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Abstract

The rarity of young massive stars combined with the fact that they are often deeply
embedded has limited the understanding of the formation of stars larger than 8Mg,.
Ground based mid-infrared (IR) interferometry is one way of securing the spatial
resolution required to probe the circumstellar environments of massive young stellar
objects (MYSOs). Given that the spatial-frequency coverage of such observations is
often incomplete, direct-imaging can be supplementary to such a dataset. By con-
solidating these observations with modelling, the features of a massive protostellar
environment can be constrained. By specifically choosing observations which probe
different scales of the MY SO environments, their characteristics can be investigated
at multiple scales and information on different aspects of the massive star formation
process can be obtained. By repeating this analysis for a sample of objects, a reliable
set of parameters are obtained for each MYSO. Since the objects have been analysed
in the same manner, a consistent comparison between the derived characteristics of

the sources can then be made.

This thesis performs the above through the combination of N-band interferometry
at ~0.01" resolution, near-diffraction-limited Q-band imaging at ~0.1" resolution
and spectral energy distributions. These observations are consolidated by fitting
3D radiative transfer models to all three observables simultaneously. Such an
involved methodology constitutes a number of improvements on previous infrared
studies of MYSOs, through the use of greatly detailed models and the combined

use of different observing techniques, which each provide a unique perspective
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on the studied protostellar environments. Specifically, the combination of N-band
interferometry and Q-band imaging allows a distinction to be made between the disk
and cavity emission of the sources. The Q-band data traces cavity emission at larger
scales, whereas the hotter regions are traced by the N-band. With this additional
constraint, the N-band data has proven to be an excellent tracer of disk geometry. In
particular, the inner rim, flaring and dust content of the disks can have large effects
on simulated N-band visibilities. The sensitivity of the N-band interferometric data
to the inner rim emission allowed the detection of an inner hole within the disk of
the source G305.20+0.21, the pilot object of this study. This could not be rectified
by changing the luminosity of the source to move the sublimation radius, the default
minimum dust radius, indicating that some other mechanism is responsible for the
disruption of the dust in the inner regions of the circumstellar environment. The SED
fit for this source also required low densities, implying dispersal of the protostellar
environment. These are typical characteristics of evolved transition disks found
during the low-mass star formation and the possibilities of this applying to an MYSO
are discussed.

When the method was applied to a sample of eight sources, it was discovered
that G305 was not alone in its requirement to have a disk in its model. Every MYSO
studied required a disk as a model component, and a number of sources within the
sample also required inner holes in their environments in addition to G305. Overall,
these holes ranged in size between 20-125au across. While diversity exists within
the sample, with different cavity opening angles, densities etc., the overall geometry
of the sources is the same; an Ulrich-type envelope, bipolar outflow cavities and a
dust disk. The fits to the interferometric data of one source could be improved by a
gap structure, which is a feature now commonly observed in Herbig Ae/Be disks.

The physical parameters determined through this work were linked to a potential
evolutionary sequence through comparison to work done by Cooper [2013]. Cooper

[2013] classified just under 200 MY SOs into three different types based on emission
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lines in their spectra with each type representing a different evolutionary stage of
the MYSO. All the sources classified as the oldest type within Cooper [2013] have
substructure in their disks. This is in agreement with low-mass stellar evolution
which sees substructure develop at later stages, and therefore has implications for
the evolution of massive protostars.

The nature of these massive protostellar environments, as determined by this
thesis, show many similarities with various stages of low-mass star formation. Disks
of order solar masses in size are components of all the final models for this sample
of MYSOs. These disks extend from 10s of au to 1000s of au, and as such could
be components of the accretion process, as they are for low-mass stars. The sample
studied in this thesis increases the number of MYSOs studied at such a level of
detail in the literature eight-fold. Five of the eight studied sources have inner dust
rims larger than the sublimation radii expected of the host protostars in their models.
Further study is required to directly investigate these holes and substructure found
in this work and determine their cause. The application of this method to more
sources can expand on these findings to the point where the formation and evolution

mechanisms of massive young stars can be characterised in detail.
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Chapter 1

Introduction

Massive stars, that is those more massive than 8M,, are important driving factors
within the universe. Within their local environments, the winds, outflows and super-
novae (SNe) of massive stars can both inhibit and trigger further stellar formation,
replenishing and sustaining turbulence which in turn results in the compression and
rarefaction of molecular clouds [Krumholz et al., 2014]. Massive stars generate
photons with energies high enough to ionise hydrogen atoms within their surrounding
medium, creating features unique to massive protostellar environments such as HII
regions [Churchwell, 2002]. Massive stars are important for interstellar chemistry
as they emit significant amounts of UV radiation that can drive photochemical re-
actions and also because they fuse lighter elements into heavier ones through the
rapid nuclear process. Massive stellar winds and SNe then distribute this material
throughout the interstellar medium, increasing its metallicity. Massive stars have
further influence at galactic scales, as they produce the bulk of the observed inte-
grated luminosities of spatially unresolved galaxies [Kennicutt, 2005]. SNe ejecta
and massive stellar winds are also influential at these larger scales as they contribute
to the galactic super-wind. Leitherer [1994] notes the effects of stars >50M, on

starburst galaxy outflows and Heckman et al. [1990] present optical spectroscopic
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data which connects the characteristics of massive stellar winds to the geometry of

galactic super-winds.

Despite their evident importance, the formation of massive stars is poorly under-
stood. Massive stars become zero-age main sequence (ZAMS) stars before their natal
clouds have collapsed or dispersed. This means that their entire formation process is
obscured and massive protostars are deeply embedded. The formation timescales
of massive stars are fast, approximately two orders of magnitude shorter than their
lower-mass counterparts. Massive stars are also much less common than low-mass
stars meaning that the distance to massive stars averages at a few kiloparsec (kpc).
Massive stars are therefore difficult to observe, meaning that detailed surveys of
these sources are lacking and high-resolution observations (tracing milli-arcsecond
scales) are required to study the details of the few massive protostellar environments

that are observable.

In this chapter, the background of star formation relevant to the study of the
circumstellar environments of MYSOs is discussed, starting with the theory of
star formation, followed by a discussion of the observable phases of massive star
formation and finally the background of the observational and modelling techniques

used to study MYSOs in the work of this thesis.

1.1 The theory of low-mass star formation

Most of the advances in the study of star formation have concerned low-mass stars
that are comparable in mass to the Sun. Due to the observational limitations induced
by the embedded nature, distance and rarity of massive stars, our understanding of
massive star formation lags behind low-mass star formation. Massive star formation
is often discussed in direct comparison with low-mass star formation as a result, and

as such the theory of low-mass star formation is discussed first in this thesis.
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All stars, no matter their size, form from the same materials - dust and gas. In
order for this dust and gas to form a star, the material needs to be compressed from
densities comparable to those found in molecular clouds (~ 10_2Okgm_3) to those
found in stars (~10''kgm~3 for the core of the Sun). This collapse is a hierarchical
process, focusing down to smaller scales through a cascade of substructure generation.
Collapse will only begin if the mass of the structure exceeds the Jeans (or Bonner-
Ebert) mass, which is the largest mass that an isothermal gas sphere can have while
still being in hydrostatic equilibrium (e.g. Ward-Thompson and Whitworth [2015]).

The Jeans mass, Mj, can be expressed as:

3

3
4mtp G,ump)2 (1.1)

My =(

where temperature is 7', gravitational constant is G, mass is M, Boltzmann constant
is kg and proton mass is m,. This can be written in the form of the equation of hy-
drostatic equilibrium of a sphere of gas (to which most clouds can be approximated)

with a total mass M:

2gTM M GM,
B = / M: im, (1.2)
0

wmy r
which essentially describes the interplay between thermal energy (left) and gravita-
tional energy (right).

Huge clouds of dust and gas found in the spiral arms of galaxies [Kolpak, 2003],
or Giant Molecular clouds (GMCs), present the starting point of collapse. A GMC is
defined as such if it contains greater than 10° Mg, of H, [Solomon et al., 1980], which
is the main constituent of molecular clouds [Carruthers, 1970]. Filaments, which
can be defined as elongated structures in the ISM that are significantly more dense
than their surrounding material [André et al., 2014], form following the collapse of

GMC:s. The collapse continues along the filaments in their densest regions leading

to the formation of ‘clumps’ and ‘cores’. The densest, largest clumps will serve



4 Introduction

as the progenitors of stellar clusters, while individual stellar systems form within
gravitationally bound cores [Williams et al., 2000].

When a prestellar core first becomes gravitationally unstable and collapses, its
luminosity comes from the release of gravitational potential energy during the con-
traction, and it maintains more or less a constant temperature. After this isothermal
collapse, the core is now centrally concentrated. At its centre, the core becomes
opaque to its own radiation, stopping it from efficiently radiating energy away at
the same rate at which energy is being generated from the gravitational contraction.
This causes the core to heat up rapidly until it is close to hydrostatic equilibrium.
Eventually the heating of the opaque hydrostatic core is sufficient to disassociate
Hb in the prestellar material. This process utilises energy that would otherwise be
used to support the cloud against the effects of gravity, thereby allowing collapse to
continue.

The resultant source of this second collapse is known as the ‘protostar’. The
protostar will be surrounded by material remaining from the wider prestellar core
called the envelope. The protostar will accrete material from this surrounding
envelope, allowing it to build mass. Two key components of this process are an
accretion disk and outflows. The disk is thought to form from the surrounding
envelope material due to angular momentum conservation. The envelope will not be
static in space and will possess some amount of angular velocity. As the envelope
decreases in size this angular velocity must increase to conserve angular momentum,
as the system is not losing significant mass. As this increase in angular velocity
occurs, material will be pushed out in the plane of rotation by the centrifugal force,
creating a bulge-like structure around this plane from which the disk can form.
Along the axis of rotation, infalling material has little angular momentum and infall
proceeds relatively unhindered. This causes the molecular cloud to thin along the
axis of rotation and causes an anisotropical distribution of the stellar radiation field.

Material from the disk can then be accreted directly onto the central source through
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processes such as magnetospheric accretion, whereby the field lines of the forming
central protostar guide material from the disk onto the central object.

In tandem with accretion, ejection will occur as some of the material moving
towards the star is removed from the system at high velocity. Blandford and Payne
[1982] were among the first to suggest that a poloidal magnetic field from the
accretion disk launches ionised material in its vicinity along the poles as a means of
ejecting material. This leads to the formation of bipolar outflows [Machida, 2017]
which then carve out cavities within the envelope material. The increased spin of both
protostar and protostellar disk creates magnetic vortices, leading to strong magnetic
fields along the polar axis which can collimate these outflows and produce jets.
These jets may hit the surrounding interstellar medium or the remaining molecular
cloud, leading to strong shock fronts or Herbig-Haro objects (HHs). Pudritz and
Norman [1986] continued the work of Blandford and Payne [1982] and showed
that the generation of these outflows provides an efficient way to remove angular
momentum from accreting material. When the protostar has accreted most of its
final mass through this accretion-ejection process it is known as a pre-main-sequence
(PMS) star.

After a large amount of accretion has occurred, the PMS star ceases to be convec-
tive and radiative processes dominate the energy transfer in the object. Eventually
the internal densities and temperatures will be so high that fusing hydrogen is now
the main source of the object’s luminosity. At this point, it stops contracting and
reaches the main sequence.

Observationally, the various evolutionary stages of the protostar can be classified
according to how the source’s flux varies with frequency or wavelength. This is easily
displayed in a spectral energy distribution (SED), and previous works have used the
appearance of low-mass protostellar SEDs to classify them. Class O [Barsony, 1994]
describes the protostellar core at the onset of collapse; the core is cold and emitting

at far-IR to millimetre wavelengths only. Class I [Shu, 1977] describes the embedded
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Fig. 1.1 A graphical overview of the various evolutionary stages of low-mass star
formation with SEDs from Isella [2007]. Credit: A. J. Frost.

stage, where the envelope and central protostar are indistinguishable. The bulge
like structure and outflows will form in the Class I stage, the infall and accretion
processes will have led to an increase in the total flux, while the heating of the central
material will lead to strong infrared emission. Class II [Shu, 1977] describes the
accretion phase, where the so-called ‘protoplanetary disk’ is feeding material onto
the star with less obstruction from the envelope, which has largely dissipated by this

point. Due to the lack of envelope material, specific emission features associated
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with the accretion process will be more easily observed at this stage. Class III [Shu,
1977] describes the final disk phase of the system - the ‘debris disk’. The source is
no longer accreting and most of the emission is coming from either the central source
or reflection off the remaining disk material. Rings and substructures (e.g. ALMA
Partnership et al. [2015]) may also be observed in the disk, perhaps caused by the
presence of planetesimals, the amalgamation of dust grains or magnetic trapping.

Figure 1.1 presents a schematic of this evolutionary process and the various classes.

1.2 The theory of massive star formation

Massive stars form predominantly in clusters in association with a number of lower
mass objects [Lada and Lada, 2003]. However, despite the similarity of their origins
to low-mass stars, a clear-cut evolutionary sequence for high-mass stars is yet to
be found. Massive star birth begins in parsec-scale molecular clumps with typical
masses of 10>-103M,.. The collapse and fragmentation of massive clumps give rise

to cores with sizes of <~0.1pc at higher densities.

The high luminosities of massive protostars originate from their contraction, as is
the case for low-mass stars. The contraction of the source fuels its luminosity, and as
its radius decreases, its temperature increases and it follows a fairly horizontal path
in the direction of increasing temperature along a Henyey track on a Hertzsprung-

Russell diagram (Figure 1.2).

The Kelvin-Helmholtz timescale describes how quickly a star converts gravita-
tional potential energy into luminosity through contraction and is a good proxy for
the formation timescale of a star. For massive stars, this timescale is shorter than the
free-fall time of the molecular clouds from which they form. This means that the
entire massive star formation process is obscured by natal material and that massive

protostars are embedded objects.
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Fig. 1.2 A Hertzsprung-Russell (H-R) diagram, showing the variation in Hayashi and
Henyey tracks for different masses of protostar as they evolve into main sequence
stars Kaufmann [1991].

A hydrostatic source will still form at the centre of the system and grow through
accretion, as in low-mass star formation, but a high mass source will be able to burn
hydrogen while it is still accreting. Because of this the central protostar grows even
when it has reached the main sequence and will evolve up the main sequence as it
continues to gain mass. Low-mass stars do not continue to accrete and so stay in one

place on the main sequence once they reach it.

Massive stars will produce a large amount of radiation pressure which will affect
their surrounding material. A focal discussion point within the field has been how
this affects massive protostellar accretion and it was initially assumed that a limit on

the mass of massive stars may exist due to their large radiation pressure.
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The acceleration due to gravity of the central source, agqy, felt by accreting

material a distance D can be described as:

GMoyr
Agray = % (1.3)

The acceleration due to radiation pressure acting in the opposite direction on the

material can be given by:

a Lsource Ndust Odust
d p—
" 4meD? p

(1.4)

where c is the speed of light, ng, is the number of dust grains per unit volume, p
is the density and o, is the cross section presented to the radiation by a single
dust grain [Ward-Thompson and Whitworth, 2015]. 0,5 ~ Trdust Where 14,5 is the
radius of the dust grain and typically holds if A < 27r ;.

Since D is a common term between the two expressions and the other values
remain constant it is the ratio between Lgyrce and My, that is important. If
Arad>0grqv accretion stops. Assuming that ng,y = pZgug/Maus (Where Zg,5 is the

dust fraction by mass) and considering the previous equations, accretion will stop if:

Lsource 167[0Gpdust Vdust
Mmurce 3Zd ust

(1.5)

Therefore, depending on the constitution of the dust, My, should not exceed
8-20M,, if accretion is to continue. However, evolved main sequence stars of 60M;,
[Crowther et al., 2016] to over 100M, [Kashi and Soker, 2010] have been observed.
The previous theory assumes that accretion occurs spherically symmetrically which
is most likely not the case. Accretion will come almost exclusively from the disk,
and since the disk is flat in comparison to the rest of the protostellar environment
material will accrete from the equatorial plane, so the amount of radiation (which

emits in all directions) experienced by the accreting material will be reduced. The
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above upper mass limit uses dust properties that pertain to the ISM, but these could
be different. In particular, the densities could be lower in the inner regions if shocks
have pushed material to larger distances from the central source. Massive stars
also form in clusters and multiples so the gravitational potential could be stronger
than assumed, allowing more accretion. Theoretical modelling has shown that the
geometrical effects of disk formation [Yorke and Sonnhalter, 2002] and outflows
(Krumholz et al. [2005], Cunningham et al. [2011]) can reduce the radiation pressure
on accreting gas allowing protostellar formation to continue [Bonnell et al., 1998]
and this is discussed in more detail in subsequent subsections.

At the present time, the exact mechanisms of massive stellar formation are
unknown. Theoretical work has led to the formation of a number of theories for
massive star formation and among these the most robust are monolithic collapse,
competitive accretion and, to a lesser extent, stellar collision. While it is not clear
which of these theories is the more accurate solution to the massive star formation
question or whether a combination of the three is the answer, each of them are

discussed in the following subsections.

1.2.1 Monolithic collapse

Monolithic collapse, or core accretion, models are essentially scaled-up versions
of low-mass star formation, where one massive core forms one massive star and
the initial mass of the core is the main dictator of the final stellar mass. The theory
makes the assumption that the pre-stellar core mass function (CMF) displays the
same trends as the stellar initial mass function (IMF). This assumption is supported
by SPIRE/PACS observations of André et al. [2010] of the star forming region
Aquila, although this only considers objects up to 10 solar masses.

The turbulent core model of McKee and Tan [2003] handles clumps as products of

fragmentation that exist in quasi-equilibrium. The clumps are maintained by the input
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of kinetic energy from outflows and accretion events and the energy cascade from
GMC scales. Infall occurs from the clump onto the residing cores at a similar rate as
the accretion of material on to the star, increasing over time up to ~10 3 Myyr—'.
Important characteristics of these cores are that 1) they are much denser than the
surrounding clump 2) they have higher pressures than the ISM or their natal cloud
and 3) they are supersonically turbulent and can remain in this state as they form
stars [Tan et al., 2014]. Disks form due to angular momentum conservation in the
same way as low-mass star formation, and this added midplane density component
channels radiation towards the poles where jets and outflows are formed. These
models produce evolutionary timescales of 10°yr with a stronger dependence on
surface density (¢ ~ Zj/ 4 ) than mass (¢ ~ Mi / 4).

Krumholz et al. [2009] have shown through 3D radiation-hydrodynamic simula-
tions of such cores that radiation pressure can escape through optically thin bubbles
in the environment, meaning that accretion is not halted. Kuiper et al. [2011] and
Kuiper and Yorke [2013] show that the disk also shields itself against radiation,
again allowing accretion and removing the upper limit on the mass of stars. Other
core collapse models have been performed by Rosen et al. [2016]. Through 3D
radiation—-hydrodynamical simulations they utilised an algorithm that simulated the
absorption of the direct radiation field in order to obtain an accurate solution for
the radiation pressure. They again found that radiation bubbles can cause Rayleigh-
Taylor instabilities which alleviate radiation pressure, similar to Krumholz et al.
[2009]. This applies in cases of both turbulent and laminar flow and the bubbles
make the disk more susceptible to fragmentation, allowing the generation of several
low—mass companions. However, no outflows, magnetic fields or photoionisation
were included in their models.

One limitation of core-collapse models is that they do not account for the pos-
sibility that a larger core could potentially fragment into smaller stars as predicted

by models by Dobbs et al. [2005]. The Jeans’ mass is less than one solar mass for
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a typical molecular cloud [Carroll and Ostlie, 1996]. It should then follow that a
very large cloud of, say, 100M, should form one hundred solar mass stars instead
of a larger protostar. One possible solution is that the luminosity of the accreting
protostar raises the temperature to hundreds of Kelvin within a radius of a few thou-
sand astronomical units (au), significantly increasing the Jeans mass and suppressing
fragmentation. Fragmentation is not observed in the calculations of Krumholz [2006]

and Krumholz et al. [2007].

Hosokawa et al. [2010] created a number of models of massive forming stars with
the high accretion rates expected from turbulent core models. The timescales of their
models are short, meaning that the energy generated by accretion cannot be efficiently
dissipated through radiative cooling. Accretion becomes almost adiabatic, resulting
in an increase in opacity as the mass enlarges. The stellar temperature subsequently
drops and because the temperature is proportional to 1/+/R following the Stefan-
Boltzmann law, Hosokawa et al. [2010] produce bloated stars in their models as large
as 100R,. Eventually in their models the opacity decreases, the stellar luminosity
increases, and the Kelvin—Helmholtz timescale for stellar contraction decreases. The
protostar eventually continues its collapse as expected until it can begin burning
hydrogen in its core and it reaches the ZAMS. The Hosokawa et al. [2010] bloated
models can therefore explain how massive forming stars can have large luminosities

but not reach temperatures high enough to form associated ionised regions.

1.2.2 Competitive accretion

In monolithic collapse, competition for material only exists if a multiple system is
formed within a core. In competitive accretion, this competition shapes the evolution
of all the stars within a forming cluster. The competitive accretion model postulates
that massive stars form via accretion onto small protostars that form from the initial

gravitational collapse. It assumes that 1) a large reservoir of gas is available from the
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clump for accretion 2) this gas is not hampered by the presence of magnetic fields
and 3) the gas is under the same gravitational acceleration as the cores. The idea was
first discussed by Zinnecker [1982] and has been modelled extensively (e.g. Bonnell
et al. [1997]). The type of accretion included in this model is Bondi-Hoyle accretion
which describes spherical accretion onto a compact object traveling through the
interstellar medium. Accretion from the clump onto the protostars is assumed to

occur at a rate described by:

M = nR*pv (1.6)

where p is the ambient density, v is the relative velocity of the stars and R? is the
accretion radius. Two scenarios were modelled by Bonnel et al.; a star dominated
regime and a gas-dominated regime. The star-dominated regime is argued to better
apply to massive star formation [Bonnell et al., 2001], with the massive stars settling
towards the centre of the clusters where high ambient gas densities are fed by infall
from the wider clump. Accretion is weak at first, attracting material close to the
core, but the influence of the cores expands as they gain mass, extending to more
distant areas of the clump. The ultimate mass of the core will depend more on its
location within the clump (or its potential area for retrieving material) rather than its
initial mass. Disks are expected as part of the accretion methods within competitive
accretion models, but these are smaller than those in core-collapse models. Accretion

is eventually expected to stop due to stellar feedback or fragmentation.

1.2.3 Stellar collision

The final model, the stellar collision model, has also been investigated through
simulations [Bonnell et al., 1998]. It proposes that massive stars form through direct
collisions of low mass stars. Since merging protostars are optically thick they are

unaffected by the feedback from radiation pressure, avoiding this potential problem.
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For collision rates to be in agreement with stellar evolution timescales, exorbitant
stellar densities >10%pc ™3 would be required (e.g. Baumgardt and Klessen [2011]).
Thus far simulations including gas accretion and N-body stellar dynamics show that

collisions often result in the formation of just a couple of very large sources.

1.3 Observable phases of massive star formation

Various structures are observed which have been determined to be different parts of
the massive star formation process. Simply put, massive star formation is suspected

to occur through:

1. The collapse of a giant molecular cloud (GMC) into filaments and cores
2. The collapse of cores into protostars

3. A period of accretion where the protostars gain mass from their surrounding

environment

4. A period of disruption as the feedback from the (proto)stars echoes through

the surrounding environment

as stated by Zinnecker and Yorke [2007]. In this section each of these stages are

addressed.

1.3.1 Giant molecular clouds and filaments

As introduced in Section 1.1, giant molecular clouds (GMCs) present the first stage of
massive star formation, which then collapse under gravity resulting in fractal density
structure on small scales in the form of filaments and high density clumps [Williams
et al., 2000]. Figure 1.3 shows each of these stages in one star forming environment.

Very few GMCs have been shown to be devoid of star formation [Maddalena and
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Fig. 1.3 The W3 giant molecular cloud as imaged by PACS (Herschel) [Rivera-
Ingraham et al., 2013]. In the box a filament can be seen, with bright cores forming
within it. Credit: ESA.
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Thaddeus, 1985]. There is debate as to whether some GMCs appear inactive due
to source confusion and Blitz [1993] state that with this consideration the youngest
10% of GMCs could not be forming stars. It is thought that the feedback of massive
O and B stars disrupts GMCs, shortening their lifetimes [Blitz and Shu, 1980] and it

is likely that GMC:s are transient objects that are dissipated by star formation.

Observations from the Herschel Telescope Gould Belt Survey [André et al., 2010]
have shown that massive filaments are ubiquitous features of GMCs. Filaments are
of similar temperatures to their natal GMCs (~10K) and are long (~1-100pcs) and
thin (~0.1pc) in structure [Jackson et al., 2010]. If a filament is dense to the point
where its mass per unit length is greater than the critical line mass of isothermal

structure, it can fragment into cores.

1.3.2 Cores

Massive starless cores, or infrared dark clouds (IRDCs), have been found by both
the Infrared Space Observatory Camera (ISOCAM) [Perault et al., 1996] and the
Midcourse Space Experiment (MSX) [Egan et al., 1998]. Rathborne et al. [2006]
performed an imaging survey of 38 IRDCs at 1.2mm and found all of them to contain
at least one compact (<0.5pc) core. The slope of the core mass function in IRDCs
is determined to be 2.1+£0.4, similar to that of the stellar IMF, and their deduced
SFR is 2 M, yr~! (close to the Galactic SFR), suggesting they must be forming stars.
Spitzer has also been used to study cores, with Evans et al. [2003] using 400hrs
of observing time with the IRAC, MIPS and IRS instruments to investigate star
formation from the earliest stages of molecular cores. More recently, Henshaw et al.
[2016] and Henshaw et al. [2019] presented evidence of filamentary structure for
two IRDCs, implying that massive starless cores are susceptible to fragmentation

and future star formation, despite their quiescent appearance.



1.3 Observable phases of massive star formation 17

The hot molecular core (HMC) constitutes the next observable phase of massive
star formation. They can be detected using submillimetre emission lines, generated
by the reactions of complex molecular species on the surface of their dust grains
enabled by their higher temperatures. Cesaroni [2005] find that HMCs lie in the
centres of parsec-sized clumps where the density and temperature are highest and

that their masses are comparable to those of embedded clusters.

1.3.3 Massive Young Stellar Objects (MYSOs)

A massive young stellar object (MYSO) is a relatively short evolutionary phase
towards the end of the hot molecular core phase. MYSOs are deeply embedded and
therefore not visible in the optical, but are mid-infrared bright. Their centimetre
continuum emission is weak, indicating that they cannot be sufficiently ionising their
surrounding material. Bipolar outflows are ubiquitous around MY SOs, implying
that accretion is ongoing, making them ideal candidates for studying the physics
and nature of the accreting regions of massive stars (Oudmaijer and de Wit [2014],
Lumsden et al. [2013]).

Evidence of accretion disks is slowly arising for MYSOs. Ilee et al. [2013] found
evidence for disks around a number of MY SOs by successfully fitting Keplerian disk
models to CO first overtone bandhead emission. Through K-band interferometric
observations and radiative transfer modelling, Kraus et al. [2010] detected a compact
disk at scales of ~10au around the MYSO IRAS 13481-6124, confirming observa-
tionally that an accretion disk could exist around an MY SO. Disks have also been
observed at larger scales. For example, Johnston et al. [2015] and Ilee et al. [2016]
present findings of Keplerian-type disks of 12M, and 1-2M;, respectively around
two MYSOs. Beltran and de Wit [2016] present a detailed examination of the types
of the disk-like objects around varying sizes of protostar, including MYSOs, and their

accretion properties. Caratti o Garatti et al. [2017] detected an accretion event around
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the MYSO S255 NIRS 3, observing a radio burst after a maser/IR accretion event
and interpreting this as an accretion event of the order 10> Myr~! and Cooper et al.
[2013] detected near-IR line tracers indicative of accretion processes. The objects
also display activity from powerful jets (e.g. Purser et al. [2016]), winds (e.g. Bunn
et al. [1995]) and outflows (e.g. Shepherd and Churchwell [1995]) which are also
associated with accretion-ejection processes.

The study of the aforementioned features within the environments of MYSOs has
been limited by their large typical interstellar extinctions (A,=42 mag median found
by Cooper et al. [2013]), large distances (of order kpc) and their rarity. Systematic
studies have been difficult and only the highest resolution instruments resolve the
spatial scales required to study MYSOs in detail. One of the first attempts to
catalogue MY SOs used the IRAS satellite [Neugebauer et al., 1984] and Campbell
et al. [1989] identified 115 YSOs from IR colour selection criteria. Molinari et al.
[1996] and Molinari et al. [1998] performed follow-up studies to this work using
NH3 and radio observations of the IRAS sources, but only studied sources over
30° north of the celestial equator and those 1’ away from HII regions, meaning a
number of MYSOs were excluded. Follow-ups with far-infrared, radio continuum,
molecular line data and masers were performed by Sridharan et al. [2002] and
Beuther et al. [2002b]. Here, objects with similar densities and luminosities to UCHII
regions and low-radio fluxes (<25mly, to avoid confusion with UCHII regions) were
the focus, but again due to their restrictions the study resulted in a bias against
sources inside large HII regions or wider star forming areas. They found only some
MYSOs display maser emission and that the types of maser transition vary across
MYSOs, implying that the molecules producing maser emission are being destroyed
throughout the MYSO phase. As a result, methods which use maser detections
as a way of cataloguing MYSOs may be at risk. Robitaille et al. [2008] used the
GLIMPSE point source catalogue (with colour selection criteria) to identify 11000

candidate YSO sources across the mass range, but no follow-up studies have been
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performed to prove that planetary nebulae and HII regions are not also included in
the data set. Churchwell [2006] and Churchwell et al. [2007] found 600 HII regions
and bubbles in GLIMPSE data and that 10% of these had associated YSOs and 12%

displayed a morphology suggestive of triggered star formation.

The Red MSX (Midcourse Space Experiment) Source survey was designed to
catalogue as many young massive protostars as possible within the galactic plane
of our galaxy. The objects were classified by colour using the criteria of Lumsden
et al. [2002] and approximately 2000 candidates were found. Follow-up observations
were performed to exclude other objects which satisfied the colour requirements
such as planetary nebulae (PNe), UCHII regions and evolved stars contaminated the
sample. UCHII regions produce radio emission and can be resolved at 1" resolution
in the MIR. This meant that radio continuum observations [Urquhart et al., 2007a,
2009] and MIR observations [Mottram et al., 2007] could be used to remove them
from the sample. Evolved stars are surrounded by dust but this takes the form of a
shell as opposed to the continous envelope/core expected for massive forming stars.
As a result, their continua are bluer, allowing them to be separated from the MYSO
sample [Cooper et al., 2013]. Ultimately, ~650 MY SOs were found. The kinematic
distances were determined using '>CO line emission observations [Urquhart et al.,
2007b, 2008, 2012] and Mottram et al. [2011a] estimated their luminosities using
the grid of model SEDs generated by Robitaille et al. [2007]. Mottram et al. [2011b]
also estimated the number of objects per unit volume per unit luminosity across
the galaxy (the Galactic luminosity function). The main results of the survey are
presented in Lumsden et al. [2013]. All the aforementioned calculations and data
are available as part of the RMS database, supplemented with public data from
other surveys such as the SCUBA (Submillimetre Common-USer Bolometer Array)
Legacy Catalogue, ATLASGAL (Atacama Pathfinder EXperiment Telescope Large
Area Survey of the Galaxy) and UKIDSS (UKIRT IR Deep Sky Survey). The RMS
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survey database therefore provides a comprehensive, multi-wavelength source of

information for many MYSOs.

1.3.4 HII regions

HII regions occur in a variety of different sizes but are all essentially structures
created by the ionisation of hydrogen in massive protostellar environments. Hyper-
compact HII regions (HCHIIs) are the first to form when pockets of ionised gas
form near the star (potentially coinciding with the photoevaporation of a protostellar
disk). This phase is observable through broad radio recombination lines and their
sizes are of order ~0.01pc/5000au [Kurtz, 2005]. Ultracompact HII regions (UCHII)
can contain multiple stars and occur when the ionisation spreads and disrupts the
natal cloud. They are therefore much larger in both size and mass than HCHIIs, with
ionised masses ~10 times larger and densities a factor of 100 lower than HCHIIs.
Hydrogen recombination line widths are observed for UCHIIs of order 10km/s
[Hoare, 2005], while HCHIIs line widths are ~75km/s [Kurtz, 2005]. Strong radio
free-free emission is observed from both compact HII regions (<0.5pc) and classical
HII regions, which are huge bubbles of ionised material at scales of 100s of parsec

[Kurtz, 2005].

1.4 Ground-based observing in the mid-infrared

As stated in previous sections, MYSOs are embedded sources. While this makes
them invisible at optical wavelengths, the irradiated dust of their circumstellar envi-
ronments emits in the infrared, providing an opportunity to observe them. Infrared
space telescopes such as Herschel have provided high-sensitivity images of MYSOs
(e.g. Olguin et al. [2015]), but space telescopes (even the soon to be launched JWST)

cannot be built to such a size that allows them to reach the spatial resolution required
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to study the local environments of massive star formation at milliarcsecond scales.

Therefore the most powerful infrared observatories are currently ground-based.
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Fig. 1.4 The transmission of radiation across the mid-infrared as measured at Paranal
Observatory (see Section 1.4.3). The green line corresponds to measurements taken
with different conditions. The green line (better conditions) has precipitable water
vapour (PWV) of 1mm and the blue line (worse conditions) has PWV=3mm. Credit:
ESO user manual.

Any ground-based telescope falls victim to absorption from the Earth’s atmo-
sphere and mid-infrared radiation is particularly effected. Water has the largest effect,
with molecules such as methane, carbon dioxide, carbon monoxide, oxygen and
ozone (O3) presenting further problems. Observing at the driest site possible can
enhance infrared observing and most observatories operating at these wavelengths
are high-altitude. Even with the best Earth conditions possible, the mid-infrared
wavelength range, which is approximately between 5-30um, is almost completely
absorbed by the atmosphere save for a few select spectral windows, the N and Q band.

These two spectral transmission windows are shown in Figure 1.4. The atmosphere
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also contaminates observations by emitting in the mid-infrared. Additional back-
ground noise comes from the detectors in the instruments themselves, and cryostats

are often used to cool these to keep contamination to a minimum.

The resolution of a telescope relies on its diffraction limit and atmospheric
seeing. The diffraction limit (0) is measured as the diameter of the first Airy ring,
or the first minima in the diffraction pattern of the light as it enters the telescope.
0 o« A/D, where A is the wavelength of the incoming radiation and D is the diameter
of the telescope. For an interferometer, D is substituted for B, the projected baseline
between the telescopes. Therefore, the larger the primary mirror of a telescope or the
larger the baseline between the telescopes in an interferometric array, the smaller the
angular scales on the sky that can be resolved and the more powerful the telescope.
The atmospheric ‘seeing’ describes the sharpness of an image after atmospheric
interference and depends on wavelength.

Once a suitable observing site for infrared observing has been obtained, different
high-resolution techniques can be exploited to probe massive protostellar environ-
ments. In the subsequent subsections two such methods, interferometry and imaging,

are introduced and an observatory which can perform both.

1.4.1 N-band Interferometry

Interferometry is an observing technique which in its simplest form can be compared
to Youngs’ double slit experiment. In this experiment, wavefronts from a source of
light pass through two holes in a screen some distance from that source. As the light
passes through the holes, it is split into two new wavefronts and dispersed. If a second
screen is placed in front of the two new wavefronts a sufficient distance away, the
wavefronts will meet once again and as they do, their light will interfere. This leads
to a fringe-like pattern of maxima and minima, resulting from the overlapping of the

waves. Interferometry works in much the same way, except it is individual telescopes
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that detect the original wavefronts and then a correlator (radio) or combiner (infrared)
which brings them together to generate the fringe pattern. In 1868, Fizeau used this
phenomena to study stars and his methods allowed Stephan to find well-constrained
upper limits of the diameters of stars and this work was then used by Michelson and
Pease [1921] to measure the diameter of Betelgeuse. Over subsequent years, radio
interferometry quickly evolved (see Thompson et al. [2017] and their references for
examples) but it was not until much later through the efforts of Labeyrie [1975] that
short-wavelength interferometry was pursued as a viable technique. Several technical
advances were required before infrared and optical interferometry could be routinely
used by observers, as for many years the instrumentation was not sophisticated

enough.

When an interferometer detects wavefronts of light from a target using multiple
telescopes, the telescopes are at separate locations and the distance between them is
referred to as the baseline vector of the observations. The projected baseline (the
projection of the baseline vector onto a plane perpendicular to the line-of-sight) and
the wavelength of the observations dictate the angular resolution of the interferometer.
The larger the baseline and/or the shorter the wavelength, the smaller the scales that
can be resolved by the instrument. Once obtained, the wavefronts at each telescope
are directed to a relay system, which transmits the signal using mirrors to the detector,
where the beams are combined (Fig. 1.5). Many short wavelength interferometers
are of the Michelson type. This means that they use a beam splitter to divide and
recombine the beams from the telescopes. This optimises the optical paths between
the beams [Bass, 1995]. Delay lines are used to ensure that the signals reach the

detector at the same time.

Once the beams are combined, constructive and destructive interference occurs

between the wavefronts, leading to an interference pattern which holds the infor-
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Fig. 1.5 Schematic showing how the beams are combined in a two-telescope opti-
cal/infrared interferometer. OPD is optical path difference induced by the atmosphere,
the incident intensities from Telescopes A and B are labelled /4 and Ip respectively,
and /1 and I are the intensities from the two outputs of the beam combiner. Credit:
ESO.

mation of the observed source. The primary observable of an interferometer is the

complex visibility, which can be expressed as:

[ =Ve®=0(u,v) (L.7)
where O(u,v) is the Fourier transform of the target’s brightness distribution O(x,y).
u and v constitute the coordinates of sampled points within the Fourier plane and
can be described as u = B,/A and v = B,/A where (B,,B,) are the coordinates of the
projected baseline at that sampled point. V is the visibility of the fringes and can be

described as:

Imax - Imin
V=—"7"-—— (1.8)
Imax +Imin

where / is the fringe brightness and @ is the phase and related to position. The

visibility can be obtained either from the fringe contrast in an image plane or by
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varying the internal delay and quantifying the subsequent variations in intensity. In

the latter case the intensities are described by:

2nOPD

I =Ip1 +1p1 + 2V Ia 111 1 +®) (1.9)
2nOPD

b= Lo+ I+ 2V VIl (——— + @) (1.10)

where I} and I, are the intensities from the two outputs of the combiner, Iy is the
intensity from telescope x mixed for the channel y of the combiner, and OPD is the
path difference introduced by the atmospheric turbulence and by the modulator used
to generate interferograms. Often V2 is used as an observable instead of V, as it is

more robust to smearing effects induced by atmospheric fluctuations.

1.4.2 Mid-infrared imaging
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Fig. 1.6 Schematic showing how the images taken in the chopping and nodding
process are combined. Credit: ESO User Manual.

Mid-infrared imaging is decidedly simpler than mid-infrared interferometry
as the signal from a single telescope is handled and no combination is required.
In order to minimise contamination from the detector, imaging instruments are

cooled to close to absolute zero. In order to reduce the effects of the mid-infrared
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background of the sky/atmosphere, a technique known as chopping and nodding is
used. In chopping, two sets of exposures are taken, one including the source and
one of a piece of sky without the source. In order to be effective, the two sets must
be alternated at a faster rate than the fluctuation of the background. Background
fluctuations usually occur over several seconds resulting in chopping frequencies
of a few Hz. Chopping alone can significantly reduce the background effects, but
the optical path is not the same in both chopping directions leading to a residual
remaining background. Nodding reduces this, by moving the telescope off-source
and performing the same chopping observations as in the on—source position. Given
that there are four positions observed during this process, a partially reduced image

from a telescope will show the source four times, as illustrated in Figure 1.6.

1.4.3 The Very Large Telescope and Interferometer

Fig. 1.7 Paranal Observatory and the VLT/I. Credit: G. Hiidepohl/ESO

The Very Large Telescope and Interferometer (Haguenauer et al. [2010], Figure

1.7) performs both of these observing techniques. Operational since 1998, the obser-
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vatory harbours eight different telescopes and is operated by the European Southern
Observatory. The telescopes are located on Cerro Paranal in the Atacama Desert of
northern Chile at an altitude of 2635m. This area sees some of the driest conditions
on Earth, limiting the atmospheric effects associated with optical and infrared ob-
serving. The total wavelength range observable with the observatory is 300nm to
20um. Four of the eight telescopes are Unit Telescopes (UTs), with primary mirror
sizes of 8.2m and focal lengths of 14.4m. Each UT harbours a number of instruments
including spectrographs, imagers and spectropolarimeters and currently thirteen
different instruments are operational on these telescopes. The remaining telescopes
are called Auxiliary Telescopes (ATs) and are 1.8m in size. These telescopes are
movable and form a key-component of the Very Large Telescope Interferometer
(VLTI), allowing observations in small, medium and large configurations thanks
to their flexibility, with baseline capabilities from approximately 40-120m. The
VLTI currently uses three different instruments to perform interferometric observa-
tions (MATISSE, GRAVITY and PIONIER) and has previously been home to the

beam-combining instruments AMBER and MIDI.

1.5 Radiative transfer modelling

Modelling, or the generation of simulated environments to approximate observed
phenomena, is an invaluable tool in practically all fields of astrophysics. It creates
synthetic astrophysical situations which, when examined, can provide valuable
comparisons and constraints on real objects. Radiative transfer describes the nature
of heating, cooling and energy transport. Astrophysical systems cool by emitting
radiation, transfer energy within themselves through radiative processes and this
radiation can be observed. Radiative processes also drive photochemistry through
the photodissociation of molecules. Radiative transfer (RT) modelling is therefore an

imperative aspect of the simulation of protostellar systems. In the next subsections, a



28 Introduction

short review of radiative transfer and how it has been and can be applied to the study

of MYSOs is presented.

1.5.1 Radiative transfer: a short summary

In the absence of any intervening material or obstruction, radiation transfer essentially
describes the intensity along a beam of radiation and will remain constant as it
propagates in a certain direction. Once an interfering medium is in place, radiative
transfer describes the interaction of the ray with that medium. As a photon journeys
into a medium, three things can happen: 1) it can hit the medium and be absorbed, 2)
it can hit the medium and be scattered, or 3) it can never hit anything.

The efficiency of the medium to absorb a photon is described as the mean free
path (1), and is a function of frequency v and position s. The denser the medium, the
shorter the mean free path. The number of mean free paths the photons can travel
through the medium is the optical depth (7). If T > 1 the medium is optically thick,
if T < 1 1itis optically thin. The reciprocal of the mean free path is the extinction
coefficient, Ky, or the opacity. The optical depth between two points along a ray can

be expressed as:
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0
The intensity of an object is determined by its temperature, internal processes and
other properties. How this intensity varies can be illustrated through the radiative

transfer equation (RTE):

dly

dty

Sy = jy/Ky is the source function, where jy is the emissivity and K is the opacity.

If a system is in thermodynamic equilibrium, the intensity is uniform and equal to
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the source function, the Planck function and j, = kyBy(T). A general solution of
the RTE is given by:
Tv:T:/ /
I(ty) =1,(0)e ™ + Sy(ty)e ¥~ "dr, (1.13)
Tv:()
If the medium is uniform this means that the source function and the emissivity will

be constant, so the solution becomes:

L(t) =L(0)e ™ +S,(1—e ™) (1.14)

If the medium is optically thin the solution goes as Iy, (ty) = I, (0)(1 — 7,) + S(0) 7y
and the observer receives emission from throughout the medium. If the medium
is optically thick the solution goes as I, (7y) ~ SO and only emission from the
outer-most layer of the medium is observed. These solutions assume that there is
background intensity to some degree (Ip > 0), which is to be expected of all star
forming regions.

The scattering of photons can have large effects on the propagation of radiation
and is caused by a variety of objects from charged particles to dust grains. Scattering
can be included in the RTE (quantified as the coefficient ¢y) but the solution to the
equation in this case can only be solved numerically [Rybicki and Lightman, 1986].

Its inclusion results in an extinction coefficient which is the sum of k,, and oy.

1.5.2 The Monte Carlo method

Predicting how a single photon will behave as it moves throughout a medium, such as
a protostellar envelope, is very difficult. In order to adequately simulate a protostellar
envelope, millions of photons are often required. The behaviour of such a number
of photons can be estimated based on their statistical properties. The Monte Carlo

method uses repetitive random sampling to obtain numerical results, allowing it to
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be used to determine the position, behaviour and effects of millions of photons. It

follows this approximate procedure:

1. Emit some number of ‘packets’ (in this case, photons)

2. Track the progress of each packet through the defined medium.

3. As the packets exit the medium, capture them on a pre-defined image plane

and see how they have changed.

The photons themselves take a random ‘walk’ throughout the material - each time
they reach a dust grain or particle a random interaction will occur (an absorption,
emission or scattering) which will affect where the photon ‘walks’ next. The locations
of the photons during Step 2 are found by constantly sampling the optical depth of
the system, and the scattering and absorption of the photons is found by sampling
albedo and phase functions. This sampling makes use of probability distributions
which are a core feature of the Monte Carlo technique. In the case of astrophysics,
the probability distributions are based on properties of the dust in the grid [Whitney,
2011]. Lucy [1999] and Bjorkman and Wood [2001] present methods of determining
the temperature distribution of medium. When the photons reach the edge of the
grid their properties can be used to calculate images or SEDs. In order to make high
signal-to-noise images one can use the peel-off method (where a photon is thrust
in the direction of the observer weighted by the probability that it can travel in that
direction) or by ray-tracing (which solves the RT equation of the grid in the line of
sight).

According to the above steps, the Monte Carlo Radiative Transfer used within
this thesis can be explained as follows. A central protostar is defined in terms of its
temperature and radius and as such it will produce photons of a certain energy. These
photons will be emitted from this central protostar into a predefined dusty medium,

constituting of an envelope with outflow cavities and potentially a disk all within a
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grid which encases the system. As the photons hit the dusty material they can be
scattered, absorbed and re-emitted. When the photons reach the edge of the grid they
are projected onto a predefined image plane which can used in post-processing. The
information obtained while the photons interacted with the protostellar environment

can also be used in post-processing.

1.5.3 Applications to star formation

In the case of star formation RT modelling is employed to model irradiated protostel-
lar environments. Through the use of these models a detailed parameter space of the
simulated environment is generated, and if the model well fits the observational data
these parameters can be linked to real star forming regions. RT modelling has been
frequently exploited in the study of MYSOs. de Wit et al. [2010] and Wheelwright
et al. [2012] used 2D radiative transfer in the study of various MYSOs, simulating
N and Q band data. Robitaille [2017] presents a grid of RT models (compiled into
different groups based on different protostellar geometries) run using a code of the
authors’ making, Hyperion [Robitaille, 2011]. This code has been used in a number
of multi-wavelength studies of massive star formation such as Olguin et al. [2015].
Harries et al. [2017] combined radiative transfer modelling with hydrodynamical
modelling to study the formation of a 25 solar mass star but while the combination
of the codes produces impressive results, the combination of two already complex

codes results in model run times too long to perform work on a sample of objects.

1.6 The motivation for and structure of this thesis

As outlined previously in this chapter, the MYSO phase presents a crucial and
observable phase of the massive star formation process. Given their embedded

nature, mid-infrared studies at high-resolution are able to trace the details of MYSO
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environments. A number of studies have probed the circumstellar environments
of massive young stellar objects using mid-infrared observations in an attempt to
discern their evolutionary processes. This thesis was motivated by three such studies
in particular. The first, de Wit et al. [2007], studied the MYSO W33A by fitting
one configuration of mid-infrared interferometric data of the source and its SED
with a 1D RT model. The interferometric data had the required resolution to probe
the innermost regions of the source, unveiling its characteristics, but was limited
as only two u-v points of the full u-v plane were probed. The second study, de
Wit et al. [2010], expanded upon this work by including more configurations of
interferometric data and using a 2D RT model. This vastly improved the constraints
that could be made on the source, confining the mid-infrared emission to outflow
cavities specifically. The third work, Wheelwright et al. [2012], tested whether this
model could be applied to a number of MYSOs, by fitting the successful W33A
model to longer wavelength imaging data taken at ~20um. They found that this
model satisfied this longer wavelength data, and that the radial profiles and SEDs
from 15 other MY SOs could be successfully fit by this same model. This begs the
question - is there a model, and therefore a protostellar geometry/type, which fits all
MYSOs? The goal of this doctorate work was to determine whether this is indeed
the case by building upon the aforementioned works and increasing the complexity

of the approach.

As different processes occur at different scales, using different wavelength ob-
servations provides a more complete look of a studied source. By consolidating
observations with RT modelling, the physical properties of the protostellar envi-
ronment can be investigated and observations and theory compared. This work of
this thesis combines high-resolution MIR observations at multiple wavelengths with
SEDs and fits all these observables simultaneously using a 3D radiative transfer

code. By fitting one model to the different kinds of observation simultaneously
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the characteristics of different MY SOs are obtained on a case-by-case basis and a
consistent, comparative analysis can be performed.

The remainder of this thesis is structured as follows. In Chapter 2, the method-
ology used to study the circumstellar environments of MYSOs is described in full,
alongside the fitting results of one MYSO as an example. In Chapter 3, the results for
another source, which potentially constitutes an example of a transition disk around
an MYSO, are presented. In Chapter 4, the results for a sample of sources which
have been subject to the same analysis (the largest number of objects for which this
has been done) are shown. In Chapter 5, all the MYSOs discussed in the thesis are
analysed as a group, and the trends found between them described. Finally, the thesis

is concluded in Chapter 6.






Chapter 2

Multi-scale methodology

2.1 Introduction

As presented in Chapter 1, the massive star formation process is not clear. One of the
most critical aspects of the process which remains to be constrained is how massive
protostars accrete and arrive at their final mass. Infall and accretion happen on a
number of scales throughout the massive protostellar environment and observations
at different wavelengths, which probe these different scales, allow the study of
the important regions where these processes occur. A number of high-resolution,
single-object studies of MYSOs have been performed (e.g. Kraus et al. [2010],
Caratti o Garatti et al. [2017]), allowing investigations into these environments.
Each has provided a valuable ‘snapshot’ of the massive formation process, but
since each study utilises a different observable, methodology, modelling approach
or perspective, these cannot be directly combined nor the findings from each of
the studies directly compared. This prevents us from determining whether these
glimpses of massive star formation are indicative of the wider evolutionary sequence
or whether they are special cases. Groups of massive stars have been studied in single
works (e.g Boley et al. [2013]) however working with larger samples means it is

more difficult to employ a time-consuming, in-depth analysis, and as a result studies
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often use simpler models (e.g. geometric vs. full radiative transfer) and are limited
to simply commenting on the group of MY SOs rather than reliably constraining their
individual characteristics.

Longer wavelength observations in the sub-millimetre and millimetre regimes
probe cool material that is further from the protostar. Shorter wavelength observa-
tions in the infrared (IR) trace the inner regions of protostellar environments, which
are hotter due the presence of accretion luminosity and their proximity to the central
protostar. Millimetre wavelengths observation for example trace material of ~10K,
while infrared radiation at 10um traces material at ~280K. Spectral energy distribu-
tions (SEDs) contain multi-wavelength information and as such have the potential
to trace a protostellar environment from its smallest to largest regions. However
SEDs provide no information on the geometry of a source. For example, it is not
immediately evident whether millimetre wavelength emission is coming from a cool
massive toroid or just the envelope from examining an SED alone. Spatially resolved
observations are required to break the SED degeneracy and confirm the origin of
protostellar emission.

Infrared observing is particularly suited to MYSOs as they are dust-rich and
because the short wavelengths of the infrared benefit the angular resolution. Using
these benefits, a number of previous works (e.g. Linz et al. [2008], Vehoff et al.
[2008]) present studies of MYSOs using mid-IR interferometry in particular. Boley
et al. [2013] present a survey of 20 MYSOs with the MID-infrared Interferometer
(MIDI) instrument. Nearly every observed object has reasonable u-v coverage
despite the two-telescope nature of the instrument, supplemented in some cases by
aperture-masking N-band data from the Long Wavelength Spectrometer (Keck-1
telescope). Using geometrical models they derive the sizes of the emitting regions
and the elongation of the circumstellar material. de Wit et al. [2010] and de Wit
et al. [2011] investigated two MYSOs, W33A and AFGL 2136, by fitting a RT

model to the SED and MIDI visibilities, concluding that most of the mid-IR emission
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originates from the outflow cavity walls, in agreement with other works such as De
Buizer [2006]. At slightly longer wavelengths, Wheelwright et al. [2012] and de
Wit et al. [2009] present surveys of MYSOs at 20 and 24.5um respectively using
diffraction limited imaging. de Wit et al. [2009] find a shallower density distribution
than expected for their objects and postulate that this flattening could be due to
envelope rotation. Wheelwright et al. [2012] on the other hand attribute the shallow
intensity profile gradients to be indicative of emission from the outflow cavity walls,
but note that the envelope-cavity model proposed in de Wit et al. [2010] seems to
apply to the wider sample. This thesis exploits both the N and Q band data utilised
in these works simultaneously to probe multiple scales of MYSOs and see whether

one master model can replicate the environment of many MYSOs at multiple scales.

The method of this thesis aims to obtain radiative transfer (RT) models that
optimally fit high-resolution observations at 10mas scales, 100mas scales (for typical
MYSO distances of a few kpc) and the SEDs of MYSOs. The type of observations
used to trace 10mas scales is interferometric data taken with the MIDI instrument
between 7-13um. Diffraction-limited ~20-25um imaging data at 100mas resolution
was obtained using the VLT Image and Spectrometer (VISIR) and the Cooled Mid-
Infrared Camera and Spectrometer (COMICS). The Red MSX Source (RMS) survey
[Lumsden et al., 2013] and the literature were used to compile SEDs from near-
infrared to millimetre wavelengths, tracing the total flux of the observed objects. By
combining spatially resolved observations with the SED the previously mentioned
degeneracy is broken, and when the observations are consolidated with RT modelling
the geometry of the accretion regions of an MY SO can be reliably constrained. This

chapter describes the methodology in full.
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2.2 N-band interferometry with the MID-infrared In-
terferometer (MIDI) at the Very Large Telescope

Interferometer (VLTI)

MIDI is a Michelson-type, two-telescope interferometer at the European Southern
Observatory’s (ESO) Very Large Telescope (VLT), able to combine light from
the 8m Unit Telescopes (UTs) or the 1.8m Auxiliary Telescopes (ATs) into two
interferometric channels. The channels have a phase difference of 7 radians, due to
the half-reflecting combiner plate of the instrument, and the beam-combination is
done near to the pupil plane. Hence, one can subtract the two images and remove
background contamination whilst retaining the correlated flux. In order to minimise
contamination of the data due to background and instrumental thermal emission, the
optics are cooled to 35K using a helium closed-cycle cryostat and the array detector
is cooled to 10K. MIDI measures both the correlated flux and total flux in the N-
band using one of two possible dispersive elements, prism or grism (a combination
of a grating and a prism). Two modes of observation are possible - HIGHSENS
and SCIPHOT. In HIGHSENS mode the correlated and total flux measurements
are taken sequentially as opposed to SCIPHOT mode where a beam splitter is
used to simultaneously measure the individual beams from each telescope and the
combined/interferometric beam. For the photometric (or total flux) measurements
light is passed sequentially from each of the two used telescopes through the VLTI
optical train to MIDI, where it is dispersed and recorded on the detector. The
relative contribution of each beam to the interferometric beam is estimated, allowing

visibilities to be obtained from the correlated flux.

Most of the MIDI data used throughout this method are from Boley et al. [2013]
and the typical observing sequence for these data was as follows. MIDI can function

as an N-band imager and acquisition images could be obtained and used to period-
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ically check the beam position on the chip. Images were also taken with MIDI’s
imaging mode on occasion (without the use of its beam combiner and prism) in
order to adjust the position of the stars and maximise overlap of the images before
interferometric measurements [Leinert, 2003]. After this, the prism/grism was intro-
duced into the optical train. The used prism delivers A/AA ~ 30. Only one dataset
used within this thesis (for the object NGC 2264 IRS1 - see Section 4.1) was taken
with a grism. To find the location of zero optical path difference (ZOPD) a small
region of millimetre size around the point of path length equalisation was scanned
by varying the position of the delay lines and internally stepping the OPD over a few
wavelengths. After determining that the geometrical position of the delay-line for the
two beams was equal, the fringe tracking could be started. The mirrors within MIDI
are used to scan over a range of OPD, and after each scan the position of the fringe
packet was measured and the VLTI delay lines adjusted to re-centre the fringe packet
for the next scan. Photometric data were then recorded by blocking the light from
one telescope and then the other. For these photometric measurements, the chopping
technique is used to obtain sky and background subtraction, but no chopping is used
during fringe search and tracking as the sky signal will not correlate.

All observations were taken in the HIGHSENS mode and the photometric ob-
servations immediately followed the uncorrelated flux measurements to produce the
final visibilities. HIGHSENS measurements are useful when observing faint targets
or low visibilities, however they are limited by the sky brightness variation between
the photometric and interferometric measurements which can result in as much as
a 15% uncertainty in V2. Calibrator stars of known brightness and diameter were
observed immediately before or after the source observation in order to correct for
the internal instrumental contrast and convert the photometry to Jy. Calibrators were
chosen from Leinert [2004].

The data from Boley et al. [2013] were reduced using version 2.0Betal (8

Nov. 2011) of the MIA+EWS data reduction package [Jaffe, 2004] and their final
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reduced data are what are presented in this thesis. Calibrated correlated fluxes were
calculated from the measured instrument values of all calibrator measurements in
a single night. A wavelength-dependent calibration function relates the counts per
second of correlated flux to Jansky, takes the mean over all calibrators and allows the
calibration of the science data. The statistical error from MIA+EWS based on the
variation of the correlated flux over the time of the fringe tracking and from individual
transfer functions derived from the calibrator measurements were considered in the

total uncertainty.

In addition to the data from Boley et al. [2013], one configuration of MIDI data
from Grellmann et al. [2011] was used for one source and the MIDI data from de Wit
et al. [2010] for another. The additional data from Grellmann et al. [2011] (2005)
were taken in the SCIPHOT mode using a grism with a spectral resolution of A/AA
~ 230. The observations from de Wit et al. [2010] were observed using a similar
sequence to the aforementioned Boley et al. [2013] data, using HIGHSENS mode
and the same prism. They used calibrators from Cohen et al. [1999] as well as
version 1.6 of MIA+EWS, but the observing procedure followed was very similar
to that of Boley et al. [2013]. The correlated flux spectra were extracted from the
raw data using EWS by Grellmann et al. [2011]. An estimate of the sky background
was made and subtracted over an area corresponding to the size of the mask over
which the correlated spectra were extracted. The final spectrum is the sum of the two
geometric means of the four individual spectra and agrees with what was obtained
for the correlated flux after beam combination, thus confirming the consistency of

the derived visibilities.

MIDI was decommissioned in March 2015 to make way for the next generation

of interferometric instruments at the VLTL
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2.3 Q-band Imaging

The next size scale of the MY SO environments is traced using imaging at ~20um.
Two instruments are used, the Very Large Telescope Imager and Spectrometer for the
InfraRed (VISIR) and the Cooled Mid-Infrared Camera and Spectrometer (COMICS).

The instruments are similar but not identical and each are introduced here.

2.3.1 The Very Large Telescope Imager and Spectrometer for

the InfraRed (VISIR)

The VLT spectrometer and imager for the mid-IR (VISIR, Lagage et al. [2004]) is
mounted on the Cassegrain focus of the UT3 (although at the time of writing it is
temporarily mounted on UT4). It provides near-diffraction-limited imaging at high
sensitivity in two mid-IR atmospheric windows; the N-band between 7-13um and the
Q-band between 17-25um. The observations employed throughout this methodology
use the Q3 filter, which has a central wavelength of 19.5um and a half-band-width
of 0.4um, reaching a 0.6" resolution FWHM and observing with 0.076"/pixel. To
remove the high thermal background from the atmosphere and telescope the VISIR
detector is cooled to ~9K and short exposure times are used. The chopping and
nodding technique is performed with chopping frequencies between 2-4Hz and
amplitudes of ~13". VISIR presents two kinds of imaging mode, a normal imaging
mode where the data over each nod is averaged and a burst mode where every single
frame from each chop and nod position is saved. The burst mode can be useful for
observing quickly varying objects on the sky and for selecting the best frame for
optimal stacking. The sample of objects included in this thesis are not known to vary
and as such the normal imaging mode was used for all the observations presented
throughout this thesis. The observations followed an upgrade of the instrument.

The introduction of a new detector (a Raytheon 1024x1024 pixel Aquarius array),
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designed for space-based mid-IR observations, was introduced, providing a field
of view of 38.0 x 38.0 arcsec? with a pixel scale of 0.045 arcsec”. This improved
the instrument’s efficiency by a factor of six and increased its sensitivity by nearly
60% [Kaufl et al., 2015]. The science verification observations for this upgrade
were taken in February 2016, the same year as the VISIR observations included
in this thesis. The sensitivities of VISIR are checked against the observations of
mid-infrared calibration stars [Cohen et al., 1999] using the chopping and nodding
method discussed in the previous section.

The VISIR images presented in this thesis were reduced using ESO pipelines
version 4.3.1. The data reduction pipeline recipes combine a stack of chopped and
nodded exposures into a final image of the source and can compute the sensitivity
for standard star observations. In order to produce an image with one source (as
opposed to the 4 sources present in a combined chop/nod image) it repacks the data,

detects objects, corrects shifts and adds the frames together.

2.3.2 The Cooled Mid-Infrared Camera and Spectrometer

(COMICS)

The COMICS instrument resides at the Cassegrain focus of the 8.2m Subaru Tele-
scope (located at Mauna Kea, Hawaii) and observes with ~0.13" per pixel when
imaging at the diffraction limit of 0.3". Like VISIR, it observes in both the N and Q
band, with 5 bands between 8.8—12.4um, 4 bands between 17.7-24.5 ym and has
some additional narrow band filters (8.6uum, 11.24um, ArIll, STV, and Nell). When
imaging, COMICS uses a Raytheon 320 x 240 Si:As IBC array, which is cooled by
a Sumitomo Gifford-McMahon-type cryostat that typically operates at 7-8K. The
camera provides images at 24.5um with a pixel size of 0.13 x 0.13 arcsec? and a
field of view of approximately 40 x 30 arcsec?. The 24.5um images presented in

this thesis were taken using the Q24.5-NEW filter and the Q24.5-OLD filter, with
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the former providing a better fit to the narrow 24.5um transmission window and
being more robust to saturation than the latter. Through the COMICS data reduction
sequence flat-fielding is used to remove the effects of gain in the detector pixels,
subtraction of the chopped and nodded images is performed, the frames are added
to increase the signal-to-noise and finally flux-calibration with standard stars is per-
formed (again using Cohen et al. [1999]) to turn image counts into brightness. The
data presented here were reduced as part of de Wit et al. [2009]. The chopping and
nodding was performed in a similar way to that of VISIR, and the subsequent frames
were stacked using IRAF [Tody, 1986]. An atmospheric extinction relationship
measured on 2002/12/15 (the earliest observation) UT was 0.57 mag per airmass and
on 2003/11/12 UT was 0.56 for the Q24.5-OLD filter. The overall uncertainty in
flux calibration was estimated to be of the order of 10% with the largest contribution
assumed to originate from the absolute calibration uncertainty in the standard flux

templates.

2.4 Spectral Energy Distribution (SED)

A spectral energy distribution allows the total flux of a source to be investigated and
describes how much the source is emitting at different wavelengths. The Red MSX
(Midcourse Space Experiment) Source, or RMS, survey [Lumsden et al., 2013] that
was introduced in Chapter 1 provides a large amount of photometric information
for a number of MYSOs. Using the RMS database, the online database VizieR
[Ochsenbein et al., 2000] and the literature, fluxes were obtained from near-IR to
millimetre wavelengths to compile observational SEDs for the sources studied in
this thesis. Fluxes included those from the 2MASS, GLIMPSE, MSX, IRAS surveys
and measurements taken by instruments such as PACS (Herschel) and SIMBA.
Sources other than the main MY SO target could be contaminating the data for large

aperture flux measurements and where necessary they were not considered in the
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fitting process. This is discussed on an object-by-object basis in Chapters 3 and
4. In addition to the previously mentioned datasets the fluxes associated with the
high-resolution MIDI, VISIR and COMICS datasets are also included in the SEDs.
The total flux measurements from the MIDI instrument were calculated using the
correlated flux and visibility measurements from the reduced data sets and the fluxes
from the VISIR and COMICS data were also included. The Graphical Astronomy
and Image Analysis Tool (GAIA, Currie et al. [2014]) was used to perform aperture
photometry on the images and on other calibrator objects observed at the VLT. The
number of counts detected within the apertures were compared to the recorded fluxes
of the objects and the difference in aperture size was accounted for, resulting in a

flux density which could be added to the SED.

2.5 Radiative Transfer Modelling with HO-CHUNK

3D

Once observations have been obtained, they must be consolidated in order to relate
them to physical characteristics of the MYSOs. By generating a synthetic MYSO
environment through modelling and using this to produce simulated observables,
comparisons can be made between models and observations. Radiative transfer
modelling provides the means to simulate complex dusty environments which can
be compared to the dusty environments of MYSOs. The code used to do this in the
methodology of this thesis is the HO-CHUNK 3D radiative transfer code developed
by Whitney et al. [2013]. This code has gone through a number of updates and
was originally only 2D (as presented in Whitney et al. [2003]) and this version was
used in the number of studies of MYSOs (e.g. de Wit et al. [2010]). Various forms
of output are generated which can either be directly compared to observations or

post-processed and then compared to the observables. In this section the capabilities
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of the code and how simulated observations were generated from its output are

described.

Fig. 2.1 Schematic showing the general geometry of the models used to fit the
observational data. The protostar is at the centre of the system (within the disk), disk
accretion was included and the envelopes are infalling. The specific details of the
cavity, disk, envelope and star varied between the sources. Credit: A. J. Frost.

2.5.1 Included geometrical components

HO-CHUNK allows the user to simulate various protostellar environments. The
models used in this thesis follow a schematic of an MYSO developed in Whitney
et al. [2003]; a central protostar surrounded by an envelope, a bipolar outflow cavity
and potentially a disk. This is illustrated in Figure 2.1. This is a generalisation of the
low-mass star formation geometry of Class I objects [Shu, 1977]. Given the number
of disks present in recent observations of MYSOs (e.g. Maud et al. [2018], Johnston

et al. [2015], Ilee et al. [2018]) and the fact that outflows and dusty envelopes are
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nearly ubiquitous around MYSOs (e.g. Purser et al. [2016], Beuther et al. [2002a])
this is a reasonable approximation of the protostellar environment. The code was
designed to incorporate as accurate a geometry as possible, and presents a variety of

choices as to which of these the user can employ to replicate a source.

The protostellar envelope

Previous works find that a variety of different density distributions can be applied to
protostellar envelopes. Many authors (e.g. de Wit et al. [2009]) are able to fit models
which describe the density of an envelope as a power-law distribution to observations.
Other studies detect infall signatures in their observations of protostellar envelopes
(e.g. Ohashi [2004]), indicating that a more complex density distribution will exist
within these envelopes. The code provides the user with the option of both types of
envelope; an Ulrich (or TSC) type envelope (Ulrich [1976], Terebey et al. [1984])
which is rotating and infalling, or an envelope that follows a simple power-law

density distribution described by:

p=pir 2.1

where p; is the fiducial density at lau and a is the density exponent. The density

structure for the Ulrich-type envelope within the infalling radius is described as:
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where M., is the envelope infall rate, Rc is the centrifugal radius, i = cos6 and
Uo is the cosine polar angle of a streamline of infalling particles as r tends towards

infinity. The equation for said streamline is ug + uo(r/Rc — 1) — u(r/Rc) = 0. R¢

is set by the user and not solved for within the code. Tobin et al. [2012] also discuss
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Ulrich infall signatures and produced a plot which displays these streamlines (shown
in Figure 2.2). The centrifugal radius here is 100au, and it can be seen that the
streamlines converge to this radius. Mass will flow down the streamlines through the

infall process and collect at this radius.
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Fig. 2.2 Plots from Tobin et al. [2012] showing how the streamlines according to
Ulrich’s solution appear for an axisymmetric envelope, similar to those modelled in
this thesis. The left shows the streamlines at scales of 10000au and the right shows
their appearance at 1000au scales. Here, R¢ is 100au.

The envelope infall rate takes the value of solar masses per year and is set by
the user. It is essentially a proxy for the distribution of dust within the envelope and
therefore has large effects on the SED. The ambient floor density is the minimum
density the envelope density will trail off to at it maximum radius, so the density in
the central regions will be higher than this.

A full list of the parameters which can be specified within the envelope is given

below:

* the main dust type of the envelope
* the dust type for grains smaller than 200A

* the minimum radius of the envelope
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the maximum radius of the envelope

the type of envelope (Ulrich vs. power law)

the envelope infall rate (Ulrich only)

the centrifugal radius R¢ (Ulrich only)

the fiducial density (power-law only)

the envelope exponent (power-law only)

the ambient/floor density

Outflow cavities

Outflows are ubiquitously observed components of the massive protostellar envi-
ronment and outflow activity carves bipolar cavities out of the envelope. Cavi-
ties which are conical/streamlined and those whose walls follow a curved shape
are observed around YSOs (e.g. Padgett et al. [1999], Reipurth et al. [2000])
and both cases can be modelled with HO-CHUNK. A streamline is described by

ud+ po(r/Rc —1) — u(r/Rc) = 0. The curved cavity shape for both walls follows:

zi = z0i + a; @ (2.3)

where @ is the cylindrical radius, z; is the z-intercept for the outer cavity surface
at w = 0 and ex; 1s the exponent which defines the polynomial shape of the cavities.
The density within the cavity follows a power-law relation p = pyjq ; X r/ A full

list of the parameters which can be specified within each cavity wall is given below:
* the main dust type within cavity
o the dust type for grains smaller than 200A

* the opening angle of the surface of the cavity wall, 6
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* the z-intercept of the cavity surface at w =0
* the exponent of the cavity wall (if applicable)
* the exponent of the cavity density power-law

* the coefficients of the cavity density distribution, pf;q ;

Disks

The disks available for incorporation within the code are flared dust disks. These
follow the density of works such as Shakura and Sunyaev [1973], Lynden-Bell and
Pringle [1974], Bjorkman [1997] and Hartmann [1998] which goes as:

p=po (1—\/%> <%)aexp{%[ﬁr} (2.4)

where @ is the radial coordinate in the disk midplane and the scale height 4 increases
with radius as per i = hy(@ /R,)P.

Two disk components can be included which follow these specifications, dubbed
the ‘large grains’ and ‘small grains’ disks (also referred to as ‘disk 1’ and ‘disk
2’ respectively throughout this thesis), to allow the user to experiment with dust
distribution (an upgrade from the original 2003 version of the code). The individual
properties for each of these disks can be changed independently. The scale-height
of the disk essentially alters the volume of the disk by adjusting its flaring and
height above the midplane. The disk radial density exponent affects how the density
distribution of the disk varies with radius, and the disk scale-height exponent dictates
how the shape of the disk varies with height and radial distance.

Disk accretion can also be included in the model by utilising a hot-spot and
alpha disk section of the parameter space. Hot-spots are thought to be an important
component of magnetospheric accretion which is known to occur within Herbig and

T-Tauri disk accretion, but the lack of magnetic activity detected around massive
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stars and MY SOs makes this an unlikely disk accretion mechanism. As a result, the
decision was made to not use disk accretion in the final fitting of the MYSOs in this
thesis, although some tests were done and are discussed in Chapter 3. The reader is
referred to Whitney et al. [2013] for a full discussion of this aspect of the code.

A full list of the parameters which can be specified within the disks is given

below:

the main dust type of the disks

* the dust type for grains smaller than 200A

* the fraction of the mass of the disk composed of small grains
* the scale height of the disk, z

e the minimum radius of the disk

* the maximum radius of the disk

* the disk radial density exponent, &, which dictates the density variation of the

disk with respect to distance from the central source

* the disk scale height exponent, 3, which dictates the height of the disk with

respect to distance from the central source

In addition to these basic specifications (which applied to the single disk in
the 2003 version of the code and the two disks in the 2008 version of the code) a
variety of additional disk features were added to the 2013 version including gaps,
puffed-up rims/walls, curved inner rims/walls, warps and spirals. Warps are again,
thought to occur in low-mass disks, but given that a warp was detected in a disk
around a massive protostar by Sanna et al. [2019] it seems that some mechanism

may be able to warp massive disks too. HO-CHUNK simulates warping by adopting
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a parameterised, variable form of the scale height that ultimately lines up with the

stellar accretion hotspots but this was not experimented with during in the fitting.

Puffed-up rims are included by using a parameterisation similar to the warp
which adds to the scale height of the disk depending on cylindrical radius. Curved
inner rim/walls are handled in a similar way by subtracting from the scale height
depending on cylindrical radius. Gaps are included and Whitney et al. [2013] suggest
to set the gap density to 0.01% of the density in the disk where the gap is not present
based on their work. The position of the gap is specified in terms of au, and both the
curved and inner rims can be applied to the rims of gaps as well as the inner rim of
the disk. Spirals can also be induced and are included through a combination of the

scale height functions for warped disks, puffed up rims and curved inner rims.

Varying this parameter space

Given that there are over 50 parameters within the model which can be varied, some
decisions had to be made within the fitting process. Within the parameter space of
the envelope it was decided to start with the Ulrich-type density distribution of the
envelope given its success in the work of Wheelwright et al. [2012] and to vary the
parameters therein. It was decided that if through the variation of the Ulrich-type
envelopes parameter space no suitable fits could be found, that power-law envelopes

would then be investigated.

For the bipolar outflow cavities, the cavity opening angle and density were
widely varied. The cavity shape exponent b was experimented with during early
fitting. It was found that changing the exponent from 1.5 (curved) to 1 (streamlined)
increased the amount of ~20um emission slightly. Ultimately it was found that
no deviation from the 1.5 default exponent value was required to obtain fits to the
datasets. The density exponent was varied in a similar way, but had bigger effects

on the observables. Increasing the density exponent from O essentially increases
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the density in the bottom of the cavity, therefore making the 20 m more compact
and significantly reducing the amount of simulated extended 20uum emission. This

proved an important aspect of fitting the image profiles of barely resolved sources.

The disk parameter space is extremely large and as a result a number of param-
eters were not varied throughout the fitting. Both the disk components (large and
small grain) were utilised during the fitting. The percentage of the dust in the large
grains disk, otherwise known as the dust fraction, was also varied. The disk radial
density exponent o and disk scale height exponent 3, which dictate how the density
profile and scale height of the disk vary with r were not varied and fixed to match the
results of hydrostatic equilibrium modelling by D’ Alessio et al. [1998]. The scale
height of the disk z was widely varied. The minimum and maximum disk radii were
varied widely but the maximum disk radius and the centrifugal radius were kept
equal, as infall from the envelope will provide the material to form the disk. The
constraint on the inner rim of the disk is greater than it is for the outer radius as the
inner radius was traced by the higher resolution, more sensitive MIDI data, while the
outer radius was traced by the image profiles and SED. The capabilities of the code
which deal with 3D substructure were not heavily used throughout the modelling.
Only if a suitable fit could not be found for the majority of the MIDI fits were these
parameters investigated. Ultimately this was only the case for one source. Many
of these substructures such as puffed-up rims and curved inner rims traces exist at
scales too small to probe (<1lau) with our observables and so were not a focus of the

fitting.

2.5.2 Dust

The specific features of an MYSQO’s environment will be dependent on the specific
physical and chemical processes happening within it which in turn depend on its

composition. Different types of dust are found in protostellar environments and so
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to consider the total emission of the object, the code ascribes different dust types to
each distinct geometry. It was decided, to simplify matters, not to experiment with
different dust files throughout the fitting. The dust files used are those suggested
and used by Whitney et al. [2013] and these are described in this section. Figure 2.3

shows the opacity of each of the dust types included in the fitting process.

Four different dust types are used within the code, pertaining to different aspects
of the protostellar environment. The cavity and ‘small grains’ disk share the same
dust type, based on that of Kim et al. [1994] for the diffuse ISM (with maximum
grain sizes of 0.01um). For the envelope grains, Whitney et al. [2003] produced
a size distribution of grains in agreement with R, = 4, which is typical of dense
regions of molecular clouds [Whittet et al., 2001]. To include the effects of ices in
the cooler outer regions of the envelope a layer of water ice was included as the outer
5% of the grains’ surface. This final percentage was decided upon after variation
testing and comparison to polarisation observations in Whitney et al. [2003]. For the
large grains disk, a dust distribution based on models from Wood et al. [2002] were

used, with grain sizes ranging between Sum and 1mm.

Polyaromatic-hydrocarbons (PAHs) and very small grains (VSGs) are additional
components added to the 2013 version of the code. If these are included, dust files
which are identical to the above files are used, with the exception that they do not
include the grain population with sizes smaller than 200A as they are calculated
in a separate very small grains file. The model for these small grains is that of
Draine and Li [2007]. As most of the sources studied in this thesis are well known
and previously studied, it could be determined from infrared spectra of the sources
whether PAHs were present within the MY SO environments. The fraction of the
grains in each protostellar component is set to 0.1937; ~5% due to PAHs and ~15%
in VSGs. This is in accordance with standard Galactic abundance values as quoted

by Draine and Li [2007]. The PAHs/VSGs files were used if evidence of them was
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reported for the MYSO in the literature, and this is discussed further in Chapters 3

and 4.
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Fig. 2.3 Opacities of the different types of dust used in the RT models. Where
PAHs/VSGs were included with the code, the models indicated by dashed lines were
used instead of the those with solid lines.

The dust sublimation, or destruction, radius is calculated as I;E—Zb = (T;—‘:b)_z‘OSS
where the dust sublimation temperature is chosen as 1600K, to be consistent with
the included dust types [Barvainis, 1992]. This relationship between dust and
stellar temperature was determined analytically by Whitney et al. [2003] through
the calculation of a series of two-dimensional radiative transfer simulations of disks

around young stars, which included re-radiation and a distribution of dust grain sizes

based on Wood et al. [2002].

2.5.3 The method of radiative transfer

To solve the radiative transfer equations, HO-CHUNK code builds upon the Monte
Carlo radiative equilibrium routines of Bjorkman and Wood [2001]. The code of

Bjorkman and Wood [2001] used a numerical optical depth integrator which acts
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analytically on a predefined density. To allow the HO-CHUNK code to handle
arbitrary density distributions (which apply to features such as outflow cavities
or 3D envelopes) the Bjorkman and Wood [2001] code was employed within the
3D spherical-polar grid code of Whitney and Wolff [2002]. Each cell within the
grid effectively has a constant density, allowing the optical depth integration to
be performed in a straight-forward manner. Because this means the density only
needs to be calculated once at the beginning of the processing of each cell, complex
density formulations across the entire grid can be employed. The spacing of the grid
varies across different components of the protostellar environment. For example, for
modelling a protostellar system with an envelope and a disk, the radial spacing of
the grid in the disk regions is handled logarithmically, while the outer edges of the
envelope follow a power-law spacing.

In the models, the luminosity is produced by the central star and is absorbed,
re-emitted or scattered by the surrounding disk/envelope/cavity material. The Lucy
method [Lucy, 1999] is used to efficiently calculate the temperature and emission
spectrum in each grid cell as photons are absorbed. This method uses Monte
Carlo techniques to iteratively compute the radiative equilibrium temperature of a
material in local thermodynamic equilibrium in one to three dimensions. A radiative
equilibrium algorithm corrects for the temperature in each grid cell by calculating the
difference between the new temperature and previously calculated temperature and
energy is conserved throughout. The Henyey-Greenstein function (HGO) weights
photons by the scattering phase function (where 0 is the angle through which the
photon is forced to scatter towards the observer). The forward-scattering parameter g
and albedo w are computed at each wavelength from the relevant dust grain models.
Polarisation is calculated assuming a Rayleigh-like phase function for the linear
polarisation [White, 1979].

The Monte Carlo codes allow the production of results at all inclinations simulta-

neously. ‘Peeling-off” is also utilised (e.g. Yusef-Zadeh et al. [1984]). This process
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uses weighted photons to allow the user to obtain high resolution images at particular
inclination/direction and works as follows.

Direct photons are emitted towards the observer with weight:

Waireet = e_T/4nd2 (2.5)

where 7 and d are the optical depth and distance from the point of emission to the
observer. To calculate the scattered light contribution, a random direction is chosen
and the optical depth 7; is calculated from the point of emission to the edge of the
grid. The photons are then forced to scatter at an optical depth less than 7; sampled

from:

T=—log[l —g(1—e~™)] (2.6)

This reproduces the correct probability distribution for optical depths and ensures
that all photons scatter at least once. After this the photons are allowed to scatter
until they exit the medium or are absorbed, which is checked by comparing a random
number with the albedo at each interaction location. At each scattering location a
portion of the photon’s energy is ‘peeled-off” and directed towards the observer. The

weight of this is:

Wicarter = a(l - e_rl)e_rzHG<9) 2.7

where 7, is the optical depth from the scattering location to the observer. The

total intensity is the sum of the weights of the direct and scattered photons.

2.5.4 Simulating Observations

HO-CHUNK produces a wide variety of output after calculating the RT, and scripts

are packaged into the code which allow the post-processing of said output. Intensity



2.5 Radiative Transfer Modelling with HO-CHUNK 3D 57

images can be generated and it is from these images that the MIDI, VISIR and
COMICS data were simulated. In order to simulate the MIDI observations, model
images were generated at 7.5, 8.5, 9.5, 10.5, 11.5 and 12.5um so as to sample the
N-band wavelength regime. Images 0.52" (for UTs) or 2.29" (for ATs) in size were
generated, corresponding to the MIDI slit width, with a pixel size of ~0.01". In
previous work (e.g. de Wit et al. [2010]) the UT-airy disk was used as the field-of-
view and the model images were multiplied with a Gaussian of this size in order
to account for the effects of the telescope. For this thesis their methodology was
revised and the slit-width is used as the size of the simulated N-band images with no
Gaussian multiplication. This choice was made because the MIDI data reduction
process accounts for the effects of the telescope and removes them, meaning that
multiplying the model images to include telescope effects is not necessary, if the
final aim is to simulate the visibilities (the final product of the data reduction). It is
ultimately the slit size that determines the amount of observed emission from the
object, and as such this is used as the size of the model images.

Once the model images are generated they were post-processed in Python in
order to allow a direct comparison to the observations. Taking the fast Fourier
Transform (FFT) of the images provides a fully-filled u-v plane from which the
visibilities corresponding to the position angle and baseline of the observations can
be extracted. The position angle of the source (or its orientation) on the sky was also
taken into account at this stage, as the model images are automatically generated
with a 0° orientation. If the PA on the sky was obvious from previous work, this was
used in the consideration of the final PA. If there was no obvious way to determine
this PA (e.g. previous works show the source to be face on) and no value was stated
in the literature, the PA was varied between 0-360° in 20° intervals in order to find a
PA that allowed a good fit to the MIDI data and then narrowed down if required.

At lower densities gridding effects exist in the model images, creating ring-like

structures within the cavity. In order to quantify the effect this may have on the final
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visibilities the model images were convolved with a Gaussian with a FWHM of 10
pixels to remove any high frequency structure and then subtracted from the original
model image to isolate the rings and quantify their contribution to the emission. The
rings constitute ~4% of the overall image counts and therefore any effects they may
have on the model visibilities are negligible. These difference were included in the

errors on the simulated visibilities.

In order to simulate the Q-band images a model image of the same field of
view as the observations was generated at 19.5 or 24.5um, depending on whether
VISIR of COMICS data was available for the specific source. The model image
was then convolved with the observed PSF standard star from the same night as the
observations in order to accurately include the effects of the sky on the modelled
object. An azimuthally averaged profile was taken from the images to allow easy
comparison to the source, PSF and model. Previous works such as de Wit et al.
[2011] convolve their model images with Gaussian PSFs but it was found through the
work of this thesis that a more accurate fit, especially are larger radii, is obtainable

by using an observed PSF.

It was straight-forward to edit the SED generation routines to allow the inclusion
of the observed fluxes. To generate an SED the post-processing script written by
Whitney et al. [2013] was utilised which extracts the flux and wavelength data from
the RT output. Fluxes from the RMS and the MIDI observations were overlain on
the model SED to allow comparison. Thanks to the ‘peeling-off’ nature of the code,
SEDs could be viewed at multiple inclinations with no addition to the computation
time. The Monte-Carlo thermal file, which sets-up and executes the code and model
runs, allows the specification of the apertures generated in the SED so that they
could be aligned with those of the observations. As such, minimal additional post-
processing had to be performed in order to compare the simulated and observational

SEDs.
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2.6 Fitting Process

In the previous section the parameter space available to use throughout the fitting of
the objects was described and various choices can be made as to how to best utilise
this. The total number of variable parameters within the code amounts to ~50 and
varying all of these completely would have not been sensible, or workable, given
the number of parameters which are traceable by the observables included in the
methodology. Additionally, running codes which solve for hydrostatic equilibrium
would also take an unsustainable amount of computing time (a disk run without
solving for HSEQ runs in about 20-40minutes on a supercomputer node, whereas a
model solving for HSEQ takes a minimum of around 4hours). Given that the disk
components of the code were originally designed based on results from hydrostatic-
equilibrium calculations, it can be argued that this is indirectly taken into account
without the need for computationally expensive HSEQ modelling. Since outflows
are ubiquitous around MY SOs, no models without bipolar outflow cavities were run.
The Ulrich-type envelope was the original envelope type included in the code as
infall signatures are observed for envelopes [Ohashi, 2004] and because this type
of envelope has been successfully used in previous works (e.g. de Wit et al. [2010],
Wheelwright et al. [2012]). For no source was the fit unsatisfactory to the point
where switching to a power-law envelope was required during the fitting process. A
polynomial cavity with b=1.5 was the starting point for the fitting and, similarly, for
no source was the fit unsatisfactory to the point where the parameter space needed to

be expanded to vary this value.

The dust types for each protostellar section were kept constant, unless PAH
emission was observed in the spectrum of the sources, in which case they were
experimented with (discussed in Chapters 3 and 4). Two disk components, the large
and small grains disks or disk 1 and disk 2, were included in the fitting process.

The simplest disk geometry was always the starting point. Often, a fit could be
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found by just varying the scale heights, mass, inner and outer radii of the disks. The
radial and scale height exponents were not varied through the fitting process. Were
a fit unobtainable with the simple disk geometry, the substructures section of the
code was engaged. Puffed-up rims and curved inner rims were tested, but these had
negligible effects as all the sources are too distant for this sub-au-scale geometry
to be detectable. Spiral structures were also investigated where necessary and had
marked effects on the simulated visibilities when they harboured the majority of the
disk mass.

In terms of the observables, SEDs are degenerate (as previously discussed)
and in principle the easiest to fit, so this observable was the starting point for the
fitting process. The fitting of the MIDI and VISIR/COMICS data followed and the
simulated visibilities and profiles were checked simultaneously as each parameter
was systematically varied. Extreme testing (e.g. varying cavity angle by 25° or cavity
density by an order of magnitude) was done to determine whether an observation
was going to affect the datasets. If a change occurred in the simulated observables
the values were changed in smaller intervals to then constrain the fit and improve
the model. It was often the case that the higher the resolution of the dataset, the
more stringent the constraint on the parameters it could trace. For example, the inner
disk radius which traced by MIDI (~0.01" resolution) could be constrained down to
Sau scales, whereas the maximum disk radius and centrifugal radius (traced by the
VISIR/COMICS data of ~0.6") envelope radius could be constrained down to a few
hundred au.

Given the success of the envelope-only model of de Wit et al. [2010] in fitting
the VISIR profiles of a range of MYSOs in Wheelwright et al. [2012] and the MIDI
visibilities of MYSO W33A [de Wit et al., 2010] the same central object, envelope
and cavity parameters were used as a starting point for the modelling of W33 A
(which is discussed later in this chapter) and G305 (which is discussed in Chapter

3). The model did not immediately present a satisfactory fit, so a large portion of
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the parameter space was varied in attempts to fit the observational data. A range
of parameters were systematically tested covering the envelope properties, cavity
properties and disk properties in order to constrain the MIDI and VISIR/COMICS
fits.

2.6.1 Constraining model fits - examples from previous work

When combining a variety of observations, the balance between the fits of those
observations needs to be considered. When the SED alone is utilised, a common
method of uncertainty quantification has been the chi-square minimisation. The SED
Fitter tool of Robitaille et al. [2007], which uses a large grid of models and has been
used to analyse the data of many protostars, uses this minimisation. Once a method
is expanded past SED considerations, which as previously discussed is important
to better constrain protostellar environments, the uncertainties in the fit parameters
must be and have been considered differently. This is because different observations
at different wavelengths using different techniques will all trace different scales of
MYSO environments in contrasting ways. Few papers dedicated to MYSOs in the
literature fit RT models to more than one set of observation, but some of those which

best translate to the work of this thesis are discussed here.

One work which uses multiple types of observable and is Linz et al. [2009].
In this paper the environment of one MYSO is studied through the use of MIDI
interferometric data and an SED. They use the aforementioned SED Fitter tool to
constrain the fits on their SED and compared the model visibilities associated with
a variety of acceptable models from that process in order to decide upon their best
fitting model. A similar approach was taken in de Wit et al. [2010], where again
the SED Fitter was used to provide some quantitative analysis of the SED fits but

the overall fit between the MIDI and SED was determined by eye. Similarly, in de
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Wit et al. [2011] where one MIDI dataset and an SED were used, the overall fit was

determined by eye.

Johnston et al. [2013] modelled the SED and 2MASS image profiles of the MYSO
AFGL 2591 using a Monte Carlo radiative transfer code. The reduced combined
chi-square was calculated for the line profiles and their SEDs, giving equal weight to
each observation within the final chi-square. They studied the constraints on their
parameter space by systematically varying a few key parameters and investigating

how the chi-squared varied with each parameter.

Boley et al. [2013] determined the best fits among the 2D Gaussian models they
fit to their MIDI data by performing a grid search over their parameter space and
the chi-square minimisation. The uncertainties on the fitting parameters were found
using a Monte Carlo approach. This involved generating synthetic observations
which were normally distributed about the mean visibility of their observations and
repeating this to optimise. This was a viable approach given that only one observable
(their MIDI data) was being used in their work. In Boley et al. [2016] a variety
of different models were applied to a combined dataset of MIDI observations, T-
ReCS aperture masking data and K-band interferometric data for MYSO. Gaussian
modelling was again used to fit their visibilities and the chi-square minimisation
(as in Boley et al. [2013]) was used to determine good fits with a different fit found
for the different wavelength datasets. Temperature-gradient disk models were also
used to fit to their K-band visibilities and N-band correlated fluxes and a reduced
chi-squared was calculated across the different observations, although the weighting
of this not explicitly explained. Finally, radiative transfer models were employed
via the use of the 2003 version of HO-CHUNK [Whitney et al., 2003]. They did not
attempt to reproduce the SED throughout this modelling; only the K-band visibilities
and N-band fluxes were modelled. No errors are formalised on their final parameters

and the chi-square is not utilised.
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In Liu et al. [2019], the model grid of Zhang and Tan [2018] was used to fit the
SEDs of a number of MYSOs. Following the method of De Buizer et al. [2017]
they performed the chi-square minimisation to find five best fitting models for each
of the MYSOs. Five parameters alone were varied within the fitting process in
order to investigate how the SED is affected by models corresponding to different
evolutionary phases that occur within the turbulent core model.

The aforementioned works constitute those most similar to the work of this thesis.
Hardly any of these works calculate a global chi-square for different datasets, nor
do they derive formal errorbars on their parameters when RT codes are used. This
appears to be the inherent compromise of combining many datasets and using a
complex modelling approach. Including multiple observations and a large model
parameter space provides a much better picture of a source, but formalising the
combined error using these methods becomes unfeasible. Calculating an overall
chi-square and giving each observation equal weight, as has been done in some
of the works mentioned in the previous subsection, is not an appropriate approach
for the case of this thesis. The MIDI spectrum and VISIR profiles have dozens of
points covering a very small wavelength regime while the SED covers a wavelength
regime from 1 to 1000s of micron with a small number of data points. This means
that there will be an obvious bias within any chi-squared value calculated for the
combined datasets, in favour of the 7-13um and ~20um datasets. Another reason
to not combine the chi-squared is that each observation traces very different scales,
so similarly the innermost and smallest geometrical features of the source, which is
traced by the data-rich MIDI spectrum, will be unfairly focused on through the use
of a combined chi-square. With this in mind the data in this thesis were ultimately fit
by eye as per previous works which have handled multiple and similar observations
to this thesis such as de Wit et al. [2010] and de Wit et al. [2011]. However, the
chi-square was calculated for each observable, and in the next section the information

provided by this process is discussed.
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2.6.2 Comments on the fits of this methodology

In order to comment on the uncertainties involved in the fitting of the wide parameter
space provided by the RT code, the chi-squared was calculated for each observa-
tion. The chi-squared was calculated separately for each configuration of the MIDI
observations and then averaged. The VISIR chi-squared was calculated from the
radial profiles up to the point where the background noise exceeded the rms. The
SED chi-squared was calculated by convolving the model SED with filter fluxes
corresponding to the available data points. While the SED was the starting point
for the fitting (like de Wit et al. [2010] and Linz et al. [2009]) the SED fitter tool is
not made use of. As such the fits of these models avoid the inherent biases of the

Robitaille grid of models which are discussed at length in Robitaille [2017].

The chi-square can provide insight into how tightly constrained various param-
eters are by the methodology of this thesis. This is illustrated in this section by
plotting the chi-square against various parameters using models used during the
fitting process of the source W33A, which is discussed later on in this chapter. Fig-
ures 2.4 to 2.10 show how the fit to each different observable varies with a few key
parameters involved in the fitting process through the use of the chi-square. The
chi-square has been normalised so as to highlight the change that occurs between the

best fitting model and others as a single parameter is varied.

Figure 2.4 illustrates how the chi-square varies with minimum disk radius. When
the plots for the MIDI, image profile and SED are compared, it is evident that the
MIDI data is the only observable which can constrain the inner radius of the disk in a
model. A clear minimum is observed in the MIDI chi-square at the sublimation radius
for this particular model (which is based on that of W33 A which will be discussed
later in this chapter) but this is not observed for either the image profile or SED
chi-square. This suggests that for the 2.4kpc distance of this source, the disk is too

small in scale to have significant effects on the ~20um image profile. Additionally,
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Fig. 2.4 Plots showing how the chi-square for each observable varies with disk

minimum radius and that MIDI is most sensitive dataset to this parameter.
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this highlights the embedded nature of the MYSOs and its effect on the SED, as the
disk has negligible effects on an MYSO SED whilst being the dominant source of
emission for low-mass protostars, especially Class I and III sources. Finally this
demonstrates MIDI’s merit in determining the inner geometry of an MYSO. The
normalised chi-squared value doubles at 31au, providing an indication of the range
of possible values for this parameter. It corresponds to an error on the minimum
radius of approximately 13au.

Figure 2.5 illustrates how the image profiles at ~20um help to constrain the
cavity opening angle of the source. Whilst the MIDI and SED chi-square trail off
and therefore do not place a tight constraint on the cavity opening angle, a clear
minimum is seen in the image profile chi-square, centered on 20°. This implies that
~20um emission traces cavity wall emission which has been concluded by other
studies such as Wheelwright et al. [2012]. Considering the cavity opening angles at
which the chi-squared gets twice as bad, the cavity opening angle here is constrained
to ~4° of accuracy.

In some cases a minimum is observed across different observables showing an
overlap between the areas traceable by each observation. Figure 2.6 clearly shows
how as the cavity density exponent increases, the fit for each observable worsens for
this source. This implies that a constant density cavity best satisfies the observables,
perhaps suggesting that outflow activity is constant for this MYSO. Similarly, the
MIDI, image profile and SED chi-square all show minima in similar places when
examining the envelope infall rate (Figure 2.7). For the image profile and SED, an
envelope infall rate of 1 x 1073 Muyr~! is best, while for the MIDI this is 5 x
10~ Mo yr—!. The level of improvement for all the chi-squares between the 1 x
103 Muyr—!and 5 x 107* Moyr~! values is less than a factor of two, but given
that two observables reach a minimum at 1 x 1072 M, yr~!, this would be the final
value. Past 1073 Moyr—!, the chi-square rapidly worsens for all observables. This

is because for higher envelope infall rates, too much material is being fed into the
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centre of the environment. This worsens the fit by increasing the density of its central
regions to the point where far-IR and sub-mm emission dominates for the source,
reducing the emission at N-band and Q-band wavelengths and making the SED
resemble that of a Class 0 source as opposed to a Class I or II.

Figure 2.8 shows how each of the individual chi-squares vary with the disk mass.
The MIDI chi-square is the only one to show any obvious variation, and even this
is small when it is considered that the chi-square changes by a factor of ~4 for a
two-order-of-magnitude change in disk mass. When varying between 10, 20 and
30 solar masses, negligible variation in the chi-square is observed, even though this
change in mass will obviously have important effects for the physics of the disk. The
lack of sensitivity of the observable to disk mass is due to the fact that as the disk gets
more massive (and therefore denser since other disk parameters are kept constant
during this exercise) it will also get cooler. Eventually the density will be such that
only the innermost rim of the disk will be hot enough to be re-radiating at MIDI
wavelengths and the rest of the disk will be emitting at much longer wavelengths.
Since the geometry of the inner rim is not changing, once this disk mass is reached
the change in the MIDI emission will be marginal, which the chi-square illustrates.
Therefore, disk mass is not a property which is well constrained by the methodology
of this thesis and if anything can only be used to determine a minimum mass.

Figure 2.9 outlines another parameter that is not well constrained - the outer disk
radius. Minimal variation for each observable is found and all lower than a factor of
two. This is to be expected. The outer regions of disks have been shown to be well
traced by millimetre and sub-mm emission in studies such as Ahmadi et al. [2017],
Johnston et al. [2015] and Ilee et al. [2016], so the fact that the infrared datasets used
in this methodology do not well constrain this parameter is unsurprising.

Figure 2.10 shows how changing the scale-heights of the disks in the models
affects the fit. In the models used for this plot, two disks were used but the scale-

height for the large grains disk (the flatter disk) is plotted. The small grains disk was
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Fig. 2.7 Plots showing how the chi-square for each observable varies with envelope
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included with a scale-height double that of the large grains disk. This is done based
upon the hydrostatic calculations of D’ Alessio et al. [1998]. Figure 2.10 shows an
interesting case where increasing the disk scale-height worsens the fit to the MIDI
data but improves the SED fit. A minimum is seen for the image profile chi-square,
but given the small variation (less than a factor of two) between 0.1 and 0.3, this is not
a high level of constraint. Given the distance for the source in this example is 2.4kpc,
the disk is unlikely to be having significant influence on the ~20um emission, so
this poor constraint is understandable. The SED is also poorly constrained, as the
chi-squared varies within a factor of two across the whole parameter space. However,
increasing the scale-height exposes a larger surface of the disk to radiation from
the central source, which will lead to an increase in near-IR flux which improves
the SED fit. Increasing the scale-height whilst maintaining the same disk mass
lowers the density of the disk overall. Similarly this increase in scale-height will
provide a larger area for irradiation at MIDI wavelengths, worsening the fit to the
MIDI visibilities for this source. Even though opposing trends are observed in the
variation of the chi-square for between the different observables, it is evident that the
improvement in the MIDI when varying this parameter is the most significant. This
is again consistent given that MIDI is the most likely dataset to be sensitive to this
inner disk geometry.

Overall, it can be concluded that while the chi-squared may not be an appropriate
way to provide a blanket estimate of a fit when multiple observations that trace
different scales are used, it can assist in the determination of which observables are

key for tracing different physical characteristics of MYSOs.

2.7 Example dataset

Throughout this section the works of de Wit et al. [2007] and de Wit et al. [2010]

have been referenced, which studied the source W33A using a methodology similar
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to the one presented throughout this chapter,. The key differences between their
methodology and the one presented here are that here, the slit-width is used as the
field of view of the MIDI data (which is not multiplied by a UT Airy disk), that
different dust files are used and that the version of HO-CHUNK used in this work
has many more features. This object therefore presented a good opportunity to

demonstrate these differences and illustrate the fitting process relevant to this thesis.

2.71 W33A

W33A is a well studied source due to its plethora of ices which make it interesting
for spectral studies (e.g. Gibb et al. [2004]). de Wit et al. [2010] found that the
source’s MIDI data and SED could be satisfied by an envelope-only geometry with
two bipolar outflow cavities. llee et al. [2013] attribute the CO bandhead emission
to a 1-2au disk. Davies et al. [2010] find a Bry jet perpendicular to a disk found in
CO emission and absorption using NIR adaptive optics integral field spectroscopy.
At longer wavelengths, two large continuum sources are observed within W3, the
brighter of which is MM1 [Galvan-Madrid et al., 2010] or W33A. Maud et al.
[2017a] studied the source with ALMA to investigate whether a Keplerian disk may
be present. Their SMA data indicated a change in position of the blue-shifted and
red-shifted emission close to the peak of the continuum emission which could be
indicative of rotation and thereby a rotating disk. Ultimately they probed complex
large-scale structure, with hints of a disk at smaller scales.

The luminosity of the source is listed as 3.4 x 10*L, by the RMS survey [Mottram
et al., 2011c]. The kinematic distance to W33 A was thought to be 3.8kpc [Fatindez
et al., 2004] but water maser measurements by Immer et al. [2013] recalculate this
as 2.4+0.2kpc. In order to provide a consistent comparison to the work done in
de Wit et al. [2010] and to be consistent with the latest measurements, fits for both

distances are discussed and included. The observations for the source consist of
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Table 2.1 List of MIDI observations of W33A

Configuration Date Telescopes Projected baseline  Position angle
Label (UTC) (m) )
A 2008-06-21 UT2-UT3 42.03 15.04
B 2008-04-22 UT3-UT4 57.95 119.69
C 2008-04-21 UT3-UT4 61.08 114.57
D 2005-09-16 UT2-UT3 45.58 47.31

the MIDI observations from de Wit et al. [2010], the COMICS image presented in

Wheelwright et al. [2012] (shown in Figure 2.12) and an SED. The MIDI observations

are presented in Table 2.1 and the SED is comprised of fluxes from the RMS survey

and previous work (de Wit et al. [2010] and references therein) which are included

in the appendicies.

Fig. 2.11 Schematic of the suspected geometry of W33A overlain with the position
angles of each configuration of the MIDI data. The envelope is shown in blue, the
cavity in yellow and the disk in red.
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Fig. 2.12 The COMICS image of W33A as presented in Wheelwright et al. [2012].

2.7.2 Comparison to previous work - 3.8kpc distance

For a distance of 3.8kpc, it was found that the best fitting model of de Wit et al.
[2010] provides a satisfactory fit to the SED and COMICS data for the source, but
cannot immediately provide a satisfactory fit to the MIDI data when using the new
version of HO-CHUNK and the new method. All the visibilities are exceedingly
low and the overall profile is flat and in complete disagreement with those that
are observed. However, the MIDI fit can be improved to the point where it is of
comparable quality to the fit presented in de Wit et al. [2010] if 1) PAH emission is

included in the model or 2) if a disk is included.

PAHs were not a built-in capability of the 2003 version of the code used by de
Wit et al. [2010], however it was possible to include user-specified dust files. In
that work, dust-files from the radiative transfer code DUSTY [Ivezic and Elitzur,
1997] were used instead of the suggested dust files by Whitney et al. [2003] or

Whitney et al. [2013]. It was found that the dust files suggested by Whitney et al.
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Fig. 2.13 The observed visibilities for each configuration (black) with the simulated
visibilities for different models to show the effects different components on the
simulated MIDI data. The red data are the de Wit et al. [2010] model, the gold data
are the model when PAHs are added and the purple data are the model when a disk
is added.

[2013] without PAHs could not produce a satisfactory fit using the model of de
Wit et al. [2010]. The inclusion of PAHs increases the visibilities, improving the
fit of the envelope-only model. This could be due to the fact that that very small
grains and particles will be more easily heated by the central protostar, and that the
central regions closest to the star will be therefore hotter, brighter and present a more
compact emitting region. A PAH signature is only tentatively mentioned in Gibb
et al. [2004], however, so whether this should be an included component of the code
is debatable. The MIDI fit for the model with PAHs is shown Figure 2.13 to illustrate

the improvements PAH emission makes to the fit.

The effects of including a disk in the model on the simulated MIDI visibilities

was discussed in de Wit et al. [2010], where they included a plot displaying how
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Table 2.2 Parameters of the preferred final model for W33A

M, L, Temp. i d REW R R. M;y, fall Ocav
Mz) (Le) (XK) (°) (kpe) (au) (au)  (au) Moyr™h)  (©)
25 49270 30000 60 24 18 (R,,) 5x 10° 500 7.4 x 107* 20

the inclusion of the disk heightens the visibilities. When a disk is added to the
envelope-only model of de Wit et al. [2010] (with no PAHs) a similar increase in
visibilities is observed which vastly improves the fit to the MIDI data. Figure 2.13
also shows the improvements to the MIDI data a disk is added to the final model of

de Wit et al. [2010].

The reason why these fixes must be employed to fit the MIDI data may be due
to the differences between the methodology of de Wit et al. [2010] and that of this
thesis. To reiterate what was said earlier in this chapter, in the method of this thesis
the model images are not multiplied by a Gaussian but in de Wit et al. [2010] they
are. The inclusion of a Gaussian multiplication heightens the emission in the inner
regions of the image, essentially creating a compact component. This increases the
visibilities, with the largest changes seen outside of the silicate absorption window
(where emission is suppressed). As such, the inclusion of a Gaussian component

also has a similar effect to adding a disk or PAHs to the model.

To conclude, using the methodology of this thesis (using MIDI slit-width as the
interferometric FOV with no Gaussian multiplication) the envelope-only model of
de Wit et al. [2010] could only fit the observed visibilities if PAHs or a disk were
included. Since PAHs are not indubitably observed in the literature, they are not
carried through to the refitting procedure for the new distance of W33A, which is
discussed in the next section and supersedes the fits of this section and of de Wit

et al. [2010].
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Table 2.3 Parameters of the preferred models of W33A (cont.)

Neay Cavexp Mgy R R§%X  Dust Fraction  Scale  height
(gcm_3) (M) (au) (au) Disk 1 Disk 2
1 x 1071 0 1 18 (R,,,) 500 0.2 0.11 022

2.7.3 Best fitting model using the new distance of 2.4kpc

Immer et al. [2013] recalculated the distance to W33A as 2.4kpc using water maser
parallaxes after the work on the source by de Wit et al. had been published. This
constitutes a difference in distance of factor ~1.6 and affects all observables, and as
such changes in the model are to be expected. In this section, the source is refitted

using the methodology of this thesis and the new distance.

A test was done to see if the fit could be reproduced by simply reducing the
luminosity of the central source according to the change in the distance. When
done, the simulated visibilities for all the MIDI configurations increased between
8.5-10.5um and the visibility at 7.5um for configuration A), taking them outside of
the observed errorbars and worsening the fits. This may be because the sublimation
radius of the source will have become smaller, presenting a more compact component
for emission resulting in increased visibilities. The COMICS profile was also too
broad and the silicate absorption feature of the SED became deeper and in violation

of the observed MIDI spectra.

When improving the fit past this initial test, recent literature was taken into
account. Maud et al. [2017a] studied W33A with ALMA, tracing its wider envi-
ronment. In their work they note the turbulent and messy nature of the source and
image a spiral on scales of ~5000au. Although Keplerian signatures at the centre
of the source are weak, they also state that while they do not detect a disk on scales
of the spiral, a disk component could be viable at scales <500au. During the fitting
of this source for the work of this thesis, including a disk within the model was

experimented with, and improvements were found to the fits of the MIDI data. A
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Fig. 2.14 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding Fourier transforms (bottom row) of the best
fitting model for the 2.4kpc distance. Image size is 0.52" corresponding to the
interferometric field of view. The colour bar applies to both sets of images and
represents the number of counts.
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Fig. 2.15 The observed visibilities for each configuration (black) with the simulated
visibilities (coloured) of the preferred model for the 2.4kpc distance of W33A.
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disk can be included in the model with a maximum radius of 500au, in agreement
with the suspected scales of Maud et al. [2017a]. The disk can be made smaller than
this without violating the fits but given the size of the protostellar environment and
the suspected mass of the source, 500au is used as the final maximum disk value.
This implies that the disk’s emission from its inner regions is more important than the
emission from its outer regions, which is consistent as the outer regions of a dense
feature like a disk will be too cold to be traced by our high-resolution infrared data.
The disk is flat, with the large grains disk component scale-height set to half that of
the smaller grains disk, as discussed earlier in this chapter. The model envelope has
outflow cavities carved out at a 20° opening angle, twice that of de Wit et al. [2010],
but with a similar cavity density. The envelope infall rates are identical between
the two works. The inclination from de Wit et al. [2010] for the 3.8kpc distance
satisfies all observables for the closer distance. The model images and FFTs of the
final model are displayed in Figure 2.14, the visibilities are displayed in Figure 2.15,
the model 24.5um image and the radial profiles are displayed in Figure 2.16 and the
SED is displayed in 2.17.

2.8 Summary

In this chapter the methodology used to probe the environments of MYSOs at
multiple scales was presented. The details of the observations included in this
methodology have been described, as well as the code used to consolidate them.
Given the wide parameter space of HO-CHUNK, choices were made throughout the
fitting process as to which to focus on. The starting parameters were selected based
on the work of de Wit et al. [2010] and Wheelwright et al. [2012] and the suggestions
of Whitney et al. [2013] and varied from there. The constraint on the derived
parameter space appears to depend on the resolution of the data. A comparison was

made between previous work done by de Wit et al. [2010], who fit MIDI data and an
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the peak flux) and the radial profile (bottom) of the best fitting model for the 2.4kpc
distance.
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Fig. 2.17 The SED of the preferred final model. Data from the RMS survey is shown
as diamonds, the MIDI spectra is shown as red crosses and data points from de Wit
et al. [2010] are shown as triangles.

SED with an older version of the HO-CHUNK code, and the methods of this thesis
by refitting the source in that paper W33A. The main methodical change between
the two works is in the consideration of the field of the view when simulating the
MIDI data. It was found that their model and method could not satisfy the MIDI
data using the new version of the code and the method of this thesis, due to different
considerations of the field-of-view. Further investigation was made in to the effects
of distance on the observables as well, given than a new distance for W33 A had been
calculated since the publication of de Wit et al. [2010]. The geometry of the model
changed due to this distance change and a disk was a required component of the
model. This highlights the need for accurate distance measurements in the study of
MYSOs.

The following chapters in this thesis present the results obtained when the

methodology outlined is this chapter is applied to different MY SOs.



Chapter 3

A potential transition disk around an

MYSO

3.1 Introduction

Disks have been proven to be a crucial aspect of the low-mass star formation process.
As described in Chapter 1, disks form as a result of angular momentum conserva-
tion and allow accretion of material onto the protostar and eventually the birth of
planetesimals. Various stages of disk have been observed around low-mass stars.
Williams and Cieza [2011] detail how a disk evolves between the Class II and III
stages described in Chapter 1 and this is illustrated in Figure 3.1. The disk begins as
a large flared disk. As it starts to evolve, the disk loses mass through a combination
of accretion towards the star and far-UV (FUV) photoevaporation of the outer disk,
whose scale-height is large enough at these radii to be irradiated directly by the pro-
tostar. Simultaneously, grains within the disk collide and coalesce into larger bodies
that fall towards the midplane of the disk due to gravity and the disk becomes settled.
As the mass of the disk and accretion rate continue to decrease, photoevaporation due
to extreme-UV (EUV) photons destroys the smaller particulates in the inner regions

of the disk at such a speed that the outer disk is unable to replenish it. The inner disk
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drains on a viscous timescale (~10° years) and a hole forms between the protostar
and disk, the accretion stops and the disk dissipates rapidly from the inside out.
Once the remaining gas photoevaporates, the small grains are removed by radiation
pressure and Poynting-Robertson drag. Only large grains, planetesimals, and/or
planets are left, leaving a debris disk. The stage where the inner regions of the disk
are clearing is often referred to as the ‘transition disk’ stage (e.g. Cieza et al. [2010],
van der Marel et al. [2015]). Wyatt [2008] describes the first stage of the transition
disk as a phase where accretion is ongoing with the presence of gas but absence of
small dust grains and Tang et al. [2017], van der Marel et al. [2014], van der Plas
et al. [2017] and Fedele et al. [2017] show inner radii of order 10s of au for low-mass
transitional objects. An additional disk phase is also proposed for lower-mass stars
known as the pre-transitional disk. During this phase a very small gaseous inner
disk (scales of order 0.1au) remains close to the inner star [Espaillat et al., 2010] as
material is removed at larger radii, so the inner cleared region is referred to as a gap.
Instrumentation is now sophisticated enough that evolved disks, like the transition
disk, are being resolved around lower mass objects (e.g. van der Marel et al. [2016]),
however evolved disk stages are yet to be confirmed for MYSOs.

In this chapter, the results obtained through the application of the methodology
described in Chapter 2 to the source G305.20+0.21 are presented, which infer the
presence of a transitioning system around an MYSO. G305.20+0.21 (henceforth
G305) is located at RA 13:11:10.45, DEC -62:34:38.6 (J2000 co-ordinates). The
region that houses G305 is littered with Class II maser emission (e.g. Urquhart et al.
[2013], Hindson et al. [2010]), which has been shown to be exclusively associated
with massive star-forming regions (e.g. van der Walt [2011], Pandian et al. [2011]).
A separate compact HII region is present ~18" west of the source [Walsh, 2002],
again implying the presence of massive star formation. A very bright source is also
visible ~22" east of G305 in 870um maps from the ATLASGAL survey [Schleicher
et al., 2011]. Walsh and Burton [2006] detect '3CO and HCO+ line wings in the
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Fig. 3.1 A schematic displaying how a Class II protostellar disk system evolves into
a transition disk before becoming a Class III object. Credit: L. Pérez

area surrounding G305 implying the presence of outflows, but due to the spatial
resolution of their data they cannot discern which source would be powering these
emission features. G305 is classified as an MY SO in the Red MSX Source (RMS)
survey [Lumsden et al., 2013] and has a listed bolometric luminosity of 4.9 x 10*
L [Mottram et al., 2011d] at a kinematic distance of 4kpc [Urquhart et al., 2014a].
Krishnan et al. [2017] determine a distance of 4.1 7 kpc for a maser parallax of
0.254+0.05mas. Hindson et al. [2010] find v; gz = -42.0 kms ™! from observations of
the NH3(3, 3) line at 24 GHz, corresponding to a kinematic distance of 4.744-1.70
kpc. Walsh [2002] find G305 to have a deeply embedded near-infrared source and
determine its luminosity to be 2.5x10°L, at a distance of 4.5kpc based on IMF
models and Class II maser emission. Liu et al. [2019] included G305 (named as

G305B in their paper) in a SOFIA survey of massive star formation supplemented

by radiative transfer modelling and their findings are discussed in relation to those of
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this thesis in Section 3.5.1. The source was also included in a study of a number of
MYSOs by Ilee et al. [2013] where the CO band-head emission of the MYSO (as

part of a large sample) was modelled and the presence of a disk inferred.

3.2 Observations

Table 3.1 MIDI observations of G305.20+0.21

Config. Date/time Telescopes Projected Position Average
Label (UTC) baseline angle  visibility
(m) ©)

A 2005-06-26 01:20 UTI1-UT2 42.5 48.1 0.03

B 2005-02-27 03:35 UT2-UT3 44.7 4.8 0.03

C 2005-03-02 05:26  UT3-UT4 56.7 83.4 0.02

D 2005-03-02 06:10 UT3-UT4 58.9 93.4 0.03

E 2005-03-02 07:13 UT3-UT4 61.0 106.9 0.03

F 2005-06-24 02:46  UT3-UT4 62.3 146.7 0.01

G305 was observed in 2005 in six distinct telescope configurations using three
different telescope pairs (the details of which are listed in Table 3.1). The prism mode
was used for configurations A-D and F and the grism mode was used for configuration
E. Each configuration has a different projected baseline and position angle. In order
to help illustrate the regions of the protostellar environment each configuration may
trace, Figure 3.2 presents a VVV (VISTA Variables in The Via Lactea, [Minniti et al.,
2010]) survey Ks-band image displaying G305.20+0.21 and its surrounding area,
supplemented with a schematic labelled with each interferometric baseline. The
Ks-band image is included for illustrative purposes only and is not a part of the fitting
process. The object’s Ks-band flux is considered through the inclusion of the 2MASS
flux for the source in the SED. The observations for G305 were taken with baselines
between ~42-62m resulting with a resultant range in angular resolution of 12mas
(for a 62m baseline at 7.5um) to 31mas (for a 40m baseline at 12.5um). The MIDI

measurements of G305 show that the object has a comparatively low correlated flux
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between 7 and 8uum in the context of the full sample of MYSOs from the Boley et al.
[2013] sample. The average overall visibility for the source is 0.03 and the visibility
is not constant with wavelength but shows a clear chromatic dependency, in part
because of the strongly varying opacity within the silicate absorption wavelength
region at 9.7 micron.

G305.20+0.21 was observed with VISIR on 6/7/2016 with good sky conditions
(precipitable water vapour (PWV) was 0.78mm) at exposure times of 0.0114s with
a total time-on-target of 45 minutes. The observations followed the 2016 upgrade
to the instrument and ESO pipelines (version 4.3.1) were used to reduce the data,
accounting for chopping and nodding corrections and averaging the subsequent
frames to form one image. HD 123139 was observed as PSF standard on the night
of the observations with a measured FWHM of 0.48". The Graphical Astronomy
and Image Analysis Tool (GAIA, Currie et al. [2014]) was used to perform aperture
photometry on G305 and on three other calibrator objects (HD 169916, HD 163376
and HD 111915) observed at the VLT. The amount of counts detected within the
apertures were compared to the recorded fluxes of the objects and the difference
in aperture size was accounted for. This led to a resultant flux density for G305 of
138+7])y at 19.5um.

G305’s source fluxes were compiled from the Red MSX Source (RMS) Survey
[Lumsden et al., 2013] and the literature to create an observational SED for the object.
The included fluxes are 2MASS J, H and K band data, the WISE 3.4 and 4.6um
fluxes, GLIMPSE data at 3.6um, MSX 14 and 21 um points, the 18um flux from
De Buizer et al. [2000] (taken with the OSCIR instrument at the Cerro Tololo Inter-
American Observatory 4m Blanco Telescope) and the PACS 70um flux (obtained
through the Herschel/PACS Point Source Catalog’). No GLIMPSE 4.5um flux is
present in archival data for the source and the GLIMPSE 5.8um image is saturated
so neither are included. The WISE fluxes are the colour-corrected fluxes for a 200K

black-body emitter. Other wavelength data also exist in the form of the IRAS 60um
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Table 3.2 Fluxes used in the SED. The italicised fluxes are those omitted from the
fitting due to the considerations discussed in Section 3.2.

Source Wavelength (tm) Flux (Jy)
2MASS J-Band 1.25 (3.21+0.09) x 103
2MASS H-Band 1.662 (2.0940.1) x10~2
2MASS Ks-Band 2.159 0.113+0.004

WISE 3.4 0.293+0.005

GLIMPSE 3.6 2.23+0.07
WISE 4.6 5.71+£0.2
MSX 14 (1.104+0.07) x 102

OSCIR 18 117.53+0.3

VISIR 19.5 138+7

MSX 21 (2.66+0.2) x 102
IRAS 60 (3.1740.6) x10°
PACS 70 (1.14+0.003) x 103
IRAS 100 (8.16+1) x103
SIMBA 12000 (18.5+0.04)

and 100um data points and the SIMBA 1.2mm flux [Faundez et al., 2004]. These are
not considered in the fitting, however, due to the presence of the ATLASGAL core
(mentioned in Section 3.1) whose emission is contaminating these measurements.
As the two sources cannot be reliably separated, all flux measurements obtained
with apertures larger than 20" are discarded. The 19.5um VISIR flux and the flux

calibrated MIDI spectrum are also included in the SED fitting.

3.2.1 Fitting process

Given the success of the envelope-only model of de Wit et al. [2010] in fitting the
VISIR profiles of a range of MYSOs in Wheelwright et al. [2012] and the MIDI
visibilities of MYSO W33A [de Wit et al., 2010] the same central object, envelope
and cavity parameters were used as a starting point for the modelling of G305.
However, the model did not immediately present a satisfactory fit, so a large portion

of the parameter space was varied in attempts to fit the observational data.

http://archives.esac.esa.int/hsa/legacy/HPDP/PACS/PACS-P/PPSC/HPPSC_
Explanatory_Supplement_v2.2.pdf


http://archives.esac.esa.int/hsa/legacy/HPDP/PACS/PACS-P/PPSC/HPPSC_Explanatory_Supplement_v2.2.pdf
http://archives.esac.esa.int/hsa/legacy/HPDP/PACS/PACS-P/PPSC/HPPSC_Explanatory_Supplement_v2.2.pdf
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Fig. 3.2 A logarithmically scaled VVV Ks-band image of G305.20+0.21 (left). Two
lobes are visible separated by a dark lane. The bright point-source (noted with a
white arrow) approximately 0.3” west of the central object surrounded is a known
compact HII region. The Ks-band image is supplemented by a schematic of the
suspected MY SO geometry overlain with the position angles of each configuration
of the MIDI observations (right). In the schematic the envelope is shown in blue, the
cavity in yellow and the disk in red.
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The VVV Ks-band image shown in Figure 3.2 displays a dark lane between
two lobes. The lobes are likely to correspond to the bipolar cavities of the object,
implying a dense dusty feature lies between them. This led to the inclusion of a disk
in the model but given the size of the dark lane (~2") it is more likely a result of the
shadow of a disk on the surrounding nebulous material than the disk itself. Originally
the presence of the lane also led to a prioritisation of close to edge-on inclinations for
the source. However, close to edge-on inclinations do not reproduce well the 19.5um
image as too much emission is present in the model images from the red-shifted
cavity lobe so ultimately less extreme inclination solutions were explored. Including
a disk greatly improved the MIDI visibilities, better recreating the observed upturn
towards shorter wavelengths and increasing the visibilities in general. In order to
optimise the fit, the added disk was experimented with in a number of respects. Its
mass was varied between 0.1-10 solar masses throughout the fitting. The scale-height
of the disk was also experimented with and a flatter disk presented improvements to
the fits by improving the shape of the visibility profile. The outer radius of the disk
was changed on 500-1000au scales in accordance with the expected radii of disks
around other objects and the minimum disk radius was varied in intervals beginning
with the sublimation radius (18au). The sublimation, or dust destruction radius, is
dictated by the luminosity of the source. The chi-squared values allowed us to decide
the final MIDI fit and therefore the final, preferred model. The model images and
FFTs used to generate the MIDI visibilities are shown in Figure 3.4. Throughout
the fitting process Configuration A was consistently the most difficult to fit. In
particular, the 7-8uum visibilities proved to be systematically inconsistent with the
radiative transfer models that would match the other observables. This configuration
has the smallest baseline and is therefore the lowest resolution configuration of the
MIDI dataset. It is also the only one aligned with the outflow axis (as displayed in
Figure 3.2). The model visibilities at 7-9uum are constantly higher than the observed

visibilities meaning that the observed emission is less compact than the model
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predicts. Asymmetrical dusty structures along the outflow axis could arise from the
entrainment of material during the accretion process. As dynamical processes that
depend on local conditions are not covered by the radiative transfer model, one can
only speculate about the emission’s origin and more data are needed to interpret this
plausibly. Another potential source of this emission is entrainment from a collimated
jet. It is thought that collimated jets are associated with a number of MYSOs (e.g.
Purser et al. [2016], Beuther et al. [2002a]) and such a collimated jet would lie
along the position angle of Configuration A. A jet is not included in our model, so
dusty material that might have been swept up into such a jet and emit would not be
replicated in our simulated visibilities, again explaining the difficulties with fitting
this configuration. Given these considerations, the fitting of the other configurations
which are more likely to be accurately represented within the model were prioritised

over fitting Configuration A.

3.2.2 General observations

This section discusses the observations made while experimenting with the parameter
space of the radiative transfer code in the context of each probed scale of G305. The
distance is a parameter that affects all simulated observables. The RMS distance of

4kpc for G305 and all the following observations are made for this specific distance.

10mas scales

Any changes to the disk of the object have repercussions on the simulated visibilities
but do not affect the simulated VISIR profiles. The scale-height of the disk does
not induce large effects and changing the scale-height exponent (which affects the
curved shape of the disk at greater radii) also results in small effects. Varying the
outer radius of the disk affects the simulated visibilities between 10-13um only

and effects are small between 1000, 2000 and 3000au. This outer radius affects the
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emission at longer millimetre wavelengths, which probe the cooler disk regions, but
are not simulated in this work. The minimum disk radius has a significant effect on
the simulated visibilities, producing a range of visibility values when the minimum
radius is varied between Ry,,-125au. This is due to the fact that a large amount of
emission will be reprocessed by the inner rim presenting a turnover. As the minimum
radius increases past 100au, the visibilities decrease as more dust is cleared from
the inner protostellar regions and the model visibilities become comparable to a no
disk-model.

Adding a puffed-up rim increases the visibilities slightly at all wavelengths for
the smaller baseline configurations and at 7-8um for all configurations. This appears
consistent as the puffed-up rim provides a greater area of dust available for heating
and subsequent emission at MIDI’s observed wavelengths. Changing the inner rim
shape from flat to curved results in marginally higher visibilities for Configuration A
across the entire N-band spectrum. Since the disk is flared and the scale height at the
inner rim is small, one would expect the change in visibilities to be small, if the disk
was more toroidal then one would expect a bigger change as the curve of the inner
rim would be more pronounced.

Increasing the disk density by varying the disk mass from 1 to 5 and then 10 solar
masses while maintaining other disk parameters was also investigated. This increases
the visibilities at the extreme ends of the N-band range slightly with the most marked
effects found at 7, 12 and 13um, lowering the 7 and 8uum visibilities whilst raising
the 13um visibility, resulting in a flatter visibility spectrum. These wavelengths
are the least affected by silicate absorption so one would expect a greater change
in these regions of the spectrum. As the disk density increases the inner regions
become optically thick extending the =1 surface and lowering the visibilities. The
improvements here come at the expense of the SED fit, which sees an increase in its
70um peak and the fluxes between 1-7um. The modelled N-band visibilities hardly

change with the inclusion of disks lower than 1 solar mass. A 0.1 solar mass disk,
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i.e. a disk mass within the regime of those found in Herbig Be systems (e.g. Walsh
et al. [2014], Kama et al. [2016], Walsh et al. [2016] and Boneberg et al. [2016]),
was tried and this generated little change. From these observations it is concluded
that the N-band interferometry poorly constrains the total disk mass, which is in
agreement with Boley et al. [2016], although they provide important constraints on

the inner geometry of the disk.

100mas scales

All the disk parameters mentioned in the previous section have negligible effects
on the simulated 19.5um image. It was found that the most important influences
on the emission at this wavelength are the cavity properties, in particular the cavity
opening angle and its geometrical shape as captured by the cavity exponent (b in
Equation 1). Since the cavity density is lower than the envelope density, the material
within it will be more easily illuminated by the central object and the envelope
material in the cavity walls will bear the brunt of the stellar emission and be heated.
Therefore, the more emission from the cavity that is present, the more extended the
emission in the Q-band becomes and the greater the amount of ~20um flux. When
the cavity exponent b equals 1 it will have a conical shape as opposed to the more
curved shape of the polynomial cavity that has an exponent other than 1. Because
of this change in shape there is less flux at larger scales when modelling a conical
cavity as it is essentially narrower, presenting a smaller area of cavity wall available
for irradiation and subsequently a smaller solid angle on the sky for re-emission.
The envelope infall rate also affects the ~20um emission. Increasing the envelope
infall rate reduces the flux at larger radii. This appears consistent as more of the
envelope mass will be present at smaller radii and within a region that is traced
at mid-infrared wavelengths, as opposed to remaining in cooler outer regions that

would be better traced by radio and sub-mm data. The effect of the envelope infall



96 A potential transition disk around an MYSO

rate is less pronounced than the effects of varying the nature of the cavity walls and
it is concluded that the 20 m data is predominantly a tracer of cavity wall emission

(within the limitations of our adopted dust radiative transfer model).

The remaining factor that influences the ~20um emission is the inclination, but
this affects all types of observation. Pushing to pole-on inclinations raises the MIDI
visibilities, while decreasing the amount of ~20um flux (as one sees less of the
illuminated cavity wall) and weakening the silicate absorption feature (as the cavity
is optically thin) in the SED and a compromise needed to be found throughout the
fitting. If the inclination is increased towards 50° for this source, more 19.5um
emission from the red-shifted cavity lobe is visible in the model images that is not
observed. The ultimately adopted value for the inclination of the modelled object
is 35°. 35° was chosen as the final value because for higher inclinations the flux
short-ward of the silicate absorption feature was too great and the depth of the silicate
absorption feature in the SED was slightly too deep. This lies within the range of
inclinations found from the five best fitting models of Liu et al. [2019] and is similar

to the inclination derived in Ilee et al. [2013] of 43°.

The total flux

MYSOs are very dusty objects so one would expect the silicate absorption to be very
prominent, but the N-band spectrum for G305 displays a weak silicate absorption
feature. This implies that a closer to pole-on inclination for the model would provide
a satisfactory fit to this feature. However, the Ks-band VVV image implies the
presence of a second lobe and as such higher inclinations were trialled leading to a
final inclination of 35°. The silicate absorption feature has long been an indicator
of the extinction towards a source (e.g. Henning and Guertler [1986], Boley et al.
[2016]) and the interstellar extinction can be varied within the SED post-processing.

A small amount of interstellar extinction best satisfies the model SED’s silicate
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absorption feature, allowing it to remain small enough to fit the observed MIDI
total fluxes. The appearance of two cavity lobes in the Ks-band already implies
that the total extinction towards the source is lower than average for MYSOs, and
when compared to other MYSOs such as AFGL 2136 [de Wit et al., 2011] the
silicate absorption feature is indeed much weaker. This implies that most of the
compact (<1") N-band emission suffers very mildly from foreground dust extinction,
explaining why both outflow cones are detected in scattered light on scales of several
arcseconds. Boley et al. [2013] fit a curve to the N-band spectrum, and find an optical
depth of 719 = 0.5 in the total flux and a depth of 7j9» = 1.71 in the correlated
flux, averaged over all measurements. The authors state that the optical depth of
the silicate absorption feature can be significantly lower in the total flux than the
correlated flux and postulate that this could be due to the fact that the total flux
contains contributions of emission from all scales, while the spatial filtering of MIDI
limits this contribution. Boley et al. [2013] also fit a power-law spectrum with an
additional foreground screen of material with a column density and dust composition
(independent of projected baseline or position angle) to the correlated flux for each of
their sources. They found that G305 was one of the few sources whose correlated flux
was not adequately reproduced by this model implying that the absorbing material is
not largely uniform, detached from the scales traced by MIDI and that spatial effects

may be present.

Table 3.3 Parameters of the preferred model. The level of constraint on each of the
quoted values is discussed in Section 3.2.2.

M, L, I d Rew R R. Minfall
(Mz) (Le) (°) (kpe) (au)  (au)  (aw) (Meyr—')
25 48500 35 4 60 5x 10° 2000 7.5 x 1074

The total cavity optical depth in the line of sight (or the cavity density and path
length) also affects the silicate absorption feature. The cavity density used in de

Wit et al. [2010] of approximately 1x10~'8gecm™3 results in a very deep silicate
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Table 3.4 Parameters of the preferred model (continued). The level of constraint on
each of the quoted values is discussed in Section 3.2.2.

Ocav Neay Mgisx RIL  RP¥X  Dust Fraction Scale height A"
(°) (gem™3) (Mz) (au) (au)
12 835 x 10724 1 60 2000 1 0.1 1

absorption feature (as observed in the case of the MYSO W33A) and our final model
uses a lower density. Making the cavity opening angle greater also increases the
depth of the silicate absorption feature in the model SED and the largest the cavity
opening angle could be was 12°. This is smaller than the angles found by the fitting
Liu et al. [2019] of >27° but their data was of worse resolution.

The envelope parameters affect the SED across its wavelength range. Increas-
ing the infall rate of the envelope deepens the silicate absorption feature and also
increases the 70um peak of the model SED. Increasing the maximum radius of the
envelope factor shifts the entire SED to longer wavelengths and severely lowers the
70um peak of the SED when pushed to sizes of order 10”au (a value tried during
the extreme testing mentioned in Section 3.3). The 70um peak is an important
photometric point to fit as it essentially describes the total flux of the MYSO. The
70um flux increases because the optical thickness increases, and the colder part of
the emission becomes more substantial. Making the disk around the central object
more massive slightly increases the flux in the J, H and K bands and results in
increases of the flux at the SED peak. As such a lower mass disk provided a more

satisfactory fit.

3.2.3 Best-fitting model

The systematic variation of the properties discussed in the previous section and
the consideration of the chi-squared values for the MIDI fits finally amounts to the
best-fitting model whose parameters are shown in Table 3.3. The central protostellar

object of this model possesses a luminosity of 4.85x 10*L, for the RMS distance
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Fig. 3.3 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding fast Fourier transforms (bottom row). Each
image is 0.52" in width corresponding to the interferometric field of view. The colour
bar applies to both sets of images and represents the number of counts.

of 4kpc, which is in very good agreement with the RMS bolometric luminosity
of 4.9x10*L.. In order to satisfy the MIDI visibilities, a disk of order ~1 solar
mass is required ranging in size from 60-2000au in radius (the exact mass is poorly
constrained as discussed in Chapter 2). The envelope has a centrifugal radius of
2000au, chosen to be consistent with the outer radius of the disk, and the infall rate
of the envelope is 7.4x 10~*Myyr—!. The cavity opening angle is 12° and the cavity
density is 8.35x 1072 gcm 3.

Figure 3.3 presents the model N-band images and their FFTs for the best-fitting
model. Figure 3.4 presents the MIDI visibilities for each observed configuration
of G305, with the observed visibilities being shown in black and the simulated
model visibilities being shown in red. For all baselines, a depression in the visibility
spectrum is seen around the silicate absorption indicating that the emission region at
around those wavelengths is larger than the adjacent N-band wavelengths. Telluric
absorption impairs flux measurements between 9.3um and 10.2um and they have
been omitted. Any observations below 7.5um or above 13.3um are outside of the
N-band and compromised by atmospheric absorption, so our visibilities are plotted
between these values only. The errorbars of the simulated visibility points account

for the error induced by the artificial ring structures discussed in Chapter 2. The



100 A potential transition disk around an MYSO
0.10 0.10
A D
Baseline = 42.5m Baseline = 58.9m
00814 PA = 48175 0.08 PA = 93.4°
+\\ R
2 0.06 “\. —¥ wm ] z 0.06
3 5
S 0.04 ﬂwﬂmmmmlmﬂﬂ Mmmu S 004 I
0.02 ” mmlmmm]ﬂm ﬂ 0.02 ﬂﬂ . mﬁ‘“""
\ TELF]HTTM
0.00 0.00.
8 9 10 11 12 13 8 9 10 11 12 13
Wavelength (pem) Wavelength (um)
0.10 0.10
B E
Baseline = 44.7m Baseline = 61m
0.08¢ PA = 4.8° 0.08 PA = 106.9°
2 0.06 ] > 0.06
3 =
S 0.04 H M mm S 0.04
0.02 uﬂ 0.02
H| ]Tuﬁﬂlﬂ
0.00 8 9 lO 12 13 0.00 8 9 10 11 12 13
Wavelength (u m) Wavelength (um)
0.10 0.10
* C F
\ Baseline = 56.7m Baseline = 62.3m
0.08¢ | \ PA = 83.4° 0.08 PA = 146.7°
= 0.06 Hl mw Py 0.06 \
S 0.04 h S 0.04 \
0.02 IH ﬂﬂjm ”MM 0.02 \
llﬂl L‘ll %ﬂ[ ‘ ’H;hlm]‘
10 0.00.

0.00
7

==}
=]

Wavelength (u m)

Wavelength ,um

Fig. 3.4 Observed visibilities for each configuration (black) with the simulated

visibilities for each model image (red).
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Fig. 3.5 VISIR 19.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations.
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emission seen in Figure 3.3 is relatively extended resulting in the low visibilities
seen in Figure 3.4. The images also suggest that the inner regions of the cavity walls
become progressively fainter with wavelength (with the exception of the 9.5 and
10.5um images) with an increase in the typical emitting size and the subsequent
production of lower visibilities.

Figure 3.5 shows the VISIR image for G305, the convolved model image and
their subsequent radial profiles. The contours represent 2, 5, 10, 25 and 75% of
the peak flux and the error bars represent the rms within a given annulus. The
secondary lobe seen in the VVV Ks-band image is also visible in the VISIR image
(albeit it at low percentage contours of ~0.2% of the peak flux). Figure 3.6 presents
a combination of the two images, illustrating that their emission coincides and
confirming the location of the secondary lobe. Given the limits on the pointing
accuracy of a UT (3") there was a slight misalignment between the VVV image
and the VISIR image. However, the geometry of the brightest lobe of the source
matched between the two images and with nothing similar in the local field of view,
this was corrected for and the two aligned for the figure by eye. When a Ks-band
model image was generated for the source the secondary lobe was not visible in the
normal intensity images. However, images detailing the polarised emission, images
of the polarised flux and the Q and U Stokes images can also be generated. In these
images the second lobe is visible, implying that most of the Ks-band emission from
the secondary lobe in the VVV image is scattered light.

Figure 3.7 shows the SED. The fluxes corresponding to the MIDI fluxes are
shown as red crosses, included to assure consideration of the silicate absorption
feature at 9.7um. The blue diamonds are fluxes from the RMS, the yellow diamond
represents the VISIR flux and unfilled green diamonds represent the fluxes from the
RMS survey which were omitted due to the considerations discussed earlier in this
chapter. The near-infrared fluxes show a slightly worse fit than the rest of the SED.

G305 has an envelope which will be causing significant levels of extinction and in
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Fig. 3.6 A combined image showing the location and morphology of our VISIR
19.5um image (black contours) in comparison to the structure observed in the VVV
K-s band image. The VISIR contours are 0.2, 0.5, 2, 5, 10, 25 and 75% of the peak

flux.

reality this envelope is unlikely to be as smooth as the one presented by the model.
The envelope extinction effects will have a much larger effect on the near-infrared
fluxes than at longer wavelengths. Given this and the potential for irregularities
within the envelope material, fitting of the rest of the SED was prioritised over fitting

the near-infrared fluxes.

A temperature/density map of the modelled final MY SO is presented in Figure
3.8, displaying the simulated object at scales corresponding to the three different
kinds of observation. The final schematic for the object consists of a dusty envelope
with a low-density bipolar cavity carved out by the central protostar and a large-
grains disk. Including a small-grains disk worsened the fits of nearly all the MIDI
configurations by raising the visibilities significantly, especially in the 8-11um
range. A similar effect occurred when the scale height of the disk was increased,

highlighting that the disk of G305 must be flat.



104 A potential transition disk around an MYSO

1000.0 -

T

1000

Flux Density (Jy)
o>
o
T

0.1

0.1 1.0 10.0 100.0 1000.0
A(um)

Fig. 3.7 Model spectral energy distribution of the best-fitting model (black). Multi-
wavelength flux measurements from the RMS are represented as blue diamonds, the
yellow diamond represents the VISIR flux density and the fluxes corresponding to
the MIDI visibilities are also shown in red. The unfilled diamonds represent the
fluxes that were not considered in the fitting due to their suspected contamination.

3.3 Discussion

3.3.1 Comparisons with previous work

In this section the results presented here for G305 are compared to previous results
found for this specific source using different methods/observations and to other
MYSOs studied with similar methodologies.

The most notable difference between this final model and the starting point,
the envelope-only model of de Wit et al. [2010], is the addition of a disk. Other
significant departures from the envelope specification are the centrifugal radius,
which is 2000au as opposed to 33au, changed to match the outer radius of the added
disk. The cavity has the same polynomial shape as de Wit’s work, but in order to
successfully fit the silicate absorption feature of the SED the cavity density in our
best-fitting model is lower than that presented in de Wit et al. [2010]. The central
protostar is 30% dimmer than the central protostar required to fit W33A. The fact
that W33A does not require a disk to fit its MIDI visibilities while G305 does could

be due to their environments. de Wit et al. [2010] note that while a disk was not
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Fig. 3.8 Cut-through, side-on, logarithmically-scaled maps of the temperature and
density for the best-fitting model generated with Hochunk (plotted using IDLS post-
processing scripts written by Whitney et al. [2013]). The temperature colour-bar is
Kelvin and the density colour-bar is in gcm™3 and both are log scales. The axes for all
panels are in au. Each column of images represents a different scale, corresponding
to the observations, with the smallest scales traced by MIDI on the left, larger scales
traced by VISIR in the centre and the entire envelope displayed on the right.

visible for W33A, MYSOs viewed at smaller inclinations may reveal the presence
of a dusty accretion disk and this could be the case for G305. More recently, Maud
et al. [2017b] show that at larger scales W33As protostellar environment is very
chaotic, with the spiral-like structures wreathing their way around the central source
suggesting a highly turbulent, disturbed environment. This is the antithesis of the
environment of G305, which appears to be a very ‘typical’ YSO with clearly defined
outflow cavities and the shadow of a disk visible even in near-infrared images. One
explanation for the difference between the two MYSOs could be that W33A could
have formed a disk like G305 that was then was either disturbed post-formation by

the processes creating the spiral structures mentioned above, or alternatively that

SIDL is a trademark of Exelis Visual Information Solutions, Inc.
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the system has always been so volatile that the disk was never able to form at these
scales.

Wheelwright et al. [2012] compare ~20um profiles generated from the envelope
model of de Wit et al. [2010] to the VISIR images of a number of MYSOs. They
deduce that this model can reproduce the images and SEDs for the majority of
their sample. Adding MIDI, as done in this work, adds a stringent constraint to
the interpretation of the geometry of the source. Our analysis highlights the fact
that the VISIR data is not sensitive to the disk properties of the YSO but is heavily
influenced by the cavity properties, while the MIDI is affected by both. Given
this, it is therefore unsurprising that the envelope only model fits the majority of
their sample and this does not rule out the presence of disks around the MY SOs,
assuming they are at similar distances to G305. MIDI probes the MY SO at scales
small enough to trace disk emission, while the sensitivity of VISIR is not high
enough for such an endeavour given the MY SOs distances. This indicates that if one
wants want to identify the presence of a disk, whilst also accurately constraining the
cavity properties of MYSOs in the infrared, a combination of the two observations is
invaluable.

As mentioned briefly in the introduction, G305 was also included in a survey
of massive star formation by Liu et al. [2019]. In this work an SED of G305 was
compiled from fluxes obtained from Gemini/T-ReCS and SOFIA/FORCAST images
and was fit using their ZT radiative transfer models [Zhang and Tan, 2018] resulting
in five best-fitting models. The stellar mass and inclination of our preferred fit are
comparable to the ranges for these values listed for their five best fitting models.
Other notable parameters such as cavity opening angle differ between our two works,
but the spatial resolution of the N-band data presented here is higher and therefore
the work in this thesis is more tightly constrained on this parameter.

Within their deep, single-dish, 3.8-24.5um images a secondary source (referred to

as G305B2) can be seen ~1" to the north-east of G305 whose nature remains unclear.
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Interestingly, G305B2 is not present across the entire wavelength range, being absent
from the shorter wavelength images, with an increasing relative brightness throughout
the N-band and progressively becoming less visible again towards 24.5um. Liu
et al. [2019] mark a silhouette in their 9.7um image between G305B2 and G305
and postulate that it could be indicative of the silhouette of an inclined disk. If
this is a disk silhouette, that would imply that the inclination of the source is the
opposite to what is found in this work. Changing the inclination of the model to
its opposite (145° instead of 35°) has minimal effects on the MIDI visibilities (as
FFTs are symmetric), the VISIR radial profile (which is azimuthally averaged) and
the SED. However it does present differences for our images, as the position of the
brightest lobe is consistent only if the inclination is 35° for both the VISIR image
and the VVV image (illustrated in Figure 3.6). The cavity lobe to the south-west is
dimmer, and for a reverse inclination this would be the brighter lobe. This cavity
lobe is outside the Gemini imaging field-of-view shown in Liu et al. [2019] and
consequently was not discussed in their work. Asymmetry is also present in our
19.5um VISIR image and the Ks-band image and as such it is possible that they
trace this second source.

Earlier in this chapter the poor fitting of the MIDI data for Configuration A was
mentioned. The model visibilities were much higher than those observed, implying
that extra emission must be present that is not being produced in the model. Given
that the secondary source found in the Gemini images lies in the region of the
suspected outflow cavity, it therefore appears a good candidate for the source of
this emission. Whilst our MIDI data trace only a 0.52" area, one can assume that
if material has been entrained out to nearly 1.5", material will be also be present at
~0.5".

Given the confirmed inclination of the source from the VVV and VISIR images,
it is concluded that G305B2 is unlikely to be a coherent disk structure. The point-like

material could be entrained cavity material, fall-out from potential disk fragmentation
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or indicate the presence of a binary companion. The latter two possibilities are

addressed further in the following Section 3.3.5.

3.3.2 Definitely a disk?

In Section 3.3 it was mentioned that the unsatisfactory fits presented by the envelope-
only model from de Wit et al. [2010] and the fact that a dark lane exists between two
apparent cavity lobes in the VVV Ks-band image led to the inclusion of a disk in
the model. However, other studies find an insensitivity to disk emission and have
shown that cavity emission alone can control the N-band visibilities (e.g. de Wit et al.
[2010]). Therefore, for completeness, Figure 3.9 is presented, which includes the
best fitting model visibilities and those for the same model with no disk. The VISIR
and SED fits for the no-disk model are not added as these change minimally with
the inclusion or exclusion of a disk (see Sections 4.1.2 and 4.1.3). When the disk
is removed the shape of almost all the model visibilities violates what is observed,
especially the peak-like features observed in Configurations C, D and E between
7-8um. This implies that the illuminated cavity walls represent too large a surface
and that a compact component is required to recreate these visibilities. Configuration
F is the only configuration satisfied by the no-disk model and constitutes the worst
quality dataset of the group. It has already been stated that to satisfy the silicate
absorption feature within the SED that the cavity opening angle could not be larger
than 12 degrees. Varying the cavity opening angle is the most effective way of
changing the model visibilities in an envelope-only model, and with this limitation
in place from the SED an envelope-only model could therefore not be found which

would satisfy the N-band data as well as the present disk-including model.
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Fig. 3.9 Observed visibilities for each configuration (black) with the simulated
visibilities for the best model fit (red) and a model with no-disk (blue).

3.3.3 Testing the possibility of a bloated protostar

While the central luminosity of the protostar is crucial to successfully fitting the
SED, the radius and temperature of the central protostar can still be varied whilst
maintaining this value. One object that creates the required luminosity is a central

object with a temperature of 35000K and radius of 6R. Such properties are typical
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of an O7 zero-age-main-sequence object as defined by the work of Straizys and
Kuriliene [1981]. This central object is similar to the object used in de Wit et al.
[2010] for W33A, but is dimmer by nearly 30% due to its smaller radius (6R, as
opposed to 8R) for the same stellar temperature. One could assume that because
of the hot nature of the object that the protostar should therefore be able to ionise
hydrogen in its surrounding material and create a HII region, contrary to the literature.
It is possible to include a protostar that does not have this high temperature, thereby
maintaining its luminosity, by ‘bloating’ the star; expanding its radius and lowering
its temperature. This possibility has been modelled extensively (Hosokawa et al.
[2010] and Hosokawa and Omukai [2009]). Bloated protostars have been utilised in
the fitting of other MYSOs, namely AFGL 2136 [de Wit et al., 2011] and M8EIR
[Linz et al., 2009].

Hosokawa et al. [2010] propose the bloating of central protostars as a by product
of massive protostellar accretion where the protostellar radius swells to 30-100R,.
In order for this to occur, Hosokawa et al. [2010] required envelope infall rates
of order 10> Muyr~!, which are comparable to our model envelope infall rate of
7.4x10"*Muyr~—!. Therefore the bloating effect Hosokawa postulates is feasible
according to our analysis, if the protostellar system manages to retain a large portion
of its envelope infall rate and some accretion continues across the 60au gap.

Two models were run where the compact protostar was replaced with two dif-
ferent bloated protostars to assess their affect on our observables. Each bloated
central object had the same luminosity as their hotter compact counterpart with
the first having a radius of 30R., and a temperature of ~16000K and the second
a radius of 100R and a temperature of ~9000K, in agreement with the radii es-
timates of Hosokawa et al. [2010]. Changing the radius of the central protostar
while maintaining its luminosity has negligible effects on the VISIR profile but the
silicate absorption feature of the SED did becoming marginally deeper for the 100R

bloated star. In terms of the MIDI visibilities, differences were seen but the visibil-
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ities did not go up and down uniformly, with increases and decreases seen across
the same N-band spectrum for each configuration. The 100R, protostar showed an
average difference in visibilities of 0.0025 compared to the compact object, meaning
a percentage difference of ~6%. This did not produce significant changes except
in the case of Configuration B, where the visibilities at 9.5 and 10.5um decreased,
improving the fit. For a 30R, bloated star the average change in visibilities was
0.0018, constituting a ~4% change in visibilities compared to the compact central
object and the fit of Configuration B was again a slight improvement on the fit for

the compact source, although to a lesser degree than the 100R, protostar.

3.3.4 The weak silicate absorption feature in the SED

The weak silicate absorption and the adjustments required to fit it present further
questions about this MYSO. MYSOs are typically extremely dusty environments
(with previous works finding deep silicate absorption features in other MY SO envi-
ronments) yet the feature of G305 is weak. This implies a less dense surrounding
environment and indeed, lower cavity densities were required in order to fit the sili-
cate absorption feature of our observational SED. A weak silicate absorption feature
can be a result of a combination of emission and absorption in the environment
[Whittet et al., 1988]. Levenson et al. [2007] for example note that a deep silicate
absorption feature should be the result of a continuous optically and geometrically
thick dusty medium while a clumpy medium whose curves are illuminated by from
an outside source will have a much weaker feature as the emission compensates
for the absorption. A clumpy medium is not replicated in our modelling but it is
possible that the real-life geometry of G305 could be suited to this case. It has been
previously mentioned that there is a source that is bright at longer wavelengths which
could be illuminating the object and contaminating our flux measurements at longer

wavelengths, however this source is not bright in the mid-infrared and so one would
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not expect this illumination to be filling in the absorption feature. This combined
with the fact that a low density environment is required for successful VISIR fitting
of G305 contradicts the first case suggested by Levenson et al. [2007] and implies
that the weak silicate absorption feature is indicative of the nature of the source, not
that of outside illumination, and that this MYSO is less dense than typical examples
of its class. YSOs are believed to disperse over time, so the low density environment
of G305 implies that this dispersion has begun, and that the MYSO is evolving
from an envelope-dominated to disk-dominated system. This is supported by work
by Walsh et al. [2007], who conclude that the lack of HC3N, NH3, OCS, or H,O
emission observed by ATCA implies that G305 has evolved to the point where it has

cleared a significant portion of its surrounding material.

3.3.5 The inner cleared regions

The disk of G305 has an inner rim of 60au as opposed to the ~6-11au inner radius
of the accretion disk found by Kraus et al. [2010] around IRAS 13481-6124 using
AMBER observations - almost an order of magnitude difference in size. In order to
form a minimum dust radius of 60au through dust sublimation alone, one requires
a central object of ~5x10°L. When such a central source is included in the code
the SED fit is violated. The sublimation radius of the central YSO that best fits the
SED is ~18au. However, a model with a sublimation radius of this size results in
a much worse fit for the MIDI visibilities (with no change to the VISIR and SED).
This implies that the inner disk has been cleared out to the 60au inner radius which
best fits the observations.

Such a clearing in the inner regions is typical of the transition disk phase observed
for low-mass stars described in the introduction of this chapter, where accretion is
ongoing, with the presence of gas but absence of small dust. This is in agreement

with the dust types of the successful model which do not contain small grains or
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PAHs. Tang et al. [2017], van der Marel et al. [2014], van der Plas et al. [2017] and
Fedele et al. [2017] show inner radii of order 10s of au for low-mass transitional
objects, in agreement with the size of the inner radius of our best-fitting model.
Considering these properties and the weak silicate absorption feature discussed
previously, our work suggests that the disk surrounding G305 could present an
example of a transition disk around an MYSO. Such a disk has not been reported
around a high-mass object and if this disk is transitional in nature this has implications
for the massive star formation process, in particular its similarity to the evolutionary
sequence of low-mass objects, presenting a new observed evolutionary phase for
massive forming stars.

The presence of a pre-transitional disk is also implied by the work of Ilee
et al. [2013]. Their CO band-head emission data of G305 is satisfied by a disk of
0.6+0.3au minimum radius, suiting the small gaseous inner disk (scales of order
0.1au) remains close to the inner star expected for this phase [Espaillat et al., 2010].
Further observations of the dust and gas at small radii could confirm whether the
disk found in Ilee et al. [2013] and our work coexist and whether G305 presents an
example of this evolutionary stage.

While the exact mechanism that has caused the 60au radius gap in this disk
cannot be confirmed, various mechanisms for the clearing of the inner region have
been proposed for low-mass stars. One such mechanism which translates well to
the massive protostellar case is photoevaporation. Photoevaporation is a process
whereby high-energy radiation fields heat the uppermost layers of the disk, raising
the thermal velocities of its particles above the escape velocity [Hollenbach and Gorti,
2005] resulting in a disk wind. Given that MYSOs have typically large luminosities
it seems reasonable to consider that this may be the source of clearing for G305.
However it is the gas disk that exists within the dust sublimation radius that will be
expelled by photoevaporation and this is not considered by a radiative transfer model,

although the work previously mentioned by Ilee et al. [2013] implies that a gas disk
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still exists close to the star. Disk theory work suggests that material captured within
the resultant disk wind can either be removed from the system or be recaptured
and rejoin the disk at larger radii. It has been proposed that the mass-accretion rate
decreases with age and will eventually become equal to the amount of mass loss
from the disk [Clarke et al., 2001]. After this point, matter is solely lost through the
disk wind and is not replenished, meaning that as material from the inner regions
continues to accrete the inner regions begin to clear of material. As photoevaporation
continues, the inner hole can continue to grow as the rim is irradiated [Alexander
and Armitage, 2007]. This model predicts low mass-accretion rates and disk masses
and as a result is considered an unlikely mechanism for the formation of low-mass
transition disks. However this has not been considered for MYSOs where the relative
mass of the disk compared to the star is much smaller than in low-mass cases (for
our model of G305 the disk is 5% of the mass of the central MYSO).

Another potential source of clearing proposed for low-mass disks is viscous
evolution. The theory postulates that as gas falls towards the central protostar the
remainder of the disk spreads outwards to larger radii to conserve angular momentum
[Espaillat et al., 2014]. This gas is thought to be ‘driven’ and in the low-mass case
this is attributed to magnetohydrodynamic turbulence, which is not necessarily
expected around MYSOs who display little magnetic activity. Arce et al. [2007]
however do note the presence of turbulence within and resulting from massive
protostellar outflows at varying scales and this mechanism may therefore also present
an explanation for the cleared inner regions for G305.

Another mechanism discussed in the context of the cause of the hole in transition
disks around low-mass stars is the presence of planets. The detections of planets
around higher mass stars are few and tenuous. The NASA Exoplanet archivel
provides a comprehensive list of companions detected around other stars. 4055

companions are listed in total and of those objects 3302 have listed stellar masses (as

Thttps://exoplanetarchive.ipac.caltech.edu/
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of 19/9/19). From that subset, only 6 objects (0.229%) are 8 solar masses or larger
and the error bars on the determination of these stellar mass are vast and they could,
in fact, be low-mass stars. Given that massive forming stars are thought to reach
the main sequence in ~107yrs and that planets were not thought to form around
low-mass until the late stages of their formation (between ~10°-10"yrs) it would
seem that planets could not form around massive stars. However, more studies are
appearing that observe gaps and rings in low-mass protoplanetary disks at the Class
0/1 stages. For example, Sheehan and Eisner [2018] find that the low-mass Class I
protostar GY 91 has multiple rings within its disk and conclude that if planets were
sweeping out these rings that they must be able to form within 0.5Myrs of the disk
appearing. Harsono et al. [2018] find this implied through the absence of carbon
monoxide isotopologues. They conclude that shielding by millimetre-size grains is
responsible for the lack of emission and suggests that grain growth and millimetre-
size dust grains can be spatially and temporally coincident with a mass reservoir
sufficient for giant planet formation. Manara et al. [2018] note that the protoplanetary
disks observed around young stars do not have enough mass to form the observed
exoplanet population and propose that one implied solution to this problem is that
the cores of planets must form in less than 0.1-1Myrs. If the implications of these
works are correct, then planets may be able to at least begin to form around massive
forming stars and therefore disrupt the disk at small radii.

A potential scenario that perhaps translates better to the massive star formation
process is the possibility that a forming companion star could be sweeping out
the inner regions of the disk instead of a planet. The multiplicity fraction for
massive forming stars is estimated to be large [Sana et al., 2012], although the
specific formation mechanisms of these binaries/multiple systems is not confirmed.
Pomohaci et al. [2019] include G305 in their pilot survey of binaries and do not class
it as a multiple, but their method is suited to detecting wide binaries (separations of

400-46000au) so a companion star could still be forming within the determined 60au
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radius which they do not detect. Ilee et al. [2018] detected a body orbiting around
MM1 within the G11.92-0.61 high-mass clump using ALMA observations. They
conclude that this object, MM1 b, could be one of the first observed companions
forming via disk fragmentation based on the extreme mass ratio and orbital properties
of the system. Meyer et al. [2018] present 3D gravitation-radiation-hydrodynamic
numerical simulations of massive pre-stellar cores. They find that accretion discs
of young massive stars violently fragment without preventing accretion onto the
protostars and that the migration of some of the disc fragments migrate on to the
central massive protostar with dynamical properties comparable to a close massive
protobinary system. Given that the mass of the potential disk around G305 is not well
constrained by our infrared observations and that the disks observed around other
massive stars (e.g. Johnston et al. [2015]) have the potential to be very massive, a
forming binary companion could therefore constitute a more realistic body to disrupt
the disk at small radii. Meyer et al. [2018] postulate that FU-Orionis-type bursts
could happen at the same time as close massive binary formation, with Caratti o
Garatti et al. [2017] detecting such a burst around the MYSO S255 NIRS 3. The
secondary source, G305B2, mentioned in Section 3.3.1, appears point-like in the
single-dish images of Liu et al. [2019] and could potentially be a forming ‘proto-
companion’. If disk fragmentation is occurring, a piece of dusty material expelled
from a fragmenting disk could also cause the presence of G305B2 and explain the
poor fitting of Configuration A.

Another possibility is that the winds arising from the MY SO itself could clear
the dust within the inner 60au. While these winds would be a result of the luminosity
and temperature of the object, which are input parameters within the Hochunk code,
such winds are not a component of the models used in this work. Parkin et al. [2009]
present hydro-dynamical models investigating how disk and stellar winds interact
with envelope material and that reverse-shocks can occur at scales less than 500au.

Their work does not look at the 20-100au scales relevant to this work and given the
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limits of the models used here, the reason why the outflows disrupting material at
500au would only disrupt material out to 60au cannot be explained.

Given the uncertainty as to the similarity of low-mass and massive star formation
it cannot be concluded whether one of the discussed mechanisms or a combination
of the effects is a more likely culprit for the cleared the dust within the inner disk
regions of G305. Further observations and study will allow for a more detailed

discussion of this subject.

3.4 Conclusions

Through the combination of multiple baselines of MIDI interferometric data, VISIR
imaging data and an SED the characteristics of the massive YSO G305.20+0.21 are
constrained with a 3D radiative transfer model. The best-fitting model indicates that
the MY SO is surrounded by a large extended dusty envelope with bipolar cavities
and a dusty disk, as per the Class I specification of protostars. This work joins the
growing number of publications that suggest that massive stars do indeed form disks
as a means of accreting material onto the central protostar. In order to successfully
reproduce the observed weak silicate absorption feature in the SED a low-density
protostellar environment is required and an inner dust radius of 60au, approximately
three times the dust sublimation radius of the source. Since the inclusion of a source
which induces a dust sublimation radius of this size completely violates the fit, it can
be concluded that some mechanism other than the inherent luminosity of the source
must be causing the clearing of dust in these inner regions. This characteristic, and the
low densities, are typical characteristics of the transition disk phase observed around
low-mass stars. While this source is an MYSO will and will remain embedded for
its entire evolutionary sequence, the fact that traits of a transition disk are observed
within the MYSO implies that this source could constitute the analogous phase

for massive star formation. Further work can help to confirm whether this is the
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case. ALMA can be of assistance in ascertaining the stability of the source, by
using CH3CN data to test the kinematics of the protostellar material and image
reconstruction with instruments such as GRAVITY and MATISSE can be used to

unambiguously confirm the presence of the inner rim.



Chapter 4

A multi-scale analysis of a sample of

MYSOs

In previous chapters, the characteristics of two MYSOs were obtained by simultane-
ously fitting 3D radiative transfer models to N-band interferometric data, Q-band
images and an SED. In this section, further results are presented for a sample of
MYSOs, the largest of its kind currently within the literature. Just under half of the
sample have polyaromatic hydrocarbons in their environment, based on emission
features observed in their spectra [Gibb et al., 2004]. A section is dedicated to each
object and within each of these 1) the MYSO is introduced 2) any interesting effects
on each of the simulated scales when experimenting with the parameter space of
the RT code are discussed and 3) the results and final model for each object are

presented.

4.1 NGC 2264 IRS1

NGC 2264 IRS1 is one MY SO in a young (~3Myr) cluster which is in turn located in
the Mon OB1 molecular cloud region [Grellmann et al., 2011]. IRS1 is the brightest

YSO in NGC 2264 and is suspected to be the source of the radiation pressure creating
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Fig. 4.1 2MASS three-colour image of the Cone Nebula. The location of NGC 2264
IRS1 is shown by a white cross. The image was obtained using SIMBAD and the
Aladin Lite viewer [Wenger et al., 2000].

the Cone Nebula observed in the region (Fig. 4.1). Thompson et al. [1998] believe
the source to have a mass of 9.5M, based on its BO-B2 spectral type. The source is
reported to have a luminosity of order 10°L, (3.5x10°L, determined by far-infrared
observations in Harvey et al. [1977a], 4.7 103L@ determined from isothermal
temperature modelling of photometric data Schwartz et al. [1985]). A large visual
extinction, between 25-30 magnitudes, casts doubt on the exact luminosity of the
source. This lower-limit was determined by Thompson et al. [1998] based on H-
K color considerations, while the upper limit was suggested by Thompson and
Tokunaga [1978] based on the required reddening needed at 9000A of 14.3. Schreyer
et al. [1997] present evidence for a jet orientated along the line of sight and clumps

and large-scale outflows (e.g. Ward-Thompson et al. [2000]) have also been detected
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Fig. 4.2 Schematic of the suspected geometry of NGC 2264 IRS1 (a close to pole-on
disk-cavity-envelope system) overlain with the position angles of each configuration
of the MIDI data. The envelope is shown in blue, the cavity in yellow and the disk in
red.

Table 4.1 List of MIDI observations used in the fitting of NGC 2264 IRS1. The
configurations are illustrated in Figure 4.2.

Projected Position
Configuration Date Telescopes  baseline angle ESO Run ID

(m) ©)
i) 02/15/2009 UT2-UT3 40.2 43.9 082.C-899(A)
i) 12/23/2005 UT2-UT4 89.1 81.1 076.C-0725(B)

in association with the source. Previous studies have failed to concretely resolve
disk structure around the source. NGC 2264 IRS1 was observed with the ISO
satellite resulting in a low-resolution infrared spectrum [Gibb et al., 2004]. Within
this spectrum, water ice absorption lines (3.1 and 6.0um), CO, ice lines (4.27um,
15.2um), solid NH+ lines (6.84m) and CO, gas lines (4.7m) are visible, suggesting
relatively large column densities of cold dense material along the line of sight towards
the central source. Some evidence exists for PAHs in the environment of NGC 2264

IRS1 (e.g. Gibb et al. [2004], discussed using an alternative name AFGL 989) but in
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0.52”

Fig. 4.3 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5 and
12.5um and their resulting fast Fourier transforms (bottom row) that correspond to
the preferred model of NGC 2264 IRS1. Each image is 0.52" in width corresponding
to the interferometric field of view. The colour bar applies to both sets of images and
represents the number of counts.

more recent work while Buckle et al. [2012] note strong PAH emission in sources
surrounding IRS1 and extended nebulous regions of the Cone nebula, they do not

associate PAHs with the NGC 2264 IRS1 directly.

Grellmann et al. [2011] studied the source using mid-infrared interferometry,
using two sets of MIDI data and the source’s SED. A variety of models (geometric
and 2D radiative transfer with RADMC [Dullemond and Dominik, 2004]) were
trialled and ultimately they found that a model including a flat, optically thick
circumstellar dust disk allowed sufficient fitting of the datasets. This comes with
the caveat of poor fitting of the peak of their SED and they note that an envelope
cannot not be ruled out as a possibility as they focus on the regions within 400au.
Boley et al. [2013] included one of these MIDI datasets in their work, and determine
from their geometrical modelling that the compact mid-IR emission could trace disk

structure.

de Wit et al. [2009] present model fitting of a 24.5um COMICS profile and
the SED of the source. They fit a power-law model to the source, and note that a
power-law exponent of 1.5 is required to produce reasonable fits to the intensity

profiles, mid-IR flux levels and bolometric luminosity. This does not present a good
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Fig. 4.4 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured).

fit to the far-IR and mm data however and they state that to maintain the spherical
model much larger luminosities would be required that violated the fits to the other

observations.

4.1.1 Observations

The MIDI data for NGC 2264 IRS1 came from Boley et al. [2013] and Grellmann

et al. [2011], meaning that this is the only source studied which uses MIDI data in the
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Fig. 4.5 COMICS 24.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The contours in the images represent 5, 10, 25 and 75% of the peak
flux.

SCIPHOT mode. The two configurations are very different in both PA and baseline.
The Boley data are of lower resolution whilst the resolution of the Grellmann data
is nearly twice as good. Given the baselines of the observations and the source’s
distance of 738J_“§gpc (Kamezaki et al. [2014], determined through H,O maser
parallaxes), the MIDI data traces scales between 0.02" (at 7.5um for the 89.1m

baseline configuration) and 0.07" (at 12.5um for the 40.2m baselines configuration)
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Fig. 4.6 Model spectral energy distribution of the best-fitting model (black). Multi-
wavelength flux measurements from the RMS are represented as blue diamonds, the
yellow diamond represents the COMICS flux density and the fluxes corresponding
to the MIDI visibilities are also shown in red.

or ~14-55au. When fitting this MIDI data, the PA on the sky of the source varied for
each model in intervals from 0-360° throughout the fitting process (as described in
Chapter 2) in order to determine the best value.

The COMICS image from de Wit et al. [2009] provided a trace of the ~20um
emission. The SED fluxes between 1-21um were obtained from the RMS database.
The COMICS flux from de Wit et al. [2009] was included, as well as the long-
wavelength data from Harvey et al. [1977a] and Chini et al. [1986b] used in Grell-

mann et al. [2011].

4.1.2 Results

Through the fitting it was determined that an Ulrich-type density distribution, as
opposed to the power-law one of de Wit et al. [2009], can satisfy the fits of all datasets.
Including the envelope is necessary to obtain a good fit to the longer wavelength data
in the SED, which was not reproduced by the fits of Grellmann et al. [2011]. The
final model consists of a disk-outflow system, surrounded by this Ulrich envelope.

The central protostar has a luminosity of 4.17 x 103L, which is in good agreement



126 A multi-scale analysis of a sample of MYSOs

with those found in the literature. The stellar mass in the model is 9M which also
matches previous work. An inclination of 15° was able to successfully fit all the
observables, which is consistent with the existence of an outflow in the line-of-sight
found by Schreyer et al. [1997]. NGC 2264 IRS1 presented an interesting case
for the fitting process due to its close distance of ~738pc. During the fitting of
other objects at more typical MY SO distances (2-4kpc) the COMICS profile was
largely unaffected by the variation of disk parameters. In the case of NGC 2264
IRS1 however, the disk had profound effects on the profile and added another level
of complexity to the fitting.

Figure 4.3 shows the model images and FFT's for NGC 2264 IRS1. Because the
inclination of the source is such that it is nearly face-on, both the images and the
FFTs are very symmetric. Figure 4.4 shows the MIDI data and two models which are
discussed further in the next section. The two N-band configurations of NGC 2264
IRS1 trace significantly different areas of the protostellar environment, with large
differences in both PA and baseline (an illustration is provided in Figure 4.2). Both
the MIDI configurations predominately trace disk material. The 40.2m baseline was
characterised by its upward trend in visibility which proved challenging to fit. Often
the issue was, again, that the model visibilities were too high between 7.5-9um
especially, indicating that the emitting regions at larger scales within the disk were
also too compact and needed to be minimised. A near-perfect fit for Configuration ii)
could be found when a disk was included with a 500au maximum radius consisting of
20% ‘large grains’ (Model 1 in Wood et al. [2002]) and 80% ‘small grains’ (Galactic
ISM grains as defined by Kim et al. [1994]) but the fit for the 7-9um region of the
40.2m baseline fit was poor in comparison. By adding substructure to the disk by
using the 3D, spiral capabilities of the code, the fit for configuration i) could be
improved. This substructure was induced by using the ‘spiral’ parameter section of
HO-CHUNKS3D. The spiral included has a loose pitch angle of 30°, contains 90%

of the mass of the disk and begins and ends at 30 and 60au respectively. These
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parameters essentially create substructure which manifests as a disk with a gap
rather than an obvious spiral. Including this spiral dramatically improves the fit of
Configuration i) but worsens the fit of configuration ii) as can be seen in Figure 4.4.
The overall change in the simulated visibilities for configuration ii) (V2 ~0.02) is
smaller than the improvement in visibility for configuration i) (V> ~0.08) so the
model with substructure is referred to as the preferred fit.

Given there is some evidence for PAH emission in the literature, the inclusion
of PAH emission in the code was experimented with. Adding PAHs/VSGs to all
areas of the model protostellar environment increases the visibilities overall, vastly
worsening the fit of configuration 1). However, including the PAHs in the cavity and
envelopes only results in no change to the MIDI visibilities. This consecrates the
fact that the MIDI data is dominated by disk effects for this source. Given that a
good fit could not be obtained when including PAHs in the disk, but PAH signatures
are observed [Gibb et al., 2004], compromise is made by adding them to the cavity
and envelope only. This can be explained physically, as PAHs constitute some of the
smallest components of protostellar material and behave like very small dust grains.
As a result, they could be vulnerable to the effects of photoevaporation. This means
that they could be pushed from the inner environment into the envelope and cavity
material at greater distances from the central protostar. Additionally, the PAHs in the
further reaches of the envelope material would feel a weaker force from the stellar
photons and would not be so easily removed from the environment. Therefore, the
idea that PAHs may be present in outer regions of the protostellar environment but
not the inner regions, may be consistent. The improvements noted by the inclusion
of the spiral exist with or without the presence of PAHs.

Figure 4.5 presents the COMICS image, model 24.5um image and the resulting
radial profiles. The image is symmetrical and appears to show details of substructure,
but de Wit et al. [2009] state that most of these are due to diffraction effects. Given

its close distance, the 24.5um emission of NGC 2264 IRS1 is heavily influenced
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by the disk included in the model. The close distance, inclination and the need
for substructure within the model meant that the disk mass for NGC 2264 IRS1
could be more accurately constrained than other sources. Changing the cavity density
exponent, and therefore how evenly the cavity material was distributed, could assist in
the fitting of the source. Increasing the exponent from the default value of 0 (constant
density throughout the cavity) to 0.25 (meaning the mass was slightly weighted
towards the bottom of the cavity, close to the protostar), reduced the amount of
24.5um emission creating a better fit. This is consistent as more emitting material is
at smaller radii within the protostellar environment, making the source appear less
extended. A combination of the close-to-pole-on inclination and a foreground A, of
25 allowed sufficient fitting of the silicate absorption feature in the SED and is close
to the A, values calculated by Thompson et al. [1998] and Thompson and Tokunaga
[1978]. Changing the cavity exponent to satisfy the COMICS profile flattened the

peak of the SED slightly, improving the fit. The SED fit is shown in Figure 4.6.

4.1.3 Discussion

The fact that including substructure in the model has marked improvements on the
fit of the data has significant implications for the massive star formation process.
Substructures are rarely detected in disks around massive protostars. Sanna et al.
[2019] detect a sub-Keplerian disk and jet system around a different MYSO G023.01-
00.41 and find that the CH30OH emission at scales ~2000au is significantly warped
with respect to the plane. Various other disks (e.g. Ilee et al. [2018]) show other
irregular features as a result of fragmentation, but disks such as these are unlikely to
be examples of a stable stage of the massive star formation process. The substructure
which improves the fit of the data for NGC 2264 IRS1 manifests as a gap in the disk,
shown in Figure 4.3. For the low-mass case, various causes have been suggested

for gaps. The first is the presence of a forming planet. Pinte et al. [2019] present
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one of the first confirmations of a planet in a gas and dust gap in the protostellar
disk of the 2.4M¢, object HD 97048, but otherwise the presence of planets in these
gaps has mostly been inferred. As discussed in the context of G305 in Chapter
3, planets are not observed around massive stars but whether they can never form
or cease to exist as the protostar becomes more luminous with age has not been
confirmed. An alternative method of gap creation is dust trapping. Dust traps
[Whipple, 1972] occur when a local gas pressure maximum in the disk attracts
and traps dust grains allowing clearing to occur in the disks and has also been
proposed as a mechanism for observed gaps in low-mass disks (e.g. Gonzalez et al.
[2017]). Recently van der Marel et al. [2018] show through physical-chemical
modelling that the gaps observed in ALMA data of the disk of the Herbig Ae star
HD 163296 can be reproduced from dust trapping alone, without the presence of
a planetary body. Dust growth presents another avenue of gap formation whereby
the amalgamation or pile-up of dust grains clears space in the disk (e.g. Zhang et al.
[2015], Okuzumi et al. [2016]). Instabilities, both large-scale [Lorén-Aguilar and
Bate, 2016] and gravitational [Takahashi and Inutsuka, 2016], have also been shown
through modelling to be able to cause gaps. Out of all of these scenarios perhaps dust
growth and instabilities are the most applicable to massive star formation. Toroids,
which have been shown to create instabilities in works such as Lorén-Aguilar and
Bate [2016], have been observed around massive forming stars (such as those studied
in Beltran et al. [2005]), presenting an avenue for this instability and therefore gap to
occur. Gravitational instability is a more likely occurrence in massive systems where
the central protostellar mass is higher and when multiple systems are present. Price
et al. [2018] have shown through hydrodynamical simulations that spirals, shadows
and asymmetrical structures can all be produced by a companion star on an inclined
and eccentric orbit approaching periastron. Given that increasing the fraction of
large dust grains in the disk improved the fit of the MIDI data for this source, and

the high multiplicity fraction for MYSOs [Pomohaci et al., 2019], it is concluded



130 A multi-scale analysis of a sample of MYSOs

that dust growth and the presence of a binary/multiple system are the most likely
candidates for any substructure in this disk. Both the effects of binaries and dust
growth take 10s of thousands of years to occur, implying that NGC 2264 IRS1 may
be a more evolved source.

MIDI has only allowed the inference of this substructure. Unambiguously
confirming the presence of the substructure and its extent through high-resolution
imaging or image reconstruction could provide more data which can allow further

discussion of its cause.

4.2 S2551IRS3

Fig. 4.7 The wider star forming region of S255 IRS3 as taken by GLIMPSE. The
location of S255 IRS3 is shown by a purple cross. The image was obtained using
SIMBAD and the Aladin Lite viewer [Wenger et al., 2000].

IRS3 is one of a few MYSOs residing within the massive cluster S255IR (Figure
4.7), which lies at a distance of ~1.8kpc (calculated through water maser parallaxes
by Burns et al. [2016]). IRS3 is the dominant source in this region, with a mass of

20M, [Zinchenko et al., 2015a] and luminosity of order 104L® [Wang et al., 2011],



4.2 S255 IRS3 131

Table 4.2 List of MIDI observations used in the fitting of S255 IRS3. The configura-
tions are illustrated in Figure 4.8.

Projected Position
Configuration Date Telescopes  baseline angle ESO Run ID

(m) ©)

B) 2010-01-15  EO0-GO 15.8 748  84.C-0183(D)
ii) 2010-01-16  EO0-HO 47.8 735  84.C-0183(C)
iii) 2010-01-17  GO-HO 30.8 76.7  84.C-0183(B)
iv) 2010-01-17  GO-HO 31.1 76.0  84.C-0183(B)
v) 2010-01-17  EO0-HO 475 68.9  84.C-0183(B)
vi) 2013-02-13  C1-DO 17.6 32,6 90.C-0717(A)

and is associated with a millimetre source S255IR SMA1. Zinchenko et al. [2017]
studied the source with SMA and IRAM-30m continuum and spectral lines and find
signatures of rotation and attribute this to a disk-like structure. The outflow is molec-
ular in nature, and a close to edge-on orientation is suspected for the system [Boley
et al., 2013]. Caratti o Garatti et al. [2017] present K-band (UKIDSS), Ks-band
(PANIC) images of the source displaying the two illuminated cavity lobes, which
again supports the notion of a close to edge-on source. Various maser signatures
have been detected within the region. A particularly bright 6.7GHz methanol flare is
discussed in Fujisawa et al. [2015] and a sub-mm flare was also found in Zinchenko
et al. [2017]. This flare was later tied to NIR and radio flares by Caratti o Garatti
et al. [2017]. These were determined to be the result of an accretion burst of order
10~3Myr~!. This was the first directly observed accretion burst around an MYSO,
which has important implications as episodic accretion is a key component of the
low-mass star formation process [Stamatellos et al., 2011]. IRS3 and its neighbouring
MYSO IRS1 were captured in COMICS imaging by de Wit et al. [2009]. They too
find IRS3 to be the dominant source and that a model consisting of a 1D power-law
envelope model exponent p = 1.25 best satisfies the fit of their SED and intensity

profiles.
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Fig. 4.8 A K-band image of S255 IRS3 from Caratti o Garatti et al. [2017] showing
the two cavity lobes of the source. The position angles of each configuration of the
MIDI data are overlain in black and labelled in accordance with Table 1.4. IRS1 is
present in the field of view ~2.5" from IRS3 but is not labelled.

4.2.1 Observations

All the MIDI data for S255 IRS3 came from Boley et al. [2013], with six configura-
tions of data available for fitting. All the configurations, save one, trace very similar
position angles of around 70°. The remaining configuration traced a position angle
of 32.6° and was low-resolution due to its 17.6m baseline. The PA on the sky of 67°

from Caratti o Garatti et al. [2017] was used in the fitting of the MIDI data.

The COMICS image from de Wit et al. [2009] is used in the fitting process.
Both IRS1 and IRS3 are visible in the COMICS image. In order to exclude scales
which may be influenced by the emission of IRS1, the inner 3" of the source is fit as
opposed to the whole profile. All of the fitted data were taken at a time which appears
to be an accretion lull for S255 IRS3, as the fluxes from the SED (which were taken

at similar times to the MIDI and COMICS data) are in much better agreement with
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the non-burst fluxes from Caratti o Garatti et al. [2017] than the burst fluxes. Fluxes
from the RMS survey and Caratti o Garatti et al. [2017] were incorporated, alongside

additional fluxes from de Wit et al. [2009] and the MIDI flux spectrum.

4.2.2 Results

229" |
107 104 107

Fig. 4.9 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding fast Fourier transforms (bottom row). Each
image is 2.29" in width corresponding to the AT field of view. The colour bar applies
to both sets of images and represents the number of counts.

The plots for the final model are shown in Figures 4.9 - 4.12. The final luminosity
for the central source in the model is 2.15 x 10*L,, which is in excellent agreement
with that observed by Wang et al. [2011] of ~2.4x 10*L,. The overall model is a
disk/outflow system, as expected from other observations. An inclination of 120°
fit all the observables, which again, is consistent as this is close to the edge-on
orientation suspected by Boley et al. [2013]. Similar to G305, the closer to 90°
the inclination became, the worse the fit as too much emission was present from
the blue-shifted cavity lobe. The foreground extinction towards the source is large
(A, ~70) similar to the findings of Caratti o Garatti et al. [2017]. Given the close
to edge-on inclination, a disk mass from 0.1-10M, could be present and satisfy the
observables which is poorly constrained due to the limitations of the infrared as a

disk mass tracer (see Chapter 2). A compromise was found for the longer wavelength
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Fig. 4.10 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured).

regime of the SED between the data of Caratti o Garatti et al. [2017] and the data

from de Wit et al. [2009] that they do not list as upper limits.

Varying the disk parameter space has negligible effects on the COMICS profile,
save for the disk outer radius and the centrifugal radius of the envelope, which is
attributed to the sources inclination and distance. It was found that the 2000au

maximum disk radius/centrifugal radius used for G305 resulted in too much 24.5um
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5255 IRS3 Convolved 24.5um model image
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Fig. 4.11 COMICS 24.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The contours in the images represent 5, 10, 25 and 75% of the peak
flux.

emission to successfully fit the radial profile, implying that the disk must be less

extended. Reducing these values to 500au allowed a good fit for the COMICS profile.

A large amount of data was available in the literature for the fitting of the SED,
however a large number of the fluxes from 70um and above are likely to include

emission from both IRS1 and IRS3 and were not considered in the fitting.
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Fig. 4.12 Model spectral energy distribution of the best-fitting model (black) for
S255 IRS3. The different symbols correspond to different datasets, purple crosses
are data from Caratti o Garatti et al. [2017], blue diamonds are fluxes from th RMS
database, squares are data from de Wit et al. [2009] (with the COMICS flux in
yellow) and the fluxes corresponding to the MIDI visibilities are also shown in red.
Open symbols correspond to upper limits.

4.2.3 Discussion

A model containing a flat disk with no inner clearing allows a good fit to be obtained
for the MIDI visibilities of S255 IRS3. Two disk components were included in the
successful model, a small grains disk and a large grains disk, both with the same scale
height. Configuration vi) is the worst fit of the set. Although different in position
angle to its fellow configurations, it is still likely to be tracing cavity material, as
illustrated by Figure 4.8. The simulated visibilities are lower than those observed
implying that the smooth cavity surface presents too large an area for emission to
match the data. This could be explained by the fact that the cavity material is clumpy
and irregular (also visible in 4.8). The cavity density of S255 IRS3 is of order

10~"gecm =3, which is comparable to that of W33A.

The wider environment of S255 IRS3 differs compared to the other MYSOs in
this sample, with an outer envelope radius that is five times smaller than the other

sources and an envelope infall rate that is significantly lower. Raising the infall rate



4.2 S255 IRS3 137

to a value comparable to those found for the other sources (~10"*Myr—!) increases
the peak of the SED significantly. While this appears to improve the fit to the SED,
the fluxes that are better fit are almost certainly detecting flux from both IRS1 and
IRS3 and as a result this envelope infall rate is likely to be an overestimation of
what is actually present. As a result, a fit with the lower envelope infall rate which
better fits the smaller aperture ~70um point is preferred. High-resolution, small
aperture observations at ~100um could allow separate SEDs for the two MYSOs
to be obtained and for this to be better investigated. While this is outside the scope
of this work, increasing the envelope infall rate also lowers all the simulated MIDI
visibilities which are only tracing IRS3, not IRS1. Using an envelope infall rate of
the same order of magnitude as W33A and NGC 2264 IRS1 vastly worsens the fits

for all configurations, further showing the need for a lower envelope infall rate.

Increasing the envelope radius reduces the emission at infrared wavelengths and
increases the emission and millimetre wavelengths worsening the fit. The fact that

S255 IRS3 appears to be the outlier in this respect is discussed further in Chapter 5.

The disk is fairly small as is the envelope in comparison to other MYSOs in
this study. One could interpret this as an effect of age, but given that the object is
known to be very actively accreting this seems unlikely. The accretion process itself,
however, could explain this. Changes in the luminosity and the source’s emission
from the NIR to the radio will have large affects on the environment. When the
source goes through a large accretion burst, an associated outflow event will occur.
During this, shocks will propagate throughout the entire protostellar environment,
potentially disrupting material and affecting the density of the surrounding envelope.
After an accretion event has occurred, the mass of the disk will be depleted, also

providing an explanation for the flat nature of the disk around S255 IRS3.

Another reason for the flat nature of the disk could be the fact that the density

distributions for the disk in the code are based on that of a stable disk in thermal
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equilibrium [Shakura and Sunyaev, 1973]. Since the MYSO is going through large

accretion bursts it may be the case that this description does not fit the disk.

The fact that the envelope is rotating and infalling could be linked to the accretion
burst of the source. As mentioned in Chapter 1, infall from the wider environment is
directly linked to disk accretion in the turbulent core model [Tan et al., 2014]. With a
centrifugal radius of 500au as opposed to 2000au, more material is fed closer to the
central star, providing a larger reservoir of easily accessible material for accretion.
This need not be a constant flow of material, meaning that envelope infall rate and
disk accretion rate can fluctuate throughout the life of the stellar system, allowing

for low accretion rates.

4.3 IRAS 17216-3801

Fig. 4.13 The wider star forming region of IRAS 17216-3801 as taken by GLIMPSE.
The location of the source is shown by a purple cross. The image was obtained using
SIMBAD and the Aladin Lite viewer [Wenger et al., 2000].
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Table 4.3 List of MIDI observations used in the fitting of IRAS 17216-3801. The
configurations are illustrated in Figure 4.14.

Projected Position
Configuration Date Telescopes  baseline angle ESO Run ID
(m) ©)

B) 2012-05-01  B2-Cl 11.3 139  89.C-0963(A)
ii) 2012-05-01  Al-B2 11.0 134.1  89.C-0968(A)
iii) 2012-05-01  B2-Cl 10.0 402 89.C-0968(A)
iv) 2012-05-02  Al-B2 8.9 91.5  89.C-0968(A)
v) 2012-05-02  Al-Cl 16.0 69.6  89.C-0968(A)
vi) 2012-05-02  A1-DO 34.2 515  89.C-0968(A)
vii) 2012-05-02  B2-DO 30.5 39.5  89.C-0968(A)
viii) 2013-02-12  B2-DO 33.8 165.1  90.C-0717(A)
ix) 2013-02-12  C1-DO 22.6 1755 90.C-0717(A)
X) 2013-02-13  A1-DO 35.1 1769  90.C-0717(A)

Persson and Campbell [1987] identified IRAS 17216-3801 as an MYSO. Boley
et al. [2013] calculate a distance of 3.08+0.6kpc to the source using APEX mea-
surements of the H'3CO+ (4-3) line. From the fitting of their mid-infrared emission
these authors also postulate that the elongated structure of IRAS 17216-3801 may be
caused by a disk/outflow system. This was confirmed by Kraus et al. [2017], who
resolved the source into a close binary using a combination of AMBER, CRIRES and
GRAVITY data through interferometry and spectro-interferometry. They find that
the two stars are separated by ~170au and that not only is there a disk surrounding
the pair of stars but disks surrounding each individual object as well. Geometric
modelling was performed to get their characteristics, finding that both circumstellar
disks had very different PAs and inclinations but similar sizes, although this may be

due to the limitations of the K-band data.

While HO-CHUNK3D does not present the capabilities to include a binary,
the circumstellar environment of the sources can still be investigated through this

methodology, the results of which are presented in this section.
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~400 mas

viii) iX) X)

Fig. 4.14 Left: Schematic of the suspected MYSO geometry (a close to pole-on disk-
outflow-envelope system) overlain with the position angles of each configuration of
the MIDI data. The envelope is shown in blue, the cavity in yellow and the disk in
red. Right: An illustration from Kraus et al. [2017] showing the components of their
successful model and the suspected orientation of the binary system. While their
schematic implies that only the secondary star moves between 2012 and 2016, it is
more likely that if the two stars are of similar mass, as Kraus et al. [2017] find, both
stars and circumstellar disks will have shifted.

4.3.1 Observations

IRAS 17216-3801 has the largest MIDI dataset of the sample with ten configurations.
The position angles of this dataset range from approximately 14-175° but all are
fairly low resolution with baselines of 35m or shorter. This means that most of the
MIDI configurations are sensitive only to the circumbinary material. As illustrated
in Figure 4.14, configurations viii), ix) and x) are the only three with PAs suitable
for tracing the circumprimary disk and only configuration viii) has the potential to
trace the material around the secondary star. The baselines of configurations viii), ix)
and x) are some of the largest among the set; configuration viii) can probe scales of
~20-35mas, configuration ix) traces scales between ~20-50mas and configuration x)
traces scales between 19-33mas. As such these configurations not only have the PA

to trace the circumstellar disks, but also the required resolution. Configurations vi)
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and vii) have comparable resolving power to configurations viii), ix) and x) but their
PAs mean that they are more likely to be tracing any material within the cavity carved
out by the binary. The baselines of the remaining configurations are short, meaning
that they would all be tracing the suspected circumbinary disk material. The average
visibility across each dataset varies considerably and no trend is observed between
the average visibility of the configurations which may be tracing circumstellar disk
material and those which will not. When fitting this MIDI data, the PA on the sky
of the source varied for each model in intervals from 0-360° throughout the fitting
process in order to determine the best value (as described in Chapter 2).

The ~20um data for this source comes from VISIR. It was observed on the
same night as G305, meaning it too benefits from the post-upgrade sensitivity of the
instrument (see Chapters 2 and 3 and Appendix A). The image is mostly symmetric
and the VISIR flux was quantified using the same method applied to G305. This is
included in the SED used in the fitting.

IRAS 17216-3801 was not studied as part of the RMS survey and fluxes for the
SED were instead obtained from the VIZieR catalogue [Ochsenbein et al., 2000].
The J, H and K-band fluxes were taken from 2MASS (presented by Zacharias et al.
[2004]). Fluxes from the IRAS catalogue [Beichman, 1988] are included, as well as
fluxes from the WISE all-sky survey [Cutri and et al., 2012], fluxes from the MSX

telescope [Egan et al., 2003] and the ATLASGAL flux [Contreras et al., 2013].

4.3.2 Results and discussion

HO-CHUNK3D does not provide the capabilities for modelling multiple systems
but does present the opportunity to investigate the circumbinary material of IRAS
17216-3801. A single central object is included in the model, whose luminosity was
obtained through the fitting of the SED as per the other sources in this thesis. The

protostellar mass has a less significant effect on the SED but has some effects on its
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Fig. 4.15 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5,
11.5 and 12.5um and their corresponding fast Fourier transforms (bottom row) for
the preferred fitting model of IRAS 17216-3801. The images are 2.29" in width
corresponding to the AT field of view. The colour bar applies to both sets of images
and represents the number of counts.

shape. It was found that a mass of 38M, the combined mass of the binary system

based on the work of Kraus et al. [2017], did not disrupt the fit.

Surrounding this central source is a disk-outflow-envelope system. The disk
scale-height is very similar to that of the default suggested by Whitney et al. [2013],
with the small grains disk being slightly flatter. The disk inner radius is 100au,
which is in agreement with the estimates of Kraus et al. [2017]. The FFTs of the
successful model are shown in 4.15, while visibilities are shown in Figures 4.16 and
4.17. It was found that changing the minimum envelope radius to values smaller
than 100au improved the fits of configurations viii), ix) and x) by lowering the
simulated visibilities across each configuration. As previously mentioned each of
these configurations has the potential to be tracing circumstellar disk material, so
the fact that including additional dust within the circumbinary disk improves the
fits to these configurations appears consistent. If the configurations are not tracing
circumstellar disk material, having a smaller minimum envelope radius than the
minimum disk radius implies that the binary stars cannot have destroyed the dust in

the inner hole nor accreted it into their binary disks.
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Fig. 4.16 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured) (1)
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In order to satisfy the VISIR data (Figure 4.18) a low-inclination was required
(15°) and a cavity density exponent of 1. This is because the VISIR profile is barely
resolved. A density exponent of 1 as opposed to O (the default value) means that
the density in the cavity decreases linearly with radius instead of remaining at a
constant value. The innermost part of the cavity will then be brighter than its outer
regions, reducing the extended emission and lowering the ~20um flux at larger
radii, improving the fit. Similarly, close to pole-on inclinations reduce the extended
emission as only one of the cavity lobes is directly visible in the line of sight.

The SED is shown in Figure 4.19. The ATLASGAL 870um point proved difficult
to fit. The aperture of this measurement was 19.2" but the region is fairly uncrowded
(Fig. 4.13) with no obvious sources contaminating such a measurement. In an attempt
to improve the fit to this data point disks of bigger radius were trialled. The larger
the extent of the disk the more cold emission at sub-mm and millimetre wavelengths
will be present. A 4000au maximum radius disk showed small improvements in
the millimetre of the regions but more substantial changes in the 20um region of
the SED, making the dip-like feature between 10-20um flatten. This increase in
radius caused all the simulated MIDI visibilities to decrease, worsening some fits
and but improving the fit of configuration ix). The fit of the VISIR profile was
violated however, as the model radial profile displayed more extended emission than
the observed profile. This occurred for any disks larger than 2000au so this was
the final value chosen for the disk to preserve the quality of the VISIR fit. Making
the envelope radius larger improved the fit to longer wavelength end of the SED by
shifting the SED to longer wavelengths, but this worsened the fit of the 20 m region
of the SED.

The mass of the central source was also found to affect the shape of 10-20um
region of the SED. For example, if a 20 solar mass central source is used this 10-
20um region of the SED is flatter. This is consistent as the density distribution of

the TSC envelope (see equation 2.2) is proportional to Mi / 2, meaning that as the
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Fig. 4.18 VISIR 19.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The contours in the images represent 5, 10, 25 and 75% of the peak
flux.
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Fig. 4.19 Model spectral energy distribution of the best-fitting model (black) of IRAS
17216-3801. Multi-wavelength flux measurements from the literature are represented
as blue diamonds, the yellow diamond represents the VISIR flux density and the
fluxes corresponding to the MIDI visibilities are also shown in red.

stellar mass increases, the density will decrease within the infall radius and reduce

the amount of 20um flux.

Configuration v) proved the most difficult to fit. This occurred despite the fact
that it is one of the lowest resolution datasets and is likely to be tracing material
within the circumbinary disk. A large (nearly eight-fold) upturn is present in the
visibilities between 7 and 9um which is often a hallmark feature of a compact
component like a disk. To test whether the very large increase in visibility could be
due to the presence of the inner rim specifically, the inner disk radius was changed to
the disk to 134au, which is the scale traced by this configuration at 7.5um. A minor
upturn in the visibilities was observed but the fits for the other, higher resolution
configurations worsened. When the inner radius of the disk was varied between
100-150au the visibilities changed marginally but the overall goodness of fit changed
negligibly.

The upturn in configuration v) could be due to the binary system interacting
with the circumbinary disk. Small scale features, such as a puffed-up inner rim

and disk-spiral, were tested but also present marginal changes, mostly likely due
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to the object’s distance. A very specific local substructure must be present at the
scales traced by this baseline alone and not the others of similar PA/baseline to
induce the observed increase in visibility. Various theoretical works have shown that
binary or multiple stellar systems can result in the formation of such a small-scale
substructure in protostellar disks. Nelson and Marzari [2016] used the SPH code
VINE to model the circumbinary disk of the low-mass source GG Tau A. They found
that the binary system °‘stirs’ the material in the disk, leading to the formation of
spiral structures, which extend towards the centre within the inner radius of the disk
as streams in the earliest stages. Within the disk itself, they see significant areas of
over-density. Thun et al. [2017] find that the inner rims of the circumbinary disks are
often unstable, clumpy and recessing from their hydrodynamical modelling. Desai
et al. [2019] focus on the study of unequal mass binaries in particular using a 3D
hydrodynamics code CHYMERA. Here they find that gravitational instabilities are
induced by the binary interaction, with the smaller of the companions creating a
density wave at the earliest stages and at later stages also see the generation of spirals.
Observationally, Tobin et al. [2016] detect spiral structures surrounding a three-star
system. Although low-mass, two of the stars have a separation comparable to that
of IRAS 17216-3801 of ~180au. These authors postulate that this distant star is
the cause of disk fragmentation in the system and that the disk could have recently
undergone a gravitational instability, inducing the formation of one or two of the
companion stars. While all these cases focus on low-mass stars, the potential a binary
system has to create gravitational instabilities and affect the stability and geometry
of its circumbinary disk will be increased if those stars have higher mass. As such,
the likelihood of over-densities which could create the compact feature required to

fit this configuration is high and could therefore explain the poor fitting of this data.



4.4 Mon R2 IRS2 149

Fig. 4.20 The wider star forming region of Mon R2 IRS2 as taken by 2MASS. The
ring-like HII region can be seen in the centre in orange, with Mon R2 IRS2 marked
by a cross. The image was obtained using SIMBAD and the Aladin Lite viewer
[Wenger et al., 2000].

4.4 Mon R2 IRS2

The Mon R2 region (Figure 4.20) is home to five different sources and located at
a distance of 0.84+£0.05kpc. This distance was calculated by Herbst and Racine
[1976], who fit of the ZAMS of Johnson [1963] to their UBV photometry and MK
spectroscopy data for a number of sources in the Mon R2 region. Using this they
derived absolute magnitudes and used these to estimate a distance. A large extended
HII region covers 30" of the region (visible in both 870um maps [Giannakopoulou
et al., 1997] and the 24.5um image of de Wit et al. [2009]). Mon R2 IRS2 lies within
the centre-north region of this HII region and is its main source of illumination
[Aspin and Walther, 1990]. A large CO bipolar outflow is present in the wider
environment [Giannakopoulou et al., 1997] but it is unknown which MY SO in the

region is responsible for it. Another massive protostellar system, Mon R2 IRS3,
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Table 4.4 List of MIDI observations used in the fitting of Mon R2 IRS2. The
configurations are illustrated in Figure 4.21.

Projected Position
Configuration Date Telescopes  baseline angle ESO Run ID

(m) ©)
i) 2009-02-15 UT2-UT3 44.6 39.9  82.C-0899(A)
ii) 2009-11-14 EO0-GO 10.8 55.8  84.C-1072(A)
iii) 2009-11-15 EO0-GO 10.7 554  84.C-1072(A)
iv) 2009-11-15 GO-HO 26.9 64.9 84.C-1072(B)
V) 2009-11-15 GO-HO 31.1 70.6  84.C-1072(B)

which has been resolved into two sources A and B, is the dominant source of the
whole region. No free-free emission is associated with IRS2 and it is unresolved
in UKIRT observations [Alvarez et al., 2004]. Boley et al. [2013] find its mid-IR
emission to be compact (~40au), and attribute this to its lower luminosity than

IRS3A and B. Henning et al. [1992] find a luminosity of the source of ~6000L,.

Fig. 4.21 Schematic of the suspected geometry of Mon R2 IRS2 overlain with the
position angles of each configuration of the MIDI data. The envelope is shown in
blue, the cavity in yellow and the disk in red.
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Fig. 4.22 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding fast Fourier transforms (bottom row) for the
best-fitting model of Mon R2 IRS2. Each image is 0.52" in width corresponding to
the UT field of view. The colour bar applies to both sets of images and represents
the number of counts.

4.4.1 Observations

The MIDI observations for Mon R2 IRS2 consist of five different configurations
(illustrated in Figure 4.21) taken from Boley et al. [2013]. The PA of these obser-
vations varies from 4-70° and the baseline by 30m, with the smallest configuration
of ~10m and the largest ~45m. The shortest baseline configurations are largely
unresolved with visibilities close to 1 with little variation, while the larger baseline
datasets’ visibilities range from 0.05-0.2. When fitting the MIDI data, the PA on
the sky of the source was varied for each model in 20° intervals from 0-360° until a
best-fitting value was found (as described in Chapter 2).

The COMICS image from de Wit et al. [2009] was used in the fitting but they did
not fit IRS2 in their work, choosing instead to focus on IRS3. The COMICS image
is subject to a large amount of low level contamination, which can be seen in the 5%
contours of Figure 4.24. In order to avoid this emission, only the inner regions of the
source are considered for the fit.

Like IRAS 17216-3801, Mon R2 IRS2 was not included in the RMS survey.
Fluxes were obtained for the SED fitting from ViziER including H and K-band

data from UKIDSS and previous work. IRAS measurements exist at 12, 25, 60 and
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Fig. 4.23 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured) for Mon R2 IRS2.

100um but given the large apertures of the instrument it is noted that the surrounding
HII region is likely to be contaminating at these wavelengths. WISE data also exist
but at a nearly 2" offset to the source position and with much larger fluxes at ~3um
compared to the 2MASS and UKIDSS fluxes. As such they are not included in
the fitting. Additional fluxes from Henning et al. [1992] were also incorporated in

this work, consisting of IRAM-30m measurements and infrared fluxes from Aspin
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Fig. 4.24 COMICS 24.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The contours in the images represent 5, 10, 25 and 75% of the peak
flux.

and Walther [1990]. Data exists for the source in Mueller et al. [2002], but all the
measurements are of such large apertures they encompass nearly the whole Mon R2

region, and as such are not considered in this work.

4.4.2 Results

Mon R2 IRS2 is another source where the fits to the MIDI data are improved by

the inclusion of an inner hole (20au in radius). The dust sublimation radius of
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Fig. 4.25 Model spectral energy distribution of the best-fitting model of Mon R2
IRS2 (black). Multi-wavelength flux measurements from the RMS are represented
as blue diamonds, the yellow diamond represents the COMICS flux density and the
fluxes corresponding to the MIDI visibilities are also shown in red. The unfilled
diamonds represent the fluxes that were not considered in the fitting due to their
suspected contamination and the fluxes from Henning et al. [1992] are included as
squares.

the source is small (~6au) due to comparatively low source luminosity required to
fit the observables. The PAH emission lines for the source are weak [Gibb et al.,
2004], and it was found that the MIDI fit could be improved by removing the PAHs
from the disk. The final luminosity of 5520L, is similar to that of Henning et al.
[1992]. The envelope of Mon R2 IRS2 is similar to that of the majority of the
sample, with a comparable infall rate and the same outer radius. The cavity density
is low (~1072!gem™3) and the cavity opening angle is 30°. The source is inclined
at 130° so both cavity lobes are visible. Through the SED fitting it was difficult to
simultaneously fit the silicate absorption feature and the 20um flux. Eventually the
fitting of the silicate absorption feature was prioritised, as this is the higher resolution
dataset. The model images and FFTs are shown in Figure 4.22, the visibilities in

Figure 4.23, the images in Figure 4.24 and the SED in Figure 4.25.



4.4 Mon R2 IRS2 155

4.4.3 Discussion

The position angles of the MIDI data for Mon R2 IRS2 mean that all five config-
urations are likely to be tracing disk material and configuration 1) is likely to be
tracing cavity material. Three of the MIDI configurations have high visibilities and
are tracing an unresolved component of the protostellar environment. The simulated
visibilities of configuration 1) get lower if the outer radius of the disk is made larger
implying that a small, compact disk best satisfies this configuration. However, as
R./R3K increased to values of 4000au (in agreement with some of the largest ob-
served disks around MYSOs e.g. Johnston et al. [2015]) improvements were seen to
the fit of the COMICS profile as the flux at larger radii increased, so a compromise

ultimately had to be made.

Configurations iv) and v) of the MIDI data proved the most difficult to fit and
resulted in the inclusion of the hole. Without this the visibilities for both the
configurations were too high. This hole is 40au across, in agreement with the size
of the compact emission from Boley et al. [2013]. This implies that the mid-IR
emission for this source, as traced by their work, is mostly dominated by emission
from this inner rim. A compromise was found between the fitting of configurations

1v) and v) as opposed to fitting one perfectly and leaving the other poorly fit.

The SED also proved difficult to fit in particular the balance between fitting the
silicate absorption feature and the ~20um slope of the SED. Ultimately the fit of the
silicate absorption feature was prioritised as this is traced by higher resolution data
and more data points available for the constraint of the fit. Additionally, the only
data points for the peak of the SED were large aperture, and definitely contaminated

by the obscuring dust. As a result, the SED fit here is poorly constrained.

The hole alone was not able to provide the best fit to the data. The PAH emission
features for Mon R2 IRS2 are weak, and it was found that removing some of the

PAHs from the environment improved the fit to the visibilities. Removing the PAHs
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in the envelope and cavity material had negligible effects on the MIDI fits, implying
that the N-band emission of the source is disk-dominated. Removing PAHs from
the entire environment greatly worsens the NIR slope of the SED fit. Should the
presence of the inner hole be due to dispersal and evolution, the PAHs in the disk
could have had time to coagulate into larger grains or have been expelled from the
inner regions due to the activity of the protostar. If the PAHs had been expelled
this could push them out to larger scales of the protostellar environment like the
cavity and envelope, explaining why they still exist in these regions. Alternatively,
PAHS/VSGs could exist in the cavity because the effects of the stellar radiation field
and winds are most prominent in this low-density region, meaning that the cavity

dust could be broken down into smaller grains.

4.5 MBSEIR

Simon et al. [1984] distinguished M8E (Fig. 4.26) from a nearby UCHII region.
These authors note that M8EIR can be interpreted as consisting of two physically
different components (a hot compact one and a broader cooler one) and that it is
associated with an optically thin radio source. They also speculate that a disk may
be present based on the observed elongation in lunar occultation measurements at
3.8um. They stated that the broad component is not molecular cloud material, but
an ‘intermediary phase’ of material between molecular cloud and hot disk material.
Within the context of the models used in this thesis such material best translates to
envelope material. de Wit et al. [2009] note difficulties in their model fitting of the
SED and the mid-IR intensity profiles. Ultimately they find that a model with a p=1.5
power-law distribution is the most workable final model. However they also note that
a distribution with p=1.75 best satisfies the data that trace scales of 1000-10000au
but that this provides an unsatisfactory fit to the 24.5um profile. Boley et al. [2013]

note a significant amount of large grains in the source, deduced from fitting simple
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Fig. 4.26 The wider star forming region of M8EIR as taken by GLIMPSE. The
location of the source is shown by a purple cross. The image was obtained using
SIMBAD and the Aladin Lite viewer [Wenger et al., 2000].

absorption models to the correlated flux of their MIDI data. They find that the MIDI
visibilities of M8EIR appear to trace a region aligned with a CO outflow observed in
the region [Mitchell et al., 1991] and attribute the infrared emission to this outflow.
This appears to be in agreement with the work of Linz et al. [2009], who studied the
source by fitting MIDI visibilities and an SED (the 24.5um COMICS image was
also presented but not involved in the fitting process). They state that they cannot
rule out the presence of a disk at small scales and note that an extended envelope
is required. M8EIR was also studied in Ilee et al. [2013], where its CO bandhead
emission was fit and modelled. In their results they find that the 13.5M, central
object found in Linz et al. [2009] (using the SED models of Robitaille et al. [2007])

and a disk with an outer radius of ~50au (defined where the disk temperature fell
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Table 4.5 List of MIDI observations used in the fitting of M8EIR. The configurations
are illustrated in Figure 4.27.

Projected Position
Configuration Date Telescopes  baseline angle ESO Run ID

(m) ©)

1) 2004-06-05 UT1-UT3 96.8 42.7 60.A-9224(A)
ii) 2004-06-05 UT1-UT3 82.8 44.6 60.A-9224(A)
iii) 2004-08-01 UT2-UT3 46.6 384  273.C-5044(A)
iv) 2005-03-02 UT3-UT4 46.8 94.1 74.C-0389(B)
V) 2005-06-24 UT3-UT4 51.6 137.8  75.C-0755(A)
vi) 2005-06-26 UT1-UT2 55.7 1734 75.C-0755(B)

below 1000K) were sufficient to fit their data. Damiani et al. [2019] calculate a
distance to the source of 1.325+0.01kpc using parallax measurements from the Gaia

telescope.

]

Fig. 4.27 Schematic of the suspected MYSO geometry (a close to pole-on disk-
outflow-envelope system) overlain with the position angles of each configuration of
the MIDI data. The envelope is shown in blue, the cavity in yellow and the disk in
red.
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Fig. 4.28 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding fast Fourier transforms (bottom row) for the
best-fitting model of M8EIR. Each image is 0.52" in width corresponding to the
interferometric field of view. The colour bar applies to both sets of images and
represents the number of counts.

4.5.1 Observations

The MIDI data of M8EIR from Boley et al. [2013], the COMICS image of de Wit
et al. [2009] and an SED for MS8EIR are fit. Six configurations worth of MIDI
data are used, with a variety of PAs and baselines. The COMICS image shows that
MBSEIR is mostly symmetric. The SED fluxes were collated from de Wit et al. [2009],

Linz et al. [2009] and Feldt et al. [2008] and references therein.

4.5.2 Results

This work finds that the 13.5Mg, central object of Ilee et al. [2013] well reproduces
the shape of the SED of the source. A luminosity of ~12000L, is sufficient to fit
the multiple datasets, which is also in good agreement with the value of L obtained
for the source in Ilee et al. [2013]. In the preferred model a 5x10°au envelope,
infalling at a rate of 1x10™>Muyr~!, surrounds this protostar, as well as a disk with
a maximum radius of 2000au. Outflow cavities are carved out of the envelope with
opening angles of 25° and densities of order 10~2’gcm 3. Using a cavity density

exponent of 0.25 was found to improve both the simulated 24.5um profile and the
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Fig. 4.29 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured) for M8EIR.

shape of the SED, similar to NGC 2264 IRS1 and IRAS 17216-3801. Using an inner
hole (radius 30au) again improved the fit of the simulated visibilities. Using the dust
sublimation radius (~15au) as the minimum radius led to the simulated visibilities
for all configurations to be lower than those observed, similar to the case of G305

(see Chapter 3). The model images and FFTs for the final model are displayed in
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Fig. 4.30 COMICS 24.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The contours in the images represent 5, 10, 25 and 75% of the peak
flux.

Figure 4.28. The visibilities are shown in Figure 4.29, the images in Figure 4.30 and

the SED in Figure 4.31.

4.5.3 Discussion

In configuration i) a sharp downturn is found at 8.5um. Such a quick visibility
change can be caused by the turnover induced by the inner rim of the disk. When

varying the inner disk radius around 30au similar shapes were observed, but alongside
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Fig. 4.31 Model spectral energy distribution of the best-fitting model (black) for
MBEIR. All fluxes from the literature are shown as diamonds, except for the spectrum
from Feldt et al. [2008]. This was sampled electronically and the data are represented
as purple crosses. The fluxes corresponding to the MIDI visibilities are shown in red.
Open symbols correspond to upper limits.

further detriments to the other visibility datasets. As a result 30au was chosen as
the final inner radius. The simulated visibilities between 9-12um for configuration
ii) are ~0.02 higher than those observed, implying that the structure traced by this
configuration is slightly larger than that modelled. Given the long baseline length of
the configuration this could be explained if the inner rim is not completely smooth
but clumpy in nature. If this inner radius were the dust destruction radius a sharp cut
off would be expected, but given that an inner hole exists the idea that the medium
could also not be perfectly smooth is not unlikely. A compromise was found between
the fitting of configurations iii) and iv) as opposed to fitting one perfectly and the

other very poorly.

4.6 AFGL 2136

AFGL 2136 IRS1 (hereafter AFGL 2136) resides in a near-IR reflection nebula
(known as the Juggler nebula due to its three lobes) and the wider environment

surrounding this nebula is shown in Figure 4.32. Around thirty sources accompany
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Fig. 4.32 The wider star forming region of AFGL 2136 as taken by GLIMPSE. The
location of the source is shown by a purple cross. The image was obtained using
SIMBAD and the Aladin Lite viewer [Wenger et al., 2000].

AFGL 2136 in the nebula but it is the dominant source. A CO bipolar outflow of
arcminute scales with a PA of 135° is associated with AFGL 2136 [Kastner et al.,
1992]. Menten and van der Tak [2004] detected weak, optically thick radio emission
from AFGL 2136 which is slightly elongated which could be due to the presence of
an ionised jet. Minchin et al. [1991] detected a disk around the source using near-IR
polarimetric imaging, and Boley et al. [2013] find the mid-infrared emission to be
elongated parallel to this disk. de Wit et al. [2009] image a large portion of the area
including and surrounding AFGL 2136. They find the dominant source is mostly
symmetric, the envelope can be traced out to scales of 3" and extension of the source
in the direction of each lobe of the nebula. Their 1D radiative transfer modelling of
the COMICS profile and SED of the sources shows that their intensity profile and

SED are best fit by a model with a density distribution of p=1 but note that none of
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their models reproduce the emission <10um well and that a p=1.5 profile can also

reproduce adequate fits but worse than those of p=1.

de Wit et al. [2011] applied a similar analysis to the one presented in this thesis
to AFGL 2136, using similar datasets and an older version of the same RT code. The
main difference is the amount of MIDI data available, as only one configuration was
fit in that work as opposed to the four used here. Additional technical differences
between the fitting of this thesis and [de Wit et al., 2011] are the multiplication of
the model images with a Gaussian and the convolution of the COMICS image with a
Gaussian PSF as opposed to an observed one (see Chapter 2). Throughout their fitting
de Wit et al. [2011] found that a dust disk violated their MIDI visibilities, making
the visibilities too high. Their final geometry consisted of an envelope-cavity system
with the inclusion of a dusty torus (implemented through the variation of the size of
the cavity launching site within the envelope) and the addition of a gaseous inner
disk. The addition of a gaseous inner disk was not possible through HO-CHUNK3D

and implemented separately.

Maud et al. [2018] and Maud et al. [2019] studied the source using ALMA
observations. Maud et al. [2018] find that the dust emission implies a disk-like
structure. They suspect that the '3CO emission traces cavity walls and their CH;CN
and CH3OH emission trace arc-shaped trails leading away from the disk plane.
Using parametric models with the SiO emission they show the presence of Keplerian
rotation of a disk between 10-30M.,. These parametric models must also have a
radially expanding component which they explain as a disk wind. They confirm
Keplerian rotation in the disk and suspect that the source is an older object due to the
presence of H30o emission (indicating ionisation). In Maud et al. [2019] the H,O
emission of the disk was investigated. They again confirmed Keplerian rotation, in
addition to a ring-like density enhancement which they postulate could potentially

be a spiral structure.
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Table 4.6 List of MIDI observations used in the fitting of AFGL 2136. The configu-
rations are illustrated in Figure 4.33.

Projected Position

Configuration Date Telescopes  baseline angle ESO Run ID
(m) ©)
i) 2005-06-24 UT3-UT4 61.3 107.0  75.C-0755(A)
i) 2005-06-26 UTI1-UT2 53.5 14.0 75.C-0755(B)
iii) 2006-05-18 UT2-UT3 46.4 45.9 77.C-0440(A)
iv) 2008-06-23 UT2-UT3 42.6 474  381.C-0607(A)

Fig. 4.33 Schematic of the suspected MYSO geometry overlain with the position
angles of each configuration of the MIDI data. The envelope is shown in blue, the
cavity in yellow and the disk in red.

4.6.1 Observations

The MIDI data for AFGL 2136 from Boley et al. [2013] consists of four configura-

tions (Fig. 4.33) of fairly similar resolution with a minimum baseline of 42.6m and a

maximum of 61.3m. The PA range is large, between 14-107°. The visibilities for

all four configurations are low, averaging at around 0.03. The visibility profiles are

unusual in shape with very sharp variations. The COMICS image from de Wit et al.
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[2009] was used. The SED for AFGL 2136 was compiled using the RMS database
and the literature. Included fluxes come from 2MASS, MSX and WISE with JCMT
data from Kastner et al. [1992], a 350um flux from Mueller et al. [2002] and 50 and

100um data presented in Harvey et al. [2000].

4.6.2 Results
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Fig. 4.34 Logarithmically scaled model images (top row) at 7.5, 8.5, 9.5, 10.5, 11.5
and 12.5um and their corresponding fast Fourier transforms (bottom row) for the
best-fitting model of AFGL 2136. Each image is 0.52" in width corresponding to
the interferometric field of view. The colour bar applies to both sets of images and
represents the number of counts.

The first step in the modelling of this source was to apply the model of de Wit
etal. [2011] to the larger dataset. As discussed in Chapter 2, the model images are not
multiplied by a Gaussian and it was found that without this, the MIDI configuration
common to both this thesis and that work could not be satisfactorily fit using the
model of de Wit et al. [2011]. The model also provided poor fits to all the other
MIDI configurations which were not included in de Wit et al. [2011].

Given the observations of a disk around the source, various disk-outflow-envelope
geometries were trialled during the modelling. Disk masses ranging between 10-30
solar masses are workable components of the model, in agreement with the kinematic
measurements of Maud et al. [2018] and Maud et al. [2019]. The larger the mass,

the less 24.5um emission, improving the fit of the radial profile. For a 30 solar mass
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Fig. 4.35 Observed visibilities for each configuration (black) with the simulated
visibilities for each model image (coloured) for AFGL 2136.

disk the millimetre slope of the SED fit is worse than for a 10 solar mass disk. The
quality of the MIDI fits are comparable across the disk mass range. For the 30 solar
disk mass model, fit for configuration ii) improves slightly as the simulated visibility
at 8um increases, but the visibilities for configuration iv) also increase, which further
worsens the fit to that configuration by a comparable amount. Given the similarity
across the MIDI data a compromise was made between the SED and COMICS fits
and 20 solar masses was selected as the final disk mass.

Similarity is found between the preferred best fitting model of this thesis and the
model of de Wit et al. [2011] in that the minimum dust radius is larger than that of
the dust sublimation radius. This is clearly visible in the model images shown in
Figure 4.34. In this work the inner radius is four times larger than the sublimation
radius, in theirs it was five. In de Wit et al. [2011] a gaseous disk and bloated star

resided within this cleared inner hole. Including a gaseous disk is not part of the
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AFGL 2136 (COMICS) Convolved 24.5um Model Image
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Fig. 4.36 COMICS 24.5um image (top left), convolved model image (top right) and
subsequent radial profiles (bottom). The model image was convolved with the PSF
of the observed object to accurately mimic the effects of the telescope specific to the
observations. The model is more symmetric than the observed source meaning it has
more emission in its eastern regions, explaining the larger amount of 24.5um flux

visible for the model in the radial profiles. The contours in the images represent 5,
10, 25 and 75% of the peak flux.

methodology of this work, but its potential existence cannot be denied. As discussed
in the examination of G305 (Chapter 3), the presence of a bloated source can also not
be ruled out. Both a large and small grains disk were used in the final model, with
matching scale-heights. The outflow cavity opening angle is tightly constrained at
22.5° to maintain the balance of fits of the three observables and the cavity density is

of order 10~ °gem™3. The centrifugal radius is 2000au and the infall rate is of order
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Fig. 4.37 Model spectral energy distribution of the best-fitting model (black). Multi-
wavelength flux measurements from the RMS are represented as blue diamonds, the
yellow diamond represents the COMICS flux density and the fluxes corresponding
to the MIDI visibilities are also shown in red. The unfilled diamonds represent the
fluxes that were not considered in the fitting due to their suspected contamination.

10~ solar masses per year. The final model includes an inclination for the system of
60°, and the central object is similar to that of de Wit et al. [2011]; a bloated star of
radius 25R, with an overall luminosity of 1.51x 10°L,. This luminosity matches
the O-type classification ascribed by Maud et al. [2018] and Maud et al. [2019] and
in good agreement with the bolometric luminosity determined by Lumsden et al.

[2013].

4.6.3 Discussion

The visibilities of the final model are shown in Figure 4.35, the images are shown
in Figure 4.35 and the SED is shown Figure 4.37. Configuration ii) of the MIDI
data proved nigh-impossible to successfully fit. Despite this, the preferred model
recreated the shape of the visibilities well and was only V?=0.015 off in visibility.
This implies that the protostellar environment traced by this configuration is larger
than that simulated in the model. The PA of this configuration was 14° meaning that,

taking into account the source’s PA on the sky, it could be tracing envelope material
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close to the cavity wall or disk material. Both the continuum and CO contours of
Maud et al. [2018] show the medium to be clumpy, despite the disk’s stability. Given
that only smooth geometries were used in the modelling, it could be that the model
is not reproducing this emission leading to this poor fitting. The other three MIDI
configurations are matched well by the final geometry.

This work agrees with Maud et al. [2018] and Maud et al. [2019] in that a disk-
outflow system suits the source. Maud et al. [2019] detect a ring-like structure at
scales of 120au. This is in very good agreement with the inner radius found in this
thesis for the disk through the fitting of the infrared data, which is four times the
sublimation radius or ~125au. Maud et al. [2019] even compare their inner ring to
the inner radius of 60au found for G305. Causes of the large inner rim found for
AFGL 2136 could be the presence of a multiple system, which Price et al. [2018]
postulate for the source HD 142527 and agrees with the discussions of G305 (as
discussed in Chapter 3). Dust trapping (e.g. Pinilla et al. [2018]), whereby grains are
trapped in pressure maxima and amalgamate, is also cited as a possible cause of their
structure by Maud et al. [2019]. While the exact mechanism cannot be confirmed,
the fact that the inner rim has been detected using three different methodologies and

in two different wavelength regimes is promising for future study.

4.7 Summary

In conclusion, the multi-scale analysis has determined that the datasets of all of
the sources in this sample can be explained by models consisting of a protostellar
environment with a disk-outflow-envelope geometry. The final parameters for the
sample are listed in Table 4.7. A number of the disks within this sample display
substructures of various kinds, but with the most common being an inner hole. All
of the envelopes of the sources were of the same Ulrich type, implying actively

infalling environments for the sources. Agreement exists between the characteristics
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found through this work and those found through previous studies. From the study
of this sample it appears that the MIDI data are most sensitive to the inner disk
geometry of the sources. This could be determined thanks to the combination of the
MIDI data with the VISIR/COMICS data which provides additional constraint on
cavity material. The level of constraint could further be improved by using another
high-resolution dataset at sub-mm/millimetre wavelengths.

Across the sample, the far-infrared fluxes in the SED were occasionally problem-
atic to fit. One may assume that changing the dust types could aid in the fitting of
the far-infrared slope. Olguin [2016] experimented with dust models based on the
Kim Martin and Hendry dust model (used in the cavity and small grains disk in this
thesis) but with added ice mantles, but found this did not improve the fit. Mottram
et al. [2011d] note that the extinction model used in the code will effect the shape of
the far-infrared slope. In their work and the work of this thesis a standard interstellar
extinction law is used based on the work of Kim et al. [1994]. Using a different
extinction law model could also therefore also potentially assist with the fitting of
the far-infrared SED fluxes. The fluxes used in the SEDs throughout this chapter are

listed in Appendix B.
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Chapter 5

Looking for trends in the

circumstellar environments of

MYSOs

5.1 Introduction

In Chapter 1, it was stated that the model of de Wit et al. [2010] had been success-
fully applied to a number of MYSOs when fitting their VISIR profiles and SEDs
[Wheelwright et al., 2012]. This presents the question as to whether all MYSOs can
be fit with this model, or a similar family of models. Through the employment of the
multi-scale, high-resolution methodology described in Chapter 2, model fits have
been obtained for a sample of MYSOs, as presented in Chapters 2, 3 and 4 of this
thesis. In doing so, the geometries, characteristics and traits of these MYSOs have
been ascertained. This constitutes the largest sample of MYSOs in the literature
to be tested with such a multi-scale methodology. Since the sample was analysed
in a consistent manner, the results for each object can be directly compared to one
another. In this chapter, this analysis is performed. Firstly, the choices made during

the fitting process and how these affect the analysis are discussed, and some factors
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calculated to allow better interpretation of the parameter space are defined. Secondly,
parameters that were identical or very similar across the sample of MYSOs are dis-
cussed. Thirdly, correlations are used to quantify the relations within the parameter
space. A general investigation of the overall trends between the MY SOs follows,

before finishing with a discussion of how the characteristics deduced for this sample

relate to classification schemes of previous work.

Table 5.1 A list of the MYSOs analysed in this thesis

Name RA DEC Distance (kpc)
G305.20+0.21 13:11:10.45 -62:34:38.6 4
NGC 2264 IRS1  06:41:10.15 +09:29:33.6 0.7
S255 IRS3 06:12:54.02  17:59:23.60 1.8
Mon R2 IRS2 06:07:45.8 -0.6:22:53.2 0.8
IRAS 17216-3801 17:25:06.51 -38:04:00.4 3.1
MSE-IR 18:04:53.18 -24:26:41.4 1.4
W33A 18:14:39.0 -17:52:03 2.4
AFGL 2136 18:22:26.38 -13:30:12.0 2.2

5.2 Considerations

Before presenting the comparative analysis, it is prudent to first discuss any aspects
of the fitting process which may affect the relationships between the characteristics
of the sample. Two factors are also defined which were calculated to assist in the

interpretation of the parameter space.

5.2.1 Notes on discussed parameters

The luminosity of the central source in the model is calculated from its user-defined
temperature and radius. The stellar radii of MYSOs are mostly derived quantities
based on model interpretations such as evolutionary tracks and assumptions of the
effective temperature of the sources. The derived luminosity however, just depends

on the distance of the source. Any results attained within this thesis as function of
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luminosity would therefore be much more robust than other derived quantities. It
was found during the fitting process that it is the overall luminosity that holds power
over the simulated observables and the fits, not the specific temperature and radius.
This was discussed in the Chapter 3 during the testing of bloated protostars. Given
this, luminosity is compared with other parameters instead of 7" and R, separately.

Similarly, central source mass is also usually derived based on model interpreta-
tion of evolutionary tracks. The starting point for the masses used throughout this
thesis came from the literature and were usually estimated based on assumptions of
the mass-luminosity relationship of ZAMS sources and not based on any dynamical
information of the protostellar systems. While the mass values from these works
were successful components of the preferred model fits, it was found that varying the
central object mass did have small effects on the shape of the SEDs of the source, as
discussed in Chapter 4.3.2 in regards to IRAS 17216-3801. The central object mass
is still discussed later on in this chapter, but with this taken into account.

This methodology combines a variety of techniques with a focus on the mid-
infrared for the high-resolution observations. While MYSOs are, as a whole, infrared
bright, some of their components will be better traced by longer wavelength observa-
tions. The total disk mass is best quantified by modelling the sub-mm/millimetre
continuum of sources in combination with dynamical studies which can distinguish
it from envelope material. The envelope outer radius will also only be detected
at the longest wavelengths given its very cold temperatures. While sub-mm and
millimetre fluxes are included in the SEDs used in the fitting process, the fact that
these fluxes are not combined with high-resolution data means that the origin of
the cold emission cannot be confirmed. As such, the handle on the total disk mass
and envelope maximum radius is weaker than other parameters. The fitting process
has shown the outer disk radius can have an effect on the VISIR/COMICS profiles
of nearer sources. For G305, which was at a distance of 4kpc, the angular size

of a disk with an outer radius of 2000au is ~0.5" whereas for NGC 2264 IRS1 (a
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nearer source) it is nearly 3". Therefore a disk constitutes a much smaller emitting
component for a more distant source, whereas for a nearer source the disk can have

effects on the extended 20 m emission.

5.2.2 Calculated factors

Throughout this analysis a number of factors were calculated to give a more pertinent
feel of the parameter space. The first is the maximum resolving factor of the MIDI
observations. This was calculated by dividing the largest projected baseline used to
observe each source by the distance to the source. Calculating whether any of the
characteristics obtained from the fitting have only been detected due to fortuitous
position/observations is important and this is discussed further in the next section.
Another calculated quantity was the flaring factor of the disk. Most of the preferred
fit models included two disk components, one made from ‘large grains’ (disk 1) and
one from ‘small grains’ (disk 2). Whitney et al. [2013] suggest a flaring factor of
2 between the two disks to simulate this, based on the hydrostatic calculations of
D’ Alessio et al. [1998] and images of observed disks (Cotera et al. [2001] and Wood
et al. [2002]). During the fitting process it was found that varying this ratio (as well
as varying which disks were used) could improve the fits to the observations. The
flaring factor is simply the scale height of disk 2 divided by the scale height of disk
1.

5.3 Notable similarities and groups

After fitting the whole sample, some parameters were the same, or similar, for all the
objects. These are excluded from the later correlation discussions, but are discussed

here.
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5.3.1 Cavity shape exponent

The same cavity shape exponent of 1.5 was a successful component of all the final
models. As discussed in Chapter 2, this dictates the shape of the outflow cavity. A
streamlined, perfectly conical cavity will have an exponent of 1, a parabolic cavity
an exponent of 2 and so on. Both streamlined and curved cavities are observed
around YSOs (e.g. Padgett et al. [1999], Stark et al. [2002], Reipurth et al. [2000]),
but the mechanisms causing each of them are not entirely clear. Varying the cavity
exponent induces effects on the 20um emission and the shape of the model SED
(Chapter 3). It is therefore significant that it was was not required to deviate from
a cavity exponent of 1.5 during the fitting process. The shape of the cavities will
be controlled by a number of processes specific to the central protostar and the
envelope they are carved out of. Therefore, if the shape of the cavity is consistent
across a sample of MYSOs this implies that the same processes are occurring in
MY SOs that shape these cavities. In the low-mass case, the outflow morphology is
essentially dictated by an interplay of magnetic field activity between the star and
the disk. The magnetic fields themselves are suspected to be fossil fields from the
wider cloud, which become compressed by the gravitational collapse of the core and
twisted up by rotation (Konigl et al. [2010], Konigl et al. [2011]). The field lines
within the disk can be amplified by convection and shear in the disk, resulting in an
hourglass shape which can be recreated through a cavity exponent of 1.5. However,
as previously discussed, the role of magnetic fields lines in massive protostellar
environments is still not well understood/observed. Walder et al. [2012] note that
magnetic activity is more likely to be sustainable if massive stars/protostars are
convective. While the convective stage for massive PMS stars is expected to be short
(Chapter 1) convection is possible for lower temperature objects. Bloated MYSOs
could be convective enough to generate magnetic dynamos and thick disks are also

thought to have the potential to be convective [Ferreira and Pelletier, 1995]. Should



178 Looking for trends in the circumstellar environments of MY SOs

magnetic fields be present in either, they will have implications for both the outflow
and disk behaviour.

Kuiper et al. [2015] performed radiation hydrodynamical simulations of massive
protostellar outflows and the hourglass morphology associated with a cavity with
a shape exponent of 1.5 is present for many different masses of high-mass star
(although they do not specifically quantify this exponent). Offner et al. [2011]
also perform radiation hydrodynamical simulations of massive protostellar outflows
and also find that the cavities carved are curved. Additionally, they find that the
cavity opening angle is seen to increase with time between 10?-107years within the
context of their models, which are collapsing cores and not fed material from a wider
clump. As such, envelope depletion would stop accretion at some point allowing the
widening of the cavity opening angle. The majority of the cavity opening angles for

04.5

the sample lie between 20-30°, placing then between ~10>2yrs to 10*yrs according

the the models of Offner et al. [2011].
To summarise, a curved polynomial cavity, which is found to be a successful
component of all the preferred final models, appears to be consistent with recent

simulations of massive protostellar outflows.

5.3.2 Envelope radius and ambient density

All the MYSOs in the sample, save one, have the same outer envelope radius. The
outer envelope radius is only probed by the SEDs in the dataset and is therefore not
constrained to a high degree of accuracy. All the fits were satisfied by an envelope
with radius 5 x 10°R or 1 x 10°R,. Only $255 IRS3 required the smaller envelope
for its SED to be successfully fit. One may assume that a less luminous or massive
MYSO may have a smaller surrounding envelope as a smaller reservoir of natal
material will provide less material for building the star. This does not appear to

be the case however, as far less luminous/massive MYSOs than S255 have larger
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envelope radii. One could argue that because S255 IRS3 is observed to go through
large accretion events that the smaller envelope radius could be due to periodic
mass-accretion events, however the exact cause cannot be determined throughout

this work.
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Fig. 5.1 Scatter plot showing the relationship between the dust fraction and the
minimum envelope radius. The sub-group mentioned in Section 5.3.3 is clearly
visible.

5.3.3 Dust fraction

The dust fraction has one large clear group. Most of the MY SOs could be fit with
models which used the default disk dust fraction suggested by Whitney et al. [2013],
where 20% of the total disk mass consists of large grains. The remaining MYSO,
G305.20+0.21, has a disk consisting only of large grains. A strong correlation is
found between dust fraction and distance (Figure 5.1) but when looking at this data
visually the correlation is essentially dictated by one source. Therefore, due to this

effect and the fact that dust fraction is almost completely consistent across the MYSO



180 Looking for trends in the circumstellar environments of MY SOs

sample, it is not discussed again during in the context of the overall trends of the

group.

5.4 Correlations

In this section, correlations are used to compare the parameters spaces of the best-
fitting models obtained throughout this thesis. A correlation coefficient is a numerical
measure of the relationship between two variables. The Pearson product-moment cor-
relation coefficient (PPMCC) is a commonly used correlation and can be calculated

using:

o I (i —X)(yi—¥)
xy VELL(x; — X)2\/EL (vi — 7)?

where ryy is the coefficient, n is the sample size, x; and y; are the data points and

(5.1

X and y are the sample means. Values for the coefficient can range between -1 and 1.
No correlation at all between the variables results in a 0, two completely positively
related variables have a correlation coefficient of 1 and two completely negatively
correlated variables have a value of -1. The amount of correlation can be classified
into three categories; weak, moderate and strong. If the correlation coefficient has a
value <0.3 it is weak, if the correlation coefficient lies between 0.3-0.7 it is moderate
and if the coefficient is equal to or higher than 0.7 it is strong.

Figure 5.2 presents these correlations in a comparative format, excluding the pa-
rameters discussed in Section 5.2.1. The vast majority of the correlation coefficients
are <0.5. This implies that for the most part, the objects within this sample are a
diverse group. The underlying geometry of the sources however is similar as they all
have disk-outflow systems surrounded by Ulrich-type envelopes.

In the remainder of this subsection it is discussed how using different observing

configurations may affect the resulting correlations and whether the determined
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Fig. 5.2 Correlation matrix displaying the relationship between the parameter space.
Because of the poor constraint of the disk mass using mid-infrared observations this
parameter is omitted. Additionally parameters which were the same or very similar
across the entire parameter space (e.g. cavity shape exponent, maximum envelope
radius, dust fraction) are also not included. Exf. is the shorthand used for the cavity
density exponent by Whitney et al. [2013].
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parameters are biased by their inclinations. Groups within the parameter space
are also noted, and correlations that were unexpected and strong correlations are

presented.

5.4.1 Checking for biases

Before considering the correlations they were checked for bias. The sample, pre-
sented in Chapter 4, includes MYSOs at a variety of distances and inclinations, and
they were all observed using different baseline configurations. As such, it was of
interest to determine whether the parameter space was affected by the resolving
power of the observations and whether specific parameters were only detected at
certain inclinations.

For the resolving factor, strong correlations were detected for two characteristics
- the distance and stellar mass. This is consistent, as a very distant source needs
to be more massive or luminous to be detectable, but if a source is close and
observed with small baseline lengths it may be comparably resolved as a source
that is distant but observed with the largest baselines. The flaring shows a moderate
correlation, which again seems consistent as the more flared the disk, the larger
the area available for irradiation and subsequently the larger solid angle on the
sky for re-emission, meaning that more flared disks will be more easily detectable.
This would have a larger effect for disk-only systems, but the fact that the disk is
enclosed in an envelope for all of the observations will reduce the importance of this
effect, possibly explaining why a moderate, and not strong, correlation is observed.
All other protostellar characteristics display weak correlations, implying that the
characteristics obtained for the sources are not just due to the specifics of their MIDI

observations.

The inclination was examined in four ways. Firstly, the base inclination (as

included in the table of model fits for the sample in the previous chapter) was
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compared with other properties. Secondly, the difference in inclination from 90°
was investigated. When viewed edge on (90°) the line of sight traces the densest
region of the protostellar environment which harbours the disk. As the inclination
deviates from 90° the column density in the line of sight decreases. Therefore,
investigating the distance from 90° can tell us if there is a bias towards MYSOs
viewed at a certain line of sight. Finally, the sine and cosine of the inclination were
also checked for consistency. Overall, all the correlation coefficients for inclination
when compared with other parameters were weak or moderate, implying that the

derived characteristics are not determined by the inclination of the source.

5.4.2 Effects of fitting choices

Throughout the fitting process a few decisions were made which affect the correla-
tions. One such decision was to equate the centrifugal radius and outer disk radius
during the fitting process. This was done as the centrifugal radius essentially dictates
where material which is infalling in the envelope will be deposited. As discussed in
Chapter 1, it is thought that infall from the wider environment will occur at similar
rates to accretion onto the central protostar. As such, the envelope and disk scales
may be linked. The deposition of material at the centrifugal radius provides the most
logical source of material for the formation of a disk and the most likely reservoir
of material which will ultimately be fed into the accretion process. Based on these
considerations the centrifugal radius and outer disk radius were made equal, resulting
in a correlation between the two values of 1.

Another assumption made during the fitting was that the distribution of large
grains would be flatter than the distribution of small grains in the disk. Whitney
et al. [2013] suggest a flaring factor of 2 between the two large and small grains

disk components to simulate this, based on the hydrostatic calculations of D’ Alessio

et al. [1998] and images of observed disks (Cotera et al. [2001] and Wood et al.
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[2002]). This ratio of 2 for the flaring factor was therefore used as a starting point for
the fitting process and varied if required. It was found that this ratio could provide
suitable fits to most of the datasets, meaning that there is a strong correlation (0.89)
between the scale heights of disk 1 and disk 2. The implications of having different
disk scale heights in massive protostellar disks is discussed in more detail in Section

5.5.

Similarly, the minimum disk radius and minimum envelope radius were also
linked during the fitting, as it was assumed that if something was disrupting the dust
in the inner regions of the envelope this would also disrupt material in the inner
regions of the disk. Therefore, one would expect a strong correlation between these
two parameters. The values were kept the same unless a noticeable improvement
in the fit was obtained by changing them and this occurred for IRAS 17216-3801
(discussed in Chapter 4). The difference between the minimum disk radius and
envelope radius for this source is large, resulting in a moderate correlation (0.67)
between these two parameters for the whole sample, but this increases to 1 if IRAS

17216-3801 is removed.

5.4.3 Unexpected relationships

One correlation that was expected to be present but was not is that concerning
distance and luminosity. If a source is distant, one would assume it must be brighter
to remain detectable. From this sample it was found that the distance-luminosity
relationship was moderate (0.54). If the two most luminous sources (IRAS 17216-
3801 and AFGL 2136) are removed, however, the relationship becomes strong (0.89).
While these two sources are particularly bright within the scope of this sample, they
are not unusually bright for massive protostars in general. As such the moderate
correlation for distance-luminosity when these sources is included is put down to

sample size, not the presence of outliers.
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Fig. 5.3 Scatter plot showing the relationship between the cavity density exponent
and the cavity opening angle. Exf. is the shorthand used for the cavity density
exponent as used by Whitney et al. [2013].

A strong negative correlation is found between A, and flaring factor (-0.81). The
foreground extinction is not an intrinsic property of an MYSO and describes more
about its surrounding environment. Such a strong correlation between A, and any
specific protostellar parameters induces skepticism and a wider number of sources
would need to be considered to investigate whether this is a tangible correlation or

not.

A strong (0.80) correlation is found between the cavity density exponent and
the cavity opening angle. This, at first glance, does not appear to have a physically
consistent explanation. However, similar to the dust fraction, one source appears
to be cause of this strong correlation. IRAS 17216-3801 has the highest cavity
opening angle of the sample and also the highest cavity density exponent, inducing a
strong correlation across the group. When this source is removed, the relationship is
weak (0.36). Similarly, IRAS 17216-3801 has the highest envelope infall rate of the

sample, so the same effect occurs. A strong correlation coefficient of 0.91 exists for
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Fig. 5.4 Scatter plot showing the relationship between the cavity density exponent
and the envelope infall rate. Exf. is the shorthand used for the cavity density exponent
as used by Whitney et al. [2013].

the sample when IRAS 17216-3801 is included, but this decreases to 0.27 when it is
removed. As such neither of these correlations are given much consideration. These

correlations can be viewed in Figure 5.3 and 5.4 respectively.

5.4.4 Strong correlations

Excluding the strong correlations mentioned which are a result of decisions described
above and the resolving power of the observations, a number of strong correlations
exist within the sample which, post these checks, are tangible results from the

parameter space. These are discussed in the following subsections.

Distance and central object mass (Fig. 5.5)

The first strong correlation (0.79) implies that as a source becomes more distant, its

mass increases. Larger mass objects will have larger environments and therefore be
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Fig. 5.5 Scatter plot showing the relationship between distance of the sources and
the suspected central object masses.

easier to detect at large distances, meaning this correlation appears consistent. This
same reasoning can be applied to the luminosity, as a more luminous source will be
remain detectable at larger distances, explaining the distance/luminosity relationship

as discussed in Section 5.4.3.

Disk scale height and cavity opening angle (Figs. 5.6)

A strong correlation is detected between the scale height of disk 1 and the cavity
opening angle (0.72) implying that the more flared the disk, the larger the cavity
opening angle. If the disk scale height is large, the disk is more flared and a larger
emitting surface will be visible. This same affect occurs if the cavity opening angle
increases, as this too increases the available area for irradiation by the protostar and
therefore generates a larger emitting region. The correlation between disk 2 scale
height and cavity opening angle is moderate (0.62) because one model does not

possess this second disk component.
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Fig. 5.6 Scatter plot showing the relationship between the scale height of disk
component 1 and the cavity opening angle.

Cavity density vs. flaring factor (Fig. 5.7) and disk scale height (Fig. 5.8)

A strong negative correlation (-0.88) exists between the flaring factor and the cavity
density, implying that if the disk is more flared, the cavity density will be lower. A
similarly strong correlation of -0.86 is detected between the cavity density and the
disk 2 scale height, implying that the lower the cavity density, the larger the disk
scale height and the greater the volume of the disk. These relationships are discussed

in an evolutionary context in Section 5.6.

Disk minimum radius and luminosity (Fig. 5.9)

A strong correlation (0.92) exists between disk minimum radius with luminosity. At
a first glance, this appears consistent; a more luminous star will be able to sublimate
dust at larger distances compared to a less luminous source, increasing the minimum
radius of the circumstellar material. However, as has been discussed in previous

chapters, the minimum radius quoted here is not the dust sublimation radius for the
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Fig. 5.8 Scatter plot showing the relationship between cavity density and the scale
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majority of these sources. In Chapter 3 causes of inner holes in disks were discussed
at length and it was determined that the most likely causes for inner holes in massive
stars are 1) photoevaporation and 2) the presence of binary/multiple companions. Of
these two causes, photoevaporation as a mechanism seems to be in agreement with
this correlation. If a source is more luminous, then it will have a greater capacity
to generate photons of high-enough energies to dissociate the inner disk material
and create cleared inner regions. Therefore, the large luminosity leading to a large
inner hole makes sense as the star has another mechanism with which to destroy the
disk. This comes with the caveat, however, that the star must not also be creating
UV photons to the point where an ionising ultra-compact HII region has begun to
form around the source, as that is not observed for any of these sources. A strong
correlation does not exist between minimum envelope radius and luminosity, as the
minimum envelope radius of the final model for IRAS 17216-3801 vastly differs
from its minimum disk radius (as discussed in Chapter 4). If IRAS 17216-3801
is removed, the correlation between minimum envelope radius and luminosity is
becomes strong and the correlations between luminosity and both disk and envelope

minimum radius become 0.93.

Mass and luminosity (Fig. 5.10)

A strong relationship exists between the central object mass and its luminosity (0.74).
The mass-luminosity relationship varies for different masses of main-sequence stars
but always follows the same general relation of L ~ MY where N is an exponent
that varies for different masses of star. For stars lower than 0.43M¢, the exponent
is low (2.3) due to their convective nature, for stars between 2 and 55 solar masses
it increases to 3.5 and the relationship becomes linear as stars surpass this mass
and approach the Eddington luminosity [Salaris and Cassisi, 2005]. While these

specific relationships apply to main-sequence stars and there will be some variation
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Fig. 5.9 Scatter plot showing the relationship between the luminosity of the source
and the minimum disk radius.

in the luminosity of a protostar as it increases, by the time MY SOs are observable
they will be approaching the main sequence, so using these approximations is
not unreasonable. Additionally, a relationship is to be expected between central
object mass and luminosity. As discussed in Chapter 1, the luminosity comes from
gravitational potential energy, which will be larger for a greater mass. Also the more
massive a core, the more difficult it is for radiation to escape it, as more material
is in the way. As a result its temperature and luminosity will be larger than for a
low-mass protostar. Therefore, the fact that a strong correlation exists between the

mass and luminosity for this sample is unsurprising.

Envelope infall rate vs. central object mass (Fig. 5.11)

A strong correlation (0.71) is seen between envelope infall rate and the mass of
the central source. This seems consistent, as the central object is the focal point

for gravitational contraction of the wider protostellar environment. If the central
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Fig. 5.10 Scatter plot showing the relationship between the luminosity of the source
and the central object mass.

source mass increases a greater gravitational force will be exerted on the mass in its

surrounding envelope, and the larger the amount of infall will be.

Envelope infall rate vs. cavity opening angle (Fig. 5.12)

A correlation of 0.75 implies that as the envelope infall rate increases, the cavity
opening angle will get larger. One possible explanation for this relation is as follows.
If the envelope infall rate is high, the envelope is more concentrated towards the
midplane and the regions closer to the poles of the envelope will therefore be less
dense. The remaining envelope material would then be more vulnerable to the effects
of any outflow activity, meaning that more material could be carved of the envelope,

thereby widening the outflow cavity such that it has a larger opening angle.
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Fig. 5.11 Scatter plot showing the relationship between the envelope infall rate and
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Fig. 5.12 Scatter plot showing the relationship between the envelope infall rate and
the cavity opening angle.
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5.5 Discussion

The central objects of the models in this study cover a range of masses, temperatures,
radii and luminosities. The protostellar masses were only varied to improve the SED
fits, as they had effects on the TSC properties of the envelopes. The stars with lower
luminosities and therefore lower fluxes in their SEDs were better fit (shape-wise) if
their models included lower mass stars, which is consistent as the luminosity of a

star is expected to increase with mass.

The envelope properties of the MYSOs were traced predominately by the longer
wavelength emission of the SED and the 20um emission, which was sensitive to the
centrifugal radius (for closer sources, following the same discussion 5.2.1) and the
envelope infall rate. The larger the envelope infall rate, the larger the density within
the infall radius (according to the Ulrich density distribution (Chapter 2, equation
2.2)) and the larger the mount of material available for re-emission of the 20um
flux. All the MYSOs studied within this thesis have observables that can be fit with
an Ulrich-type envelope, implying that all of the MYSOs are actively infalling and
contain the subsequent density enhancements in the midplane that affect the 20um
emission. Follow-up kinematic studies could confirm this to be the case following
methods such as those detailed in Ohashi [2004] (e.g. searching for inverse P Cygni
line profiles in the sources’ spectra). S255 IRS3 appears to be the exception in
terms of envelope parameters, given its low envelope infall rate and small outer
radius. S255 is the only source confirmed to be episodically accreting so the fact that
differences exist between this source and the others is not surprising, and may be

temporary effects induced by this accretion process.

Of the disk parameters, the disk inner and outer radii, flaring factor, dust con-
tent of the disks present the most discussion as the other parameters are less well
constrained. One weaker constrained parameter is the disk mass. The only source

where the disk mass was constrained to a factor smaller than 10 was NGC 2264
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IRS1. This is likely due to the fact that it is near, has a close to face-on inclination
and has a mass-dependent substructure. AFGL 2136’s disk mass was also tested
more rigorously to allow comparison with previous work. As expected, very little
change was observed between the observables and it was still only constrained to a
factor of 10.

The outer disk radius, as discussed in Chapter 2, is only loosely constrained by
the observables. A larger disk creates more millimetre emission which can affect the
longer wavelength regime of the SED and the maximum disk radius is also tied to
the centrifugal radius which affects the shape of the SED particularly at its 70um
peak and around 20um. The imaging profiles also proved decent outer disk radii
tracers, but mostly for the nearer sources. As such, the outer radius is still discussed
but it is noted that this is not as constrained as the inner radius, which heavily affects
the MIDI emission in all cases.

All the MYSOs in this sample had disks as a component of their final models.
These disks are not toroids which are 100s of solar masses and 1000s of au in size
[Beltran and de Wit, 2016], but are objects which (while they could exist at larger
radii) are present in the innermost regions of the protostellar environment and within
the accreting regions. The fact that all of the sample harbour a disk, lends support to
the idea that massive forming stars accrete their mass through similar mechanisms to
low-mass stars. The flaring and inner geometry of the disks had the greatest effects
on the MIDI visibilities, in agreement with with the postulations for low-mass disks
from Dullemond and Monnier [2010] and Mulders and Dominik [2012].

The majority of the model disks have a flaring factor of 2, meaning that the small
grains disk has twice the scale height of the large grains disk. Given that this flaring
factor is in agreement with the hydrostatic calculations of D’ Alessio et al. [1998]
and models of observed images (Cotera et al. [2001] and Wood et al. [2002]), this
result is encouraging. IRAS 17216-3801 had a flaring factor very close to 2 (1.75)

but given that the binary system is likely to be having dynamical effects on this disk,
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this slight deviation is not concerning. Two of the remaining disks were flat (scale
heights of the disks were 0.1) and one of them required no small grains to be present
in the disk to successfully fit the datasets.

Whitney et al. [2013] recommended that the distribution of the dust be split such
that 20% of the grains are in disk 1 (the large grains disk component) the remainder
are in disk 2 (the small grain component). This approximation suited all of the
observations well, save for those of G305. The fact that no disk 2 was required to fit
the MIDI visibilities for this source was discussed as a feature of its evolving nature
in Chapter 3.

Of these disks, 75% showed substructure. This took the form of inner holes for
over half of the sources. The degree of clearing (or the ratio between Ry, of the
central objects in comparison to R ;) ranged between 1.5-4 across the sample and
is shown in Figure 5.13. When the correlation coefficient between minimum disk
radius and luminosity was calculated solely for the objects which harboured inner
holes, a very strong positive correlation was found. This is interesting because this is
not a result of dust sublimation. The potential origin of the inner holes has already
been discussed in the previous section and Chapter 3, with photoevaporation and
dynamical interaction between a binary and the disk determined as likely causes of
the holes in massive protostellar disks. Since this strong correlation exists specifically
between luminosity and the minimum radius, one could interpret this as a sign that
photoevaporation may be the more likely cause.

Price et al. [2018] note that the observed substructures (including holes, asym-
metries and streams) in one Herbig star (HD 142527) can all be explained through
the interaction of binary stars with their disks. They find that the more eccentric the
binary orbit, the larger the hole and note that it is primarily the dynamical interaction
of the stars with the disk that causes the holes observed in their models, not the
photoevaporation of said stars. Only one of the sources (IRAS 17216-3801) has been

confirmed observationally to be a binary system [Kraus et al., 2017]. Through the
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Fig. 5.13 Scatter plot showing the difference between Rj,;, (orange) and the minimum
radius of the disk (blue).

employment of this methodology it was found that a satisfactory fit could be found
to the majority of the datasets using a one-star model. It then stands to reason that
the rest of the sources in the sample could also be binaries and, indeed, studies such
as Sana et al. [2012] and Pomohaci et al. [2019] suspect a very high multiplicity
fraction for massive stars. It might be fair to assume that the more massive the binary
companions, the larger their dynamical effects on the disk and the bigger the hole,
but holes are seen across the luminosity and stellar mass range of the models with
little pattern. It could be the case that not all of these MY SOs are part of multiple
systems or that the binaries are on low eccentricity orbits which disturb the disk less.
Determining which of these could be the case would require a direct investigation
into the multiplicity of the MYSOs specifically, and is beyond the scope of this

thesis.

The remaining substructure takes the form of the ‘spiral’/gap substructure in
NGC 2264 IRS1. Potential explanations for this have been discussed previously and

follow-up observations are required to confirm the precise nature of this environment.



198 Looking for trends in the circumstellar environments of MY SOs

Table 5.2 Type classifications following Cooper [2013] for the sample. No relevant
spectra for Mon R2 IRS2 were present so it was not classified.

Name Type
G305.20+0.21 II
NGC 2264 IRS1 111

S255 IRS3 I
IRAS 17216-3801 III (tentative)

MSE-IR I
W33A II

AFGL 2136 /I

5.6 Evolutionary discussion

Various similarities and dissimilarities are present between the best fitting models
of the MYSOs. Characteristics such as cavity opening angle have been observed
to change with age through theoretical works, but how do the characteristics of the
MY SOs found through this thesis align with previous classification studies?

Cooper [2013] examined the NIR spectra of over one hundred MYSOs from the
RMS survey. Various emission signatures were observed throughout the objects,
allowing them to be categorised into three main different types. The emission lines
which allowed this were Hy, Bry, Br10 and fluorescent Fe 1I (hereafter fl-Fell).
Other lines were also noted to have relevance, for example it is not that Br10 in
particular was a signature, more the presence of Bracket series lines in general that
had significance. According to Cooper’s classification, Type I MYSOs display strong
H, emission lines but no others. Type II have H, and Bry present, weak or absent
Br10 emission and absent fl-Fell. Type III show weak or absent H», strong Bry
emission and a presence of Br10 and fl-Fell emission.

Each of these types is classed as a different evolutionary phase. Type I would
correspond to the youngest, with the strong H, emission attributed to shock activity
where outflow material and envelope material collide. As the MYSO evolves through
the Type II and Type III stages the amount of H, emission decreases, perhaps

because the outflow itself is weakening, the amount of circumstellar material is
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depleting due to dispersion and/or because the molecules of H, are being dissociated
as the protostar gets hotter. This increase in temperature also induces (Type II) and
increases (Type III) the Bry emission. By the time an MYSO is at Type 111, either
the outflow is too weak or there is not enough material to form shocks of Hj. At
this stage the star would be hot enough to produce UV photons to such a degree
that a line driven wind is generated, along with HI emission and fl-Fell emission
at 1.6878um. Past this point ionisation would be prevalent enough to create a HII
region.

The spectra for the MYSOs (where available in the literature) were inspected
for the sample of MYSOs in this thesis in an attempt to see if certain geometries
and characteristics were typical of MYSOs within each of these types. Spectra were
obtained to a complete enough degree for 6 of the 8 studied sources from Pomohaci
[2017], Porter et al. [1998] and Cooper et al. [2013]. A 2um spectra for IRAS
17216-3801 [Kraus et al., 2017] was also examined.

The sample and their types are listed in Table 5.2. S255 IRS3 was classified as
Type I in Cooper [2013] and the fact that it is known to be actively accreting [Caratti
o Garatti et al., 2017] corroborates this. The inner geometry of the disk of S255 IRS3
appears consistent with an object at early evolution, as it is not one of the sources
which displays a hole in its inner disk. The fact that its disk still harbours small
grains again supports this. The envelope infall rate is low, but since the datasets used
in this study are from an accretion lull for the source, this may not be problematic.
The cavity density for the source is one of the higher among the sample, implying a
lack of dispersal of the wider environment and, again, an earlier age for the source.
The cavity opening angle is one of the smaller of the sample at 20°. This corresponds
to a protostellar age of ~103-2yrs according to the modelling of Offner et al. [2011].

G305.20+0.21 and W33A are both spectrally classified as Type II sources, but
show very different geometries. G305 has a large inner hole and a low density

environment, while W33A is much denser and has a minimum disk radius of its
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sublimation radius. Their envelope properties are comparable but with differing
centrifugal radii. The cavity opening angle for G305 is the smallest of the sample,
but this value may have been be affected by the secondary source detected in the
cavity by Liu et al. [2019]. W33A also has a 20° cavity putting it at the younger end
of the evolutionary track of Offner et al. [2011].

As said in Cooper [2013], no classification is absolute and AFGL 2136 could be
interpreted as either a Type II or Type III source. Its spectrum displays a lack of H,
implying it is an older Type III object but Br-7 is is only weakly observed, implying
it would be a younger Type II object. Some CO lines are present, but most of these
are absorption lines. Hoffmeister et al. [2006] find CO absorption in a number
of MYSOs in the M17 region and attribute this to heavy accretion (>10">Myr~!,
consistent with the final model rate found through the methodology of this thesis).
Emission lines like the Br-y could appear weak if the source has a high column
density, which would increase the amount of continuum emission making the lines
look fainter and could be the source of this confusion. The continuum emission of
AFGL 2136 is high but its column density is not directly measured in this work.
Ultimately AFGL 2136 was listed as a borderline Type II/III source.

The remaining sources are classified as Type III. All the disks within this type
display substructure. While without the Br series it was hard to completely classify
IRAS 17216-3801, the absence of H2 emission and the strength of the Br-v line
suggests that this is a Type III source. It also displays an inner hole and possesses a
wide cavity opening angle consistent with what is expected from older sources. NGC
2264 IRS1 is the only source to show a substructure other than an inner hole, but as
discussed in Chapter 4 this substructure can be interpreted as consistent with an aging
source. All of the disks for this type are highly flared. A decrease in disk flaring has
been presented as a diagnostic for evolution with the low-mass disk community, but
the topic remains controversial. For lower-mass sources, it has been proposed that

once the gas in a disk has gone it will quickly flatten [Williams and Cieza, 2011].
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This is expected to occur at the very end of the protostellar/protoplanetary disk phase
just before a disk becomes a debris disk, when the systems are between 10°-10%yrs.
Meeus et al. [2001], through the study of infrared excess in the SEDs of Herbig
disks, divided a sample of 14 disks into two groups. The concluded that the earlier
disks (dubbed Group I disks) were more likely to be flared and the second group
(Group II) were more likely to be flat. They attributed the two groups to different
ages and the change in flaring between the two to dust growth. However, recent
high-resolution imaging finds no observational support for this postulate. Garufi et al.
[2017] in particular find within a large sample of Herbig disks (half of all known at
the time) that over half the flared disks are older than 10Myr and state that the idea
of evolution from flared to flat disks must be revised. The flaring of the disk could
then be due to some other characteristic of the protostellar environment. The results
of this thesis therefore agree with the findings of Garufi et al. [2017] for lower-mass
sources.

Most of the Type III sources have low density environments which is to be
expected of older sources as they would have time to dissipate. The cavity opening
angles for these sources are also the larger of the sample, and according to the work of
Offner et al. [2011] they would be between ~10*7yrs old, which is again consistent
with them being more evolved. In Section 5.3 the strong negative correlation (-
0.93) between flaring factor and cavity density was noted. Now that it has become
apparent through this classification that most of the more evolved sources have flared
disks, this correlation appears consistent, as more evolved MY SOs will have lower
density environments as they disperse. As most of the Type III MYSOs have highly
flared disks within this sample, the fact that the correlation is so strong is consistent.
Similarly, a strong correlation between cavity density and disk scale height was
found. This again makes sense within this evolutionary context, as all of the Type III
sources have low cavity densities (as previously discussed) and highly flared disks.

In summary, Type III sources (the most evolved sources), display lower densities,
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larger cavity opening angles, a large degree of disk flaring and all display some level

of substructure in their disk.

5.7 Summary

In conclusion, the analysis of the full sample has unveiled the following:

That the characteristics determined by the multi-scale analysis are not depen-
dent on the inclination of the source and the resolving power of the observa-

tions.

» That the objects all follow the same basic geometry (Ulrich-type envelope,
polynomial bipolar outflow cavities and a disk) which is comparable to the

Class I phase of low-mass star formation.

* That there are a lot of small variations within this base geometry, implying

that MY SOs are still diverse objects at least on small scales.

e That all the older sources either have holes in their disks or substructure,
wider cavity opening angles and lower cavity densities. This is consistent with
the idea that substructure evolves over time, due to processes such as disk

dispersal.

These conclusions could only be drawn because all the objects were modelled
and analysed in the same way. Comparison of the work described in this thesis with
that of Cooper [2013] allowed the physical parameters of the MYSOs to be put into
an evolutionary perspective. Determining the cause of the holes observed within the
evolved MYSO disks presents an avenue of further work.

A graphical presentation of how the parameters of the final models for the sample

vary with their classified type is shown in Figure 5.14.
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Fig. 5.14 Plots displaying how the parameter space varies with the classified type of

the MYSOs.






Chapter 6

Conclusions

This work presented in this thesis used a variety of high-resolution infrared obser-
vations, spectral energy distributions and radiative transfer modelling to constrain
the properties of Massive Young Stellar Objects (MY SOs), pre-main sequence ob-
jects with ongoing accretion who are yet to generate HII regions [Oudmaijer and
de Wit, 2014]. The high-resolution data consisted of visibilities from N-band two-
telescope interferometry (MIDI, VLTI) and near diffraction limited Q-band images
(VISIR/VLT, COMICS/Subaru). The mid-infrared wavelength regime is optimal for
the study of MYSOs, as these objects are deeply embedded in dusty material which
is infrared bright and at temperatures of ~100K meaning their environments can be
studied despite the fact the stars themselves are optically invisible. The combination
of the high-resolution infrared datasets with the spectral energy distribution allowed
a sample of MYSOs to be probed at 10mas and 100mas scales and as a whole. 3D
radiative transfer models (generated using HO-CHUNK3D [Whitney et al., 2013])
consolidated the observations and enabled the specific characteristics of the MYSOs
to be investigated. The work presented throughout this thesis tackled a variety of
massive protostellar environments of differing distances, luminosities and masses.

The number of observations simultaneously fit, the complexity of the modelling and
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the number of sources included make this work unique in the literature, increasing
the number of studies of MY SOs that fit multiple datasets simultaneously by eight.

In Chapter 2, the methodology was described in full and an example of its
implication was presented through the fits of W33A. This source had previously
been subject to a similar methodology in de Wit et al. [2010] where just MIDI data
and the SED were fit with 2D radiative transfer models (using an older version of
the code used in this thesis). Their methodology was built upon and revised, through
the inclusion of the imaging data and decision to not multiply the N-band model
images with a Gaussian in the simulation process. The previous work also used an
older distance for W33A of 3.8kpc which has since be superseded by maser parallax
measurements and determined to be 2.4kpc. When fitting the source for the different
distance, the model for the old 3.8kpc distance of W33 A could not simply be scaled
down to provide a best fit and the geometry of the model had to be revised. It can
therefore be concluded from this chapter that accurate distance measurements are
crucial in the determination of the characteristics of MYSOs. Another conclusion of
this chapter is that the dust type included in the models can have a large effect on
the mid-IR visibilities obtained for a source. When PAHs are included in the dust
composition of the disks, they present an additional density component, simulating
a more compact source which increases the visibilities. This is a similar effect to
adding a disk to the model. It can therefore be concluded that obtaining proper
information on the dust composition of a source, and accurately modelling this,
could improve the constraint on the parameters of MY SOs.

In Chapter 3, the results obtained when this methodology was applied to one
source, G305.20+0.21, were presented. Models were fit to the interferometric data,
imaging data and SED of the methodology, and a VVV Ks-band image was also
separately considered. Through the employment of the methodology described in
Chapter 2, it was found that the source required clearing within its inner regions such

that the minimum dust radius was over three times the size of the dust sublimation
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radius (as dictated by the luminosity of the central source which was in agreement
with observations). From the VVV image, it was deduced that the environment must
be lower density than most typical MY SO environments, as two cavity lobes were
visible at ~2um, which is not possible in a denser environment with higher levels of
extinction. This was in agreement with the lower densities found for the protostellar
environment through the fitting process. Lower densities imply dispersal and that
this could be a more evolved source. An older evolutionary state and inner clearing
are two characteristics of transition disks found around low-mass stars, which mark
the evolution of the source from a Class II to Class III objects (Chapter 1). Such
a disk has not been classified for a high-mass object and the likely causes for the
clearing were discussed. The possibilities for bloated protostars were also tested for
this source. It was found that the overall luminosity, not the specific stellar radius
and temperatures, of the sources has the dominant affect on the observables, with
negligible differences seen between the datasets for the inclusion of a cool bloated
star vs. a hot compact star.

In Chapter 4, the results obtained for six more MYSOs who had been subject to
the methods of the thesis, were presented, resulting in a full sample of eight sources.
The sources in this chapter range in distance between 0.74-3.06kpc their luminosities
between ~103-10°L.,. The MIDI data, imaging data and SED and the simulated
observables of the preferred final models were all presented and their geometries
discussed. For the nearer sources it was found the combination of the imaging and
interferometric data in particular was invaluable as it allowed a distinction to be
made between cavity and disk emission, which have both been claimed to be the
main source of N-band emission at small scales in previous work. It was found that
substructure was present in the disks of the vast majority of the sources and the most
common form of this was an inner hole. Many of the objects are well known sources
which had been previously studied, and the characteristics found through my fitting

process were compared with previous work.
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In Chapter 5, the results of Chapters 2, 3 and 4 were combined and a comparative
analysis was performed of all the objects. The relationship between the different
characteristics of the MYSO were investigated through the calculation of Pearson’s
correlation coefficient and through discussions of common characteristics and ob-
served groups in the sample. Every object required a disk to produce a satisfactory
fit to its observables. This implies that a scaled-up schematic of low-mass star for-
mation can explain the formation process of these sources and that massive forming
stars grow through disk accretion, as the disks were required to fit the MIDI data
which traces 2-20au scales which would be involved in the accretion process. All the
objects (save one) were classified according to the evolutionary types of Cooper et al.
[2013] by using NIR spectra from the literature with most of the sources dubbed as
Type 11 sources (the most evolved type). All of the disks for the Type III sources
had substructure with the most common being an inner hole. Given that the Type III
sources are defined by emission features associated with line-driven winds induced
by UV photons, this may suggest that photoevaporation is the main cause of these

inner holes.

6.1 Future Work

6.1.1 Massive protostellar disks

As discussed in Chapters 2, 3 and 4, some disk characteristics are constrained better
than others. Follow-up studies at longer wavelengths would help to constrain the
larger scale disk parameters such as mass and outer radius.

High-resolution interferometers such as the Atacama Large Millimetre Array
(ALMA) and the Northern Extended Millimetre Array (NOEMA) could assist in
the quantification of disk mass through continuum emission. NOEMA 1.3mm

observations can trace the coldest regions of the protostellar environment most
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distant from the central protostars. As such, most of the protostellar material will
be encompassed and an accurate value for the dust mass can be obtained through
methods such as those utiltised by Ubach et al. [2012]. The CORE project [Beuther
et al., 2018] is one project that is actively investigating the nature of fragmentation
for MYSOs and the presence of disks using NOEMA. Recent results of the project
include the discovery of evidence for rotation in massive protostellar cores similar to

low-mass star forming regions which harbour disks [Bosco et al., 2019].

When observing at the same wavelength with ALMA, scales of 0.01" can be
traced given the size of the array allowing details of the disk to be resolved at larger
scales, thereby probing small details of the MYSOs at high resolution. A variety
of hot-core tracing molecular lines could also be investigated using this instrument.
CH3CN ladders have been successfully utilised to study the morphology, kinematics
and physical conditions in discs around other MYSOs (e.g. llee et al. [2018]). Mod-
elling with the CASSIS local thermodynamic equilibrium (LTE) radiative transfer
package on the CH3CN and CH}3CN emission line ladders can allow investigations
into the physical properties of massive protostellar disks such as column density
which were not possible with the infrared data used in this thesis. Additionally,
spectral analysis can help to determine whether the disks are Keplerian. Multiple
studies (e.g. Ilee et al. [2018], Maud et al. [2018] and Johnston et al. [2015]) use
PV diagrams of spectral lines and comparisons with Keplerian rotation curves as a
marker of stability for protostellar disks and performing this same analysis can help
to ascertain whether the disks studied in this thesis are stable or fragmenting. Calcu-
lation of the Toomre Q parameter can assist with the latter (e.g. Maud et al. [2019]).
If the parameter is less than 1, the disk is unstable to axisymmetric perturbations
and prone to fragmentation [Toomre, 1964]. Analysis of the gas kinematics and dust
emission can also allow the calculation of the mass of the main source and the disc,

following the method of studies such as Cesaroni et al. [2011].



210 Conclusions

Image reconstruction provides an alternative way of providing further evidence
of the presence of disks around the sources. The Multi AperTure mid-Infrared
Spectro-Scopic Experiment (MATISSE) provides one opportunity to pursue this.
Operating in the L, M (as of April 2020) and N-band simultaneously, MATISSE
is particularly suited to follow-up studies of the sources studied throughout this
thesis. The instrument uses four of the VLTI telescopes as opposed to the two
used by MIDI, providing a vast improvement in the level of u-v coverage of the
observations. The L. and M band data also push to higher resolution given their
shorter wavelengths, meaning a more detailed picture of the sources can be obtained.
All these observations can be consolidated through previous work by obtaining
N-band visibilities, which can be compared to the previous work from MIDI. As
such observing with MATISSE results in an expanded dataset which can illuminate
further details of the protostellar environments but that can be consistently checked
with the work of this thesis. Image reconstruction with ALMA and NOEMA can also
be performed, and in combination with MATISSE could provide a near-complete

image of the environments from infrared to millimetre wavelengths.

Direct imaging at milliarcsecond resolution will also soon be possible with the
advent of the Extremely Large Telescope. Its infrared imaging instrument METIS
(the Mid-infrared EIT Imager and Spectrograph) will provide images between 3-
20um, overlapping with both the MIDI and VISIR data used in this work. Thanks to
the ~40m mirror on the ELT, the resolution of these images will be of a resolution
comparable to long-baseline observations with VLTI at ~0.01". These direct images
will also provide more spatial information than the reconstructed images of the VLTI
and be less expensive to perform time-wise given the smaller overheads of imaging
observations. The JWST is the only instrument that could produce images of MY SOs
of a similar quality to METIS in the future, but given the high luminosities of the

MYSOs, these images may fall victim to over saturation.
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6.1.2 Circumbinary or transitional disks?

In chapters 3, 4 and 5 the presence of the inner holes found in the circumstellar
environments of a number of these MYSOs was discussed. One avenue of future work
is to determine their cause. One possible cause of holes in disks is the presence of a
binary system. The enlarged inner radius would then be caused by dynamical effects
of the binary on the protostellar environment so one can either study the dynamics
of the system or attempt to directly detect the presence of the binary. Pomohaci
et al. [2019] classified a number of RMS sources as binary systems through K-band
adaptive optics, but there is little overlap between the objects of this thesis and that
work. G305 was included in the work of Pomohaci et al. [2019] but not classified as a
binary, but their methods are sensitive to wide binaries only , so a close binary system
could exist. Other methods exist which allow the detection of closer binaries such
as interferometry, spectroscopy and sparse aperture masking. Geometric modelling
of infrared visibilities and closure phases in particular can allow the detection of
binaries (e.g. Koumpia et al. [2019], Kraus et al. [2017]). Sparse aperture masking
can detect binaries in a similar way. Sparse aperture masking is a technique whereby
an imaging telescope is manipulated to generate interferometric observables through
the use of a mask. The mask has a configuration of holes, and when light passes
through these it interferes, creating visibilities and closure phases similar that are
more robust to atmospheric turbulence. As such, similar geometric modelling can
be performed and used to detect the presence of disks, binaries and, for low-mass
stars, substructures such as warps within disks (e.g. Sallum et al. [2019]). Image
reconstruction from interferometric data and imaging in the NIR has also been used
to detect high-mass protobinary systems [Sridharan et al., 2002] and could also be

used for fortuitously inclined sources.

In terms of dynamics, spectral imaging can allow investigations into the kine-

matics of the sources, allowing the detection of companions. Ilee et al. [2018]
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found a companion surrounding G11.92-0.61 MM1 through the examination of the
continuum and CH3CN emission of the source, resolving MMI1 into two sources.
This method also allowed the dynamics of the disk to be investigated and it was
found to be unstable and fragmenting. If a disk is fragmenting it may not be a stable
disk which can be accreting and a key component of the massive star formation
process. As such, a follow-up study of the MYSOs in this sample with ALMA in
a similar manner could not only reveal the presence of any companions, but also
provide information on whether they are true representatives of a stable evolutionary
class or not. AFGL 2136 has already been studied with ALMA (Maud et al. [2018],
Maud et al. [2019]) and appears to be mostly stable and W33 A has been studied with
ALMA [Maud et al., 2017a] and shown to be turbulent on large scales, but with a
possibility for a disk to exist at small scales within these spiralling outer regions.
Based on the above, a comprehensive observing program with ALMA of the
remaining disks in the sample will allow investigations into their stability, allow the
detection of protobinary companions and therefore determine whether these disks

found around the sample are circumbinary or transitional.

6.1.3 Expanding the methodology

While the methodology provides a level of analysis and coverage of the sources
seldom seen in the literature, it, like any method, could be expanded upon. The first
obvious way to do so would be to apply the approach to more sources. More MY SOs
with both MIDI and VISIR data exist and studying them with this methodology
would provide a larger dataset for statistical analysis. Additionally, the methodology
could include more forms of high-resolution data to better constrain the fits of the
sources. This could be provided by MATISSE (as discussed in the Section 6.1.1) or
GRAVITY, which would push to even higher resolution and trace hotter material

thanks to its K-band operating wavelengths. As previously mentioned the addition
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of longer wavelength data (e.g. from ALMA and NOEMA) would also be beneficial,
as it would provide tighter constraints on important parameters such as disk mass
and radius. Including different forms of long-wavelength data such as sub-mm
and millimetre data could help distinguish between cold disk material and cold
envelope material, put a constraint on the envelope radius for these sources and
further constrain the characteristics of these sources.

As well as exploring different wavelengths for the techniques used within this
thesis, different observational methods could also be investigated. Ilee et al. [2013]
used CRIRES data between 1-5um to investigate the CO bandhead emission of
a number of MYSOs and through the modelling of this emission were able to
infer the presence of disks around many of the sources. X-SHOOTER also provides
spectroscopy at near-infrared wavelengths which can be used to detect binary systems,
accretion and trace material close in to the central star. Given that only a couple of
sources from this thesis overlap with the work of Ilee et al. [2013], their methodology
could be adapted and applied to X-SHOOTER data to see if similar results can be

obtained for the group of MYSOs studied in this thesis.

6.2 Closing Remarks

In conclusion, this thesis has constrained the characteristics of a number of MYSOs to
a new level, probing multiple scales and the different accreting regions of the massive
protostellar environment. Information about the circumstellar environment at 10mas,
100mas and as a whole has been gained. Disks are ubiquitous for the sample and
the presence of inner holes in the disks is common. The work of this thesis finds
that the bloating MYSO models of Hosokawa et al. [2010] are viable within these
protostellar environments. If the central object in the model is made larger in radius
and cooler in temperature in line with the models of Hosokawa et al. [2010], minimal

differences are seen to the fits of the observables. Large envelope infall rates are
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present for nearly the entire sample, and the outflow cavities for all sources have been
shown to have the same shape, with implications for their formation mechanisms.
While some underlying trends exist between the sources, the sources also display a
significant degree of diversity. The sources have been compared to the evolutionary
classifications of Cooper et al. [2013], linking their physical characteristics to the
evolutionary stages determined throughout that work. Expanding this work to more
MYSOs can build on the comparative analysis presented here and allow comments
on the wider population of MYSOs.

During the timescale of this thesis and in the years to come a variety of instrumen-
tation has come and will come online which will allow improvements upon to this
work. MATISSE, the new 4-telescope beam-combining interferometer at the VLTI,
serves as MIDI’s successor and will improve upon the u-v coverage obtainable for
the study of MYSOs and allow the community to move away from visibility studies
as the only means of studying massive protostellar environments in the N-band at
milliarcsecond resolution. On the theoretical side, radiative hydrodynamical models
which include magnetic fields, turbulence and other important effects can be used
to model more completely simulate massive protostellar environments. With all
these tools combined, the view of massive protostellar environments will be greatly
improved in the years to come and so too will the community’s understanding of the

massive star formation process.
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Appendix A

VISIR images of MYSOs

A.1 Introduction

In Chapters 3 and 4, VISIR data was presented for two MY SOs studied throughout
this thesis. This data was obtained as part of the successful proposal 097.C-0320(A)
(PI: Frost) which obtained near-diffraction limited images of a number of MY SOs.
A further proposal 095.C-0595(A) (PI: Oudmaijer) also obtained VISIR images for
a number of MYSOs but prior to the instrument upgrade of VISIR (as described
in Chapter 2). Within this proposal a number of other MYSOs were observed. In
this appendix, the images and azimuthally averaged profiles for the remainder of the

images obtained during these observing runs are presented.

Table A.1 Details of the observations

Source Period Date Grade
AFGL 4716 P97  27-28/07/2016
V1028 Cen P97 5-6/07/2016

V921 Sco P97  14-15/07/2016
RCra P95 18-19/07/2015
MWC 300 P95  26-27/07/2015
M17 SWIRS1 P95 19-20/07/2015
M17 UC1 P95  11-12/09/2015

w > >
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Table A.2 FWHMs of the different sources.

Source FWHM (")
AFGL 4716 0.690

V1028 Cen 0.498
V921 Sco 0.462
RCrA 0.646
MWC 300 0.438
M17 SW IRS1 0.468
M17 UC1 0.908

A.2 Observations

At the time of these observations VISIR was mounted on the Cassegrain focus
of the UT3 at the VLT/I. The observations were taken using the Q3 filter (central
wavelength of 19.5um) and the observations were taken using the normal imaging
mode. A new detector (a Raytheon 1024x1024 pixel Aquarius array) was introduced
between P95 and P97 which improved the instrument’s efficiency by a factor of six
and increased its sensitivity [Kédufl et al., 2015]. As such the P95 observations are
less sensitive than those taken in P97. The exposure was 0.011s and time on target
was 40-60mins per object for both the P95 and P97 observations. The VISIR images
presented in Figure A.1 were reduced using ESO pipelines version 4.3.1. The field
of view of the VISIR observations is around 30", but the images have been cropped
to better illuminate their structure here. The profiles of the sources can be found in

Figure A.2. Table A.1 provides further details on the observations.

A.3 Comments

These images of the circumstellar environments of the MYSOs show variation. Some
are obviously extended, while some are more point-like and others (such as M17
UC1) show a large degree of complexity. These differences were similarly observed

in the sample of Wheelwright et al. [2012]. Most of the sources display a close to
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circular geometry and are mostly symmetric. They also appear as a single source
within the field of view. Table A.2 lists the FWHMs of the sources.

AFGL 4176 has been previously studied by Johnston et al. [2015]. They find that
the source has an inclination of 30° and a large disk (12M,, 2000au in radius), which
poses the question as to whether the extended nature of the source may be due to the
presence of this large disk. Given the distance to the source of 4.2kpc [Boley et al.,
2013] I conclude that the extended nature of the source is not due to this large disk,
as this would only constitute ~1" of the VISIR image and the outer regions would
likely not be traced by this dataset. Upcoming work from the same authors notes the
presence of a large tail of material to the north of the source (private communication)
and this may contribute to the extension seen in the VISIR image presented here,
although contributions from cavity material are almost definitely contributing given
the findings of this thesis. V921 Sco and MWC 300 are uncertainly classified in
the literature, with some studies postulating that they may in fact be Herbig Ae/Be
sources. This may explain their smaller extent in comparison to the rest of the
sample.

M17 UC1 displays multiple sources who are not very symmetric. This may be
related to suspected high multiplicity fraction for this region as suggested by Sana
et al. [2017] based on radial-velocity dispersion measurements and the consideration
of the young age (1Myr) of the M17 region. From their work they conclude that
binaries in the region are at large separations (>100R.) and given that the two
sources in the VISIR image of M17 UCI1 are many arcseconds apart supports this.
The complex structure observed in the sources in this image could also be a result
of dynamical interactions between wide binary sources. However, another source
from the region, M17 SW IRS1, is also presented in this appendix and does not show

multiple sources, although it does show some asymmetry.
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AFGL 4176 (P97) V1028 Cen (P97)

V921 Sco (P97) MWC 300 (P95)

M17 SW IRS1 (P95) M17 UC1 (P95)

Fig. A.1 VISIR images at 19.5um images of the sources from 097.C-0320(A) and
095.C-0595(A). The contours represent 5, 10, 15, 25 and 75% of the peak flux.
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Fig. A.2 Azimuthally averaged profiles of the sources and PSF presented in Figure
A.l.






Appendix B

Data tables

This appendix displays the SED data tables used in the fitting of the sample.
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Table B.1 Fluxes available for use in the SED fitting of W33A

Origin  Wavelength (um) Flux (Jy)
2MASS 1.235 (1.21+0.07)x 1073
1.66 (5.37+0.3)x 1073
2.159 0.139+0.01
WISE 3.4 0.714+0.001
4.6 20.8+3
12 33.34+2
MSX 8 15.6+4
12 23.24+5
14 50.0+6
21 14446
IRAS 60 22304500
MIPS 70 213746
SHARC 350 597430
JCMT 850 40.5+0.11
SIMBA 1200 15.7+3

Table B.2 Fluxes available for use in the SED fitting of NGC 2264 IRS1

Origin ~ Wavelength (um) Flux (Jy) Reference
2MASS 1.24 0.040£0.002  Skrutskie et al. [2006]
1.66 0.898+0.03
2.16 7.15+0.04
WISE 3.35 12.1£1 Cutri and et al. [2012]
4.6 132
11.6 127140
22 353+0.4
MSX 8 91.44+4 Egan et al. [1998]
12 119+6
14 148+9
21 13.7£14
COMICS 24.5 330433 de Wit et al. [2009]
KAO 53 98045 Harvey et al. [1977b]
KAO 100 1645+£82
KAO 175 153077

IRTF 350 188+7 Chini et al. [1986b]
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Table B.3 Fluxes available for use in the SED fitting of S255 IRS3

Origin Wavelength (um) Flux (Jy) Reference
NICMOS 2 0.0028340.0003 Simpson et al. [2009]
CIAO (Subaru) 22 0.010=£0.0001 Itoh et al. [2001]
3.75 2.38+0.002
4.70 13.1£0.013
Michelle (Gemini) 7.9 79.5+0.7 Longmore et al. [2006]
8.8 21.8+£0.2
11.6 47.7+0.4
12.5 95.3+1
UKIDSS 1.64 0.00865+0.0005 Lawrence et al. [2007]
2.16 0.032+0.001
ISACC 1.66 0.00237+0.004  Caratti o Garatti et al. [2017]
2.16 0.0153£0.0002
IRAC 3.6 2.62+0.01 Fazio et al. [2008]
4.5 10.91+0.03
5.8 34.540.04
8.0 41.2£0.04
AKARI/IRC 8.6 103£0.3 Ishihara et al. [2010]
18.4 2134+0.2
AKARI 65 455+10 Caratti o Garatti et al. [2017]
160 760+3
PACS 70 1465+150 Poglitsch et al. [2010]
160 849480
SHARC 350 118+9 Merello et al. [2015]
IRAM 850 0.5+0.07 Zinchenko et al. [2015b]
SMA 1050 0.45+0.06 Zinchenko et al. [2012]
SMA 1300 0.058+0.01 Zinchenko et al. [2015b]
2MASS 1.24 (1.01£0.2)x 1073 Skrutskie et al. [2006]
1.66 (6.46+1)x1073
2.16 (5.0620.5)x 1072
WISE 3.35 0.689+0.01 Cutri and et al. [2012]
4.6 11.7£0.1
11.6 222470
22 695+0.8
MSX 8 55.0+2 Egan et al. [1998]
12 104.0+5
14 154+9
21 213£10
COMICS 24.5 163+20 de Wit et al. [2009]
UKIRT 350 230+9 Richardson et al. [1985]
370 18042
760 3642
1070 1741
SCUBA 450 22440.2 Di Francesco et al. [2008]
850 22.0+0.02
IRTF 350 190 Mezger et al. [1988]
1300 3.3+0.8 Chini et al. [1986a]
1300 7.5 Mezger et al. [1988]
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Table B.4 Fluxes available for use in the SED fitting of IRAS 17216-3801

Origin Wavelength (¢tm) Flux (Jy) Reference
2MASS J-Band 1.24 0.013440.0005  Skrutskie et al. [2006]
H-Band 1.66 0.666+0.04
Ks-Band 2.16 6.73£0.1
WISE 3.35 14.9+£0.9 Cutri and et al. [2012]
4.60 52.54+20
11.6 108420
22.1 430+4
MSX 4.29 29.6+3 Egan et al. [1998]
435 50.1£5
8.28 78.1£3
12.1 1457
14.7 190+10
21.34 299+20
VISIR 19.5 245+10 This work
ATLASGAL 870 35.1£5 Urquhart et al. [2014b]
IRAS 12 148+7 Beichman [1988]
25 410420
60 1640200
100 28204400

Table B.5 Fluxes available for use in the SED fitting of Mon R2 IRS2

Origin Wavelength (m) Flux (Jy) Reference
UKIDSS H-band 1.662 0.002 (24+0.006)x10~3  Lawrence et al. [2007]
K-band 2.159 0.0771£0
WISE 3.35 38.5+5 Cutri and et al. [2012]
4.60 101£15
11.6 281+£30
22.1 4935.874 (upper limit)
COMICS 24.5 40+4 de Wit et al. [2009]
MRT 870 3070+122 Henning et al. [1992]

1300 2640+37
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Table B.6 Fluxes available for use in the SED fitting of MSEIR (1)

Origin Wavelength (1m) Flux (Jy) Reference
2MASS J-Band 1.24 (3.05+0.008)x 1073 Skrutskie et al. [2006]
H-Band 1.66 2.62+0.1
Ks-Band 2.16 11.6+0.4 (poor quality (E flag))
MSX 4.29 50.7+5 Egan et al. [1998]
4.35 57.6+6
8.28 75.0+£7
12.1 104+£10
14.7 133+10
21.34 191+£10
COMICS 24.5 210+20 de Wit et al. [2009]
IRTF 1.24 (6.740.07)x 1072 Simon et al. [1984]
1.66 0.834+0.008
2.16 5.7£0.06
SHARC 12 119+7 Mueller et al. [2002]
IRAS 25 289+20
60 1611200
100 2783+700
FCRAO 350 210+42 Kastner et al. [1992]
450 42.4+15
850 9.14+1
SEST 1200 7.36 Beltran et al. [2006]
MRT 870 2.79+0.1 Guertler et al. [1991]
SEST 1300 1.85+0.02
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Table B.7 Fluxes available for use in the SED fitting of M8EIR (2)

Origin  Wavelength (um) Flux (Jy) Reference

ISO SWS 16.4 232470 Feldt et al. [2008]
ISO LWS 2.34 11.0+£2
2.50 12.3+2
2.62 15.14£3
2.74 16.243
2.90 14.3+3
294 17.3£3
2.97 18.8+4
3.11 22.14+4
3.29 24.5+5
3.48 29.1+6
3.69 33.8£7
3.86 36.2+7
4.09 43.0+9
4.18 47249
4.19 51.8£10
4.43 49.9£10
4.69 54.1+£11
5.03 60.7+12
5.38 68.1+13
6.11 73.8+15
6.39 77.2+15
6.69 84.7+17
7.09 71.2+14
7.34 75.4+15
7.68 82.7£17
8.13 76.2+15
8.42 70.3+14
8.72 61.9+12
8.92 56.4+11
9.13 51.5+£10
9.45 50.9£10
9.78 50.3£10
10.0 56.4+11
10.5 66.3+13
10.8 70.2+14
11.5 81.5£16
11.7 89.4£18
11.9 13427
12.4 140+£28
13.3 143+£29
13.9 147429
14.9 153+31
15.8 155431
16.9 162132
18.1 182+£36

19.0 200+40
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Table B.8 Fluxes available for use in the SED fitting of M8EIR (3)

Origin ~ Wavelength (um)  Flux (Jy) Reference
ISO LWS 20.1 227445  Feldt et al. [2008]
21.5 260452
22.8 295459
247 343469
26.5 367+73
28.7 398480
31.1 431486
33.7 500£100
36.5 555£100
39.5 615+100
40.9 637+100
43.3 690£100
41.3 889+200
43.8 963+200
46.4 1120£200
514 1300£200
57.6 1670+300
54.4 1510£300
48.0 12104200
61.0 1900£400
65.4 2030400
70.8 2300+500
75.0 24404500
78.5 2560+500
85.1 2770+600
89.0 2700500
96.5 2800600
105 2900£600
111 2930600
117 2830600
125.6 2764+600
127 2610+500
136 2610+500
143 2550+500
147 2400500
154 22404400
167 22670£500
177 2190+400
179 1970+£400
184 1720300
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Data tables

Table B.9 Fluxes available for use in the SED fitting of AFGL 2136

Origin Wavelength (ym) Flux (Jy) Reference
2MASS J-Band 1.24 1.59x1073 Skrutskie et al. [2006]
H-Band 1.66 (8.5240.01)x 1072
Ks-Band 2.16 0.123£0.001
WISE 3.35 8.6t1 Cutri and et al. [2012]
4.6 123
11.6 148+40
22 644=+1
MSX 8 12745 Egan et al. [1998]
12 166+8
14 270£20
21 444430
COMICS 245 140+10 de Wit et al. [2009]
IRAS 60 4810£900 Beichman [1988]
100 57001000
SHARC 350 240450 Mueller et al. [2002]
450 72.7£6
800 6.66+0.15 Kastner et al. [1992]
1100 2.35£0.09
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