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ABSTRACT

It is now widely accepted that interstellar filaments represent a key intermediate stage
in the star formation process. The vast majority of cores, the direct progenitors of
stars, sit on top of the densest filaments. Yet a number of questions remain regarding
the physics that govern their evolution and fragmentation. Only the detailed study
of the early stages of cloud evolution can help shed light on the exact role of filaments
in the star formation process. This is the purpose of this thesis.

I present a study of the SDC13 infrared dark cloud hub filament system.
SDC13 resides 3.6 = 0.4kpc away in the galactic plane, and has a remarkable mor-
phology, containing 4 parsec-long filaments that spatially converge on a central hub
region. Containing 1000M of material, it is classed as an intermediate to high mass
star forming region. Overall, SDC13 is an ideal target to study how filaments form,
fragment and dynamically interact with each other.

The evolution of SDC13 was studied by probing the dense NHj3 gas in the
system down to small spatial scales of 0.07 pc by combining data from the Jansky
Very Large Array (JVLA) and the Green Bank Telescope (GBT). The mass-per-
unit-lengths of all four hub filaments are thermally supercritical, consistent with the
presence of tens of gravitationally bound cores along them. These cores exhibit a
regular separation of ~ 0.37 4+ 0.16 pc suggesting that gravitational instabilities run-
ning along these super-critical filaments are responsible for their fragmentation. The
dense gas velocity dispersion towards starless cores is observed to increase locally in
two-thirds of the population compared to the surrounding filament, believed to be a
consequence of such a fragmentation process. Using energy conservation arguments, I
estimate that the gravitational to kinetic energy conversion efficiency in these peaked
cores is ~ 40%. Furthermore, the velocity gradient also peaks towards ~ 63% of the
cores, as one would expect during the early stages of filament fragmentation. The
largest acceleration gradients in SDC13 were found to be near the hub centre, where
the velocity dispersion is largest and directly correlating with the location of the mas-
sive cores at the hub-filament junctions. This is suggested to be a direct result of the
hub morphology itself.

In order to constrain the formation mechanism of the SDC13 filaments, an
initial study of C*O(1-0) and ¥CO(1-0) emission at larger spatial scales of 0.4 pc
with the IRAM 30m telescope was conducted. In recent years, velocity-coherent
sub-filaments (termed fibres) have been suggested to represent a specific turbulence-
dominated mode of filament formation. In studying position-velocity slices along the
filaments, fibres are not identified in SDC13. In conjunction with conclusions drawn
from the NHj3 data, it is suggested that the dominance of gravity in the system as a
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direct result of the hub-morphology itself suppresses the formation of fibres, which in
both observations and simulations are thought to be products of turbulence (Tafalla &
Hacar|2015; Smith et al.[2016]). On the other hand, it is a possibility that the presence
of fibres in Taurus shown by Tafalla & Hacar| (2015) is unique, and that fibres are not
typical constituents of the ISM. Following the fitting of multiple velocity components
of the C'®O(1-0) emission, we find that the velocity dispersion decreases towards the
filament in comparison to the surrounding environment. Coherent velocity structures
resembling shells corresponding to a more diffuse cloud to the North of SDC13 are
found to evolve with velocity. To investigate whether turbulence could produce such
shells, I conducted the same analysis on an MHD, cloud-cloud collision simulation,
post-processed using RADMC-3D to create *CO(1-0) synthetic observations (Clark et
al.in prep). Initial analysis seems to suggest such shells may be present in the simu-
lation, but this is certainly a work-in-progress at this stage. Whether such structures
are indicative of the turbulent beginnings of SDC13 will be investigated in the near
future.

Overall, I propose a scenario for the evolution of the SDC13 hub in which
filaments first form as post-shock structures in a supersonic turbulent flow. As a
result of the turbulent energy dissipation in the shock, the dense gas within the
filaments is initially mostly sub-sonic. Then gravity takes over and starts shaping the
evolution of the hub, suppressing fibre formation, fragmenting filaments and pulling
the gas towards the centre of the gravitational well. By doing so, gravitational energy
is converted into kinetic energy in both local (cores) and global (hub centre) potential
well minima, generating more massive cores at the hub centre as a result of larger
acceleration gradients.
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CHAPTER 1
AN INTRODUCTION TO STAR FORMA-

TION

Nuclear burning, compact balls of gas called stars are traditionally separated by their
mass into three groups: low mass stars with masses of few tenths to a few solar
mass (M), intermediate mass stars with masses ~2-8M,, and high-mass stars with
masses > 8M. Low-mass stars are the most common, dominating the mass in stars
of a Galaxy. High-mass stars are far rarer, and instead dominate the luminosity in

stars of a Galaxy.

The evolution of these groups of star is known to be very different, with low-
mass stars living for billions of years, whilst high-mass stars live fast and die young,
enriching the interstellar medium with heavy elements as they explode as a supernova
at the end of their lives. It is not clear however if such a clear distinction exists in
their formation mechanisms. Through the study of cold and dense molecular cloud
environments that harbour the earliest stages of star formation, a complete picture
of the process is on the horizon. Such an understanding is essential in our knowledge
of planet formation, a natural bi-product of the star formation process, and of galaxy

evolution over cosmic time, dependent on the physics of the interstellar medium.
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1.1 THE INTERSTELLAR MEDIUM

The Interstellar Medium (ISM) represents all of the gas and dust that resides
in the space between stars in a galaxy, constituting ~ 10% of the visible mass in
the Milky Way (Stahler & Pallal 2005). The largest portion of the ISM belongs
to the gas phase, and predominantly consists of Hydrogen (atomic, molecular and
ionized), then Helium and traces of metals. The remaining percent or so of the ISM
is made of interstellar dust. The gaseous ISM is multi-phase, with a distribution
of density-temperature regimes that transition to each other. A three phase ISM
was proposed by McKee & Ostriker| (1977)). In their model, the first phase is the Hot
Tonized Medium (HIM) with typical temperature and density of 106 K and 0.001 cm 3.
The second phase is the warm phase, today split into two separate phases called the
Warm Ionized Medium (WIM, e.g. Hill et al.[2015) predominantly made up of ionized
hydrogen with T <1000K, and the Warm Neutral Medium (WNM) predominantly
made from neutral atomic hydrogen with 300 < T <400 K. The final phase is the cold
phase, today sub-divided into the Cold Neutral Medium (CNM) predominantly made
of neutral atomic Hydrogen and with T < 300K, and the Molecular Medium (MM)

made up of molecular hydrogen with T <30K and n > 1000 cm 3.

Gas constantly transitions between the phases of the ISM through a wide va-
riety of heating and cooling processes. At one end, the HIM typically reaches its
10 K temperatures due to supernova shocks. At the other extreme, high column
density regions shield their molecular interiors from heating, protecting the molecules
from photodissociation by UV radiation. This in turn allows for cooling of molec-
ular clouds by molecular and dust emission, predominantly done through collisional
excitation followed by radiative decay. Due to the high energies required for the colli-
sional excitation of Hydrogen or Helium from their ground states, cooling in the ISM
is dominated by the metal lines. This type of cooling is most efficient in an optically

thin gas, where the radiated photon has less chance of being re-absorbed, causing
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heating.

Nowadays, complex numerical simulations attempt to model the multi-phase
ISM. One such collaboration is the SILCC project (Walch et al.|2015; Girichidis
et al|2016; Gatto et al.| 2017} Peters et al.2017) who include the essential physics
such as heating, cooling, chemistry, gravity and magnetic fields. By studying the
changes in the ISM under different physical conditions (such as supernova explosions

for example) their goal is to understand the full life-cycle of molecular clouds.

1.2 MOLECULAR CLOUDS

Molecular Clouds (MCs) are cold and dense regions of atomic and molecular
gas that are known to condense out of the warm ISM. For this to happen, the WNM
must be cooled down appropriately by two orders of magnitude to the MM regime.

Most of the mass in the ISM is contained within Giant Molecular Clouds
(GMCs), constituting typically 30% in mass but only 0.05% in volume (Stahler &
Pallal 2005). MCs have a wide range of masses, the extremes being from 102 to
10" M, but typically lying between 10*-10% M, with typical sizes of a few parsec to
~200 pc, and typical densities of a few hundred particles per cubic centimetre. Most
GMCs have a HI1 envelope that dominate their mass. Further to shielding, molecules
and dust radiate away energy, facilitating the cooling of MCs down to a typical of
temperature of 10-30 K.

MCs are thought to typically form from supersonic gas compression. The ori-
gin of such compression can be varied, such as turbulence, an Hir region, wind bubbles
or supernova remnant shells expanding through the gas, for example, which can eas-
ily accumulate 10*M, of mass, enough to form typically sized MCs (e.g. [Hartmann
et al.|2001)). To form more massive MCs out of smaller clouds, Inutsuka et al. (2015)
proposed that continuous cloud compression is required. They call this sequential

molecular cloud formation, and this proceeds by repeated compressions of a network
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of overlapping dense shells. Such a repeated event can come in the form of super-
nova events due to the clustered nature of massive star formation. These multiple
supernova shells cause continuous shock compression of the surrounding molecular
gas. Further collisions of the formed MCs themselves can occur at the edges of the
dense Hir shell network, again increasing the mass of MCs able to be formed (e.g.
Dobbs et al.[2011)).

MCs are not very long-lived structures, only surviving a few free-fall times.
Long thought to be gravitationally bound, studies such as (Clark & Bonnell (2004
show that this is not necessarily the case. Given their cold temperature, the lack
of thermal support enhances fragmentation by gravitational instabilities, which is
further promoted by turbulence (e.g. |Clark & Bonnell |2005). Resulting over-dense
sub-structures then themselves collapse locally, facilitating the formation of the direct

progenitors of stars.

1.3 PRESTELLAR CORES

Gravitationally bound condensations of dense gas ranging in size from 0.01 pc
to 0.1 pc represent the smallest constituent of the star formation process (e.g. |Andre
et al. 2000; Lomax et al.|[2013). Termed cores, these are the direct progenitors of
stars and can have masses from 0.1 Mg to tens of solar masses. As they are far
denser than their parent molecular cloud with typical Hy central densities exceeding
10° cm ™3 (e.g. Keto & Caselli/2008), they are shielded from being heated by external
radiation hence have cold temperature of typically 10 K achieved by radiative cooling.
Cores are typically sub-divided into starless and protostellar cores, the key difference
being that protostellar cores contain a Young Stellar Object (YSOs) whilst starless
cores do not and represent the earliest core phase. Starless cores themselves are also
subdivided into prestellar, gravitationally bound cores, and those which are unbound.

A fraction of starless cores will become prestellar, while the remaining population will
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disperse back into the parent molecular cloud.

The Jeans mass is used to distinguish prestellar cores from unbound cores.
For a spherically symmetric core with mean density p to collapse, its mass must be

greater than the Jeans mass given by (Jeans||1928),

47 a?
- () it -

where G is the gravitational constant and a, is the isothermal sound speed of the gas

. (’“B—T)/ | (12

m

given by,

where kg is the Boltzmann constant, T is the temperature of the gas, and m is the
mean mass of a gas particle. If we assume that the gas is isothermal, optically thin,
that there is no source of support against gravity, and that the core mass exceeds M,
during the initial stages of the collapse gravitational potential energy will be radiated

away quickly and efficiently, occurring in a few free-fall times, ¢;¢ given by,

37 1/2
e ()" »

On the other hand, if we consider a core mass that fails to exceed M ;, without

any external containing pressure the core will disperse in a time t; given by,

: (1.4)

where R is the core radius, and o is the internal velocity dispersion (e.g. Ward-

Thompson & Whitworth![2015)).

Whilst low-mass prestellar cores are routinely observed, dominating the ob-
served core mass function (CMF) in star forming regions (e.g.|[Motte et al.[1998)), their

massive counterparts (of order a few hundreds of M) remain elusive. Truly starless
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cores are central to core accretion models of massive star formation (see Section
yet they are in particular notoriously elusive and often evade observation. Sanhueza
et al.| (2017) studied the fragmentation of a massive infrared dark clump, revealing
that its cores (even though on the low-mass side, containing only ~15Mg within
0.01 — 0.1pc) appear to be starless from the lack of molecular outflow signatures.
Cyganowski et al.| (2014) find an excellent candidate for a massive prestellar core
in G11.92-0.61. The core is devoid of maser and outflow emission, both classic tell-
tale signs of embedded star formation. Bizarrely, it is also devoid of sub-millimetre
molecular line emission despite it being an incredibly strong millimetre dust contin-
uum source. Following chemical modelling, severe gas depletion due to freeze-out onto
dust grains was found to be a plausible explanation given the extreme core physical
conditions. The fitting of an SED revealed these core conditions to include 30 Mg, of
gas within a small 1000 AU radius, implying a very large Hy column density exceeding

10%° cm ™2 if one assumes spherical symmetry.

1.4 FILAMENTS

Filaments are elongated, over-dense structures of gas and dust, and are preva-
lent on a wide variety of size scales in the Universe, the importance of which in the
interstellar context already recognised for decades (Schneider & Elmegreen||1979).
Observed on the scales of tens of parsecs (Beuther et al.|2015; Kainulainen et al.
2016)), filaments are seen to dominate the mass budget of GMCs at high densities
(Schisano et al.|[2014; Konyves et al.[2015). Some of the longest filaments have been
observed to be as large as ~100 pc in length (e.g. Wang et al.|[2015| [2016]). One such
filament is the ~80pc long “Nessie” filament (Jackson et al.[2010; Goodman et al.
2014)) observed to coincide with the Scutum-Centaurus galactic spiral arm. A sample
of 7 velocity-coherent, ~100pc long filaments (named Giant Molecular Filaments)

with masses ranging 10*-10°M, observed by Ragan et al. (2014) were all identified



1.4. FILAMENTS 15

to be galactic inter-arm clouds, possibly corresponding to spurs that extend from the

spiral arm as it rotates around the galactic centre.

On the scales of a few parsec, observations of the Galactic interstellar medium

with the Herschel Space Observatory have revealed that filaments are a key interme-

diate stage towards the formation of stars (André et al.2010; Molinari et al.|2010;

'Arzoumanian et al.|[2011). As shown by the Herschel Gould Belt survey (HGBS)

(André et al. 2010)), the majority of prestellar and protostellar cores (the direct pro-

genitors of stars) are embedded in the densest of filaments (Polychroni et al.|2013;

Konyves et al.|2015; Marsh et al.2016]) whose mass-per-unit-length (M) is larger

than the theoretical upper limit for an isothermal, infinitely long cylinder to main-

tain hydrostatic equilibrium (Ostriker(1964)) i.e. thermally supercritical in nature (see

Figure . For an isothermal, self-gravitating cylinder of gas, this is given by,

20>
Minecri = _Oa 1.5
e = (1.5
where G is the gravitational constant, and a, is the isothermal sound speed of the gas,
given by equation Taking typical values of 10K and solar metallicity, Mne crit ~
16.7Mgpc~!. Understanding the connection between filament evolution and core

formation has become one of the main goals of star formation research over the past

decade.

Herschel observations seem to suggest that filaments that reside within molec-

ular clouds have a near universal width of 0.1 pc regardless of the central density

(Arzoumanian et al.2011), a result that according to more recent work (André et al.

2016) prevails in much higher mass filaments outside of the Gould Belt. This is con-

tradicted by Panopoulou et al.| (2017)), who do not find a characteristic scale in their

spatial Fourier analysis of the data. Also, by observing the dense gas of the 1.1495

region of Taurus, Hacar et al| (2013) show that a number of velocity-coherent sub-

filaments (termed fibers) constitute filaments. This was further observed by [Henshaw|
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et al.| (2017), who using ALMA resolve narrow structures in the previously known

hub-filaments of the G35.28 IRDC with widths of typically 0.02840.005 pc.
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Figure 1.1 Hy column density map of the Aquila region taken from [Konyves et al.
(2015), where the colour scale also corresponds to the stability of the filament as-
suming a constant filament width of 0.1 pc and the isothermal mass per unit length.
White regions on the map correspond to supercritical filaments. Triangles mark the
positions of prestellar and protostellar cores, in blue and green respectively. 90% of
cores lie along the most supercritical filaments in the region, where the line mass
Miine > 15 Mg /pe, extinction A, ~7 and surface density ¥ ~150 Mg, /pc?.
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1.4.1 FORMATION

A cloud that is not perfectly spherical will naturally begin large scale collapse
along its shortest axis. Numerically, the formation of filamentary structures has been
shown to be a natural occurrence in the turbulent ISM (e.g. |[Federrath et al. 2010;
Hennebelle et al.|2008; Smith et al.2016), and can be simplified down to two main
causes: the compression of an object, or the extension of an object. In the former case,
such a process has been shown to be the collisions of shocked sheets of gas, generating
stagnation points in the molecular cloud where turbulent energy is dissipated (e.g.
Padoan et al.|2001; Klessen et al.|2005} Federrath et al.|2016)), or converging flows of
gas (e.g. Hennebelle et al. 2008; |Gong & Ostriker|2015). The presence of magnetic
fields promotes the formation of ever larger aspect ratio structures due to the extra
support it provides against fragmentation (Hennebelle 2013)). In the latter case, shear
can be the formation mechanism (e.g. |Hennebelle/2013), where two opposing flows of
turbulent gas causes the pulling and extending of an object. This shear is especially
felt by extended objects on galactic scales as they rotate around the galactic centre

(Dobbs et al.|[2015; Duarte-Cabral & Dobbs|[2017)).

Gravitational instabilities in a self-gravitating sheet has been shown to cause
fragmentation (Miyama et al.|[1987; Whitworth|2016). Perturbations of order a few
times the thickness of the sheet cause the sheet to be unstable to fragmentation. The
aspect ratio of the unstable mode increases over time, eventually lending itself to
the formation of elongated filament structures. Hub-filament systems (networks of
spatially converging filaments) are suggested to form in this gravity dominated way

(Myers [2009)).

Palmeirim et al.| (2013)) observe striations perpendicular to filaments in the
L1495 region of Taurus which align parallel to the magnetic field direction. This
suggests that these striations may represent funnels through which material flows

along magnetic field lines onto filaments to be accreted. How much of a role this may
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play in the formation of the filament itself remains unclear.

1.4.2 FRAGMENTATION

Due to their geometry, filaments are prone to fragmentation. |[nutsuka &
Miyama| (1992) and Miyama et al.| (1994) showed that filaments in hydrostatic equi-
librium fragment under density perturbations where the wavelength of the fastest
growing mode is equal to four times the filament diameter. Further investigated by
Clarke et al| (2016]) who study the perturbations of an accreting filament, the fastest
growing mode is found to be,

)\core = 27—crita07 (16)

where a, is the isothermal sound speed and 7. is the time it takes to build-up a
critical filament through accretion, hence the time at which the filament becomes
radially unstable. By measuring the separation of the periodic fragments along a
filament, and rearranging equation for 7., one can calculate the lower limit on
the age of the filament when it becomes supercritical. Naturally, the average accretion

rate of the filament can also be calculated, using

o Mline,crit - 2aoMline,crit 1.7
= = : (1.7)

Terit )\core

M

where M is the mass accretion rate, and A, is the core spacing. However, it is
unlikely that filaments settle down to equilibrium after ceasing accretion, and then
proceed to fragment. |Clarke et al.| (2017) extend the work to include filaments that
are accreting from a turbulent medium. To account for the turbulent medium, this
alters the above equations by substituting the isothermal sound speed (a,) for the
effective sound speed, a.f; = \/m, where o1p is the one-dimensional velocity

dispersion.
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Hacar et al|(2013)) find the presence of velocity-coherent fibers within larger-
scale interstellar filaments. [Smith et al. (2016]) propose a “fragment and gather” sce-
nario, where fibers fragment due to turbulence in the ISM and are gathered together
by gravitational collapse into bundles of filaments in a larger, higher column density
filament structure. Tafalla & Hacar| (2015) instead propose the hierarchical “fray and
fragment” scenario, where filaments (that first formed from colliding flows) further
fragment into fibers, which in turn fragment into cores. Hierarchical fragmentation
of filaments into cores is a popular mechanism, often interpreted in observation (e.g.
Takahashi et al.|2013; Friesen et al. 2016; |Henshaw et al.[2016a). However, |Gong &
Ostriker| (2015) on the other hand find that in their numerical simulations (where they
focussed on regions where supersonic turbulent gas flows converge) that filaments and

cores form simultaneously instead of hierarchically.

Much remains unclear about filament formation and fragmentation, and they
are both key areas of star formation research. While a lot of effort has focused on
the properties of individual filaments in nearby star-forming regions (Arzoumanian
et al.[[2011; Peretto et al. 2012; Palmeirim et al.|2013; [Panopoulou et al.[2014; [Salji
et al.|2015)), this thesis focusses on hub filament systems (HFS), i.e. a small network
of spatially converging interstellar filaments (Myers |2009). The converging nature of
such systems is suggestive of the role played by gravity in shaping them. Follow-up
observations have shown that hubs are likely collapsing on parsec scales, gathering
matter at their centre as a result of the collapse (e.g. [Peretto et al.| 2013, 2014; |Liu
et al. 2013; Henshaw et al|2016a)). |Kirk et al. (2013) in particular showed that for
the filaments in the Serpens South cloud of Aquila that accretion flows govern the
evolution of the hub-filament system, providing the material for YSOs to form towards

its centre.
Schneider et al. (2012) showed that stellar protoclusters in the Rosette molec-
ular cloud tend to form at the junction of high-column density filamentary structures.

One of the most massive prestellar cores ever observed in the Galaxy was found lying
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at the centre of a hub-filament system called SDC335 with a staggering 545(45%2) M,

of gas within an 0.05pc radius (Peretto et al|2013} |Avison et al.|2015)), indicating

that such hubs may play a key role in the formation of massive stars. As can be seen
in the three-colour composite image of SDC335 in Figure the filaments appear
dark at the Spitzer mid-infrared wavelengths, classifying this cloud as an infrared

dark cloud (IRDC).
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Figure 1.2 Composite image of the SDC335 hub-filament system, using Spitzer mid-

infrared wavelengths, where R, G and B bands correspond to 8um, 4.5um and 3.6pm
emission, taken from Peretto et al. (2013).

1.5 INFRARED DARK CLOUDS

IRDCs are cold (T < 20K) and dense (n>10%cm™3) reservoirs of gas seen in

extinction against the bright mid-infrared emission of the Galactic plane background

(Perault et al.|1996; Egan et al.|1998; |Simon et al.|[2006}; Peretto & Fuller|2009; Butler|

& Tan|2009; Peretto et al.|2010). They are considered to be mostly undisturbed by

stellar feedback due to the lack of a significant embedded population of stars, hence
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preserving the pristine fingerprints of the cloud initial conditions prior to the onset
of star formation. IRDCs exhibit a wide range of morphologies, masses, and sizes
(Peretto et al.|2010), the most massive of which are thought to contain the initial
conditions required for the formation of massive stars (Rathborne et al.|2006; [Pillai
et al.2006; Beuther & Steinacker|2007). Millimeter continuum studies of IRDCs show
that they are fragmented into a number of cores. While most are quiescent, some
cores show signatures of active star formation, including water maser emission or a
bright 24pm compact source for example (e.g. Wang et al. 2006; Ragan et al.2011)),
and high mass protostars (e.g. |[Beuther et al.||2005; Pillai et al.|2006)). |Avison et al.
(2015)) identify the presence of three hyper-compact HII regions at the heart of the
SDC335 infrared dark hub-filament system, two of them residing in the ~ 500 M,
protostellar core identified by |[Peretto et al.| (2013). Hyper-compact HII regions are by
nature small (r < 0.03pc) and dense (n > 10% cm™3), hence are associated with the
earliest stages of massive star formation (Kurtz|2005; [Sanchez-Monge et al.|[2011]).
Understanding how hub-filament systems form and evolve can tell us what
physical mechanisms are behind the fragmentation of filaments and how their in-
teraction influence the formation of more massive objects. High-angular resolution
observations of infrared dark clouds in particular provides us with the opportunity
for such studies very early on in their evolutionary stage. Such a study is the focus
of this thesis, which uses molecular line emission to constrain the kinematics and

fragmentation of an infrared dark hub.

1.6 MOLECULAR TRACERS

Even though the largest constituent of molecular clouds is molecular hydrogen,
H, is a symmetric molecule meaning it does not have a permanent dipole moment.
Molecular clouds must therefore be traced indirectly using other molecules. The

detectability of such molecules has some dependence on its critical density, which
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is defined as the density at which the spontaneous and collisional de-excitation of a

photon from the upper energy level are equal, and can be written as,

i
£

Nerit = Cu ) (18)

where A,; and C,; are the Einstein coefficients for spontaneous and collisional de-
excitation respectively. Gas with density larger than n..; is said to be thermally
excited, while gas with density lower than n..; is sub-thermally excited. In the
context of this PhD, I have analysed CO and NHj3 molecular line emission to study
the star formation in an IRDC called SDC13. The rest of this section discusses these

two tracers.

1.6.1 CARBON MONOXIDE (CO)

Carbon Monoxide (CO) is a asymmetric molecule, and has a charge differential
over the two ends of the molecule, meaning it has a strong permanent dipole moment.
At the high column densities of molecular clouds and IRDCs, CO self-shields itself
from destruction by external radiation (e.g. |Visser et al.|2009; Glover & Clark 2012)
allowing it to become the second most abundant molecule after Hy. As a result, its
rotational transitions are easily excited in the cold interiors of molecular clouds.

The most abundant CO isotope is 2C1Q (hereafter >CO), which due to
its low critical density (see Table is excited in the diffuse, low density regions
of molecular clouds. In particular, the ?CO(1-0) rotational transition is generally
optically thick and thermally excited, making it a good tracer of the gas kinetic
temperature, but a poor tracer of the inner regions of cores for example. The second
most abundant CO isotope is *C1®0 (hereafter *CO) with an abundance of 1/61
compared to '2CO (Wilson & Rood|[1994)). Given its low optical depth it is able
to trace denser regions than 2CO. 2C180 (hereafter C'80) is even more optically

thin and is incredibly rare with an abundance of 1/500 compared to *CO (Wilson
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Table 1.1 The critical densities of the J = 1-0 transitions of three CO isotopologues,
and of the (J,K) = (1,1) and (2,2) NHj transitions. The Einstein A, ; coefficients and
the rest frequency v were taken from LAMDA (Schoier et al. 2005). The Einstein
C., coefficients for the CO isotopologues were taken from [Yang et al| (2010) (at a
temperature of 20 K), whilst those for NH; were taken from Danby et al.| (1988) (at
a temperature of 15 K).

Molecule A, (s7) Cuy (em™s™) ngy (em™) v (GHz)

2CO(1-0) 72x10° 33x100  23x10° 115271

BCO(1-0) 63x107% 33 x 107" 1.9 x 10> 110.201
C®O(1-0) 6.3 x107% 33 x 107" 1.9 x 10 109.782
NH3(1,1) 1.7x107" 8.6 x 1071 1.9 x 10> 23.694
NH3(2,2) 23x1077 1.1 x 10710 2.1 x10%  23.723

& Rood![1994). Therefore, C!80 traces the densest gas of these three isotopologues.
The Einstein A,,; and C,,; coefficients, critical densities and rest frequencies of these

three CO isotopologues are tabulated in Table

CO surveys are particularly used for the identification of molecular clouds,
such as the entire Milky Way in ?CO(1-0) (Dame et al.[|[1987, [2001)), the *CO High-
Resolution Survey of the Galactic Plane (COHRS, |[Dempsey et al.|2013) in 2CO(3-2),
and the CO Heterodyne Inner Milky Way Plane Survey (CHIMPS, Rigby et al.[|2016))
in CO(3-2) and C'¥0(3-2).

The cloud conditions traced by the ratio (called Ro1/1,0) of the two lowest
rotational transitions of '?CO (the J =2 —1 and J = 1 — 0 transitions) have been
studied (e.g. [Sakamoto et al.|[1994; Nishimura et al.|[2015)). It is found that towards
the centre of the Orion GMC for example, Ry 1,10 ~ 1, however it decreases out-
wardly to ~ 0.5, attributed to density variations under an isothermal assumption.
More recently, Penaloza et al.| (2017) show that the ratio in their synthetic clouds
is in fact bimodal, peaking at 0.7 and 0.3 representing the tracing of two distinct
cloud conditions: firstly, the high mean density and low mean temperature regime,
and secondly the low mean density and high mean temperature regime. Such a bi-
modal behaviour of Ry /1 is attributed to the fact that when Ry 1,10 ~ 0.3, both

J=2-—1and J=1-0 lines are sub-thermally excited, whilst when Ry /1,0 ~ 0.7,
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the J = 1 — 0 is thermalised whilst J = 2 — 1 remains sub-thermal. This results in
a bimodal instead of a continuous population, as CO becomes optically thick very
quickly once thermalised, hence its emission becomes saturated. This analysis sug-
gests that were a molecular cloud observed with both these transitions, evaluating
whether its Ry 1 /10 ratio is found within the high or low peak of the bimodal distri-
bution places constraints on the cloud conditions, ultimately allowing the probing of

different regimes observationally within molecular clouds.

1.6.2 AmmoNIA (NHj)

The Ammonia molecule (NH3) has a trigonal-pyramid arrangement of its three
Hydrogen (H) atoms at the base of the pyramid, and a single Nitrogen (N) atom at
the tip of the pyramid (Figure . Two species of NH3 exist depending on the
orientation of the Hydrogen atom spins: ortho-NHj for parallel Hydrogen spins, and
para-NHj3 for non-parallel spins (Ho & Townes [1983). Each of the labelled axes
in Figure (A, B and C) denote the three principle axes of rotation, which have
associated moment of inertia components I4, Ig and I and total angular momentum
(J) components of J4, Jp and Jo. As a result, the kinetic energy may be calculated

following,

J3 J? JZ
A, B JC

Bt = .
YT oI, 20 200

(1.9)

NHj is a symmetric top molecule, meaning that it has two degenerate axes of
rotation (axes B and C) with identical moment of inertia components, and one unique
axis of rotation (axis A). In particular, NHj is a prolate molecule (where its shape
resembles a rugby ball), meaning that axis A has a lower I component than axes B
and Ci.e. I4 < Ig = Io. If the molecule were to be oblate (with a shape resembling
a disk), 14 would be greater than Iz and I¢.

The projection of the total angular momentum vector J onto the principal axis
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Figure 1.3 A schematic of the trigonal-pyramid arrangement of the NH3 molecular
(Stahler & Palla/[2005]).

Figure 1.4 A schematic denoting the multiple axes of rotation of the NH3 molecule’s
rotation inversion transition (Stahler & Palla/|2005).
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Figure 1.5 Left: Schematic of the inversion transition of NHj, slightly adapted from
Stahler & Palla (2005). The distance of the Nitrogen atom from the plane of Hydrogen
atoms is denoted by s. The positive s direction denotes when N is above the plane,
while negative s denotes when the N atom has tunneled through the plane. Right: the
potential energy of NH3 as a function of s. The Nitrogen atom can oscillate through
the energy barrier at the Hydrogen plane (s ~0).
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is labelled by K. NHj emission is described following the (J,K) notation. Selection
rules state that no radiative transitions between K values are allowed, hence NHj
emission is considered as independent “K-ladders”. As such, the J transitions within
a K-ladder are greatly collisionally dependent, therefore reflecting the thermal prop-
erties of the emitting gas. The upper states in a K-ladder (where J is much greater
than K) are called nonmetastable states as they can rapidly decay their J values by
AJ = 1. However the lower states (approaching J =K at the bottom of the K-ladder)
are called metastable states as they are far longer lived, making them excellent tracers

of gas thermal properties.

In particular, the (J,K) = (1,1) transition of NHj is classed as a rotation
inversion transition. Figure [1.4] shows the multiple modes of rotation of the entire
NHj; molecule. Not only does it rotate about the principle axis perpendicular to the
Hydrogen plane (axis A), but it also precesses about the axis aligned with the total
angular momentum vector, J. Furthermore, as shown in Figure [I.5] the Nitrogen
atom inverts its trigonal-pyramid structure, as it tunnels through the energy barrier
of the double-potential well at the Hydrogen atom plane. Usually, the Nitrogen atom
is trapped in a single potential well as it does not have enough energy to pass the
barrier. However, quantum theory states that the Nitrogen atom can tunnel through
the energy barrier. This leads to transitions called inversion doublets with a main
line wavelength (denoted by the transition labelled v55 in Figure of 1.3cm. These
inversion doublet transitions split again due to hyperfine interactions, mostly due to
the interaction of the electric quadrupole moment of the Nitrogen nucleus (due to
the non-spherical charge distribution) and the electric field of the electrons. The
basic quadrupole splitting transitions further split due to weak magnetic interactions
between the nuclei spins. In total, this leads to 18 hyperfine transitions for the
(J.K) = (1,1) rotation inversion transition (shown in Figure [1.6]), and 21 hyperfine
transitions for the (J,K) = (2,2) rotation inversion transition (Townes & Schawlow

1955; [Kukolich/[1967)). Of the 18 and 21 hyperfine transitions, 5 and 3 groups of lines
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respectively are typically resolved in astronomical observations with the current best
spectral set-up. The rest frequencies of NH3(1,1) and NH;3(2,2) are 23.6944955 GHz
and 23.7226336 GHz respectively (Ho & Townes|1983)), and examples of their synthetic

spectra are shown in Figure [1.7]
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Figure 1.6 Schematic taken from Rydbeck et al. (1977)), indicating all allowed hyper-
fine transitions of the NH3(1,1) rotation inversion transition with an arrow.

NH; as a dense gas tracer in the interstellar medium

The discovery of NH3 towards the Galactic centre by |Cheung et al.| (1968) was piv-
otal in the realization that the interstellar medium (ISM) is denser than previously
thought. NHj has a critical density of n ~ 10%cm™2, however given the hyperfine
splitting, the emission from the (J,K)=(1,1) line is spread over a large 40 kms™! for
example, increasing the effective column density of the line to n > 10% cm~3. For this

reason, as well as the long-lived nature of the J=K levels previously discussed, the
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Figure 1.7 Synthetic spectra taken from Mangum & Shirley| (2015) of the NH3(1,1)
(top) and NH;3(2,2) (bottom) spectra. Each solid black line indicates the hyperfine

structure transitions and their relative intensities.

Frequencies on the x-axis are

relative to the rest frequencies of the lines. The overplotted dashed line is a result
of a Gaussian convolution, and shows the overall shape one can expect from their

resolvable astronomical spectra.
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(J,LK) = (1,1) and (2,2) rotation inversion transitions are particularly good tracers
of the cold (< 20K) and dense (n > 10® cm™) gas of early stage star formation in
molecular clouds and IRDCs. Additionally, NH3 has been shown to not be depleted
in core environments, such as L1498 for example studied by [Tafalla et al. (2004),

where C*O was in contrast strongly depleted.

Using the 22 metre Mopra radio telescope, the H,O Galactic Plane Survey
(HOPS, Walsh et al. |2008; |[Purcell et al.2012) simultaneously mapped 100 square
degrees of the Galactic plane in NHj3, maser and radio recombination line (RRL)
emission. [Longmore et al. (2013)) collated data from HOPS, and compared the NHj
emission distribution to the location of star formation tracers, such as the location of
Hir regions and water or methanol maser emission. They find that even though 80%
of the NH3(1,1) integrated emission is concentrated within the first few degrees of the
Galaxy’s central molecular zone (CMZ), the concentration of star formation tracers
do not seem to correspond remarkably, with a typically even distribution across the

plane, suggesting that star formation around the Galactic centre is less efficient.

NHj is often termed the thermometer of molecular clouds. Unlike other com-
mon tracers such as CO or NoH' for example, the temperature of the gas can be
directly calculated from the ratio of the intensities of the NH3 (J,K) = (1,1) and (2,2)
rotation inversion transitions. For conducting such a calculation, one must begin with

the opacity of the gas.

Opacity

The opacity (7) of a gas defines its optical thickness. Being inversely proportional
to the photon mean free path, 7 describes how long before an emitted photon is
reabsorbed. Typically, an optically thin gas (where 7 < 1) allows the photon to

travel further than in an optically thick gas (where 7 > 1). The opacity is found by
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solving the following numerically, (Barrett et al.||[1977),

AT,(1,1,m) 1—e701m)
AT,(1,1,8) 1 — e or(Llm)’

(1.10)

where the parameters AT, (1,1, m) and AT,(1,1, s) refer to the observed peak spectra
of the NH3(1,1) main (denoted by the m) and satellite (denoted by the s) components.
The expected relative intensities between the main and inner satellite lines is denoted
by a. The opacity of the main NH3(1,1) line is denoted by 7(1,1,m). This opacity
is converted to the total opacity of all components 7(1,1,¢) (denoted by the t) by
dividing by the relative strength of the remaining component to the main component,
of 0.502 (Li et all[2003).

The opacity of NH3(2,2) is calculated similarly (Barrett et al.|[1977)),

AT,(1,1,m) 1—e 7Lm)
AT,(2,2,m) 1—eT@2m)’

(1.11)

where AT, (2,2, m) and 7(2,2, m) are the observed peak of the spectra and the opacity
of the NH3(2,2) main component, respectively. This opacity is converted to the total
opacity, 7(2,2,t) of NH3(2,2) by dividing by the relative strength of 0.796 (Li et al.
2003).

Temperature

If a gas is in thermal equilibrium with its surroundings, the number of molecules at

a given rotational energy in an ensemble is described by the Boltzmann distribution,

R _ 9 exp (M) : (1.12)

No o kBTea:

where subscript o and J denote the lowest rotational state (at J = 0) and the J™"
energy state respectively, n is the number of density of molecules, g is the statistical

weight. T, is the excitation temperature of the gas, defined as the temperature that
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will reproduce the observed ratio of the zeroth and the J™ energy states. When the
conditions are in Local Thermodynamic Equilibrium (LTE), T,, is also equal to the
kinetic temperature T}, which is the temperature at which the Maxwell-Boltzmann
distribution (see equation of particle motions is reproduced, hence characterises

the random gas velocities.

In LTE, the total number density of molecules, n, is given by,

n = inz (1.13)
i=0

Assuming the molecule’s level populations can be described by a Boltzmann distribu-

tion, n may be evaluated from the population of a single energy level. Substituting

equations and gives,

Mo

n =2 exp (k%) Q(T..), (1.14)

o

where Q(T) is the rotational partition function given by Q(7%,) = > g exp ( k;? )
The rotational temperature (7,.;) describes the relative populations of the NH3(1,1)
and NH3(2,2) levels, and can be found from integrating n over a path length, and the

Boltzmann distribution by,

(1.15)

B kB Trot

N2,2 922 ( E2,2 - E1,1>
~ - &Xp|\ =
N1,1 91,1

where N i, Ejk and gk are the column densities, energies, and statistical weights of
the (J, K) = (1,1) and (2, 2) transitions. The statistical weights of the two transitions
are 3 and 5 respectively, whilst 7, = (Ey2— E1 1)/kp = 41 K. From assuming optically
thin transitions, it is known that the column density of a state can be expressed
as Nyx o 7(J, K, t)Avy/As Kk, where 7(J, K,t), Av(J,K) and A;k are the total
optical depths, velocity width, and Einstein coefficients for spontaneous de-excitation

of the (J, K) = (1,1) and (2,2) transitions. Rearranging equation for T,, and
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substituting for N; g and the constants yields the expression,

9 T(Q,Q,t) A’UQQ
Ty = —41K /In [ — 21 1.16
t fie (207(1,170 [AU1,1]> 19

If one were to assume that the NH3(1,1) and NH3(2,2) emission are excited
in the same volume of gas, one could simplify this equation by assuming that both
velocity widths are equal. This means that the rotational temperature of the gas may

be evaluated from the ratio of the emission line intensities only.

Column density

With opacity and temperature, the total column density of NH; and H, can be
calculated. Firstly, the column density of the NH3(1,1) upper level only can be
evaluated by (Goldsmith & Langer|/1999),

N[NH;(1,1)] = 8k7w12’},, /OO Typdv (M) , (1.17)

171hc 00 1 — e_T(lv]-?t)

where k is the Boltzmann’s constant, vy is the rest frequency of the NH3(1,1) line,
A, is the Einstein Coefficient for spontaneous emission, h is the Planck constant, ¢
is the speed of light, 7(1,1,¢) is the total opacity of the NH3(1,1) line, and ffooo Tydv
is the integrated intensity of NH3(1,1) emission. Beam information can be ignored
under the assumption that the source fills the beam. In the case of extended sources,
this is a fair assumption.

Assuming local thermodynamic equilibrium (LTE), where the rotational tem-
perature is assumed to equal the excitation temperature, N[NH;3(1, 1)] was converted

into the total column density of Ammonia, N(NH;3) (Goldsmith & Langer|1999),

N[NH;3(1,1)]

N(NH;) = g1

P Ko (T, ) (1.18)

where ¢y ; is the statistical weight, Fj; is the energy of the NH3(1,1) line, T, is
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the rotational temperature, and Q(7T,,) is the partition function. Expanding the
partition function, Q(T,ot) = Y, gie F/¥Trot over J and K energy levels, where J and

K are the transition quantum numbers (Ungerechts et al.|[1986)),

1 5
N(NH;) = N[NH;(1,1)] §e+23~26/th +1+§e—41-18/Tm.-- : (1.19)

where T, is the rotational temperature, and N[NH3(1,1)] follows from Equation
1.17. The Hy column density is calculated by assuming an abundance of NH3 to Hs
of [NH3]/[Ha]~ 3 x 1078 (Harju et al.[1993).

The NH3(2,2) transition is a weaker emitter than NH3(1,1), and is separated
from the energy of the (1,1) line by 41 K. This means that the coverage of the final
column density map is limited to the regions of the NH3(2,2) emission. This was
discussed at length by Morgan et al. (2013) who show how much coverage can be
recovered if one makes a global assumption on the temperature, without introducing

significant changes to the common areas of coverage.

1.6.3 LINE BROADENING

Molecular lines are most commonly used to trace the kinematics of gas in
molecular clouds. Emission lines are broadened by a variety of processes, the study
of such broadening giving us information about the internal motion of the gas. The
most fundamental line broadening process is natural line broadening (or intrinsic line
broadening) as a consequence of the Heisenberg uncertainty principle, AF;At; ~ h.
This arises as the energy (AE;) of an excited state ¢ cannot be precisely measured
because of its finite lifetime (At;), resulting in a superposition of possible states spread

across the energy F;. However, this is not a significant process in the ISM.
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Thermal broadening

Thermal (or Doppler) broadening occurs due to a distribution of individual atom or
molecule random motions. The distribution of these velocities can be found by the

one-dimensional Maxwell-Boltzmann distribution,

m O\ mV;?
AN (Vi) = N W os \ gy 1.2
(Vios) (2wk3T> eXp( 2kBT) Vi (1.20)

where Vj,, is the atom velocity component along the line of sight, m is the mass of
the atom which is assumed to be in thermal equilibrium at temperature 7', and N

gives the number of atoms with a given velocity.

According to the Doppler effect, if an atom with velocity component Vs << ¢

emits a photon with a frequency v,, it is detected at a different frequency v given by:

Vo —V ‘/los
= . 1.21
. . (1.21)

Therefore the one-dimensional velocity of the atom is related to frequency.
Combining equations and gives a profile function of the emitted radiation

in terms of frequency,

o) — c m 1/2 - me? (I/—I/O)2 (1.22)
p\V) = AI/D 27T]€BT *xp QkaT AV% ’ ’

the morphology of such a profile being of Gaussian shape. This profile function yields

the Doppler width Avp defined as,

2 T 1/2
Avp = 22 ( i ) . (1.23)
C m

In radio astronomy, the full width half maximum (FWHM) of a line is found

by solving equation at half intensity,
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mc? Av? 1
_me 2P ) o2 1.24
P ( kT 412 > 2 (1.24)

giving a FWHM line width of a purely thermally broadened line of,

mc?

1/2
Av = (M) Vo (1.25)

where Av is the FWHM line width, or written in terms of velocity as,

8In2ksT\ "?
ﬁ) . (1.26)

AVFWHM (therm) == ( m

This can also be re-written in terms of the one-dimensional velocity dispersion

o1p(therm) as,

AVpw i (therm) = 2(In 2)'/2 (%) c, (1.27)

Vo

where oyp(therm) = Ayﬂc.
o

Turbulent broadening

The total velocity dispersion is defined as the sum in quadrature of both thermal
and non-thermal contributions. These non-thermal motions are what contribute to

turbulent broadening of an emission line, given by (Myers|[1983),

AV? therm kgT
ONT1D = \/ ngfflg ) :7/ ) (1-28)

where onr1p is the non-thermal one-dimensional velocity dispersion. Such non-

thermal motions may be due to turbulent random fluid motions, infalling material

accreting onto a core, rotation, or shocks propagating through the medium.
Kolmogorov| (1941)) presented a theory of how turbulent energy is conserved

and cascaded down from large, unstable eddies of turbulent motion that break up
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into smaller eddies, deriving a characteristic relation between the velocity dispersion

o and size L of an eddy,

oo L3 (1.29)

This conserved-cascade of energy to successively smaller eddies continues until
a stable eddy is reached, where the energy is then dissipated on small-scales supersonic
shocks, shown numerically to occur in a free-fall time (e.g. Padoan et al.[2001]).

Turbulence dissipation in prestellar cores has been observed (e.g. Fuller & My-
ers||1992; (Goodman et al.[[1998; (Caselli et al.|2002; Pineda et al.[[2010} 2015), where
distinct decreases in the non-thermal velocity dispersion at the positions of prestel-
lar cores compared to the surrounding gas were observed. The term “transition to
coherence” was coined for this behaviour, suggesting that cores have sizes that are
intimately linked to the turbulent properties. More recently, this transition to coher-
ence has also been observed towards entire parsec-long filaments (Hacar & Tafalla
2011, Hacar et al.|2016]). Such transonic cores and filaments are expected to form
in the turbulent ISM where supersonic shocks generate stagnation regions where the
turbulent energy is dissipated (Padoan et al.|2001; |Klessen et al. 2005; Federrath

et al.[2016).

1.7 MASSIVE STAR FORMATION

Having discussed each aspect of the ISM individually, I shall now combine
them and discuss them in terms of massive star formation theories. There are two
main theories of massive star formation that I will focus on that one could class
as the front-runners of current active research, and those are Core Accretion and
Competitive Accretion.

Competitive Accretion (Bonnell et al.2001) begins with the global, free-fall

collapse of a sub-virial molecular cloud, which then fragments into cores due to the
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Figure 1.8 Velocity dispersion map of the B5 region of Perseus, taken from
. Example spectra are shown from within the core and crossing the core
boundary. The transition to coherence is clearly seen, as the velocity width of the
shown spectra narrows within the core boundary compared to the surroundings.

effects of turbulence. Cores jostle for position, competing with other cores for the
material to accrete. Protostellar seeds are formed of typically less than a stellar
mass, which continually accrete unbound gas from the rest of the cloud. The high
mass stars form as a direct result of the gravitational potential of the gas mass, which
funnels the gas down to the gravitational potential well minimum at the centre of
the cloud to be accreted. Massive protostellar cores have the advantage by winning
most of the material whilst also forming near the centre of the forming cluster where

the most mass falls, making the formation of high-mass stars a natural consequence

of the system. Simulations by Smith et al| (2009) show that the constituent material

of a massive star when traced back in time were originally randomly distributed
within the parent molecular cloud. Essentially, material is accreted from anywhere

and everywhere.

Core Accretion (McKee & Tan|[2002), often termed Monolithic Collapse, de-

scribes an ordered collapse and can be considered an extension of the low-mass star
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formation theory presented by Shu et al.| (1987)). Similarly to competitive accretion,
core accretion begins with the fragmentation of a molecular cloud into cores. How-
ever, one distinct departure from competitive accretion is that the are truly starless
in nature, and once the fragmentation into cores stops and the cores become bound
and in virial equilibrium with the surroundings, they are isolated from the parent
molecular cloud and never gain any more mass. As it collapses, this provides a closed
reservoir of material for the eventual central protostar to accrete from its envelope.
This theory was extended by McKee & Tan| (2003) into the Turbulent Core model.
In equilibrium, the self-gravity of a core is balanced by the gradient of its internal
pressure. However, given the shear amount of mass needed for high-mass star for-
mation, the internal pressure is instead provided by the non-thermal mechanisms of

turbulence and magnetic fields.

1.8 AIM OF THIS THESIS

There are many outstanding questions regarding the formation of filaments,
and their fragmentation into cores. What is clear in hub-filament systems in particular
is that accretion flows along the filaments towards the hub centre plays an important
role in the evolution of the system. Understanding this process is one of the main
aims of this work, utilising both high, and low angular resolution data from the
Jansky Very Large Array (JVLA), the Green Bank Telescope (GBT) and the IRAM
30m telescope to achieve this. I focus on the properties of a particular infrared
dark cloud hub-filament system called SDC13. SDC13 lies 3.6 +0.4 kpc away in the
Galactic plane, and contains 1000 M, of material, classing it an intermediate to high-
mass star forming region. I characterise its fragmentation and kinematics with high
resolution observations of NH3(1,1) and NH3(2,2) rotation inversion transitions. With
lower resolution observations of ¥CO(1-0) and C*®O(1-0), I study the larger scale

kinematics of the dense gas, looking for tell-tale signs of filament formation.
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1.8.1 'THESIS PLAN

In Chapter [2] T outline the radio astronomy techniques implemented in single-
dish observations and interferometry. In Chapter [3 I give an overview of previous
observations of the SDC13 infrared dark cloud and their results. Here, I also present
the new data that was obtained and used for the work carried out in this thesis.
In Chapter 4| I discuss the analysis of high angular resolution Jansky Very Large
Array (JVLA), combined with the Green Bank Telescope (GBT) observations of the
cold and dense gas tracer Ammonia in SDC13. In Chapter 5] I discuss the initial
analysis of the lower angular resolution IRAM 30m telescope data probing both the
13CO(1-0) and C*®O(1-0) molecular line emission, a work in-progress. In Chapter [6]
I summarise the main conclusions of this work and outline my plans for future work

on SDC13.



CHAPTER 2

RADIO OBSERVATIONS

This chapter outlines the basics of radio observations. After a brief discussion of
single-dish telescopes, I present the radio interferometer and its advantages over
single-dish observations. I go on to discuss the main interferometry techniques such
as aperture synthesis and synthesis imaging, and the key stages of the data reduction

and calibration process.

2.1 THE BASICS

Light is attenuated as it travels through the Earth’s atmosphere. A narrow
window is available for optical light to travel through unimpeded at wavelengths of
a typically 0.5 to a few microns. Another far larger window also exists where radio
wavelengths between A ~ 0.5 mm — 20 m are free to reach the ground.

Radio telescopes are commonly parabolic dishes made of many smaller metal
panels. The dish makes a detection of an incoming electromagnetic wave by reflecting
it from the main dish area to a receiver box, where an amplifier boosts the weak signal.
The amplifier is cooled as much as possible to limit the introduction of interference to
the signal due to thermal noise. The flux density S, measured from a given direction

is proportional to the rate at which energy is incident to it over its area, and is spread

41
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across the frequency band of the receiving antenna. This means the total observed

flux is the integral over the frequency bandwidth:

S:/S,,dz/. (2.1)

Astronomical sources however subtend a finite angular size, meaning their flux
is instead measured per unit solid angle, called the brightness B(6, ¢). The total flux

is then rewritten as the integral of the brightness per unit solid angle per bandwidth:

S = /B(e, ¢)dQdv . (2.2)

This yields the flux of the source, with SI units of Wm~2.As radio astronomy deals
with small fluxes, the flux density is more conveniently substituted by the Jansky

(Jy) where 1Jy = 1072 Wm~2Hz L.

The brightness temperature is a measure in radio astronomy of the intensity
an antenna receives. The specific intensity of radiation from a blackbody is given by

Planck’s law, which at low-frequencies can be simplified to:

th/QTB

I(v) , (2.3)

where h is the Planck constant, v is the frequency and c is the speed of light. The
brightness temperature, T, is defined as the temperature required of a blackbody
in thermal equilibrium with its surroundings to reproduce the specific intensity of an
object. The antenna temperature, T 4, is similarly defined as the temperature of the
blackbody that would result in the equivalent amount of power being received by the

telescope, and can be written as:

P = kTaAv, (2.4)
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where Av denotes the frequency bandwidth that the power was collected over. This
antenna temperature may be corrected for atmospheric attenuation by measure of

the zenith opacity, and is termed T'.

Antennas that are directional i.e. measure radiation from a specific direction,
have a power pattern of lobes of radiation it receives. The largest of these lobes, called
the main beam, will be in the direction of the source, whilst unwanted radiation from
other directions manifest as weaker side-lobes. This is shown in Figure 2.1} Telescope
quality is often determined by how much of the power is concentrated within the
main beam, as determining the direction of a source of interest is made more difficult
if a significant fraction of the power is received by the side-lobes. As such, there
are many efficiency terms that are defined to quantify the antenna performance. In
the case of sources that are larger than the main beam, it is useful to consider the
efficiency of the antenna over the main beam only, termed the main beam efficiency
(Mmp). This is then subsequently used to define the beam-averaged temperature of an
extended astronomical source over the solid angle of the main beam, called the main
beam brightness temperature (T,,,;), as T4 = NppTmp- By only considering the 27
steradians in the forward direction of the antenna, a correction can be made for the
rear-sidelobes of the power pattern. This is termed the T% temperature scale, and
is what is measured at the IRAM 30m telescope. One can convert the measured T%

into T, by the following:
Fepr

Beys
where F.;f is the fraction of the power in the forward 27 steradians to the full 47
steradians (called the forward efficiency), whilst B.ss is the fraction of the power
in the main beam solid angle to the full 47 steradians (called the beam efficiency).
These efficiencies are measured and tabulated by the telescope, typically by observing
a bright point source such as Mars in the case of B.ss, and by performing sky dips

for the measuring of F.¢.
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Figure 2.1 The power pattern of a directional antenna, taken from Rohlfs & Wilson
(2000). Qs denotes the solid angle of the main beam.

This thesis makes use of observations of C'¥*O(1-0) and ¥CO(1-0) emission
from the IRAM 30m telescope, and NH3(1,1) and NH3(2,2) molecular line emission

from the Robert C. Byrd Green Bank Telescope, both single-dish radio telescopes.

2.1.1 Tue IRAM 30M TELESCOPE

The IRAM 30 m telescope resides on Pico Veleta in the Sierra Nevada in Spain.
At an elevation of 2850 m, the telescope site is cold and dry, meaning precipitable wa-
ter vapour (pwv) is low. EMIR (Eight MIxer Receiver, Carter et al. 2012) is the
multi-band, mm-wave, heterodyne receiver on the IRAM 30 m telescope. It operates
in four frequency bands, covering 83-360 GHz (excluding between 174-200 GHz). Het-
erodyne receivers work by mixing the weak incoming signal with the known frequency
of a pure sinusoid signal produced by a local oscillator in the system. This shifts the
original signal to an intermediate frequency while preserving the phase of the wave.

The Fast Fourier Transform Spectrometer (FTS) backend is often used in conjunction
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with EMIR, and can have a spectral resolution of either 50 kHz or 200 kHz.

2.1.2 THE GREEN BANK TELESCOPE

The Robert C. Byrd Green Bank Telescope (GBT) is a 100m diameter dish
is West Virginia USA, and is the largest man-made steerable structure in the world.
The dish itself has an active surface, meaning it can compensate for dish distor-
tions. The GBT operates in a vast number of different frequency bands between
v = 0.1 — 116 GHz, and has low radio frequency interference (RFI) given its location
in the National Radio Quiet Zone. The K-band Focal Plane Array (KFPA) for ex-
ample is a heterodyne receiver for the 18-27.5 GHz band specfically. There are two
continuum backends (called DCR and CCB), and one spectral line backend called
VEGAS (the VErsatile GBT Astronomical Spectrometer). VEGAS is often used in
conjunction with the KFPA receiver, and has a range of spectral window setups with
wide bandwidths (1000-1500 MHz), making simultaneous observation of molecular

lines feasible.

2.2 RADIO INTERFEROMETRY

Single-dish telescopes have a resolution defined by the diffraction limit equa-
tion:
1.22)

o=, (2.6)

where 0 is the resolution in radians, and A and D are the wavelength and dish diameter
in metres. For example, the Hubble space telescope with its 2.4m dish at 1 pum
optical wavelengths has a resolution of ~ 0.13”. However, to probe this resolution
in the radio regime of the spectrum (A ~ 1mm), one would need to construct a dish
2km in diameter. This is an impossible task. Therefore, vast arrays of smaller

dishes are constructed, called interferometers. The resolution achievable with such a
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system is equivalent to a single-dish telescope with the diameter of the largest dish
separation in the interferometer array. This allows a whole new resolution regime to
be probed. For instance, the Jansky Very Large Array (JVLA) interferometer, in a
configurations with a maximum baseline length of 1km, would have a resolution an

order of magnitude better than the 100 m diameter, single-dish Green Bank Telescope.

2.2.1 TWO-ELEMENT INTERFEROMETER

The simplest way to consider an interferometer is the two-element Michelson
interferometer. Consider two antennas (labelled z and y, as shown in Figure2.2)) sepa-
rated by a distance b (known as the baseline) receiving a signal from a monochromatic

point source with direction vector S and frequency v.

b

Figure 2.2 A simplified schematic of the two-element Michelson interferometer. The
two antennas are labelled x and y, and are separated by a distance b. There is a time
delay (7geo) in the incoming signal (green lines, of direction vector S and incident angle
0) reaching antenna y. This schematic was inspired by those presented by Rohlfs &
Wilson, (2000), Burke & Graham-Smith| (2014) and [Thompson et al.| (2017)).
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An incoming signal reaches the first antenna at a time t¢,, however reaches the
second antenna at a later time t, = t, + Tyeo, Where Ty, is the geometric time delay
given by:

o = 27)

C

where c is the speed of light. A substitution can be made by measuring the baseline

distance in the number of wavelengths, b = Ab,:

Aby-S  byScosf
Tyep = oA 2 L PV CORT (2.8)

c v,

where v, is the reference frequency and 6 the incident angle of the emission. This time

delay is counter-acted by adding an instrumental time 7; to ¢, such that 7, — 7 = 0.

The signal received by both antennas is passed to a voltage multiplier, where

each output as a function of time is given by (Burke & Graham-Smith |2014):

x(t) = v, cos(2mv,ty,) and Y (t) = vy cos(2mv,(ty + Tgeo)) (2.9)

where v, and v, are the voltage outputs. These two signals are combined when
passed to the correlator, which contains a voltage multiplier (among other technical
intricacies), and so the two signals are correlated by the time-averaged multiplication

of the two antenna outputs,

Rey(Tgeo) = {x(t)y(t)) - (2.10)

This expression is called the cross-correlation function, and given it has the dimen-
sions of power is often also called the cross-power product (Burke & Graham-Smith

2014)). Following substitution, this equals:

Vi Vy

Ry (TgeO) =

o827V, Tgeo) - (2.11)
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Relating this back to the physical properties of the observed source, the voltages are
proportional to the source brightness I (S), and the power pattern of the antenna
A(S) over a solid angle d) within a frequency bandwidth Av, and is normalized
to unity (Thompson||1989). The assumption is made that the signal received from
two points within the source on the sky are not correlated i.e. spatially incoherent

(Thompson||1989). Following substitution:
R, ,(S) = AV/A(S)I(S) cos(2mby - S)d2. (2.12)

where the integral is evaluated over all 47 steradian of the sky. In constructing images
from the incoming signals, and given that the two antennas can track the source on
the sky, one needs to define a reference position called the phase tracking centre, given
by the direction in which the time delay was cancelled. This is so the synthesised field
of view can be centred, is denoted the vector Sy, and is expressed as a vector offset o
from S such that S = Sg+ o (Thompson|1989) (as shown in Figure[2.3). Substituting
into equation and using the standard cos(a + ) = cos(«) cos(f) — sin(a) sin(f)

trigonometric identity, one obtains:

R, (o) = Avcos(2mvb) - Sp) /A(O')I(O') cos(27b, - o)d(2

— Avsin(27vby, - Sp) /A(O')[(a') sin(27by - o)d2. (2.13)

The complex visibility is subsequently defined from this expression as:
V=|V]|e = /A(a’)](a)e_QMb*'adQ, (2.14)

where ¢y is the phase of the visibility (Thompson|1989)). This expression has units of
spectral power flux density (Wm~2Hz™!) and measures the coherence of the electric

field generated by the incoming signal from the source in the interferometer. With
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Figure 2.3 A simplified schematic of the projection of the vectors S, Sy and o on the
sky, as well as the projection of the uv-plane (discussed in Section , and their
on-sky parallel counterparts [ and m. w denotes a direction along the vector Sy. The
phase tracking centre is shown by the black circle. The source is represented by the
wavy outline on the sky. This schematic was inspired by those presented by |Burke &
Graham-Smith| (2014) and Thompson et al.| (2017)).

the separation of equation into its real and imaginary parts, and by substitution

into we get a final expression for the output of the correlator as:

R, , = AoAv|V]cos(2mby - S — ¢v ) . (2.15)

This is the fundamental principal behind interferometry, that from the correlator

measureables |V| and ¢y, one can solve for the intensity distribution of the source.

2.2.2 THE u,v—PLANE

The u,v—plane is the name for the rectilinear coordinate system where the
baseline vector by resides. w denotes the east-west direction, v denotes the north-
south direction, whilst w is at a right angle to v and v and denotes the direction of the
vector Sy (see Figure . Following this convention, it follows that the source lies

perpendicular to the u,v—plane, whilst the offset vector o lies parallel to it (Burke &
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Graham-Smith|2014). [ and m are the direction cosines of the vector S with respect
to the u,v—plane, and are parallel to u and v respectively on the sky. It is therefore

possible to re-write equation in terms of these coordinates:

dldm

, 2.16
VI—E = (2.16)

U v, ’LU //A l m l m) —2mi(ul+vm4wn) VY

where d€) = \/%. Since Sy is perpendicular to the u, v—plane, w is zero. It follows
that this equation is simply a two-dimensional Fourier transform. The van Cittert-
Zernike theorem states that following an inverse Fourier transform, the brightness

distribution is recoverable from the visibility V (u,v) as:
A(l,m)I(l,m) = //V(u,v)e%i(“l”m)dudv. (2.17)

Given that the angular size of the source will often be far smaller than the
antenna beam, the [ and m direction cosines (where [ = sin x and m = siny) will also
be small, and may be replaced under this small angle approximation by the z and y
angular offsets, which are equivalent to the actual celestial coordinates of the target

source (Burke & Graham-Smith/2014). Equation may then be re-written as:

V(u,v) ://Af(x,y)e_2m(w+”y)dxdy. (2.18)

This means that the Fourier transform of the source brightness distribution is

measured directly by the interferometer in the u, v—plane.

2.2.3 APERTURE SYNTHESIS

Thus far, a simplified case has been considered that only includes two antennas
in the interferometer set-up. As this only corresponds to one baseline, this would
yield the measurement of just the one Fourier component in the u, v—plane. Aperture

synthesis is the technique of expanding this to multiple baselines in a full array of
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antennae. For an array containing N telescopes, the number of visibilities sampled
in the u,v—plane increases to N(N — 1)/2 per time integration (Burke & Graham-
Smith|2014)). However, if the target source is a complex, extended source for example,
the u, v—plane may still not be sampled with enough Fourier components to fill the
u, v—plane. The number of measured visibilities can be drastically increased when
using the Earth’s rotation as an advantage. As the Earth rotates, the position of an
antenna relative to the target source changes, hence increasing the effective number
of baselines and hence the Fourier sampling of the u, v—space. For the Atacama Sub-
millimetre Array (ALMA), with the large number of antennas the Earth’s rotation
is not necessary to well fill the u, v-plane. This is demonstrated in Figure (made
using the Pynterferometer tool, |Avison & George [2013), which shows the different
coverage sampled in u, v—space by different number of antennae in an array. It can
be seen that the u, v—plane is almost entirely filled in the case where 30 antennae are

arranged in the array configuration and the Earth’s rotation is implemented.

2.2.4 DATA REDUCTION AND CALIBRATION

Each pair of antennas in the interferometer array will measure an amplitude
and phase visibility. The goal of data calibration is to produce corrections on these
measureables for any effects such as atmospheric or instrumental, by producing models
that the observations will fit. These corrections are then applied to the target source,
therefore good data reduction and calibration is essential if one is to produce good,

reliable science. Without appropriate calibration, the data is essentially meaningless.

Flagging

The first steps of data reduction predominantly include inspecting the data, and
removing any erroneous data points and bad data. Removing data is predominantly
done by a process called flagging. Common examples of reasons to flag data include:

an antenna dropping out, radio frequency interference (RFI), and the antenna still
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1 antenna

5 antennae

10 antennae

30 antennae

30 antennae
(incl. Earth rotation)

Figure 2.4 A collection of plots demonstrating the sampling of the w,v—plane (right
column) with varying number of antennae in an array configuration (left column).
This plot was made using the Pynterferometer tool (Avison & George|2013)). The
array was set-up in a ‘Y’ shape, and the final example includes the effects of the

Earth’s rotation.
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slewing to the source at the beginning of its scan. Once the data is thought to only
contain the good information, one can proceed to calibrate it, following the three key

procedures below.

Flux calibration

This is required to set the right scale for the measured flux of the target source. To
achieve this, observation of a well-known astronomical object, with a non-varying flux
is ideal. Fach telescope tends to have a catalogue of standard sources they commonly
use. Common sources will be regularly monitored, and calibration tables of their flux

maintained.

Phase calibration

This is required to correctly set the phase of the target source. To achieve this,
observations of the position of a well-known, point source astronomical object is
required. Observation of a phase calibrator is required at regular intervals throughout
an observing session, as atmospheric changes can introduce errors in the phase. This
means that for the best, consistent calibration, one needs to choose a phase calibrator
as close to the target source as possible so that similar atmospheric conditions affect

them both.

Bandpass and gain calibration

Bandpass calibration determines the variations of phase and amplitude with respect
to the frequency (i.e. per channel), whilst gain calibration determines variation of
phase and amplitude with respect to time (i.e. per integration). These variations can
be due to change in weather conditions or elevation of the source during observing.
The calibrator to correct for these variations needs to be a high signal-to-noise point
source, therefore is often chosen to be the same as the flux calibrator, such as a bright

quasar relatively near to the science target.
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2.2.5 SYNTHESIS IMAGING

Once reduction and calibration is complete, simply taking a Fourier transform
of the visibilities produces an image called the dirty map, I”(l,m). The point spread
function of the dirty map is known as the dirty beam, D(l,m), which is itself the
inverse Fourier transform of the sampling of the u, v—plane. The convolution theorem
states that the dirty map is none other than the convolution of the dirty beam with

the true brightness distribution of the source:

IP(1,m) = I(I,m) * D(I,m). (2.19)

Hence, a deconvolution algorithm is needed to recover the true source brightness
distribution. The CLEAN algorithm does just this, and was first introduced by
Hogbom, (1974). The dirty beam in reality is a poor point spread function (PSF),
with many unwanted sidelobe features. The CLEAN algorithm first finds the position
of the brightest emission in the dirty map, and subtracts the dirty beam from it.
This removes any spurious emission in the dirty beam at this position, and reveals
any weaker emission hidden beneath. This process is iterative, and is implemented
for each successively bright source in the dirty map. A map is then reconstructed by
convolving with an idealized PSF (usually a Gaussian) called the clean beam. The
process should only be stopped when the residual map resembles noise, meaning that
all of the source emission was recovered. CLEAN is a Fast Fourier Transform (FFT)
technique of recovering I(l,m). A stipulation on the use of FFT techniques is that
the data must be uniformly spaced in the u,v—plane. This is not a condition often
met by extended array configurations, hence the resampling of the V' (u, v) data onto

a regular grid before CLEANing is necessary.
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2.2.6 LIMITATION

In a given configuration, interferometers are only sensitive to a given range of
scales, defined by both the resolution and the largest angular scale. The resolution
is defined by largest distance between antennas in the array and defines the smallest
probable scales. The largest angular scale is defined by the smallest distance between
antennas in the array. This unavoidable gap in the wu,v—coverage between the two
closest antennas means that any interferometer cannot probe resolutions larger than
this largest angular scale. As a consequence, interferometers cannot be sensitive to the
total flux of a source. Naturally, given that a single-dish telescope is a single, coherent
structure with no gaps between elements, it is indeed able to recover the total flux of
a source. A common technique currently in use is the combination of interferometer
data with single-dish data. This allows one to probe the fine angular resolution
with interferometers, whilst recovering the total flux of a source with the single-dish,

simultaneously. I discuss this combination process in more detail in Chapter 3.

2.2.7 THE Karl G. Jansky Very Large Array (JVLA)

This thesis makes use of NH3(1,1) and NH3(2,2) molecular line emission from
the JVLA. The JVLA is a radio interferometer in New Mexico, USA, and contains an
array of 27 antennas, each with a diameter of 25 m. There are four main configura-
tions, from A through D, the largest being the A configuration reaching a maximum
baseline of 36.4km. There are also three “hybrid” configurations named DnC, CnB
and BnA that tend to be half-way houses between the main configurations. With its
27 antennas arranged in a ‘Y’ configuration, the JVLA has 351 baselines. This means

the JVLA has great sensitivity with its dense sampling of the u, v—plane.






CHAPTER 3

OBSERVATIONS OF SDC13 [*

My PhD focusses on one specific infrared dark cloud hub-filament system called SDC13.
In this chapter, an overview of previous observations of the SDC13 is given. The
observations used within this thesis are also detailed, including their acquisition, re-

duction and calibration.

3.1 PREVIOUS OBSERVATIONS

SDC13 (Figure[3.1] where SDC stands for Spitzer Dark Cloud) is a remarkable
IRDC hub-filament system that lies 3.6 0.4 kpc away in the Galactic plane. Each
of its four well-defined parsec-long filaments (including SDC13.174-0.07, SDC13.158-
0.073 and SDC13.194-0.073, Peretto & Fuller|2009) converges on a central hub, and
contains a total mass of ~ 1000 Mg, (Peretto et al.|2014]). SDC13 has been the subject

of two previously published works.

3.1.1 GAS FLOWS ALONG FILAMENTS

The analysis of 1.2mm dust continuum data from the MAMBO bolometer

array on the IRAM 30m telescope (at 12” resolution) led Peretto et al. (2014) to

*The new data presented here is published in Williams, Peretto et al. 2018 A&A in press.
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Figure 3.1 Three colour image of SDC13. R, G and B bands correspond to 70um
HIGAL (Molinari et al|[2010)), 24pm Spitzer MIPSGAL (Carey et al|[2009) and
8um Spitzer GLIMPSE (Churchwell et al|2009) maps respectively. The overplotted
contour is from the Hy column density map at 2 x 10?2 cm™2 (see Section and
the middle panel of Figure@. A 1pc scale bar is plotted in the bottom right corner.
The filament names are labelled following those used by [Peretto et al.| (2014).

extract 18 compact sources, and identify their starless or protostellar nature from
their association with Spitzer 8 ym and 24 pm sources. The two most massive cores
(named MM1 and MM2) are located right at the junction of the hub filaments (see
Figure [3.2). Tracing the dense gas in NoH'(1-0) with the IRAM 30m telescope (at
27" resolution), they also identified organised velocity gradients along each of the
filamentary arms of SDC13 which anti-correlate with a gradient in velocity dispersion

that reaches its maximum at the centre of the hub. Given these organised velocity
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Figure 3.2 Left: Spitzer 8 pm flux density in units of MJy/sr, overlaid with IRAM 30m
MAMBO 1.2mm dust continuum contours in steps of 5mJy/beam, from 3mJy/beam
to 88mJy/beam. Crosses denote the positions of identified 1.2mm MAMBO compact
sources (white for starless and blue for protostellar, [Peretto et al.2014) and two
1.3mm SMA continuum sources (in black crosses, [McGuire et al.| 2016, discussed
in Section [3.1.2)). Right: Spitzer 8 um flux density overplotted by the NoH*(1-0)
pointings from the IRAM 30m telescope (Peretto et al.2014). Symbol colours denote
the velocity of the gas, following the colour bar to the right. The size of the symbols
represent the FWHM velocity width of the gas, following the key at the top of the
figure. This figure was taken from Peretto et al.| (2014).

18"14™36%

gradients and the presence of protostellar sources along the filaments, they suggest
that both local and global longitudinal collapse is under way in SDC13. This collapse
of the gas along the filaments would generate an increase of kinetic pressure (hence
turbulent support) at the centre of the hub, implying that hub-filament systems such
as SDC13 provide the necessary conditions for the formation of super-Jeans cores,
i.e. cores with masses that are several times larger than the local Jeans mass. The
presence of the super Jeans cores MM1 and MM2 at the junction of the filaments is

likely the consequence of such a process.
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3.1.2 RESOLVED CORE SUBSTRUCTURE

As identified by Peretto et al.| (2014), the two largest cores in the SDC13
system lie at the hub-filament junction. Their substructure was studied using high
resolution (< 3”) 1.3mm Submillimeter Array (SMA) dust continuum emission by
McGuire et al (2016), as shown in Figure 3.3] MM1 was found to contain two sub-
fragments (labelled A and C), whilst MM2 was resolved to contain just one (labelled
D). Fragment A (the centremost of the two coincident with MM1) was found to be
brighter than the MM2 fragment. Given that MM2 is starless, this strongly sug-
gests that it is at an earlier evolutionary stage than MM1. Therefore, this dimmed
brightness of fragment D was attributed to filtering of extended emission at 1.3 mm
wavelengths, a conclusion strengthened by the precedent set by studies of Cygnus-X
that also find that a 100 M core detected in 1.2 mm emission using the IRAM 30 m
telescope (Motte et al|2007) is barely detected at all at 1.3 mm using the Plateau
de Bureau Interferometer (PdBI, Bontemps et al.|[2010; |Duarte-Cabral et al.[[2013).
Modelling the cores with RADMC-3D, McGuire et al. (2016) reveal that MM2 re-
quires a steeper density profile than MM1, suggesting that it may be most likely to
form a single massive central object (Girichidis et al. 2011). The fragment labelled
B does not coincide directly with any significant 1.2 mm dust continuum emission.
After investigation, B was not found to correlate with the position of any AGB star
nor coincident with a radio source in the VLA CORNISH survey, therefore cannot be
explained by free-free emission from a HII region either. The most likely explanation
for B is that it is a runaway object that was ejected from MM1, with the 1.3 mm
continuum emission arising due to a circumstellar disk. Calculated escape velocities
based on its distance from MM1 and time since it was formed (estimated as ~ 10°

years for massive pre/protostellar objects) was found to be consistent with literature.
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Figure 3.3 A zoomed in view of the centre of the SDC13 hub-filament system.
SMA 1.3mm dust continuum contours (McGuire et al.|2016) are overplotted on the
MAMBO 1.2mm dust continuum map (Peretto et al|2014), taken directly from
McGuire et al. (2016). The contours are placed at -3, 3, 5, 7 and 9 mJy/beam. Pos-
itive contours are in magenta, whilst negative contours are in dashed green. Four
sub-fragments are identified, and are labelled A, B, C and D. The A and D subfrag-
ments are coincident with the MM1 and MM2 cores respectively.

3.2 NEW OBSERVATIONS

The observations presented by Peretto et al.| (2014)), with their resolution of 27"

is not sufficient for studying the link between the cores and their parent filament. This
is a regime of interest to probe since much is unknown about which is the dominant
fragmentation mechanism of filaments into cores in the first place. The cold and
dense gas tracer Ammonia (NHj) was observed at the position of SDC13 with both
the Karl. G. Jasnky Very Large Array (JVLA) and the Green Bank Telescope (GBT),

with the aim of probing this core-filament regime.
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3.2.1 JVLA OBSERVATIONS

The NH3(1,1), NH5(2,2) and NH3(3,3) transitions were observed at the po-
sition of the SDC13 infrared dark cloud (J2000 18:14:30.0 -17:32:50.0) at 23.7GHz
using the JVLA in the DnC configuration. The angular resolution achieved of 3.3” is
an 8-fold improvement on the 27" resolution of the NoH™(1-0) molecular line IRAM
30m data (Peretto et al.[2014). This new data probes 0.07 pc spatial scales, ideal for
studying filament fragmentation, offering a brand new view point on the system. A
mosaic across the full 5 x 5 extent of the cloud was performed in eight, half-beam
spaced pointings, collected over 8 observing sessions between 18% and 20" of May
2013, each with a 90 minute integration time. Further information on these data are
provided in Table [3.1] The NH;(3,3) transition was not significantly detected. In
terms of cloud conditions this is interesting in itself, given the higher temperature

required for NH3(3,3) to be thermally excited compared to NH3(1,1) and NH3(2,2).

Data reduction and calibration

Data reduction and calibration was completed using the Common Astronomy Soft-
ware Applications CASAE] (McMullin et al.||1992). CASA was developed for the spe-
cific job of reducing next-generation interferometer data, replacing the old AIPSE] data
reduction software. Phase and flux calibration was completed using the two bright
quasars J1832-1035 and 3C286, respectively. The phase calibrator was chosen to sit
within 6 degrees of the target position on the sky to ensure similar atmospheric con-
ditions. Bandpass calibration was completed with the J1743-0350 quasar. Figure (3.4
shows the phase versus time of the phase calibrator before and after calibration, whilst
Figures|3.5( and shows the phase versus frequency and amplitude versus frequency
respectively of the bandpass calibrator, following phase and amplitude calibration

respectively.

*http://casa.nrao.edu
'http://aips.nrao.edu
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I flagged any bad data using the flagecmd() and flagdata() tasks within
CASA. The most common flagging method required in this data was the ‘quack’
mode of flagemd (). This allows you to trim data off the beginning or end of a scan
by specifying a time interval. Figure shows an example of data that required
quacking. It is clear that even after phase calibration, there is a portion of data
at the beginning of the first scan of the phase calibrator that cannot be calibrated
correctly. This is likely due to the telescope still slewing to the source even though it
had already began taking data. To deal with this, I inspected the data to find exactly
what combination of antenna, spectral window and scan was causing the bad data,
and over what time interval it occurred. After quacking, the calibration was re-done

and checked, as many times as needed until all the data looked well-calibrated.

Imaging

I imaged all three transitions using the clean() task in CASA. One of the modes
within clean() that determines the quality of the final image is the weighting mode.
Three of the most common weighting modes are Natural, Uniform and Briggs. Each
different weighting mode affects the dirty beam used in deconvolution differently, by
convolving the weighting parameter with the dirty beam in the u, v—plane before the

inverse Fourier Transform:

D(l,m) = F 1 {W(u,v) x D(u,v)} , (3.1)

where W (u,v) is the weighting parameter. Natural weighting takes a weighting pa-

rameter of the form:

W(u,v) = ; (3.2)

where o2 is the noise variance of the u, v sample. This results in more weighting being
applied to short baselines, therefore emphasising large scale structure in the intensity

distribution. This degrades resolution slightly, but sensitivity is not compromised.
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Figure 3.4 Screenshots taken from the CASA plotms() window of the phase versus
time of J1832-1035 (the phase calibrator) (a) before calibration, and (b) after calibra-
tion. This plots one 90-minute observing session out of the eight conducted. It is clear
that J1832-1035 was observed regularly throughout the run, enabling good monitor-
ing of phase changes with altering weather/atmospheric conditions. The phase before
calibration can be seen to vary through the entirety of the +180° scale. After appli-
cation of the source model, the phase improves to within #=10°. Data that should be
flagged is obviously present in the first scan of the calibrator. Each different colour
plotted represents a different spectral window. The data was averaged for ease of
plotting over 128 channels, and all baselines.
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Figure 3.5 Screenshots taken from the CASA plotms() window of the phase versus
frequency of J1743-0350 (the bandpass calibrator) (a) before calibration of the phase,
and (b) after calibration of the phase. This plots one 90-minute observing session
out of the eight conducted. Each of the coloured bands plotted represents a single
baseline to a single antenna in the array configuration. The phase before calibration
can be seen to vary through the entirety of the +180° scale. After application of the
source model the phase improves to within +£20°. The data was averaged for ease of
plotting over time.
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Figure 3.6 Screenshots taken from the CASA plotms() window of the amplitude
versus frequency of J1743-0350 (the bandpass calibrator) (a) before calibration of
the amplitude, and (b) after calibration of the amplitude. This plots one 90-minute
observing session out of the eight conducted. Each of the coloured bands plotted
represents a single baseline to a single antenna in the array configuration. It is clear
that before calibration, the amplitude showed an arced morphology, which becomes
nice and flat after calibration. The data was averaged for ease of plotting over time.



3.2. NEW OBSERVATIONS 67

Uniform weighting is initially a scheme identical to the natural weighting
scheme. However, it then departs from this by regridding the u, v—plane to a number
of uniformly distributed cells (given as two over the field of view of the image). Each
cell is then given an equal weight, meaning that both low and high u, v baselines have
the same weight during CLEANing. This improves the resolution compared to the
natural weighting, and reduces the side-lobes of the dirty beam, however increases

the RMS noise of the image.

The Briggs weighting scheme is an adjustable one, that can be changed be-
tween emphasising large scale and small scale structure, combining the best features
from the Natural and Uniform weighting schemes. The robust parameter defines how
close to each scheme the Briggs weighting resembles, from -2 (closest to Uniform
weighting) to +2 (closest to Natural weighting), with the default value being 0.5.
The Briggs weighting was the first port-of-call in the imaging tests, and resulted in
the integrated intensity map shown in Figure[3.7} It is clear in this iteration that not
enough cleaning was done, since the South-East filament is not detected. However,
the most striking feature of the map is the small scale, regular striped pattern from
left to right in the intensity distribution. Initially, one would assume that this is due
to poor calibration of the phase of the source, since it is the phase that determines
how the spatial distribution of flux is mapped. However, following revision of the
phase calibration, there was no significant improvement. The u,v—coverage of the
data is plotted in Figure [3.8] representing the Fourier footprint of the JVLA. At the
time of observation, SDC13 was quite low in the sky, peaking at just 37°. This low
elevation stretches the wu,v—coverage from being circular (the ideal) towards being
elliptical (not ideal). As the dirty beam used in the CLEAN deconvolution is the
Fourier transform of the u,v—coverage itself, this also results in an elliptical beam,
hence also stretching the flux distribution of the map. Given that these stripes man-
ifest as small scale structure in the maps, Uniform weighting would not be suitable

to correct for this as it applies equal weighting to both low and high u, v baselines.
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Figure 3.7 The integrated intensity map of SDC13 resulting from the first CLEAN
test which used the Briggs weighting scheme, with a robust parameter of 0.5. It
exhibits an unsightly striped pattern in intensity, which is clearly an artefact.
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Figure 3.8 A plot of the u, v—coverage of one session out of the eight observed, for one
of the source target fields. This plots all baselines.

Natural weighting however puts less emphasis on the largest u, v—plane baselines (i.e.
smallest scale structure) by definition. Even though Natural weighting does degrade
the resolution slightly due to the way it modifies the dirty beam in equation |3.1] it
is a satisfactory compromise to recover a better quality intensity distribution. The

final integrated intensity map is shown in the middle panel of Figure [3.13]

The sampling theorem states that to aid deconvolution, one must have at
least 3 to 5 pixels within the main lobe of the dirty beam. Any more pixels and one
risks over-sampling the data and introduce artefacts. Too little, and one risks not
sampling enough and lose information. This is set by the cellsize parameter in the
clean() task. I satisfied the sampling theorem by having 3 pixels within the beam
area equivalent to 1.2” in size each. A well-cleaned image is one where the residual
image looks to contain the least amount of structure and resembles noise features

only. This can be achieved by using the optimal values for the threshold and niter
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parameters. CLEANing is stopped when either the intensity threshold has been
reached, or the number or CLEAN iterations has been reached. In CLEANing the
NH3(1,1) and NHj3(2,2) maps, the threshold/niter parameters were 10 mJy /10,000
and 10mJy/3000 respectively. The number of iterations was always set rather high
to allow CLEAN to first reach the intensity threshold, which is a more meaningful
stopping criteria. As can be seen in Table [3.1] the threshold value was not set below
the RMS noise values, ensuring that it was real signal being CLEANed as much as
possible and not noise. Finally, primary beam correction must be applied to the final
cleaned image. This accounts for the centre of a beam being less affected by noise
than the edges of a beam. This is why the observations were designed as half-beam
spaced pointings, to maximise the signal-to-noise towards the source where the beam
edges overlap.

For regions of the w,v—plane that are un-sampled (for example due to the
largest angular scale of the interferometer), clean() can extrapolate the visibilities
V(u,v) during deconvolution to find a sensible result for the source brightness distri-
bution I(l,m) that is compatible with the data. A single dish antenna on the other
hand does probe short u,v distances by recovering all spatial frequencies up to the
dish diameter. If one had access to both single dish and interferometer, this extrap-
olation of the u,v—plane in cleaning would not be necessary, as one could in effect
replace the shortest u, v—coverage of the interferometer with that of the single dish.
For best result, data with some amount of overlap in the recovered spatial frequencies

is required. For the JVLA, this is satisfied by the 100 m dish of the GBT.

3.2.2 GBT OBSERVATIONS

We used the 7-beam K-band Focal Plane Array at the GBT with the VEGAS
(VErsatile GBT Astronomical Spectrometer) backend to observe the NH3(1,1) and
(2,2) transitions employing a position switched scheme, where the Off source reference

position (18:13:59.3 -17:35:02.0) was devoid of NH3 emission. T'wo maps were scanned
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in right ascension, while another two were scanned in declination so as to mitigate
any artefacts that could arise during imaging had only one mapping scheme been
used. All four maps were observed on 14" Nov 2015, each with an integration time

of 17.9 minutes (see Table [3.1] for data properties).

Data reduction and calibration

The GBT pipeline (Masters et al.| 2011)) was implemented on each map scan sepa-
rately to calibrate, reduce and subtract the continuum emission. All scans were then
combined and imaged in AIPS using the aipspy ParselTongue scripts included with
the pipeline. Possible issues with the noise diode voltages at the time of observation
skewed our flux calibration but had no effect on the quality of the data. Figure 3.9
shows the observed antenna temperature of the flux calibrator, J1833-2103 (a quasar).
From the height of the peak (from the baseline to the peak) the measured antenna
temperature is 2.357 K. Looking in the published calibration tables, the flux should

be 4 Jy. This published flux was converted to antenna temperature by:

2.855,n,

T, = ,
" exp (si?loel)

(3.3)

taken from the GBT Observing Manualﬁ where S, is the flux, 7, is the aperture
efficiency, 7y is the zenith opacity and el is the elevation of the source (~30°). The
zenith opacity at the time of observation is shown in Figure [3.10, and was taken to

be 0.04 at the rest frequency of NH3(1,1). The aperture efficiency itself is calculated

_ (4”;’/)2] , (3.4)

called the Ruze equation (taken from the GBTIDL Calibration Guide@ where € is

following:

N, = 0.71 X exp

the surface accuracy. The surface accuracy varies with the distortion of the surface

Shttps://science.nrao.edu/facilities/gbt/observing/GBTog.pdf
Ihttp://www.gb.nrao.edu/GBT/DA/gbtidl/gbtidl _calibration.pdf
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Figure 3.9 Screenshot taken from ASTRID (Astronomer’s Integrated Desktop), the
all-in-one GBT observation software. This shows a scan in elevation of the flux
calibrator. The red line is the observation, whilst the green line is a fit. The blue
dashed line shows the baseline. The difference between the baseline and the peak gives
the observed brightness temperature of the calibrator, which in this case is 2.357 K.
Comparing this to the standard tables, this is 3 times lower than that published. This
is the basis of the calibration factor we applied to the data.

of the dish due to thermal gradients, which themselves vary with the time of day
and weather conditions, for example. Typical values for this range between 220-
360 pm, with 220 um being a good efficiency and 360 pm being poor. These poor
e values were taken as typical back in 2009, and current values are much improved
to the good end of the scale between 220-260 um. Taking a value of ¢ =240 um
gives an 7, = 0.67, consistent with predicted values at the NH3(1,1) frequency in the
calibration guide. Converting the known 4 Jy flux into an antenna temperature, this
corresponds to 7 K. This is three times larger than the measured antenna temperature.
After investigation, this is best explained by problems with the system noise diode
temperatures, T,,;, at the time of observation (as hinted at in Figure . If the noise
diode input voltages were not set correctly on-site, this would result in the output
power of the noise diode being stronger or weaker than known laboratory values,
meaning measured antenna temperatures of sources would be weaker or stronger than

expected respectively. This should have been checked in real time during observation
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Figure 3.10 Screenshot of the CLEO software available at the GBT showing the zenith
opacity plot as a function of frequency at the time of the observation at the GBT.
Each measurement was taken by a different weather station in the area (following the
key in the top right), and the fit in the black line is the average.

by doing the conversion already done above using equation (3.3 Therefore, as this issue
only affects the flux scale of the data, I retrospectively corrected for this discrepancy
by applying a calibration factor to the GBT data equal to the ratio of the expected

to the measured antenna temperature, of three.

3.2.3 CoMBINATION OF JVLA AND GBT DpDATA

Interferometers only probe a limited range of spatial frequencies of the source
brightness spatial distribution, the largest frequency being determined by the shortest
distance between any pair of the interferometer antennas. As a consequence, interfer-
ometers filter out extended emission. Single-dish antennae on the other hand recover
all spatial frequencies up to the dish diameter. In order to recover this large-scale
emission, and therefore be able to analyse the source structure on all spatial scales,
one needs to combine interferometer data with single dish data. Hence, we combined

our JVLA data with the GBT observations.
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Figure 3.11 Screenshot taken from ASTRID (Astronomer’s Integrated Desktop), the
all-in-one GBT observation software. This shows a scan in azimuth of the flux cali-
brator. The red line is the observation, whilst the green line is a fit. The blue dashed
line shows the baseline. The noise in the data and poor fit hints at this being a very
poor observation, either due to weather conditions, problems with the noise diode
temperature values, or a combination of both.

As a preliminary combination step, we re-clean our JVLA visibilities in the
same way as described in Section [3.2.1] whilst using the GBT cube as a starting
model (Dirienzo et al.|2015)). This method assists in initializing the clean algorithm
by using the GBT primary beam to determine the flux scale. Moreover, as the
JVLA is missing information at the shortest baselines, this approach allows the clean
algorithm to extrapolate the GBT data and converge on a better solution in this u-v

regime. Note that this is not the same as performing a joint deconvolution.

Combination is achieved with the use of the CASA task, feather. With the
high and low resolution images as inputs, feather Fourier transforms the two cubes,
applies a low-pass filter to the low resolution data and a high-pass filter to the high
resolution data, sums the two Fourier and filtered cubes in u-v space, and reconvolves
the final combined cube. The low and high pass filters (weights calculated from the
input clean beams) are applied to recover the larger scale emission of the GBT data
at low u-v distances which the JVLA naturally filters out, whilst retaining the fine
scale structure probed by the JVLA at larger u-v distances which the GBT cannot

be sensitive to. The primary beam response of the JVLA was applied to the GBT
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data prior to feathering, so that only emission within the JVLA mosaic area was

considered.

The casafeather visual interface provides the tools to inspect slices of the u-v
plane of both the original and weighted deconvolved input images. This is especially
useful while setting the sdfactor parameter, which applies a flux scaling factor to
the low resolution image. For the conservation of flux, one would expect the fluxes
of the weighted deconvolved high and low resolution images to be roughly equal.
Therefore, if one were to plot one against the other in casafeather, one would expect
the combined data to fall on a straight line following x = y. One can achieve this
flux conservation by altering the sdfactor until the casafeather plots demonstrate
this equality. Figure [3.12] shows such plots of the combination process. Given the
uncertainty in the flux calibration of the GBT, an sdfactor was expected to be
required, however, with the default sdfactor of 1 the combined data (dark blue
points) seem to lie along the solid black line, indicating good flux conservation. This
demonstrates that the calibration factor applied to the GBT data in the first instance

during calibration was sound and appropriate.

Figure [3.13| shows a comparison of the GBT, JVLA and combined integrated
intensity maps of NH3(1,1). It is clear that the combined data recovers more extended
flux than the JVLA only, resulting in a doubling of the JVLA flux on the whole, whilst
retaining the small scale detail and RMS noise of the interferometer. We can clearly
see that the negative bowl features, a consequence of missing flux, that surrounds the
cloud structure in the JVLA only map are mostly eradicated in the combined map
and filled by the recovered extended emission. A check was made on the conservation
of flux, performed by smoothing the feathered image to the resolution of the GBT,
converting the units to Jy per GBT beam, and dividing by the original GBT map.
In doing this, we find that flux is conserved. In the filament regions, we find a ratio
of unity on the whole, whilst in the regions of significant emission such as the hub

the combined flux is typically ~20% less than the GBT map (a similar result to that
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Figure 3.12 Screenshots of the casafeather window. The high-resolution data
weighted by the high-pass filter is plotted on the x axis, whilst the low-resolution
data weighted by the low-pass filter is plotted on the y axis. The original, low-
resolution data is plotted in cyan, whilst the combined data is plotted in dark blue.
The solid black line denotes the x = y relation. The combined data can be seen to
fall on the straight line, which is what one expects for flux conservation.
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reported by Dirienzo et al.[2015).
In order to gain in signal to noise ratio we convolved the combined datacube

with a Gaussian kernel of 2.4”, degrading the angular resolution to ~ 4”.

3.2.4 TIRAM 30M OBSERVATIONS

The C'®0O(1-0) and ¥*CO(1-0) molecular lines were observed by the IRAM
30m telescope towards SDC13 between 26" June to 4'® July 2013, with an integra-
tion time of 36 hours (including overheads). Position switching was employed during
on-the-fly mapping of a 6’ x 6’ area, where the Off source reference position was cho-
sen to be devoid of ¥CO and C'®O emission (identified with the help of low-column
density Herschel emission). Note the map size is extended by 1’ in comparison to the
JVLA mosaiced area. Each line, with rest frequencies of 109.8 GHz and 110.2 GHz
respectively were simultaneously observed by the EMIR receiver (Carter et al.|2012)
in the B1 frequency band (83-117 GHz), achieving an angular resolution of ~23.6”,
probing spatial scales of ~0.4pc at the distance of SDC13. Using the FTS backend
(Fast Fourier transform Spectrometer), the spectral resolution achieved of 0.15 kms™!
(~50kHz) results in an RMS noise per channel of ~0.16 K. Standard data reduction
procedures were followed using the CLASSIFI package of the Gildas software, using
Mars as the primary calibrator. Temperature was measured on the T% scale. Tabu-

lated values of the forward and beam efficiencies (F.ry and B.ys) are 0.94 and 0.78

respectively, for the conversion of temperature to T,,;.

I The fitting procedure of hyperfine structure is described at:
https://www.iram.fr/IRAMFR/GILDAS/doc/pdf/class.pdf
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Table 3.1 A table summarising the observational properties of the JVLA, GBT and combined data. For the purposes of hyperfine
structure fitting, velocity resolutions were smoothed to 0.098km/s for the JVLA, and 0.072km/s for the GBT. RMS noise was
estimated from emission free areas. The combined data were smoothed by a Gaussian kernel of 2.4”, and have the same spectral
resolution as the smoothed JVLA data. RMS noise of the IRAM 30m data was converted to T,,;.

|

Telescope JVLA GBT Combined data IRAM 30m
Parameters NH;(1,1) NH;(2,2) | NH3(1,1) NH3(2,2) | NH3(1,1) NH;3(2,2) | C**O(1-0) *CO(1-0)
Channel width (kHz) 3.906 3.906 2.86 2.86 7.812 7.812 50.0 50.0
Velocity resolution (km/s) 0.049 0.049 0.036 0.036 0.098 0.098 0.13 0.13
RMS noise (K) 2.5 2.5 12.5 13.2 2.6 2.7 0.2 0.2
Beam major axis (") 3.87 3.77 31.32 31.32 4.35 4.30 23.6 23.5
Beam minor axis (”) 2.81 2.87 31.32 31.32 3.44 3.48 23.6 23.5
Position angle (°) 30.95 30.56 0.0 0.0 30.95 30.56 0.0 0.0
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CHAPTER 4
RESOLVING FILAMENT EVOLUTION ON

SMALL SPATIAL SCALES WITH NHj3 [

This section presents the kinematic and density structure of the SDC13 infrared dark
hub at high angular resolution, with the goal of determining what drives its evolution
and fragmentation. I discuss: the process of fitting the hyperfine structure emission of
NHj; the kinematics of the gas; the derived Hy column density map; and the extracted

core and filament structures.

4.1 LINE FITTING

Hyperfine structure fitting of the combined JVLA and GBT data was per-
formed using the NH;(1,1) and NH;(2,2) fitting schemes within the CLASSf]software,
where the spectra are fitted at every pixel over all channels. The NHj fitting meth-
ods contain the velocity offset and relative intensity information of all the hyperfine
components of the lines. The fitting procedure assumes Local Thermodynamic Equi-

librium (LTE), where the excitation temperature of all N hyperfine components are

*The work presented here is published in Williams, Peretto et al. 2018 A&A in press.
fThe fitting procedure of hyperfine structure is described at:
https://www.iram.fr/IRAMFR/GILDAS/doc/pdf/class.pdf
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the same. Gaussian line profiles are assumed for the opacity of the lines as a function

of velocity v, where the total opacity is the sum of N profiles, such that:

, (4.1)

N 2
v — 1)077;
T(U) = Tmain Z i €Xp [_ ( alv >

i=1

where 7; is the intensity of the i*" component as a fraction of the total intensity, vy ;

is the central velocity of the i'" component, T is the opacity of the main central

group of lines in the emission, Av is the FWHM width of the line, and o = 5 \/1111—2 is

the Gaussian profile normalisation factor.

The CLASS fitting procedure makes the assumption that all hyperfine com-
ponents are well separated, and do not overlap. This means that the central velocity
of each ¢ component can be written as vy ; = v; + vy, Where v; is the relative velocity
of the i component with respect to the velocity of a reference component, v,.;. The
reference component by convention is the main central component of the emission,
meaning that by definition, the reference component velocity is the centroid line of
sight velocity of the line. The centroid line of sight velocity is kept by CLASS as a
free parameter in the fitting procedure. Another assumption made by CLASS is that
the velocity dispersion of every component is the same. Hence, Av gives the FWHM

velocity width of the gas, which is also a free parameter in the line fitting procedure.

For velocities at the centre of the components, v, = v; + v,.f, and assuming

that all components are well separated, equation is rewritten as:

N
T(vz/') = T(vi + UTef) = Tmain Z T, (42)
i=1
which when 7; is normalised to unity is just equal to Tyam. The main group opacity

is kept by CLASS as a free parameter in the fitting procedure.

To understand the final free parameter in the CLASS fitting procedure, one

must briefly consider radiative transfer. The standard radiative transfer equation,
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taking into account both absorption and emission is given by:

dr,

E = —r,1, + € ) (43)

where [, is the specific intensity of the source radiation, ds is the thickness of a thin
slab the emission from a source passes through on the way to the detector, k, is the
absorption coefficient of that emission by the slab, and €, is the emissivity of the

emitting medium.

The radiative transfer equation may be expressed in terms of optical depth,

dr, = —k,ds, and is written as:
di, €
=1, -=X=1,-5,, 4.4
dr, Ky (44)

where S, = €, /K, is the source function, and describes both absorption and emission
of the source. Solving this equation gives the general solution to the radiative transfer

equation for an isothermal and homogeneous medium:
L, = [,,706_7” + Sl,(l — €_TV) s (45)

where [, is the background intensity. If a source is assumed to be a blackbody, it
may be described by the Planck function, which at low frequencies of emission such
as NHj is approximated by the Rayleigh-Jeans law:

. 2k33V2T

2 Y

B,(T) (4.6)

C

which is equal to S, in LTE, and where T is the temperature. Hence, the observed

brightness temperature Tz of emission may be defined as:

c? hv
— s BAT) = D). (4.7

Ty
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where J,(T) = [exp((E, — E;)/kT) — 1]7!. Hence, equation can be written in

terms of the brightness temperature as:

7, = Y [(T) ~ AT (1), (4.8)
Ty(v) = (Toy — Toy) (1 — e ™)) (4.9)

under the assumption that the temperature of the background is Tp,, and T, is the
excitation temperature of the source. This is often called the detection equation. For

reasons that later become apparent, multiplying equation by Timain/ Tmain gives:

Tmain (Tez - Tbg)

Tmain

Ty(v) = (1—e ™), (4.10)

Similar to the simplification made in equation [4.2| rewriting equation 4.10| in terms

of v = v; + v,y gives:

Tmain (Tea: - Tbg)

Tmain

Ty(v;) =

: (1 — 7 TmainTi) | (4.11)

CLASS assumes that the opacity of each hyperfine component is optically thin,
which simplifies this expression to T4(v;) = Tmain(Lex — Tbg)ri- When 7; is normalised
to unity, this means that the Tyain(Ter — Thy) simply gives the peak intensity of the
component. This is the final parameter kept by CLASS as a free parameter in the

fitting procedure.

Figure shows examples of ten spectra and their model hyperfine structure
fits at positions distributed across the cloud. After visual inspection, we do not find
multiple velocity components, even at the filament junctions in the hub centre. There-
fore we proceed to follow the above fitting procedure for a single velocity component
everywhere. Using the result command, a model fit to the data was created, where

the opacity-corrected Gaussian profiles are fitted to each hyperfine transition. The
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channel maps of the resulting cubes are shown in Figures and We use these
model fit cubes for all analysis conducted in the rest of this work.

Due to a miss-alignment of the centre of the bandwidth with respect to the
main hyperfine component at the cloud velocity (Vg,s = 37kms™") we do not detect
the fifth hyperfine satellite group of the NH3(1,1) line at 57 kms~!. To correct for this
missing flux, in the construction of integrated intensity maps we assumed that the
missing component’s intensity was identical to that of its symmetric pair at 17kms—?.

Using the GBT data, which does cover all hyperfine components, we estimate that

this correction leads to an uncertainty on the total integrated intensity of < 5%.

4.1.1 INTEGRATED INTENSITY

Figure (left) shows the integrated intensity of the NHj3(1,1) (top) and
NH;3(2,2) (bottom) hyperfine structure lines. The structures in both maps are very
similar even though, being typically 6 times weaker, the NH3(2,2) emission is less
extended and noisier than the NH3(1,1) emission. When comparing the integrated
intensity maps (or column density map - see Section to both the 1.2mm dust
continuum and 8 pm maps (see Figure we find excellent agreement between the
structures seen in the different images. All four filamentary arms seen in dust extinc-
tion/emission are well resolved in our NH3 maps. This demonstrates that ammonia
is an excellent tracer of cold dense gas as numerous previous works had already the-
oretically (Bergin & Langer||[1997)) or observationally (Lu et al|[2014) shown. There
is, however, one exception to this excellent match between ammonia and dust emis-
sion. Indeed, we do not detect MM1 (74.8 +27.1Mg within 0.26pc, Peretto et al.
2014, labelled in Figure , the largest protostellar source detected in the 1.2mm
dust continuum map. This is a rather striking result since ammonia has consistently
shown to be a good tracer of both cold and warm dense gas in star-forming clouds
(Pillai et al.|[2011; [Ragan et al|2011)). Because of the protostellar nature of MM1,

the lack of ammonia in the gas phase points towards a destruction mechanism rather
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Figure 4.1 Examples of NH3(1,1) spectra at ten positions in the cloud, plotted surrounding the Hy column density derived from
the NHj emission (discussed later in Section {4.1.4). The model fit is plotted over each spectrum in red, whilst the residual of
the two is plotted in the bottom panel with the standard deviation quoted in mJy/beam. Regions of specific interest include
those where the velocity width is seen to increase (spectra 1 and 6), positions where the centroid velocity changes as a filament
meets the central hub (spectra 3, 4 and 7) and the large starless core MM2 (spectrum 8). It is clear that there is only a single
velocity component everywhere in the cloud, with some lines being narrow enough to start resolving further hyperfine components
(spectrum 10), and some showing the tell-tale signs of the cloud identified by [Peretto et al.|(2014) at a V;,s = 54kms™! that likely
overlaps in projection with the North-East filament (spectrum 1 and 2).
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Figure 4.2 Channel map of the main transition of NH3(1,1) in the model combined
data cube. Contour levels are placed at 0.015 Jy/beam steps, from 0.02 Jy/beam to
0.095 Jy/beam. The channel velocity is plotted in the top left corner of each panel.
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Figure 4.3 Channel map of the main transition of NH3(2,2) in the model combined

data cube. Contour levels are placed at 0.008 Jy/beam steps, from 0.01 Jy/beam to

0.04 Jy/beam. The channel velocity is plotted in the top left corner of each panel.
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than depletion. Chemical modelling of MM1 would be necessary to better constrain
the physical origin of the lack of ammonia, but this goes beyond the scope of this
work. Also, the cavity in column density (centred on 18:14:29.3 -17:33:37.4) is also
seen in the 8 um Spitzer data as diffuse emission, with no evidence of any related

compact source that may have caused clearing of surrounding material.

4.1.2 (CENTROID VELOCITY

The channel map of the main NH3(1,1) transition in this model cube is shown
in Figure It shows large-scale velocity structures, with filaments appearing at
different velocities, with a total velocity span of ~ 7 km/s, consistent with the global
velocity structure observed in NoH™(1-0) by [Peretto et al. (2014). Figure [4.4] (middle
columns) display the line of sight centroid velocity from both the NH3(1,1) and (2,2)
transitions. As a result of the increased angular resolution (almost by an order of
magnitude), we observe a far more complex velocity field in SDC13 than previously
revealed by the IRAM 30m data. In particular, we resolve both longitudinal and radial
velocity gradients across all filaments (where filaments are named following the same
convention as [Peretto et al.|2014], and their extraction is discussed in Section .
This is most evident across the bottom half of the North-East oriented filament,
and across the entire South-East oriented filament (labelled in Figures and [4.7)).
At face value, it is not clear that our ammonia velocity map is consistent with the
NyoH*(1-0) data published by |Peretto et al. (2014). In order to check for consistency,
we fitted the hyperfine components of the NH3(1,1) and NH3(2,2) emission from the
GBT data only (see Figure , at a similar angular resolution to the IRAM 30m
data. The GBT velocity map (the middle panel of Figure reveals gradients
along each and every filamentary arm towards the centre of the system, identical to
those observed in the NoHT(1-0) IRAM 30m data. The large number of NH;(1,1)
hyperfine components makes the best fit centroid velocity and velocity width both

very accurate. We estimate that the related uncertainty is less than half a channel
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width, i.e. ~ 0.05kms™!.

4.1.3 VELOCITY WIDTH

Figures and (right column) shows the FWHM velocity width of the
dense gas of the JVLA&GBT combined data, and GBT only data respectively. We
report an increased velocity width at the filament hub junction, peaking at ~ 1.6 km/s
and ~ 3.0 km/s in each respectively, consistent with the broadening reported by
Peretto et al. (2014). Interestingly, we also observe local increases of the velocity
width sprinkled along each filamentary arms. As discussed later in Section [4.2] these
are correlated to peaks in the Hy column density. Note that opacity broadening is
accounted for as a consequence of the fitting procedure used. However, because of the
relatively large peak NH3(1,1) main line opacity of 4.7, we independently performed
a Gaussian fit of the optically thinner of the hyperfine components. By doing so, we
observe the same increase of the line width. We conclude that the line widths plotted
in Figure 4.4 represent the true velocity dispersion of the dense gas. Furthermore, we
also notice the velocity width increases around some localised regions at the edges of
filaments, most evident on the Eastern edge of the lower portion of the North-East

filament, and the Western edge of the lower portion of the North-West filament.

4.1.4 Hs COLUMN DENSITY MAP

Ammonia is often called the thermometer of molecular clouds (e.g. Maret
et al.|[2009), as the temperature of the gas can be directly calculated from the ratio of
the intensities of the two main lower metastable transitions, NH3(1,1) and NH;3(2,2).
In turn, the ammonia column density map can be calculated using the temperature,
opacity, and brightness temperature maps. The derivations of each of these quantities
can be found in Section[I.6.2] Using a constant abundance of ammonia with respect to

H, of 3x10~® (Harju et al.|[1993)) one can then compute the Hy column density map of
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Figure 4.4 Integrated intensity (first column), centroid velocity (middle column) and
velocity width (right column) of the NH3(1,1) transition (top row) and NHj3(2,2)
transition (bottom row) of the JVLA+GBT combined data. The NH3(1,1) data was
masked to 5o, while the weaker NH3(2,2) data was masked to 30. Filaments are
named in the top left panel. Contours in the top left panel are in steps of 7K x km/s,
from 5K x km/s to 61 K x km/s, while contours in the bottom left panel are in steps
of 1K xkm/s, from 1K x km/s to 6 K x km/s. Beam information is plotted in the
bottom right corner of each panel, while the scale of 1pc is plotted in each panel of
the top row.
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Figure 4.5 Integrated intensity (first column), centroid velocity (middle column) and
velocity dispersion (right column) of the NH3(1,1) transition (top row) and NHj3(2,2)
transition (bottom row) of the GBT data. The data has been regridded to the JVLA
pixel size. The NHj3(1,1) data was masked to 30, while the weaker NH3(2,2) data
was masked to 20. Contours in the top row correspond to the integrated intensity
of the combined JVLA and GBT NHj(1,1) data in steps of 0.04 Jy/beam x km/s,
from 0.05Jy/beam x km/s to 0.29 Jy/beam x km/s, while contours in the bottom
row correspond to the integrated intensity of the combined NH3(2,2) data in steps of
0.008 Jy /beam x km /s, from 0.008 Jy/beam x km/s to 0.096 Jy/beam x km/s. Beam
information is plotted in the bottom right corner of each panel, while the scale of 1 pc
is plotted in each panel of the top row.
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SDC13. This calculation is however limited by the weaker emission of the NH3(2,2)
transition, which in our case traces 42% less of the cloud area than the NH;(1,1)
transition. To overcome this, we take a median value of the temperature across the
cloud of 12.7 K. The full temperature map and histogram are shown in Figure[d.6] The
corresponding column density map is displayed in Figure[4.7] Comparing this column
density map to that calculated with a non-uniform temperature, we are satisfied that
assuming a constant temperature across the entire cloud does not introduce any
significant changes to the morphology of features in the map, whilst extending the
coverage of the map (a result also reported by Morgan et al.|2013). Increasing the
temperature by a standard deviation (1.8 K) decreases the column density by 12%. It
is important to note that given our non-detection of the MM1 protostellar core, our
assumption of constant abundance across the entire cloud (whilst a fair assumption
given the excellent correlation between the NH3(1,1) integrated intensity and the 8um
Spitzer emission) does not hold entirely for such portions of the cloud as the MM1

region.

Abundance of NH; to H,

In this work, a standard abundance of NH3 to Hy column density was used, taken from
the work of Harju et al.| (1993) on nearby star forming regions. However, it is clear
from works such as Benson & Myers| (1983)) that the abundance is not constant from
source to source. The abundance in their sample of 19 dark clouds varies between
3x 1078 and 2 x 107 in TMC-1C and L1498 for example respectively. Given access
to dust continuum emission, one can calculate a Hy column density by rearranging

the following:
v

B
[1/ == NHQILLHQmHI{O (y—) Bu(Td> y (412)

0
derived from equation for LTE and optically thin conditions, where v is the

frequency, I, is the specific intensity of the dust continuum emission (in units of
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Figure 4.6 Top: Map of the rotational temperature calculated using equation It
is clear that the coverage of the image is limited to that of the weaker NH;3(2,2) line.
No correlation is found between temperature and core position. Bottom: Histogram

of the T, map in the top panel. Vertical dashed line indicates the median value of
12.7 K. The standard deviation is 1.8 K.
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Jy/sr), pm, is the mean molecular weight (taken as 2.8), my is the mass of a hydrogen
atom, kg is the specific dust opacity at the reference frequency 1y of 1.2 THz, [ is
the dust emissivity index (taken as 1.8, [Planck Collaboration et al.|2011]) normalised
such that £ = 0.12cm? g~ ! assuming a dust to gas mass ratio of 1%, and T} is the
dust temperature. B, (7Ty) is the Planck function given by,

2h13 1
2

B,(Ty) = (4.13)

)

hv
¢ expFsTa —1

where h is the Planck constant, ¢ is the speed of light and kp is Boltzmann’s constant.
The only assumption required is on the dust temperature, which can reasonably be
set equal to the gas temperature if we assume that the dust and gas is well coupled

at the high densities of IRDCs.

In using the 1.2mm dust continuum emission (Peretto et al. 2014) from the
MAMBO bolometer array on the IRAM 30m telescope at 11” resolution, a comparison
is made between this dust-based Hy column density and the NHj column density
in Figure 4.8, Fitting a straight line through all the points revels a gradient of
(3.340.1) x 1078, a consistent value to the 3 x 1078 used to construct the Hy column
density map of Figure [£.7] On first impression, it appears bizarre that the fit would
have a low standard deviation equivalent to only ~ 3%, given that the distribution
appears to have a large spread of values. The density of the points were plotted (in
colour on Figure by constructing a Gaussian Kernel Density Estimation on a
regular grid of 300 bins within the data extent. From doing this it is clear that the fit
is dominated by the clustering of the highest concentration of points at low column,
hence the low standard deviation on the fit. As a result, we conclude the dominant
error source on the Hy column density is the assumption on the temperature (12%
when increasing the temperature by a standard deviation as mentioned previously in
this section). Overall, we take a conservative estimate of the uncertainty on the Hy

column density of 20%.
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Two low concentration departures can be seen in the distribution of Figure [£.§]
one at large NH3 column and large Hy column, the other at low NH3 column and large
Hy column. These two regions are identified to correspond to the MM2 and MM1
cores respectively, showing clearly the depletion of NH3 towards MM1. As mentioned
in Section [4.1.1] chemical modelling would be required to properly understand the
nature of the depletion. However, a simple way to make a ball-park estimate on
the level of depletion would be to fit the data excluding the MM2 and MM1 core
in turn separately, and compare the resulting abundances. This is shown by the
dashed lines in Figure [£.9) Excluding MM1 results in a marginally steeper gradient,
hence larger abundance of (3.7 0.1) x 107%. Excluding the MM2 core results in a
significantly shallower gradient, hence lower abundance of (2.0 +0.1) x 1078, If one
were to assume that perhaps the steepest gradient were more representative of the
abundance in SDC13, and worked backwards to determine the mean NHj3 column
density from the Hy column density, this still does not bring the NH3 column density
of MM1 back in-line with what one might expect were there no depletion. It is clear
this simple and crude approach is not sufficient to understand the depletion, and is
a very interesting outstanding question that needs to be looked into in more detail.

This is discussed more in Chapter [6]
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Figure 4.8 Plot of the Hy column density calculated from dust continuum emission
against the NH3 emission from the JVLA and GBT combined data set. The colour
scale plots the density of the scatter points. The white line indicates a best-fit straight
line through the points, with a gradient of 3.3 x 1078, with a 1o error plotted in red
(but can hardly see it) corresponding to +3%. The points corresponding to the MM1
and MM2 cores are labelled.
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Figure 4.9 Same as Figure [4.8] however showing straight line fits whilst excluding the
MM1 and MM2 cores separately (dashed lines). The steepest gradient of (3.740.1) x
1078 was found excluding the MM1 core, and the shallowest gradient of (2.0 4+0.1) x
10~® was found whilst excluding the MM2 core. Errors are the standard deviation.
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4.2 ANALYSIS: STRUCTURE EXTRACTION

In this section, I discuss the identification of cores and filaments within SDC13.

4.2.1 CORES

Dendrograms are a useful tool for the understanding of hierarchical structure,
and are invaluable for understanding the fragmentation of molecular clouds (e.g.
Rosolowsky et al.[2008]). We used the dendrogram code developed by Peretto & Fuller
(2009) to extract all clumps from the NHj derived Hy column density map at regular
isocontours. A minimum isocontour value is set at N(Hy) = 1 x 10?2 cm™?2 defining
the “trunk” of the dendrogram tree, with a regular isocontour spacings at 1o of
0.04 x 10*2 cm~2 throughout, and a 5 ¢ detection threshold. A pixel limit of 7 defines
the smallest size of structure considered resolved, as it roughly matches the beam
shape. Cores were identified as the highest levels in the dendrogram hierarchy (termed
“leaves” ) meaning that they contain only themselves and no other sub-structures. All
observed core properties are listed in Table [4.1], such as the central core coordinates,
major and minor axes, position angle, aspect ratio, radius and mean Hs; column
density. Core radii were calculated by considering each isocontour core boundary
a disc with an equivalent area. The smallest deconvolved core radius can be seen
to match half of the beam width, a direct effect of matching the pixel limit of the
extraction code to the beam.

We identified 28 cores, of which seven lie along each of the North-West and
North-East filaments, three lie along the South-East filament and two along the North
filament (plotted in the right panel of Figure [£.7). The remaining cores mostly lie
at the end of the North-East filament. Their starless (or protostellar) nature was
identified by the lack (or presence) of Spitzer 8um and 24um sources (Peretto et al.
2014). Only three protostellar sources were detected, which were already identified

by [Peretto et al| (2014) (listed in Table [£.1)), two of which (MM5 and MMYT) appear
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in the 70pm Herschel sources catalogue of Molinari et al.| (2016). The previously
unidentified core 28 which resides in the hub centre also corresponds to a 70um source.
Core masses were calculated by taking the mean Hy column density (middle panel of
Figure calculated from the NHj column density) within the core boundary, and
setting the average molecular weight, 4 = 2.8. Two mass estimates were calculated
for each core, one excluding the outer column density shell (effectively excluding the
“background”, equivalent to the clipping scheme of |[Rosolowsky et al.|2008) regarded
as the lower limit of the mass, and one that incorporates the background column
density (equivalent to the bijection scheme of Rosolowsky et al.2008) regarded an
upper limit of the mass. Small column density peaks on top of a large background
column density will generate very different mass estimates. The cores we identify
here range from low- to high-mass, with the most massive ones being located near
the filament junctions (core IDs 26, 27 and 28 - See Figure . Both mass ranges,
as well as the virial ratio (see Section are listed in Table[4.1] The association of
the newly identified cores with those published in Peretto et al. (2014) is also provided
in the table. The dominant source of uncertainties in the estimate of core properties
are the distance (11%), the abundance (within a factor of 2), and the way cores are
defined (bijection versus clipping - see Table 2). Note that uncertainties related to

distance and abundance are systematic and therefore will not change observed trends.

As already mentioned in Section we do observe a correlation between the
increase of velocity width and the presence of cores. In order to quantify the number
of cores displaying such behaviour, we systematically computed the average velocity
width within the extracted core area at its position in the dendrogram tree where it
is first identified as a leaf (AV,y..). Doing so we find that 73% of the cores show an
increase in their mean velocity width of > 10% when compared to the velocity width
of the underlying “branch” structure of the dendrogram tree (AVi.anen, as shown in
Figure . Furthermore, 87.5% of these belong to the starless core population

(according to the lack of mid-infrared point source).
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Table 4.1 Observed and calculated properties of extracted cores. Column 1: core ID number; Cols. 2 and 3: right ascension and
declination of the core peak emission; Cols. 4 and 5: core major and minor axes; Col. 6; position angle; Col. 7: major-to-minor
axes ratio; Col. 8: mean value of Hy column density within core boundary; Col. 9: deconvolved core radius in arcseconds; Col.
10: deconvolved core radius in parsec; Col. 11: lower limit on the mass; Col. 12: upper limit on mass; Col. 13: Virial ratio,
calculated using equation [4.20| where the upper limit on the mass was used; Col. 14: Core associations to the MM identifications
of previous work (Peretto et al.|2014). The detected protostellar sources are MM4, MM5 and MM7. Systematic error from the
kinematical distance to SDC13 (3.6 £ 0.4kpc) is associated to all size parameters. Uncertainty on the column density and masses
originate from the assumption of constant [NH;z]/[Hp]~ 3 x 10~® abundance (Harju et al.|[1993) and temperature (12.7K) in the
cloud. Increasing the temperature by 1.8 K (equivalent to a standard deviation) decreases N(Hs) by 12%.

D RA Dec Min. Maj. P.A. Aspect N(Hz) Radius Radius Massjpw  Massy, o MM
(J2000) (J2000) @) @ () ratio  (10%2cm~2) @) (pc) (Mp) (Mp) Ut assoc.
1 18:14:29.5 -17:32:14.9 2.3 5.0 10.3 2.2 2.22 3.0 0.07 0.5 5.4 1.47 —
2 18:14:24.0 -17:31:37.7 2.6 9.9 -32.6 3.8 2.90 4.5 0.09 1.9 14.4 0.54 MM16
3 18:14:34.3 -17:34:26.9 3.0 3.7 8.4 1.2 2.95 3.0 0.07 0.5 7.2 1.43 —
4 18:14:34.7 -17:34:06.5 3.5 6.5 -7.2 1.8 2.94 3.7 0.08 0.6 10.3 1.49 -
5 18:14:33.5 -17:30:35.3 2.7 5.7 -35.3 2.1 3.02 3.4 0.08 0.7 9.1 2.00 -
6 18:14:24.4 -17:31:53.3 1.7 5.7 -26.5 3.3 3.30 2.7 0.07 0.4 7.1 0.56 MM17
7 18:14:25.2 -17:32:02.9 2.9 8.8 -26.8 3.0 3.37 4.4 0.09 1.2 15.8 0.54 MM13
8 18:14:26.2 -17:32:22.1 2.8 6.6 -25.7 2.3 3.84 4.0 0.08 1.1 15.0 0.65 MM15
9 18:14:35.6 -17:30:24.5 1.9 2.8 -85.3 1.5 3.80 1.5 0.05 0.2 4.1 4.15 -
10 18:14:35.6 -17:30:54.5 3.7 6.8 5.3 1.8 4.22 4.6 0.10 2.6 21.8 0.61 MM3
11 18:14:35.6 -17:30:38.9 1.6 3.3 17.9 2.1 3.87 1.7 0.05 0.2 4.5 1.50 —
12 18:14:33.7 -17:31:17.3 3.9 7.4 33.4 1.9 4.35 5.0 0.10 3.5 25.9 0.45 MM5
13 18:14:34.6 -17:30:46.1 4.7 6.9 28.1 1.5 4.64 5.3 0.11 4.2 30.8 0.64 —
14 18:14:33.0 -17:31:17.3 1.2 4.9 34.5 4.1 4.20 1.7 0.05 0.1 4.9 0.84 -
15 18:14:33.3 -17:34:06.5 2.4 7.8 -5.5 3.2 4.43 3.9 0.08 0.9 16.9 0.87 -
16 18:14:33.1 -17:34:19.7 2.2 4.4 -18.6 2.0 4.35 2.6 0.07 0.3 8.9 0.88 MMT7
17 18:14:31.2 -17:33:07.7 2.7 11.9 0.7 4.4 4.59 5.2 0.11 2.2 29.6 0.43 —
18  18:14:27.1 -17:32:40.1 2.7 7.8 -32.9 2.9 4.86 4.2 0.09 2.3 20.9 0.47 MM11
19 18:14:32.6 -17:31:35.3 3.0 11.7 1.3 3.9 5.05 5.5 0.11 3.5 36.0 0.25 MM9
20 18:14:32.3 -17:32:01.7 1.1 6.5 21.2 5.9 4.73 1.8 0.06 0.1 6.0 0.73 —
21 18:14:29.5 -17:32:49.7 1.7 6.3 -4.4 3.8 4.83 2.4 0.06 0.3 9.0 0.92 —
22 18:14:31.8 -17:34:05.3 3.7 6.8 -38.4 1.8 5.68 4.6 0.10 2.0 29.4 0.83 —
23 18:14:27.7 -17:32:55.7 1.6 2.3 -7.1 1.5 5.44 1.0 0.05 0.1 4.2 1.05 —
24  18:14:32.0 -17:32:28.1 2.2 4.7 10.9 2.2 5.87 2.7 0.07 1.0 12.6 0.75 MM10
25  18:14:32.1 -17:32:18.5 1.5 4.5 13.2 2.9 5.71 2.0 0.06 0.5 8.4 0.94 —
26 18:14:30.4 -17:33:56.9 4.6 8.6 -41.9 1.9 6.48 5.4 0.11 3.5 44.3 0.85 MM4
27  18:14:28.4 -17:33:29.3 8.1 12.6 -7.4 1.6 9.11 9.9 0.18 36.7 195.7 0.28 MM2
28  18:14:29.8 -17:33:26.9 6.4 114 -37.6 1.8 8.20 8.1 0.15 11.6 119.2 0.30 —
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Figure 4.10 Histogram of the ratio of the average velocity width within a core region
(AV,pre) to that of the underlying branch structure (AVi.anen) in the dendrogram
tree. The vertical dashed line indicates where AV,,.. = AViranch.-

To visually demonstrate this increase even further, we split the cores into two
sub-samples. The first contains cores with AV_y.e/AViranen, > 1, whilst the second
contains cores with AVy.e/AViranen < 1. In Figure we stack each of the sub-
samples separately and take the mean velocity width (for starless cores only). The
overplotted contours are of the average Hy column density. As the inclination angles
of the cores in Table align with the natal filament, and the majority of the cores
included in the stack reside in the North-West and North-East filaments (with mean
inclination angles of —25° and 418° respectively, see Table , the orientation of
the mean column density contours (dominated by the largest column density cores)
are seen to align to the North direction on average. This figure clearly shows that

the velocity dispersion is increased over the entire extent of the cores, with a peak

towards their centres.
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Figure 4.11 The average stacked velocity width of cores identified with
AVipre/ AViranen > 1 (left) and those with AVie/AVipanen < 1 (right). Included
in the construction of the left and right panels are 12 and 5 cores respectively. Only
starless cores within the filamentary arms are included, excluding both protostel-
lar and central hub region sources. Contours are of the respective average stacked
column density in 0.5x10?2cm™2 steps from 0 to 6x10?2cm™2 on the left, and in
0.4x10%%2 cm =2 steps from 0.2 to 3.8x10* cm~2 on the right.

4.2.2 FILAMENTS

The orientation and morphology of all filamentary structures were constrained
by identifying the spines of the filaments. As the name suggests, the spine is consid-
ered the backbone of a filament, tracing the pixels where the column density exhibits

a local maximum in at least one direction. This was quantified by computing the 274

derivative matrix (e.g. Schisano et al.|2014)), i.e., the Hessian matrix, for each pixel

in the column density map. Then, by diagonalising the matrix, and selecting areas
where at least one of the eigenvalues is negative, we can identify the filament areas.
To reduce this to a spine, we used the THIN IDL function. The local orientation
of the filaments at each pixel along the spine is provided by the angle of the first
eigenvector and the z axis of the image. Figure [4.7 shows the spines of each of the
four identified filaments, and Table [4.2| compiles their properties. The masses of all

filaments (including the portions of the spines that intersect the central hub) total to



4.2. ANALYSIS: STRUCTURE EXTRACTION 105

~ 1000 Mg, equal the mass quoted by [Peretto et al. (2014)). Separating the central
hub region from the filaments places half the total mass in the hub region and half in

the filaments.

Longitudinal filament profiles

We first study the filaments along their spines. Figure 4.12| plots the line profiles of all
four filaments in Hy column density (first row), velocity width (second row) and ab-
solute centroid line-of-sight velocity (third row) where the origin of the filaments was
defined to reside at the centre of the hub. Filaments show variations in all quantities,
and on a range of spatial scales. First, we notice that these variations are correlated
in all three quantities, being particularly obvious for the North-East and North-West
filaments. More specifically, core positions (marked by shaded regions on all panels)
correlate with the velocity width, but also in centroid velocity where local velocity
gradients are developed. This is shown in the fourth row of Figure [4.12| where we plot
the absolute velocity gradient along the spine, evaluated over the mean core size of
0.1 pc. We note that a significant fraction of the cores (~63%) are located at a peak
of velocity gradient. In the bottom row of Figure we plot the rotational temper-
ature derived from the NH3 emission. Although quite variable along the length of the
filament, we do not find a correlation between the temperature and core positions,
nor the kinematic properties. We conduct Spearman’s rank correlation coefficient test
on these correlations for all four filament separately. We find a definite correlation
between the column density and velocity width peaks in every filament (as shown
in Figure with vanishingly small p-values in every filament with coefficients
ranging from 0.24 in the North-East filament (indicating a moderate correlation), to
0.74-0.91 in the other three filaments (indicating a strong correlation). We find simi-
larly small p-values in the column density and centroid velocity correlations, showing
to us a definite link between all three of these properties. Furthermore, we notice

that there are other common features to all filaments, such as the strongest column
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Table 4.2 Summary of filament properties. Column 1: Filament name. Col. 2: The length of the filament spine in parsec. Col.
3: The mean orientations from the minimisation of the eigenvalues of the Hessian matrices, in degrees. The origin at 0° was
defined by the North direction, and the positive values are anticlockwise. Col. 4: median core separation, excluding hub cores,
quoted with their standard deviation. Given we have excluded hub centre cores, this leaves only one core in the North filament..
Column 5: Mean filament width in parsec (from 2.35 times the standard deviation of each radial column density) evaluated from
the regions of the filament outside the hub centre only. Col. 6: Mass per unit length, evaluated from the integration of radial
column density profiles outside the cloud hub. Col. 7: the total mass of the filament, including the regions that pass through the
cloud hub centre. Col. 8: The lower limit on the age of the filament (equation [£.14) (in-evaluable for the North filament given its
single core.). Col. 9: The accretion rate of material onto the filament during its formation. Col. 10: the time elapsed since the
filament became critical. Col. 11: mean radial velocity gradient across the inner 0.2 pc filament width. Systematic errors from the
kinematical distance to SDC13 (3.6 + 0.4kpc) and unknown filament inclination are associated to the filament lengths and mean
core separations. Inclination angle affects the timescales quoted, as discussed in Section [4.3.2]

|

Filament Length Orientation Acore Width Miine Mg, Terit M Tage IVV,|
(pc) () (pc) (pc)  (Mg/pc) (M) (Myr) (Mg/pe/Myr) (Myr) (km/s/pc)
North (N) 1.32 8.1 - 027 270 259 - - 0.3
North-West (NW) 3.06 -25.6 0.34+£0.06 0.16 147 393 0.64 48.9 3.0 0.2
South-East Ammuv 1.17 +145.2 0.41+0.02 0.37 374 223 0.78 40.0 94 1.1
North-East (NE) 2.89 +18.0 0.33+0.21 0.25 264 401 0.62 50.5 5.3 1.5
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density and velocity dispersion peaks located at the origin of the filaments. Note that
this is not true for the North-East filament, but would likely be true if the abundance
of ammonia towards the MM1 protostellar core (Peretto et al. 2014, labelled in the
left panel of Figure were not decreased (see Section [4.1.1).
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Figure 4.12 Profiles along the spines, where each column denotes a different filament
(North-West in red, North-East in blue, North in green and South-East in grey). The
origin of each spine was centred at the hub region. The first row plots the column
density of Hy calculated from the fitted NHj3 integrated intensity. The second row
plots the FWHM velocity width, while the third row plots the absolute centroid line-
of-sight velocity (offset from the cloud systemic velocity of 37kms™1), both also from
the hyperfine structure fitting. The fourth row plots the absolute velocity gradient
evaluated over the mean core size of ~0.1pc. The fifth row plots the rotational tem-
perature derived from the NH3 emission, which has a standard deviation of 1.8 K. The
drops of temperature below 8 K are artificial and due to missing NH3(2,2) detections
at these particular locations. The vertical shaded regions in each panel correspond
to the peak N(Hz) positions of the cores along the spine, and are ~0.1pc wide.
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Figure 4.13 The correlations of velocity width to Hy column density along the filament
spine directions for the North-West (top left) North-East (top right), North (bottom
left) and South-East (bottom right) filaments, excluding the portion of the spines
that intersect the central hub regions (identified as where the filament can no longer
be distinguished from the hub). Filled circles denote the spinal pixel position of the
identified cores along the filaments. A mean error is plotted in the bottom right of
each panel, equal to +20% on the mean Hy column density, and £0.05kms~! on AV
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Radial filament profiles

To construct a radial view of the filaments, we interpolate along an 0.4pc slice per-
pendicularly oriented to each spinal pixel using a Taylor expansion method (where
the interpolation step is equivalent to half a pixel). Every slice is used to construct
radial position-velocity (PV) profiles from the NHj hyperfine structure fitted cube.
Any prevailing velocity gradient oriented parallel to the filaments however causes each
radial PV slice to be centred differently in velocity, effectively smearing the mean ra-
dial PV profile. This was corrected by aligning each PV slice to the central velocity

of the slice.

It is clear from the on-axis concentric nature of the highest intensity emis-
sion in the North and North-West filaments in Figure that any radial velocity
gradient does not dominate the velocity field. The intensity-weighted mean of these
profiles does appear flat at their centremost regions around the spinal pixel, with

! respectively. In

radial velocity gradients of only 0.3kms !pc~! and 0.2kms™! pc~
contrast, the South-East and North-East filaments have mean radial velocity compo-
nents across their entire width an order of magnitude larger than this, corresponding
to 1.1kms ' pc™! and 1.5kms™! pc™! respectively. Although significant in this con-
text, these gradients are not as strong as others observed by [Fernandez-Lopez et al.
(2014) or Beuther et al.| (2015 for example, who observe radial gradients an order

of magnitude larger than longitudinal velocity gradients in Serpens South and IRDC

18223, respectively.

The radial variations of the velocity width are plotted in the bottom panels of
Figure [4.14] These profiles show that the longitudinally averaged velocity dispersion
varies across all filaments, with, in some cases, local minima along the filament spine,
and local maxima at the edges. However, as discussed in Section 5, these trends
result from the average of a number of different processes that are mixed-up together

in such profiles.
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Figure 4.14 Top: The mean position-velocity diagrams across the North, North-West,
South-East and North-East filaments (from left to right), where position denotes the
length of a perpendicular slice relative to the central spine pixel in parsec, and the
velocity are relative to the peak velocity of each slice. The overplotted black line
shows the trend of the intensity-weighted mean offset velocity at each position along
the radial slice. Mean radial gradients were computed within the inner 0.2pc width
around the spinal pixel. Bottom: The mean variation in the velocity width in the
radial direction, in km/s.
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4.2.3 JVLA/GBT COMBINED VERSUS JVLA—-ONLY DATASETS

In previous sections, results obtained from the combined JVLA/GBT dataset
were presented. As already mentioned in Section [3.2.3] such a combined dataset is
optimal to recover emission at all spatial scales. However, when trying to characterise
the gas properties of the densest parts of the filaments (i.e. cores and filament spines)
as we have done above, results can be affected by the contamination of the larger
scale, more diffuse, foreground/background emission. The effect of this contamina-
tion would be to dilute the observational signatures one is trying to identify. For that
reason we redid some of the analysis presented in earlier sections using the JVLA-
only dataset, which traces only the most compact/densest regions of the cloud. We
particularly focus on the velocity dispersion variations along the filament spines and
towards the cores. By fitting the hyperfine components of the JVLA-only NH3 emis-
sion, we find that the increase of the velocity width at the core positions is even larger
than in the combined data set. This is illustrated in Figures and [.16] reproduc-
tions of Figures and but of the JVLA data only. From these figures, one can
see that the JVLA velocity width towards the core centres is 1.5-2 times larger than
that of the surroundings, compared to a 1.1-1.4 factor in the JVLA & GBT combined
data. We also notice that in the JVLA-only data the remaining starless cores also
display an increase of velocity width. This analysis strengthens our conclusions about

the local increase of velocity dispersion towards the SDC13 starless cores.

4.3 DISCUSSION

In this section, we discuss the various observational properties of the filaments
in SDC13 in terms of filament evolution theories. To facilitate the visualisation of the
filament properties, the radial interpolation carried out in Section was carried
out on the column density, centroid velocity, velocity width and Spitzer 8 ym opacity

for all filaments. Aligning each slice to the pixel that lies along the filament spines



112

CHAPTER 4. RESOLVING FILAMENT EVOLUTION

(a) JVLA+GBT combined

& 10}
> 0.8t

<

= 0.6}
=
2 04
=

0.2t

(b) JVLA only

- L.2f

& 1.0F

> 0.8}

= 0.6 +
=t

2 04 -
<3

0.2
0.0

<

1427 T 28718 8 7 6 2
- L.2f

00 05 10 L5 20 25 3.0

" 2425 20 19 14127] 28 2l ‘ ‘ ‘ To6 22 15

Length from origin (pc)

=

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Length from origin (pc)

Figure 4.15 The velocity width profiles of the North-West (red), North-East (blue),
North (green) and South-East (grey) filaments in the combined data (top row, as
presented in the second row of Figure and the JVLA-only data (bottom row),
evaluated over the same filament spines as identified in Section
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Figure 4.16 A reproduction of Figure but for the JVLA-only data. The average
stacked velocity width of cores identified with velocity width peaks (left) and those
without peaks (right). Included in the construction of the left and right panels are
13 and 4 cores respectively. Plot details are the same as those detailed in the caption

of Figure
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gives us a unique deprojected perspective of the filaments (the North-West and North-
East filaments in Figure 4.17, and the South-East and North filaments in Figure [4.18|)
i.e. a view of the filament independent of their on-sky projection, making some of the

filament features discussed below stand out.

4.3.1 SUPERCRITICAL FILAMENTS

One important parameter of interstellar filaments regarding their stability is
their mass-per-unit-length, Mj,.. The first step towards measuring this quantity is to
determine their radial column density profiles, by fitting each radial column density
slice (found in Figures and [4.18)) with Gaussian or Plummer (Whitworth & Ward-
Thompson|2001) functions. Examples of such fits are shown in Figure . Looking
at the mean profiles of the North-East and North-West filaments (the fourth panels
of Figure , it is clear that they are not well described by Plummer nor Gaussian
fits. This trend continues when considering individual column density slices along
the filaments (shown in the first three panels of Figure . Although a Plummer
may reasonably well describe slice 50 in the North-West filament (and perhaps even
the centre-most portion of slice 54 in the North-East filament) the extended emission
in the majority of slices renders fitting them with Gaussian or Plummer profiles
inappropriate as they do not accurately reflect the complexity of the radial column
density slices (unlike |Arzoumanian et al. 2011, for example). We have evaluated
further the impact of constraining the Gaussian fit parameters on the goodness of the
fit itself. While setting the peak position of the Gaussian profiles to lie on the spine
(i.e. = 0) does not improve the produced fits, restricting the fitting to the inner
portion of the filaments does result in better Gaussian fits of the central portion of the
filament. However, filament properties (width and line mass) derived from such fits
are very much dependent on the exact fitting range used. Such properties calculated
from Trapezoidal integration of the asymmetrical profiles (as shown in Table

and Figure [4.20) are less affected by such restrictions, and therefore more robust.
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Figure 4.17 Deprojected views of the North-West (top) and North-East (bottom)
filaments. The filament length is plotted on the y-axis, while the length of the radial
slices from the central spine pixel is plotted on the x-axis. In both sub-figures, the
panels show (from left to right) the Hy column density derived from the NH; emission,
the line-of-sight velocity, the velocity width, the opacity derived from the 8um Spitzer
emission, and finally the core ID as listed in Table 4.1 Contours in the first four

panels are of the column density, from 1 x 10?2cm™2 to 11 x 10?2 cm™2, spaced by
1 x 102 cm™2
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Figure 4.18 Deprojected views of the South-East (top) and North (bottom) filaments.
The North filament was restricted to 0.2 pc either side of the spine due to contam-

ination from the North-West and North-East filaments. Figure details are same as
listed in the Figure caption.
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Figure 4.19 Plots showing the results of fitting Gaussian (red line) and Plummer (blue
dashed line) profiles to individual radial column density slices (orange circles in the
first, second and third panels of each row) and the mean radial column density profile
(black circles in the fourth panel of each row) of (a) the North-East filament (top row)
and (b) the North-West filament (bottom row). The grey points in the background
of each panel plots all of the radial column density slices simultaneously. Plummer
profiles may on occasion well describe the inner regions of the filaments only, whilst
Gaussian profiles fail to fit any of the distributions.

Characterising filaments is fraught with difficulty, and caution must be observed

whilst deriving global properties from their mean profiles (e.g. |Panopoulou et al.

2017).

Therefore, we instead integrate all radial column density distributions using
the Trapezoidal rule at every position along the filaments spines to calculate the
mass per unit length. A rough estimation of the filament widths were obtained by
taking v/81n 2 times the standard deviation of the radial column density profiles. In
calculating the mean My, and filament widths (listed in Table , we excluded the
regions that intersected the cloud hub, (identified as belonging to the radial column
density slices where the extended nature of the hub emission makes the determination
of the width impractical). Figure plots the evolution of the filament width and

Miine along the filament lengths respectively.

The critical mass per unit length, My v = 2a2/G (where qq is the isothermal
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Figure 4.20 Caption as for Figure [4.12] The first row plots the filament width calcu-
lated from 2.35 times the standard deviation of the radial column density distribu-
tions. The jump in width seen at roughly 1.2pc in the North-West and North-East
filaments is due to the exit of the filament spine from the hub. The mean filament
width was evaluated beyond this point. The second row plots the mass per unit
length, evaluated from conducting a Trapezoidal integration under all radial column
density distributions.

sound speed and G is the Gravitational constant) is the critical value above which an
interstellar filament becomes gravitationally unstable to radial contraction and frag-
mentation (Ostriker|[1964). For a typical 10K filament, Mpe it = 16 Mg pc‘l[&].
At the mean rotational temperature of SDC13 of 12.7K, ay =0.21 kms~! and the crit-
ical mass per unit length is 20.4 M, pc~!. All SDC13 filaments can be classed as ther-
mally supercritical (see Table therefore prone to radial gravitational contraction
and fragmentation along their lengths. When considering the effective sound speed,
Gefro = (/02 + 0Xpo = 0.26 & 0.02kms™" (where oyro =0.15kms™", taken from
Figure |4.23| as the most representative value of the filament dense gas prior to frag-
mentation - see Section the critical mass per unit length becomes 31.3 My pc™1,

a factor of 1.5 larger than the previously calculated thermal Mjiye orit, but still a factor

of 4 to 10 lower than the measured filament line masses.
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4.3.2 CORE SEPARATION AND AGE ESTIMATES

The separation of cores along filaments can provide clues regarding the phys-
ical mechanism driving the fragmentation. The top panel of Figure 4.21| shows the
Gaussian Kernel Density Estimation (KDE) plot of core separations in all filaments
(excluding hub cores). When plotting a histogram, the choice of bin size can some-
times have a great effect on data visualisation. Producing a density estimation rids
us of this dependence, by instead considering the density of points as a whole and not
the number of points that fall into a bin. When considering each point as a Gaussian,
the only dependence is on the bandwidth of the Gaussian used, which is less biased
than bin size. In Figure the two plotted distributions each use a different band-
width Gaussian, one that matches the beam size of 0.07pc (dashed blue) and the
other the mean core size of 0.1 pc (black line). The core separations were calculated
on the original on-sky projected filament spines, and not from the deprojected plots
in Fig. [4.17] although both provide identical results. There is clearly a peak in each
distribution in both distributions at a core separation A.,.. >~ 0.37 =0.16 pc. Regular
spacings in IRDCs with core separation ranging between ~ 0.2 to 0.4 pc have already
been reported (Beuther et al.|2015; Henshaw et al.|2016a; Zhang et al. [2009)). For
comparison, we simulated the four filaments by randomly placing the same number
of cores as observed along each of the four filament lengths and calculated the separa-
tion of each consecutive core pair (e.g. Teixeira et al.[|2016]), and repeated the process
100,000 times. In doing this, we stipulated that the smallest core separation in these
random core distributions must exceed the beam size, equivalent to 0.07 pc spatial
scale. We can clearly see that the observed cumulative histogram (black) is steeper
than the simulated cumulative histogram (red) in the bottom panel of Figure m
To quantify these differences, we used the Kolmogorov-Smirnov test to estimate the
probability that these two histograms originate from the same parent distribution.

We find that there is a 15% chance that this is the case, exceeding the significant test
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Figure 4.21 Top: A Gaussian Kernel Density Estimation (KDE) plot of the separation
of each consecutive core pair in each of the four filaments. Each line denotes a
different bandwidth Gaussian, 0.07 pc (equivalent to the beam size, in dashed blue)
and 0.1pc (derived by the standard Scott’s Rule, and equivalent to the mean core
radius, in black). Black circles at N = 0.05 are overplotted to show the positions of
the individual spacings in the sample. The standard deviation is 0.16 pc. Bottom:
Normalised, cumulative distribution of the observed core separation (black line) and
the 100,000 simulated core separations (dashed red line). The bin size in both plots
was set to be slightly larger than the beam at 0.1 pc in size. The vertical dotted line
in both denotes the data spatial resolution of 0.07 pc, used as a cut-off of the allowed
simulated spacings.
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limit of 5%. However, coupled with the relatively large K-S statistic of 0.28 (suggest-
ing a large maximum distance between the two cumulative distributions), we reject
the null hypothesis and consider that these two histograms are significantly differ-
ent, demonstrating that the core spacing in the SDC13 filaments are not randomly
distributed. The median value of A, in each filament is given in Table . Note
that looking at the deprojected view of the filaments in Figure [£.17] the spacing of
the North-West filament seems to be more regular than the others. This is supported
by the lower core spacing standard deviation of the North-West filament, i.e. 0.06 pc
(whilst excluding core number 27 in the hub centre) versus 0.21 pc for the North-East

filament.

Inutsuka & Miyama (1992) and Miyama et al.| (1994)) showed that filaments in
hydrostatic equilibrium fragment under density perturbations where the wavelength
of the fastest growing mode is four times the filament diameter. Looking at the
relevant values given in Table we see that the ratio between the core separation
of the SDC13 filaments and their widths varies between 1.1 to 2.1 which, given the
unknown inclination, is compatible with a ratio of 4. However, in a turbulent medium,
filaments in equilibrium are likely to be rare objects. Interestingly,|Clarke et al.| (2016,
2017)) studied the fragmentation of non-equilibrium, accreting filaments and showed
that the fastest growing mode of density perturbations in such systems, A.ye, is a
function of the time it takes to build-up a critical filament through accretion, 7.,

and the effective sound speed, @y o:

)\core = 2aeff,07-crit ; (414>

By measuring the core separation and the gas temperature, it then becomes possible

to derive 7..5+. One can also relate 7.4 to the accretion rate onto the filament M by:

Terit = —7 (415)



4.3. DISCUSSION 121

where Mjipe orit 18 the critical mass per unit length. Values for 7., and M (derived us-
ing the previously calculated acsso = 0.26 +0.02kms™ and Mjipe erie = 31.3 Mg pe™)
are given in Table for each filament. According to this model, we see that it takes
on average ~ (.68 Myrs to form the SDC13 filaments up to the critical mass per unit
length, with an average accretion rate ~46.5 My pc™!Myr~!. Interestingly, assuming
that the derived accretion rate remained constant over the entire filament lifetime,

one can derive the age, 744, through:

Tage = -' (416)

As shown in Table we obtain an average value of 744, ~ 5.9 Myr, which
implies that the elapsed time since the filaments became critical is ~ 5.2 Myr. Based
on the observed longitudinal velocity gradients and assuming that the gas is free-
falling, [Peretto et al.| (2014) estimated that the SDC13 filaments had been collapsing
for ~ 1 to 4 Myr. This is consistent with the estimate based on the |Clarke et al.
(2016, 2017) model. However, in the calculation of 7. we have not taken into
account projection effects in the estimate of A.,... Doing so will increase 7..;; by a
factor 1/ cos(f) where 6 is the angle between the direction of the main axis of the
filament and the plane of the sky, which for an average angle of 67° (Peretto et al.
2014)) is equal to 1.7 Myr. This brings the estimated age of the filament to 15.1 Myr,
more than a factor of 3 larger than the dynamical timescale estimated by [Peretto

et al.| (2014).

The derived 7..;; values are relatively fast timescales in the context of star
formation. Reflecting upon the theories of massive star formation discussed in Chap-
ter , the core accretion model of McKee & Tanl (2002) and turbulent core accretion
model of | McKee & Tan (2003) is a slow and quasi-static process. On the other hand,
the competitive accretion model of Bonnell et al. (2001)) is a fast and dynamic pro-

cess, converting gas into stars in only a few free fall times. Given the mean filament
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density of 4.8 x 107" kgm =3 (derived from the mean filament width and line masses
later in Section 4.3.6)), the free-fall collapse time ¢;; = 0.3 Myrs. With 7.,; being only
two times larger than t;y, this is consistent with the dynamic process proposed by

competitive accretion.

4.3.3 COLLAPSE TIMESCALES

With all the hierarchical structure in SDC13 extracted using the dendrogram
method, we calculate their radii, aspect ratios and mean densities. As the free-fall
collapse time of a structure depends only on the density, we calculate ts; for all

extracted structures, from the base of the dendrogram tree up to the leaves using:

3T 1/2
trp = 4.17

where G is the gravitational constant, and p is the density of the core (for which we

use the upper limit on the mass in column 12 of Table 4.1). However, this is not an
appropriate approach for non-spherical objects like the high-aspect ratio filamentary
structures within SDC13 (Pon et al.2012; |Toala et al.[[2012)). |Clarke & Whitworth
(2015) derive a collapse timescale (o) valid for both filamentary and near spherical
structures:

teor = (0.49 + 0.26A,)(Gp)~ Y2, (4.18)

where A, is the aspect ratio, valid down to values of A, 2 2. The filamentary nature
of SDC13 from large to small scale (i.e. 61% of cores having Ay > 2 - Table
justifies the need to use equation [4.18. Figure [4.22] shows the collapse time ., for
all identified structures in the SDC13 dendrogram. Overall we see a decrease of the
collapse time, from ~0.7Myr to 0.1 Myr as we go from large to small structures
as a result of the structures’ decreasing aspect ratios and increasing densities. A

consequence of this hierarchical collapse time is that cores will collapse well before
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the filaments. This is the basic idea behind the hierarchical star formation models of

Vazquez-Semadeni et al.| (2009, 2017). On the same figure, we see one structure in

the North-East filament that departs from the rest of the SDC13 structures, with a
longer collapse time than the structure in which it is embedded in. This is due to the
particularly long aspect ratio of that particular structure. We also notice that the
same structure exhibits the strongest radial velocity gradient (see Section 5.2) and
the smallest core separation (see Table . As speculated later in this chapter, we
argue that this is a direct consequence of the compression of the pre-existing filament

by the feedback of a nearby star formation event.
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Figure 4.22 Map where the outline of all extracted structures are coloured by their
collapse timescale t., in Myrs.
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4.3.4 LINEWIDTH AS A PROBE OF INFALL

The increase of velocity width within the cores can be quantitatively compared
to the velocity dispersion within the filaments. In that respect, we calculated the non-

thermal contribution of each pixel within SDC13 following (Myers| 1983)):

AVZ 1T
= obs _ 4.19
ONT \/ 8In2 TMNH; ( )

where AV, is the fitted FWHM velocity width, k;, is the Boltzmann constant, and
mnmu, 1S the mass of an NH; molecule. To determine whether the filaments are sub-
sonic or supersonic in nature, we compare this non-thermal sigma velocity dispersion
to the isothermal sound speed ag at 12.7K of 0.21kms™!. Figure shows the
histograms of oy /ag for all four filaments, where pixels within core regions only are
overplotted in white. Overplotted in black are the corresponding distributions taken
from the JVLA-only data. We see that in all filaments the gas in the combined data
is predominantly supersonic, however, the North-West and North-East filaments also
peaks significantly in the sub/transonic regime. This second peak is coincident with
that of the JVLA data which only exhibits a minor supersonic tail in its distribution
whilst peaking sub/transonically.

Barranco & Goodman (1998) and|Goodman et al.| (1998)) find that o7 remains
constant across core regions, and increases once outside the core boundary. They
call this behaviour velocity “coherence”, suggesting that cores have sizes that are
intimately linked to the turbulence properties. We observe a different behaviour,
with 88% of pixels within core regions have oy7/ag > 1. This is consistent with our
systematic identification of 73% of cores exhibiting a peak in velocity width. However,
87% of pixels within the surrounding filament also have onr/ag > 1. Despite this
similarity in the core and filament pixel distributions, conducting a Kolmogorov-
Smirnov test of the two show vanishingly small p-values with moderate coefficient

values (between 0.2 and 0.3), indicating they are significantly different. In the JVLA
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1.5 20 2.5
O'NT/CLO

Figure 4.23 Histogram of the non-thermal contribution to the velocity dispersions,
divided by the isothermal sound speed at the temperature of the NH3 gas of 12.7K
i.e. the Mach number. The red histogram is the North-West filament, blue is the
North-East, green is the North while grey is the South-East. The vertical dashed line
denotes the transition from subsonic to supersonic motions. Overplotted in white in
each panel is the Mach number of the core regions only from the combined data. The
overplotted black line is the distribution of the JVLA—-only velocity dispersion results.
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data however, 55% of pixels within core regions peak supersonically compared to
only 36% of filament pixels. This further demonstrates that with the addition of the
extended background emission in the combined data, the kinematics of the cores have
become diluted and similar to that of the surrounding filament. Probing the densest
gas with the JVLA-only shows that the kinematics of the cores are more distinct

from the surrounding filament.

A decrease of velocity dispersion towards low-mass prestellar cores has been
previously observed (Fuller & Myers |1992; (Goodman et al.|[1998; (Caselli et al.|2002;
Pineda et al. 2010, 2015)). More recently, this transition to coherence has also been
observed towards entire, parsec-long filaments (Hacar & Tafallal 2011; Hacar et al.
2016). Transonic cores and filaments are expected to form in a turbulent ISM where
supersonic shocks generate stagnation regions where turbulent energy has been dis-
sipated (Padoan et al. 2001} |[Klessen et al.[2005; [Federrath et al.2016). Turbulence
dissipates on a crossing time (see equation . In SDC13, for a mean filament width
of 0.26 pc (from Table and mean filament velocity width of 0.6 kms™!, we calculate
that turbulence should dissipate across the filaments on timescales of ~ 0.42 Myrs.
This is in agreement with both the free-fall collapse time (t7; = 0.3 Myrs) and critical
timescale (7..; = 0.68 Myrs, calculated in Section . With mostly transonic ve-
locity dispersion (where both the combined and JVLA data sets peak in Figure m,
hence best representing the dense gas of the system), everything indicates that the
filaments of SDC13 do indeed represent such post-shock regions, the increase of the
dispersion in some localised region at the edge of the filament being reminiscent of
what Klessen et al.| (2005) sees in their turbulent simulation of core formation. In
this context, the velocity dispersion increase towards the core would be then purely

generated by gravity (e.g. Ballesteros-Paredes et al.[2017, submitted).
Another possible explanation for a local increase of velocity dispersion towards
the cores could be the presence of embedded protostellar sources. Even though we

do not see any mid-infrared sources toward them, such protostars could be embedded
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enough to remain undetectable with both Spitzer and Herschel. These protostars
could have associated outflows which disrupt the surrounding gas, contributing to a
local increase in the velocity dispersion (Duarte-Cabral et al.[2012). ALMA observa-

tions of SDC13 cores at sub-arcsecond resolution could settle this issue.

4.3.5 EVOLUTION OF THE VIRIAL RATIO FROM LARGE TO SMALL

SCALE

Using the dendrogram tree, we can estimate the virial ratio for all extracted
structures. Following Bertoldi & McKee| (1992), the virial ratio of a uniform density

sphere is given by:
5aZ; R
GM ~’

Qyir =

(4.20)

where R is the radius and M is the mass of the cores found by the extraction code
respectively, and a.rs is the total velocity dispersion considering both thermal and
non-thermal contributions from all molecules. We use the upper limit on the mass as
it matches the amount of gas responsible for the observed velocity dispersion. In the
absence of significant magnetic energy density, structures with «,;. < 2 are thought to
be gravitationally bound, those with a,;. ~ 1 are compatible with hydrostatic equi-
librium, those with «,;. < 1 are likely to be gravitationally unstable, while structures
with au,;, > 2 are unbound and either dispersing or held together by external pressure.
Figure [4.24] shows the map of virial ratios for all SDC13 structures. Based on this
map, it is clear that as we go from large to small scale, the virial ratio increases from
i ~ 0.1 towards 1. Such low-values suggest that SDC13 is gravitationally unstable
on all scales, and that the transfer of gravitational to kinetic energy could be the
process responsible for the increase of the virial ratios on small scales.

Such an evolution of the virial ratio can be analytically described. Consider
a uniform density filament fragmenting at the length scale equal to the separation

of a core, \.,re. In an idealised scenario, energy is conserved during collapse whilst
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fragmentation is happening. However, there is a fraction of energy converted from
gravitational potential energy (E,) into kinetic energy (Ej) at the time the filament
fragmentation starts. This conversion may be expressed in the virial equation as an
efficiency e, where if no energy is converted, e = 0. If energy conversion does occur,
this can be expressed as a fractional increase in Ej, expressed as Ej, = Eyo + ALy,
where Ej is the initial kinetic energy of the fragmenting core before collapse. This
fractional increase in kinetic energy can be expressed as AEy = e (E, — E, ), where
E, o is the initial gravitational potential energy. Substitution into the standard virial

ratio of v, = 2E)/E, gives:

2F 2¢ (B, 0 — F
Ayir = k,0+ GE(. 9.0 g), (421)

g

and simplifying gives:

Ero ( |E, 0|)
iy = 250 9 (1 2o (4.22)
| Ey] | E]

Note that as | E,| becomes increasingly larger during the collapse, € = 1 translates into
Qi — 2, which is expected if all the gravitational energy were to be converted into
kinetic energy. By estimating each energy term of equation [4.22|for every core showing
an increase of velocity dispersion one can determine which value of € is required to

reproduce the observed a,;, value. The energy terms may be expressed as:

3
Ero = 5Magff,o, (4.23)

where acff is the 1D velocity dispersion, and:

GM?
R 7

E,=—3 (4.24)

where § =

53:22; is a factor depending on the power law index £, of the density profile
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of collapsing cores, and:

(4.25)

is the initial gravitational potential energy, and 3y and R, are the initial values of 3

and R respectively. Making these substitutions gives:

R 2
iy = BiG C;\ejf’” + 2 (1 - %%) . (4.26)

One may rewrite R, as Aeore/2 under the assumption that all cores are initially their
separation in size, and $y = 3/5 under the assumption that the filament is initially
uniform in density (i.e. k, = 0) before the onset of collapse. Making these assump-

tions simplifies the equation to:

Ra?
. = S Wetfo o (1 - %AR ) . (4.27)

A mean a0 ~ 0.26 = 0.02kms™! is evaluated from Figure m For simplicity, we
assumed an initially flat density profile before the onset of collapse (i.e. fy = 3/5),
and k, = 2 at the time we observe (i.e. 3 = 1). Figure[d.25plots the energy conversion
efficiency € against the virial ratio for every core for both the combined JVLA/GBT
data and JVLA-only data. On this plot, only starless cores are included, as protostel-
lar cores, or cores at filament junctions are subject to extra energy sources that will
affect the estimate of €. One can see that a conversion efficiency between 20-50% can
explain most of the observed velocity dispersion increases towards starless cores. The
JVLA-only data points (orange circles), believed to be less contaminated by fore-

ground /background emission to the cores, are clustered around a median efficiency

of 43%.

Klessen & Hennebelle| (2010) proposed a theory according to which accretion is
capable of driving turbulent motions in galaxies on all scales, finding an € value of a few

percent when considering both galaxy and molecular cloud sized structures. |Clarke
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Figure 4.25 Observed virial ratio plotted against the energy conversion efficiency
of gravitational energy into kinetic energy for the combined JVLA+GBT data (in
blue), and the JVLA-only data (in orange). Only starless cores along the filaments
are plotted, as protostellar or hub centre cores are subject to extra energy source
that will effect the estimate of €. Errors were propagated using a Monte Carlo error
propagation method.
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et al. (2017) evaluate the efficiency required to reproduce a given velocity dispersion
due to accretion driven turbulence in filament structures. They find an e = 5—10% is

1 a consistent efficiency to that found by Heitsch

sufficient to drive a oqp ~0.23km s~
(2013). While these are theoretical estimates, our observationally derived value of
~ 40% is somewhat larger. This could point towards an even more important role

of gravity-driven turbulence than previously thought (see also Traficante et al. 2018;

Ballesteros-Paredes et al.|2017, submitted).

4.3.6 ORIGIN OF THE RADIAL VELOCITY GRADIENTS

Two of the four SDC13 filaments exhibit strong radial velocity gradients, the

largest of which in the combined data set reaches 1.5kms~! pc~!

, an order of magni-
tude larger than in the remaining two filaments. In the JVLA-only data, although the
morphology of the centroid line-of-sight velocity is the same as in the combined data,
the magnitude of the radial velocity gradients double, approaching ~3kms~! pc~! in
both the North-East and South-East filaments. The physical origin of such gradients
is unclear as they could be the result of accretion/compression, rotation, shear, or
a combination of these. It is important to realise that, given the measured velocity
gradients (up to 1.5 kms™ pc™!), the crossing time of the filaments is ~ 0.3 —0.4 Myr,
which is a factor of ~ 3 lower than the estimated age of the filaments. This implies
that, whatever the origin of the gradient is, it cannot be of disruptive nature or the
filaments would already have dispersed. This therefore excludes shear motions as a
possible origin. Here, we are going to investigate if the magnitude of the gradients
are compatible with gravity and/or rotation.

For gravity to be responsible for radial velocity gradients in filaments, large-
scale accretion into a plane is the only option as axisymmetric accretion would not
produce any velocity gradients. Assuming that the filaments are infinitely long, then

one can estimate the acceleration of a piece of gas at a radius r (Palmeirim et al.

2013), as:
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v, = 2\/ GMjpne In (rin“i"“) . (4.28)

T

Substituting for the mean observed M, of SDC13 we may calculate the 7,410
that would produce the observed velocity (~ 0.3 km/s) at a distance of 0.20 pc from
the spine of the filament. By doing so we obtain 7, =~ 0.21 pc. The associated
dynamical timescale is 3.3 x 10* yr, nearly two orders of magnitude shorter than our
age estimates for the filaments. This suggests that gravity alone is not the origin of
the observed radial velocity gradients in SDC13. As proposed by |Arzoumanian et al.
(2013)), turbulence generated by the accretion of matter onto filaments can provide
an additional kinetic pressure that can eventually counteract the pull of gravity, and
slow down the filament radial contraction, even though such a process might not be
efficient enough (Seifried & Walch |2015)). Magnetic fields can also contribute to slow
down radial contraction, either when they run parallel to the main axis of filaments
(Seifried & Walch 2015), or when in a helical configuration (Fiege & Pudritz 2000).
However, B fields are often observed to be perpendicular to the main axis of the
star-forming filaments (e.g. |[Palmeirim et al.|2013} (Cox et al.[|2016), therefore leaving

the radial contraction unaffected.

We now investigate whether rotation could explain these observed gradients.
Recchi et al| (2014) simulate the rotation about the main axis of filaments in equi-
librium. They predict the radial velocity gradient required for rotation to stabilize
filaments with varying My, and temperature profiles against gravitational instabili-
ties. Following their calculations for a mean SDC13 filament mass of 319 My, mean
filament length and width of 2.11 pc and 0.26 pc respectively (hence central density
of 4.8 x107'"kg/m?3), and uniform temperature profile (given we assume a constant

1'is required for

temperature everywhere), a radial velocity gradient of 1.42kms™'pc™
rotation to halt the fragmentation of SDC13. Despite this being larger than the mean

radial velocity gradient across the South-East filament (and less than that across the
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North-East filament) it is clear from the core extraction that there is indeed fragmen-
tation along both filaments. Hence, we conclude that the observed radial velocity
gradient cannot be solely due to rotation as the fragmentation was not halted. The
model also only considers equilibrium filaments, which seems to be an unrealistic
assumption to make for such a dynamic system as SDC13.

Therefore, we believe that the most likely origin for the observed radial ve-
locity gradients is compression. We speculate that an external site of active star
formation, clearly seen in Figure[3.1] within 1 pc proximity to the North-East filament
on the sky (centred on 18:14:33.5 -17:33:30.0) may be compressing the North-East and
South-East filaments of SDC13, influencing the radial velocity field and their density
structures. The WISE catalog of Hi1 region sources (Anderson et al.|[2014]) reveals
a HII region they term as being radio-quiet (called G013.170-00.097) coinciding with
this external star formation site, however there is no kinematic information available.
Further to this, large scale *CO(1-0) and C'*®O(1-0) emission from the IRAM 30m
telescope seem to show a cavity in emission corresponding to this region (Williams et
al. in preparation; discussed in Chapter [3]), consistent with the clearing of material
due to feedback effects. We find no maser emission such as water (Walsh et al. |2008;
Purcell et al.2012) nor methanol (Breen et al.|2012) around the position of the Hir
region. Other works have shown the influence of external feedback on the density

structure of star-forming filaments (Peretto et al.|2012; Tremblin et al.[2014).

4.3.7 ORIGIN OF THE LONGITUDINAL VELOCITY GRADIENTS

As mentioned in Section [£.2.2] the SDC13 filaments exhibit a complex os-
cillating longitudinal velocity profile which is at least partially correlated to their
column density structure. In their simulations of turbulent cloud evolution, |[Smith
et al. (2016) find very similar looking filament velocity profiles (see their Figure 6).

However, they argue that they do not see any clear correlation between the velocity



4.3. DISCUSSION 135

fluctuations and the location of density peaks, concluding that the velocity fluctua-
tions are the result of transient motions generated by the turbulent field in which the
filaments are immersed. While we might be partly witnessing such effect in some of
the SDC13 filaments, we do observe that ~ 63% of the SDC13 cores are located at a

peak of velocity gradient as expected for cores accreting from their parent filaments.
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Figure 4.26 Map of gravitational acceleration in SDC13 in units of 1 x 10712 kms~2.
Mass was calculated from the Hy column density map in the middle panel of Figure
[4.7 Contours are of the Hy column density in Figure plotted in 1 x10%2 cm 2
steps, from 2 x10%?2 cm™2 to 12 x10?2 cm 2.

One specificity of SDC13 is its hub morphology, suggestive of converging
gravity-driven flows towards the filament junction. In order to evaluate if the hub
morphology has an impact on the density and velocity profiles of SDC13, for each

position we computed the amplitude of the acceleration following:
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(4.29)

where indices i and j correspond to given pixels in our SDC13 column density map,
m; is the gas mass at pixel 7, and 7;; is the distance between pixels 7 and j. Ob-
servationally, one only has access to the 2D projected quantities, and acceleration
estimated that way can only provide trend indications and order of magnitude esti-
mates. Figure shows the acceleration map obtained from the SDC13 Hy column
density map. As expected, the accelerations along the filament spine are at a min-
imum due to the axisymmetric nature of gravity in such systems. The acceleration
appears to peak around the filament hub junctions and the edges of some filaments,
reminiscent of the behaviour seen in the velocity dispersion map in Figure 4.4, More
interestingly, we have constructed acceleration profiles along each filament. These are
shown in the first row of Figure [£.27 We observe oscillations of the acceleration and
an increase of the acceleration towards the hub centre which are reminiscent of the
velocity structure. In order to check if this behaviour is due to the presence of cores
or to the hub morphology, we constructed another acceleration map with uniform
column density, effectively removing the presence of density fluctuations. The second
row of Figure [£.27] shows such profiles. One can see that, for the two main filaments
(North-East and North-West), the acceleration profiles remain mostly unchanged,
demonstrating that the hub morphology is the main driver of the acceleration fluc-
tuation we observed, and therefore the driver of the SDC13 kinematics as a whole.
Another interesting point is given by the last row of Figure where the gradi-
ents of the acceleration is provided. We notice here that the strongest acceleration
gradient peak is associated with the most massive core within SDC13. Gradients
of acceleration represent accumulation points and are therefore privileged locations
for the formation of massive cores. The systematic presence of massive cores near

the hub centre could therefore be a direct consequence of large acceleration gradients
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generated by the hub morphology.
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Figure 4.27 Profiles along the spines, where each column denotes a different filamen-
tary arm, as labelled (North-West in red, North-East in blue, North in green and
South-East in grey). The origin of each of the spines was defined to begin at the
heart of the hub. The first row plots the acceleration due to gravity in SDC13 where
the mass was calculated using the Hs column density map, while a uniform, mean
cloud mass was used for the acceleration in the second row. The third row plots the
absolute gradient of the acceleration from row three evaluated at each position over
the mean core size of ~0.1 pc. The vertical shaded regions correspond to the positions
of the cores along each of the filaments, are ~0.1 pc wide and overplotted by the core
ID number in Table E11
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4.4 SUMMARY AND CONCLUSIONS

We have conducted a study of the SDC13 infrared dark hub filament system
using the rotation inversion transition of NH3(1,1) and NH3(2,2). The fitting of
the hyperfine structure of these lines allowed the construction of centroid velocity,
velocity dispersion, and Hy column density maps. These maps were used to identify
both core structures and filament spines, allowing us to characterise their kinematics.
We find that all filaments are supercritical, with an average transonic non-thermal
velocity dispersion, and that core spacing is typically regular along them (~ 0.37 +
0.16 pc). Using semi-analytical models of non-equilibrium filaments (Clarke et al.
2016, [2017) we determine that the filaments are a few Myrs old, consistent with the
SDC13 dynamical timescale derived by Peretto et al.| (2014)). We find that the large
radial velocity gradients across two of the four filament cannot be due to gravity nor
rotation, but most likely due to the compression caused by a nearby HIiI region. We
also find that the velocity dispersion increases towards 73% of the identified cores,
which we interpret as the result of the accumulation of matter due to the filament
fragmentation process itself. We derive an average gravitational to kinetic energy
conversion efficiency within these cores of € ~ 40 %, larger than theoretical values
published in the literature. Finally, we propose that the presence of massive cores
near the filament junction is due to the large acceleration gradients produced by the

hub morphology.

All elements put together, we propose a scenario for the evolution of the SDC13
hub-filament system in which filaments first form as post-shock structures in a super-
sonic turbulent flow. As a result of the turbulent energy dissipation in the shock, the
dense gas within the filaments is initially mostly sub-sonic. Then gravity takes over
and starts shaping the evolution of the hub, both fragmenting filaments and pulling
the gas towards the centre of the gravitational well. By doing so, gravitational energy

is converted into kinetic energy in both local (cores) and global (hub centre) potential
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well minima, generating more massive cores at the hub centre as a result of larger

acceleration gradients.






CHAPTER 5
RESOLVING FILAMENT FORMATION ON
LARGE SPATIAL SCALES WITH C!°0 AND

ISCO *

In this chapter, I present C'*®*O(1-0) and *CO(1-0) data from the IRAM 30m tele-
scope. The aim is to look at the large scale kinematics of the SDC13 infrared dark
cloud, and investigate to see if any signatures of the filament formation process can
be identified from more diffuse gas properties. I discuss the presence of fibres in the
cloud, the procedure used to fit multiple velocity components, how a number of clouds
along the line-of-sight were separated and extracted, and the impact of a nearby Hi

TEGIOMN.

5.1 ANALYSIS

The SDC13 filaments discussed in Chapter 4| have average densities of 10* cm 3.
One possible filament formation mechanism is from the accumulation of lower den-

sity material in the parent molecular cloud. If such a process did prevail, we would

*The work presented here is to be presented in Williams, Peretto et al. in preparation.

141



142 CHAPTER 5. RESOLVING FILAMENT FORMATION

expect its signatures to be imprinted in the lower effective critical density gas, like
that traced by CO isotopologues. Key questions that we aim to answer include the
following: Did the filaments form from the accumulation of lower density material?
Are the filaments made from velocity-coherent sub-filaments termed fibres? Were the
filaments formed at the fronts of post-shock regions? Are the postulated impacts
of the identified Hir region on the NHj3 dense gas kinematics and filament evolution
(discussed in Chapter {]) also seen in the less dense gas? We aim to answer such
questions using C®O(1-0) (hereafter C'®*0) and *CO(1-0) (hereafter *CO) data

observed with the IRAM 30 m telescope.
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Figure 5.1 The mean spectrum of (a) the C'®0(1-0) emission and (b) *CO(1-0)
emission, as a function of velocity. The systemic cloud velocity of 37kms™! is denoted
by the vertical dashed line.

The mean C'®*0O and '*CO spectra over the full cube are shown in Figure [5.1]
As expected, the C'80 emission is weaker and noisier than that of 3*CO. The vertical
dashed line denotes the 37 kms™! systemic velocity of SDC13, clearly indicating which
portion of the emission belongs to SDC13. Five clearly distinct groups of emission are
seen at different velocities, and given their asymmetry, each group is likely to contain

multiple velocity components.
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As an initial inspection, I separate each group and calculate their moments.
This is not an ideal approach for spectra with multiple velocity components, but is a
reasonable starting point. The integrated intensity of C**O(1-0) over each of the five
identified velocity ranges is shown in the top row of Figure (in the same order as
the spectrum from left to right, and numbered 1 to 5). The *CO(1-0) maps are not
included here, as they largely show the same features, and given the optically thick
nature of *CO(1-0) it makes deriving its kinematics difficult. The intensity weighted
velocity, and intensity weighted velocity dispersion is shown in the second and third

rows respectively.

The morphologies of the integrated emission of the five regions are diverse. The
fourth region for example appears more compact, whilst region 5 appears to have a
hub-filament structure to it, with three prominent filament structures converging on a
bright, centrally concentrated hub. From the moment one map of this hub candidate,
this region corresponds directly to the secondary cloud identified by [Peretto et al.
(2014) in NoH"(1-0) emission with a systemic velocity of 54kms~!. With such a
busy and rich environment, it is unclear which clouds are related to each other, and
in particular, whether or not any of them have some influence in the formation and/or
evolution of SDC13. As an initial investigation, we assessed whether there was any
morphological correlation between any of these clouds to SDC13 (Figure . The
only cloud that appears to somehow fit around SDC13 like a missing jigsaw piece is
perhaps region 5, whose brightest regions of emission falls to the East of the North-

East filament, with one of its filaments overlapping in projection with SDC13.

When looking more closely at the integrated emission of the SDC13 cloud
(left panel of Figure , it is clear that the three largest filaments of SDC13 are well
resolved. Just like with the GBT data shown in Chapter [d] the North filament is not
resolved due to the large beam. A cavity in emission is clearly visible to the East of
the North-East filament, and North of the South-East filament. Upon inspection, this

clearly correlates very well to the position of the nearby radio-quiet Hit region from the
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Figure 5.2 The C'™0O(1-0) moment zero (top row), moment one (middle row) and
moment two (bottom row) maps for the 5 groups of emission identified from the mean
spectrum. Each column corresponds to the identified groups in chronological order,
meaning, that from left to right, the integration intervals are as follows: 2-21kms™;

21-30kms~!; 30-40kms™'; 40-47kms™!; 47-67kms .

In the text, the regions are

referred to by their column number, defined as 1 to 5 from left to right. The outlying
contour on the moment zero maps indicates the mask area applied to the moment
one and moment two maps. These represent 50 contours in all but the second column
which was masked to 30 as it is a weaker component of the emission (where o = 0.5 K
is the RMS noise of an emission free polygon).
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Figure 5.3 Each panel plots the intensity of the SDC13 cloud integrated between ve-
locities of 30-40kms™!, overplotted in each panel by the integrated intensity contours
of the other four groups of emission. The contours of the emission in each column
correspond to the integrated intensity map of the same column in Figure [5.2
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Figure 5.4 The moment one (left) and moment two (right) maps of the SDC13 cloud,
integrated between 30-40kms™!, of the C'®O(1-0) data. Overlaid contours are of the
moment zero intensity, from 2.5 Kxkms™ to 5.3 Kxkms™! by 0.7 Kxkms™!. Black
cross and white dashed circle marks the position and radius of the Hir region respec-
tively. Masks are applied to a 5o level.
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WISE catalogue (G013.170-00.097,|Anderson et al.[2014)). Overplotting the HiI region
radius of 26”, we find that it matches very well the ring of emission which surrounding
the cavity, and overlaps with the bottom portion of the North-East filament, and the
top portion of the South-East filament. In producing a three colour composite image
of the C'®O(1-0) integrated intensity, hot dust emission traced by 70pum HIGAL and
cold dust emission traced by 8um Spitzer GLIMPSE (Figure it is apparent that
the cavity in gas is filled by dust. Furthermore, the position of the HiI region appears
to coincide with a peak in 8um emission. From the NHj emission (Chapter [4)), it
was concluded that the most likely explanation for strong radial velocity gradients
observed across those portions of the filaments was the compression caused by this

Hi1 region. This is all strong evidence to support this theory.

Figure 5.5 Three colour composite image, where R, G and B bands are the C*0(1-0)
integrated emission of SDC13, 70pum HIGAL (Molinari et al.|2010) and 8um Spitzer
GLIMPSE (Churchwell et al.2009) bands respectively. The black cross and dashed
circle marks the position and radius of the catalogued Hir region (Anderson et al.
2014). The dust emission is seen to fill the C*®O cavity, whilst the position appears
to coincide with a bright Spitzer 8um source.
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The moment one kinematics of each of the regions are all rather different
too, but all appear to have sharp transitions in velocity, particularly distinct in the
northern portion of region 1. Looking at the velocity structure of the SDC13 cloud
in more detail (Figure , it appears consistent with the NHj data (in Chapter [4]),
where the South-East and North-West filament appear red-shifted to the North-East
filament. This is corroborated when taking the profiles of the velocity along the
filament spines, where the large scale morphology observed in NHj is also observed
in C¥0(1-0) (Figure . Gradients are seen along the filaments, including the
secondary gradient along the top of the North-East filament identified by [Peretto
et al] (2014) in NoH™(1-0) (see Figure [3.2). Interestingly, to the North of SDC13,
the velocity structure appears to follow exactly the intensity of the cloud. This is

discussed in more detail in Section [5.2.3

Interestingly, the moment two maps do all have one distinct common feature.
The brightest emission in each region, and hence likely the highest column density
gas, all appear to have the narrowest velocity widths locally, compared to the lower
brightness, more diffuse regions which appear to have the widest velocity widths.
This is shown in Figure where the velocity width appears to narrow towards
the centre of both the North-East and North-West filaments. It is suggested in
literature that filaments represent subsonic, stagnation regions following the collision
of supersonic turbulent flows (Padoan et al. 2001} |[Klessen et al. 2005} |Federrath et al.
2016)). With sub/transonic velocity dispersion, the SDC13 filaments were suggested
in Chapter |4/ to represent such regions. The consistency of the large scale structure of
the C®*O(1-0) moment two map (Figure with the small scale NH3 data could be
tantalising evidence pointing towards such a formation process. By nature a moment
analysis blends multiple velocity components, hence no significance can be assigned
to the values of the widths, however this trend may still prevail following robust
line fitting. Whilst accounting for the vast difference in size scales being probed by

the NHj interferometry data and the IRAM 30m data, it appears that the large
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scale morphology of the velocity width profiles along the filaments (Figure are
consistent with each other. One clear departure exists however, where the velocity
width towards the centre of the hub narrows in the C'¥0O(1-0), whilst it broadens
in the NH3(1,1) data. This could be an indication of the failings of the moment
analysis. However, with the moment one centroid velocity profiles being consistent
with the fitted NH3 data, it is possible that this is instead an indication of the dense

gas kinematics not prevailing in the more diffuse gas, as discussed in Chapter [4]
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Figure 5.6 Longitudinal profiles of the C*®O(1-0) moment zero (first row), moment
one (second row) and moment two (third row) maps along the SDC13 filament spines.
Each column from left to right plots the North-West in red, the North-East in blue,
and the South-East in grey. In each, the dashed line shows the NHj data from
Chapter [], with an offset of +4 applied to the velocity widths for clarity. The spines
are identical to those extracted in the NHj analysis of Chapter [4, but have been
regridded to the IRAM 30 m data. Differences in the spine lengths between the data
sets originate from the regridding.

5.1.1 THE PRESENCE OF FIBRES

Recent observations of filamentary regions have shown that filaments them-

selves contain narrower, velocity-coherent sub-structures, called fibres (e.g. [Hacar
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Figure 5.7 The mean profile of the velocity width across the North-East (blue), North-
West (red) and South-East (grey) filaments, derived from moment analysis of the
C80(1-0). In both North-East and North-West filaments, the width appears to nar-
row towards the centre of the filament, whilst it broadens slightly towards the centre
of the South-East filament. Uncertainties are equivalent to the spectral resolution of
0.13kms™ 1.
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et al.|2013; Henshaw et al.[2017). As mentioned in Chapter , they are thought to ei-
ther fragment from the parent filament by turbulent motions due to gravity (Tafalla &
Hacar|2015), or fragment in a turbulent ISM and then gathered into the larger filament
structure by gravity (Smith et al.2014). There is much debate as to whether these
fibres are common features of the interstellar medium. Zamora-Avilés et al.| (2017)
conducted magnetohydrodynamic (MHD) simulations of a self-gravitating molecular
cloud, finding that fibres are indeed prevalent, however only in the very densest re-
gions of the cloud is a fibre identified in more than one projection. This suggests that
even though fibres may be velocity-coherent, they may not be physically-coherent,
and merely an effect of projection. This result is corroborated by Clarke et al. (in
preparation), who find that fibres are prevalent in their synthetic observations of
C80(1-0), however a fibre found in position-position-velocity space is not always
present in position-position-position space. This makes comparing and interpreting

fibres found in simulations to those found in observations difficult indeed.

Longitudinal filament structure

As shown by previous works, fibres may be identified by extracting position-velocity
slices from a spectral data cube. The schematic shown in Figure taken from
Hacar et al| (2013) shows what sort of features one could expect to see in such a
diagram were fibres present in a filament. Outlined by the blue and red lines are two,
clear, velocity-coherent structures that would themselves be peaks in emission. As an
initial investigation into the presence of fibres in SDC13, position-velocity (PV) slices
were taken along the spines of the North-East, North-West and South-East filaments
of the C'¥0(1-0) and *CO(1-0) IRAM 30m data (shown in Figures [5.8 and [5.9).
These spines are re-gridded, identical copies of those extracted from the NH3 data in
Chapter

It is clear from our position-velocity diagrams that both the North-West and

North-East filaments look very velocity-coherent in themselves, meaning the high
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Figure 5.8 The position-velocity diagrams taken along the directions of the North-
East filament spine (top row) and the North-West filament spine (bottom row) of the
original C*®O(1-0) emission (left column) and the *CO(1-0) emission (right column).
The C'80 and ¥CO data were spatially smoothed by a Gaussian kernel with a FWHM
of 11”7 and 8" respectively, for visual purposes. The centre of the cloud is at a zero

on the position axis.



152 CHAPTER 5. RESOLVING FILAMENT FORMATION

Velocity (km/s)

() Aysusyu

0 0.5 1 0 0.5 1
Slice length (pc) Slice length (pc)

Figure 5.9 Same as Figure [5.8] but for the South-East filament.

intensity peaks are grouped together without peaking at multiple velocities. This
strongly suggests that the filaments themselves are not constituted by fibres. With
the spatial resolution of the data of 23.6”, we do not expect to spatially resolve fibres.

1 should indeed be sufficient to resolve

However, the spectral resolution of 0.13 kms™
them in velocity space. The broad nature of the high intensity emission at slice
lengths between 0-0.5 pc in the North-West filament can be attributed to the spine

intersecting the hub region.

The PV diagram along the South-East filament (Figure [5.9)) is a little more
complex to interpret. The main body of the filament is seen centred at a velocity of
~38kms™!. A second peak in emission is centred at ~35.8 kms~!. Although initially
suggestive of perhaps a velocity-coherent fibre, this is rather most likely a signature
of the effect of the nearby HiI region, whose radius overlaps with the filament at this

location. These features are perhaps stronger in the South-East filament due to it
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Figure 5.10 A schematic presented by [Hacar et al| (2013) (their Figure 10) showing
the features one would expect in a position-velocity diagram were fibres present. The
red and blue lines outline the two separate velocity-coherent fibres.

being more impacted by the HII region, given that its radius overlaps marginally more

with the South-East filament than the North-East.

Radial filament structure

The formation of filaments has been suggested to possibly be due to the accretion
of more diffuse gas from the environment (e.g. |Palmeirim et al. 2013). Studying the
radial velocity structure of filaments may therefore reveal such inflows when such a
scenario is true for a system. As such, the radial structure of the SDC13 filaments
were investigated by taking slices across the filaments, at a 90° angle to each spinal
pixel. Each slice is 0.38 pc long, and were interpolated using the Taylor expansion
method (and as discussed in Chapter|4]). Given that the HiI region appears to be local
to the bottom portion of the North-East filament, the top half and bottom half are
separately considered to investigate if there are any discernible differences that may be

caused by the HII region impact. These PV diagrams are shown in Figure |5.11], where
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Table 5.1 The radial velocity gradients across the North-East filament, in kms~!pc—1.

C80(1-0) BCO(1-0)
Top half 1.9 2.0
Bottom half 2.7 1.7

the top and bottom rows correspond to the top and bottom halves of the North-East
filament, and the first and second columns correspond to the C'*O and ¥*CO emission.
To avoid contamination, regions of the spine in the bottom half of the filament that
intersect the central hub were excluded. Radial velocity gradients were calculated
across each filament half for each tracer, as listed in Table[5.1] The gradient measured
across the top half of the filament are consistent with both tracers. In C®O(1-

0), the gradient is steeper in the bottom half by 0.8 kms 'pc—1.

This is consistent
with the 3.0kms™!pc™! measured by the JVLA NHj data (see Chapter [4)), where
we concluded the most likely explanation for this steep gradient was the presence
of the HII region causing compression of the filament. However, 3CO(1-0) traces
the gradient to be dramatically shallower in the bottom half compared to C¥0(1-0)
emission, by an entire 1kms 'pc™t. As listed in Table in Chapter [1] all three
molecules have critical densities of ~ 2 x 103cm™ at 20K, therefore should trace
similar density regimes. However, *CO(1-0) is much more optically thick than both
NH; and C'®0O(1-0). The abundance of "*CO and C'®0 relative to *CO is 1/61 and
1/500 respectively (Wilson & Rood|1994). For these reasons, it takes more column for
C'¥0(1-0) to become optically thick than *CO(1-0). From the integrated intensity
maps of Figure [5.4] the difference in emission between the bottom and top halves
of the North-East filament appears to be 1.5 times at its most. This difference in
emission may translate to the top half of the filament having less column, meaning
13CO(1-0) may be more optically thick in the bottom of the filament, accounting for
consistent gradients in the top half, whilst only measuring the gradient of the surface

of the column density shell in the bottom.

Figure shows the radial PV diagrams of the North-West and South-East
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Figure 5.11 The mean radial position-velocity slices across the spines of the top half
(top row) and bottom half (bottom row) of the North-East filaments in C'¥0(1-0)
emission (left column) and *CO(1-0) emission (right column). Regions of the spine
that intersected the hub were excluded. The solid black line denotes the intensity-
weighted average velocity at each position along the radial slice. The velocity of
each of the radial slices was centred to the systemic cloud velocity of 37 kms™! before
taking the mean. The data was smoothed by a Gaussian kernel of 11.8".
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filaments. As the HII region appears local to the entire South-East, the mean profile
was taken across the entire length. Such a split is not necessary in the North-West
filament. There appears to be no radial velocity gradient across the central region of
the North-West in neither tracer, and both appear to follow the exact same morphol-
ogy. Interestingly there appears to be a gradient in velocity either side of the central
regions of the filaments. This is a behaviour not seen in the North-East filament,
which has a gradient across its entire width. Observations seems to suggest such
gradients are also observed at the edges of the filaments in Orion B (Orkisz, Peretto
et al.in preparation), and may be tentatively suggestive of accretion onto the fila-

ment. The South-East filament however appears far more complex. The first peak in

1 1

emission is observed at +1kms™ relative to the systemic cloud velocity of 37kms™",

and corresponds to the main body of the South-East filament. The second peak in

emission is observed at -1 kms ™!

, and can be attributed and matched to the same ring
of material surrounding the HII region that was identified in the PV diagram along
the South-East filament (Figure [5.9). This double-peaked nature means evaluating a
radial velocity gradient from such plots is difficult, given that the intensity-weighted

mean velocity appears flat due to the two heavy weights in intensity.

This absence of fibres on the large scale is indeed interesting, but not entirely
unexpected given that it was very clear from the small scale NHj3 interferometric data
(see Chapter that there was a single velocity component everywhere in the dense gas
of SDC13. Whether or not the lack of fibres is due to effects of chemistry is unclear, as
C80 is often frozen out onto dust grains at high densities of 2> 10° cm? (e.g. [Lippok
et al. [2013). [Tafalla & Hacar| (2015) propose the “fray and fragment” scenario of
fibre (and subsequently core) formation. Firstly, the parent filament is formed from
the collision of large scale gas flows. With the dissipation of residual turbulence
from such an interaction, the subsonic, velocity-coherent fibres are “frayed” from
the parent filament. The fibres with enough line mass (called “fertile” fibres) then

fragment into cores due to gravity. In the “fragment and gather” scenario proposed
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by Smith et al.| (2016)), fibres instead first form due to turbulent fragmentation in the
initially turbulent cloud which is itself evolving due to gravity. These fibres are then
swept up into a large scale filament by gravity. The common feature in both scenarios
is that turbulence is required in the first instance. As already concluded from the
dense NHj gas presented in Chapter {4} the filaments with their sub/transonic non-
thermal motions is indicative of them being post-shock regions. Gravity as a result
of the morphology of the hub itself becomes dominant in the evolution of the system,
causing strong acceleration gradients, both fragmenting filaments and pulling gas
towards the hub centre. I suggest that in this scenario, that gravity dominates the
energy terms, preventing the necessary turbulent fraying of fibres. This suggests that
fibres are surpressed in such hub-filament systems. This is currently speculation, and

would require synthetic observations of hub-filament systems to test it.

5.2 LINE FITTING

When emission appears Gaussian in shape, conducting a moment analysis
(such as that shown in Figure is sufficient in studying the kinematics of the
gas. However, when a spectrum is more complex, details such as multiple velocity
components for example are inherently overlooked and blended. To recover such
information, the fitting of every velocity component is essential. Unlike the line
fitting conducted for the NH; emission in Chapter 4] neither > CO(1-0) nor C¥O(1-
0) contain hyperfine structure emission. However, from initial inspection of the data
cubes (such as Figure [5.1)), it is clear that there is an abundance of emission from
a number of clouds in the vicinity in projection of SDC13. The busy nature of
the environment makes fitting the emission tricky, as they undoubtedly require the
fitting of multiple velocity components. As shown in Figure [5.3] it is unclear from
initial inspection which clouds are associated to SDC13 and may have impacted the

formation or kinematics, and which clouds are not at all associated. For this reason,
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we cannot exclude any of the emission, which adds to the complexity of the fitting.

A number of methods are available to fit spectral lines effectively, most notably
the SCOUSE semi-automated fitting algorithm developed by Henshaw et al.| (2016D).
The extent of the emission is identified and split into boxes within which the spectra
are spatially averaged. Fits are performed by hand on each of the averaged spectra,
which are then used as prior guesses for the fits to all of the original, un-averaged
spectra. This is an excellent method of performing such line fitting, however is time
consuming to manually fit the spatially averaged spectra in the first instance, and
then to check the fits in the final stage. A lot of subjectivity is also required in
deciding how many components to fit to each spectrum in the first instance, which is
not ideal for very complex spectra. For this reason, I proceed to do the line fitting

using a fully-automated home-made code (Peretto et al.in preparation).

The code initially fits NV number of Gaussian profiles to each individual spec-
trum, where N is defined by how many distinct peaks in emission are found across the
whole bandwidth of the spectrum from taking the first derivative (as the derivative of
a peak position should be zero). If the dispersion of the residual of the fit attempt to
the original spectrum is larger or smaller than the RMS noise of the original spectrum
(within a tolerance level of 30%), it is considered that the spectrum may have been
fitted by either too many, or too few, Gaussian components. If this is the case, either
fewer, or more, Gaussian profiles are included in the fit. This is iterated until the
dispersion of the residual is brought back in line with the RMS noise of the original
spectrum. To aid the fitting algorithm, the cube was spectrally smoothed by a boxcar
of width 5 channels, whilst also smoothed spatially by a Gaussian of width 11.8”. A
signal-to-noise limit of 5 was also set so as to limit noise features being identified as
peaks in emission.

Examples of the model fits are shown in Figure [5.13] The iterative method
of the fitting procedure has indeed ensured that the residual of the spectrum and

the model fit does fall around the RMS noise of 0.16 K (evaluated from emission free
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areas). However, a large number of Gaussian components is required in some cases
to achieve this. It is clear this is due to the asymmetric nature of many of the lines,
which the code reproduces by fitting many Gaussian profiles. These asymmetries in
themselves may be interesting features, and may be true velocity components that
we cannot spatially resolve nor correlate to any meaningful structure with this high
angular resolution data set. Significant features or not, it is clear that this fitting
method may perhaps be prone to over-fitting a spectrum at times. The example
fits shown in Figure do indeed reproduce the emission very well, however the
sheer number of components makes using the fits to study the kinematics of the gas
difficult at this stage. Due to its complexity, the fitting of the emission is still a work-
in-progress. Fitting the *CO(1-0) line is even trickier due to it having even more
emission in the rich environment surrounding SDC13. As a result, the rest of this
chapter only includes analysis of the C®O(1-0) emission. An immediate objective
of mine for the future is to realistically fit both lines, and more robustly analyse the

centroid velocity and velocity width of the fits.

5.2.1 CLOUD EXTRACTION

As there are a number of clouds along the line-of-sight, this can cause confusion
as to which clouds are associated to each other. To disentangle this, individual clouds
are extracted using a friends-of-friends algorithm (Peretto et al. in preparation) which
identifies any emission spatially close to each pixel, and within the width of the
spectrum at that pixel in velocity space. Every cloud is then assigned an ID number,
which allows it to be separated from the rest of the emission in position-position-
velocity space. A pixel limit of 100 is set as a lower limit on the size of a structure
considered a cloud. Cloud extraction in this way becomes more tricky if a spectrum
has been fitted by too many velocity components, as pixels that have perhaps been
over-fitted find themselves connected to regions of emission that are unrelated. This

is why careful inspection of the spectra is required, and why caution is required in
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Figure 5.13 Examples of four C'¥(1-0) spectra (in blue) and their model fits (in black).
Printed in each panel is the standard deviation of the residual, and the number of

Gaussian components used to produce the fit. The typical RMS noise of the cube is
0.16 K.
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doing this at this stage.

In total, we identify 16 clouds, the integrated intensity maps of each are shown
below in Figure 5.14] It is clear that in doing this, regions of emission that were
bundled together initially from inspecting the mean spectra shown in Figure |5.1] are
able to be separated from each other. One of the most striking examples of such a
separation is clouds 29 and 32, both large and distinct clouds that could not previously
be distinguished. Other examples include the separation of clouds 11 and 12, and of
clouds 22 and 24.

Figure [5.15] shows the histogram of the model fit integrated intensity of cloud
15 with respect to the moment zero map evaluated over the entire velocity range of
the central emission component in C'®O(1-0). From this, the integrated intensity
recovered from the model cube which is devoid of noise recovers 10% more emission
than the moment zero map. The example fits to the emission shown in Figure [5.13
do indicate that the fits reproduce the emission well. This clearly shows loss of
information when simply conducting a moment analysis, and demonstrates the need
for correctly fitting the line emission. Some pixels that have recovered integrated
intensity less than that in the moment analysis can be attributed to the number of
pixels where the fit was poor, and where the emission was zero. Pixels with larger
fitted integrated intensity can be attributed to low brightness wing emission that one
loses in a noisy spectrum. This is expected to improve with more work in the very

near future.

5.2.2 HIl REGION IMPACT

As concluded in Chapter [4], the most likely cause for the strong radial velocity
gradients in the North-East and South-East filaments was the external influence of
an active star formation region. It was found that the infrared bright emission within
1 pc proximity on the sky to SDC13 was associated to a Hil region (Anderson et al.

2014)). However, no kinematic nor flux information was available in the WISE catalog,
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Figure 5.15 Histogram of the model fit integrated intensity of the extracted cloud
15 ,divided by the calculated moment zero of the entire central component of line
emission in the original C'®0(1-0) cube. Bins are 0.05 in size. The median value of
1.1 is marked by the vertical dashed line.
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greatly limiting our ability to quantify its impact on the system. Some signs of its
impact have already been noticed from the PV slices along the North-East and South-

East filaments, and across the bottom half of the North-East filament.

Cloud 24 extracted using the friends-of-friends algorithm is an interesting cloud
to consider in conjunction with the HiI region. Looking at its integrated intensity,
it falls exactly coincident with the position of the HirI region, shown in Figure [5.16]
This poses the question, is this a mere coincidence, or are the two objects linked?
The spine of cloud 24 was identified by calculating the 2" derivative matrix for each
pixel of the integrated intensity map i.e. the Hessian matrix, (e.g. Schisano et al.
2014}, as described in Section of Chapter . A PV slice was then constructed
along this spine (shown in Figure . First impressions reveal that the cloud is
certainly not an outflow emanating from the central Hi1 region source. The nature
of an outflow results in gas being accelerated to high velocities, manifesting as high
velocity wings in molecular line emission. In this case, no wings are seen at all, as

the emission appears very coherent in Figure |5.17

Two distinct velocity gradients are observed. The steepest gradient of 0.9 kms™'pc™!

is observed along the first quarter of the cloud, whilst the shallowest gradient of

lis observed along the remaining three-quarters of the cloud. This

0.5 kms~!pc~
change in the kinematics of the cloud at approximately 1.3 pc along it is interesting,
and is coincident with the ring in emission seen surrounding the HiI region. It is likely
that the two sources are then indeed linked, with the Hi1 affecting the southern part
of the cloud in its expansion, but not yet the North. However, we already concluded
previously that the impact of the HII region was the most likely explanation for the
strong radial velocity gradients across the North-East and South-East filaments in
NHj3 emission.

Cloud 24 ranges in velocity between 24-28 kms™!, therefore it must have a

different kinematic distance to SDC13 whose systemic velocity is 37kms™!. Depending

on how this compares to the kinematic distance of SDC13 determines whether or not
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Figure 5.16 The integrated intensity of C®O(1-0) emission in units of Kxkm/s of
the extracted cloud 15 (left) and cloud 24 (right). Overplotted on the left are the
integrated intensity contours of cloud 24, in steps of 0.2 Kxkms™!, from 0.4 K xkms™*
to 2.4Kxkms™!. A cross in both panels marks the position of the radio quiet Hir
region (G013.170-00.097 |Anderson et al. 2014), with its catalogued radius of 26"
plotted by the dashed circle.
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Figure 5.17 The position-velocity diagram along the identified spine through cloud
24 in the fitted C'®O(1-0) cube. The data was spatially smoothed by a Gaussian of
width 11.8”. The length of the spine is 4.71 pc, and the cloud covers a velocity range
of 21.8 — 28.6 km/s. Contours are placed in 0.15 K steps, from 0 to 1.2 K. The dashed
black line plots the intensity weighted mean velocity. The vertical dashed white line
plots the rough position of the HiI region shell edge.
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the HiI region can affect both clouds simultaneously. Reid et al. (2016) use a Bayesian
approach to calculate distances to galactic sources from their coordinates and velocity.
The first distance estimate is done with respect to the spiral arms of the galaxy. The
second is the kinematic distance, calculated based on the observed value of the target
velocity with respect to what one would expect due to Galactic rotation. Sources
with known parallax are also included in the calculation, where the probability of the
source lying in the same GMC as the target cloud is estimated from their separation
and relative velocities. Finally, the latitude (b) of an object is used as a measure of
distance independent of the spiral arms. All methods are combined to give an overall
PDF. A prior probability called Py, is set defining how likely it is that the source
lies in the far side or near side of the spiral arms. A Py, = 0.5 is set when such
information is not available, and gives equal weight to both cases. Given the context
of the source being infrared dark, and given its environment, it is a fair assumption
that the cloud lies at the near distance, however I keep P, = 0.5. Taking the position
of the peak intensity of cloud 24 at [ = 13.23°, b = —0.097° and V = 26.5kms™!, the
resulting probability density function of the distance is shown in Figure . The
far distance is calculated to be 13.35 & 0.26 kpc (with a probability of 0.47), whilst
the near distance (the most sensible given the context) is 2.88 £ 0.29kpc (with a
probability of 0.4). The kinematic distance to SDC13 is 3.6 + 0.4 kpc, therefore the
near distance of cloud 24 is just compatible with it being a neighbour of SDC13.
Given this corroboration, and given there is no kinematic information available for
the HiI region in the WISE catalogue, we speculate that the HiI is indeed affecting

the kinematics of both clouds simultaneously.

5.2.3 CENTROID VELOCITY STRUCTURES

One product of the fitting procedure is the best fit centroid velocity of each

of the pixels of the map at each of the channels. This allows one to keep all of
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Figure 5.18 The kinematic distance to cloud 24, calculated to its coordinate of peak
intensity (I = 13.23°,b = —0.10°), and a velocity of 26.5kms™ (Reid et al. [2016).
The near distance of 2.88 + 0.29 kpc is most plausible given the environment and
context. The red line marks the positions of the spiral arms, green is the kinematic
distance, blue is based off the distance to nearby parallax source on the sky, whilst

cyan is based off the latitude (b) of the target.
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the centroid velocity information that one loses when simply taking the intensity-
weighted moment map. We constructed a cube where voxels with a signal-to-noise
above the noise level were filled with the value of their own centroid velocity. This
means that in any given channel, the only structures that are shown are those that are
connected in velocity, effectively grouping the centroid velocities since the centroid
velocity of a voxel will not be similar (if not the same) as the velocity of its channel.
Viewing the data in such a simplified way reveals interesting features that one is not
able to identify by eye when the cube is more information rich, for example when
also displaying the intensity of emission. The channel map of a portion of the cube
between velocities of 39.2-36.9 kms~! is shown in Figure . At the top of the map,
a connected velocity structure can be seen expanding outwards towards the centre of

the map.

When comparing the location of these velocity structures to the integrated
intensity (Figure , it becomes clear that they originate from the less bright, more
diffuse gas to the North of the SDC13 cloud. Generally, diffuse gas can be said to
be more impacted by turbulent motions than dense gas. Given this, perhaps these
velocity “shells” are representative of the turbulence of the gas itself. One way to test
this speculation would be conduct this analysis on synthetic images or simulations
with a known turbulent field. Clark et al. (in prep) conducted magnetohydrodynam-
ical (MHD) 3CO(1-0) simulations using the AREPO moving-mesh code (Springel
2010). They collide two atomic clouds head-on with masses of 10*Mg), and radii of
19pc. They are injected with a solenoidal turbulent velocity field of velocity disper-

sion 1 kms™!

, and have relative velocities of 3.75kms™' to each other in the collision.
The collision occurs along the magnetic field lines of strength 3uG. A plot of the

mean column density along the line-of-sight is shown in Figure [5.20]
We use this simulation to make an initial investigation to see if such expand-
ing velocity “shells” are seen in the turbulent simulation. The simulated position-

position-velocity cube was spectrally and spatially smoothed to the resolution of the



171

5.2. LINE FITTING

_ . .._:_.._.__. .
e ] T .E\ . w‘%& X ]
5 . m Frod £
.Y . - 4 -
o7 L ] T ]
+ Ne 4 4 4
KTe) o i i i
<O < — IW -
<t - o<+ 4
M| MR 1 T ' 1
B 7] Tews ]
C 0g i, . ] hid ]
oS, & B + B
B e . T 7
L Y ¢ - I 1 i
- So 4 B 4
> . ig 1 :
3 1< 1< p
4:: ————— F— “G_ ———— F— “ 3
F T Ta b
o N Im.%~ Torse E
E, & I Weo, % e, ]
L S o I . N I ]
i W T oy ™ : I 3
E T e T {74 .o & b ]
[y ® .x 18 wwmw % T ]
<o . - 7 2 -
|- -+ . -+ -
4. R I R *4_ I I R S R *4_
- luc o +0% -
C 3 7 . -
L e 4 oo “ +9 w%oﬂ o8 &BN ]
o o I o*7% <8 =4 p o T2 h
Coen ° e T 4 2 1
Coee T 4 e X ° e g E
C I 'y @ “mw. CEE AR SN ]
Loy 1o e 18 2Ly o ]
Lo To INYT = ﬁ 3 ]
F<+ +< +< &0 i
I S R R D ST W W I T S T E SIS RN N S S R T 1
F———————+— g+ b ——————— 3
— Ils :w — e o %QM .o -
- S -+ + .o B
- + 4 DN me ]
L ¢ - I’ ...«.J.O . @ i \@ e, oY% i
oo, . T N .9 T Wb 1
CoCet T s o% o RO PR 7
+ . + M @ » P . e i
F I~ % o . Ty o B8 A 1
<o IS o <0 @ kNG @x . .
<t 4+< 4+ o0 4
——————— o Frtt———+————— 3
C To .&WW 3 . ]
- — — < 2 . —
C - I 2[R I .m.fq v ,mmv ]
C I - - I b ﬂ - ]
Y - I 9l e- o - . . -
C o o I v & e nx &St ]
N I 4 v I .. o ]
3 18 Nsy o0 :
N = BT :

uolbulRRq

—17°30'00" -

—17°35'00" |-

20°

18"14™40%0°

Right Ascension

Figure 5.19 A channel map of the identified velocity structures, between the velocities

of 39.2-36.9kms™! (with a difference of —0.13kms™! between each panel) extracted
from the line fitting of the C'¥0(1-0) emission. Data below a declination of -17°34'00”

were masked for clarity given there were no organised structures.
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IRAM 30m data. In conducting the same line fitting, and centroid velocity analysis,
first indications seem to suggest that some similar structures may indeed exist (see
Figure . It is important to note that this is a first-look investigation. There are
many factors yet to investigate, and this simulation has not been optimized for such a
system as SDC13. The type of seeded turbulence may not be applicable for example,
and this simulation includes a very high velocity collision, with a combined collision

velocity of 7.5kms™!

. Given this is a single snap-shot, investigation of other times
during the collision is also needed. Therefore, whether or not these velocity “shells”
are characteristic of the turbulence remains to be seen, however, this is a promising

avenue of future work to pursue.

]
10°10* 10°10%10* 10°
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—4 -2 0 2 4
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Figure 5.20 The mean density along the line-of-sight for the *CO(1-0) cloud-cloud
collision simulation, weighted by mass (Clark et al.in preparation).
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5.3 SUMMARY AND CONCLUSIONS

I have conducted an initial analysis of C'®*O(1-0) and **CO(1-0) molecular line
emission in SDC13, with the goal of understanding the formation of its hub-filaments.
Fibres in particular have been suggested to represent a formation mechanism of fil-
aments dominated by turbulence. After inspecting position-velocity slices along the
filaments, velocity-coherent sub-filaments are not identified in the filaments. The
spectral resolution of 0.13 kms~! should indeed be sufficient for fibre detection were
they present in the system. Works such as Tafalla & Hacar| (2015)) and |Smith et al.
(2016) suggest different fibre formation mechanisms, but turbulence is the essential
first step in both scenarios. As concluded from the interferometric observations of
NHj3 presented in Chapter [4] gravity due to the morphology of the hub itself is the
dominant energy term in the SDC13 system, both fragmenting filaments and pulling
gas towards the hub centre. In conjunction with this, it is suggested in this scenario
that the formation of fibres in such a hub-filament system may be suppressed, hence

their absence.

Conducting a moment analysis of the C'*O(1-0) emission, the kinematics ap-
pear consistent with those of the denser NHj gas in Chapter [4] with the large scale
morphology of the centroid line-of-sight prevailing. The velocity width of C¥0(1-0)
appears to narrow towards the centres of the SDC13 filaments themselves, again con-
sistent with the conclusion that they are due to turbulence dissipation in post-shock
structures. In contrast to the NH3 data however, the velocity width narrows towards
the centre of the hub instead of broadening. As mentioned in Chapter 4] when com-
paring the interferometric JVLA data to that of the GBT), it is possible that the dense

gas kinematics does not prevail in the large scale, diffuse gas.
Fitting each of the individual velocity components of the C'**O(1-0) emission

recovers more emission than the moment analysis. Extracting the structures con-

nected in velocity reveals the presence of concentric “shells” in the more diffuse cloud
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to the North of the SDC13 system. It is suggested that these may be characteristics
of the turbulence of the gas. As an initial investigation, we performed the same line
fitting analysis on an MHD turbulent cloud-cloud collision simulation by Clark et
al. (in preparation). Even though the simulation is not tuned to the properties of
SDC13, some similar structures may be present in the data. This is very much a

work-in-progress, and will be at the centre of future work.






CHAPTER 6

SUMMARY OF THIS THESIS

In this chapter, I summarise the main conclusions of this work, and present avenues

of future work that follow onwards from the work conducted in this thesis.

6.1 CONCLUSIONS

In this thesis, I have presented a detailed observational study of the SDC13
infrared dark cloud. Combining data from the Jansky Very Large Array and the
Green Bank Telescope, I was able to probe the dense gas traced by NHj3(1,1) and
NH;3(2,2) molecular line emission down to 0.07 pc spatial scales, suitable for studying
the link between cores and filaments. Using C'®0(1-0) and "*CO(1-0) molecular line
emission from the IRAM 30 m telescope, I probe the less dense gas of SDC13 and its
surrounding environment down to 0.4 pc spatial scales, with the goal of constraining
the formation of the filaments.

The dense NHj gas reveals that the filaments (with average line mass of
Miine ~ 264 Mypc™t) are all supercritical in nature, containing tens of gravitationally
bound cores regularly spaced by 0.37 £ 0.16 pc along them. This is suggestive of
gravitational instabilities along the filaments being the primary cause of their frag-

mentation. Following the hyperfine structure fitting of the emission, the filaments
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appear to be consistent with post-shock structures given their sub/transonic velocity
dispersion. Furthermore, the velocity dispersion was found to be centrally peaked in
two-thirds of the starless core population of the cloud in comparison with the sur-
rounding filament. This is contrary to the decrease in velocity dispersion observed
towards low-mass prestellar cores (termed the “transition to coherence”) observed to-
wards nearby prestellar cores and filaments (e.g. |[Pineda et al.|2010; [Hacar et al.|2016,
see Section [1.6.3)). This opposite behaviour seen in SDC13 is suggested to be a direct
result of the fragmentation process, converting gravitational potential energy into ki-
netic energy in the process. Using energy conservation arguments, [ estimate that
the gravitational to kinetic energy conversion efficiency in these cores is 40%, larger
than theoretical values published in the literature. The velocity gradient is also seen
to peak at the position of 63% of the cores, consistent with what one would expect
during the early stages of filament fragmentation. Using a gas mass calculated from
the derived Hy column density from NHj, the amplitude of the acceleration in SDC13
was computed. Due to symmetry effects, the acceleration at the filament spines are
at a minimum. Interestingly, the largest acceleration gradients (which themselves
represent accumulation points in matter) are observed at the hub-filament junctions,
coinciding with the peak in velocity width towards the hub centre and the location
of the most massive cores in the cloud. It is therefore suggested that gravity as a di-
rect result of the hub-morphology itself shapes the evolution of the hub, fragmenting
filaments and pulling gas towards the centre of the gravitational well. As a result,
energy is converted into kinetic energy in both local (cores) and global (hub centre)

potential well minima, generating more massive cores at the hub centre.

The NHj3 data also revealed a strong velocity gradient in the radial direction
to the main axis of the North-East and South-East filaments. After investigation,
gravity, shear and rotation were all excluded as possible explanations. Using the
WISE catalog of HiI region sources (Anderson et al.[|2014])), it was found that a radio-

quiet HII region coincides with an infra-red bright patch within 1pc proximity to
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SDC13 on the sky. This was further investigated using the larger scale CO(1-
0) and C*®O(1-0) data, where a cavity in emission was found corresponding to the
location of the HII region, consistent with the clearing of material, supporting the

theory that the HiI region may indeed be affecting the kinematics of SDC13.

Velocity-coherent sub-filaments called fibres in recent years have been sug-
gested to represent a particular turbulence dominated mechanism of filament for-
mation, either from the sweeping up of fibres that themselves formed due to turbu-
lent fragmentation (Smith et al.[2016), or by turbulence dissipation within a larger
scale filament that formed following shocks (Tafalla & Hacar |2015). After inspecting
position-velocity slices of the C'®*O(1-0) and *CO(1-0) emission along the filaments
to investigate if such formation mechanisms may be true for SDC13, it is found that
fibres to do not constitute the SDC13 filaments. In conjunction with the conclusions
drawn from the NHj data, it is suggested that the dominance of gravity in the sys-
tem as a direct result of the hub-morphology itself suppresses the formation of fibres,
which in both observations and simulations are thought to be products of turbulence
(Tafalla & Hacar| 2015; [Smith et al.2016). There is much debate in the commu-
nity on what exactly fibres represent, therefore it is also possible that the presence
of fibres in Taurus (Tafalla & Hacar|{2015)) merely represents a unique scenario, and
that fibres are not in fact common constituents of the ISM. Following the fitting of
multiple velocity components of C!80(1-0), the velocity dispersion is seen to decrease
at the filament spines, consistent with them being post-shock structures. Coherent
velocity structures resembling shells corresponding to a more diffuse cloud to the
North of SDC13 are found to evolve with velocity. To investigate whether turbulence
could produce such shells, I conducted the same analysis on an MHD, cloud-cloud
collision simulation, post-processed using RADMC-3D to create *CO(1-0) synthetic
observations (Clark et al.in prep). Initial analysis seems to suggest such shells may
be present in the simulation, but this is certainly a work-in-progress at this stage.

Whether such structures are indicative of the turbulent beginnings of SDC13 will be
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investigated in the near future.

The core accretion model of star formation is said to be a static process,
with starless cores accreting slowly with time from a closed reservoir of material
characterised in part by the ambipolar diffusion timescale. With competitive accretion
said to be a fast process on the other hand, forming stars within a few free-fall times,
Krumbholz et al. (2005) show that an initially sub-virial state is essential to the theory
in allowing for formation timescales within < 1 Myr. With the free-fall collapse time
of SDC13 being 0.3 Myrs, the crossing time on the scale of filaments being 0.42 Myrs,
and the time taken to assemble a critical filament due to accretion being 0.68 Myrs,
this all points towards SDC13 being a dynamic rather than a static system. With
the virial analysis of SDC13 in Section [£.3.5] it is shown that the large-scale parent
cloud is indeed highly sub-virial, with cores also behaving sub-virially on the whole,
whilst approaching unity. Combined, this points towards the dynamic competitive
accretion theory of star formation. With starless cores being a direct prediction of
the core accretion scenario, the starless state of the SDC13 cores will be investigated

in a future ALMA study (as detailed in Section [6.2.1)).

6.2 FUTURE WORK

As a result of the work presented in this thesis, I see three predominant topics

of future work to be conducted in the near future to further our understanding of the

SDC13 infrared dark cloud.

6.2.1 ARE SDC13’s STARLESS CORES REALLY STARLESS? AN
ALMA sTuDY
One of the key results of my PhD thesis is that the dense gas velocity dis-

persion evolves from transonic in the larger filament structure to being broadest and

supersonic at the positions of two-thirds of apparently starless cores. This increase
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of turbulent support brings the average core virial ratio to ~ 1, making them more
stable against further fragmentation. The masses of the cores range from 3.4 Mg to
162.8 M within a radius of < 0.1 (see Table , making them ideal super-Jeans

core candidates.

This behaviour observed in SDC13 is opposite to that seen in nearby, low-mass
star formation regions where the velocity width narrows at the position of prestellar
cores, interpreted as the dissipation of turbulence at that spatial scale (see Figure
Fuller & Myers [1992; (Goodman et al.|[1998; |Caselli et al.|2002}; Pineda et al.| 2010,
2015). Transonic filaments and cores are expected to form in a turbulent ISM where
supersonic shocks generate stagnation regions where turbulent energy is dissipated.
SDC13 is a very dynamic region with a complex velocity structure. With mostly
transonic filaments (as discussed in Section [4.3.4), the indication is that the filaments
represent such post-shock regions. In this context, the velocity width broadening
at the positions of the starless cores would then be purely generated by gravity,
representing the accumulation of material from the surrounding filament into cores,
converting gravitational potential energy into kinetic energy in this very dynamic
process. This was discussed in Section [4.3.5] where an energy conversion efficiency of
~ 40% is calculated for the starless core population of SDC13. This value being much
larger than theoretical published values of ~ 5—10% (e.g. Klessen & Hennebelle|2010;
Heitsch|2013; |Clarke et al.[2017)) is suggestive of the important role that gravity-driven

turbulence plays.

However, another possible explanation for this local broadening of velocity
dispersion towards apparently starless cores could be the presence of low-mass pro-
tostellar sources deeply embedded in their centres. Even though we do not see any
mid-infrared sources toward them, such protostars could be embedded enough to
remain undetectable with both Spitzer and Herschel. These protostars could have
associated outflows which disrupt the surrounding gas, contributing to a local in-

crease in the velocity dispersion (Duarte-Cabral et al.|2012). On the other hand, one
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Figure 6.1 The spectral set-up of my Grade A ALMA Cycle 5 proposal. The band-
width of the windows are shown in yellow whilst each of the molecular lines within
the bandwidths are marked by vertical lines. The blue boxes denote the frequency
band, whilst the grey line plots the atmospheric transmission.

could also imagine that the broadened velocity width could be due to unresolved core
systems where the cores have already fragmented into smaller objects. In this case,
the cores would no longer qualify as super-Jeans core candidates.

My ALMA Cycle 4 proposal (2016.1.01580.S) to settle this issue was awarded
8.9 hours of Band 6 time and ranked grade B, and was re-accepted in Cycle 5 as Grade
A (2017.1.00351.S). The spectral set-up is shown in Figure whilst the pointings
are shown in Figure [6.2l The proposal had three primary immediate objectives.
Firstly, "2CO(2-1) and SiO(5-4) molecular emission has been shown to be a far more
sensitive tracer of protostellar activity than mid-infrared emission (Hatchell et al.
2007)) as they are shocked free from dust grains in the vicinity of the protostar. A
sensitive search for outflows in the SDC13 cores will definitely confirm or rule out
the presence of embedded protostars, and therefore the protostellar feedback origin
of the increased velocity dispersion.

Secondly, the dense gas kinematics of the cores will be traced by C¥0(2-1)
and NoD™(3-2) emission. If the origin of the increased velocity dispersion is due to
the inflow of material from the filaments, we expect to resolve the region of increased
velocity dispersion down to 1”. In the absence of outflows, this will be clear evidence
that the large-scale kinematics of star-forming clouds directly impact the type of cores

and stars that they are able to form.
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Figure 6.2 Each blue circle marks the position of a pointing in the ALMA Cycle 5
proposal. Each cross denotes the position of a core identified at the time of writing

the proposal. The points are overplotted on the Hy column density map derived from
the JVLA-only data.

Thirdly, the cores will be resolved using 1.2mm dust continuum emission.
If the super-Jeans core candidates are sub-fragmented into clusters of Jeans mass
sources, then deep dust continuum observations of the sources at 1” resolution will
allow us to detect them. Combined with the gas kinematics information, we will
be able to assess if the increased velocity dispersion observed in our JVLA data is
the result of the dynamical interaction of the cores (via the measure of the core-core

velocity dispersion).

The required configuration for the project (C40-2) is currently scheduled be-
tween May 5" and June 5" 2018, therefore I do not expect to receive the data until

Autumn next year. In Cycle 4, one out of seven scheduling blocks were executed,
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with an average system temperature of 122.29 K and ¢ = 12.43 K. The minimum and
maximum angular resolution achieved were 0.933” and 1.140”, across a baseline range

of 15279 m.

6.2.2 DEPLETION OF NH3; TOWARDS THE MM1 PROTOSTELLAR

CORE

Nitrogen-bearing molecules are known to be excellent tracers of infrared dark
clouds (with n > 103cm™) as they do not get trapped onto dust grains unless the
density exceeds n ~ 10°cm™3. However, as discussed in Section of Chapter [4]
the abundance of NH3 column density towards the MM1 core (strongly detected by
1.2mm dust continuum emission Peretto et al.|2014) is lower than expected. The
protostellar nature of MM1 points towards there being a destructive process of NHj
affecting the abundance rather than depletion. This was crudely investigated in
Section by plotting the Hy column density derived from 1.2 mm dust continuum
emission from the MAMBO bolometer array on the IRAM 30m telescope (Peretto
et al.|2014)) against the NH3 column density. However, to understand the nature of
this depletion correctly, one needs to conduct chemical modelling. This was beyond
the scope of this work, however, is a keen interest of mine going forward.

The abundance ratios of different molecules (such as Sulfur-bearing molecules
for example, van der Tak et al.2003; |Viti et al.|2004; |Li et al. 2015) can be used
to estimate the age of a star-forming region, and are popularly termed ‘chemical
clocks’ as a result. Furthermore, the evolutionary state of a star-forming region
can be evaluated if the molecules used have differential abundances that vary with
time. Nitrogen-bearing molecules stay in the gas phase of the ISM for longer than
the CO molecule (Bergin & Langer|1997). As the CO molecule disappears from the
gas phase by freezing onto dust grains, deuteration of nitrogen-bearing molecules is

able to occur, enhancing their abundance, happening at different rates for different
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species. For this reason, the abundance rates of nitrogen-bearing molecules are best
for understanding evolutionary states of a star-forming region.

Studies have been conducted into the abundance ratios of nitrogen-bearing
molecules in low mass star forming regions (e.g. |Caselli et al.|[2002; Hotzel et al.|2004;
Friesen et al.[[2010; Harju et al.2017) and to a somewhat lesser extent in intermediate
to high mass star forming regions (e.g. [Palau et al.|2007; Busquet et al.2011). The
NH;/NoH* abundance ratio appears to differ greatly depending on the source under
examination. Hotzel et al. (2004)) observe two dense cores, both containing a YSO.
They find an abundance ratio of 60-90 around the YSO region, which increases quite
dramatically to 140-190 in the quiescent, starless region. This suggests an enhance-
ment of the NH3 abundance around the central portions of starless cores, a result also
observed by |Tafalla et al.| (2002). For intermediate to high mass, the same trend is
observed, showing that the two types of object are chemically distinguishable.

Such works lead to the question, how does the NH3/NyH* abundance behave in
the MM1 protostellar and MM2 starless cores of SDC13. [Peretto et al.| (2014]) already
published work on NoH™*(1-0) emission in SDC13 from the IRAM 30m telescope.
However, the data is not suitable for the above described analysis, as the data were
taken as single pointings. Therefore, I plan to write a proposal to the Plateau de
Bureau Interferometer (PdBI) asking for higher angular resolution NoH' data to
facilitate such a study. On the other hand, my ALMA Cycle 5 project described in
Section will observe NyDT(3-2) emission (the deuterated version of the NoH*
molecule) at the positions of the cores, therefore a similar study may be possible

should the PdBI proposal not be successful.

6.2.3 THE MAGNETIC FIELD IN SDC13

The role played by magnetic fields in filament formation is a fevered topic of
current star formation research. This can be studied through polarization studies,

as dust grains are known to align their minor axis parallel to the magnetic field



186 CHAPTER 6. SUMMARY

(Lazarian & Hoang|2007). Recent observations of magnetic field alignment in filament
structures have revealed alignment and anti-alignment with striations and filaments
respectively (e.g. [Palmeirim et al.|[2013; |Cox et al|2016]). These studies lead one
to ask if striations are the funnels that accrete material onto filaments. Though
such studies were conducted on single filaments, studies of the magnetic field in hub-
filament systems however appears to be a gap in the market. As shown by [Peretto
et al. (2013), [Peretto et al| (2014) and in this work, the converging nature of hub-
filament systems is suggestive of the role played by gravity in shaping them. The
global collapse of such clouds provides strong flows of gas towards the centre, fuelling
the formation of super-Jeans cores. In such hub-filament systems, with distinct and
organised velocity fields, it is important to study the B field morphologies hand-in-
hand with the gas velocity fields. Do magnetic fields follow the flow of the gas velocity
field, or is the converse the case, where the gas follows the magnetic field instead?
Observations of SDC13 could shed light on this, given it contains both longitudinal
and transverse velocity gradients with respect to the filament long axes. In singular
filaments, works such as |Seifried & Walch (2015]) suggest that the B field morphology
appears perpendicular to the main axis having been locked this way from the large
flows of mass accretion at the formation of the filament. In hub-filament systems
however, one may expect that the major influence of gravity in the shaping of the

hub prevails and drags the B field with it along with the flow of gas.

I have begun a collaborative role on two proposals to the JCMT (James Clerk
Mazwell Telescope), that proposed to use the POL-2 instrument to look at the dust
polarization in infrared dark clouds. The second proposal was specifically aimed at
observing SDC13, given its interesting velocity structure. This was awarded time, only
8% of the requested time having been observed at this point. An early reduction of
the POL-2 data was done by Prof. Gary Fuller at the telescope site during observing,
and is shown in Figure [6.3] Very interesting features begin to reveal themselves,

however, given only 8% of the data has been observed, we do not yet give any weight
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Figure 6.3 A preliminary polarization map of 3 hours on source time (8% of the full
project) from pipeline reduction on-site (Koch et al. in preparation). Due to this
preliminary nature, the polarization orientations and fractions are still uncertain,
though is promising for high quality science once all data is observed.

to the polarization fraction of the plotted vectors. This map reveals it is promising
that the final, fully observed data set will indeed detect SDC13 very well, allowing
us to see if there are any differences in the magnetic field across the cloud, and if it

follows the gas flows or not.

6.2.4 EXPANDING THE STUDY

The work presented in this thesis is a novel study of the SDC13 infrared dark
cloud hub-filament system. One must expand this work to other clouds to see if
the results hold in a wider range of infrared dark sources, or if such results are only

inherent of hub-filament systems. Two such studies were devised for the last NRAO

observing call for the JVLA and GBT in semester 2018B.
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A neighbouring cloud to SDC13

The first proposal, (JVLA and GBT project codes: 18B-219, and 18B-220) focusses
on a cloud to the North of SDC13 which appears to be an extension to SDC13. As
discussed in Section m, Peretto et al| (2014) find longitudinal velocity gradients
along the filamentary arms of SDC13 as traced by NyH'(1-0) emission, indicating
large scale longitudinal collapse of the system towards the gravitational potential well
at the centre of the hub-filament system. Not only this, but they observe a secondary
velocity gradient in the north of the North-East filament (shown in Figure in-
terpreted as a secondary collapse centre away from the hub centre. This secondary
velocity gradient was also observed in both the ammonia kinematics (presented in
Chapter 4) and the C™®O(1-0) emission (in Figure and Chapter [f). With this
in mind, when looking at the dust three-colour composite image (left panel of Fig-
ure , it is clear that this secondary collapse can be correlated to a neighbouring
infrared dark cloud to the North of SDC13 (hereafter called SDC13-N). The sug-
gested coupled nature of these two clouds makes the study of them both essential
in the complete understanding of both their individual and mutual dynamics and
evolution. This was the goal of this proposal, but also more fundamentally to see
whether the results shown in SDC13 hold in the nearest infrared dark cloud possible

to it in the Galaxy.

SDC13-N appears also very dark in the infrared, and appears to be more
pristine and at an earlier evolutionary stage to SDCI13 given its lack of infrared
bright 70pum emission. The intensity of C'*O(1-0) emission at SDC13-N (Figure
also suggests that SDC13-N may be a more extreme version of SDC13, with a larger
reservoir of mass. With this in mind, a direct, like-for-like comparative analysis
between the more pristine SDC13-N and SDC13 would give insight into the global
evolution of the entire region. The C'¥0(1-0) kinematics (Figure[6.5) suggest velocity

flows do prevail in SDC13-N, however given the optical thickness and likely depletion
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Figure 6.5 Moment zero integrated intensity map (left) of C®O(1-0) emission ob-
served using the IRAM 30m (Williams et al. in prep). Overplotted in black circles
are the proposed four pointings, half-beam spaced mosaic of SDC13-N. Some very
small overlap exists with the previous JVLA mosaic of SDC13 to ensure the resolving
of the secondary collapse centre in the context of SDC13-N. Moment one velocity
(right) of C¥O(1-0) emission. A secondary velocity gradient is observed along the
North-East filament of SDC13 towards SDC13-N.
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is not reliable enough a tracer to study the kinematics in detail. As such, we proposed
to observe SDC13-N using the JVLA to map the gas dynamics, and the core-scale
fragmentation. We require ammonia to ensure that we compare a like-for-like gas
density in SDC13 and SDC13-N. The three immediate objectives we will be able to
test are:

1. Do we see a velocity gradient towards the centre of the SDC13-N hub,
emanating from the secondary collapse centre in SDC137 Such a flow would confirm
a complex gravitational interplay between the potential well minima of the two con-
nected hubs. In fitting the hyperfine structure of NHjs, it will immediately be clear
if this gas flow exists. Such a study is uniquely placed in revealing the interaction
between the two neighbouring hub-filament systems.

2. Is there an increase of the dense gas velocity dispersion towards the hub
centre of SDC13-N?7 As part of the dynamic gravity-dominated evolution of infrared
dark hubs shown by our JVLA data on SDC13, the dense gas velocity width broadens
at the hub centre as a direct result of the hub morphology. This will be tested from
the hyperfine structure fitting of the NH3 dense gas tracer.

3. Does Hi1 region impact cause radial velocity gradients in SDC13-N? In our
JVLA study of SDC13, the discounting of shear, rotation and gravity in causing the
3kms~!pc~! gradient across the filaments led to the postulate that the nearby Hir
region was the most likely impact on the dense gas. If correct, then we should also see
such an effect from the Hir region that also neighbours SDC13-N, proving external
effects can influence dense gas dynamics.

We proposed to observe perform a four half-beam spaced pointing mosaic to
cover the full extent of SDC13-N using the C configuration, which provides enough
angular resoltion (~ 1”) to resolve the filamentary structure (~ 15" broad). We
use the 1 GHz band, with one 8 MHz sub-band centred on the NH3(1,1) line, and one
4 MHz sub-band centred on the NH3(2,2) line. This is an improvement on the previous

observations, given that the SDC13 spectral setup used to 4 MHz sub-bands centred
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on both NHj3(1,1) and NH3(2,2), and as a result missed the final outer hyperfine
satellite component of NH3(1,1). In both sub-bands, a recirculation factor of 16 is
used, with ngrgp = 2 for the first sub-band, and ng;gp = 1 for the second to achieve
a channel width of 4kHz (~ 0.05kms™!) to be Hanning smoothed to 0.1kms™!. To
resolve SDC13-N to 5o, and for direct comparison with the SDC13 data, we require
an RMS noise of 3mJy/beam (~ 3.7 K) achieved by 80 mins on-source, equivalent to
40 mins per half-beam spaced pointing. This corresponds to 2.7 hours total on-source
time, 5.3 hours including overheads. Zero-spacing was clearly required for the analysis

of SDC13, therefore here we jointly proposed for the GBT observations too.

A sample of IRDCs

A study beyond SDC13 and its neighbours into a sample of a number of IRDCs is
essential to further test if the revealed kinematics in SDC13 are also observed in other
infrared dark clouds and hub-filament systems. An increase of the virial ratio from
the larger scale cloud towards individual cores was observed in SDC13, correspond-
ing to the broadening of the velocity width at two-thirds of starless core positions;
a behaviour predicated in simulations as a result of the conversion of gravitational
potential energy into kinetic energy during the global collapse of the cloud (e.g. Lee
& Hennebelle 2016, (Camacho et al.2016). A sample of 27 IRDCs was chosen from
the [Peretto & Fuller| (2009)) catalog by [Peretto et al. (2015)/Peretto et al.in prep to
be observed in NoHT(1-0) and ¥CO(1-0) with the IRAM 30m telescope. These 27
clouds lie within a kinematic distance range of 3-5kpc and have a wide range of mor-
phologies. Complimenting this 27" resolution IRAM 30m data with 46" resolution
from the GRS survey (Roman-Duval et al.|2010), the evolution of the virial ratio was
studied from tens of parsec scales, down to sub-parsec scales by extracting structures
using a dendrogram analysis (Peretto et al.in prep). As shown in Figure virial
ratios () of typically 5 are observed at large structure radii indicating gravitation-

ally unbound clouds where turbulent pressure dominates over gravity. This reduces
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smoothly with radius down to a,;. = 2 where the gas becomes gravitationally bound.
This further reduces until «,;, reaches a minimum at parsec scales, where a,;, pro-
ceeds to either flatten off or most notably increase at sub-parsec scales. This evolution
of the virial ratio was interpreted as a transition from a turbulence dominated evo-
lution on large scales to a gravity dominated evolution on smaller scales - a result
that corroborates with our sub-parsec SDC13 data. However, the scales of individual
cores is lacking from the Peretto et alin prep analysis, and is the motivation behind

this JVLA proposal.
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Figure 6.6 The evolution of the virial ratio of 4 IRDCs from the 27 IRDC sample
(Peretto et al.in prep). The 3CO(1-0) IRAM 30m data correspond to large radii
data points, whilst the low radii points correspond to the NoHT(1-0) data. The gap
between the two scale regimes is due to the lack of optically thin tracer. This analysis
was facilitated by use of a dendrogram analysis. The shaded region shows the scales
at which the proposed VLA observations will probe.

We proposed the observation of a sub-sample of 9 IRDCs from these 27 clouds
(JVLA project code: 18B-260). Proposing the observation of all 27 was not practi-
cal given the total time needed. Figure [6.7 shows that the full parameter space of
the 27 IRDC sample is represented by our sub-sample. The proposal is aimed at
calculating the virial ratio down to the scales of individual cores (~ 0.05pc), and
seeing whether the core-scale kinematics we observed in SDC13 is observed in the
sample. Integrated intensity maps of the IRAM 30m NyH*(1-0) emission for each of
the 9 IRDCs are shown in Figure [6.8] A variety of morphologies are present, includ-
ing elongated/filamentary clouds (e.g. SD(C25.243 and SDC21.321), hub-filament
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systems (e.g. SDC18.888 and SDC28.333) and centrally concentrated clouds (e.g.
SD(C24.433). We proposed their observation using NH3(1,1) and NH3(2,2), making
the results directly comparable with those of SDC13. We use the same spectral setup
as outlined above in JVLA proposal 18B-219. We have not yet jointly proposed
for GBT time, opting to instead wait and see which clouds are in most need of the

zero-spacing data.
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Figure 6.7 Each panel plots the mass against effective radius (left), aspect ratio (mid-
dle) and virial ratio (right) of each cloud. All circles represent those in the 27 IRDC
sample of Peretto et al.in prep, whilst the black circles show the 9 IRDCs we chose
to observe with the JVLA.
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Figure 6.8 Each panel plots the NoH*(1-0) integrated intensity observed with the
IRAM 30m telescope (Peretto et al.in prep) of each of the 9 IRDCs we proposed
to observe with the JVLA. The green circles represent the half-beam spaced point-
ings proposed. The sample exhibits a wide range of morphologies, from centrally
concentrated, to hub-filament systems.
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