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Abstract

The main aim of this thesis was to see if more insight could be drawn from the
maser properties than just their association statistics. We explore the properties
and distributions of the 6.7 GHz methanol masers from the Methanol MultiBeam
(MMB) survey and the 22.235 GHz water masers from the HoO Southern Galactic
Plane Survey (HOPS) within the massive and dense clumps detected by the APEX
Telescope Large Area Survey of the Galaxy (ATLASGAL), and what this tells us
about the physical properties of the star forming regions that generate them. We
find that clumps containing both water and methanol masers are significantly more
luminous, more evolved and more massive than clumps only containing one of these
maser species. This leads us to the conclusion that combinations of other maser
species may also represent different star forming stages. We compare our results
to the current “straw man” model (Ellingsen et al., 2007) and after finding some
differences, we suggest some modifications. We investigate the nature of masers
that are offset far from the centre of the clump, and find that these are generally a
result of large HII regions or unresolved sub-structures contained in the ATLASGAL
clump. We have identified a sample of positionally and kinematically associated
masers located on the edge of their clumps that have no clear infrared (IR) or
submillimetre counterpart. Further work is required to identify the driving source
of these masers. We also look at clumps that contain a significantly high quantity
of water masers, and find that the majority of these clumps contain HII regions
that are shocking these water masers. These clumps also show significantly higher
luminosities, masses and luminosity-to-mass ratios than clumps with both maser
species, which suggests that these are some of the most intense and evolved star
forming regions in the ATLASGAL database. Our results are useful, since we have
proven that the properties of masers can tell us about the nature of their star
forming environments, which opens up possibilities for targeted searches by using
maser properties. This will improve our understanding of massive star formation

going forward.
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Chapter 1

Introduction

The evolutionary processes of young high-mass stars are not well understood, at least
not when compared to their low-mass counterparts, and it is not a simple case of
high-mass star formation representing a scaled up version of low-mass star formation
(Zinnecker and Yorke, 2007). The nebulae in which they form are surrounded by
dense matter, which traps visible light via dust and gas extinction, and obscures our
view on the local environment. In addition, these high-mass star forming regions
are often located farther from the Earth than low-mass star forming sites, they
evolve through their early stages quickly and above all they are simply much rarer.
Attaining a better grasp on the inner workings and environments of early massive
star evolution will allow us to better understand the structure of the molecular
clouds in which they form, their stellar feedback process that acts upon the local
star forming environments and their profound role in shaping their host Galaxies

(Kennicutt, 2005).

Fortunately, our observational techniques and instruments have vastly improved
over the last half a century with developments in infra-red, radio and sub-millimetre
technologies and surveys (Churchwell et al., 2009; Lumsden et al., 2013; Condon
et al., 1998; Molinari et al., 2016) that allow us to peer into the heart of the stellar
nurseries like never before. At these wavelengths radiation is not trapped by the

dense agglomeration of gas and dust in and around star forming regions (SFRs).
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Figure 1.1: Comparison between a visible light image (left panel) of HiI regions
and infrared images of HII regions at 3.6 - 100 pm, 3.6 - 8 ym and 24 - 100 pm
wavelengths for the middle, top-right and bottom-right panels respectively.

For example, HII regions are visible through these dense clouds since they also emit
strongly in longer wavelengths. Figure 1.1 displays visible and infrared images of
the same HII region, and the infrared can be seen to reveal much more detail about
the structure of the HII region since it is not obscured by the thick cloud of gas and
dust. HII regions are also tracers of high-mass stars, this is because HII regions are
huge areas of interstellar hydrogen that have been ionised by these hot and massive
young stars. Phenomena such as HII regions have given us a new way of shining
light on the environments of these high-mass stars that were previously not visible

at more traditional wavelengths.



1.1 Molecular Clouds

1.1.1 Formation of Molecular Clouds

Giant molecular clouds (GMCs) are the structures that forge stars in the cosmos. All
stars are born within dense regions of these molecular clouds known as clumps/cloud
cores, which makes them crucial in observing any star during its pre-stellar evolution.
Along with low - intermediate mass stars they are also the hosts of massive young
stellar objects (MYSOs), which are at the centre of discussions of high-mass star
formation. For this reason, it is fundamental to examine how molecular clouds
are formed and to give a general summary of the sequence of stages for early star

formation.

Neutral hydrogen is ubiquitous within the Interstellar Medium (ISM) and it is a
crucial element in the formation of any star, however most hydrogen within our
Galaxy is diffuse and does not have the required density to produce the conditions
under which a star may form. That being said, not all hydrogen is diffuse and
given enough time, one theory is that gravity will slowly pull these denser regions
into larger agglomerations forming huge molecular clouds. This theory is known
as a “bottom up” formation mechanism, which is not particularly favoured due
to insufficient raw material observed in these diffuse clouds (Ostriker and Kim,
2004; Heyer and Terebey, 1998). The other, more favoured theory to molecular
cloud formation follows a “top down” approach involving large-scale instabilities
in the ISM governed by gravity, magnetic torque etc. (Ostriker and Kim, 2004;
Ballesteros-Paredes et al., 2007).

As well as hydrogen, approximately 1% of the mass of a GMC is composed of dust
grains (Alton et al., 1998; Draine et al., 2007). This is not a significant percentage,
but these dust grains have a profound effect on the chemical makeup and structure
of their respective clouds. They provide a collection site for hydrogen atoms to stick
to and bond together to form molecular hydrogen (H). This halves the number
of particles in the cloud, which will lead to a decrease in the pressure by a factor

of 2, via P = nkT. The decrease in pressure also incurs a decrease in the volume
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Figure 1.2: A sketch of the structure of a molecular cloud. This shows the protective
HI shell, along with the clumps contained within the cloud and the cores contained
within the clumps. The use of circles to indicate the different structures is not

accurate, and is only used for illustrative purposes.

occupied by the particles, which enhances the density of particular regions within the
molecular cloud. The clumps that are created from the accumulation of Hy are the
cornerstone of all star formation in the Universe and typically have masses ranging
between 10-1000 My (Motte et al., 2007). Simultaneously, the molecular hydrogen
shell that surrounds the molecular cloud is shielding the centralised Hy from the
far-ultraviolet (FUV) radiation cross-section that is ever-present in the ISM, which
would otherwise dissociate the Hy into atomic hydrogen. A diagram of the structure
of a molecular cloud is illustrated in Figure 1.2. This perfect alignment of physical

processes creates the ideal conditions for star forming sites.

1.1.2 Mechanisms of Support Against Collapse

Under normal conditions, these molecular clouds would inevitably collapse via their
own self gravity and so must have an internal force acting globally throughout the
cloud that supports them against collapse, whilst not being so strong as to stop dense

cores from collapsing in to stars. This force is not thought to be from the thermal



pressure of the molecular gas, since the very low temperatures (~ 10K) (Solomon
et al., 1985) would not be enough to support against gravitational collapse. Instead
it is thought to be largely down to turbulence and magnetic fields equally, which
must support a pressure roughly 10 times that of the thermal pressure (Hennebelle
and Falgarone, 2012). Both of these methods to support against collapse will now
be briefly discussed.

Turbulence

Turbulence is a phenomenon thought to be driven by a combination of blast waves/-
superbubbles from supernovae and magnetorotational instabilities within the ISM
(Ballesteros-Paredes et al. 2007, and references therein). The outward pressure from
turbulence is caused by supersonic shocks. These supersonic shocks are created by
particles that are exceeding the speed of sound within their particular gas. The
speed of sound in an ideal gas can be derived by equating the kinetic energy of that

gas to its thermal energy:

1
gKT: §m1)2 (1.1)

Where K is Boltzmann’s constant (1.38 x 1072 m?kgs™2 K1), T is the temperature
of the gas, m is the mass of the gas and v is the sound speed. Typical sound
speeds for molecular gas with a temperature of 10 K are ~ 0.2kms™*, however,
observed velocity dispersions in GMCs are much higher than this. In Stark (1984),
the one-dimensional rms velocity dispersions of low-mass molecular clouds (10% Mg,
< Myouwa < 10*Mg) in the local neighbourhood (r < 3kpc) were estimated to be ~
9.0 km s~! and for moderate-mass molecular clouds (10* Mg < Mouq < 1055 M)
it was ~ 6.6kms~'. Both of these are of course much greater than the sound speed
of typical molecular gas and so will often create supersonic shocks, providing the

outward pressure to combat gravitational collapse.

Turbulence not only combats gravitational collapse of the cloud but it also results
in the clumping of dense regions from shocks, which creates the inhomogeneity

of density of material needed for star-forming sites (McKee and Ostriker, 2007).



Turbulence is therefore crucial for the structure and longevity of GMCs on small

and large scales.
Magnetic Fields

Magnetic fields can support against gravitational collapse, but only in the per-
pendicular direction, since the magnetic force only acts perpendicular to the field
lines. This causes the clouds to collapse into discs, since there is no impediment
of movement parallel to the field lines. Neutral particles can still collapse in the
perpendicular direction, but they have to percolate between tightly compacted ions
at a slow rate. The process by which collapse in the perpendicular direction occurs

is called “ambipolar diffusion” (Mestel and Spitzer, 1956).

1.1.3 Molecular Clouds to Pre-Protostellar Core

The clumps hiding within molecular clouds are very cold and dense regions of gas
and dust. It is important for the temperature to be cool (around 10-20 K) so that
the atoms bind together creating molecular gas. It has already been mentioned
that Hy is a common feature within these dense regions but CO is also present,
which is well known to be an excellent tracer of molecular gas (Dame et al., 1987)
hence star forming regions. The reason for using CO is that it is the second most
abundant molecule in the ISM and unlike Hy, has a permanent dipole that allows
first order electric dipole transitions, hence CO can be used to track cold regions
whereas molecular hydrogen cannot. The cold temperatures also affect the density,
since a lower temperature will result in a lower volume, by virtue of the equation
PV = KT, therefore causing the cloud core to contract and increase densities. At
lower temperatures, we also observe the formation of more complex molecules, since
particles at cooler temperatures travel at lower velocities and so are more likely to
stick to dust grains, which produces more complex molecules. The increased den-
sity of the cloud core will cause it to collapse faster than the outer cloud into many
individual cloud fragments, these have radii ranging from 0.03 to 0.4 pc (Hocuk, S.
and Spaans, M., 2010). The mass accumulation of matter into these small volumes

will continue to contract and slowly convert gravitational potential energy into ther-
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mal energy. The thermal energy will rise along with the temperature of the core
given that there is efficient cooling (high CO optical depth), eventually forming an

individual pre-protostellar object at its centre.

The critical point at which a clump will contract depends on its radius and its mass,
which are defined as the Jeans length (Rj) and the Jeans mass (Mj). These can be

represented mathematically as shown below:

15ksT \ 2
R, —  22FBL 1.2
! (Gume (1.2)
3 1
5ksT \2/ 3 \2
M, = 1.3
! (GumH> <4ﬁp) (1-3)

where kg is Boltzmann’s constant (1.38x 10723 m? kgs=2 K1), T is the temperature,
G is the universal gravitational constant (=~ 6.67 x 10~ m3 kg™! s72), 1 is the mean
molecular weight, my is the atomic mass of hydrogen and p is the mean density of
the gas. If Rcjump > Ry of Mcuump > Mj then the internal pressure will not be
strong enough to withstand the force of the cloud’s own gravity, and it will collapse

into a protostar.

1.2 Star Formation

The next few sections will explain the formation process of low-mass and high-mass
star formation in further detail, elaborating on how exactly these cloud fragments
contract to form protostellar objects, as well as exploring some of the fundamental

mechanisms involved in star formation.

1.2.1 Low-Mass Star Formation

Once the cloud fragments have contracted and heated, the pre-protostellar core of
the cloud fragment begins to speed up its rotation as the core collapses due to
gravity. At this point, the core is still surrounded by an enveloping cloud of gas
and dust that also rotates, albeit at a slower rate. The surrounding material will
continue to fall onto the central core, where accretion shocks will convert most of

the kinetic energy of the material into thermal energy, producing huge luminosities.
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As the core continues to heat up , the molecular gas within will eventually dissociate
into atomic hydrogen at ~ 2000 K (Omukai and Nishi, 1998), which gives rise to a
second collapse of the pre-protostellar core. As the core contracts it begins to accrete
material on to its surface, which increases its angular momentum. This then causes
the infall of material to orbit around the core in an accretion disk. This accretion
disk is formed mostly from gas and partially from larger debris that follows an orbital
motion around the young star and it is crucial for the accretion of mass in evolving
stars. Because angular momentum must be conserved, the protostar transports this
angular momentum away from itself. This is done via stellar winds that are ejected
in strong collimated jets entraining the molecular gas at either end of the rotation
axes of the protostar where large volumes of material are transported away at speeds
in the range of 20 - 200 km/s. (Fujishiro et al., 2020; Meaburn et al., 2009), the
material entrained by these jets are known as bipolar outflows. An example of a

young protostar exhibiting bipolar outflows can be seen in Figure 1.3.

The core continues to slowly contract, where the star is now classed as a T-Tauri Star
(Joy, 1945). These stars are powered by their gravitational energy as they contract.
The T-Tauri Star continues to accrete matter until the core reaches temperatures
of ~ 10°% K, where nuclear fusion reactions begin. These nuclear reactions bring
about radiative pressure that balances the gravitational pull of the core, which
consequently puts the star in a state of hydrostatic equilibrium. The radiation
emitted from nuclear reactions within the core will blow away its embryonic material
so that no more material can fall onto the surface. This brings an end to the stellar
evolution of a low-mass star where it will soon transition onto the main sequence

stage and live out the rest of its life.

12



Figure 1.3: An infrared image of a bipolar outflow driven by an massive young star

named DR 21. Image credit : Chris Davis, UKIRT/Joint Astronomy Centre.

Spectral Classes of Protostars

The different stages of star formation are classified using spectral classes as done by
Lada (1987). In this paper, Lada constructed energy distributions from infra-red
photometry observations in the 1-20 pm range. The excess infrared emission seen
in Figure 1.4 corresponds to the radiation from the circumstellar disk around the
embedded object, the more radiation observed, the earlier the object was thought
to be. Depending on the shape of these energy distributions Lada was able to
classify protostellar objects into 3 classes; Class I, Class II and Class III protostars.
Additionally, Andre et al. (1993) proposed an earlier class of protostar that they
coined “Class 0”. It is important to briefly touch on the stage of a stars evolution
that each spectral class refers to, the energy distribution shape for each class can be

viewed in Figure 1.4.

Class 0: These are the earliest examples of YSOs (< 10* yr) that are still deeply
embedded within their shroud of embryonic material, it is thought that at least half
of the star’s mass is still contained within its envelope of gas and dust. They are
characterised by a strong, centralised sub-millimetre emission and even at such an

early stage show signs of energetic bipolar outflows, suggesting their key importance

13



in the star forming process.

Class I: More evolved than the Class 0 protostar (~ 10° yr), these stars have ac-
creted most of their mass from their circumstellar envelope. They are however, still
surrounded by this envelope that will emit excess infra-red radiation via internal

heating from the core, primarily in the mid-infrared range.

Class IT & Class IIT: The most evolved stages of a young stellar object (~ 10° yr),
these classes correspond roughly to classical T-Tauri stars (Class II) and weak-lined
T-Tauri stars (Class I1I), since the majority of their envelopes have either accreted
onto the star or been blown away by radiative pressure from bipolar outflows. Clas-
sical and weak lined T-Tauri stars correspond to the star’s circumstellar disk being

optically thick and optically thin respectively.

14



Fragment Parent cloud

A{mm)  0.01 0.1 1 T
/ Y Pre-stellar dense core
- / -
o E Galdl black body IIlII J."' Tho{ ~10-20 K, My =0
2 Bt | /
b 3 | yr
LT —~
' 1 10 10° 10° T
i (um)
Formation of the central protostallar object o
Class 0 o
A{mm)  0.01 0.1 )
b T Young accreting protostar
ZF Thot < TOK, My << Mg,
= Gald black body
8‘ 00 b
-l

Evolved accreting protostar
Thd ~ 70-650 K, M* = Msm

00 i

Log (vF;)

Classical T Tauri star
Tpol ~ BE0-2880 K, Mgy, ~ 0.01 M@

Log (uF,)

Weak T Tauri star
Tho > 2BBOK, My, MJupIhr

Log (WF,}

Figure 1.4: The evolution of the different classes of young protostellar objects,
which shows their respective spectral energy distributions and an illustration of
their structure / disk evolution. The top image shows a pre-stellar core, while the

subsequent 4 images represent Classes 0, I, IT and III, respectively. Image from

André (2011).

1.2.2 High-Mass Star Formation

In comparison to low-intermediate mass star formation, the early stages of high-mass
star formation are relatively poorly understood. This is because they are located

at greater distances, they evolve more quickly through their early stages and so
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are more rare than their low-mass counterparts, and they often form in very dense
conditions with thick layers of gas and dust orbiting them, making them optically

invisible (Zinnecker and Yorke, 2007).

The last point is compounded by the fact that they are still surrounded by their natal
clouds even when they reach the main sequence due to their short Kelvin Helmholtz
timescale. The K-H timescale defines the length of time it takes a protostar to
radiate away its gravitational energy at its current luminosity. This is shown in

equation 1.4:

GM?
RL

tkn =

(1.4)

where G is the universal gravitational constant (& 6.67 x 107" m3 kg™ s72), M is
the mass of the star, R is the radius of the star and L is the star’s luminosity. At the
end of the K-H timescale for a particular protostar, it will have to burn from a new
source of energy in order to carry on to the main sequence, which we know to be
the fusion of hydrogen into helium. Therefore, it can be said that the K-H timescale
approximately calculates the time for a protostar to contract to the main-sequence
stage as a result of the definition. The K-H timescale is much shorter for high-mass
stars than for low-mass stars because they possess much larger luminosities and
so radiate away energy at a quicker rate. As a result, high-mass stars will always
reach the main sequence whilst surrounded by a thick envelope of gas and dust. This
makes it extremely difficult to determine how high-mass stars are able to accumulate

so much mass.

Most high-mass stars are between 10-40 Mg, however the Eddington luminosity
calculates that purely by spherical accretion, the most mass a star could ever accu-
mulate is limited to ~ 7 Mg because past a certain luminosity the stars radiation
pressure will be so great that the infalling material will simply be blown away from
the celestial body rather than be pulled inwards by gravity. For this reason, most
high-mass stars between 10-40 Mg are thought to be formed through an accretion

disk, so that the internal energy can escape through bipolar outflows without radia-

16



tive pressure impeding infall rates. The bipolar outflows that occur in high-mass
star formation are thought to be “scaled up” versions of their low-mass counterparts

(Beuther et al., 2002).

Another possibility to explain the formation of high-mass stars is the process of
competitive accretion. Competitive accretion occurs when stars in a cluster accrete
from a shared reservoir of gas (Bonnell, 2005). It is known that the majority of
stars form within a cluster (Lada and Lada, 2003) and so this process is thought
to be a common occurrence within clumps. The infalling gas will rush towards the
centre of the cluster and so stars located around this region will accrete more mass
than others. The location of the star and the mass of the star are key parameters
that determine the quantity of gas that they accrete. As well as high-mass stars,
competitive accretion could also explain the origin of the initial mass function (IMF)
(Bonnell, 2005), since a distribution of masses would be observed if the gas is not

evenly spread throughout the cluster.

Core accretion is a model in which massive cores are assumed to be scaled up
versions from the cores that are known to be formed in the low-mass counterparts,
and it is also assumed that these are gravitationally bound (Tan et al., 2014). These
cores condense with a range of masses from the surrounding fragmenting clump
environment and then transition into collapse via a central disk to form a single
massive star. However one of the main problems with this theory is that the cloud
could fragment into a small star cluster with lower individual masses, preventing

the birth of massive stars.

The idea of coalescence between low-intermediate mass stars merging into a single,
higher mass entity has also been discussed by Bonnell et al. (1998). They claim
that this method of high-mass star formation is completely viable in the centre of
dense regions of large stellar clusters where the stellar density > 10* stars pc=3. In
their paper it was estimated that stars ~ 50 My could be explained by coalescence,
at which point “the collisions are most probably halted by the ejection of the gas

contained in the core”.

Unfortunately coalescence nor accretion disks can explain the formation of the most

17



massive stars that have 100 M, or greater since simulations of these environments
become very unstable past these masses, and so even despite significant progress in

recent years there still remains a mystery over the topic of high-mass star formation.

1.3 Masers

1.3.1 Introduction to Masers

A workaround to view into the heart of these stellar nurseries is to use astrophysical
masers. Masers are similar to lasers, in the sense that they are a source of stimu-
lated emission that focuses photons to travel in the same direction at a particular
frequency. Masers describe a type of laser that emits these photons in the microwave

frequency range.

Masers are excellent tracers of SFRs and particular environmental features, such as
Hi1 regions. For this reason, they can help us understand much about the compo-
sition of the clump and what astrophysical processes might be driving star forming

activity.

Natural astrophysical masers in space are only possible to produce when there are
a multitude of factors in the environment combining together to provide pumping
mechanisms, population inversions for stimulated emission, gain mediums to amplify
the signal that makes them detectable and a high column density of material. This

is discussed in detail in Chapter 2.

1.3.2 Maser Associations with Astrophysical Phenomena

The first naturally occurring astrophysical masers were discovered by Weaver et al.
(1965) when they observed strong 1665 MHz emission lines coming from an unknown
source, which we now know to be a type of OH maser. Masers have led to many
spectacular findings, one such example includes a distance calculation to the Galaxy
NGC4258 via maser orbits in the central black hole disk (Herrnstein et al., 1999),
which is an example of a maser parallax measurement. However their main and

most advantageous property is that they act as excellent signposts for particular
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types of astrophysical phenomena or astronomical bodies such as comets (Colom
et al., 2002), planetary atmospheres (Gray, 1999), supernova remnants (Wardle and
McDonnell, 2012) and high-mass star forming regions (Walsh et al., 2014; Breen

et al., 2013). Various maser species and their associations can be seen in Table 1.1.

Table 1.1: A few examples of some maser species and what they are commonly

associated with.

Maser Species Astrophysical Association
Water 22.235 GHz Evolved stars, Massive YSO’s
Methanol 6.7 GHz Class II | Exclusively Massive YSO’s
Formaldehyde 6cm Massive YSO’s

Hydroxyl Evolved stars, YSO’s

Silicon Monoxide Evolved stars, YSO’s

Natural masers require a very particular set of conditions that are only caused by
certain natural phenomena, which makes them excellent tracers for specific condi-

tions.

Masers are usually differentiated by their species (the type of molecule) and their
frequency, however in the case of methanol masers, they are also separated into “class
I” and “class II” classifications. The difference in classification boils down to how
they are pumped, it is known that class I methanol masers are collisionally pumped
(Cragg et al., 1992) whereas class 1T are radiatively pumped (Cragg et al., 2005;
Fontani et al., 2010; Sobolev et al., 2007). These different pumping mechanisms
have a significant impact on where we detect the two classes of masers. For example,
we expect to find class I methanol masers on the boundaries of ambient regions that
are being shock excited by an external source such as outflows and jets, this means
they are often associated with star formation (SF) and occasionally massive star
formation (MSF). In contrast, class II methanol masers are commonly associated
with MSF, hot molecular cores, ultracompact (UC) HiI regions, OH masers and

near-IR sources (Fontani et al., 2010).

19



Masers are also excellent signposts for indicating the evolution of a SFR, which
led Ellingsen et al. (2007) to create the “straw man” model (see Figure 1.5). This
shows the various evolutionary stages at which masers are observable, along with

some indication of the lifetime of these masers.

The types of maser and where they are found in relation to the SFR are critical to
learn about these early stages of high-mass stars. For example, H,O masers found
at the edges of a clump suggests that these masers are being shock pumped by an
external environment (supernovae, cloud collision etc.) that could have a significant

impact on the local environment of high-mass YSOs.
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Figure 1.5: A brief outline of the evolutionary sequence of high-mass stars, along
with the “straw man” model (Ellingsen et al., 2007) that shows the lifetimes of

various maser species. Image Credit : Cormac Purcell

1.3.3 Useful Masers for this Study

We are going to focus on recent surveys of 22.235 GHz H,O masers and Class II 6.7
GHz methanol masers in order to investigate MSF regions. These types of masers
were focused on since they are the most commonly associated with high-mass star
formation sites. The specific associations and purposes of these two maser transitions

will now be explained in the following paragraphs.
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Class 1T 6.7 GHz methanol masers are known to be exclusively associated with high-
mass star forming regions (Breen et al., 2013) and are thought to be a precursor to
Hir regions, which trace the early stages of high-mass star formation. It is there-
fore true to say that this species of maser is exclusively associated with high-mass
star formation. The importance of this association is immediately obvious, since
it allows for identification of molecular clumps that contain MSF and where these
MSF regions are located within molecular clumps. As well as this important link to
MSF, they are also the most widespread and brightest transition of all the Class II
methanol masers we know of, which makes them excellent tracers for the purposes

of this thesis.

In Walsh et al. (2014), the 22.235 GHz H,O masers that were detected via single-dish
observations in the HOPS survey (Walsh et al., 2011) were found to be associated
primarily with star formation (69%) but also with evolved stars (19%). They are
detected in the shock regions from the bipolar outflows of high-mass stars (Titmarsh
et al., 2014) where molecular outflows meet the ambient material enveloping the star,
but they can also be detected in the circumstellar disk of the star (Billington et al.,
2020). They are also not exclusive to just high-mass stars, as they are often found
in the proximity of low-mass stars (Claussen et al., 1996). Additionally, they are
also brighter than any other maser species and so could detect star forming sites
which may otherwise be missed. Finally, these masers are widespread as opposed to
rarer maser species linked with embedded star formation, which may only happen in
incredibly brief phases of early star formation. An example of this is formaldehyde
(H2CO), which is a very rare maser species that is thought to arise from shocked

gas (Hoffman et al., 2007).

We find both of these H,O and methanol masers to be associated with high-mass
star forming regions, since high-mass star forming sites have an abundance of readily
available methanol and water molecules from chemical reactions on icy dust grains
(Menten, 1997). They are also able to provide a pumping mechanism for atoms to
be raised to a higher energy state, which induces the population inversion required

to generate masers.
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1.3.4 Aims of the Thesis

The objectives of this thesis look to investigate the association of masers with molec-
ular clumps. This has been done before by Billington et al. (2020), but in this thesis
we look at how the distribution of various maser species will trace star forming
clumps with particular physical properties. The distribution of masers are also used
to investigate external environments of the clump that may be driving massive star

forming regions (MSFRs) toward the centre.
A brief description for each of the following chapters of this thesis are outlined below:

In Chapter 2, we look at different energy transitions and pumping mechanism of
masers, how they are produced and what physical phenomena they are associated

with. We also discuss the various statistical tools used throughout this thesis.

In Chapter 3, we discuss and analyse the surveys that will be used for the produc-
tion of multi-wavelength images, as well as the surveys containing the physical and
maser properties of the sources. These surveys include ATLASGAL, MMB, HOPS,
GLIMPSE, Hi-Gal and WISE.

In Chapter 4 we look at the how different maser species may also act as signposts
for the evolution of a clump. We look at clumps with water and methanol maser
emission to compare the evolutionary stage, luminosity, mass, quantity of masers
and the offsets of masers with clumps only showing signs of one type of maser

emission.

In Chapter 5 we identify sources from ATLASGAL that have either water or methanol
masers at large offsets from the centre of their clump in order to detect external envi-
ronments affecting the central SFRs. This is done by presenting three-colour images

in infra-red wavelengths.

In Chapter 6, we identify sources from ATLASGAL that have an unusually high
quantity of water masers. This will help identify clumps that are more evolved and
have powerful centres. We will again present three-colour images of these clumps and
identify common themes that persist to develop an understanding of what physical

phenomena are needed to produce these powerful SFRs.
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Chapter 2

Energy Transitions

This chapter focuses on some important theory that will help build a foundation
for understanding for the research chapters that will follow. We look to discuss
rotational transitions, which is how masers emit their frequencies and become ob-
servable to us. We will then draw attention to the processes of collisional and
radiative pumping, their differences and what astrophysical phenomena they are
likely to be associated with. After this, we will then review some of the statistical

tools that will be used extensively in Chapters 4-6.

2.1 Rotational Transitions & Metastable States

Astrophysical masers emit radiation from rotational transitions. This means that
the molecules will increase or decrease by discrete, angular momentum values that
will release the microwave radiation that we observe. We previously discussed that
masers require a population inversion i.e more of the electrons must be in a higher
energy rotational state than the number of electrons in the ground rotational state.
The electrons in these molecules must also undergo stimulated emission, which is
where an incident photon will interact with an electron in a higher energy state,
causing it to drop to the ground state and a photon of the same energy as the
incident photon. In order for this to occur, a molecule must have an intermediate,

metastable state.
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Metastable states are excited states of an atom that have a longer lifetime than
ordinary excited states (about 107% s compared to 107® s). The electrons in this
state have a different spin to those in the ground state and so in order to drop down
to the ground state, the angular momentum must also be conserved. Since a photon
with the correct angular momentum has to be absorbed by the electron for it to
have the same spin as the ground state and hence transition to the ground state,

the electron will spend longer in this metastable state than other excited states.

The existence of a metastable state is absolutely crucial for masing, since its longer
lifetimes allow electrons to stay in the metastable state for a longer period of time
before de-exciting to the ground state. In normal excited states, the electrons would
almost immediately de-excite, which would not allow for a population inversion for
a maser to form. The metastable states hold these electrons for longer and therefore
provides the population inversion and stimulated emission needed for these masers

to produce strong, coherent beams.

Metastable states are not present in all molecules, therefore we do not observe maser
emission for all molecules in space. The observed frequency from a maser species is
determined by the energy difference between the rotational metastable state and the
rotational ground state because this is the transition that electrons undergo during
stimulated emission. It is not uncommon for molecules to have multiple metastable
states, which is why we also observe many different frequencies of a single molecule

maser. Figure 2.1 shows this phenomenon.
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Figure 2.1: A diagram showing the excitation and de-excitation for an electron
transitioning to and from the rotational metastable state in a three-level system

population inversion. Image Credit : Recreation of a figure by Britannica School.

2.2 Collisional Pumping

Collisional pumping is the process by which class I masers are formed. This process
involves particles within the gas, colliding with the electrons in the rotational ground
state, which excites the electron to a higher angular momentum. This can, of course,
occur in the exact opposite manner, whereby particles collide with electrons in higher
rotational energy levels and cause the de-excitation of the rotational states in the
molecule. These are aptly named collisional excitation and de-excitation. If the
probability of collisional excitation is greater than de-excitation, this will cause a

population inversion that is crucial for masing.

Class I masers that are collisionally pumped are often found in regions of space
where molecules are shocked by energetic gas. This usually occurs in the bipolar
outflows of stars, circumstellar disks and on the boundary of Hir regions (Titmarsh

et al., 2014; Billington et al., 2020). In relation to this study, the 22.235 GHz H,O
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masers are driven by collisional pumping, and so we would expect to find them in

these regions.

2.3 Radiative Pumping

Radiative pumping is the process by which class II masers are produced. This
process is a common occurrence in regions with a constant and energetic radiation
being absorbed by electrons in the rotational ground state, which then get excited
to a higher angular momentum. If the radiation is at the right energy and at a high
enough intensity, this will be sufficient to maintain a population inversion in the
molecule. The rotational states are then de-excited to an intermediate, metastable
state, before decaying down to the rotational ground state through the stimulated

emission process.

Class II masers are often found in proximity to hot cores, in HiI regions, OH masers
and near-IR sources (Fontani et al., 2010). This agrees with the definition above,
which states that radiative pumping must coincide with an energetic emission of
radiation, which all of these astronomical objects possess or are indicators of. The
Class II 6.7 GHz methanol maser however is exclusively associated with MSF (Breen

et al., 2013), and so is especially powerful at identifying these regions.

2.4 Methanol Maser Transitions

This thesis focuses on the Class Il 6.7 GHz transition for methanol masers, however
there are many metastable states and therefore many other transitions that can
occur within methanol. Table 2.1 shows other Class II methanol maser transitions,

followed by a short discussion on where they are typically located.
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Transition | Frequency / MHz
20— 31 12179

21 — 3o 19968

95 — 104 23121
T_9—8_4 37706
T_9—8_4 38293

62 — 3 38453

Table 2.1: A short list displaying a few of the other Class II methanol maser tran-

sitions.

We know that all Class II methanol masers are suspected to be associated with
young high-mass star forming regions (Breen et al., 2013). However, the precise
physical conditions and evolutions of SF regions that produce particular frequencies
of methanol masers rather than others are not fully understood. Some of the condi-
tions required in order to produce these masers are very precise and probably only
occur within an incredibly brief evolutionary phase, resulting in some not being as

widespread as others.

All of the maser transitions in Table 2.1 with the exception of the 12.2 GHz are
expected to be associated with a brief evolutionary phase. The 12.2 GHz methanol
transition is one of the strongest and most widespread methanol transition in the
Class II bracket, just behind the 6.7 GHz transition. They are known to trace an
early evolutionary stage of high-mass star formation and are therefore seen towards
areas of 6.7 GHz methanol maser emission (co-spatial within a few milliarcseconds)
(Ellingsen, 2006; Breen et al., 2012). While there seems to be a large overlap between
these two transitions in terms of the physical conditions they form in (Cragg et al.,
2005), there are observed differences in where they appear. For example, there has
been no detected 12.2 GHz methanol maser that has not been associated with a
6.7 GHz maser, whereas there are plenty examples of 6.7 GHz masers with no 12.2

counterpart (Breen et al., 2012).
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2.5 Water Maser Transitions

We choose to implement the use of the 22.235 GHz water maser transition in the
thesis because it is by far the brightest and most widespread of the water masers.
Also, this frequency has been searched for by the HOPS survey (Walsh et al., 2011,

2014), so we have much more information on the properties of the masers themselves.

There are other water maser transitions, which are listed in Table 2.2. These fre-
quencies are opaque to our atmosphere, making it very difficult to observe them in
any detail. Generally, we know from other studies that these water maser transi-
tions are associated with SFRs and evolved stars, as is the case with the 22 GHz line

(Cernicharo et al., 1990; Menten and Melnick, 1991; Menten et al., 1990; Menten,

K. M. et al., 2008).

Frequency / GHz

Transition
616 — D23
313 — 220
1029 — 936
515 — 4ao
533 — 440

22.2
183
321
325
475

Table 2.2: A short list displaying a few of the other water maser transitions.
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2.6 Statistics

This thesis uses a variety of statistical methods, and so to avoid repetition, the

methods used will be discussed and explain in the following section.

2.6.1 p-value

The p-value, which stands for probability value, is the probability of obtaining at
least the observed difference between two samples given that they are from the same
population. The p-value can take any value between 0 and 1, since it is a probability
measurement. Assuming that the two samples are from the same population is
known as the null hypothesis, which is assumed to be true when calculating the

p-value.

Therefore, a high p-value would indicate that it is very likely that any set of results
obtained would result in a higher difference between two samples, and a low p-
value indicates that it is very unlikely. Hence, a low p-value is often sought after in

statistics, since it can reject the null hypothesis.

2.6.2 Kolmogorov—Smirnov Tests

The Kolmogorov-Smirnov test, also known as a KS test is a non parametric test
that calculates the equality of a sample of a parameter with a known probability
distribution, or with another sample. The former is known as the one-sample KS test
and the latter is known as the two-sample KS test. In this thesis, the two-sample KS
test is utilised extensively when comparing two parameters from different samples

(such as different types of clumps) and is vital to the statistical analysis.

The KS test operates by taking the cumulative distribution functions (CDF) of
both parameters and then taking the maximum distance between the two CDFs
(see Figure 2.2), this is the KS statistic. The null hypothesis for the KS test is
that the samples are drawn from the same population, which would mean that the
parameter being measured from two populations are not significantly different from

each other.
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Figure 2.2: A graph showing the CDFs of two samples. The black line represents

the maximum difference between the two CDFs and is equivalent to the KS statistic.

The KS statistic is also accompanied by a confidence value, known as the p-value.
If the p-value is low enough, then it would be sufficient to reject the null hypothesis
and determine that the two samples must be drawn from different populations. The
generally accepted limit for the p-value to be low enough is taken as p < 0.0013,

equivalent to a 3o difference.

2.6.3 Spearman’s Correlation

Spearman’s Correlation is a statistical method to quantify how dependent two vari-
ables are on each other, and if this correlation happens to be negative or positive.
The values can be anywhere between -1 and 1. The nature of the correlation is
dependent on the sign of the value, so a negative value would suggest a negative
correlation, and positive values would suggest a positive correlation. The strength
of this correlation is then determined by the magnitude of the value, where -1 in-
dicates a perfectly negative correlation, 1 indicates a perfectly positive correlation

and 0 indicates no correlation between the two variables at all.

It should be noted that Spearman’s correlation only works for monotonic associ-

ations. Monotonic associations are relationships where either; as one variable in-
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creases so does the other, or as one variable increases, the other decreases. Examples

of monotonic and non-monotonic associations can be seen in Figure 2.3.

Monotonic IMonotonic MNon-Monatonic

k4
v

Figure 2.3: A series of graphs displaying monotonic and non-monotonic
associations between two variables. Image credit:  Laerd Statistics -
https://statistics.laerd.com/statistical-guides/spearmans-rank-order-correlation-

statistical-guide.php

Spearman’s correlation works by assigning ranks to each value in the list of the two
variables. The variables are ranked 1 to N, where N is the sample size and the lowest
value in the list, and 1 is the highest value in the list. It then takes these ranked

values and performs the following calculation displayed in equation 2.1.

- cov(R(X),R(Y)) (2.1)
OR(X)OR(Y)

Where 7, is the Spearman’s correlation score, R(X) is the ranked values of variable
X, R(Y) is the ranked values of variable Y, cov(R(X), R(Y")) is the covariance matrix
of the two ranked variables and op(x) and ogy) are the standard deviations of the

two ranked variables.

Much like the KS tests, the Spearman’s rank correlation tests also have p-values
associated with the correlation score. This acts as a confidence score and determines
how correct the correlation score is. Again, if the p-value is lower than 0.0013, then
the null hypothesis that the two variables show no correlation between each other

may be rejected.

31



2.7 Computer Programming Used For Data Anal-
ysis

In order to provide the analysis of the data presented in this paper, the use of Python

and SQL programming languages were used in conjunction with each other.

SQL was mainly used to format the tables of data from the various surveys used in
this study. It was also used to mass reduce the sample of data that was available in
order to further analyse clumps / maser groups / maser spots with specific proper-
ties. This further analysis was then usually conducted with Python programming in
order to find standard deviations, averages, p-values, KS tests and produce a variety

of graphs for the reduced samples of data.

The SQL database was linked to the Python code using the following lines of Python

code.

from sqlalchemy import create_engine
conn = create_engine ('mysql+pymysql://root:root@localhost/
world ")

import pandas as pd

data = pd.read_sql_query ( 'SQLQUERY' ,con=conn)

This method utilises the pandas module and the sqlalchemy module. The database
can be linked by creating a connection through the “create engine” module, followed
by using the pandas module to read a piece of SQL code in that database. The
variable labelled “data” now represents the table that would have been created in
SQL from the SQL code, which is labelled here as “SQLQUERY”. The table from
SQL the SQL database is now in Python format, where it can be analysed further

with Python coding.

As previously mentioned, Python was also used to produce all of the multi-wavelength
images used in this thesis via the aplpy module. This is an example of the code to

produce a standard three colour image.
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import aplpy

csc_outliers = [#Can enter desired clump names here and turn

this into a loop]

red _filter = #Fits file of longest wavelength.
green_filter = #Fits file of middle wavelength .
blue_filter = #Fits file of shortest wavelength .

rgb_cube_filename = #Generic filename

output_filename = #Generic filename

aplpy . make_rgb_cube ([red_filter , green _filter , blue_filter],
f”{rgb_cube_filename }. fits”, ”galactic”)
aplpy . make_rgb_image (f”{rgb_cube_filename }. fits” " {
output_filename }.png”)

The csc_outliers list would normally be filled with clumps that we wish to pro-
duce multi-wavelength images of. The red, green and blue filter represent fits files
for three wavelengths of the clump we wish to make the image from. The aplpy
module is used to make an rgb cube with these filters and store it as the variable
“rgb_cube_filename”. The aplpy module also has a built in feature to convert to
galactic coordinates, which is important here, since the fits files being used work on
this coordinate type. The three colour image can be made from the rgb cube and

saved as the variable labelled, “output_filename”.
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Chapter 3

In-Depth Breakdown of the

Surveys

We will now discuss a variety of the surveys to be used throughout this study.
There are six surveys that we discuss overall, three of these are used to produce
multi-wavelength images for the visual inspection of sources. The other three con-
tain useful data about the physical parameters of star forming clumps, the maser
properties of water and methanol species and which clumps are associated with

particular maser species.

It is therefore important to discuss all six surveys in detail. We will start with the
multi-wavelength surveys, where we talk about their goals, the wavelengths they
have mapped and at what resolution and the equipment they use. We will then
move on to the discussion of the clumps and maser surveys, which includes a basic

outline of their goals, the detections of sources and their various papers.

The final part of this chapter will also look to discuss the overlapping region of the
HOPS, ATLASGAL and MMB surveys, which will outline the region where data

from all surveys is available to us.
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3.1 Continuum surveys

GLIMPSE

GLIMPSE (Galactic Legacy Infrared Mid-Plane Survey Extraordinaire) is a survey
of the sky at infrared wavelengths from the Spitzer Space Telescope (Werner et al.,
2004). The main objectives of the GLIMPSE survey were to contribute to a deeper
understanding of the physics of interstellar dust, star formation, and the large-
scale structure of the Milky Way as traced by stars (Churchwell et al., 2009). The
wavelengths observed are 3.6, 4.5, 5.8, and 8.0 um all at a spatial resolution of <
2 arcseconds, which were all taken by the IRAC (Infrared Array Camera) (Fazio
et al., 2004) on the Spitzer Space Telescope.

WISE

WISE (Wide-Field Infrared Survey Explorer) (Wright et al., 2010) is a mission that
launched the WISE space telescope into orbit around the Earth to observe the whole
sky at infrared wavelengths. Its main objectives were to find the closest stars to the
Sun, detect most asteroids in the main belt larger than 3 km, find the most luminous
Galaxies in the Universe and enable a wide variety of studies to come about such as
star formation in Galaxies. They have mapped out 3.4, 4.6, 12.0 and 22 pm at spatial
resolutions of 6.1”, 6.4”, 6.5” and 12.0” respectively. Since similar wavelengths to
3.4 and 4.6 um have already been mapped out by the IRAC, the 12.0 and 22.0 pum

wavelengths are particularly important for this thesis.

Hi-Gal

Hi-Gal (Herschel infrared Galactic Plane Survey) (Molinari et al., 2016) is another
crucial multi-wavelength survey that traces five wavelengths in the sky; 70, 160,
250, 350 and 500 pm. The observations are made at the Herschel Space Observatory
(Pilbratt et al., 2010), which was built and launched by the European Space Agency.
This observatory had two cameras on-board, the SPIRE (Spectral and Photometric
Imaging Receiver) and PACS (Photodetecting Array Camera and Spectrometer).
The PACS camera images photometry in the 60 - 210 um range (Poglitsch et al.,
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2008) whereas the SPIRE camera images in three wavebands; 250, 350 and 500 gm
(Griffin et al., 2010).

3.2 Multi-Wavelength Image Examples

Using the GLIMPSE, WISE and Hi-Gal surveys, we can now create multi-wavelength
images for most clumps in the ATLASGAL database. This is a vital step in the
analysis of the clumps, since it allows us to identify astrophysical features that are
driving maser emission and provide context for the physical parameters of the clump

by visual inspection.

The first thing we must understand is why it is important to view these stellar
clumps in various wavelengths. This is because different wavelengths trace different
astrophysical processes based on the temperature of the source of the radiation. The

longer the wavelengths, the cooler the object, and vice versa.

In this thesis, we choose to use two sets of wavelengths to create two three-colour
images for each clump. They are 4.6, 5.8 and 8.0 pum (spatial resolutions < 2”)
images taken from GLIMPSE as well as 8.0, 22 (12”) and 70 pm (5”) emission,
which are taken from the GLIMPSE, WISE and Hi-Gal surveys, respectively. All
of these wavelengths reside in the infra-red region of the EM spectrum. Infra-red
emission is helpful because it shows the location of important features in the clump.
Shorter wavelengths of mid-infrared (3-8 pm) can show hot objects such as evolved
stars and HII regions. At the longer wavelengths of the mid-infrared range (22 pm)
we can see hot cavities of dust left behind by HiII regions as well as dust heated by
YSOs and at the far-infrared (70 pum) we can see sites of young, cool protostellar

objects, which indicate the location of star forming regions.

We also plot the contours of the 870 pum emission from the ATLASGAL database
over these three-colour images. This is important because the 870 pum emission
traces the cold dust of the molecular clumps, therefore it provides a rough outline
of the shape of the clump. These contours are produced by using a dynamic power

law, which starts at the 30 peak image intensity and spaced by 30 (see Thompson

36



et al. (2006) for more information).

Additionally, we can plot the locations of the Class II 6.7 GHz methanol masers and
22.235 GHz H50 masers from the MMB and HOPS surveys onto the images. This
will allow us to determine if the masers are associated with a particular emission,

which will then allow us to determine their origin.

When combining all of this information into a single image, the result can be seen

in Figure 3.1.
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Figure 3.1: Two clumps represented with two types of multi-wavelength images
created using the IRAC band filters. The left panels show AGAL320.264-00.301,
whereas the right panels show AGAL329.029-00.206. The top panel shows 4.6, 5.8
and 8.0 pum wavelengths in blue, green and red respectively. The bottom panel
represents 8.0, 22 and 70 pum wavelengths as blue, green and red colours respec-
tively. The grey contours represent the sub millimetre emission from ATLASGAL.
Methanol masers are represented by the purple circles, whereas water masers are
represented with the cyan circles. As a side note, in some of these images the purple

circles are hidden behind the cyan circles.
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In Figure 3.1, we can see a variety of the astrophysical features that will be ob-
served in Chapters 5 and 6. Figure 3.1a shows an example of a HII region, which
is represented by the yellow emission (5.8 - 8.0 pm) spread throughout the clump.
Hi11 regions are a precursor to MSF and can trigger star formation along their Hir
fronts via photoionisation shocks (Elmegreen and Lada, 1977). This makes them
some of the most important features that we will observe, considering the focus of
this thesis is the study of star forming regions. We can also see that a water maser
is located on the edge of this HII region, so there is a very high probability that this
water maser is being shock excited where the boundary of the Hir region meets the

ambient material in the clump.

Not all of the features that we wish to observe are available in 4.6, 5.8 and 8.0 micron
emission. The main feature that we will not be able to see in these wavelengths are
young, protostellar objects that are deeply embedded in their natal cloud. This is
because these younger objects are also cooler, and so will emit at longer wavelengths.
AGAL329.029-00.206 is a perfect example of why we need to utilise the 8.0, 22 and
70 pm bands when observing these clumps. In Figure 3.1b, there is no visible
emission towards the centre of the clump, however the 70 pym emission in Figure
3.1d reveals the YSOs that were hidden by the shorter wavelengths. We also see
that AGAL320.264-00.301 benefits from these longer wavelengths as well, since the
green, 22 pum emission in Figure 3.1c reveals a hot pocket of dust left behind by
the Hir region. This feature was also previously invisible when only imaging mid-IR

wavelengths.

This section should have prepared the reader for the multi-wavelength images of the
clumps that we will become familiar with in Chapters 5 and 6, as well as provide

context for why we use particular wavelengths to image these clumps.
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3.3 Clump / Maser Surveys

MMB

The MMB survey searched the southern and northern hemisphere in search for
Class II 6.7 GHz methanol masers. The survey covered 186° < [ < 60° (through
the Galactic centre) with || < 2°. The purpose of the survey was to find these
specific maser lines since they are unique to high-mass star formation and can trace
systematic velocities. These, in conjunction with other methanol maser species, can

explore the evolution of the associated high-mass star (Breen et al., 2015).

The observations were initially taken with Parke’s 64m telescope that raster scanned
the Galactic plane in survey cubes of 20° longitude by the 4° latitude that the
survey covers. These cubes were then searched for any methanol maser emission.
However the Parke’s telescope has a low spatial resolution at 3.2 arcmins, so follow-
up observations were then carried out by either ATCA (Australia Telescope Compact
Array) or MERLIN (Multi-Element Radio Linked Interferometer Network), which
are both arrays of antennas that are able to provide more precise observations. These

obtained arcsecond precision for the sources and have higher spatial resolutions so

that sources were not blended (ATCA with a few arcsec and MERLIN with 43 mas).

A varying number of sources were discovered in each longitude range, some more
than others. Table 3.1 provides a detailed breakdown of how many masers, how
many new masers and the percentage of new masers that were found in each longi-
tude range, as well as a reference to the paper they are reported in. As a side note,
the methanol masers were published in this series of papers as the high-resolution

positions became available.
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Table 3.1: Breakdown of maser detections in the MMB survey within the 5 different

longitude ranges.

Longitude Range Methanol Maser Detections New Maser Detections Reference

186° <1 < 330° 207 89 Green et al. (2012)
330° <1< 345° 198 86 Caswell et al. (2011)
345° <1 <6° 183 58 Caswell et al. (2010)
6° <1< 20° 119 42 Green et al. (2010)
20° <1 <60° 265 64 Breen et al. (2015)

A total of 972 Class II 6.7 GHz methanol masers were identified within the MMB
survey including a total of 339 new detections, which result in 34.9% of masers being
new detections. The lowest percentage of new detections occurred in the 20° <[ <
60° range with only 24.2% of detections being new. This was to be expected because
this was probed by two other methanol maser surveys that operated in longitudes

within this range (Pandian et al., 2007; Szymczak et al., 2002).

The MMB survey includes many important parameters for each methanol maser such
as distance, velocity, flux density and angular offset. These are all crucial to the
survey as it allows interesting objects to be found and helps to build up an idea of the
local environments that are driving the masers. More on the statistics of the MMB
survey were presented in Green et al. (2017) which investigates distributions in flux
density and the variability of source velocities, as well as new distance calculations

to 202 sources in the survey.

HOPS

The HOPS survey aimed to search the skies for HoO masers, specifically the 22.235
GHz line. It is an unbiased survey and searched between 290° < [ < 30° with
|b| < 0.5°. The main motivation for the survey is that previous searches for these
H50 masers had been targeted toward regions that were expected to find such masers
(Walsh et al., 2014), hence the full population is unknown. The survey also wanted
to determine the proportions of astrophysical phenomena that these masers are

associated with, since this was not fully understood at the time.
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Observations were carried out with the Mopra telescope (Figure 3.3a) with a detec-
tion limit of 1-2 Jy and a spatial resolution of 2 arcmin. This spatial resolution was
too low to resolve individual water masers. For this reason, a group of water masers
in close proximity to each other were classified as water maser sites (referred to as
water maser groups in this thesis), while the individual water masers within that
site were labelled as water maser spots. These spots were identified via the peaks of
emission in the maser velocity spectrum using VLBI methods to resolve them (See
Figure 3.2). Follow-up observations were made with ATCA (Figure 3.3b), which
has much higher resolution (0.55 x 0.35 arcsec beam) than the Mopra telescope and

was able to study these maser sites more closely.

Flux Density (Jy)

1 1 . e L |

-10 0 10 20 30 40
Velocity (km/s)

Figure 3.2: Velocity channel of a water maser group, which reveals individual peaks
of flux (the grey shaded regions) corresponding to water maser spots. Image Credit:

Walsh et al. (2014)

In the first paper (Walsh et al., 2011) there were confirmed to be 540 maser sites with
detected emission, 334 of these were new to the HOPS survey. However, in the follow
up paper (Walsh et al., 2014) it was noted that there were multiple detections of
maser sites within some of these fields due to improved resolution, and so the number
of water maser sites rose to 631. This corresponded to 2790 individual water maser

spots.

Many of the maser sites in HOPS survey have been associated with an astrophysical

object, which was the main goal of the survey. This was done by comparing the

42



maser groups to the literature. The breakdown of the distribution of water maser

groups and their astrophysical association can be seen in Table 3.2.

(a) A photograph of the MOPRA telescope in Australia.
Credit : www.kickstarter.com/projects/astrocate/teammopra-

save-a-telescope-and-map-the-milky-way

(b) A photograph of the Australia Telescope Compact Array.
Credit : CSIRO

Table 3.2: Distribution of water maser groups with astrophysical phenomena.

Astrophysical Object No. of Water Maser Groups Percentage Average Number of Spots

Star formation 433 69 3.76
Evolved stars 121 19 4.58
Unknown 77 12 3.19
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From Table 3.2, it can be seen that H,O masers were found to be primarily asso-
ciated with star formation at ~ 70%, followed by evolved stars and then unknown

associations.

It was also found in Walsh et al. (2014) that there were 31 non-detections towards
pointing centres that were identified in Walsh et al. (2011). It was concluded that
this was likely due to the intrinsic variability of these masers, which means they

were emitting weakly at the time of these follow-up observations.

ATLASGAL

ATLASGAL is an unbiased 870 pum sub-millimetre survey of the inner Galactic
Plane. It covers the 300° <1 < 60° with |b] < 1.5° range and was later extended to
280° < [ < 300° with —2° < b < 1°. The main aim of the survey was to create a
complete sample of all massive, dense clumps (> 1000 M) in the Galaxy up to a
heliocentric distance of 20 kpc. This was achieved by measuring the dust continuum
emission at 870 pm, which is useful for mapping out abundance of material and
density. This would encompass every stage of early massive star formation, which
could then be studied further, since current knowledge of massive star formation
is still a relatively unknown phenomenon in astronomy. Another purpose of this
survey was to take note of the distribution of these dust clumps throughout the
Galaxy and whether they are more likely to be located in specific regions e.g higher

density regions such as spiral arms.

The first paper (Schuller et al., 2009) for ATLASGAL outlined the project and pre-
sented the first results for the survey. It surveyed ~ 95 square degrees of the inner
Galactic plane and detected ~ 6000 compact sources above 0.25 Jy, which was the
50 detection limit of the telescope used by the Atacama Pathfinder Experiment tele-
scope (APEX). The detector on the APEX telescope is the Large APEX Bolometer
Camera (LABOCA), which is a 295 element bolometer array. The LABOCA detec-
tor was used for observations in every paper for the ATLASGAL survey.

The second paper (Contreras et al., 2013) presented the compact source catalogue

(CSC) that provided a total of 6639 clumps in the range 330° < [ < 21° with
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|| < 1.5°. This identified clumps and their parameters with the help of the source
extraction algorithm, SExtractor (Bertin and Arnouts, 1996).

The third paper (Urquhart et al., 2014a) identifies 3523 more compact sources,
bringing the total number of clumps to 10,163. This was observed between 280°
< 1 < 330° and 21° < [ < 60° with a survey sensitivity of 0.3 - 0.5 Jy beam™*.

These sources were also identified using the SExtractor.

The follow-up paper (Urquhart et al., 2018) presented the properties (luminosity,
distance, mass) to a complete sample of ~ 8000 dense clumps within the ATLAS-
GAL survey. This was within a range of 5° < |I| < 60°, the inner 5 degrees were not
included due to problems with source confusion. The distance calculations are ar-
guably the most important aspect for this thesis since all of the physical parameters

can be calculated as a result of knowing the physical distance to the clumps.

3.4 Overlapping Regions

The combination of these 3 surveys are powerful, since they provide a large region
where the high-mass star forming regions can be investigated in a uniform way and

the statistical properties and correlations will be reliable.

Survey Coverage
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104 —— ATLASGAL
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Galactic Longitude /

Figure 3.4: A plot showing the coverage of all surveys including longitude and
latitude.
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Figure 3.5: An image of three survey coverages that are all overlaid onto a top-down

view of the Milky Way. The yellow, blue and red sectors represent the ATLASGAL,

HOPS and MMB surveys respectively. The yellow dot is the position of the Sun
in our Galaxy. It should be noted that the different heliocentric distances of the
sectors are not accurate, they were only made different so that the sectors did

not completely overlap each other and obscure certain surveys. Image Credit :

NASA/JPL-Caltech/R. Hurt (SSC/Caltech).
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Clumps that contain a methanol maser
Figure 3.6: This Venn diagram illustrates the breakdown of clumps that contain

methanol and water masers in the tri-survey coverage range.

Figure 3.4 shows the coverages of all three surveys discussed, and allows for a clearer
understanding of how they overlap. Since the HOPS survey fits completely inside
both the MMB and ATLASGAL surveys, this is the region in which all 3 surveys
are fully mapped. Specifically, this happens at 290° < < 30° with |b| < 0.5°, which
will now be referred to as the “tri-survey coverage range”. We also present Figure
3.5, which gives a more visual aid of how these surveys overlap with respect to the

Milky Way Galaxy.

Within the tri-survey coverage range, there are a total of 6775 dense and massive
clumps identified by ATLASGAL. Of these clumps, 5458 of them had further pa-
rameters calculated by Urquhart et al. (2018). The remaining clumps that did not
have their parameters calculated were either located in the inner 6 degrees of the
Galactic plane or were located between 290° < [ < 300°, both of these sub-regions

within the tri-survey coverage were not targeted by Urquhart et al. (2018).

The tri-survey coverage range also contains 633 6.7 GHz class II methanol masers
and all of the 22.235 GHz H50 masers from the HOPS survey (631 water masers)
since the HOPS coverage and the tri-survey coverage are equivalent. The methanol
masers were all contained within 571 unique clumps whereas the water masers were

all contained within 348 unique clumps. Overall, there are a total of 688 distinct
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clumps within the tri-survey coverage range that contain at least one maser and 186
distinct clumps in the tri-survey coverage range that contain at least one example

of both species of maser. These statistics can be viewed in Figure 3.6.

Now that we have discussed all three of the surveys that contain the majority of the
data to be used in this thesis, we can start using this data to begin our analysis.
The next chapter will look to investigate the physical parameters of the massive
and dense clumps, along with their 22 GHz water and 6.7 GHz methanol maser
associations. The dependency of the quantity / offset of masers on the physical
conditions such as luminosity and mass, could give us a significant insight into these

MSF regions.
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Chapter 4

Water Masers and Evolution

4.1 Outline

Before exploring the relationship between 22.235 GHz H>O masers and a clump’s
evolution, it should be noted that a similar study was already conducted in Billington
et al. (2020), where they investigated clumps associated with 7 different maser tran-
sitions. These were the 6.7 & 12.2 GHz methanol masers, 22.2 GHz water masers,
and the masers emitting in the four ground-state hyperfine structure transitions of

hydroxyl.

It was found that the associated clumps have similar physical properties includ-
ing the luminosity-to-mass ratio, which indicated that they were at very similar

evolutionary stages.

However, Billington et al. (2020) only looked at the properties of the maser asso-
ciated clumps in isolation and did not investigate clumps with multiple masers in
detail, which is what we will focus to do in this chapter. We do this by categorising
three groups of clumps, these are clumps that contain only 22.235 GHz H,O masers,
clumps that contain only Class II 6.7 GHz methanol masers and clumps that contain
both of the aforementioned masers. These clumps will be labelled as Water Maser
Only (hereafter WMO clumps), Methanol Maser Only (hereafter MMO clumps) and

Both Masers (hereafter BM clumps), respectively. We also compare these samples
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to the ATLASGAL sample, which represents all clumps in the ATLASGAL survey,

including those with no maser sources.

It should be noted that in Billington et al. (2020) and this thesis, the evolution of
a clump is measured by its luminosity-to-mass ratio (hereafter L /M ratio). This is
because we expect clumps that have higher luminosities to contain young protostars
that are more luminous. These more luminous stars are most often found late into
their accretion phase, and since stars accrete their mass over a long time period,
they are more evolved. The mass of the natal clumps of more evolved stars will also
decrease as they blow away their natal cloud of gas and dust, thus the conclusion is
that more evolved stars have increased luminosities and decreased masses, therefore
the clumps in which they reside will have a higher L/M ratio. Conversely, clumps
that are less evolved are therefore expected to have lower L/M ratios. Figure 4.1,
displays an L/M plot from Molinari et al. (2008) where several sources (both low

and high-mass stars) are shown to exhibit the process described here.
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Figure 4.1: A Luminosity - Mass plot of several low and high-mass stars. The mass is
first shown to stay the same while the luminosity increases rapidly, then the second
stage shows that the mass rapidly decreases as the envelope is blown away from the
star. The circles show actual measurements of these stars, whereas the curves are

predictions from models. Tmage credit : Molinari et al. (2008)

In this chapter, we will first look at the luminosity and mass parameters between
the three types of maser associated clumps defined earlier before comparing the
L/M ratio. We will then look at the maser properties of these types of clumps and
investigate if there is a link between the properties of these masers and the physical

conditions of the clump.

4.2 Physical Properties of Clumps

The first set of data that we will investigate is the physical parameters of WMO, BM
and MMO clumps. The physical parameters to be investigated in further detail are
the luminosity, mass and L/M ratio. In order to compare and contrast the physical
parameters for these maser associated clumps, we will implement the use of various

statistical analysis tools.
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We will first utilise the KS tests that were briefly discussed in Section 2.6. This will
provide a p-value, that will specify if the two samples can be considered significantly
different from each other. As seen in Section 2.6, if the p-value < 0.0013 we will
be able to say that the two samples are not drawn from the same population. The
cumulative distribution functions (CDF's) for these parameters are shown in Figure
4.2. Tables 4.1 and 4.2 provide the results of the KS tests between all the different

combinations of samples and parameters from the CDF plots.

We also provide the mean values of the physical parameters of these samples in
Table 4.3. These exist to simply describe the physical parameters of the samples,
and provide additional data for comparisons between samples along with the KS

tests.

The uncertainties for the averages in Table 4.3 and subsequent tables in this study
are calculated from the standard error, which is just the standard deviation divided
by the square root of the sample size. Additionally, any uncertainties for the sample
sizes are calculated from Poisson counting error, which is simply equal to the square

root of the sample size. Both of these are discussed in Section 2.6.

We use a distance limited sample between 2-4 kpc, this ensures that parameters
that are heavily skewed by distance will not affect our results. Our distance limited

sample size is approximately 3200 clumps.

The luminosity and mass measurements for clumps are taken from the list of bolo-
metric luminosity values and the full width half maximum (FWHM) values of the
mass determined by the ATLASGAL survey (Urquhart et al., 2022). The FWHM
values are determined from taking the source size to be the pixels above the half
power level, which removes biases whereby more evolved clumps would appear to

have larger volumes and less density (Billington et al., 2019).
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Figure 4.2: CDF plots for the physical parameters of stellar clumps with various

maser associations.

Table 4.1: A breakdown of the KS test results for different combinations of maser
associations. The results of this KS test for the three physical parameters are then
listed, which includes the KS statistic and the p-value. Significant p-values (<<
0.0013) are highlighted in yellow.

Samples Mass Luminosity L/M Ratio
Compared KS Stat | p-value KS Stat | p-value KS Stat | p-value
BM / WMO 0.359 1.19%x107° | 0.368 5.21x107% | 0.406 3.15x107°
BM / MMO 0.354 8.83x107% | 0.32 4.23x107% | 0.307 0.00019
BM / All 0.324 1.58x107% | 0.63 2.22x10716 | 0.604 6.71x10723
WMO / MMO | 0.101 0.37 0.13 0.35 0.187 0.0679
WMO / All 0.0642 | 0.582 0.36 7.21x107® | 0.339 7.51x1077
MMO / All 0.0864 | 0.152 0.42 3.53x1072" | 0.464 2.22x1071¢
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Table 4.2: KS Tests between the samples shown in the bottom-right panel of Figure
4.2 regarding the L/M ratio. Significant p-values (<< 0.0013) are highlighted in

yellow.
Samples L/M Ratio
Compared KS Stat p-value
Clumps With Masers / Clumps With No Masers 0.50 2.44x 10762
Clumps With Masers / ATLASGAL Clumps 0.45 2.0x1071°
Clumps With No Masers / ATLASGAL Clumps | 0.047 0.0025

Table 4.3: The average values of the physical parameters for various maser associated

clumps, accompanied by the sample size of which each average was taken from.

Type Sample Size | L/M Ratio | Luminosity / Ls | Mass / Mg
WMO 63 2718 £9 2080 £ 552 31 £ 2.6
MMO 172 20 £ 2.2 2497.5 £ 550 32 +£29
BM 65 41 £6.2 4650 £ 1044 40 £ 3.7
ATLASGAL | (~3200) | 7.6 % 0.5 646 + 62 29 + 0.5

Key Observations

e The plots shown in Figure 4.2 and the results of the KS tests in Table 4.1
reveal that the mass, luminosity and L/M ratios of BM clumps are found to
be significantly larger from the WMO, MMO and ATLASGAL clumps (see
Table 4.3 for specific values).

e We find no difference between the physical parameters of WMO and MMO

clumps, which is in line with results from Billington et al. (2020).

e We find that the four samples appear to fit into three categories of luminos-
ity, with the ATLASGAL sample having the lowest luminosities, BM clumps
exhibiting the highest luminosities and WMO and MMO clumps showing lu-

minosities that range somewhere between the other two (see Table 4.3). At
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luminosities of the order 10* L, the MMO clumps do seem to approximate
the BM clumps, however this is only for a very limited part of the CDF and
the KS test still confirms them as significantly different.

o ATLASGAL clumps show significantly lower luminosities and L./M ratios than
any other sample of clumps. The vast majority of clumps in the ATLASGAL
sample have no maser emission, indicating that clumps with no masers have
significantly lower luminosities than clumps that do, perhaps suggesting they

are less evolved.

4.3 Maser properties

Now that we have investigated the differences in the physical parameters of the maser

associated clumps, it is a good idea to look more closely at the masers themselves.

We will first search for differences in maser properties between the WMO and BM
clump samples by using KS tests (Table 4.4) and CDF plots (Figure 4.3). The maser
properties we will investigate are; the maser offsets (positional offset of the maser
from 870um peak of the clump), the quantity of water maser spots and the flux of
water maser groups. This will indicate whether certain parameters for masers can be
used to trace more evolved clumps. The maser offset may be potentially interesting,
since clumps with higher maser offsets may require the clump to be more evolved
so that various phenomena capable of triggering these masers are more likely to be

further from the centre.

We will then detect if there is any correlation between any of the aforementioned
maser properties and the physical parameters of the clump by using Spearman’s
correlation tests (Table 4.4). These correlations will not be targeted towards the
clump properties of BM or WMO samples specifically, but rather both samples
to give a more general sense of the correlation between masers and the physical
parameters of the clump. We present scatter plots showing the number of water

maser spots and the clump properties in Figure 4.4.

We do not investigate the quantity of methanol masers per clump, since there is
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only a maximum of 3 methanol masers in any clump, and this will not be enough to

determine if MMO clumps display more or less methanol masers than BM clumps.
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Figure 4.3: The top-left panel shows the CDFs of BM and WMO clumps for the
total number of WMS per clump. The top-right panel shows the CDF's for the WMS
offset. The bottom-left panel shows the methanol maser offset. The bottom-right

panel shows the total maser flux.
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Table 4.4: The results of the Spearman correlation tests performed between the

maser and clump properties. Significant p-values (<< 0.0013) are highlighted in

yellow.
Luminosity L/M Ratio Mass
Correlation | p-value | Correlation | p-value | Correlation | p-value
Offset of WMSs -0.0596 -0.0326 -0.172 0.391 0.0314 0.409
Quantity of WMSs 0.526 10710 0.375 1075 0.371 1075
Flux of WMG 0.393 1077 0.375 1076 0.132 0.0982

Key Maser Observations

e There is no significant difference in the water maser flux, total number of

WDMSs or water maser offset when looking between BM and WMO clump
samples. This is confirmed by the KS tests performed in Figure 4.3. The
water maser flux does seem to be significantly higher in BM clumps for lower
values. However, the water maser flux for BM clumps approximates the WMO

sample for fluxes > 20 Jy.

The total number of WMSs per clump has a positive correlation with the L/M
ratio (Correlation = 0.375, p-value = 1.39 x107° ), the Luminosity (Correla-
tion = 0.526, p-value = 2.09 x1071%) and the Mass of a clump (Correlation =
0.371, p-value = 1.77 x107° ) as seen in Table 4.4 and Figure 4.4. These re-
sults suggest that the quantity of WMSs act as a good indicator of star forming
activity, intensity and evolution. However, this correlation is only considered
when taking into account all clumps, and is not as strong when considering

BM and WMO clumps individually.

The flux of individual WMGs is found to be positively correlated with the
Luminosity and L/M ratio of a clump (see Table 4.4). We therefore expect
that more luminous masers tend to be associated with more luminous and
evolved YSOs, however this correlation is not present for BM clumps or WMO

clumps specifically.
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e It was initially thought that more evolved clumps would have the potential
to produce star forming regions further away from their centre than normal
clumps. This is because they would have more time to agglomerate their
ambient material at multiple locations, which might be at a great distance
from the main centre of the clump. It turns out that there are no correlations
between the water maser offsets (see Table 4.4) or the physical parameters of
the clump, suggesting that they are not helpful at indicating clumps or SFRs

with certain properties.

4.4 Discussion of Clump and Maser Properties

We will first recap our main findings from the analysis of the clump and maser
properties. One of our main findings is that clumps with both water and methanol
maser transitions have significantly higher luminosities, masses and L./M ratios than
clumps showing only one of these transitions (see Figure 4.2). We do also find that
the quantity of WMSs per clump generally holds a weak but positive correlation
with the luminosity, L /M ratio and mass of a clump. However, this correlation
is for the whole ATLASGAL sample and not specific to maser associated samples
(MMO, BM and WMO).

We first consider why BM clumps would show higher luminosities and masses than
WMO clumps. This could be because BM clumps host larger clusters, containing
more YSOs and therefore would naturally have more natal mass. This increased
abundance of material in the natal clouds would then have the potential to form
more protostars, which in turn leads to increased luminosities of the cluster and
the clump. The increase in protostars may also encourage competitive accretion,
which forms MYSOs (Bonnell, 2005). These MYSOs would then also increase the
luminosity of the cluster. Ultimately, the increased luminosity and mass suggest that
BM clumps either contain younger but very luminous high-mass stars, or clusters

of more numerous but more evolved stars.

We now introduce the result that shows the L/M ratios are significantly higher in
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BM clumps than WMO / MMO clumps, since this parameter can be used as an
indicator for how evolved a clump is (Molinari et al., 2008). The higher L/M ratios
that we have observed would tend to suggest that we have more evolved YSOs rather

than very luminous and younger MYSOs.

We can also test this by looking at the classifications provided in Urquhart et al.
(2018) for these clumps, which should give us an idea about the specific evolutionary
stages that we observe for BM and WMO clumps. Table 4.5 provides a list of these

classifications and the percentages for BM and WMO clumps.

Table 4.5: The percentages of all classifications from ATLASGAL for BM and WMO
clumps respectively. E.g 28.1 4 4.1% of all BM clumps are classified as YSO-8micron

bright. The errors are calculated using the poisson uncertainty.

Classification BM /% | WMO /%
YSO-8micron bright | 28.1 + 4.1 | 28.7 + 4.4

YSO-8micron dark | 24 + 1.2 | 9.3 £ 2.5
HII region (Radio) | 25.1 £3.9| 16.7 £ 3.3
HII region 16.2 + 3.1 | 14.7 + 3.1
Protostellar 78+22 | 4016

Table 4.5 tells us that we generally observe more HiI regions in BM clumps (41.3
+ 5%) than WMO clumps (31.4 + 4.6%) when taking into account both the “Hi1
region” and “Hir region (Radio)” classifications. HII regions generally represent
more evolved clumps, which provides evidence that BM clumps host more evolved

protostellar objects than their WMO counterparts.

Further evidence for this is gathered when observing the differences between the
“YSO” classifications. When taking into account the “YSO-8micron bright” and
“YSO-8micron dark”, 30.5 £ 4.3 of BM clumps contain YSOs whereas 38 + 5 % of
WMO clumps have YSOs. This suggests that BM clumps generally contain fewer
YSOs than WMO clumps, however, the large uncertainties in our values mean this

is not definitive. Since YSOs are younger and less evolved stars by definition, we
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expect that BM clumps are likely to host more evolved objects. The larger L/M

ratios and HII regions previously found in BM clumps supports this narrative.

The question is then, why do we observe more flavours of maser with more evolved

YSOs?

It is well known that more evolved YSOs are generally more luminous, and more
luminous stars radiate more power. We speculate that this increased energy output
is more likely to shock a greater quantity of surrounding water molecules, which
would then form masers. This hypothesis is supported by the fact that we observe
a general positive correlation between the quantity of WMSs and the luminosity of

the source.

We know that Class II 6.7 GHz methanol masers are exclusively associated with
early high-mass star formation (Breen et al., 2013), which would then suggest that
more evolved SFRs would be more likely to generate MYSOs. This could be the
case, since a more evolved SFR would be more likely to form tight clusters of stars
over time, which would encourage MSF. However, it could also be the case that BM
clumps contain more intense star formation / embedded objects, which would also

suggest a higher abundance of natal material to form tight clusters.

In order to test if we have more embedded objects, we conduct a visual inspection
of all BM clumps and WMO clumps in the ATLASGAL survey that were classified
as “HiI region” or “HiI region (Radio)” by creating multi-wavelength images. These

are made using 4.6, 5.8 and 8.0 ym wavebands.

We choose one classification in order to compare the clumps fairly. HiI regions allow
us to look at active clumps, which will reveal the level of intensity of SF in BM
clumps compared to WMO. Examples of these multi-wavelength images for four
BM and WMO clumps are shown in Figures 4.5 and 4.6 respectively. These clumps
were chosen to represent the typical BM / WMO clump with a Hi1 region.
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Figure 4.5: Four BM clumps represented with 4.6, 5.8 and 8.0 um wavelengths in
blue, green and red respectively. The clumps shown are AGATL012.208-00.102 (Top-
Left), AGAL300.504-00.176 (Top-Right), AGAL305.3624+00.151 (Bottom-Left),
AGAL337.612-00.059 (Bottom-Right). The grey contours represent the sub mil-
limetre emission from ATLASGAL. Methanol masers are represented by the purple

circles, whereas water masers are represented with the cyan circles.
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Figure 4.6: Four WMO clumps represented with 4.6, 5.8 and 8.0 um wavelengths in
blue, green and red respectively. The clumps shown are AGAL305.271-00.009 (Top-
Left), AGAL307.9574+00.016 (Top-Right), AGAL326.472-00.377 (Bottom-Left),
AGAL333.376-00.201 (Bottom-Right). The grey contours represent the sub mil-
limetre emission from ATLASGAL. Methanol masers are represented by the purple

circles, whereas water masers are represented with the cyan circles.

We generally see that BM clumps have larger and more extended HII regions than
their WMO counterparts, which is illustrated when comparing the clumps in Figures
4.5 and 4.6. We suggest that HII regions with more extended emission are also more
evolved since they have had more time to expand and form a complex structure,

which also makes them more likely to have triggered clusters in SFRs that generate
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the water and methanol masers we observe. This provides evidence that BM clumps

contain more evolved objects than WMO clumps.

We also find that BM clumps seem to show more intense SF by observing the
abundance of 8 ym emission in Figure 4.5 compared to Figure 4.6. This suggests
they contain more embedded objects than WMO clumps. These embedded objects
would then go on to form clusters of stars and MSF, which increases the likelihood

of these clumps generating methanol masers.

Clumps with both CH;OH and OH masers have also previously been found to host
higher masses and luminosities (Olmi et al., 2014), which suggests that these results
may hold true for other combinations of masers. If this is true, then using a combi-
nation of masers for targeted searches of more luminous and evolved clumps would

be extremely useful, however this remains unproven.

Overall, we summarise that the differences found in the physical parameters between
BM and WMO clumps is primarily down to the former hosting more evolved YSOs
and embedded sources. These evolved YSOs and higher SF activity then both

contribute to generating more flavours of masers.

4.5 Comparison of Results with “Straw Man” Model

The “straw man” model was developed by Ellingsen et al. (2007), in order to deter-
mine the evolutionary sequences for some of the most common astrophysical masers
(22.2 GHz H,0O, 1.6 GHz OH, 95.1 GHz class I methanol and 6.7 GHz class II
methanol). This was achieved by studying ongoing regions of SF that were surveyed

for the previously mentioned masers and studying their associations.

The analysis of the studies for 22.2 GHz Hy0O (Breen et al., 2007) 1.6 GHz OH
(Caswell et al., 1980) and 6.7 GHz class II methanol masers (Ellingsen et al., 1996)
led to the conclusion that the water masers seemed to trace an earlier evolutionary
stage of SF than methanol masers. However, it was found by Billington et al. (2020)
that water and methanol masers seemed to trace very similar evolutionary phases,

which adds a layer of uncertainty to this model. Both of these models can be seen
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in Figure 4.7.
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Figure 4.7: The top panel shows a brief outline of the evolutionary sequence of high-
mass stars, along with the “straw man” model (Ellingsen et al., 2007) that shows
the lifetimes of various maser species. Image Credit : Cormac Purcell. The bottom
panel shows box plots of the L/M ratios for different maser species from (Billington

et al., 2020)

Furthermore, our conclusions in this chapter also do not agree with the “straw man”
model presented in Ellingsen et al. (2007), since we show that a clump containing
a combination of maser lines are significantly more evolved than those with only
one. This suggests that the evolutionary stages presented for different transitions of
masers may not be entirely accurate, but we do not find the concrete solutions to

this problem.

A basic diagram of what an updated “straw man” model may look like is presented
in Figure 4.8. Methanol and water masers are shown to have similar evolutionary
stages by our results and Billington et al. (2020). They are also found to exhibit
similar statistical lifetimes, which is a measure of how long these maser species are

active for. OH masers are shown to represent a slightly later evolutionary stage from
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methanol and water masers, but it is not significant (Billington et al., 2020; Ellingsen
et al., 2007). When these masers are combined, we have shown that they represent
a significantly later stage of evolution. This is because they are more probable to be
active at the same time when there are more evolved YSOs and embedded sources.
Therefore, they represent a more evolved star forming environment than any other

maser association in the current “straw man” model.

OH

Class Il 6.7 GHz Methanol

22.235 GHz Water

Time

Figure 4.8: A basic model of the evolutionary sequence of OH masers, 22.235 GHz
H>0O masers, Class II 6.7 GHz methanol masers, as well as a combination of both

water and methanol masers.

4.6 Summary

The initial goal of this chapter was to build on the results found in Billington
et al. (2020) by comparing the maser and clump properties of clumps containing a
combination of maser lines with those that are only associated with single maser
lines. These clumps were classified as BM, WMO and MMO clumps, which were

based on what species of masers they contained.

We do find that WMO and MMO clumps exhibit similar physical parameters, which
is in agreement with Billington et al. (2020). However, we were also able to conclude
that clumps with 22.235 GHz H,0O masers and Class II 6.7 GHz methanol masers
are more evolved, more massive and more luminous than clumps showing emission

of only one of these maser species. We find that these differences in the physical
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parameters of BM and WMO clumps are primarily due to BM clumps hosting more
evolved YSO’s, embedded sources and more active SF. The existence of more evolved
YSOs will increase the luminosity and the L/M ratio, since they are further through
their accretion process and will radiate much more power (Molinari et al., 2008).
More embedded sources suggests that there is a higher abundance of natal material

for clusters to form, which encourage MSF through competitive accretion.

We then sought out to investigate why more evolved YSOs and embedded sources
would be more likely to show both water and methanol masers. We know that
these more luminous and evolved protostellar objects emit stronger radiation, so we
speculate that they are more likely to provide a pumping mechanism to surrounding
water molecules, hence more likely to generate more water masers. This hypothesis is
also supported by the fact that we observe a general positive correlation between the
number of WMSs and the luminosity of the source. Additionally, more embedded
sources would be more likely to lead to MSF because they suggest that a higher
abundance of natal material is present in these SF regions. The increased volume
of material would then be more likely to form clusters of stars, which would also
be likely to form MYSOs. Since Class II 6.7 GHz methanol masers are exclusively
associated with MSF (Breen et al., 2013), we would expect their numbers to rise as

well.

We also suggest that the “straw man” model developed by Ellingsen et al. (2007) may
not describe the evolutionary sequence of masers accurately, since we demonstrate
that including a combination of just two maser species will drastically change the
L/M ratio (hence evolution) of the SF region associated with those masers. This
is however, a complex problem, and we do not provide any concrete improvements
to the model in this work other than a basic sketch of what a more accurate model

may look like (see Figure 4.8).

Overall, our conclusions provide evidence that a combination of just two maser
species could be used to target more massive, luminous and evolved clumps. These
clumps will also yield observations of more evolved YSOs that can help us bet-

ter understand the internal environments of these regions and the early stages of
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MYSOs.
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Chapter 5

Identifying Interesting Sources -

Offsets

The aim of this chapter is to identify sources that are not similar to the general
population of sources that we observe. This is achieved by investigating the offsets

of water and methanol masers.

One of the first tasks of this chapter will be to identify all 22.235 GHz HyO masers
and Class I 6.7 GHz methanol masers that are significantly offset from the centre of
their clump, as defined by the peak submillimetre emission from ATLASGAL. Both
water and methanol masers tend to be located close to the centre of the clump since
this is where the majority of the material and star formation is situated (Urquhart
et al., 2014b). Therefore, searching for clumps that host masers with unusually high
offsets from the centre of clumps will provide a method of discovering interesting
clumps, external environments affecting star formation and possibly new phenomena
previously unknown to be linked with masers that are able to generate them at such

large offsets.

We will again investigate clumps with both types of masers. This is because we
want to pinpoint the location of MSF in the clump with the use of the methanol
maser emission, as well as to investigate the water maser emission since it can be

associated with a variety of astrophysical processes/objects (Walsh et al., 2014).
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We again use MIR images to investigate the nature of interesting sources identified,
this will help with identifying external environments and structures associated with
high-mass star formation such as HII regions. These images can then be used to
classify clumps based on the morphology of masers and the structures we see in the

infrared emission.

By the end of this chapter, we will determine if there is any significant advantage
by searching for clumps in this manner. The usefulness of this method will be
measured depending on whether it returns a common classification of clumps or a

few interesting sources where the large offset of masers are not so easily explained.

5.1 Angular offsets

One of the goals of this project is to identify whether external environments on the
edges of clumps are having a profound effect on high-mass star forming regions.
As discussed in the introduction, masers act as signposts for various astronomical
activities, many of which would be classified as external factors that could affect
high-mass star forming regions. These include, but are not limited to; cloud collisions
(Tarter and Welch, 1986), supernovae remnants (Woodall and Gray, 2007), Hit
regions (Fontani et al., 2010) and molecular outflows (Titmarsh et al., 2014). The
HOPS survey was used to retrieve the positions of the 22.235 GHz H5O masers that
are associated with these activities. The MMB survey gives the positions of the class

IT 6.7 GHz methanol masers that pinpoint where high-mass stars are being formed.

Using the ATLASGAL catalogue (Urquhart et al., 2018), it is possible to identify
the centre of these clumps using the peak intensity of the 870 um wavelength data.
Therefore, the angular separation from the centre of the clump can be derived for
every methanol and water maser within the MMB and HOPS survey respectively,

this is commonly referred to as the angular offset (measured in arcseconds).

We first identified water masers that are significantly offset from the centre of the
associated clump. This can be determined by using the previously mentioned angu-

lar offset parameter. We also need to define what a “significant offset” constitutes
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as with respect to the rest of the data. We know that the angular offset data should
follow a Gaussian-like distribution because we expect to see the majority of masers
at an angular offset of zero, and we expect the number of masers that we observe to
decrease rapidly at higher angular offsets. As one looks further away from the centre
of the clump there will be less abundance of material and as a result less observed
masers, whereas the centre of the clump contains the highest abundance of gas and
star formation activity, which are conditions that are more likely to produce masers.
For this reason, we will introduce a 3o limit for both water and methanol masers
separately in order to determine which masers are classified as significantly offset in
each case. A property of a Gaussian distribution is that 99.7% of the data is con-
tained within a range of 30 from the mean, masers with larger offsets are therefore

unusual and flagged for further investigation.

The top panel of Figure 5.1 is the result of plotting all angular offsets for water
masers and methanol masers, however this is not quite in the format of a Gaussian
distribution. Therefore, we use a surface density plot to account for the area of the
annulus that the masers are located in. This results in the 2-D Gaussian Distribution

observed in the bottom panel of Figure 5.1.
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Figure 5.1: The top panel shows all angular offsets for every maser associated with
a clump. The bottom panel shows the maser density for ring regions at varying
distances from the centre of a clump. The methanol and water maser density have
been plotted separately, along with a fitted normal distribution curve. Both graphs
show angular offsets between 0 and 20" and have a bin width of 2.5".
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The 30 limit for the methanol and water masers are calculated to be 24.2"” and 31.5”
respectively. If a clump contains at least one flagged maser, then that clump will be

considered unusual and be investigated further.

This initial search results in a list of 64 methanol masers and 30 water masers con-
sidered to be significantly offset from the centre of their respective clumps. However,
we also want to remove any distance bias from our sample. We achieve this by using
a distance limited sample, where we only include masers situated in clumps that are
between a distance of 2-4 kpc. This leaves us with 12 22.235 GHz H,O masers and

19 Class II 6.7 GHz methanol masers for further investigation.

5.2 Velocity Checks

Velocity checks are used in conjunction with the multi-wavelength images to decide
if particular masers are actually associated with their clump. This is important
because some masers may have been detected in line with ATLASGAL clumps in
the 2D plane but might be in the foreground instead of in the clump itself, which
would lead to an incorrect association. The purpose of this section is to discover

these incorrect associations and rule them out of our analysis.

It is reasonable to assume that if a maser is associated with a molecular clump, then
it should have a similar velocity when moving through space. Since the velocities for
the majority of masers and clumps are given from the HOPS, MMB and ATLASGAL
surveys, it allows for a side-by-side comparison of the clump velocity and maser
velocity. We can then take the “velocity offset” of a maser to be the difference

between the maser velocity and clump velocity.

By taking the 30 limits of the velocity offsets for all water and methanol masers,
we can then define an “unassociated maser” as one whose velocity offset is above
their respective 30 limit. These limits are calculated to be 17.1 and 12.3 km/s for
water and methanol masers, respectively, from the Gaussian distribution functions
plotted in Figure 5.2. A clump will be eliminated from the search if all significantly

offset masers are identified to be unassociated with the host clump.
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Figure 5.2: The distribution of velocity offsets for water and methanol masers re-
spectively. A Gaussian curve has been fitted for each distribution to calculate the
3o limit. The limits are 17.1 and 12.3 km/s for water and methanol masers, respec-

tively.

As a side note, there could be some incorrect assumptions here, since 22.235 GHz
H50O masers are commonly generated by bipolar outflows, which affect the velocity
of the maser. This means that some water masers in very high velocity outflows
may be incorrectly assumed to not be associated with their clump. However, since
this 3¢ limit is relative to the whole population of water masers, the ones that are

affected by bipolar outflows should be mostly accounted for.

These velocity checks are carried out in conjunction with observations of the multi-
wavelength images, in order to ensure that the masers are definitely unassociated
from the clump via visual inspection. For example, a maser that lies within 5 km/s
outside of the 30 velocity offset limits might be in the molecular cloud, but moving

unusually fast due to outflows from stars or some other phenomena.
Table 5.1 shows all of the unassociated water masers.
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Table 5.1: Water masers with a velocity difference more than 17.1 km/s different
than their respective clump. The distance offsets of the masers (measured in pc)

are shown in the brackets next to the angular offsets.

Clump Name WMG Angular Offset  Clump Velocity WMG Velocity
(") (km/s) (km/s)

AGAL025.351-00.191 49.8 (0.64) 61.50 20.80
AGAL332.352-00.116 119.3 (1.79) -49.80 -103.48
AGAL335.061-00.427 36.8 (0.52) -38.40 -90.60
AGAL339.623-00.122 36.5 (0.47) -34.20 -70.80

Table 5.1 provides an overview of all the masers in our initial list of 29 that have a

velocity difference of more than the 30 limit compared to its respective clump.

Overall, 4 water masers are dropped by using velocity checks whereas all the methanol
masers passed, which is why they have not been discussed. The only methanol
masers that are uncertain with velocity checks are those where the velocity of the
clump is unknown. In these cases there is no reason to doubt their associations are

genuine and so they will remain included.

Additionally, we find one methanol maser that is not associated with its host clump
via visual inspection. This is because it lies outside of the 870 pm contours from
ATLASGAL. Therefore, we are now left with 24 masers in a distance limited sample
(16 methanol and 8 water), where we can be sure that all of their associations to

their respective clumps are genuine.

5.3 Grouping Masers into Clumps

Now that we have our list of 16 methanol and 8 water masers, we can start to
categorise these masers by the type of maser associated clump they appear in. We
will group these masers into clumps containing 22.235 GHz HyO masers and Class
IT 6.7 GHz methanol masers (BM clumps), clumps containing water masers only

(WMO clumps) and clumps containing methanol masers only (MMO clumps), as
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we did in the previous chapter.

We group these into BM clumps, since we obtain information about the location of
possible external environments from the water masers and the location of high-mass
star formation from the methanol masers, as a result of Class II 6.7 GHz methanol

masers being exclusively associated with MYSOs (Walsh et al., 2014).

There is also no reason why WMO clumps should not be checked, especially because
water masers are more likely to be offset from the centre of the clump than methanol
masers. Therefore WMO clumps are included in the search in the same manner as

the BM clumps.

Methanol masers are more likely to be situated close to the centre of the clump than
water masers. This is because they are exclusively associated with MYSOs (Breen
et al., 2013), and MYSOs are much more likely to form in the centre of the clump
where there is a higher abundance of material and column density (Urquhart et al.,
2014b). This means that methanol masers with large offsets are very unusual, so we

also group by MMO clumps for this reason.

We find that the 24 significantly offset masers can be distributed into 8 unique BM
clumps, 3 WMO clumps and 9 MMO clumps. This results in a total sample of 20
clumps that contain at least one significantly offset methanol or water maser. We

will name this group of clumps the “Large offset” sample (LO sample).

5.4 Classification and Discussion

We now want to ascertain the nature of these masers as they may be linked to
secondary star formation within the clump, external environments or stellar feedback
from young, evolved stars. For this reason, we will apply a basic classification scheme

to the list of 20 interesting clumps that we have attained so far (see Table 5.2).

After this we will provide some examples of the multi-wavelength images of the LO
sample, which will allow for a visual inspection of the clump and the features of

each classification.
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Table 5.2: The classification of all clumps that are considered interesting. All WMO

clumps are represented by *, all MMO clumps are represented by **, the rest are

BM clumps that do not have a * next to their names.

Clump Name Classification
AGAL005.509-00.246* Edge
AGAL332.317+00.177* | Unknown Association / Edge
AGAL343.502-00.014* PDR

AGAL004.3844-00.079** PDR

AGALO004.887-00.171**
AGALO006.551-00.097**
AGALO015.029-00.669**
AGAL016.662-00.342%**
AGAL025.412-00.174**
AGAL332.647-00.609**
AGAL333.754-00.229**
AGAL340.536-00.152%**
AGAL305.209+4-00.206
AGAL329.029-00.206
AGAL333.121-00.432
AGAL333.134-00.431
AGAL338.3914-00.172
AGAL341.126-00.347
AGAL345.4434-00.212
AGAL345.5044-00.347

Localised Clump
PDR
PDR
Localised Clump
Unknown Association / Edge
PDR
Edge
Unknown Association / Edge
PDR
Localised Clump
Localised Clump / PDR
Localised Clump / PDR
Localised Clump
Unknown Association
Localised Clump / PDR
Localised Clump / PDR

The next few paragraphs will aim to explain the several classifications used in Table

5.2 and how this relates to the features of a clump.
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Figure 5.3: Three colour images for two edge clumps where both images are made
with 4.6, 5.8 and 8.0 pum emission represented by blue, green and red respectively.
It should be noted that every multi-wavelength image for the rest of the thesis will
have the following in common; 1) The cyan circles will represent 22.235 GHz H,O
masers and the purple circles will represent Class II 6.7 GHz methanol masers 2)

The grey contours will always show the 870 pym emission from ATLASGAL.

“Edge” type clumps refer to clumps that have masers residing near the edge of the
contour lines of a source. From the LO sample, we observe that both water and

methanol masers are just as likely as each other to appear on the edges of a clump.

The astrophysical features that lead to masers being generated on the edge of clumps
vary. Figure 5.3a shows an example of an edge clump where the water maser appears
to be on a boundary of the Hir front. Figure 5.3b represents an edge clump where
the cause of the methanol maser appears to be a strong peak of MIR emission, most

likely an evolved star.
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5.4.2 Photodissociation regions
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Figure 5.4: Three colour images for two clumps showing examples of a PDR be-
ing associated with a maser.. These images show 4.6, 5.8 and 8.0 pum emission

represented by blue, green and red, respectively. (See Figure 5.3 for more details).

Photodissociation regions (PDRs) are regions of space in which the heating of the
gas of the neutral ISM is controlled by far-ultraviolet photons (6 eV - 13.6 eV)
(Hollenbach and Tielens, 1999). This can be seen at the boundary of the HiI regions
and the ISM, these are particularly bright regions and usually show stronger emission
than the rest of the Hir regions. We classify a clump as “PDR” when a maser is
incident on its boundary, likely being shock excited. Methanol masers are exclusively
associated with SF (Breen et al., 2013), so when we see them on a Hir boundary it

is highly suggestive that the PDR is triggering SF in that region.

Figure 5.4a provides an example of a clump containing two PDRs. The edge of the
western HII region (at the location of the water maser) is brighter than the rest of
the structure, which is indicative of a PDR. The other PDR is a bright HiI region
on the eastern side of the clump’s centre, which is driving a methanol maser. Figure
5.4b provides an example of a PDR driving a methanol maser, which is evidence of

triggered SF.
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5.4.3 Localised clumps

Galactic Latitude
Galactic Latitude

4755 54 53" 52" 51"
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3

(a) AGAL345.504+00.347 (b) AGAL004.887-00.171

Figure 5.5: Three colour images for two clumps showing examples of localised
clumps. These images show 4.6, 5.8 and 8.0 um emission represented by blue,

green and red, respectively. (See Figure 5.3 for more details).
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Figure 5.6: Two images showing JPS 850 pm emission from AGAL021.873400.007
and AGAL028.301-00.382 in the left and right panels, respectively. The red and blue
contours represent the JPS and ATLASGAL tracing, respectively. It can be seen
that the JPS contours more accurately trace the structure of the clump to include

the smaller, localised peaks. (Billington et al., 2019).
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Localised clumps are smaller, less powerful clumps that usually surround the pri-
mary centre of the source that have not been detected by ATLASGAL (Urquhart
et al., 2018). These localised peaks of 870 pum emission were studied by Billington
et al. (2019), where it was found that some ATLASGAL clumps could be split into
multiple separate clumps by using the higher resolution of the 850 ym emission from

the JPS survey (Moore et al., 2015) (see Figure 5.6).

Localised clumps can be located at a relatively large distance from the main centre
of the clump detected by ATLASGAL, and they can also be powerful and active
enough to host masers. Localised clumps can have very weak 870 pm emission, and
so they might not be able to form concentric rings of contours. Instead, there may
only be a slight curve in the contour lines combined with the presence of a maser
that can be used to identify them. This effect is seen in Figure 5.5a, where the
contours can be seen to bend sharply around the northernmost water maser, but
not forming a ring. We also see an example of a methanol maser being generated by
a localised clump in Figure 5.5b, where the substructure has accumulated enough

mass to start forming MYSOs.
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5.4.4 Unknown association

Galactic Latitude
Galactic Latitude

19" 19

Galactic Longitude Galactic Longitude

(a) 4.6, 5.8, 8.0 pm. (b) 8.0, 22, 70 pm.

Figure 5.7: Three colour images for AGAL012.208-00.102. The left panel shows
4.6, 5.8 and 8.0 um emission represented by blue, green and red respectively. The
right panel shows 8.0, 22 and 70 pum emission represented by blue, green and red,

respectively. See Figure 5.3 for more details.

Unknown association is a label given to clumps that contain one or more masers
that have no clear association with any wavelength emission or structures. Figure
5.7 provides such an example, where it can clearly be seen that the water maser in
this clump has no near, mid or far-infrared association. This makes it very difficult

to determine the nature of these masers.

We also identify some methanol masers as an unknown association, even though
we know they are exclusively associated with young high-mass stars (Breen et al.,

2013). This is because in some cases, it is unclear as to what is driving the MSF.

5.5 Discussion

So far, we have found and classified 20 clumps that host at least one significantly

offset maser from the centre of the clump. Our initial goal of this chapter was to
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Breakdown of Classifications

10 4 8 5

Edge

PDR LC

Figure 5.8: A breakdown of how many clumps fit into the classifications of PDR,
LC (Localised Clump) and Edge, as well as their overlaps.

determine if this method of searching for clumps returned any common astrophysical
features, external environments affecting SF' or any interesting sources in general.
If our investigation yields any of the aforementioned results, we will confirm the

validity of using this method to search for clumps in the future.

We will first look at the most common classifications of the LO sample from Table
5.2. We find that PDR clumps are the most common classification at 50%, followed
by localised clumps at 40% , “edge” clumps at 25% and masers with an unknown
association at 20% (see Figure 5.8). Additionally, we find that localised clumps are
more heavily associated with BM clumps in our sample (75% of BM clumps contain
localised clumps) and very few BM clumps have examples of masers lying close to

the edge of their 870 um contours.

The most common astrophysical feature that we observe in the LO sample is the
PDR at 50%. We find that only 1 out of the 10 PDR clumps (AGAL305.209+00.206)

show signs of the HII region acting as an external factor that sweeps through the
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Figure 5.9: Three colour images for AGALO004.384400.079 and
AGAL333.121-00.432 in the left and right panels, respectively. All images
are made with 4.6, 5.8 and 8.0 pum emission represented by blue, green and red

respectively. See Figure 5.3 for more details.

clump, triggering star formation and water masers along its boundary. However, in
the majority of cases the HII region seems to originate from within the clump, where
it acts as more of an internal factor. Figure 5.4 shows an example of an external HiI
region, whereas Figure 5.9 shows two examples of an internal HiI region. Overall,
the Hir regions do not act as external environments for the LO sample, and we do
not find any other astrophysical features that could act as an external environment
other than HII regions. We therefore conclude that searching for masers at high
offsets do not provide good examples of external environments affecting internal SF

activity.

We also know that these HII regions are large, which is why they can sustain masers
at such large offsets. Large HII regions are known to sweep up more mass than
they ionise, which leads to cloud disruption (McKee and Ostriker, 2007; Williams
and McKee, 1997). In fact, many of these HII regions may act as blister HII regions
(Zuckerman, 1973), which form at the edge of the clump and lead to the eventual de-
struction of the GMC. This implies that masers with large offsets that are associated

with a PDR may be situated in a clump that is on the verge of self destruction.
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Localised clumps are found to be more heavily associated with BM clumps in the LO
sample, suggesting that localised clumps are more likely to arise in BM clumps. We
speculate that this is a consequence of BM clumps being more evolved than WMO or
MMO clumps, which is a result we have already concluded in Chapter 4. The later
evolution of the clump means that it has had more time to agglomerate material in
multiple locations and form more complex structures. We can also say that these
localised clumps are not likely to produce masers, since we would expect to see a
significant difference in maser offsets between BM and WMO / MMO clumps, which

we do not (see Chapter 4).

We also find four “Unknown Association” sources. This is where the masers are likely
confirmed to be associated with the clumps, but the physical processes driving their
existence are unknown to us with the mid-IR wavelengths we have used. They seem
to have a large overlap with edge clumps (3 of the 4 unknown associations are at
the edge of a clump), which suggests there may be a physical process occurring only

at the edge of the source that radiates enough energy to pump these masers.

All of these unknown associations at the edges are water masers, which opens the
idea that there may be outflows from stars that are not visible at the mid-IR, which
shock these masers. AGAL341.126-00.347 identifies a methanol maser and water
maser that has no clear mid-IR counterpart, which may be attributed to very young

and massive protostellar objects that do not emit at these wavelengths.

Overall the LO sample was partially successful, since we now know the nature of
these large offset masers to be unresolved substructures of ATLASGAL clumps that
we label “localised clumps”. This highlights the need for higher resolution and more
sensitive sub mm surveys so we can eliminate these pseudo high offset masers. It may
also be useful to repeat a similar search for future surveys in order to confirm or deny
the “Unknown Associations” with masers on the edge of clumps to be significant.
However, this search was unsuccessful in terms of identifying external features that

may be driving SF.
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5.6 Summary

We have identified 20 clumps where the masers within the clump appear to be
significantly offset from the peak sub mm emission from ATLASGAL (Urquhart
et al., 2018). We have looked at multi-wavelength images in the mid and far-IR to
ascertain the nature of these unusual masers, and to determine whether this search

yielded useful results and could be repeated.

We find that the LO sample was successful at identifying common features that may
be driving these significantly offset masers. The majority of these masers are a result
of either; 1) HiI regions shocking 22.235 GHz H,O masers along their boundary 2)
Localised clumps that have enough material to encourage SF from which young
protostellar objects will generate masers. Since these HII regions are also large, we
expect that they are at a closer stage to causing cloud disruption and the eventual

destruction of a GMC (McKee and Ostriker, 2007; Williams and McKee, 1997).

However, we find that the LO sample is unsuccessful at identifying external envi-
ronments driving SF. The only observed external environments were the fronts of
Hi1 regions sweeping across the clump and triggering star formation at the centre of
the clump, whilst also shocking 22.235 GHz HyO masers at locations far away from
the centre of the clump. However, this only occurred for 1 out of the 10 clumps

classified as containing a PDR that is likely triggering a maser.

The LO sample has identified some interesting sources. In particular, we find the
“unknown association” clumps to perhaps be the most interesting of all sources,
because they contain significantly offset masers with seemingly no mid-IR counter-
part. They also seem to largely occur in edge clumps, which suggests that a rare,
physical process energetic enough to pump water masers may exist at the edge of

clumps. However, our sample size may be too small to confirm this.

Overall, we find that searching for masers with significantly high offsets from the
sub mm peak could reveal more of these unknown associations that we observe
at the edge of clumps and is therefore useful for this purpose. It may also be

used to search for masers that are being shocked by a PDR and blister HII regions
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(Zuckerman, 1973), since we identify this as a common feature throughout the LO
sample. However, we suggest that it not be used to search for external environments
impacting SF, since the cause for the majority of these unusual masers are primarily

from internal processes.
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Chapter 6

Identifying Interesting Sources -

Water Maser Spots / Groups

6.1 Introduction

In the previous chapter, the criterion used to determine interesting clumps was by
large maser offsets. This was done to investigate the possibility that this would
identify clumps that were being externally affected by shocks from ionisation fronts
or compression waves. However, there were not many examples of external factors
outside of large HII regions that could be attributed to significantly affecting the

star formation in the centre of the clump.

In the same way that we selected clumps based on their large maser offsets in
the previous chapter, we can also select sources with an unusually high quantity
of WMSs. This builds on the results of Chapter 4, where it was shown that the
quantity of WMSs is positively correlated with the clump’s luminosity and L/M
ratio, therefore we will effectively be searching for brighter and more evolved clumps.
These brighter clumps should also denote more active clumps, since there will be
more embedded and more powerful protostellar objects. As a side note, we do
not perform this analysis with methanol masers, since their groups have not been

resolved into individual maser spots, therefore there are too few data points to say
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anything concrete about them.

We will also select clumps that host WMGs with an unusually large quantity of
WDMSs. This should give us an indication of the localised star formation activity.
For example, if a WMG hosts a significant number of spots compared to any other
that we observe, it is likely to have an intense and concentrated level of star forming
activity around that region, perhaps pertaining to tight groups of protostellar objects

or indicating the presence of a powerful embedded object.

We will then create composite images for the 4.6, 5.8 & 8.0 um as well as 8.0, 22
& 70 pm wavelengths and present our findings on the final sample. Afterwards,
we conclude if this method of searching for these abundant WMS sources yields us
clumps with more intense star formation, and if the search identifies any common

astrophysical features in these clumps.

6.2 Data Reduction

6.2.1 Total number of spots

The following sample is not distance limited because the distances for quite a few
of the clumps in this sample are uncertain. These uncertain distances are either
because the clumps lie within 3 degrees of the galactic centre or they lie within 290
and 300 degrees for the galactic longitude in ATLASGAL (Urquhart et al., 2018).

This means that there may be a possible distance bias in our results.

The total number of spots per clump is the first parameter to be investigated. This
was found by counting all of the water maser spots of every WMG per clump. 30
limits were applied to the whole sample of ATLASGAL clumps that have at least
one 22.235 GHz H5O maser. The 3o limit was calculated to be 17.59 water maser
spots, this was calculated by plotting a histogram of the total water maser spots per
clump for all clumps, and then fitting a Gaussian to the resulting plot (see Figure
6.1). This data was initially fitted to a Poisson distribution, however this ended up

not providing a good fit to the data, so we elected to use the Gaussian distribution.
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Applying the criterion identified 13 clumps that we will investigate in more detail

(see Table 6.1 for clump details).

120
—— Gaussian pdf
— == 30 Limit

100 .
—— Poisson pmf

Number of Clumps

10 20 30 40 50 60
Total Spots per Clump
Figure 6.1: A histogram showing the total number of water maser spots per clump
for all clumps containing at least one water maser in the ATLASGAL survey. A
Gaussian pdf has been fitted to the plot, as well as a vertical line indicating the 3o
limit. We also show the Poisson distribution to demonstrate it does not fit our data

well.
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Table 6.1: A list of clumps that have 18 or more total water maser spots.

Clump Name Number of WMGs | Total Number of Spots
AGALO000.678-00.027 1 61
AGALO007.4714-00.059 2 21
AGAL012.208-00.102 2 18
AGAL024.789+-00.082 2 22
AGAL291.579-00.432 2 19
AGAL301.136-00.226 2 18
AGAL305.357400.202 2 24
AGAL318.779-00.137 1 21
AGAL330.954-00.182 1 35
AGAL331.512-00.102 1 40
AGAL336.994-00.027 3 18
AGAL345.699-00.091 1 23
AGAL357.968-00.162 1 30

6.2.2 Spots Per Group

The other criterion by which clumps are defined as interesting, are those that contain
WDMGs with a significant quantity of WMSs. Using Figure 6.2, the 30 limit can be
calculated, which is revealed to be 15.88 water maser spots per group. This means
that any clump hosting a WMG containing 16 or more spots would be flagged as
interesting and included in our analysis. The resulting clumps containing these

WDMGs can be seen in Table 6.2.

This results in a list of 11 WMGs in 11 unique clumps. As expected, the clumps
identified in Table 6.2 do have quite a large overlap with the clumps identified in
Table 6.1. 8 of the clumps in Table 6.2 were already in Table 6.1. The clumps that
are unique to this table have an individual WMG with a large number of spots, but

not large enough to have a significant number of spots in the whole clump. These

were AGAL305.799-00.244, AGAL310.879+00.004 and AGAL311.642-00.381. All
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Figure 6.2: A histogram showing the number of water maser spots per group for all
water maser groups in the HOPS survey that have an ATLASGAL association. A
Gaussian pdf has been fitted to the plot, as well as a vertical line indicating the 3o
limit. We also show the Poisson distribution to demonstrate it does not fit our data

well.

of these clumps have one WMG that contains 16 or 17 spots, which are the only

conditions that would make a clump unique to Table 6.2.
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Table 6.2: All WMGs that have 16 or more spots. The * clumps are those that are

unique to this table.

Clump Name Group Name | Number of Spots | Number of WMGs
per Group per Clump
AGALO000.678-00.027 | G000.677-0.028 61 1
AGAL012.208-00.102 G012.209-0.102 17 2
AGAL305.357+00.202 | G305.359+0.200 21 2
AGAL305.799-00.244 * | G305.799-0.245 17 1
AGAL310.8794+00.004 * | G310.879+0.006 16 1
AGAL311.642-00.381 * | G311.643-0.380 17 1
AGAL318.779-00.137 | G318.779-0.136 21 1
AGAL330.954-00.182 (G330.954-0.182 35 1
AGAL331.512-00.102 G331.512-0.102 40 1
AGAL345.699-00.091 (G345.698-0.090 23 1
AGAL357.968-00.162 G357.967-0.163 30 1

In total, the two criteria have provided us with 16 unique clumps that either have
a significant number of WMSs, or host a WMG that contains a significant number

of WMSs.

6.2.3 Velocity Checks

We will now perform velocity checks on the data, as we did in Chapter 5. We will
refer the reader to Section 5.2 for a discussion on the importance of velocity checks,

but in this section we will skip straight to the methodology.

We can check if a water maser is associated with its host clump if its velocity lies
within a particular range of the clump velocity. The difference between these two
velocities is called the velocity offset of the maser. The range for water masers has
already been determined in Section 5.2, and was calculated to be 17.1 km/s using

30 limits. If the velocity offset of a water maser lies above this value, it will be
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deemed unassociated and omitted from our analysis. We decide that a group should
be discarded from our search if none of their WMSs fall into this range. A clump
will then be discarded if the omission of an unassociated WMG reduces the total

number of spots below the 18 spot threshold.

In Table 6.3 we calculate the average of the velocities of all WMSs and use this as
the WMG velocity. This is only performed to give the reader an idea of the velocity
offset between the WMSs and the clump, since we do not exclude WMGs based on

this average velocity.

The velocities of clumps are not available within the inner 3 degrees of the galactic
centre (357° <[ < 3°), nor are they available at 290° <[ < 300°. This means that
AGALO000.678-00.027, AGAL291.579-00.432, and AGAL357.968-00.162 cannot have
velocity checks performed on them. Since there is no reason to assume these clumps

would have had unassociated water masers they will remain in our analysis.

Table 6.3: A table showing all WMGs where none of their individual spots had a
velocity within 17.1 km/s of the clump. The columns labelled v off, clump v and
WMG v stand for velocity offset, clump velocity and water maser group velocity

respectively.

Clump Name Group Name voff clumpv WMG v
(km/s)  (km/s)  (km/s)

AGAL024.7894-00.082 G024.792+0.082  40.19 110.2 70.01
AGAL336.994-00.027  G336.993-0.026  54.60  -119.8  -174.40
AGAL336.994-00.027  G336.995-0.024  52.67  -119.8  -172.47

In summary, there were 3 WMGs flagged as unassociated with 2 unique clumps in

Table 6.3.

Following the conditions for discarding a clump, both of the flagged clumps were
discarded from our analysis. This now leaves a total of 14 clumps to be imaged,
where we know the WMGs contained within them are more than likely associated,

which makes our data more robust.
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The remaining clumps in the sample will now be referred to as the “Many Water
Maser” sample (MWM sample), where all of these clumps have a significant quantity

of WMSs.

6.3 Multi-Wavelength Images

Now that we have defined our sample, we will provide multi-wavelength images for
all of these clumps so that we can point out their particular features that may be
driving the large number of WMSs that they host. We will use the same wavelengths
to create these images as we did in Chapter 5. In this chapter, we provide the whole

MWM sample of 4.6, 5.8 and 8.0 um images in Figure 6.3.

After this, we will also lay out the physical parameters of the MWM sample (see
Table 6.4). This includes the luminosity, mass and the L/M ratio. We do this
because we expect these clumps to show higher luminosities and more active star
forming centres as a result of the positive correlation between the quantity of WMSs
and the luminosity of the clump identified in Chapter 4. If this hypothesis is true,
then targeting unusual sources by their number of WMSs may be a viable method

of targeting clumps with highly active star forming centres.

A final remark is that three of the clumps in the MWM sample do not have their
physical parameters available to us as they are located in regions of space that
ATLASGAL have not determined physical properties for (357° < [ < 3° or 290°

<1 <300°). Therefore, only the parameters of the remaining 11 have been presented
in Table 6.4.
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(c) AGALO012.208-00.102

(j) AGAL318.779-00.137 (k) AGAL330.954-00.182 (1) AGAL331.512-00.102
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(m) AGAL345.699-00.091 (n) AGAL357.968-00.162

Figure 6.3: All 4.6, 5.8, 8.0 micron images mapped in blue, green and red respectively
for every clump that was identified in the MWM sample. See Figure 5.3 for more
details.

Table 6.4: Luminosity, Mass and L/M ratio values for all MWM clumps that had
their parameters calculated by ATLASGAL.

Clump Name Luminosity / Ly | Mass / Mg | L/M Ratio
AGALO007.4714-00.059 922 244 29.1
AGALO012.208-00.102 1834 46.5 35.6
AGAL301.136-00.226 11600 58.9 38.1
AGAL305.357400.202 16100 78.5 99.6
AGAL305.799-00.244 2875 28.5 162
AGAL310.879+00.004 261 17.4 15.8
AGAL311.642-00.381 756 8.31 145
AGAL318.779-00.137 372 51.9 4.04
AGAL330.954-00.182 21100 103 20.0
AGAL331.512-00.102 8095 52.5 128
AGAL345.699-00.091 194 2.92 20.8
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6.4 Discussion

The MWM sample has revealed 14 clumps that have a significant number of WMSs
contained within their 870 ym contours. These 14 clumps were comprised of 8 BM

clumps and 6 WMO clumps, which contained a total of 19 individual WMGs.

From the MWM sample, we can see that a common feature between these clumps
is the presence of a HII region, where we identify 9 out of the 14 clumps (~ 64%)
that have their masers associated with the PDR of a HiI region (see Figures 6.3c,
6.3h, 6.31). In all cases, there is clearly strong feedback from the embedded Hir
region that is driving shocks into their natal clump. These shocks will then generate
water masers (Walsh et al., 2014). The presence of a HII region signifies a high-mass
star forming region, which would pertain to clusters of protostars with numerous

outflows that can also produce water masers (Walsh et al., 2014).

We also observe that the MWM clumps have higher average luminosities, L/M
ratios and masses than the average clump from the ATLASGAL database. The
mean values of the physical parameters for the ATLASGAL sample were 646 + 62
Lo, 29 £ 0.5 Mg and 7.6 £ 0.5 L,/ Mg, whereas the mean values for the MWM
sample were 5830 + 2120 Ly, 43 + 8.8 Mg and 66 + 16.3 L;/ Mg. Despite the
small sample size for the MWM sample, the errors in the luminosity and L/M ratio
show no overlap between the two samples. They also have comparable luminosities
and L/M ratios to BM clumps, which are 4650 4+ 1040 L and 41 + 6.2 Ly/ Mg,
respectively (refer back to Table 4.3). This tells us that clumps with more WMSs
do, in general, represent more luminous and more evolved star forming regions,
which supports our initial hypothesis. We speculate this is due to more luminous
protostellar objects radiating more energy to their surroundings. This increased
quantity in energy would then shock more water molecules in the ambient material
surrounding the star, hence it is statistically more likely that a greater number of
water molecules would begin to mase. Additionally, more luminous protostars also
tend to be more evolved because they have accreted more material over a longer
period of time (Molinari et al., 2008). This explains why we also see more WMSs

associated with more evolved objects.
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The majority of the WMGs in this sample are associated with HiI regions, however
the clump “AGAL000.678-00.027” has no association with HiI regions. This clump
is particularly interesting because it has a WMG that contains more spots than
any other clump in the entire ATLASGAL sample (61 spots). This WMG appears
to be driven by a large cluster of MSF, since it is surrounded by three methanol
masers (Breen et al., 2013) (see Figure 6.3a). This shows that a large congregation
of MYSOs could produce a more powerful centre than the ionising fronts from Hir
regions, but since this is only evident in one clump it can be considered to be a
rare occurrence. We find that no research has been conducted on this clump after

analysing the literature.

In summary, the MWM sample has provided us with clumps that have higher lumi-
nosities and L/M ratios than the sample from ATLASGAL. It has also determined
that HII regions are a common feature of clumps with many WMSs, which tells us
that they are crucial in aiding the formation of the most active SF regions. Since
two of the main goals of this chapter were answered with the MWM sample, we
conclude that this method of searching for clumps was successful. Additionally, we
suggest that this method should be repeated for future samples, since our end sam-
ple size consisted of a relatively low 14 sources. These future searches will be able to
confirm the association of HII regions, intense SF and the quantity of WMSs more

concretely.

6.5 Summary

This chapter looked to select interesting clumps / WMGs from the ATLASGAL
database. Clumps / WMGs were deemed interesting if they contained a significantly
large quantity of water maser spots. All sources identified in this manner were
labelled the “Many Water Maser” sample (MWM sample). This criteria was applied
with the goal of identifying active, luminous and evolved clumps, since in Chapter 4
it was found that the quantity of WMSs was positively correlated with the luminosity
and L/M ratio of the clump. We then produced multi-wavelength images for the

MWM sample and classified them in order to deduce if there were any particular
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astrophysical processes that are common between them.

We find that 9 out of the 14 clumps in the MWM sample (~ 64%) were identified to
contain a water maser associated with the PDR of a Hir region. This suggests that
Hi1 regions are a key process in forming the most active of star forming centres of
molecular clumps, particularly their photoionisation shocks that can cause multiple

dense cores to collapse and form clusters of stars (Elmegreen and Lada, 1977).

Additionally, the average luminosity and L./M ratio of the MWM sample is higher
than the ATLASGAL sample and comparable to BM clumps, which supports our
hypothesis that more luminous and evolved clumps results in more WMSs. We sus-
pect that more WMSs are associated with more luminous objects since these objects
will transfer more energy into their surroundings, which increases the likelihood that
water molecules will be provided with a pumping mechanism and population inver-
sion needed for masing. The HII regions that are common in this sample also signify
that these masers are located in MSF regions. These clumps are therefore likely to
host evolving protoclusters, which will lead to more YSOs that in turn will produce

multiple outflows that can generate more water masers (Walsh et al., 2014).

Overall, we conclude that this method of searching for interesting clumps is a success.
This is because the MWM samples suggests that clumps with more WMSs show
different physical parameters compared to the rest of the ATLASGAL sample. It
also shows that we are far more likely to detect HII regions in these clumps, which
implies that they are a primary cause of the increased luminosities that we observe.
Ultimately, we do end up with a very small sample size of clumps, so our results
cannot be considered conclusive. We argue that this method should be repeated
with future surveys for targeted searches of clumps with intense SF, and so that we

can confirm the results of this paper.
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Chapter 7

Summary and Conclusions

The main aim of this thesis was to see if more insight could be drawn from the
maser properties than just their association statistics. This led us to investigate
the positions of masers within their clumps and the number of masers present in
order to gain information about the star formation in their associated clumps. In
the following paragraphs we will provide a brief summary of our results, discussing

their implications and outline further work.

We have investigated various types of maser associated clumps to see if there was
any discernible difference between their physical properties. We found that maser
associated clumps exhibited significantly different physical properties to the general
population of ATLASGAL clumps. They generally have higher luminosities and
are more evolved, which agrees with the results of Billington et al. (2020). It was
then found that clumps hosting both 22.235 GHz H,O masers and Class II 6.7 GHz
methanol masers had significantly higher L./M ratios, luminosities and masses than
clumps associated with only a single emission line of water or methanol masers. The
high L/M ratios indicate that these clumps with both masers appear to be more
evolved than single maser association clumps. The higher masses and luminosities
would also suggest that these clumps are forming larger clusters and more high-
mass stars. The larger clusters would result in more protostars and more outflows,

which would account for the higher abundance of water masers. These large clusters
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are also more likely to form MYSOs, which are the only objects that can generate
Class 1T 6.7 GHz methanol masers (Breen et al., 2013). Clumps with single maser
associations are a reliable sign of star formation, but clumps with both methanol

and water masers show more intense star formation, and massive, evolved clusters.

We also compared our results to the “straw man” model developed by Ellingsen
et al. (2007), which predicted that masers appear in sequence, where the Class I
methanol masers appear first, then Class II methanol masers followed by water
masers and lastly OH masers. Billington et al. (2020) have found that the water
and Class II methanol masers actually have a much larger overlap in their lifetimes
than predicted by the “straw man” model. Our results also disagree with the “straw
man” model, since we find that clumps (and by extension star forming regions) with
both methanol and water masers are significantly more evolved than the appearance
of just one maser, which implies that the current model is too simple. Olmi et al.
(2014) also finds that combining OH and methanol lines results in finding more
luminous and massive clumps. Going forward, we suggest that other combinations
of maser species should be tested to help develop a more detailed model that can

better predict these evolutionary states.

We used Gaussian statistics to determine an offset criterion to identify masers
that were significantly offset from the centre of their clumps, which was defined
by the peak sub mm emission from ATLASGAL. Applying this criterion identified
20 clumps for further investigation. These were imaged with the use of IR emission
from the GLIMPSE, WISE and Hi-Gal surveys (Werner et al., 2004; Wright et al.,
2010; Molinari et al., 2016) to help identify the pumping source of the masers. The
majority of these large offset masers were found to be associated with either large
Hir1 regions or unresolved sub-structures in individual ATLASGAL clumps that were
offset from the brightest sub mm peak, indicating multiple sites of star formation
being present in these clumps. The clumps from ATLASGAL are more structured
and the star formation is more distributed than expected. Much of the complexity

has been missed from previous studies that have only looked at association statistics.

We identify a number of clumps hosting masers towards their edges that do not have
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a sub mm or IR counterpart. These masers have been confirmed to be positionally
and kinematically coincident with their associated clump. These may result from
external conditions, but the lack of any mid-IR emission or dust feature coincident
with these masers means their nature remains a mystery. Future work from molec-
ular line surveys may be an effective way to check if these masers are a result of
external shocks, kinematic signatures or density enhancements that are not seen at
the mid-IR. Either way, further analysis is required to grasp an understanding of

the physical processes driving these masers.

Finally, we attempted to identify and image sources that host a significantly large
quantity of water maser spots, with the goal of pinpointing more luminous and ac-
tive star forming regions. We also investigated water maser groups that contain a
significant quantity of spots, as this would indicate more concentrated star form-
ing activity. We again, examined the MIR images to investigate the nature and
environment giving rise to these masers. We determined that these clumps were
significantly more evolved and luminous than the average ATLASGAL clump. The
luminosities and L /M ratios were found to be similar to BM clumps, which implies
that they also contain evolved and intense star formation. Therefore, searching for
clumps containing a large quantity of water masers is also an effective method for

looking at more extreme examples of star formation.

We also find that 64% of the sources contained masers that were clearly associated
with a PDR of a HiI region. This suggests that HiI regions are quite important in
generating the intense star formation that we observe in this sample. However, our
sample size for these clumps was low (14), so a further analysis of these types of
clumps will give us a more concrete view on the physical processes that generate

intense star forming regions and the many masers that result from them.

The result presented in this work have been useful in the context of maser properties
and massive star formation. We have managed to prove that the positions and
physical parameters of masers can be used to great effect to determine the nature
of the star forming environment being investigated. This opens up the possibility

of targeted searches for clumps with specific properties by using masers, which will
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be a useful tool in improving our understanding of massive star formation going

forward.
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Appendix A

Multi-Wavelength Images - Large
Offset Sample

A.1 WMO Clumps - 4.6,5.8,8.0

(a) AGAL005.509-00.246 (b) AGAL332.317400.177
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(c) AGAL343.502-00.014

Figure A.1: 4.6,5.8 and 8.0 micron images mapped out in blue, green and red filters
respectively for all WMO clumps in the LO sample. See Figure 5.3 for more details.

106



A.2 WMO Clumps - 8.0,22,70
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Figure A.2: 8.0, 22 and 70 micron images mapped out in blue, green and red filters
respectively for all WMO clumps in the LO sample. See Figure 5.3 for more details.
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A.3 MMO Clumps - 4.6,5.8.8.0
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(g) AGAL332.647-00.609 (h) AGAL333.754-00.229
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(i) AGAL340.536-00.152

Figure A.3: 4.6,5.8 and 8.0 micron images mapped out in blue, green and red filters
respectively for all MMO clumps from the LO sample. See Figure 5.3 for more
details.
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A.4 MMO Clumps - 8.0,22,70
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Figure A.4: 8.0,22 and 70 micron images mapped out in blue, green and red filters
respectively for all MMO clumps from the LO sample. See Figure 5.3 for more
details.
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A.5 BM Clumps - 4.6,5.8,8.0
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Figure A.5: 4.6,5.8 and 8.0 micron images mapped out in blue, green and red filters
respectively for all BM clumps in the LO sample. See Figure 5.3 for more details.
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A.6 BM Clumps - 8.0,22,70
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Figure A.6: 8.0,22 and 70 micron images mapped out in blue, green and red filters

respectively for all BM clumps in the LO sample. See Figure 5.3 for more details.
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Appendix B

Multi-Wavelength Images - Many
Water Masers Sample

B.1 Clumps - 8.0,22,70 ym

(a) AGAL000.678-00.027 (b) AGAL007.471400.059
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Figure B.1: All 8.0, 22, 70 micron images mapped in blue, green and red respectively
for every clump in the MWM sample. See Figure 5.3 for more details. Some of the
clumps had no available 22 micron emission, and so are not shown. All 4.6, 5.8 and

8.0 micron images for the MWM sample are available in Figure 6.3.
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