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Chapter 1

Introduction

1.1 Importance of High-Mass Stars

High-mass stars, defined as having a mass of 8 M or greater, are keystone com-
ponents in shaping the interstellar medium (ISM), impacting star-forming regions,
galaxy formation, and galactic evolution. High-mass protostars produce powerful
radiation, high luminosities (>10% L), and stellar winds. They are a key source
of heavy elements, produced via nucleosynthesis during their stellar evolution, and
released into the local ISM via supernova explosions. They are influential subjects
in both astrophysics and astrochemistry. Despite the considerable impact of high-
mass stars, their formation remains poorly understood, particularly in comparison
to their lower mass counterparts.

1.2 Low-Mass Star Formation

In the case of low-mass star formation (M < 2 M), the formation process is well
known, with many in-depth studies (Shu et al., 1987, McKee et al., 2007). The ini-
tial stages of star formation occur in giant clouds of molecular gas, several parsecs
in size, at cold temperatures (10-50 K), and mainly composed of Hs molecules.
Recent Herschel Space Observatory observations have found these clouds are of-
ten comprised of extended filamentary structures (André, 2017), hosting many
star forming regions (e.g. Figure 1.1). The filaments are believed to be formed via
magnetic fields. The Planck Collaboration (Adam et al., 2016, Ade et al., 2016)
revealed that magnetic field lines are aligned with low-density filaments, and per-
pendicular to higher density, star-forming filaments, indicating that the formation
and evolution of star forming filaments occurs from matter accumulation via mag-
netic field lines. The subsequent stages of formation can be seen in Figure 1.2.
Within the giant molecular clouds form Infrared Dark Clouds (IRDCs) filaments
(Perault et al., 1996). The IRDCs are named as such due to their high column
densities (10%3-10%® cm™2), making them optically thick at mid-IR wavelengths.
Within the IRDCs, gravitational instabilities cause fragmentation and molecular
clump formation (Tan, 2018). Within the clumps, temperatures decrease to below



Figure 1.1: Herschel/SPIRE 250 pm dust continuum image of the Taurus
B211/B213 filament, with several notable dense cores visible (from Palmeirim,
P. et al., 2013).

10 K, followed by a global infall to form a dense core. These cores are typically
less than 0.2 parsecs in size and have a density of 10*~° cm™ (Wang, 2013). Infall
occurs when the gravitational potential energy of the clump within the cloud ex-
ceeds the pressure of outward forces, such as kinetic energy and turbulence. This
occurs when the core reaches a specific mass, also know as the Jeans’ Mass, given
by equation 1.1. Here k is the Boltzmann constant, T is the temperature of the
gas, G is the gravitational constant, u is the mean molecular mass, my is the mass
of hydrogen and p¢ is the density of the core.

_ S5ET 35, 3 (1)
Gumpg Ampe

M, (1.1)

During this collapse, mass is transferred inward from the outer envelope lead-
ing to a pre-stellar core. To conserve angular momentum during this collapse,
circumstellar disks in Keplerian rotation form around the central core, and any
additional angular momentum is released in the form of bipolar outflows. As mat-
ter is accreted onto the core from the outer envelope, a pre-main sequence (PMS)
star forms surrounded by a protoplanetary disk. Eventually the surrounding ma-
terial is exhausted, accretion ceases, and the outflows are terminated. The PMS
star contracts until it reaches the hydrogen burning phase and the main sequence.
The timescale of this process is determined via the Kelvin-Helmholtz timescale
(eq. 1.2, M is stellar mass, R is stellar radius and L is luminosity of the star).
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Figure 1.2: Evolutionary stages of low-mass star formation (from Greene, 2001)

Overall, this process is relatively slow, transpiring around 107 years or more and
constituting around 0.1% of the star’s life span (McKee et al., 2007). The accretion
time, toee = M,/ Macc (where M, is the stellar mass and Macc is the mass accretion
rate) is small due to their low-mass. Thus, the accretion time is much smaller than
the KH timescale, and the low-mass pre-stellar object reaches the main sequence
well past its accretion phase. The stellar initial mass function (IMF) indicates
that low-mass stars formed at much greater rates that high-mass stars (Salpeter,
1955). Thus, low-mass stellar objects are both visible and plentiful in our local
field of view, resulting in many detections and observations.

1.3 High-Mass Star Formation

Table 1.1 displays the properties and scales of high-mass star forming regions
(HMSFRs). Similar to low-mass stars, high-mass star formation is localized within
dense cores and clumps within giant molecular clouds. However, these clouds
require much higher masses; a cloud in the order of 10® and 10° M, is needed
form stars of 8-50 M (Zinnecker et al., 2007). Within the clouds form clumps
of higher density, which are birthplaces of the young stellar objects (YSOs), often
formed in binaries or small groups (Motte et al., 2018). The clumps encompassing
high-mass protostars are heated internally through stellar radiation, outflows and
shocks, producing smaller scale, high temperature hot core regions. At very small
scales (100 - 1000 AU), potential disk structures may form, assuming formation
scenarios similar to low-mass objects.



Table 1.1: Approximate properties and scales of high-mass star forming regions,
similar to that of Hirota, 2018

Object  Size Mass Temperature Density

AU M, K cm ™3
Cloud  >10°  >1000 10-20 10%-10*
Clump 10°-10°  ~100 10-20 10106
Core  10%-10* ~10 ~100 >10
Disk  102-10°  ~1 100-1000 >107

While the general formation regions and scales are understood, the mechanism
that produces the YSOs is not. Young high-mass star formation is difficult to
study for several reasons; first being, high-mass stars are less populous than their
low-mass counterparts. This is in part a result of having much shorter lifetimes.
With luminosities exceeding >10% L, massive YSO Kelvin-Helmholtz timescales
are very short, while accretion timescales are high. Therefore, high-mass stars
reach the main sequence much more quickly (approximately 10° years, Motte et
al., 2018) while still in the accretion phase, and live much shorter lives. Another
consequence of this rapid evolution is that young massive stars are often still
completely embedded in their surrounding envelope when they reach the main
sequence. As a result, they are not visible at conventional optical wavelengths,
and must be probed in centimeter to far-infrared wavelengths to penetrate the
envelope. Until the creation of large arrays such as ALMA, instruments were
unable to view these objects with sufficient resolution to perform studies on small-
scale structures surrounding the protostars.

While observations remained problematic, two main theories have been developed
for the formation of high-mass stars: Core Accretion and Competitive Accretion.

Core Accretion:

The Core Accretion theory is based on the assumption that the initial conditions
of high-mass stars are scaled up versions of their low-mass counterparts, i.e., grav-
itationally bound cores. However, this model includes some key differences; stars
of high-mass will need more massive clouds and higher accretion rates to form.
These accretion rates are expected to be 107* to 1075 Myyr~!, but can reach
as high as 107 Myyr~! in episodic bursts (Tan et al., 2014). The core accretion
model has three main challenges. First, the radiation produced from the increased
accretion and from the protostar would be strong enough to hinder or even halt ac-
cretion, thus preventing the necessary conditions needed to continue mass gain to
reach the sizes observed. Second, massive molecular clouds should fragment into
smaller clouds, as dictated via Jeans’ instability; these smaller molecular clouds
would then not contain the necessary masses to form high-mass protostars. Fi-
nally, for the Core Accretion theory to hold, disks would form around the massive
stars to conserve angular momentum. However, as recently as 2015 there were



only a handful of observed B-type disk candidates (Cesaroni et al., 2007, Beltréan
et al., 2011b), with even fewer O-type candidates (Wang et al., 2012, Zapata et
al., 2015), which were often found to be slow rotating, massive (>100 M) toroid
structures (Beltran et al., 2016).

Solutions to the Core Accretion issues have been proposed; (Yorke et al., 1999)
suggested, as in the low-mass scenario, outflows provide an outlet for radiation to
escape, preferentially in the bipolar direct. This is known as the flashlight effect,
and keeps accretion rates high enough to stimulate high mass stellar formation.
Furthermore, high-mass stars produce powerful and dynamic magnetic fields, in-
creasing the turbulence of the surrounding material. This turbulence can produce
ram pressure that would prevent fragmentation. Finally, the third concept of
disk structures around high-mass stars has been partially solved, thanks to high-
resolution instruments such as ALMA, with confirmed disk detections of B-type
stars in particular (e.g. Moscadelli et al., 2019, Ginsburg et al., 2018). O-type
stars remained elusive until Johnston et al., 2015 found Keplerian signatures in
the 25 M, star AFGL 4176. However, the lack of consistency of detections of
disks is a major factor for the design of this study.

Competitive Accretion:
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Figure 1.3: Illustration of the Competitive Accretion theory (Wright, 2015)

The Competitive Accretion theory (Bonnell et al., 2001) is a ”clump-fed” model.
Within a molecular cloud, clumps will form containing several small cores. These
cores gravitationally collapse and compete with each other for the surrounding
gas. The most massive cores grow more quickly and intake more surrounding
gas, and gas is funneled onto the main core from a wide region encompassing
the clump. In contrast to the core accretion theory, this gas never constituted
part of a gravitationally bound core enclosing the stellar object. In higher density
situations, stellar collisions can increase the mass of the most influential star.



The model is based on the observational fact that stars usually form in clustered
environments, with a primary massive star surrounded by a population of lower
mass protostars (Zinnecker et al., 2007). Furthermore, competitive accretion often
leads naturally to the stellar initial mass function (Bonnell, 2007). However, Tan
et al., 2014 shows that the accretion rate of the Competitive Accretion model
are not fast enough to produce massive stars. This model also suffers from the
challenges of outward radiation pressure/outflows from accretion. Again, disks
are expected to form in the model, but would be smaller than those in the Core
Accretion model.

1.4 Circumstellar Disks

In low-mass star formation, much of the newborn star’s growth occurs through
accretion from circumstellar disks. The disks of pre-main sequence (PMS) stars
have been confirmed via extensive studies and reviews (e.g. Mundy et al., 2000).

Alternatively, circumstellar disks for massive star formation has proven to be prob-
lematic, both theoretically and observationally. Disk hindering effects such as
stellar winds, outward radiation pressure and photo evaporation are all linked
with massive stars and massive disks suffer dissipation effects at AU scales due
to viscous accretion (Cesaroni et al., 2006). Despite the problematic nature of
high-mass protostar formation, high-mass stars are still detected and thus must
be formed through some mechanism. If this mass accumulation mechanism is ac-
cretion, then a circumstellar disk must form. Despite their ambiguity, these disks
remain a popular physical interpretation of high-mass star formation, for several
reasons. For example, a symmetric rotating disk in Keplerian rotation, formed
due to angular momentum, could allow for radiation escape in the polar direction
(Yorke et al., 1999). In turn high accretion rates would remain unhindered and
allow the protostars to reach their massive sizes. Observationally, determining
disk structure and morphology has proven difficult, given their deeply embedded
nature within the surrounding envelope. Thus, the distinction between disk and
envelope can be ambiguous. A velocity gradient displaying a systemic shift may
be an indication of rotation, but also could be due to infalling gas or outflows.
Therefore, an important criterion to determine the separation of disks from en-
velopes is if the velocity gradient is perpendicular to the systematic velocity at
larger scales.

Until the last decade, B-type disk detection proved to be difficult, and O-type
detection was non-existent, whether due to observational biases, limited sensi-
tivity or simply a lack of disks existing around the stars. Fortunately, this has
changed in the past five or so years, thanks to high-resolution instruments such as
ALMA. Signatures of disks have been observed around high-mass protostars at an
increasing rate in recent years. The disks that have been detected are fractionally
larger than their low-mass counterparts; the ratio of disk mass to stellar mass of
low-mass PMS is < 0.1 M, (Cesaroni et al., 2006), while in the high-mass case
this ratio can reach upwards to, or even above 1. This result is expected, as a



inside-out collapse with a constant accretion rate results in disk mass profiles of R
o« M? (Terebey et al., 1984). While expected, this poses a new issue of stability,
particularly in cases where the disk is almost equal mass of the central core. In
both high-mass formation models, the angular momentum is transferred outwards
via viscous torques as a result of gravitational and magneto-rotational instabili-
ties (MRI), producing spiral arms and possible fragmentation to binary/multiple
systems (Kratter et al., 2010). High gas temperatures and high rotation velocities
are key for disk stabilization; thus, the outer radii of the disk are particularly
susceptible to instability and fragmentation.

In the Core Accretion model, a massive disk will be in non-Keplerian rotation
as the envelope transitions from infall to rotational stability and circular orbits.
Once the infall envelope has ceased, a lower-mass Keplerian disk may remain,
until it also dissipates from accretion or feedback (Tan et al., 2014). This aspect
of Keplerian rotation is particularly important. Keplerian rotation is the predicted
result of gravitational collapse disk formation and is observed in many low-mass
cases (e.g. Aso et al., 2017). While identifying Keplerian rotation in a disk is
paramount for confirmation of the Core Accretion theory, the lack of detection
does not necessarily indicate that there is/was no disk; the source may just be in
another stage of its evolution.

1.5 Chemistry of High-Mass Star Formation

Radiation and outflows produced by YSOs can yield a rich composition of com-
plex molecules in HMSFRs. The composition is essential to determine formation
history, evolutionary timescales, tracing dynamics and establishing physical prop-
erties. The most complex molecules are predominantly formed via grain-surface
reactions throughout three main phases (van der Tak, 2005): the cold 'dark cloud’
phase (T ~ 10 K), the warm-up phase (T = 10-100 K), and the hot core phase
(T > 100 K). The cold phase occurs during gravitational collapse. Here the tem-
perature is low enough to form icy mantles on dust grains within the core. The
mantles are predominantly made of H,O, CO and CO,, followed by CH3OH, NHj3
and CHy (Oberg et al., 2011). The icy mantles provide a location for molecules to
accrete and react to form new species. As the temperature increases from 10-100
K during the warm-up phase, the protostar heats the surrounding gas and dust.
During this phase the first complex organic molecules (COMs) are hypothesized to
form on the grain mantles (Tielens et al., 1982). At temperatures of 25-30 K, Hy
evaporates, allowing more complex molecules to diffuse within the mantles (Oberg
et al., 2013). The temperature then continues to rise into the hot core phase. Here
the sublimation of the icy mantles occurs, the COMs are released. During the hot
core phase all ices are sublimated, and only gas-phase chemistry occurs, initiating
new chemical reactions and species formation. Other reactions may occur from
subsequent outflows and feedback produced by the protostar. Feedback events
shock the gas, facilitating activation energy reactions (Bell et al., 2014).

With extreme formation environments, high-mass star forming regions continue to
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intrigue with their chemical abundances and compositions. Recent studies show
the chemical composition of HMSFRs can vary from one another, and even be-
tween sources within the region (Watanabe et al., 2017), possibly due to differences
in mass and luminosity of the central objects. Links between the chemical com-
position, physical properties and evolution in HMSFRs are possible, but currently
remains a topic open for interpretation.

In this study, we will focus on the molecule methyl cyanide (CH3CN, also known
as acetonitrile). It was first detected by Solomon et al., 1971 in the molecular
clouds of Sgr A and Sgr B2. Solomon et al., 1971 simultaneously observed six
closely spaced lines of different excitation levels of the J=6-5 transition. CH3CN
has a prolated symmetric top structure, producing several emission lines in small
frequency spans, which can be observed and analyzed fairly easily, minimizing
uncertainties. Each J-transition has an associated K-line "ladder”; a set of in-
creasing K-transitions that span a wide range of energies over a narrow spectral
window. The symmetric rotational structure of CH3CN is particular adept at
tracing kinetic temperatures up to nearly 1000 K (Bell et al., 2014).

There remains some uncertainty around the formation method of CH3CN, al-
though it is believed to form similarly to many COMs via grain-surface reactions
during the cold collapse phase; here CN combines with elemental atoms in succes-
sion on icy mantles:

The CH3CN is then released when the ices evaporate as surrounding temperatures
increase above 90 K (Garrod et al., 2008). While this is believed to be the domi-
nant formation route, it is hypothesized that moderate abundances are formed in
gas-phase reactions of HCN and CHJ ions, particularly at temperatures above 40
K (Garrod et al., 2017) with the addition of HCN molecules into the gas phase.
Bell et al., 2014 demonstrates the possibility to further enhance CH3CN abun-
dances via shocks. Grain mantle ”"sputtering” in the shock front releases species
that have yet to be sublimated from the mantles back into the gas phase. Further
gas phase chemistry can then occur with the newly released molecules, as the
shocked gas cools down.

While the basics of high-mass star formation has been covered above, more ex-
tensive reviews have been produced in recent years (e.g. Tan et al., 2014, Motte
et al., 2018) covering the theoretical aspects behind the formation process.

1.6 ALMA and the Search for High-Mass Stars

As previously mentioned, due to relative rarity and difficulty of detection, many
fundamental questions remain about the formation process of these objects. Since
high-mass star formation occurs in small dense clusters, often found at large
distances, achieving high spatial resolution and sensitivity is a serious problem
for observations, particularly in infrared and submillimeter wavelengths that are
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needed to pierce the outer envelope. Large scale surveys, using instruments such
as Herschel, Planck and Spitzer have provided many candidate young stellar ob-
jects high-mass star forming regions, however, the resolution is limited 1-10” with
these surveys (see Figure 1.4).
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Figure 1.4: Angular resolutions for four interferometers (JVLA, ALMA, VLBI,
VLTTI), Herschel and Spitzer telescopes. Red lines correspond to highest resolu-
tions of the instrument. Blue line and green line represent angular beam sizes in
which 0.1 and 1.0 arcseconds, respectively, can be resolved. Image from Hirota,
2018.

Thanks to radio facilities constructed in recent decades, the astronomical commu-
nity can now investigate the unknowns of high-mass star formation with greater
detail. Facilities such as Jansky Very Large Array (JVLA), Northern Extended
Millimeter Array (NOEMA), and the Very Long Baseline Array (VLBA), have
been crucial in advancing high-mass star formation research. The Atacama Large
(sub)Millimeter Array (ALMA) in particular increased sensitivities and resolu-
tions by on order of magnitude or larger than previously constructed arrays (Hi-
rota, 2018). Composed of 66 antennas, ALMA operates at wavelengths between
0.3 - 3.5 mm. ALMA has the capability to resolve down to scales of 100-1000 AU,
ideal for investigating disks and outflows associated with the central YSO. ALMA
observations have produced high quality disk studies for low-mass stars (such as
in Figure 1.5), in addition to high-mass stars (e.g. Cesaroni et al., 2007, Cesaroni
et al., 2017); studies in which this thesis forms its basis on.
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Figure 1.5: ALMA observations of the low mass (0.45 M) protostar L1527 IRS,
from Aso et al., 2017. Left: Dust continuum image of 1.3 mm emission with
outflow directions (arrows). Right: Position velocity diagram with PV fitting.

1.7 Goals of this Thesis

In recent years, many studies have been published utilizing ALMA to investigate
high-mass star forming regions, examining and probing disk properties. These
studies often focused on a single source in-depth, or a population with more wide-
spread discussion. While disks have been discovered surrounding high-mass stars,
they have not been found to be universal around high-mass protostars, especially
amongst O-type stars.

In this thesis, a sample of high-mass protostars will be studied. The questions
that will be addressed in this study are the following:

e What are the structure surrounding high-mass stars? Are they disks?
e Are the structures in rotation, and if so, is it Keplerian rotation?

e What is the distribution of the physical and thermal properties within the
disk/structure?

This study will use available data from the ALMA archive database! from pre-
vious studies with CH3CN spectra and continuum data. It will be organized in
the following manner: In Section 2, the methodology explaining the data acqui-
sition, analysis and techniques used. In Section 3, the results of data analysis, in
conjunction with an interpretation in the context of the research questions will be
presented. In Section 4, a comparative discussion of the sample will take place,
and a final classification of the structures will be determined. This will be followed
by a discussion of potential uncertainties in the analysis. Finally, in Section 5 the
thesis will close with a summary, conclusions, and recommendation for further
work.

!The ALMA archive can be found at almascience.nrao.edu/aq/
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Chapter 2

Methodology

2.1 Target Selection

Table 2.1: Target Sample with general properties.

Source Right Ascension  Declination Viys d Angular Res Spectral Res CH3CN Lines
(hms) ) (kms™') (kpc) (7) (AU) (kms™)  J=J K
AFGL 4176 13 43 01.704 -62 08 51.23 -52.0 42 047 1974 0.57 13-12  5-8
G23.01 -0.41 18 34 40.290 -09.00.38.30 +77.4 46 0.16 736 0.66 12-11  0-7
(G24.78 +0.08 18 36 12.661 -07 12 10.15  +111.0 7.7 015 1155 0.66 12-11  0-8
(G29.96 -0.02 18 46 03.665 -02 39 22.00  +98.0 53 035 1855 1.24 12-11  0-8
G34.43 +0.24MM1 18 53 18.007  +01 25 25.53  +59.7 3.7 034 1258 1.24 12-11  0-8
G35.03 +0.35 18 54 00.645  +02 01 19.23  +49.5 3.2 018 576 0.83 19-18  0-8
G35.20 -0.74N 18 58 13.027  +01 40 35.94  +30.0 22 018 396 0.83 19-18  0-9
G37.55 +0.20 18 59 10.348  +04 12 18.22 4854 6.7 099 6633 0.66 6-5 0-5

The goal of this thesis is to obtain properties and analyze structure of disks around
high-mass protostars. To obtain the appropriate data, literature searches were
conducted on investigations of O and B-type protostars that utilized ALMA for
observations. The core of this thesis focuses on methyl cyanide (CH3CN) spectra
for data analysis, so further examination of the ALMA archive data was completed
to look for adequate CH3CN lines. The CH3CN spectrum ideally contains K-lines
covering energy ranges over several hundred Kelvin (preferrably 0-500 K), with
minimal blending. Candidate sources were also found with the criteria used by
Cesaroni et al., 2017 via the RMS database' (Lumsden et al., 2013):

1. Object labelled as YSO.

2. Luminosity >10* L, for minimum B-type stars. Preference given to those
with >10° Ly, for O-type stars.

3. Distance <8 kpc to maximize potential candidates without reducing resolu-
tion.

!This paper made use of information from the Red MSX Source survey database at http://
rms.leeds.ac.uk/cgi-bin/public/ RMS_DATABASE.cgi which was constructed with support from
the Science and Technology Facilities Council of the UK.
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4. If possible, known association with jets/outflows in literature

Table 2.1 lists the final target population studied in this thesis, including their co-
ordinates, systematic velocities, distances, spectral and angular resolutions, and
spectral CH3CN emission lines. The corresponding ALMA project codes used
can be found at the end of Section 5. While several targets are single high-mass
stellar cores, some targets are high-mass star forming regions containing several
cores. In these cases, the majority of the analysis focuses on the largest core,
particularly when in comes to structure and kinematics, however the physical and
thermal properties some of the nearby smaller cores are also analyzed. Figures
2.1 and 2.2 display the continuum emission maps of all eight sources. Most tar-
gets present clumpy structures with multiple cores, while G34.43 and G37.55 are
solitary sources.

AFGL 4176 _ G23.01 -0.41

-62°08'50.0"g

|
13"43M01.8° 01.7° 01.6°

(G34.43 -0.24 MM1

Declination
mJy/Beam

18h"53M18.1° 18.0° 17.9°

Right Ascension

Figure 2.1: Maps of continuum emissions of the first four selected sources, at 1.21
mm, 1.38 mm, 1.32 mm and 1.33 mm for AFGL, G23, G24 and G29, respectively.
White contours represent 10, 20,...90% contours of peak emission. Beam size and
distance scale provided.

15



G24.78 +0.08 S— G29.96 -0.02

2on

| L
18"36M12.7° 12.6° 12.5S 12.4S 18"46™04.1°04.0°  03.9°

G35.20 -0.74N

1°40'38"§¢

Declination
mJy/Beam

36" (@4— core B
0.01 pc
—

18"58M13.1° .0° 12.9° . 18 5910.2S
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Figure 2.2: Maps of continuum emissions of the final four selected sources, at
1.33 mm, 0.88 mm, 0.88 mm and 2.90 mm for G34, G35.03, G35.20, and G37.55,
respectively. Contours same as in figure 2.1

2.2 Spectral Analysis of CH3CN

To best understand the kinematics and properties of disks around high-mass stars,
one must probe the densest and hottest gas, close to the central core. The ALMA
archive data can provide an abundance of spectra, encompassing emission lines of
many different molecules that probe many different environments. However, the
core of this study will focus on analyzing the spectra of CH3CN lines. CH3CN has
been a proven tracer of hot, dense gas in previous studies of circumstellar disks
around B-type protostars (e.g. Cesaroni et al., 2007) and O-type protostars (e.g.
Cesaroni et al., 2017).

In this thesis, a selection of targets with previously observed CH3CN spectra is
used to estimate physical and thermal properties, as well as analyzing dynam-
ical structure and kinematics. Several different sets of CH3CN transitions were
used, depending on the data available from the ALMA archive. Table 2.2 provides
an overview of the spectroscopic properties of each of the CH3CN emission lines
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Figure 2.3: An example of CH3CN K-ladder spectrum; for the source G35.20
-0.74N for transition J=19-18.

used in this study, obtained from the Leiden Atomic and Molecular Database?
(LAMDA, Schéier et al., 2005). Properties include the J transition, K-level, fre-
quency, Einstein coefficient (A;;), upper state energy level (E,,), upper state de-
generacy statistical weight (g.,) and critical density (n..;;) at 100 K. The critical
density is given by A;;/C;;, where C;; is the collisional coefficient in cm3s™!. The
higher J-transitions presented in Table 2.2 reach a cap of K=8 or 9, as no levels
were used beyond this K-level in the data sets, either due to poor signal-to-noise
levels or lack of detection. Figure 2.3 displays an example of a CH3CN K-ladder,
transition J=19-18, K=0-9, for the source G35.20 -0.74N.

2.3 Kinematic Analysis of Disks

2.3.1 Moment Maps

A key component of this thesis is the investigation of disk structure and kinematics.
An integral source of information on disk dynamics is found through moment maps.
The general mathematical definition of moments is given by equation 2.1, based
on the relevant variables to astronomy, velocity and intensity.

M, = /OO VrI(V)dV (2.1)

While several orders of moment maps (n) can be created, publications commonly
study Moments 0,1 and 2. In this study we will focus on Moment 0 and 1 maps.
Moment 0 maps are integrated intensity maps, averaging the emission over a given
set of channels (eq. 2.2).

My = / [(V)dV (2.2)

Zhttps://home.strw.leidenuniv.nl/~moldata/
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Table 2.2: Spectroscopic values of CH3CN from LAMDA

Transition Frequency Aij Eup  gup Nerit
J—=J» K  (GHz) (s7h) (K) (cm™3)
6-5 0 110.38350 1.10x10~* 185 26 5.5x10°
6-5 1 110.38138 9.20x107™° 25.7 26 4.7x10°
6-5 2 110.37499 9.20x10~° 47.1 26 4.9x10°
6-5 3 110.36434 7.36x107° 82.8 52  4.0x10°
6-5 4 110.34944 5.52x107° 132.8 26 3.1x10°
6-5 5 110.33028 1.84x10~® 197.1 26 1.1x10°
12-11 0 220.74727 9.19x10~* 68.9 50 4.7x10°
12-11 1 220.74301 8.42x10~* 76.0 50 4.1x106
12-11 2 220.73024 8.42x10~* 974 50 4.2x10°
12-11 3 220.70895 8.42x10~* 133.2 100 4.3x10°
12-11 4 220.67914 7.65x10~* 183.2 50 4.0x10°
12-11 5 220.64082 6.88x10~* 2474 50 3.6x10°
12-11 6 22059399 6.87x10™* 325.9 100 3.7x10°
12-11 7 220.53864 5.34x10~* 418.6 50 2.9x106
12-11 8  220.47477 4.58x10~* 525.6 50 2.5x10°
12-11 9 220.40238 3.81x10~* 646.7 100 2.1x10°
13-12 0 239.13793 1.17x10~2 80.3 54 5.7x10°
13-12 1 239.13331 1.08x10~% 87.5 54 5.3x10°
13-12 2 239.11948 1.08x10~2 108.9 54 5.4x10°
13-12 3 239.09641 1.08x10~3 144.6 108 5.5x106
13-12 4 239.06412 9.91x10~* 194.6 54 5.1x106
13-12 5 239.02261 9.90x10~* 258.9 54 5.2x106
13-12 6 238.97187 8.99x10~* 337.4 108 4.8x10°
13-12 7 23891190 8.09x10~* 430.1 54 4.3x10°
13-12 8 238.84271 7.18x10~* 537.0 54 3.9x10°
13-12 9 238.76430 5.38x10~* 658.2 108 3.0x10°
19-18 0 349.45372 3.70x107% 167.7 78 1.8x107
19-18 1 349.44697 3.50x107* 1749 78 1.7x107
19-18 2 349.42675 3.50x107* 196.3 78 1.7x107
19-18 3 349.39304 3.50x107% 232.0 156 1.7x107
19-18 4 349.34585 3.50x107% 282.0 78 1.7x107
19-18 5 349.28518 3.31x107% 346.2 78 1.7x107
19-18 6 349.21102 3.30x1073 424.7 156 1.7x107
19-18 7 349.12338 3.11x1073 5174 78 1.6x107
19-18 8 349.02225 2.91x107* 624.3 78 1.5x107
19-18 9  348.90765 2.71x107% 7454 156 1.4x107
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Here I(V) is the emission line flux density in Jy/beam, and dV is the velocity
channel width in km/s. Moment 0 maps depict the overall gas distribution of a
source by displaying emission intensities.

Moment 1 maps are the intensity-weighted velocity maps (eq.2.3).
_ JI(V)Vav

 [I(V)dV

First moment maps provide a gas velocity field, which is used to interpret the
movement of the gas. A velocity gradient across a Moment 1 map can be an
indication that the gas is in rotation, as is observed in Keplerian disks around
low-mass stars. In this thesis, moment maps were produced via CASA3 (McMullin
et al., 2007), version 5.6.0, using the immoments command. 30 noise is removed,
and by selecting the appropriate channels/frequency range, a Gaussian fit is made
with each K emission line to produce the moment maps. From these moment
maps, intensities and velocities are obtained for further analysis.

M, (2.3)

G23.01 Moment 0 Map G23.01 Morrcent 1Map _
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Figure 2.4: An example of Moment 0 (left) and Moment 1 maps (right) of source
G23.01, CH3CN(12-11) K=2 line. Contours represent 10, 30..,90% peak contin-
uum flux emission. Black line velocity gradient position angle used for position-
velocity diagrams. Red line indicates molecular outflow direction determined by
Sanna et al., 2019.

2.3.2 Position-Velocity Diagrams

Another useful tool in analyzing disk kinematics is position-velocity (PV) dia-
grams. PV cuts are made through the data cube, at position angles that follow
the velocity gradient determined in Moment 1 maps. The resulting diagram is the
gas velocity as a function of the offset from the central position (see Figure 2.5 for
example). If the gas is in Keplerian rotation, the resulting diagram will produce
a “butterfly pattern”, or more specifically, trace Kepler’s third law (eq. 2.4):

GM,
R

3Common Astronomy Software Applications is available from http://casa.nrao.edu/

AV = sin(i)

(2.4)
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Here AV is the velocity, i is the inclination, G is the gravitational constant, M,
is the mass of the star, and R the radius of the disk. Inclination plays a key
role in the observed masses and velocities. Thus, in this thesis, inclinations found
from literature are preferred. If no inclination value is found, an inclination factor
is derived from the major (6,4 0r) and minor axis (@) of the disk, with the
assumption that the disk is a thin, circular morphology.

i = cos ' (Gminor) (2.5)

emajor

A low K-line is preferred for analysis of PV plots, as they often present strong
emission. In our sources, K-lines 0 and 1 were often blended together (see Section
A.9 for spectral windows), thus K=2 is used for moment maps and PV plot analysis
(with the exception of AFGL 4176; see Section 3.8 for more details). The PV plots
were produced with the impv command in CASA.

G23.01 PV Plot
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Figure 2.5: Left: Example of Position-velocity diagram for G23.01, for CH3CN K
2 line. The cut is made through the continuum peak, along a position angle of
10° W of N. Contours represent 20, 30,..., 90% of peak emission. Right: Example
of Kepler fit using Seifried et al., 2016 method (see Section 2.4.4). Blue dots
represent data points, while red curve indicates the Kepler fit.

2.3.3 Temperature and Velocity Gradient Profiles

The structure of the disk can be inferred by the temperature gradient as a function
of radius. For a geometrically thin disk, assuming heat is dissipated as thermal
radiation from both the top and bottom of the disk, Pringle, 1981 stated the
temperature profile of an accretion disk is given by the following:

. 3M GM {1_(&)1/2]

o —

- 8tR?2 R

> (2.6)

where o is the Stefan-Boltzmann constant, M is the accretion rate and 7; the
inner radius of the disk. Assuming r > r;, the temperature of a steady-state ac-

creting disk, such as those found around high-mass stars, follows the approximate
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temperature-radius relation:

T oc R34 (2.7)

Kenyon et al., 1987 expanded on this, stating that disk curvature plays an im-
portant role in the temperature profile, particularly at larger radii. They deduced
that a disk with flared edges will produce a temperature profile of

T < R71/? (2.8)

Many other factors can come into play when determining temperature profiles.
Ahmadi et al., 2018 found that positive slopes are even possible, if the source
is experiencing external heating. That being said, equation 2.7 and 2.8 are the
benchmarks that will be used for comparison to our results of temperature gradi-
ents?.

The dynamics of the structure is further probed to determine if the disk is expe-
riencing rotation, specifically Keplerian rotation. In this case, an assumption is
made that the disk is in Kepler rotation, and another simple temperature-radius
profile is constructed from Kepler’s third law (eq. 2.4). Gas in Keplerian rotation
around a disk at radius R produces line emissions at a maximal velocity from
the rest frequency (AV'). This velocity is measured from the line widths of each
K-ladder emission line detected, and a radius is determined from Kepler’s third
law. Since each K-transition has a correlated upper energy level temperature, a
temperature is associated to each measured line width, and a temperature vs ra-
dius profile is determined. Line widths are measured from the CH3CN emission
lines, using CASA’s specfit command. This profile is compared to the temperature
gradient profile produced from temperature measurements. A disk in Keplerian
rotation will theoretically produce a slope in agreement with the temperature gra-
dient profile results. If the slopes do not agree, it is likely that the assumption of
Keplerian rotation is invalid.

Another simple relation constructed is velocity gradients as a function of radius.
Velocity gradients are determined by measuring the change in velocity across the
Moment 1 maps across the position angle, along with the associated gradient
length. Each K-line produces a moment map with its own velocity gradient. Based
on the K-line upper level energy, this moment map will traces a different region of
the core; higher K-lines trace small, central, hot regions, and lower K-lines trace
broad, cool regions. The upper level energy temperature is converted to a radius
from the temperature-radius profiles, and plotted against the respective derived
velocity gradient. A disk in Keplerian rotation is expected to have the hottest
gas closest to the central core, as well as the highest velocity, due to differential
rotation. As a result, higher velocity gradients are expected to be measured in the
hottest K-lines for a disk in Keplerian rotation.

4Temperature measurement methodology is explained Section 2.4
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Figure 2.6: Top Left: Example of Temperature vs Radius profile of G23.01 from
temperature gradient. Error bars are based on radius and temperature measure-
ment uncertainties Top Right: Temperature profile of G23.01 determined from
line widths, assuming Kepler rotation. Errors are based on velocity line width un-
certainties Bottom: Velocity gradient profile of (G23.01. Velocity gradient errors
are based on velocity resolution, while radius errors are based on the beam size.

2.4 Physical & Thermal Properties of Disks

Along with disk structure and dynamics, we also determine physical and ther-
mal properties of the protostars and surrounding structures. Thanks to the high
resolution of ALMA data, this thesis will provide in-depth analysis of these prop-
erties as a function of position, and distribution plots will be produced. This
is accomplished via placing a grid over each target. Properties such as kinetic
temperature, column density, volume density and abundances are then obtained
for each grid point. These values are compared within the sample and to those
in literature, to determine if there are any noticeable trends, and to classify the
structures surrounding the protostars. Two core analysis methods were used, one
assuming local thermodynamic equilibrium (LTE), using population diagrams and
the other assuming non-LTE conditions.
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2.4.1 LTE Analysis: Population Diagrams

Population diagrams are a powerful tool in determining physical properties of
a molecular species, in particular column densities and excitation temperatures.
Developed by Goldsmith et al., 1999, population diagrams are based on rotation
diagrams. Linke et al., 1979 first used rotation diagrams as a method of deter-
mining gas properties, but they were brought into popularity by the extensive use
of Turner, 1991. Rotation diagrams assume level populations of a molecule are in
local thermodynamic equilibrium (LTE) at a single excitation temperature (T.;).

() = (7)o (29)

where 7, is a combination of constants consisting of Boltzmann (k), Planck (h) and
speed of light (c) constants, along with frequency (v) and corresponding Einstein
coefficient (A) of transition i — j. W is the measured integrated line intensity,
and g, is the upper state degeneracy.

87?]{1/1-2]-

L hc3 Aij

(2.10)

The combination of 7, W is the upper state column density (N,) of a transition
in cm~2, while N is the total column density of the molecule over all states. E,
is the upper state energy in K, and Z is the rotational partition function. For a
symmetric top molecule such as CH3CN, the partition function is given by equation
2.11(Gibb et al., 2000), where AB and C are the rotational constants.

2(T..) = \/ - <’“f;) (2.11)

From the integrated intensity measurements, the upper state column density is
calculated and plotted as a function of upper state energies, E,,. From this diagram
the excitation temperature is obtained from the inverse of the slope of a least-
square fit line. With the derived rotational temperature, the partition function is
computed. Finally, a total column density is obtained from the y-intercept of the
linear fit.

Population diagrams expand on rotation diagrams by including factors for line
opacity and beam dilution. If a source is optically thick, its measured intensity is
reduced by a factor related to photon escape probability (eq. 2.12). Adding the
factor C, will correct for any optical depth alterations.

C, = 2.12
1—e"7 ( )
The optical depth of transition j—j-1, is determined via equation 2.13;
8m3u? N 1 o ,
oo 2>t ey = —aj(iHl) (205
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Figure 2.7: Examples of population diagrams produce for the source G23.01 -0.41,
including the central hot zone (right figure). Error bars are determined from 3o
noise levels. Errors in T,, and N, are based on the linear fit.

where AV is the line width, and @ = hB/kT. Finally, a beam dilution factor is
included, to take into account if a object does not completely fill the beam. The
relation for population diagrams now the following;:

W AQ,\ N\ E
In ( m ) +In(C;) +In (AQS> =In (Z(Tex)) T (2.14)

AQ, is the solid angle of the antenna beam, while AS), is the solid angle of the
source. From here the same methodology is followed as rotation diagrams, to
obtain excitation temperatures and column densities. Figure 2.7 includes two
examples of population diagrams produced for the source G23.01 -0.41. Errors
are based on flux errors and the linear fit.

While population diagrams represent a powerful tool for obtaining temperatures
and column densities, there are some drawbacks. First, they are based on the
assumption of LTE. This is reasonable in high density regions, but not so in less
dense, tumultuous regions. Also, they assume a single excitation temperature for
each K-transition, when in reality each transition has its own excitation tempera-
ture. Furthermore, lower K transitions can have higher opacities, leading to a flat-
tening of slopes in the diagrams. This results in over-estimated temperatures, and
under-estimated column densities. The inclusion of multiple J-transitions helps
constrain these effects, particularly isotopologues of CH3CN, which inhibit optical
depth variations. However, in this thesis a second method of non-LTE modelling
was used to determine physical and thermal quantities of the circumstellar disks.

2.4.2 Non-LTE Analysis: RADEX

RADEX?® (van der Tak et al., 2007) is a computer program that calculates inten-
sities of atomic and molecular lines and estimates physical, thermal and chem-
ical properties such as temperatures, volume density and column density. The
code uses statistical equilibrium calculations based on collisional and radiative

SRADEX is available online from https://home.strw.leidenuniv.nl/~moldata/radex.html
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processes, assuming a homogeneous medium. Optical depth is treated via es-
cape probability method, and collisional data (Green, 1986) is obtained from the
LAMDA database.

Using this code, a grid in parameter space is created over three parameters: ki-
netic temperature, CH3CN column density, and Hy volume density. The grid span
is based on the population diagram results, but in general are given around the
following ranges: T from 20 - 600 K, column density from 10'-10'" cm™2, and
H, volume density from 10%-10% cm™3. These values encompass CH3CN property
ranges predicted (i.e Garrod et al., 2017) and observed around high-mass proto-
stars (i.e. Bell et al., 2014, Bogelund et al., 2019). Other factors taken into account
include frequency range, i.e. which CH3CN transitions are being measured, line
widths, background temperature (assumed to be 2.73 K for black-body radiation
of cosmic microwave background), and collisional partners. In this case we assume
only one partner with CH3CN, that being Hy. Approximately 25 grid points are
selected per parameter, creating a 25x25x25 grid of approximately 15,000 points.
For each point, RADEX produces modelled intensities of each CH3CN emission
line. The modelled intensities are then compared to the measured intensities found
via CASA Moment 0 maps. The best-fit parameters are determined by performing
a x? minimization over the grid.

(2.15)

2 1 |:Iobs _Imod:|2
X

B #obs - #par

Here # 45 is the number of observed lines, #,,, is the number of free parameters in
the model (in this case three: temperature, column density and volume density),
I and I,,,q4 are the observed and modelled intensities, respectively, and o is
the 1o uncertainty on the observed intensity. This uncertainty is given by the
root-mean squared value (RMS) provided in CASA added in quadrature with 10
% of the measured flux intensity (eq. 2.16).

O obs

Oobs = / (RMS)2 4 (0.1 % Is)? (2.16)

The resulting best-fit parameters is then compared to those of the population dia-
grams. While RADEX does not suffer from the drawbacks of population diagrams,
it is limited by the data provided to it. More specifically, the CH3CN data cannot
provide information above 600 K in combination with scenarios at the high ends
of our volume and column density ranges. Non-LTE modelling uncertainties are
difficult to quantify. The collisional data of CH3CN in LAMDA was originally
determined by Green, 1986, therefore we will use the uncertainties provided in
this paper. Green, 1986 state uncertainties of the order of 50% up to a factor of
two. Overall, it is beneficial to use both population diagrams and RADEX grids
to compare source properties and minimize bias. Population diagrams represent
LTE cases and will henceforth labelled as such, while similarly RADEX represents
a non-LTE approach and is referred to as non-LTE analysis.
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Figure 2.8: Left: Temperature map of G23.01 LTE analysis via population dia-
grams. Right: Temperature map of G23.01 non-LTE analysis via RADEX grids.

G23.01 LTE G23.01 non-LTE
CH3CN Column Density CH3CN Column Density
9°00'37.5" 9°00'37.5"-
Q 1016 Q0 1016
o b ol b
38.0 g 38.0 g
c — c g
2 385" 28 38.5"- Foy
g 2o 2
5 1015 8 S 1013 8
b 39.0"- 2 2 39.0" -
° : :
39.5"- S 39.5" °
(o] (o]
40.0"-) 20.0"-2)
18M34M40.45 40.3° 1ot 18M34M40.45 40.3° 101
Right Ascension Right Ascension

Figure 2.9: Left: CH3CN column density map of G23.01 LTE analysis via popu-
lation diagrams. Right: CH3CN column density map of G23.01 non-LTE analysis
via RADEX grids.
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Figure 2.10: Hy volume density of G23.01, determined through Non-LTE RADEX
analysis.

2.4.3 Continuum Data

While the bulk of this thesis used CH3CN, continuum data was also used for
additional analysis. Column densities of Hy gas for each data point are determined
via the dust continuum equation 2.17.

B 100 * I,
B Qbeam * UH, X TNH * Ky * Bv(T)

Nu, (2.17)

I, is the measured continuum intensity, (2peqn, is the beam solid angle, pp, is the
mean molecular mass of Hy equaling 2.33, my is the mass of the hydrogen atom,
Ky is the opacity and B,(T) is the Planck function. The factor of 100 represents
the gas-to-dust ratio. The opacity factor is dependent on frequency, determined
by Ossenkopf et al., 1994. For our sample, we assume the dust temperatures
needed for the Planck function follow the temperatures determined by the CH3CN
analysis. Since two temperature profiles are determined (LTE and non-LTE), two
Hs column density distributions are formed. However, the difference between the
two scenarios is minimal. Both versions of the plots are shown in the Appendix,
but only one will be discussed per source, unless significant variations exist.

With hydrogen column densities determined, relative abundance profiles of CH3CN /H,
are made for each of our data points as well.
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Figure 2.11: :Left: Hy column density map of G23.01.
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Figure 2.12: Left: Abundance map of G23.01 CH3CN LTE analysis. Right: Abun-
dance map of G23.01 CH3CN non-LTE analysis.

Disk Mass

Continuum data were also used to determine disk masses. The masses were derived
using equation 2.18.

D2S,
Ry Bv (Td)

Where M, is the dust mass, D is the distance to the source, .S, is the flux density,
Ky is the dust opacity, and B,(7}) is the Planck function at temperature 7. The
temperatures, gas-to-dust ratios and opacities are the same as discussed for the
Hs column densities.

My = (2.18)

2.4.4 Stellar Mass

Central stellar masses were determined via two methods; from a luminosity-mass
relation and from the dynamical mass.
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Stellar masses are produced via the luminosity-mass relationship of Vitrichenko
et al., 2007 (eq. 2.19), determined from taking a linear fit of a population of 10-
50 Mg stars. Luminosities of our population were either adopted from the RMS
database or from literature (see Table 3.4 for specific references). In some cases,
the luminosity encompassed a HSFMR containing multiple protostars. Thus, the
luminosity and stellar mass is the combination of all sources within the region.
This is such a case for G24.78, G29.96 (where a significant portion is represent
by the neighbouring HII cloud), G35.03 and G35.20. For these cases the derived
mass can only be assumed to be an upper limit.

I M 2.76

Stellar masses are also determined from a fit of Kepler’s third law via PV diagram.
This is done through the method developed by Seifried et al., 2016. Known as
the Seifried method, the first step is to determine the two main quadrants, i.e.
the quadrants with the most emission, either the upper left and lower right, or
vice versa. Then a certain threshold for emission is selected; 50 is commonly
cited (i.e. Ahmadi et al., 2018), and is the value adopted for this thesis. Starting
with the central offset location, a data point is placed at the highest velocity pixel
exceeding this threshold. The methodology is repeated as you move outwards from
the central position, creating the upper edge of the PV plot. The same technique
is done for the lower quadrant, but using the lowest velocity pixel. These outer
edge points are then fitted to Kepler’s third law to determine the central mass.
For this method the KeplerFit code was used, described by Bosco et al., 20196,
An example of this fitting can be see in Figure 2.5 for source G23.01.

2.4.5 Toomre Stability

The stability of a disk in rotation is directly related between the disk and stellar
mass, and is determined via the Toomre Q parameter. Originally quantified by
Toomre, 1964 for disks of galaxies, the physics is applicable in many scenarios,
including the circumstellar disks in this thesis. The outward forces and gas pres-
sure of a rotating disk can provide stability against gravitational collapse, and this
stability is quantified by the Toomre Q parameter (eq 2.20).

R
@= TGY

(2.20)

Here ¢, is the speed of sound, €2 is the angular velocity of the disk, and ¥ is the
surface density. The speed of sound is a function of temperature (eq 2.21), where
7 is the adiabatic index, equal to 5/3. The temperatures again are adopted from

CH3CN temperatures.
kgT
Co = 4| LB (2.21)
HH, T H

6KeplerFit is available at https://github.com/felixbosco/KeplerFit
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The angular velocity is given by,

Qr) = \/ G(M, + Main(r)) (2.22)

r3

Where M, is the central stellar mass, and My, is the disk mass within radius,
r. Finally, the surface density is a function of Hy column density and the mean
molecular mass of hydrogen:

If the Toomre QQ parameter is below 1, a thin disk is considered unstable against
gravitational instabilities.

G23.01 LTE
Toomre Stability

10
-9°00'37.5"+

0
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40.0"-7)) I
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Right Ascension

Toomre Q Parameter

Figure 2.13: Toomre Q stability plot of G23.01. Values <1 indicate instability
against asymmetric gravitational instabilities.

2.5 Comparison to Chemical Models

Many chemical models have been constructed to predict and explain observed
abundances of molecular species (Garrod, 2013, Viti et al., 1999). In this thesis,
an elementary comparison of measured CH3CN abundances are compared to two
chemical models, constructed by Allen et al., 2017 and Garrod et al., 2017. Both
models are based on the work of Garrod et al., 2008. The models are composed of
three different warm-up phase timescales; fast, medium and slow, corresponding
to approximately 50, 200, and 1000 kyr, respectively. Assuming certain accretion
rates, a central mass can be correlated to each formation timescale. The total
time to collapse a spherical shell is given by equation 2.24.

" dx 3 2
te = tes ter = 2.24
Tl /0 J($)+{32G<p0(7“)>} (2.24)

Here the collapse time is the sum of the expansion time (t.,,) and free fall-time
(tsr). o(x) is the velocity dispersion and < po(r) > the mean density. Thus a more
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massive core with greater density will collapse more quickly, and have a shorter
warm-up phase. As described by Allen et al., 2017 an accretion rate of 10~ to
107° Myyr—! will correspond to a mass of 60, 15 and 6 M, for a fast, medium
and slow warm-up time, respectively. This is based on the work of Bernasconi
et al., 1996, who modelled contraction and formation timescales of stars up to 120
M, via accretion. However, episodic accretion has been observed to reach as high
as 1073 Myyr~! (Tan et al., 2014). Higher accretion rates increase the outward
pressure, thus extending collapse times and corresponding to lower stellar mass
values of 8, 4 and 1 M, for fast, medium and slow warm-ups, respectively.

For the work by Allen et al., 2017, three different initial Hy densities are used, 107,
10%, and 10° cm™3, that remain constant over the warm-up phase, while the gas
and dust temperature increases from 10 - 500 K. The model has enhanced initial
conditions of CO and COy (initial condition 5 in Allen et al., 2017). Their focus
was on the central cores of HMSFR, however, since this thesis has abundances for
a distribution of data points, an average abundance over the entire disk is used
for comparison.

Garrod et al., 2017 simulates hot-core chemistry via grain-surface formation for
nitriles and alkanes to predict the abundances of carbon-chain molecules in the
hot-core of the HMSFR SgrB2(N). The initial conditions differ from the Allen
model, as it includes two-phases, an initial free fall collapse, followed by the warm-
up phase. Thus, the initial ices are formed in a model dependent manner, while
the Allen model used several sets of initial ice abundances. Garrod et al., 2017
assumes a single gas density of 2x10% cm ™ and warm-up from 8-400 K. For com-
parison with this model, an assumption is made that all of our sources are in
agreement with this density. The average densities determined in this study are
a considered a minimum, and less than this cited value, therefore are acceptable
with the Garrod comparison. However, some degree of uncertainty remains. Ini-
tial elemental abundances are that of Garrod, 2013. However, both Allen and
Garrod determined that initial elemental abundances have minimal effect on the
final abundances of more complex species. Figure 2.14 displays an example model
of both scenarios for the fast warm-up phase (at 10® cm™ for the Allen model,
for equal comparison).

We compare our calculated abundances, Hy densities and central masses to the
chemical models, and determine which scenario fits our data best. As all of our
sources are intermediate to high-mass (proto)stars, it can be assumed that most
likely the fast or medium warm-up phases best fit our data. Many other factors
come into play when modelling abundances, including starting temperatures and
cosmic-ray ionization rates, however the scope of this thesis focuses on densities
and warm-up times.
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Figure 2.14: Top: Example of chemical abundance model of CH3CN (and other
molecules) for fast warm-up phase, from Allen et al., 2017 Bottom: Same as left
but from Garrod et al., 2017. Solid lines represent gas-phase abundances, while
dotted lines represent grain species.
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Chapter 3

Results

The following Section is an overview of the results established in this study. The
core of results can be viewed at the end of the section in Tables 3.1 (slopes of
temperature and velocity gradient profiles), 3.2 (peak physical properties), 3.3
(average physical properties) and 3.4 (mass profile). For consistency, averages
were determined for data points at least partially within the outer continuum
contour, so not to confuse disk properties with those of the surrounding envelope.
The plots of G23.01 were used as examples in the Section 2, while all remaining
source plots are located in the Appendix.

3.1 G23.01 -041

(G023.01-00.41 is a high-mass star forming region that hosts a known high-mass
core (Sanna et al., 2019). In the continuum image (Figure 2.1), the hot molecular
core is visible as core A. A secondary region is visible to the south of core A,
labelled as B.

The Moment maps of G23 (Figure 2.4), illustrate high CH3CN emission in core
A that extends approximately 0.5” into core B in the S direction, where it ceases.
The Moment 1 map indicates a velocity gradient across core A at a position angle

of 10° W of N, blue-shifting in the NW and red-shifting in the SE.

The temperature analysis (Figure 2.8) illustrates peak temperatures (Table 3.2)
at the continuum peak, reaching 610 K (LTE) and 520 K (non-LTE). The temper-
ature gradient decreases to the S, towards the mid-section of B, indicating their is
no central source in B. More likely this implies the warmer gas in the N of region
B originated from the main core A, and is being expelled outward. In fact, Sanna
et al., 2019 state that there is a bipolar outflow of cold gas at position angle 33°
(E of N), which matches the direction of the southern core as compared to the
northern counterpart.

The temperature gradient constructs a profile of T oc R7%52 (Figure 2.6), indicat-
ing a flared disk structure. When assuming Kepler rotation however, the slope
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increases to -1.48 (same figure). This disagreement between « values suggests that
the assumption of Keplerian rotation may not be valid for this source.

CH3CN Column densities (Figure 2.9) peak at the continuum peak for LTE
(1.5x10% ¢cm~2), while peaking 0.2” south for non-LTE conditions (2.2x10' cm™=2).
While the peak values are similar, non-LTE analysis has a particularly flat profile,
averaging over double the column density of the LTE analysis. However, with
errors upwards of 50% in non-LTE and 20-30% in LTE analysis, the differences
are only significant on the very edges of the map. It is here that signal-to-noise
uncertainties are highest.

While core A has peak Hy column densities at the continuum peak (Figure 2.11),
higher values are found at the southern edge of source B, peaking at 2.6x10%
cm 2, almost double the peak values for the main source A. This may indicate a
buildup of gas from the outflow or shocks originating from A.

Peak positions and distributions of abundances (Figure 2.12) mirror the CH3CN
column densities, with similar peaks (3.0x107?) for both LTE and non-LTE meth-
ods. The abundances fit the model of a medium warm-up timescale determined
by Garrod et al., 2017, where temperatures of 160 K (compared to our averages of
168 and 217 for LTE and non-LTE, respectively) are reached after approximately
190 kyr. Note that the CH3CN abundances are very low in area B; Far from the
heating source, minimal sublimation of grains would occur in this region. The
detectable CH3CN in this region is likely produced from the shock front of the
outflow.

The PV plot (Figure 2.5) constructed from the Moment 1 map position angle
displays arguably the most noticeable visual representation of a butterfly pattern
of the sample, and produces a dynamical mass of 26 M, via the Seifried Method.
The luminosity relation produces a smaller mass of 16 My (Table 3.4). The
discrepancy between the two mass estimate suggests that the Seifried Keplerian
fit may not provide an accurate measurement of the central mass in this case.
It is possible that the source is a binary system. Binary systems produce lower
luminosities than a single massive star, while simultaneously skewing the velocity
field in the PV diagram (Cesaroni et al., 2017). This is in agreement with Sanna
et al., 2019 who determine a central stellar mass of 20 M, almost directly in-
between our two estimates.

The disk mass was determined to be 2.1 M, (Table 3.4), between 18-31% of the
stellar mass. The Toomre stability plots (Figure 2.13) indicate stability around
the central core, with marginal stability throughout the disk. The disk instability
increases at larger radii, becoming highly unstable in B.

An eye-test of the PV diagram, combined with the increasing velocity gradient
profile (Figure 2.6), suggest that G23.01 in Keplerian rotation. However, it is
only experiencing marginal stability and the Kepler temperature profile does not
produce a similar slope, indicating that the rotation not completely Keplerian. It
is possible the source is young and in the early stages of forming a Keplerian disk,
where part of the rotation is due to in-falling gas. This is confirmed by the work
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of Sanna et al., 2019, who suggests a disk close to free-fall with sub-Keplerian
velocities, possibly only experiencing stable Keplerian rotation within the inner
500 AU.

3.2 G24.78 +0.08

The high-mass star forming region of G24.78 contains several cores, as seen in the
continuum image (Figure 2.1), three of which have been reportedly showing signs
of rotation (Beltrén et al., 2011b).

In the Moment 0 map (Figure A.11), the CH3CN emission predominantly covers
source Al and A2 (following the naming documentation of Beltran et al., 2005),
and is the focus of this study for this particular region. Both cores display strong
CH3CN emission throughout the surrounding structure. A2 provides the clearest
indication of rotation, as observed in the Moment 1 map (Figure A.11), with a N-S
velocity gradient at a position angle of 0°, red-shifting in the N direction. This N-S
gradient matches the gradient seen in Cesaroni et al., 2017 and is perpendicular to
the SiO outflow mentioned in Codella et al., 2013. A2 to the NE was determined
to have a velocity gradient at a position angle of 14° W of N, red-shifting to the
NW. This gradient is fairly weak, particularly at higher K-lines, while Cesaroni
et al., 2017 could not find any gradient.

The temperatures derived from G24 represent the hottest in our sample (Figure
A.15, Table 3.2 & 3.3), peaking above 700 K for LTE and 600 K for non-LTE,
while averaging over 300 K for both Al and A2. There is no defined point of
peak temperature, with hot temperatures above 600 K are found throughout both
sources.

Temperature gradients produce a T vs R slope of -0.4 + 0.15 for both sources
(Figure A.14). This suggests flared disks structures, agreeing within error of a
slope of -0.5. The slope is clearly flattened due to the hot temperatures throughout
the structure. Ahmadi et al., 2018 indicated that external heating can produce
positive slopes. While the slopes are not positive, external heating may be the
cause of the flattening the slopes, albeit only marginally. The temperature profile
assuming Keplerian rotation was constructed for A1 produces slope of -1.9, the
steepest of the sample, well beyond the value determined through temperature
gradients, indicating the structure is not likely in Keplerian rotation. A2 did
not provide strong enough gradients for a second profile to be made, with little
indication of rotation.

High CH3CN column densities (Figure A.5) above 10'% cm™2 are spread throughout
the sources in LTE analysis, peaking 5.5x10'® and 5.6x10'® cm =2 for A1 and A2,
respectively. Assuming non-LTE, A1 peaks 0.5” SE of the continuum peak at
4.0x10' ¢cm™2. This location does not coincide with a hot region, thus may be
an indicator of build up from outward expansion of the gas. A2 CH3CN column
density profile is flat, averaging 9.6x10* cm~2 throughout the source.

The Hy column densities (Figure A.17)mirror that of the CH3CN, with high col-
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umn densities (>10?* cm™2) throughout both sources. Both LTE and non-LTE
peak around the continuum peak, however again high column densities are seen
in the SE corner of A1, particularly in the non-LTE case.

Abundances (Figure A.18) for Al peak 0.3” S of the continuum peak at 2.8x1078
(for LTE) and to the NE section of A2 at 3.1x107%, while non-LTE produced lower,
flatter profiles with no obvious peak point. For comparison to chemical models,
the entire area was treated as one entity, instead of focusing on the specific cores.
Only the Garrod models are able to reproduce the G24’s CH3CN abundances at
high temperatures in their slow warm-up timescale, reaching 400 K. However,
slow warm-up timescales only account for masses up to 6 Mg (see Section 2.5),
so it may be more reasonable to assume the medium warm-up time, as G24.78
Al and A2 are O-type stellar objects. This medium warm-up phase results in a
temperature of 220 K after approximately 210 kyr.

A PV diagram is produced for both sources, (see Figure A.12 & A.13). The
fits result in central masses of 45 and 18 M, for A1l and A2, respectively. The
luminosity of the region results in a 30 M total between the two objects, thus
the mass estimate for A1l is considered an overestimation. It should also be noted
that source Al is contaminated by a HII region surrounding the core, producing
free-free emission (Beltran et al., 2007), thus the value determined by Beltrdan
et al., 2007 of 22 M, for A1 is adopted for further analysis.

Both disk masses (Table 3.4) are substantial fractions of the central mass, at 12
Mg (56%) and 15 Mg, (83%) for A1 and A2 respectively. The stability analysis in
the Toomre plots (Figure A.19) clearly indicates both sources are highly unstable,
albeit with small pockets of stability throughout the disk.

Both sources show weak indications of Keplerian rotation. A2 does not present
strong enough velocity gradients for further analysis, and while A1 does present
increasing gradients (Figure A.20) with decreasing radius, this does not guaran-
tee Keplerian rotation. The structures are highly unstable and appear to have
experience fragmentation. The modelling scenarios performed by Klassen et al.,
2016 indicate that fragmentation, followed by the formation of secondary cores at
distances away from the original core, are expected for high-mass protostars, after
the formation of a disk. This indeed may be the case for G24.78; secondary cores
would explain the hot internal temperatures and overestimated dynamic masses.
Thus it is possible that the structures in G24.78 are past their Keplerian disk
stage, have experienced fragmentation are outwardly expanding. The analysis
of Moscadelli et al., 2018 agree with this conclusion, as they propose that the
gradient observed in G24.78 Al is due to outward expansion, and not rotation.

3.3 G29.96 -0.02

(G29.96 displays a prominent hot molecular core (HMC), along with an ultracom-
pact HII region, apparent as the arc-like feature to the W in Figure 2.1. The HMC
may contain up to six cores (Sanchez-Monge, 2019). Core A represents the most
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influential in the region, while to the SE lies the secondary core B. Core B may be
in fact multiple cores, but our analysis is unable to confirm this with confidence,
and therefore will treat this region as a singular unit.

A velocity gradient at a position angle of 55° W of N is found across the core
A (Figure A.21), blue-shifting towards the SE and core B. The gradient matches
well with the 52° found in Cesaroni et al., 2017, who also indicate a perpendicular
SiO outflow to this position angle, emerging directly from the HMC. The CH3CN
emission encompasses all of core A, extending until 0.5” SE of core B, failing to
reach the tip of the "tail” of the structure. This elongated SW region contains
several of the smaller cores mentioned by Sanchez-Monge, 2019, which are likely
not be hot enough to sublimate the grain mantles to produce CH3CN emission.

Peak temperatures (Figure A.24) were observed at the peak continuum emission,
extending N of the peak by 0.25”. The peak was measured at 696 K for LTE and
600 K for non-LTE. The surrounding gas for both scenarios remains above 200 K
in the vicinity of core A and B, and drops below 100 K outside these regions.

The temperature profile constructed from the temperature gradient (Figure A.23)
is modelled by an « value of -0.71. This is an indication that the disk is a geo-
metrically flat, thin structure. Creating the same profile assuming Kepler rotation
(Same figure) produces a slope of -1.10 4 0.57. Technically the two values agree
within error limits, although the errors are large in the Kepler case, and can only
be considered a marginal agreement at best.

(G29.96 produced the highest column density peak of our sample (Figure A.25,
Table 3.2), reaching 7.0x10' ¢cm~2 for LTE analysis and mirroring the peak tem-
perature location. The non-LTE case is lower, with locations both S, W and NE
of the peak emission reaching near 2.0x10'® cm—2.

The Hy column density profile is fairly flat (Figure A.26), with the highest densities
tracing the inner continuum contours. In the LTE case, the peak value of 1.4x10%
cm~? is found at the CH3CN emission edge to the SE. This is possibly due to a
dense region near another core, although the extended morphology of the region
indicates possible gas flow towards this SE edge.

Abundances within the contoured region (Figure A.27) peak again at the contin-
uum peak and to the N in the LTE case, while the non-LTE displays a flatter
profile, with marginally higher abundances at the NE outer edge. The average
abundances fit the fast warm-up Allen model, producing temperatures of 113 K
(compared to the average 122 K (LTE) and 151 K (non-LTE) in our study) with
a warm-up timescale of approximately 22 kyr.

The PV plot can be seen in Figure A.22. The Seifried method yields a mass of
34 Mg, while the luminosity relation indicates a mass of 42 M. However this
includes the HII region to the west, which is predominantly free-free emission.
Thus it can be only concluded that the luminosity mass for G29.96 A and B is less
than 42 M. That being said, our fitted value of 34 M, is within this luminosity
limit, but it may include the mass of core B as well.
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The disk mass of G29 is determined to be 24 My, 70 % of the stellar mass, and
again encompassing the region of core B. If the area around core A is isolated,
the resulting disk mass drops to 13 M. For consistency the larger values en-
compassing both cores for both disk mass and stellar mass are adopted. Toomre
stability analysis (Figure A.28) further indicates the region is experiencing tur-
bulent motion, as the entire disk region is unstable, particularly towards the SE
edge.

Velocity gradients (Figure A.21) are seen perpendicular to an outflow (Cesaroni
et al., 2017), so while it can be said that some ongoing kinematic rotation within
the disk structure, there is little evidence of Kepler rotation. The majority of the
structure structure is flat and unstable. The inner stable region (0.25” around the
continuum peak) may be a small disk in rotation, however the larger structure
outside is likely due to outward expansion/outflow. It is possible that the source
is more evolved, remnants of the Keplerian disk remain but the outer region has
fragmented, producing the secondary cores in B, and is expanding. Sanchez-
Monge, 2019 provides evidence that G29.96 has a disk, but it has been truncated
by the outflow, while Cesaroni et al., 2017 states that G29 is amongst the oldest
of their sample population of O-type protostars.

3.4 G34.43 +0.24 MM1

(G34.43 40.24 is a infrared dark cloud (IRDC) of filamentary morphology, contain-
ing up to nine clumps (Sanhueza et al., 2010). Rathborne et al., 2008 determined
one of these clumps, MM1, to be a hot molecular core in the early stages of forming
a massive protostar, due to its high luminosity, HoO maser emission and molecular
outflows.

The Moment 1 map of CH3CN (Figure A.30) displays a velocity gradient with
a position angle of 55° W of N, red-shifted to the SE. Shepherd et al., 2007
determined that there is an outflow perpendicular to this gradient, at an angle of
38° E of N.

Temperatures in G34 (Figure A.33) presents another hot region of 600+ K for
both LTE and non-LTE scenarios. This hot zone is 0.5”x0.5” centralized around
the continuum peak.

Temperature gradient profiles (Figure A.32) model an « value -0.68 + 0.19. A
flared disk structure is possible, but the gradient suggests some flattening of the
disk. The temperature profile assuming Kepler rotation produces a slope of -1.10
+ 0.35. Similar to G29.96, while technically in agreement, it is a marginal fit at
best.

Peak column densities (Figure A.34, Table 3.2) mirror the hot zone in LTE anal-
ysis, peaking at 4.1x10'® cm™2. Column densities are found to peak S of the

continuum in the non-LTE case, reaching a value of 2.0x10'% cm™2.

The H, column density profiles (Figure A.35) are flat averaging 5.5x10** cm 2
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over the whole structure, while peaking at 3.2x10%° cm™2.

Abundances (Figure A.36) peak higher in the LTE case (8x107Y vs 4x10~? in non-
LTE) but both average to approximately 1x107 within the contour limit. With
average temperatures of 202 K(LTE) and 165 K(non-LTE), the data was fitted to
the Garrod medium warm-up chemical model, producing a temperature of 160 K
after 190 kyr.

The PV plot and Seifried fit can be viewed in Figure A.31. The fit yields 18 Mg,
while luminosity estimates produces 12 M. Both masses are certainly plausible,
but due to possibility of overestimation of dynamical masses from kinematic effects
(e.g. as in Section 3.1, 3.2), the lower mass is adopted.

This is a critical difference, as the disk mass was determined to be 15 M, which
is greater than that of the stellar mass. (34 represents the only source in the
sample with an estimated disk mass larger than the stellar mass. In several cases
in our sample, disk mass is strongly dependent on the chosen radius (the 10%
peak continuum contour for consistency for all sources in our sample). However,
in this case, reducing the radius to the 30% peak emission contour still produces
a disk mass similar to the central stellar mass. The effects of the self-gravitating
disk is seen in the Toomre plots (Figure A.37). G34 is distinctly unstable, and at
risk of fragmentation.

As stated by Tan et al., 2014, a disk in Keplerian rotation surrounding a proto-
star will eventually dissipate. Since signatures of rotation are present in G34, but
highly unstable, it may be that G34 is in the process of evolving past its Keple-
rian rotation phase, moving towards fragmentation. The shape of the continuum
contours may even suggest early signatures of spiral arms as the disk begins to
fragment from instabilities. This is expected to occur in older protostars (Klassen
et al., 2016).

3.5 G35.03 +0.35

The high-mass star forming region of G35.03 40.35 has previously been studied
in detail (Beltran et al., 2014, Allen et al., 2017) and contains up to six cores. In
following Beltran et al., 2014 notation, core A is the focus of this study, as it was
the only core to present significant CH3CN emission.

The Moment 0 and Moment 1 maps can be seen in Figure A.39. A velocity gradient
is present across the source at a position angle of 25° in the SW-NE direction. It
is mainly blue-shifted, with red-shifting occurring on the NE edge. This gradient
matches the one found in Beltran et al., 2014, who find extended outflow emission
of HBCO™T, CoH, C170, C*S, and H,CS perpendicular to the position angle.

Temperatures (Figure A.42) reach 380 K in LTE and 460 K in non-LTE, within
the inner 0.5” surrounding continuum peak. The average temperature (Table 3.3)
is one of the coolest in the sample, averaging 119 K and 190 K in the LTE and
non-LTE analysis.
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The temperature as a function of radius profile (Figure A.41) produces the relation
of T oc R7%%, suggesting a flared disk structure. Assuming Kepler rotation, the
relation becomes T oc R7%%. The agreement between the two methods is one of
the strongest in the sample, displaying convincing evidence of Kepler rotation.

LTE and non-LTE analysis of the CH3CN column densities produced two differ-
ent distributions (Figure A.43). Column densities peak at 4x10' c¢cm™2 at the
continuum peak in LTE analysis, and drops below 10 cm™2 at the outer edges.
Non-LTE analysis produces peaks at 9x10'® cm~2 and remains above 10! ¢cm™2
along the NE-SW axis. The average column density is nearly a factor of 2x higher,
however, as previously mentioned, this is skewed by the outer values where LTE
analysis drops off significantly due to poor signal-to-noise ratios.

H, column densities (Figure A.44) mirror this NE-SW axis of higher densities,
with dense points at the NE and SW edges, along with another high density point
to the E, all approximately 1.0x10%® cm~2. This NE-SW axis of high column
densities aligns with the rotation gradient seen in Figure A.39. It is possible that
we are observing an edge-on view of the disk, with the center plane being the
mid-plane of the disk.

The ensuing abundance profiles (Figure A.45) are affected by the differences in
column density distributions. LTE peaks at 2x10~? around the continuum peak,
while non-LTE peaks to the S at a higher value of 1.4x1078. The central values
are within agreement with the main discrepancies again occurring on the outer
edges. Overall, the average abundances are an order of magnitude higher in the
non-LTE case. Due to the discrepancy of the two methods(LTE and non-LTE), a
single abundance value of 1x107? is selected, as this value fits the central region
for both scenarios. Similarly, average temperatures ranged from 117-190 K for the
two scenarios. Due to possible overestimated temperatures (see Section 4.4 for
further discussion), we err on the side of caution and choose the lower value. A
fast warm-up time of 22 kyr produces 100 K for the Allen chemical model in this
scenario.

The PV plot can be seen in Figure A.40. The plot shows signatures of Keplerian
butterfly ”wings”, albeit the resolution is somewhat poor (0.18”) in relation to
the size of the source (0.6”). The Seifried PV plotting (same figure) produces a
mass of 8 M, within the upper limit of the 10 M from the luminosity relation,
which contains the other intermediate and low-mass cores of G35.03.

G35.03 presents the smallest disk mass (Table 3.4), at 0.6 M, and has the lowest
fractional ratio of disk mass to core mass at 0.08. This effect is seen in the Toomre
stability plots (Figure A.46); G35.03 displays stable parameters throughout the
disk, only experiencing instabilities near the NE and SW corners.

(G35.03 clearly indicates a classic flared disk structure, with strong evidence of
Keplerian rotation, which is stabilizing the disk from gravitational instabilities.
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3.6 G35.20 -0.74N

The region of G35.20 -0.74N is a well known high-mass star forming region, char-
acterized by an elongated structure containing two main YSO cores, A and B
in Figure 2.2, and another core to the southeast, known as G35MM2 (Sanchez-
Monge et al., 2013). The region is surrounded by a NE-SW nebula, where bipolar
outflows are detected in the same direction, observed in '2CO (Gibb et al., 2003).

In Figure A.48, the Moment 0 map exhibits a clumpy structure of this lower
core. Both core A and B experience a velocity gradient, at position angles of
approximately 20° W of N and 45° E of N, respectively. The gradient of core
A is red-shifted towards the SE, and perpendicular to the bipolar outflow found
in Gibb et al., 2003. Core B is red-shifted to the NE and matches the outflow
direction within 10°. This suggests that core A is powering the outflow, and the
velocity gradient seen in core B is not of disk rotation, but of the resulting outflow.
Higher resolved observations determine that core B is consisting of multiple cores
(Allen et al., 2017). While the ALMA archive data set is of high resolution (0.18”),
defining the disk regions of the multiple cores in B is challenging and beyond the
scope of this study, particularly due to the cores in B being of low-to-intermediate
mass. Physical properties are determined for both A and B, referring to the labels
of smaller cores in B from Allen et al., 2017 when applicable, but rotation analysis
will focus solely on core A for this study.

Temperatures in core A (Figure A.51) peak at the continuum peak at 576 K
and 460 K, for LTE and non-LTE respectively. The multiplicity of the region is
clearly seen in the temperature measurements of the region around core B; Peak
temperatures are found to the S, reaching 248 (LTE) and 360 K (non-LTE). This
location is labelled B3 in Allen et al., 2017. The core that we label as B (B1 in
Allen et al., 2017) has lower peak temperatures of approximately 200 K.

The temperature gradient of core A (Figure A.50) decreases with radius with a
slope of -0.51, suggesting a flared disk structure. Assuming Kepler rotation, the
slope steepens to -1.05, outside the accepted range of the initial temperature profile

CH3CN Column densities (Figure A.52) within core A peak at the central con-
tinuum peak at 7x10% cm~? and 8x10'® cm™2, for LTE and non-LTE scenarios.
Similar to G35.03, non-LTE analysis produces a flatter distribution and overall
higher average column density (Table 3.3) of 3.2x10'® cm™2, compared to 0.5x10'
cm ™2 for LTE. In core B the there were no significant variations in CH3CN column
densities between the sub-cores, peaking at 5x10' cm™2.

H, column densities (Figure A.53) are highest at the central core (3.6x10% cm™—2

peak value), however there are also similar peaks in the NE and SW edges of
core A, following a similar trend of high Hs column densities in-line with outflow
gradients. For core B, the higher Hy column densities are seen in the N core (Bl
from Allen et al., 2017), peaking at 1.6x10%° cm™2.

Abundances (Figure A.54) peak in the central core of A for LTE scenario (0.7x107%),
and SE of the core in non-LTE scenario (2.0x107?). In core B, higher abundances
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are found to the S near B3 from Allen et al., 2017. Coinciding with the higher tem-
peratures, this core likely has sublimated more grains and released more CH3CN
in the surrounding structure. Again, the non-LTE temperatures produce a flatter
profile with a higher average abundance (Table 3.3). Thus, the same methodology
is adopted for G35.20 as G35.03 for chemical modelling, and the comparison is
made to the central core abundance of 0.7x107°. We fit the data to the Garrod
medium warm-up model, which produces a temperature of 160 K over 190 kyr.

G35.20 A PV plot can be seen in Figure A.49. Some signatures of a butterfly
pattern are visible, indicating possible Keplerian rotation. PV fitting produces
a mass of 10 My, while the luminosity mass estimate is 16 M. The luminosity
estimate would include all of the smaller cores around core B, which are determined
to be 4 Mg, or less by Allen et al., 2017. Thus our PV mass estimate of of 10 M
is valid within the limit of 16 M.

Disk mass of G35.20 A is 1.2 M, with a fractional mass of 0.12. Toomre analysis
(Figure A.55) indicates that G35.20 A is marginally stable, particularly within the
inner radii, while the core B region suffers from instability.

It is likely that G35.20 A is experiencing moderate Keplerian rotation. It is
marginally stable with outflows perpendicular to the velocity gradients. G35.20 A
possibly represents a young protostar in its earliest stages of Keplerian rotation,
with some infall. The rotation seen in core B is likely due to the outflow origi-
nating from core A. The instability seen around core B is a possible explanation
for the multiplicity seen in the area, as fragmentation often produces new cores
(Klassen et al., 2016).

3.7 G37.55 +0.20

G37.55, also known as TRAS 1856640408, is a high-mass star forming region of
particular interest for its CH3OH masers (van der Walt, 2014). G37 represents
the lowest J-transition of CH3CN amongst the sample (J = 6-5), and thus traces
the coldest gas, up to approximately 200 K.

In the Moment maps (A.57), we see that the CH3CN emission is centrally located,
and does not trace the gas of the full continuum contours. While the emission
region appears small, this is not the case as G37.55 is in fact the largest source, in
terms of diameter, at approximately 20000 AU. It is likely the emission contours
are tracing beyond any disk structure and into the surrounding envelope, or the
disk is a massive toroid structure. A clear velocity gradient is visible across at a
position angle of 106° W of N, red-shifted just S of W, and blue shifted in the
opposite direction. Outflows have been found centered at the continuum peak in
the NW-SE direction, mapped in SiO by Zhang et al., 2007. This outflow coincides
within 30° of the E-W gradient in the Moment 1 maps, suggesting the emission
traces the outflow instead of Keplerian disk rotation.

Temperature distributions (Figure A.60) peak S of the continuum peak for LTE
at 337 K, and 420 K at the continuum peak for non-LTE. G37 represents another
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cool source, averaging temperatures (Table 3.3) of 108 K and 139 K for LTE and
non-LTE analysis, respectively.

The temperature gradient profile (Figure A.59) is on the order of T oc R™-94%0-57,
The closest fitting description is of a flat disk, which produces a profile of T o
R~%7, however, these findings are ambiguous due to the large error in the fit.
With the Keplerian rotation assumption, the slope increases to T oc R~1:62%0-36,
Both slopes are technically within agreement, but again due to the large error in
both results, a conclusion of Kepler rotation cannot be validated with this method.

Both column density distributions (Figure A.61) emulate each other, peaking at

the continuum peak at approximately 1.0x10'% cm=2.

In contrast, the Hy column densities (Figure A.62) peak on the outer edge of the
disk structure, reaching 2.0x10** cm™2. This value is the lowest peak (and average
of 5.0x10%3 ¢cm™2) of the sample.

The abundance distributions can be seen in Figure A.63. As a result of the low Hy
column densities and the moderate CH3CN column densities, the CH3CN abun-
dance for G37 is the highest of the sample, averaging above 1.0x10~® and peaking
at 6.7x107%. These abundances fit with the Allen fast warm-up time, producing
temperatures of 113 K (compared to the average 108 (LTE) and 139(non-LTE)
measured for G37) after approximately 23 kyr.

The most notable difference in G37.55, when compared to the rest of the sample,
is seen in the PV plot (Figure A.58). While all sources display different PV mor-
phology, G37 presents a particularly unique ellipsoidal shape. This PV diagram
fits a very high central mass fit of 66 M, approximately a factor of three greater
the mass of 24 M calculated from the luminosity.

As expected from its large size, the mass of the disk is quite high at 17 M, upward
to 70% of the stellar mass. However, if we consider the region of CH3CN emission
to be the true disk area, the disk mass decreases to 10 M, only 42% of the stellar
mass. In the Toomre Plots (Figure A.64), the disk is found to be marginally stable
in its inner radius.

G37 display little-to-no signatures of Keplerian rotation. One can observe that the
PV plot does not resemble a Kepler pattern in any form. A similar pattern was
determined by Silva et al., 2017, who deduced no rotation in G37, however, they
were also not able to find any velocity gradients, which were found both in our
study and that of Hofner et al., 2017. Another factor to consider is the resolution of
the data. Cesaroni et al., 2017 were able to produce a similar PV plot morphology
from their O-type protostar, (G345.50, by degrading the angular resolution by
a factor of 3.5, distorting the original PV pattern. While G37 represents the
poorest resolved source in our source sample, the fact that it has produced two
similar PV plots from two different instruments (ALMA; 0.99” angular resolution,
Submillimeter Array (SMA) in Silva et al., 2017; 2.0” (compact) and 0.4” (very-
extended) angular resolution) suggests it is not solely a resolution effect. It is
likely the velocity gradients seen are due to expansion, which is corroborated by
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the high H, densities on the outer edges of the structure. This expansion must be
relatively slow, as the disk itself is marginally stable.

3.8 AFGL 4176

Historically, AFGL 4176 is significant as it represents the first O-type star to
display strong evidence of Keplerian-like properties in its disk, shown by Johnston
et al., 2015. By tracing the disk kinematics with CH3CN in Moment maps and
LTE line modelling, they were able to show velocity clear gradients and higher
order velocities at small radii, with a central mass of 25 My. The structure
observed were consistent with the models presented by Boley et al., 2012. AFGL
4176 represents a benchmark for kinematic analysis to compare with to other
targets. Similar to Johnston et al., 2015, the data from the ALMA archive is
that of CH3CN(13-12). However, unlike the rest of the sources presented in this
study, AFGL 4176’s spectrum only contains K-lines 5-8. Thus, one must err on
the side of caution when viewing the results, and a bit more emphasis is placed on
comparison to literature for this source. This is remarked upon later in Section
4.5.

The area has several Class IT methanol maser spots in close proximity to the source;
in the continuum image (Figure 2.1) two are visible, the main target labelled as
mm1, and a secondary core mm2.

Despite having only higher K-lines, which in most cases are less prominent, we can
see in the Moment maps (Figure A.1) why AFGL 4176 is a strong candidate for
Keplerian rotation. Particularly in the velocity Moment 1 map, we see a striking
gradient, shifting from red to blue in the N-W direction. This velocity gradient
matches the position angle of 61.5° W of N presented by Johnston et al., 2015,
who note a bipolar outflow perpendicular to this position angle, observed in 2CO

AFGL temperature (Figure A.4) peaks at 380 K for the LTE analysis and 330
K for the non-LTE analysis, with average temperatures around 150 K for the
entire source. Both peaks are just within a hot zone 0.6”x0.6”, encompassing the
continuum peak, with the LTE peak to the E and non-LTE to the N. Johnston
et al., 2015 found excitation temperatures peaking at 290 K, while Bggelund et al.,
2019 found 270 + 40 K. Our results thus present moderately hotter conditions, and
may be because the K=5-8 CH3CN lines trace the higher end of the temperature
spectrum.

The temperature profile constructed from the measured temperature gradient gen-
erates a slope of -0.57. This is an indication of a flared disk structure. Assuming
Kepler rotation, a matching slope is produced of -0.51, further indication that
AFGL 4176 is indeed in Keplerian rotation.

The CH3CN column densities (Figure A.5) peak 3.0 and 2.0x10'® cm™2 for the
non-LTE and LTE analysis, which are in agreement with Johnston et al., 2015
(2.8x10'% cm™2) and Bggelund et al., 2019 (3.4x10% ¢cm™2).
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H, column densities (Figure A.6) peak at 2.0x10%* cm™2, however only the non-
LTE peaks at the continuum peak. The non-LTE scenario peaks to the north
within the mm2 source. This peak value agrees with the Hy column density
determined for mm?2 in Johnston et al., 2020, but they also determined that mm1
peak at 8.0x10%* cm™2, higher than our peak mm1 value.

The differences in column density distributions results in an abundance distribu-
tion (Figure A.7) that varies as well between the two methods, particularly in
a flatter LTE profile. Both values peak around 2x1078. The outer abundances
are higher in the non-LTE case, due to the flatter profile we see in the CH3CN
column densities. It is determined that these abundances best fit a fast warm-up
time in the Allen et al., 2017 chemical model, producing temperatures of 132 K
(comparing to the 139 and 156 K average temperatures) after 25 kyr.

In Figure A.2 the position-velocity diagram for AFGL 4176 is shown. Higher K
lines represent weaker emission and thus provide more of a challenge to interpret
their analysis. While the shape does not appear to be of the expected ”butterfly”
pattern, it matches well with the high K-line patterns produced in Johnston et
al., 2015, who present lower K-line PV diagrams that are indicative of Keplerian
rotation. The luminosity and dynamical derived masses agree at 27 M. This
agreement between the two methods is another indication that the PV plot is
likely displaying Keplerian rotation

The disk mass (Table 3.4) is derived from the 1.21 mm continuum emission, and
is 2.8 M, around 10 % of the central mass. Stability analysis (Figure A.8) results
in a highly stable disk around mm1, becoming more unstable at higher radii as
we move towards mm2.

Even with the truncated K-ladder, the analysis of this thesis indicates AFGL
4176 is a classic flared disk, stabilized by Keplerian rotation. One difference to
note is our adopted disk mass of 2.8 M. This is notably lower than the 8.0 M
determined by Johnston et al., 2020. However it should be noted that the authors
used a dust opacity of 0.24 g/cm~2 for 1 mm emission, as compared to our value of
1.0 g/cm™2. Sanna et al., 2019 makes the same observation, noting that the lower
value may be more appropriate for diffuse clouds, and that if the dust opacity is
changed to 1.0, similar disk masses are produced.
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Table 3.1: Slopes of Temperature and Velocity Gradius vs Radius Profiles

Name T vs R Tvs R (Kep) Vgaa vs R
AFGL 4176 -0.57 £0.25 -0.51 £0.09 -0.55 £ 0.04
G23.01 -0.41 -0.52 £ 0.14 -148 £0.30 -0.43 £+ 0.09
G24.78 +0.08 A1l -0.40 £ 0.15 -1.94 £0.54 -0.39 £ 0.05
G29.96 -0.02 -0.71 £0.11  -1.10 £ 0.57 -0.39 £+ 0.08
G34.43 +0.24 MM1 -0.68 £0.19 -1.10 £ 0.35 -0.66 & 0.05
(G35.03 +0.35 -0.54 £ 0.22 -0.66 £ 0.13 -0.39 £ 0.16
G35.20 -0.74N A -0.51 £0.17 -1.05 £ 0.19 -0.70 £ 0.10
G37.55 +0.20 -0.94 £ 056 -1.62+ 036 -0.43 £0.11

Table 3.2: Peak values of Physical Properties

Name Temperature CH3CN Column Density  Hy Volume Density H, Column Density Abundances
LTE non-LTE LTE non-LTE LTE non-LTE LTE non-LTE
(K) (K) (10" em™2)  (10'6 cm™2) (108 cm™?) (10% em™2)  (10% em™2) (107%)  (107%)
AFGL 4176 383 330 3.0 2.0 0.9 0.2 0.2 2.5 1.7
G23.01 -0.41 610 520 1.5 2.2 0.8 2.6 1.5 0.3 0.3
G24.78 +0.08A1 746 600 5.5 4.0 0.6 1.4 1.0 2.8 1.2
G24.78 +0.08A2 729 600 5.6 1.0 0.7 0.8 0.5 3.1 3.8
G29.96 -0.02 696 600 7.0 2.0 0.9 1.7 1.2 1.5 0.6
G34.43 +0.24 MM1 764 600 4.1 2.0 1.0 3.2 1.4 0.8 0.4
G35.03 +0.35 382 460 0.4 0.9 0.9 1.0 0.4 0.2 1.4
G35.20 -0.74N A 576 460 0.7 0.8 6.0 3.6 1.3 0.07 0.2
G35.20 -0.74N B 248 360 0.1 0.5 4.0 1.6 1.1 0.03 0.2
G37.55 +0.20 337 420 1.1 1.0 4.0 0.2 0.2 4.9 6.7
Table 3.3: Average values of physical properties.
LTE Analysis non-LTE Analysis
Source T  Newson Nu, CH3CN/H, N, T  Ncwmson Nu, CH3CN/H, N,
K 10%cm™2 10* cm™2 1079 107 em ™3 K 10% cm™2 10* cm™2 1079 107 em ™3
AFGL 4176 156 4.1 0.8 5.6 1.0 139 6.0 0.8 8.2 1.0
G23.01 217 3.2 6.6 0.8 9.5 168 8.3 7.0 1.6 10.1
G24.78 A1 374 13.4 3.5 54 4.0 331 9.6 3.9 34 4.5
G24.78 A2 367 13.7 24 6.3 2.8 315 8.0 2.5 4.9 2.9
G29.96 151 6.9 2.9 2.8 2.9 122 6.6 34 4.6 34
G34.43 202 6.0 5.5 1.2 7.1 165 6.2 5.7 1.2 7.3
G35.03 117 0.9 2.9 0.4 10.0 190 6.1 1.4 5.1 4.9
G35.20 A 119 0.5 7.7 0.1 28.9 184 3.2 4.3 0.8 16.4
G37.55 108 2.2 0.5 10.3 0.2 139 1.9 0.5 12.0 0.2
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Table 3.4: Summary of Mass Profiles

Name Luminosity! Stellar Mass Disk Mass Mo/ M.,
Luminosity Dynamical
(10° Lo) (Mo) (Mo) (Mo)
AFGL 4176 1.7 27 27 + 3 2.8 +0.3 0.10
G23.01 -0.41 0.4 16 26 £+ 3 49+0.3 0.18-0.31
G24.78 +0.08A1 <2.2 <30 45 +5 1234+ 1.7 0.563
(G24.78 +0.08A2 <2.2 <30 18 £ 2 15.0 &+ 1.0 0.83
G29.96 -0.02 5.8 <42 34 + 5 24.4 £+ 3.2 0.71
G34.43 40.24MM1 0.2 12 18 + 2 153 + 0.8 0.85-1.28
G35.03 +0.35 0.1 <10 8+1 0.6 0.1 0.08
G35.20 -0.74N 0.4 <16 10+1 1.2+ 0.1 0.12
G37.55 4+0.20 1.2 24 66 + 9 170+ 1.2 0.26-0.71

Notes:!Luminosity values obtained from RMS Database(G24, G29, G35.20, G37.55),
Johnston et al., 2015(AFGL), Sanna et al., 2019(G23), Rathborne et al., 2008(G34) and

Beltrén et al., 2014(G35.03)

2Ranges are given for mass ratios when two valid stellar masses are determined.
3Mass ratio for G24.78 Al uses stellar mass of 22M determined by Beltran et al.,
2011b, due to uncertainties in stellar masses of this study. See Section 3.2 and Section

4.3 for further discussion.
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Chapter 4

Discussion

In this section, the individual results of the sample will be compared to each other,
in attempts to determine any similarities within the sample, followed by a final
classification of the sources. Following the comparative analysis, potential sources
of uncertainties of this thesis will be discussed.

4.1 Comparative Results

4.1.1 Kinematics and Structure

To determine the structure of the disks surrounding the sources, and if the disks
were in Keplerian rotation, temperature and velocity gradient profiles were pro-
duced. The results of the profiles are shown in Table 3.1. All eight of the analyzed
sources experience increasing velocity gradients as a function of decreasing radius,
i.e. the velocity gradient becomes steeper with increasing K-lines. This is ex-
pected for disks in Kepler rotation, gas tracing the hottest regions are closest to
the central source and experiencing the fastest velocities. However, CH3CN can
trace velocity gradients from non-Keplerian rotation as well, such as outflows. At
this point we can conclude that all sources are undergoing some form of rotation,
but more information is needed to confirm Keplerian rotation.

As mentioned in the introduction, a geometrically thin, flat disk produces a
temperature-radius profile of T oc R™%/*, while a flared disk has a more shal-
low profile of T o< R™'/2. Six sources display indications of a flared disk; AFGL
4176, G35.03, G23.01, G24.78(A1 and A2) and G35.20 A, while three present flat
disk structures (G29.96, G34.43, and G37.55). G34.43 is somewhat ambiguous, as
it is within error of both a flat and a flared disk. It is possible that the structure
of (G34.43 is somewhere in between that of a flat disk and a classic flared disk,
however it will be classified as a flat disk in this study. Similarly, G24.78 is within
error of a flared disk, but on the other side of the spectrum, with a lower « value.
This is the case for both sources Al and A2 (o = -0.40 and -0.39, respectively).
As seen in the temperature distribution (Figure A.15), both sources have hot
temperatures throughout their structures, flattening the temperature profile. The

48



hot temperatures could be due to new binary systems formed from fragmentation
(Klassen et al., 2016). Further imaging into FIR wavelengths would be needed
to confirm any sources of UV radiation being absorbed by the surrounding dust.
Finally, G37.55 represents the most dubious result, a slope steeper than both
models, albeit with an error large enough to fit either. A possible interpretation
is that G37 is a flat disk with a more significant cool down in the outer radius, as
compared to the other sources in the sample. This cool-down may be in part due
to the large radius of the disk, as the internal radiation does not reach the outer
measurements. This effect is likely enhanced by the low K-lines available from the
G37 data. G37 may be experiencing higher temperatures, but the CH3CN lines
are not able to accurately trace this gas.

From the second temperature profile (see Section 2.3.3), an assumption is made
that the disk is in Keplerian rotation. If the assumption is true, the resulting
slope should equal that of the initial temperature profile, determined through
temperature gradients. The results of this fit are shown in Table 3.1. AFGL 4176
and G35.03 show the clearest agreement between the two methods, while G29,
G34 and G37 agree within error (albeit in G29 and G37 cases, this is partially due
to large errors of the fits). This leaves G23, G24. and G35.20 where the Keplerian
rotation assumption breaks down.

It should be noted that in the T vs. R plots, the majority of line widths measured
only trace the inner 100 - 500 AU of the sources, while they all have temperature
gradients in the vicinity of 1000 AU. No line widths were measured to extend
beyond the inner radius of the disk, which may have flattened the slope. The
strength of CH3CN as a tracer lies in its ability to trace hot gas, thus there is
likely higher uncertainties in tracing lower temperatures, such as those needed
to trace the outer regions of disks. Further analysis with a more advanced tool
such as XCLASS!(Moller et al., 2017), CASSIS?(Vastel et al., 2015, or MAD-
CUBA3(Martin et al., 2019) would be useful, to see if similar results are produced.

Another characteristic of Keplerian rotation is the ”butterfly” pattern produced by
the PV plot. The majority of PV plots are shown in the Appendix, while G23.01
is shown in the Section 2. No two PV plots in our sample are the same, clearly
showing unique kinematics ongoing within the structures of each disk. Purely from
visual inspection, G23 provides the best example of a butterfly pattern, while the
majority of others showing some aspects. G37 is notable because of its ellipsoidal
shape, which may not be the true shape of the PV plot. Cesaroni et al., 2017 were
able to produce a similar shape in their source G345.50 , by degrading the angular
resolution by a factor of 3.5, altering the original "true” PV diagram. G37 is the
poorest resolved within the sample, and thus this alteration must be taken into
consideration. However, Silva et al., 2017 found similar patterns with the SMA
telescope. It is likely that G37 is experiencing only small levels of rotation, and

IXCLASS is available from xclass.astro.uni-koeln.de/

2CASSIS is available from cassis.irap.omp.eu/

SMADCUBA is available from https://cab.inta-csic.es/madcuba/MADCUBA_IMAGEJ/
ImageJMadcuba.html
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the PV plots are degraded further by resolution issues.

A more quantified method of viewing the Kepler fits is via the Seifried method,
used to determine the mass. The error in respect to the mass can give a quantita-
tive measure of the strength of the fit. G29 and G37 are the two sources with the
highest fractional error, indicating the weakest fits of a V oc R™'/2 Keplerian pro-
file. However, these PV plots are at risk of morphology effects due to the physical
conditions, such as multiplicity, occurring within the disk or central source. This
is further expanded upon in Section 4.1.2.

Overall, what can we say about the structures surrounding our protostars? Are
they disks in Keplerian rotation? The velocity gradients indicate that all of our
sources are experiencing some sort, of rotation, but which of ones are in Keplerian
rotation in particular? Based on the above analysis, AFGL 4176 and G35.03
represent flared disks with the strongest indications of Keplerian rotation. G23
and G35.20 also are flared disks, but only show marginal, sub-Keplerian, rotation
evidence. It is possible they are in earlier stages of formation, with partial infalling
gas and not fully in Keplerian motion. G34 appears to be in the opposite regime.
Although signatures of rotation exist, the disk is highly unstable with indications of
spiral arm formation. G34 may be past its stable Kepler rotation stage, entering
a fragmenting regime. G24 is highly unstable and most likely fragmented. Al
appears to have rotation, but this is presumably due to outward expansion, while
A2 shows no signs of rotation. They both present flared structures, but this too
may be distorted. G29 shows minimally indications of Keplerian rotation, and is a
flat structure. It is likely an older protostar experiencing expansion. Finally, G37
is likely a thin, flat structure experiencing no disk rotation, but possible outward
expansion.

4.1.2 Stellar and Disk Mass Profiles

This sample is split into two sub groups; O-type stars (masses >15 M), including
AFGL 4176, G23.01, G2478(A1 and A2), G29.96, and G37.55, and B-type stars
(masses between 8 - 15 My). The remaining three sources, G34.43, G35.03 and
(35.20, fall within this second sub-grouping.

Two methods were used to determine stellar masses, from luminosity values and
dynamically through Kepler fitting of PV plots. Both methods have factors af-
fecting the final masses. Luminosity provides accurate masses when there is only
a single source. For regions, the mass is the total sum of masses within the region,
and can only provide an upper limit as noted in Table 3.4. AFGL 4176, G24.78
A2, (G29.96, G34.43, G35.03, and (G35.20 represent the subsection where these two
methods are in agreement. G23.01, G24.78 Al and G37.55 represent situations
where the Kepler fitting resulted in a mass overestimation, larger than that of
the luminosity relation. Cesaroni et al., 2017 provides insight on this situation for
G24. The authors note the dual lobed configuration seen in the PV plot (similar to
Figure A.12), and how an expected 20 M Kepler fit would have to ignore one of
these lobes completely. Thus, it was concluded that G24 may be multiple sources
within one core, distorting the fit. This assumption can then be extrapolated for
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G23 as well, as the fits differ by 10 M. G23 does present a dual lobe PV plot,
albeit much less extreme than the case of G24, and as a result the Kepler fit is
not overestimated to the same degree as G24. Therefore, it is possible that G23
contains multiples sources within its core as well, but one core is kinematically
dominant over the other(s), minimizing the effect. G37 has the most poorly fitted
Kepler fit, and the 66 M is most certainly an overestimation. While it could be
due to a multi-stellar core, as remarked previously, this is most likely due to the
poor resolution distorting the PV plot, or no rotation is occurring and PV fitting
to a Kepler model is an invalid method of determining mass.

Disk mass was computed from the ALMA continuum data. Disk masses ranged
from 0.6 - 25 Mg, with the most massive disks commonly found around the most
massive stars. Four protostars have disk masses less than 50% of their stellar mass:
AFGL 4176, G23.01, G35.03 and G35.20. AFGL and G23.01 are the only O-type
stars within this lower disk mass regime. G24.78 (Al and A2), G29.96, G34.43
and G37.55 all have disk masses greater than 50% of their stellar mass, with all
of them being O-type stars. Thus, the sample indicates that larger fractional disk
masses are more common in O-type protostars than their B-type counterparts.
It is important to note that Keplerian rotation cannot occur when the disk mass
exceeds the stellar mass (Cesaroni et al., 2017), as it would be self-gravitating and
fragment. (G34.43 represents the only structure where this is at risk of occurring.

The stability of the disks is determined through Toomre Q stability plots (Fig-
ures A.8(AFGL), A.19(G24.78), A.28((G29.96), A.37(G34.43), A.46(G35.03), A.55
(G35.20), A.64(G37.55) and 2.13(G23.01)). This is important to consider, as
many of the models of disk structure and kinematics are based upon steady-
state, i.e. stable conditions. The sample is divided into three subsections based
on Toomre analysis: stable (AFGL 4176, G35.03), marginally stable (G23.01,
G35.20A, G37.55) and unstable (G24.78 Al and A2, G29.96, G34.43, G35.20 B).
The most significant factors in resisting asymmetric instabilities come from hot
temperatures and high velocity rotation, often strongest at the core. This is seen
in all sources, where the inner most data points represent the most stable regions.
It is also likely why the two prime Keplerian candidates, AFGL and G35.03, are
also the two most stable sources; a strong Keplerian rotation is stabilizing the disk.
Klassen et al., 2016 simulated the formation sequence of high-mass protostars. In
all cases the disks eventually reached instability, formed spiral arms and frag-
mented. This fragmentation then formed a second binary source, approximately
1200 AU away from the central source. While several sources present signatures of
instability, this fragmentation process appears most likely in G24.78. The Toomre
plots show varying Toomre QQ parameters within and beyond the disk structure,
including small pockets of stability. Whether binary systems have been formed
cannot be confirmed here, but it is supported by the overestimated mass from PV
diagram fitting.
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4.1.3 Thermal and Physical Properties

The results of the physical property analysis is shown in Table 3.2 (peak values),
and Table 3.3 (average values). It should be noted that G35.20 B is not included
in the Averages Table, as it is actually multiple cores (Allen et al., 2017), and
determining a boundary for each source was challenging and inconsistent. Given
this, G35.20 average results are in reference to the main northern core of G35.20
A. Four sources, G29, G24 Al & A2, and G34, peaked at high temperatures of
7004+ K for LTE analysis. It must be noted that at these high temperatures,
the population diagrams experienced poor fits, with errors up to 50%. This is
possibly due to optical depth effects (see Section 2.4.1), resulting in an overesti-
mation of temperature. However, the non-LTE also produced high temperatures,
reaching the maximum 600 K. The collisional excitation rates for CH3CN from
the LAMDA database were determined by Green, 1986 for up to 140 K, and are
then extrapolated to higher temperatures. This is generally considered reliable,
but our analysis found temperatures reached a maximum cap at 600 K, before the
results would start to break down. That being said, this 600 K value is more likely
the accurate measurement of peak temperature for the hot sources, compared to
the LTE results which suffer from large errors. The remaining sources ranged in
the 300 - 500 K for peak temperatures, with relative (within 50-100 K) agreement
between LTE and non-LTE analysis. The majority have a temperature peak at
the location of the continuum peak emission, or within 0.5” or less. The exception
is G24.78, displaying hot temperatures throughout the disk, in both A1l and A2,
and in both LTE and non-LTE analysis. This is possibly be due to the external
heating mentioned in Section 4.1.2.

Peak column densities within the sample are in the range of 10 cm™2, again
often peaking near the continuum peak. G29 has the highest peak column density
(7x10' ¢cm~2), while G24 has the highest column density averaged over the entire
source (both A1l and A2 averaging around 1.3x10® cm™2). At the other end of the
spectrum, G35.03 has the lowest peak (4.0x10' cm™2) and G35.20 has the lowest
average (5.4x10 ecm™2) CH3CN column density, noting they are both the low-
est mass protostars of the sample. There is a noted difference between the LTE
and non-LTE distribution (Figures A.5,(AFGL), A.16(G24.78)), A.25(G29.96),
A.34(G34.43), A.43(G35.03), A.52(G35.20), A.61(G37.55) and 2.9(G23.01)). Non-
LTE analysis produces much flatter profiles, with higher column densities on the
outer edges of the disks. The lower LTE values again may be due to the under-
estimation of column densities from the lower-K lines. It also may be the LTE
assumption does not hold for the outer regions in particular, where the gas is less
dense.

Hs column densities are determined from continuum emission. AFGL 4176 and
G37.55 display the lowest Hy column density peaks and averages, while G23.01
and G35.20 show the highest. Some sources displayed higher column densities
at outer regions of the disk (G23, G29) suggesting a build-up of material from
shocks or outflows. In conjunction, due to their low Hs column densities and
moderate CH3CN column densities, AFGL and G37 have the highest abundance
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ratios of the sample. Both sources rank among the larger stellar masses for a single
object, and likely have sublimated larger abundances of CH3CN. In the same vein,
(35.03 and G35.20 have the lowest stellar masses, and have the lowest fractional
abundances, indicating a link between stellar mass and CH3CN abundance. The
links between abundances, temperatures, column densities and stellar masses are
further investigated in Figure 4.1:
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Figure 4.1: Top Left: Average temperature vs. average abundances of the sample.
Top Right: The relation between average temperature and average CH3CN column
density. Uncertainty bars for abundances, temperatures and column densities
encompass both LTE and non-LTE results. Bottom: Stellar mass vs. average
abundances. Stellar mass uncertainties encompass both luminosity and dynamic

fits (when valid).

The top left plot of Figure 4.1 indicates a relation between abundances and tem-
perature, albeit only marginally. In general, hotter sources should produce higher
CH3CN abundances via sublimated of the surrounding ice mantles. However this
plot is slightly skewed by sources such as G37, which has the lowest Hy column
densities, and thus the highest abundances, despite being one of the cooler sources
(Table 3.3). This may indicate that G37 should be warmer, but our analysis was
not able to produce higher temperatures due to the low K-transition of G37. In
conjunction with this result, a second plot was constructed (top right of Figure
4.1) of CH3CN column density vs. temperature, as a more direct comparison of
CH3CN and temperature, to see if similar results are produced. The relation ap-
pears to more strongly indicate that higher CH3CN column densities are found
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for hotter sources. In the same vein, the bottom plot of Figure 4.1 displays the
stellar mass as a function of abundances. B-type stars would be expected to evap-
orate less grains in the surrounding envelope, producing lower abundances. This
appears to be the case in our sample. Overall, these plots indicate the CH3CN
column densities and abundances are a function of stellar mass and temperature
of the central source.

Non-LTE modelling also produces Hy volume density profiles for our sources (Fig-
ures A.9(AFGL), 2.10(G23), A.20(G24), A.29(AG29), A.38(G34), A.47(G35.03),
A.56(G35.20), and A.65(G37)). The profiles produced are quite flat, in the range
of 10°7% em™3. This is a magnitude of 1-2 lower than expected for densities in
disks around high-mass stars (Tan et al., 2014, Table 1.1). Since the densities in
all our sample are high enough to thermalize population levels (i.e. higher than
the critical densities in Table 2.2), the CH3CN emission only models the lower
limit of the volume density. This is further confirmed by determining volume den-
sities from the continuum derived Hy column densities (Table 3.3). This method
results in average H, volume densities of 10”8 em ™3 for seven of eight sources.
The exception is G37; the average volume density determined from the continuum
emission was 2x10°% cm™3. The volume density derived from non-LTE modelling
peaks at 4x10° cm™3 (Table 3.2), with the inner 3.0”x3.0” above 10 cm=3 (Figure
A.65) , within agreement of the continuum method. This suggests the G37 volume
density distribution may be of the non-LTE RADEX distribution. However, for
all other seven sources, the non-LTE volume density is several magnitudes low.
Thus the Hy distributions would mirror that of the Hy column density for these
sources, and not the Hy non-LTE volume distribution.

4.1.4 Chemical Modelling and Timescales of CH3CN

Table 4.1 presents the results of the chemical modelling comparison. The models
are described in more detail in the Section 2.5. The range of measured tempera-
tures includes both the average LTE and non-LTE analysis. AFGL 4176, G29.96,
G35.03 and G37.55 best fit with fast warm-up models. To fit with our mass
estimates, these sources would need episodic accretion rates greater than 10~*
Moyr~t, with G35.03 having the highest accretion rate. G35.03 also partially fit
with the Slow Garrod model, but this resulted in higher modelled temperatures.
Since it is suspected that measured temperatures are overestimated in some sce-
narios, in cases of doubt, the lower temperature fit is adopted. G24.78, our hottest
cores, was also a closer fit with the slow Garrod model in terms of temperature,
producing a modelled temperature of 400 K. However, this model is the result of
stellar masses too low (on the order of 1-6 Mg, depending on the accretion rate)
compared to those estimated for G24.78 A1 and A2. Again we also preferred to
err on the side of lower temperature values (18-22 M,).

The remaining four sources fit a medium warm-up phase model, all by the Garrod
model. The Garrod model generally performs better with hotter sources, as the
Allen model produced higher abundances at lower temperatures.
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Table 4.1: Results of Chemical model fitting.

Source Teasurea Best Fit Model  tyarm—up Tmoder Author
K 10* yr K
AFGL 4176 139 - 156 Fast 2.5 109 Allen
G23.01 168 - 217 Medium 19 160  Garrod
G24.78 315 - 367 Medium 21 220  Garrod
G29.96 122 - 151 Fast 2.2 100 Allen
G34.43 165 - 202 Medium 19 160  Garrod
(G35.03 117 - 190 Fast 2.3 113 Allen
G35.20 119 - 184 Medium 19 160  Garrod
G37.55 108 - 139 Fast 2.3 113 Allen

Notes: Temperatures ranges encompass average LTE and non-LTE temperatures.

Due to the visual nature of this comparison, it is worth determining the validity of
these values. A possible comparison is the dynamical time-scale of associated jets,
which is simply the length of the jet divided by its velocity. Beuther et al., 2002
studied 24 HMSFRs and found the time-scales in the range of 0.5-18.4x10* yrs,
and moderately fits the two subsections we derived. However, all of the sample
have some form of outflow observed in previous studies, thus a literature search
was completed to obtain specific dynamical time-scales. Values were found for six
sources; G34.43 and AFGL 4176 have associated jets, but dynamical timescales are
not produced due to the edge-on orientation of the outflows (Johnston et al., 2015,
Rathborne et al., 2008). All values fall within the fast warm-up timescale, with
the exception of G37; 75 kyr would fall into the medium warm-up phase for the
Allen model. It should be noted that for this phase and the derived abundances
for G37, this would produce a temperature 98 K, just below the range of our
measurements, but still within reason.

McKee et al., 2003 indicates that for turbulent core accretion models, the stellar
formation time is weakly related to the mass of the source, t,; o migfl. This
produces time-scales on the order of 1.6-2.4x10* yrs for our sample.

Finally, studies show dynamical timescales are of the same order of magnitude as
the free-fall timescale (Beuther et al., 2002, Li et al., 2019), although Tan et al.,
2014 states dynamical timescales are several times the mean free-fall timescale.
For a quick comparison, we determined the free-fall timescale, given by equation

4.1.
3
— 4.1
try =4/ 326 (4.1)

Here p is the average gas density, which is determined from the average volume
density in table 3.3.

Values of dynamical timescales were found in literature, mass relation, and free-

fall timescale in comparison to the chemical model fitted timescales are shown in
Table 4.2 below.
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The summary of these results indicates that likely all of the sample are a product
of a fast warm-up model. Dynamical timescales and mass timescales are almost
all on the order of 2.0x10* yr, corresponding to the Allen fast warm-up model,
with the possible exception of G37. While the Garrod medium warm-up phase
allows for higher temperatures, it seems unlikely timescales of that length produce
high-mass stars. Further investigation is needed to determine whether this is a
result of overestimated temperatures or of initial conditions that are not relevant
for our sample. Our results also agree with Tan et al., 2014 with free-fall times
several factors lower than the evolution timescale. This is seen in Figure 4.2. Here
dynamical timescales from Table 4.2 are plotted against the free-fall timescale.
When no dynamical timescale is available (i.e. for AFGL 4176 and G34.43), the
mass relation timescale is used. For the sources that have a range of dynamical
timescales, the median point was used.

Table 4.2: Comparison of Evolutionary Time-scales

Source tmodel1 tdyn2 tmass3 tff
104 yr  10*yr  10*yr 10%yr
AFGL 4176 2.5 - 2.3 1.1
G23.01 19 2.04 2.0 0.4
G24.78 21 1.8-2.4° 2.1 0.7
(G29.96 2.2 0.36 24 0.6
G34.43 19 - 1.9 0.4
G35.03 2.3 1.3-1.6"7 1.7 0.5
G35.20 19 0.5-1.1% 1.8 0.3
G37.55 2.3 7.59 2.2 2.6

Notes: 'Values determined from chemical models
2Ranges are given to sources with multiple outflows, with varying timescales.
3Value determined from timescale-mass relation of Tan et al., 2014
4Value from Sanna et al., 2016
®Value from Beltran et al., 2011c
6Value from Beltran et al., 2011a
"8Values from Allen et al., 2017
9Value from Beuther et al., 2002
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Dynamical vs Free-Fall Timescales
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Figure 4.2: Free-fall timescale vs. dynamical timescale. Red points represent O-
type protostars, while blue dots represent B-type protostars. The solid line is the
linear fit of the sample.

The relationship produced is fairly linear, with t4,, greater than t;; by a factor
of 2.5, with the lowest mass protostars at the low end of the relationship. The
exception is G29, with a t4,, a factor of 5 below the other O-type protostars.
However, this plot may indicate that the mass of G29 has been overestimated,
which is certainly plausible; the mass estimate for G29 is based on the PV plot,
which can be overestimated if it is a binary system. It can also be noted that our
timescale determined from chemical models for G29 would be a closer fit to the
relation. G37 has the longest evolutionary timescale, and still fits well with the
relation. Thus it may be possible to use the free-fall timescale to determine the
evolutionary timescale of the protostar. This plot also corroborates predictions
made for our sample; G23 and G35.20 appear to the youngest of the O and B-type
stars, respectively, as they were predicted to be in the early stages of Keplerian
rotation. Similarly, AFGL 4176 and G35.03, who show strong evidence of being in
Keplerian rotation, are more evolved O and B-type sources. Another noteworthy
trend is that it appears that evolutionary timescales are different between O-type
and B-type stars. In general, O-type stars have longer timescales, such as the
cases mentioned above: AFGL and G35.03 are of the same structure, but the
larger O-type protostar of AFGL has a greater timescale. Same can be said for
the young protostars of G23 and G35.20. The young O-type protostar G23 has a
timescale similar to that of a more evolved B-type star (e.g. G34).

Furthermore, the two sources that used the McKee et al., 2003 mass relation are
clustered near the linear fit as well, indicating that this relation may provide real-
istic warm-up timescales. Thus, for the four sources that have the likely unrealistic
warm-up scale on the order of 200 Kyr (G23, G24, G34 and G35.20), the mass
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relation value is determined as the accepted evolutionary timescale instead.

4.2 Classification of the Sample

From the discussion above, a classification of the sample is made, in order to
determine the true nature of the structures surrounding the protostars.

Stable, flared disk in Keplerian rotation
1. AFGL 4176 (O-type)
2. G35.03 +0.35 (B-type)

Marginally stable, flared disk in initial stages of Keplerian
rotation

1. G23.01 -0.41 (O-type)
2. G35.20 -0.74N A (B-type)

Unstable, flat disk in final stages of Keplerian rotation
1. G34.43 +0.35 MM1 (B-type)

Unstable, flared disks experiencing fragmentation
1. G24.78 +0.08 A1 (O-type)
2. (G24.78 +0.08 A2 (O-type)

Marginally stable, expanding flat /ambiguous structure

1. G37.55 +0.20 (O-type)

Unstable, flat structure with outflow rotation
1. G29.96 -0.02 (O-type)

It is interesting to note that several classifications contain both O and B-type stars,
suggesting the two subsections are susceptible to the same evolutionary sequence.
This is a positive sign that O-type stars also form Keplerian-like disks. B-type
stars have been more successful in Keplerian disk detections, thus a link between
the two sub-samples is noteworthy. Of the O-type stars, only AFGL and G23.01
show strong signatures of Keplerian rotation, while all three B-type show strong
or partial Keplerian rotation (G35.03, G35.20 and G34.43). G24.78, G29.96 and
G37.55 show minimal Keplerian rotation signatures, and any rotational evidence
is most likely due to outflows/expansion.
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4.3 Mass Selection Criteria

For several calculations, such as Toomre Stability and Kepler velocities, a single
mass must be used for stellar mass. Below lists the criteria for which mass was
selected, and the final masses:

1. Luminosity and dynamical masses agree, use luminosity value.
(a) AFGL 4176: 27 M,
(b) G34.43: 12 M,
2. Dynamical value agrees within luminosity upper limit, use dynamical value.
(a) G24.78A: 18 M,
(b) G29.96: 34 M
(c) G35.03: 8 M
(d) G35.20: 10 M,
3. Dynamical mass overestimated, use luminosity mass.
(a) G23.01: 16 M,
(b) G37.55: 24 M,

4. Dynamical mass overestimated, luminosity only provides upper limit, use
value from literature

(a) G24.78 Al: 22 M, (Beltran et al., 2011b)

4.4 Uncertainties of the Analysis

Several uncertainty factors must be taken into consideration when interpreting the
results of this thesis. For LTE analysis, as mentioned in Section 2.4.1, population
diagrams are at risk of overestimation of temperatures and underestimation of
column densities. It was often the case, particularly in the hotter sources, the peak
temperatures were higher than what was reported in the literature, and to have
errors in excess of 50%. Hence, some reservation must be taken in assessing these
values. Furthermore, population diagrams are more accurate with more available
K-lines. In the available spectra, at most 10 lines are available, and in some cases
as few as 4. Obtaining K-ladders from other J-transitions would remove some
degeneracies, but this is not always possible for every source, it heavily depends
on the data available in the ALMA archive.

In some cases, CH3CN emission lines were blended with other species, or even
with other CH3CN K-lines. For example, K=0 and 1 were often found to be
blended together. While attempts were made to obtain accurate intensities from
the blended lines, it cannot be ignored that this may have had an effect on the
results.
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Intensities derived from blended lines may have similar consequences in non-LTE
methods, particularly during the 2 fitting. If a measured intensity is higher than
reality, the x? will fit it with a similarly high modelled intensity, producing higher
temperatures, column densities, etc. Overall, the peak temperatures in non-LTE
were more conservative, and likely to be less effected.

A final uncertainty that has already been touched upon, involves determining the
disk mass. The disk mass error in Table 3.4 is based of the flux error, however,
other sources of error include assumed dust temperatures and dust opacities. We
have assumed dust temperatures to be equal to the gas temperatures. While this
is expected for LTE scenarios such as dense regions around a protostar, Koumpia
et al., 2015 found gas temperatures to be 5-15° warmer even in dense regions.
Thus some uncertainty remains in this regard. The greatest source of uncertainty
comes from the definition of the outer edge of the disk. In this thesis, the disk
is represented by the 10% peak continuum contour, for consistency across all
sources. G37 represents a useful example of the caution needed in taking this into
account. With our current definition of disk radius, G37.55 disk mass is 17 M.
But CH3;CN does not trace the entire contoured area. If we assume the disk is
the area traced by the molecule, this mass is reduced by a factor of a half. This is
object dependent though, as in G34, who’s disk mass is potentially greater than
that of the stellar mass. Reducing the radius to the 30% contour only reduces the
mass by 20%, and still results in a disk mass equal to that of stellar mass. We are
satisfied with our definition of disk area, but a more consistent approach is worth
investigation.

4.5 Analysis comparison to AFGL 4176

As mentioned in Section 3.8, AFGL 4176 represents a curious case where the
ALMA archive data provided only a partial spectrum of CH3CN, excluding the K
= 0-4 lines. These lines are particularly crucial for tracing cooler gas. However,
since the goal of this thesis is to determine disk properties, which are usually
higher densities and temperature, the higher K-lines provided may still allow for
accurate results. To determine the accuracy of AFGL’s physical properties, a
comparison was made with two other sources; G34.43 and G35.03. G35.03 was
selected as it is similar to AFGL in terms of temperature and density structure.
In contrast, G34.43 has a higher temperature and density profile. There were no
other 13-12 J-transitions amongst the sample, so both sources represent two other
J-transitions (J=12-11 and J=19-18, for G34 and G35.03, respectively). For both
sources four consecutive K-lines were chosen that mirrored the temperature range
presented by AFGL (258 - 537 K). Table 4.3 presents the results of the analysis.
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Table 4.3: Comparison of peak values of full spectrum and partial spectrum anal-
ysis of G34.43 and G35.03.

G34.43 G35.03
CH5CN Transitions J = 1211, K=5-8 J = 19-18, K=4-7
E, Range (K) 247 - 525 282 - 517
Full Partial Full Partial
LTE Temp (K) 764 1000+ 382 405
non-LTE Temp (K) 600 200 460 420
LTE Col Dens (10'¢ cm™2) 4.1 40 0.4 0.7
non-LTE Col Dens (10'® ecm™2) 2.0 9.0 0.9 1.0
H, Vol Dens (105 cm™3) 1.0 1.0 0.9 1.0

The analysis results in two scenarios on opposite ends of the spectrum. G34.43 is
severely effected by the partial spectrum analysis. The LTE population diagrams
produces peak temperatures well above 1000 K. As mentioned in the physical
properties section, hotter sources such as G34 suffer from overestimation effects in
temperature from the population diagrams. This effect is further enhanced in this
scenario. The effect is noticeable in column densities as well, peaking at 4.0x10'7
cm ™2, a magnitude higher than any column densities measured in the sample. The
non-LTE analysis was also strongly affected, but in the opposite regard. Estimated
temperatures were lower than the full spectrum analysis, peaking at less than half
the original value. G34.43 clearly proves that only including higher K-lines can

strongly skew analytical results.

Alternatively, G35.03 presents the opposite case of G34.43. It displays results in
agreement with the original analysis, in both LTE and non-LTE scenarios for both
temperature and column density.

A final alteration that occurs with the limited spectrum is the reduction of data
points. Many data points that trace the cooler region of the edges of the disks
are lost, as they lack sufficient, or do not contain any, higher K-lines. This is not
an issue for a source such as G34, where the CH3CN traces beyond our definition
of the disk edge, but could be an issue for G35.03, which loses its outside data
points.

With this comparison complete, can we accept the data provided by AFGL 41767
It clearly shows that choosing the right K-ladder is vital for determining proper-
ties in these methods. It also shows the results depend heavily on the particular
source. However, the case of G34 suggests that faulty data would present as in-
flated, unrealistic variations between the LTE and non-LTE methods. As AFGL
has agreeing property estimations in both LTE and non-LTE analysis, this indi-
cates the results are reasonably close to the true values, as in the case of G35.03.
Although this means that the radius of gas traced by CH3CN is less than it is
in reality, this is not an issue for our analysis, as the data points available still
cover the area of the disk. For these reasons, the data for AFGL 4176 is chosen to
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be included in this study. Further analysis is still highly recommended, either by
obtaining the entire spectrum, or by using previously mentioned programs such
as XCLASS or CASSIS.
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Chapter 5

Conclusions

5.1 Summary and Conclusions

This thesis presents measurements of the properties and structures around nine
high-mass protostars. Below are the results of each source. With open questions
regarding to the formation process of high-mass stars, we utilized ALMA archive
data to determine the kinematics, structure, stability, and property distribution of
eight high-mass star forming regions, encompassing nine high-mass stellar objects
studied in total. A classification is made for the structures, to determine if there
are disks around high-mass stars, and if they are in Keplerian rotation.

e AFGL 4176 is an O-type protostar of 27 M, with a disk mass of 3 M.
It displays strong signatures of Keplerian rotation around a stable, flared
disk. Temperatures peak at 383 K and CH3CN column densities at 3.0x10'6
cm~2. CH3CN abundances peak at 2.5x1078, and the source has a chemical
age of 25 Kyr.

e (G23.01 -0.41 is an O-type protostar in the range of 16-26 M., with a disk
mass of 5 M. It is surrounded by a marginally stable, flared disk, with mod-
erate signatures of Keplerian rotation. G23.01 is possibly a young protostar
in early stages of Keplerian rotation, with infalling gas still occurring as well.
Temperatures peak at 610 K and CH3CN column densities at 2.2x10'% cm 2.
CH3CN abundances peak at 3.0x107%, and the source has a chemical age of
20 Kyr.

o (G24.78 +0.08 contains two O-type protostars of 22 M (A1) and 18 M (A2),
with a disk masses of 12 My and 15 Mg, respectively. Both cores display
unstable flared disks possibly experiencing fragmentation and formation of
binaries. A1l has rotation most likely due to outward expansion, and A2
does not display rotation signatures. Both cores are hot, peaking at 700+
K, and column densities in excess of 5x10'6 cm~2. CH3CN abundances peak
at 3.0x107® for both A1 and A2, while the region has a chemical age of 21
Kyr.
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e (G29.96 -0.02 is an O-type protostar of 34 M with a disk mass of 24 M. It
is surrounded by an unstable, flat structure, most likely an outflow. G29.96
is likely a more evolved protostar, with multiple smaller protostars in the
vicinty. Temperatures peak at 696 K and column densities at 7x10'¢ cm=2.

CH3CN abundances peak at 1.5x1078, while the source has a chemical age
of 22 Kyr.

e G34.43 4+0.24 MML1 is a B-type protostar of 12-18 M, with a disk mass of
15 M. The structure surrounding the source is flat, and of the same mass
or larger, and thus highly unstable. Marginal rotation signatures, combined
with instability indicate it is likely evolved past its stable Keplerian rotation
phase and is now in the midst of forming spiral arms. It contains a hot core
with temperatures peaking at 764 K and column densities at 4.1x10' cm 2.
CH3CN abundances peak at 8.0x107Y, while the source has a chemical age

of 19 Kyr.

e (G35.03 +0.35 is a B-type protostar of 8 M with a disk mass of 0.6 M.
It has a stable, flared disk with strong signatures of Keplerian rotation.
Temperatures peak at 460 K and column densities at 9x10* cm~2. CH3CN
abundances peak at 1.4x10~%, while the source has a chemical age of 23 Kyr.

e (G35.20 -0.74N is a high-mass star forming region contains one high-mass
B-type protostar, and a secondary core with multiple smaller protostars.
Core A is of mass 10 My with a disk mass of 1.2 My, while B constitutes
of multiple cores ranging between 1-4 M. Core A displays signatures of a
marginally stable flared disk, with moderate signatures of Keplerian rotation,
likely a young protostar in initial stages of Keplerian rotation. Core B also
shows signatures of rotation but most likely due to an outflow, originating
from A. Core B is also unstable, resulting in fragmentation and multiple
cores. Core A temperatures peak at 576 K and column densities at 8x10%°
cm ™2, while core B peaks at 360 K and 5x10'® cm~2. CH3CN abundances
peak at 2.0x107° for both A and B, while the region has a chemical age of
18 Kyr.

e G37.55 40.20 is an O-type protostar of 24 M, with a disk mass of 17 M.
The structure around the core is ambiguous, both in shape and rotation. It
is likely an older, expanding structure, however, further investigations with
high resolution observations (higher than the 0.99” used in this data) are
required to make a determination. Temperatures peak at 420 K and column
densities at 1.1x10'% cm™2. CH3CN abundances peak at 6.7x10~%, while the
source has a chemical age of 23 Kyr.

5.2 Moving Forward
This thesis is only the tip of the iceberg for determining and classifying disks

around high-mass stars. The first step in moving forward is minimizing the uncer-
tainties within the current data (as mentioned in Section 4.4). A follow-up analysis
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using programs such as XCLASS to determine temperatures and column densi-
ties with the current source population is recommended. Following that, a larger
sample size would tell us the relative number of sources for each class. This study
alone proves that apparent disks can take many shapes and forms, and additional
data would improve the ability in determining what structures surround high-mass
protostars. With a larger population, trends would likely be more readily identi-
fiable. Furthermore, the objects that are identified as disks could be compared to
their lower-mass counterparts, to determine similarities or differences between the
two. A second sample of 5-10 sources would provide a comprehensive overview of
disks around high-mass protostars, and determine the distribution of protostellar
disks for each classification established in this thesis.

Fortunately, the quality of observational data of these objects has never been
higher. ALMA and other high-resolution interferometers have spurred a plethora
of studies in high-mass star formation. The list of potential targets is growing
(such as G17.64 (Maud et al., 2018,), G31.41, G345.49 and G345.50 (Cesaroni
et al., 2017)), thus the data is expected to be available to continue this study
further.

This paper uses data from the following ALMA project data sets: 2012.1.00469.S
(AFGL 4176), 2013.1.00489.S (G24.78), 2015.1.00600.S (G35.03,G35.20),
2015.1.00615.S (G23.01), 2016.1.01036.S (G29.96, G34.43) & 2016.1.00345.S (G37.55)
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Appendix A

Appendix

Appendix A: Source plots, maps and models of remaining 7 sources.

A.1 AFGL 4176 Plots
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Figure A.1: Left: Moment 0 map for AFGL 4176. Right: Moment 1 map of AFGL
4176, including PV cut position angle of 62.5° (black line) and approximate outflow
direction from Johnston et al., 2015 (red line). Contours in both plots represent
10, 30, 50, 70 & 90 % peak flux.
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AFGL 4176 PV Plot
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Figure A.2: Left: PV diagram of AFGL 4176. Contours represent 20, 30,.. 90
% peak flux. White dashed lines indicate Vigr (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of AFGL 4176.
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Figure A.3: Left: Temperature vs Radius profile of AFGL 4176. Right: Temper-
ature profile of AFGL 4176 assuming Kepler rotation.
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Figure A.4: Left: AFGL 4176 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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AFGL 4176 LTE AFGL 4176 non-LTE
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Figure A.5: Left: AFGL 4176 LTE CH3CN column density map produced by
population diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.6: Left: AFGL 4176 LTE H, column density map produced from con-
tinuum emission, using LTE temperatures. Right: Non-LTE Hs column density
map except using temperatures from non-LTE analysis. Contours on both plots
represent 10, 30, 50, 70 & 90 % peak flux.
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AFGL 4176 LTE Abundance AFGL 4176 non-LTE Abundance
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Figure A.7: Left: AFGL 4176 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.

AFGL 4176 LTE Toomre Stability  AFGL 4176 non-LTE Toomre Stabjlity

-62°08'50.0"-

50.5"-
51.0"- 1
51.5"

-62°08'50.0"~

50.5"-
51.0"- 1
515"

Declination

Toomre Q Parameter
Declination
Toomre Q Parameter

52.0"- 52.0"-

13743M01.8% 01.7° oL6° I3"43701.8° 017 01.6°
Right Ascension Right Ascension

Figure A.8: Left: Toomre stability plot of AFGL 4176 using LTE temperatures
and Hs column densities. Right: Same as left but with non-LTE parameters.
Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.9: Left: AFGL 4176 Hy volume density map produced by RADEX non-
LTE analysis. Contours on represent 10, 30, 50, 70 & 90 % peak flux. Right:
AFGL 4176 velocity gradient profile.

A.2 G23.01 Plots

Unused plots of G23.01. Remaining plots can be found in Section 2.
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Figure A.10: Left: Hy column densities of G23.01, using non-LTE temperatures.
Right: G23.01 Toomre Stability plot using non-LTE temperatures. Contours on
both plots represent 10, 30, 50, 70 & 90 % peak flux.
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A.3 G24.78 Plots

G24.78 Moment 0 Map G24.78 Moment 1 Map
CH3CN K=2 CH3CN K=2 13
0.5 v
012410 °1910" ~ 1 112
o 71210t 04 o T°1210 2 "
o £ .2
-+ © - "
© o © a
£ 039 £ 111 €
1" o2 11"
110
0.1
D 109
12" gnsemiz.6s 125 12" gnsemiz 68 1258
Right Ascension Right Ascension

Figure A.11: Left: Moment 0 map for G24.78. Right: Moment 1 map of G24.78.
Black lines are PV cuts for Al (PA=0°) and A2 (PA=14°). Red line indicates
approximate direction of molecular outflow determined by Cesaroni et al., 2017.
Contours in both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.12: Left: PV diagram of G24.78 Al. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vygg (horizontal) and central offset

position (vertical). Right: Seifried Kepler fit of G24.78 A1.
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Figure A.13: Left: PV diagram of G24.78 A2. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vpgg (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of G24.78 A2.
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Figure A.14: Left: Temperature vs Radius profile of G24.78 A1. Right: Temper-
ature profile of G24.78 A1 assuming Kepler rotation.
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Figure A.15: Left: G24.78 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.16: Left: G24.78 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.17: Left: G24.78 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hy column density map ex-
cept using temperatures from non-LTE analysis. Contours on both plots represent
10, 30, 50, 70 & 90 % peak flux.
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Figure A.18: Left: G24.78 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.19: Left: Toomre stability plot of G24.78 using LTE temperatures and
Hs column densities. Right: Same as left but with non-LTE parameters.
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Figure A.20: Left: G24.78 H, volume density map produced by RADEX non-LTE
analysis. Right: G24.78 A1 velocity gradient profile.
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A4 G29.96 Plots
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Figure A.21: Left: Moment 0 map for G29.96. Right: Moment 1 map of G29.96,
including pv cut position angle of 55° E of N (black line), and approximate direc-
tion of molecular outflow (red line), determined by Cesaroni et al., 2017. Contours
in both plots represent 10, 30, 50, 70 & 90 % peak flux.
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G29.96 Temperature Profile
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Figure A.23: Left: Temperature vs Radius profile of G29.96. Right: Temperature
profile of (G29.96 assuming Kepler rotation.
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Figure A.24: Left: G29.96 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.25: Left: G29.96 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.26: Left: G29.96 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hy column density map ex-

cept using temperatures from non-LTE analysis. Contours on both plots represent
10, 30, 50, 70 & 90 % peak flux.
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Figure A.27: Left: G29.96 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.28: Left: Toomre stability plot of G29.96 using LTE temperatures and
Hy column densities. Right: Same as left but with non-LTE parameters.
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Figure A.29: Left: G29.96 Hy volume density map produced by RADEX non-LTE
analysis. Right: G29.96 velocity gradient profile.

A.5 G34.43 Plots

G34.43 Moment 1 Map
1°25'28"- CH3CN K=2

62

G34.43 Moment 0 Map
1°2528"- CH3CN K=2

27tk

26"

Declination
Declination

24"

58

1 | |
18"53M18.15  18.0° 17.9° 18"53M18.1°  18.0° 17.9°
Right Ascension Right Ascension

Figure A.30: Left: Moment 0 map for G34.43. Right: Moment 1 map of G34.43,
including PV cut position angle of 55° E of N (black line), and approximate
direction of molecular outflow (red line), determined by Shepherd et al., 2007.
Contours in both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.31: Left: PV diagram of G34.43. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vgg (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of G34.43.
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Figure A.32: Left: Temperature vs Radius profile of G34.43. Right: Temperature
profile of G34.43 assuming Kepler rotation.
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Figure A.33: Left: G34.43 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.34: Left: G34.43 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.35: Left: G34.43 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hs column density map ex-
cept using temperatures from non-LTE analysis. Contours on both plots represent
10, 30, 50, 70 & 90 % peak flux.
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Figure A.36: Left: G34.43 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.37: Left: Toomre stability plot of G34.43 using LTE temperatures and
Hy column densities. Right: Same as left but with non-LTE parameters.
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Figure A.38: Left: G34.43 Hy volume density map produced by RADEX non-LTE
analysis. Right: (G34.43 velocity gradient profile.
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A.6 G35.03 Plots
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Figure A.39: Left: Moment 0 map for G35.03. Right: Moment 1 map of G35.03,
including pv cut position angle of 50° (black line), and approximate direction of
molecular outflow, as determined by Beltrdn et al., 2014 (red line). Contours in
both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.40: Left: PV diagram of G35.03. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vygg (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of G35.03.
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Figure A.41: Left: Temperature vs Radius profile of G35.03. Right: Temperature
profile of G35.03 assuming Kepler rotation.
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Figure A.42: Left: G35.03 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.43: Left: G35.03 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.44: Left: G35.03 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hy column density map ex-
cept using temperatures from non-LTE analysis. Contours on both plots represent
10, 30, 50, 70 & 90 % peak flux.
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Figure A.45: Left: G35.03 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.

G35.03 LTE G35.03 non-LTE
Toomre Stability 1 Toomre Stability

2°01'20.0"- 2°01'20.0"

@ |

D D

| |
18754™M00.7° 18754M00.7°
Right Ascension Right Ascension

10

T

Declination
Declination

19.0"- 19.0"-

Toomre Q Parameter

._.
Toomre Q Parameter

Figure A.46: Left: Toomre stability plot of G35.03 using LTE temperatures and
Hy column densities. Right: Same as left but with non-LTE parameters.
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Figure A.47: Left: G35.03 Hy volume density map produced by RADEX non-LTE
analysis. Right: G35.03 velocity gradient profile.
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Figure A.48: Left: Moment 0 map for G35.20. Right: Moment 1 map of G35.20,
including pv cut position angles of 20° for core A (black line), and -45° for core
B (blue line). Approximate direction of the molecular outflow is shown as the red
line, as determined by Gibb et al., 2003. Contours in both plots represent 10, 30,
50, 70 & 90 % peak flux.
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G35.20 A PV Plot G35.20 A Kepler Fit

data
""" Visr
—— model 10 £ 1 Mg

w
&

o

o

(=]

B
Velocity (km / s)

o
o
s
~
&

| ! 0.00 20
-0.5 0.5 : -1500 -1000 -500 0 500 1000 1500

0
Offset (") Position offest (AU)

Figure A.49: Left: PV diagram of G35.20. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vgg (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of G35.20.
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Figure A.50: Left: Temperature vs Radius profile of G35.20. Right: Temperature
profile of (G35.20 assuming Kepler rotation.
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Figure A.51: Left: G35.20 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.52: Left: G35.20 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.53: Left: G35.20 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hs column density map ex-
cept using temperatures from non-LTE analysis. Contours on both plots represent

10, 30, 50, 70 & 90 % peak flux.

G35.20 LTE Abundance G35.20 non-LTE Abundance
1°40'38" 1°40'38" -
1079
5 37 TS5 37 T
s 100> B =
< o < 5
8 T g T
8 . (@) 8 (@}
36" f 36"
187581 13.0° 1?@5 1071 18758 13.0° 1?@5 10710
Right Ascension Right Ascension

Figure A.54: Left: G35.20 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.55: Left: Toomre stability plot of G35.20 using LTE temperatures and
Hy column densities. Right: Same as left but with non-LTE parameters.
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Figure A.56: Left: G35.20 Hy volume density map produced by RADEX non-LTE
analysis. Right: G35.20 velocity gradient profile.
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A.8 G37.55 Plots
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Figure A.57: Left: Moment 0 map for G37.55. Right: Moment 1 map of G37.55,
including pv cut position angle of 106° (black line), and approximate direction of
molecular outflow, as determined by Zhang et al., 2007 (red line). Contours in
both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.58: Left: PV diagram of G37.55. Contours represent 20, 30,... 90
% peak flux. White dashed lines indicate Vgg (horizontal) and central offset
position (vertical). Right: Seifried Kepler fit of G37.55.
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Figure A.59: Left: Temperature vs Radius profile of G37.55. Right: Temperature
profile of G37.55 assuming Kepler rotation.
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Figure A.60: Left: G37.55 LTE temperature map produced by population dia-
grams. Right: Non-LTE temperature map produced by RADEX grids. Contours
on both plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.61: Left: G37.55 LTE CH3CN column density map produced by pop-
ulation diagrams. Right: Non-LTE CH3CN column density map produced by
RADEX grids. Contours on both plots represent 10, 30, 50, 70 & 90 % peak flux.

G37.55 LTE G37.55 non-LTE
H, Column Density H, Column Density
4°12'18"- 4°12'18"-
104 104
§ §
é 16" E‘é 16" E‘
£ 5 £ 2
3 o9 o
o 14" E o 14" g
=] =]
) S
7. D ’
12 12
18"50710.25 1015 1005 0995 o09gs 107 18"50M10.25 1015 10.0° 0995 oogs 107
Right Ascension Right Ascension

Figure A.62: Left: G37.55 LTE Hy column density map produced from continuum
emission, using LTE temperatures. Right: Non-LTE Hy column density map ex-
cept using temperatures from non-LTE analysis. Contours on both plots represent
10, 30, 50, 70 & 90 % peak flux.
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Figure A.63: Left: G37.55 LTE abundance map produced from ratio of LTE
CH3CN column density to LTE Hs column density. Right: Ratio of CH3CN
column density to Hy column density using non-LTE results. Contours on both
plots represent 10, 30, 50, 70 & 90 % peak flux.
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Figure A.64: Left: Toomre stability plot of G37.55 using LTE temperatures and
Hy column densities. Right: Same as left but with non-LTE parameters.
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Figure A.65: Left: G37.55 Hy volume density map produced by RADEX non-LTE
analysis. Right: G37.55 velocity gradient profile.
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Figure A.66: Spectral window containing AFGL 4176 CH3CN J=13-12 lines.
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Figure A.67: Spectral window containing G23.01 CH3CN J=12-11 lines.
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Figure A.68: Spectral window containing G24.78 CH3CN J=12-11 lines.
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Figure A.69: Spectral window containing G29.96 CH3CN J=12-11 lines.
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Figure A.70: Spectral window containing G34.43 CH3CN J=12-11 lines.
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Figure A.71: Spectral window containing G35.03 CH3CN J
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Figure A.72: Spectral window containing G35.20 CH3CN J
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