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Abstract

The last decade has seen vast improvement in the knowledge of star formation within our
Galaxy, largely owing to improvements in instrumentation, allowing astronomers to compile
more data. However, despite the advances of technology, the quest for understanding high-
mass star formation (HMSF) continues. As we go on, breakthroughs have occurred; a prime
example is the discovery of the class II methanol maser, which exclusively signposts on-going
sites of HMSF, but still lacks the detail necessary to identify HMSF in all forms. Once we
have understood where, why and how HMSF can occur, we will be able to diagnose Galactic
structure and evolution.

Untargeted, large area surveys of molecular gas are ideal for identifying HMSF regions
across a broad range of evolutionary phases. For example, the critical density of a molec-
ular species can act as a probe for Galactic structure and star formation. Because HMSF
occurs in regions of dense molecular gas, mapping high-density tracers serves well to iden-
tify target regions. The (1,1), (2,2) and (3,3) inversion transitions of ammonia (NHs) have
been successfully mapped by the HyO Southern Galactic Plane Survey (HOPS), identifying
previously unknown sites of star formation, as well as probing the structure of the Milky
Way’s spiral arms. Fortunately, HMSF can be identified by bright spectral lines in maser
emission; HOPS also mapped the Galactic plane for water (HoO) masers and, perhaps more
importantly, the Methanol MultiBeam survey identifies class II methanol (CH3OH) masers,
which are exclusively associated with HMSF. While class II CH3OH masers always signpost
HMSF, they appear only in a specific evolutionary stage, and therefore other species (such
as HoO masers) are required to identify other stages.

Another, even higher density gas tracer useful for detecting HMSF and mapping the
structure of our Galaxy is carbon monosulfide (CS). The ground state transition J =1 — 0
for CS lies within the 7mm waveband, which also contains the poorly understood class 1
CH30OH maser. Unlike the class II variant, class I masers are not exclusively associated with
HMSF, but do appear in star-forming regions across a wide range of evolutionary stages. A
large problem for class I CH3OH maser studies is the bias in the targeted searches which have
been used to find them; they have only been identified towards other masing regions (such
as class IT CH3OH), and therefore the properties of these masers is somewhat unclear.

In this thesis, results focus on the MALT-45 survey using the Australia Telescope Compact
Array (ATCA) in auto-correlation (‘single-dish’ mode). To date, MALT-45 has mapped the
Galactic plane within 330° < I < 335°, |b|< 0.5°, which contains several known star-forming
regions, including the G333 giant molecular cloud. MALT-45 surveys 12 spectral lines, but
primarily CS, class I CH3OH masers and SiO (1-0) v = 0,1,2,3. Bright, extended CS
emission is detected across the survey region, and highlight two distinct velocities, due to
different spiral arms of the Galaxy. In addition to the previously known 19 class I CH30H
masers, 58 new masers were detected. SiO masers were detected towards 47 regions, in various
combinations of vibrational mode v = 1, 2, 3, all towards evolved infrared stars. Thermal SiO

v = 0 emission is also detected across the survey region.



Major science results from MALT-45 include:

(i) A CS to NH3 comparison, which highlights cold, dense clumps as well as hot, evolved
regions. The cold and dense regions appear to have self-absorption of CS emission in their
centres, due to a relative over-abundance of NHj, while evolved regions appear to have very

little NH3 emission, despite being a dense gas tracer;

(ii) Almost all (94 per cent) of ATLASGAL 870 pm dust emission point sources are asso-

ciated with at least a 30 peak of CS emission;

(iii) By comparing with peak CS velocities, class I CH3OH masers are good indicators of

the systemic velocities of clouds;

(iv) More than half (55 per cent) of the detected class I CH3OH masers are not associated

with any other kind of maser;

(v) Class IT CH30H, H20 and hydroxyl (OH) masers associate well with class I CH3OH
masers, confirming that class I CH3OH masers occur towards a wide range of evolutionary
stages in HMSF;

(vi) Class I CH30H masers appear to have no correlation in intensity or luminosity with

other maser species;

(vii) Class I CH3OH masers are have typical projected linear distances from other star-

forming masers, peaks of CS and 870 y oint sources within 0.5 pc;

(viii) Class I CH3OH masers are spread over a larger area when also associated with OH

masers, perhaps due to their more evolved state;

(ix) Almost all (95 per cent) of class I CH3OH masers are associated with an ATLASGAL

source;

(x) Using ATLASGAL source parameters, a clump mass is calculated. The population of
class I CH3OH masers has a broad range of associated masses (10'-5 to 10%° M), but peaks
between 1030 and 103° M. Higher masses tend to be associated with evolved regions of star

formation, while lower masses tend to be non-evolved regions;

(xi) SiO masers typically decrease in intensity with vibrational mode (v = 1,2,3), but
eleven cases of stronger v = 2 than v = 1 emission were found, and two regions of only v = 2

emission were found;

(xii) The relatively rare v = 3 vibrational mode of SiO (1-0) was detected towards three

evolved infrared stars.
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Introduction
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Figure 1.1: R136, a star cluster within the Tarantula nebula, contains hundreds of high-mass
stars. This image was taken in infrared from the Hubble space telescope.
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1.1 Motivation

How are stars created? Until the realisation of gravity, this was perhaps too difficult a
question to broach throughout human history. Newton was indeed a talented individual:
along with his theory of Gravity, he was the first to speculate on gravitational collapse being
a chief component. This provided the catalyst for research, and after many centuries, we
have a good understanding for the overall process of star formation.

However, nature is not without complication. Star formation is not a readily explained
simple procedure, applicable everywhere; it can be divided into sub-categories of low- and
high-mass star formation (LMSF, HMSF). LMSF is better understood and characterised,
and often occurs in isolation with minimal requirements. HMSF, however, is vastly more
complicated. Perhaps the most striking difference is that low-mass stars are simultaneously
created alongside the high-mass stars, yielding an entire star cluster, such as that seen in
Fig. 1.1. Formally, high-mass stars are categorised by possessing eight or more solar masses
(>8 M), also known as O- or B-type stars), as such stars die via supernovae. HMSF is defined
as the formation of such stars. High-mass stars are important, as only they provide the means
for producing heavy elements (such as iron), and scatter these throughout the interstellar
medium (ISM). High-mass stars are also incredibly energetic; the amount of energy they
produce over their lifetime rivals that of their supernova deaths. By understanding how high-
mass stars are created, we are able to determine galaxy evolution and structure, through the
evolution of molecular clouds and spiral arms. Before further discussing HMSF, a simplified,
generalised timeline of LMSF is given:

i) A core of gas and dust within a molecular cloud is unable to support its internal pressure
against gravitational self-collapse, also known as the Jeans instability (Jeans 1902);

ii) Matter within the core falls into a focus, via a procedure termed ‘inside-out collapse’.
The most central part of the core collapses inwards fastest, followed by the surrounding shell,
and so on, until the material is exhausted (Shu 1977);

iii) The focus of the core becomes a young stellar object (YSO), which is fed by an
accretion disk and exhibits perpendicular outflows. These features are necessary to remove
the excess angular momentum of in-falling material;

iv) Through a combination of the disk being exhausted and blown away by the outflows,
accretion halts. Eventually, the internal temperature of the YSO rises to begin hydrogen
fusion, at which point the star joins the main sequence. The remaining accretion disk may
become a protoplanetary disk.

These stages can be seen in Fig. 1.2. HMSF complicates the LMSF scenario: it is not
a ‘scaled-up’ version of LMSF. Unlike LMSF, accretion continues once a high-mass YSO
has joined the main sequence (Kahn 1974), and the turbulence of HMSF greatly slows the
in-falling rate of the gas (Caselli & Myers 1995). Additionally, bigger and hotter stars may
restrict further accretion with significant blackbody radiation, yielding an outward pressure.
Once complete, HMSF does not yield one or a few high-mass objects; rather, a whole cluster
of low-mass stars is born surrounding the high-mass ones. Despite decades of research, HMSF

is still poorly understood. Observationally, there are a few factors which slow progress:

i) HMSF requires high-mass molecular clouds, and the nearest to Earth is Orion at
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Figure 1.2: Evolutionary stages of LMSF, taken from van Dishoeck & Blake (1998).

~450pc, while LMSF has been observed even closer (e.g. Taurus-Auriga, 150pc). High
resolution instruments are needed to discern the finer details at great distances;

ii) HMSF occurs in the most dense regions of molecular clouds, effectively requiring the
use of radio and infrared astronomy. Shorter-wavelength emission from YSOs is re-processed
into long-wavelengths by the natal environment. Ground-based observations are susceptible
to radio frequency interference as well as atmospheric effects, increasing the difficulty of
observations;

iii) Rather than forming isolated stars, HMSF tends to form clusters of stars, also called
OB associations. Isolating the conditions feeding a high-mass YSO are difficult when the
whole region is star-forming;

iv) High-mass stars are created and evolve over much shorter timescales than low-mass
stars. Additionally, they are rare, typically being restricted to giant molecular clouds (which
are also rare). Therefore, witnessing HMSF ‘in the act’ is difficult, in addition to all the
above.

Parallels do exist between LMSF and HMSF. Molecular clouds fragment to form clumps
and cores, and there is overwhelming evidence of outflows occurring in HMSF (Moscadelli
& Goddi 2014; Yu & Wang 2014; Navarete et al. 2015). The presence of outflows also
hints at the existence of accretion disks. However, the traditional inside-out collapse model

(core accretion) may not be the solution to accretion within HMSF; an alternate theory of
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competitive accretion asserts that gas is drawn over larger spatial scales within molecular
clouds, because the surrounding low-mass YSOs are formed simultaneously, and are also able
to accrete gas. Additionally, if the density of YSOs is high enough, high-mass YSOs may
be formed by mergers (Bonnell et al. 1998). Mergers are proposed due to the difficulty of
accretion being efficient enough to yield high-mass YSOs. While mergers remain a possibility
for generating high-mass stars, it is unlikely to affect typical HMSF; modelling shows that
mergers are efficient mechanisms in high-population star clusters, and that one or two extreme
objects result (Moeckel & Clarke 2011).

Currently, HMSF studies have allowed us to understand how to generate stars up to
20 M), yet we see stars in excess of 100 Mg in nature. How are these stars created? There are
many directions of study to help answer this question. In the following sections, evolutionary

stages of HMSF and tools used to identify them are discussed.

1.2 A general timeline of HMSF

All star formation occurs within molecular clouds (MCs), but HMSF typically occurs within
giant molecular clouds (GMCs), with masses exceeding 10* M. In an attempt to understand
HMSF, we must categorise the various evolutionary stages. Table 1.1 lists some properties
of these stages, although these should be treated with care. The remainder of this section

describes each evolutionary stage in further detail.

1.2.1 Molecular clouds and Infrared dark clouds

MCs are regions of the ISM both sufficiently cold and dense for molecules to survive. The
neutral H1 population is allowed to form covalent bonds with one another, yielding the pri-
mary component Hy. However, MCs also contain heavier molecules; because Hj is difficult to
detect, the amount of Hy present is usually estimated in terms of the heavier molecules using
so-called ‘X-factors’. The archetypal example is carbon monoxide (CO); it is easily excited
and very abundant, making it useful for probing the edges of MCs. Table 1.2 gives some
typical properties of MCs. As the ISM contains energetic photons (ultraviolet or shorter
wavelength) which are able to dissociate Hs, a molecular cloud might not survive longer
enough to allow star formation to occur. Clouds with sufficient mass are resistant to destruc-

tion via a process called self-shielding; simply put, Ho on the exterior of a MC is dissociated,

Table 1.1: Properties of various HMSF-associated stages. These values serve as ‘rules of
thumb’ for classification. Temperatures of H1I regions refer to molecular gas, rather than the
ionised regions.

Size Density Temperature Reference

(o) (g, em™)  (K) _
Clump ~10 ~10? 10 Kim & Koo (2001)
Core ~1 ~10° 10° Kim & Koo (2001)
Hot core <0.1 >107 >100 de Villiers et al. (2015)
HCH1I region <0.1 >106 >200 Lizano (2008)

UCHII region <0.5 >10° 100-200 Churchwell (2002)
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Table 1.2: Properties of various molecular cloud types, taken from Stahler & Palla (2005).

Cloud type Ay TNot Diameter Temp. Mass Examples
(mag) (m~) (o) (K) (M)

Diffuse 1 500 3 50 50

GMCs 2 100 50 15 10°  Orion

Dark clouds
Complexes 5 500 10 10 104 Taurus-Auriga
Individual 10 103 2 10 30 Bl

Dense cores/Bok globules 10 10* 0.1 10 10  TMC-1/B335

alilaww

tow

Galactic Longhode

Figure 1.3: An exceptional example of an infrared dark cloud, Fig. 1la of Jackson et al.
(2010): A false three-colour image of the Nessie Nebula. The 3.6um (blue) and 8.0um
(green) emission is from GLIMPSE, and the 24 um (red) emission is from MIPSGAL.

leaving the internal Hs intact.

Dust grains also contribute to shielding of molecules by absorbing some of the ultraviolet
radiation. By mass, grains are mostly made up of silicon (Draine 2003), and are important
for the chemistry within MCs. In addition to gas-phase chemistry, sufficiently dense regions
allow the various molecules present to react with one another by using electrostatic forces
on dust grain surfaces, which yield more complicated molecular species. This is especially
useful for the study of HMSF, as the signatures of these molecules allow us to diagnose
the conditions within MCs. In young regions of star formation, certain species experience
‘freeze-out’ on to the dust grains; as the density increases and temperature remains low, the
observed molecular emission decreases, as molecules freeze onto dust grains. Other species
are resistant to depletion, which allow diagnosis of evolutionary state. Depleted species may
be released later by shocks or radiation from newly formed stars, which further detail the
evolutionary state. Eventually, dust grains may be destroyed by shocks, providing further
useful species for study, such as silicon monoxide (SiO).

What is the analogue of LMSF core collapse in HMSF? Relatively new objects of study,
infrared dark clouds (IRDCs), may be the solution. Discovered by Egan et al. (1998) and
Carey et al. (1998), IRDCs have the highest densities within GMCs, and are characterised
by a bright infrared background being obscured by foreground filaments; a beautiful example
can be seen in Fig. 1.3. Space-based observations have provided relevant infrared imagery in
various wavelengths, including the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
(GLIMPSE). Using this imagery, large catalogues of IRDC candidates have been formed
(Simon et al. 2006; Peretto & Fuller 2009). However, the lack of clear criteria may lead to
false-positives; there are large differences between the catalogues presented by Simon et al.
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(2006) and Peretto & Fuller (2009). Nonetheless, exciting results have come from the study
of these objects, including an extremely dense cloud that may form a stellar cluster similar
to Orion (SDC335.579—0.272; Peretto et al. 2013). Improvements in isolating IRDCs are
on-going, utilising the Herschel space telescope (Battersby et al. 2011; Wang et al. 2015).

CH3CN(12-11) velocity and 1.3mm continuum
s T T

A6 (arcsec)
o
(S/UJH) 851/\

Ao (arcsec)

Figure 1.4: Fig. 5 of Cesaroni et al. (2011) shows evidence of a circumstellar disk: Overlay
of the map of the 1.3 mm continuum emission (contours) on that of the CH3CN (12-11) line
velocity (colour scale). Contour levels range from 0.1 to 2 in steps of 0.2 Jy/beam. Offsets are
measured with respect to the phase centre. The two white dots denote the free-free continuum
sources detected by Cesaroni et al. (2010). The synthesized beam is shown in the bottom left.

1.2.2 Hot molecular core

As accretion is on-going, the high-mass YSO becomes hot, irradiating its environment with
thermal energy. Additionally, the outflows from an accretion disk shock and further inject
thermal energy into the medium. These conditions allow unique chemistry to occur, sign-
posting this hot molecular core phase. Evidence does exist for accretion disks in HMSF, but
it still remains somewhat of a ‘Holy grail’ to observe. An effective technique of inferring the
presence of a disk is using high-level molecular transitions, which are rare and powered by
high temperatures. One successful case of detection is via methyl cyanide (CH3CN): it traces
extremely dense gas n. >10%cm ™2 and is excited in relatively warm regions >100K (Purcell
et al. 2006). Using emission from this molecule, Cesaroni et al. (2011) were able to map a
velocity gradient across a well-studied hot molecular core; see Fig. 1.4.

Recently, a HoO maser line with high excitation temperature (>3000 K) was used to iden-
tify a circumstellar disk in Orion Source I. This complements other studies done in this region,
including SiO maser emission highlighting the interface between disk and outflow (Nieder-
hofer et al. 2012). These results required very-high frequency interferometry observations

with ALMA, which is not yet fully operational; the future is certainly an exciting place for
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star-formation studies.

Outflows are relatively obvious, typical signatures of star formation. As mass collapses
on to a YSO via an accretion disk, the built-up angular momentum is shed as perpendicular
outflows. Interaction between the core medium, accretion disk and outflow is difficult to
model; an example schematic attempting to quantify all mass flows can be seen in Fig. 1.5.
One study finds that outflowing mass is a useful indicator of core mass, with a first-order
linear relation (Beuther et al. 2002). The same study also finds that the physical processes
are largely the same as in LMSF. While outflows are commonly seen in LMSF and HMSF,
evidence for extremely low mass examples exist, such as toward brown dwarfs (Whelan et al.
2012). However, outflows from HMSF are empirically not as neatly collimated as in LMSF.
Identification of outflows is commonly done by observing Hy and SiO, as well as high-level
transitions of CO, although heavier molecules such as HCO" and CS help to discriminate
regions of HMSF (Gibb et al. 2003; Garay et al. 2007; Lépez-Sepulcre et al. 2009).

Figure 1.5: Fig. 1 of Zinnecker & Yorke (2007): Accretion and mass loss as exchange between
components: the accretion disk is the reservoir and interface between the molecular cloud core
and the forming star.

1.2.3 HII region

Eventually, a high-mass YSO is hot and luminous enough to ionise the surrounding natal
gas. As well as converting molecular hydrogen to H1I, the ultraviolet radiation effectively
destroys many of the complex molecules in the vicinity, such as CH3OH, by disassociation.
The brightest of these can appear spectacular and even to the naked eye; see Fig. 1.6. Young
H 11 regions are of particular interest to star formation astronomers, as they still signpost
a late stage of HMSF. They can be detected in a few ways, but primarily through radio
continuum observations as well as the presence of radio recombination lines. UC H 11 regions
are best detected at frequencies >5 GHz, where free-free continuum emission is optically thin

(Purcell et al. 2013). Even higher frequencies are required to observe hyper-compact H 11
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Figure 1.6: NGC 604 as viewed from the Hubble space telescope. Contained in the nearby
galaxy M33, it is a giant H1r complex, containing several OB and WR stars (Eldridge &
Relano 2011).

(HCH11) regions.

H 1 regions evolve over time, and can be roughly classified by their size. Empirically,
UCH 11 regions have sizes <0.1 pc and densities >10*cm ™3 (Hoare et al. 2007). Around the
mid-2000s, properties of HC H1I regions were beginning to become clear; with sizes <0.01 pc
and densities >10% cm™3, these are clearly much more extreme than their UC H1I relatives
(Beuther et al. 2007). The Coordinated Radio and Infrared Survey for High-Mass Star
Formation (CORNISH) complements the plethora of Galactic plane surveys with arcsecond
resolution at 5 GHz, in a direct effort to detect H 11 regions, especially UC H1I regions (Hoare
et al. 2012). However, CORNISH is insensitive to HC H1I regions, due to their tiny spatial
sizes and optical thickness at 5 GHz (Purcell et al. 2013).

HCH11 regions are younger, more extreme objects that will evolve into UC H 11 regions.
One useful probe for identifying these are radio recombination lines, as these have been
demonstrated to have linewidths in excess of 40 kms~!; UC H 11 regions typically have linewidths
upto 30kms~!(Lizano 2008). Another useful tool for identification could be bright HoO

masers, which are powered in strongly shocked regions.

1.2.4 Summary

The different stages of HMSF have quite different properties. To understand the whole
picture, it is important to discriminate and identify each evolutionary stage. The following

section describes commonly used probes and techniques to do so.
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1.3 Astrophysical diagnostics

1.3.1 Spectral lines

Figure 1.7: A schematic of the hyperfine H1 transition. The arrow of the proton (green) and
electron (blue) indicates the direction of quantum mechanical spin. If the spins are aligned,
the energy configuration of the system is slightly higher than a mis-aligned pair; when the
transition to this lower state occurs, a weak photon is produced at 21 cm.

Hydrogen is the most abundant element in the universe, mostly existing in the atomic
form, designated H1. The ‘HI line’ serves as a useful introduction to spectral lines, and
is perhaps the most important astronomical spectral line; in practice, H1 emission is easily
detected, because it is ubiquitous in our Galaxy as well as others. HT is primarily useful for
galactic structure and ISM studies. H1 is produced by the quantum mechanical interaction
between proton and election, and because energy shift is so small in magnitude, is termed
hyperfine; see Fig. 1.7 for a schematic. Such low-energy photons lie within the radio regime
(A = 21lcm, f ~ 1420MHz). Additionally, this transition is highly forbidden, given the

Einstein A coeflicient:

Ay~ 2.85x 107 1Ps7!

and the half-life time:

Ay

NI=

~ 11 million years

These types of emission are termed spontaneous emission, and are characterised by their
Einstein A coefficients. Despite the large half-life time of H1, this hyperfine line is easily
detected due to the extremely high abundance of hydrogen. Indeed, it is readily detectable
in other galaxies at high redshifts, and instruments are currently searching for this spectral
signature during the epoch of reionization.

To study star formation, it is important to identify dense regions of gas in space. Similar
to Hi1, all atoms and molecules exhibit spectral lines by quantum mechanical transitions.
These transitions have various methods of being triggered, such as total angular momentum
loss, or inversion (tunnelling), but the technical components are largely unimportant in this
thesis. What matters are the conditions to cause the emission (or absorption); for example,
the ground-state transition of carbon monoxide (CO J = 1 — 0, shorthand (1-0)) is easily

excited by low temperatures:
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h2
AE(J=1-20=EJ=1)—EJ=0)= T
~76x1072] (1.1)
~ k[5.5K]
~ h[115 GHZ]

~ he[2.6 mm] !

where Zco ~ 1.5 x 10746 kgm? (Ward-Thompson & Whitworth 2011). This means that,
with sufficient amounts of CO present, this transition is excited in cold regions of the ISM.
Higher transitions refer to further excited states, such as (2-1), and can discriminate hotter,
denser regions; however, practical limitations exist, such as the resilience of a molecule in
hot or photon-dominated regions. CO, as well as other diatomic star-forming molecules (Hg,
OH, CS), have such spectral lines due to the permanent electric dipole moment between
both atoms. Unfortunately, despite being the most abundant molecule in the universe, Hs
is almost invisible to observers due to its small dipole moment. Hs has a few ground-state
transitions, but most require temperatures exceeding 100 K, which likely destroys Ho before
the line can be exhibited (Bolatto et al. 2013). As star formation occurs in dense gas, we

must infer the presence of dense gas through other means.

As seen above, the ground-state transition of CO emits at radio frequencies. This is
fortunate, given that longer wavelengths suffer less extinction in dense regions of space,
allowing detection of these molecules within MCs. To relate various molecules back to Ho,
and thus total mass, astrophysicists use conversion factors to estimate the amount of Hs.
However, these X-factors are difficult to determine and vary depending on optical depth or
abundance. A similar, but perhaps more convenient metric is critical density:

ne(jk) = Ak (1.2)
Yik

where Ajj, is the Einstein A coeflicient and ;;, is the collisional de-exciatation rate per
molecule in level 7. Evans (1999) lists common star-forming spectral lines along with critical
densities at 10 and 100 K; for example, the detection of CS (1-0) implies a gas density of
at least 4.6x10* Hy molecules per cm™ at 10 K. Critical density is useful as a qualitative

estimate of density, but better analysis is necessary for true density determination.

Molecules, despite their rarity compared to Hy, can become so abundant in regions of
HMSF that the emission saturates, which is referred to as optically thick emission. CO is quite
illustrative of this, as it is so easily excited and abundant. Optically thick emission is usually
identified by a ‘flat-top’ in the spectrum; see Fig. 1.8. Heavier molecules and rarer isotopes
are useful for circumventing optically thick emission, to better diagnose properties such as
mass, column density and temperature. Other molecules can highlight specific mechanisms
within star-forming regions, which is useful for determining evolutionary sequences. Common
star-forming molecules and their diagnostics, especially applicable to this thesis, are discussed
in §1.4.
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Figure 1.8: Rare molecules and isotopologues help to isolate the most dense regions of gas,
Fig. 6.1 of Stahler & Palla (2005): Intensity profiles of the J = 1 — 0 line in three CO

isotopologues, observed toward Taurus-Auriga.

1.3.2 Continuum

Brightness temperature acts as a classic probe of continuum radiation; given an observed
intensity I, at frequency v, the temperature of a blackbody may be inferred. In the same way,
continuum measurements can be used to determine the age of a star-forming region, based on
its spectral energy distribution, which are not purely blackbody spectra. Protoclusters have
strong sub-millimetre continuum emission, while older regions have brighter mid-infrared
emission.

This thesis is primarily concerned with spectral line emission rather than continuum prop-
erties. However, there are a few continuum properties of particular interest. The GLIMPSE
survey maps the Galactic plane in 3.6, 4.5, 5.4 and 8.0 um continuum bands, which reveal
intriguing properties. The 8.0 um band primarily traces the 7.7um feature of polycyclic aro-
matic hydrocarbon (PAH) molecules, which have some similarity with dust grains contained
in star-forming regions. An extensive review of PAH molecules is given in Tielens (2008).
The 4.5 ym is usually attributed to strongly shocked gas, such as Hy and CO in outflows

(Cyganowski et al. 2008); however, this may not be true in all regions (De Buizer & Vacca
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2010). Star-formation study often combines these Spitzer bands into three-colour images
composed of rgb — 8.0, 4.5 and 3.6 um. Most notably, an excess of 4.5 ym emission relative
to the others manifests as bright green objects, which have successfully identified HMSF;
see Fig. 1.9. Infrared imagery from GLIMPSE is often used to compare against the results

presented in this thesis.

Figure 1.9: Sample of Fig. 1 of Cyganowski et al. (2009). The image is constructed from
three infrared GLIMPSE bands, rgb — 8.0, 4.5 and 3.6 um. The study of Extended Green
Objects, highlighting an excess of 4.5 ym emission, have been successful in identifying HMSF
through maser emission. 6.7 GHz class II CH3OH masers are marked with diamonds, and
44 GHz class I CH3OH masers are marked with magenta crosses. Yellow contours show 24 ym
MIPSGAL emission.

Millimetre and sub-millimetre continuum has also received a lot of attention in recent
years. Sub-millimetre continuum highlights thermal dust emission from a wide range of
temperatures, including very cold dust. Additionally, this kind of emission is optically thin,
which helps to calculate column densities, and is associated with all stages of HMSF. To this
end, the APEX Telescope Large Area Survey of the GALaxy (ATLASGAL) maps a large
area of the Galactic plane in 870 um emission (Contreras et al. 2013). Similarly, the Bolocam
Galactic Plane Survey (BGPS) maps a large fraction of the Galactic plane at 1.1 mm (Aguirre

et al. 2011). Finally, the Herschel space observatory provides the means to image other
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wavebands, such as 70 um. Results from this next-generation instrument are still forthcoming,
but recent observations used Herschel 70 ym emission to map high-mass YSOs (Olguin et al.
2015).

1.4 Star-forming tracers

In this section, spectral lines and their relation to HMSF are discussed. Spectral lines are
powerful tools for diagnosing the ISM, due to the relative ease of detection, and the informa-
tion gleaned by their presence. One advantage over continuum observations is the observed

Doppler shift, which reveals kinematics and perhaps structure of the gas.

1.4.1 Hydrogen

Despite being the most abundant molecule in MCs, Hs is mostly undetectable due to its lack
of dipole moment. However, interstellar Hy has been detected, and is useful for star-formation
study. It was first detected through Lyman-alpha (Ly«) absorption toward the star £ Persei,
and acted as a probe for optical depth (Carruthers 1970). Much more recently, Hy has been
useful in tracing very hot, shocked gas, including SNRs, expanding H 11 regions and outflows
(Habart et al. 2005). Especially interesting is the 4.5 um infrared band, which can highlight
shocked Hy and CO has revealed evolved regions of HMSF (Cyganowski et al. 2008, 2009);
see Fig. 1.9.

As discussed, the final evolutionary state of HMSF is a H1I region. These arise when
a YSO is hot enough to produce ultraviolet radiation, which requires a high-mass YSO.
As the H1I region expands by radiative and outflow processes, the neutral H1 is constantly
being ionised and pairing with electrons. This procedure produces recombination lines, often
referred to as radio recombination lines (RRLs), as they are brightest around 8 GHz. The
detection of RRLs is a bona-fide method of inferring the presence of a H1I region; because
HMSF occurs in high-density gas, likely associated with Galactic spiral arms, surveys for

RRLs have been productive in identifying structure (Bania et al. 2010, Brown et al. in

prep.).

1.4.2 Carbon monoxide (CO)

As discussed in §1.3.1, CO is an easily excited molecule in cold, dense regions of the ISM. It
is so abundant, that it becomes optically thick with density, owing to its low critical density
(~10%2 cm™3). Therefore, CO is important for both star formation and Galactic structure
studies, as it easily highlights MCs. The CO survey of Dame et al. (2001) is one of the largest-
scale surveys to date, and reveals spiral-arm structure of our Galaxy. Such an investment
was huge, due to the beam size of a radio-telescope at relevant frequencies, but helps to
understand the global properties of MCs both in our Galaxy and others.

The CO molecule depletes within star-forming core collapse. However, because the sur-
rounding exterior of the core suffers no depletion of CO, the core is not obvious. To be-
come more sensitive to the interior of MCs and avoid the optical thickness of the 12C'60

isotopologue, observations seek less abundant species such as 3CO and C'0. Indeed, the
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characterising fractionation of isotopologues is also useful for other molecules to determine
the properties of gas. Fractionation is particularly important, given that observations of other
J-transitions may not be possible on the same instrument, owing to the large differences in
rest frequency. For example, CO (1-0) has a rest frequency of 115 GHz, while (2-1) is at
231 GHz. An instrument such as Mopra cannot observe the (2-1) line, but has many sig-
nificant CO results published from the (1-0) transition (Braiding et al. 2015; Barnes et al.
2015).

1.4.3 Ammonia (NHj3)

The first polyatomic molecule detected in interstellar space, NHg provides incredibly impor-
tant information for HMSF. Discovered by Cheung et al. (1968) toward Sgr A, the authors
were able to calculate the kinetic temperature of optical depth of the gas.

The (1,1) inversion line of NHj is easily detected in star-forming regions, and has a critical
density of ~103 cm™3 (Evans 1999), which is useful for probing dense gas. This formed part
of the motivation of the HoO Galactic Plane Survey (HOPS; Walsh et al. 2011), which used
the Mopra radio-telescope” to search for many star-forming spectral lines, including NHj
(1,1), (2,2) and (3,3). Higher inversion transitions are more forbidden than the (1,1) line,
which indicate additional properties of the host region. Such NHjs observations from HOPS
helped isolate one of the most extreme examples of a proto-cluster, G0.25340.016, with a
high mass (~10° M) and low temperature (~20K) (Longmore et al. 2012). The new and
upcoming instrument ALMAT has revealed unprecedented detail of this molecular cloud,
which is thought to be on the verge of star formation (Rathborne et al. 2015).

While the critical density of NHs is clearly useful, other gaseous properties may be ob-
tained from the same data. The optical depth of NH3 can be calculated using relation of
intensities between hyperfine transitions (Ho & Townes 1983). For the (J, K) inversion line:

AT*(J,K,m) 1—e "WKm)

AT (J.K,s)  1— e arGRm) (1.3)

where AT} is the observed brightness temperature, m and s refer to the main and satellite
hyperfine components, 7(.J, K, m) is the optical depth of the main component, and a is the
ratio of the intensity for the satellite compared with the main component. This equation
assumes equal beam-filling factors and excitation temperatures for the different hyperfine
components, but this is not problematic due to the small frequency differences between hy-
perfine components and the likelihood of excitation mechanisms being different. Additionally,

the temperature of gas may be estimated via:

9 109
Toot = —41K / In [ —22 1.4
' /n<2071,1> (14

where T, is the rotational temperature (Purcell 2006), which provides a good indicator of
the kinetic temperature (Ho & Townes 1983). Note that this equation assumes Avy o /Av; 1 ~

1. Finally, the column density may be estimated via:

“A 22m antenna near Coonabarabran, New South Wales, Australia.
tThe Atacama Large Millimeter /submillimeter Array, a 66-element interferometer located on the Chajnan-
tor plateau, Chile.
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N~ N %@23'26/Tmt 14 2641.18/Tmt I 1_;6—100.25/Tmt N 267177.21/Tmt
(1.5)

where N is the total column density, and N ;) is the column density of the NH3 (1,1)
line (Purcell 2006). With yet more diagnostics revealed by this molecule, it is not difficult to

imagine why astrophysicists refer to NHg as the ‘molecular thermometer’.
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Figure 1.10: A sample figure from Lu et al. (2014): Rotational temperature and IRAC three-
colour images of IRAS 18308—0841. Left: Rotational temperatures are presented in colour
scales. The black contours are the integrated intensities of NHs (1,1) main hyperfine line,
from 5 to 95 per cent of the peak intensity in steps of 10 per cent. Maser detections with
interferometers are marked with either circles (water maser), crosses (class II methanol
maser), or triangles (hydroxyl maser). The synthesized beam of the integrated intensities is
shown in the lower-left corner, while the beam of the rotational temperatures should be slightly
larger given that the temperatures are derived from the smoothed data. Right: The Spitzer
IRAC composite image, with Sum (red), 4.5um (green) and 3.6 um (blue) emission. The
NH; (1,1) integrated intensity contours are identical to those in the left panels. The dashed
circle shows the 2 FWHM primary beam of the VLA.

Astrophysicists typically use the ‘thermometer’ properties of NH3 by observing it towards
hot molecular cores. A recent interferometric survey of bright (Ly, > 103 L) high-mass star-
forming regions exploits the properties of NHg, and generals reveals a kinematic flow toward
the focus of star formation; see Fig. 1.10 (Lu et al. 2014). Another survey toward the Galactic
centre finds that dust is necessary to form detectable NH3, among other results (Ott et al.
2014).

1.4.4 Carbon monosulfide (CS)

As discussed earlier, CS traces dense gas, with a critical density n. = 4.6 x 10*cm ™ at 10K
(Evans 1999). Overall, CS is not as useful for diagnostics as NHs, but does allow for optical

depth probing when combined with rarer isotopes (e.g. C34S). One such equation is:

T(C¥S) 1—e"
T(CS) 1—eor (1.6)
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where T'(x) is the brightness temperature of z, 7 is the C34S optical depth and a is the
abundance ratio of 32S/34S (Bergin et al. 2001). The relative abundance of CS to C4S is
somewhat uncertain; Chin et al. (1996) quote the solar system value of 22.54+5.5 as well as
24.445.0 from their own observations, but Pratap et al. (1997) claims a ratio between 12 and
14 provided better statistical fits for their work. Care must be taken when assuming relative
abundance values.

Wu et al. (2010) performed CS observations towards dense clumps associated with HoO
masers. The authors note that most clumps are associated with compact or UC H1I regions,
highlighting relatively evolved star formation. Given the late evolutionary status of these ob-
jects, and the presence of HoO masers, outflow activity is expected (see §1.5.4). Unsuprisingly,
observations find that the (2-1) transition of CS traces a larger area than (7-6); however,
the linewidths of (7-6) is greater than that of (2-1). As (7-6) is closely associated with the
most compact gas, the increased linewidth compared to (2-1) is attributed to outflow activity
(and/or expanding H1I regions). Subsequent modelling of hot cores shows CS to be one of
the best tracers of very dense gas (Bayet et al. 2011).

Especially interesting are differences between the distribution of CS and NHjs. Despite
having a higher critical density than NHs, CS has been observed to be more extended in
emission; specifically, observations performed by Lopez et al. (1994) identify extended CS
emission over star-forming regions where NHj3 emission is typically confined to an outflow.
Taylor et al. (1998) attempt to resolve this phenomenon with a model, classifying CS (and
other carbon-bearing species) as ‘early-type’ molecules and NH3 (and other nitrogen-bearing
species) as ‘late-type’. Observations by Tafalla et al. (2004) strengthen this argument; NoH™T,
another molecule resilient against depletion similar to NHs, was observed at constant abun-
dance in each targeted core, while CS and CO depleted as a function of density. Tafalla
et al. (2004) also observed an increased abundance of NHs in the centre of these cores, and
conclude them to be starless. The Taylor et al. (1998) categories of early- and late-type
star formation appear be separated by molecular cloud fragmentation, before core collapse
occurs. Additionally, Lee et al. (2013) targeted starless cores in Orion, and did not detect
NyD* (2-1) alongside detections of CS (2-1) and (3-2); they assume that the target cores
are chemically young.

Given that high transitions of CS have large linewidths compared to lower transitions
within hot cores, CS molecules are apparently sublimating from dust grains. Therefore,
regions of star formation with an over-abundance of nitrogen-bearing molecules compared to
carbon-bearing species (Taylor et al. (1998) ‘late-type’) should only be considered until the hot
core phase, upon when carbon-bearing species are comparably abundant. Such considerations
allow some probing of evolutionary stage merely through detection of each type of molecule,
e.g. CS and NHs.

1.4.5 Silicon monoxide (SiO)

Thermal emission from SiO is well understood to trace shocked regions, especially outflows
(Martin-Pintado et al. 1992; Leurini et al. 2014). It is greatly enhanced in hot core chemistry,
signposting a specific evolutionary stage. Dust grains within dense cores, being primarily

composed of silicates, are destroyed by collisions and liberate Si into the gas phase. SiO can
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then be produced by oxidation (Schilke et al. 1997):

Si+0, — S8i0+0 (
Si+ OH — Si0O+ H (

[
co
~—

Traditional views on SiO a strongly-shocked gas tracer have remained in place for years.
Interestingly, a recent investigation discusses the possibility of SiO emission being triggered
by weaker shocks (Nguyen-Lu’o'ng et al. 2013). As the SiO (2-1) emission has the same
velocity as NoH™' and CO, as well as the lack of an outflow profile, the authors speculate that
the SiO emission is driven by low-velocity shocks.

SiO masers can also be found in the ISM, but these usually trace very different conditions
to the thermal emission discussed above, and are usually found toward evolved stars with
vibrational mode v = 1,2,3. However, Orion-KL provides one of the very few star-forming
SiO masers, even in the v = 0 mode (Cho et al. 2005). Further discussion of SiO masers is

contained in §1.5.6.

1.5 Star-forming masers

Masers were first described in 1952 and created in the laboratory in 1953. However, the
astrophysical community appeared to have no notion to believe that masers could (or would)
naturally exist outside of laboratories. This is evident after their discovery and subsequent
disbelief of the strong spectral lines observed. Powered by a chain-reaction to amplify emis-
sion, these spectral lines can be detected across vast distances, from the other side of our
Galaxy, to mega-masers in other galaxies. This makes masers invaluable tools for observa-
tions, particularly surveys, given their great intensities.

Weaver et al. (1965) are credited with the discovery of the first interstellar masers. This
publication reported unusual results from a search for hydroxyl (OH) within the Galaxy.
The authors discuss the presence of ‘strong, unidentified emission lines’ towards the Orion
nebula and radio continuum sources W3, W49, W51 and W75. Dubbed ‘Mysterium’, the
authors note that it is found towards some strong H1I regions, but not all. Very quickly,
further observations were done towards Mysterium. A problem existed in the temperature;
linewidths implied a temperature of 102 K, but the brightness temperature was at least 103 K.
Eventually, Mysterium was confirmed as masing OH in the ISM.

Masers are commonly seen in regions of star formation, due to the special conditions and
high energies required. In this review, an overview of maser theory is given, as well as a

discussion on typical HMSF masers and their currently understood characteristics.

1.5.1 Theory

Most of the thermal line emission discussed in §1.4 is generated through spontaneous emission.
The mechanism governing maser emission is stimulated emission. A simple scenario for

stimulated emission is as follows:
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Figure 1.11: A typical schematic of stimulated emission. An inverted population exists with
energy Fo (panel 1), is stimulated by a photon of characteristic energy E2 — F1 = hv (panel
2), leaving an identical photon and a depressed state (panel 3).
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i) The species in question (atom or molecule) has two energy states, F; and FEy, with the
majority being in the elevated state. This is referred to as an inverted population;

ii) A photon with an energy of (or close to) Fy — Ey = hv interacts with a member of the
elevated species. This photon induces stimulated emission;

iii) The species decays to the lower energy state E7, releasing another photon of energy
hv.

This procedure is described in Fig. 1.11. The regions providing the population inver-
sion are just right for maser conditions, and are of special interest to astronomers. One can
think of the ‘stimulation’ step as negative absorption; rather than absorbing the incident
photon, another is emitted. The optical depth 7 normally measures attenuation by photon
absorption, but when the stimulation is combined with the population inversion, an expo-
nential increase in emission is observed along the path of inverted species. This explains the
extreme brightness temperatures that are calculated by observing masers. Masers are well

characterised by their compact, unresolved spatial structure as well as very small linewidths.

1.5.2 Class IT methanol (CH3;0H)

Interstellar CH3OH masers were discovered by Barrett et al. (1971) towards Orion-KL in
25 GHz lines (J = {4,5,6,7,8}, AJ =0, K = 2 — 1). Quickly, many more CH3OH maser
lines were discovered, but the next important discovery was by Wilson et al. (1984), who
detected CH30OH masers in the 95-10; AT transition. Their results note unusual absorption
of CH30OH toward W31, but are otherwise unaware of the importance of this transition; being
the first to find CH3OH emission beyond Orion-KL, these observations demonstrated how
bright CHzOH masers could be (9.5Jy). The publication by Batrla et al. (1987) made an
important distinction by classifying CH3OH masers into two groups: class I and class II. Most
observations at that point had unwittingly focused on class I, which is collisionally excited,

but could occur at large offsets from HoO and OH masers. Quickly, more observations were
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conducted toward the 20-3_1 E line, revealing a tight correlation with H11 regions and OH
masers (Norris et al. 1987). At this point, depending on the class, it was evident that class I
and class II CH3OH masers traced very different things.

The discovery of the 6.7 GHz 5;—69 A™ line has proven to be one of the most important
for star formation tracers (Menten 1991). Since its discovery, this line (as well as all class 11
CH3OH species) have been determined to occur exclusively towards regions of HMSF (Breen
et al. 2013). This was established by the absence of CH3OH masers toward low-mass YSOs
(Minier et al. 2003). We now understand class II CH3OH masers are powered by mid-infrared
radiation from YSOs, seemingly only powerful enough in HMSF. A very recent investigation
finds that 6.7 GHz CH30H masers must appear after outflows are generated (de Villiers et al.
2015).

In the 1990s, UC H 11 regions were rich objects for star formation study. Naturally, the
connection with class I CH3OH masers was investigated, which revealed a surprisingly small
overlap of ~20 per cent (Walsh et al. 1998). An explanation is obtained through the diagnosis
of evolutionary phase; the age of YSOs and brightness of associated class II CH3OH masers
is thought to be correlated (Breen et al. 2011; Bartkiewicz et al. 2014; de Villiers et al.
2015). Notably, the presence of the 37.7GHz 7_9—8_1 E class II CH3OH maser line was
found toward brighter 6.7 GHz lines; if brighter 6.7 GHz masers occur in older regions, the
presence of 37.7 GHz masers is thought to indicate the ‘apocalypse’ of all class I CH30H
maser activity (Ellingsen et al. 2011). Clearly, constraints exist for when class II CH3OH
maser emission could occur, but when do class I CH3OH masers turn on?

It is currently well understood that class II CH30H masers occur very near to a YSO.
The morphology of these masers appears to be contentious in literature; profoundly, there
are many examples of rings surrounding YSOs (see Fig. 1.12). Very-long-baseline interfer-
ometry (VLBI) observations of such rings reveals radii of order a few hundred to ~1000 AU
(Bartkiewicz et al. 2009). Bartkiewicz et al. (2009) also suggest that these maser morpholo-
gies occur at the interface of the ring and outflow, highlighting a relatively evolved class II
CH30OH stage of HMSF. However, not all class I CH3OH morphologies are rings; further
observations by Bartkiewicz et al. (2014) observe linear, ring-like and ‘complex’ morphologies
within their sample. Linear morphologies were speculated as edge-on ring features, although
this idea has been largely rejected. Through infrared emission analysis, an investigation of
ring morphologies argues that the masers do not behave as if they lie within a circumstellar
disk (De Buizer et al. 2012). This is consistent with investigations of outflow tracers Hy and
SiO not being perpendicular to class II CH3OH masers (De Buizer 2003; De Buizer et al.
2009).

1.5.3 Hydroxyl (OH)

The commonly detected hydroxyl spectral lines are at 18 cm (1612, 1665, 1667 and 1720 MHz)
and can be seen in Fig. 1.13. The presence of this molecule in the ISM was confirmed by
Weinreb et al. (1963); detected in absorption, the 1665 and 1667 MHz lines were found toward
the SNR Cassiopeia A. Since the discovery, OH has also been seen in emission and absorption
for all 18 cm lines, and can have been characterised in relative intensity as 1:5:9:1, in order

of increasing frequency (Townes & Schawlow 1955). By observing the relative strengths of
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Figure 1.12: Class II CH3OH masers in a ring morphology, Fig. 1 from Bartkiewicz et al.
(2005): Velocity field of maser components (first moment map). The colour scale varies
linearly from 77.0 to 87.0km s~t. The beam is indicated by the ellipse in the bottom left-hand
corner of the image. The cross indicates the inferred position of a central object.

each hyperfine line, one can determine optical depth and excitation temperatures of the gas
(Guibert et al. 1978). Similar to CO, OH traces low-density gas, but is susceptible to Zeeman
splitting, allowing diagnosis of local magnetic fields. Clearly, OH is a versatile molecule, not
just for probing star-forming regions.

OH masers are of particular interest to the research within this thesis. Surveys in the
1990s for OH masers revealed that, in almost all cases, their positions coincided with class
IT CH3OH masers within errors, clearly signposting star formation (Caswell 1997). At the
same time, Caswell (1997) noted the preference for OH masers to be associated with UCH 11
regions, especially compared to class II CH3OH masers. This study was one of the first
to isolate HMSF sequencing through only maser emission, which began a new avenue to
pursue the ‘Holy grail’ - can we identify and diagnose a HMSF timeline purely through maser
emission? The motivation of this thesis is influenced by this thought, and overall maser

association is discussed further in §1.5.7.
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Figure 1.13: Fig. 1 from Dawson et al. (2014): Energy level diagram of the ground-state
hyperfine structure transitions of OH. Here F is the total angular momentum quantum number,
including the nuclear spin. Frequencies are in MHz.

The 18 cm OH maser lines can be produced through non-star-forming mechanisms. In
particular, 1612 MHz masers primarily occur from so-called OH/IR stars, shedding mass dur-
ing their transition along the asymptotic giant branch Sevenster et al. (1997). The outflowing
mass powers the maser via radiation, which in turn is powered by the stellar radiation. This
proved useful for a large survey of 1612 MHz masers, conducted by (Sevenster et al. 1997)
to investigate Galactic kinematics and the evolution of stellar populations. Other maser
lines, such as 1665 and 1667 MHz, have been used to diagnose polarisation (Gonidakis et al.
2014) toward AGB and post-AGB stars. The rare 1720 MHz maser, unlike the others, is
collisionally excited; although it commonly occurs toward star-forming regions, it has been
detected towards SNRs (Green et al. 1997) and planetary nebulae (Gémez 2007, Qiao et al.
in preparation). More recently, 1720 MHz OH masers are claimed as signposts of SNR and
molecular cloud interactions (Brogan et al. 2013). Results of the Southern Parkes Large Area
Survey in Hydroxyl (SPLASH) project, surveying a large portion of the Galactic plane for
OH, will reveal more detail in all 18 cm maser lines, using Parkes” as the survey instrument
and ATCAT for high-resolution follow-up observations (Dawson et al. 2014).

1.5.4 Water (H,0)

Frozen HyO forms a major component of dust grains within star-forming regions (di Francesco
et al. 2007). Once sublimated, thermal emission from this line can be observed, although
almost all interest of interstellar HoO lies with its maser activity. HsO masers are classic
tracers of outflows; they are created and pumped by a mass outflow from a central star or
YSO with clumps or inhomogeneities in the surrounding cloud (Elitzur 1992). There are
endless examples of HoO masers tracing outflows, in both LMSF and HMSF (Moscadelli
et al. 2005, 2006; Goddi & Moscadelli 2006; Felli et al. 1992). Extreme examples exist,

“A 64m antenna near Parkes, New South Wales, Australia.
t Australia Telescope Compact Array, a six-element interferometer located near Narrabri, New South Wales,
Australia.
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with velocity spans of nearly 300kms~!(Titmarsh et al. 2013). Accretion disks were once
proposed to explain VLA observations of HoO masers; however, follow up VLBI observations
revealed that water masers close to YSOs are arranged in circular, expanding arcs (Goddi
et al. 2005). This suggests that water masers found very near (within hundreds of AU) YSOs
are associated with their outward winds, rather than a rotating mechanism.

As for when HoO masers appear in an evolutionary timeline, a survey towards high-mass
YSOs and UCH 11 regions shows that HoO masers are equally likely to be detected in either
state; the ‘high-mass YSO state’ is taken to mean a class II CH3OH maser phase, before a
UCH1 is apparent (Urquhart et al. 2009). Recent evidence affirms the overlap between a
class II CH3OH maser dominated phase and H1I region phase (Titmarsh et al. 2014).

Similar to CO and NHjs, HyO is formed through gas-phase reactions. Within shocked

cloud regions, the major sequence for production is:

H,+0 — OH+H (1.9)
OH+H, — H,0+H (1.10)

This also helps to explain why OH can detected through collisions. One might expect
the occurrence of HoO masers to overlap with 1720 MHz OH masers. However, at least in
the case of SNRs, 1720 MHz OH masers are found without HoO maser counterparts. This
imposes constraints upon the gas densities that allow for both species to pump masers; the
authors state that the density of the post-shock region is 10° cm™3, and that densities of four

orders of magnitude higher are required for HoO maser detection (Claussen et al. 1999).

1.5.5 Class I methanol (CH;0H)

Practically, for the period between the discovery of the 6.7 GHz class I CH3OH maser and
a decade ago, class I CH3OH masers had not been well-studied. There are a few reasons for
this, but perhaps primarily for its relative tenuous association with star formation compared
to class II masers. Another was that finding new class I masers was difficult; the 44 GHz
line is the brightest, and without targeting known regions of star formation, the feasibility of
conducting a survey of these masers is too inefficient. Our understanding of these masers is
therefore limited to those already found, typically toward other star-forming masers.

Unlike class II masers, class I masers can occur in LMSF, albeit rarely. Kalenskii et al.
(2010) targeted LMSF outflows for 44 and 36 GHz class I masers, finding a weak association.
Gan et al. (2013) confirms this by observing outflows from both LMSF and HMSF, finding
a 9 and 38 per cent association rate, respectively. Clearly, there is a good relation with
outflows, but the certainty of finding class I masers is not strong. The EGOs discussed
earlier have a stronger connection with class I masers; Cyganowski et al. (2009) and Chen
et al. (2011) report a 90 and 55 per cent detection rate toward EGOs, respectively. The large
difference between these rates might be explained by the lines targeted; Cyganowski et al.
(2009) observed 44 GHz lines, whereas Chen et al. (2011) used 95 GHz lines. Val’tts et al.
(2000) find the ratio between peak flux densities, i.e. P(44GHZ)/p(95 GH=) 1s approximately 3.
The relatively weak line used by Chen et al. (2011) may help to explain the low detection

rate. Gan et al. (2013) also used the 95 GHz line, which may mean their statistics are under-
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represented.

The publication by Voronkov et al. (2014) acts as one of the most comprehensive reviews
of class I CH3OH masers. The authors observed 71 known maser sources and find a few

important results:

i) The number of class I maser spots falls exponentially with distance from a class II

maser;
ii) Class I CH3OH masers are more spread out when associated with an OH maser;
iii) Class I masers are good tracers of cloud systemic velocities.

Point i) suggests that the shocked gas from a high-mass YSO originates near the class II
maser, and class I masers are more likely to be excited at shorter distances. Point ii) agrees,
as OH masers turn on after class II CH3OH masers, suggesting an even more evolved phase;
this makes conditions more ideal for a large spatial spread of class I maser emission. Point
iii) may suggest that class I masers are powered by weak shocks, as it is not too perturbed
from the systemic velocity. Another result by Voronkov et al. (2010a) finds a high-velocity
class I maser, potentially contradicting this assertion. However, this high-velocity feature is
speculated as being due to an outflow permeating molecular gas, which can still agree with

weak shocks as being the powering mechanism.

Through modelling, Cragg et al. (1992) predict the collisionally-excited nature of class
I masers. Given their strong association with outflows discussed above, this seems clear.
Non-star-forming observations further affirm collisional excitation, by its presence in SNRs
(Pihlstrom et al. 2014), and an extra-galactic merger (Chen et al. 2015). However, very little
is known about when class I masers turn on. Without an untargeted survey for these masers,

identifying them in their earliest stages will be difficult.

1.5.6 Silicon monoxide (SiO)

Typically, SiO masers are not related to the star-forming thermal line, and are found towards
asymptotic giant branch (AGB) and red super-giant (RSG) stars (Elitzur 1992; Gonidakis
et al. 2013). As these stars shed large amounts of mass (10~7 to 107% M), there exists a so-
called circumstellar envelope. SiO masers can be powered in the densities and temperatures
just beyond these envelopes, within the ‘extended atmosphere’. The morphology of these
masers can appear as a shell, presumably centred on a star, and experience in-falling as well

outflowing motions (Assaf et al. 2011).

Concerning star formation, the SiO maser appears to be extremely rare. Zapata et al.
(2009) conducted sensitive interferometric observations towards 60 high- or intermediate-
mass star-forming regions for SiO maser emission. Despite this extensive search, only three
regions, all previously known, had detectable SiO masers (Orion-KL, W51 North and Sgr B2).
Observations of Orion-KL are particularly exciting, revealing a bi-polar wind, likely driven
by an accretion disk (Goddi et al. 2009). The SiO results are augmented with observations of
high-frequency HoO masers, which appear to trace a disk (Hirota et al. 2014); see Fig. 1.14.

Hence, the value of detecting star-forming interstellar SiO masers cannot be understated.
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Figure 1.14: Fig. 3c from Hirota et al. (2014), showing maser emission toward Orion-KL.
The SiO maser emission from Kim et al. (2008) is given in colour, with 336 GHz HyO maser
emission in grey. These results are some of the best evidence for accretion disk HMSF.

1.5.7 An evolutionary timeline of HMSF with masers

Given the range of evolutionary phases that star-forming masers can trace, research has
invested in large-scale surveys to identify HMSF purely through maser emission. Three
prominent surveys include HOPS, for HoO masers; the Methanol MultiBeam (MMB), for
class II CH3OH masers; and SPLASH, for OH masers. The wealth of data available led to
comparisons between these three types of maser, and found strong associations (Breen et al.
2010a). Another publication by Breen et al. (2010b) attempts to quantify HMSF through
maser emission with a graphical figure; see Fig. 1.15.

Since this timeline has been published, it has been refined; class I CH3OH masers are not
unusual toward OH masers, for example. One useful way to improve this timeline is through
a large-scale survey for class I CH3OH maser emission. Such a survey could determine if
these masers occur earlier than other masers in a HMSF timeline, and how they relate to
other masers. With this knowledge, detection of class I CH3OH masers can then reveal basic

properties of the host region, without the need for long observations or rigorous analysis.
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Figure 1.15: Fig. 6 of Breen et al. (2010b): Fwvolutionary sequence for masers associated
with high-mass star formation. Lifetimes represented by dotted lines indicate that they have
been estimated from the literature along with unpublished data. The lifetime of the UC H11
region is represented by a dashed line as the onset of radio continuum emaission is particularly
dependent on the mass of the associated star. The double arrow head on the far end of the
UC H1 region lifetime is to show that it will persist past the end of the range of the plot.

1.6 Motivation of this thesis

There are many intermediate stages to HMSF, each with unique ways of being identified.
Due to improvements in technology, large-scale astronomical surveys have become much more
feasible. The last decade has been extremely productive in mapping evolutionary stages of
HMSF, but detail could be improved in some areas.

The HOPS and MMB surveys are prominent examples of star formation surveys with
Australian radio telescopes. Another project, MALT90, is similar to HOPS and complements
these surveys with observations of 3 mm star-forming tracers. In a similar fashion, MALT-45
aims to map the Galactic plane at ~45 GHz (7mm) in an untargeted way. This waveband
contains the CS (1-0) line, which has not been surveyed thoroughly, as well as 44 GHz class
I CH30H masers, which are biased toward known regions of star formation. The SiO (1-
0) family of spectral lines also exist in this waveband, presenting the opportunity to detect
shocked gas from the thermal line and exotic locations through masers. As discussed, these
spectral lines contain valuable association with HMSF, and can help identify new star-forming
locations. For the first time, with a statistically complete sample, such a survey will help to
isolate the conditions necessary to produce class I CH3OH maser emission.

An initial attempt to conduct this survey a la HOPS with Mopra proved inefficient; the
primary beam was too small to map a large area in a short time, with appreciable sensitivity.
Additionally, this waveband is more susceptible to poor weather than HOPS, making the
project quite difficult. Unless MALT-45 could become a targeted survey, like MALT90,

another solution was necessary.

1.6.1 Thesis overview

Each antenna (dish) of the ATCA is similar to Mopra; by combining the antennas in auto-
correlation, MALT-45 can be feasibly conducted, owing to the improved sensitivity. This
thesis has two associated publications which are modified into chapters, described below.
Chapter 2 details the pilot observations conducted for MALT-45, to determine the feasi-
bility of the survey. The auto-correlation pipeline is also detailed, as non-standard techniques

are required. The data is of poor quality, because:
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i) Inclement weather was present over a large portion of the observations; ii) The desired
correlator configuration was unavailable, as well as a lack of on-the-fly mapping; iii) The
survey technique and pipeline was unrefined.

Despite the poor conditions of the pilot survey, emission in CS is detected, as well as class
I CH30OH and SiO masers, vindicating the auto-correlation data reduction. The CS emission
matches HOPS NHjs over the region, although with poorer sensitivity, and highlights an
IRDC. Seven class I CH3OH masers were identified along with three SiO v = 1 masers
toward evolved stars. Refinement of the survey technique is suggested.

Chapter 3 details the MALT-45 survey conducted within 330° <[ < 335°, b = +0.5°.
The improved mapping procedure since the pilot observations greatly enhances the sensitivity
to emission, revealing extended CS emission across the entire survey region, as well as de-
tecting 77 class I CH3OH masers and 47 SiO maser regions. A comparison between CS from
MALT-45 and NHg from HOPS shows that CS experiences a combination of being depleted
and becoming optically thick in the centres of gas clumps, while NHj3 is enhanced. Class 1
CH30H masers are found to possess similar peak velocities to that of CS, highlighting their
value as systemic velocity tracers. Furthermore, class I CH3OH masers are found toward
most of the other known star-forming masers in the survey region, yet a large population of
class I CH3OH masers have no other maser association. Finally, all SiO masers appear to
be associated with evolved stars, and a few regions curiously have stronger emission in their
v = 2 lines compared to v = 1.

Chapter 4 details interferometric follow-up observations toward each of the class I
CH3OH masers detected by MALT-45, in Chapter 3. Within the maser regions observed, a
total of 238 maser spots are found, and compared to other star-forming tracers. In particular,
the typical distances between class I CH3OH masers and other masers does not exceed 0.5 pc.
More evolved regions of star formation tend to have more class I CH30OH maser spots, larger
velocity spreads and larger spatial distributions. The brightness of class I CH30H masers do
not have strong correlations in any comparison, although the CS (1-0) emission detected in
each maser region has a strong correlation with 870 um dust emission.

Chapter 5 gives additional investigations with CS emission detected by MALT-45, de-
tailed in Chapter 3. A weak correlation between the CS luminosity and kinetic temperature
is observed. Projected linear distances from CS peaks to class I CH3OH masers and 870 um
dust emission point sources are found to be within 0.5 pc.

Chapter 6 summarises and concludes the thesis, with a scope for long- and short-term

projects derived from this work.



Chapter 2

Pilot observations for MALT-45

This chapter includes a co-authored publication. The bibliographic details of the paper are:
Jordan, C. H., Walsh, A. J., Lowe, V., Lo, N., Purcell, C. R., Voronkov, M. A. and Long-
more, S. N., Monthly Notices of the Royal Astronomical Society, 429, 469. doi: 10.1093/mn-

ras/sts350. The published paper is referenced by this thesis as Jordan et al. (2013).

The auto-correlation methodology is expanded, to further detail this procedure.

The

introduction and discussion sections have been modified to streamline the discussed literature,

to avoid unnecessary overlap with Chapter 1.

Abstract

We introduce the MALT-45 (Millimetre Astronomer’s Legacy Team - 45 GHz)
Galactic plane survey and describe pilot survey results with the Australia Tele-
scope Compact Array (ATCA). The pilot survey was conducted to test the instru-
mentation and observational technique of MALT-45, before commencing the full
survey. We mapped two half-square degree regions within the southern Galactic
plane around the G333 giant molecular cloud, using fast mosaic mapping. Using
the new Compact Array Broadband Backend (CABB) on the ATCA, we were

able to observe two 2048 MHz spectral windows, centred on frequencies 43.2 and

48.2 GHz. Although only a coarse spectral resolution of around 7kms~!

available to us, we detect widespread, extended emission in the CS (1-0) ground
state transition. We also detect eight class I CH3OH masers at 44 GHz and three
Si0 masers in vibrationally excited (1-0) transitions. We also detect the H53«

radio recombination line, non-vibrationally excited SiO (1-0) and emission in the

CH30H 10*00 A+ line.

2.1 Introduction

High mass star formation (HMSF) is a poorly understood process due to the rapid evolution

of high mass stars, the rarity of high mass stars, and high levels of dust extinction (Zinnecker
& Yorke 2007). HMSF does not occur in isolation, thus making it difficult to disentangle

mechanisms involved with HMSF from other sites of star formation in the vicinity. HMSF is

27
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known to occur within dense regions of giant molecular clouds (GMCs; e.g. Lo et al. 2011).
In order to comprehend the earliest stages of HMSF, a catalogue of their regions must be
identified and mapped through high density tracers.

Previous surveys have been productive in identifying many sites of HMSF, but emphasise
signposts that pick out only a subsection of the various stages, are typically targeted toward
known regions. For example, methanol maser surveys (e.g. Walsh et al. 1998; Green et al.
2009) pick out hot cores and young ultra-compact HII regions; infrared dark clouds (IRDCs;
e.g. Rathborne et al. 2006) are only seen when they are close to us, and projected against a
bright infrared background from the Galaxy and may not always identify sites of high mass
star formation (Kauffmann & Pillai 2010); radio continuum sources are only found once a
high mass star has had time to reach the main sequence and push its ionising wind through
the surrounding material (e.g. Purcell & Hoare 2010).

Untargeted Galactic plane surveys not only give us an opportunity to address these con-
cerns, but they also allow us to study aspects of HMSF on a Galaxy-wide scale, with higher
resolution and sensitivity than is achievable in external galaxies. For example, we can study
the structure of the Galaxy through CO surveys (e.g. Dame & Thaddeus 2008) and H1
surveys (e.g. McClure-Griffiths et al. 2005). The nature of CO and H1 mean that these
tracers typically pick out low density gas (critical density ~ 10'-102 cm™3) that is not di-
rectly related to HMSF. These tracers are also sensitive to inter-spiral arm gas, making it
difficult to identify spiral structure in the Galaxy. Higher density gas tracers, such as NHg
and HC3N, observed as part of the HoO southern Galactic Plane Survey (HOPS; Walsh et al.
2008, 2011), do trace gas directly associated with HMSF and may more clearly trace spiral
structure. However, HOPS is a shallow survey, sensitive to typical HMSF regions within a
few kpc. In order to study the spiral structure of the Galaxy, as well as the gas associated
with HMSF, we have devised the MALT-45 survey. This paper introduces the MALT-45 sur-
vey design and outlines the auto-correlation results of pilot survey. MALT is the Millimetre
Astronomer’s Legacy Team - the result of a successful meeting of star formation astronomers
to collaborate on major southern hemisphere millimetre surveys. MALT currently consists of
the MALT-90 (Foster et al. 2011) and MALT-45 surveys.

2.2 MALT-45 Design

MALT-45 aims to provide a comprehensive survey of star formation tracers at 7 mm (~45 GHz)
in the southern Galactic plane. MALT-45 is to be conducted on the Australia Telescope
Compact Array (ATCA), exploiting the newly available technologies made by the Compact
Array Broadband Backend (CABB; Wilson et al. 2011). In particular, MALT-45 seeks to
employ the CABB provided auto-correlations. Using these data, the CABB can be used
to image extended emission with a collecting area similar to 6x Mopra (a single 22m dish
radio-telescope similar to a single ATCA antenna). Hence, MALT-45 achieves the advantages
of using an interferometer to accurately position interstellar masers associated with HMSF,
while simultaneously mapping the Galaxy for extended emission.

MALT-45 is an untargeted Galactic plane survey, with a Galactic latitude width of £+0.5°

(the longitude range is yet to be determined). The survey will focus on the dense gas tracer
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CS (1-0), and identify previously unknown sources of both class I CH3OH and SiO (1-0)
masers, which occur towards sites of star formation and evolved stars, respectively. The
survey region of MALT-45 will be a subsection of HOPS (which covers a range [ = 290°
through [ = 0° to [ = 30°, b = +£0.5°), allowing comparison with 12 mm star-forming tracers,
particularly NH3 (1,1) and HoO masers. Other lines of possible interest are outlined in
Table 2.1. The CABB allows a 64M-32k zoom mode configuration (see §2.3), which yields

fine velocity resolution while also providing large velocity coverage.

2.2.1 The G333 GMC

The MALT-45 pilot survey was conducted partially over the GMC associated with the H11
region RCW 106. RCW106 has a centre located roughly at [ = 333°, b = —0.5°. We are
particularly interested in this GMC, commonly referred to as the G333 complex, located at
a distance of 3.6 kpc (Lockman 1979). The G333 GMC has been thoroughly investigated for
molecular spectral lines relevant to star formation (Bains et al. 2006; Wong et al. 2008; Lo
et al. 2009), and has shown evidence of HMSF (Lo et al. 2011). See Bains et al. (2006), Wong
et al. (2008) and Lo et al. (2009) for a detailed description of the G333 complex. G333 is an
ideal location to test MALT-45 before commencing the full survey, as we can expect extended
CS thermal emission and Class I CH30OH masers to be detected (Slysh et al. 1994).

2.3 Observations

The first observations for MALT-45 were conducted on the ATCA over 36 hours from the 18th
to 20th of March 2010, using the H168 array configuration. Additional MALT-45 observations
were conducted on the 7th and 8th of June 2010, using the 6C array configuration. These
observations were necessary to test the feasibility of MALT-45, as conducting an untargeted
survey at this frequency will be demanding on time, and may yield poor data if not allowed
to observe optimally.

A mosaic of source pointings was constructed to observe over one square-degree, with
interleaved points spaced on a square grid of 42 arcsec, which is slightly larger than Nyquist
sampled at the highest frequency (29 arcsec, assuming a beam of 57 arcsec). The mosaic
contained roughly 12,000 points, and thus required short exposure times for each point to
be completed within the allocated observation time, hence only 6 seconds of observation was
allowed for each pointing. Prior testing to the pilot survey revealed that the ATCA required
nominally 1.5 seconds settling time between adjacent points, thus leaving at most 4.5 seconds
per pointing. This pilot survey was also necessary to test the 6 second cycle time used instead
of the ATCA default 10 seconds.

Due to software limitations, a single mosaic of 12,000 discrete pointings was not possible on
the ATCA. Instead, it was split into two half-mosaics, observed one after the other. However,
an unfortunate miscalculation on the position of each half-mosaic caused an approximate
half-degree gap between each mosaic. Nevertheless, an entire square-degree was mapped as
planned. The centres of each half-mosaic are approximately 333.4° and 334.1° in Galactic

longitude. This region was selected for its known rich star-forming regions, including the
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Table 2.1: Bright spectral lines in the 42.2 to 49.2 GHz range. Radio recombination lines
(RRL) are taken from Lilley & Palmer (1968). All other rest frequencies are taken from the
Cologne Database for Molecular Spectroscopy (CDMS; Miiller et al. 2005).

Spectral line Frequency Pilot survey Maser or Beam size
(GHz) detection thermal? (arcsec)
SiO (1-0) v = 3 4251934 N Maser 66
SiO (1-0) v =2 42.82048 Y Maser 66
H53a (RRL) 42.95197 Y Thermal 65
SiO (1-0)v =1 43.12203 Y Maser 65
SiO (1-0) v=0 43.42376 Y Thermal 65
CH3OH 7(0,7)-6(1,6) At 44.06941 Y Maser (Class I) 64
H51a (RRL) 48.15360 N Thermal 58
€348 (1-0) 48.20694 Y Thermal 58
CH30H 1909 AT 48.37246 Y Thermal 58
CH30H 15-00 E 48.37689 N Thermal 58
OCS (4-3) 48.65160 N Thermal 58
CS (1-0) 48.99095 Y Thermal 57

G333 GMC. The reference position used for auto-correlation processing was G334.0—1.0,

and was observed for 5 cycles (30 seconds) approximately every 34 minutes.

At the time of observation, the CABB was unable to provide the 64M-32k zoom mode,
providing only broadband mode windows. The 64M-32k zoom windows, when completed
and ready for use on the CABB, provide 16 simultaneous observing windows per 2048 MHz
broadband window, each with 2048 channels over 64 MHz, yielding a 32kHz fine resolution.
At the rest frequency of a class I CH3OH maser, each channel of a zoom window provides a
resolution of approximately 0.22kms~!. Without the zoom modes, the ATCA provides two
broadband windows simultaneously, each with 2048 MHz of bandwidth, and 2048 channels.
These windows were centred on frequencies of 43.2 and 48.2 GHz, and were placed to observe
SiO (1-0) masers, class I CH3OH masers and CS (1-0) thermal emission. These spectral
lines and hence the 2 GHz band placements have been selected as being easiest to detect
without sacrificing too many other lines of interest, and therefore some lines are neglected
(e.g. HC3N (5-4) at 45.49031 GHz). As each channel corresponds to 1 MHz in the spectrum,
the approximate resolution at these frequencies is a coarse 6.8kms~!. Future MALT-45
observations using the 64M-32k zoom windows on each of the 12 spectral lines listed in
Table 2.1 will provide much higher channel resolution, resulting in more detailed velocity

information.

It was found that data from antenna 6 of the ATCA (CA06) had increased noise levels by
a factor of 3.5. The removal of CA06 data from the other antenna data improved the quality
of images substantially, and therefore no data with CAOQ6 is presented here. The poorer
performance of CA06 is due to its different dish surface, yielding poor sensitivity to 7mm
emission. Furthermore, at the time of observation, the CABB also had bad channel issues
with the broadband windows, specifically, on the channel range 250-500, and all multiples of
512.
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Figure 2.1: An example of ATCA baselines in the 1.5A array configuration. Note the lack of
data in the centre of the plot, typical of an interferometer.

2.4 Auto-correlation

Interferometers, such as the ATCA, are popular in radio astronomy for their increased spatial
resolution over a single dish. The quality of the images produced by an interferometer is
determined by the uwv-coverage over the observations, as interferometers observe in the wv-
plane. wuwv-coverage is determined by the baselines used in an observations, referring to the
distance between any two antennas; see Fig. 2.1 for an example of uv-coverage. One problem
that will always occur in interferometry is the lack of spatial coverage at low uv-distances; the
distance between two antennas is limited by their physical size. For example, observations
with the ATCA cannot have a pair of antennas closer than 22 m to each other, as each antenna
is 22m in diameter. This is known as the ‘short-spacing problem”.

Low wwv-distances are important, because they contain the total-power properties, where
the higher frequencies are better at resolving fine structure. When imaging emission (or
absorption) without fine structure, ignoring low uv-distances may cause all emission to appear
absent; such extended emission is ‘resolved out’. Although short-baseline configurations of
interferometers can observe extended emission, single dish observations observe all low wuwv-
distances, having no gaps in the uv-plane, making them more ideal for detection.

Cross-correlation refers to the detection of emission in an interferometer. Auto-correlation
is similar, but refers to single dish data processing, and not necessarily from the same dish;
here, we discuss auto-correlation processing of spectral lines using multiple antennas of the
ATCA.

2.4.1 Procedure

Data reduction with Mopra, another radio-telescope which similar to each of the six antennas

comprising the ATCA, acts as the reference for the auto-correlation procedure described
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Soff Son Quotient Spectrum Baseline Removal

Figure 2.2: An example of the baselining procedure used to identify spectral lines.

here. Observations with a single dish are typically divided between sources and reference
calibrators. When reducing data to identify spectral lines, a quotient spectrum is formed

from the source (on) and reference (off) spectra:
Tsource = <%> Ty (2.1)

of f

where T is an antenna temperature, and S is a spectrum. Threy refers to the system
temperature of the reference source; this is used to calibrate antenna temperatures and flux
densities. This procedure is referred to as baselining; a graphical representation can be
seen in Fig. 2.2. Baselining relies on the system response between a source and reference
being very similar, such that what remains after performing the subtraction and quotient
is only source emission or absorption. Because the system response varies with pointing
position, and the atmosphere intervening, resulting spectra may have significant variation in
intensity with frequency, rather than being flat. Post-baselining solutions typically help this
problem with the removal of a polynomial fit to the whole spectrum. Note that depending
on the capabilities of the receiver system, observed continuum spectra may have a significant
slope, which is hard to distinguish from instrumental effects; extra care must be taken when

subtracting polynomials in these cases.

2.4.2 Software

CSIRO Astronomy and Space Science (CASS), in addition to running and maintaining the
ATCA, Mopra and Parkes radio-telescopes, provides various software packages to process
raw data. Mopra raw data files are formatted and immediately ready to be processed by
LivEDATA, which performs the baseline procedure outlined above. It also removes a polyno-
mial of user specified order. If imaging is desired, LIVEDATA products may be processed by
GRIDZILLA, which regrids the spectra to form a data cube.

ATCA raw data files are not ready to be processed in such a fashion. Our pipeline strategy
of auto-correlation with the ATCA was as follows:

(i) MIRIAD, another software package provided by CASS, is used to interpret ATCA
raw data, using tasks ATLOD and UVAVER to isolate auto-correlations for every antenna, and
select specific channel ranges of the data applicable to emission;

(ii) A specifically-designed program, developed by Maxim Voronkov, is used to convert
products into a LIVEDATA readable format. This involves correctly designating a reference
scan and performing rest frequency frame conversions;

(iii) LivEDATA performs the baselining routine for each antenna product, followed with

a linear subtraction to the spectra;
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Figure 2.3: A diagram outlining the auto-correlation pipeline used for MALT-45.

(iv) GRIDZILLA takes all antenna products, and produces a data cube.

The procedure is outlined graphically in Fig. 2.3. LIVEDATA parameters used include a
referenced method with a mean estimator, a robust linear fit for post-baselining subtraction,
and a Doppler frame of LSRK. GRIDZILLA parameters include a beam FWHM of 1 arcmin,

a kernel FWHM of 1.5 arcmin, a cutoff radius of 0.8 arcmin and a mean gridding statistic.

2.5 Results

Auto-correlated data cubes were produced for each of the lines listed in Table 2.1 from the
ATCA broadband data. We detected emission in CS (1-0) (Fig. 2.4), class I CH3OH masers
at 44 GHz (Figs 2.5 and 2.6), vibrationally excited SiO masers (Figs 2.6 and 2.7), as well as
occasional detections of H53a, SiO (1-0) v = 0 and CH30H 1p-09 A™. Radio recombination
lines H53a and H51a were anticipated detections, as the brightest H69a detection in the
Galactic plane found by HOPS is located at G333.609—0.211. The survey region of this
pilot survey did not cover the known regions of emission, but some H53a recombination line
emission was found cospatial with the class I CH3OH maser G333.281—0.382.

As only the broadband modes were available at the time of observation, the results provide
a coarse spectral resolution of about 6.8 kms™!. Fortunately, some observing time was per-
mitted on the Mopra radio-telescope to briefly follow-up some of the detected class I CH30H
and SiO masers. Observations on Mopra were carried out using a standard position-switch
mode, where each on-source position was observed for 5 minutes, resulting in a higher sensi-
tivity than the ATCA observations. Maser emission characteristics are detailed in Table 2.2
and Figs 2.8 and 2.9.

The sensitivity of auto-correlated data varies greatly with the different days of observa-
tion. The MIRIAD task IMSTAT calculates a mean RMS of 15mK per channel in antenna
temperature, although this seems vastly too small. The authors feel that the true sensitivity
of these data is approximately 40 mK per channel, although with good weather, this may
improve.

By comparing the positions of the same maser feature in G333.227—0.057, the estimated
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Figure 2.4: Auto-correlated CS peak-intensity map, overlaid with HOPS thermal NHj (1,1)
contours. Contour levels are 10, 20, ..., 90 per cent of 1.09 K in units of antenna temperature.
Circle symbols represent SiO v = 2 maser positions, while plus symbols designate class 1
CH30H maser positions.

astrometric errors are derived from new ATCA data from Voronkov et al. (2012). We find
an offset of 9 arcsec and so ascribe the estimated astrometric error of the pilot survey work

to be 10 arcsec.

2.5.1 CS (1-0) at 48.990 GHz

The main isotopologue of CS was detected in extended emission across a large portion of the
survey region (Fig. 2.4). Also shown in Fig. 2.4 is NH3 (1,1) emission, as detected in HOPS
(Purcell et al. 2012). The CS emission appears to closely follow the NH3 emission, as might
be expected from the two quiescent dense gas tracers (e.g. Purcell et al. 2009). The strongest
CS emission occurs cospatial with the G333 GMC, which is close to the edge of the surveyed
area around G333.3—0.4.

Extended CS emission is seen between Galactic longitudes of 329.9° and 333.3° and Galac-

tic latitudes —0.2° and +0.3°. NHjs emission is detected within this region, but covers a much
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Figure 2.5: Auto-correlated class I CH3OH maser peak-intensity map. Circles represent
SiO v = 2 maser positions.

smaller area than the CS emission, possibly highlighting differences in the distribution of each
dense gas tracer.

At G333.70+0.35, we see a filamentary CS structure that is oriented close to the Galactic
plane. This structure is also seen in NHg emission (Fig. 2.4), as well as an infrared dark cloud
(Fig. 2.10). See §2.6.3 for more details.

2.5.2 Class I CH30H 7(0,7)-6(1,6) AT masers at 44.069 GHz

In the survey region, we found eight possible class I CH3OH masers, whose properties are
listed in Table 2.2 and shown as greyscale emission in Fig. 2.5, and positions are shown in
Figs 2.4, 2.7, 2.10 and 2.11 as plus symbols. Most of the masers (5 of 8) are cospatial with the
G333 GMC and have line of sight velocities within 10kms~! of the GMC systemic velocity.
They are thus likely to be associated with the star formation occurring in and around the
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Figure 2.6: Auto-correlated spectra for each class I CH3OH (left) and SiO v = 2 maser (right)
detected. The deviations in the baselines are a result of poor weather. The channel width is
approximately 6.8 kms™!

GMC. The other three appear cospatial with extended CS emission. The CABB broadband
spectra for each maser are provided in Fig. 2.6. For each of these detections, we managed
to acquire time on the Mopra radio-telescope to re-observe the CH30H spectra, as shown in
Fig. 2.8. With the superior spectral resolution of Mopra, more convincing detections are made
and finer velocity detail becomes apparent. Of all the CH3OH detections, (G333.227—0.057 has
been previously reported as a detection at 44 GHz by Slysh et al. (1994) and G333.473—0.168
by Voronkov et al. (2012).

2.5.3 SiO (1-0) v = 1,2 masers at 43.122 and 42.820 GHz

SiO emission in the vibrationally excited transitions, which are known to show maser activity,
was tentatively detected towards three positions, shown as circles in Figs 2.4, 2.5, 2.10, and

2.11, and as greyscale in Fig. 2.7. All three positions appear to exhibit emission in the v = 2
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Figure 2.7: Auto-correlated SiO (1-0) v = 2 maser peak-intensity map. Class I CH30H
maser positions are designated by plus symbols.

transition and two of the three in the v = 1 transition (the exception being G333.228+-0.105).
Spectra for the v = 2 transition are shown in Fig. 2.6. Again, emission is restricted to a small
number of channels, using the CABB broadband mode. Each of the three tentative masers
were re-observed with Mopra and high-resolution spectra are provided for two in Fig. 2.9,
where more detail of the spectra can be seen. The maser at G333.228+0.105 was not detected
by Mopra, leaving its detection status by the CABB as tentative. Figs 2.10 and 2.11 show
the locations of the SiO masers with respect to infrared emission from GLIMPSE. Each SiO
maser is cospatial with a bright infrared star which is likely to be an evolved star in each

case.



38

Antenna tempeernture (K)

254

CHAPTER 2. PILOT OBSERVATIONS FOR MALT-45

G333.020-0.083 G333.211 -0.403
0.0

1.4

e

ey
16 — I I G333.23I7—0.057 _E 333 282-0.382
ol E
o f— & — 1 oe

—_ rilal
| & [ & &1

0.8 | 333 14+0.100 6333.378-0.199

-D2 —

1 [ 333 47a-o.188 4 | 0383.582-0.081 -
:

05 2 3
.

o M b Eroe i e
-100  -80 -80 -40 -20 -100  -80 -60 -40 -20

Velocity (km/s}

Figure 2.8: Follow-up class I CH3OH maser spectra from Mopra.

Other detected lines

In addition to the main lines mentioned above, we made tentative detections in the SiO (1-
0) v = 0 and CH30H 1p-09 A* lines. The SiO was detected towards G333.227—0.057,

which

is cospatial with a class I CH3OH maser. The CH30H 1909 AT and E lines are

thermally emitting lines that are close in frequency (equivalent to 27.5kms™!). We detect
thermal emission at G333.227—0.057 and (G333.314+0.109 in the AT transition, but not

the E

transition. Kalenskii & Sobolev (1994) indicate that the E-CH30H transition may

require higher densities to produce line strengths comparable to AT-CH30H. The emission
at G333.227—0.057 is cospatial with the thermal SiO source above and thermal methanol
at G333.3144-0.109 is cospatial with another class I CH3OH maser, leading to a likely star

formation origin for both thermal CH3OH sources.
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Figure 2.9: Follow-up SiO maser spectra from Mopra.
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Table 2.2: Properties of detected MALT-45 maser emission as determined by Mopra.

Source Name RA Dec Peak antenna Peak Velocity range  Maser detected
(J2000) (J2000) temperature  velocity =~ Min.  Max.
(hms) (') (K) (kms™")  (kms™))
G333.025—-0.063 16 18 55.6  -50 24 03.6 0.34 —41 —42 -39 Class I CH30H
G333.057—-0.102 16 19 15.0 -50 24 12.1 0.84 —48 —45 —50 Si0Ov=1,2
G333.211-0.403 16 21 15.6  -50 30 45.1 0.69 —52 —54 —51 Class I CH3OH
G333.227-0.057 16 19 48.6 -50 15 17.2 18 —87 —86 —88 Class I CH30H
(G333.282—-0.382 16 21 29.0 -50 26 52.0 0.25 —52 —55 —50 Class I CH3;0H
G333.314+0.109 16 19 28.8 -50 04 45.0 0.70 —45 —45 —48 Class I CH3OH
G333.378—-0.199 16 21 05.8 -50 15 00.9 0.65 —61 —62 —56 Class I CH30H
G333.473—-0.168 16 21 22.7 -50 09 42.6 1.1 —43 —42 —44 Class I CH3;0H
G333.562—0.021 16 21 08.1 -49 59 47.8 3.8 —40 -39 —41 Class I CH3OH
G334.112—-0.377 16 25 06.7 -49 51 28.5 0.14 —30 —29 —34 SiOv=1,2
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Figure 2.10: Spitzer GLIMPSE 8.0 um greyscale image with MALT-45 pilot survey CS (1-0)
thermal emission in black contours, with the positions of detected CH3OH and SiO masers
designated by plus symbols and circles, respectively. Contour levels are 7, 17, ..., 87 per cent
of 0.72 K, in units of antenna temperature.
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Figure 2.11: GLIMPSE 8 um images of maser detection regions. Plus symbols designate
positions of class I CH3OH masers, and circles represent SiO maser positions. (k) contours
are CS (1-0) emission at 7, 9 and 11 per cent of 0.72 K, in units of antenna temperature.
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2.6 Discussion

2.6.1 Weather Effects

As can be seen in Fig. 2.4, significant ‘striping’ artifacts exist in the data. The stripes coincide
with the scanning direction of the observations. One contributing factor to the poor data is
the fast-mosaic method; due to the fast transition times between pointings, antennas were
occasionally unable to keep up and did not contribute data. However, the main factor in poor
data is the inclement weather experienced during observations. The most prominent stripes
seen in Fig. 2.4 coincide with periods of light rain. Lagging antennas serve to decrease our
sensitivity to emission, but the weather hampers our ability at determining real astrophysical
emission from noise. This weather introduced noise into both broadband spectral windows,
but has affected some frequencies more than others. See Fig. 2.6 for CH30H and SiO spectra.
Examples of species with poor spectra include CH30H 19-09 AT (and its E species), H53a
and H51a. The noise is apparent on all relevant frequencies of emission, but fortunately has
permitted reasonable detections for the primary lines of interest (CS, class I CH3OH and SiO
masers).

It must be mentioned that the problems experienced in the pilot will not plague the
overall MALT-45 survey, as the pilot survey merely seeks to provide a proof-of-concept on

the techniques used and reveal potential problems before committing to the full observation.

2.6.2 Telescope Performance

Given the demands of our observational setup, we found some limitations to the ATCA that
have affected the outcome of our pilot observations. Initially we found software limitations
that meant changes to the intended survey design. These included: mosaic scans in Right
Ascension and Declination coordinates only, rather than Galactic coordinates; no more than
999 pointings per mosaic file; no more than 2000 individual commands in a schedule file.
These limitations resulted in a survey region that is at an angle to the Galactic plane, as can
be seen in Fig. 2.4, and a complicated mosaicing system.

During the observations, zoom modes with the CABB were not available, so we used the
broadband mode. This had the unfortunate effect of greatly limiting the amount of spectral
detail seen, as described in §2.3. We also expect that the broadband mode is less sensitive to
narrow-line emission (e.g. masers) by a factor of up to three. Also as mentioned previously,
we found that some of the antennas had difficulty in keeping up with the demanding 6-second
pointing regime. Indeed we found that RMS errors on the position of antenna 3 were typically
20 arcsec, which has reduced the sensitivity of the resulting data. We believe these excessive
pointing errors can be eliminated with on-the-fly (OTF) mapping, where the antennas are
driven smoothly and subsequent testing of this method suggests OTF mapping will resolve

this issue for the full survey.

2.6.3 Comparison with other observations

In this subsection, we compare selected sources within the MALT-45 pilot survey region

to observations from previous surveys. In particular, we compare our results with the mid-
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infrared Spitzer Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Ben-
jamin et al. 2003), for a visual correlation with infrared structures and objects. Mid-infrared
extended emission is typically seen towards regions of active star formation, where the in-
terstellar dust has been heated by newly formed stars. In addition to infrared emission,
GLIMPSE also reveals prominent regions of infrared absorption, projected against the bright
infrared background emission from the Galaxy (IRDCs; Rathborne et al. 2006).

Infrared emission can also arise from a variety of other astrophysical objects. One such
example is emission from evolved stars, that may also give rise to SiO masers, which appear
as bright infrared stars in the GLIMPSE images (Robitaille et al. 2008). The evolved stars
appear unresolved in the GLIMPSE images, which may occasionally be confused with confined
sites of star formation. A useful, but not entirely robust, method to distinguish between
evolved and young stars is that an infrared star is likely to be evolved if it is not associated
with extended infrared emission or an IRDC and has a 4.5 yum magnitude brighter than 7.8
(Robitaille et al. 2008). Young stars are more likely to be fainter and associated with either
extended emission or IRDCs.

A comparison of MALT-45 CS to HOPS NH3 would be a valuable scientific addition to
this paper, providing insight into star formation within these clouds. However, the data
being presented is not of a sufficient quality to merit an accurate analysis. A variation in the
CS/NHj ratio may be apparent in a region such as G333.24+0.21, where there appears to be
an over-abundance of CS, relative to NHgs, as can be seen in Fig. 2.4. A thorough analysis
will instead be performed with data from the full MALT-45 survey.

2.6.3.1 G333.227-0.057

GLIMPSE images in Figs 2.10 and 2.11 reveal that the region at G333.227—0.057 is on the
edge of extended emission, but does not appear to be closely associated with a prominent
infrared feature. We note there is an infrared source located approximately 15 arcsec to the
lower left of the maser position in Fig. 2.11(d), which could be the powering source for an
outflow that creates the maser. The class I CH3OH maser spectrum (Fig. 2.8) is dominated
by a single peak at around —87 kms~!. This region has been studied previously, and contains
OH maser emission (Sevenster et al. 1997), class II CH3OH maser emission (Ellingsen et al.
1996) and water maser emission (Kaufmann et al. 1976; Breen et al. 2010a). The spectra
of all maser species are remarkably similar, with a peak close to —87kms™!, indicating a
likely common origin for all masers. This velocity is significantly different from velocities
of gas found associated with the G333 GMC, which are more typically around —45kms~!.
Lockman (1979) calculate a distance of 3.6kpc to G333. Based on a kinematic model of
Galactic rotation, we estimate the distance to G333.227—0.057 is 5.1kpc, putting it at a
significant distance behind G333.

The class I CH3OH maser associated with G333.227—0.057 was first detected by Slysh
et al. (1994), with a peak flux density over 300 Jy. Using the high velocity resolution Mopra
observations (Fig. 2.8), we see that the spectrum shows weaker emission, with a peak flux
density 250 Jy, assuming a Jy/K conversion factor of 14.1 (Urquhart et al. 2010). This dif-

ference may be partially due to intrinsic variability of the maser, but can likely be attributed
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to calibration uncertainties which are at the 20 per cent level.

We have detected unresolved SiO (1-0) v = 0 emission coincident with G333.227—0.057.
This emission is seen in a single channel in the CABB data, but also as a well-defined single
peak in the Mopra follow up data. Based on the Mopra spectrum at this position, the SiO
emission has an integrated intensity of 2.2 K kms™!, a peak velocity of —88.6kms~! and line
full-width at half-maximum (FWHM) of 12.7kms~!. The velocity of the SiO emission is
within 2kms™! of the peak of the class I CH3OH maser, suggesting that the two are associ-
ated. As previously discussed, this ground state thermal transition is known to trace outflows
associated with star formation. Using the CABB data, we also tentatively detect thermal
CH30H emission in the 15-0g A" transition. Since this transition was not covered by the
Mopra follow up observations, we cannot be certain that this is a real detection. If this is a
real detection, then we can expect occasional detection of these thermal lines throughout the
main MALT-45 survey, which will be useful to compare the thermal and masing properties

of CH30H in such regions.

2.6.3.2 G333.726+0.366

The CS image shows a clear elongated structure at this position. Comparison with the
GLIMPSE 8 um image indicates that there is an IRDC, whose morphology closely follows
that of the CS emission (Fig. 2.11). HOPS NHjg emission also closely follows the CS emission
and IRDC. The NH3 emission is strongest at —34.9kms™! and the CS emission appears to
peak close to this, although the velocity of the peak is not known accurately due to the broad-
band channels of the CABB. The close velocity and shape suggests both CS and NHjs arise
from the IRDC. The IRDC is cospatial with bright, extended emission at 8 um which lies at
the peak of both CS and NH3 emission. The extent of the CS and NHg emission is almost 0.2°,
which, assuming a distance of 3.6 kpc (Lockman 1979), is equivalent to a projected distance
of 10 pc. The GLIMPSE image indicates that the IRDC may extend significantly beyond this.

2.6.3.3 G333.31440.109

We detect both CS and a class I CH30OH maser emission at this position. The GLIMPSE
image of this region shows a faint IRDC, with an extended and reddened emission feature
within the IRDC. The peak of weak NH3 emission appears at this position, as well as a water
maser, detected in HOPS. All spectral features appear to peak around —45kms™!, which is
similar to the velocity of the G333 GMC. It is likely that this cloud and the G333 GMC are

located a similar distance from us.

2.7 Future work and refinement of the MALT-45 survey

The pilot survey has been successful in many ways, perhaps most notably with the successful
auto-correlation data reduction for each of the spectral lines relevant to MALT-45. The pilot

has detected extended CS emission, as well as eight class I CH3OH masers, two SiO masers in
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Table 2.3: MALT-45 parameters from the pilot survey and full survey.

MALT-45 Correlator Channel Cycle Targeted  On-the-fly Orthogonal
configuration resolution time spectral mapping  scans / Nyquist
(kms™')  (seconds) lines sampling
Pilot survey 2x 2048 MHz ~T 6 12 No No
broadband windows
Full survey 32x 64 MHz ~0.2 6 12 Yes Yes

zoom windows

the v = 1 and 2 transitions, and another tentative detection in the v = 2 transition. We have
also detected thermal emission in CS, SiO v = 0 and CH30H 1¢-09 AT detections, with CS
emission being extended across a large fraction of the surveyed area. However, we anticipate
great improvements for the main survey, based on the results of this work, and the expected
completion of the CABB upgrade on the ATCA.

With CABB 64M-32k zoom modes available, we expect to achieve spectral channel reso-
lution of ~0.2kms™!, which will not only allow us to identify more spectral features, but will
also effectively increase our sensitivity to narrow-lined emission, such as from masers. For a
maser of line 1 kms™' FWHM, we expect to gain a factor of ~2.5 in sensitivity.

We expect to employ an OTF mapping technique, which will eliminate problems with the
antenna drive systems not being able to keep up with the rigorous 6 second pointing we have
used in this work. Early tests using OTF have indeed proven this to be the case. Overall,
this could increase sensitivity by a factor of about 2, as some mapped regions had only three
antennas sufficiently close to the desired pointing position to have usable data.

Early problems with the CABB blocks that cause noisy channels to be flagged out (as men-
tioned in §2.6.2) should be greatly reduced, as the cause of such problems become identified.
We are currently aware that the problems with some blocks have already been addressed.

The ATCA scheduler now allows us to write schedule files in Galactic coordinates, as well
as allowing many more pointings per mosaic and commands per schedule file. This will allow
for a much smoother running schedule, as well as a smoother final mapped region, without
jagged edges that would be a result of RA/Dec scans.

We will employ a method of scanning in two orthogonal directions (Galactic longitude
and latitude). We expect that this will greatly reduce stripe features that are evident in the
current data. Such stripes are mainly caused by varying weather conditions, but can also be
affected by the changing elevation of the observations. Our experience in the pilot work is
that observations should not be undertaken under heavy cloud, light rain or worse weather
conditions. Scanning in two directions has proven very successful for OTF mapping with
the Mopra radio-telescope, such as those used in HOPS. Scanning in two directions will also
increase the sensitivity. Furthermore, the combination of both OTF mapping and orthogonal
scans will produce data that is effectively Nyquist sampled with closest spacing between
adjacent observations of 30 arcsec. The differences between both surveys are highlighted in
Table 2.3.
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MALT-45 - I. Techniques and

spectral line data

This chapter includes a co-authored publication. The bibliographic details of the paper are:
Jordan, C. H., Walsh, A. J., Lowe, V., Voronkov, M. A., Ellingsen, S. P., Breen, S. L., Purcell,
C. R., Barnes, P. J., Burton, M. G., Cunningham, M. R., Hill, T., Jackson, J. M., Longmore,
S. N., Peretto, N. and Urquhart, J. S., Monthly Notices of the Royal Astronomical Society,
448, 2344. doi: 10.1093/mnras/stv178. The published paper is referenced by this thesis as
Paper 1.

The introduction section has been modified to streamline the discussed literature, to avoid

unnecessary overlap with Chapter 1.

Abstract
We present the first results from the MALT-45 (Millimetre Astronomer’s Legacy

Team - 45 GHz) Galactic Plane survey. We have observed 5 square-degrees
(330° < 1 < 335° b = £0.5°) for spectral lines in the 7mm band (42-44 and
48-49 GHz), including CS (1-0), class I CH3OH masers in the 7(0,7)-6(1,6) A™
transition and SiO (1-0) v =0, 1,2,3. MALT-45 is the first unbiased, large-scale,
sensitive spectral line survey in this frequency range. In this paper, we present
data from the survey as well as a few intriguing results; rigorous analyses of these
science cases are reserved for future publications. Across the survey region, we
detected 77 class I CH3OH masers, of which 58 are new detections, along with
many sites of thermal and maser SiO emission and thermal CS. We found that
35 class I CH30H masers were associated with the published locations of class
1T CH30H, H2O and OH masers but 42 have no known masers within 60 arcsec.
We compared the MALT-45 CS with NHj3 (1,1) to reveal regions of CS depletion
and high opacity, as well as evolved star-forming regions with a high ratio of CS
to NH3. All SiO masers are new detections, and appear to be associated with
evolved stars from the Spitzer Galactic Legacy Infrared Mid-Plane Survey FEx-
traordinaire (GLIMPSE). Generally, within SiO regions of multiple vibrational
modes, the intensity decreases as v = 1,2, 3, but there are a few exceptions where

v = 2 is stronger than v = 1.
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3.1 Introduction

The mechanism of high-mass star formation (HMSF) remains an important unsolved problem
in astrophysics. Understanding HMSF is difficult for a number of reasons: the rarity of HMSF
regions, high dust extinction within molecular clouds, rapid evolution, and large distances
from our Solar System (Zinnecker & Yorke 2007) all combine to hinder our understanding.
HMSF is known to begin within Giant Molecular Clouds (GMCs) and eventually end with
star clusters or associations (Lada & Lada 2003). To understand the various stages of HMSF,

an inventory of regions must be compiled in a range of known tracers.

Large area surveys of molecular gas are ideal for identifying HMSF regions across a broad
range of evolutionary phases. In particular, the critical density of a gas tracer can act as
a probe for Galactic structure and star formation. Critical density (n.) is a measure of
the density required to produce detectable emission (Evans 1999). Previous surveys for
star formation in external galaxies, typically for low-density gas tracers (n. < 103 cm™3),
suffer from poor resolution (on the order of kpc) and sensitivity. Untargeted Galactic plane
surveys avoid these issues, while simultaneously offering the ability to detect new, less obvious
regions of star formation within our Galaxy. Other untargeted surveys have been productive
in identifying extended emission, such as in CO (Dame et al. 2001; Jackson et al. 2006; Burton
et al. 2013), OH (Dawson et al. 2014) and H 1(McClure-Griffiths et al. 2005). However, HMSF
occurs in regions of dense molecular gas, and so mapping higher density tracers serves well to
identify target regions. Examples include NH;z (1,1) (n, &~ 103 cm~3; Evans 1999) and HC3N
(4-3) (ne ~ 10* cm™3; Fuller & Myers 1993), which have been mapped by the HoO Galactic
Plane survey (HOPS; Walsh et al. 2011). HOPS has been successful in identifying previously
unknown sites of star formation, as well as probing the structure of the Milky Way’s spiral

arms.

Another, even higher density gas tracer useful for detecting HMSF and mapping the
structure of our Galaxy is CS. The ground state transition J = 1 — 0 for CS lies within
the 7mm waveband, and has an effective critical density n, = 4.6 x 10* cm™3 at 10K (Evans
1999). Previous large scale observations towards specific regions, such as RCW 106 (Rodgers
et al. 1960) for CS and other high-critical-density molecules have been productive in HMSF
research (Lo et al. 2009). Untargeted observations of CS over bright infrared regions such
as RCW 106 and regions without infrared emission reveal the full population of star-forming

candidates to a small sensitivity limit.

The 7mm waveband also contains the 44 GHz 7(0,7)-6(1,6) A" class I methanol maser
line, which is the brightest of the class I species. Previous observations of the class I maser
have almost always been targeted (e.g. Slysh et al. 1994; Voronkov et al. 2014), which limits
and biases our understanding of this astrophysical phenomenon. The 7 mm waveband includes
other spectral lines detailed in Table 3.1. To help develop our understanding of HMSF using
the diagnostics in the 7mm waveband, we have devised the MALT-45 untargeted Galactic

plane survey.

In this paper, we focus on detailing the survey from 330° < [ < 335°, b = £0.5° and
present results of the global properties of CS (1-0), class I CH3OH masers and SiO (1-0)

thermal and maser emission. This paper is one of a series; another paper will be dedicated to
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maser follow-up observations, and another for clump analysis with CS data. In this paper, we
focus on comparing: CS emission to NH3 and class I CH3OH masers; class I CH3OH masers
to class II CH30H, HoO and OH masers, thermal SiO and infrared emission, and 95 GHz
class I CH3OH masers; and SiO masers to infrared emission. We emphasise that the science
cases presented in this paper are used primarily to highlight a few intriguing results and
discuss some qualitatively plausible explanations. Full analyses for these cases will appear in

future publications.

3.2 Survey Design

MALT-45 is an untargeted Galactic plane survey for spectral lines which are commonly bright
in star-forming regions at 45 GHz (7 mm waveband). We have so far observed 5 square-degrees
within the region bounded by 330° < [ < 335°, b = 4+0.5°. MALT-45 observations were
conducted on the Australia Telescope Compact Array (ATCA), which provides 2x 2048 MHz
broadband continuum windows for observing. The rest frequencies of surveyed spectral lines
dictate the positions of the broadband windows for MALT-45. Within the frequency ranges

of the broadband windows, we survey for 12 spectral lines; see Table 3.1.

3.2.1 Australia Telescope Compact Array characterisation

The ATCA is an interferometer composed of six 22m antennas, CAO1 through CA06. In
recent years, the ATCA correlator has been upgraded to the Compact Array Broadband
Backend (CABB; Wilson et al. 2011), which now provides auto-correlation spectra. In ad-
dition to this upgrade, the ATCA obtained on-the-fly (OTF) mosaicing capabilities. We are
particularly interested in the auto-correlations, as combining the six antennas in this way is
similar to observing six times longer with an individual 22 m antenna such as Mopra. By using
the ATCA auto-correlations for 7mm surveying, we obtain an excellent metric on sensitivity
versus survey speed. See Jordan et al. (2013) for pilot observations with MALT-45.

For the results presented here, only data from antennas CAQ1 through CAOQ05 are pre-
sented. CAO06 has a higher surface root-mean-square (RMS) and poorer sensitivity in the
7mm wavelength range. In future observations, it may be possible to include CA06 data by

weighting its contribution accordingly, but it is ignored at present.
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3.2.1.1 CABB zoom modes

Chapter 2 discussed the CABB 64M-32k zoom mode configuration. These observations made
able use of this configuration, and each spectral line listed in Table 3.1 was observed with
a 64M-32k zoom window (with the exception of the thermal CH3OH 1p-09 A* and E lines,
which are separated by 4 MHz and were simultaneously observed within one zoom), using a
total of 11 zooms. The channel resolution at observed frequencies is approximately 0.2 km s
per channel. Each zoom window is ideally placed upon the spectral line centre frequency,
although the exact placement depends on the way the correlator distributes the zooms. Every

zoom provides approximately 400 kms™! of velocity coverage, and is detailed in Table 3.1.

3.2.2 MALT-45 observations
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Figure 3.1: GLIMPSE 8.0 um emission overlaid with part of a MALT-45 mosaic. Each circle
represents the primary beam of the ATCA at 49.2 GHz, and is a pointing of the mosaic.
Every quarter-square-degree region mapped by MALT-45 is built up of pointing ‘rows’ seen
here. These five rows represent the start of the Galactic latitude scans for the G330.5—0.5
region. A similar mosaic is made for each region in Galactic longitude. When both Galactic
latitude and longitude mosaics are combined, a fully Nyquist sampled map is obtained. Rows
are classified as either ‘long’ or ‘short’; in this figure, the three long rows have two short rows
interleaved.

The MALT-45 results presented here were observed over eight months on the ATCA. The
first set of observations were conducted on 2012 September 21-23, 28 and 30, and October
1-13. The second set of observations were conducted from 2013 April 10-19. All observations
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were conducted in the H214 array configuration. The region 330° < [ < 333°, b = £0.5°,
and part of 333.0° < [ < 333.5°, 0° < b < 0.5° were surveyed in the first observing run.
The remainder (333° < [ < 335° b = £0.5°) was completed during the second observing
run. Weather conditions across all observations were generally good, with typical path noises
below 300 ym. Path noise is a measure of the weather quality, based on the phase delay
between successive measurements of a geosynchronous satellite. Values above 500 um are
considered poor, but conditions only affect interferometric data.

All observations were conducted with the same surveying technique. Scans were observed
in quarter-square-degree regions in Galactic coordinates, in both latitude and longitude di-
rections. For both latitude and longitude scans, the mosaics are represented by ‘long’ and
‘short’ interleaved pointings. See Fig. 3.1 for an illustrative example. Within a mosaic row,
consecutive pointing centres are separated by 1.045 beams, and centres of each mosaic row
are separated by 0.45 beams. Each beam (pointing) is observed for 6 seconds in OTF mode
observing. The frequency used to calculate the size of the primary beam is 49.2 GHz (the
highest observed frequency), thus the beam used was 57.13 arcsec, and separation parameters
are 59.7 and 25.7 arcsec, respectively. When combined, the scans provide a fully Nyquist
sampled spatial map.

Each quarter square-degree region required approximately 14 hours observation time,
including the typical setup and calibration. Pointing corrections were determined using PMN
J1646—5044 and applied approximately every 70 minutes. The reference position G334.0—1.0
was observed every 45 minutes for calibration of the auto-correlation data. In addition, to
allow interferometric calibration, bandpass calibration was derived from PKS B1253—055,
phase calibration from PMN J1646—5044 and flux density from PKS 1934—63.

3.2.3 Data reduction

Data reduction was undertaken in a similar manner to that of the MALT-45 pilot survey
(Jordan et al. 2013). Unlike the pilot survey data reduction, the LIVEDATA products were
processed by more robust baselining using the ATNF Spectral line Analysis Package (ASAP).
ASAP averages each of the antenna auto-correlations together before performing further
baseline smoothing. ASAP then provides both XX and Y'Y polarisation products, which are
used by GRIDZILLA to create data cubes.

Flux density calibration was achieved with antenna efficiencies and Tp-to-Jy conversion
factors taken from Urquhart et al. (2010). Using these values assumes that the 7mm antenna
and receiver response from Mopra is similar to the ATCA. Once the data cubes were gridded,
the factors were applied to provide appropriate flux density scaling.

The average RMS noise levels were calculated for each data cube. The median values
and their errors are listed in Table 3.1. Values are calculated by using the MIRIAD task
IMSTAT, which determines RMS values for each channel in a cube. Error values represent the
standard deviation of all RMS values. RMS noise maps may be seen in Appendix A.1, Figs
1 through 6.
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Figure 3.2: Auto-correlated CS (1-0) peak-intensity map overlaid with positions of detected
class I CH3OH masers (green cross symbols). A main-beam temperature of 0.1 K represents
a 5o peak of emission; note that the RMS of this image is less than that stated in Table 3.1
(20mK vs. 34mK), because this image has been produced by binning channels into groups
of 10.
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Figure 3.3: CS (1-0) from MALT-45 overlaid with CO contours from Barnes et al. (2015).
Contour levels are 90, 180, ..., 450 K arcmin in units of main-beam temperature, integrated
over Galactic latitude. There is excellent agreement in regions of concentrated CO with CS
emission. Green cross symbols represent MALT-45 class I CH30H masers, which generally
occur in bright regions of CS; only 4 of the CH3OHno masers (5 per cent) have a CS peak
intensity less than 0.11 K (~30) at their peak position.
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Figure 3.4: Auto-correlated CS (1-0) peak-intensity map overlaid with HOPS NHs (1,1)
peak-signal-to-noise contours. Contour levels are 8, 18, ..., 88 per cent of 11.13 K in units of
main-beam temperature. The white circle seen at G334.5—0.45 is the size of the beam.
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3.3 Results

For this paper, auto-correlated data cubes were produced for CS (1-0), class I CH3OH masers,
each of the SiO (1-0) v = 1,2, 3 maser lines and SiO (1-0) v = 0 thermal emission. Emission
was detected in each data cube. The absolute scale of intensity calibration is not well estab-
lished, and can be affected by systematic effects such as the bandpass subtraction. However,
comparing the peak flux densities of MALT-45 class I methanol masers with Voronkov et al.
(2014), we ascribe 20 per cent as the uncertainty of the intensities in MALT-45 data.

The positions of class I methanol masers from MALT-45 and Voronkov et al. (2014) were
compared to derive a survey astrometric error. The median RMS offset was determined by
deriving the offset for each maser site in Voronkov et al. (2014) and the MALT-45 position.

This median is 15 arcsec, and so we ascribe a 15 arcsec astrometric error to MALT-45.

3.3.1 CS (1-0) at 48.990 GHz

The most abundant isotopologue of CS (}2C32S) was detected in extended emission across
the entire survey region, as shown in Figs 3.2, 3.3 and 3.4. Also shown in Fig. 3.4 is NH3 (1,1)
emission, as detected in HOPS (Purcell et al. 2012). Bright CS emission is largely coincident
with HOPS NH3 (1,1) emission, but despite having a higher critical density, the CS appears
to be more extended than the NHjs; this is discussed further in §3.4.1. A longitude-velocity-
latitude plot reveals a few velocity components to the CS data, which trace the spiral arms
of the Galaxy over the survey region; see Fig. 3.3.

C348 (1-0) at 48.20694 GHz is also detected across the survey region, but is not detailed
in this paper due to an incomplete data reduction. However, a preliminary reduction has

been conducted for analysis in §3.4.1. C34S data will be presented in future publications.

3.3.2 Class I CH3;0H 7(0,7)-6(1,6) A" masers at 44.069 GHz

Within the survey region, 77 class I CH30H masers were detected. Class I CH3OH maser
catalogues from Slysh et al. (1994); Val’tts et al. (2000); Ellingsen (2005) and Chen et al.
(2011) were used to determine previously known masers. All 19 previously known masers
were detected by MALT-45. Note that these articles report findings of 95 GHz class I CH3OH
masers, rather than 44 GHz masers (except Slysh et al. 1994); if a 44 GHz maser has not been
reported in a position where a 95 GHz maser has been detected, we still deem this class I
maser as a previously known detection. Therefore, 58 of the 77 detections are previously
unknown (hereinafter new masers). A histogram of these populations can be seen in Fig. 3.5,
revealing the number of new masers for various peak flux densities. Images showing the
locations of class I CH3OH masers with respect to thermal molecular gas are shown in Figs
3.2, 3.3 and 3.6. The properties of each class I maser spectrum is classified in Table 3.2. Each
un-smoothed maser spectrum can be seen in Appendix A.2, and a peak signal-to-noise map
is presented in Appendix A.3.

Masers were identified by visual inspection of the data by analysing various binned ver-
sions of the cube, such as 0.4, 0.6, 0.8, 1.0 and 2.0 kms~! bins. This is effective at highlighting
weak but broad maser emission; see for example G330.834+0.18 in Appendix A.2. Any peak

of emission exceeding 3¢ in the various binned cubes with at least two adjacent channels
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Figure 3.5: A stacked histogram of known and new class I CH3OH maser peak flux densities.
Previously known masers have a near even spread of flux densities, but the new MALT-45
population favours the weaker bins.

of 20 was considered for candidacy. The position of each maser reflects the brightest pixel
within the neighbourhood of bright maser pixels. We compared the velocity of weaker maser
candidates with CS and SiO v = 0 emission at the same location to strengthen their can-
didacy. In future work, we will re-observe each maser candidate to greater sensitivity and
spatial resolution to confirm (or otherwise) its existence. The velocity range of each maser is
determined by a 1.50 cutoff in intensity from the peak velocity. As the channel resolution is
approximately 0.2 km s, velocities are specified to 0.1kms~!. All flux densities are specified
with two significant figures. Intrinsic variation of masers along with calibration uncertainties
place peak flux density errors within 20 per cent.

Using the program supplied by Reid et al. (2009), kinematic distances have been calculated
and are included for each maser in Table 3.2. Parameters used for determining revised
velocities and kinematic distances were taken from Green & McClure-Griffiths (2011), and
the Vigr uncertainty from Voronkov et al. (2014): ©g = 246kms™!, Ro = 8.4kpc, Uy =
11.1kms™!, Vo, = 12.2kms™ !, Wy = 7.25kms™ !, Uy = Okms™!, V, = —15.0kms™, W, =
Okms™!, o(Vosg) = 3.32kms™!. All distances are assumed to be kinematically ‘near’, unless
the distance prescribed by Green & McClure-Griffiths (2011) is ‘far’
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Galactic Latitude

Galactic Longitude

Figure 3.6: Spitzer GLIMPSE 3-colour (RGB = 3.6, 4.5 and 8.0 um) image with MALT-45
positions of class I CH3OH masers (circle symbols).

L]

Lo ﬁ@pa "

E
.

. | . . . oy "n 19 N S & | . . :‘ 3 ﬂ’:‘-—.qcal [ Y
Ty )
Gamctin Longitede
Figure 3.7: Auto-correlated map of SiO (1-0) v = 0, overlaid with CS (1-0) thermal emission

contours. This image shows SiO emission at and above 0.04 K (~1.50). Contour levels are
14, 34, ..., 74 per cent of 2.62 K.

Galactic Latitude

m [ ]
Galectic Longitude

Figure 3.8: Spitzer GLIMPSE 3-colour (RGB = 3.6, 5.8 and 8.0 um) image with MALT-45
positions of detected SiO (1-0) v = 1,2,3 masers (circle symbols). The circles have been
colour-coded by the vibrational modes within each region. Red: region containing v =1,2,3
maser emission; green: v = 1,2; blue: v = 1; magenta: v = 2.

The positions of class I CH3OH masers have been compared with the published positions
of class I CH3OH, HoO and OH masers to establish associations. When considering the
maximum distance between masers that still constitute an association, we use 60 arcsec from
the class I position as suitable for defining associations. Csengeri et al. (2014) analysed a large
distribution of clumps associated with HMSF in their source sample, and find that all clumps
have effective radii within 55 arcsec. Additionally, we note that increasing the maximum
offset beyond 60 arcsec does not increase the number of unique associations. These findings
suggest for our purposes that 60 arcsec is sufficient to group masers within a single star-
forming region. We have chosen not to define an association based on source distance or
size, as it is difficult to implement across a wide range of objects, kinematic distances may

be erroneous, and maser geometry may be wide-spread. An angle of 60 arcsec on the sky
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corresponds to approximately 1.5 pc at a distance of 5kpc.

There are two targets where the spread of class I CH3OH maser emission is large and these
have been considered as two separate maser regions. The weaker masers (G331.52—0.08 and
(G333.14—0.42) near to each of these bright masers (G331.50—0.08 and G333.13—0.44) possess
a distinct spectral velocity component and are sufficiently spatially offset to be considered
a different site (54 and 87 arcsec, respectively). See the spectra in Appendix A.2. These
sources are marked with a ‘P’ in Table 3.2.

Integrated intensity values for CS and SiO v = 0 have been included for each maser,
where possible, in Table 3.2. Emission was integrated +10kms™! from the peak velocity of

the maser. Values were not included if the emission was not significant (<30).

3.3.3 SiO (1-0) v =0 thermal emission at 43.424 GHz

Extended SiO v = 0 emission is detected in some regions, as shown in Fig. 3.7, which shows
that SiO v = 0 emission tends to be associated with bright peaks of CS emission. Note that
emission from the SiO v = 0 is typically weaker than for CS, hence the signal-to-noise is
lower for this transition; Fig. 3.7 shows all emission above 1.5¢. Discussion on the relation

between class I CH3OH masers and SiO v = 0 emission is contained in §3.4.3.

3.3.4 SiO (1-0) v =1,2,3 masers at 43.122, 42.820 and 42.519 GHz

The vibrationally excited SiO (1-0) lines were detected towards 47 regions, as shown in
Fig. 3.8. The properties of each maser region are classified in Table 3.3. The search procedure
for SiO masers was the same as with CH3OH masers; they were identified by visual inspection
of the data, and had velocities categorised by a 1.50 cutoff from the peak velocity. Velocities
are specified to 0.1kms™!, and flux densities to two significant figures. Many masers have
low signal-to-noise values, but are considered real detections based on their association in
GLIMPSE, and simultaneous detection of emission in another SiO maser transition. The
positions of SiO masers have been compared with OH and HoO masers; see Table 3.3 and
§3.4.7. CH3OH maser species were searched at these positions, but none were found, implying
that any class I CH3OH maser emission associated with the SiO masers has a peak flux density
<4.5 Jy. Peak intensity maps are presented in Appendix A.3, and each un-smoothed maser
spectrum can be seen in Appendix A .4.

Fig. 3.8 shows the locations of SiO masers detected by MALT-45 with respect to infrared
emission from GLIMPSE. All SiO masers are detected towards point-like, isolated sources that
appear to be evolved stars, based on their infrared colours and lack of obvious associations
with star formation, such as IRDCs or extended infrared emission. Fig. 3.9 shows the relative
locations of three SiO masers compared to infrared stars; these masers were chosen as they
show various colours of infrared stars towards all SiO masers. It can be seen that the maser
locations are not identical to the stars, but are within one beam. Therefore, we cannot
conclusively argue that each SiO maser site is coincident with an evolved star, although the
evidence we have suggests this is the case. Further higher spatial resolution observations of
the maser sites will be able to demonstrate conclusively whether or not each SiO maser is

associated with an evolved star.



3.4. DISCUSSION 63

Galactic Latitude

[
333.80° 333.75° 33a.voe 333.65°
Galactic Longitude

Figure 3.9: Spitzer GLIMPSE 3-colour (RGB = 3.6, 5.8 and 8.0 um) image with examples of
detected SiO masers towards infrared stars. Circles are centred on the peak position of maser
emission, and are beam sized (=1 arcmin). All three of these SiO maser regions contain the
v =1 and v = 2 lines, but all other maser region variants have similar infrared colours.

Of the 47 SiO maser regions, 45 contain v = 1 emission, 37 contain v = 2, and only 3 have
v = 3 emission. We have found no previously published data for any of these SiO masers and
consider them all to be new detections. Some SiO maser regions have greater v = 2 emission
than v = 1, and two have no detected emission v = 1; this is discussed further in §3.4.7.

There are also 12 SiO maser regions with an associated OH or HyO maser; see §3.4.7.

Parameters used in determining kinematic distances are the same as those found in §3.3.2,
except for a more generous velocity uncertainty o(Vzsr) = 5.0kms™!, and Vi = Okms™ .
Four masers are labelled at the far kinematic distance, because the position and errors for a

near distance are unrealistic; see Table 3.3.

3.3.5 Survey completeness

By analysing the RMS noise values per pixel distributed across the MALT-45 region, we find
that the noise levels may vary by up to a factor of three due to some data being flagged
or insufficient time on the telescope to complete the observations. However, we determine
that approximately 95 per cent are consistent with the values listed in Table 3.1, and only
5 per cent show RMS levels worse than these values. Thus, we assess that to first order the
survey has uniform sensitivity and only a small fraction of the area has sensitivity poorer

than nominal.

Tables 3.2 and 3.3 include the RMS value for each detected maser peak, which help to
identify the completeness of the MALT-45 survey. We detect many masers at less than 5o
significance. However, we consider the survey complete at the 50 level for 95 per cent of the
survey area. This completeness limit is equivalent to 4.5 Jy for class I CH3OH masers, and

approximately 4.3 Jy for each SiO maser line.



64 CHAPTER 3. MALT-45 TECHNIQUES AND SPECTRAL LINE DATA
% +04A 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 3.0

2 F 16826 7
g HTE qER0 E
. WF L - 7 o ElS
g —u.z's— X "_‘V . ‘s _ oA E 10 ém_”
e 14k | k\;--} e . JE{os =
u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

336" 334" 333° Jaz* 331~ 330

Galactic Longitude

Figure 3.10: A ratio image of integrated MALT-45 CS (1-0) to HOPS NHg (1,1). The clumps
visible here contain at least 0.5 K kms™! of integrated NHs (1,1) emission. Most clumps have
edge values around 2, and centres of clumps can have values as low as 0.4.

3.4 Discussion

3.4.1 Comparing CS (1-0) with HOPS NH; (1,1)

Fig. 3.4 shows that NHs (1,1) from HOPS is closely correlated with bright CS (1-0) emis-
sion, but with prominent exceptions; examples include G330.30—0.40, G332.17—0.10 and
G334.17+0.06. We calculate that MALT-45 is more sensitive to CS (1-0) emission than
HOPS is to NH3 (1,1) by a factor approximately 9, therefore CS without NHj in Fig. 3.4
may be due to the superior sensitivity of MALT-45 over HOPS. However, it is also likely
attributable to the phenomena described by Taylor et al. (1998), who reason that CS is an
‘early-type’ star-forming molecule, tracing quiescent gas, while NHj is ‘late-type’, associated
with dense cores. For this reason, despite having a higher effective critical density, CS with-
out NH3 may be tracing molecular clouds before cold, dense cores have formed. Additionally,
Bergin et al. (2001) and Tafalla et al. (2002) indicate that CS tends to deplete in core collapse.
This means a relatively high abundance of NH3 to CS should reflect a cold, dense core, which
is a Taylor et al. (1998) ‘late-type’ scenario. As results indicate later in this section, NHj is
not persistent in even further developed stages of HMSF, as it is not detected or very faint.
We distinguish ‘late-type’ sources from these evolved sources through bolometric luminosities
and the presences of infrared features, such as stars or H1I regions.

We produced a map of the ratio between the integrated intensities of CS and NHg in order
to highlight the differences between their distributions. Before performing the quotient of
integrated intensity, the CS data were smoothed to the HOPS NHj resolution (~2arcmin).
We used a cutoff at 0.5 Kkms~! (30) of the less sensitive NHs data; CS data is >3 everywhere
NHj; is >30. Integration of emission was taken between —100 and —40kms~!, to eliminate
subtle baseline effects which decrease the robustness of analysis; this velocity range is where
most of the emission in this part of the Galaxy lies (see Fig. 3.3 for the longitude-velocity
plot). Quotients use units of main-beam temperature for both CS and NHjs. See Fig. 3.10
for the full ratio map.

Moving inward from the clump edges, the CS/NHj ratio quickly changes. We observe the
amount of both CS and NHj to increase, with the NHj intensity increasing more ‘quickly’.
Edge values are mostly about 2, while clump centres are usually between 1 and 0.5, but can
be as low as 0.4.

We now discuss the ratio map qualitatively, reserving radiative transfer modelling for
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future work. In almost every clump, the centre is dominated by NHs over CS. This could be
due to any or a combination of enhanced NHs, depleted CS, or both species being enhanced
but CS becoming optically thick. The hyperfine line structure of NH3 means that it remains
optically thin at higher column densities than CS. To test for optically thick CS, we compared
CS with MALT-45 C34S.

We conducted the analysis of CS against C34S in a similar manner to that of CS against
NHj. Both integrated maps were smoothed to the same resolution, the velocity range of inte-
gration was —100 to —40km s}, and emission was limited to detectable C3*S (0.15 K kms™1).
A preliminary analysis of the C3*S data was undertaken only to investigate the CS optical
depth within these clumps.

Fig. 3.11 shows contours of the ratio of C3*S/CS against GLIMPSE, with contours of
CS/NHj3. Progressively higher levels of C3*S/CS indicate CS self-absorption, but appear to
be slightly offset from the lowest CS/NHs ratios. This implies that the relatively fainter
CS emission in the presence of an abundance of NHj is due to both depletion and optical
thickness. Additionally, the higher ratios of C3*S/CS appear to be associated with bright
infrared emission, and correlate well thermal SiO emission. We speculate that high C34S/CS
ratios may be due to high CS optical depth as a result of high CS relative abundance in the
presence of an outflow or shocked gas. C3*S is not detected in other regions of these clumps;
aside from having poor signal-to-noise, this is likely due to the isotopologue depleting similar
to CS, and emission is only apparent in hotter, shocked regions where these molecules have
been released into the gas phase.

A similar analysis to the one we have conducted was performed in Tafalla et al. (2004)
towards two cold, dense cores. Their results indicate significant depletion of CS and C%S
towards the core centres, while NH3 peaks in abundance. We have not undertaken a detailed
analysis of the temperature or mass of the MALT-45 molecular gas clumps in this paper; this
will be investigated in a future publication focusing on the CS emission. In future work, we
will present radiative transfer modelling (including depletion, time-dependant chemistry and
the relative sensitivity limits of the various surveys) of the dust, CS and NHs emission to
quantitatively understand the physical reason for these effects.

The following subsections briefly discuss three unusual clumps, which have the largest
CS/NHj ratios.

3.4.1.1 G330.95-0.19

This source is one of the brightest in CS across the MALT-45 survey region (peak of 1.5 K),
and is the brightest in thermal SiO emission (peak of 0.17K). The source also contains all
the common star formation region masers: class I and II CH3OH, HyO and OH. The CS
spectrum has a broad profile of ~10kms~! FWHM, possibly due to a powerful molecular
outflow. A strong outflow would not be surprising given the strength of the thermal SiO
detected, relative to all other SiO sources in MALT-45.

Garay et al. (2010) have targeted this source which has a high IRAS far-infrared luminos-
ity, as well as detection of CS (2-1) by Bronfman et al. (1996). Garay et al. (2010) present
data for SiO (2-1) and note that of the four sources they discuss, this source is brightest
in SiO, and conclude that an outflow is present due to the spectral profiles of CS and SiO.
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Figure 3.11: Examples of significant C3*S/CS ratios within CS/NH3 clumps. Spitzer
GLIMPSE 3-colour (RGB = 3.6, 4.5 and 8.0 um) image with contours of I(C3%S)/I(CS)
(white) and contours of I(CS)/I(NH;3) (blue). I(C3*S)/I(CS) contour levels are 0.08, 0.10,
..., 0.16, and I(CS)/I(NHj3) contour levels are 0.3, 0.5, ..., 1.9. Note that contour levels for
I[(CS)/I(NH;3) move from large to small, outside-in. The lowest CS/NHj and highest C3*S/CS
ratios appear to be slightly offset. High C34S/CS ratios appear to occur with bright infrared
emission; this is likely due to C3S is only detectable where the overall CS abundance is
enhanced in hotter, shocked regions where these molecules have been released into the gas
phase.
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Garay et al. (2010) also discuss the requirement of OB stars to produce the ionised gas seen
in other observations. The evolved nature of the source is the likely reason for the faint NHs,

because it is being destroyed or dispersed by outflows or young stellar objects.

3.4.1.2 G332.10-0.42

The CS/NHj ratio of this source is approximately 3. Of the three unusual sources discussed
in this section, this is the only one without detected thermal SiO emission. A small region
(~30 arcsec) of the clump has a constant C3*S/CS ratio of 0.08, and is coincident with a
H50O and class II CH3OH maser, as well as what appears to be a star in GLIMPSE. A new
class I CH3OH maser is detected by MALT-45, but is slightly offset from this position (~30
arcsec).

This source has been targeted by Ilee et al. (2013) to determine disc properties through
CO observations, and is listed with a very high bolometric luminosity (1.8 x 10° Lg). The
Red MSX Source (RMS; Lumsden et al. 2013) survey also lists a K-band magnitude of 5.9.
These values suggest that the source is not embedded. As a star is visible in GLIMPSE
and the source is not embedded, it may be assumed that the star (and the region) are post
star-forming. However, we are confident that the associated star is not evolved (beyond the
main-sequence), as a near-infrared (NIR) spectrum of the source contains Br+, indicating the
presence of an H1I region. The spectrum is taken from the RMS survey, although the data
remain unpublished; Cooper et al. (2013) present detailed analysis of the NIR spectroscopy,
but note that it does not cover this specific source. We conclude that this source is somewhat
evolved because of its exposure from natal clouds, but is pre-main-sequence because of the
class I CH3OH maser emission. Again, the evolved nature of this region is the likely reason
for the relatively faint NHs.

3.4.1.3 G333.60-0.20

This region is the brightest H1I region within the MALT-45 survey, and appears to harbour
evolved sources. C3*S emission is detected within this source, and the C3*S/CS ratio varies
from 0.09 to 0.14. Thermal SiO emission is also detected towards the source. As well as
a previously known class I CH30H maser, this region is associated with 1612-, 1665- and
1667-MHz OH masers (Sevenster et al. 1997; Caswell 1998), and many H2O masers from
HOPS (Walsh et al. 2014). The peak velocity of the class I CH3OH maser is —49.7kms™!,
—51kms™! for OH, and —75.5 to —43.1kms™! for the H,O masers. MALT-45 CS also has a

L and

double-peak profile in this region; a strong, broad peak is associated with —48.1kms™
a weaker one at —89.8kms~!, both at the same position (16"22™06%, —50°06'17" J2000).
Fujiyoshi et al. (2006) conducted observations of H90« towards this source, which also
reveal two peaks of emission, and reason that it contains many O-type stars. The peak
velocity of each H90« component varies greatly over the region, from —78.5 to —52.9kms™—!
and —42.8 to —22.8kms~!, where the second peak is weaker and not present across the
observed area. Note that the position of peak MALT-45 CS is outside of the data presented
in Fujiyoshi et al. (2006); it is possible that the spatial resolution of our CS data is limiting

our ability to interpret the physics of this region. However, it is interesting that the peak
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Figure 3.12: A log-log scatter plot of class I CH30H and CS integrated intensities. Units
of integrated intensity are Jykms™' for class I CH3OH, and Kkms™! for CS. There is no
significant correlation observed.

velocities of CS are quite different to H90«; this may indicate complex structure of the source,
and indeed this is discussed in Fujiyoshi et al. (2006).

The weak presence of NHsz (1,1) emission is mysterious. The high CS/NHj ratio may
be attributable to the region being at a higher temperature, preventing CS depletion. Lowe
et al. (2014) attempted a NHs (1,1) and (2,2) analysis of this clump, but were unable to
detect significant emission. They suggested that the relatively faint NH3 emission could be
due to extreme self-absorption. Lo et al. (2009) comment that in general, CS (2-1) and
HCO™ (1-0) have similar velocity structure, except at this location; the HCO™ has a strong
self-absorption feature. However, given that the source is clearly evolved, it is consistent with

the other sources discussed in having little NHg emission.

3.4.1.4 Summary

The cause for the high ratios (CS/NHs > 3) in our analysis appears to stem from evolved
regions of HMSF. The other clumps are more difficult to classify - are they less evolved? Do
they have significantly different temperatures or column densities? More analysis is needed,

and will be presented in a future MALT-45 paper with CS clump analysis.

3.4.2 Comparing CS (1-0) with class I CH3;0H maser regions

Table 3.2 includes the integrated flux density of CS (1-0) in each maser region. The kinematic
distance calculated for each source is used to determine the luminosities. Fig. 3.12 compares
the integrated CS intensity with the integrated class I CH3OH maser intensity.

Fig. 3.2 shows that most class I CH3OH masers appear to be associated with a bright
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Figure 3.13: The distribution of velocity offsets between the peak velocity of class I CH30H

and CS (1-0). The bin size was chosen to be 0.75kms~!. The histogram is approximated by

a Gaussian with a mean velocity 0.040.2kms™! and standard deviation 1.54£0.1kms~!.

peak of CS emission (73/77 masers with >0.11K of peak intensity CS). This is quantified
(using integrated intensity) in Fig. 3.12. However, there is no correlation observed between
the relative intensity of a class I CH3OH maser and its associated CS.

A class I CH30H maser with CS emission suggests association with a star-forming region,
because sufficient gas and shocks exist to power their emission. However, without being able
to associate these lines with other diagnostics of star formation, it is not certain that the
masers are stimulated by star formation; cloud-cloud collisions have been found to stimulate
class I CH3OH emission (Sjouwerman et al. 2010). While the possibility of being a non-star-
forming maser extends to all candidates without additional tracers (such as class II CH30OH
masers), we expect that these are exceptional cases, and that the majority if not all class I
CH3OH masers in the MALT-45 sample are associated with star formation.

A comparison of class I and class II CH30H masers was undertaken by Voronkov et al.
(2014), and found a broad Gaussian distribution of velocity differences. We have performed
a similar analysis with the peak velocities of both CS and class I CH30H masers from the
MALT-45 data. The resulting histogram of the velocity difference of CH3OH with respect
to CS is found in Fig. 3.13. The distribution is approximated by a Gaussian with a mean
velocity difference 040.2 kms~! and standard deviation 1.540.1kms~!. The median velocity
difference is -0.1kms™!.

The FWHM of the population presented by Voronkov et al. (2014) is approximately
7.8kms™!, while ours is approximately 3.5 kms~!. Because CS is a dense gas tracer, it will
occur in cloud cores and thus trace systemic motions accurately. Given the resulting Gaussian
of velocity differences, this means that class I CH3OH masers are also good indicators of

systemic velocities. Voronkov et al. (2010b) discuss class I CH3OH masers having similar
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velocities to the quiescent gas, due to a small amount of gas actually being shocked in these
regions. As is noted in Voronkov et al. (2014), Garay et al. (2002) indicate that CH3OH
emission arising without thermal SiO emission is due to mild shocks, destroying dust grain
mantles but not dust grain cores. Hence the dispersion in class I CH3OH maser velocities is
thought to be small, and is reflected here. This also indicates that the large dispersion seen by
Voronkov et al. (2014) is likely due to the large class IT CH3OH maser velocity spread. This
is readily explained by class II CH30H maser emission radiating from close to a high-mass
young stellar object, and therefore having a higher dispersion.

The histogram in Fig. 3.13 appears to have a slight blueshifted component. This is also
discussed in Voronkov et al. (2014) as perhaps due to maser emission being easier to detect
on the near-side of a cloud to the observer. While the median velocity offset is negative,
it is statistically insignificant. A larger data set is required to determine if the blueshift

phenomena is real or not.

3.4.3 Comparing class I CH3;0H maser regions with SiO (1-0)

As discussed in Chapter 1, SiO v = 0 is a good tracer of shocked gas and outflows. Regions of
thermal SiO and positions of class I CH3OH masers correlate weakly; 23 of 77 masers (30 per
cent) have at least a 20 peak of SiO emission. As class I masers are collisionally excited, it is
perhaps not surprising to find some association with thermal SiO. However, the majority of
masers are detected without SiO v = 0 emission. This could be due to: insufficient sensitivity
to extended SiO emission; class I CH3OH masers having stronger intensity than thermal SiO;
or not all class I CH30H masers being associated with SiO v = 0 emission. Garay et al.
(2002) found that thermal CH3OH emission may be triggered by less energetic shocks, which
destroy dust grain mantles but not their cores, which explains a lack of SiO emission. In more
energetically shocked regions (such as a jet or molecular outflow), CH3OH may not survive,
which may explain SiO emission without CH3OH.

Three regions with strong SiO emission (0.04 K) are not associated with any maser species:
G331.02—0.42, G333.63—0.11 and G334.20—0.20. Each of these regions has a CS peak of at
least 0.4K (>10c0), but no obvious infrared emission. Table 3.2 lists 28 class I CH30H
masers with detected SiO emission, implying that these three regions without masers are in
the minority. This could be due to the variability of any masers making them undetectable
during observations, or that conditions in these regions are unfavourable for masers to exist.

It is clear that sensitivity to CH3OH and/or SiO will play a part in the detectability
of each. However, the fact that we see regions with both CH3OH and SiO, regions with
only CH30H masers and regions with only SiO emission suggests that there are multiple
conditions under which each of these will exist. If we assume that all class I CH3OH masers
are associated with star formation, then given that the majority of masers are not associated
with thermal SiO emission, these masers may be tracing weaker shocks that do not produce
detectable SiO emission. 30 per cent of CH30OH masers also show thermal SiO emission.
It is not clear whether the masers and SiO are physically connected, although a reasonable
interpretation is that the SiO originates in a jet, where as the masers are associated with the
surrounding outflow. In a subsequent paper for MALT-45, maser follow-up observations will

be conducted at high spatial resolution. We will simultaneously observe SiO with greater
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Figure 3.14: An example of a class I CH:OH maser with associated ‘green’ emission. This re-
gion is not classified as an EGO by Cyganowski et al. (2008), but may have similar properties.
The circle represents 15 arcsec centred on the peak of the class I CH3OH maser emission,
which is the expected positional error.

sensitivity, and using this data we will more thoroughly investigate the association of class I

CH3OH masers and thermal SiO emission.

3.4.4 Class I CH30H maser comparison with GLIMPSE

GLIMPSE mapped the Galactic plane in four infrared bands (3.6, 4.5, 5.8 and 8.0 um).
These images are useful for investigating potential relationships between infrared emission and
MALT-45 detections. A common example of how GLIMPSE data is used in star formation
research is by combining the 3.6, 4.5 and 8.0 um bands in a three-colour image (blue, green
and red, respectively) to reveal EGOs (extended green objects). As discussed in Cyganowski
et al. (2008), EGOs have a strong correlation with class I CH3OH maser regions.

The catalogue provided by Cyganowski et al. (2008) was used to investigate the presence
of EGOs over the survey region. The catalogue covers 10° <[ < 65° and 295° <[ < 350°,
b= 41.0°, and lists 22 candidate EGOs within the MALT-45 survey region. Of the 77 class
I masers found by MALT-45, 12 are associated with an EGO. Association is credited for any
spatial overlap within 60 arcsec. Of the 12 EGO-associated class I CH3OH masers, 11 were
previously known (G330.95—0.18 is new). EGOs are classified by visual inspection and as
such are intrinsically subjective. However, it is clear that many of the new class I CH30H

maser detections are associated with GLIMPSE sources with ‘green’ (i.e. 4.5 pum excess)
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Figure 3.15: A scatter plot of 44 GHz class I CH3OH masers from MALT-45 with known
95GHz class I CH30H maser emission. There are 19 masers with both 44 and 95 GHz
emission. The line of best fit for these data is plotted alongside the line of best fit presented
by Val’tts et al. (2000). Vertical lines indicate the minimum and maximum recorded values
for 95 GHz masers, if available, on top of the plotted average. Units of peak flux density are
in Jy.

emission; see Fig. 3.14 for an example source. Cyganowski et al. (2009) explains that the
green emission band of GLIMPSE contains both Hy and CO (1-0) lines, which are excited by
shocks. Indeed, some of the new masers detected by MALT-45 have similar ‘green’ emission
as with EGOs, although less prominently so. This shows a close association between shocks
traced by EGOs and class I CH3OH masers.

3.4.5 95GHz class I CH;OH masers

Val’tts et al. (2000) found a relationship between the peak flux density of the 95 and 44 GHz
class I methanol masers (which come from the same transition family). They found that the
peak flux density of 44 GHz masers is approximately three times greater than the 95 GHz
IMAasers.

Information for 95 GHz class I CH3OH masers towards MALT-45 44 GHz masers are
obtained from Val’tts et al. (2000); Ellingsen (2005) and Chen et al. (2011). In total, we have
19 class I maser sources with both 44 and 95 GHz peak flux densities. When faced with more
than one peak flux density over various epochs, we use the average of all values. Analysing
the distribution in Fig. 3.15, we find that our results agree with those of Val'tts et al. (2000).
Our line of best fit is Pys = 0.31 x Py + 1.0, with an r2-value of 0.98, while the Val’tts et al.
(2000) fit is Pys = 0.32 x Pyy — 8.1, with an r?-value of 0.53. The uncertainty of our fitted
slope is +0.01. Note that our fit does not use the 44 GHz maser with 120 Jy; if we do include
it, our fit becomes Pos = 0.28 x Py + 1.0, with an r2-value of 0.91 and uncertainty 40.02.
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Figure 3.16: The luminosities of associated class I and class II CH30H masers plotted against
each other. No significant correlation is observed. Units of luminosity for the masers are
Jykpc?, using peak flux densities.

This is not significantly different, but our slope closely agrees with Val’tts et al. (2000) when

the outlier is omitted.

3.4.6 Class I CH;0H maser associations

In this section, we discuss other maser species and transitions and their association with the
class I CH3OH masers detected in MALT-45. Association with each maser is credited if the

emission in question is within 60 arcsec of the class I maser position.

3.4.6.1 Class II masers from the MMB

In the past, class I methanol masers have been identified from targeted searches towards
class II maser sites (Ellingsen 2005). For the first time, we are able to make an unbiased
comparison of the rate at which each class of methanol maser occurs and their degree of
overlap.

Within the MALT-45 survey region, 54 6.7 GHz class II methanol masers have been
detected by the MMB (Caswell et al. 2011). To compare against MALT-45 class I maser
regions, 7 class II masers have been grouped together into ‘clusters’, as they are close together
(within 60 arcsec). The clusters containing grouped masers are G330.88—0.37, G331.54—0.07,
(G332.30—0.09, G333.13—0.44 and G333.23—0.06. While the velocities of each maser site
grouped together may be different, there is significant overlap in the range of emission (not
greater than 9 kms~! apart). Without high-resolution positions, inferring which class II maser
is associated with the class I emission is difficult, and it is more practical to only compare their

clustered position, especially as a class I CH3OH maser is almost certainly associated with
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Figure 3.17: A stacked histogram of class [ CH3OH masers with and without class II methanol
masers. This plot shows that class II masers can be associated with a wide range of class 1
intensities.

the class II source. Therefore, we compare 47 class II methanol masers positions against the
77 class I sources detected in MALT-45. There are 28 class I CH3OH masers associated with
the clusters, and 16 of these class I masers are new; see Table 3.2. An association exception
is made for G331.13—0.25, where the class I CH3OH maser is slightly further offset than 60
arcsec from the MALT-45 class I CH3OH maser position, but is well studied and known to be
related (Ellingsen 2005; Voronkov et al. 2014). Additionally, the next closest class I and class
IT CH3OH maser pair is approximately 100 arcsec, which aids to rule out mis-association.
Thus, 60 per cent of class IT masers have a class I counterpart (28/47), while approximately
36 per cent of class I masers have a class II counterpart (28/77).

Ellingsen (2005) reports a 38 per cent association of class II sources with a 95 GHz class
I maser counterpart. Given that the 44 GHz species is typically stronger than the 95 GHz
transition, and that the MALT-45 sensitivity is better, we perhaps expect our reported class
II-to-class I association to be greater. As discussed in §3.4.5, Val'tts et al. (2000) finds the
relative peak flux density of 95 GHz class I CH3OH masers to 44 GHz class I CH3OH masers
to be approximately one-third. Assuming Ellingsen (2005) had a sensitivity cutoff for 95 GHz
masers at 3 Jy, we can limit the results of the 44 GHz population by a 9 Jy cutoff. There are
17 44 GHz masers with a peak flux density greater than 9 Jy associated with a class II CH3OH
maser (36 per cent), which is only slightly lower than the proportion of associations found
by Ellingsen (2005). Therefore, our results are reasonably consistent. Considering that the
MALT-45 sensitivity to class I CH3OH masers is better than that of Ellingsen (2005) by
approximately a factor of 2, and that we search for 44 GHz masers instead of 95 GHz masers,
we are assured that there is a higher association rate than previously reported.

The luminosities of class I and class II CH3OH masers were compared, but no correlation



3.4. DISCUSSION 75

30 T T T

B w/ H,0
/1 w/o H,O

N
S

N
(=)

Number of sources
= =
(@] ul

0.5 1.0 1.5 2.0 2.5
log,, (class | methanol maser peak flux density)

Figure 3.18: A stacked histogram of class I CH3OH masers with and without HoO masers.
This plot shows that HoO masers tend to be associated with brighter class I methanol masers.

was found (r2-value of 0.03); see Fig. 3.16. The relative populations for class I masers with
and without a class II source are compared in Fig. 3.17; the histogram reveals that class 1T
sources are associated with a wide range of class I brightnesses, which reaffirms the lack of
correlation. With sensitive, targeted 44 GHz observations of class II masers, more data can
be collected for a better analysis. Note that the search radius should be at least an arcmin
to cover the range of separations between class I and class II masers; see §4.2 of Voronkov
et al. (2014).

3.4.6.2 H>0 masers from HOPS

Water masers are another maser species that are collisionally excited. Therefore, we might
expect a close association between class I methanol and water masers. HOPS has found HyO
masers in an untargeted way, and catalogues their findings into three association groups:
star-forming, evolved star, and ‘unknown’ (Walsh et al. 2014). Breen et al. (2010a) also
presents a catalogue of HoO masers, typically associated with class II CH3OH masers and/or
OH masers.

HOPS has detected a total of 48 HoO masers within the MALT-45 survey region (Walsh
et al. 2011, 2014). Of these, HOPS has classified 10 as being associated with an evolved star,
leaving 38 as star-forming or ‘unknown’. Including the Breen et al. (2010a) detections brings
the total to 71, but there is a large overlap with the HOPS catalogue, as well as many H2O
masers near to others (within 60 arcsec). Similar to the MMB class II CH3OH masers, after
grouping masers into clusters, we compare MALT-45 class I CH3OH masers against a total
of 43 HoO maser clusters.

Of these 43 HoO maser clusters, 27 are associated with a class I CH3OH maser (63 per
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Figure 3.19: A stacked histogram of class I CH3OH masers with and without OH (1612,
1665, or 1667 MHz) masers. OH masers appear to be associated with a wide range of class I
methanol masers.

cent). It is possible that the class I CH3OH population have more HoO maser associations, but
have not been found yet. Breen et al. (2010a) targeted observations towards known sources,
and HOPS has a lower-bound sensitivity between 5 and 10Jy. Follow-up observations for
H20 masers towards new class I CH3OH masers may be productive in identifying new HoO
masers.

In the HOPS catalogue recently published (Walsh et al. 2014), the water masers G331.86+0.06
and G333.46—0.16 were not redetected in the high-resolution follow-up survey. The G333.46—0.16
water maser is associated with a MALT-45 class I CH30OH maser, but this was a known class
I CH30H maser region (along with other maser species). The G331.86+0.06 water maser,
however, is slightly offset from a new class I CH3OH maser. The offset is enough to not
be included as an association, but it lends credence that this variable water maser is likely

highlighting star-forming activity.

3.4.6.3 OH masers from Sevenster et al. (1997) and Caswell (1998)

Voronkov et al. (2010b) discuss the positioning of class I methanol maser emission on a
HMSF evolutionary timeline, especially compared to other masers. Class II methanol masers
have been characterised well in terms of their position in a HMSF timeline, associated with
millimetre sources, but typically not H1I regions. Unlike class IT masers, class I masers are
currently thought to be associated with both early- and late-type HMSF. This stems from
finding class I masers associated with outflows, but also with OH masers.

To date, no unbiased comparison between OH and class I methanol masers has been

performed. With the first unbiased sample of class I masers, we are able to analyse the
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Figure 3.20: Venn diagram of all discussed maser region associations. The majority of maser
regions have a class | CH30H component, particularly with class II CH3OH as well, but there
is a large population of class I masers without any associations.

relative populations and perhaps refine class I masers on an evolutionary timeline. Voronkov
et al. (2010b) mentions that class I masers associated with OH masers are known primarily
due to the class II methanol maser emission present, as most class I sources have been found
toward class IT sources. Caswell (1997) discuss how OH favoured maser regions have a greater
number of associated H 11 regions than class II masers, indicating that OH masers typically
signpost later stages of an evolutionary timeline than class II masers. Combining the OH
masers found by Sevenster et al. (1997) and Caswell (1998), there are 16 star-forming OH
masers within the MALT-45 survey region. The other OH masers in Sevenster et al. (1997)
and Caswell (1998) are associated with evolved OH/IR stars, determined from SIMBAD and
individual source descriptions within Caswell (1998). 94 per cent (15/16) of star-forming OH
masers are associated with a class I CH3OH maser. Of these 15, only 2 masers are without
a 6.7 GHz class II methanol maser (13 per cent; G331.50—0.10 and G333.59—0.21). It is
difficult to contrast maser regions containing OH but not class II methanol, as almost every
OH maser in the survey region is associated with a class II CH3OH maser. If a population of
OH masers without class I CH30H was isolated, a better comparison with class I CH3OH
could be established. The MALT-45 survey results merely indicate that class I CH3OH is

associated with all maser species found.

There are 30 class I CH3OH maser regions with associated class II CH3OH or OH maser
emission, indicating late stages of star formation. The remaining 47 masers are unaccounted
for; if these are all associated with early-type star-formation, then class I CH3OH masers

appear to be more closely associated with earlier stages in an evolutionary timeline.
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3.4.6.4 Summary of star-formation maser associations

A Venn diagram of the maser associations can be seen in Fig. 3.20. There appears to be a
strong overlap between class I and class II CH30H masers, with and without the presence
of HoO and/or OH masers. This may suggest that the majority of class II CH3OH masers
are associated with class I CH3OH masers because of an abundance of CH3OH. The smaller
population of class II CH3OH masers without class I CH3OH emission (40 per cent; 19/47)
may indeed have no association, or even weaker class I CH3OH emission than is detected by
MALT-45.

There is a large population of class I CH3OH masers without any other maser counterpart.
As discussed, these may highlight non-star-forming phenomena, young regions of HMSF, or
low mass star-forming regions. However, given the strong association with CS seen in Fig. 3.3
and with other HMSF masers seen in Fig. 3.20, the majority of class I CH30OH masers are
likely associated with HMSF.

Figs 3.17, 3.18 and 3.19 show the luminosity population of class I CH3OH masers as
stacked histograms. Generally, the presence or absence of other maser transitions does not
appear to correlate with the class I CH3OH maser luminosity.

Titmarsh et al. (2014) discuss the placement of HoO masers within an evolutionary time-
line for HMSF, and concluded that they are not likely to be associated with any specific phase
of a timeline, but rather dependant on the environment. As HyO masers are collisionally ex-
cited like class I CH3OH masers, and class I masers are associated with a wide range of other
species (with and without class I CH3OH, OH), we tend to agree that the environment plays
perhaps the predominant role in determining the likelihood of a region having an associated
class I CH3OH maser rather than the evolutionary phase.

Investigation of the peak flux densities and luminosities of class I CH3OH masers versus
class II CH3OH, HoO and OH masers does not reveal any relation. Investigation will be
performed again in a subsequent MALT-45 maser follow-up paper, where maser regions can

be better associated and flux density calibration is able to be more accurately determined.

3.4.7 SiO v =1,2,3 maser associations

MALT-45 has detected 47 regions with at least one of the vibrationally excited linesv = 1,2, 3
of SiO (1-0) maser emission. Of these, 4 are associated with a OH maser (all 1612 MHz,
G331.60—0.14 has an additional 1665 MHz), and 8 are associated with a HoO maser. OH
and HoO masers are common companions with evolved infrared stars (Caswell 1998; Walsh
et al. 2014), and indeed GLIMPSE reveals that all SiO maser regions have an infrared star
associated within 30 arcsec of the peak maser position. There is no overlap of SiO masers
associated with both an OH and HoO maser. The population presented in this paper associ-
ated with OH and HsO masers is insufficient to perform correlation tests upon. None of the
SiO masers detected have been reported previously; thus, MALT-45 is a productive survey
for identifying evolved stars not found in other searches.

The SiO v = 1 line generally appears to be the strongest of the three maser lines, and is
the most common detection. There are eleven cases where the v = 2 line is stronger than

v = 1, and two regions contain only v = 2 emission. This result is somewhat unexpected, as
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generally the lower v transitions should be brighter than the higher v transitions. Gray et al.
(2009) predict that SiO masers should have brightness decreasing with v = 1,2,3, and the
v = 2 is often weaker due to overlap with a water line. Neither of the two regions with only
SiO v = 2 emission have other masers associated, but the sub-population of SiO regions with
brighter v = 2 than v = 1 have three HoO masers and two OH masers associated. This is
almost half of all masers associated with SiO regions. However, we currently cannot explain
why some v = 2 masers are stronger than their v = 1 counterparts. Only three v = 3 lines
are detected, and these are all quite weak, especially compared to the v = 1,2 lines within
the same region; it appears that this line is difficult to detect without sensitive observations.

The only SiO maser with nearby CH30H masers is G333.90—0.09, but is separated by
33 arcsec. The same SiO maser is 13 arcsec from a Sevenster 1612 MHz OH maser, which
is cospatial with a star in GLIMPSE. As the nearby class I and class II CH3OH masers are
only 4 arcsec apart but separated from the star, we consider both pairs of masers to not be

associated.

3.5 Summary

MALT-45 has successfully probed the Galactic plane for CS (1-0), 44 GHz class I methanol
masers, and the SiO (1-0) family of v = 0,1, 2,3 lines. This is the first survey to produce a
large scale unbiased map of CS, and is the first untargeted search of class I CH3OH masers
and SiO emission. Further publications will reveal the full 7mm star-forming environment,
through the remaining lines mapped by this survey. With time, MALT-45 could be extended
to map more of the Galactic plane, revealing more about the nature of star formation within
our Galaxy. With the current survey, we have determined:

(i) Across the survey region, the CS/NHjz ratio is low in the centres of many clumps, but
higher at the edges. This is likely due to a combination of increased NH3 abundance and CS
being depleted and/or becoming optically thick in the centres of clumps;

(ii) A large population of class I methanol masers are not associated with other masers
(55 per cent);

(iii) Class I methanol masers are good indicators of systemic velocities;

(iv) Class I methanol masers are found towards most known class II methanol, water and
hydroxyl masers within the survey region. Thus, positioning class I methanol on a maser
timeline of HMSF is difficult, and the occurrence of class I methanol masers is perhaps more
likely due to environmental factors;

(v) Silicon monoxide masers associated with evolved stars are most commonly detected
in their v = 1 vibrational mode. When a region contains more than one vibrational mode,
the intensity typically descends with vibrational mode (v = 1,2,3). However, we find two
cases where we only detect v = 2 and eleven cases where both v = 1 and v = 2 are detected,

but the v = 2 is stronger.
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Chapter 4

MALT-45 - 1I. Follow-up
observations of 44 GHz class 1

methanol masers

This chapter details an in-progress, co-authored publication. The authors of this paper are:
Jordan, C. H., Walsh, A. J., Ellingsen, S. P., Voronkov, M. A., Breen, S. L. When complete,
this work will be submitted to the Monthly Notices of the Royal Astronomical Society.

The introduction section has been modified to streamline the discussed literature, to avoid

unnecessary overlap with Chapter 1.

Abstract

We detail interferometric observations of 44 GHz class I methanol masers detected
by MALT-45. We detect 238 maser spots across 77 maser regions. Using high-
resolution positions, we compare the detected masers to other star-forming maser
species, and use single-dish data provided by these observations for brightness
comparisons. We find that the majority of class I methanol masers have small
spatial and velocity spreads, and closely trace the systemic velocities of associated
clouds. Using ATLASGAL sources, we determine clump masses associated with
class I masers, and find they are generally associated with clumps between 1000
and 3000 M. We use the presence of class II CH30H masers, OH masers or
radio recombination lines to distinguish younger and older regions of high-mass
star formation, and find that young regions have lower luminosities and appear

toward dark infrared regions.

4.1 Introduction

Methanol masers are one of the best high-mass star-forming tracers available to astronomers.
Empirically, they are divided into two groups: class I and class II. Class I CH3OH masers
are exclusively associated with high-mass star formation (HMSF) and signpost a distinct

evolutionary stage (Minier et al. 2003; Green et al. 2012; Breen et al. 2013). The connection
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between HMSF and class I CH3OH masers is less certain; observations have shown that these
masers can be found towards many star-forming regions and evolutionary stages, but not
consistently, and not necessarily with or without the presence of class II masers (Ellingsen
2006; Voronkov et al. 2010b; Breen et al. 2010a; Ellingsen et al. 2013). Additionally, class
I maser emission has been found towards low-mass star formation (Kalenskii et al. 2010),
supernova remnants (Pihlstrom et al. 2014; McEwen et al. 2014) and the centres of galaxies
(Yusef-Zadeh et al. 2013; Ellingsen et al. 2014).

The MALT-45 survey paper (Jordan et al. 2015; hereafter Paper I) discussed the mapped
region 330° <[ < 335°, b = +£0.5°, and found 77 class I CH3OH masers, 58 of which were new
detections. For the first time, with a flux-density limited sample of class I sources, we are able
to test the bulk-properties of these masers. Paper I in this series of MALT-45 publications
briefly investigated the association of methanol masers with other detected spectral lines, but
was ultimately limited by the spatial resolution of the auto-correlation survey (~1 arcmin).
In this chapter, we detail the results of interferometric follow-up observations towards each

of the class I CH3OH masers observed in Paper I, in order to derive accurate positions.

4.2 Observations

Observations were conducted on 2013 September 7 and 8 using the Australia Telescope Com-
pact Array. The array configuration was 1.5A, which has 5 antennas distributed in the
East-West direction with baselines ranging from 153 m to 1.5km; the maximum baseline is
4.5km including antenna 6 (CA06), however, CA06 has a different surface to the others,
and suffers poor sensitivity at 7mm. Consequently, data from CAO06 is not included in this
chapter.

The correlator was programmed in the 64M-32k mode, which provides a 32kHz channel
resolution over 64 MHz. However, unlike Paper I, each spectral line used ‘stitched zooms’,
which increases the frequency coverage to 96 MHz (except for the zoom containing H51la
and C34S (1-0), which covers 224 MHz). For observations in this waveband, the 32kHz
channel resolution results in a spectral resolution of approximately 0.2kms~! per channel.
The spectral lines observed are identical to that of Paper I. The list of observed lines and
velocity coverage information is contained in Table 4.1. Since Paper I, the rest frequencies of
the SiO (1-0) molecular lines have been updated (Miiller et al. 2013).

Targets were chosen from Paper 1 for their class I CH3OH emission; see Table 4.2. Note
that the targets for these observations are not identical to those listed in Paper I; these
observations used a source list extracted from preliminary MALT-45 data reduction. Conse-
quently, not all masers listed in Paper I are discussed in this chapter. The additional sources
detailed in this chapter but not Paper I are G331.44—0.14, G331.44—0.16, G333.01—0.46,
G333.12—0.43. The sources not detailed in this chapter but listed in Paper I are G331.36—0.02
and G334.64+0.44. For more details, refer to §4.3. Hence, a total of 79 targets were observed
over the two days of observations. Each target was observed in a series of one minute cuts
spread out over a single observing day. Each target has at least seven cuts, but some have
up to ten; the noise levels for each target are also listed in Table 4.2.

Bandpass calibration was derived from PKS B1253—055, phase calibration from PMN
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Table 4.1: Bright spectral lines between 42.2 to 49.2 GHz, targeted by MALT-45 and these
observations. Column 1 lists the spectral line. Column 2 lists the rest frequency of the line.
Column 3 classifies the line as either a maser or thermal line. Column 4 gives the ATCA
pointing beam size at this frequency. Column 5 indicates whether this line is detailed in
this chapter (‘Y’) or not (‘N’); this refers to the inclusion of Gaussian fits to the emission
from these lines. Column 6 lists the median RMS noise level per spectral channel, with
errors representing the standard deviation. The RMS noise is given to two significant figures.
Radio recombination line (RRL) frequencies are taken from Lilley & Palmer (1968). All other
rest frequencies are taken from the Cologne Database for Molecular Spectroscopy (CDMS;
Miiller et al. 2005). Note that RMS noise levels are specified for auto-correlation data; cross-
correlation noise levels are given in Table 4.2.

Spectral line Frequency Maser Beam  Detailed Median
(GHz) or size in this RMS noise
thermal? (arcsec) chapter? level

SiO (1-0) v =3 42.51938 Maser 66 N

SiO (1-0) v =2 42.82059 Maser 66 N

H53a (RRL) 42.95197 Thermal 65 N 8.7£1.5mK
SiO (1-0) v =1 43.12207 Maser 65 N

SiO (1-0) v=0 43.42385 Thermal 65 Y 5.940.67 mK
CH30H 7(0,7)-6(1,6) AT 44.06941  Maser (Class I) 64 Y 170+£62 mJy
H51« (RRL) 48.15360 Thermal 58 N

C34S (1-0) 48.20694 Thermal 58 N 8.140.85 mK
CH30H 1p-09 AT 48.37246 Thermal 58 Y 7.7£1.8mK
CH30H 1p-0¢ E 48.37689 Thermal 58 N

OCS (4-3) 48.65160 Thermal 58 N

CS (1-0) 48.99095 Thermal 57 Y 8.941.3mK

J1646—5044 and flux-density calibration from PKS 1934—638. The assumed flux-density of
PKS 1934—638 was 0.39 Jy for both days of observation at the rest frequency of the 44 GHz
class I CH3OH maser line.

4.2.1 Data reduction
4.2.1.1 Cross-correlation

Class I CH30H maser data were reduced using standard interferometric techniques with
MIRIAD. For all data cubes reduced, the synthesised beam is approximately 0.5x1 arcsec
in right ascension and declination, respectively. Voronkov et al. (2014) observed many 44 GHz
class I CH3OH masers with the ATCA; similar to that publication, the results presented in
this chapter make use of self-calibrated data cubes. Self-calibration arbitrarily affects the
absolute positional accuracy of data; to remove this effect, a reference maser feature was
used. The position of this reference feature was determined before and after self-calibration
and the measured difference was used to determine the absolute positions for all spectral
features in the self-calibrated data cube. Ideally, the reference position before and after
self-calibration has not shifted significantly (>0.5 arcsec), but some significant offsets were
unavoidable in these data (>>10 arcsec). Prior experience with the ATCA in this waveband
suggests that the absolute positional accuracy is around 0.5 arcsec (Voronkov et al. 2014).
However, given that we experience non-ideal self-calibration offsets and the synthesised beam

for each region is approximately 0.5x1 arcsec, the absolute positional error for any maser
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spot should be considered as being no better than 1 arcsec.

Data cubes were produced for each of the target regions, then maser spots were iden-
tified by inspection. In this chapter, a maser spot refers to a spatial and spectral peak of
emission. Spots were classified if the spectrum contained at least three consecutive channels
of 30 emission, with a peak of at least 5o. We employ this conservative approach of maser
identification so the reader can be confident that all identified maser spots are real. A small
number of weaker, narrow features may have been missed using these criteria; however, from
past experience and comparison of our cubes with previous observations (where available),
we suggest that this is not common. The requirement of three consecutive channels has the

effect of limiting our maser detections to a velocity width of at least 0.65kms™".

Similar
to Voronkov et al. (2014), dynamic range limitations exist for channels containing extremely
bright maser emission. This reduces the ability to identify real maser emission at a similar
velocity to the bright feature; maser spots were not classified if they were believed to be the
product of such dynamic range artefacts.

Once each maser spot was identified, positions were fitted with the MIRIAD task IMFIT
for each channel of emission (>30). IMFIT used a 3x3 arcsec box around each maser spot
to generate a position, except for those with nearby bright masers. To accurately position
weaker masers close to bright ones, either the velocity range of emission was altered for
position fitting, or the size of the box for fitting was decreased. Decreasing the size of the box
for IMFIT was found to not significantly affect resultant positions, so we do not specifically
identify the maser spots using these modified procedures. Each channel-fitted position is
then flux-weighted and is listed in Appendix B.1. The uncertainty reflects the 1o of each
channel-fitted position. In some cases, the maser spot positions have uncertainties of a few
tens of milliarcsec. We caution that we are unlikely to determine relative positions to this
accuracy for these observations, as dynamic range and calibration uncertainties become a
limiting factor. Additionally, we remind the reader that the absolute positional accuracy of
the observations is around 1 arcsec. In general, we found the class I maser spots were spatially
distinguished by our observations, with separations of 1 arcsec or greater, but occasionally
spots were very near to a bright neighbour. In these cases, positions were manually assigned
by using the brightest pixel, with a more generous position uncertainty of 100 milliarcsec in
Right Ascension and 200 milliarcsec in Declination. Such maser spots are designated with
an asterisk (%) in Appendix B.1.

Spectral information for each maser spot were derived from image cubes, which were then
characterised with Gaussian fits. Each Gaussian was fitted to minimise residuals, but in many
cases it was not possible to match the root-mean-square (RMS) noise of the spectrum. This is
partially due to the channel resolution being broad for maser parameterisation (~0.2kms™1!).
However, all Gaussian residuals are within 10 per cent of the fitted peak intensity. Coupled
with uncertainties in calibration, we ascribe a 20 per cent uncertainty to all quoted flux-

density values.

4.2.1.2 Auto-correlation

Each targeted maser region simultaneously observed for CS (1-0), SiO (1-0) v = 0 and
CH30H 19-09 AT. However, due to their thermal nature and the uv-coverage of the obser-
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vations, these thermal emission lines were not detectable in the cross-correlation data. To
report on these properties, a RUBY script was written to assist with the analysis of the auto-
correlated data. Unlike Paper I, no dedicated reference position was observed. Instead, data
collected at the location where the emission is known to be weak and have a simple spectral
profile was used as the reference location for auto-correlations. The script routine pipeline
was as follows:

(i) For each source, a raw auto-correlation spectrum was produced for each antenna and
each cut;

(ii) For each antenna source cut, a quotient spectrum was formed from the source and
reference cut data;

(iii) A first-order polynomial was fitted to and removed from the spectra. The velocity
range of the fit was restricted to —160 and 20kms~!, as this contains all of the emission
in this section of the Galaxy, and constraining the fit improves the quality of the resulting
spectra;

(iv) All quotient spectra from an antenna are averaged together, before averaging all
antennas together;

(v) The flux-density calibration is achieved by using values from Paper 1.

This procedure is graphically demonstrated to the CS emission of G330.95—0.18 in Fig. 4.1.
Existing software solutions for auto-correlation processing were inadequate for the data col-
lected, however, this auto-correlation script is robust at producing publication quality results.

For each of the auto-correlated CS, SiO and CH3OH thermal lines, spectra are smoothed
with a Hanning window of 9 spectral channels, and up to two Gaussians were fitted to
characterise the data. This smoothing results in a velocity resolution of ~0.39kms~! for
CS, ~0.44kms™! for SiO v = 0 and ~0.40kms™! for CH30OH 15-09 A*. As with the cross-
correlation data, Gaussians are fitted to minimise residuals; however, occasionally 10 per
cent residuals are unavoidable. With additional flux-density calibration uncertainty applied
to auto-correlation data, we place a 20 per cent uncertainty on all intensity values derived.

This auto-correlation procedure was also used for class I CH3OH masers, which is used for

integrated intensities, luminosities, and comparison with the cross-correlation data in §4.4.5.

4.3 Results

The basic properties of each observed target are listed in Table 4.2. Note that five sources were
not detected in cross-correlation by these observations, but three of these five were detected in
auto-correlation (G331.44—0.14, G331.72—0.20 and G333.2440.02). Their non-detection in
cross-correlation is likely caused by the emission being too extended, and hence are resolved
out by interferometric observations. Poor phases may also affect the lack of maser spots
detected. Extended CH3OH emission at 44 GHz could be caused by quasi-thermal rather
than masing mechanisms, or even broad but weak maser components. Further discussion
of cross-correlation spectra compared to the auto-correlation data for the same source is
contained in §4.4.5. The remaining two sources (G330.83+0.18 and G331.21+0.10) may
have varied in their intensity, resulting in them not being detected by these observations in

cross- and auto-correlation. However, false-positives listed by Paper I are more probable; the
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auto-correlation sensitivity of the observations reported in this chapter is ~170 mJy, and the
Paper I peak flux densities are 3.1 and 3.5 Jy, observed at October 2013. Our non-detection
therefore requires a flux-density variation in these masers of a factor of 20. Additionally,
each of these masers only appear to have a single feature. Given that class I CH3OH maser
variability is not well characterised, and that the flux-densities of other masers detected in
Paper I and these observations are largely consistent, we deem these two regions as false-
positives of Paper I. For the remainder of this chapter, we discuss the 77 regions containing
44 GHz class I CH30H emission.

Associations with other maser transitions and selected HMSF tracers are detailed in
Table 4.3. Each region is compared with published positions of class II CH3OH (Caswell
et al. 2011), water (H20) (Breen et al. 2010a; Walsh et al. 2014) and hydroxyl (OH) masers
(Sevenster et al. 1997; Caswell 1998), as well as ATLASGAL sources (Contreras et al. 2013).
The presence of each thermal line is determined by the method described in §4.2.1.2, using
data from these observations. CS is detected towards every source, and because of this is not
listed in Table 4.3. The Gaussian parameters determined for each of the thermal lines are
listed in Appendix B.2. Uncertainties for each of the fitted parameters are quoted, however,

we remind the reader to consider the 20 per cent uncertainty placed upon all intensity values.

Kinematic distances are also contained in Table 4.3. Like Paper I, distances were cal-
culated using the program supplied by Reid et al. (2009); however, all distances in this
chapter have been calculated using a ‘near’ kinematic distance, whereas Paper I used a ‘far’
distance when prescribed by Green & McClure-Griffiths (2011). Given the similar veloci-
ties to other nearby masers and how well the class I CH3OH masers trace the dense gas,
we abandon the far distance prescription; see Fig. 3.3 of Paper 1. The affected masers are
(G332.5834-0.147, G333.313+0.106, G333.38740.031, G333.562—0.025 and G333.900—0.098.
The need for accurate near/far selection arises in analysis conducted later in this chapter,
particularly with mass calculation in §4.4.4. All distances presented in this chapter use the
same parameters as Paper I, specifically: ©g = 246kms™!, R, = 8.4kpc, Uy = 11.1kms™!,
Vo = 12.2kms™ !, Wy = 7.25kms™!, U, = Okms™!, V; = —15.0kms™!, W, = Okms™!,
o(Visr) = 3.32kms~ 1,

The complete collection of Gaussian fits to class I CH3OH spots are included in Appendix
B.1, and Gaussian fits to thermal emission are included in Appendix B.2. Maser positions
overlaid on infrared images from the Spitzer Galactic Legacy Infrared Mid-Plane Survey
Extraordinaire (GLIMPSE; Benjamin et al. 2003) can be seen in Appendix B.3.

The auto-correlation sensitivity of these observations is approximately a factor of 5 better
than that of Paper I, and has improved the detection rate of thermal lines towards the class
I CH3OH masers. Paper I had detectable CS emission towards 95 per cent of class I CH30H
masers, whereas these data have detectable CS towards every maser. Thermal SiO emission
detection statistics are greatly improved; these data have detectable SiO towards 83 per cent
of regions (64/77), which is a significant increase over Paper I (30 per cent). The thermal
19009 AT line of CH3OH was not characterised in Paper I, but auto-correlations have also
been produced for this chapter. The MALT-45 data cube of thermal CH3OH had a similar
detection rate compared to thermal SiO, but here it is detected towards almost all regions
(75/77; 97 per cent). Additionally, we list detections of H53a and C3*S with the targeted
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maser regions, along with median RMS noise levels in Table 4.1, but do not list their properties

for conciseness. The thermal lines are used for various comparisons in §4.4.

Observations

Reference I I I
Source 1 I I I
Source 2 l I I

Time ——>»

Amplitude

-110 -105 -100 -95  -90 -85  -80  -75 —
Velocity (km s™')

Amplitude

-110 105 -100  -95  —%0 -85  -80  -75
Velocity (km s™')

Figure 4.1: A graphical representation of the reduction procedure for auto-correlation data
used in this chapter. The data from each source cut is combined with the nearest reference
cut in time to produce a baselined cut. All baselined cuts are then averaged to produce an
auto-correlation product. This procedure is performed for each antenna of the ATCA, and
all products are then averaged together for a final product. The final panel contains the raw
spectrum (red) and the Hanning-smoothed (black). This example uses two Gaussians (blue)
to characterise the data.
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Table 4.2: Targeted class I CH30H masers, as well as their parameters. Column 1 lists
the region name taken from Paper I. Column 2 lists the refined region name, based on the
average position of maser spots found within that region. The refined region names are
used throughout this chapter instead of the Paper I names. A refined name is not supplied
if no maser emission was detected in interferometry. Columns 3 and 4 list the targeted
position for these observations. Column 5 gives the date on which the region was observed
(7 or 8 September 2013). Column 6 lists the median RMS noise value for the self-calibrated
cube. Column 7 lists the smallest radius of a circle to encompass all emission of the region.
Column 8 lists the velocity range of emission detected in auto-correlation data. All maser
regions were observed with an approximate local standard of rest velocity coverage between
—353 and 195kms~!. Note that regions with a radius of <1 arcsec contain either only
one maser spot, or spots very close together. Regions without a radius were not detected
in interferometry. Regions without a velocity range were not detected in interferometry or
auto-correlation (likely false-positives; see §4.3). Regions labelled with an asterisk (x) were
not listed by Paper I, but have class I CH3OH maser emission detected by these observations.
Regions labelled with a dagger (T) are designated as ‘young’; see §4.4.3.

Paper I Refined Pointing centre Obs. Median RMS Radius Velocity
region name region name 2000 52000 date noise level (arcsec) range
(h:m:s) (°:":") (Sep. 2013) (mJy) (kms—1)

G330.30—0.39 G330.294—0.393 16:07:37.0 —52:30:59 8 46 4 —82 to —76
G330.67—0.40 G330.678—0.402 16:09:30.6 —52:16:08 8 42 <1 —69 to —60
G330.784-0.24F G330.7794-0.249 16:07:12.2 —51:43:07 8 42 <1 —46 to —41
G330.834-0.18 16:07:40.6 —51:43:54 8 44

G330.87—0.36 G330.876—0.362 16:10:16.6 —52:05:50 8 45 22 —66 to —57
G330.88—0.38 G330.871—-0.383 16:10:21.1 —52:06:42 8 44 <1 —67 to —57
G330.92—0.417 G330.927—-0.408 16:10:44.2 —52:05:56 8 45 3 —44 to —40
G330.93—0.261 G330.931—-0.260 16:10:06.6 —51:59:23 8 43 1 —91 to —87
G330.95—-0.18 G330.955—-0.182 16:09:52.0 —51:54:59 8 46 <1 —98 to —84
G331.13—0.48" G331.131-0.470 16:11:59.8 —52:00:32 8 44 <1 —70 to —65
G331.13—-0.25 G331.132—-0.244 16:10:59.7 —51:50:25 8 46 10 —93 to —78
G331.13—0.50 G331.134—0.488 16:12:05.9 —52:01:33 8 37 <1 —68 to —68
G331.134-0.15 G331.1344-0.156 16:09:14.8 —51:32:47 8 46 4 —79 to =73
G331.214-0.10 16:09:50.8 —51:32:39 8 44

G331.29—-0.20 G331.279—-0.189 16:11:27.0 —51:41:54 8 45 21 —95 to —84
G331.34—0.35 G331.341—-0.347 16:12:25.6 —51:46:16 8 46 <1 —67 to —64
G331.37—0.407 G331.370—0.399 16:12:48.2 —51:47:26 8 44 <1 —66 to —64
G331.37—0.13% G331.371—-0.145 16:11:40.3 —51:35:52 8 47 <1 —89 to —86
G331.3940.157 G331.3804-0.149 16:10:26.2 —51:22:52 8 46 <1 —47 to —43
G331.41—0.177 G331.409-0.164 16:11:59.2 —51:35:33 8 45 <1 —85 to —85
G331.44—0.14*1 16:11:57.9 —51:33:08 8 45 —87 to —84
G331.44—0.19 G331.440—0.187 16:12:11.5 —51:35:02 8 44 5 —92 to —85
G331.44—0.16*1 G331.442—-0.158 16:12:05.0 —51:33:45 8 40 <1 —87 to —85
G331.50—0.08 G331.492—-0.082 16:11:59.6 —51:28:14 8 46 22 —93 to —84
G331.50—0.10 G331.503—-0.109 16:12:10.5 —51:29:23 8 44 17 —101 to —86
G331.52—0.08 G331.519—-0.082 16:12:07.5 —51:27:25 8 44 8 —93 to —85
G331.54—0.10 G331.530—0.099 16:12:14.5 —51:27:34 8 45 19 —95 to —85
G331.55—0.07 G331.544—0.067 16:12:11.3 —51:25:29 8 45 7 —92 to —85
G331.56—0.12 G331.555—0.122 16:12:26.7 —51:27:41 8 44 3 —104 to —97
G331.72—0.20% 16:13:34.4 —51:24:25 8 46 —49 to —45
G331.86—0.13% G331.853—-0.129 16:13:52.3 —51:15:42 8 46 <1 —52 to —48
G331.884-0.067 G331.8874-0.063 16:13:10.5 —51:06:09 8 44 12 —91 to —84
G331.92—0.087 G331.921-0.083 16:13:58.0 —51:10:56 8 46 <1 —53 to —51
G332.09-0.42 G332.092—-0.420 16:16:15.6 —51:18:31 8 46 7 —59 to —54
G332.24—0.05" G332.240—-0.044 16:15:17.6 —50:55:59 8 47 8 —51 to —46
G332.30—0.09 G332.295—-0.094 16:15:46.0 —50:55:54 8 46 8 —55 to —45
G332.324-0.187 G332.3184-0.179 16:14:40.0 —50:43:11 8 45 10 —50 to —44
G332.36—0.11 G332.355—-0.114 16:16:07.3 —50:54:16 8 45 <1 —51 to —49
G332.594-0.15 G332.5834-0.147 16:15:58.5 —50:33:22 8 45 <1 —45 to —42
G332.60—0.17 G332.604—0.167 16:17:28.1 —50:46:20 8 46 2 —48 to —44
G332.72—0.05T G332.716—0.048 16:17:28.6 —50:36:34 8 45 2 —41 to —38
G333.00—-0.43 G333.002—-0.437 16:20:27.7 —50:41:06 8 45 <1 —57 to —55
G333.01-0.46™ G333.014—-0.466 16:20:37.1 —50:41:31 7 41 <1 —55 to —52
G333.02—-0.06 G333.029—-0.063 16:18:55.9 —50:24:03 8 43 1 —43 to —39
G333.03—-0.02 G333.029—-0.024 16:18:45.9 —50:22:21 7 41 <1 —43 to —41
G333.07—0.44 G333.068—-0.446 16:20:49.6 —50:38:51 7 46 <1 —55 to —51
G333.07—0.40 G333.071-0.399 16:20:37.0 —50:36:33 7 42 [§ —54 to —51
G333.10—-0.51 G333.103—-0.502 16:21:13.4 —50:39:56 7 41 11 —60 to —53
G333.12—0.43% G333.121-0.433 16:20:58.5 —50:35:41 7 54 3 —57 to —44
G333.13—-0.44 G333.126—0.439 16:21:02.3 —50:35:53 7 55 12 —57 to —42
G333.14—0.42 G333.137—-0.427 16:21:03.0 —50:34:59 7 49 17 —57 to —43
G333.16—0.10 G333.162—0.101 16:19:41.4 —50:19:55 7 35 4 —93 to —90
G333.18—0.09 G333.184—0.090 16:19:45.2 —50:18:45 7 37 10 —89 to —84
G333.22—0.40 G333.220—0.402 16:21:16.9 —50:30:17 7 42 4 —57 to —49
G333.23—0.06 G333.233—-0.061 16:19:49.4 —50:15:17 7 42 14 —96 to —81
G333A24+OA02T 16:19:26.0 —50:11:29 7 42 —71 to —66
G333.29—-0.38 G333.284—-0.373 16:21:28.1 —50:26:35 7 43 <1 —55 to —49
G333.30—0.35 G333.301-0.352 16:21:24.5 —50:24:47 7 40 <1 —54 to —48
G333.314-0.10 G333.3134-0.106 16:19:27.6 —50:04:45 7 55 8 —51 to —43
G333.33—0.36 G333.335—-0.363 16:21:36.4 —50:23:53 7 44 18 —55 to —46
G333.37—0.207 G333.376—0.202 16:21:05.2 —50:15:18 7 44 5 —63 to —56
G333.394-0.02 G333.3874-0.031 16:20:08.2 —50:04:49 7 39 3 —73 to —68
G333.47—0.16 G333.467—0.163 16:21:19.5 —50:09:42 7 40 12 —49 to —38
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MALT-45 Refined Pointing centre Obs. Median RMS Radius Velocity
region name region name 2000 52000 date noise level (arcsec) range
(h:m:s) (°:7:"") (Sep. 2013) (mJy) (kms—1)
G333.504-0.15" (G333.497+0.143 16:20:06.5 —49:55:25 7 42 2 —115 to —111
G333.52—0.27 G333.523—-0.275 16:22:03.4 —50:12:08 7 42 <1 —52 to —49
G333.56—0.30 G333.558—0.293 16:22:19.2 —50:11:28 7 42 27 —47 to —44
(G333.56—0.02 G333.562—0.025 16:21:07.9 —49:59:49 7 44 <1 —43 to —37
G333.57+0.03T G333.569+0.028 16:20:55.4 —49:57:25 7 42 <1 —86 to —81
G333.59—-0.21 G333.595—0.211 16:22:06.2 —50:06:30 7 45 4 —52 to —44
G333.70—0.20 G333.694—0.197 16:22:27.7 —50:01:22 7 41 9 —52 to —49
G333.71—0.12T G333.711-0.115 16:22:10.8 —49:57:21 7 41 5 —32 to —30
G333.77—0.011 G333.772—0.010 16:21:59.6 —49:50:20 7 42 <1 —91 to —88
G333.77—0.251 G333.773—0.258 16:23:02.8 —50:00:31 7 40 <1 —50 to —47
G333.82—0.307 G333.818—-0.303 16:23:29.5 —50:00:40 7 41 1 —50 to —46
G333.90—-0.10 G333.900—0.098 16:22:56.3 —49:48:43 7 41 4 —66 to —61
G333.94—-0.14 G333.930—-0.133 16:23:14.1 —49:48:40 7 44 5 —43 to —39
G333.98+O.07T G333.97440.074 16:22:31.0 —49:38:08 7 40 <1 —62 to —57
G334.03—0.041 G334.027—-0.047 16:23:16.7 —49:40:57 7 41 <1 —85 to —83
G334.74+O.511L (334.7464+0.506 16:23:57.9 —48:46:40 7 38 4 —66 to —59

Table 4.3: Associations with each of the targeted class I CH3OH masers. Note that the
presence of CS (1-0) is not listed, because it is detected towards every source. Column 1
lists the average position of all maser emission in Galactic coordinates. Columns 2 and 3 list
the same average position in right ascension and declination. Column 4 lists the kinematic
distance. Uncertainties are listed in units of the least significant figure. Column 5 lists the
presence of other masers and ATLASGAL sources within 1 arcmin of the centre position. If
there is more than one of a type of association, the number is listed as a subscript. Column 6
lists whether thermal SiO (1-0) emission is detected (‘Y’) or not (‘N’). Regions labelled with
a dagger (1) are designated as ‘young’; see §4.4.3.

Region Centre of maser emission Kinematic Associations Presence of Presence of Presence Presence
name @2000 62000 distance within SiO (1-0) CH30H of H53ac? of C343
(h:m:s) (°:7:"") (kpc) 1 arcmin! v = 07? 19—09 AT? (1-0)?
G330.294—0.393 16:07:37.9 —52:30:58.29 4.9 (2) WA N Y Y Y
G330.678—0.402 16:09:31.7 —52:15:50.68 4.1 (2) A Y Y Y Y
G330.779-&-04249T 16:07:09.8 —51:42:53.76 3.1 (2) A Y Y N Y
G330.871—-0.383 16:10:22.1 —52:07:08.28 4.1 (2) MA Y Y Y Y
G330.876—0.362 16:10:17.9 —52:05:59.37 4.0 (2) MWSCGAgy Y Y Y Y
G330.927—0.408% 16:10:44.7 —52:05:57.33 3.1 (2) A Y Y N Y
G330.931—0.260" 16:10:06.7 —51:59:18.13 5.3 (2) A N Y N Y
G330.955—0.182 16:09:53.0 —51:54:52.84 5.5 (2) MWCA Y Y Y Y
G331.131-0.4707  16:11:59.4  —52:00:19.88 4.3 (2) GA Y Y N Y
G331.132—-0.244 16:10:59.8 —51:50:21.78 5.4 (2) WCGA Y Y N Y
G331.134—0.488 16:12:05.1 —52:01:01.37 4.3 (2) A Y Y Y Y
G331.134+0.156 16:09:15.1 —51:32:39.79 4.6 (2) MWA Y Y N Y
G331.279—-0.189 16:11:27.2 —51:41:57.04 5.3 (2) MWCA Y Y Y Y
G331.341—-0.347 16:12:26.4 —51:46:20.50 4.2 (2) MWCGA Y Y Y Y
G331.370—0.3997 16:12:48.5 —51:47:24.39 4.2 (2) GA N Y N Y
G331.371—0.145" 16:11:41.2 —51:36:15.36 5.2 (2) N Y N Y
G331.380+0.149T  16:10:26.8  —51:22:58.46 3.2 (2) A Y Y N Y
G331.409—0.1647 16:11:57.4 —51:35:32.03 5.1 (2) As Y Y N Y
G331.44—0.14% 16:11:57.9 —51:33:07.81 5.1 (2) A Y Y N N
G331.440—-0.187 16:12:11.9 —51:35:15.76 5.2 (2) MWCA Y Y N Y
G331.442—0.158"  16:12:04.8  —51:33:55.74 5.1 (2) Y Y N Y
G331.492—-0.082 16:11:59.0 —51:28:34.01 5.3 (2) Ao Y Y Y Y
G331.503—0.109 16:12:09.3 —51:29:14.95 5.2 (2) WSCA3 Y Y Y Y
G331.519—-0.082 16:12:06.6 —51:27:25.69 5.3 (2) A Y Y Y Y
G331.530—0.099 16:12:14.3 —51:27:44.11 5.4 (2) A Y Y Y Y
G331.544—0.067 16:12:09.7 —51:25:44.35 5.2 (2) MCA Y Y Y Y
G331.555—0.122 16:12:27.1 —51:27:42.69 5.8 (2) MWy CAo Y Y N Y
G331.72—0.20T 16:13:34.4 —51:24:24.91 3.3 (2) A Y Y N Y
(G331.853—0.1297 16:13:52.5 —51:15:46.63 3.4 (2) A Y Y N Y
G331.887+04063T 16:13:11.2 —51:05:58.39 5.2 (2) A Y Y N Y
G331.921—0.083" 16:13:59.2 —51:10:56.00 3.5 (2) A Y Y N Y
G332.092—-0.420 16:16:15.7 —51:18:27.64 3.7 (2) MWA Y Y N Y
G332.240—OAO44T 16:15:17.2 —50:56:01.32 3.4 (2) A Y Y N Y
G332.295—-0.094 16:15:45.3 —50:55:54.87 3.5 (2) MWGA Y Y Y Y
G332.318+04179T 16:14:40.1 —50:43:07.07 3.4 (2) WA Y Y N Y
G332.355—-0.114 16:16:07.2 —50:54:19.92 3.5 (2) MWCGA N Y N Y
G332.583+0.147 16:16:01.0 —50:33:30.96 3.1 (2) MGA N N N Y
G332.604—0.167 16:17:29.3 —50:46:12.92 3.3 (2) MWGA Y Y N Y
(332.716—0.048" 16:17:28.5 —50:36:23.32 3.0 (2) A N Y N Y

M - 6.7 GHz CH30H maser from Caswell et al. (2011); W - 22 GHz Hy0 maser from any of
Breen et al. (2010a); Walsh et al. (2014); S - 1612 MHz OH maser from Sevenster et al.
(1997): C - 1665 or 1667 MHz OH maser from Caswell (1998): G - EGO from Cyganowski
et al. (2008); A - ATLASGAL point source from Contreras et al. (2013).
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Table 4.3: continued

Region Centre of maser emission Kinematic Associations Presence of Presence of Presence Presence
name 2000 52000 distance within SiO (1-0) CH30H of H53a?  of €348
(h:m:s) (O:/:”) (kpc) 1 arcmin® v = 07 19—0¢ At? (1-0)?
G333.002—-0.437 16:20:28.7 —50:41:00.91 3.8 (2) WA3 Y Y Y
G333.014—0.466 16:20:39.5 —50:41:47.45 3.6 (2) A Y Y Y Y
G333.029—-0.063 16:18:56.7 —50:23:54.64 3.0 (2) MWA N Y N Y
G333.029—-0.024 16:18:46.6 —50:22:14.57 3.1 (2) MA Y Y N Y
G333.068—-0.446 16:20:48.7 —50:38:38.68 3.7 (2) MWA Y Y Y Y
G333.071-0.399 16:20:37.2 —50:36:30.13 3.6 (2) A Y Y Y Y
G333.103—-0.502 16:21:13.1 —50:39:31.37 3.8 (2) MA Y Y Y Y
G333.121-0.433 16:20:59.5 —50:35:51.03 3.4 (2) M4WgCaAg Y Y Y Y
G333.126—0.439 16:21:02.6 —50:35:52.44 3.5 (2) M4WgCoAg Y Y Y Y
G333.137—-0.427 16:21:02.2 —50:34:56.03 3.5 (2) MWCo A Y Y N Y
G333.162—0.101 16:19:42.5 —50:19:56.29 5.3 (2) MA N Y Y Y
G333.184—0.090 16:19:45.5 —50:18:34.59 5.1 (1) MGA Y Y Y Y
G333.220—0.402 16:21:17.9 —50:30:19.97 3.6 (2) A Y Y Y Y
G333A24+0A02T 16:19:26.0 —50:11:29.26 4.4 (1) A Y Y N Y
G333.233—-0.061 16:19:50.8 —50:15:15.94 5.1 (1) MoyW3SCA Y Y N Y
G333.284—-0.373 16:21:27.3 —50:26:22.48 3.6 (2) A Y Y Y Y
G333.301—-0.352 16:21:25.9 —50:24:46.26 3.5 (2) Ao Y Y Y Y
G333.313+40.106 16:19:28.5 —50:04:45.61 3.2 (2) MWGA Y Y Y Y
G333.335—0.363 16:21:38.0 —50:23:46.78 3.6 (2) A Y Y Y Y
G333.376—0.2027  16:21:06.2  —50:15:13.21 4.0 (2) WA Y Y N Y
G333.387+40.031 16:20:07.5 —50:04:49.51 4.4 (1) MWCA Y Y N Y
G333.467—0.163 16:21:20.2 —50:09:41.70 3.1 (2) MWCGA Y Y Y Y
G333.497+0.143" 16:20:07.6 —49:55:26.21 6.3 (2) Ao Y Y N Y
G333.523—-0.275 16:22:04.5 —50:12:05.32 3.5 (2) A Y Y Y Y
G333.558—-0.293 16:22:18.7 —50:11:23.38 3.1 (2) Ao Y Y Y Y
G333.562—0.025 16:21:08.7 —49:59:48.85 3.0 (2) MA Y Y N Y
G333.569+0.028" —49:57:15.91 5.0 (1) A Y Y N Y
G333.595—-0.211 —50:06:21.28 3.5 (2) WSCA Y Y Y Y
G333.694—0.197 16:22:29.1 —50:01:31.84 3.5 (2) Ao Y Y Y Y
G333.711—0.115F 16:22:12.1 —49:57:20.77 2.5 (2) A N N N Y
G333.772—0.010" 16:22:00.3 —49:50:15.79 5.2 (1) N Y N Y
G333.773—0.258" 16:23:06.2 —50:00:43.31 3.5 (2) A Y Y N Y
G333.818—0.303% 16:23:30.0 —50:00:41.97 3.4 (2) N Y N Y
G333.900—0.098 16:22:57.3 —49:48:35.60 4.2 (2) MSA Y Y N Y
G333.930—-0.133 16:23:14.5 —49:48:45.94 3.1 (2) MWA Y Y N Y
G333.974+0.074T 16:22:31.4 —49:38:08.31 3.9 (2) A N Y N Y
G334.027—0.047F 16:23:16.7 —49:41:00.19 5.0 (1) Ao N Y N Y
Y Y N Y

(G334.74640.5067  16:23:58.0  —48:46:59.12 4.2 (1) A
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4.4 Discussion

4.4.1 Properties of detected class I CH3;0H masers

Using the information gathered from these observations, we conduct analyses of the basic
properties of class I CH3OH masers. Fig. 4.2 shows the luminosities, projected linear sizes
and velocity spreads of these masers. The linear size is calculated using the angular size
of maser emission across a region, as well as the kinematic distance. Evolved sources are
categorised based on the presence of class II CH30H masers, OH masers or H53«a emission;
further detail is given in §4.4.3.

The distribution of luminosities approximates a Gaussian with a peak around 107625 L.
Non-evolved sources appear to be limited to luminosities less than 10752° L, with only two
exceptions. Further discussion on evolved/non-evolved sources is continued in §4.4.3.

The majority of sources have small linear sizes (<0.5pc) and small velocity spreads
(<5kms™1). Panel 2 of Fig. 4.2 features a comparison similar to Fig. 5 of Voronkov et al.
(2014), velocity spread against linear size, although they use the presence of OH masers
instead of the evolved criterion used here. Despite this difference, the distributions appear
similar. The non-evolved class I CH30H masers in our distribution are mostly bound within
5kms~!, but Voronkov et al. (2014) masers without OH maser associations seem to have an
average velocity spread of 5kms~!. This is likely to due the Voronkov et al. (2014) sam-
ple being typically biased toward class II CH3OH masers, which are more evolved than our
non-evolved population.

Many masers can be seen with a linear size near 0pc; these correspond to regions with
only one or two maser spots. An expanded discussion of the non-evolved nature of regions
with few maser spots is given in §4.4.3.

Small spatial distributions of class I CH30H masers have been discussed in literature.
However, unlike other investigations, the distribution shown in Fig. 4.2 is without a reference
point; Kurtz et al. (2004) measure the distance between class I CH30H masers and an
H1 region, and Voronkov et al. (2014) use class I CH3OH masers as references. A more
appropriate comparison with literature is presented in §4.4.2.1.

Six maser regions can be seen with a linear size greater than 0.8 pc; these regions are
(G330.876—0.362, G331.279—0.189, G331.492—0.082, G331.503—0.109, G331.530—0.099 and
G333.558—0.293. Upon inspection of the distribution of these masers with infrared maps,
it is likely that not all the class I CH3OH masers are related to a single high-mass object;
see Appendix B.3. (G330.876—0.362 has only two spots, very distant from each other; one
is closely associated with class II CH3OH, HoO and OH masers, the other with an infrared
dark cloud (IRDC). G331.279—0.189 has a single maser spot very distant from the rest of the
relatively clustered spots, but this spot may not be powered by the same obvious infrared
source. G331.492—0.082 has two groups of spots; both are very compact, but widely separated
from each other and have different infrared colours. G333.558—0.293 has the largest offset
within these observations, from two individual spots; the infrared map shows what appears
to be a different IRDC associated with each. G331.503—0.109 and G331.530—0.099 may be
exceptions; both may be powered by the same source located at G331.512—0.100, which also

features a HoO and OH maser.
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Figure 4.2: Luminosities, projected linear sizes and velocity spreads of class I CH3OH maser
regions. The distribution of luminosities approximates a Gaussian, with a peak around
10725 L. The majority of maser regions have small spatial sizes and velocity spreads.
Regions that are not evolved tend to have lower luminosities, projected linear sizes and
velocity spreads.
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While it is difficult to disentangle the origin of each maser spot, it seems that the large
offsets between spots are not necessarily common, and may be artificially generated by cal-
culating a radius for each observed maser region. This in turn strengthens the argument that
class I CH3OH maser regions tend to have small spatial sizes and velocity spreads. While
these masers are collisionally-excited, they are perhaps tracing weak shocks rather than pow-
erful ones. We expect stronger shocks to at least have broad velocity coverage. An indication
of regions where more powerful shocks are present may be gleaned by the presence of thermal

SiO, or even more evolved maser species such as class II CH3OH or OH.

4.4.2 Comparing class I CH3;0H masers with other masers and thermal

lines

Paper I investigated maser associations of class I CH3OH masers with class I CH30H, HoO
and OH masers. As Paper I used class I CH30OH maser positions from auto-correlated data,
the positional uncertainty is much higher than these data. Maser associations within 60
arcsec between each of the four species can be seen as a Venn diagram in Fig. 3.20 of Paper 1.
The same analysis was carried out with these data, but with a more stringent 45 arcsec;
the resulting populations within each intersection of the same Venn diagram changes only
very slightly (1 or 2 differences in some intersections). Consequently, MALT-45 observations
accurately reveal the maser associations toward class I CH3OH masers without the need for
high-resolution follow-up observations. However, we are able to use the high-resolution data
for various other comparisons with maser species, as well as thermal lines from MALT-45,

owing to the improved sensitivity of these observations.

4.4.2.1 Separation from star-forming maser species

Using the positions of every class I CH3OH maser spot detected, distances to class I CH3OH,
OH and HoO masers are calculated and presented in Fig. 4.3. The other star-forming maser
positions were gathered from Caswell et al. (2011); Sevenster et al. (1997); Caswell (1998);
Breen et al. (2010a); Walsh et al. (2014). Masers were only considered up to 60 arcsec away.
If more than one of the same type of maser are within range of a class I CH3OH maser spot,
only the closest was used comparison.

Most distances are contained within 0.5 pc. Kurtz et al. (2004) find that the distance
between class I CH3OH masers and H 11 regions tend to be within 0.5 pc, agreeing with our
results. Voronkov et al. (2014) were able to model an exponential decay to the number of
class I CH3OH masers with distance from class II CH3OH masers; with their larger sample
size, they see many masers at distances beyond 0.5 pc. However, the vast majority are within
0.5 pc, also agreeing with our results. Given that our maser spots are derived from an unbiased
sample, it seems that most regions of HMSF influence class I CH3OH maser activity within
a radius of 0.5 pc.

There is a small, isolated population at distances around 0.8 pc, particularly with OH
masers. The class I CH3OH maser regions comprising distances between 0.65 and 0.95 pc
to OH masers are: G330.876—0.362, G331.279—0.189, G331.503—0.109, G333.121—0.433,
(G333.126—0.439, G333.595—0.211 and G333.900—0.099. Of these regions, G330.876—0.362
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Figure 4.3: Histogram of the projected linear distance between every class I CH3OH maser
spot position and any other species of maser. This histogram uses a maximum angular offset
of 60 arcsec. The majority of distances to masers are contained within 0.5 pc, and a second
population appears around 0.8 pc.

and G331.279—0.189 have been discussed in §4.4.1 as examples of maser regions without a
single, common high-mass object. Therefore, these regions may not be affected by the OH
maser at a distance of ~0.8 pc. The remaining regions are discussed in the following text.
Figures contained within Appendix B.3 aid to clarify the spatial association of the masers in
question.

G331.503—0.109 includes four class I CH3OH maser spots, with one very distant from the
others. The three spots clustered spots are at a distance of ~0.85 pc to the OH maser, while
the fourth spot is at a distance of 1.4 pc (the largest of all offsets within 60 arcsec). Infrared
GLIMPSE images show that all masers appear to be associated with the same cloud. If the
class I CH3OH masers are related to the location featuring both OH and HoO masers, the
region of influence is great indeed. This would may also explain the class I CH30H maser
emission seen at G331.530—0.099; the maser spot from this region nearest to the OH maser
is at a distance of 1.1 pc. The other spots are further than 60 arcsec from the OH maser, and
have a curious linear distribution.

(333.121—0.433 and G333.126—0.439 are both at distances ~0.8 pc from the same OH
1665/1667 MHz maser region located at G333.135—0.432. Each of these class I CH3OH maser
regions appear to be closely associated with their own distinct class II CH3OH masers. As

the OH maser in question is cospatial with another class IT CH3OH maser, and features its
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own nearby class I CH3OH masers, it seems likely that this is an independent HMSF region
from the other class I CH3OH maser regions. While it is possible that the presence of the
OH maser could influence class I CH30H masers at these large distances, the whole region
(located within the G333 giant molecular cloud) is obviously a complex, evolved region of
HMSF, making interpretation of cause-and-effect difficult.

The class I CH30H masers located at G333.595—0.211 appear near to a very bright H11
region. This region features 1612, 1665 and 1667 MHz OH masers, as well as HoO masers,
although all at projected distances ~0.8 pc from the class I CH30H masers. Interestingly,
CS (1-0) emission from MALT-45 peaks at the location where class I CH3OH masers are
detected.

Unlike the other maser regions discussed, G333.900—0.099 has few class I CH3OH maser
spots. Only two spots are detected on either side of a class II CH3OH maser. The OH maser
is at a distance ~0.8 pc from these masers, and appears cospatial with an infrared star in
GLIMPSE. Given the small count of spots and the presence of a star with the OH maser, we
do not believe a connection exists between the OH maser and class I CH3OH masers here.

In general, maser associations are well characterised within distances of 0.5 pc. Genuine
associations with distances exceeding 0.5 pc seem to be rare, and perhaps limited to powerful,

evolved regions of HMSF.

4.4.2.2 Velocities

The peak velocities of auto-correlated class I CH3OH masers are compared with class 11
CH3OH masers, thermal CS, SiO and CH3OH in Fig. 4.4. We discuss the resulting distribu-
tions in the following text.

Voronkov et al. (2014) used a large sample of class I and class II CH3OH masers to
investigate their relative velocities. They find a peak at —0.57 & 0.07 kms~! with a standard
deviation of 3.3240.07kms~! and a slight blueshifted asymmetry. The cause of the blueshift
could not be attributed to either the class I or class I CH3OH masers. The relatively wide
spread of class II CH30OH maser velocities is characterised by the proximity to a YSO; a
greater dispersion is expected for molecules found near to the powering source.

The relevant distribution in Fig. 4.4 has the statistics 4 = —1.17 £ 0.87Tkms™!, & =
—1.90kms™! and o = 4.75 £ 0.61 kms~! (i is the mean, ¥ the median and o the standard
deviation). The parameters of this comparison are consistent with that of Voronkov et al.
(2014). The median and mean are blueshifted, but the relatively large standard deviation
diminishes their significance; the blueshift assertion requires a larger population to establish
its validity. As the sample of Voronkov et al. (2014) is much larger than the one presented
here, proving a systematic blueshift would be difficult to achieve, and may never escape
low-number statistics.

Paper I presented a histogram of the velocity difference between peak velocities in class
I CH30H masers and CS (1-0). The resulting mean was 0.0 + 0.2kms™! with a standard
deviation of 1.5 4 0.1kms™!; given that CS traces very dense gas (n. > 10° cm™3), the peak
CS velocity is likely closely related to the systemic velocity of a molecular cloud. Hence, the
statistics suggest that class I CH3OH masers are also good tracers of systemic velocities, and

may be better than using the middle of the velocity range seen by class II CH3OH masers.
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The results of the CS comparison in these data confirm that of Paper I: p = 0.09 &+
0.18kms™!, # = 0.04kms™ ! and o = 1.56+£0.17km s~ !. If we assume that CS peak velocities
accurately trace the systemic velocities of molecular clouds, then class I CH3OH masers are
also very good probes for these velocities. However, we have discussed class I CH3OH masers
tracing systemic velocities, although the mean and median of CS are quite different to class
IT CH3OH masers. As we are probing very dense, star-forming regions, the CS emission may
be optically thick, which may cause the peak CS velocity to not reflect the systemic velocity.
To help confirm CS as a reliable tracer of systemic velocities, we analysed the peak velocity
of C34S emission. With only one exception, C34S was detected toward each observed class
I CH30H region, and the peak velocity of C31S agrees with the peak CS velocity to within
0.5kms~!. This rules out the possibility of optically thick CS regions having non-systemic
peak velocities, and therefore peak CS velocities should be considered as more accurate
systemic velocity tracers than class II CH3OH masers.

The sensitivity of the MALT-45 survey provided a small detection rate of thermal SiO
emission with class I CH3OH maser regions. With the additional sensitivity provided by these
observations, we are able to reliably compare these two shock-tracing species. The velocity
distribution presented is similar to that of CS: u = 0.17 £ 0.20kms™!, Z = 0.01kms~' and
0 =1.6440.14kms™!. The distribution is slightly wider than that of CS, but uncertainties
are too great to draw any conclusions. Overall, the peak velocities of class I CH3OH masers
and SiO emission closely agree.

The thermal 19-0y A line of CH3OH has an even tighter association with class I CH3OH
maser velocities than CS: p = —0.0840.15kms™!, # = 0.01kms~ ' and ¢ = 1.3340.11 km s~ !.
As a sufficient abundance of CH3OH gas is needed for maser emission, it is perhaps not
surprising that the thermal velocity is closely matched to the maser velocity. Given the
distribution relative to CS, it seems that thermal CH30H is also a good tracer of systemic
velocities.

The velocity differences for the thermal CS, SiO and CH3OH spectral lines all appear
similarly, with uncertainties of only a few kms™'. The class II CH3OH maser distribution,
however, is broad and has a relatively distinct mean and median blueshift. This hints that
class IT CH30H masers indeed have a systematic blueshift bias, although the statistics pre-
sented above can not conclude this observation. The blueshift is consistent with class II
CH3OH masers being detected in the foreground of star-forming regions rather than in the
background; as these 6.7 GHz masers are the lowest frequency of all species considered here,
they may be affected by optically thick emission close a high-mass star. This would especially

be true for younger sources, which would be more optically thick.

4.4.2.3 Brightness

In this subsection, we use the auto-correlated integrated flux densities of class I CH3OH maser
emission to compare with the brightness of other star-forming species. Similar to Paper I, the
luminosity of class I CH3OH and class II CH30H masers was compared, but no correlation
was observed. The only difference in this comparison is the sensitivity to class I CH3OH
maser emission, so this result was not unexpected. Thermal CS, SiO and CH3OH integrated

intensities were also compared with class I CH30H integrated flux densities; the results can
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Figure 4.5: Scatter plots of class I CH3OH maser integrated flux density against CS, SiO and
thermal CH3OH integrated flux densities. Hexagon tile colours represent the density of data,
similar to a two-dimensional histogram. All three comparisons show a trend, although the
degree of scatter is large. In addition, CS and SiO appear to cluster, indicating some values
to be more typical than others.
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be seen in Fig. 4.5.

The brightness of CS, SiO and thermal CH3OH all show a positive correlation with the
brightness of class I CH3OH maser emission, although the degree scatter in each plot is large.
The correlation coefficient (r-value) for the CS comparison is 0.41. Curiously, the data in
the scatter plot featuring CS seem to be clustered about the median integrated flux density
(IFD) of both species; this is more apparent on Fig. 4.5 with the use of a two-dimensional
density histogram. The CS vs. class I CH3OH maser plot in Paper I (Fig. 3.12) does not
appear to have a concentrated cluster, although that plot made use of luminosities. The
median CS integrated intensity is 1.3 K kms™!, with a median class I CH3OH maser IFD of
9.9Jykms~!.

As discussed earlier, a brightness comparison with SiO was not possible in Paper I, due
to their low intensities. Consequently, Paper I speculates on the nature of the class I CH3OH
maser regions, given that the SiO detection rate was quite low (30 per cent). As the majority
or regions now have confirmed SiO detections, it seems that a large portion of class I CH30H
masers are triggered by weak shocks, given that associated bright SiO emission is rare. The
r-value for this comparison is 0.57. SiO has a median integrated intensity of 0.18 K kms™!,
and the median class I CH3OH maser IFD is 12.8 Jykms~!. As with the CS, these median
values are close to the most clustered bin in panel 2 of Fig. 4.5.

Similar to SiO, comparisons with thermal CH3OH was not possible in Paper I. The
correlation here is the poorest, with a r-value of 0.40. Unlike the other thermal species, the
degree of scatter in these data is so large that no cluster is apparent either. The median
thermal CH30H integrated intensity is 0.20 Kkms™!, with a median class I CH3OH maser
IFD of 10.1Jy kms™!.

4.4.3 Class I CH30H masers on a HMSF evolutionary timeline

In this subsection, we attempt to divide class I CH3OH masers into ‘young’ or ‘evolved’
categories. Paper I briefly discusses masers with associated class II CH30OH or OH masers,
noting that more masers have no associations and therefore seem to be better associated with
earlier stages of HMSF. With the additional sensitivity provided by these observations, we
can use radio recombination line (RRL) data to help discriminate evolved regions. RRLs are
associated with H 11 regions, which in turn tend to signpost more evolved stages of HMSF
than class II CH3OH masers (Walsh et al. 1998). Class I CH3OH maser regions with detected
H53« emission are listed in Table 4.3. We use the presence of class II CH30H masers, OH
masers and H53a emission to deem a region as evolved or not.

Fig. 4.6 shows the populations of class I masers with and without these tracers of evolved
stages of star formation. Due to the additional discrimination provided by the presence of
H53a, we find that class I CH3OH masers tend to appear in more evolved regions, unlike
Paper 1. It is surprising that 17 regions featuring H53a emission are all without class II
CH30OH and OH masers. Are there new masers at these locations? The population of OH
masers within the MALT-45 survey region are primarily from the catalogue of Caswell (1998);
while the number of detections are low, this survey is somewhat complete to ~0.16 Jy, limited
by the number of channels in each maser detection. Additional masers from the SPLASH

survey may reveal new associations (Dawson et al. 2014). Across the MALT-45 survey region,
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Figure 4.6: A diagram depicting the relative populations of evolved species associated with
class I CH3OH masers. The majority of sources are evolved (49/77, 64 per cent).

class IT CH3OH masers from the Methanol MultiBeam survey are complete to 0.17 Jy (Caswell
et al. 2011). Given the good sensitivity of these surveys, it seems unlikely that undiscovered
class II CH3OH and OH masers are associated with these class I CH3OH masers, but follow-up
observations at these transitions may prove effective for finding new detections.

The population of class I CH3OH maser regions without any evolved tracer is about a
third of all regions in these data; clearly, class I CH3OH masers are still strongly associated
with younger star-forming regions. In order to help identify younger regions of star formation,
we discuss the properties of this sub-population.

In the following text, we qualitatively discuss infrared associations with young class I
CH30OH masers. Images in Appendix B.3 show the infrared environment of the detected
masers. It can be seen that many masers are cospatial with dark infrared regions, pre-
sumably IRDCs, which are dense regions of gas projected in front of a bright background.
IRDCs are known sites of star formation, even HMSF, thus it is not surprising to find a
large population of class I CH30OH masers towards these locations. However, some slight
differences appear between young and evolved regions. The young population appears to
better associated with dark infrared features, but have less bright infrared counterparts, and
generally only one maser spot. A good example of the difference in the typical infrared prop-
erties of younger and more evolved sources can be seen on the same page in Appendix B.3
between G331.279—0.189 (evolved) and G331.370—0.399, G331.371—0.145, G331.380+0.149
and G331.409—0.164 (young). G331.279—0.189 appears to have dark infrared lanes coalesc-
ing into a region with excess extended green emission, coincident with class II CH3OH, HyO
and OH masers, surrounded by class I CH3OH masers. In contrast, the four young regions
are all associated with dark infrared regions, although there is little else in the infrared to
pin-point or identify these as masing regions.

One extreme exception is G330.931—0.260; two maser spots are detected towards the end
of what appears to be an extended and diffuse photon-dominated region. No other masers are

detected, and no dark infrared regions apparent, but an infrared feature at G330.938—0.255
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Figure 4.7: A histogram of class I CH3OH maser spot counts within each maser region,
highlighting those associated with an OH maser. There are few OH maser associations with
all class I CH3OH maser regions, but regions with only one or two spots are particularly
without OH maser association.

might be the powering source.

The histogram in Fig. 4.2 presents luminosities of evolved and non-evolved class I CH;0H
maser regions. Luminosities less than 107° L, have a total of 57 maser regions, of which 26
are classified young (46 per cent). The remainder of the histogram (luminosities >107>7 L)
has only 2 non-evolved maser regions out of 20 (10 per cent). Thus, class I CH3OH masers
in non-evolved regions tend to have lower luminosities.

(332.240—0.044 is the outlying, large-valued datum; unlike other young regions, there are
many maser spots associated with this region, concentrated about a bright infrared feature
embedded in an IRDC. This may be an example of a region about to produce class I CH30H
maser emission, given the infrared appears similar to other regions with class II CH30H
masers.

The three regions with 44 GHz CH30OH emission detected in auto- but not cross-correlation
are also within the young population. G331.72—0.20 and G333.24+0.02 appear to be typ-
ically associated with dark infrared regions, but G331.44—0.14 lacks any obvious infrared
feature; it may be an example of a non-star-forming maser region.

Fig. 4.7 reveals that the number of class I CH3OH maser spots detected hint at the
presence of an OH maser association. Maser regions with one or two spots are particularly

without an OH association, while those with eleven or twelve spots all have an association.
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Unfortunately, not many OH masers are available for comparison. However, this finding helps
to explain why evolved class I CH3OH maser regions have larger projected linear sizes and
velocity spreads in Fig. 4.2; more spots indicate more maser activity, presumably caused by
a further evolved region of HMSF. The presence of a class II CH3OH maser is less apparent
with class I CH30H maser spot counts, but regions with only one or two spots are mostly
without association (11/42; 26 per cent).

MALT-45 observations provided the initial detections of the class I CH3OH masers de-
tailed in this paper. With only a few possible exceptions, each of the class I CH3OH masers
identified by MALT-45 appear to be associated with HMSF. Further observations will isolate
more young-type star-forming regions, and purely through masers, identify HMSF in its early
stages. In addition, without other maser data, the number of spots detected can hint at the

evolutionary stage of the region.

4.4.4 Comparing class I CH;0OH masers with ATLASGAL

The ATLASGAL survey maps 870 ym emission across a large part of the Galactic plane,
including the MALT-45 region. This sub-millimetre emission is optically thin, tracing a
colder, pre-YSO stage of HMSF, and provides information on column density and clump
mass.

Using the catalogue provided by Contreras et al. (2013), we are able to investigate the
various properties of our class I CH3OH masers. Associations between class I CH3OH masers
and ATLASGAL sources are listed in Table 4.3.

A histogram of the offsets between class I CH3OH maser spots and ATLASGAL sources is
seen in Fig. 4.8. The vast majority of maser spots are within 0.4 pc of an ATLASGAL source.
This is similar to the distances between class I CH3OH maser spots and other star-forming
masers found in Fig. 4.3. Unlike the distances between masers, there appears to be no trend
when distinguishing evolved and non-evolved maser regions. Relatively few maser spots are
within 0.05 pc of an ATLASGAL source, with many more having distances within 0.15 pc.

Note that Fig. 4.8 uses any ATLASGAL source within 60 arcsec from a maser spot. Maser
regions without ATLASGAL associations are discussed in §4.4.4.1.

Chen et al. (2012) and Urquhart et al. (2013) estimate clump mass with the integrated
intensity of millimetre-wavelength continuum emission, assuming the emission is optically

thin. In the same manner, we use ATLASGAL data to estimate clump masses via:

S,D?Ry

My = ——d
9as HdBV (Tdust)

(1)

where My, is the mass of the gas, S, is the integrated flux density of ATLASGAL 870 pm
emission, D is kinematic distance to the maser, Ry is the ratio of gas and dust masses,
kq is the mass-absorption coefficient per unit mass of dust, and B, (Ty,s) is the Planck
function at temperature Ty,s:. Urquhart et al. (2013) justify the choice of Ty, = 20 K and

1

kg = 1.85cm?g™!, which we also use here. We also assume R; = 100. The histogram of

determined masses can be seen in Fig. 4.9.
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Figure 4.9: A stacked histogram of clump masses associated with class I CH3OH masers,
determined by ATLASGAL properties. The distribution peaks between 10% and 1035 M),
but has a wide spread of low- and high-mass clump associations. The highest mass values are
restricted to evolved masers regions, while the lower masses tend to have non-evolved maser
regions.
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According to these data, class I CH3OH masers appear to be associated with a wide
range of clump masses. This is not unexpected; we knew of associations with low-mass star
formation as well as non-star-forming phenomena. Unfortunately, this analysis fails to help
isolate or predict where class I CH3OH maser emission can occur. Non-evolved class I CH3OH
maser regions have masses up to 103 My, but tend to have lower mass values, and evolved

maser regions dominate masses larger than 10325 M.

Clump masses were compared with the brightness of class I CH3OH masers, but no signif-
icant correlation was found. Chen et al. (2012) performed a similar comparison, using 95 GHz
class I CH3OH masers towards Bolocam Galactic Plane Survey (BGPS) 1.1 mm thermal dust
emission (Fig. 6). They find a strong correlation between the maser luminosity and clump
mass, with a p-value of 8.1x10713 and r-value 0.84. Using auto-correlation, our line of best
fit has the coefficients » = 0.43, p = 1.6x10™*. The Chen et al. (2012) sample may have a
significant correlation due to the selection bias of targeting BGPS sources.

Fig. 4.10 shows a comparison between the IFD of ATLASGAL sources and class I CH3OH
masers, but any correlation is unlikely. Further analyses were conducted with offsets and in-
tegrated intensities, but no correlation is found in any comparison. While class I CH3OH
masers are often found towards ATLASGAL sources, their properties are seemingly indepen-
dent of the sub-millimetre dust emission. However, CS (1-0) demonstrates a close relation
with the gas; Fig. 4.11 compares their IFDs and finds a correlation coefficient 7 = 0.84. As
the correlation between the brightness of CS and class I CH3OH maser emission is also weak,
the brightness of class I CH3OH masers seems difficult to predict with respect to other star

formation tracers.
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Figure 4.10: Scatter plot of integrated flux densities from ATLASGAL and class I CH3OH
maser regions. The correlation is very poor with a r-value of 0.33.
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Figure 4.11: Scatter plot of integrated flux densities from ATLASGAL and CS emission from
class I CH3OH maser regions. A strong correlation is apparent with a r-value of 0.84. As the
integrated intensity of the dust emission is directly proportional to clump mass, CS appears
to be a good indicator of mass.

4.4.4.1 Class I CH30H masers without an ATLASGAL source

Only four class I CH3OH maser regions are without an ATLASGAL point source classi-
fied by Contreras et al. (2013): G331.371—0.145, G331.442—0.158, G333.772—0.010 and
(G333.818—0.303. Using the data provided by the ATLASGAL team, we are able to in-
vestigate the 870 um emission in each of these regions. Within two ATLASGAL pixels
(~12 arcsec), G331.371—0.145, G331.442—0.158 and G333.818—0.303 each have peak pixel
ATLASGAL flux densities of 0.41, 0.63 and 0.23 Jybeam™!, respectively. Contreras et al.
(2013) presents RMS values for ATLASGAL over the MALT-45 area, which is approximately
60 mJy beam™!. These pixel values are at least 30, and were probably not classified as point
sources by Contreras et al. (2013) to be on the conservative side. However, we do consider
the 870 ym emission towards these masers to be genuine. To calculate the corresponding
clump masses, the pixel values are needed to convert to an integrated intensity. Peak pixel
values were inflated by a factor of 4 to provide an integrated intensity, which is then used in
Equation 4.1. These values correspond to clump masses of 245, 353 and 59 M, respectively.
These masses are relatively small compared to those found in §4.4.4, but even smaller values
were calculated using official ATLASGAL sources.

(G:333.772—0.010 has a single ATLASGAL pixel with a peak flux density of 0.25 Jy beam~!
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at a distance of ~27 arcsec. However, unlike the other ATLASGAL regions, nearby pixels
are relatively dim (<0.14 Jybeam™!, <~2¢), indicating this pixel is likely a random noise
spike. Compared to other ATLASGAL sources at a similar distance (~5.2kpc), we expect
to see a similar distribution of 870 um emission, but this is not the case. The peak pixel is
near to but not cospatial with an IRDC, whereas the class I CH3OH maser emission is closely
associated with compact infrared emission. Interestingly, the maser emission is strong (peak
of 17.7Jy, IFD of 11.7Jykms™!). The lack of dust emission toward this maser region does
not necessarily indicate non-star-forming mechanisms, as class II CH3OH masers have also
been detected without 870 um emission (Urquhart et al. 2015).

4.4.5 Comparing class I CH3;OH masers in cross- and auto-correlation

Minier et al. (2002) and Bartkiewicz et al. (2014) discuss class II CH30H maser emission
in very-long-baseline interferometry and single-dish/auto-correlation. These comparisons
between cross- and auto-correlation data reveals a wide range of flux being resolved out;
Bartkiewicz et al. (2014) report between 24 and 86 per cent. The authors also note that the
‘missing flux’ is not dependant on distance, and that lower-resolution cross-correlation data
have similar compact structures. This suggests that missing emission is quite diffuse, and is
seemingly independent of the properties of compact maser emission. Minier et al. (2002) also
attribute missing flux as being due to diffuse emission.

While these investigations were exclusively focused on class II CH3OH masers, the ob-
servations detailed in this chapter are able to undertake a similar investigation for class
I CH3OH masers. It is worth noting that the observations of Minier et al. (2002) and
Bartkiewicz et al. (2014) have a spatial accuracy approximately two orders of magnitude
smaller than ours, which may result in differences. Auto-correlation spectra for the CH3OH
masers were extracted using the method discussed in §4.2.1.2. Cross-correlation spectra were
then plotted with their corresponding auto-correlation spectrum; three example regions are
shown in Fig. 4.12. With the 1.5A array configuration for the ATCA, the smallest baselines
for these observations have distances of 153 and 321 m, corresponding to synthesised beams
of approximately 9.2 and 4.4 arcsec, respectively.

Fig. 4.13 shows a histogram of the ratio of cross-correlation IFD and auto-correlation
IFD. As demonstrated in Fig. 4.12, a large variation in missing flux-density is apparent across
several regions. No trends are apparent for evolved, non-evolved or total populations. Class
I CH30H emission can be strongly maser dominated (cross-correlation /&~ auto-correlation),
quasi-thermal dominated (auto-correlation > cross-correlation), or a mixture. This helps
to explain why three target regions were not detected in cross-correlation (G331.44—0.14,
G331.72—0.20 and G333.2440.02); their 44 GHz emission is likely too extended and lacks
any bright, compact maser components.

The relative strength of compact maser emission to diffuse emission of a class I CH30OH
maser region was assessed by computing the ratio of cross-correlation IFD to auto-correlation
IFD, i.e., if the cross-correlation IFD closely matches the auto-correlation IFD, the maser
strength is high. To test if maser- or quasi-thermal-dominated regions can be separated,
populations were investigated with and without various maser associations. These associa-

tions included class II CH30H, HoO and OH masers, but no dependence was found for maser
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Figure 4.12: Cross- and auto-correlation spectra of three class I CH30OH maser regions, with
strong, moderate and weak maser strengths. Auto-correlation spectra are plotted red, cross-
correlation spectra blue and the difference green. These comparisons allow maser strength
determination for each region.
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Figure 4.13: Histogram of the ratio of IFD in cross-correlation (C.C.) and auto-correlation
(A.C.), for each class I CH3OH maser region. No trend is apparent in the overall population,
nor in evolved and non-evolved categories. The single datum with a ratio greater than one is
due to an over-contribution of cross-correlation emission, due to spectral blending in nearby
maser spots.

strength with and without these associations. Maser strength was also compared with ther-
mal line integrated intensities in CS (1-0), SiO (1-0) v = 0 and CH3OH 1¢—0p; see Fig. 4.14.
There is a large scatter in the data, but a similar trend can be seen in each comparison.
The maser strength of class I CH30H regions decreases with the integrated intensity of each
thermal line, which may be explained by the additional gas in these regions, which would
also include additional CH3OH. The additional CH30H in turn provides more opportunity
for quasi-thermal emission.

The predictability of class I CH3OH emission being maser-dominated or otherwise remains
a mystery. Another star-forming tracer may reveal a correlation with the property of maser
strength discussed here. Further observations of class I CH3OH maser regions with better
sensitivity and uwv-coverage will also help to identify weaker, more diffuse cross-correlation

emission.
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Figure 4.14: Scatter plots of the ratio of cross-correlation IFD to auto-correlation IFD (maser
strength) against the thermal integrated intensity of CS, SiO and CH3OH. The solid line
represents the least squares fit. A similar, weak trend appears for all lines, but the large
scatter hampers correlation (r-values of —0.55, —0.38 and —0.45, respectively). The single
datum with a maser strength above 1 has an over-contribution of cross-correlation emission,

due to spectral blending in nearby maser spots.
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4.5 Summary and Conclusions

We have extracted high-resolution positions, flux-densities and velocities for class I methanol
masers detected in the MALT-45 survey, and presented various properties for each observed
region. The unbiased population from MALT-45 provides the first opportunity to assess
class I methanol masers free from other selection biases, such as class II methanol masers
or extended green objects. In addition, the thermal lines mapped by MALT-45 were refined
for each maser region, providing better information about the regions containing the class I
methanol masers. The science cases presented in this chapter have determined:

(i) Class I methanol masers found towards younger sources have lower luminosities.

(ii) Class I methanol masers typically possess small projected linear sizes and are confined
to small velocity differences, particularly for non-evolved regions;

(iii) Class I methanol masers are generally located within 0.5 pc of a class II CH30H or
OH maser, but can be up to 0.8 pc away;

(iv) Class I methanol masers are reliable tracers of systemic velocities;

(v) The brightness of class I methanol masers correlate poorly with that of the thermal
CS (1-0), SiO (1-0) v = 0 and CH30H 1¢5—0¢ lines, but some clustering is apparent in a
two-dimensional histogram;

(vi) Class I methanol masers have high association rates with 870 um dust sources classi-
fied by ATLASGAL, with typical offsets not exceeding 0.4 pc;

(vii) Class I methanol masers are found towards a large range of clump masses (10!-?° to
10%5 M), but peak between 103 and 103° M. Additionally, masers associated with clump
masses between 10325 and 10*® M, are almost all evolved;

(viii) The amount of quasi-thermal emission in the 44 GHz class I methanol transition is

poorly understood, but appears to increase as the brightness of thermal lines increase.



Chapter 5

Additional analyses with CS (1-0)

This chapter provides additional investigations with CS (1-0) mapped by MALT-45. Temper-
atures calculated using HOPS NHj (1,1) and (2,2) data are compared with the distribution
of CS emission. The projected distances from CS peaks to class I CH3OH masers and AT-
LASGAL sources are also detailed.

5.1 Temperature

Fig. 4.11 of Chapter 4 reveals the close association between CS (1-0) intensity and clump
mass. Furthermore, differences in the CS (1-0) and NHjz (1,1) distributions were discussed
in Chapter 3. Another useful physical parameter in studying the star-forming process is the
kinetic temperature of the gas within dense molecular gas. Using HOPS NHj (1,1) and (2,2)
data, the temperatures across the MALT-45 survey region can be calculated and compared
with the CS data.

5.1.1 Methodology

Temperatures were derived using a similar procedure to that of Lu et al. (2014). The pipeline
steps include:
(i) HOPS NHs (1,1) and (2,2) cubes were smoothed with a 60 arcsec FWHM kernel;
(ii) The optical depth of the NH3 (1,1) line was derived using;:
Tp(1,1,m) 1 —exp(—7(1,1,m))
Tp(1,1,s) T 1o exp (—at(1,1,m))

(5.1)

where T is the brightness temperature, (J, K,m) designates the main line, (J, K, s)
designates the inner satellite line, a is the relative intensity between the main and inner
satellite lines under optically thin conditions and 7 is the optical depth. Note that this is the
same as Equation 1.3, and assumes equal beam-filling factors and excitation temperatures for
hyperfine lines, local thermodynamic equilibrium and that the cosmic microwave background
temperature of 2.7K can be ignored. The a value is taken from (Purcell 2006) (%!3%/¢ 502 ~
0.277);

(iii) The optical depth of the NHj (2,2) line was derived using the NHj3 (1,1) optical depth:

Tp(1,1,m) 1—exp(—7(1,1,m))
Tp(2,2,m) 1—exp(—7(2,2,m))

(5.2)
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This equation assumes the excitation temperature for both transitions is the same;

(iv) The rotational temperature is derived using:

—415 K
Tr = (5.3)
T(2727m)
(v) Kinetic temperature is derived from the rotational temperature via:
T
Tr = K (5.4)

1+ %%ln (1 + 0.6 exp (%))

Equations 5.1, 5.2, 5.3 and 5.4 were taken from Lu et al. (2014). Temperatures were
calculated on a pixel-by-pixel basis from the HOPS data. Unfortunately, a number of issues
were encountered when building this pipeline. Primarily, the sensitivity of HOPS NHj (1,1)
and (2,2) is poor, resulting in reliable temperatures being derived for only a few clumps. The
restrictions put into place were:

(i) The HOPS team provides integrated intensity (moment 0) maps of NH3 data. These
maps are blanked where no emission is detected, and are smoothed over regions of emission.
Calculations of optical depth (and consequently temperature) are not performed on pixels
that have been blanked;

(ii) Using the spatially smoothed maps described above, the spectral data of NHs (1,1) and
(2,2) was smoothed with a Hanning window of width 5. This results in a velocity resolution of
~0.38 km s~!. Gaussian fits were then attempted for the main and inner satellite components,
in order to derive values necessary for Equation 5.1. As the sensitivity is poor, detection of
satellite lines is unreliable, and thus cannot properly derive values for 7. This problem was
resolved by comparing the Gaussians fitted to the main line of NH3 (1,1) emission and their
corresponding moment 0 values: any pixels with a moment 0 value less than 1Kkms™!
were considered optically thin (assigned 7 = 0.001), otherwise, the integrated intensity of
the Gaussian was subtracted from the moment 0 value. If the remainder of this subtraction
was less than 0, it was assumed that there were no detected satellite lines, as the Gaussian
characterised all the emission present, and thus the pixel is optically thin. If the remainder
was positive, the remaining emission was characterised based on the relative intensities of
satellite lines to the main line. Furthermore, the presence of satellite lines was modulated by

the moment 0 value. This is expressed algebraically as:

ind b _
I(1,1,5) = rema‘;n x (1 -— (1 — exp <—m§m0)>> (5.5)

where I(1,1,s) is the integrated intensity of the inner satellite line, ‘remainder’ is the

emission left after performing the subtraction described above, a is the relative intensity
between the main and inner satellite lines (b is for the outer satellite lines, 0'111/0.502 ~
0.221) and ‘mom0’ is the moment 0 value. The division by two is necessary to calculate
the integrated intensity of only one of the inner satellite lines. The moment 0 value is
divided by 5 such that only pixels with significant integrated intensities contribute with
b/ atb- The b/ a+b factor isolates the inner satellite from the outer. Note that Equation 5.1 uses

brightness temperatures instead of integrated intensities; by also using the integrated intensity
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1,1,m

of the main line, i.e. I(1,1,7m), we assume that the ratio of I( )/1(1,1,8) approximates

Ty(11, .
B( m)/TB(l,l,s)y

(iii) Gaussian widths were restricted. Given the general form of a Gaussian:

F(@) = aexp <ﬂ> (5.6)

2c?

the standard deviation ¢ was restricted to be no greater than 2.3, which is equivalent to a
FWHM of 5.4 kms~!. This permits the widest main lines of NHz (1,1) to be fitted accurately,
without automated fitting routines contaminating the main line with satellite lines;

(iv) If 1(1’1’5)/1(1’17m)> 0.8, ](1’1’3)/1(171’7,1) was set to 0.8. The calculated I(1,1,s) can
sometimes be much larger than I(1,1,m), due to the moment 0 value provided being much
larger than the intensity of the Gaussian fitted to the main line of NHg (1,1). This cap
effectively sets the corresponding pixel to be optically thick. Consequently, this restricts the
minimum possible kinetic temperature to be around 10 K. This effect was noticed primarily
in the centres of cold clumps, such as those seen over the G333 giant molecular cloud;

(v) If the peak spectral value of a pixel was less than 0.4 K for NH3 (2,2), it was rejected
as insignificant. Without this requirement, noise peaks were often fitted as they were brighter
than real emission;

(vi) If a negative 7 was produced, it was due to insufficient satellite line contribution, and
the pixel was considered optically thin;

(vii) Finally, if 7(; 1y < 0.5, instead of using Equation 5.3 the rotational temperature was

calculated directly with:

—415 K

T (2’27 )
In (0.282%)

Tp = (5.7)

This pipeline was developed in the PYTHON programming language, using the ASTROPY
library for FITs file reading and saving, and the SCIpY library for Gaussian fitting and equation
solving. The resulting kinetic temperature map (T ) is shown in Fig. 5.1.

There are a few gas clumps with temperatures less than 15 K. Typically, these regions
are surrounded by gas with temperatures up to 30 K. There are three distinct clumps con-
taining only high-temperature gas (pixels of at least 30 K); two of these (G330.95—0.19 and
G333.60—0.20) are particularly active regions, and were discussed in Chapter 3.

5.1.2 Relation with CS (1-0)

In an attempt to investigate if there is a relationship between temperature and CS (1—
0) emission, values have been compiled in Table 5.1. Typically, the available temperature
information coincides with a peak of CS emission. Hence, the temperature recorded is the
average value around the peak of CS emission. One exception is G333.33—0.36, which does
not have a distinct peak of CS emission, but has many class I CH3OH masers, and a different

temperature to nearby CS peaks. Detailed descriptions of each region are given in §5.1.3.
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Many of the clumps with available temperature information are also detailed by Lowe et al.
(2014). Using the 70 m Tidbinbilla radio telescope, Lowe et al. (2014) conducted observations
of NH3 (1,1) and (2,2) over the G333 giant molecular cloud, and used these data to calculate
kinetic temperatures. There are differences between their derived temperatures and those
calculated by this work. With only two outliers, these differences are well characterised by

the following relation:

Ty, = 1.98Ty — 9.39 (5.8)

where T}, is the kinetic temperature derived by Lowe et al. (2014) and Ty is the tem-
perature derived from HOPS data (this work). Including the two outliers, the correlation
coefficient (r-value) is 0.87, which indicates a predictable systematic differences between these
datasets. These differences can be explained by two factors. Tidbinbilla is much larger than
Mopra (70m compared to 22m), resulting in a significantly smaller primary beam for the
observations of NHs (1,1) and (2,2) (~119 arcsec compared to ~37 arcsec). Consequently,
the cores of NHg used are less affected by spatial smearing, resulting in a more representative
spectrum of emission within gas clumps, which leads to more accurate temperatures. An-
other significant difference from HOPS is the additional sensitivity, providing more accurate
satellite lines of NHs (1,1) and detections of NHj3 (2,2). For these reasons, the published
temperatures of Lowe et al. (2014) should be trusted over the ones derived here. Despite
this, the HOPS temperatures remain useful for discussion.

The two exceptions to the relation given in Equation 5.8 are G333.01—0.48 and G333.72—0.21.
Only a few pixels of temperature were derived from the HOPS data for G333.01—0.48, but the
additional sensitivity by the observations of Lowe et al. (2014) are able to provide an accurate
temperature. G333.72—0.21 also has few temperature pixels from HOPS data, although this
kinetic temperature closely agrees with that of Lowe et al. (2014). HOPS sensitivity is likely
exacerbating the issue here, but there is not enough information to conclude this point.

A scatter plot of temperature against CS intensity can be seen in Fig. 5.2. There is
a reasonable correlation after removing two outliers (r2-value of 0.46); this indicates that
observations of CS may be used to help indicate the temperature of gas. However, this result
should be taken with caution, as it suffers from low-number statistics. Additionally, the
temperature is derived from the optical depth of NHs, which may also correlate with the
amount of CS present. The presence of other star-forming tracers was noted for each region,
but no trends associated with their presence or absence is apparent.

CS (1-0) is a good tracer of all dense gas in a clump, not just that near to a YSO or in an
outflow. Higher transitions of CS are less susceptible to the bulk of the gas as they require
higher temperatures to be excited, and thus may be better at discriminating high-mass, hot
regions. If the luminosity of CS does correlate with temperature, then higher CS transitions,
when compared with CS (1-0), should also help to identify cold regions of gas, given that it
is less likely to appear there.

5.1.3 Individual source descriptions

The following text briefly discusses CS (1-0) emission with select regions, given the availability

of temperature information. Fig. 5.3 shows the temperature of each of these regions along
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Figure 5.2: Scatter plot of temperature vs. peak CS (1-0) luminosity in clumps with temper-
ature information. The line of best fit for all data has an r2-value of 0.17. When removing
the two outlying data points (temperature >35K), the r? increases to 0.36. The outliers are
G333.00—0.44 and G333.60—0.20. Clumps are classified as evolved if the CS peak has an
associated class I CH30OH maser, OH maser or H53« radio recombination line; not enough
data is present to identify trends with or without evolved species.

with CS contours. The peak velocity of CS emission is used to infer the distance of objects;
if velocities are similar between nearby clumps, they are assumed to be at similar distances.
Unless otherwise stated, when referring to all types star-forming masers, the presence of class
I CH30H, class IT CH30H, HoO and OH masers is indicated.

5.1.3.1 Regions near G331.03—0.32

The three southern-most clumps seen in Fig. 5.3 all have similar temperatures (~20 to 25 K),
but have some other differences. The G330.87—0.37 clump has a very high peak of CS
(~1.5K), as well as all types of star-forming masers, but has similar temperatures to the
other two clumps, despite their lack of other star-forming masers. Both other clumps have
an approximate peak of 1 K in CS, but G331.13—0.48 has two class I CH3OH masers while
G331.03—0.43 has none. Given the strong presence of NHj3 (required to calculate temper-
ature) and CS (well correlated with mass), perhaps these clumps are young star-forming

regions that may eventually appear similar to G330.87—0.37.
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Both of the northern-most clumps (G330.95—0.19 and G331.13—0.24) have high temper-
atures (at least 30 K), are associated with all types of star-forming masers and are approxi-

mately at the same distance. However, they exhibit very different strengths in CS; 1.5 K for
(G330.95—0.19 and 0.8K for G331.13—0.24.

5.1.3.2 Regions near G331.48-0.23

The large region centred on G331.52—0.09 is a giant H1I region with many class I CH30H
masers, but one distinct CS peak. This peak is cool (~16 K) but is slightly offset from the
coldest gas to the west (~14K).

G331.42—0.35 appears similar to G331.03—0.43 and G331.13—0.48; the temperature is
approximately 20 K with a CS peak of 0.6 K, but no star-forming masers are present. Like
the others, the presence of CS and NHgs hints that this clump is in the early stages of star

formation.

5.1.3.3 G332.24-0.04

The arc structure traced by CS here closely follows infrared absorption, highlighting dense
IRDCs. The temperature data is roughly cospatial with the class I CH3OH masers detected;
in Chapter 4 I show that when class I CH3OH masers appear in large numbers and spatial
extent, the associated star-forming region is more evolved in an evolutionary timeline. This
source is the exception, classified as ‘young’ due to its lack of class IT CH30H or OH masers, as
well as H51a or H53« emission. This classification is reinforced by the low temperature found
here (~13K). The peak of CS (0.7 K) is slightly offset from the maser emission (~36 arcsec).

5.1.3.4 G333

The CS peak at G333.01—0.48 has a temperature ~15K. This may be contaminated by
hot gas originating to the north, with a temperature around 30 K. Another nearby CS peak
at G333.00—0.44 has an even higher temperature (between 35 and 40K), and is seemingly
active; (G333.00—0.44 and the region between G333.00—0.44 and G333.01—0.48 both have
a HoO maser detection, highlighting outflow activity. This is also presumably the cause
of these higher temperatures. If the hotter gas is not associated with G333.01—0.48, then
(333.01—0.48 may be another example of a cold, dense core with some class I CH3OH maser
activity. The RMS survey classifies both of these clumps as diffuse H11 regions (Urquhart
et al. 2014a).

The CS structure of the peak at G333.07—0.44 is interesting. This peak has a temperature
of 18 K and CS brightness 1.4 K. There is a class I CH3OH maser cospatial with the CS peak,
while approximately 50 arcsec to the north-west of the peak lies a HoO maser detection. Far
to the north at G333.07—0.40, the temperature drops to 13 K and there are multiple class I
CH3OH masers. There appears to be an infrared source cospatial with these masers, such
that this region is probably distinct from G333.07—0.44, but the significantly offset HoO
maser may indicate the presence of a powerful outflow that influences the CS presence in
G333.07—0.40. Both maser sources have RRL detections in Chapter 4; the emission may
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originate from both regions, or one is contaminating the other. Given the low temperature
and weak star-forming maser association of G333.07—0.40, the latter seems more likely.

(G333.13—0.43 is the brightest CS peak in the entire MALT-45 survey (2.6 K), and has
a kinetic temperature of ~20 K. This region features many star-forming maser species, with
four class II CH3OH maser detections from the MMB. Only the most north-eastern class
I CH30H masers are without an RRL detection. Perhaps there is such a large mass of
molecular gas that despite the evolved nature of this source, the temperature still appears
low as it better reflects the bulk of the gas present.

Another CS peak at (G333.22—0.40 has temperature information. The temperature of
this small region is between 20 and 25K, but this may be contaminated by the hot bridge
between G333.22—0.40 and G333.13—0.43. Like G333.07—0.40, Chapter 4 lists the presence
of RRL emission, although given the temperature and lack of star-forming masers, this may
be originating elsewhere.

The G333.33—0.36 clump appears to have three distinct regions, highlighted by the pres-
ence class I CH3OH masers. G333.28—0.38 and G333.30—0.35 have CS peaks of 1.9 and
1.8 K, respectively, but both have temperatures ~20 K. Another CS peak at G333.31—0.38
has a strength of 1.5 K, but is not as closely associated with class I CH30H masers. This
temperature is a little lower at ~16 K. The remaining class I CH3OH masers appear toward
the coldest part of the clump (~13K). As RRL emission was detected toward each of these
masers in Chapter 4, this clump appears to feature a giant H1I region; indeed, Urquhart et al.
(2014a) classify both G333.28—0.38 and G333.31—0.38 as H 11 regions.

5.1.3.5 Regions near G333.60—0.20

(333.60—0.20 is noted for being the brightest H1I region in the MALT-45 survey. It has
been discussed in Chapter 3 as being quite an evolved stage of HMSF, and is thought to
contain about 10 O-type stars. The weak NHs emission gives questionable temperature
information; the temperature varies from 30 to 55 K across the clump. The strong CS peak
(2.0K) coincides with class I CH3OH maser positions, which is offset from HyO and OH
masers (~36 arcsec). Lowe et al. (2014) do not supply a temperature for this clump, due
to the weak NHg emission; the fact that we were able to calculate a temperature with the
HOPS NHj3 data suggests that the NH3 emission is smeared from outside the clump. This in
turn helps to explain variable temperature seen over the clump.

G333.46—0.16 features all star-forming masers with a temperature of 20 K. However,
unlike other regions which also feature multiple masers, this one has a relatively dim peak
CS (0.61 K), despite having the smallest distance of those analysed (3.1kpc).

Temperature information is available throughout a large fraction of the G333.52—0.27
clump, indicating the widespread presence of NHs (1,1) and (2,2). Across the CS peak
shown, the temperature gradient increases to the south, and the CS peak ends near the
detection of a class I CH3OH maser. Using 1.2mm dust emission, Lowe et al. (2014) detail
three dust clumps over the single clump discussed here (G333.521—0.239, G333.524—0.272
and G333.539—0.245). In their interpretation, the authors note that each of the three clumps
is associated with 160 pm emission from Herschel Hi-GAL data.

G333.72—0.21 has a small CS peak, unusually offset from masers. Two class I CH30H
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masers have a large offset from the CS peak, and a class II CH3OH maser is approximately the
same distance away from the CS peak to the south-east. Lowe et al. (2014) note a compact
160 pm object toward the peak of their 1.2 yum dust emission, and speculate that this clump

is likely to be in the earliest stages of star formation.

5.1.3.6 G333.72+0.37

The CS contours trace an IRDC, with temperature information lying within. The lowest
temperature pixel (13.4 K) lies to the east of the cloud, and is cospatial with infrared emission
in this IRDC, but the average temperature value was taken to be 15 K. There are no maser
detections associated with this IRDC, despite this spatial overlap. This IRDC may be pre-

star-forming, and thus a good example to study the initial conditions of star formation.

5.1.3.7 Summary

Fig. 5.2 shows a slight correlation between CS (1-0) luminosity and temperature, although
this relation suffers from small number statistics. Qualitative investigations of these regions
shows that both cold and hot regions of gas can have very different CS brightnesses; with-
out high-resolution observations, it is difficult to disentangle the bulk of the gas from cores
containing YSOs. For example, the CS brightnesses of ‘hot’ clumps are 0.8, 1.5 and 2.0K.
These are not unusual values when compared to the ‘cold’” clumps (G333.13—0.43 is brightest
at 2.6 K with a temperature of 20 K).

The discussion above is primarily limited by the quality of NH3 (1,1) and (2,2) data used
to determine the temperatures. Higher resolution and higher sensitivity observations of NHg
(1,1), (2,2) and CS (1-0), as well as higher energy transitions of CS, would be effective at
highlighting the gas temperature distribution across clumps. This is relatively easy to do, as
all of these spectral lines are bright and the ATCA is capable of producing high-quality data
in a short amount of time. All of the regions discussed have a CS (1-0) peak of at least 0.6 K.
A preliminary target list could include CS (1-0) peaks from MALT-45 with a brightness of
at least 0.3 K (~10c). Chapter 3 mentions a few class I CH3OH maser regions with dim CS
association (<0.11K); these, and other class I CH3OH maser regions, would also make for

interesting targets for follow-up observations of thermal gas with the ATCA.

5.2 Offsets between CS (1-0) peaks and class I CH;0H masers

At a few points in this thesis, CS (1-0) has been compared with class I CH3OH masers.
Chapter 4 shows that their intensities appear to be un-correlated, although their velocities
match very closely; see Fig. 4.4. Asseen in §5.1, peaks of CS emission also tend to feature class
I masers. Chapter 4 also discusses the offsets between class I CH3OH maser positions and
other maser species, finding that offsets tend to be within <0.5 pc. What is the distribution

of offsets between these two star-forming species? An investigation is detailed below.
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5.2.1 Methodology

Similar to §5.1.1, results were calculated using PYTHON with ASTROPY for FITS file reading.
The peak intensity map (moment —2) of CS (1-0) was taken from the MALT-45 survey de-
tailed in Chapter 3, and high-resolution class I CH3OH positions were taken from Chapter 4.
To smooth the data, CS channels were binned into groups of 10. This CS (1-0) data was read
into a matrix of pixels in Galactic longitude and latitude. From the position of each class I
CH3OH spot, all CS pixels within 4 pixels (~60 arcsec) were identified from the spot. Rather
than simply accepting the brightest CS pixel within 4 pixels as the CS peak, CS intensities
were modulated with distance according to the following formula:

dist

Ty = T, cos <3—> (5.9)

57‘(‘

where T}, is the modulated main-beam temperature, T is main-beam temperature of the
CS pixel, and ‘dist’ is distance in pixels. The cos(dist/37) factor tapers the CS values at
large distances from the class I CH3OH maser spots, such that local peaks are preferred. At
a distance of 4 pixels, a CS brightness is tapered by a factor of ~0.66. Finally, offsets are
converted to projected distances using the kinematic distances prescribed to each maser in
Chapter 4.

In an effort to obtain more precise CS peak positions, rather than just using pixel values,
two-dimensional Gaussian fits were attempted with both PYTHON libraries and the MIRIAD
software suite. However, these proved unreliable even in simple cases, and so pixel positions
were used instead. This results in the uncertainty of each CS peak position being approxi-

mately 15 arcsec.

5.2.2 Results and discussion

Fig. 5.4 shows the resulting histogram of projected linear distances between class I CH3OH
masers and the associated CS peak. As with the distance between class I CH3OH masers and
other star-forming masers, almost all class I CH3OH maser spots appear within 0.5 pc of a
CS peak. This result further highlights the close association between CS and class I CHsOH
masers. The lack of sources in the smallest bin may be erroneous, given the crude spatial
resolution of the CS data. With high-resolution data, more associations within 0.05 pc may
be observed.

There are two population peaks in Fig. 5.4; the approximate centres of simultaneously
fitted Gaussians are 0.10 and 0.33 pc. It is difficult to tell if these distinct offsets are real
or otherwise; again, the relatively poor spatial resolution of the CS data hinders detailed
interpretation of this histogram. The evolved criterion of Chapter 4 is also used in this plot,
although no trend is apparent for evolved or non-evolved populations. The linear distance
was also compared with the integrated intensity of both CS and class I CH3OH masers, but
no correlation was found.

Without high-resolution CS data, robust interpretation is difficult. However, the observa-
tion of this 0.5 pc boundary similar to that discussed in Chapter 4 affirms that class I CH30H

masers typically have a maximum separation from other star-forming species.
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Figure 5.4: Projected distances between CS (1-0) and class I CH3OH masers. Most maser
spots are within 0.5pc to a CS peak. Two peaks are apparent, centred on approximately
0.10 and 0.33pc. The presence of a class II CH3OH maser, OH maser or the H53a radio
recombination line classifies a maser spot as evolved. No trend with or without evolved
star-forming tracers is apparent.

5.3 CS (1-0) and ATLASGAL 870 um dust emission

Within the region mapped by the MALT-45 survey, 664 ATLASGAL point sources have been
classified by Urquhart et al. (2014b). Using the same method to determine offsets in §5.2,
the vast majority of ATLASGAL sources are near to a CS (1-0) peak with a brightness of at
least 0.1 K (624/664, 94 per cent). The distribution of these sources with CS (1-0) emission

can be seen in Fig. 5.5.

Fig. 5.6 shows the projected angular distances between ATLASGAL sources and peaks
of CS. Few associations are within 2.5 arcsec, but this is probably due to the relatively poor
spatial resolution of the CS. Otherwise, a steady decrease in the associations is observed
with increasing offset. Determining kinematic distances for each of the ATLASGAL point
sources is likely to be erroneous, as some portion of this large sample will be at a the far
distance. However, the majority are expected to be at the near distance, which gives some
direct indication between projected angular offsets and projected linear distances. At this
longitude range, a typical distance of 4 kpc with an angular offset of 25 arcsec corresponds to
a linear distance of 0.48 pc. Therefore, most ATLASGAL sources and CS peaks are within

0.5 pc of each other, similar to star-forming masers.
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Figure 5.6: Projected distances between ATLASGAL sources and associated CS peaks. Few
ATLASGAL sources are within 2.5 arcsec to a CS peak, likely due to the poor spatial reso-
lution of the CS data. Most projected offsets are approximately 8 arcsec, and the association
steadily decreases with offset. The majority of the sample is within 25 arcsec.

Fig. 5.7 compares the brightness of ATLASGAL point sources against associated CS
peaks. The trend is similar to Fig. 4.11 of Chapter 4, but the correlation is not as good.
Fig. 4.11 uses an integrated intensity of CS, whereas Fig. 5.7 uses only peak intensity; in
this case, the difference in correlation is insignificant. It is possible that the comparison
shown in Chapter 4 does not have a large enough sample of CS data reproduce the relatively
poor correlation observed here. On the other hand, perhaps CS correlates more closely with

870 pym dust emission when associated with class I CH3OH masers.
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Figure 5.7: Scatter plot of ATLASGAL point source intensities with associated CS peak
intensities. The positive trend in this comparison is obvious, but correlation is hampered by
the scatter. The line of best fit is shown in black, and has r-value is 0.65.



Chapter 6
Summary and conclusion

This thesis has investigated the 7mm environment of HMSF through the MALT-45 survey,
primarily by searching for CS (1-0) and class I CH3OH masers. The following text briefly
discusses the major results of the previous chapters, as well as future project investigations
which may build upon these results.

The MALT-45 pilot survey (Chapter 2) demonstrated the feasibility of auto-correlation
with an interferometer, to achieve a sensitivity that would otherwise be too demanding on
national facility telescope time. By doing so, this work paved the way for a 5 square-degree
survey with MALT-45. This technique is not limited to the 7mm waveband, and could easily
be used for other star-formation surveys.

The MALT-45 survey (Chapter 3) observed the 330° <1 < 335°, b = £0.5° region of the
Galactic Plane, using a technique refined from the pilot observations. This technique was
successful in detecting many new class I CH3OH masers and SiO masers, as well as detecting
extended CS (1-0) over the entire region.

The number of known class I CH3OH masers in the MALT-45 region was increased from
19 to 77, and all SiO masers were new detections. With an unbiased sample of class I CH3OH
masers, as well as CS information toward each maser, class I CH3OH masers were found to
have small velocity offsets from systemic velocities. Additionally, class I masers were found
with and without any other star-forming maser counterpart, indicating their association with
a wide range of HMSF evolutionary stages. For class I masers associated with other star-
forming masers, no correlation in intensity or luminosity was observed between maser species.

Using the high-density gas tracer NHsz (1,1) from HOPS, a comparison with CS (1-0)
from MALT-45 revealed dense clumps of hot and cold gas. The cold regions typically feature
self-absorption of CS and a relatively high amount of NHj3, while the hotter regions contain
trace amounts of NHs. It seems that NHj is destroyed in these hotter regions as they are
more evolved regions of star formation, while the CS is enhanced. Comparisons with CS and
C348 also reveal a close infrared alignment for regions containing an over-abundance of C348.

All SiO masers detected by MALT-45 appear to be associated with infrared evolved stars.
The brightness these SiO masers usually decreases with vibrational mode (v = 1,2, 3), but 11
regions have stronger v = 2 line emission than v = 1. Another 2 regions contain only v = 2
maser lines. Additionally, 3 rare v = 3 maser lines were detected.

High-resolution, follow-up observations of the class I CH3OH masers detected by MALT-

129
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45 further detail the properties of these masers (Chapter 4). These masers are typically near
to other maser species (<0.5pc), but are more spread out when associated with OH masers,
indicating the more evolved nature of the source.

Almost all class I masers are associated with an 870 pm dust emission point source from
the ATLASGAL survey. ATLASGAL data was used to calculate clump masses, but no
relation was found with the masers. However, the clump mass correlated well with CS (1-
0) emission in these maser regions. Additionally, the majority of projected linear distances
between class I CH3OH masers and ATLASGAL sources was less than 0.5 pc.

Class I CH3OH maser emission was compared in both cross- and auto-correlation. In
some cases, cross-correlation identified most of the emission contained in auto-correlated
data, but most masers had some degree of emission being resolved out. No relation of cross-
to auto-correlation with some other factor could be established.

In an effort to identify the evolutionary state of class I maser regions, the presence of class
IT CH3OH masers, OH masers and the H53« radio recombination line were used. Regions
without these evolved tracers were found to have lower luminosities than those with an with
an evolved tracers. Almost all non-evolved regions appear toward an IRDC. In addition,
class I CH3OH maser regions without an associated OH maser tend to have only a few maser
spots.

A temperature map of the MALT-45 region was calculated using HOPS NHj3 (1,1) and
(2,2) data; a slight correlation between peak CS (1-0) luminosity and the temperature was
found, although this suffers from low-number statistics. The temperature of the molecular
gas appears to be independent of the presence or absence of class I CH3OH masers.

Spatial peaks of CS (1-0) emission appear to be closely related to both class I CH3OH
masers and ATLASGAL point sources. Peak velocities of CS are also closely related to class
I CH30H masers, although their luminosities do not appear to be correlated. On the other
hand, ATLASGAL luminosities are well correlated with CS (1-0).

6.1 Future work

The amount of information gleaned from MALT-45 observations is vast. With additional ob-
servations, MALT-45 can reveal more Galactic structure and dense clumps of gas through CS,
simultaneously identifying new class I CH3OH and SiO masers. Finding more class I CH3OH
masers would be particularly interesting, as they may designate un-studied, young regions
of HMSF. High-resolution observations of new class I masers adds data to the statistically-

complete population, aiding our understanding of these masers.

6.1.1 Short-term projects

Chapter 5 was able to use noisy NH3 (1,1) and (2,2) to analyse temperatures across the
MALT-45 region; ATCA observations of these lines towards other CS (1-0) peaks and class
I CH3OH masers would provide a large dataset for temperature comparisons. Are CS peaks
usually cold? Do peaks of NH3 (1,1) and (2,2) coincide better with masers than that of CS?
Are the temperatures of regions featuring class I CH3OH masers dictated by evolutionary

stage? Such observations could help to answer these questions relatively quickly. Additionally,
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any observations for NHs (1,1) and (2,2) could easily include the other HOPS spectral lines.
In particular, the 22 GHz HoO maser line may have a greater association rate with class I
CH30H masers than is currently observed.

Continuum comparisons are notably absent from the work presented in this thesis. It
may yet be possible to extract data from the MALT-45 survey, although this is potentially a
significant investment in time. These data potentially hold great value; the 7mm waveband
represents an important component of the spectral energy distribution for star formation
regions, as this is where the dominant emission mechanism changes from cool dust to ionised
gas. Therefore, not only does MALT-45 continuum data potentially reveal new regions of star
formation, it could also help to identify the evolutionary stage by determining the frequency
at which the spectrum transitions from being dominated by ionised emission to cool dust. In
addition, comparison with other dust continuum surveys, such as ATLASGAL and BGPS,

may reveal interesting properties.
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Appendix A

Supplementary material from the
MALT-45 survey

This appendix contains reference material for the publication outlined in Chapter 3. For each
of the spectral lines discussed, a noise map can be seen §A.1. Detected class I CH3OH maser
spectra are contained in §A.2. Auto-correlated images not contained in the main body of the

publication are shown in §A.3. Finally, SiO v = 1,2, 3 maser spectra are contained in §A.4.

A.1 RMS noise maps

Figure A.2: RMS noise map for the SiO (1-0) v = 1 zoom window.
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Figure A.5: RMS noise map for the class I CH3OH zoom window.

Saleetic longitode

Figure A.6: RMS noise map for the CS (1-0) zoom window.
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A.2 Class I CH30H maser spectra

G330.30-0.39

G330.67-0.40

G330.78+0.24

o N B O

-100 -80 -60
G330.83+0.18

-80 -60
G330.88-0.38

4
2
0
-2
-60 -40 -20
G330.87-0.36

2 0
il v byl ' IR TR A
-100 -80 -60 -80 -60 -40 -80 -60 -40
G330.92-0.41 G330.93-0.26 G330.95-0.18
T [ T 1T [ rrr1] L L L [T T [ T 1T 1T 111
> 30F = —
> 20 = 2F
) =
T = -
S 10:— = 0
© - =
X 0 I -2_— I
> [ [ | 111 [
w -60 -40 -20 -120 -100 -80 -60 -100 -80 -60
G331.13-0.48 G331.13-0.50 G331.13-0.25
6 I 11 I LI I L é_l LI I LI I I I_:
4 = =
2 = =
0 = 3
_2 - 3
1 1 I L1 1 I L1 1 L1 1 L1 1 | I
-80 -60 -40 -80 -60 -40 -120 -100 -80
G331.13+0.15 G331.21+0.10 G331.29-0.20
| L LENLIN I LNNLIL B L N B B LB LBNLILI LI B LB
60 3
40 =
20 -
0 ] " T BT A B

-80
Vg (km/s)

-60 -40

Figure A.7: Spectra of each detected class I CH30OH maser.

145



146 APPENDIX A. SUPPLEMENTARY MATERIAL FROM THE MALT-45 SURVEY

G331.34-0.35 G331.36-0.02 G331.37-0.40

11 I 11 1 I 11 1 I 11 I 11 1 I L1 1
-80 -60 -40 -100  -80 -60 -80 -60 -40
G331.37-0.13 G331.39+0.15 G331.41-0.17

TT T [T T T [TT1 LI L B TT [T T[T 77 ]

-2||||||| '4|||||||||| -2|||||||||||
-100 -80 -60 -60 -40 -20 -100 -80 -60
G331.44-0.19 G331.50-0.08 G331.50-0.10

. LI B B L N B B B B LI B I B B B L B LN N I L B I L L B |
e

oy

‘«

C

()

©

X

=] 111

w -100 -80 -60 -100 -80 -60 -100 -80 -60

G331.52-0.08 G331.54-0.10 G331.55-0.07

1 11 1 I 11 1 I 11 1
-120 -100 -80 -120 -100 -80 -100 -80 -60
G331.56-0.12 G331.72-0.20 G331.86-0.13

6

10 ‘;
> 0
0 2
_5 -2 -4

-120  -100 -80 -60 -40 -20 -80 -60 -40 -20

Figure A.7: continued



A.2. CLASS I CH;0OH MASER SPECTRA

Flux density (Jy)

G331.88+0.06 G331.92-0.08 G332.09-0.42

o N B O

-100 -80 -60 -80 -60 -40 -80 -60 -40
G332.24-0.05 G332.30-0.09 G332.32+0.18
160-_|||||||||||J40||||||||||| 10 ||||||||||
= = 8
120=— = 30 6
80F- 3 20 4
C = 2
405— —E 10 0
0-| "R D 0 -2 ' A A
-60 -40 -20 -80 -60 -40 -20 -60 -40 -20
G332.36-0.11 G332.59+0.15 G332.60-0.17
10T T T [T rr 117 LI L L B | LA L I B B I L B

8

6

4

2

0

-2

-4 [ | | [ | | [

-80 -60 -40 -60 -40 -20 -60 -40 -20

G332.72-0.05 G333.00-0.43 G333.02-0.06

1 I 11 1 I 11 1 I 11 1 I 11 1 I 1 I 11 1 I 11 1 I
-60 -40 -20 -80 -60 -40 -60 -40 -20
G333.03-0.02 G333.07-0.44 G333.07-0.40
LI LI B [T T T T T T7 TT T[T T T [T1T

-60 -40 -20 -80 -60 -40 -80 -60 -40

Figure A.7: continued

147



148

Flux density (Jy)

APPENDIX A. SUPPLEMENTARY MATERIAL FROM THE MALT-45 SURVEY

G333.10-0.51 G333.13-0.44 G333.14-0.42
1 I 1 LI I LI I 1 LILEL I LILEL I 1 1 _ _| I LILEL I LILEL I 1
120 3 15
80 q 10F
40E- 1 sE
I L L1 I L1 1 I L 0 L1 1 I L1 1 I L L ] 0
80 60  -40 80 60 40 20 80 -60  -40
G333.16-0.10 G333.18-0.09 G333.22-0.40
6 LI I LI I LI 6 LI I LI I LI 15 LI I LN I LI
4 4 10
2 2
0 0 >
-2 L1 1 I L1 1 I L1 -2 | I | I L1 1 I L1 1 0
120 -100  -80 100 -80 -60 -80 -60  -40
G333.23-0.06 G333.24+0.02 G333.29-0.38
L I LI I LI I_ LILEL I LILEL I LILEL LI 1 I LI I 1
300 5
200 - 3
100F- =
O:I L1 I L1 1 I L1 1 t L1 1 I L1 1 I L1 1 | I | L I L1 1 I L
100 80  -60 80 60 40 -80 60 40
G333.30-0.35 G333.31+0.10 G333.33-0.36
LI I 1 LI I LI 8 LIL I LI I LILEL LI I Ll LI 1 I 1
6
4
2
0
L1 1 I 1 L1 I L1 -2 L1 I L1 1 I L1 1 L1
80 60  -40 60 40 20 -80 60  -40
G333.37-0.20 G333.39+0.02 G333.47-0.16
| L I LI I LI I LI I LI I LI 20 LI I LI I LI I

15

2 10
0 5
0

_2 _5

-40

-100 -80 -60 -40 -20

-60

Figure A.7: continued



A.2.

Flux density (Jy)

CLASS I CH3;0H MASER SPECTRA 149

G333.50+0.15 G333.52-0.27 G333.56-0.30

4-IIIIIIIIIII IIIIIIIII IIIIIIIIII

N O N B O
oON PO

_2 I L1 1 I L1 1 I | I | - L L I L1 1 I | I | _2 | I | I L1 L I L1 1
-140 -120 -100 -80 -60 -40 -60 -40 -20
G333.56-0.02 G333.57+0.03 G333.59-0.21
1 I LI I LI I - | I LI I LI I B I LI I LI
60 = 30 -
a0f- = 20E- =
- 1 2 E 3
20F- = 10f- E
Ofs o D op 3
| [ | | [ | - C
-60 -40 -20 -100 -80 -60 -60 -40 -20
G333.70-0.20 G333.71-0.12 G333.77-0.01

11
-80 -60 -40 -60 -40 -20 -100 -80 -60
G333.77-0.25 G333.82-0.30 G333.90-0.10

1 1 I 11 1 I 11 1 I
-60 -40 -20 -60 -40 -20 -80 -60 -40
G333.94-0.14 G333.98+0.07 G334.03-0.04

-60 -40 -20 -80 -60 -40 -100 -80 -60

Figure A.7: continued



150 APPENDIX A. SUPPLEMENTARY MATERIAL FROM THE MALT-45 SURVEY

G334.64+0.44 G334.74+0.51

-80 -60 -40 -80 -60 -40

Flux density (Jy)

Visr (km/s)

Figure A.7: continued



A.3. AUTO-CORRELATED MAPS 151

A.3 Auto-correlated maps
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Figure A.8: Auto-correlated class I CH3OH maser emission, in a peak signal-to-noise map.
77 masers are found within these data.
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Figure A.9: Auto-correlated SiO (1-0) v = 1 maser emission, in a peak signal-to-noise map.
45 masers are found within these data.
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Figure A.10: Auto-correlated SiO (1-0) v = 2 maser emission, in a peak signal-to-noise map.
37 masers are found within these data.
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Figure A.11: Auto-correlated SiO (1-0) v = 3 maser emission, in a peak signal-to-noise map.
The gap in the G333.0—0.5 tile is due to a correlator fault for that day of observing. 3 masers
are found within these data.



152

APPENDIX A. SUPPLEMENTARY MATERIAL FROM THE MALT-45 SURVEY

A.4 SiO maser spectra
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Figure A.12: Spectra of regions containing SiO v = 1 and v = 2 maser detections.

G330.514-0.01 contains a correlator defect within the v = 2 spectrum at around v = 10kms™".
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Figure A.13: Spectra of regions containing only SiO v = 2 maser detections.
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Figure A.14: Spectra of regions containing only SiO v = 1 maser detections.
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Figure A.15: Spectra of regions containing SiO v = 1, v = 2 and v = 3 masers.
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Appendix B

Supplementary material from the
MALT-45 class I CH30H maser

follow-up survey

This appendix contains reference material for the publication outlined in Chapter 4. Each
class I CH3OH maser spot is characterised by Gaussian fits in §B.1. For each class I CH3OH
maser region, CS, SiO and thermal CH3OH emission are characterised by Gaussian fits in
§B.2. GLIMPSE three-colour images in 3.6, 4.5 and 8.0 um emission with class I CH3OH,
class II CH3OH, HoO and OH masers can be seen in §B.3.

B.1 Gaussian fits to cross-correlation class I CH3;OH maser

emission
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B.2 (Gaussian fits to auto-correlated thermal lines



SUPPLEMENTARY MATERIAL FROM FOLLOW-UP OBS.

APPENDIX B.
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B.3 GLIMPSE images
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Figure B.1: Spitzer GLIMPSE three-colour images (RGB = 3.6, 4.5 and 8.0 um) overlaid
with the positions of class I CH3OH masers (white plus symbols). The size of these symbols
reflects the maximum positional uncertainty for maser spot. The published positions of
class I CH3OH, H20O and OH masers are overlaid (red crosses, blue diamonds and yellow
hexagon symbols, respectively: Caswell et al. 2011; Breen et al. 2010a; Walsh et al. 2011,
2014; Sevenster et al. 1997; Caswell 1998).
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Figure B.1: continued
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