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ABSTRACT

The role extragalactic class I methanol masers play in their host galaxies is currently

not well understood. With only a few known examples of these masers to date, inves-

tigating their nature is very difficult. However, determining the physical conditions

and environments responsible for these masers will provide a useful tool for the study

of external galaxies. In this thesis we present over a hundred hours of Australia Tele-

scope Compact Array (ATCA) observations aimed at expanding our available sample

size, increasing our understanding of the regions in which these masers form, and

making comparison with class I methanol emission towards Galactic regions.

We present the first detection of 36.2-GHz class I methanol maser emission toward

NGC 4945, which is the second confirmed detection of this masing transition and the

brightest class I maser region ever detected. This emission is offset from the nucleus of

the galaxy and is likely associated with the interface region between the bar and south-

eastern spiral arm. Additionally, we report the first detection of the 84.5-GHz class I

maser line toward NGC 253, making NGC 253 the only external galaxy displaying 3

separate masing transitions of methanol. Upper limits on the 36.2- class I and 37.7-

GHz class II maser lines are also reported for 12 other galaxies that were searched as

part of this project.

Alongside observations of the class I methanol lines, we also observed various thermal

and masing molecular lines towards these sources. This includes the imaging of 7-

mm HC3N, CS and SiO lines towards NGC 4945, which had not previously been

observed at high resolution before, along with some 3-mm lines, such as HNCO,

towards NGC 253.
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Long term monitoring of the 36.2-GHz transition from NGC 4945 and NGC 253

was also performed. This monitoring produced detections of new maser regions in

both NGC 4945 and NGC 253 and provided the first evidence for variability from

these extragalactic class I masers, with the luminosity of the new maser region in

NGC 4945 increasing by approximately 300 percent compared to past observations.

We determine this is likely the result of excitation changes in the maser environments,

however, further monitoring is required to accurately quantify this variability.

We also present interferometric imaging of the 95.2-GHz class I methanol masers

towards 32 6.7-GHz class II maser sources along with detailed comparison between the

class I (36.2-, 44.1- and 95.2-GHz) and class II (6.7- and 12.2-GHz) lines in these high-

mass star formation regions. Flux-density ratios for matched (spatially associated)

44.1- and 95.2-GHz class I masers shows that the 3:1 ratio previously reported in the

literature holds true even at parsec scales. Investigation of our statistically complete

sample indicates that 95.2-GHz class I methanol masers do not preferentially favour

more evolved sources. Our observations reinforce that when using class I methanol

masers to investigate shock fronts and star-formation region dynamics, observation of

multiple class I transitions is necessary in order to form a complete picture.
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Chapter 1

Astronomical Masers, Methanol and
Starburst Galaxies

This chapter will begin with a general overview of astronomical masers, both within

our Galaxy and towards extragalactic sources. Following this will be a review of the

literature concerning specifically methanol masers (with an emphasis on the class I

transitions) and of the extragalactic sources directly relevant to this work.

At the start of my candidature, the field of extragalactic class I methanol masers was

relatively new. Over the past few years there has been an increase in research in

this area, and therefore, the majority of our current understanding about these extra-

galactic masers has occurred since the beginning of my candidature. Unfortunately,

it is not possible to include this recent research in the literature review without the

context of my work. For this literature review, the section relating to extragalactic

methanol masers will be written as of the beginning of my PhD (July 4, 2016). A

more in-depth review of the field as it is at the end of my candidature will be included

as part of the final conclusions chapter.

1.1 Astronomical Masers

Astronomical masers are characterised as bright, radio-frequency, spectral lines found

in numerous different astrophysical environments. In order for masing emission to oc-
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cur, molecules from a particular species must be experiencing a population inversion.

This occurs when more molecules from the population are in higher energy states

than lower. This inversion can only be maintained between certain transitions where

selection rules provide sufficient lifetimes of the higher energy state. For a population

to become inverted, some external energy source is required to ‘pump’ the majority

of the population into higher-energy excited states. This energy source is referred to

as the pumping mechanism, and is what allows maser emission to be a useful signpost

for other interesting astrophysical phenomena. Once the population is ‘inverted’, an

incident photon of an appropriate wavelength (based on the energy levels of the ex-

cited molecules), can stimulate the release of an identical photon, dropping the excited

molecule down an energy level. This essentially causes the incident photon to be am-

plified, and each of these resultant photons can trigger subsequent stimulation events

causing large scale amplification of some background source. While these astronomical

masers can be extremely luminous, the maser gains for these astronomical sources are

much lower than those observed from laboratory masers. Injection of energy from the

pumping mechanism ensures a balance of energy loss from amplification, and allows

the masing regions to persist for extended periods of time.

The first molecular species to be observed as astronomical masers were detections of

interstellar OH and H2O in the 1960’s (Weaver et al., 1965; Cheung et al., 1969). Since

then, masing transitions have been observed from a large number of molecular species

and research into the field has increased significantly. The intensity of the emission

from these lines, along with their association with other astrophysical phenomena,

allows masers to be utilised as a powerful tool for studying the universe. Various

annual reviews (e.g. Menten, 1991a; Elitzur, 1982, 1992) dedicated to astronomical

masers have covered the theory of this phenomenon in great detail. This overview

will focus on how astronomical masers from various molecular species have been used

in order to further our understanding of the Milky Way, and other galaxies.
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1.1.1 Overview of interstellar masing species

Maser emission has been observed towards many different molecular species. The

most common of which are water (H2O), methanol (CH3OH), hydroxyl (OH) and

silicon monoxide (SiO) (Elitzur, 1992). As methanol is the main masing species this

project covers, a full section will be dedicated to overviewing methanol masers. The

other three common masing species will be briefly covered here.

OH Masers

The strongest and most commonly detected OH line towards Galactic star-forming

regions is at 1665-MHz, which is usually observed coming from the same location as

the 1667-MHz line, though over a factor of 3 times more luminous (Caswell & Haynes,

1987; Caswell, 1998). Thesemain line OHmasers are widely accepted as being pumped

via infrared emission from warm dust (Cragg et al., 2002), and are generally observed

towards star-formation regions, where they are believed to be associated with the

shocked gas around expanding ultra-compact Hii regions (UCHii Elitzur & de Jong,

1978; Baart & Cohen, 1985; Fish & Reid, 2006). Similarly to water and class II

methanol masers (discussed in later sections), OH masers have been detected towards

high-mass protostellar objects (Edris et al., 2007), where they are usually associated

with the later evolutionary stages (Forster & Caswell, 1989).

Unlike their main line counterparts, the less common 1612- and 1720-MHz OH maser

satellite line transitions are rarely associated with star-formation regions. The former

tends to be most commonly observed toward late-type stars and the later supernova

remnants (Lockett et al., 1999; Gray et al., 2005). The mechanisms responsible for

pumping masers from these satellite lines are still being investigated, however, current

understanding is that the 1612-MHz line is radiatively pumped (Gray et al., 2005),

while the 1720-MHz line is collisionally pumped via C-shocks (Brogan et al., 2013).

Variability (on the order of years) has been detected from Galactic OH masers, though
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others have also been observed to remain stable over periods of multiple decades

(Caswell, 1998). Evidence of OH masers in outflows has been reported (Argon et al.,

2002), however, more typically OH masers are observed without extreme velocity

components (Caswell, 1998). Galactic OH masers also tend to show high levels of

circular polarisation, which can be a useful tool for investigating the magnetic field of

the regions where they are located (Gray, 2012).

H2O Masers

First detected by Cheung et al. (1969), water masers are observed from many different

transitions across the radio and microwave spectrum, however, the 22.2-GHz line is by

far the most populous and brightest. This line is in fact the brightest radio-frequency

spectral line. Collisional pumping of the rotational energy levels is the accepted mech-

anism for the excitation of astronomical water masers (Deguchi, 1977). This pumping

can occur in stellar winds associated with low- and high-mass star-formation regions,

ormolecular outflows (Torrelles et al., 2002; Furuya, 2003). The energetic environment

of these masers (high temperatures driven by high velocity shocks; Hollenbach et al.,

2013) is prone to variability, with maser components disappearing and appearing on

relatively short time-scales (Felli et al., 2007).

SiO Masers

The first detection of a SiO maser was made by Snyder & Buhl (1974), where they

reported the presence of an unidentified molecular species masing at 86 GHz toward

Orion, tentatively identifying it as the SiO J = 2 → 1 transition for the first vi-

brational state (ν = 1). Maser emission has now been detected from a variety of

different SiO transitions in five (ν = 0, 1, 2, 3 and 4) different vibrational states (e.g.

Buhl et al., 1974; Scalise & Lepine, 1978; Schwartz et al., 1982; Boboltz & Claussen,

2004), however, the strongest masers tend to occur at ν = 1 or 2 (Gray, 2012).

SiO masers are predominantly associated with evolved stars such as asymptotic giant
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branch (AGB) stars and are rarely detected towards star-formation regions. SiO

masers form in the inner zones of long-period variable (LPV) stars, where they display

variability driven by the intrinsic variability of their host stars (Gray, 2012).

1.1.2 Megamasers and extragalactic masers

A handful of the molecular species observed to be masing within our galaxy have

also been detected towards external Galaxies. Some of these extragalactic masers

may be considered ‘megamasers’ based on their luminosity, ∼ 106 times brighter

than typical Galactic maser of the same species, or in some cases the phenomena

they are associated with. Because of the sensitivity limitations of current facilities,

and the distances involved, detected extragalactic masers are usually much brighter

than typical Galactic masers. However, extremely luminous examples (kilomasers) of

Galactic style water and methanol masers have been detected toward many galaxies

(Sinclair et al., 1992; Ellingsen et al., 1994, 2010; Beasley et al., 1996; Henkel et al.,

2004; Braatz & Gugliucci, 2008; Gorski et al., 2019).

Extragalactic masers have been detected from the H2O, OH, CH3OH, SiO, H2CO, CH

and HC3N molecular species (Churchwell et al., 1977; Gardner & Whiteoak, 1975; Sin-

clair et al., 1992; Ellingsen et al., 2017b). We will focus the discussion on extragalactic

H2O and OH masers here, as methanol will be extensively covered in an upcoming

section. For a more comprehensive review of extragalactic masers, see the review of

Lo (2005).

Extragalactic water masers

The first detection of extragalactic methanol emission was reported by Churchwell

et al. (1977) towards a star-formation region in M33. The properties of this maser

emission, along with further detections within M33 and IC 342 (Huchtmeier et al.,

1978) are similar to those observed water masers associated with Galactic star forma-

tion regions. This is due to the fact that giant Hii regions were the original targets



1.1. ASTRONOMICAL MASERS 6

for searching for these water masers. Shortly after these first detections, strong wa-

ter maser emission was detected towards the nucleus of NGC 4945 (Dos Santos &

Lepine, 1979). In the following years more examples of strong water masers were de-

tected towards the nuclei of nearby active galaxies: Circinus, NGC 4258, NGC 1068,

NGC 6946 and M82 (Gardner & Whiteoak, 1982; Claussen et al., 1984; Claussen &

Lo, 1986). Claussen & Lo (1986) hypothesised that these water masers are forming in

the dense circumnuclear gas clouds, excited by mass outflow from the active galactic

nuclei (AGN). The real interest in extragalactic water masers came with the discovery

of high velocity red and blueshifted water maser emission (?), and subsequent VLBI

observations by Greenhill et al. (1995b,a) and Miyoshi et al. (1995) which showed the

masers lie in a circumnuclear disk that exhibits Keplarian rotation.

The observation of H2O megamaser emission from a circumnuclear keplarian disk in

NGC 4258 provided some of the most convincing evidence for the existence of su-

permassive black holes at the centre of galaxies. VLBI observations of the spatial

distribution of the maser emission provided constraints on the size of these circumnu-

clear disks, which allowed the enclosed masses to be calculated. The implied densities

from these disk sizes, along with the enclosed masses, can only be explained by the

presence of a supermassive black hole (Miyoshi et al., 1995). Extragalactic water

masers have also been observed associated with nuclear jets in AGN galaxies. The

water maser of NGC 1052 is the prototypical example of this kind of maser, with wa-

ter maser spots situated along the nuclear jet, and a clear velocity gradient (Claussen

et al., 1998).

Extragalactic hydroxyl masers

Emission from extragalactic OH was originally detected toward NGC 253 and M82,

these two sources showed narrow OH maser components with luminosities an order

of magnitude greater than Galactic OH masers (Gardner & Whiteoak, 1975; Nguyen-

Q-Rieu et al., 1976). A subsequent detection of OH emission toward Arp 220 was
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reported by Baan et al. (1982). Compared to the NGC 253 and M82 detections, this

emission was much broader (400 km s−1compared to 10 km s−1) and ∼ 107 times

more luminous (Baan et al., 1982). Despite how broad the emission from Arp 220

is, high-resolution observations by Norris (1985) determined a brightness temperature

far too high (> 106K) for the emission to be the result of a thermal process. One

thing all three of these original detections of OH masers have in common is that

the 1667-MHz line is brighter than the 1665-MHz, and the emission is unpolarised,

Which is in stark contrast to typical Galactic OH masers (Gardner & Whiteoak, 1975;

Nguyen-Q-Rieu et al., 1976; Baan et al., 1982). This relationship between the 1667-

and 1665-MHz lines has remained true as more examples of extragalactic OH masers

have been detected (e.g. Parra et al., 2005; Lo, 2005). The vast majority of OH

megamasers are detected toward the starburst regions of luminous infrared galaxies

(LIRGs), which is expected due to OH pumping relying on far infrared emission

(Cragg et al., 2002). A relation of LOH ∝ L1.2
FIR has been determined for these OH

megamasers (Darling & Giovanelli, 2002), however detection rates towards LIRGs and

ULIRGS are approximately 20 percent (Lo, 2005, and references therein)

Potential issues with nomenclature

The megamaser/kilomaser nomenclature can create some problems when discussing

extragalactic maser emission. Considering extragalactic water masers for example,

water megamaser emission has been observed to be associated with the circumnuclear

disks of some AGN (Miyoshi et al., 1995). This is a distinct phenomena from typi-

cal Galactic water maser emission, which is generally associated with star-formation

regions (Torrelles et al., 2002). However, extragalactic water kilomasers have also

been observed towards some starburst galaxies, associated with regions of high star-

formation (Churchwell et al., 1977; Henkel et al., 2004; Braatz & Gugliucci, 2008).

Essentially these kilomasers are simply very bright examples of Galactic-style water

masers. This means people associate extragalactic kilomasers with one type of phe-

nomena and megamasers with another. This becomes a problem as masers associated
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with these different phenomena are not constrained to specific luminosity cutoffs. This

can create confusion when reporting kilomasers that are associated with these larger

scale phenomenon (where megamasers are typically observed). While this may not be

much of an issue currently, as the majority of extragalactic maser detections are of

the extremely luminous megamasers, however, as sensitivity of instruments increases a

larger number of lower-luminosity extragalactic masers will be reported and discussed.

1.2 Methanol Masers

The methanol molecule is an asymetric top, which features hindered internal ro-

tation about the C–O bond. These characteristics produce a large array of rota-

tional energy levels, resulting in a plethora of observable transitions towards as-

trophysical methanol sources. Hydrogenation of CO on icy interstellar grains is

the process by which methanol naturally forms within our galaxy (Watanabe &

Kouchi, 2002). The theoretically proposed successive hydrogenation is as follows:

CO→HCO→H2CO→CH3O→CH3OH (Tielens & Whittet, 1997). This has been ex-

perimentally confirmed by Watanabe & Kouchi (2002), who determined that this

process produces methanol yields of the order of 10%, making it the most likely can-

didate for the production of methanol in astronomical molecular clouds. Typically,

the methanol is released from these grains into the gas phase via shocks within star-

formation regions or heating from protostars (Brown et al., 1988; van Dishoeck &

Hogerheijde, 1999; Voronkov et al., 2010b).

Maser emission from interstellar methanol was first detected at 25 GHz towards the

Orion-KL region by Barrett et al. (1971). Since then, a large number of methanol

maser lines have been detected towards various astrophysical sources (e.g. Wilson

et al., 1984, 1985; Morimoto et al., 1985; Batrla et al., 1987; Menten, 1991b; Breen

et al., 2019), and this rich spectrum of transitions has proven to be a valuable tool

for investigating star-formation towards Galactic sources.
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1.2.1 Class I and class II methanol masers

The masing transitions of methanol are divided into two separate classes, I and II

(Batrla et al., 1987; Menten, 1991b). These classes were originally proposed, based on

the fact that the 25-GHz methanol line, and 12-GHz methanol (the first class I and

class II lines respectively) transitions had never been found towards the same source

(Batrla et al., 1987). Orion-KL was considered a prototypical class I methanol maser

source, while class II methanol masers were detected towards compact Hii regions,

similar to OH masers, with W3(OH) suggested as their prototypical source (Batrla

et al., 1987). This empirical difference in the methanol transitions is now known to be

caused by the different pumping mechanisms responsible for the population inversion

of the methanol molecules (Cragg et al., 1992), with masers from both classes having

been detected towards many of the same star-formation sources (e.g. Slysh et al.,

1994; Caswell et al., 2010, 2011; Green et al., 2010; Breen et al., 2015; Voronkov et al.,

2014). The class II maser lines occur in regions where radiative processes dominate

over collisional, whereas class I maser lines favour the reverse (Cragg et al., 1992;

Sobolev et al., 1997; Cragg et al., 2005). Maser transitions occur between energy

levels with different K quantum numbers, with all the energy level for a particular K

quantum number sometimes referred to as a ‘K ladder’ (see Figure 1.1). Depending

on what pumping mechanism (radiative or collisional) is present, different K ladders

will become over (or under) populated, switching on either the class I (for collisional)

or class II (for radiative) masers (Cragg et al., 1992). This means the two classes are

competitive, and anytime masers from both classes are observed towards the same

volume of gas, they are considered to be mutually exclusive (Voronkov et al., 2005,

2012). Despite their competitive excitation processes, both classes of methanol masers

are frequently observed towards the same Galactic star-forming regions, with the

differing pumping mechanisms result in masers from each class being associated with

different environments within these regions. The class Imasers are typically associated

at the interface regions of molecular outflows (e.g Kurtz et al., 2004; Voronkov et al.,
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2006; Cyganowski et al., 2012) or associated with shocks from cloud-cloud interactions

or expanding Hii regions (Cyganowski et al., 2009; Sjouwerman et al., 2010; Voronkov

et al., 2010a, 2014). Therefore, class I masers are often observed as multiple discrete

components, distributed over scales of up to 1 pc from the high-mass protostar (Kurtz

et al., 2004; Voronkov et al., 2006, 2014). Class II masers on the other hand, are found

tightly clustered around the location of the young, high-mass star (Caswell, 1997).

1.2.2 Methanol masers within the Milky Way

This difference in pumping mechanisms between the two classes of methanol masers

makes them both interesting tools for investigating star-formation regions within the

Milky Way. Class II methanol masers at 6.7 GHz are useful signposts for high-mass

young stellar objects (YSOs) as they are exclusively associated with high-mass star-

formation (HMSF; Breen et al., 2013). Methanol is released from dust grains through

heating and mild shocks from the protostar (Brown et al., 1988; van Dishoeck &

Hogerheijde, 1999). The radiative pumping required for these class II transitions is

provided by the infrared emission from these YSOs, and as the Hii region evolves, the

class II maser emission rapidly wanes (Walsh et al., 1998; Breen et al., 2010). The

mechanism behind this rapid reduction in the class II maser emission is not yet under-

stood, however, it could be the result of destruction of the methanol molecule or major

environmental changes (for further discussion see Breen et al., 2010; Ellingsen et al.,

2011b). This means the class II transition trace a very specific evolutionary phase of

these star-formation regions (Breen et al., 2010, 2011; Ellingsen et al., 2011b). This,

combined with their brightness, making them readily detectable, and compactness,

meaning they are an accurate locator of these high-mass YSOs, makes them a very

useful tool for probing the conditions in these HMSF systems. The Methanol Multi-

beam (MMB) survey produced the most complete study of 6.7-GHz Class II masers

in the southern hemisphere (Green et al., 2009, 2010, 2012; Caswell et al., 2010, 2011;

Breen et al., 2015). This survey brought the total number of known Galactic 6.7-

GHz class II masers to over 1200 (with 972 of those detected in the MMB survey).
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Follow-up observations of the MMB sources have also been conducted at 12.2-GHz,

detecting hundreds of 12.2-GHz class II masers towards these HMSF sources (Breen

et al., 2010, 2011, 2012b).

In contrast to the class II masers, which have a well understood relationship with star-

formation regions, the Galactic class I masers are not exclusively associated with any

particular astrophysical phenomena. Their are two major series when considering the

class I methanol lines, the J0 → (J−1)1A
+ series containing the 44- and 95-GHz lines

and the J−1 → (J − 1)0 E series which has the 36- and 84-GHz transitions (see Figure

1.1). These four methanol transitions are the most widespread class I lines observed

in our Galaxy (e.g. Slysh et al., 1994; Val’tts et al., 2000; Ellingsen et al., 2005; Chen

et al., 2011). Compared with the class II transitions and the MMB survey, no surveys

of comparable size have been undertaken for class Imethanolmasers, however, this will

soon change when the Australia Telescope Compact Array (ATCA) StarFISH survey

(Breen et al., in preparation), a full-scale version of the MALT45 survey (Jordan

et al., 2015), is completed. This survey will provide a full census of 44-GHz class I

methanol masers along the Galactic plane (covering a Galactic coordinate range of

l = 270◦ → 5◦, b = ±0.5◦).

Based on the environments class I masers have been detected towards, the presence

of shocks appears to be a very important factor in the production of these masers

(Kurtz et al., 2004; Sjouwerman et al., 2010; Cyganowski et al., 2012; Voronkov et al.,

2014). These weak shocks have been identified as a productionmechanism for releasing

methanol from dust grains through heating (Hartquist et al., 1995; Garay et al., 2002).

This increased methanol abundance combined with heating and compression of the

gas due to the same shocks, produces the required conditions for these class I masers

to form (Voronkov et al., 2010b).

Yusef-Zadeh et al. (2013a) discovered widespread 36.2-GHz class I emission towards

the Milky Way’s central molecular zone (CMZ). Over 350 sites are located within a

region with linear size of approximately 160× 43 pc with a combined total luminosity
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Figure 1.1: Methanol rotational energy level diagram including known class Imethanol

transitions (connected by red lines) and anti-inverted transitions (connected by blue-

dotted lines). Left panel is for E-type transitions, and right panel for A+-type. Figure

is originally presented in Leurini et al. (2016).
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of > 5600 Jy km s−1. In order for this widespread emission to occur, methanol must

be abundant in this region, however, the production mechanism is not as clear cut

as for star-formation regions. The weak shocks generally responsible for methanol

production in class I maser sources tend to occur at the edges of molecular clouds

(where the interaction is occurring) or due to outflows/expanding Hii regions in star-

formation sites (e.g Kurtz et al., 2004; Voronkov et al., 2006). In the case of these

methanol masers within the CMZ, they are located within the inner regions of giant

molecular clouds, and therefore, weak shocks at the outer edges of the clouds are an

unlikely mechanism for the release of methanol (Yusef-Zadeh et al., 2013a). Addi-

tionally, star-formation in the CMZ giant molecular clouds has low-efficiency (Immer

et al., 2012), so shocks local to star-formation sites are also unlikely to release the

required abundance of methanol. Therefore, instead of weak shocks, Yusef-Zadeh

et al. (2013a) suggest photodesorption of the methanol from cold dust by cosmic rays.

The cosmic ray ionisation rate in the inner region of the Milky Way is approximately

two orders of magnitude higher than in the Galactic disk (Yusef-Zadeh et al., 2013b).

These cosmic rays collide with H2, producing FUV emission that heats dust grains

causing the evaporation of molecular methanol (Roberts et al., 2007).

1.2.3 Methanol masers towards other galaxies

The first detection of an extragalactic methanol maser was towards the N105a/MC23

nebula in the Large Magellanic Cloud(LMC) at 6.7 GHz (Sinclair et al., 1992). Follow-

ing this, two additional 6.7-GHz class II masers were detected towards other locations

within the LMC by Ellingsen et al. (1994) and Beasley et al. (1996). These find-

ings prompted a complete systematic survey of the Small Magellanic Cloud (SMC)

and LMC for 6.7-GHz methanol masers using the Parkes 64-m telescope as part

of the MMB project (Green et al., 2008). This survey detected a fourth 6.7-GHz

methanol maser towards the LMC, alongside the three previously reported. A search

for 12.2-GHz class II masers was then conducted towards HMSF regions in the LMC

by (Ellingsen et al., 2010). They detected one 12.2-GHz methanol maser in the N105a
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Figure 1.2: Original detection of 36.2-GHzmethanolmaser emission towards NGC 253

presented in (Ellingsen et al., 2014). Methanol emission is represented by red contours,

with 7-mm continuum as green contours. The boundary of the CMZ in NGC 253 given

by the dark blue dashed ellipse.

nebula, the same site as the original 6.7-GHz LMC detection. The detection of a 6.7-

GHz class II methanol maser towards the 10 kpc ring in M 31, increased the number

of extragalactic sources with methanol masers to two (Sjouwerman et al., 2010). The

class II masers in both the LMC and M 31 are less luminous than the brightest known

6.7-GHz class II masers in our galaxy (Van Der Walt et al., 2009). In addition to these

emission sources, the 6.7-GHz class II transition has also been detected in absorption

towards NGC 3079 and Arp 220 (Salter et al., 2007; Impellizzeri et al., 2008). The

masers in the LMC and M 31 are also associated with HMSF, just like those observed

towards Galactic sources. This seems to indicate that these extragalactic class II

masers are simply Galactic-style class II methanol masers which are luminous enough

to be detected with current facilities at the larger distances of the LMC and M 31.

The mechanism suggested by Yusef-Zadeh et al. (2013a) for producing the 36.2-GHz
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class I emission observed towards the centre of our Galaxy, is not necessarily unique

to the Milky Way. It can be reasonably expected that a similar mechanism may

exist in other nearby galaxies. This fact spurred the first searches for this transition

towards nearby galaxies. The first extragalactic class I methanol maser emission was

detected towards the nearby starburst galaxy NGC 253 (Ellingsen et al., 2014). These

masers were detected offset either side of the nuclear region in NGC 253. Unlike the

previously detected extragalactic class II masers, both of these maser regions have

luminosities approximately 5 orders of magnitude greater than a typical Galactic

class I maser. When compared to the widespread emission in the Milky Way’s CMZ

(Yusef-Zadeh et al., 2013a), this emission is both an order ofmagnitudemore luminous

and it lies outside of NGC253’s CMZ. Ellingsen et al. (2014) suggest three possible

explanations for the location of this emission in NGC 253. The first is that the cosmic

ray intensities are too high, and gas-phase methanol is destroyed shortly after being

created. This was sggested by Yusef-Zadeh et al. (2013a) as a possible explanation

for the lack of 36.2-GHz masers within the Milky Way’s molecular ring. The second

explanation is that the nuclear outflow in NGC 253 is interacting with the edges of

the molecular disk in NGC 253. This interaction may release methanol through weak

shocks, similar to what is seen in outflows in Galactic star-formation regions. This

hypothesis is supported by the association of both 36.2-GHz methanol maser regions

with NH3 cores. The third suggestion is that a large number of high-mass star-

formation regions are located within the class I methanol maser sites. However, this

hypothesis does not seem likely as densely clustered star-formation regions should have

higher mid-infrared and dust-continuum levels (when compared to locations nearby

to the nucleus) than are observed towards these two class I methanol masers.

The same observations responsible for the first detection of extragalactic class I

methanol masers in NGC 253 (Ellingsen et al., 2014), also produced the second re-

ported detection of extragalactic 36.2-GHz emission in Arp 220 (Chen et al., 2015).

This distant galaxy (luminosity distance of 83.5 Mpc; Ashby et al., 2011), is the closest

known ultra-luminous infrared galaxy (ULIRG) and major merger system and host
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of the first detected OH megamaser (Baan et al., 1982). Emission from the 36.2-

GHz class I line appears to be highly correlated with diffuse X-ray emission along

the south-east to north-west axis of Arp 220, however, anti-correlated at the nucleus

where the X-ray emission is of higher intensity. This X-ray emission is used as a

probe for cosmic-ray flux in different locations of the galaxy, therefore, this observed

relationship is consistent with the mechanism for gas-phase methanol release in the

Milky Way as outlined in Yusef-Zadeh et al. (2013a). Chen et al. also report emission

from the 37.7-GHz class II methanol line, which is the first detection of this transi-

tion towards an external source. They suggest that both of the class I and class II

masers are tracing star-formation and feedback in the circumnuclear starburst region

of Arp 220, rather than close to the nucleus like ‘Megamasers’ observed from other

molecules (e.g. OH and H2O).

In addition to these two galaxies with reported 36.2-GHz clas I masers, emission from

the 84.5-GHz class I methanol line was detected towards NGC 1068 (Wang et al.,

2014). Wang et al. (2014) argue that this emission results from a maser process

associated with shock fronts in NGC 1068, however, to date no interferometric obser-

vations have been made of this line towards NGC 1068, nor have any searches for the

36.2-GHz class I line been published.

1.2.4 Comparison of methanol maser transitions from the same source

The rich spectrum of methanol maser lines all have specific conditions under which the

pumpingmechanism is optimised. Modelling the formation of thesemasers can help us

determine the conditions required for optimal pumping in each transition. Comparison

of the flux-density line ratios between multiple maser transitions, towards the same

volume of gas, allows us to accurately determine the physical conditions present in this

region or the evolutionary phase of the source (Cragg et al., 2001; Sutton et al., 2001;

McEwen et al., 2014; Leurini et al., 2016). Interferometric studies have observed

methanol maser lines from multiple transitions, spatially coincident within various
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Figure 1.3: Maser optical depth contour diagram as a function of methanol column

density and H2 density at two different temperatures (60 and 160 K). Crosses and

pluses mark the highest peak inverted temperature for the A+- (44.1- and 95.2-GHz)

and E-type (36.2- and 84.5-GHz) transitions respectively. Figure is originally pre-

sented (as figure 3) in McEwen et al. (2014).

astronomical sources. While we do not see class I and class II maser transitions from

the same volumes of gas, we often do see multiple transitions from the same class in

these locations (e.g. 6.7- and 12.2-GHz class II masers towards YSOs or 36.2- and

44.2-GHz class I masers in outflows; Breen et al., 2012b; Voronkov et al., 2014).

The two main class II methanol transitions (6.7- and 12.2-GHz), can provide useful

information about the evolutionary phase of their associated YSO. 12.2-GHz class II

masers are observed towards approximately 40 percent of 6.7-GHz sources (Breen

et al., 2011, 2012a,b). These class II masers form in a later stage of the high-mass
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star-formation (HMSF) regions lifetime (Breen et al., 2010, 2011). Therefore, older

HMSF regions (compared to those with just 6.7-GHz masers) can be identified by

detecting this transition. In addition to this, Breen et al. (2011) also identify that both

the 6.7- and 12.2-GHz transitions increase in luminosity as the YSO evolves, with the

former transition doing so more quickly. This indicates that HMSF regions with very

high 6.7-/12.2-GHz line ratios (but importantly still have detected 12.2-GHz maser

emission) are likely to be in later evolutionary stages than regions where the ratio

is closer to unity (Breen et al., 2010). Similarly, as the sources evolve, both of these

maser transitions increase in velocity coverage, again with the 6.7-GHz maser doing so

at a more rapid rate (Breen et al., 2011). This provides another basis for comparison

between the two transitions in order to probe the underlying evolutionary phase of the

HMSF region. Observations of the 37.7-GHz class II methanol line towards Galactic

sources have determined that this line is also present in HMSF regions where the

6.7-/12.2-GHz line ratios are high, indicating that the 37.7-GHz transition is a useful

signpost for the final few thousand years of the class IImethanol phase of these sources

(Ellingsen et al., 2011b).

McEwen et al. (2014) present modelling of the physical conditions required for the

36.2-, 44.1-, 84.5- and 95.2-GHz class I methanol maser lines. This modelling pertains

to class I methanol masers associated with shock fronts in supernova remnants (SNRs)

but is also useful for understanding the conditions present in molecular cloud inter-

actions in star-formation regions. This paper contains some excellent figures, some of

which will be included here, for understanding how these four lines behave across a

variety of different environmental conditions. Figure 1.3 shows how the optical depth

of the E-type transitions (36.2- and 84.5-GHz) favours higher H2 densities than the

A+ transitions and that methanol column density has less of an impact on the line

ratios between transitions of each type. This figure also shows that at higher tem-

peratures the required H2 density for peak optical depth begin to converge between

the two series (E- and A+-type). The optical depth of maser lines also increases with

temperature of the region. This can be seen in Figure 1.4, where, for a fixed density,
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the optical depth of the four maser transitions increases as a function of the temper-

ature. The three different panels of this figure also show how the line ratios between

the transitions can drastically vary across our parameter space. This is further illus-

trated by Figure 1.5, which shows the H2 density break point for which the 44.1 and

36.2-GHz lines flip in relative strength, indicating that the A+ transitions become

quenched at lower densities than the E-type. These relationships, in particular the

break points where line ratios flip, allow us to probe the gas conditions of these class I

masers. For example, if we observe both 36.2- and 44.1-GHz masers from the same

volume of gas, and the 36.2-/44.1-GHz line ratio is > 1 we can infer that the density

of this location is likely higher than regions where the inverse is observed. Modelling

of class I methanol maser lines is also covered in great detail by Leurini et al. (2016),

who particularly investigate a third transition series at 25-GHz, the J2 → J1E family

of lines (see red-dotted lines in Figure 1.1). However, as the 36.2-, 44.1-, 84.5- and

95.2-GHz class I methanol maser lines are of primary interest for this project we will

only mention that study here as an excellent source of further discussion on this topic.

All of the modeling studies for class I methanol masers has been with reference to

Galactic methanol masers. As extragalactic class I methanol masers are a recently

discovered phenomenon, with no source having multiple class I lines detected towards

it, whether or not the various transitions are related in the same way as their Galactic

counterparts is not yet well understood. Detections of multiple class I transitions

towards the same external galaxies (and from the same region in those galaxies) may

prove a useful tool for understanding their environments, and subsequently their host

sources, similarly to how they are used in our Galaxy. In addition to understanding

the environments of these extragalactic masers, sources with various methanol maser

transitions may also allow us to investigate some fundamental constants of physics,

and how they may or may not vary across cosmic time (Levshakov et al., 2011; Jansen

et al., 2011; Bagdonaite et al., 2013; Ellingsen et al., 2017a), which will be discussed

in the following section.
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Figure 1.4: Optical depth of the four class I methanol lines vs. temperature across

three different H2 densities. Figure is originally presented (as figure 4) in McEwen

et al. (2014).

Figure 1.5: Optical depth as a function of H2 density across three different temper-

atures (60, 100 and 120K) with respect to the 44.1-GHz line (left) or 36.2-GHz line

(right). Figure is originally presented (as figure 5) in McEwen et al. (2014).
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1.2.5 Probing the fundamental constants of physics

The potential for using extragalactic methanol masers for this sort of investigation

was originally suggested by Ellingsen et al. (2011a). Further discussion in light of the

first detections of extragalactic class I masers was also presented by Ellingsen et al.

(2017a).

The hindered internal rotation of the OH radical inmethanolmakes the rest-frequencies

of these rotational transitions sensitive to the proton-electron mass ratio (Levshakov

et al., 2011). Comparison of the rest frequencies observed from astronomicalmethanol,

with those observed in the laboratory can reveal variations in these fundamental con-

stants (Kanekar, 2011; Ellingsen et al., 2012; Bagdonaite et al., 2013). Ellingsen

et al. (2012) demonstrated how this can be used on the lensing galaxy PKS1830–

211, observing 12.2-GHz methanol absorption using the ATCA and comparing with

the 60.5-GHz methanol absorption feature reported by (Muller et al., 2011). A sub-

sequent, more comprehensive investigation by Bagdonaite et al. (2013) utilised the

Effelsberg 100-m, Institute de Radio Astronomie Millimétrique 30-m and Atacama

Large Millimetre Array, to observe thermal methanol absorption towards this same

source, achieving a statistical constrain for the proton-electron mass ratio (Δμ
μ ) of

(1.5 ± 1.5) × 10−7. Ellingsen et al. (2017a) identified that the recently discovered

extragalactic methanol masers may also be useful for probing these fundamental con-

stants at cosmologically interesting distances. In order for this to viable, we need

luminous enough masers to be detectable from multiple methanol maser transitions.

Ellingsen et al. identify that the 44.1-GHz class I line is not appropriate for compari-

son against the 36.2-GHz class I line for this purpose. However, the 84.5-GHz class I

maser transition, which has been observed towards an extragalactic source (Wang

et al., 2014), may prove more sensitive to these changes. Both the 84.5- and 36.2-GHz

class I lines are from the same transition family, making it more likely we will observe

both of these lines towards the same region within these extragalactic sources, which

is required in order to probe the proton-electron mass ratio.
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1.3 The Extragalactic Targets

The majority of the work presented in this thesis focusses on two nearby starburst

galaxies, NGC 4945 and NGC 253. The following sections will discuss these sources

in further detail to help provide context to the research.

1.3.1 NGC 4945

NGC 4945 is a southern sky galaxy (J2000 right ascension of 13h 05m 27.4s and

declination of −49◦ 28′ 04.′′4) located at a distance of 3.7 Mpc (Tully et al., 2013) in

the Centaurus A/M83 group. Originally discovered by James Dunlop in 1826, this

galaxy is observed edge-on from Earth (75◦ inclination angle). This galaxy is classified

as a barred spiral, although due to its edge-on nature, and the presence of prominent

dust lanes obscuring the central region, it is difficult to accurately classify its spiral

type (see 1.6).

NGC 4945 is bright in the infrared wavelengths, harbouring one of the brightest IRAS

point sources (in the far-IR) outside of the local group (Brock et al., 1988). Brock et al.

(1988) identified that this far-infrared emission may be the result of starburst activity

in the central region of NGC 4945 or, the result of activity from a type II Seyfert

active nucleus. The detection of an ionized gas outflow along the minor axis of the

galaxy by Nakai (1989) has been interpreted as a super-wind resulting from starburst

activity in the nucleus of NGC 4945 (Heckman et al., 1990). X-ray observations of

NGC 4945, using Ginga, also identified the presence of an obscured Seyfert II active

nucleus, making NGC 4945 a starburst/AGN hybrid galaxy (Iwasawa et al., 1993).

22-GHz water megamaser emission was detected towards NGC4945 by Dos Santos &

Lepine (1979), making it the first example of a water maser detected in a galactic

nucleus. An interferometric follow-up by Greenhill et al. (1997) determined positions

for these masers, along with identifying additional components of emission which are

blue-shifted with respect to the systemic velocity of NGC 4945. This imaging by
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Figure 1.6: Optical image of NGC 4945 taken using the 2.2-m MPG/ESO tele-

scope in La Silla. This image is comprised of data from 5 bands (B, V,

R, Hα and S II). The TIFF image was downloaded from the ESO website

(https://www.eso.org/public/images/eso0931a/) and then converted to PNG.

[Optical image of NGC 4945 taken using the 2.2-m MPG/ESO telescope in La Silla.]
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Greenhill et al. (1997) suggests that the water masers are distributed in an organised

structure, similar to that seen in the Keplerian disk of NGC 4258 (Miyoshi et al.,

1995). This has yet to be confirmed with no VLBI follow-up ever having been made

towards NGC 4945, making it a good future target for the Long Baseline Array

(LBA). Two sub-mm wavelength water maser transitions have also been observed

towards NGC 4945, the 183-GHz line by Humphreys et al. (2016) and the 321-GHz

line by Pesce et al. (2016) and Hagiwara et al. (2016). Humphreys et al. (2016)

suggest that the 183-GHz line may be coming from the same locations as the 22-GHz

masers mapped by Greenhill et al. (1997), due to these lines sharing similar optimal

conditions for masing. The 321-GHz line is also believed to be associated with the

circumnuclear accretion disk, however, higher-resolution observations are needed to

confirm this (Hagiwara et al., 2016; Pesce et al., 2016).

The significant southern declination of NGC 4945 means it has suffered from a lack

of robust molecular line studies, despite it being a relatively nearby starburst galaxy.

The Australia Telescope Compact Array (ATCA) has been utilised for a couple of

molecular line surveys focussed on the 3-mm lines of HCN, HCO+ and HNC towards

NGC 4945 (Cunningham & Whiteoak, 2005; Green et al., 2016). These lines (and

others, most notably 3-mm SiO and CS lines), were imaged in greater detail by Henkel

et al. (2018) using the Atacama Large Millimetre Array (ALMA). These three 3-mm

surveys, plus some CO surveys by Dahlem et al. (1993) and Ott et al. (2001), make up

the only detailed molecular line data of radio-regime gas tracers towards NGC 4945 to

date. Recently Eisner et al. (2019) observed cm-wave transitions towards NGC 4945.

They detect excited 23.8-GHz OH absorption, along with numerous NH3 transitions

(all 15-mm ammonia lines). Many radio recombination lines (RRLs) between 4- and

25-GHz were targetted during these observations (see Eisner et al. (2019) for full list),

however, none were detected towards NGC 4945.
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1.3.2 NGC 253

Originally discovered by Caroline Herschel in 1783 and located at a distance of 3.4 Mpc

(Dalcanton et al., 2009) in the Sculptor group, NGC 253 is a southern sky (J2000 right

ascension of 00h 47m 33.2s and declination of −25◦ 17′ 18.′′4) galaxy, viewed mostly

edge-on (inclination angle of 72− 78◦; Puche et al., 1991). This galaxy is classified as

a dusty weakly barred spiral galaxy, with relatively open spiral arms (SAB(s)c type

de Vaucouleurs et al., 1991).

Telesco & Harper (1980) first reported an excess of far-infrared emission from the cen-

tral region of NGC 253. They identified that it was unlikely that this emission was the

result of late-type stars, and instead suggested that OB starsmay be the power source.

It is now widely accepted that NGC 253 contains a starburst type nucleus, and this

source has been used to investigate the relationship between star-formation and spiral

type galaxies (Carlstrom et al., 1990; Paglione et al., 2004; Bendo et al., 2015; Leroy

et al., 2015). Unlike NGC 4945 which is host to a hybrid AGN/starburst nucleus,

there is currently no compelling evidence for the existence of a Sgr A∗ equivalent in

NGC 253, indicating that all nuclear activity is driven by starburst (Günthardt et al.,

2015). Mapping of SiO and H13CO+ by Garćıa-Burillo et al. (2000) revealed a double

ringed structure towards the nucleus of NGC 253, with the inner-ring corresponding

to the radius of the inner Linblad resonance, the same radius as the inner-end of the

galactic bar. A ring at this radius (∼ 200 pc) was also reported by Iodice et al. (2014),

and both papers suggest that the bar-potential may help drive star-formation in this

inner nuclear ring. In addition to mechanically driving the star-formation, the bar

also plays another role, with gas inflow along the bar fueling the starburst in this

central nuclear ring (Paglione et al., 2004). A star-formation rate of ∼ 1.7 M� yr−1

has been reported for this nuclear ring in NGC 253 (Bendo et al., 2015), which cor-

responds to half of the total star-formation for the whole galaxy (Leroy et al., 2015).

Submillimetre ALMA observations by (Leroy et al., 2018) reveal ∼ 14 bright and

compact knots of dust emission within the central region of NGC 253. They conclude
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that these knots, which have sizes on the order of ∼3 pc, correspond to newly formed

super star clusters (SSCs), which contain a significant fraction (∼ 20 percent) of the

star-formation in this central region (Leroy et al., 2018).

Recently, molecular outflow from the starbursting centre of NGC 253 has also been

further investigated, with molecular ’streamers’ reported by (Bolatto et al., 2013) and

subsequently investigated by Zschaechner et al. (2018) and Krieger et al. (2019). A

mass loss rate of 14 − 39M� yr−1 has been determined for these outflows, an order

of magnitude higher than the star-formation rate (Krieger et al., 2019). Research on

the outflows of NGC 253 is still ongoing, with many factors such as the geometry and

sources of these outflows unknown at this time (Krieger et al., 2019).

Extragalactic maser emission has been observed from five different species towards

NGC 253. The nuclear region of the galaxy is host to OH, water and NH3(3,3) masers

(Turner, 1985; Henkel et al., 2004; Ott et al., 2005; Hofner et al., 2006). The OH

masers detected by Turner (1985) are located in a nuclear outflow plume extending

1.5 kpc from the equatorial plane, with masers from the 1612-, 1665- and 1667-MHz

transitions detected. Later observations of the 1612- and 1720-MHz satellite OH lines

by Frayer et al. (1998), also detect the 1720-MHz transition as a maser in the nuclear

region of NGC 253. Apart from these two studies, the 18-cm OH lines of NGC 253

have no modern observations. Unlike NGC 4945, the H2O masers towards NGC 253

are not highly-luminous megamasers tracing a circumnuclear disk (Henkel et al., 2004;

Gorski et al., 2019). Gorski et al. (2019) show that the H2Omasers are associated with

sites of star-formation throughout the nuclear disk, with the brightest (a kilomaser)

located at a known SSC (Leroy et al., 2018; Gorski et al., 2019). A tentative detection

of an NH3(3,3) maser was originally presented by Ott et al. (2005). This maser is

located towards the nuclear continuum source where NH3(1,1), (2,2) and (6,6) were

all also observed in absorption and was the first reported detection of an extragalactic

ammonia maser (Ott et al., 2005). Gorski et al. (2017) later confirmed this detection

and concluded that this maser is being collisionally pumped via interaction between
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Figure 1.7: Optical image of NGC 253 as seen by the Wide Field Imager on the

2.2-m MPG/ESO telescope in La Silla. This image contains data from 4 different

bands (R, V, Hα and OIII). The TIFF image was downloaded from the ESO website

(https://www.eso.org/public/images/eso0902c/) and then converted to PNG.

[Image of NGC 253 as seen by the Wide Field Imager on the 2.2-m MPG/ESO

telescope in La Silla.]
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the base of the molecular outflow and surrounding material. Outside of the central

few hundred parsec, masing emission has been detected from two other molecules,

methanol and HC3N (Ellingsen et al., 2014, 2017b). The methanol maser emission

has been discussed in detail in Section 1.2.3 and will be omitted here. The HC3N

maser emission marks the first detection of masing emission from this species in either

Galactic or extragalactic sources. The HC3N maser is offset south-west from the

nucleus and located towards the inner edge of the galactic bar, which is the same site

as the strongest 36.2-GHz class I maser emission (Ellingsen et al., 2017a,b).

In contrast to NGC 4945, NGC 253 has received plenty of attention from the astro-

nomical community. This is largely due to it being a nearby, starburst galaxy, with a

declination that allows it to be observed from both southern and northern hemisphere

facilities (e.g. ATCA, JVLA and ALMA). Many molecular species have been mapped

in millimetre-wavelengths towards the central region of NGC 253 (Mart́ın et al., 2006;

Meier et al., 2015; Ellingsen et al., 2017a). The centimetre-wavelength observations

of Eisner et al. (2019) detected 18 Hα recombination lines towards NGC 253, which

is the highest number of RRLs detected in an extragalactic source to date. Eisner

et al. (2019) also detected the presence of an unidentified line towards NGC 253 at

5.737-GHz.

1.4 This project

In this thesis we investigate the relationship between extragalactic class I methanol

masers and the properties of their host galaxies. One of the primary goals was to search

for new examples of these extragalactic masers, as the sample size at the beginning

of this project (two 36.2-GHz sources) was one of the limiting factors in progressing

our understanding of the phenomenon. In addition to the maser searches, we made

numerous observations of known sources characterising the properties of the maser

emission and various other spectral lines indicative of the maser environment.

The vast majority of work in this thesis has now been published across 5 differ-
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ent papers in three different journals: The Astrophysical Journal, The Astrophysical

Journal Letters and Monthly Notices of the Royal Astronomical Society. Each of these

published papers will be a chapter of this thesis, with each chapter consisting of an

introduction, discussion on author contribution to the paper, and then the manuscript

as published.

The first of these five chapters (chapter 2) will focus on a comparison of methanol

maser transitions towards Galactic star-formation source. The majority of work for

this second paper was actually completed at the start of my candidature, as this

Galactic data was used to develop miriad data reduction skills. It was published

later due to the detection of another extragalactic class I maser being important for

an upcoming conference (IAU S336). After this, the next 4 chapters about extra-

galactic methanol masers will be ordered by publication data as this makes the most

sense regarding the progression of our understanding of the phenomenon. Chapter 3

contains an ATCA detection of 36.2-GHz class I maser emission toward the nearby

starburst galaxy NGC 4945. Chapter 4 (paper 3) focusses on follow-up observations

of NGC 4945, covering both the 36.2- and 44.1-GHz class I methanol transitions in

addition to other 7-mm spectral lines. Chapter 5 (paper 4) is comprised of the de-

tection of 84.5-GHz class I methanol maser emission towards NGC 253, making it

the second example of an extragalactic maser from this transition. Finally, the sixth

chapter (paper 5) details results from our maser search projects, along with the results

of multi-epoch monitoring of NGC 4945 and NGC 253. Further monitoring of these

two sources resulted in detections of new maser components and the first evidence of

variability in these extragalactic masers.



Chapter 2

The relationship between Class I and
Class II methanol masers at high

angular resolution

2.1 Introduction

This paper was originally published in Monthly Notices of the Royal Astronomical

Society as ‘The relationship between Class I and Class II methanol masers at high

angular resolution’ (DOI: 10.1093/mnras/sty694).

This paper reports an interferometric follow-up of known Galactic 95-GHz class I

methanol sources using the Australia Telescope Compact Array (ATCA). The original

targets were all Galactic class II methanol masers, and therefore, high mass star

formation regions. Across the 32 targets, we identified a total of 172 95-GHz maser

components. These 95.2-GHz masers were then compared against similar observations

of the 36.2- and 44.1-GHz class I masers in these sources by Voronkov et al. (2014),

along with any 6.7- or 12.2-GHz class IImasers detected from the Methanol Multibeam

survey.

Despite being the second publication, the majority of the work for this paper was

completed at the beginning of my candidature. The ATCA data here was used to

develop the Miriad data reduction techniques which were required for the rest of
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my candidature. Additionally, the analysis for this paper built a foundation for my

knowledge of class I and class II methanol masers, which allowed useful comparisons

to be drawn between the Galactic and extragalactic class I masers.

2.2 Author Contributions

• Observations were made as part of the C1273 ATCA project led by Simon

Ellingsen. ATCA observations were performed by Simon Ellingsen with assis-

tance from Maxim Voronkov and Giuseppe Cimò in September of 2004.

• All data-reduction for this paper was performed by Tiege McCarthy using

miriad and python.

• Analysis was performed by Tiege McCarthy alongside substantive discussion

with Simon Ellingsen and Maxim Voronkov.

• Field images for all 30 of the sources were created by Maxim Voronkov using

the extracted maser positions provided by Tiege McCarthy.

• All other figures and the vast majority of the writing for the paper were cre-

ated by Tiege McCarthy, with Simon Ellingsen and Maxim Voronkov providing

review and suggestions to improve the final manuscript.







































Chapter 3

Detection of 36.2-GHz Class I methanol
maser emission toward NGC 4945

3.1 Introduction

This paper was originally published in The Astrophysical Journal as ‘Detection of

36.2-GHz Class I Methanol Maser Emission toward NGC 4945’ (DOI: 10.3847/1538-

4357/aa872c).

In this paper we report the third (at the time) detection of a 36.2-GHz class Imethanol

maser from an external galaxy using Australia Telescope Compact Array (ATCA)

observations from 2015 August. The maser emission was identified as coming from a

single region, offset from the galactic nucleus by approximately 10 arcseconds, with a

FWHM of ∼ 10 km s−1. The isotropic luminosity of the maser emission is five orders

of magnitude higher than what is typical from a Galactic 36.2-GHz maser. Similarly

to the previous detections reported by Ellingsen et al. (2014) and Chen et al. (2015), it

was identified that this maser emission does not appear to be the result of cumulative

emission from many star-formation regions in a compact cluster.

Based on results from Ellingsen et al. (2017a), we believed the maser emission is likely

to be associated with some source of large-scale low-velocity shocks. Molecular inflow,

identified in HF absorption (Monje et al., 2014), had a compatible velocity range of
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560–720 km s−1 and radial upper limit of 200 pc and was suggested as a potential

candidate for producing these large-scale shocks.

3.2 Author Contributions

• The observations for this paper were the result of an ATCA project (C2879) led

by Xi Chen and Simon Ellingsen. With Hai-hua Qiao responsible for observing

this source in August of 2015.

• All data-reduction for this paper was performed by Tiege McCarthy using

miriad and python. Analysis was performed by Tiege McCarthy, alongside

discussion with Simon Ellingsen, Shari Breen and Maxim Voronkov.

• Tiege McCarthy was responsible for approximately 90% of the writing in this

paper, with Simon Ellingsen, with all other co-authors reviewing, discussing and

offering suggestions to improve the final product.

This article has been 
removed for copyright 
or proprietary reasons.



Chapter 4

Investigations of the class I methanol
masers in NGC 4945

4.1 Introduction

This paper was originally published in Monthly Notices of the Royal Astronomi-

cal Society as ‘Investigations of the Class I methanol masers in NGC 4945’ (DOI:

10.1093/mnras/sty2192).

This paper reports the results of three 7-mm observing epochs toward NGC 4945 us-

ing hybrid array configurations with the Australia Telescope Compact Array (ATCA).

Two of these epochs were focussed on the 36.2-GHz class I transition, with the other

searching for 44.1-GHz class I emission. These hybrid configuration observations al-

lowed us to more accurately map the 36.2-GHz maser emission towards this source,

compared to the previous observations presented in McCarthy et al. (2017). Under

the assumption that the maser emission is in line with the galactic disk, the 36.2-GHz

maser emission would be located at a galactocentric radius of approximately 670 pc.

Improvements in understanding of the bar-dynamics in NGC 4945 by Henkel et al.

(2018) indicate that themaser emissionmay be located at the interface region between

the south-eastern spiral arm and galactic bar. This dynamical situation would be a

good candidate for the production of the large-scale, low-velocity shocks believed to

pump these masers. Alongside the observations of these class I maser lines, we also
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included various other 7-mm spectral lines. This resulted in detections and mapping

of 36.4-GHz HC3N, 43.4-GHz SiO and 49-GHz CS toward NGC 4945. This paper then

presents a comparison of the maser emission from NGC 4945, with that of NGC 253

and G 1.6-0.025, a giant molecular cloud in the Milky Way.

The observations presented in this paper were the first from proposals I was personally

the primary investigator for (ATCA project code C3167). With the approximately 20

hours of ATCA observing being my introduction into observing with the ATCA.

4.2 Author Contribution

• Observations were made as part of the C3167 ATCA project led by Tiege Mc-

Carthy. ATCA observations were performed by Tiege McCarthy in June, July

and October of 2017 with support from Maxim Voronkov and Shari Breen.

• All data-reduction for this paper was performed by Tiege McCarthy using

miriad and python.

• Majority of analysis was performed by Tiege McCarthy alongside substantive

discussion with Simon Ellingsen, Shari Breen and Christian Henkel. Some anal-

ysis of line ratios betwen CS (1–0) and CS (2–1) was performed by Christian

Henkel.

• All figures and the vast majority of the writing for the paper were created by

Tiege McCarthy, with Simon Ellingsen, Shari Breen, Christian Henkel, Xi Chen

and Maxim Voronkov providing review and suggestions to improve the final

manuscript.

























Chapter 5

Detection of 84-GHz class I methanol
maser emission toward NGC 253

5.1 Introduction

This paper is originally published in The Astrophysical Journal as ‘Detection of

84 GHz Class I Methanol Maser Emission toward NGC 253’ (DOI: 10.3847/2041-

8213/aae82c).

In this paper we report the results of 3-mm observations towards NGC 253 with

the Australia Telescope Compact Array (ATCA). We report the second detection of a

84.5-GHzmethanolmaser towards an external galaxy. Thismaser emission is spatially

coincident with previously reported 36.2- and 44.1-GHz class I methanol emission by

Ellingsen et al. (2017a). All three of these methanol maser transitions show differing

distributions across NGC 253, indicating that each of the maser environments likely

have differing physical conditions. Included in this paper is imaging of the 87.9-GHz

HNCO line (a tracer of shocked gas), and some coarse resolution observations of the

36.2-GHz class I line.

The 84.5-GHz class I methanol transition is the most sensible next line to search for

(after the 36.2-GHz transition). In Galactic sources a strong correlation is observed

between these two maser lines, with both belonging to the same transition family
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(J−1 → (J − 1)0). Additionally, a detection of this transition had already been made

toward NGC 1068 by Wang et al. (2014). Whilst writing this paper, we actually

realised that this 84.5-GHz transition had been detected towards NGC 253 previously

by Hüttemeister et al. (1997), who observed it alongside some thermal methanol lines.

They were unable to reconcile the properties of the emission when compared to the

thermal lines they had observed and did not consider that it may instead be a result

of a maser process. Our interferometric observations with the ATCA allow us to

confidently determine that the emission from this region is indeed masing.

5.2 Author Contribution

• Observations were made as part of the C3167 ATCA project led by Tiege Mc-

Carthy. ATCA observations were performed by Tiege McCarthy in July of 2018

with support from Shari Breen and Maxim Voronkov.

• All data-reduction for this paper was performed by Tiege McCarthy using

miriad and python.

• Analysis was performed by Tiege McCarthy alongside substantive discussion

with Simon Ellingsen, Shari Breen and Maxim Voronkov.

• All figures and the vast majority of the writing for the paper were created

by Tiege McCarthy, with Simon Ellingsen, Shari Breen, Xi Chen and Maxim

Voronkov providing review and suggestions to improve the final manuscript.

This article has been 
removed for copyright
or proprietary reasons.



Chapter 6

Variability in extragalactic class I
methanol masers: New maser

components toward NGC 4945 and
NGC 253

6.1 Introduction

This paper was originally published in Monthly Notices of the Royal Astronomical So-

ciety as ‘Variability in extragalactic class I methanol masers: New maser components

toward NGC 4945 and NGC 253’ (DOI: 10.1093/mnras/stz3098).

This is the final paper relating to my candidature, and reports the results of fur-

ther Australia Telescope Compact Array (ATCA) observations toward NGC 4945 and

NGC 253, along with upper-limits on 36.2-GHz methanol emission from all sources

searched as part of ATCA projects C2879 and C3263 over the past 5 years.

This further monitoring of the methanol maser emission toward NGC 4945 detected

the presence of a new masing region (named M2). This new maser region provides

the first evidence for variability from an extragalactic methanol maser. Additionally,

we detect tentative new maser components toward NGC 253, which are spatially co-

incident with the 3-mm HNCO emission reported in the previous chapter (McCarthy
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et al., 2018b). In total upper-limits on the 36.2- and 37.7-GHz methanol maser lines

were reported for 12 sources observed as part of the C2879 and C3263 projects. The

latter project is a recent search for extragalactic 36.2-GHzmasers based on our current

understanding of these sources.

During the process of reducing data from the C2879 sources, it was discover that

the detection of 36.2-GHz (and 37.7-GHz) methanol maser emission toward Arp 220

by Chen et al. (2015) may have been the result of sub-optimal imaging procedures.

Subsequent analysis of follow up ATCA data also shows no evidence for the maser

emission. Recent Effelsberg 100m observations by Humire et al. (submitted) also do

not show evidence of the methanol maser emission toward Arp 220.

6.2 Author Contribution

• Observations were made as part of the C3167 and C3263 ATCA projects led by

Tiege McCarthy, along with previous observations from the C2879 project led by

Xi Chen. All C3167 and C3263 observations were performed by Tiege McCarthy

in July 2017, December 2018 and March 2019. The C2879 observations were

performed by Xi Chen and Hai-hua Qiao in March 2014 and August 2015.

• All data-reduction for this paper was performed by Tiege McCarthy using

miriad and python.

• Analysis was performed by Tiege McCarthy alongside substantive discussion

with Simon Ellingsen, Shari Breen and Maxim Voronkov.

• All figures and the vast majority of the writing for the paper were created

by Tiege McCarthy, with Simon Ellingsen, Shari Breen, Xi Chen and Maxim

Voronkov providing review and suggestions to improve the final manuscript.



MNRAS 000, 000–000 (0000) Preprint 1 November 2019 Compiled using MNRAS LATEX style file v3.0

Variability in extragalactic class I methanol masers: New
maser components toward NGC 4945 and NGC 253

T. P. McCarthy,1,2� S. P. Ellingsen,1 S. L. Breen,3 M. A. Voronkov,2 X. Chen4,5 and
H-h. Qiao5,6
1 School of Natural Sciences, University of Tasmania, Private Bag 37, Hobart, Tasmania 7001, Australia
2 Australia Telescope National Facility, CSIRO, PO Box 76, Epping, NSW 1710, Australia
3 Sydney Institute for Astronomy (SIfA), School of Physics, University of Sydney, NSW 2006, Australia
4 Center for Astrophysics, GuangZhou University, Guangzhou 510006, China
5 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China
6 National Time Service Center, Chinese Academy of Sciences, Xi’An, Shaanxi 710600, China

1 November 2019

ABSTRACT
We have used the Australia Telescope Compact Array (ATCA) to make new obser-
vations of the 36.2-GHz (4−1 → 30E) methanol transition toward NGC 4945 and
NGC 253. These observations have revealed the presence of new maser components
toward these galaxies, and have provided the first clear evidence for variability in ex-
tragalactic class I methanol masers. Alongside the new observations of NGC 4945 and
NGC 253, we present the results of recent 36.2-GHz methanol maser searches toward
12 galaxies, placing upper limits on the emission from the 36.2-GHz class I transition
and the 37.7-GHz (72 → 81E) class II maser line toward these sources. Flux den-
sity values for the 7-mm continuum emission toward these sources are also reported
where applicable. A re-analysis of the published 36.2-GHz methanol observations of
Arp 220 undertaken as part of the search revealed some issues with previous imaging
procedures. The re-analysis, combined with non-detections in independent follow-up
observations suggest that there is no 36.2-GHz methanol emission toward Arp 220
stronger than 3.5 mJy in a 10 km s−1 channel (5σ upper limit).

Key words: masers – radio lines: galaxies – galaxies: starburst

1 INTRODUCTION

The properties of galaxies (particularly those that are very
distant) are often unable to be directly measured. Instead,
we rely on indirect measurements through observations of
some proxy. Historically, maser emission has proven to be
a powerful tool for both direct and indirect investigation of
various astrophysical phenomena both within our Galaxy
and in others (e.g. star-formation, outflows, black-hole ac-
cretion disks; Moran et al. 1999; Kurtz et al. 2004). Galac-
tic methanol masers, in particular, allow insight into the
various stages of star-formation regions. Their compact and
generally highly luminous nature, allows for conditions or
evolutionary stages to be detected and accurately ascribed
to certain locations within these star-forming regions (e.g.
Cyganowski et al. 2009, 2012; Breen et al. 2013; Voronkov
et al. 2014). Extragalactic methanol masers may prove to

� Email: tiegem@utas.edu.au

be a similarly interesting tool for investigation of external
galaxies, however, at this stage they are a relatively newly
discovered and not well understood phenomenon.

The majority of known extragalactic methanol masers
have been detected in the past five years. Class I methanol
masers have been reported in NGC 253, Arp 220, NGC
4945, NGC 1068, IC 342 and NGC 6946 (Ellingsen et al.
2014; Wang et al. 2014; Chen et al. 2015; McCarthy et al.
2017, 2018b; Gorski et al. 2018) and class II masers in the
Large Magellanic Cloud (LMC) and M31 (Green et al. 2008;
Ellingsen et al. 2010; Sjouwerman et al. 2010). Consider-
ing these extragalactic examples, the class II masers ap-
pear to be highly luminous examples of regular Galactic-
type class II masers (Ellingsen et al. 2010), however, this is
not the case with the current detections of class I masers. In-
stead, they appear to be associated with large-scale regions
of low-velocity shocks, such as molecular in-fall, within their
host galaxies (Ellingsen et al. 2017; Gorski et al. 2018; Mc-
Carthy et al. 2018a).

c© 0000 The Authors
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NGC 253 and NGC 4945 are two nearby, southern,
barred spiral galaxies with starburst nuclei. These sources
are considered the prototypical examples of extragalactic
class I methanol masers. The methanol masers in these
sources are associated with the galactic bars of their host.
The masers in NGC 253 appear to be associated with the
inner bar-nucleus interface, where molecular in-fall along
the bar is interacting with the central starburst zone, re-
sulting in large-scale low velocity shocks (Ellingsen et al.
2017). The single maser region in NGC 4945 appears to be
located at the interface region between the galactic bar and
the south-eastern spiral arm (Henkel et al. 2018; McCarthy
et al. 2018a).

Currently, there is no direct evidence for variability to-
ward any extragalactic methanol maser sources. In Galactic
sources, variability has been detected in numerous class II
masers (e.g. Goedhart et al. 2003; Olech et al. 2019). How-
ever, the same has not been reported for Galactic class I
sources. Variability in these class II sources has been sug-
gested to be related to either changes in the pump rate
(Araya et al. 2010), or variations in seed photon flux of the
masers (van der Walt 2011).

In this paper we report the results of new 7-mm obser-
vations toward NGC 4945 and NGC 253. Additionally we
report upper-limits on the luminosity of 36.2-GHz class I
and 37.7-GHz class II methanol emission toward twelve ex-
tragalactic sources (see Table 1), from data taken with the
ATCA over the past few years. The initial search for extra-
galactic class I methanol masers was made towards a sample
of luminous extragalactic OH and H2O megamasers (9 of the
12 sources reported here). These targets were selected be-
fore the first detection of an extragalactic class I methanol
maser had been reported. This initial search was responsible
for the first successful detections of 36.2-GHz class I masers
reported in Ellingsen et al. (2014, 2017) and McCarthy et al.
(2017). The remaining three sources (NGC 1097, NGC 1792
and NGC 1808) were observed as part of a follow up search,
and as such selected targets are based on the general prop-
erties of NGC 253 and NGC 4945 (elevated star-formation
rates, barred spirals etc.). We also provide a discussion of
the entire sample, both detections and non-detections, which
will allow a more focussed approach to target selection, al-
lowing a higher success rate for future searches.

2 OBSERVATIONS

The 7-mm observations reported in this paper were
all made using the Australia Telescope Compact Ar-
ray (ATCA) across multiple epochs between 2014
and 2019 (see Table 2). We adopted rest frequencies
of 36 169.238±0.001MHz (Voronkov et al. 2014) and
37 703.700±0.030 MHz (Tsunekawa et al. 1995) for the class I
36.2- and class II 37.7-GHz transitions of methanol respec-
tively.

Our observations are single pointings toward the centre
of each galaxy (see Table 1). At 36.2-GHz the FWHM of the
ATCA primary beam is 84 arcseconds. This corresponds to
a linear radius from the pointing centre of ∼700 pc for our
nearest source (NGC 253 at 3.4 Mpc) and ∼47 kpc for our
furthest (IRAS 10173+0829 at 231 Mpc). This range is suffi-
cient for detecting class I methanol masers at similar spatial

offsets from the nucleus of the galaxies as those reported in
previous reported detections.

Either PKS B1921–293 or PKS B1253–055 was utilised
as a bandpass calibrator dependent on the epoch. The 10
minute scans of the target source were interleaved with
2 minute phase calibrator scans throughout the observa-
tions, with flux density calibration using PKS B1934–638
and Uranus. All sources observed in each epoch, and their
relevant calibrators are listed in Table 2.

The details of the Compact Array Broadband Backend
(CABB; Wilson et al. 2011) configurations for each epoch
are detailed in the following subsections.

2.1 2014 March

Observations were made on 2014 March 26 and 28 (project
code C2879), using the H168 hybrid array configuration
(minimum and maximum baselines of 61 and 192m respec-
tively). CFB 1M CABB mode was utilised for these obser-
vations, resulting in 2×2048 MHz IF bands, with centre fre-
quencies of 35.3 GHz and 37.3 GHz respectively. The channel
width for these IF bands was 1 MHz (∼8.2 km s−1 at 36.2-
GHz) resulting in 2048 spectral channels for each IF band. A
typical synthesised beam for this hybrid array at 36.2-GHz
is approximately 9′′×5′′ (dependent on source declination).

Dependent on the day, the observing strategy utilised
PKS B1934-638 or Uranus as flux density calibrators, with
bandpass calibrated with respect to PKS B1921-293 or
PKS B1253-055 (see Table 2). Scans of target sources were
interleaved with phase calibration scans on nearby appro-
priate sources.

The weather for this epoch of observation was particu-
larly bad which, when combined with low on-source times,
resulted in bad data quality. We have only reported detec-
tion upper-limits for those sources which we could image to
a sufficient standard. This generally includes sources where
we could get continuum detections (see Table 6) in order to
self-calibrate the data and achieve higher sensitivity. As an
example of the data quality, NGC 4945 was originally ob-
served during this epoch, and the data quality is too poor
to detect the strong 36.2-GHz emission observed toward this
source in observations since. A table of sources that were also
observed, but with too low data quality (RMS over an or-
der of magnitude higher than expected) to draw any useful
conclusions, is included in the appendix (Table A.1).

2.2 2015 August

Observations were made on 2015 August 25 and 26 (project
code C2879), using an EW352 east-west array configuration
(minimum and maximum baselines of 31 and 352m respec-
tively). The CABB was configured in the CFB 1M/64M hy-
brid mode, consisting of 2×2048 MHz IF bands. The first IF
band has a channel width of 1 MHz resulting in 2048 spec-
tral channels, with a centre frequency for the band of 36.85
GHz. The second IF is 32×64MHz channels (also centred on
36.85 GHz) with the ability to define up to 16×2048 channel
zoom bands with a fine resolution of 32 kHz (resulting in a
channel width of ∼0.26 km s−1 at 36.2-GHz). Two sets of
five zoom bands were combined (‘stitched’) together to cover
each of the two lines of primary interest (36.2-GHz class I

MNRAS 000, 000–000 (0000)
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Table 1: Details for target sources. Recession velocities have been taken from the NASA/IPAC Extragalactic
Database† (NED). Redshift-independent distances have been provided where possible, otherwise distances reported are the
luminosity distances provided by NED.

Target Right Ascension Declination Vhelio D Type
Source h m s ◦ ′ ′′ (km s−1) (Mpc)

NGC 253 00 47 33.10 –25 17 18.00 243 3.4[1] SAB(s)c
IRAS 01417+1651 01 44 30.50 +17 06 05.00 8214 119 pair of galaxies
NGC 1097 02 46 19.06 –30 16 29.68 1271 9.51[2] SB(s)b, Sy1
NGC 1792 05 05 14.45 –37 58 50.70 1211 9.6[3] SA(rs)bc
NGC 1808 05 07 42.34 –37 30 46.98 995 6.8[3] (R′)SAB(s)a, Sy2
ESO 558-g009 07 04 21.02 –21 35 19.20 7674 118 Sc
IC 2560 10 16 18.70 –33 33 50.00 2925 32.5[4] (R′)SB(r)b
IRAS 10173+0829 10 20 00.20 +08 13 34.00 14716 231 LIRG
IRAS 11506-3851 11 53 11.70 –39 07 49.00 3232 30.3[5] (R′)SAB(r)a
ESO 269-g012 12 56 40.50 –29 34 02.81 5014 78.8 S0, Sy2
NGC 4945 13 05 27.50 –49 28 06.00 563 3.7[6] SB(s)cd, Sy2
Circinus 14 13 09.30 –65 20 21.00 434 4.21[7] SA(s)b
NGC 5793 14 59 24.70 –16 41 36.00 3491 55 Sb, Sy2
IIZw 96 20 57 23.90 +17 07 39.00 10822 159 pair of galaxies

Note: [1]Dalcanton et al. (2009), [2]Bottinelli et al. (1985), [3]Sorce et al. (2014), [4]Yamauchi et al. (2012), [5]Tully et al.
(2016), [6]Tully et al. (2013) and [7]Tully et al. (2009)

Table 2: Details of the observations for all target sources reported in this paper. The asterisk denotes an observation epoch
previously reported in McCarthy et al. (2018a). The details for this epoch have been reproduced here as it is important for
the discussion of variability in Section 4.3.

Target Epoch Array Flux Bandpass Phase On-source
Source Configuration Calibrator Calibrator Calibrator Time

NGC 253 2019 March H214 PKS B1934-638 PKS B1921-293 0116-219 4.84h
IRAS 01417+1651 2014 March H168 Uranus PKS B1921-293 0221+067 0.50 h
NGC 1097 2018 November H168 PKS B1934-638 PKS B1921-293 0237-233 4.61h
NGC 1792 2018 December H168 PKS B1934-638 PKS B1921-293 0521-365 3.72h
NGC 1808 2018 November H168 PKS B1934-638 PKS B1921-293 0521-365 1.97h
ESO 558-g009 2014 March H168 Uranus PKS B1921-293 0648-165 0.49 h
IC 2560 2014 March H168 PKS B1934-638 PKS B1253-055 1034-293 0.20 h
IRAS 10173+0829 2015 August EW352 PKS B1934-638 PKS B1921-293 1036+054 4.02h
IRAS 11506-3851 2014 March H168 PKS B1934-638 PKS B1253-055 1144-379 0.50 h
ESO 269-g012 2014 March H168 PKS B1934-638 PKS B1253-055 1322-427 0.20 h
NGC 4945 2017 June* H214 PKS B1934-638 PKS B1921-293 j1326-5256 1.64h

2017 July H75 Uranus PKS B1253-055 j1326-5256 1.92h
2019 March H214 PKS B1934-638 PKS B1921-293 j1326-5256 3.93h

Circinus 2015 August EW352 PKS B1934-638 PKS B1921-293 1414-59 2.80 h
NGC 5793 2014 March H168 PKS B1934-638 PKS B1253-055 1510-089 0.20 h
IIZw 96 2015 August EW352 PKS B1934-638 PKS B1921-293 2121+053 2.32 h

and 37.7-GHz class II methanol). A typical synthesised beam
for these 36-GHz EW352 observations is 26′′ × 4′′.

2.3 2017 July

Observations were made on 2017 July 7 (project code
C3617), using the ATCA H75 hybrid array configuration
(minimum and maximum baselines of 30.6 and 89.2m respec-
tively). The CABB was configured in CFB 1M-0.5k mode,
resulting in 2×2048 MHz IF bands (with centre frequencies
of 36.85 and 32.20 GHz), each with 1 MHz spectral reso-
lution (∼8.2 km s−1 at 36.2-GHz) and the option of con-

figuring 16 zoom bands per IF, with 2048 channels and a
fine resolution of 0.5 kHz (< 0.01 km s−1 at 36.2-GHz).
We did not use zoom bands for these observations, due to
the fine resolution producing insufficient velocity coverage
for extragalactic sources at this frequency. These H75 ar-
ray observations at 36.2-GHz had a synthesised beam size
of approximately 27′′ × 12′′.

2.4 2018 November and December

Observations were made on 2018 November 28 and 29, and
December 3 (project code C3263) using the H168 hybrid ar-
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ray configuration (minimum and maximum baselines of 61
and 192m respectively). The CFB 64M-32k CABB config-
uration was used, consisting of two 32 × 64MHz IF bands
(centre frequencies of 32.2 and 36.85 GHz respectively), with
both bands additionally allowing up to 16×2048 channel
zoom bands to be defined with a fine resolution of 32 kHz.
Each target methanol line (36.2-GHz class I and 37.7-GHz
class II methanol), was covered by 4 stitched zoom bands
(the 32 kHz channel width corresponds to ∼0.26 km s−1 at
this frequency). The synthesised beams of these observations
are approximately 6′′ × 4′′.

It should be noted that due to frequency configuration
issues, the flux density calibration for NGC 1097 required
approximation based on levels seen from the other recent
observations. NGC 1097 and NGC 1808 were observed one
day apart and comparison of the flux density values for the
bandpass calibrator used for both these sets of observations
(PKS B1921–293) allowed for an approximate flux density
calibration for NGC 1097. Therefore, both RMS values re-
ported in Table 3 and continuum flux density values in Ta-
ble 6 have higher levels of uncertainty (∼40 percent) than
all other sources.

2.5 2019 March

Observations were made on 2019 March 3 (project code
C3167), using the H214 hybrid array configuration mini-
mum and maximum baselines of 82 and 247 m respectively).
The CFB 64M-32k CABB configuration was used, consist-
ing of two 32× 64MHz IF bands (centre frequencies of 36.8
and 38.00 GHz respectively), with both bands additionally
allowing up to sixteen 2048 channel zoom bands to be de-
fined with a fine resolution of 32 kHz. The target 36.2-GHz
methanol line was covered by 4 stitched zoom bands (the
32 kHz channel width corresponds to 0.26 km s−1 at this
frequency). These observations had a synthesised beam of
6.′′3×4.′′4 and 5.′′6×4.′′3 for NGC 4945 and NGC 253 respec-
tively.

The bandpass calibrator PKS B1921-293 was used with
flux density calibrated against PKS B1934-638. A nearby
quasar was selected for interleaved phase calibration scans
for each source. Details on these sources can be found in
Table 2.

The weather during this session was not ideal for mm-
wavelength observing, with high ambient temperatures and
patchy cloud cover. This results in higher RMS noise levels
than would be expected for our on-source time. However, a
combination of manual flagging (for scans affected by clouds
passing through the line of sight) and self-calibration allows
us to achieve a sensitivity similar to past observations of
these sources (McCarthy et al. 2018a; Ellingsen et al. 2017).

2.6 Data Reduction

Data were reduced with miriad using standard techniques
for the reduction of 7-mm ATCA spectral line data. The
data were corrected for atmospheric opacity and we esti-
mate the absolute flux density calibration to be accurate to
better than 30%. For targets with continuum source detec-
tions, multiple iterations of phase-only self-calibration was
performed. Any potential spectral line emission was isolated

Table 3: Details for the spectral line cubes used to search
for methanol spectral lines. Sources highlighted in bold text
are those from project C3167, while the rest are from the
maser search projects. Velocity ranges and channel widths
are identical for the 36.2- and 37.7-GHz spectral lines. The
two RMS noise values correspond to the noise for the 36.2-
and 37.7-GHz cubes respectively (not applicable to C3167
sources where only 36.2-GHz is observed). RMS noise val-
ues are reported post self-calibration where relevant. The
RMS values for NGC 1097 (denoted by an asterisk) have a
higher level of uncertainty due to less accurate flux density
calibration (see Section 2.4).

Target Velocity Channel RMS
Source Range Width Noise

(km s−1) (km s−1) (mJy beam−1)

NGC253 0–500 1 1.9
IRAS 01417+1651 7100 – 9100 10 1.6/1.6
NGC 1097 750 – 1750 10 0.5*/0.4*
NGC 1792 700 – 1700 10 0.4/0.4
NGC 1808 600–1600 10 0.2/0.2
ESO 558-g009 6800 - 9600 10 2.2/2.2
IC 2560 2000 – 3600 10 6.5/6.7
IRAS 10173+0829 13500 – 14900 10 1.2/1.3
IRAS 11506-3851 1900 – 4100 10 2.2/2.5
ESO 269-g012 4000 – 6000 10 6.6/6.2
NGC4945 (H214) 250–850 1 1.9
NGC4945 (H75) 200–1020 8.2 0.3
Circinus 0 – 800 10 0.5/0.6
NGC 5793 2500 – 4400 10 6.4/5.4
IIzw96 10000 – 12000 10 0.6/0.6

from the data by using the uvlin miriad task. This task sub-
tracts any potential continuum emission by estimating the
correlated flux density on each baseline via polynomial inter-
polation based on line-free spectral channels. The velocity
ranges and channels widths for our spectral line cubes varied
depending on the source and CABB configuration/frequency
setup that was utilised for the observations. When search-
ing for spectral line emission, the data were resampled us-
ing many different channel widths, in order to appropriately
identify both broad and narrow emission. Typical channel
widths searched were 1, 3, 8, 10 and 20 km s−1 as the native
spectral-resolution allows (dependent on the CABB config-
uration). Spectral line cubes are produced with a cell (pixel)
sizes of 1 × 1 arcseconds and a Brigg’s visibility weighting
robustness parameter of 1. Details of the final spectral line
cubes are listed in Table 3, with image cube noise levels re-
ported for a consistent channel width of 10 km s−1 for ease
of comparison.

2.6.1 Identification of maser sources

Spectral line cubes were visually inspected for strong maser
emission. The DUCHAMP source finder software (Whiting
2012) was then used to search each cube with a 3σ threshold.
Such a low threshold produces many false positives (∼100),
however the vast majority of these are on the outer edges
of our images (which are typically 256′′ × 256′′). Any candi-
date within 2 times the FWHM of the primary beam (cor-
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Table 4: NGC 4945 36.2-GHz methanol emission details from the 2019 March H214 observations. All reported velocities
are with respect to the barycentric reference frame. Uncertainties in the reported flux density values result from the random
errors in fitting using the miriad task imfit. Please note the integrated flux density for the continuum emission has units of
mJy rather than mJy km s−1.

# Label RA (J2000) Dec (J2000) Spk S Vpk VRange

h m s ◦ ′ ′′ (mJy) (mJy km s−1) (km s−1) (km s−1)

1 M1 13 05 28.0 −49 28 12.67 55±2 500±40 673 630–710
2 M2 13 05 27.1 −49 28 07.39 5±1 250±30 490 420–560

Table 5: NGC 253 36.2-GHz methanol emission details from the 2019 March H214 observations. All reported velocities
are with respect to the barycentric reference frame. Labels here are based on those presented in Ellingsen et al. (2017).
Uncertainties in the reported flux density values result from the random errors in fitting using the miriad task imfit.

# Label RA (J2000) Dec (J2000) Spk S Vpk VRange

h m s ◦ ′ ′′ (mJy) (mJy km s−1) (km s−1) (km s−1)

1 MM6 00 47 33.9 −25 17 11.65 25±2 605.3±50 207 160–260
2 MM5/MM4 00 47 33.7 −25 17 12.39 24±1 655.9±50 195 140–250
3 - 00 47 32.8 −25 17 22.19 5±2 75.5±20 300 255–345
4 - 00 47 32.3 −25 17 19.06 5±2 69.6±20 336 300–360
5 MM1/MM2 00 47 32.0 −25 17 28.98 30.0±4 1100±60 318 260–400

responding to a radius of ∼84′′ from the pointing centre
at 36.2-GHz) were manually inspected to determine if they
were potential maser components. Generally with data of
reasonable quality, very few false positives (less than two
and typically none) were present within this central region
of the image.

3 RESULTS

This paper contains observations from three different
projects, two involving searching for new extragalactic class I
methanol maser sources (C2879 and C3263), and one study-
ing known maser hosts (C3167). In order to facilitate easier
reading we will separate the results based on project goal.

3.1 Project C3167: the methanol masers of
NGC 253 and NGC 4945

3.1.1 NGC 4945

The previously reported bright 36.2-GHz methanol maser
offset to the south-east from the nucleus of NGC 4945 was
readily detected in the latest 2019 March epoch observation
(M1 in Figure 1). In addition to this primary region, we
identify another region of 36.2-GHz emission south-west of
the galactic centre. This emission is offset by approximately
3 arcseconds to the south-west of the galactic nucleus (M2 in
Figure 1). This location corresponds to the south-west com-
ponent of 36.4-GHz HC3N and CS (1−0) emission reported
in McCarthy et al. (2018a) and the methanol emission cov-
ers the same velocity range. When compared to the primary
region, this new emission has a much lower peak flux density
and a significantly broader spectral profile. This emission is
clearly visible in the data prior to any self-calibration, indi-
cating it is not an artefact of this process.

7-mm continuum emission was detected toward the nu-
cleus of NGC 4945. As in McCarthy et al. (2018a), this con-
tinuum measurement was obtained using the line-free data
in the 36.2-GHz zoom band. The measured flux density is in
agreement with the previously reported measurement. The
integrated flux density agrees with the modelled 7-mm con-
tinuum values from Bendo et al. (2016), which predicts that
75 percent of this 7-mm continuum emission is from free-free
emission.

The flux density values for the methanol and 7-mm con-
tinuum emission toward NGC 4945 are recorded in Table 4
and 6 respectively..

3.1.2 NGC 253

We detect the same 36.2-GHz methanol maser regions to-
ward NGC 253 as have been reported by Ellingsen et al.
(2014, 2017), though the resolution of the new observations
does not allow us to resolve all of the individual features at
the locations of the brightest emission. We also identify two
tentative new components of methanol emission (see Fig-
ure 2) not formerly detected by Ellingsen et al. (2017) or
Gorski et al. (2017). These components are only approxi-
mately 4σ detections, however, they are located at the same
positions and velocities as emission in the 87.9 GHz tran-
sition of HNCO emission (location C and D in figure 1 of
McCarthy et al. 2018b). The previous 36.2-GHz ATCA ob-
servations of NGC 253 by Ellingsen et al. (2017) have a high
enough sensitivity (1.1 mJy beam−1 in a 3 km s−1 channel),
however, their observations make use of more extended ar-
ray configurations. Both components have sufficiently high
peak flux densities (∼5 mJy) that they should have been
detected by previous observations of NGC 253.

7-mm continuum emission was detected toward the nu-
cleus of NGC 253. Continuum emission was extracted from
the line-free data in the 36.2-GHz zoom band, flux density
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Table 6: Details for the continuum emission from all sources. The horizontal line separates the maser search targets from
the new (2019 March) H214 observations of NGC 253 and NGC 4945 (above and below respectively). The flux density values
for NGC 1097 (denoted by an asterisk) have a higher level of uncertainty due to less accurate flux density calibration (see
Section 2.4). For sources with no detected continuum source, the location of the pointing centre and a 5σ upper limits on
peak flux density are provided. Uncertainties in the reported flux density values result from the random errors in fitting using
the miriad task imfit.

Target Source Right Ascension Declination Spk S
h m s ◦ ′ ′′ (mJy beam−1) (mJy)

ESO 269-g012 12 56 40.5 –46 55 34.00 < 2.3 -
IC 2560 10 16 18.7 –33 33 50.00 < 1.8 -
IRAS 11506-3851 11 53 11.8 –39 07 49.18 10.0±0.2 10.7±0.3
NGC 5793 14 59 24.8 –16 41 36.70 18.8±0.1 19.3±0.2
ESO 558-g009 07 04 21.0 –21 35 19.20 < 0.6 -
IRAS 01417+1651 01 44 30.5 +17 06 05.00 < 0.7 -
Circinus 14 13 10.0 –65 20 20.74 56.6±0.6 63±1
IIzw96 20 57 24.4 +17 07 40.47 5.8±0.2 5.8±0.3
IRAS 10173+0829 10 20 00.2 +08 13 32.07 7.1±0.9 8±2
NGC 1097 02 46 18.9 -30 16 28.69 8.1±0.1* 8.4±0.1*
NGC 1792 05 05 14.5 –37 58 49.87 4.4±0.1 4.4±0.1
NGC 1808 05 07 42.3 –37 30 45.64 4.5±0.1 6.2±0.4

NGC 253 00 47 33.2 −25 17 17.77 214.3±8 335.7±20
NGC 4945 13 05 27.4 −49 28 05.43 296±3 430.8±7

of two or more components with FWHM of ∼20 km s−1.
These linewidths are much narrower than those observed
from thermal emission toward the same regions (FWHM of
> 60 km s−1; Henkel et al. 2018; McCarthy et al. 2018a),
and are comparable to the masing regions toward NGC 253
(Ellingsen et al. 2017). Similarly to the main 36.2-GHz
methanol masing region, no methanol from the ground state
48 GHz transition has been reported toward M2 (McCarthy
et al. 2018a).

When investigating the emission at M2 in the three
epochs of observation originally presented in McCarthy et al.
(2018a), it should be noted that all were made in relatively
compact ATCA array configurations (2016 Aug, 2017 Jun
and Oct; see Table 7). Looking at these three array config-
urations we see the integrated flux density of M2 increasing
as the array configuration gets more compact. This rela-
tionship may indicate thermal emission from this region,
however, there are a few important caveats to this inter-
pretation. The first is that the detections of emission from
M2 in these epochs is very marginal, with only a channel
or two above the noise level (see Figure 5). This means the
extracted integrated flux density values from these locations
with marginal detections is less reliable. Secondly, a similar
relationship is observed toward M1, where integrated flux
density increases as they array becomes more compact. Fi-
nally, it is hard to determine the true integrated flux density
for M2 from the 2017 July H75 observations, as the emission
from the primary component M1 is also captured within the
larger synthesised beam.

The emission from this new methanol region also dis-
plays evidence of variability. This is the best evidence that
the emission does not result from a thermal process. This
variability is discussed in more detail in Section 4.3, as it is
the first compelling evidence for variability in extragalactic
class I methanol masers.

Due to the broad spectral profile of the emission and

the larger velocity range, the integrated flux density of M2
is only approximately 50% lower than the primary masing
region, despite a much lower peak flux density (by a factor of
∼10). This integrated intensity is approximately 5 orders of
magnitude higher than that of a typical Galactic style 36.2-
GHz emission, and over an order of magnitude (a factor of
∼40) higher than the combined 36.2-GHz emission from the
Milky Way CMZ (Yusef-Zadeh et al. 2013). As this region is
unresolved by our synthesised beam (6.3× 4.4 arcseconds),
we can put an upper limit on its angular size. This angular
size corresponds to a linear size of 113×79 pc at the 3.7 Mpc
distance of NGC 4945 (likely a vast over-estimate based on
variability timescale, see Section 4.3). This implies we have
over 40 times the 36.2-GHz emission coming from an area
on the sky which is at most 30% larger than the CMZ would
be at this distance.

Considering all these factors together, we conclude that
the most reasonable explanation is that this emission is mas-
ing. McCarthy et al. (2018a) also put an upper limit of
6 mJy on the presence of any 44-GHz methanol emission
from NGC 4945. This means the 36.2-GHz methanol emis-
sion from this region is unlikely to be resulting from the
cumulative effect of Galactic-style class I masers, as other-
wise we would expect to also see evidence of 44.1-GHz maser
emission (Voronkov et al. 2014).

4.2 Tentative new methanol emission in NGC 253

The angular resolution of our observations does not allow
us to separate the methanol emission into the individual
components as reported in previous interferometeric studies
(Ellingsen et al. 2017; Gorski et al. 2017; Chen et al. 2018).
However, despite this we observe two new components of
emission (labelled 3 and 4 in Figure 2). These components
are only 4σ detections, however, their location and velocity
strongly correlate with the components of HNCO emission
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reported in McCarthy et al. (2018b). Ellingsen et al. (2017)
observe a close correlation between the location of 36.2-GHz
methanol masers and thermal emission from HNCO, a low-
velocity shock tracer. This indicates that despite being a
marginal detection, these components are likely real.

Comparison of our new observations with past ATCA
observations of the 36.2-GHz methanol masers toward
NGC 253 (Ellingsen et al. 2014, 2017), the whole spectrum
(combining all regions) is more similar to what is reported
in the original detection paper. The ‘intermediate resolu-
tion’ observations displayed in figure 1 of Ellingsen et al.
(2017) shows significantly higher peak flux density values
then what we see from our observations or their past ob-
servations (Ellingsen et al. 2014). However, upon re-analysis
of the data, this appears to be an error (with flux density
values out by a factor of 2) in how the spectrum has been
extracted from their ‘intermediate resolution’ spectral line
cube (and it does not affect the spectra taken from the com-
bined array cube in figure 2 of Ellingsen et al. (2017)), and
the data is consistent across all 3 epochs.

4.3 Evidence for variability in extragalactic
methanol masers

We currently have five epochs of observations of the 36.2-
GHz methanol transition toward NGC 4945, three of which
were originally reported in McCarthy et al. (2017) and Mc-
Carthy et al. (2018a), with the remaining 2 reported in this
paper. This allows us to compare the methanol emission over
a time baseline of approximately 3.5 years. Tabulated flux
density values for the primary methanol maser component
(M1), newly discovered central region (M2) and 7-mm con-
tinuum emission can be found in Table 7.

The detection of the new emission at M2 in NGC 4945
is the first strong evidence for variability in an extragalactic
class I methanol maser source. This is most evident when
comparing the two observations made using the H214 array
configuration, one in 2019 March and the other in 2017 June
(see Figure 5 for spectra and Table 7 for flux density val-
ues). Due to the difficulties of comparing emission observed
with different array configurations, the comparison of these
two H214 epochs will be the main focus of this section. We
see a 330 percent increase in integrated flux density across
the velocity range of the new component (420–560 km s−1)
when comparing these two epochs (see Table 7). We also
see evidence of this emission in the much lower resolution
(synthesised beam size of 26.6× 12.0 arcseconds) H75 array
data from 2017 July, which is bracketed by the higher reso-
lution observations in both 2017 June and October, neither
of which show significant emission. This may indicate that
emission from this region was much more diffuse during this
period, with it becoming significantly more compact some-
time prior to the most recent observation. However, if we
assume a time-scale of 21 months for the variability (based
on the time period between the H214 observations), this
puts an upper limit on the size of the emitting region of 21
light-months (∼0.53 pc). At a distance of 3.7 Mpc, this cor-
responds to an angular size of 0.03 arcseconds, meaning the
emission would be compact enough to be detectable on any
ATCA baseline. It is therefore more likely that the change
in luminosity of the region is instead related to an excita-
tion change. Combining all data from the three intermediate

resolution observations reported in McCarthy et al. (2018a)
(see Figure 6), we can clearly see this emission at M2 (de-
spite the the individual epochs showing no clear evidence)
with a peak flux density of ∼ 3 mJy and integrated flux
density of 185 mJy km s−1. This further supports the in-
terpretation that the variability is a result of an excitation
change, rather than the emission simply being more diffuse
during these earlier epochs.

The angular size of 0.03 arcseconds also allows us to put
a lower limit of ∼6500 K on the brightness temperature of
the emission from M2 based on the peak spectral channel
(channel width 10 km s−1), or > 3 × 105 K integrated over
a 140 km s−1 velocity range. This brightness temperature
provides further evidence that this emission is the result of
a non-thermal process, as discussed in Section 4.1.

The brighter region to the south-east of the nucleus (M1
in Figure 1) also shows some evidence of variability. The
multiple spectral components reported in McCarthy et al.
(2018a) are all present without any measurable shift in their
velocities. When directly comparing the emission from the
south-eastern bright region to the 2017 June observations in
the same array configuration (H214), we observe a decrease
in peak flux density of ∼6 percent and increase in integrated
flux density of ∼30 percent. The integrated flux density of
this primary region is also significantly higher (∼15 percent)
than that observed using a more compact array configura-
tion (H168) in 2017 October.

Our previous 2017 June H214 observations, when com-
pared to other 7-mm observations toward NGC 4945, had
lower continuum values than expected (McCarthy et al.
2018a). However, here we observe the same values of
peak and integrated flux density for the 7-mm continuum
source as reported from the previous H214 observations
of NGC 4945 (see Table 7 for values). This suggests that
instead of the 2017 June continuum levels being anoma-
lously low, the 2015 August EW367 continuum levels may be
higher than expected. This is likely related to the poor uv-
coverage (highly elongated beam) of these observations pre-
venting accurate imaging (flux density values are extracted
from images using the imfit miriad task). The consistency
of the 7-mm continuum measurements between these two
H214 observations increases the confidence in our flux den-
sity calibration, which strengthens our comparisons of the
maser emission between these two epochs.

It can be difficult to measure variability in the weak
millimetre spectral line emission from these extragalactic
sources. It is difficult to isolate what is variability in the
source, and what is variability caused by differing array con-
figurations, weather and uv-coverage between observations.
With that said, the increased integrated flux density ob-
served from M2 in our recent observations (2019 March)
when compared to past observations (in particular the 2017
Jun H214 epoch) is far too large to be the result of weather
or systematic effects.

The tentative new components detected toward
NGC 253 also may indicate variability in this emission. The
previous observations of NGC 253 at 36.2-GHz (Ellingsen
et al. 2017) have appropriate sensitivity to detect these com-
ponents, however, these observations use a higher-resolution
east-west oriented array without complete uv-coverage. The
resulting synthesised beam of those observations makes de-
termining component separation along the north-east to
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Figure 5: Spectra of 36.2-GHz emission at M2 toward NGC 4945 from each individual observation epoch (two epochs
presented in this paper and the three from McCarthy et al. (2018a)). Vertical scales have all been set to the same range for
ease of comparison. Note for the 2017 Jul H75 spectrum, the emission at ∼670km s−1 is due to the larger synthesised beam
capturing emission from the main maser component in NGC 4945. The vertical dashed line indicates the systemic velocity of
NGC 4945 (Chou et al. 2007).
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Table 7: Table of flux density values from each epoch for the emission at M1, M2 and the continuum for NGC 4945, including
the phase calibrator for these observations. Peak values are given, with integrated values given in parentheses. The peak values
at both region M1 and M2 are given with a channel size of 10 km s−1. It should be noted that these flux density values have
an uncertainty of approximately 30% due to flux density calibration and continuum subtraction (see Section 2.6). We have left
the random fitting errors off these values in order to facilitate easier reading, in general these random errors are around 5%.

Epoch Flux density source (mJy) Angular Scale
M1 M2 Continuum Phase Cal. Min/Max (arcsec).

2015 Aug (EW352) 27.9 (289) 2.1 (44) 313 (414) 3328 3.6/55.8
2017 Jun (H214) 27.4 (305) 2.3 (65) 236 (348) 1369 4.4/20.7
2017 Jul (H75) 21.3 (450) 4.4 (279) 452 (447) 935 12.0/55.8
2017 Oct (H168) 30.4 (346) 2.8 (71) 385 (489) 1141 5.0/27.9
2019 Mar (H214) 25.7 (397) 4.3 (215) 246 (356) 1110 4.4/20.7
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Figure 6: The spectrum from the M2 methanol maser re-
gion in NGC 4945 using the combined data from the three
epochs reported in McCarthy et al. (2018a).

ted) targetted Arp 220 with the Effelsberg 100m telescope
and report no detection of 36.2-GHz emission (with an upper
limit of 4.2 mJy).

4.5 Sample discussion

When considering the non-detections toward most of our
targets, it is important to note that the observations con-
ducted under project C2879 were also responsible for dis-
covering the first extragalactic methanol masers. Hence at
the time the observations were made there was no infor-
mation on the luminosity, nor likely environments to host
extragalactic class I methanol masers. This results in many
of the target sources not having a high enough sensitivity to
detect methanol masers of comparable luminosity to those
observed toward our known hosts (see Figure 4). This was
not a problem for the subsequent searches, which uses much
higher sensitivity levels, based on the currently known ex-
tragalactic class I maser sources.

Of the 12 sources for which we report 36.2-GHz
methanol upper limits (C2879 and C3263 targets), only four
have sensitivity levels adequate for detecting masers with the
same luminosity as those detected toward NGC 4945, with

the sensitivity of the majority over an order of magnitude
too low (see Figure 4). When combining the non-detections
with detections for analysis of the sample, the majority of
the time we will include only these sources with appropri-
ate sensitivity levels. This means our primary sample for
discussion will include: NGC 4945, NGC 253, NGC 6946,
NGC 1068, NGC 1097, NGC 1792, NGC 1808, IC 342 and
the Circinus Galaxy.

Considering the general properties of the galaxies with
detections we see three common factors: They are all barred,
spiral galaxies with elevated levels of star-formation toward
their nucleus (when compared to the Milky Way). How-
ever, it is important to note that searches for extragalac-
tic methanol masers have been biased toward these types
of sources based on the first detections in NGC 253 and
NGC 1068 (Ellingsen et al. 2014; Wang et al. 2014). As
of yet no statistically complete search for these masers has
been undertaken, and as such, it is hard to determine the
most relevant properties for future target selection. The ob-
servations for project C3263, reported in this paper, used
the above properties to target nearby southern sources. De-
spite that, the three sources observed so far as part of that
project (NGC 1097, NGC 1792 and NGC 1808) have not
shown any sign of methanol maser emission. The only other
source observed with appropriate sensitivity is the Circinus
Galaxy, which is a spiral galaxy with no bar, however it does
show evidence of molecular outflows from its type 2 Seyfert
AGN.

In order to determine the most efficient way, in terms
of target selection and telescope time, to search for extra-
galactic 36.2-GHz methanol masers, we must determine the
luminosity levels of a ‘typical’ region. The currently reported
extragalactic 36.2-GHz methanol masers (in NGC 4945,
NGC 253, NGC 6946 and IC 342) all have varying peak
and integrated luminosity levels. In this discussion we con-
sider the peak and integrated flux density from a single
emission component at our resolution (rather than the com-
bined emission across the whole source) as these are what
will be detected when searching using interferometers like
the VLA or the ATCA. Peak luminosities (in a 10 km s−1

channel) for the brightest region in each source vary from
1.1 × 106 Jy kpc2 in IC 342 to 5.2 × 106 Jy kpc2 toward
NGC 4945, with integrated luminosities ranging from 2.8×
107 Jy km s−1 kpc2 in IC 342 to 1.6 × 108 Jy km s−1 kpc2

toward NGC 253. It must be noted that the flux density
values for IC 342 and NGC 6946 are from observations with
much higher spatial-resolution than the ATCA observations
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(VLA C-configuration) of NGC 4945 and NGC 253 (∼1 arc-
sec compared to ∼5 arcsec). We calculate an average peak
luminosity of 3.0× 106 Jy kpc2 across these 4 sources. With
a sensitivity of 0.5 mJy (in a 10 km s−1 channel), a 5σ de-
tection of a maser with this luminosity can be made out to a
distance of ∼34 Mpc. Assuming the ability to self-calibrate
off a continuum source, this sensitivity can be achieved with
about 4 hours of on-source time with the ATCA in an in-
termediate resolution array configuration (H168 – EW367)
or 45 minutes of on-source time with VLA D-configuration
(VLA D-configuration will allow detection of any extended
emission, such as that seen toward NGC 253). A 10 km s−1

channel width is appropriate for searching for these masers
as this will allow multiple, above noise level, consecutive
channels across the FWHM of the spectral profile for the
vast majority of known extragalactic 36.2 GHz methanol
sources. The only exception to this is the spectral profile
of the M1 region in NGC 4945, which has a FWHM of
∼20 km s−1. Though this source has a much higher peak
luminosity then the other sources, so the ability to image
with narrower channel widths will still allow flexibility for
detecting these sources. However, it should be noted that
our analysis of optimal search parameters for these 36.2-
GHz masers is based off a sample size of four sources, and
as such is susceptible to small number statistics.

4.6 Galaxy-wide star-formation as a predictor for
class I methanol masers

Within our Galaxy, methanol masers (both class I and II)
provide useful sign-posts for the location of star-formation
regions (Caswell 1997; Kurtz et al. 2004; Voronkov et al.
2006; Breen et al. 2010, 2011). It was initially hypothesised
that these extragalactic class I masers may be useable in
the same manner, identifying starburst galaxies at cosmo-
logically interesting distances (Chen et al. 2016). However,
that speculation was largely predicated on the more lumi-
nous emission reported toward Arp 220. Reanalysis showing
no 36.2-GHz methanol emission stronger than 3.5 mJy (peak
luminosity of ∼2×1010 Jy kpc2) toward Arp 220, means that
at present the known extragalactic methanol sources are
not readily detectable at cosmologically interesting distances
with current generation facilities. Even considering only the
sources that meet our detection threshold in Figure 4, we
have four sources with star-formation rates (SFR) at the
same level or higher than those observed toward NGC 253
or NGC 4945 with confident non-detections for 36.2-GHz
class I methanol masers.

When considering known examples of extragalactic
class I methanol masers, we see that locally, there is no clear
link to star-formation rates in the regions where they are
detected. The M1 region toward NGC 4945 and the masers
toward NGC 253 are all likely associated with giant molec-
ular clouds in these sources, however, these regions do not
necessarily display enhanced star-formation rates when com-
pared to the rest of the nuclear region (Ellingsen et al. 2017;
McCarthy et al. 2018a). M1 in NGC 4945 may be asso-
ciated with the star-formation from Knot B, though even
if this is correct, we do not observe class I maser emis-
sion from other regions in NGC 4945 with enhanced star-
formation levels. Instead of tracing current star-formation,
based on our current understanding of the environments of

these masers (dense-gas and low-velocity shocks), we believe
they may indicate regions that are soon to experience higher
levels of star-formation, essentially the class I maser emis-
sion is associated with the triggering of the star-formation.

The presence, or lack-thereof, of class I methanol masers
may not directly infer information about the star-formation
rate of its host, however, it can still provide useful infor-
mation about the mechanism triggering the star-formation.
The morphological features that these class I masers have
been observed toward (Ellingsen et al. 2017; Gorski et al.
2018; McCarthy et al. 2018a) can be related to the star-
formation in a galaxy and, therefore, the class I masers (and
their association with low-velocity shocks) can help identify
mechanisms that are providing the gas fueling these star-
burst regions (Ellingsen et al. 2017).

5 CONCLUSIONS

We present the results of new observations toward NGC 4945
and NGC 253, detecting new components of methanol emis-
sion toward both galaxies. Evidence of variability, especially
toward the new region in NGC 4945, indicates that this emis-
sion is likely the result of a maser process. This is the first
reported example of variability in an extragalactic class I
methanol maser and we recommend continued monitoring
of these sources in order to both confirm and further quan-
tify this variability.

We provide flux density upper-limits for the 36.2-GHz
class I and 37.7-GHz class II methanol transitions toward 9
galaxies, observed as part of the original extragalactic class I
methanol searches which detected NGC 253 and NGC 4945,
and 3 more sources observed more recently. In the majority
of sources from the older observations (C2879), sensitivity
levels are not sufficient in order to rule out maser emission of
the same order as is observed toward NGC 4945 or NGC 253.

We also report the results of a re-analysis of the ATCA
data on Arp 220. We do not find any evidence of the 36.2-
GHz methanol maser emission toward this source. It appears
a combination of poor data quality and sub-optimal imag-
ing procedures may have resulted in the original reported
detection. We place a 5σ upper limit on the 36.2-GHz line
of 3.5 mJy.
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Table A.1: Details of the 2014 March sources excluded due to poor data quality. Recession velocities have been taken from the
NASA/IPAC Extragalactic Database† (NED). Redshift-independent distances have been provided where possible, otherwise
distances reported are the luminosity distances provided by NED.

Target Right Ascension Declination Vhelio D
Source h m s ◦ ′ ′′ (km s−1) (Mpc)

MRK 1029 02 17 03.57 +05 17 31.40 9076 133
NGC 1052 02 41 04.80 –08 15 21.00 1510 18.0[1]

J0350–0127 03 50 00.35 –01 27 57.70 12322 185
UGCA 116 05 55 42.63 +03 23 31.80 789 10.3[2]

NGC 5765b 14 50 51.50 +05 06 52.00 8333 126[3]

TXS 2226–184 22 29 12.50 –18 10 47.00 7520 108

Note: [1]Jensen et al. (2003), [2]Tully & Fisher (1988), and [3]Gao et al. (2016)
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Chapter 7

Discussion, conclusions and future work

In this final chapter we will discuss the results of Chapters 2 through 6 and how they

have impacted our current knowledge on extragalactic class I methanol masers. As

this thesis contains the exact published works as the individual chapters, much of this

conclusion chapter will be focussed on the results from the later published works as

our understanding of these masers has changed throughout the course of this project.

The field has evolved significantly over the past three and a half years and so this

chapter will also act as a review of the current state of extragalactic class I methanol

masers, as of the end of this project (late 2019).

7.1 The methanol maser emission of NGC 4945

We presented the original detection of class Imethanolmaser emission toward NGC 4945,

along with four epochs of follow-up observations investigating this emission. This emis-

sion toward NGC 4945 is the second confirmed detection of 36.2-GHz class I maser

emission toward an external galaxy. This section will collate the results of the most

recent papers on NGC 4945 (Chapters 4 and 6) and present our current understanding

of the class I maser emission from this source.

The class I maser emission in NGC 4945 is distributed between two separate regions,

the primary offset to the south-east of the galactic centre by approximately 10 arcsec-
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onds (M1) and the secondary region located south-west of the nucleus, with a much

more modest offset of 3 arcseconds (M2). The maser emission from M1 has a spec-

tral profile much narrower than is observed towards any other extragalactic 36.2-GHz

methanol maser, with a FWHM of approximately 12 km s−1. There also appears to

be evidence of 3 or 4 spectral components from M1, though no spatial offset between

these has been detected yet. M1 has the highest peak luminosity of any known extra-

galactic class I maser at 5.2× 106 Jy kpc2, and an isotropic integrated luminosity less

than a factor of 2 lower than the brightest (in NGC 253) at 6.9× 107 Jy km s−1 kpc2.

This isotropic luminosity is over five orders of magnitude greater than a typical Galac-

tic 36.2-GHz methanol maser. Unlike M1, the spectral profile of the emission from M2

is much broader and weaker, with what appears to be two or more maser components

with FWHM of 20–30 km s−1. Despite the peak flux density being much lower for

M2 (by an order of magnitude), the integrated flux density is only a factor of 2 lower.

Evidence for variability in the emission from M2 seems to suggest it is the result of

a maser process, however, as this is the first example of variability detected in an

extragalactic class I maser, further long-term investigation is required. The mecha-

nism required to produce the necessary methanol abundances are unclear, however it

is thought to likely arise from heightened levels of cosmic rays in the nuclear regions

of these galaxies interacting with cold dust grains (Yusef-Zadeh et al., 2013a).

The class I maser emission from M1 appears to be associated with a giant molecular

cloud at the interface region between the end of the galactic bar and beginning of the

south-eastern spiral arm in NGC 4945. Dynamical interaction at this interface could

be providing the shocks necessary to drive population inversion and allow masing.

Observations that show that any 44 GHz methanol emission associated with M1 is at

least an order of magnitude lower in luminosity than the 36.2 GHz emission allows

us to confidently conclude that the maser at M1 is not simply the result of many

star-formation regions in a tight cluster. If this was the case we would not expect to

see such an extreme flux density ratio between the 36.2- and 44.1-GHz class I maser

transitions. These flux density ratios are similar to what is observed towards the dense
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Galactic giant molecular cloud G1.6-0.025 (referred to hereafter as G 1.6; Jones et al.,

2013). This similarity in line ratios may be an indication that M1 in NGC 4945 and

G1.6 share a similar pumping regime. Interestingly G 1.6 displays very little evidence

of star-formation, yet it is a strong 36.2-GHz maser source. This is not necessarily

dissimilar to M1 (or any known extragalactic class I maser for that matter), however,

there is some evidence that M1 is associated with the star-formation feature known

as ‘Knot B’. Henkel et al. (2018) suggest that Knot B may be the star-forming front

side of the same giant molecular cloud that M1 is associated with.

The location of M2 presents more of a mystery, as typically these masers are observed

more significantly offset from the nucleus of the galaxy, whereas M2 has a projected

linear offset of only ∼ 50 pc. It should be noted that the geometry of NGC 4945

means that the actual offset may be significantly larger than this depending on where

the emission is located within the galaxy along the line of sight. It may be that the

emission from M2 is similar to that seen toward the central molecular zone (CMZ)

of the Milky Way, where combined emission from many 36.2-GHz masers is observed

in a relatively compact region (Yusef-Zadeh et al., 2013a). The lower limit of the

36.2-/44.1-GHz line also does not exclude the interpretation that the 36.2-GHz maser

emission at M2 is the result of combined emission from star-forming regions, however,

further high-sensitivity observations of the 44.1-GHz transition are required to con-

strain this line ratio value. Further modelling of the emission, ormethanol line surveys

towards NGC 4945 would be useful for determining what other methanol transitions

are strong in the conditions where the 36.2-GHz transition is much stronger than the

44.1-GHz line.

7.2 Three class I transitions toward NGC 253

We presented the first high-resolution observations of the 84.5-GHz methanol emission

towards NGC 253. These observations identified that this emission was coming from

the same location as previously reported 36.2- and 44.1-GHz class I maser emission
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and determined that a maser process is the most likely mechanism producing this

emission. We also presented two epochs of follow-up observations on the 36.2-GHz

emission toward NGC 253. In this section we will summarise the contents of Chapter

5 and 6 that pertain to NGC 253.

NGC 253 is the only extragalactic source so far that has emission detected from more

than one methanol maser transition. The 36.2-GHz emission of NGC 253 is spread

over at least 7 distinct sites (Ellingsen et al., 2017a; Gorski et al., 2019), with a further

two tentatively detected in our most recent observations (see Chapter 6). Emission

from the other two class I lines, at 44.1 and 84.5 GHz, are much more conservatively

distributed. Narrow emission from the 44.1-GHz class I transition is detected toward

two of the brightest 36.2-GHz class I maser regions (MM1 and MM4; Ellingsen et al.,

2017a). The 84.5-GHz class I emission we report is also detected toward MM4, and all

three maser lines at this location share overlapping velocity ranges. High resolution

VLA observations (0.1′′) toward MM4 determined a brightness temperature exceeding

1000 K for the 36.2-GHz emission, indicating that a maser process must be responsible

for the emission from this transition (Chen et al., 2018). We determine an isotropic

luminosity of ∼ 108 Jy km s−1 kpc2 (including the factor of 4π), which is five orders of

magnitude greater than a typical Galactic 84.5-GHz methanol maser (with integrated

flux density of 29.4 Jy km s−1; Breen et al., 2019). This implies that the single region

of 84.5-GHz emission in NGC 253 has a higher isotropic luminosity than all known

Galactic 84.5-GHz masers combined. This extreme isotropic luminosity, combined

with a narrow FWHM (compared to thermal lines) and the presence of two other

class I methanol maser lines at the same location indicate that the 84.5-GHz emission

is also masing. For a more extended discussion on the maser nature of this emission,

please refer to Chapter 5.

Multiple class I transitions toward the same region of NGC 253 provide some insight

into the physical conditions of the maser environment. The line ratio of 1.2 observed

between the 36.2- and 84.5-GHz class I maser lines is strikingly similar to the median
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ratio observed toward Galactic sources (1.4; Breen et al., 2019). Modeling of the rela-

tionship between class I methanol transitions predominantly focuses on their common

Galactic environments, such as high-mass star formation (HMSF) regions and super-

nova remnants (McEwen et al., 2014; Leurini et al., 2016). In these environments

the 36.2- and 84.5-GHz transitions (as members of the same family) favour higher

density regions than the 44.1-GHz line. Based on these studies it would appear that

the 36.2/84.5 GHz line ratio is maximised (>> 1) at lower densities and approaches

0 as density increases. Our 36.2/84.5 GHz line ratio would then imply a H2 number

density of ∼ 106 − 107cm−3 for this class I methanol environment (McEwen et al.,

2014). This implied density does not agree with the interpretation, as outlined by

Ellingsen et al. (2017a), that these masers are the result of low-gain, diffuse emission

across large regions of shocked gas. Instead, it may suggest these masers are associ-

ated with giant molecular clouds, similar to Sagittarius B2, which are able to achieve

these densities (Huttemeister et al., 1993). However, again it should be noted that

these models are based on Galactic sources, and further modelling of lower density

environments is required in order to determine the class I methanol behaviour in the

context of extragalactic sources.

7.3 The current state of extragalactic methanol masers

As of this time, extragalactic class I masers have been detected in NGC 253 (36.2-

, 44.1- and 84.5-GHz; Ellingsen et al., 2014, 2017a; McCarthy et al., 2018b), NGC 4945

(36.2-GHz; McCarthy et al., 2017), NGC 6946 (36.2-GHz; Gorski et al., 2018), NGC 1068

(84.5-GHz; Wang et al., 2014), IC 342 (36.2-GHz; Gorski et al., 2018) and Maffei 2

(36.2-GHz; Humire et al., 2019, Chen et al. in preparation). In this section we will

cover the maser emission in each of these sources (excluding NGC 4945 as it is already

covered in detail above) and review our current interpretation of this phenomenon.
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7.3.1 NGC 253

Of all extragalactic sources currently observed, NGC 253 has 36.2-GHz methanol

emission distributed across the largest number of discrete sites (Ellingsen et al., 2017a;

Gorski et al., 2019). The current consensus is that these masers are the result of cloud-

cloud interaction due tomolecular inflow along the galactic bar (Ellingsen et al., 2017a;

Gorski et al., 2019). High-resolution JVLA observations by Chen et al. (2018) and

Gorski et al. (2019) resolve out much of the flux-density from these 36.2-GHz maser

regions, though they determine brightness temperatures of > 1000 K for the emission

that is detected. The majority of 36.2-GHz masers toward NGC 253 have line widths

> 10 km s−1 (Ellingsen et al., 2017a; Gorski et al., 2017, 2019), however, a single

region toward the centre of the galaxy has an unresolved line width of < 1 km s−1

(MM6a; Gorski et al., 2019) and is interpreted as being associated with high-mass

star formation in the CMZ of NGC 253 (Gorski et al., 2019).

7.3.2 IC 342

IC 342 is a face-on spiral galaxy, approximately 3.3 Mpc away in the IC 342/Maffei

group (Karachentsev et al., 2013). This source has two spiral arms, and a central

molecular ring (Boker et al., 1997; Meier & Turner, 2005; Gorski et al., 2018). Some

studies have suggested that there is a bar structure connecting the two spiral arms

to the central molecular ring, however, this interpretation seems to have fallen out

of favour in recent years, and instead the spiral arms connect directly to the central

molecular ring (Ishizuki et al., 1990; Boker et al., 1997). The 36.2-GHz maser emis-

sion toward IC 342 was first reported by Gorski et al. (2018), using the JVLA in C

configuration. Gorski et al. detected 6 individual 36.2-GHz maser components across

a 30′′ stretch starting north-east, and extending south-west across the nucleus of the

galaxy. These maser spots are constrained to the northern and southern spiral arms.

The maser spots in IC 342 are around two orders of magnitude lower luminosity than

those observed in NGC 4945 or NGC 253 (Gorski et al., 2017, 2018; Ellingsen et al.,
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2017a; McCarthy et al., 2018a). Though this may be due to the smaller synthesised

beam of JVLA in C configuration (when compared to JVLA D-configuration and

typical ATCA array configurations), Effelsberg 100m observations of the emission by

Humire et al. (in press) do not see a significant increase in integrated flux-density.

This differs from NGC 253, where we see a substantial increase in flux-density as syn-

thesised beam sizes increase (Ellingsen et al., 2014, 2017a; Gorski et al., 2017, 2019;

McCarthy et al., 2018b). Similar to the class I methanol masers in NGC 253, there

is a strong correlation between the HNCO emission (typically a tracer of low-velocity

shocks) and the 36.2-GHz maser spots (Ellingsen et al., 2017a; Gorski et al., 2018;

McCarthy et al., 2018a).

7.3.3 NGC 6946

The same JVLA observations responsible for the IC 342 detection also produced a de-

tection of 36.2-GHz emission toward NGC 6946 (Gorski et al., 2018), another face-on

spiral galaxy, approximately 5.9 Mpc away in the Virgo Supercluster (Karachentsev

et al., 2013). The central region of NGC 6946 is well explained by multi-Gaussian-

expansion model, which suggests the presence of an inner stellar bar, driving a star-

burst nucleus (Schinnerer et al., 2006). Two 36.2-GHz maser components are detected

toward NGC 6946, offset by 90pc to the east of the dynamical centre (Gorski et al.,

2018). This offset is close to the inner radius of the stellar bar modelled by Schinnerer

et al. (2006), with the current interpretation that these masers are shocked by molec-

ular infall along this bar (Gorski et al., 2018). As of yet no follow-up observations

have been made of NGC 6946 and observations in a more compact array configura-

tion (such as JVLA D array) would be valuable in order to investigate the 36.2-GHz

emission on a larger scale.
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7.3.4 Maffei 2

Maffei 2 is a spiral galaxy, at a distance of approximately 5.7 Mpc in the IC 342/Maffei

group (Anand et al., 2019). Maffei 2 is host to a prominent kpc-scale bar which

terminates at the central molecular ring (Meier & Turner, 2012). Effelsberg 100m

observations by Humire et al. (in press) detect 36.2-GHz emission toward this galaxy.

The spectral profile of this emission consists of two peaks, at local standard of rest

velocities of approximately −99 and 7 km s−1. Chen et al. (in preparation) see these

same components in the spectrum from their JVLA interferometric observations. The

red-shifted component appears to be located at the northern interface of the bar and

nuclear ring, while the blue-shifted spectral component is the result of two separate

emission spots in the southern bar. It is likely that this bar drives shocks in the

central region, producing suitable conditions for extragalactic class I methanol masers

to form.

7.3.5 NGC 1068

NGC 1068 (M 77) is a barred spiral galaxy ∼ 14.4 Mpc away in the M 77 group

(Gallimore et al., 2001). So far only the 84.5-GHz class I methanol line has been

detected toward this source (Wang et al., 2014). This detection was from IRAM

30m telescope, therefore, interferometric follow-up is required in order to determine

the location of the emission relative to other morphological features in the galaxy.

Throughout this project we made some attempt to image NGC 1068 at 36.2-GHz,

however, the equatorial nature of the source made this not possible in our short

observing windows. JVLA and/or ALMA follow-up at 7-mm and 3-mm respectively

should be a priority in order to confirm the class I methanol emission from this source.

7.3.6 General discussion on extragalactic class I masers

One of the critical steps in increasing our understanding of these extragalactic class I

masers is producing more detections of this phenomenon. Reflecting on our current
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sample of six, we find three major common factors between all of these sources. They

are all barred (except potentially IC 342), spiral type galaxies with star-formation lev-

els elevated when compared to the Milky Way. This is potentially due to a bias in our

target selection, rather than extragalactic methanol maser requiring these three spe-

cific properties. The first detection of extragalactic 36.2-GHz methanol emission was

toward NGC 253, this combined with the subsequent detection of 84.5-GHz methanol

maser emission in NGC 1068 has likely influenced target selection for recent searches,

in favour of spiral galaxies with starburst nuclei. Of the sources we have searched

as part of this project (see Chapter 6), we observed three sources that are starburst

barred spirals (NGC 1097, NGC 1792 and NGC 1808) along with the Circinus galaxy

(starburst, spiral with outflows) that have no detected 36.2-GHz emission at compa-

rable luminosity to that observed from NGC 253 or NGC 4945. Although this is still

a small sample size, it seems to indicate that these masers are not a common phe-

nomenon in all barred, spiral galaxies. A way to combat this bias in target selection

is to perform a quasi-statistically complete survey of nearby galaxies for 36.2-GHz

maser emission, and speculation on how this could be performed will be included in

the following ‘future work’ section.

It was previously suggested that extragalactic class I methanol masers may be good

tools for studying star-formation at cosmologically interesting distances (Chen et al.,

2016). This hypothesis is based on the relationship between the luminosity of 36.2-

GHz emission and the infrared luminosity of the host galaxy (Chen et al., 2016).

The discovery that the 36.2-GHz emission from Arp 220 is the result of imaging

mistakes mostly invalidates this hypothesis as it was a key data point for the extreme

luminosities (McCarthy et al., 2020). Additionally, many of the sources we have

searched (with appropriate sensitivity) have star-formation rates higher than that of

NGC 4945 and NGC 253 with no 36.2-GHzmaser emission detected. In themajority of

extragalactic class I sources the masers exist at the interface regions between galactic

bars, spiral arms and the central molecular zones. Therefore, while these masers may

not be good proxies for star-formation rates at cosmological distances, their presence
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can instead inform us about the mechanisms fuelling the star-formation of their host

galaxies. We see no real evidence of star-formation local to these methanol masers

and instead, the dense, shocked gas in which these masers form may indicate regions

soon to experience enhanced levels of star-formation.

7.4 Future work

There are three primary areas where future work in this field should focus, the first is

searching for 36.2-GHz masers toward nearby galaxies (as previously mentioned), the

second is searching known 36.2-GHz maser hosts for additional class I maser lines and

the third is in-depth radiative transfer modelling of the extragalactic class I maser

environments.

7.4.1 Searching for new extragalactic 36.2-GHz masers

In Chapter 6, we determine that 36.2-GHz masers could be detected with 4 hours of

ATCA or 45 minutes of JVLA time out to a distance of 34 Mpc (McCarthy et al.,

2020). If we prioritise nearest targets (for example out to 10 Mpc) first, even less

on source time will be required per source. The Updated Nearby Galactic Catalogue

contains all sources within 11 Mpc, or with corrected radial velocities < 600 km s−1

(Karachentsev et al., 2013). This catalogue consists of 1209 total sources, with 232 of

these being non-dwarf galaxies. We can use this catalogue to determine the number

of potential targets for future VLA and ATCA searches by determining all non-dwarf

galaxy sources with a maximum distance of 10 Mpc. This catalogue lists B-band

apparent magnitudes for all sources, we use these and the included distances to de-

termine B-band absolute magnitudes for these sources. As we want to look at the

most luminous nearby sources, we restrict our sample to those sources with B-band

absolute magnitudes greater than that of our faintest source (IC 342). This cuts our

potential target list down to 40 sources (excluding 5 sources already observed). Of

these sources, 28 are observable with the VLA (declinations larger than −20 degrees),
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Table 7.1: Potential targets for a 36.2-GHz search with the JVLA, based on discussion

in Section 7.4.1. Galaxy T-Type refers to the galaxy morphology type classification

presented in de Vaucouleurs et al. (1991). This T-type is represented by a number from

–6 to 10, with lower values corresponding to early galaxy types (such as ellipticals)

and larger numbers corresponding to late types (like irregulars and spirals). All data

in this table is extracted from the ‘The Catalog and Atlas of the LV galaxies’ by

Karachentsev et al. (2013).

Source Name Right Ascension Declination Bmag T-Type Vhelio D
h m s ◦ ′ ′′ (km s−1) (Mpc)

M31 00 42 44.5 +41 16 09 4.3 3 –296 0.77

M33 01 33 50.8 +30 39 37 6.3 6 –182 0.93

NGC0891 2 22 32.8 +42 20 48 10.7 3 526 9.95

NGC0925 02 27 16.0 +33 34 41 10.6 7 553 9.55

NGC1637 04 41 28.2 –02 51 29 11.5 6 713 9.29

NGC2403 07 36 51.4 +65 35 58 8.8 6 125 3.19

NGC2683 8 52 40.9 +33 25 02 10.3 3 380 9.82

NGC2903 09 32 09.6 +21 30 02 9.5 4 556 8.87

M82 09 55 53.9 +69 40 57 9.1 8 183 3.61

NGC3115 10 05 14.0 –07 43 07 9.9 -1 681 9.68

NGC3344 10 43 30.2 +24 55 25 10.5 4 588 9.82

NGC3351 10 43 57.7 +11 42 13 10.6 3 777 9.95

NGC3384 10 48 16.9 +12 37 45 10.9 -1 704 9.42

NGC3556 11 11 31.0 +55 40 26 10.7 6 696 9.90

NGC3627 11 20 15.0 +12 59 29 9.7 4 716 8.32

NGC4258 12 18 57.5 +47 18 14 9.1 4 447 7.66

NGC4490 12 30 36.4 +41 38 37 9.8 7 586 8.91

NGC4517 12 32 45.5 +00 06 54 11.1 7 1134 8.36

NGC4559 12 35 57.7 +27 57 35 10.3 6 814 8.91

NGC4594 12 39 59.1 –11 37 23 9.0 1 1090 9.55

NGC4631 12 42 08.0 +32 32 29 9.8 7 583 7.35

NGC4656 12 43 57.6 +32 10 13 11.0 8 638 7.98

NGC4736 12 50 53.5 +41 07 10 8.7 2 308 4.41

NGC4826 12 56 44.2 +21 41 05 9.3 2 409 4.41

NGC5055 13 15 49.3 +42 01 45 9.3 4 500 9.04

NGC5194 13 29 52.7 +47 14 04 8.6 5 446 8.40

NGC5195 13 29 58.7 +47 16 05 10.5 0 455 7.66

M101 14 03 12.8 +54 21 02 8.3 6 240 6.95
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Table 7.2: Potential targets for a 36.2-GHz search with the ATCA, based on discussion

in Section 7.4.1. Galaxy T-Type refers to the galaxy morphology type classification

presented in de Vaucouleurs et al. (1991). This T-type is represented by a number from

–6 to 10, with lower values corresponding to early galaxy types (such as ellipticals)

and larger numbers corresponding to late types (like irregulars and spirals). All data

in this table is extracted from the ‘The Catalog and Atlas of the LV galaxies’ by

Karachentsev et al. (2013).

Source Name Right Ascension Declination BMAG T-Type Vhelio D
h m s ◦ ′ ′′ (km s−1) (Mpc)

NGC1291 03 17 18.6 –41 06 29 9.4 1 838 9.08

NGC1313 03 18 15.4 –66 29 51 9.7 7 470 4.31

NGC1744 4 59 58.2 –26 1 36 11.7 7 741 10.0

NGC2784 9 12 19.4 –24 10 18 11.2 -2 687 9.82

NGC3621 11 18 16.1 –32 48 42 10.2 7 730 6.64

NGC5128 13 25 28.9 –43 01 00 7.8 -2 556 3.68

NGC5236 13 37 00.1 –29 52 04 8.2 5 519 4.90

NGC6684 18 48 57.9 –65 10 24 11.3 0 866 8.70

NGC6744 19 09 45.9 –63 51 28 9.1 4 841 9.51

NGC7090 21 36 28.6 –54 33 26 11.3 6 850 9.51

IC 5201 22 20 57.4 –46 02 03 11.3 6 915 8.80

IC 5332 23 34 27.5 –36 06 06 11.0 7 701 7.80
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while 12 can only be observed with the ATCA (see Tables 7.1 and 7.2 for details on

these sources).

7.4.2 Class I transition follow-up on known maser hosts

NGC 253 is the only extragalactic class I methanol maser source that shows emission

from multiple class I transitions (Ellingsen et al., 2017a; McCarthy et al., 2018b) of

the four current 36.2-GHz maser hosts that have been searched at 44.1-GHz (others

being NGC 4945, Maffei 2 and IC 342; McCarthy et al., 2018b; Humire et al., 2019).

Searching more of the known 36.2-GHz maser hosts for other class I transitions is

important for our understanding of the nature of this phenomenon. Whether or not

the various class Imethanol transitions in these sources will be as commonly associated

as in Galactic sources is still an open question. Additionally, comparison of the flux-

density ratios between various methanol maser transitions in any particular region

potentially allows us to infer the physical conditions within that region (McEwen

et al., 2014; Leurini et al., 2016). Comparison of the different methanol lines allows

us to test the hypothesis that these extragalactic masers are a different phenomenon

with respect to their Galactic counterparts (Ellingsen et al., 2017a; McCarthy et al.,

2018a). For Galactic sources the optimal conditions for 36.2-GHz methanol masers

are also quite suitable for masers from the 44.1-GHz transition (McEwen et al., 2014).

Therefore, a lack of association between the two most common class I transitions

(36.2- and 44.1-GHz) may also indicate that these extragalactic methanol masers may

result from different sets of optimal conditions than the Galactic 36.2-GHz class I

masers. If this is the case, future methanol line surveys towards these source may

reveal different transitions which come to dominate under these conditions.

7.4.3 Radiative transfer modelling

Investigation into the gas that hosts extragalactic class I methanol masers is a logical

focus for extra work. The observational follow-up of additional class I methanol lines
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goes partway to determining the physical conditions of the host molecular gas clouds,

however, modelling based on bothmaser and thermal lines of variousmolecular species

is required to develop the full picture. Modelling of the chemical composition, density

and temperature of the masing gas in each source is important for determining the

mechanisms responsible for producing the abundance of molecular methanol in these

locations, as well as the pumping mechanisms driving these masers in extragalactic

sources. This section will describe some of the recent analysis into the physical and

chemical properties of our two primary sources (NGC 253 and NGC 4945), and identify

research areas that should be further pursued.

The ATCA observations taken as part of this project did not have the sensitivity to

detect weak thermal emission from the regions of the class I masers (McCarthy et al.,

2018a). However, multi-line surveys of these sources from instruments such as the

Atacama Large Millimetre/submillimetre Array (ALMA) have the potential to enable

future detailed studies into the physical properties of this masing gas (Meier et al.,

2015; Henkel et al., 2018). Leroy et al. (2015) have performed extensive line-ratio

analysis toward the central region of NGC 253. Analysis of HCN-to-CO maps from

this region reveal ten areas with enhanced dense gas (as traced by HCN) which are

interpreted as giant molecular cloud (GMC) complexes. Many of these GMCs align

in position with the class I methanol maser emission observed from the nuclear region

of NGC 253 (Ellingsen et al., 2017a). Leroy et al. find radii for these GMCs are

consistent with those observed toward other extragalactic and Galactic GMC sources,

however, the masses and linewidths are much larger. If a direct connection exists

between these cloud complexes and the methanol maser emission, investigation of the

larger scale clouds can help infer physical conditions at the location of the masers.

Henkel et al. (2018) investigated the central region of NGC 4945, observing many

molecular species between 85 and 98GHz with ALMA Band 3. Their observations

of dense gas tracers (HCN and CS) completely changed our understanding of the

dynamics of NGC4945’s nucleus, revealing details about the spiral arms and galactic
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bar completely counter to what was previously understood based on observations of

neutral hydrogen (Ott et al., 2001). Although Henkel et al. (2018) provide some

preliminary analysis of line intensity ratios toward NGC 4945, their investigation was

not focussed on a robust chemical analysis of NGC 4945. An example of the chemical

analysis possible with ALMA can be seen in the work by McCoy et al. (2017) toward

Centaurus A. They provide an insight into both the physical and chemical conditions

within the nuclear region of Centaurus A, investigating temperatures and densities

throughout this domain.

Although this ALMA data exists (with additional data soon to be available) and some

investigation of the gas dynamics and chemistry has been completed, analysis with

respect to the specific volumes of gas hosting the class I maser emission in NGC 253

and NGC 4945 has not yet been performed. For the three northern sky class I maser

hosts (NGC 6946, IC 342 and Maffei 2) similar studies could be undertaken using the

Karl G. Jansky Very Large Array observing 7-mm molecular thermal lines such as CS

(J = 1 → 0).

In addition to the typically observed tracers of molecular hydrogen (CO), dense

gas (e.g. HCN, CS) and shock tracers (e.g. HNCO, SiO), observations of thermal

methanol transitions may prove to be a valuable tool for studying physical conditions

at the class I maser locations. An excellent example of this analysis toward a Galactic

source can be found from Torstensson et al. (2011), who observe 25 thermal methanol

lines at high frequency (∼338GHz) toward the star-formation region Cepheus A. Their

analysis of rotational diagrams and non-LTE analysis reveals methanol abundances

and distributions, along with temperatures and identification of outflows. Thermal

methanol lines are plentiful and distributed across the frequency bands covered by cur-

rent millimetre and sub-millimetre interferometers. Additionally, analysis of thermal

methanol lines can be reasonably confidently linked to the location of the extragalac-

tic class I methanol masers even in cases where synthesised beam sizes may be much

larger than the maser regions (this is further discussed in the following paragraph).
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There are some limitations in using radiative transfer modelling for understanding the

class I methanol maser environments. Existing ALMA observations of thermal lines

toward NGC 253 and NGC 4945 have had synthesised beam sizes of approximately 2

arcseconds. This corresponds to linear sizes of approximately 30 parsecs at the dis-

tance of NGC 253 (3.3 Mpc) and therefore, any analysis of physical conditions is going

to be an average over this linear size. At present the scale on which the extragalactic

class I methanol masers are produced is uncertain. JVLA observations by Chen et al.

(2018) determined typical length scales of approximately 1 parsec for the compact re-

gions of class I methanol emission toward NGC 253. Similarly, our preliminary results

on methanol maser variability toward NGC 4945 indicate a linear scale of less than 1

parsec for the maser region M2 (McCarthy et al., 2020). In addition to the compact

maser components, larger-scale maser emission which becomes resolved on baselines

larger than a few hundred metres has been observed toward NGC 253 (linear scales of

∼ 80 pc; Chen et al., 2018). Consequently, radiative transfer modelling does not allow

us to probe the individual environments of compact masers but instead the large scale

structures they may be associated with. Instead, probing of the direct environment

of the maser emission is more easily achieved through analysis of multiple associated

methanol maser transitions as described in Section 7.4.2. These two techniques can

provide complementary data in order to understand the physical conditions in these

environments.

7.5 Concluding remarks

Although we are only just beginning to understand these extragalactic class I masers,

excellent progress has been made in the last few years. The total number of known

sources has increased from two to six and class I masers have been detected in two new

transitions towards NGC 253. In addition to ongoing searches, evidence of variability

in the class I masers of NGC 4945 has also shown that consistent monitoring of these

masers is required. Observation of multiple transitions towards NGC 253, NGC 4945
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and Maffei 2 have conclusively shown that these masers are a distinct phenomenon

from those observed towards our Galaxy. Additionally, in all cases where we have

interferometric data on these masers, it appears that these masers are tracing envi-

ronments consisting of wide-scale low-velocity shocks, such as at the interface regions

of spiral arms, galactic bars and nuclear rings.

As the sensitivity of modern interferometers increases, detections of these extragalac-

tic class I masers will hopefully become increasingly common. After the Band 1

(and to a lesser extent Band 2) receiver is completed at the Atacama Large Mil-

limetre/submillimetre Array (ALMA), ALMA will become the premiere instrument

for searching southern sky galaxies for 36.2-GHz methanol masers, and allowing sta-

tistically complete searches with minimal time investment. An unbiased survey for

these masers is one of the most important next steps in developing our understand-

ing of this phenomenon, as it will increase our sample of searched galaxies and allow

for meaningful detection statistics and analysis to be undertaken. Further study of

additional methanol maser and thermal transitions should be undertaken toward all

known hosts of extragalactic class I methanol masers. These studies will enhance our

understanding of the environments of 36.2-GHz methanol masers, which will in turn

allow for more intelligent source selection in future targeted searches.



Appendix A

Galactic 95-GHz Maser Field Images
and Spectra

These field images and spectra were originally included as supplementary online data

alongside the paper ‘The relationship between Class I and Class II methanol masers

at high angular resolution’, which is presented in Chapter 2.
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A.2 95-GHz maser spectra
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