plummer Fit
(p = 2)

Plummer Fit
(p=4)

l = 0.075 pc

FWHM = 0.18±0.01 pc

Figure 5.4: Plots showing the affect of averaging intensity profiles along different length scales.
Individual intensity profiles are shown in grey, while averaged intensity profiles
are shown in black. From the top left to bottom right the profiles are averaged over
0.015, 0.045, 0.075 pc and the entire filament with corresponding Gaussian FWHM
of 0.18, 0.16, 0.16 and 0.27 pc.
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Figure 5.5: Derivatives of a function f (x) that is shown with the blue curve. The orange, green
and red curves show the first, second, and third derivatives, respectively. Figure
credit: S. Clarke, Clarke et al. (2018).

first, second and third derivatives of this function, respectively. The position of the
shoulder can be traced by the position of the local minimum of the second derivative.
This method to identify shoulders in spectra was implemented in the Behind The
Spectra (BTS) algorithm presented in Clarke et al. (2018), and is also implemented in
FilChaP to trace the shoulders of an intensity profile.

5.3 tests on the width calculation method

As any trustworthy algorithm used in science, FilChaP is tested on synthetic data to
ensure its credibility. For the test, I used two cases: Case 1; a network of filaments of
same width and Case 2; a network of filaments that have different widths. The goal
here is for FilChaP to produce 2 different distributions for 2 cases. One that is narrowly
peaked around the common filament width of Case 1; and one that represents the
distribution of initial filament widths that are used to construct the filamentary network
of Case 2. Figure 5.6 shows the two different synthetic filamentary networks Case 1 and
Case 2 (upper panel left and right) and the corresponding filaments identified with
DisPerSE in each case. I have added random Gaussian noise to both maps; and the
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amount of noise is selected based on the peak intensity-to-noise ratio in the CARMA-
NRO C18O integrated intensity map.

For Case 1, each of the synthetic filaments are created with a 25 pixel width which
corresponds to a 0.1 pc filament width using the C18O pixel size. For Case 2, while
creating the filaments I allowed the width to vary between 5 and 85 pixels. This
provides and insight of FilChaP ’s performance of calculating widths of narrow and
wide filaments. The expectation for FilChaP is, for Case 1 to find a distribution that is
peaked at around 25 pixels. For Case 2, on the other hand, I expect a distribution that
represents all the different scales between 5 pixels and 85 pixels.

Figure 5.7 shows the FilChaP results for Case 1 (top) and Case 2 (bottom). The width
distribution for Case 1 peaks, with a mean of 26.7±8.6 pixels where the error represents
the 95% confidence level. For Case 2, both the true distribution of the widths that
were used as input and the distribution that came out of FilChaP are shown. A better
way to quantify the relation between the input and output width distributions that
for the second case, one can calculate a correlation coefficient. The Spearman’s-rho
coefficient is a non-parametric way to assess relation between the two distributions.
The value of Spearman’s-rho can vary between -1 and +1, where -1 would indicate a
perfect decreasing monotonic correlation, +1 would indicate an increasing monotonic
correlation and 0 indicates no correlation between the two datasets. The Spearman’s-rho
between the input and output distributions of Case 2 is 0.78. This indicates a that the
two datasets are strongly correlated. For Case 1, the width of the distribution comes
from the errors of individual fits, and from the instances where filaments may cross
one another in the map that may cause larger widths. For Case 2, however, in addition
to these effects, the origin of the spread is actually the underlying different filament
widths in the dataset. To conclude, the the tests for Case 1 and Case 2 has yielded width
distributions that proves FilChaP that reliably can capture the properties of filaments
that have different width distributions.

5.4 calculation of skewness and kurtosis

The skewness and kurtosis give us information about the different shapes of the
intensity profiles which can be related to the properties of the filaments in various
environments. If a filament is affected by stellar feedback in a violent environment,
I expect the intensity profile to be shaped in a way that the part of it that faces the
direction of the feedback should be sharper. Kurtosis of a profile is a measure of its
peakiness. It can point at those locations, for example, of high CO density, where
the CO isotopologues may be optically thick. It can also indicate freeze out for C18O
that causes the profiles to be flatter than peaky. Figure 5.8 is an example of skewness
and kurtosis of two intensity profiles. These profiles are extracted from the 13CO map
and correspond to intensity slices from the Orion Bar, the most well-known PDR, and
OMC-4, a dense star forming region, in green and grey, respectively. The green arrow
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Figure 5.6: Top: Synthetic filamentary networks generated with prefixed filament widths. The
left panel shows Case 1 where all the filaments have a same width of 25 pixels. The
right panel shows Case 2 , where each filament has a different width (see Fig. 5.7).
Bottom: Filaments identified by DisPerSE for both cases.
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Figure 5.7: Distribution of filament widths for the test two cases presented in Figure 5.6. The
top panel shows the resulting for Case 1 and bottom panel shows the distribution
for Case 2.
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Figure 5.8: A demonstration of skewness and kurtosis based on different intensity profiles.
The green profile that represents the Orion Bar is positively skewed, while the grey
intensity profile for the OMC-4 region position has a flat top due to its density and
is nor skewed in a preferred direction.

indicates the direction of the stellar feedback produced by the Trapezium cluster on
to the PDR. As expected, the intensity profile shows that the PDR profile towards the
feedback forms a sudden edge, unlike the side away from the feedback that gradually
extends. The dense OMC-4, unaffected by the feedback, is not skewed. Figure 5.8 also
highlights the differences between the peakiness of top of the intensity profiles, which
can be related then to kurtosis. Chapter 8 compares filament properties in different
tracers and touches upon the PDR nature of the filaments in feedback regions and
compares properties of intensity profiles using skewness and kurtosis analysis.

5.5 calculation of length and kinkiness

For the filament length calculation, FilChaP obtains the projected distances between the
each skeleton point along an identified filament. This is a projected distance, because
observations of filaments we do not know the real 3rd dimension of the filaments. The
kinkiness of a filament skeletons is obtained by dividing the distance between end
points of the filament to its length. The kinkiness, then, is defined as k = r/R where r is
the distance between the end points and R is the length of the filament. k = 1 indicates
a filament with no curvature.

These length and kinkiness of filaments, may vary with varying filament identifi-
cation parameters. Hence, these distributions should be examined with caution. The
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filament identification can perhaps be improved by using different filament identifica-
tion algorithms, detailed comparison of filamentary structures identified, and using
different tracers to assess the length of filaments.





Part III

A N A LY S I S A N D R E S U LT S

The following chapters in this part are the core of this thesis work through
which I intend to present results on the filamentary structure of the Orion
A molecular cloud. In Chapter 6, I explain how the filaments are identified
in the CARMA-NRO data. In Chapters 7 and 8, I present the results on the
physical properties of filaments observed in different tracers. The results and
discussion of Chapter 7, excluding the stability analysis, are the base of my
publication Suri et al. (2019) that can be found in Appendix B. Figures 2, 5, 6,
7, 8, 9, 10, 11, B.1, B.2, B.3 and Table 1 from Suri et al. (2019) are reproduced
in this part of the thesis with permission c�ESO. I note, however, because
the publication of the article superseded the submission of the thesis, some
figures and values in Table 1 slightly deviate in the refereed and published
version of Suri et al. (2019) from the ones presented in this part of the thesis.





6
F I L A M E N T I D E N T I F I C AT I O N I N T H E C A R M A - N R O D ATA

This chapter is aimed at explaining the filament identification process on the CARMA-
NRO Orion Survey data. As the 13CO(1-0) data cube was combined earlier than the
C18O(1-0) cube, I first tried identifying filaments in the 13CO data. Filaments in both
datasets are identified using DisPerSE (see Chapter 4).

6.1 filament identification on the 13co(1-0) data

In order to be able to identify the filamentary structure on the 13CO data, I used a
preliminary version of the dataset. The data combination has improved since then.
However, as in the end I used the filaments identified in the C18O datacube, I did not
repeat filament identification on the latest 13CO datacube published in Kong et al. (2018).
Nevertheless, the results presented here remain to be well-founded as the improvements
in the latest cube are on the size of the map and the determination of the flux scaling
factor.

The CARMA-NRO datacubes can be classified as large datacubes in observational
astronomy with sizes of ⇠2000⇥4000⇥150 pixels and 4 GB of file size each. This
means that DisPerSEhas to work with 108 pixels. If the data was noise free, then the
identified number of critical points would have been significantly less and perhaps
handling of such a big dataset would have been computationally easier. However,
DisPerSE is not made for such datacubes with noise. In Chapter 4, I have shown
that as the noise increases, the number of identified critical points increase as well.
The problematic part of the code is once the MSC is computed and a persistence
threshold is set, all the critical points below the threshold have to be cancelled. This
cancellation process within DisPerSE is not paralellized, therefore, it has to be done
using a single computing core. In this case, the core eventually runs out of memory
and DisPerSE quits without calculating the filaments with a Segmentation Fault error.
Therefore, filament identification in such large datacubes, such as the CARMA-NRO
data, using DisPerSE becomes trickier than one expects.

For the filament identification in the 13CO datacube, I removed the edge velocity
channels with no (or very little) emission to reduce the number of pixels along the
third axis. In this process, I made sure that I include the emission from the majority
of the structure, and no new structure appears in the channels that are cut. Then, I
smoothed the resolution of the third axis from 0.11 km s�1 to 0.55 km s�1 . This has
two positive effects; first the number of channels reduces by a factor of 5, second the
signal-to-noise increases in each channel. In the end, after removing the edge channels

83
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Δv= 0.5 km/sΔv= 0.1 km/s

Figure 6.1: Filaments identified in the 13CO datacube with 0.11 km s�1 (left) and
0.55 km s�1 velocity resolution in the OMC-1 region.

where no emission occurs and smoothing the resolution by a factor of 5, the number of
pixels along the third axis reduces from 150 to 19. In order to filament identification,
I selected a subset of the data around the OMC-1 region, and ran DisPerSEon both
the cube with the original velocity resolution and the smoothed one. The resulting
filaments are shown in Figure 6.1. The overall structure of the filamentary network is
vastly similar, however, there are subtle differences. These differences arise from the
fact that the 0.55 km s�1 data has better signal to noise, and the filaments are more
coherent in intensity. The filaments identified in the 0.11 km s�1 cube but not in the
smoothed one correspond to emission that is smoothed out and lost its significance
compared to the rest of the structure in the map. After a persistence threshold hold
of 5 K, detection threshold has a very little effect on the identified filaments simply
because the more persistent critical point pairs have already higher intensities. Thus,
the need for a detection threshold subsides when a higher persistence threshold is
selected. Detection threshold becomes completely obsolete in our skeletons with 8 K
persistence, and higher.

Compared to the C18O(1-0) emission, the 13CO is quite strong and has a much
higher dynamic range. Therefore, it sets an excellent ground for further tests on
DisPerSEparameters. Figure 6.2 shows the impact of varying persistence and detection
thresholds. From left to right, the persistence threshold increases, and from top to
bottom the detection threshold increases. The noise level of the data is 0.3 K per velocity
channel. Therefore, the lowest persistence threshold used in this demonstration is
already 8 times the noise level. Because of the high dynamic range of emission, the
DisPerSE run with a very low persistence threshold (2 K; no detection threshold) leads
to the identification of about 2000 filaments. These filaments are everywhere, and clearly
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Figure 6.2: Filaments identified in the 13CO datacube with different DisPerSEparameters.
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some of them are created by the noise at the edges of the map. The critical points raising
from noise peaks at the edges of the map can be discarded by using a high detection
threshold, and this is demonstrated with the first column of the figure. However, even
with the increase of the detection threshold, the 2 K persistence threshold does not
seem to be high enough to pick out the most persistent structures. Only when I increase
the persistence threshold to 5 K and higher, the “backbone” of the cloud starts to stand
out from the rest of the structures.

6.2 filament identification on the c18 o(1-0) data

The filaments used in the analysis throughout this thesis are based on the filaments
identified in the C18O data presented in this section. Compared to 13CO, the C18O
emission is much less extended, and is weaker on average by a factor of at least 5.
Hence, the noise level of the data is the limiting factor in structure identification. In the
case of 13CO, we saw that even a persistence threshold of 8 times the signal-to-noise
level was too low for identifying the most persistent structures. This is not the case
for C18O due to lower levels of emission. In Chapter 4, I showed that the usage of
persistence threshold less than 3 times the noise level leads to identification of artificial
filamentary networks in noisy datasets. Therefore, for the C18O data, I choose to take
both the detection and persistence threshold 4 times the noise level. Higher level of
both thresholds leave the weak extended filaments unidentified.

The final version of the C18O data published in Kong et al. (2018) has a velocity
resolution of 0.22 km s�1 . While the smoothing method described in the previous
section in order to reduce the number of pixels along the velocity axis allows for
DisPerSE to run on the entire map, it prevents extracting the exact velocity information
along the filament, i.e. at which velocity channel the corresponding point was identified.
Therefore, with C18O, I follow a different strategy. Since I do not want to forfeit
the velocity resolution, which will provide immense help when studying filament
kinematics, I cut the map into two halves, north and south, of 1 degree in declination
each. Once the filaments are identified in each half separately, I run DisPerSEon a
third datacube that covers the overlap region between the two halves. This permits
me to extract the filaments that connect the two portions of the map, and remove the
artificial filaments created by the edge effects. The filaments identified in both portions
individually are shown in Figure 6.3, with the northern region on the left and southern
region on the right panel. At the very bottom of the northern region and the top of the
southern region, some filaments are created due to the fact that emission was simply cut
in these regions. Figure 6.4 shows the filaments identified in the intersection between
the northern and southern region. Based on these filaments, I, by hand, identify the
filaments that were created by the edge effects. I also add the connections between the
two regions that was cut when the map was cut in half. The resulting set of filaments is
overlaid on the full peak intensity map of C18O in Figure 6.5.



6.2 filament identification on the c18o(1-0) data 87

beam x 5 beam x 5

North South

Figure 6.3: Filaments identified in the northern region (left) and the southern region (right) of
the Orion A molecular cloud. Greyscale shows the C18O peak intensity emission,
while the colored segments indicate the filaments identified by DisPerSE .

Figure 6.4: Filaments identified in the intersection of the northern the southern region of the
Orion A molecular cloud.
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The division of the map into two halves is not completely arbitrary. The northern
portion of the ISF (here; the northern region) forms high mass stars, and is the densest
part of Orion A. Below OMC-4 (here; the southern region) the emission is extended
and no current activity of high mass star formation is seen. With DisPerSE , I identified
347 filaments in the northern region and 278 filaments in the southern region, 625 in
total. These filaments have slightly different properties as I will explain in the following
chapters. The different properties arise form the fact that the physical conditions in
these two regions are not identical.
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Figure 6.5: Filaments identified in the Orion A molecular cloud. Greyscale shows the C18O peak
intensity emission, while the colored segments indicate the filaments identified by
DisPerSE.





7
F I L A M E N TA RY S T R U C T U R E I N C 1 8 O ( 1 - 0 ) E M I S S I O N

This chapter focuses on investigating filament properties only on the densest gas tracer
from the CARMA-NRO Orion Survey; C18O(1-0). The reason why is that the filaments
are dense structures, and the line emission that traces more diffuse parts of molecular
clouds may suffer from various physical processes (e.g. radiative feedback and opacity
effects).

As it has been repeatedly mentioned throughout this work, it is of important to
understand the properties of these filaments, to unravel the way to star formation in
Orion A. For this purpose, in the following I explain the width of the C18O filaments
(Section 7.1), and investigate their state of stability against fragmentation (Section 7.2).
In Section 7.3, I included a discussion of the implications of the results of this chapter.

7.1 filament widths

The filament widths are calculated using FilChaP based on the filaments identified with
DisPerSE . For each filament, FilChaP extracts radial intensity profiles perpendicular
to the filament spines. This process is explained in detail in Chapter 5. Figure 7.1 is
an example of the calculation of the intensity profiles along filaments. The top panel
shows the perpendicular slices along the filament as red lines. Intensity profiles from
a number of consecutive slices are then averaged to produce the averaged intensity
profile. In this case; the number of intensity profiles to be averaged is equal to the
number of pixels within three beam-sizes. I addressed the effects of the intensity profile
averaging process in Section 5.2.5. The bottom panel of Figure 7.1 shows the average
intensity profile in black solid line, and the individual intensity profiles in grey. The
vertical grey dashed lines show the positions of the minima that FilChaP identified (see
Section 5.2.3). These minima are set as boundaries for the fits. The fitted profiles are
shown in blue, yellow and red, representing Gaussian and Plummer-like fits with p=2
and 4, respectively. The green dashed lines mark the positions of the identified shoulders
of the profile (see Section 7.3.1).

7.1.1 Distribution of filament widths

With FilChaP , I calculated the widths of all the identified filaments. The resulting
distributions are shown in Figure 7.2. The colored histograms represent the results
for the northern region, the reults for southern region are shown in grey. The panels
correspond to the distribution of widths (FWHM) calculated using Gaussian (top
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Figure 7.1: Example case of how FilChaPworks with the given filament and data. Top: The
greyscale shows C18O peak intensity emission from a selected sub region towards
OMC-4. An identified filament spine is overlaid on the map in orange. Red lines
represent a set of 12 perpendicular slices at an arbitrary position along the filament.
The intensity profiles from the shown slices are averaged together to construct the
final profile for the width calculation. Bottom: The black line represents the average
intensity profile, and the grey lines are the individual profiles that come form each
slice. Blue, yellow and red fits indicate Gaussian and Plummer-like fits with p=2
and 4, respectively. Boundaries for the fits are shown as grey vertical dashed lines.
The shoulders are shown as green vertical dashed lines explained in Section 7.3.1.
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left) and Plummer p=2 fits (top right), Plummer p=4 fit (bottom left) and the FWHM
calculated from the second moment (bottom right). Black and red dashed lines indicate
the “universal” filament width of 0.1 pc calculated using Herschel dust continuum maps,
and the 0.03 pc width calculated from N2H+ emission map (Arzoumanian et al. 2011;
Hacar et al. 2018). The dot-dashed line marks the spatial resolution (0.015 pc) of our
C18O data. Figure 7.2 shows the different methods to calculate width result in quite
similar distributions, except the Plummer p=2 fits having narrower widths overall. This
is also expected because the Plummer (p=2) function is less sensitive to the wings of the
profiles. The calculated median values of the distributions are 0.14+0.03

�0.02 pc and 0.16+0.04
�0.03

pc for the Gaussian fits, 0.11+0.03
�0.02 pc and 0.13+0.04

�0.03 pc for the Plummer p=2 fits, 0.13+0.03
�0.03

pc and 0.14+0.03
�0.03 pc for the Plummer p=4 fits, and finally, 0.13+0.03

�0.03 pc and 0.14+0.04
�0.03 pc

for the FWHM based on the second moment for the northern and southern regions,
respectively. The median widths found in this study are in agreement with the Herschel
studies (e.g. Arzoumanian et al. 2011; André 2017). They are undoubtedly larger than
the widths derived in high resolution ALMA studies (e.g. Hacar et al. 2018; Henshaw
et al. 2017). A higher density tracer, N2H+, has been used in these ALMA studies and,
therefore, narrower filaments found in N2H+ emission is not a surprise.

7.1.2 Width variation along a single filament

The distributions found in the previous section favour the idea of a “characteristic”
filament width because they peak close to 0.1 pc with a spread of a factor of ⇠2. Different
studies show varying spread around the peak filament width: for Arzoumanian et al.
(2011); Palmeirim et al. (2013); Koch & Rosolowsky (2015) this value is 2, but a study by
Juvela et al. (2012) shows that there is an order of magnitude spread around the mean
width of 0.1 pc. In this study, I find that the cause of the spread of this distribution can
be attributed to the fact that the filaments are not isolated homogeneous cylinders. The
spread is less if the entire filament is represented by an averaged width because the
variations along the filament spines are not taken into account.

Figure 7.3 gives an example of how the width changes along a single filament. This
figure consist of two parts: on the left panel shown is a plot of filament width against
the slice number along the filament. The slice number here represents the cross sections
for radial intensity profiles along the length of the filament, as the slices are numbered
from the beginning to the end of the filament spine. The blue, yellow, red and black
lines represent widths calculated from Gaussian fits, Plummer fits with p=2 and 4, and
the FWHM derived from the second moment of the distribution. The points a, b, c
and d indicate the locations of the 4 intensity profiles shown in the right panel. These
intensity profiles are selected because they hold information on how the width varies
throughout the filament. The Plummer p=2 fit always gives narrower widths along the
filament. This is valid for all the filaments as also can be seen from Figure 7.2. One
can see from the intensity profiles, at point a, the intensity profile is the most narrow
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Figure 7.2: Distribution of filament widths in the northern (colored) and southern (grey) regions
of Orion A (see Figure 6.5) calculated using Gaussian fits (top left), the second
moment of the distribution (bottom right), and Plummer-like fits with power law
indices p=2 (top right) and p=4 (bottom left). The dashed lines represent the filament
widths from Hacar et al. (2018) in red, and the “characteristic” filament width
(Arzoumanian et al. 2011) in black. The dot-dashed line indicates the beam-size of
our observations.
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Figure 7.3: Left: Variation of filament width along the length of a selected filament. The slice
number indicates the cross-sections along the filament. Right: Intensity profiles at
points a, b, c and d marked in the left panel. These are representative points for
the width variation. Grey dashed lines mark the fitting boundaries and the green
dashed lines mark the positions of the identified shoulders (see Sect. 7.3.1).

one (0.15 pc, Gaussian FWHM) and it is sharp. The profile has some substructure,
locations of which are marked by vertical green dashed lines. From point a to d the
substructures wider, hence contributing sufficiently to the filament width. At point b
and c, the shoulders on both sides of the peak get wider, which in turn increases the
width to about 0.2 pc. The shoulders are identified within FilChaP (see Section 7.3.1) as
local minima of the second derivative of the intensity profiles. The filament width is
highly dependent on the inhomogeneities within the filament which can then be traced
by these shoulders.

7.1.3 Goodness of the fits

Of course one can argue that the results from the fitted widths should have a measure of
“goodness”. In order to assess how good the fits are, I calculate the reduced chi-squared
(c2

R) for each fit. By their reduced chi-squared values I can set a threshold of which
fits should contribute to the results of this study such as the distributions shown in
Figure 7.2. The reduced chi-squared is calculated as chi-squared per degree of freedom.
Each fitting function used has 3 degrees of freedom; the amplitude, mean, and standard
deviation for the Gaussian and amplitude, mean and the R f lat for the Plummer fits.
The left panel of Figure 7.4 shows the resulting reduced chi-squared distributions. The
median reduced chi-squared values of the fits are 1.1, 2.9, and 1.2 for the Gaussian,
Plummer p=2 and Plummer p=4 fits, respectively. For a good fit, the reduced chi-
squared value is 1. Because the noise level in our data is very low for the averaged
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Figure 7.4: Left: Distribution of c2
R values for different fitting methods. Right: Examples of

intensity profiles and resulting reduced chi-squared values.

intensity profiles (0.078 K) the reduced chi-squared values tend to be higher as the fits
are expected to be “perfect” for a good fit with such low levels of noise. Therefore,
there are higher reduced chi-squared values for intensity profiles with substructures
which not perfect Gaussians. In fact, a closer inspection of the reduced chi-squared
values revealed that up to 25, the fits still represent the intensity profiles. Figure 7.4 also
shows four example profiles with varying reduced chi-squared values (right panel). The
corresponding reduced chi-squared values for each fit for each profiles indicated on
the top right corner in each subplot. The figure, blue, yellow, and red colors represent
the Gaussian, Plummer with p=2 and Plummer with p=4 fits. Although the reduced
chi-squared values are higher than 1, first three intensity profiles show that the fits are
still valid and can be used when deriving results. However, the profiles with somewhat
severely blending nearby structures or extended shoulders can cause bad fits with
high reduced chi-squared (c2

R > 25, bottom right subplot). A reduced chi-squared
of 25 is where I draw the line of which fits are acceptable and which are not. This
value also corresponds to the tail of the distribution (left panel). 97% of the reduced
chi-squared values for the Gaussian fits are between 0 and 25, and this value is 93%
for the Plummer p=2 and 98 % for p=4 fits. The fits with reduced chi-squared higher
than 25 are not included in the analysis of this data. The width distributions shown in
Figure 7.2 are plotted taken into account this criterion. I emphasize that, this threshold
is applied to the results from each individual method; i.e. a profile can be fitted with a
Plummer function with a good reduced chi-squared but not with a Gaussian function
and when this is the case, only the good fit is accepted. Because the widths calculated
from the second moment method has no reduced chi-squared values the results form
this method are accepted only when the all the other three methods yield good fits.
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7.1.4 Dependence on the fitting range

In this section, I would like to address an issue of the selected fitting range to calculate
the width of an intensity profile that is raised by several authors including Smith et al.
(2014b) and Panopoulou et al. (2017). It is always a problem to decide the boundaries
of a profile when the length of the perpendicular slice is arbitrarily large. I tackle
this problem by finding nearby significant structures that are resolved by at least 3
beam-sizes (see Section 5.2.3). This method assigns a unique fitting range (the range
between the two boundaries) to each individual (average) profile. However, there still
is a correlation between the fitting range and the calculated width. This is not an
unexpected correlation. Even if the boundaries did not exist, the correlation would
persist. This is simply because the baselines of the profiles are not perfectly smooth.
This means, the further away from each other the boundaries are put, the more emission
would enter in between them. Because once again, the filament profiles are not isolated,
there is emission blending in from nearby structures and emission surrounding each
and every filament. Therefore, the larger the fitting range, the more emission from
the filaments’ surroundings would the function to fit. The range would not effect the
calculated width if the baseline of the intensity profiles were to be perfectly had no
structures – that is as long as the fit includes the entirety of the emission. In contrary to
an ideal baseline of an isolated filament profile, the observed intensity profiles have
emission from the filaments surroundings. Therefore, there always exists a correlation
between the fitting range and the filament width.

Various filament studies have set a fixed fitting range for all the intensity profiles (e.g.
Arzoumanian et al. 2011; André et al. 2016; Federrath et al. 2016). This later affected the
credibility of their results. With FilChaP , one is independent from this bias of the fitting
range as much as possible as there is no specific fitting range fixed for each profile. But
the fitting range is dependent on the environment of the filament, and it changes along
the filament. In Figure 7.5 I plot the correlation between the fitting ranges for each
individual profile against the derived widths calculated from the four different width
calculation methods. Excluding the second moment widths which have no reduced
chi-squared values, each point in these subplots are colored by the reduced chi-squared
of that fit. The red diagonal lines show the 1-1 relation between the fitting range and
the width. I observe the strongest correlation between the two parameters in the second
moment (bottom right panel) width results. This result comes about because the second
moment is not a fit and it is calculated based on the emission within the boundaries.
While the 3 fitting methods can yield widths larger than the fitting range, the second
moment method cannot. An example of why the width can be larger than the fitting
range is shown in Figure 7.6. This is an example of a profile with multiple peaks. One of
the peaks are separated by the boundary because it is a significant structure. When the
boundary separates two closeby structures, the intensity profiles similar to that shown
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Figure 7.5: Four subpanels showing the correlation between the fitting range and the calculated
width. The red lines correspond to the 1-1 relation between the two axes. For the
first three subpanels the color-scale corresponds to the reduced chi-squared value of
the fits.

in Figure 7.6 have to be fitted based on an incomplete and one-sided distribution. This
is how the points above the 1-1 relation line in Figure 7.5 can be produced.

To conclude this section, I would like to point out that out of the 4 different methods
I use here the Plummer (p=2) fit is the most independent from the fitting range. The
calculated widths have a very shallow sub-linear relation to used the fitting range.
It can be seen in the various intensity profiles shown in Figures 7.1, 7.4 and 7.6, the
Plummer (p=2) does not give a good fit on the wings of the profile, it only fits the inner
portion. I find this method to be most reliable when the profile has multiple peaks.
But in general the Plummer p=2 fits lack the information on the wings of the profile.
These fits also show the most clear correlation between the reduced chi-squared and
the fitting range. The larger the fitting range, the higher the reduced chi-squared for
the Plummer p=2 fits. This correlation points to the same root. The larger fitting range
introduces more emission to be fitted on the wings of the profiles. As the function fails
(or ignores) to fit the wings, the discrepancy between to profile and the fit increases
and reduced chi-squared gets larger.

7.2 filament stability

Previous studies have shown that star forming cores form preferentially along dense
filaments (e.g Schneider et al. 2012). This can be explain with the fact that the self-
gravitating filaments go through radial collapse fragment into clumps and cores.
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Figure 7.6: Example of an intensity profile when the calculated width is larger than the fitting
range.

Filaments become gravitationally unstable when their mass per unit length exceeds a
critical line mass; Mline,crit = 2cs/G where G is the gravitational constant and cs is the
sound speed (Ostriker 1964). The sound speed is equal to 0.2 km s�1 at a temperature
of 10 K. Therefore, at 10 K, Mline,crit = 16 M�/pc. When a filament’s line mass exceeds
this critical value, Mline, f il > Mline,crit, the filament becomes unstable for gravitational
collapse and fragmentation. If, on the other hand, a filament’s line mass is smaller
than the critical value, then the filament is unbound and it expands until the external
pressure confines it (Inutsuka & Miyama 1992). Therefore, one of the most important
parameters on filament studies is the stability parameter that is defined as the ratio of
filament’s line mass to the critical line mass.

The filament line mass can be estimated as Mline, f il = Nc(H2)W where Nc(H2) is the
central column density of the filament spine and W is the calculated filament width
(Arzoumanian 2017). The panels shown in Figure 7.7 present the three important factors
that play a vital role in star formation. The left panel of Figure 7.7 shows the filaments
overlaid on the C18O peak intensity map where each point along the filament is colored
by the column density at that point. The column densities at each skeleton point are
taken from the large scale Herschel column density map of Orion A (Stutz & Kainulainen
2015). For this purpose I regridded the Herschel column density map to match the
C18O map. However, the column density value obtained from this map is a lower limit,
because the angular resolution of the Herschel map (18 arcsec ⇠ 0.03 pc) is lower than
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the C18O map. The middle and right panels of Figure 7.7 show the line masses along
the filaments and the stability parameter. The filaments identified in the outskirts of
the cloud have low column densities, line masses and are stable against gravitational
collapse with low stability parameters (< 1). The dense ridge of the cloud, however, is
unstable against fragmentation, with line masses that reach above 100 M�/pc.

In order to visualize a better connection of the filament stability to the formation
of new stars; I plot the filament stability (same as Figure 7.7 right panel), overlaid
with the (non)star forming cores identified in the region. There are two large scale
protostar catalogues of Orion A; published based on different surveys: (1) a Young
Stellar Object (YSO) catalogue based on infrared Spitzer data (Megeath et al. 2012) and
(2) a submillimeter catalogue based on 850 µm emission map form JCMT Gould Belt
Survey (Lane et al. 2016). I particularly use a down-sized version of the JCMT core
catalogue that is published with the Green Bank Ammonia Survey (Kirk et al. 2017).
This catalogue has put several additional constraints on defining the cores from the
Lane et al. (2016) catalogue. These constraints require cores to have peak fluxes and
total fluxes of 3 times the signal-to-noise ratio. These protostars are identified in the
dense NH3 emission throughout the ridge of the ISF. Although the coverage in right
ascension of the NH3 map is much less than that of our CO map; the most unstable
filaments are located at the ridge, therefore the comparison is fair. Figures 7.8, 7.9 and
7.10 show zoom-ins to the most active star forming regions of the cloud: OMC-2/3
and 1, OMC-4 and 5, and OMC-6, respectively. The orange boxes represent the location
of starless cores, while the blue starts show the locations of the YSOs. The majority of
the protostars lay on the identified filaments, and the most unstable filaments with the
highest observed column densities harbour YSOs.
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Figure 7.8: Top: Zoom in to the OMC-2/3 region in the north of Orion A where filaments are
colored by the stability parameter. The orange boxes show the locations of starless
cores and the blue stars show the locations of YSOs. Bottom: Same as the top panel
but for the OMC-1 region.
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Figure 7.9: Same as Figure 7.8 but for the OMC-4 (top panel) and OMC-5 regions.
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Figure 7.10: Same as Figure 7.8 but for the OMC-6 region.

7.3 discussion

This chapter holds a plethora of information on the properties of the identified filaments.
Therefore, I would like to continue with a discussion section that aims at putting all
this information into the context of star formation. For this purpose, I investigate how
and why the filament width changes across the cloud, how the filament width scales
with column density, what role does the turbulence play in keeping the filament width
nearly constant and finally, how all of these results are affected by the selection of
parameters in producing the filament catalogue.

7.3.1 Variation of the filament width across the cloud

Previously referring to Figure 7.3, I argued that the spread of the width distribution
comes from the variation along individual filaments. I also argued that the variation
is caused by the shoulders of the intensity profiles, and blending structures especially
around the star forming hubs. Let us take a closer look into this argument. Figure 7.11
shows the variation of width and number of shoulders across the cloud. In the left
panel, each point along the filament is colored by their width (Gaussian FWHM), and
on the right panel the color scale represents the number of shoulders. Positions of the
hubs where filaments merge are marked with arrows. This figure tells us two things,
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(1) even though there seems to be a common width of filaments within a factor of a
few, it is not constant across the cloud. It changes even along individual filaments,
and (2) both the width and number of shoulders show a clear increase towards the
hubs. This is inevitable because of structures blending in together. One other important
aspect of this figure is that one can visually confirm that the increase in width, is clearly
connected to the increase in the number of shoulders. This conclusion was already
drawn in Figure 7.3, however here, one can see that the example filament discussed in
Section 7.1.2 is not an isolated case. The narrowest filaments are the ones with the least
number of shoulders and the locations of the widest points along the filaments seem to
be a perfect match with the locations where 5 or more shoulders are detected. One can
notice that some of the detected filaments are not shown here, this is because of the
applied reduced chi-squared criterion.

To quantitatively demonstrate the linear relation between the number of shoulders
and filament width, it is better to plot the two quantities against one another. In
Figure 7.12 the grey circles show the width against number of shoulders for each profile.
The red and blue circles represent the median width at each shoulder bin, for the
northern and southern region, respectively. The errorbars are the interquartile range of
widths at each bin. The solid and dashed black lines are the linear fits to the correlation,
for the northern and southern regions. This figure demonstrates how complex the
intensity profiles are. In the northern region the profiles with no shoulders account only
for 30% of all the profiles, where in the southern region this value drops to 23%. The
fact that the majority of the filaments are highly substructured implies that filaments
cannot be treated as isolated perfect cylinders. Furthermore, from the intercepts of the
linear fits, one can infer the width of a profile if it had no shoulders. The intercepts
of the fits yield 0.06±0.01 pc and 0.08±0.01 pc filament widths for the northern and
southern regions, respectively.

This picture confirms the idea of filament widths being relatively constant with a
dispersion of a factor of a few. Theoretical work suggest that fragmenting supercritical
filaments with Mline, f il > Mline,crit may defy gravitational contraction due to existing
substructure (Clarke et al. 2017). This substructure is argued to lessen the global effects
of gravity and, in turn, resulting in constant filament widths. Because the filaments
that are observed in C18O show substructure, they would break down into narrower
structures if a higher density tracer is observed at a higher angular resolution. The
recent work by (Hacar et al. 2018) confirms this scenario, as they observed filaments
with 0.03 pc widths in N2H+ emission using high resolution ALMA observations.

7.3.2 The lack of anti-correlation between the width and column density

If the filaments have high column densities and are unstable against gravitational
collapse along their short axes, then it is naively expected that they should also contract
along their short axes. Therefore, I look for an anti-correlation between the column
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density of the filament ridges and their widths. Figure 7.13 shows the central column
density of filaments at each point along the filament spine, plotted against the width
calculated at each of these points. As in Section 7.2 the column densities are take
from the Herschel column density map published in Stutz & Kainulainen (2015). The
blue, yellow, red and black colored points represent FWHM obtained from Gaussian
fits, Plummer p=2 and p=4 fits and the second moment, respectively. The horizontal
dashed line is the resolution of the observations (0.015 pc), and the solid diagonal line
is the thermal Jeans length at 10 K; lJ = c2

s /GµHS0 where S0 is the central column
density (Arzoumanian et al. 2011). The usage of the Jeans length here refers to a state of
hydrostatic equilibrium. The points on the left hand side of the Jeans length line are in
equilibrium and on the right hand side they are not. However, whether Jeans instability
is applicable to non-spherical and inhomogeneous filaments is a matter of debate. For
the purpose of this work, the only instability parameter that I would like to endorse
is the one calculated from the Mline, f il to Mline,crit ratio in Section 7.2. I, nevertheless,
included the Jeans length in this figure in order for a comparison to previous work (see
e.g. Arzoumanian et al. 2011; Heitsch 2013; Arzoumanian 2017).

Figure 7.13 does not show an anti-correlation between the column density and the
width. Based on previous studies, we know that low-mass star forming regions such as
Aquila, IC5146 and Polaris have shown such a lack of anti-correlation (Arzoumanian
et al. 2011). Additionally, this work shows that even in a violently high-mass star
forming region Orion A the lack of anti-correlation persists. Therefore, I propose that
the variation of the filament widths is regulated mostly by the amount of substructure
they contain (shoulders) and their environment (whether they are more isolated or in
the vicinity to star forming hubs).

Arzoumanian et al. (2011) argued that supercritical filaments can retain a constant
width through constant accretion from their surroundings. Then, a number of theoretical
studies made an effort to understand why the filament width should be constant within
a factor of a few while their central column densities vary by more than an order of
magnitude. Heitsch (2013) tested this claim by studying infall onto isothermal filaments
that are subject to external pressure. This study unravelled conditions at which the
filament widths can indeed become independent from the underlying column densities.
They found the best fitting model to the observations presented in Arzoumanian et al.
(2011) is the case of magnetized filaments that are exposed to varying external pressure
exerted by the accreted material. The results presented in Figure 7.13 also fit in with
this scenario, however, the decrease in filament width towards higher column densities
up to 1023 cm�2 as predicted by the model is not observed in our data.

7.3.3 The uncorrelation between the velocity dispersion and column density

One question that comes to mind about the uncorrelation between the width and
column density is simply: “Are the filaments supported by turbulent pressure driven
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Figure 7.12: The correlation between the filament width and number of shoulders. The gray
circles represent the width, where the red and blue circles are the median values at
each number of shoulder bin. The error bars show the interquartile range.

Figure 7.13: Variation of filament widths against column density. The widhts are colored based
on the used methods, the FWHM of Gaussian fits are shown in blue and moment
analysis in black, 2⇥R f lat for Plummer p=2 in yellow and p=4 in red. The dashed
line marks the resolution of the observations. The solid line is the thermal Jeans
length at a temperature of 10 K.
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by the accretion flows?”. If yes, what are the characteristics of these accretion flows,
how fast and efficient they need to be to exert such turbulence. Here the efficiency is
the efficiency needed to convert the kinetic energy of the accretion flow to internal
turbulence.

For this purpose I look at the total velocity dispersion of the filaments. When we
observe molecular line emission, the velocity dispersion we calculate as the second
moment is,

sobs =
Dvobs
p

8ln2
(7.1)

and this dispersion includes thermal and non-thermal components:

stot =
q

s2
th + s2

nt, (7.2)

where sth is the contribution from the thermal emission of the observed molecule and
snt turbulent component. The thermal component can be directly calculated as

sth =

s
kT

µmolmH
, (7.3)

where k is the Boltzmann constant, T is the excitation temperature, µmol is the molecular
weight of the observed molecule and mH is the mass of the Hydrogen atom. By plugging
in Equation 7.3 into Equation 7.2 one can estimate the non-thermal contribution to the
observed velocity dispersion. For the C18O molecule the contribution from the thermal
line emission can be calculated using a temperature of 10 K and its molecular weight is
30. These values yield; sth = 0.04 km s�1 . This is a lower limit as the gas temperature
in Orion A is higher than 10 K at times, but an increase in temperature by a factor of 2
would increase the thermal velocity dispersion only by a factor of

p
2.

In order to estimate the velocity dispersion of the filaments I use two different
methods. In the previous sections, I have shown that the observed filaments are
not single entities, but they are composed of substructure. I would like to see the
contribution of this substructure to the total observed velocity dispersion. As the C18O
spectra is not complex (with multiple peaks along the line of sight) except for multiple
structures seen in OMC-4, for simplicity I used the first and second moment maps
(velocity centroid and dispersion) for this analysis. Figure 7.14 shows a sketch of how
this can be calculated. Each perpendicular slice calculated to obtain the filament widths
can also be used to extract information on how the velocity centroids and dispersion
differs from one perpendicular pixel to another. Therefore, for each perpendicular slice
I calculate the standard deviation of velocity centroids. The size of the perpendicular
slice here is equal to the calculated fitting range from the FilChaP run for filament
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widths, thus, should include all the substructure. If the emission from all the all pixels
within the fitting range along a perpendicular slice peaked at exactly the same velocity,
the dispersion of the velocity centroids along that perpendicular slice would be zero. I
define then the total velocity dispersion as follows:

sextended = std(m1) + median(m2), (7.4)

where m1 is an array of velocity centroids at every pixel along a perpendicular slice, and
m2 is an the corresponding velocity dispersions of each pixel. If the velocity dispersion
along the slice does not vary, then, the total velocity dispersion is equal to the median
velocity dispersion. If, however, the centroids vary, this dispersion is added to the
median velocity dispersion to account for the contribution from the extended filament.
Furthermore, a second way to calculate the total velocity dispersion previously used
in literature is to only look at the velocity dispersion along the filament spine (sspine)
without including the contribution of the extended surroundings of the filament (e.g.
Arzoumanian 2017). Figure 7.15 shows the column density along the filament spine
plotted against the total dispersion calculated using the two methods: sextended and
sspine in the upper and lower panels, respectively. Each point is colored by the line
mass of the filament at that point. The distribution of sspine is scattered around a
mean of 0.4 km s�1 and is independent of the underlying column density. The velocity
dispersion calculated as sextended is much higher with a mean value of 2.1 km s�1 . The
comparison between sspine and sextended demonstrate the importance of the contribution
of the substructure within the filament. The velocity dispersion along the filament
spine can only be used as a lower limit to estimate the turbulence within the filament.
However, the estimation of the velocity dispersion from the extended filament might
also be affected by the global velocity gradient of the cloud, at this point there is not
an easy solution to detangle filaments from their immediate environment. Therefore,
I accept the mean values of sspine and sextended as lower and upper limits to the total
velocity dispersion of filaments. Moreover, the thermal velocity dispersion (0.04 km s�1 )
has very little contribution to the calculated total velocity dispersions sspine and sextended.

Now we can calculate the level of turbulence that is driven by accretion:

s(t) =
✓

2eR f v2(R f )
ṁ(t)
m(t)

◆1/3

, (7.5)

where R f is the filament’s bounding radius, v(R f ) is the accretion velocity, e is the
driving efficiency that is the efficiency at which the kinetic energy is converted to
turbulence, ṁ(t) is the accretion rate and m(t) is filament’s density at time t (Clarke
et al. 2017; Heitsch 2013; Klessen & Hennebelle 2010). By numerically solving this
equation we can calculated the accreted mass and velocity dispersion as a function of
time (S. Clarke private communication). For solving the equation, I consider various
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Figure 7.14: Sketch of a filament with a perpendicular slice. 3 pixels along the perpendicular
slice are represented with red dots, and the spectra at each of these pixels are also
shown. The centroids of the spectra are marked as C1, C2 and C3. The calculation
of sextended (see text) considers the dispersion of the velocity centroids along each
perpendicular slice.

Figure 7.15: Total velocity dispersions calculated using two different methods, sextended (top
panel) and sspine (bottom panel), are plotted against the central column density.
The scatter points are colored by the line mass of each at each point along a given
filament.
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combinations of parameters v(R f ), e and m(t) with a bounding filament radius of 0.1 pc.
Figure 7.16 shows the total velocity dispersion that can be achieved for each model as a
function of time. The black solid, dashed and dotted lines are the solutions for increasing
densities of 20, 50 and 75 cm�3 with an initial accretion velocity of 0 km s�1 and an
efficiency of 10%. As the density of the accreting flow increases, the turbulence driven
increases as well, reaching a velocity dispersion of about 0.5 km s�1 for a density of
75 cm�3. The red solid, dashed and dotted lines indicate models for initial accretion
velocities of 3, 5 and 10 km s�1 with a constant density of 20 cm�3 and an efficiency
of 10%. The accretion velocities of 3 to 5 km s�1 result in a velocity dispersion around
1 km s�1 which is in between the upper (sextended) and lower (sspine) bounds for the
observed velocity dispersions. The blue solid, dashed and dotted lines represent the
solutions when the accretion velocity is kept constant at 3 km s�1 and the driving
efficiency is varied between 5, 15 and 30%. With an accretion velocity of 3 km s�1 , the
observed turbulence level is reached when the efficiencies are higher than 5%.

If we take the observed velocity dispersion between the upper and lower bounds to
be approximately 1 km s�1 , the best fitting models are with accretion velocities of 3 to
5 km s�1 , represented by red (solid and dashed) and blue (dashed and dotted) lines
(Figure 7.16). This means that in order to produce such turbulence that would produce
the observed velocity dispersion of 1 km s�1 , we would need accretion velocities of 3
to 5 km s�1 .

From the model we can also infer the acquired line mass during accretion. Figure 7.17
shows how the line mass of the filament changes over time as the filament continues to
gain mass through the accretion flow. Here, the solutions represented with blue lines
and the red solid line overlap because the driving efficiency does not affect the line
mass. The majority of our filaments have line masses between a few M�/pc and 50
M�/pc. Following the 3 km s�1 solution (best fit model) in Figure 7.17, filaments can
accrete about 50 M�/pc around 1 Myr. Therefore, I conclude, if our filaments have
accreted most of their masses from their surroundings, the majority of them must be
younger than 1 Myr (given the accretion velocity of 3 to 5 km s�1 ). On the other hand,
he most massive filaments with line masses of 100 M�/pc and above are a few Myr
old.
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Figure 7.16: The level of velocity dispersion that can be driven by accretion flows onto fila-
ments plotted as a function of time. The solutions are calculated numerically from
Equation 7.5 for varying characteristics of the accreting flow. The black, red and
blue lines indicate the solutions when density of the accreting gas, velocity of the
accreting gas and the driving efficiency are varied, respectively.

Figure 7.17: Line mass that can be achieved by varying accretion models presented in Figure 7.16.
The solutions represented with blue lines and the red solid line overlap because
the turbulence driving efficiency does not affect the line mass.
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7.3.4 The effect of filament selection on the calculated filament width

In this section, I investigate how the selection criteria, the aspect ratio and the reduced
chi-squared threshold affect the results. Previously, I presented the filament widths
based on all the identified filaments with lengths larger than 3 beam-sizes, and with
reduced chi-squared values lower than 25. I now vary this criteria and re-plot Figures 7.2,
7.12 and 7.13. I consider 3 different cases; (1) all the filaments whose intensity profiles
are fitted with a reduced chi-squared less than or equal to 5, (2) filaments with aspect
ratios larger than 2 whose intensity profiles are fitted with a reduced chi-squared less
than or equal to 25, (3) filaments with aspect ratios larger than 2 whose intensity profiles
are fitted with a reduced chi-squared less than or equal to 5. The goal of using these 3
different thresholds to produce the same figures as in previous sections is to show that
the initial selection criteria has not introduced a bias in the results presented in this
chapter.

Figure 7.18 shows the width distributions for the different calculations methods,
the same as Figure 7.2, but for the 3 different selection criteria. The top, middle and
bottom panels correspond to the criteria: where all the filaments used but the reduced
chi-squared threshold is dropped to 5, where only those filaments with aspect ratios
larger than two are used with the original reduced chi-squared threshold and where
only the filaments with aspect ratios larger than 2 are used with a reduced chi-squared
threshold of 5. Figures 7.19 and 7.20 are the same as Figures 7.12 and 7.13 but plotted
for the 3 different criteria.

From Figure 7.18 it can be inferred that the widths calculated from the second moment
of the distribution is the least affected from the changing criteria. This is because the
second moment calculation does not have a chi-squared value, and a second moment is
accepted if all the other fits (Gaussian and Plummer fits) of the corresponding intensity
profile satisfies the criteria. The top and bottom panels reveal that in the northern
region lower reduced chi-squared fits yield narrower filament widths, while in the
southern region the filament widths are larger. Furthermore, the middle panel reveals
that the aspect ratio has no influence on the results, as the distributions do not show a
significant deviation from Figure 7.2. The median filament widths for these three cases
and the original calculation of all filaments with reduced chi-squared values less than
or equal to 25 are listed in Table 7.1.

Figure 7.19 shows that the slope and the intercept of the width versus number
of shoulders relation slightly varies with different criteria. If one wants to infer the
filament width with no detected substructure based on the intercept of these fits, the
most narrow filament widths are detected when only those filaments with aspect ratios
larger than 2 and with intensity profiles fitted with a reduced chi-squared less than or
equal to 5 are used (bottom panel). Table 7.1 also includes the widths calculated from
the intercepts of these linear fits.
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The column density versus width relations for different selection criteria shown
in Figure 7.20 shows a similar uncorrelation between the two quantities. This figure
ensures that the independence of the filament width from the underlying column
density found in this work is not affected by the filament selection.



116 contents

0

20

40

60

80

100

A
1

1

H
1
8

b
e
a
m

-s
iz

e

Gaussian Fit

North

South

Plummer Fit (p=2)

North

South

0.0 0.1 0.2 0.3 0.4
0

20

40

60

80

100

N
u

m
b

e
r 

o
f 

in
te

n
si

ty
 p

ro
fi

le
s Plummer Fit (p=4)

North

South

0.0 0.1 0.2 0.3 0.4

Second Moment

North

South

0

20

40

60

A
1

1

H
1

8

b
e
a
m

-s
iz

e

Gaussian Fit

North

South

Plummer Fit (p=2)

North

South

0.0 0.1 0.2 0.3 0.4
Width [pc]

0

20

40

60

N
u

m
b

e
r 

o
f 

in
te

n
si

ty
 p

ro
fi

le
s Plummer Fit (p=4)

North

South

0.0 0.1 0.2 0.3 0.4
Width [pc]

Second Moment

North

South

0

50

100

150

200

A
1
1

H
1
8

b
e
a
m

-s
iz

e

Gaussian Fit

North

South

Plummer Fit (p=2)

North

South

0.0 0.1 0.2 0.3 0.4
0

50

100

150

200

N
u

m
b

e
r 

o
f 

in
te

n
si

ty
 p

ro
fi

le
s Plummer Fit (p=4)

North

South

0.0 0.1 0.2 0.3 0.4

Second Moment

North

South

all filaments
χ <= 5

R >2
χ <= 25

R >2
χ <= 5

Figure 7.18: Same as Fig. 7.2
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Figure 7.19: Same as Fig. 7.12 for the different criteria (aspect ratio and reduced chi-squared of
the fits).
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Figure 7.20: Same as Fig. 7.13 for the different criteria (aspect ratio and reduced chi-squared of
the fits).
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Table 7.1: Median filament widths according to different selecting criteria (see Fig. 7.18) and inferred filament width calculated from
the fit intercepts (see Fig. 7.19).

Criteria
Gaussian Plummer (p=2) Plummer (p=4) Second Moment Intercept

north/south north/south north/south north/south north/south

all, c2
R  25

0.12+0.16
�0.09 pc 0.09+0.12

�0.06 pc 0.11+0.14
�0.08 pc 0.12+0.15

�0.09 pc 0.06±0.01 pc

0.15+0.19
�0.11 pc 0.11+0.15

�0.09 pc 0.13+0.17
�0.10 pc 0.14+0.17

�0.1 pc 0.08±0.01 pc

all, c2
R  5

0.12+0.15
�0.08 pc 0.09+0.12

�0.06 pc 0.10+0.13
�0.08 pc 0.10+0.14

�0.08 pc 0.04±0.04 pc

0.14+0.18
�0.11 pc 0.11+0.15

�0.07 pc 0.13+0.17
�0.10 pc 0.13+0.17

�0.09 pc 0.07±0.04 pc

R > 2, c2
R  25

0.11+0.15
�0.09 pc 0.08+0.11

�0.06 pc 0.10+0.13
�0.08 pc 0.12+0.15

�0.08 pc 0.07±0.06 pc

0.13+0.17
�0.10 pc 0.10+0.13

�0.08 pc 0.12+0.16
�0.09 pc 0.12+0.15

�0.10 pc 0.07±0.04 pc

R > 2, c2
R  5

0.10+0.13
�0.08 pc 0.07+0.10

�0.06 pc 0.09+0.12
�0.07 pc 0.09+0.12

�0.07 pc 0.09±0.01 pc

0.13+0.17
�0.10 pc 0.09+0.13

�0.07 pc 0.12+0.15
�0.09 pc 0.12+0.15

�0.09 pc 0.06±0.04 pc
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This chapter aims at presenting the physical conditions that are traced by the different
CO isotopologues, [C ii] and dust emission throughout the cloud.

8.1 morphology

8.1.1 Spatial distribution of the observed tracers

Emission from varying species trace a range of physical and chemical conditions
throughout the cloud. Thus, the apparent morphology of the cloud, and therein fila-
ments, depends on the observed tracer. The three observed CO isotopologues, 12CO,
13CO and C18O, probe low (102 cm�3), intermediate (103 cm�3) and relatively high
(104 cm�3) density regions. As explained in Chapter 2, in 12CO emission the structure is
opaque and diffuse. 13CO emission is optically thin in the outskirts of the cloud, tracing
diffuse parts of the cloud in addition to the higher density structure that cannot be
distinguished with the 12CO observations. The C18O emission reveals the high density
filamentary skeleton of the cloud. In addition to these tracers, the [C ii] map reveals
the structure shaped by the stellar feedback in the region. The high resolution and
dynamic range column density map reveals a plethora of dense and diffuse structures
(Stutz & Kainulainen 2015). In the following, with a series of figures, I present how the
filamentary skeleton that is traced by the C18O emission relates to the other tracers.

Figures 8.1, 8.2, 8.3 and 8.4 show the 12CO, 13CO, dust and [C ii] emission overlaid
with C18O peak intensity contours (left panels) and filaments identified in the C18O
data (right panels), respectively. The dotted red boxes in Figure 8.1 left panel mark the
areas over which spectra discussed in Section 8.1.2 were extracted. It is interesting to see
how the dense gas emission seen in the C18O map fit in with its diffuse surroundings
seen in 12CO. This diffuse emission often traces protostellar feedback, and the filaments
seen in C18O form the backbone of the cloud. In this sense, the morphology of the
dense gas is less affected by the feedback, yet the shell-like structures in the L1641
region are still visible, and they surround the C18O filaments. The C18O emission comes
from a much more narrow portion of the cloud. Most of the dense structures see in
the column density map perfectly overlap with the C18O emission and the filaments.
In northern part of the map, specifically towards the OMC-3 region, a small portion
of the high column density dust does not have filamentary structure associated with
it. The identified filaments and the peak C18O intensity are shifted towards the east.
This is likely due to the C18O emission being frozen out onto dust grains at such high

121
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densities and therefore filaments identified in C18O follow the nearest high intensity
peaks. The comparison with [C ii] emission is particularly interesting because in such a
violently star forming environment, one cannot expect filaments (and star formation)
to evolve isolated from the strong UV radiation. With a closer look, one can see that
the morphology of the C18O filaments within and at the edges of the Veil Bubble
traced by C+, resembles the morphology of the [C ii] emission. I discuss this further in
Section 8.2.3.

8.1.2 Comparison of spectra

The line profiles of the observed tracers hold a copious amount of detail when compared
to one another. Comprehensive studies of comparing the spectra of Carbon-bearing
species in different star forming regions show that the identified spectral components,
velocity centroid gradients and velocity linewidths provide vital information on the
origins and different phases of the gas (Beuther et al. 2014; Okada et al. 2015, 2018).

Figure 8.5 shows the spectra of each species averaged over five different regions of
the map. These regions are marked in Figure 8.1 with red boxes and from north to
south indicated as OMC-2/3, OMC-1, OMC-4, OMC-5 and L1641-N. To have the spectra
in comparable TMB scales the 12CO intensities are divided by 3 and C18O intensities are
multiplied by 5. As the [C ii] map only covers the northern half of the map, there is no
averaged spectra for the OMC-5 and L1641-N regions. The global red-to-blue velocity
gradient in the cloud is imprinted on the averaged spectra of the selected regions from
OMC-2/3 to L1641-N.

The spectra seem to be often composed of multiple components, and the linewidth
of the [C ii] emission changes drastically between the different regions. In order to have
a more quantitative idea of the properties of these spectra, I fitted them individually
using BTS1 (Clarke et al. 2018). Figure 8.6 shows each averaged spectrum from the 5
different regions. From top to bottom, the plotted data represents averaged 12CO, 13CO,
C18O and [C ii] spectra. The fit results; amplitudes (TMB), velocity centroids (vc) and
velocity linewidths (Dv) are given in Table 8.1.

As suspected from Figure 8.5, BTS detects multiple components in the majority of the
spectra. These individual components are plotted onto each corresponding spectrum in
Figure 8.6. For 12CO the multiple components are harder to distinguish by eye except for
the OMC-5 region. This is perhaps because of the more diffuse nature of the emission,
however, it could also be that in some of these regions, BTS identifies optically thick
spectra of the diffuse gas as multiple components. The individual components are easier
to locate by eye in C18O, e.g. towards the OMC-2/3 region, since the shoulders become
more distinctive. The most prominent multi-component spectra is in the OMC-5 and
L1641-N regions for the CO isotopologues. These components appear because of the

1 Behind The Spectra (BTS) is an automated multi-Gaussian fitting algorithm that is freely available at
https://github.com/SeamusClarke/BTS

https://github.com/SeamusClarke/BTS
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Figure 8.5: Comparison of different spectra averaged over 5 different regions marked with red
boxes in Figure 8.1. The black, red, blue and orange spectra represent C18O, 13CO,
12CO and [C ii] emission. C18O emission is multiplied by 5, while 12CO emission
divided by 3 in order to reach comparable intensity scales in all tracers. There are
no [C ii] emission spectra shown for the OMC-5 and L1641-N regions because these
regions are outside of the [C ii] map’s coverage.

two distinct kinematic features in the southern region of the cloud. These features can
be easily seen in the 3-color integrated intensity maps of CO isotopologues presented
in Figures 3.4, 3.5 and 3.6 where the south-west region of the cloud has green velocities
while the south-east region of the cloud has blue velocities.

Between the CO isotopologues, larger 12CO linewidths is expected because of Larson’s
linewidth-size relationship in molecular clouds (Larson 1981). While the [C ii] linewidth
in the OMC-2/3 region towards the north of the cloud is only marginally larger than
that of the CO isotopologues, in the OMC-1 and 4 regions this difference grows larger.
This is also because of the contribution of the Veil Bubble that has velocity linewidths
of 4.3 and 6.9 km s�1 in OMC-1 and 4, respectively (see Table 8.1).

The [C ii] spectra, also show an interesting multi-component behavior in the OMC-1
and OMC-4 regions. The broader component at low velocities in the spectra towards
both of these regions comes from the expanding Veil Bubble that appears at negative
velocities while no other emission from the region exists. The fainter component at high
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velocities comes from the rarer isotopologue [13C ii] emission that was picked up in the
bandwidth of the observations.

8.2 filchap results

After comparing the general properties of the cloud seen in different tracers, I will now
compare the filament properties that one can obtain using these tracers. In Chapter 7,
I investigated the filament properties as seen in C18O emission. Following the work
on C18O, in this chapter, I present a comprehensive comparison of FilChaP results for
different tracers. For a fair comparison I use the same filaments identified in the C18O
map using DisPerSE (see Chapter 6). I ran FilChaP on the following five datasets: C18O
integrated intensity map2, dust column density map, 13CO data cube and [C ii] datacube
and the results from these datasets form the base of this section. While I use C18O
integrated intensity, dust emission and 13CO results for comparison with the C18O
datacube results presented in Chapter 7, I use [C ii] results to analyze how filaments
may be affected by stellar feedback.

8.2.1 Width

Because different tracers probe a variety of conditions in the cloud, it is unlikely that
filaments traced by each of these tracers show the same exact properties. One of the
most important filament properties discussed throughout this work is the filament
width. Therefore, I start the comparison by looking at filament widths as seen in
different tracers. I perform the comparison using two different methods: (1) histograms
in Section 8.2.1.1, (2) Kernel Density Estimations (KDEs) in Section 8.2.1.2. Both sections
includes the comparison of C18O datacube results presented in the previous chapter to
the widths derived from the 13CO datacube, C18O integrated intensity emission map
and dust column density map.

8.2.1.1 Comparison using histograms

Figure 8.7 shows the calculated width distributions for 13CO datacube, C18O integrated
intensity map and the dust column density map in the top, middle and bottom panels,
respectively. The median widths calculated for these distributions are listed in Table 8.2.
In this table, the original C18O widths calculated in Chapter 7 are also given on the top
row. There are four results that can be read from the width distributions and the median
widths, and they can be listed as follows. Firstly, there seems to be barely any difference
between the 2D (integrated intensity) and 3D (datacube) results for C18O. I note that
the integrated intensity map of C18O is integrated over a velocity range of 10 km s�1 .
In the contrary, during the analysis of the datacube, FilChaP reads the velocity of each

2 Integrated emission between 4.7 and 14.3 km s�1 .
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Table 8.1: Fit results for the averaged spectra of 12CO, 13CO, C18O and [C ii] towards the 5
different regions in Orion A.

Line Component OMC-2/3 OMC-1 OMC-4 OMC-5 L1641-N

12CO(1–0) 1
TMB[K] 29.4 46.9 27.9 34.4 34.9

vc [km/s] 11.6 9.5 8.6 8.7 8.0
Dv [km/s] 1.1 1.9 1.7 1.1 1.6

12CO(1–0) 2
TMB[K] 18.7 14.2 – 11.2 –

vc [km/s] 10.3 10.7 – 6.4 –
Dv [km/s] 1.3 1.1 – 0.8 –

13CO(1–0) 1
TMB[K] 11.7 7.0 6.8 10.5 8.5

vc [km/s] 11.1 9.4 8.3 8.6 7.5
Dv [km/s] 0.9 1.7 1.3 0.9 0.6

13CO(1–0) 2
TMB[K] – 3.9 – 3.2 3.2

vc [km/s] – 10.3 – 6.4 8.8
Dv [km/s] – 1.1 – 0.6 0.4

C18O(1–0) 1
TMB[K] 0.8 0.9 0.8 0.9 1.0

vc [km/s] 11.1 8.0 8.1 8.4 6.8
Dv [km/s] 0.5 1.2 1.1 0.5 0.8

C18O(1–0) 2
TMB[K] 0.5 0.2 – 0.5 0.8

vc [km/s] 10.9 7.0 – 7.8 8.6
Dv [km/s] 1.2 0.3 – 1.4 0.6

[C ii] 1
TMB[K] 8.5 3.3 0.68 – –

vc [km/s] 11.2 5.1 1.6 – –
Dv [km/s] 1.5 4.3 6.9 – –

[C ii] 2
TMB[K] – 20.4 5.0 – –

vc [km/s] – 9.5 19.7 – –
Dv [km/s] – 2.0 1.6 – –

[C ii] 3
TMB[K] – 0.3 – – –

vc [km/s] – 19.7 – – –
Dv [km/s] – 2.1 – – –
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Table 8.2: Median filament widths calculated using different tracers.

Tracer
Gaussian Plummer (p=2) Plummer (p=4) Second Moment

north/south north/south north/south north/south

C18Odatacube
0.12+0.16

�0.09 pc 0.09+0.12
�0.06 pc 0.11+0.14

�0.08 pc 0.12+0.15
�0.09 pc

0.15+0.19
�0.11 pc 0.11+0.15

�0.09 pc 0.13+0.17
�0.10 pc 0.14+0.17

�0.1 pc

13COdatacube
0.17+0.24

�0.12 pc 0.14+0.21
�0.10 pc 0.16+0.22

�0.11 pc 0.15+0.19
�0.11 pc

0.21+0.28
�0.16 pc 0.19+0.26

�0.14 pc 0.21+0.26
�0.15 pc 0.17+0.22

�0.12 pc

C18Omom0
0.12+0.16

�0.08 pc 0.09+0.14
�0.07 pc 0.11+0.15

�0.08 pc 0.09+0.13
�0.06 pc

0.13+0.17
�0.09 pc 0.11+0.15

�0.08 pc 0.12+0.16
�0.09 pc 0.09+0.14

�0.07 pc

N(H2)
0.14+0.20

�0.10 pc 0.09+0.15
�0.07 pc 0.12+0.17

�0.09 pc 0.16+0.21
�0.11 pc

0.15 +0.2
�0.12 pc 0.11+0.15

�0.09 pc 0.14+0.18
�0.11 pc 0.17+0.22

�0.12 pc

point along the filament and integrates the emission only from the adjacent velocity
channels to produce the intensity profiles. This method is implemented in FilChaP to
prevent structures along the line-of-sight at different velocities from contributing to
the intensity profile of a particular filament. However, by only comparing the medians
of these distributions, it is not possible to say the difference between the 2D and 3D
analysis of the filaments. Secondly, comparing the results from two datacubes 13CO
and C18O, for all the width calculation methods the 13CO widths are larger. This is an
expected results because the 13CO emission traces a much more diffuse component of
the gas than C18O. The third result is that the widths derived from the dust column
density map where a large dynamic range of scales are observed is similar to the widths
derived from both C18O datacube and integrated intensity maps. Lastly, the widths in
the southern region of the map for all the tracers are larger than the widths calculated
towards the northern region. The largest widths of 0.2 pc, in fact, are observed in 13CO
emission towards the southern region. This result also meets the expectations, because
we know that the northern part of the ISF is much denser and and the emission is more
compact.

8.2.1.2 Comparison using KDEs

As unexpectedly the histogram analysis showed that there are no differences of widths
calculated from 2D and 3D maps, I investigate the width distributions from each tracer
in more detail. In particular, I want to understand the shape and spread of each of
these distributions and quantify their resemblance in a more in depth way. Therefore, I
employ a KDE comparison. As this is the first time throughout this work the KDEs are
used, I would like to explain them and why I chose this method to continue further
with the analysis. Probability density functions can be estimated using parametric
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Figure 8.7: Comparison of filament widths seen in different tracers. Top, middle and bottom
panels show distribution of filament widths calculated for 13CO, C18O integrated
intensity and dust column density emission. The colored histograms represent the
northern region Gaussian, Plummer p=2 and p=4 fits and widths calculated from
the second moment in blue, yellow red and dark grey, respectively. The distributions
for the southern region is always shown in light grey.



8.2 filchap results 133

or non-parametric functions. Parametric functions assume that the parameters which
define the function (e.g. variance and mean values of a Gaussian distribution) are
defined over a strict and finite range. Non-parametric distributions, however, allow
their parameters to be free of pre-imposed values. The KDE provides a non-parametric
way of deducting a probability density function of a given dataset, and can be described
as follows:

f̂N(x) =
1

NhD

N

Â
i=1

K
✓

d(x, xi)
h

◆
, (8.1)

where {xi} are the measurements, N is the number points in the measurement set, K
is the kernel function and h is the bandwidth (Ivezić et al. 2014). The kernel function
is usually picked to be a Gaussian, but it can be any smooth function. The important
parameter here is the bandwidth of the KDE; that is similar to the histogram bin width.
To inspect the difference between a simple histogram and KDE, Ivezić et al. (2014)
discusses different cases shown in Figure 8.8 (their Figure 6.1, p. 252). In all the sub
panels of Figure 8.8 the true initial distribution of data is the same. The top panel
shows two different histogram distributions of the same dataset, with same bin widths
but with different bin replacement. The bin centers of the histogram in the top right
panel is shifted by 0.25, compared to the top left panel. One can see that these two
histogram distributions are completely different. In the middle panel, the left plot
shows the histogram of the distribution when each bin center is set on the individual
data points, and bins are allowed to overlap. This choice is a good representation of the
underlying bimodal distribution of the dataset. The middle right panel, and the bottom
panels show KDE distributions of the same dataset, with different kernel widths. Each
data point in the KDE is represented with a Gaussian kernel. The case of the largest
kernel width is shown on the bottom left panel where the bimodality of the distribution
becomes questionable.

Unlike the histogram bin width and placement that is somewhat arbitrary and hard to
estimate prior to data inspection, the KDE bandwidths can be estimated using a variety
of methods. One of the most common methods is called the Silverman’s rule of thumb
and can be estimated as 1.06sN�1/5 where s is the standard deviation (Silverman 1986).
Scott (1992) estimates the bandwidth as h = 3.49sN�1/3. Both of these estimations are
derived assuming that the underlying distribution is Gaussian and the bandwidth is
equal to the value that minimises the mean integrated squared error. For the complete
derivation of the KDE bandwidth I refer to Ivezić et al. (2014) Chapter 6.

Now I apply the KDE method to compare the distributions of widths calculated
using different tracers. To calculate and plot the KDEs I used the python package
seaborn3. Figure 8.9 shows the density estimation of C18O widths against all 13CO,

3 The seaborn package has a built-in wrapper for calculation KDEs using python’s scipy package. More
information on seaborn can be found at https://seaborn.pydata.org/.

https://seaborn.pydata.org/
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Figure 8.8: Comparison of histograms and KDEs using different bin and kernel widths. Top:
Both panels show histograms of the same distributions with the same bin width but
different bin centers. Middle: The left panel shows the histogram of the data when
bins are allowed to overlap, and centered on each data point. The right panel shows
the KDE of the distribution. Bottom: Both panels show KDEs of the distribution using
larger kernel widths than that of middle right panel.
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C18O integrated intensity and dust column density widths from top to bottom, and
northern and southern regions in left and right panels. Each sub panel also shows
the 1D KDEs for the corresponding distributions. The red dots show the actual data
points. For the widths presented in this figure, I used the filament widths calculated
from the Gaussian fits to the intensity profiles. For the comparison; the same plots
for the 3 other width calculation methods are presented in Appendix A.24 In order
to look for correlations between widths of C18O and the other tracers, I also calculate
the Pearson correlation coefficient and the p-value. These values are also indicated
in each sub panel. A Pearson coefficient of +1 indicates a positive and -1 indicates a
negative linear correlation, whereas a coefficient of 0 indicates no linear correlation
between the given quantities. From Figure 8.9 one can see that the highest correlation
is calculated between the C18O and the 13CO widths. This is interesting because, if one
had only compared the median values of these distributions (see Table 8.2) 13CO would
have appeared as the most dissimilar. Therefore, I report that a visual comparison of
histograms or median (or mean) values of the distributions are not adequate ways
of comparing two such datasets. The real nature of the correspondence between the
datasets can be revealed using KDEs and calculating correlation coefficients.

Figure 8.9 also reveals the lack of strong correlation between the C18O datacube
widths and C18O integrated intensity and dust column density widths. Although the
difference between the median values of these distributions are minute, as discussed
in the previous section, the spread is large enough to lessen the quantitative value of
correlation between the datasets. The spread is due to several effects; firstly the struc-
tures along the line of side with velocity differences larger than ±0.22 km s�1 compared
to the filament spine are not included in the intensity profiles calculate from the
C18O datacube. On the other hand, all structures along the line of sight (regardless
of their velocities) are included in the calculating of the intensity profiles from the
C18O integrated intensity map. It is not possible to distinguish whether all of these
structures along the line of sight are individual coherent filaments, as DisPerSEdoes
not pick them up as filaments separately (except for the OMC-4 region where spatially
overlapping filaments at different velocities can be seen). The integrated intensity map
can also include extended emission (not necessarily coherent filaments along the line
of sight) from all velocity channels from the surroundings of the filament contribut-
ing to different features in intensity profiles and, hence, resulting in dissimilar width
distributions. The structure of the cloud along the line of sight cannot be determined
using the dust column density map, either because the column density map is also a
2D representation of the entire cloud with no information on the velocities. Therefore,
the widths calculated from the dust emission map also lack strong correlation with the
C18O widths.

4 There is no difference between the comparison results obtained using the different width calculation
methods, except that the second moment method shows less correlation in all the comparisons. This is
likely to be a result of boundary selection within which the widths are calculated.
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North

North

North

South

South

South

Figure 8.9: Comparison of filament widths calculated in different tracers using KDEs. From top
to bottom shown are the comparisons between 13CO and C18O datacubes, C18O
integrated intensity and C18O datacube, dust column density and C18O datacube.
Left and right panels show northern and southern regions of the map. The red
points are the data points obtained by plotting the datasets against each other as
scatter plots.
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Another aspect shown in Figure 8.9 is the differences between the filament widths
calculated towards the northern and southern regions of the map. This difference is the
strongest in the case of 13CO, with a relatively strong drop in the correlation coefficient
from 0.57 to 0.41. As can be seen from the top panel of the figure, the cause of this
drop is the increase in the 13CO filament widths that is not compensated by a similar
increase in the C18O widths. The reason why the 13CO widths increase in the south
is that in the southern region the 13CO emission gets much more diffuse and volume
filling unlike the C18O emission. There is very little difference between the correlation
coefficients of the two other tracers towards northern and southern regions of the map.
For the C18O datacube and the C18O integrated intensity map this is because the tracer
is the same. Although the widths increase in the southern region, the increase is similar
for both the datacube and the integrated intensity map. The dust column density map
shows the same behavior as the C18O integrated intensity map, except the correlation
coefficient slightly increases in the southern region, however, not significant enough to
draw conclusions.

Alongside with the differences of filament widths calculated using different datasets,
this section emphasizes the importance of using “the right tools” for data inspection
and evaluation. In this sense I find KDEs superior to histograms, because they are
independent from the size of bin widths that histograms suffer from when evaluating
the shape of probability distributions.

8.2.2 Skewness and kurtosis

Next, I compare the skewness and kurtosis of intensity profiles derived using different
tracers. Skewness and kurtosis of each intensity profile are calculated in FilChaP .

8.2.2.1 Kurtosis

Kurtosis, the fourth moment of distribution, represents the peakiness of the tip and the
heaviness of the tails of a profile. The word itself is derived from the Greek work kurtos
which means “bulging”. Figure 8.10 shows an example of three different tail shapes;
exponential, heavy-tailed and light-tailed. In this section, we are only concerned with
heavy-tailed, and light-tailed, distributions. The light-tailed distributions also usually
have peaks broader than normal distributions, and are therefore called platykurtic
(platy; “broad” in Greek). These distributions have negative kurtosis values. The heavy-
tailed distributions on the other hand have thinner peaks but thicker tails compared to
normal distributions, hence, they are named leptokurtic (lepto; “skinny” in Greek).

I am interested in finding out which one of these distributions resemble the intensity
profiles that are derived from different tracers, whether the kurtosis differs from
one tracer to the other and what physical process these numbers correspond to. For
this purpose I plot KDEs of filament widths and the corresponding kurtosis values



138 contents

North South

North South

Figure 8.11: Correlation of filament widths and kurtosis shown using KDEs. Top panel shows the
correlation between the kurtosis and C18O datacube widths in the northern (left)
and southern (right) regions, respectively. The bottom panels shows the correlation
between the kurtosis and C18O integrated intensity widths in the northern (left),
and southern (right) regions, respectively.
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North South

North South

Figure 8.12: Correlation of filament widths and kurtosis shown using KDEs. Top panel shows
the correlation between the kurtosis and 13CO widths in the northern (left) and
southern (right) regions, respectively. The bottom panels shows the correlation
between the kurtosis and dust column density widths in the northern (left), and
southern (right) regions, respectively.
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of the intensity profiles derived from each tracer. Figure 8.11 shows these KDEs for
C18O datacube and C18O integrated intensity maps in the top and bottom panels,
respectively. The left and right panels show the KDEs for the northern and southern
regions. Figure 8.12 shows the same correlation for the intensity profiles derived from
the 13CO and dust column density maps. The first result from these plots is that the
majority of the profiles are platykurtic with kurtosis values peaking at around -1.0 for
all the tracers. This means that for all the tracers, the intensity profiles have a similar
shape. The kurtosis value being negative indicates that the profiles have a flatter top,
and they may resemble Plummer functions more than Gaussians.

Figure 8.10: Tail shapes of a distribution. Credit:
http://www.statisticshowto.
com/heavy-tailed-distribution/

For the correlation between the width
and kurtosis, the weakest correlation is
found in the case of the dust column den-
sity widths with a correlation coefficient
close to zero. However, there is a weak as-
sociation of the width and kurtosis in the
other tracers. In 13CO, the Pearson coeffi-
cient is calculated to be -0.27 and -0.29, for
the northern and southern regions respec-
tively, indicating a weak negative linear
correlation. The cause of this rather weak
correlation is the broadening of the inten-
sity profiles where the 13CO has higher
opacities. The opacity effects cause broad-
ens the wings of a profile, while the peak

flattens. The C18O and C18O integrated intensity widths show a weaker correlation
with coefficients of the order of -0.15. The cause of this slight correlation could be the
C18O freeze-out. This would flattens the top of the C18O intensity profiles and causes
wider wings.

The general conclusion from the comparison of kurtosis values of the intensity
profiles derived using different tracers is that when one looks at the correlation between
kurtosis and width; (1) one finds that at narrower widths the kurtosis values are more
scattered, (2) the majority of the filaments show negative kurtosis regardless of the
observed tracer which may indicate they resemble Plummer-like functions more than
Gaussian functions, (3) there exists a weak correlation between the width and kurtosis
of 13CO and C18O filaments, which could be attributed to opacity effects, and freeze-out.
However this correlation does not seem to be significant in either of the cases.

8.2.2.2 Skewness

Skewness is the third moment of distribution and it represents asymmetry. A profile
can be skewed, or in other words distorted, towards left or right. How much a profile
is skewed can be calculated based on the deviation from a normal distribution. The

http://www.statisticshowto.com/heavy-tailed-distribution/
http://www.statisticshowto.com/heavy-tailed-distribution/
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skewness of a normal distribution is zero. In this section, I compare the skewness of
the filament intensity profiles of 13CO, C18O and dust column density emission. In a
similar fashion to the analysis of the width distribution presented in Chapter 7, I look
at how the skewness changes throughout the map. The purpose of this exercise is to
understand whether there is an indication of stellar feedback imprinted on the intensity
profiles that are skewed away from the source of radiation.

Figure 8.13 shows the filaments colored by skewness at each point calculated form
the C18O emission, 13CO emission and dust column density maps from left to right,
respectively. The skewness values shown are the absolute skewness values to make sure
that there is no bias introduced caused by the direction of the perpendicular cut. As can
be seen, there is a large difference between the skewness of the dust column density
profiles and the skewness of the CO isotopologues. The skewness of the intensity
profiles derived from the 13CO and C18O datacubes show no significant correlation
with the location of the filaments. However, the profiles derived from the dust column
density map show high skewness values at the immediate vicinity of feedback sources
(e. g. vicinity of OMC-1 and NGC1977). Furthermore, the average skewness of the
dust profiles are much higher compared to 13CO and C18O. I would like to investigate
further whether this immense difference is a result of the feedback or the way the
skewness is calculated.

In order to see why the profiles have such different skewness values I select intensity
profiles from each tracer and look at the calculated skewness. Figure 8.14 shows the
intensity profiles for all the tracers at a position where the skewness of the dust column
density profile is three times higher than that of the C18O profile. This figure illustrates
the problems in calculating the higher moments of distribution. But before I come to
that, I would like to highlight that the filament detected in C18O and 13CO emission
is completely hidden in the radial profiles of the dust column density and the C18O
integrated emission maps amongst the emission from the surrounding structures at
different velocities. Although the C18O and 13CO intensity profiles show the filament
distinctly, the 13CO profile has a more extended tail. This tail can also be seen in C18O,
however it appears to be more pronounced and hence, is separated with a boundary
at around 0.12 pc. Because of this extended tail, the 13CO emission appears twice as
skewed (skewness is calculated to be -1.1 and 0.5 for 13CO and C18O, respectively).
The dust column density profile has the highest skewness (1.4), but rather than stellar
feedback, this skewness is only related to the fact that the emission from the filament is
partially blended in with a nearby structure and only half of it can be resolved. In the
case of the C18O integrated intensity emission, the skewness is low (0.3), however, the
intensity profile that belongs to the filament cannot be distinguished. Even though both
the dust column density map and the integrated intensity map trace all the structures
along the line of sight, the dust column density has a much higher dynamic range and
is sensitive to the extended emission as well. Therefore, the skewness calculated from
these tracers also differ by an order of a magnitude.
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C18O

13CO

N(H2)

C18Omom0

s = 0.5
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s = 1.4

Figure 8.14: Comparison of intensity profiles calculated at the same position of the map, using
different tracers. The solid black lines show the averaged profiles for which the
filament properties are calculated. The grey lines show the profiles along the
filament over which the averaged profile is calculated. Top: C18O and dust column
density profiles shown in the left and right panels. Bottom: 13CO and C18Omom0
intensity profiles in the left and right panels. The grey dashed lines indicate the
fitting boundaries.
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8.2.3 PDRs or filaments?

As explained in previous sections, C+ is enhanced between the molecular gas and the
atomic gas by the FUV radiation (5.16 eV < hn < 13.6 eV). Because Orion A is bathed
by strong UV radiation that is produced by the Trapezium cluster near OMC-1 and the
42 Ori near OMC-3, I predict that the filaments must be affected by this radiation too.
In order to demonstrate that filaments may show a chemical layering resembling PDRs,
I used FilChaP to produce intensity profiles of all species (13CO, C18O, [C ii] , N(H2)
and dust temperature (Tdust )) perpendicular to the filament spines. The Tdust map used
in this work is unpublished and was produced using Herschel observations (private
comm. Dr. Amelia Stutz).

In order to demonstrate the spatial layering of the observed tracers towards the
filaments, I have selected 4 example filaments. Figure 8.15 shows the location of these
filaments in the northern Orion A in the middle panel, and the radial intensity, column
density and dust temperature profiles of the filaments. In each panel showing the
profiles the black, dark red and blue lines correspond to C18O, 13CO and [C ii] emission,
respectively, the orange line corresponds to the dust column density emission and the
bright red line corresponds to the dust temperature along the perpendicular slice. The
emission peaks of C18O, 13CO and the dust column density are close together in all
cases. [C ii] peak however is shifted in all cases, enhanced towards the direction where
the filaments face UV radiation. The enhancement of [C ii] emission is followed by an
enhancement in the dust temperature.

The shift of the [C ii] peak and the chemical layering is a common occurring through-
out the map. In order to quantify the amount of this shift, I identified the emission
peaks in each intensity profile and plotted the differences on the C18O peak intensity
map. Figure 8.16 shows the distances between the C18O and [C ii] peaks throughout the
northern Orion A on the left panel, and the distances between 13CO and [C ii] peaks
on the right panel. There exists a chemical layering of species for the majority of the
filaments, and this shift in most cases is between 0.1 - 0.15 pc. The densest filaments in
the inner ridge of the ISF show very little shift implying that perhaps the high column
density filaments are much less affected by the UV radiation. However, further studies
of in-depth PDR modeling is necessary to draw conclusions from this analysis.
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Part IV

E P I L O G U E

The last part of this work is intended to summarize the results that have
been discussed thus far, and present ideas for future work.
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C O N C L U S I O N S

In order to understand star formation in the most nearby high-mass star forming molec-
ular cloud, Orion A, the CARMA-NRO Orion Survey team has conducted observations
both at CARMA and NRO. I contributed to the observations held at CARMA spending in
total a month at the telescope between 2014 and end of 2015. My hands on experience
that not only included executing observations, but working with the telescopes at the
observing site and helped me to understand the principles of radio astronomy and
radio interferometry much better. Furthermore, I contributed to the interferometric
data reduction during the data acquisition at CARMA.

I investigated the performance of the structure identification algorithm DisPerSEusing
simulated filaments and simulated molecular clouds. I found that as the signal to noise
level decreases, DisPerSE tends to identify filamentary networks. These filamentary net-
works are not identified in the simulations with no noise, but only seem to appear in
noisy datasets when the persistence threshold is set to less than 3 times the noise level.
Therefore, the identification of fake filamentary networks can easily be avoided.

I identified filaments in the CARMA-NRO 13CO and C18O(1-0) datasets. However,
as C18O traces denser and more filamentary gas, I used the filaments identified in the
C18O map throughout this work. In order to analyze the properties of the identified
filaments, I developed FilChaP , a python-based filament characterization algorithm.
FilChaPuses DisPerSEfilaments on 2D or 3D datasets to calculate filament lengths,
widths, curvatures, skewness and kurtosis.

By analyzing the C18O dataset, I found the:

• the filaments have a median of 0.1 pc width, however, the width along the
filaments varies throughout the cloud.

• the calculated widths in the north is slightly narrower than the widths in the
southern portion of the cloud.

• the variation of the width (0.05 – 0.3 pc) correlates with the amount of substructure
that the filaments have. For a filament width no substructure the filament width is
0.06±0.01 pc and 0.08±0.01 pc in the northern and southern regions, respectively.

• there is a lack of correlation between filament widths and column density that was
also shown in previous studies such as Arzoumanian et al. (2011). The fact that
filaments with high column densities still keep a constant width was attributed
to accretion onto the filaments.
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• Looking at the velocity dispersion of the substructure of the filaments, and not
only the filament spine, I showed that the substructure contributes to the filament
velocity dispersion, immensely. If the accretion onto the filaments is responsible
for the observed velocity dispersions, I showed that to drive such a level of
turbulence one needs accretion velocities of 3 – 5 km s�1 .

The comparison of emission from different tracers has revealed that structures along
the line of sight affect the filament properties excessively. However, in order for a
comparison one must use reliable tools. In this sense, I found that comparison of 2D
KDEs are sufficient. By comparing the filament calculated from the C18O datcube, to
those calculated form the C18O integrated intensity map, 13CO datacube and dust
column density map I found:

• the highest correlation of widths are calculated between the C18O and 13CO
datacubes,

• there is a large scatter between the widths calculated from C18O datacube and
C18O integrated intensity, as well as the dust column density maps,

• the filament widths calculated from C18O integrated intensity and dust column
density correlate with each other

• the filament widths in the southern region of the map is always larger, reaching
0.2 pc in 13CO emission.

I have also looked at the higher order moments, kurtosis and skewness, of the
filament profiles, and compared them in different tracers. I found that:

• the narrower the widths the more scattered the kurtosis values,

• the kurtosis values for the majority of the profiles in all tracers is negative,
indicating a better correspondence to Plummer-like profiles

• there is a weak correlation between the filament widths and kurtosis for 13CO
and C18O that could be attributed to opacity effects and freeze-out, respectively.

• for the skewness, depending on the boundaries of the intensity profiles within
which the skewness values are calculated, one gets highly different results. I
found skewness to be unreliable, and not quite representative of stellar feedback
given the current methods. However, the methods can be improved in the future.

Lastly, I found that the majority of the filaments in the northern Orion A is affected
by the strong UV radiation produced by the high-mass stars. Most of these filaments
show chemical layering of dense and ionized gas that resemble clumpy PDRs. However,
the highest column density filaments along the dense ridge of the ISF stay less affected,
perhaps shielded from the ionizing radiation.
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O U T L O O K

In this work, I have presented a comprehensive analysis of the filamentary structure of
the Orion A molecular cloud. However, as any scientific study, there are aspects of this
work that can be improved, and open questions that can be answered in the near future.
For example, for filament identification, I used the DisPerSE algorithm. However, there
are other methods that can be applied to compare the identified filaments, such as
Friends in velocity (FIVE) developed by Hacar et al. (2013). FIVE decomposes a datacube
by fitting Gaussians to each spectra and groups the spectra that form coherent structures
in velocity space. FIVE is unfortunately not publicly available, however there are similar
methods recently developed in-house by Dr. Seamus Clarke and can be applied to the
CARMA-NRO dataset in the future. Usage of such an algorithm will also help studying
filament kinematics on which I would like to write another paper. I would, however,
like to note that the recent study by Clarke et al. (2018) shows that filaments that may
seem coherent in velocity space, do not necessarily correspond to coherent entities in
the 3D PPP space. Therefore, studying filament kinematics and deriving conclusions
has to be done with caution.

The FilChaP algorithm can be improved in several ways. Firstly, I would like to
implement a method to identify fitting boundaries in a more robust way: including also
an intensity threshold. At the moment the boundaries are put around the peak of the
emission from the filament wherever a minima with a significance of 3 beam-sizes is
found. The intensity threshold will ensure that this minima is close to the noise level
and therefore the wings of intensity profile of the filament always goes to the noise level.
This will help prevent having filament widths larger than the size of the boundaries.
The significant peaks within the boundaries will then be identified as substructure. I
predict that this method will also improve the skewness analysis, as the boundaries
would be less biased. Secondly, I would like to make FilChaP compatible with PPP
datasets, therefore, it can also be applied to simulated data.

From the observational side, no amount of data is ever sufficient to study all the
aspects of an object. Therefore, I would like to write an observing proposal for a large
program to observe atomic carbon, C i , emission throughout Orion A. At the moment
the APEX telescope has the ability to do this. With the C i data at hand, one can study the
distribution of neutral atomic gas, and an in-depth analysis of PDRs would be possible.

To complete this work, I will write a paper on the filament properties seen in different
tracers presented in Chapter 8. Such a study has never been published before and I
think it proves that the properties structure we observe is highly dependent on the
tracer that we choose to observe it with.
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A P P E N D I X





A
A D D I T I O N A L P L O T S

a.1 channel maps

In this section, I present the channel maps of the observed tracers from the CARMA-
NRO Orion Survey and the C+ SQUAD Project. Figures A.1, A.2, A.3 show the channel
maps of 12CO, 13CO and C18O, respectively. The 12CO channel maps are between
4.6 km s�1 and 13.6 km s�1 with an increment of 0.5 km s�1 . For the 13CO, the maps
between 5.4 km s�1 and 13.4 km s�1 are plotted with an increment of 0.5 km s�1 . For
C18O the maps between 5.9 km s�1 and 11.6 km s�1 are plotted with an increment of
0.4 km s�1 .

The channel maps for the [C ii] emission is shown in Figure A.4 for the velocities
ranging between -1.9 km s�1 and 14.3 km s�1 with 0.9 km s�1 increments.
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Figure A.1: 12CO channel maps. The maps are shown for the velocities ranging from
4.6 km s�1 to 13.6 km s�1 with 0.5 km s�1 increments.
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Figure A.2: 13CO channel maps. The maps are shown for the velocities ranging from
4.6 km s�1 to 13.4 km s�1 with 0.9 km s�1 increments.
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Figure A.3: C18O channel maps. The maps are shown for the velocities ranging from
5.9 km s�1 to 11.6 km s�1 with 0.4 km s�1 increments.
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Figure A.4: C+ channel maps from C+ SQUAD Project. The map is shown for the velocities
from -1.9 km s�1 to 14.3 km s�1 with 0.9 km s�1 increments.
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a.2 kde plots

Additional plots for the KDE comparison between the filament widths calculated us-
ing Plummer p=2 and p=4 fits and the second moment of distribution is shown in
Figures A.5, A.6, A.7, respectively. The results for the Gaussian fits are presented in
Section 8.2.1.2. Essentially, there is no difference between the methods that would yield
different correlations between the widths calculated using different tracers. The second
moment method, however, yields a slightly lower correlation for all the tracers, which
could be an effect of the boundary selection.
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Figure A.5: Comparison of filament widths seen in different tracers calculated for the Plummer
p=2 fits. From top to bottom shown are the comparisons between 13CO and C18O
datacubes, C18O integrated intensity and C18O datacube, and dust column density
and C18O datacube. Left and right panels show the widths calculated for the
northern and southern regions of the map.
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Figure A.6: Same as Figure A.5 but for the Plummer p=4 fits.
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Figure A.7: Same as Figure A.5 but for the widths calculated from the second moment of
distribution.





B
P U B L I C AT I O N

The publication, Suri et al. (2019), presented in this chapter is reproduced with permis-
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ABSTRACT

Context. We present an initial overview of the filamentary structure in the Orion A molecular cloud utilizing a high angular and
velocity resolution C18O(1–0) emission map that was recently produced as part of the CARMA-NRO Orion Survey.
Aims. The main goal of this study is to build a credible method to study varying widths of filaments which has previously been linked
to star formation in molecular clouds. Due to the diverse star forming activities taking place throughout its ⇠20 pc length, together
with its proximity of 388 pc, the Orion A molecular cloud provides an excellent laboratory for such an experiment to be carried out
with high resolution and high sensitivity.
Methods. Using the widely-known structure identification algorithm, DisPerSE, on a three-dimensional (PPV) C18O cube, we identify
625 relatively short (the longest being 1.74 pc) filaments over the entire cloud. We studied the distribution of filament widths using
FilChaP, a python package that we have developed and made publicly available.
Results. We find that the filaments identified in a two square-degree PPV cube do not overlap spatially, except for the complex OMC-4
region that shows distinct velocity components along the line of sight. The filament widths vary between 0.02 and 0.3 pc depending
on the amount of substructure that a filament possesses. The more substructure a filament has, the larger is its width. We also find that
despite this variation, the filament width shows no anticorrelation with the central column density which is in agreement with previous
Herschel observations.

Key words. ISM: clouds – stars: formation – ISM: structure – ISM: individual objects: Orion A – methods: statistical

1. Introduction

Over the past decade, it has become clear that stars preferentially
form along and at the junctions of filaments inside cold, dense
molecular clouds (e.g. Schneider et al. 2012). Filaments pervade
molecular clouds whether these clouds form high-mass or
low-mass stars, or lack star formation entirely (André et al.
2010, 2016). Earlier studies of dust continuum observed with the
Herschel Space Observatory suggest a “universal width” of the
observed filaments (Arzoumanian et al. 2011). The distribution
of widths of 90 filaments having column densities of 1020–
1023 cm�2 peaks at 0.1 pc with very little dispersion (±0.03 pc,
Arzoumanian et al. 2011). However, work by Smith et al. (2014)
shows that the calculated filament width is dependent on the
fitting range considered when analyzing the radial profiles.
They find that the degeneracy between the central density of the
filaments and their inner flat-radius raises uncertainties. We also
refer to Panopoulou et al. (2017) for the shortcomings of fitting
methods used in calculating filament widths. Moreover, higher
angular resolution observations that allow study of high density
filaments within molecular clouds suggest widths as narrow as
0.01 pc (Sánchez-Monge et al. 2014; Hacar et al. 2018), while
observations of tracers such as 13CO have revealed filaments
with 0.4 pc widths (Panopoulou et al. 2014). For the study of
filament properties, in particular their widths, molecular line
?

Current address: Max Planck Institute for Astronomy, Königstuhl
17, 69117 Heidelberg, Germany.

observations allow studying intertwined filamentary networks
which otherwise appear as single objects when observed in dust
emission due to projection of three-dimensional information
(position–position–velocity, PPV) on to two-dimensional
column density space, therefore providing a more accurate
determination of the filament properties. Understanding the role
of filaments in the process of star formation requires high spatial
and spectral resolution studies of, ideally, multiple molecular
emission lines that trace different densities within the cloud, as
well as continuum emission. This way, filament properties can
be calculated for different tracers that probe a variety of physical
and chemical conditions. Investigating physical and kinematic
properties of filaments weighted by the environmental and
chemical conditions allows us to gain an understanding of how
filaments form, how this relates to the formation of molecular
clouds, how mass flow and/or accretion onto filaments leads
to the formation of new stars (see e.g. Ostriker 1964; Larson
1985; Inutsuka & Miyama 1992; Pon et al. 2012; Fischera &
Martin 2012; Heitsch 2013; Smith et al. 2014, 2016; Clarke &
Whitworth 2015; Seifried & Walch 2015; Clarke et al. 2016,
2017; Chira et al. 2018).

In this work, we have studied filament properties toward the
closest site of ongoing high-mass star formation, the Orion A
molecular cloud (d ⇡ 388 pc, Kounkel et al. 2017). Orion A is
amongst the most studied regions in the Galaxy (e.g. Bally et al.
1987; Johnstone & Bally 1999; Shimajiri et al. 2009; Nakamura
et al. 2012). The northern Orion A region, encompassing
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OMC-1, OMC-2, OMC-3 and OMC-4, is commonly referred as
the integral shaped filament (hereafter, ISF, Bally et al. 1987).
The whole ISF is subject to ionizing UV radiation produced by
the Trapezium stars ⇠1 pc in front of the molecular cloud (van
der Werf et al. 2013). Moreover, the NGC1977 HII region, pow-
ered by a B0V type star, 42 Ori, could produce a radiation field
as strong as 2000 times the standard value of the ISRF (G0 '
2000) on the OMC-3 filaments, depending on the 3D orientation
of the star relative to the northern ISF. Toward the south, the ISF
extends to the L1641 region that is more diffuse compared to the
northern portion, and less affected by the UV radiation due to the
lack of high-mass stars.The structures seen in Orion A are there-
fore shaped not only by the gravitational potential of OMC-1, but
also by the feedback from high-mass and low-mass (proto)stars.

So far, large-scale spectral line emission maps of the Orion
A cloud have been obtained only with low angular resolution,
while high angular resolution observations have been obtained
only toward selected subregions of the cloud. For example, while
Bally et al. (1987) observed a 1.5 square degree region of the
ISF with a 0.1 pc resolution, Kainulainen et al. (2017) observes a
3 ⇥ 11 arcmin (0.33 ⇥ 1.24 pc) region toward OMC-2 with a
⇠1200 AU resolution. Similarly, Hacar et al. (2018) observes
a narrow field around the OMC-1/OMC-2 regions with high
angular resolution (1750 AU) using a map combining data from
ALMA and the IRAM 30 m telescope. The current work, on the
other hand, provides a first look into filament properties that are
obtained with high angular resolution in an extensive map of the
Orion A molecular cloud.

In Sect. 2, we summarize the large scale and high angular
resolution observations from the CARMA-NRO Orion Survey.
In Sect. 3 we introduce our methods to calculate physical prop-
erties of filaments. Based on these methods we present filament
properties as observed in C18O emission, see Sect. 4. Finally, we
summarize our results in Sect. 5.

2. Observations

In order to image an extended region toward Orion A with
high angular resolution and high sensitivity, the CARMA-NRO
Orion Survey (PI: J. Carpenter) was granted ⇠650 h of observ-
ing time at the Combined Array for Millimeter-Wave Astronomy
(CARMA). The observations were carried out between 2013 and
2015 using 15 antennas (6 and 10 m dishes) of the array with
D and E configurations resulting in an angular resolution of
about 8 arcsec (0.015 pc at a distance of 388 pc). Outflow and
diffuse gas tracers (12CO and 13CO), warm dense gas tracers
(CS and C18O), a cold dense gas tracer (CN) and a shock tracer
(SO) along with the 3 mm continuum were observed simulta-
neously. The interferometric observations were combined with
single dish observations in order to account for extended emis-
sion. The single dish observations were carried out at the 45 m
telescope at the Nobeyama Radio Observatory (NRO45m). The
NRO45m data were taken using two different receivers; BEARS
between 2007 and 2009 for 12CO, and between 2013 and 2014
for 13CO and C18O, and FOREST between 2014 and 2017. These
observations are described in detail in Shimajiri et al. (2014)
and Kong et al. (2018), respectively. For combination and joint
deconvolution of the interferometer and single dish data in the
uv-domain the method presented by Koda et al. (2011) was fol-
lowed. The data combination results in 0.47 K rms noise level
in 0.22 km s�1 channels. Details on the imaging are presented in
the CARMA-NRO Orion Survey data paper Kong et al. (2018).

The combined (CARMA+NRO45m) data spans two degrees
in declination including the ISF in the north and the L1641

cloud in the south. In Fig. 1, we show the C18O moment maps;
integrated intensity, centroid velocity and velocity dispersion
(from left to right). The data highlights the filamentary nature
of the cloud (see Fig. 1, left panel), as well as hub-like structures
where filaments merge. A plethora of kinematic information
accompanying the filamentary structure can be seen in the veloc-
ity centroid map (Fig. 1, middle panel). In addition to the well
known north-south velocity gradient from 13 to 5 km s�1, we
see gradients perpendicular to the spine of the ISF appearing
in OMC-4 and -5 regions. The kinematics of the filamentary
structure will be discussed in a following paper.

3. Filament properties

Filament identification is done by employing the structure iden-
tification algorithm Discrete Persistent Structures Extractor,
DisPerSE (Sousbie 2011). DisPerSE uses the Morse theory to
derive information on the topology of a given data set. It builds
up a tessellation consisting of critical points – those points where
the gradient of the intensity goes to zero, namely: minima, max-
ima and saddle points. It connects maxima and saddle points
via arcs, which are then called filaments. DisPerSE has been a
widely used tool to extract filamentary structures both in obser-
vational and synthetic datasets (e.g., Arzoumanian et al. 2011;
Schneider et al. 2012; Palmeirim et al. 2013; Panopoulou et al.
2014; Smith et al. 2016; Chira et al. 2018). In order to identify
filaments in the CARMA-NRO Orion Survey we used the C18O
datacube. The C18O emission allows us to trace denser regions
of the cloud. It is optically thin and less affected by stellar feed-
back compared to 12CO and 13CO, therefore it is a better choice
to trace dense filaments. The 12CO emission traces more dif-
fuse and optically thick parts of the cloud (see Fig. 5 in Kong
et al. 2018), and therefore we refrain from using it for the analy-
sis of the filamentary structure. The 13CO map shows filamentary
structure in addition to the extended emission (see Fig. 6 in Kong
et al. 2018), but it can be optically thick in the densest parts of
the ISF.

We applied DisPerSE on the C18O datacube with a per-
sistence and a noise threshold of 2 K (4�). Persistence is a
term that refers to the contrast between the values of the iden-
tified critical points. High persistence means that the identified
maximum has higher contrast with respect to its surroundings.
Eliminating those critical point pairs with low persistence, in
turn, leaves us with the most prominent structures that stand
out from the rest. For further discussion on persistence and the
general mathematical background of the algorithm we refer to
Sousbie (2011).

After running on a PPV cube, DisPerSE provides us with fil-
ament coordinates for each identified filament on the PPV space.
This has an advantage over the column density filaments iden-
tified in Herschel maps (e.g. André et al. 2016), because we are
able to disentangle the velocity structure of the filaments instead
of looking at integrated emission over all the structure along the
line of sight.

Figure 2 shows the identified filaments overlaid on the C18O
peak intensity map. In total, 347 filaments are identified in the
northern region (ISF) and 278 filaments in the southern region
(northern part of the L1641 cloud). The properties of these fil-
aments are unaffected by the recent distance measurements to
the cloud that showed a distance gradient throughout Orion A
(Grossschedl et al. 2018). The gradient starts being effective
below galactic longitude 210� (or approximately �6�300) close
to the southern border of our map. The filaments show slightly
different properties in the northern part of the cloud compared

A142, page 2 of 18
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OMC-3
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OMC-1

OMC-4

OMC-5

L1641-N

HH34V380

HH1/2

Fig. 1. Moment maps of C18O J = 1–0. From left to right panels: integrated intensity emission, the centroid velocity, and the velocity dispersion.
Relevant star-forming regions are marked on the integrated intensity map. Beam-size shown in the bottom left corner is five times the real beam
size (5 ⇥ 0.015 pc) of the observations for demonstration purposes.

to the more diffuse filaments identified in the southern part (see
the following sections and Figs. 5 and 10). A large number of
filaments identified by DisPerSE have short lengths (<0.15 pc),
and seem to be continuations of one another, resulting in a longer
but fragmented (as seen in C18O) filament. We therefore did not
exclude them from further analysis, in particular for the width
determination. However, properties of only those filaments with
an aspect ratio larger than 2:1 are shown in the Appendix B.

In order to study filament properties, we have devel-
oped a python package: the Filament Characterization Package
FilChaP

1 that utilizes the coordinates of the identified filaments
and derives their physical properties. In the following section,
we present the analysis performed by FilChaP.

3.1. Calculation of the filament width

For each filament, we extracted radial intensity profiles perpen-
dicular to the filament spines. This is done by first calculating
coordinates of a perpendicular line at each sample point along
each spine. These sample points are separated by 1.5 beam sizes
(0.023 pc) in order to provide statistical independence. This
separation value was found by visual inspection of the pixels
employed to produce intensity profiles, making sure the same
pixels are not used multiple times in consecutive slices. However,
depending on a filament’s curvature, the slices may occasion-
ally cross one another at larger radial distances from the spines.
The pixels that lie on or adjacent to the calculated perpendicular
lines are used to produce the radial intensity profiles in a similar
fashion to Duarte-Cabral & Dobbs (2016).
1 Publicly available at https://github.com/astrosuri/filchap

This process is shown in Fig. 3. On the top panel of the figure
the peak intensity map toward the OMC-4 region that is overlaid
with an identified filament spine is shown. Two perpendicular
slices from which we extracted intensity profiles are also overlaid
on the filament spine in red. An intensity profile was constructed
using intensities of the pixels that are perpendicular to the fila-
ment spine at a sample spine point. These “perpendicular pixels”
were found on or at the immediate vicinity of the calculated per-
pendicular line by looking for pixels that are at most one pixel
away from the perpendicular line. The middle panel of Fig. 3
shows an expanded view of the region marked with a green box
in the top panel, in order to provide a more detailed look into the
perpendicular slices. The perpendicular pixels are shown with
red crosses marking the center of each pixel. There are occur-
rences for which the calculated perpendicular lines do not cross
exactly pixel centers. In that case, FilChaP takes the mean of
the intensities from pixels that lie adjacent to the perpendicular
lines. A complete radial intensity profile is achieved by plotting
intensities from perpendicular pixels at each radial distance from
the filament spine.

The bottom panel of Fig. 3 shows the averaged (over the
shown two perpendicular slices) and baseline subtracted2 inten-
sity profile with a black solid line. In order to obtain the averaged
profiles, we took the mean of the intensities at each radial dis-
tance from the spine. The negative distances from the spine
point to the northeast direction, and positive distances to south-
west of the filament. The shoulders of the averaged profile are
also shown in the bottom panel of Fig. 3. A shoulder is identi-
fied where there is a local minimum in the second derivative of
2 See Appendix A for baseline subtraction.
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Fig. 2. Filaments identified in the Orion A molecular cloud. Grayscale
shows the C18O peak intensity emission, while the colored segments
indicate the filaments identified by DisPerSE.

an intensity profile. Within FilChaP the shoulders are always
identified on the smoothed intensity profiles. For this study, the
smoothing length is the beam size. We also require the integrated
intensity of a shoulder to be at least five times the noise level
of the averaged profile which on the order of 1 K km s�1. This
threshold is set in order to discard less significant peaks.

As each point on the identified filament is defined by a veloc-
ity coordinate as well, we know the velocity range spanned by
our filament. This information allows us to disentangle filamen-
tary structure in PPV space. Therefore, we utilized this informa-
tion when calculating the radial intensity profiles in the following
way. The intensity profiles are not calculated on the integrated
intensity map that is obtained from the entire velocity range of
the cloud (as was done in the dust continuum studies). Instead,
the intensities from each perpendicular slice are integrated over
the two neighboring velocity channels around the velocity at
which the filament is identified. For example, if a point along
the filament is at a velocity of 5.5 km s�1 the intensity profile
that is perpendicular to this point is calculated from the inte-
grated intensity between 5.28 and 5.72 km s�1 with the velocity
channel width being 0.22 km s�1. This helps reduce the confu-
sion in PPV space by discarding emission other than that which
belongs to the identified filament and it makes sure that the emis-
sion included in the construction of the intensity profiles is not
separated from the velocity at which the filament is identified by

5h35m00.00s12.00s24.00s
RA (J2000)

37'

36'

35'

34'

33'

-5°32'

D
e
c 

(J
2

0
0

0
)

0.1 pc

5h35m07.20s12.00s
RA (J2000)

24.0"

35'06.0"

48.0"

30.0"

-5°34'12.0"

D
e
c 

(J
2

0
0

0
)

0.1 pc

0.4 0.2 0.0 0.2 0.4
Distance from the ridge [pc]

0

1

2

3

4

5

In
te

g
ra

te
d

 I
n

te
n

si
ty

 [
K

.k
m

/s
]

Fig. 3. Top panel: C18O peak intensity emission overlaid with a fila-
ment spine (in orange) and 2 perpendicular slices (in red and yellow).
The yellow portion of the slices indicate the extent of emission fitted
with FilChaP. The green box indicates the magnified region shown
in the middle panel. Contours indicate emission levels of 2, 3, 5, 7, 9,
11 K. Middle panel: expanded view of the perpendicular slices. The
perpendicular pixels used to extract the intensities at each radial bin
are marked with crosses. Bottom panel: intensity profiles (gray lines)
extracted from the slices overlaid on the map in the middle panel. Blue,
yellow, and red curves fitted to the averaged intensity profile (black)
indicate Gaussian and Plummer-like fits with p = 2 and 4, respec-
tively. The vertical gray dashed lines show the positions of the iden-
tified minima considered during the fitting procedure (see Sect. 3.1).
Vertical green dashed lines correspond to shoulders as explained in
Sect. 4.1.

more than twice the sound speed (approximately 0.2 km s�1 at
10 K, close to our velocity resolution), providing coherence. The
velocity coordinate along the filaments often change, therefore,
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the integrated intensities are computed individually for each PPV
point along a filament.

3.1.1. Filament width determination methods

In order to calculate the widths, we employed four different
methods, a Gaussian fit, two fits with Plummer-like functions
with power law indices p = 2 and 4, and the second moment of
distribution. Plummer-like functions have been used to describe
the column density of a filament with a dense and flat inner por-
tion and a power-law decline at larger radii (Arzoumanian et al.
2011):

⌃p(r) = Ap

⇢cRflat

1 +
⇣

r

Rflat

⌘2�
⇣

p�1
2

⌘ (1)

where ⇢c is the central density, Rflat is the radius within which the
density is uniform, p is the power law index, and Ap is a finite
constant that is related to the filament’s inclination compared to
the plane of the sky (here we assume that this angle is zero). The
nth moment of a distribution I is given by:

mn =
1
N

P
N

i
Ii (xi � x̄)n

�n
(2)

where x̄ is the intensity weighted mean position of the profile,
Ii is the intensity at position xi, and � is the intensity weighted
standard deviation of the profile. The second moment is the vari-
ance of the distribution and therefore we calculate the width of
the profile as

p
m2 ⇥ 2

p
2ln2. For the fits, we use the curve_fit

function contained within the scipy.optimize package with the
default Levenberg-Marquardt algorithm.

We refrained from fitting the power law index of the
Plummer-like function due to the degeneracy between p and Rflat.
Instead, we use the literature values of the index; p = 4 for the
density of a homogeneous isothermal cylinder (Ostriker 1964)
and p = 2, the value derived in Herschel studies when p is fitted
as a free parameter (Arzoumanian et al. 2011), which is attributed
to non-isothermality of these objects (e.g. Lada et al. 1999) or to
magnetic fields (e.g. Fiege & Pudritz 2000).

The profiles are fitted only within the boundaries set by the
minima around the peak. These boundaries are shown in the right
hand side of Fig. 3 as gray vertical dashed lines. The minima are
automatically calculated through FilChaP by first smoothing the
profiles with a Gaussian having a width of the beam-size of the
observations, and then looking at minima around the peak with a
significance of approximately three beam-sizes. If multiple min-
ima are detected on each side of the spine we take the ones that
are located closer to the maxima as boundaries. The effect of
the fitting range on the calculated widths is further discussed in
Sect. 3.2.2.

3.1.2. Treating the bias caused by the averaging length

Previous studies (e.g. Arzoumanian et al. 2011) calculated fila-
ment widths using intensity profiles that are averaged over the
entire length of a filament. Although averaging helps to obtain a
smooth radial intensity profile, it has the disadvantage that any
information that could be used to understand how and why the
width changes along a single filament is lost. Therefore, we first
study the effect of averaging intensity profiles by averaging over
a length of 0.015 (a beam-size), 0.045, and 0.075 pc and finally
over the entire filament. Figure 4 shows how averaging inten-
sity profiles over different length scales affects the results. The

length scale over which the profiles are averaged is indicated on
the top left corner of each panel. The panels in which we aver-
age over shorter length scales (top left and right, bottom left)
show marginal change in width. The bottom right panel, how-
ever, shows the scenario if we were to average over the length of
the filament, the resulting width is twice as large as the previous
values. Thus, not only do we overestimate the filament width by
averaging, but we also lose information on the substructure of
the filament. We then chose to average intensity profiles over a
length of 0.045 pc (three beam-sizes) for further analysis. While
this approach gives us a chance to smooth the profiles over 12
points (three beam-sizes) along the filament, it helps us avoid
deriving overestimated parameters. Furthermore, we are able to
follow the gradient of the width along the identified filaments.

3.2. Distribution of filament widths

Using the method described in Sect. 3.1, we calculate the widths
of all the 625 filaments identified by DisPerSE in Orion A.
The results are shown in Fig. 5 where the distribution for
the northern region is shown by the colored and the south-
ern region by the gray histograms. The four subplots show the
distribution of widths (FWHM) calculated using Gaussian (left)
and Plummer p = 2 fits (right) in the top panel, Plummer p = 4
fit (left) and the FWHM calculated from the second moment of
distribution (right) in the bottom panel. Black and red dashed
lines in each subplot plot indicates the “characteristic” widths
found by Arzoumanian et al. (2011) in Herschel dust continuum,
and Hacar et al. (2018) in N2H+ emission. The dot-dashed line
indicates the spatial resolution of the data.

All four methods yield similar distributions, with the Plum-
mer p = 2 fits resulting in slightly narrower widths3. The median
values4 of the distributions are 0.12+0.15

�0.09 and 0.14+0.18
�0.11 pc for the

Gaussian fits, 0.09+0.13
�0.07 and 0.11+0.14

�0.08 pc for the Plummer p = 2
fits, 0.11+0.14

�0.08 and 0.13+0.16
�0.09 pc for the Plummer p = 4 fits, and

finally, 0.12+0.15
�0.09 and 0.12+0.15

�0.09 pc for the FWHM derived from the
second moment for the northern and southern regions, respec-
tively. These results are very close to what has been reported by
the Herschel studies (e.g. Arzoumanian et al. 2011; André 2017)
and are larger than the width reported based on ALMA studies
of filaments (e.g. Hacar et al. 2018; Henshaw et al. 2017), which
is not unexpected considering that N2H+ is less extended and
traces higher densities along filament spines.

The existence of a “characteristic” filament width is still
highly debated (see Panopoulou et al. 2017; André 2017). In
studies such as Arzoumanian et al. (2011), Palmeirim et al.
(2013) and Koch & Rosolowsky (2015) the spread of the filament
width distribution is less than a factor of two around the median
width. On the other hand, a study by Juvela et al. (2012) shows
that there is an order of magnitude deviation from the mean
width (0.1–1.0 pc). Our distributions shown in Fig. 5 indicate
a very significant, about an order of magnitude spread around
the median value regardless of the method. The origin of this
wide distribution may be due to the fact that the filaments are

3 Using the deconvolution formula given in Könyves et al. (2015), the
deconvolved filament width would be

p
0.12 � 0.0152 = 0.098 pc using

an observed width of 0.1 pc and our beamsize of 0.015 pc. This shows
that for our high-resolution data the beamsize does not play a cru-
cial role for our calculated filament widths and there is no need for
deconvolution.
4 All the errors cited on the median widths throughout this work are the
first and third quartiles. The uncertainties on the widths derived from
the intercept of the linear relation between number of shoulders and the
width (see Sect. 4.1) come from the error on the fitting.
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l = 0.015 pc
FWHM = 0.18±0.01 pc

l = 0.075 pc
FWHM = 0.17±0.01 pc
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Fig. 4. Effect of averaging intensity profiles along different length scales. Individual intensity profiles are shown in gray, while averaged intensity
profiles are shown in black. Blue, yellow, and red curves fitted to the averaged intensity profile (black) indicate Gaussian and Plummer-like
fits with p = 2 and 4, respectively. The gray vertical dashed lines indicate the fitting boundaries and the green vertical dashed lines indicate the
shoulders identified by FilChaP. From top left to bottom right panels: profiles are averaged over 0.015, 0.045, 0.075 pc and the entire filament with
corresponding Gaussian FWHM of 0.18, 0.18, 0.17 and 0.32 pc.

not isolated homogeneous cylinders. They may have variations
along their length that are not taken into account if the entire fil-
ament is represented by an averaged number. In Fig. 6 we show
an example of how the width changes along a single filament.
In the left panel, we plot the slice number along the filament
(cross-sections for radial intensity profiles) against the calculated
width at the corresponding slice. The Plummer p = 2 fit yields
narrower widths along the filament, this agrees with the general
picture that we have drawn from Fig. 5. The right panel shows
four subplots corresponding to four intensity profiles along the
filament that are marked by “a”, “b”, “c” and “d” in the left
panel. These intensity profiles are selected to be representative
of how the width changes. At point “a”, the intensity profile
is the narrowest and peaky with a width of 0.12 pc (Gaussian
FWHM). As we progress from point “a” to “b” we see that the
substructures (apparent at around 1 K km s�1, close to five times
the noise level of the averaged profile) that appear at point “a”
get wider, hence the width increases. At point “b” the intensity
profile is broad and the width is the largest, reaching 0.2 pc.
From point “c” to “d” the shoulders on both sides of the peak
(shown in green dashed lines) get wider and acquire higher inten-
sities, which in turn causes the increase in width. The unresolved
inhomogeneities within the filament itself that can be traced
by these shoulders in the profile cause the filament’s width to
vary.

3.2.1. Goodness of the fits

In order to assess the goodness of our radial intensity profile fits
we calculate the reduced chi-squared values for each individual
fit and for the three different methods that we employed. The
reduced chi-squared is simply calculated as chi-squared per
degree of freedom5. The resulting distributions of reduced chi-
squared of all the fits are shown in the left panel of Fig. 7.
The median reduced chi-squared values of our fits are 0.6 for
the Gaussian and Plummer p = 4 fits, and 0.8 for the Plummer
p = 2 fits. The reduced chi-squared value for a good fit is expected
to be close to 1. However, by inspecting the intensity profiles and
their corresponding reduced chi-squared values, we see that with
the reduced chi-squared values up to 6, the fits still describe the
underlying intensity profiles well. The right panel of Fig. 7 shows
four different intensity profiles, overlaid with the calculated fits
and the corresponding reduced chi-squared values for each fit. In
both panels of the figure, blue, yellow, and red colors represent
the Gaussian, Plummer with p = 2 and Plummer with p = 4 fits.
Profiles with blending structures or extended shoulders such as
the example shown in the bottom right subplot leads to poor fits
with high reduced chi-squared (�2

R
> 6). For the Gaussian fits,

98% of the reduced chi-squared values lie between zero and six,
5 We have three degrees of freedom per fit; the amplitude, mean, and
standard deviation (or Rflat for the Plummer fits).
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Fig. 5. Distribution of filament widths in the norther (colored) and southern (gray) regions of Orion A (see Fig. 2) calculated using Gaussian fits
(top left panel), the second moment of distribution (bottom right panel), and Plummer-like fits with power law indices p = 2 (top right panel) and
p = 4 (bottom left panel). The vertical dashed lines represent the filament widths from Hacar et al. (2018) in red, and the “characteristic” filament
width (Arzoumanian et al. 2011) in black. The dot-dashed line indicates the beam-size of our observations.

a

b

c
d

a b

c d

Fig. 6. Left panel: variation of filament width along the length of a single filament taken as an example. The slice numbers correspond to different
positions along the filament. Each slice shown here represents the averaged value over two consecutive perpendicular cuts. These slices are always
separated by 1.5 beamsizes (0.0225 pc) and the length of the filament is 0.4 pc. Right panel: selected intensity profiles at points “a”, “b”, “c”,
and “d” show in the left panel. These points are selected to best represent the variation of the width along the filament. Vertical gray dashed lines
indicate the boundaries of the fits while the green dashed lines indicate the shoulders of the profiles.
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Fig. 7. Left panel: �2
R

values for each radial intensity profile fit for the different methods used in the width determination. Right panels: four
examples of profiles with different reduced chi-squared values. Bottom right panel: example of a fit discarded due to its large reduced chi-squared.

while this value is 97% for the Plummer p = 2 and 99% for Plum-
mer p = 4 fits. We confirm by eye that the tail of the reduced
chi-squared distribution (�2

R
> 6) corresponds to questionable

fits. The reason for this is the complexity of the intensity pro-
files. As the width of these profiles are hard to estimate, they
are discarded from further analysis. We note that the reduced
chi-squared criterion applies for the Gaussian and Plummer fits
individually; a profile can have a good reduced chi-squared for
Plummer p = 2 fit but not for the Gaussian, and in this case only
the Plummer p = 2 width is accounted for. As we do not have
a reduced chi-squared value for the widths calculated from the
second moment method, we take those second moment widths
where the reduced chi-squared criterion is satisfied in all the
other three methods.

3.2.2. Dependence on the fitting range

Arzoumanian et al. (2011) and later studies of filaments (e.g.
André et al. 2016; Federrath et al. 2016) refrain from fitting the
wings of the column density profiles, and the fitted inner range
of the profiles is always the same for each and every column
density slice. Smith et al. (2014) and Panopoulou et al. (2017)
show that a correlation between the fitting range and the cal-
culated width of these profiles exists. This correlation is not
unexpected. Depending on the portion of the profiles that is fit-
ted, the larger the fitted area, the wider the width of the profile
will be. This behavior arises from the fact that the filament pro-
files are not isolated. Therefore, the larger the fitting range, the
more emission the function will try to fit. In an ideal case, where
the baseline was perfectly smooth, the fitting range should not
affect the width of the distribution. In real observed data, how-
ever, the filament profile is accompanied by extended emission
as well as emission from nearby filaments and hubs. Hence,
a linear correlation between the fitting range and the resulting
width is inevitable. To be as independent of this bias as much
as possible, instead of forcing a fixed boundary for our fits,
we calculate a unique fitting range for every individual profile.
This is done automatically within FilChaP by looking for min-
ima around the peak intensity of the filament. If the minima

have a significance of three beam sizes (which corresponds to
a well resolved nearby or blended structure) their locations mark
the boundaries for the fitting range. In this approach, each pro-
file has its own fitting range which depends on the filament’s
environment.

Figure 8 shows the correlation between the fitting ranges
for each individual profile and the derived widths based on the
four different methods. The scattered points are colored by the
�2 of each fit, except for the second moment widths, as those
are not fitted but calculated directly from the distribution. The
red diagonal lines correspond to a 1:1 relation between the two
axes. The strongest correlation between the fitting range and
the width is for the case of the second moment (bottom right
panel). This is purely because the second moment is calculated
based on the boundaries of the distribution, so that the larger
the distance between the boundaries the larger is the width.
As is also seen from this panel, the second moment width of
the distribution cannot be larger than the fitting range. For the
Gaussian and Plummer fits, the widths can occasionally be larger
than the fitting range, these are the points that lay above the
1:1 correlation line. These points are excluded from the analy-
sis as they originate from profiles with multiple peaks that are
not straightforward to analyze.

Of the four different methods used to calculate the filament
widths, the Plummer (p = 2) fit seems to be the most independent
of the fitting range as it shows the shallowest increase with the
increasing fitting range. However, as can be seen in the various
intensity profiles shown in Figs. 3 and 7, the Plummer (p = 2)
only fits the very inner portion of the profile. This is acceptable
when one has multiple peaks, but it excludes the information
on the wings of the profile. This is the reason why the widths
calculated from the Plummer (p = 2) are always narrower and
less dependent on the fitting range than the ones estimated from
the other methods. Furthermore, because it fits a substructured
profile better, it has fewer points above the 1:1 relation between
the fitting range and width. However, we refrain from drawing
conclusions of filaments’ state of isothermality based on the
power-law indices of the Plummer fits, because the difference
between the p = 2 and p = 4 seem to be sensitive to, at least in
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Fig. 8. Correlation between the calculated filament widths and the fitting range on the radial intensity profile over which the width is calculated.
The red diagonal line shows the 1:1 correlation between the two parameters. The strongest correlation is observed when instead of the fits, the
second moment of the distribution is used. The color bar indicates the reduced chi-squared values for the fits. There is also a slight correlation
between the reduced chi-squared and the fitting range.

this work, the amount of background emission observed toward
individual filaments.

4. Discussion

4.1. Variation of the filament width across the cloud

As shown in Fig. 6 we see that the filament width varies even
along a single filament. This variation is often caused by blend-
ing structures. Close to hubs, where filaments meet, the intensity
profiles get wider as many structures merge into one another.
We followed the variation of width along each filament by plot-
ting the width (Gaussian FWHM) on the C18O map6. This
spatial variation is shown on the left hand side of Fig. 9 with
the points along each filament colored by the width calculated
at that point. The corresponding colorbar indicates the calcu-
lated width. In order to demonstrate the complexity of the radial
intensity profiles we also calculate the number of shoulders iden-
tified in each profile. The shoulders appear as bumps within
the boundaries within which we calculate the width of the fil-
aments, further proving that these radial profiles are not simple
single-component Gaussians. Examples of the intensity profiles
with detected shoulders are shown in the right hand panels of
Fig. 7. In this example, the boundaries are shown with the gray
dashed lines that clearly separate the emission of the filament
from a nearby structure that appears at around 0.2 pc (bottom
right subplot). The green dashed lines indicate the locations
of the detected shoulders that correspond to bumps within the
filament profile that are not significant enough to be separate
structures. Up to this point, we have qualitatively shown that fila-
ment profiles are substructured and complex which in turn leads
to variation of filament widths. A possible correlation between
the number of shoulders, the locations of filaments, and the

6 The relative width between the slices of a filament is meaningful no
matter which method is used (see Appendix A).

filament widths would indeed allow us to study this phenomenon
quantitatively. We plot the identified filaments on the C18O peak
intensity map, this time with each point colored by the num-
ber of shoulders detected in the corresponding intensity profile.
Figure 9 shows how this number changes along the filaments and
across the cloud.

Figure 9 suggests a clear correlation between the filament
width and the number of shoulders. To demonstrate this correla-
tion better, in Fig. 10 we show the detected number of shoulders
plotted against the corresponding widths of each individual pro-
file. The data points are plotted as gray circles, and their median
values are shown as red and blue filled circles for the northern
and the southern regions of the map, respectively. The error bars
on the median values indicate the interquartile range. The major-
ity of the filament profiles have at least one shoulder detected.
The existence of such highly complex intensity profiles implies
that filaments are not perfectly isolated cylinders, but that they
have substructures within them. Figure 10 clearly shows that
there is a linear correlation between the number of shoulders
and the width: the higher the number of shoulders, the wider
is the calculated width. Clarke et al. (2017) suggest that fila-
ments may retain wide widths even when supercritical, due to
substructure. This substructure lessens the global effects of grav-
ity and produces wider filaments. The linear correlation we find
in Fig. 10 supports this view. This correlation suggests widths of
0.09± 0.02 and 0.12± 0.01 pc for filaments without shoulders,
for the northern and southern region, respectively.

4.2. Lack of correlation between filament width
and column density

To account for the variation of the filament width throughout the
ISF, we also checked for a possible (anti-)correlation between
the column density along the filaments and their width. Figure 11
shows the central column density at every point along the spine
of the filaments plotted against the corresponding width at that
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Fig. 9. Filament width (left panel) and number of shoulders (right panel) for the filaments identified in Orion A overlayed on the C18O peak
intensity map. The color of each point along filaments represents the width (left panel) and the number of shoulders (right panel) at that point,
corresponding to the colorbar shown in the right side of the panels. The arrows indicate the positions of hubs at which the filaments converge.

North
South
Fit to north
Fit to south

Fig. 10. Variation of the filament width with respect to detected num-
ber of shoulders in the corresponding intensity profile. The gray circles
represent the data points, the red and blue filled circles are the median
values. The shown error bars on the median values represent the
interquartile range.

point calculated using different methods. The column density
of each pixel along the identified filaments is taken from the
Herschel dust column density map published in Stutz &
Kainulainen (2015). Ideally, if the filaments are super-critical,

Fig. 11. Filament widths calculated using the four different methods
plotted against the central column density at each point where the
width is calculated. The colors represent FWHM of Gaussian fits (blue),
moment analysis (black), Plummer p = 2 (yellow) and p = 4 (red). The
dashed line represents the resolution of our observations and the solid
diagonal line the thermal Jeans length at 10 K.

and thus gravity-dominated (right hand side of the �J line
where �J is the Jeans length at 10 K; �J = c

2
s
/GµH⌃0 where ⌃0

is the central column density; Arzoumanian et al. 2011), they
would contract to fragment and form cores, hence leading to
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an anticorrelation between the width and the central column
density. However, this does not appear to be the case. This
lack of anticorrelation has been found by Arzoumanian et al.
(2011) in low-mass star forming regions; Aquila, IC5146 and
Polaris. We confirm that even in a high-mass star forming
region that is as active and complex as Orion A, the decoupling
of filament widths from the central column densities of the
filament spine persists. We propose the width variation along
filaments is indeed mostly regulated by environmental effects,
that is, their positions relative to the hubs and whether the
filaments are rather isolated or are connected to or disconnected
from surrounding structures.

Arzoumanian et al. (2011) speculate that the decorrelation
of the width and central column density can be explained with
turbulent filament formation through compression (e.g. Padoan
et al. 2001) for the subcritical filaments, and the super-critical
filaments may be able to maintain an approximately constant
width if they are continuously accreting from their surround-
ings. Following Arzoumanian et al. (2011), Heitsch (2013) study
gravitational infall onto isothermal filaments that are subject to
external pressure to see for which conditions the filament width
can be independent of the column density. Their model that best
fits the lack of correlation seen in observations is for the magne-
tized filaments that are subject to varying external pressure due
to ram pressure exerted by the infalling material. Our results in
Fig. 11 can be directly compared to the results in Heitsch (2013),
particularly their Fig. 4. Even though their best fitting model rep-
resents the majority of our data points, we see no decrease in
filament width toward higher column densities up to 1023 cm�2

as the model predicts.

5. Conclusions

We present a study of the filament properties in the Orion A
molecular cloud as seen in the emission of the dense gas tracer
C18O, produced by the CARMA-NRO Orion Survey (Kong et al.
2018). We identified 625 filaments in the 3D datacube (PPV)
using the DisPerSE algorithm. In this first paper, which will be
followed by a series of papers including the analysis of filament
kinematics and filament properties in different tracers (13CO,
dust and C+), we investigated the physical properties of filaments
with an emphasis on the filament width.

Based on the shortcomings of the methods that led to the
identification of a “universal” filament width, criticized in pre-
vious works by Smith et al. (2014) and Panopoulou et al. (2017)
we developed an improved and automated method to study char-
acteristics of filaments; FilChaP, a python based algorithm. In
this method, while calculating the filament widths: (i) the radial
intensity profiles are not averaged over the length of an entire fil-
ament, but over a number of consecutive slices that represent
a region three beam-sizes in length, (ii) there is no fixed fit-
ting range for these profiles that would force a prefixed width.
Instead, each profile has its own fitting range. This range is set
by the minima around the peak emission from the filament. The
minima are required to have a significance of three beam-sizes,
(iii) we used four different methods to derive filament widths;
with a Gaussian fit, two Plummer-like fits with p = 2 and p = 4,
and the FWHM derived from the second moment of the intensity
distribution and (iv) we judge the goodness of each fit by looking
at their reduced chi-squared values to prevent “poor” fits biasing
the results. We find the following key points:

– The median filament widths are 0.14+0.03
�0.02 and 0.16+0.04

�0.03 pc for
the Gaussian fits, 0.11+0.03

�0.02 and 0.13+0.04
�0.03 pc for the Plummer

p = 2 fits, 0.13+0.03
�0.03 and 0.14+0.03

�0.03 pc for the Plummer p = 4 fits,

and finally, 0.13+0.03
�0.03 and 0.14+0.04

�0.03 pc for the FWHM derived
from the second moment for the northern and southern
regions, respectively.

– The width, regardless of the method used, is not correlated
with the central column density. Although there is more than
an order of magnitude scatter in width, neither sub nor super-
critical filament widths are coupled to the column density.
The Heitsch (2013) model with magnetized and externally
pressured filaments best reproduces the observed decorre-
lation. The model agrees with our observations except for
high column densities (1023 cm�2) where narrower widths
are predicted. We found that even at these high column den-
sities traced by our filaments the lack of correlation persists,
however, we note that we have a statistically smaller sample
at the higher column density end. Accreting filaments in a
magnetized environment similar to Heitsch (2013) model are
already observed in Taurus (e.g. Palmeirim et al. 2013) with
striations of material perfectly aligned with the magnetic
field surrounding the main filament. A similar analysis using,
for example, BISTRO polarization data (Pattle et al. 2017)
can be conducted with the CARMA-NRO Orion Survey data
in a future study.

– Given the lack of correlation with the column density, we
attribute the gradient of the widths all across the cloud to
the fact that the filaments are not isolated, homogeneous
structures. They are composed of substructure, surrounded
by nearby filaments and they form hubs. Connected and
disconnected filaments have fluctuating widths. We find
that the majority of filaments closer to the star forming
hubs have larger widths. We quantify the complexity of
the intensity profiles by looking at the number of shoul-
ders that each profile has. This examination reveals a linear
relation between the filament widths and the number of
shoulders. From this linear relation we obtain widths of
0.09± 0.02 and 0.12± 0.01 pc for a filament with no sub-
structure in northern and southern Orion A, respectively.
We suggest that the complexity of the intensity profiles
contribute significantly to the spread of the filament width
distribution.

– The majority of the identified filaments do not resemble
the fibers reported in a study toward the Taurus molecular
cloud which spatially overlap but are distinct coherent struc-
tures in velocity space along the line-of-sight (Hacar et al.
2013). The only fiber-like filaments we find are located in
the OMC-4 region where we observe clear multiple veloc-
ity components along the line of sight that form coherent
structures. The fact that the filaments identified in N2H+
toward the northern ISF by Hacar et al. (2018) and the major-
ity of the filaments identified in this study do not show a
spatial overlap implies that the general picture of the fil-
amentary structure in Orion A may differ from what has
been observed toward the low mass star forming region
Taurus.
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Appendix A: FilChaP: filament characterization

package

FilChaP is a python-based software package that can be used to
characterize physical properties of filaments. FilChaP derives
radial intensity profiles perpendicular to filament spines from
which it calculates filament width, skewness and kurtosis. In
addition, FilChaP can also calculate filament length and curva-
ture, as well. The algorithm is publicly available for download7.
The download folder includes a python tutorial with an example
filament skeleton and a 3D fits cube which the users can utilize
to run FilChaP and derive filament properties. The version of
FilChaP used to produce the results in this paper has a specific
DOI8 and is archived on Zenodo.
FilChaP requires filament coordinates as an input file

to derive information on filaments. For this particular study,
we have used the output filaments of DisPerSE. These out-
put filaments are simple ASCII files indicating filament ID,
x-coordinate (RA), y-coordinate (Dec), z-coordinate (velocity
channel). These four parameters are given for each point along
a filament. If the filaments are identified on a 2D map instead,
then the z-coordinate that corresponds to the velocity channel
does not exist in the output file and is not required by FilChaP,
and the code can be used in 2D mode.

The filament width calculation method, as it is the main focus
of this study, is explained thoroughly in Sect. 3.1. Below we
explain the baseline removal method used, and present “syn-
thetic” filament networks, which we constructed with known
widths for the purpose of testing FilChaP.

A.1. Baseline subtraction

FilChaP uses asymmetric least squares smoothing (AsLS)
method for baseline subtraction (Eilers 2003). A commonly
used way of achieving a baseline is to smooth the profile until
peaks or dips of interest are no longer prominent. The most
common smoothing method is the least square method which
minimizes the deviations of the smooth counterpart h, from the
noisy data, f . The least square method weighs both negative and
positive deviations of h from f the same. In the AsLS method
however, deviations from the estimated baseline are weighted
asymmetrically, with the positive deviations being weighted less.
Because if f � h is a good representation of f ’s baseline, the
deviations should always be positive ( f > h) due to the fact
that f will always have signal (peaks) that take values higher
than h.

Figure A.1 shows an example of the baseline subtraction pro-
cess. On the left panel a representative intensity profile with
a baseline gradient is shown. This gradient has to be removed
before FilChaP can fit a function to calculate its FWHM. The
different shades of solid red lines represent the AsLS base-
lines, h, calculated at different number of iterations. After only
a few iterations the calculated weights quickly converge, hence
a final baseline is obtained. The right panel of the plot shows
the baseline subtracted profile. Eilers (2003) gives a MATLAB
code for the iterative process of calculating the baselines, and
this code is converted to python9. This python code is used by
FilChaP. One possible drawback of the AsLS method is that
once the baseline is removed a portion of the emission could go

7
https://github.com/astrosuri/filchap

8
https://doi.org/10.5281/zenodo.2222325

9
https://stackoverflow.com/questions/29156532/

python-baseline-correction-library/29185844

below zero. In the future we plan to use STATCONT to prevent
this (Sánchez-Monge et al. 2018).

A.2. Tests on the width calculation method

Figure A.2 shows the generated filaments width equal widths
(Case 1; top left), and unequal widths (Case 2; top right). The
exercise here is to see whether in two different cases, (1) where
all filaments have the same width and (2) where all filaments
have a different width, FilChaP can recover the width distri-
bution. Both cases have an amount of random Gaussian noise
that is selected based on the peak intensity-to-noise ratio in
our C18O integrated intensity map. In Case 1, all the filaments
have a 25 pixel width. In the C18O map, 25 pixels correspond
to a 0.1 pc filament width in spatial scales. For Case 2, we
allowed filament width to vary between 5 and 85 pixels. This
is to assess FilChaP’s performance in detecting extreme cases
of narrow filaments and diffuse filaments. While for Case 1 we
expect to find a distribution that is strongly peaked at around
25 pixels, for Case 2 we expect a wide distribution that has the
contribution from all the different scales from 5 to 85 pixels.
Figure A.3 shows the FilChaP width calculation result for
Case 1 (top panel) and Case 2 (bottom panel). As anticipated,
the width distribution for Case 1 has a narrow peak, with
a mean of 26.5±4.2 pixels (where the error corresponds to
the 95% confidence level). For Case 2, we plot both the true
input distribution of filament widths and the FilChaP output
distribution. In order to quantify the association between the
input and output width distributions for Case 2, we calculated
Spearman’s rank correlation coefficient. This coefficient gives
a non-parametric measure of the relation between the two dis-
tributions which are connected with a monotonic function. The
coefficient takes values between �1 and +1, where the coefficient
takes a value of �1 in case of a perfect decreasing monotonic
correlation, +1 in case of an increasing monotonic correlation
and 0 in case of no correlation. The Spearman’s rank coefficient
between our the two distributions of Case 2 is 0.77; indicat-
ing a strong link between the two datasets. It is clear that the
spread of the distribution for Case 1 comes from the errors
of individual fits, and the fact that the filaments cross each
other at various points throughout the map, which in turn intro-
duces larger widths. For Case 2, in addition to large filament
widths at crossing points and the fitting errors, the large spread
comes from the underlying dissimilarities between the filament
widths. In comparison, the two different cases produce signif-
icantly different width distributions that FilChaP successfully
captures.

A.3. Additional functions

In addition to the filament width, FilChaP calculates filament
skewness, kurtosis, length and curvature. The second moment of
the intensity profiles is calculated to assess their FWHM, along
with the second moment, the third and fourth moments; skew-
ness and kurtosis are also calculated within the width calculation
function of FilChaP. The length and curvature are calculated in
separate functions, based on the filament spines extracted using
DisPerSE.

A.3.1. Skewness and kurtosis

The skewness and kurtosis provide information about the shape
of the intensity profiles. This shaped can be related to physical

A142, page 13 of 18

B.0 publication 179



A&A 623, A142 (2019)

Fig. A.1. Example baseline subtraction
process. Left panel: data with a baseline
gradient is shown with the black solid
curve. The curves with different shades of
red represent the AsLS baselines calcu-
lated with different number of iterations.
The solutions for the baseline converge
rather quickly within ten iterations.
Right panel: baseline subtracted profile.

Fig. A.2. Top panels: synthetic filamentary network generated with pre-
fixed filament widths on a 1000⇥ 1000 pixel grid. On the left, all the
filaments have a same width of 25 pixels, while on the right, each fila-
ment has a different width that vary from 5 to 85 pixels (see Fig. A.3).
Bottom panels: filaments identified by DisPerSE.

properties of the filaments and their environments. For exam-
ple, if a filament is in a feedback region, we expect the intensity
profile to be sharper on the side where the filament faces the
direction of the feedback. Kurtosis, on the other hand, is a
measure of peakiness. Therefore it can indicate locations of
high-density, as the CO isotopologues may get optically thick,
or in case of C18O, freeze out that causes the profiles to flat-
ten in the top. Figure A.4 demonstrates how we can detect the
variations of skewness and kurtosis in Orion A. The two plot-
ted intensity profiles are calculated from the 13CO emission
map and show slices across the Orion Bar, a well-known PDR
and OMC-4, the dense star forming region, in green and gray,
respectively. The direction of the feedback to the PDR from the
Trapezium cluster is shown with a green arrow. The side of the
PDR profile toward the feedback forms a sharp edge, whereas
the side away from the feedback extends slowly. The OMC-4
ridge shows no such skewness as it is much less affected from
the feedback. This plot also shows the difference between the
peakiness of both profiles, which can then be quantified with the
kurtosis parameter. The following paper on comparing filament

Fig. A.3. Distribution of filament widths for the test two cases presented
in Fig. A.2. For Case 1 (top panel) the input widths of all the filaments
are 25 pixels (solid black line) and the mean of the width distribution
calculated with FilChap is 26.5± 4.2 pixels. For Case 2 (bottom panel),
the true distribution of the input filament widths is given with the black
histogram, and the width calculation that results using FilChap is given
with the red histogram. The Spearman correlation coefficient between
the two datasets is 0.77.

properties in different tracers (Suri et al., in prep.) touches upon
the PDR nature of the filaments in feedback regions and com-
pares properties of intensity profiles using skewness and kurtosis
analysis.
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Fig. A.4. Comparison of two intensity profiles with different values of
skewness and kurtosis. The intensity profile for the Orion Bar position
is positive skewed with a tail to the right, while the intensity profile of
the OMC4 ridge position is flat in the top resulting in a platykurtic or
negative kurtosis distribution. FilChaP determines the skewness and
kurtosis of the filament intensity profiles.

Fig. A.5. Distribution of filament lengths in the north (red) and south
(black). The dot-dashed, dashed and the dotted lines respectively indi-
cate a beam-size, three beam-sizes and the typical filament width found
in this study.

A.3.2. Length and curvature

In order to obtain the filament length, FilChaP calculates the
projected distances between the consecutive skeleton points
along a filament. This is a projected distance, because in obser-
vational datasets we do not have a knowledge on the spatial third
dimension of the filaments. In addition, the code offers calcu-
lating “kinkiness”, or in other words; curvature, of filaments by
comparing the calculated length of the filament to the distance
between the start and end points. Therefore, we define curvature
as k = r/R where r is the distance between the end points and R is
the calculated length of the filament. A k value of unity indicates
a straight filament.

These two properties of filaments; length and curvature, are
highly dependent on the parameters used to identify filaments
with DisPerSE. Therefore, we note that the resulting statistics
should be interpreted with caution. However, the credibility
of these parameters can be improved in the future by testing
different filament identification methods, comparing identified

Fig. A.6. Distribution of filament kinkiness, k, where k = r/R with r

being the distance between the end points and R the calculated length
of the filament. The majority of the filaments in Orion A are found to
be unbent.

filamentary structures to one another, and using multiple trac-
ers to assess the connection. Nevertheless, for the identified
filaments in C18O using DisPerSE with the set of parameters
explained in Sect. 3, we measured filament length between
0.03 and 1.8 pc. Figure A.5 shows the distribution of the
resulting filament lengths for the northern (red) and southern
Orion A (black). The dashed vertical line at 0.045 pc indicates
three beam-sizes, and for the width calculations we discard the
structures that are shorter than 0.045 pc.

The curvature values of filaments in Orion A north and
south are shown in histograms in Fig. A.6. There are a few fila-
ments that appear to be more bent, and have k values of between
0.3 and 0.9. The most bent filament in the north is located in
OMC4 ridge. Majority of filaments, however, have very low
curvature.

Appendix B: Additional material

In Sect. 3, we presented width distributions for all the identi-
fied filaments that are longer than three beam-sizes and are fitted
with a reduced chi-squared less than six. Here, we reproduce
Figs. 5, 10, and 11 considering different criteria on filament and
profile selection. We look at the width distributions of (1) all fil-
aments and intensity profiles fitted with a reduced chi-squared
less than or equal to two, (2) filaments with aspect ratios larger
than two and intensity profiles that are fitted with a reduced
chi-squared less than or equal to six, (3) filaments with aspect
ratios larger than two and intensity profiles fitted with a reduced
chi-squared less than or equal to two. This different selection
criteria are aimed to ensure that we do not introduce any bias in
the determined widths when including all the filaments that are
longer than three beam-sizes and have a reduced chi-squared less
than six.

The width distributions for the cases mentioned above are
shown in Fig. B.1 top, middle and bottom panels, respec-
tively. For the majority of the cases, regardless of the cri-
teria, the southern region of Orion A has filaments with
larger widths as found in Fig. 5. The distribution of Plummer-
like (p = 2) fits results in the most narrow median filament
width (0.08+0.12

�0.06 pc) when only those filaments with an aspect
ratio larger than two and a reduced chi-squared value less
than two is selected. The median filament widths for these
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Table B.1. Median filament widths according to different selecting criteria (see Fig. B.1), and inferred filament width when no shoulders are
identified in the intensity profile (intercept of the linear fits of Fig. B.2).

Criteria Gaussian Plummer (p = 2) Plummer (p = 4) Second moment Intercept
north/south north/south north/south north/south north/south

All, �2
R
 6 0.12+0.15

�0.09 pc 0.09+0.13
�0.07 pc 0.11+0.14

�0.08 pc 0.12+0.15
�0.09 pc 0.09± 0.02 pc

0.14+0.18
�0.11 pc 0.11+0.14

�0.08 pc 0.13+0.16
�0.09 pc 0.12+0.15

�0.09 pc 0.11± 0.01 pc

All, �2
R
 2 0.12+0.15

�0.09 pc 0.09+0.12
�0.07 pc 0.11+0.14

�0.08 pc 0.11+0.14
�0.08 pc 0.10± 0.01 pc

0.14+0.18
�0.11 pc 0.11+0.14

�0.08 pc 0.12+0.16
�0.10 pc 0.12+0.15

�0.08 pc 0.11± 0.01 pc

R > 2, �2
R
 6 0.12+0.15

�0.09 pc 0.09+0.12
�0.07 pc 0.10+0.14

�0.08 pc 0.12+0.15
�0.09 pc 0.09± 0.02 pc

0.13+0.17
�0.09 pc 0.10+0.14

�0.08 pc 0.12+0.15
�0.09 pc 0.11+0.15

�0.08 pc 0.11± 0.01 pc

R > 2, �2
R
 2 0.11+0.15

�0.09 pc 0.08+0.12
�0.06 pc 0.10+0.14

�0.08 pc 0.11+0.15
�0.08 pc 0.08± 0.03 pc

0.12+0.17
�0.09 pc 0.10+0.13

�0.07 pc 0.12+0.15
�0.08 pc 0.11+0.15

�0.08 pc 0.11± 0.01 pc

three cases in the northern and southern regions are listed in
Table B.1. The median widths in all cases are in the range
0.08–0.14 pc, similar to the range found when considering all the
filaments.

In Fig. B.2, we reproduce the correlation between the fila-
ment width and the number of shoulders for the varying selection
criteria considered above (i.e., aspect ratio and reduced chi-
squared). Similar linear fits are found in all cases. The inferred
filament width when no shoulders are identified in the intensity

profiles for each of the cases considered is listed in the last
column of Table B.1.

Finally, in Fig. B.3 we investigate that the no correlation
found between filament widths and H2 column density is not
biased by the selection of the filaments. The bottom panel in
Fig. B.3 is the most strict selection of filaments (filaments with
aspect ratio larger than two and reduced chi-squared less than
five) suggest no correlation between width and column density
as discussed when considering all the filaments.
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χR
2 
<=2

all filaments

χR
2 
<=6

R > 2

χR
2 
<=2

R > 2

Fig. B.1. Width distributions for four different width calculation
methods (Gaussian, Plummer-like with p = 2 and p = 4 and second
moment, as shown in Fig. 5) when the filament aspect ratio and the
reduced chi-squared criteria are varied. Top four panels: distributions
of all filaments and intensity profiles fitted with a reduced chi-squared
less than or equal to two. Middle four panels: width distributions for
filaments with aspect ratios larger than two and fits with chi-squared
less than or equal to six. Bottom four panels: width distributions for
filaments with aspect ratios larger than two and reduced chi-squared
values less than or equal to two.

North
South
Fit to north
Fit to south

all filaments
χR

2 <= 2

R > 2
χR

2 <= 2

R > 2
χR

2 <= 6

Fig. B.2. Same as Fig. 10 for the different criteria (aspect ratio and
reduced chi-squared of the fit) studied in Appendix B.
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all filaments
χR2

<= 2

R > 2
χR2

<= 6

R > 2
χR2

<= 2

Fig. B.3. Same as Fig. 11 for the different criteria (aspect ratio and
reduced chi-squared of the fit) studied in Appendix B.
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Figure 1.1 Artist’s impression of the Milky Way. Our Sun is located at
distance of about 8 kpc from the center. Credits: NASA/JPL-
Caltech/R. Hurt (SSC/Caltech). 4

Figure 2.1 Size–linewidth relation derived in Solomon et al. (1987). 9
Figure 2.2 Evolutionary stages of a protostar (Credit: Magnus Vilhelm

Persson, doi: https://doi.org/10.6084/m9.figshare.654555.
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Figure 2.3 SEDs of protostars at different evolutionary stages (Credit: Mag-
nus Vilhelm Persson, doi: https://doi.org/10.6084/m9.figshare.
1121574.v2). 12

Figure 2.4 Illustration of formation and evolutionary sequence of high-mass
stars (Credit: Cormac Purcell). 13

Figure 2.5 Illustration of of a photo-dissociation region (Credit: Hailey-
Dunsheath 2009). 14

Figure 2.6 Comparison of the IMF and CMF presented in Könyves et al.
(2010). 15

Figure 2.7 3-color composite image of the Aquila (Eagle) nebula observed
with Herschel. The red, green and blue colors represent 500
(SPIRE), 160 (PACS) and 70 (PACS) observations (image credit:
http://www.esa.int/Our_Activities/Space_Science/Herschel/

Inside_the_dark_heart_of_the_Eagle). 16
Figure 2.8 Left: An averaged column density profile from Arzoumanian

et al. (2011), their Figure 5. The profile is overlaid with the beam
of the observations (cyan solid line), Gaussian fit (cyan dotted
line), and three Plummer-like fits with power law indices of 4
(purple dashed line), 3 (red dot-dashed line) and 2 (dotted red
line). The dispersion around the averaged profile is shown with
yellow errobars. Right: Distribution of filament widths obtained
from 3 different molecular clouds in Arzoumanian et al. (2011),
their Figure 6. 18

Figure 2.9 Velocities along a single PPP sub-filament (Clarke et al. 2018).
When looked at in PPV this single sub-filament can be identified
as multiple velocity coherent fibers. 20
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Figure 2.10 The Orion A molecular cloud as seen in near infrared in VISION
survey (Meingast et al. 2016). The upper panel indicated the
number of publications regarding each region throughout the
cloud. 22

Figure 2.11 Transmission of different wavelengths through the Earth’s atmo-
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Figure 3.3 Flow chart of how CARMA and NRO45m data was combined
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Figure 4.1 Left: A density field with gradient. The color scale indicates
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minima and originating from the same saddle point. Credit:
Sousbie (2011). 49

https://courses.lumenlearning.com/astronomy/chapter/the-electromagnetic-spectrum/
https://courses.lumenlearning.com/astronomy/chapter/the-electromagnetic-spectrum/
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node29.html
https://en.wikipedia.org/wiki/File:PhaseInterferometry.png
https://en.wikipedia.org/wiki/File:PhaseInterferometry.png


list of figures 195

Figure 4.2 Example persistence diagram. The plotted distribution is the
distribution of critical points. On the x-axis, the lower density of
the two critical points in a pair is plotted. On the y-axis, the dif-
ference between the densities of the critical points is plotted. The
pink line marks the persistence threshold, and the green dashed
line marks the detection threshold. Image taken from http://

www2.iap.fr/users/sousbie/web/html/index55a0.html?category/

Quick-start 51
Figure 4.3 Top, middle and bottom panels show synthetic filamentary net-

works (left) and intensity profiles (right) extracted from a single
filament in the network. The top panel is an example of a fila-
mentary network created without noise. The middle and bottom
panels show the same network with noise levels that correspond
to 3% and 10% of the maximum intensity along the filaments,
respectively. The black horizontal lines perpendicular to a fila-
ment’s spine located in the top left corner indicate the position
of perpendicular slices from which the intensity profiles are
extracted. 55

Figure 4.4 Same as Figure 4.3, but for the noise levels of 20, 30 and 50%
from top to bottom, respectively. 56

Figure 4.5 Top, middle and bottom panels show the persistence diagrams
for a network without noise, and with noise levels increasing
from 3% to 50% of the filament’s maximum intensity, from left
to right and top to bottom, respectively. The pink dashed line
indicates the persistence level set to extract filaments. 57

Figure 4.6 Top, middle and bottom panels show the identified filaments
for the cases presented in Figure 4.3 and 4.4. Top left sub-
panel shows the filaments identified in the case without noise,
and the level of increases from left to right and top to bottom.
The individual filaments are plotted with different colors for
presentation purposes. 58

Figure 4.7 Column density map of a molecular cloud produced within the
framework of SILLC Zoom simulations (Seifried et al. 2017). The
map is in units of g cm�3. 59

Figure 4.8 Filaments identified on a column density map from the SILCC-
Zoom simulations. The top panel shows filaments identified for
cases without any noise and a level of 3% noise. The bottom
panel shows the cases of 10% and 20% of noise. 60
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Figure 4.9 Filaments identified in the case of 20% noise. The left panel
shows the case when the detection threshold is set to 2.5 times
the noise level that is half of the value which was used profucing
the filaments in Figure 4.8 bottom right panel. The right panel
shows detection threshold 5 times the noise level, but persistence
threshold set to half the value deducted from the persistence
diagram. The black box is used to indicate the region that is
zoomed in, in Figure 4.10 top panel. 62

Figure 4.10 Top panel shows the fake filamentary network indicated with
a black box in the right panel of Figure 4.9. The middle and
bottom panels show two identified structures in the ATLASGAL
dataset presented in Li et al. (2016). The structure shown in the
middle panel was classified as a complex network, whereas the
structure in the bottom panel was labeled unclassified. 63

Figure 5.1 An example of how the perpendicular profiles are extracted. The
red dots represent the disperse skeleton (as the resolution here
is really high, the individual dots are blended), the green dots
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