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Abstract

Methanol masers at 6.7 GHz are the brightest of Class II methanol masers and have
been found almost exclusively towards massive star forming regions. These masers can thus
be used as an ideal tool to probe the early phases of massive star formation. The primary
goal of this thesis was to investigate the evolutionary stage of the young stellar objects
that excite 6.7 GHz methanol masers. Even though there have been several studies in this
regard, they were either limited by small sample size or lack of data in the far-infrared. This
work has made use of the entire sample from the Methanol Multibeam Survey (MMB) —
the largest unbiased Galactic plane survey for 6.7 GHz methanol masers, FIR data from the
Herschel Infrared Galactic plane survey (Hi-GAL) and millimetre wave spectroscopic data
from the MALT90 survey. We investigated the evolutionary states of 6.7 GHz maser hosts
from two perspectives: (1) studying the physical properties of the methanol maser sources
(2) probing the chemical environments of maser hosts. For the first case, we obtained
the spectral energy distributions (SEDs) from 870 to 70 ym for 320 6.7 GHz methanol
maser sources, and used the best-fit parameters of the SED fits to derive the maser clump
properties. A comparison of the mass—luminosity diagram of the sample with evolutionary
tracks from the turbulent core model suggests that most methanol masers are associated with
massive young stellar objects, with over 90 percent in early evolutionary stages where they
are accreting matter. However, there also appears to be a small population of sources that are
likely to be associated with intermediate- or low-mass stars, suggesting that the association
between high-mass star formation and methanol maser emission is not exclusive.

We also studied the chemical properties of the sources associated with the masers using
the molecular line observations from the MALT90 survey. This study was carried out
for a sample of 68 out of the 320 methanol masers of the first study, with the selection
based on data availability and the signal-to-noise ratio of the molecular lines. We used
the line intensities and abundances of four molecular transitions: NoH*(1-0), HCN(1-0),
HNC(1-0) and HCO™(1-0) since they are bright and are good tracers of dense gas. The
molecular spectra were modelled using radiative transfer under the assumption of local
thermodynamic equilibrium (LTE). The excitation temperatures and column densities were
compared to models that solve for time dependent astrochemistry in star forming cores.

The molecular abundances and integrated line intensities agree well with the typical values



found towards high-mass star forming regions. The HCN/HNC, N,H*/HCO *, HNC/HCO*
and NoH*/HNC ratios of column density and integrated intensity suggest that methanol
masers are at an earlier evolutionary state than HII regions, but more evolved than the
quiescent phase — much in agreement with previous dust continuum studies. This thesis
work thus gives strong evidence that along a timeline for massive star formation, the 6.7 GHz
methanol maser phase originates in massive young stellar objects that are more evolved than
infrared dark clouds, and is quenched by the time the sources evolve into ultracompact H IT

regions.
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O Star, (the fairest one in sight),
We grant your loftiness the right
To some obscurity of cloud —
It would not do to say of night,
Since dark is what brings out your light
Some mystery becomes the proud.
But to be wholly taciturn
In your reserve is not allowed.
Say something to us we can team
By heart and when alone repeat
Say something! And it says “I burn.”
But say with what degree of heat
Talk Fahrenheit, talk Centigrade.
Use language we can comprehend.
Tell us what elements you blend.
It gives us strangely little aid,
But does tell something in the end.

Robert Frost
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Chapter 1

Introduction

Stars are the fundamental luminous units of the Universe. The process of star forma-
tion is often quite intricate and requires different types of astronomical observations. At
present times, we have a relatively better understanding on how low mass stars form (Shu
et al., 1987b). However, many aspects of the mechanisms through which high-mass stars
(M > 8 My) form still remains elusive. Massive stars play a vital role in the evolution of the
Galaxy. They act as principal sources of heavy elements and contribute towards the chem-
ical enrichment of the universe. The outflows, stellar winds, expansion of HII regions and
supernova explosions are a significant source of the turbulence in the interstellar medium
of the Galaxy. In order to better comprehend the physical, chemical and morphological
structure of the galaxies, the processes involved in the formation of massive stars and their
subsequent impact on their local environment should be well studied (Kennicutt Jr, 1998;
Kennicutt, 2005). However, the study of massive star formation poses several observational
constraints. This is mainly due to the fact that they spend the majority of their life deeply
embedded in their natal cloud, making observations difficult. We therefore rely on emis-
sion at millimetre/submillimetre and IR wavelengths for probing the evolutionary stages of
massive star formation. Massive stars are also extremely rare. The number of stars formed
per unit mass interval is roughly proportional to M =23 (e.g. Salpeter, 1955; Kroupa, 2002;
Lamb et al., 2013; Dib et al., 2017), making them scarcer than low mass stars. Furthermore,
their short-life and clustered environments make their study even more formidable.

The early stages of massive star formation has been a subject of intense research for
many years. Since massive star formation is a quick process, their initial stages are even
more ephemeral. Almost three decades ago, regions of photoionization around massive
stars (otherwise called HII regions) were considered to be the main signposts of the early
stages of massive star formation. Since HII regions expand as the time proceeds, their size

is taken as an indicator for their age, with younger H II regions being more compact. Later,



with the advent of millimeter interferometers, Hot Molecular Cores (HMCs) were regarded
as the observational signpost of early stages of massive star formation. HMCs are small
(d < 0.5 pc) pockets of gas, characterized physically by high gas densities (> 10°%cm™3) and
elevated temperatures of both gas and dust (~100-500 K). They are also the precursors
of HII regions. The gaseous chemical composition is distinct from that of cold molecular
clouds, due to the freeze-out of gas-phase species onto dust grains and the grain surface
reactions in the cold collapsing pre-protostellar phase, and the evaporation of the grain
mantle material and the subsequent gas-phase reactions in the hot protostellar phase (e.g.,
Millar, 1993; Nomura & Millar, 2004). HMCs are also considered as the most chemically
rich sources in the Galaxy (Rivilla et al., 2017). Preceding the hot core phase in the
high-mass star formation sequence is, unsurprisingly, the cold core phase. These massive
(102-10%), cold (T < 20 K) cores lack mid-infrared counterparts and have the potential
to eventually collapse and form massive stars (Garay et al., 2004). They are often found
embedded in infrared dark clouds (IRDCs) —extinction features identified against the bright
Galactic mid-infrared emission. This hot and cold core phase typically constitute the early
stages of high-mass star formation, and can be detected by mid-infrared and far-infrared/sub-
mm surveys, respectively.

One of the effective ways to probe the hot core phase in particular is by observing
interstellar masers. They serve as the most readily detectable indicators of the star forming
regions, with the masing action initiated by the infrared photons emitted by the heated
dust. Masers are ideal for investigating the kinematics and physical conditions within the
massive star forming region at milli-arcsecond resolution, owing to their high brightness
temperatures (T, > 10° K) and compact sizes. The most common types of masers are those
of the molecules of hydroxyl (OH), water (H,O), methanol (CH3OH) and silicon monoxide
(Si0). Different species of masers inhabit different regions within a given source, which
is often reflected in the differences in pumping requirements of the various transitions and
molecules. While water masers are found in both low-mass and high-mass star-forming
regions, OH masers are found towards both high-mass star forming regions and evolved
stars (for e.g. AGB stars). Unlike OH and water masers, the methanol masers are shown to
uniquely trace earlier phases of massive star formation. Methanol masers in star-forming
regions can be divided into two distinct types, Classes I and II. Class I masers are collisionally
pumped and Class II masers are characterized by radiative pumping. While Class I masers
are believed to form away from the central protostar, Class II masers are found in close
vicinity of the protostar.

This thesis aims at studying the early stages of massive star formation using 6.7 GHz



methanol maser emission as probes. Class II methanol masers, of which the 6.7 GHz maser
is the strongest, are commonly found towards massive star forming regions. One of the
key questions concerning 6.7 GHz methanol masers is whether they are indeed exclusively
associated with massive star formation. In order to address this problem, we study the
maser sample provided by Methanol Multibeam survey (the largest blind survey of Class II
methanol masers, conducted using a 7-beam receiver on the Parkes radio telescope. The
survey covers the entire Galactic plane with a latitude coverage of |b| < 2° and the catalogue
comprises of a total of 972 sources), utilizing the high resolution data of Hi-GAL survey.
Another key question concerns the evolutionary stage of the young stellar objects that excite
6.7 GHz methanol masers. This is done in a physical as well as chemical perspective. We
rely on spectral energy distributions (SEDs) of 6.7 GHz maser hosts to study their physical
properties. This is complimented by a chemical study where we perform molecular line
studies of the emissions from HCN, HNC, N,H* and HCO™", with the data taken from
the MALT90 survey. MALT90 is a large international project carried out with the Mopra
Spectrometer (MOPS) arrayed on the Mopra 22 m telescope, with the aim to characterize
physical and chemical properties of massive star formation in our Galaxy. The survey
is targeted towards 2014 compact sources detected in the ATLASGAL survey covering
Galactic longitude ranges 300° < [/ < 357° and 3° < [ < 20°. We thus try to provide a

more holistic view of the characteristics of sources that host 6.7 GHz methanol masers.

Outline of the thesis

This thesis is structured as follows.

* A brief discussion on the theory of star formation, with special emphasis given to

massive star formation and their evolutionary phases is given in chapter 2.

* A detailed description of astronomical masers and their phenomenological theory is

presented in chapter 3.

* Chapter 4 presents a discussion of methanol masers, their classification and proper-
ties of the different classes. Theoretical models of 6.7 GHz methanol masers and

observational studies are also discussed.

* In Chapter 5 we investigate the physical properties of early stages of massive star

formation with the help of SEDs, using 6.7 GHz methanol masers as probes.



» Chapter 6 presents an astrochemical study of 6.7 GHz methanol maser hosts using

millimetre wave spectroscopy of dense gas tracers.

* Chapter 7 will present the summary of the thesis along with prospects for future work.



Chapter 2

Star formation: An overview

2.1 Giant Molecular Clouds

Giant Molecular Clouds (GMCs) are regarded as the cradles of star formation within the
Galaxy (Myers et al., 1986; Shu et al., 1987b; Scoville & Good, 1989). They are also the
most massive individual objects of the Galaxy, with masses ranging from ~ 10> My, for
small clouds at high Galactic latitudes (e.g., Magnani et al., 1985) and in the outer disk of
the Milky Way (e.g., Brand & Wouterloot, 1995; Heyer et al., 2001) up to giant ~ 10’ Mg
clouds in the central molecular zone of the Galaxy (Oka et al., 2001). The predominant
constituent of a GMC is molecular hydrogen (n(H,) ~ 50 cm™?) (Blitz, 2000), followed
by He (~ 26% by mass) and HI gas (Fukui & Kawamura, 2010). GMCs extend to about
100 pc, with masses in the range 10* — 10° Mg, (e.g. Beuther et al., 2007). Their typical
average surface density is found to be £ ~ 0.02 gm cm~2 in local galaxies (Solomon et al.,
1987; Bolatto et al., 2008). Figure 2.1 depicts the giant molecular cloud, W51, at different
wavelengths.

Several mechanisms have been proposed in regard to the formation of GMCs. These
include (1) converging flows driven by stellar feedback or turbulence, (2) agglomeration of
smaller clouds, (3) gravitational and magneto-gravitational instability, and (4) instability
involving differential buoyancy (Dobbs et al., 2014). The real phenomenon, however, might
be a combination of all these mechanisms, with different processes dominating in different
galactic environments. Nonetheless, it is widely accepted that GMCs form in the disk of the
Milky Way as the molecular gas enters the spiral wave pattern of the gravitational potential
energy of the Galactic disk (Elmegreen, 1994). The gravitational collapse occurs more
rapidly in the spiral arms than the interarm regions owing to the weaker tidal shear forces in
the former (Luna et al., 2006). This is supported observationally, as GMCs are seen to be
constrained to the spiral arms of the Milky Way (Stark & Lee, 2005). The GMCs are broken



Figure 2.1: The image of W51 giant molecular cloud. The left most panel illustrates
the composite image with X-ray data from Chandra (blue) and Spitzer (orange and yellow-
green). The image in X-ray alone is shown in the middle panel. The right most panel depicts
the infrared image. W51 is just 17,000 light years away from Earth. The Chandra data show
that the X-ray sources in the field are found in small clumps, with a clear concentration of
more than 100 sources in the central cluster, called G49.5 — 0.4. This cluster harbours two
massive star-forming clumps bound by a Roche lobe potential (Nanda Kumar et al., 2004).
Image credit: X-ray: NASA/CXC/PSU/L. Townsley et al. (2014); Infrared: NASA/JPL-
Caltech.

down to substructures “clumps” and “cores”, based on their sizes and number densities.
This hierarchical naming convention for the fragmentation within the clouds is propounded
by Williams et al. (2000). Clumps have number densities, n(H,) ~ 103 cm™ (Larson,
2003) whereas “cores” are denser with number densities, n(H,) ~ 10° cm™3 (Churchwell,
2002). The cores are the sites of star formation which can generate single, binary, multiple
stellar systems. As for the formation of massive stars, it occurs in regions with elevated
molecular gas density, roughly coincident with the line of sight tangent to spiral arms (Luna
et al., 2006). GMCs harbour most of the massive star formation in the Galaxy (Luna et al.,
2006; Mac Low & Klessen, 2004; McKee & Ostriker, 2007; Zinnecker & Yorke, 2007).
However, it is worth noting that a vast majority of the gas in GMC does not contribute to star
formation. This is attributed to the small fraction of gas present in dense clumps (Padoan,
1995; Hartmann et al., 1998; Zinnecker, 2002), and the turbulence and magnetic field effects

that support molecular clouds on large scales against collapse (McKee & Ostriker, 2007).



2.2 Low mass star formation

2.2.1 Cloud collapse and formation of protostars

In this section, we discuss the formation of pre-nuclear-burning objects known as protostars
from interstellar molecular clouds. For a star with M < 8 Mg, this phenomenon is relatively

well understood. For a spherical cloud in hydrostatic equilibrium,

Cclz_f _ _Gp(i;)zm(r) 2.1
where m(r) is the enclosed mass, P is the pressure, r is the radius, p(r) is the density of
the gas at radius r and G is the gravitational constant. The cloud becomes unstable when
the kinetic energy of the gas pressure fail to balance the potential energy of the internal
gravitational force. Isothermal clouds are stable when their mass is below a critical mass.
However, the cloud begins a process of runaway contraction once it exceeds a critical mass,
and this will continue until some other force can impede the collapse. This critical mass is

defined as Jeans mass M; (Shu et al., 1987b)

3/2 1/2
M, = SkpT 3 2.2)
umpgG 4rp

where p and T are the density and temperature of the cloud, my is the mass of the hydrogen
atom, p is the mean molecular weight and G is the gravitational constant. The gravity
remains dominant, once it has overcome gas pressure (Zinnecker & Yorke, 2007). A

uniform sphere of gas with no pressure support will collapse on a timescale given by the

1/2
3n
= 2.
Y (32Gp) 2

free fall timescale,

For a cloud of typical density ~ 10> cm™3, the free fall timescale is of the order ~ 10°
years. As long as the original density of the spherical molecular cloud is uniform, all parts
of the cloud will take the same amount of time to collapse, and the density will increase at
the same rate everywhere. On the other hand, if the cloud is somewhat centrally condensed
when the collapse begins (p o r~2), the free-fall time will be shorter for material near the
centre than for material farther out (Larson, 2003). This onsets the formation of a central
protostar within the collapsing core. During the gravitational collapse, the centrifugal forces

increase due to the conservation of angular momentum, leading to the formation of a disc
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Figure 2.2: This view of a protostellar object called HH-30 reveals an edge-on disk of
dust encircling a newly forming star. Light from the forming star illuminates the top and
bottom surfaces of the disk, making them visible, while the star itself is hidden behind the
densest parts of the disc. Image credit and copyright: C. Burrows (STScl & ESA), J. Hester
(Arizona State University), J. Morse/STScl and NASA.

structure around the central protostar (Zinnecker & Yorke, 2007). The material is then
accreted through this disc in to the central core (e.g. Shu et al., 1987a). The accretion rate
is believed to be more rapid in the earlier stages of protostar formation (Larson, 2003). The
accreting matter that feeds the circumstellar disc also generates a highly collimated bipolar
jet and the magnetic forces in the accretion disc instigate the initial outflow (McKee &
Ostriker, 2007). Outflows are regarded as a ubiquitous feature of low mass star formation
(Arce & Sargent, 2006). As for the low mass stars, the accretion halts when the star enters
the hydrogen burning phase, as the strong stellar winds produced thwart further accretion of
matter. The bipolar jet and circumstellar disc of the protostellar object HH-30 is illustrated

in Figure 2.2.

2.3 High Mass star formation

Although high-mass stars (M > 8 M) dominate the luminosity, chemistry, and energy
input in galaxies, their formation mechanisms still remain unclear. This is in contrast
to low mass star formation, where the paradigm is relatively well understood. One of
the key hindrances in understanding massive star formation is that they form in clusters,
deeply embedded in high density gas and dust (Lada & Lada, 2003). This obscures their
observation in optical and near-infrared wavelengths. Further, the clustered environments
put additional constraints on their study, as each member of the cluster can be in different
evolutionary phase or can possess different masses. High-mass stars can begin burning

hydrogen while the outer envelope is still collapsing. Furthermore, high-mass stars are

8



1010
— tkn

—— tace(M = 10"% Mg/yr)
— taee(M =10"* Mg /yr)

10°

10% .

107

106

time (yrs)

10°
10*

10°

10 15 20 25 30
Mass (M)

wr

Figure 2.3: Kelvin-Helmholtz timescale vs. accretion timescale of high mass stars vs. low
mass stars, for varying accretion rates. Unlike low-mass stars, high mass stars do not have a
pre-main sequence phase where they have stopped accreting. It can also be seen that for any
reasonable accretion rates, the Kelvin-Helmholtz contraction time is less than the accretion
time for high mass stars (Schilke, 2015).

much rarer (due to the steep dependence on mass in the initial mass function) and their
formation is an ephemeral process. All these are in stark contrast to low mass star formation,
as these objects are much more ubiquitous, formed in relative isolation and are long-lived.
The difference in formation timescales of high and low mass stars can be ascribed to the
variations in their accretion and Kelvin-Hembholtz timescale. The accretion timescale is

given by,
M.

M.

2.4)

tace =

where M., is the mass of the core and M, is the mass accretion rate. The time required to
radiate the current gravitational binding energy of the star at its current luminosity is called

the Kelvin-Hembholtz timescale,
GM?
RL

where R, L and M are stellar radius, luminosity and mass respectively. This is the timescale

IkH ~ (2.5)

on which the star would contract if its nuclear energy sources were turned off. For high
mass stars fxy < tqcc (Figure 2.3). This is due to the fact that 75y is luminosity dependent
and L o« M® (where @ > 2). A lower Kelvin-Helmholtz timeline implies that the fusion
commences before the object has stopped accreting. The resulting luminosity generates

an extreme outward radiation pressure, which thwarts further accretion of matter (Beuther



et al., 2007). This effect may limit the upper mass of stars (~ 30 Mg) that can form
by accretion (Palla & Stahler, 1993). However, observations show that stars with masses
150 My and above exist (Figer et al., 2005; Crowther et al., 2010), and their formation
mechanism still remains highly debated.

Several theoretical models have been proposed to shed light on the formation of massive
stars. The three main theories amongst them are: monolithic collapse of a massive quasi-
hydrostatic core (McKee & Tan, 2003); competitive accretion (Bonnell et al., 2001; Bonnell
& Bate, 2006) and stellar collisions (Bonnell et al., 1998).

2.3.1 Monolithic collapse

McKee & Tan (2003) envisage the massive star formation as a scaled up version of low mass

star formation via the monolithic collapse of massive prestellar cores that are supported by

turbulence rather than thermal motions. Therefore, this model is also called turbulent core

model. The stability of the prestellar cores are characterized by their virial parameter, @,;,,
502, R

1D ¢ 2
(l 'r = .6
v GM, 2.6

where o p is the core’s 1D velocity dispersion, M, and R, are the core mass and radius,
respectively (Bertoldi & McKee, 1992). When «a,; > 1, the core is said to be stable
against gravitational collapse, whereas cores with «,; < 1 are unstable to collapse. Here,
we have neglected the effect of external pressure and magnetic fields. The turbulent
core model suggests that the cores that form high-mass stars are highly supersonically
turbulent, i.e, a,; ~ 1. The resulting formation timescale is several times the core free-fall
timescale (777 < 10° yr), and the high degree of turbulence causes clumping, resulting
in high accretion rates (Myee ~ 107 = 1073 Mg s7!) that can overcome the radiation
pressure associated with the star’s large luminosity (McKee & Tan, 2003; Rosen et al.,
2019). This has also been supported observationally, as massive cores are found to live
in highly pressurized environments and are characterized by nonthermal turbulent motions
that dominate over thermal motions (e.g., Tan et al., 2013; Zhang & Tan, 2015; Liu et al.,
2018). Moreover, the high angular momentum of the core leads to the formation of an
optically thick accretion disc around the accreting massive star as the core collapses and
delivers material at high rates via gravitational torques to the star (Yorke & Sonnhalter,
2002). The monolithic collapse model requires the presence of stable, massive starless

cores, possibly up to of order 10% Jeans masses (Tan et al., 2014) — with more massive stars
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Figure 2.4: The gravitational potential of the forming star cluster, due to both the gas and
the stars, funnels gas flow towards the centre of the potential (Wright, 2015).

formed from more massive cores. Although this model successfully explains the formation
of isolated massive stars, there are no conclusive detections of starless massive cores, yet
(e.g. Motte et al., 2018; Massi et al., 2019).

2.3.2 Competitive accretion

The competitive accretion, as the name suggests, is a gravitational competition for gas within
dense stellar clusters (Bonnell et al., 2001). According to this model, the gravitational
potential energy of the entire star forming region will be greatest at the centre, resulting
in an enhanced accretion rate towards the centre. Thus, the stars that are located near the
cluster centres become more massive, primarily due to their location. The central protostars

grow through Bondi-Hoyle accretion, where the accretion rate is given as
M ~ 7TR2,0V 2.7)

where p is the ambient density, v is the object’s velocity, R is the Bondi radius, defined
as 2GM /c%. Competitive accretion requires a distributed gas reservoir with initially low
velocity dispersion, as expected in a turbulent medium™®. This model can explain how the
total stellar mass of a cluster is related to the most massive star within. It can further shed
light on the distribution of stellar masses, the mass segregation of young stellar clusters,
and the high binary frequency and properties of massive stars. A schematic illustrating the

competitive accretion process is shown in Figure 2.4. One of the main challenges faced by

*The velocity dispersion of dense regions in turbulent media is typically lower due to (i) smaller physical
size of the region (ii) anti-correlation between density and velocity (e.g. Offner et al., 2009)
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Figure 2.5: Schematic of evolutionary stages of high mass star formation. Image credit:
Cormac Purcell

this process is the effects of radiation pressure, which puts major constraints on Bondi-Hoyle
accretion, especially for stars with M > 10 Mg (Edgar & Clarke, 2004).

2.3.3 Stellar collisions

It is also proposed that high mass stars can form via the collision and merging of two or more
stars in dense systems (Bonnell et al., 1998; Bonnell, 2002). This theory was primarily put
forward to account for the gas accretion despite extreme radiation pressure. Although, the
radiation pressure problem in the context of accretion was resolved with the help of disc
structures, stellar collisions are shown to contribute to the formation of some massive cores
observed (Takahira et al., 2014). A collisional build-up of high-mass stars is more feasible
for the most massive stars in extremely dense clusters (~ 108 pc_3) (Tan, 2007). However,
such clusters are not generally observed. The N-body simulations performed by Baumgardt
& Klessen (2011) bolster accretion as the favourable mechanism for massive star formation,

with stellar collisions playing a minor role.

2.4 Evolutionary phases of high-mass star formation

For sun-like stars, the observed pre-main sequence evolutionary stages have been divided
into four major classes: Class 0, I, II and III, based on the shape of their spectral energy dis-
tributions (SEDs) from near-infrared to submillimeter wavelengths (André, 2011). Class 0
sources (Tp,; < 70 K) are low mass protostars, whose SEDs peak longward of 100 um in
the submillimeter domain, and have very weak emission (and are often undetected) at near-
and mid-infrared wavelengths. These sources are surrounded by a massive envelope and a

disc. The ages of Class 0 protostars are just a few x 10* years. Class I sources belong to
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the late accretion phase, where they are slowly accreting the rest of the final stellar mass.
Similar to Class 0 sources, the Class I objects are surrounded by a remnant envelope and
massive circumstellar disk. They peak at mid-and far-infrared wavelengths and lasts few
x 10° years. Class II sources are devoid of any envelope, but possess an optically thick
accretion disc, generating the observed excess infrared emission. Most of the classical T
Tauri stars belong to this class. Class III stars are post-accretion but still pre-main sequence
stars. They are also called weak lined T Tauri stars. Unlike the case for low-mass stars,
high-mass star formation lacks a firmly established observational evolutionary sequence.
This is mainly due to the fact that massive stars, still deeply embedded in their natal cloud,
undergo collapse and accretion while burning hydrogen in their core. Therefore, massive
stars do not have an observable pre-main-sequence phase. Despite the lack of an evolution-
ary sequence, there are certain objects that indicate the evolutionary stages of high-mass
star formation. A brief discussion on each of these evolutionary indicators is presented in

the following subsections.

2.4.1 Early stages

IR dark clouds

Infrared dark clouds (IRDCs) are the coldest and densest regions of giant molecular cloud.
They were first discovered by the Infrared Space Observatory (Kessler et al., 1996) and the
Midcourse Space Experiment (Price etal., 2001) as dark extinction features against the bright
mid-infared galactic background emission (Perault et al., 1996; Egan et al., 1998; Hennebelle
etal.,2001). These structures are ubiquitous throughout the Galaxy (Simon et al., 2006) and
are believed to be the progenitors of massive protostellar and cluster formation. IRDCs host
complexes of cold (T< 20 K), dense (n > 10° cm™3), and massive (M = 100 M) clumps
and can exhibit compact or filamentary morphologies (Lada & Lada, 2003; Pillai et al.,
2006). They are usually assumed to lie at the near kinematic distance, since a strong mid-
IR background is required to make them appear in absorptions (Rathborne et al., 2006).
There are also cases where a more evolved star forming region provide the background
emission for IRDCs, allowing us to observe them at far distances too (Giannetti et al.,
2015). They also contain jet-like outflows (Wang et al., 2011) and extended green objects
(EGOs) (Yu & Wang, 2013), both of which are indicators of massive young stellar objects.
The internal structure of IRDCs are best studied in millimeter/submillimeter wavelengths,
as their thermal emission peaks at those wavelengths due to their low temperatures. This

allows to trace column density and mass more accurately, as millimetre dust emission is
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Figure 2.6: The three-colour image for IRDC G31.97+0.07 at large scale, red: JPS 850
um, green: MIPSGAL 24 pm, blue: GLIMPSE 8 um. Red dashed lines indicate the
filamentary structure. The positions of H II regions identified by Anderson et al. (2014) are
represented by the magenta dashed circles. Green and yellow crosses represent the positions
of millimetre cores and compact sources, respectively. Image credit: Zhou et al. (2019).

optically thin.

HMPOs and HMCs

High Mass protostellar objects are observationally characterized by high luminosities
(L > 10°Ly), strong dust emission, and very weak or no detectable free-free emission
(from ionized gas) at centimetre wavelengths (Beuther et al., 2002; Sridharan et al., 2002).
This categorizes them as one of the earliest stages of high mass star formation. HMPOs are
usually formed in clusters, deeply enshrouded in gas clouds. This impedes the formation of
a detectable H II region, despite their high luminosities. They are believed to harbour un-
resolved internally heated gas cores at their centre. HMPOs have masses and sizes ranging
from a few 100 to a few 1000 My and 0.25-0.5 pc respectively, similar to that of IRDCs.
However, their temperatures (~ 22 K) and densities (n > 10° cm™3) are higher than what is
observed in IRDCs.

Hot molecular cores (HMCs) (Kurtz et al., 2000; Cesaroni, 2005) are considered as the
precursors of high-mass stars. They are also known for their rich chemistry, a consequence
of the evaporation of dust grain mantles by the strong radiation of the deeply embedded
early-type stars (Beltrdn & Rivilla, 2018). HMCs are small (diameters < 0.1 pc), dense
(n > 107 cm™3), hot (T > 100 K), and dark (4, > 100 mag) molecular cloud cores (Nomura

& Millar, 2004). The observed high molecular densities are believed to be an indicator
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Table 2.1: Physical parameters of H1I regions (Kurtz, 2005a).

Class of region  Size Density Emis.Meas. Ionized mass
(p)  (em™)  (pcem™®) Mo

Hypercompact < 0.03 > 10° > 1010 ~1073

Ultracompact < 0.1 > 10* > 107 ~1072

Compact <05 >5x10° >10’ ~1

Classical ~ 10 ~ 100 ~ 100 ~10°

Giant ~100 ~30 ~5x10°  10°-10°

Supergiant > 100 ~10 ~10° 10°-10%

of luminous high mass star formation, which yields a large mass of high temperature
gas. HMCs are characterized by actively accreting protostars, prior to the formation of
ultracompact H1I regions (e.g., Kurtz et al., 2000; Beuther et al., 2006b).

2.4.2 Evolved stage

H II regions

HII regions are formed when hydrogen is ionized in the gas clouds. The conversion of
HI to HII occurs when they are exposed to intense UV radiation beyond the Lyman limit
(13.6 eV). Since, only high mass stars are capable of generating significant amount of Lyman
continuum photons, H II regions are considered as a tracer of massive star formation (Hoare
etal., 2007). They are best observed in radio and IR wavelengths, as they are characterized
by thermal emission from surrounding warm dust and free-free radiation.

HII regions are classified as Hypercompact (HC), Ultracompact (UC) (Kurtz, 2005a;
Hoare et al., 2007), compact and classical/extended regions (Mezger et al., 1967; Yorke,
1986). Table 2.1 shows the properties of each of these regions. Both HC and UC HII
regions represent small, growing pockets of ionized gas around newly formed massive stars.
HC HII regions are much smaller compared to UC H1II regions, indicating that the former
represents ionized gas around a single star in contrast to the latter which corresponds to
a stellar cluster (Kurtz, 2005b). Compact and classical HII regions, on the other hand,
are manifestations of hydrodynamical expansion of the entire gas, leading to the disruption
of the parent molecular cloud. This reveals the embedded high-mass and low mass stars,
that can be observed in optical and near-IR wavebands (Carpenter et al., 1990; Zinnecker
et al., 1993). Classical HII Regions are diffuse ionized nebulae surrounding hot O and B
stars. Initially, UC H II phase was considered as the transition phase between the HMC and
the compact H1I regions, until Gaume et al. (1995) identified the first hypercompact H 11
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region. However, there is an ongoing research to understand if HC H1I regions indicate an
evolutionary stage prior to the formation of UC HII region, or instead represent a different
class of objects.

Although short-lived (a few million years), HII regions play a profound role in the
propagation of star formation through molecular clouds. Star formation can be triggered
in HII regions either due to the compression of pre-existing clumps due to shock waves
propagating from supernovae (‘globule squeezing’), accumulation of gas into a dense
shell leading to the gravitational collapse into cores (‘collect and collapse’) or due to the
gravitational instabilities prompted by the collision of clouds (Elmegreen, 1998). The
‘collect and collapse’ model is one of the simplest models of triggered star formation,
where an expanding HII region sweeps up a dense shell of molecular material, allowing
the formation of massive molecular fragments. However, it has to be noted that events such
as expanding H II regions can sometimes quench star formation by causing the dispersion
of gas and dust; depending on the gas structure amongst many other factors (Shima et al.,
2017).

2.5 Probing massive star forming regions

Massive star forming regions of our galaxy are known to be the sites of complex physical
and chemical processes, particularly involving dust grains. The earliest stages of massive
star formation, prior to the formation of any embedded heating source, are characterized
by strong cold dust and gas emitters at FIR/sub-millimeter wavelengths, and weak or non-
detections in the mid-infrared (MIR) because they have not yet heated a warm dust cocoon
(Beuther et al., 2006a). The eventual collapse and heating up of the cold, dense cores,
marks the beginning of the hot core phase. The mid-infrared, provides the only access
to rovibrational transitions and molecules with no permanent dipole moment, and probes
hot core material closest to embedded protostars. Hence, high mass star forming regions
can be probed by blind surveys at different wavelengths. The cold and massive molecular
cloud cores, that constitute the early stages of high-mass star formation, are best detected by
an unbiased, large survey at far-infrared and sub-millimetre wavelengths. The HMPOs are
identified by mid-infrared surveys. Typically, in this stage, the objects are not yet surrounded
by larger amounts of ionized hydrogen. The ultra-compact HII regions emit strongly at
radio wavelengths, hence, these objects can be best found by radio continuum surveys.
Apart from these large surveys, another effective way to trace high-mass star formation is

by observing astronomical masers. They are the microwave analogue of lasers, occurring
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naturally in interstellar space. Since different masers need different physical conditions for
them to get excited, they signpost different evolutionary stages of massive star formation,
including the very elusive early stages (Ellingsen, 2004). Masers are bright and compact
sources, making them ideal for investigating the kinematics and physical conditions within
the massive star forming region at milli-arcsecond resolution. A more detailed discussion

on astronomical masers is provided in the upcoming chapters of this thesis.
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Chapter 3

Astronomical Masers

3.1 Introduction

Maser stands for ‘Microwave Amplification by the Stimulated Emission of Radiation’.
Maser, like its optical counterpart (Laser), involves coherent emission of radiation but at
microwave or radio frequencies. The emission is amplified through population inversion
of molecular energy levels. When masers occur naturally in interstellar space instead
of laboratory environments, we call them astronomical masers. The maser phenomenon
in the cosmos was an unexpected discovery when an emission from an unknown source
at a frequency of 1665 MHz was observed. This was soon identified as simultaneous
detections of four OH lines that were not in thermal equilibrium with each other, resulting
in anomalous radiation patterns (Weinreb et al., 1963; Weaver et al., 1965). Soon it
became evident that owing to the relatively low densities, equilibrium distributions of
level populations are the exception rather than the norm in interstellar clouds. Deviations
from thermal equilibrium are likely to cause population inversion, which results in maser
amplification. This phenomenon is not limited to OH molecule and has been detected in
many more molecular species such as H,O, SiO, CH3;0H, NH3;, CH,O, CH and HCN. A
general description of the theory of maser emission, pumping mechanisms, saturated and
unsaturated masers are presented in this chapter. We also introduce the basic concepts
of transfer of radiation through interstellar and intergalactic space. Most of the material
discussed here are taken from Rybicki & Lightman (1985) and Elitzur (1992).
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3.2 Some basic concepts

3.2.1 Radiative Transfer

The variation of the intensity of radiation propagating through space is described by the

equation of radiative transfer,
di,

dl

where [, represents the specific intensity of photons at a given frequency v, passing through

=-a,l, +J, (3.1)

an area dA, with direction within solid angle dQ, travelling along a distance /. The
attenuation per unit length at frequency v is given by the absorption coefficient a,, (cm™),
while the intensity generated per unit length is described by the volume emission coefficient

3

7, (erg cm™ s7! ster™! Hz™!). In free space,

dl,
— =0 3.2
T (3.2)

3.2.2 Optical Depth

Equation (3.1) takes a much simpler form if, instead of /, we use another variable 7, called
the optical depth, defined by
dr, = a,dl 3.3)

or

l
TV:/ a,(l)dl (3.4
0

Optical depth is measured along the path of a travelling ray where 7, increases backwards
along the path [ and has the value zero at the observer. If 7, > 1, the medium is said
to be optically thick or opaque, implying that no emission beyond that region is reaching
the observer. On the other hand, when 7, < 1, the medium is said to be optically thin or
transparent, with all emission reaching the observer.

The transfer equation, after dividing by «,, can be written as,

dI
Y =—I,+8, (3.5)
dr,
where
Sy =jv/ay (3.6)

is the source function. The radiative transfer equation can be solved by regarding all
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quantities of Equation (3.1) as functions of the optical depth 7, instead of / and integrating

over an entire region,
Ty ,
Lr) = L™+ [ s (xar (3.7)
0

where 7,(0) is the original intensity of the radiation located away from the observer.

3.2.3 Einstein relations

Consider a two level atom (levels 1 and 2) with energies E| and E, > E| and a radiatively
allowed transition between the two states with exchange energy hvyg = E, — E. Let g
and g, be the degeneracy factors in populating that state with electrons (statistical weights).
Assume that the transition has some finite width in frequency defined by some functional
form called the normalized line profile function ¢,. Following the assumption that 1, does
not vary significantly across Av, we must recognize that the energy difference between the
two levels is not infinitely sharp but is described by a line profile function ¢,, which is

sharply peaked at v = vy and which is conveniently taken to be normalized:

/ dve, =1 (3.8)

There are three types of radiative transitions that are possible: spontaneous emission,
absorption and stimulated emission. Their probability of transition from state 2 to 1 (state 1
to 2 in the case of absorption) are given by A;;, Bj; and By respectively. These are called
Einstein’s coeflicients. A simple sketch illustrating the same is given in Figure 3.1.

In thermal equilibrium,

on
a—tz =J,(vo)B12 — naJ,(vo)Bay —n2Az =0 (3.9)

where n;| and n, are the number densities of atoms in levels 1 and 2 respectively. J, is the

specific intensity averaged over all solid angles:

1
J, = —/I,,dQ (3.10)
4

Solving for J, and plugging in the Boltzmann relation,

n (Ep—Ey)
_1 = &e kT

na 82

(3.11)
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Figure 3.1: Illustration of Einstein’s two level atom.

we obtain,
As1/B
Jy(vo) = 21/ B (3.12)
(81/82)(B12/B21)eo/kT — |
For 1, — oo,
2hv3/c?
S = By =2 =g (3.13)
Equating the coeflicients, we obtain the Einstein relations,
A 2hv3 B
A21 O und 81 2 _ 4 (3.14)

By 2 82B2i
3.3 Maser Theory

3.3.1 The two level model and Rate equations

Finding solutions to the level population problem is a formidable task in itself, as many of
the levels are coupled either directly, or indirectly. A basic idea of exchange of population
between different levels can be obtained if we study a simple, isolated two level system.
We discuss here a two level system with energy separation AE, with n; and n, being the
number density of particles in lower and upper levels, respectively. The rate equation for
such a system is defined as,

ony ons -

=T n2(Ca1 + Az1) —niCrz + J(n2Bay — nyBi2) (3.15)
Here, Bi», By; and A, are the Einstein coefficients, J describes the radiation field and

C12 and Cy; are the collision rates. Population inversion can’t be produced from the rate
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equations derived above, as they only describe particle exchange between two levels with
rates that obey detailed balance relations. It can only occur as a result of particle cycling
through other levels. A description of the maser effect therefore requires a generalization of
the rate equations to include also system gains and losses due to population exchange with
other levels that do not directly interact with the maser radiation. We introduce a loss rate
I" (s7') and a pump rate per unit volume P; (cm~ s~!), for each of the two maser levels.
These terms describe the interaction with all other levels that are omitted from the maser
model since they do not couple to the maser photons. Because the particles in those other
levels are unaffected by the maser radiation, the corresponding frequency distributions can

be expected to follow the Doppler profile,

2

e (3.16)

1

$(v) = -
where x = (v — vp)/Avp and Avp = vo(Avp/c). The density of those particles whose
transition frequency has been shifted to v from their original frequency v as a result of their
random velocity - when the populations are distributed by the Doppler profile - is denoted
by n;y (cm™3Hz™"), where n;, = n;¢(v). Let the pump rates into the frequency interval [v,

v+dv]are P;,, = Pi¢p(v) (cm™3 s~! Hz™1). Then the rate equations for the upper and lower

levels are,
ona,
5 = Pw- [onyy = Agingy — J,(n2yBay — n1yB12) — (n2,Ca1 — n1,,Cr2) (3.17)
ony
atv = Py —Thny + Agingy — Jy(n1yBia — n2y B21) — (n1,Crz2 — n2,Cap) (3.18)
where J, is the angle averaged maser intensity. We can assume steady state, i.e, % =0,

as astronomical masers are stable over periods much longer than any timescale in the
rate equations. The quantities relevant for maser gain are the populations per sub-level,
fi;y = n;,/g;. To make the algebra even more simple, we will assume equal statistical weights
and loss rates, i.e. g = g» = g and that '} =", = I'. With the aid of Equation (3.13) and
using the fact that g;C» = g2C»; exp(—AE /kT), the steady state level population equations
for the maser become,

0 = poy —TIay — Aaifiny — Bo1Jy(fiay — 7i1y) — Cay [ﬁzv - ﬁlyé’_AE/kT] (3.19)

0 = piy,—Tiy + A, + BaJ,(fiay —iiyy) + Coy [ﬁzv - fllve_AE/kT] (3.20)

where p; = P;/g; are the pump rates per sub-level.
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Adding the above two equations and cancelling out the exchange terms between the two

levels, the overall population of the maser system becomes,
ny = A1y + 7y = ﬁ¢(v) (321)

where 71 = (p1 + p2)/T". Equation (3.21) tells us that the overall population is distributed
according to the thermal profile, irrespective of the maser intensity.

3.3.2 Population Inversion

In order to study the interaction of the maser particles with the radiation they generate, we

can solve Equation (3.20) for the population difference,
Afiy, = fipy — 71y (3.22)

Here we are not taking into account the spontaneous decays and collisional exchange terms
provided A;; and C,; are much less than I'. With these simplifications, the population

difference Ar7i, can be derived by subtracting Equations (3.19) and (3.20).

o
Ay = === (7). (3.23)
I+
where
Ao =Ap/T, Ap=pa=pi. Jy=T/2B2 (3.24)

When the maser is so intense that J, > J, the frequency dependence of A7, can deviate
from the profile shape ¢(v).

For the population inversion and maser action to occur, it is required that the pump rate
per sub-level of the upper state must exceed that of the lower state. In other words, p; > pg.
The efficiency of the inversion process is characterized by the parameter

- A
P27 P20 g (3.25)

P2+ Ppi1 nl

One can derive an excitation temperature 7,o from Ang, the population difference in the

absence of maser emission (J, = 0), which is negative for an inverted population.

i hy 1 -
eIy 2 2 P2y ) Y (3.26)

ﬁlv Pl k 277
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Figure 3.2: Maser intensity plotted against optical depth.

The excitation temperature is independent of the pumping rate and is exclusively determined
by the inversion efficiency 7. |Tx0| becomes smaller as the pumping becomes more efficient
(n — 1). In other words, strong inversion corresponds to small |Tx0|-

The absorption coefficient depends on the population difference and is given by
ay = (i1 — fiz)g2Barhve(v) [4n (3.27)

Hence, we can write the absorption coeflicient for the maser as

aQy

a, = m, agy = AfiggaBa1hve(v) /4n (3.28)

Note that the absorption coefficient is negative and @, must be written as |a, |, as there is
population inversion. The frequency dependence of the opacity (pk, = @, ) can deviate
from the profile of ¢(v) when the intensity is high enough such that J, > J;, as in the case

of population difference.

3.3.3 Unsaturated Vs Saturated Masers

Masers have two operational modes - unsaturated and saturated. For unsaturated masers,
the maser intensity grows exponentially with the path length whereas for saturated ones, the
growth in intensity is linear. A maser remains unsaturated as long as the pumping processes
can maintain the population inversion against the growing losses by stimulated emission.
Mathematically, for the case of unsaturated masers, the population difference A7, becomes
independent of the maser radiation field and @, = aq,, when J, < J;. Hence, the intensity

of maser grows in proportion to e®! Once J, > J,, the conversion efficiency (J,/(J,+Jy))
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of inversions to maser photons approaches unity and the maser saturates. The sequence of
events that might lead to maser saturation can be described as follows:

Consider a two level system with a large number of atoms in state 2. If a photon that
has energy E, — E interacts with one of these atoms, we get two identical photons. Both of
these photons can then interact with other atoms in state 2 giving 4 photons. This leads to an
exponential amplification of the number of photons. If this increasing number of photons
continues to propagate through the atoms, a point will eventually be reached where there are
more photons with energy E; — E then there are atoms in state 2 for them to interact with.
This means that we transition from an exponential amplification (from photon doubling) to
a linear amplification (from continuing to travel through a medium with some density of
atoms in state 2). This is called saturation. Figure 3.2 shows intensity /, as a function of

optical depth 7. The discontinuity in the derivative on the graph is the saturation point.

3.3.4 Pumping in masers

If we have maser emission, there must be a population inversion in the source, so that
light amplifies through it. Maintenance of the inversion requires a pumping mechanism.
Three types of mechanism can contribute to the overall pump: collisions with partner atoms
and molecules, which, in astrophysics, usually means a mixture of atomic and molecular
hydrogen plus helium; radiation, usually of far-infrared (FIR) wavelengths; and chemical
reactions, which, when forming the maser molecule, leave it in the upper state of a maser
transition (Gray, 1999).

In order to comprehend the pumping mechanism better, consider a “three” level energy
model (Figure 3.3), that describes the population of each energy level causing a maser
transition. Here, level 3 actually represents all levels above level 2. The values P; and I';
represent the pumping from all other energy levels in to the maser levels and energy loss
from maser levels in to any other energy, respectively.

In collisional pumping, collisions with other species in the ISM must occur with different
collision cross-sections, for the population inversion to take place. This leads to either the
depletion of population in level 1 or transitions from level 3 into level 2, causing an over
population in the upper maser energy level. However, too high an amount of collision
would result in the thermalization of the gas and stop the maser. In other words, collisional
pumping can be limited by the collision rates.

In radiative pumps, the main mechanism that causes the population inversion is radiation

from an external source. Considering the energy level system shown in Figure 3.3, under
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level 3"

level 2

Figure 3.3: Illustration of a simple “three” level model for maser emission (Reid & Moran,
1988).

normal conditions a population inversion due to radiation should not be possible. In other
words, pumping radiation is behaving like a black body. On the other hand, if the radiation
deviates from this distribution, population inversion can occur. One possibility is maser
molecules mixed with optically thin dust where the intensity is frequency dependent, i.e, the
optical depths for particular transitions may be different, causing the population inversion

by which more level 1 molecules are excited to level 3.

3.4 Maser Linewidths

As discussed in section 3.3.3, unsaturated maser intensity grows in proportion to e?>!. The
amplification is stronger at the line-centre frequency than at the line wings, since aj, is
sharply peaked there. The amplified line is also narrower than the input line. For instance,
consider amplification when the maser gain is Doppler-shaped and the input signal has a

Gaussian frequency distribution with some width Avg. That is,

I, = Ioe_xzmg T, = Toe_x2 (3.29)

where x is the dimensionless frequency shift from line centre given by x = (v — vo)Avp

(Avp is the Doppler linewidth) and 69 = Avy/Avp. The intensity of the amplified line then
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Figure 3.4: Simulated line narrowing of a Gaussian Doppler broadened spectrum at low
saturation (Gentry, 2013).

becomes,

I, =1 exp[—xz/é(z) + 10 exp(—x?)] (3.30)
~ Iy exp (7o) exp[—x*(1/6% + 10)] (3.31)

The linewidth of this distribution is,

AVD

Thus, during unsaturated amplification:

1. Input continuous radiation (69 — o) will be processed into a line whose width is

AVD/T(:/Z

2. A Doppler-shaped line (6o = 1) will become narrower by the amount (1 + 79)!/?

3. The profile of an extremely narrow input signal (6(2) < 1/1p) will remain unchanged.

Figure 3.4 illustrates the line arrowing, when the amplifying gas has the same tempera-
ture (and thus the same velocity dispersion) as the radiation source gas (i.e, 69 = 1). Such
line narrowing has been clearly seen narrowing spectral features by at least a factor of 2—3.
In the scenario where there are two gas clouds with the same thermal velocity dispersion, an
emission line emanating from one cloud will have a narrower width after it passes through
the other only if there has been population inversion. A value of ag,/ ~ 16 — 25 is required

to provide enough gain to explain the observed brightness temperatures for many masers.
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Hence, the line widths of unsaturated masers should be narrower, by a factor of 4 to 5,
compared to the thermal line width (Bouton et al., 2012). For example, the unsaturated
1.667 OH maser linewidth is < 0.24 km s~! (Wright et al., 2004), whereas the thermal
linewidth of OH molecule is typically 0.57 km s~! (Bains et al., 2003).

It has to be noted that narrowing cannot continue indefinitely. When the maser emission
saturates, the intensity at resonant frequency grows linearly with depth, and the wings grow
exponentially. Here, the line ceases to narrow further, and the wings grow relative to the

peak, which leads to rebroadening of the spectral line.
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Chapter 4

Methanol masers

4.1 Introduction

The methanol molecule (CH3OH) is an asymmetric top molecule. The chemical structure
of the molecule is shown in Figure 4.1.

Methanol has been observed abundantly in both the gas phase (Friberg et al., 1988;
Turner, 1998; Parise et al., 2002; Bergman et al., 2011; Wirstrom et al., 2011; Guzman
et al., 2013; Oberg et al., 2014; Taquet et al., 2015) and the solid state (Grim et al., 1991;
Allamandola et al., 1992; Skinner et al., 1992; Chiar et al., 1996; Dartois et al., 1999; Gibb
etal., 2000; Pontoppidan et al., 2003; Taban et al., 2003; Boogert et al., 2008; Bottinelli et al.,
2010). The formation of methanol is thought to be most efficient by solid state interactions
on icy grain mantles. Chemical models that simulate the formation of methanol through
gas phase chemistry provide abundances orders of magnitude below the observed fractional
abundance of the methanol molecule (Garrod et al., 2006; Geppert et al., 2006). On the
other hand, solid state laboratory studies show that CH3OH is efficiently formed in CO-rich

Figure 4.1: Chemical structure of a methanol molecule.
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Figure 4.2: Synthesis of methanol molecule via grain-surface reactions. Solid boxes show
molecules observed in interstellar ices, whereas dashed boxes show those observed in gas
phase (van Dishoeck & Hogerheijde, 1999).

ices through sequential hydrogenation of CO (Hiraoka et al., 1994; Watanabe & Kouchi,
2002; Fuchs et al., 2009). Figure 4.2 illustrates the formation of methanol molecule via
hydrogenation of CO the molecule (van Dishoeck & Hogerheijde, 1999). These findings
are also in agreement with spectroscopic observations that show the coexistence of CO and
CH30H in CO-rich and H,O-poor interstellar ices (Cuppen et al., 2011; Boogert et al.,
2015; Penteado et al., 2015). It has also been discovered that methanol is an important
precursor in the formation of larger species (Qasim et al., 2018). The methanol molecule
fragments into smaller components upon UV irradiation, which then recombine to form
complex organic molecules (()berg et al., 2009).

Methanol molecules exist in two symmetry states, denoted by A and E, which differ in
the total spin (I) state of the hydrogen nuclei in the CHs. Species A is characterized by the
symmetric spin function (I = 3/2) and E species by the asymmetric spin function (I = 1/2).
These two species are considered independent, as the normal radiative and collisional
processes do not interconvert these symmetry states. A and E species are assumed to be
equally abundant, except at very low temperatures, where the A species becomes more
dominant (Cragg et al., 2005; Rabli & Flower, 2010). The methanol transition is written
in the form Jk in terms of labelling, where J is the rotational quantum number (selection
rule allow AJ =0, +1), K represents the alignment of angular momentum with respect to
the molecular axis. The symmetry state of the methanol transition is also indicated in the
label. The A-symmetry species has a non-negative K and has close pairing of levels, which

are labelled by a + symmetry label (related to the parity quantum number). The E-species
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Figure 4.3: Schematic diagram of the evolutionary sequence for different maser species
(Breen et al., 2010).

levels, on the other hand, are labelled by a signed K (Lees & Baker, 1968).

Methanol offers a rich selection of maser activity, which must be sorted out in some
fashion before any meaningful modelling can be attempted. A scheme that divides methanol
maser sources to two classes was put forward by (Batrla et al., 1987). According to this
scheme, methanol masers are split into two classes; class A and class B. Class A sources
were observed at typically large offsets from known tracers of star formation (UCH II regions
and strong infrared sources), whereas class B sources were observed towards the centre of
star forming regions (Batrla et al., 1987). This scheme of classification was later refined
by Slysh et al. (1994), based on the differences in their excitation mechanisms. Class I and
Class II methanol masers previously called as class A and class B, respectively) were found
to be collisionally and radiatively pumped, respectively (Cragg et al., 1992). It was also
found that both Class I and Class II masers trace star formation (Menten, 1991). The spatial
coincidence of Class I and Class II maser emission is still not clear and is an area of ongoing
research. Class I masers, that include a series of transitions near 25 GHz, as well as 36, 44,
84 and 95 GHz, are found typically offset from IR—bright areas of star formation regions
and OH or H,O masers, by up to 1 pc (Ellingsen, 2006a). Class II masers are detected
towards star forming regions, where they are associated with ultracompact H II regions and
OH/H,0O masers (Norris et al., 1987; Kemball et al., 1988; Koo et al., 1988; Menten et al.,
1988; Norris et al., 1988). While more than 20 transitions of Class II methanol masers have
been observed (Miiller et al. 2004, and references therein), transitions near 12.2 GHz and
6.7 GHz has been extensively studied, owing to its high brightness temperatures.

The evolutionary sequence for different maser species is shown in Figure 4.3/ (Breen
et al., 2010). One has to note that this is only an approximate evolutionary sequence, and

the timescales between the onset and shut off of masers are still under research.
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Transition Frequency (MHz)

9.1 = 8,-E 9936

10; —»9,-A" 23445
3, —=3,-E 24929
4, —»4-E 24933
2, =21-E 24934
5, =51-E 24959
62 —6-E 25018
72 —)71—E 25125
8, —8-E 25294
9 —9,-E 25541

10, —104-E 25878
12, —124-E 26847
13, —134-E 27473
14, —144-E 28169
15, —15i-E 28906
16; —16;-E 29637
17, »17,-E 30308
4_1 —)30—E 36169
7o —61-A" 44069
5.1 —4o-E 84521
8y —7;-A* 95169
11.; =»105-E 104300
6_1 =50 132891
90 —81-A* 146618
4, —3,-E 218440
8_1 —)7() E 229758
9_1 —=8p-E 278305

Table 4.1: Different transitions of interstellar Class I methanol maser known to date (Leurini
et al., 2016).

4.2 C(lass I methanol masers

Class I methanol masers are collisionally excited and are believed to form away from the
central protostar, at distances typically larger than 10* AU. These masers are often detected
towards Extended Green Objects (EGOs), sources that show extended emission in the
4.5 um band of GLIMPSE (Cyganowski et al., 2009; Chen et al., 2009). As EGOs are
produced by shock-excited Hy and CO (Cyganowski et al., 2008), Class I masers are thought
to be associated with shocked material in protostellar outflows. Such outflows are expected
to be most energetic and prevalent during the infall/accretion phase of star formation,
and hence it has been speculated that sources with associated Class I methanol masers
may signpost an earlier phase of high-mass star formation than those without (Ellingsen,
2005). Later, Kalenskii et al. (2010) reported that these masers are also detected from
outflows associated with low and intermediate mass protostars. However, Class I methanol
masers do not exclusively probe molecular outflows (Leurini et al., 2016). Astronomical
environments that encompass shocked gas, such as regions where supernova remnants

interact with the molecular cloud (e.g., Szczepanski et al., 1989; Haschick et al., 1990;
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Pihlstrom et al., 2011), cloud-cloud collisions (e.g., Sobolev, 1992), and layers where
expanding HII regions interact with the ambient molecular environment (Voronkov et al.,
2010), also harbour Class I emission.

All the known Class I methanol maser transitions have been shown in Table 4.1 (Leurini
et al., 2016). The transitions at 44 GHz (79 — 6; — A*) and 95 GHz (8) — 7; — A™)
are regarded as the most widespread and strongest of them all (e.g., Haschick et al., 1990;
Val’tts et al., 2000), followed by the transitions at 36 GHz (4_; — 39 — E) and 84 GHz
(5-1 — 49—F) (e.g., Haschick & Baan, 1989; Kalenskii et al., 2001; Voronkov et al., 2014).
Different transitions of Class I maser have been suggested to represent different evolutionary
stages of the source. Pratap et al. (2008) surveyed the 36 and 44 GHz Class I maser transition
towards a sample of star forming regions and found that the 36 GHz emission trace colder,
less dense environments than the latter. They categorized the objects having a 44 to 36 GHz
line ratio > 5 being more evolved and the ones having the ratio < 5 to be indicative of colder
less evolved state with no associated UCH II regions. However, modelling maser emission
is highly complicated. Therefore, the temperatures and densities provided by the models

are rather estimates than exact values.

4.3 C(lass II methanol masers

Class II methanol masers, unlike Class I masers, are found in close vicinity of star forming
regions and OH/H,O masers (Norris et al., 1987; Kemball et al., 1988; Koo et al., 1988;
Menten et al., 1988; Norris et al., 1988). Initial studies showed that Class I and Class II
maser transitions are mutually exclusive (Menten et al., 1986). This was further explained
qualitatively by Cragg et al. (1992) through statistical equilibrium calculations. According to
their study, the collisionally pumped Class I masers are produced when the local continuum
radiation is lower than the gas kinetic temperature, whereas the Class II radiatively excited
transitions dominate when the continuum radiation temperature becomes greater than the
kinetic temperature of the gas. Later, Ellingsen (2005), detected 95 GHz Class I methanol
masers towards half of a sample of 6.7 GHz Class II methanol masers, implying that Class I
and Class II emissions could coincide in star forming regions. However, it is worth noting
that the objects that cause Class [ maser emission is different from those that are responsible
for producing Class II methanol masers.

The transitions at 12.2 GHz and 6.7 GHz are the two strongest Class II methanol
maser transitions. The 5; — 6y A* line of methanol at 6.7 GHz maser emission is known to

produce the brightest emission both observationally and theoretically (Sobolev et al., 2005).
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Transition Frequency (MHz)

51 —6p At 6668.5

20 =3 E 12178.6
21 30 E 19967.4
9, —»10; A* 23121

49 -3 E 28316

8, -9 A™ 28970

7T, -8 E 37703.7
67 —53 A~ 38293.3
62 —53 A* 38452.7
Tp —81 A” 80993.3
133 514, E 84423.7
6., 7| E 85568.1
T, =63 A~ 86615.6
7, —63 A* 86902.9
83 -9 E 94541.8
3) —4g A* 107013.8
0y —>11 E 108893.9
72 —>81 AJr 1 1]289.6
8y =8 E 156488.9
2) —>30 A* 156602.3
To o711 E 156828.5
50 =51 E 157179
490 -4 E 157246

Table 4.2: List of Class II methanol maser transitions

The transition at 6.7 GHz was first discovered by Menten (1991), in observations towards
known star formation regions in the Northern Hemisphere. All the detected 6.7 GHz masers
had 12.2 GHz counterparts (Menten, 1991). Further observations showed that the 6.7 GHz
transition was more extensive than the 12.2 GHz methanol masers (e.g. Caswell et al.,
1995). Moscadelli et al. (2002) showed that the transitions at 6.7 GHz and 12.2 GHz are
co-spatial to within a few milliarcseconds, particularly where their spectra are similar. It
was later found out that the 6.7 GHz and 12.2 GHz maser emission happens in similar
physical conditions (Cragg et al., 2005). However, there is also a large fraction of 6.7 GHz
methanol masers lacking 12.2 GHz methanol maser counterparts, suggesting that they do
not cover exactly the same regions.

Blaszkiewicz & Kus (2003) detected 12.2 GHz counterparts at the 6.7 GHz transition
in all except one source of their sample, with 12.2 GHz emission being less luminous.
The estimated lifetime of 6.7 GHz methanol maser is 2.5 x 10* — 4.5 x 10* years (van der
Walt, 2005) and that of 12.2 GHz maser is 1.4 x 10* —= 2.7 x 10* years (Breen et al., 2010).
Breen et al. (2010) studied the association of 12.2 GHz masers with 6.7 GHz masers and
suggested that the 12.2 GHz methanol masers “switch on” sometime after the onset of
6.7 GHz methanol maser emission. Table 4.2/ shows a list of Class II methanol maser
transitions (Cragg et al., 2005).
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4.4 Pumping mechanisms in 6.7 GHz methanol masers

Maser emission at both 6.7 and 12.2 GHz are a result of underlying radiative processes.
Class II methanol masers appears only when the brightness temperature of the external
radiation is greater than the kinetic temperature in the source itself (Cragg et al., 1992;
Zeng, 1992; Peng & Whiteoak, 1993). The brightness temperatures of Class I methanol
masers often exceed 10'” K. The high intensities of 12.2 GHz masers was modelled by
Sobolev & Deguchi (1994) using radiative transfer in the large velocity gradient (LVG)
approximation. The masers were considered to be strongly beamed. HII regions provide
the seed radiation for the maser to amplify. The kinetic temperature of the gas was assumed
to be 20—-50 K. The actual pumping is attributed to the warm dust (100-200 K) which
surrounds the regions where methanol is abundant, providing an infrared continuum source
to pump the first and second torsionally excited states of methanol. Based on the above

models, the general conditions required for strong 12.2 GHz masers are the following:

* Hydrogen number densities (ng,) should be larger than 10% cm=.

 Methanol abundance (relative to Hy) must exceed 7 x 107".
* The kinetic temperature should be less than 50 K.
* The masers should be beamed (beaming factor, e1>3)

The 5; — 69 A* methanol line at 6.7 GHz is the brightest of Class II masers with a
brightness temperature > 10'2 K. Sobolev et al. (1997) applied the model for 12.2 GHz
masers described above, for the A species of methanol, in an attempt to explain the extremely
bright 6.7 GHz masers. They found that the 5; — 69 A* transition is pumped by the infrared
emission from local warm dust of T > 150 K which acts to excite the first and torsionally
excited states of methanol. The de-excitation happen in such a way that the spontaneous
decay favours downward transitions to levels of the ground state with K quantum number
different from that of the initial state, causing the appearance of masers. The generation
of 6.7 GHz methanol masers require gas densities of 3 X 10 < nyg, < 10° cm™ (Cragg
et al., 2005; Sobolev et al., 1997) and methanol column densities exceeding 2 x 10!> cm™2
(Sobolev et al., 1997), for them to get excited.
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4.5 6.7 GHz methanol masers and massive star formation

Since its discovery in 1991, the 6.7 GHz methanol masers have been associated with the
earliest stages of massive star formation. Several unbiased and targeted surveys for 6.7 GHz
methanol masers have been carried out in the past decades. The targeted surveys were mostly
performed towards the infrared sources or star-forming regions associated with other known
tracers of massive star formation, such as H,O or OH masers (e.g., Menten, 1991; MacLeod
& Gaylard, 1992; Caswell et al., 1995; Caswell, 1996; Ellingsen et al., 1996; Ellingsen,
2007). The advantage of blind surveys over targeted surveys is that they detect maser
emissions from multiple regions that are otherwise missed by the latter. Ellingsen et al.
(1996) conducted the first blind survey of the Galactic plane for 6.7 GHz methanol masers.
The survey covered a longitude range of 325° — 335°, latitude range of —0.53° — 0.53° and
detected a total of 50 masers, 26 of which were new detections. An unbiased blind survey
of a region at 20° < ¢ < 40°, |b| < 0°, carried out by Szymczak et al. (2002), detected
100 6.7 GHz methanol masers, among which 26 were new. Later, Pandian et al. (2007)
conducted a sensitive blind survey of a portion of the Galactic plane that is visible to the
Arecibo radio telescope, in search of 6.7 GHz methanol masers. They surveyed an area at
35.2° < £ <53.7°, |b| <0.41° and detected a total of 86 sources, 48 of which were new
detections. An unbiased, blind Galactic plane survey for 6.7 GHz methanol masers, the
Methanol Multibeam (MMB) Survey, was conducted using the Parkes telescope. The survey
covered a relatively wide region of the Galactic plane (186° < £ < 60°and |b| < 2°) and
detected 954 sources, including 344 new detections (Green et al., 2009, 2010, 2012; Caswell
etal.,2010,2011; Breen etal., 2015). The MMB survey constitutes the most extensive blind
survey for the strong widespread maser emission from the 6.7 GHz 5, — 69 A* transition
of methanol. A total of approximately 1000 Galactic methanol masers have been detected
so far at the 6.7 GHz transition.

Several studies have been carried out in search of a potential association of 6.7 GHz
methanol masers with radio-continuum emission. High angular resolution (~ 0.01” — 1”)
observations (Caswell, 1996; Phillips et al., 1998; Walsh et al., 1998; Minier et al., 2000)
have shown that methanol masers are generally not directly associated with the Ultra compact
HIIregions. The targeted observations for 6.7 GHz methanol maser emission undertaken by
Walsh et al. (1998) shows that only ~ 25% of methanol masers are associated with UC HII
regions. For the cases where the 6.7 GHz methanol maser is associated with UC H 11 region,
the size of the latter was observed to be smaller, implying that such regions are possibly

younger. Further evolution of UC H I region occurs following the destruction of the maser
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(Hill et al., 2005). Caswell (1997), in their study comparing the sites of OH masers at
6.035 GHz with that of 6.7 GHz masers and UC H1I regions, found that UC H II regions
are preferentially associated with the sources exhibiting excited OH masers. This bolsters
the idea that 6.7 GHz methanol masers exist at a very early evolutionary stage of massive
star formation. It was also shown that methanol masers are associated with sub-millimetre
continuum emission, suggesting that they are excited by cold and deeply embedded objects
(Walsh et al., 2003). Ellingsen (2006b) investigated the association between a statistically
complete sample of 6.7 GHz methanol masers with GLIMPSE and MSX sources and found
that the majority of their Class II methanol masers are associated with sources embedded
within IRDCs. Later, Pandian et al. (2010), based on the spectral energy distributions of
6.7 GHz methanol masers, concluded that the masers are associated with rapidly accreting
massive stars, mostly prior to the formation of an UC H1I region. However, an alternative
hypothesis was put forward by Phillips et al. (1998) to explain the lack of UC HII region
detections towards 6.7 GHz maser sites. According to them, the maser emission may arise
from intermediate mass non-ionising stars, that can produce sufficient IR photons to pump
the masing transition, but insufficient UV photons to produce UC HII region. On the
other hand, Hill et al. (2005), detected sub-millimetre continuum from warm dust emission
towards majority (> 95%) of the 6.7 GHz methanol masers. Breen et al. (2010) reported the
onset of methanol masers prior to the H;O and OH maser emission. Urquhart et al. (2015)
mapped thermal emission from cool dust towards 77 Class II 6.7 GHz methanol masers
and found strong evidence for the ubiquitous association of methanol masers with compact
dense clumps— showing them to be excellent signposts for identifying massive star-forming
regions.

The maser distribution is typically found to extend between 100 and 2000 AU, when
studied at high angular resolutions. They are also known to show different morphologies
(Norris et al., 1988; Minier et al., 2002). High resolution observations of the 6.7 GHz
methanol maser transition undertook by Phillips et al. (1998), showed that 17 of the 45
maser sources observed, displayed a linear or curved morphology. This suggests that
methanol maser sources could be probing edge on circumstellar discs. Pestalozzi et al.
(2009), also supported the idea of differentially rotating disc being the location of the
6.7 GHz methanol maser. Pandian et al. (2011), however, found that many of the linear
distributions are part of a larger and more complex distribution, which is detected at shorter
baselines. High resolution VLBI observations of Bartkiewicz et al. (2009), found that 9
of 31 6.7 GHz methanol maser sources selected from a blind survey, exhibited elliptical

morphology. Thus, it was propounded that masers occur in ring-like structure with exciting
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sources at its centre. The fact that the detected elliptical sources were devoid of any cm
continuum emission suggests that the sources are at an earlier evolutionary stage prior to
any free-free emission.

While most of the 6.7 GHz methanol masers are closely associated with high-mass
star forming regions, there has been an instance where the masers are detected towards
low/intermediate-mass protostars—the low-luminosity 6.7 GHz methanol maser towards the
Orion B region (NGC 2024:FIR 4) detected by Minier et al. (2003). They suggested
that FIR 4 harbours an intermediate/high mass protostar. Later, Choi et al. (2015), using
archival data sets from the Very Large Array, identified FIR 4 as a low mass protostar. High
resolution maser spot studies were also carried out in an attempt to find the lower mass
limit of sources that host 6.7 GHz methanol masers. The VLBI maps of 6.7 GHz methanol
masers revealed elongated structures with linear velocity gradients (e.g Minier et al., 1998).
This was attributed to the molecular gas lying within a rotating disk. Assuming Keplerian
motion within the disk, they estimated the lower mass limit of the sources associated with
6.7 GHz masers to be less than 8 Mg, (e.g Minier et al., 2000; Goddi et al., 2011). However,
this could likely be due to seeing a fraction of the rotating disk around young massive stars,
thus underestimating the enclosed mass. Later, Bourke et al. (2005) estimated the minimum
luminosity of a source that is associated with 6.7 GHz maser emission and found it to be
somewhat lower than the 10° Ly. The mechanism by which 6.7 GHz methanol masers
are excited by low-mass protostars is still enigmatic. For low-mass protostellar objects,
the dust temperatures required to pump the line are expected to be at distances where the
H; number density is high enough to quench maser action (Pandian et al., 2008). Thus,
we need to resort to high-sensitivity and high resolution instruments in conjunction with
improved distance estimates to the high-mass star forming regions, to properly quantify the

physical processes at play.
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Chapter 5

Probing the early phases of high-mass star

formation with 6.7 GHz methanol masers

5.1 Introduction™

6.7 GHz methanol masers serve as a unique tool to detect and probe the early phases of
massive star formation. Since the first detection reported by Menten et al. (1992), there have
been numerous targeted and blind surveys for 6.7 GHz methanol masers, the largest being
the Methanol Multibeam survey (MMB; Caswell et al. 2010). Targeted searches for 6.7 GHz
methanol masers towards low-mass young stellar objects and hot corinos have not yielded
any detections (Minier et al., 2003; Bourke et al., 2005; Xu et al., 2008; Pandian et al., 2008).
Urquhart et al. (2013a) studied the properties of 577 ATLASGAL (Schuller et al., 2009)
clumps associated with 6.7 GHz methanol masers and concluded that over 90% of their
sample are associated with massive young stars. However, they also concluded that a few
6.7 GHz methanol masers may be associated with clumps that may form only intermediate-
mass stars. While the study of Urquhart et al. (2013a) covers a significant fraction of the
6.7 GHz methanol masers that have been detected using the Methanol Multibeam Survey,
it used only the 870 um ATLASGAL data and derived the properties of the clumps hosting
methanol masers assuming the dust temperature to be 20 K. Based on the spectral energy
distributions of 6.7 GHz methanol masers, Pandian et al. (2010) conclude that the masers
are associated with rapidly accreting massive stars, mostly prior to the formation of an

ultracompact H IT (UCH II) region. However, this study is limited by the small sample size,

*This chapter is based on the published paper: Pauslon & Pandian 2020 [Sonu Tabitha Paulson, Jagadheep
D Pandian, Probing the early phases of high-mass star formation with 6.7 GHz methanol masers, Monthly
Notices of the Royal Astronomical Society, Volume 492, Issue 1, February 2020, Pages 1335-1347]. The
paper is reproduced here with minor changes.
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and the lack of data in the far-infrared. De Villiers et al. (2015) studied the association of
6.7 GHz methanol masers with molecular outflows traced by '*CO and concluded that the
masers turn on in hot core sources that have already developed outflows and turn off during
the UCH II phase.

While earlier studies such as Urquhart et al. (2013a) and Pandian et al. (2010) were
constrained by the lack of data in the far-infrared, the availability of data from the Herschel
Infrared Galactic Plane Survey (Hi-GAL; Molinari et al. 2010) allows us to do a more
systematic study of the SEDs of the sources exciting methanol masers. In this chapter, we
present the SEDs of 320 6.7 GHz methanol masers from 870 pm to 70 um using data from
ATLASGAL and Hi-GAL surveys.

5.2 Source Selection

Our methanol maser sample has been selected from the catalog of the Methanol Multibeam
survey. The MMB survey covers the entire Galactic plane with a latitude coverage of |b|
< 2° and the catalog comprises of a total of 972 sources. We have restricted our analysis
to sources that have been covered by the Hi-GAL survey (|/| < 60°, |b| < 1°). This limits
the number of masers in our sample to 630. Determination of physical parameters such
as mass, size and luminosity of the sources requires a knowledge of the distances to the
sources; and this brings the sample size to 602 sources. The distances are taken from
Urquhart et al. (2013b), Reid et al. (2014), Pandian et al. (2009) and Green et al. (2017).
The distances for a majority of the sources are determined from their kinematics using the
observed radial velocity, with a smaller sample of sources having more accurate distance
estimates through trigonometric parallax. Green et al. (2017) also report distances to the
full MMB sample using a parallax based approach of Reid et al. (2016) wherein sources are
assigned to spiral arms using a Bayesian approach. However, for this work we prefer to use
the kinematic distances since a large fraction of our sample is in the fourth Galactic quadrant
where parallax measurements are limited. The method of Reid et al. (2016) is expected to
be more accurate in the northern hemisphere where deviations in the kinematics of the star
forming regions from pure Galactic rotation are modelled using observed parallax distances.
An examination of the new distances reported by Green et al. (2017) indeed shows a large
number of sources to be not associated with any spiral arm. A discussion on the variation
of the results when adopting the new parallax based distances is presented in section 5.9.
We have discarded sources that are either saturated in the Hi-GAL data or are in very

crowded fields where reliable photometry is difficult (especially at 500 ym where source
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Figure 5.1: Source identification and apertures used by HYPER for doing photometry. The
two rows show the 160, 250 and 500 um data for G346.036+0.048 and G332.560-0.148
respectively, the latter showcasing a slightly crowded field.

blending in such fields is severe). We have also taken into account only sources that have
ATLASGAL counterparts. This gave a final methanol maser sample of 320 sources, among
which the integrated flux densities of 311 methanol maser sources are taken from Breen
et al. (2015).

5.3 Data Analysis

We have determined the spectral energy distributions from 870 ym to 160 um of the sources
hosting methanol masers using data from ATLASGAL and Hi-GAL surveys. Fluxes from
870 to 70 um have been determined from aperture photometry of the ATLASGAL and
Hi-GAL images (level 2.5 images in the Herschel archive). The 870 um ATLASGAL data
have a resolution of 19”7, while the Hi-GAL data have a resolution of 36.9”, 25.3”, 18.0”,
11.6” and 10.2” at 500, 350, 250, 160 and 70 um respectively.
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5.3.1 Source Photometry

Aperture photometry of Hi-GAL data is extremely challenging due to the complex structure
of background emission and the crowded fields. An additional complication is that the
resolution is different at different wavelength bands. We carried out aperture photometry
using HYPER, an IDL based software package (Traficante et al., 2015). HYPER first detects
sources in each band based on the supplied threshold. The photometry is then carried out
using the sources detected in the reference band that is specified by the user. First, small
cutouts are made around each source. After masking the central pixels containing emission
from the source, the background is estimated by fitting a two-dimensional polynomial up to
fourth order. The order of the polynomial is decided such that the residual after subtraction
of the background is minimized. In the case of crowded fields where emission from multiple
sources overlap, the size of the cutout is chosen to include all overlapping sources. A more
detailed description of the procedure can be found in Traficante et al. (2015).

The shape of the aperture used for performing photometry is elliptical and is determined
by fitting a two-dimensional Gaussian to the data at the reference wavelength. In the case
of blended sources, a simultaneous multi-Gaussian fit is done to separate between the target
source and its companions. The size of the aperture is related to the measured size of
the source by a user supplied factor. This factor is selected such that most of the flux is
recovered while minimizing contamination from nearby sources in crowded fields. The
same aperture is then used to determine the fluxes in all bands. This allows us to obtain the
integrated flux from the same volume of gas and dust at different wavelengths. We have
used 250 um as a reference wavelength for aperture photometry since the resolution and
morphology of emission at 250 um is very similar to that at 870 um while the signal to
noise ratio is much better. Figure 5.1 shows an example of photometry for an isolated and
a slightly crowded field.

It is to be noted that the aperture photometry above will not recover the total flux from
the source, especially at 350 and 500 um, unless the size of the aperture is very large.
However, the use of a large aperture factor is detrimental to the quality of photometry due
to the effect of residuals from the background subtraction and contamination from other
sources in crowded fields. Hence, the scale factor between the size of the source and
that of the aperture used for photometry is kept to a moderate value, and the total flux is
determined from the flux obtained by HYPER by incorporating a wavelength dependent
correction factor. The correction factor is determined by simulating sources of different
sizes, convolving the simulated data to the resolution of the Hi-GAL and ATLASGAL
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Table 5.1: Flux densities of sources hosting 6.7 GHz methanol masers from 870 to 70 um.
The uncertainties in the measured flux densities are given in parentheses.

Name Flux Values (Jy)
870 um 500 ym 350 um 250 pm 160 ym 70 um

G345.131-0.174 4.14 (0.11) 17.52(0.77) 49.45(1.56) 97.06 (2.64) 125.80 (4.46)  60.30 (2.92)
G345.576-0.225 1.90 (0.06) 6.71 (0.40) 19.95(0.80)  29.80 (1.02) 33.28 (0.90) 3.85 (0.30)
G345.807-0.044  0.84 (0.05) 3.92(0.32) 8.03 (0.48) 11.70 (0.65) 9.75 (0.48) 0.54 (0.15)
G345.824+0.044 2.85(0.09) 5.40(0.82) 21.25(2.15) 44.66(2.92) 61.32 (3.30) 4496 (2.74)
G309.384-0.135  7.22(0.29) 34.35(1.04) 104.22 (2.65) 210.16 (5.33) 376.29 (11.26) 270.82 (7.67)
G005.618-0.082 4.31 (0.15) 20.19(0.48) 53.77 (1.19) 94.64 (2.18) 98.20 (3.26) 17.61 (0.33)
G016.855+0.641 1.80 (0.06) 8.25(0.37) 23.47(0.78)  40.89 (1.05) 55.24 (1.68) 18.91 (0.69)
G010.724-0.334 4.05(0.16) 18.46(0.98) 55.74(1.99) 81.11 (297) 112.08 (3.70) 39.01 (1.67)

*The full table is given in Appendix A.1

surveys, and comparing the actual flux with those determined by HYPER.

Table 5.1 shows the flux densities of the sources from 870 um to 70 um. The uncer-
tainties in the flux densities quoted in Table 5.1 only account for random errors in the data
and do not incorporate systematic effects such as the accuracy of flux calibration in the
ATLASGAL and Hi-GAL surveys. A small fraction (< 10%) of the sources are resolved
into multiple sources at 160 and 70 um even though they appear as single sources at 250 um.
In these cases, the procedure of aperture photometry used by HYPER will determine the
combined fluxes of the multiple sources at shorter wavelengths since the aperture ellipse
used for photometry is identical to that at 250 yum. The same result would have been
obtained if the data at shorter wavelengths were convolved to the same resolution as that of
the reference wavelength.

Another point to note is that there are alternate algorithms for carrying out aperture
photometry in the Galactic plane region. While a detailed list of these algorithms can
be found in Traficante et al. (2015), it is of interest to compare our results with that of
the CUTEX algorithm, which is used for photometry of the catalogue released by the Hi-
GAL team (e.g. Elia et al. 2017). While the CUTEX algorithm is relatively insensitive
to background contamination for identification of point sources, the photometry is done
independently in each band by fitting the source with a 2D Gaussian. Since the beam size of
Herschel changes by more than a factor of 4 over the different bands, the process of aperture
photometry requires integrating flux from larger areas at long wavelengths. This results
in a bias which is corrected by rescaling the fluxes according to the ratio of deconvolved
source sizes using 250 um as a reference (Elia et al., 2017). A comparison of our fluxes

with those of Elia et al. (2017) shows consistency to within 15% although the 500 yum fluxes
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Figure 5.2: SED fits at different wavelength ranges.The upper left panel: The grey body fit
for the wavelength range 70-870 um. The upper right panel: grey body fit for the wavelength
range 160-870 um. Lower panel: SED fit taking into account both the cold and warm dust
emission (excluding the contribution of 70 ym towards the cold dust emission).

show a mean variation of 30%. In most cases where there is significant variation between
the HYPER and CUTEX fluxes, the source sizes are seen to be significantly different.
Moreover, the source sizes are seen to be significantly larger at 500 ym compared to shorter
wavelengths. Hence, we conclude that the discrepancy is mostly due to blending of sources
due to the relatively poor resolution at 500 pm. This highlights the limitation of the CUTEX

algorithm due to its treatment of the different bands independently.

5.3.2 Fitting the SED

We have fit the SED of the sources from 870 um to 160 ym using a grey body to model the

cold dust emission:

F,=Q.B,(T,))(1 —e™™) 5.1
v \#

— (_) (52)
Yo

44



Here, Q. is the deconvolved solid angle of the source derived from the aperture used
by HYPER for doing photometry (deconvolution is done using the Hi-GAL beam size at
250 uym —ie. 18”), T, is the temperature of the cold dust, 7¢ is the optical depth at
frequency vp (chosen to be 500 um wavelength) and S is the dust emissivity index which
is assumed to be 1 < B < 3. The fitting was carried out using the nonlinear least squares
Marquardt-Levenberg algorithm.

The emission at 70 um is not likely to be attributable to a single dust component
(Compiegne et al., 2010; Battersby et al., 2011). Rather, the 70 ym flux is expected to have
contributions from both cold and warm dust. In order to test this hypothesis, we first compare
the single component fit to the SED of a source with and without including the 70 ym flux.
As shown in the left and right panels of Figure 5.2 for a typical source (G348.884+0.096
in this case), the fit including the 70 um data gives a higher dust temperature with a
significantly poorer y? goodness of fit. We then carried out a two component fit to the SED
including the the 24 ym flux from the MIPSGAL catalogue (Gutermuth & Heyer, 2014),

with the second component being modelled as a black body:
F, = QWBV(TW) (5.3)

where Q,, and T, are the solid angle and the temperature of the warm dust respectively. In
this fit (bottom panel of Figure 5.2), almost 60% of the 70 um flux arose from the warm
dust emission, confirming the hypothesis of the 70 ym emission arising from both cold
and warm dust. Hence, for most sources, the grey body fit for cold dust was restricted to
the 870—-160 um data.However, there are a few sources where the temperature of the cold
dust is high enough that the peak of the black body is at wavelengths significantly shorter
than 160 ym. In such cases, it is not possible to determine the dust temperature by fitting
the 870—160 um data alone since these wavelengths lie in the Rayleigh-Jeans part of the
spectrum. In such cases, we have included the 70 um data to fit the SED.

5.4 Physical properties of the clumps

We have fit the cold dust emission for 318 sources from 870—160 um and 2 sources from
870—70 um. The fits to SEDs of characteristic sources are shown in Figure 5.3 and the fit
parameters for the sources listed in Table 5.1 are shown in Table 5.2. The uncertainty in the
temperature of cold dust from the SED fit is typically less than 15%. The properties of the

clumps hosting methanol masers such as radii, hydrogen column densities, masses, surface
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Figure 5.3: Single component fits to the SEDs of characteristic sources. The inset shows
the source name, temperature of cold dust, dust optical depth at 500 um and the dust spectral
index. Fits to the SEDs of the entire 320 maser sources are given in Appendix A.1
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Table 5.2: The best fit parameters of characteristic sources. The columns show the source
name, distance, temperature of the cold dust component, the solid angle of cold dust as seen
in aperture photometry, optical depth of dust at 500 um and the dust spectral index, S.

Name Distance (kpc) T, (K) Q. (sr) T B
G345.131-0.174 3.05 19.69 8.54x107° 0.024 1.6
G345.576-0.225 5.5 17.79 1.05x10°% 0.010 1.5
G345.807-0.044 10.8 1429 1.13x10°% 0.006 1.7
(G345.824+0.044 10.9 25.04 1.36x107% 0.005 1.0
G005.618-0.082 5.1 15.06 6.15x107° 0.092 2.0
G010.724-0.334 5.2 1847 7.25x107° 0.003 1.7
G016.855+0.641 13.79 1740 3.04x107° 0.049 1.8
G309.384-0.135 54 2424 690x107° 0.039 1.6

*The full table is given in Appendix A.2.

densities and luminosities were determined from the SED parameters. These properties are
described in subsections below. Table 5.3 lists the physical properties of each clump, while

the global statistics are summarized in Table 5.4.

5.4.1 Source sizes

The effective radius of the sources have been estimated following the formulation of
Rosolowsky et al. (2010):

1/4
Or = n[(o-r%wj - O-Zeam) (Ulflln - O-lzeam)] (54)

where 0peqnm 1S related to the FWHM 0,000 bY Oheam = Opeam/ m. Since the aperture
photometry is carried out using 250 um as the reference wavelength, 6., 1s the FWHM
size of the Hi-GAL beam at 250 um (i.e. 18.0”). The factor n accounts for the relationship
between rms size of the emission distribution and angular radius of the object, and is
taken to be 2.4 as in Rosolowsky et al. (2010). Excluding sources that are close to being
unresolved (for which deconvolution is not meaningful), the effective radius ranges from
0.07 to 1.99 pc, the median value being 0.69 pc. The distribution of the source radius is
shown in Figure 5.4. Bergin & Tafalla (2007) suggest the nominal boundary between cores
and clumps to be 0.125 pc and the boundary between clumps and clouds to be 1.25 pc.

Under this nomenclature, three methanol masers are in cores, 273 are in clumps, and 33 are
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Table 5.3: The physical properties derived from best fit parameters of characteristic sources.
The columns show the source name, clump Mass, Hydrogen column density,effective
radius,surface density and FIR Luminosity.

Name Clump Mass My) Ng, (cm™) Radius (pe) Z(g cm™?)  Lpr (Lo)
G345.131-0.174 2.13 x 102 1.20 x 10% 0.307 0.150 8.42 x 102
G345.576-0.225 3.77 x 10? 5.30 x 10?3 0.618 0.065 6.68 x 10?
G345.807-0.044 9.18 x 102 3.11 x 108 1.321 0.035 7.45 x 10?
G345.824+0.044 1.35x 103 3.75 x 108 1.508 0.039 6.192 x 103
G005.618-0.082 1.04 x 10° 2.91 x 105 0.333 0.622 1.45 % 103
G010.724-0.334 6.79 x 102 1.55 x 10* 0.462 0.210 1.95x 103
G016.855+0.641 2.53%x 103 1.95 x 10** 0.549 0.554 6.53 x 103
G309.384-0.135 8.82 x 102 1.96 x 10* 0.450 0.288 9.51 x 103

*The full table is given in Appendix A.3.
Table 5.4: Summary of derived parameters

Parameter Mean Std. dev Median Min Max

Dust temperature (K) 21.54 5.29 20.86 10.86 47.59

Dust emissivity 1.83 0.29 1.83 1.00 2.85

Effective radius (pc) 0.69 0.41 0.61 0.07 1.99

Surface Density (g cm™2) 0.27 0.38 0.17 0.02 4.28
Clump Mass (M) 1.57x10°  246x10° 9.30x 10? 11.07 1.62 x 10*
Column Density (em™2)  1.68 x 10** 229 x 10* 1.15x10** 7.95x 10?2 2.50 x 10%
FIR luminosity (L) 1.74x10*  391x10* 6.44x10° 1.33x10> 3.28x10°
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Figure 5.4: Distribution of source size. The dashed red and blue lines show nominal
boundaries between cores and clumps, and clumps and clouds, respectively.

in clouds. However, all our data is from single dish telescopes, and it is likely that many
sources may fragment into multiple objects when observed at higher angular resolution.
We find no correlation between the angular size of the source and its distance. This
leads to a strong correlation between the source radius and distance to the source. Hence,
the distinction between the identification of the source as a cloud, clump or core is primarily
a result of the distance to the source. For instance, the sources that are classified as clouds
are seen to have distances between 8.4 and 17.1 kpc with a mean value of 12.5 kpc, which
is much larger than the mean distance to the entire sample (8.0 kpc). We will hence refer to
all sources in our sample as clumps that will give rise to clusters rather than a single star.
Our observation of lack of correlation between angular size of the source and the distance
is similar to the findings of Tackenberg et al. (2013) for ATLASGAL candidate starless
clumps and Urquhart et al. (2013a) for ATLASGAL sources associated with 6.7 GHz
methanol masers. This is likely to be due to the hierarchical structure of molecular clouds

from size scales of clouds to cores.

5.4.2 Dust temperature

The cold dust temperature is found to range from 10.9 K to 47.6 K, with mean and
median values of 21.5 K and 20.9 K respectively. Figure 5.5 shows the distribution of dust
temperature. The dust temperatures compare well with kinetic temperatures determined
from ammonia measurements where a median temperature of 23.4 K was observed (Pandian
etal., 2012). This further corroborates the more evolved nature of 6.7 GHz methanol masers
compared to infrared dark clouds where lower temperatures are measured (e.g. Pillai et al.
(20006)).
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5.4.3 Clump Masses, H, column densities and surface densities

The isothermal masses of the sources can be computed using the temperature values obtained

from the best fit using the following equation:

D2S,R

- BV(TD)KV (55)

where S, is the integrated 870 um flux, D is the distance to the source, R is the gas-to-dust
mass ratio (assumed to be 100), B, is the Planck function for the cold dust temperature Tp
and «, is the dust opacity which is taken as 1.85 cm? g~! at 870 um. The clump masses
range from 11.07 Mg to 1.62 x 10* M, the median mass being approximately 930 M. The
mass distribution of the clumps is shown in Figure 5.6 (left panel). The shape of the mass
distribution is similar to that observed by Urquhart et al. (2013a) although there are some key
differences. While the peak of the distribution is similar, the maximum mass is well below
that of Urquhart et al. (2013a). We also see a larger fraction of sources in the 100 to 1000 Mg
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Figure 5.7: Distribution of the surface density. The red and blue dashed line show a
threshold of 0.05 g cm™2 and 1.00 g cm™2 respectively.

range. These differences are most likely due to two reasons. First, the methodology of doing
photometry is different — the HYPER software uses a Gaussian aperture to do photometry,
while the fluxes of Urquhart et al. (2013a) are from the ATLASGAL compact source catalog
where photometry has been done by SEXTRACTOR (Contreras et al., 2013). The former
measures the flux of the compact source while the latter measures the flux of the entire
clump including the diffuse emission around the compact source. To corroborate this,
we have compared the fluxes determined by us with those of the GAUSSCLUMP catalog
(Csengeri et al., 2014). We find our fluxes to be comparable though slightly larger than
that of Csengeri et al. (2014). This is because the latter fit the entire clump including the
outer diffuse structure with multiple Gaussians, while we only fit the central emission based
on its morphology at 250 ym which is our reference wavelength. The larger fluxes in the
ATLASGAL compact source catalog translate to larger masses in the work of Urquhart
et al. (2013a).

An additional factor that contributes to the different mass distribution is the assumption
of a uniform dust temperature of 20 K by Urquhart et al. (2013a) as opposed to our deriving
the dust temperature by fitting the spectral energy distribution. As mentioned in the section
5.4.2, the dust temperature ranges from 10.9 K to 47.6 K, with 185 out of 320 sources
having temperatures greater than 20 K. As is evident from Equation 5.5, assumption of a
dust temperature of 20 K leads to the mass being overestimated when the true temperature
is greater than 20 K. Since a majority of sources have temperatures greater than 20 K, our
masses will be lower than that derived by Urquhart et al. (2013a) even without accounting
for the difference in photometry. However, since the mean temperature is very close to
20 K, we see the peak in our mass distribution to be comparable to that of Urquhart et al.
(2013a).
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The molecular hydrogen column densities are estimated from the 870 ym flux density

using the following equation:

B S,R
B, (Tp)Q&ypmy

Np, (5.6)
where Q is the deconvolved solid angle of the source, i is the mean molecular weight and
is assumed to be equal to 2.8 (the hydrogen mass fraction is assumed to be ~ 0.7) and mpy
is the mass of an hydrogen atom. It has to be noted that we have determined the column
densities of only those sources that have sizes larger than the beam size (since we have used
the deconvolved solid angle in Equation 5.6). The column densities of the maser associated
clumps range from 7.95 x 10%? to 2.5 x 10> ¢cm ™2 with a median value of 1.15 x 10> cm 2.
The observed values are generally higher than those found in previous studies of high-mass
star forming sources (e.g. Garay et al. 2004) due to the usage of deconvolved rather than
observed solid angle of the source. The distribution of column densities of the sample are
shown in the right panel of Figure 5.6.

Another parameter of high interest in star formation is the surface density (X) of the
clump or core. The surface densities are obtained by dividing the mass of the clump by its
physical area (7rR§Ff where R is the effective radius). The surface densities inferred for
our sample (that are properly deconvolved) range from 0.02 to 4.28 g cm~2 with a mean
and median value of 0.27 and 0.17 g cm~2 respectively. Figure 5.7 shows the distribution
of surface density for our sample. Also shown in Figure 5.7 is the threshold of 0.05 g cm™
that is suggested by Urquhart et al. (2013a) as the minimum surface density required for

forming massive stars.

5.4.4 Clump and maser luminosities

The luminosity of the individual clumps have been calculated by integrating the SED:
L =4nD? / fodv (5.7)

where D is the distance to the source and / fydv is the integrated flux. We have calculated
the Far Infrared (FIR) luminosity using the modified blackbody fit of the cold dust. The
FIR luminosity estimates range from 133 Lg, to 3.3 x 10° L, with mean and median values
of 1.74 x 10* Ly and 6.4 x 10° Ly, respectively. Figure 5.8 shows the distribution of the
FIR luminosities of the sample.

Although the total IR luminosity is expected to be higher than the FIR luminosity,
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especially since the methanol maser sources are sufficiently evolved to have emission at
24 pm and shorter wavelengths covered by the GLIMPSE survey, it is interesting that
we detect relatively low luminosity sources with luminosities lower than 10° Ly hosting
methanol masers. This suggests that there is a small population of methanol masers that are
associated with intermediate-mass or low-mass stars.

One of the aims of this study is to explore the relation between methanol maser lumi-
nosity and the global properties of the maser hosts. We have hence computed the isotropic

methanol maser luminosities using the following equation:
Lymsp = 4nD*S, (5.8)

where S, is the integrated flux across the maser line and is taken from Breen et al. (2015).
The methanol maser luminosity values range from 3.31 x 1071° to 1.81 x 107> Ly with
mean and median values of 5.05x 10~ Ly and 6.3 x 1078 L, respectively. The left panel of
Figure 5.9 shows the clump mass as a function of the maser luminosity. A partial Spearman
correlation test to remove the mutual dependence on the distance to the source gives a
correlation coefficient of 0.27. The right panel of Figure 5.9 shows the FIR luminosity of
the clumps as a function of the maser luminosity, the partial Spearman coefficient between
these being 0.37. These results are similar to that observed by Urquhart et al. (2014a)
wherein a weak correlation was seen between the clump mass and maser luminosity. It is
to be noted that Urquhart et al. (2014a) computed the maser luminosity using the peak line
flux (i.e. in Jy kpc?) rather than integrated line flux. However, we verify that the values of
correlation coeflicients obtained using methanol maser luminosities computed from their
peak line fluxes are very similar to those reported above using the integrated line flux.

One of the concerns with the work presented here is the limited resolution of the data,
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Figure 5.9: Relationship of 6.7 GHz methanol maser luminosity with (a) clump mass (left
panel) and (b) FIR luminosity (right panel).

which when coupled with the large distances to the sources could result in more than one
compact source (which may be in a different evolutionary state) being observed within the
same telescope beam. However, as indicated in section 5.3, a large fraction of sources
(~ 90%) are not observed to be resolved into multiple sources at the 10” resolution of the
Hi-GAL 70 ym data. An additional way to test whether multiplicity affects the results
presented here is to divide the sample into two groups, based on a distance threshold. We
computed the correlation coefficient based on the partial Spearman test for the two groups
for different values of the distance threshold. We found that as long as the masers with
maser luminosity greater than 107 L, were excluded from the sample, both groups had
similar correlation coefficients that were less than 0.2 (irrespective of the value used for
the distance threshold) which is consistent with no correlation. However, the correlation
coeflicient increased significantly when including the masers with maser luminosity greater
than 107 L. This correlation was found to be driven by the relatively high FIR luminosity
of the clumps hosting the masers with high maser luminosity. Since the number of such
sources is relatively small, it is not possible to draw further conclusions on whether this
is a systematic effect. However, if verified, this suggests that a high FIR luminosity is
required to pump methanol masers with high maser luminosity, which is consistent with
the radiative pumping mechanism for the masers (Sobolev et al., 2007). The weak to
non-existent correlation between the FIR luminosity and maser luminosity for the rest of
the sample suggests that other factors such as the density, methanol fractional abundance
and the gas kinetic temperature in the masing spots are more important to determining the

maser luminosity compared to the density of pumping photons.
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5.5 Caveats in the study

At the outset, we remind the reader that the majority of sources in our sample are at large
distances and almost all the clumps that are seen as isolated structures at 18” resolution are
likely to fragment into smaller structures at high spatial resolution. The clump properties
derived from single dish observations will be representative of the most massive core
within the clump. Thus, discussion of the clump properties in the context of their hosting
a methanol maser makes the implicit assumption that the maser is excited by the most
massive core, which is not necessarily true. However, Chibueze et al. (2017) has explored
the association of 6.7 GHz methanol masers with massive dense cores (MDC) detected
with the Atacama Compact Array (ACA) at 4” resolution, and find a direct association
between the MDC and the methanol maser in 91% of their sample. A targeted 1.05 mm
ALMA observtion towards the deeply embedded high-mass protocluster G11.92—-0.61 by
Cyganowski et al. (2017) also reveals the association of 6.7 GHz methanol masers with
the massive cores in this region. These studies suggest that the 6.7 GHz methanol maser
emission is indeed mostly associated with the most massive core in the clump. However, a
caveat must be borne in mind that there may be a small number of cases where the maser

emission may arise from a source other than the most massive core in the clump.

5.6 Mass-radius relation

The mass-radius relationship of nearby molecular cloud complexes was investigated by
Kauffmann et al. (2010a,b) who then compared the relation with those of known high-mass
star forming regions. This led to a suggestion that clumps with the potential to form at least

one massive star follow the following empirical relationship:

1.33
Reﬁ) (5.9)

m(r) > 580 Mg (1
pc

where R.g is the effective radius of the source. Figure 5.10 shows the mass-radius rela-
tionship for our sample. We find that 295 out of 320 sources (92%) satisfy the criterion in
the equation above. The results are somewhat different from that of Urquhart et al. (2013a,
2014b) who found a much larger fraction (~ 97%) of the methanol masers satisfying the
criterion above. This discrepancy is most likely to be due to two factors. First, the photom-
etry is different as explained in section 5.4.2. The compact source catalog used by Urquhart

et al. (2013a) is sensitive to the entire submillimeter clump including the diffuse emission,
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Figure 5.10: The clump mass as a function of source radius. The shaded region represents
the area where the sources doesn’t satisfy the Kauffman criteria. The dashed green line is
the power law fit to the data. The upper and lower solid red line shows the surface densities
of 1 gecm™2 and 0.05 g cm™2, respectively.
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while the photometry using HYPER is sensitive only to the compact emission, similar to
the catalog of Csengeri et al. (2014). A second factor is that we have determined effective
radii using the 250 um Hi-GAL maps (which we have used as the reference wavelength for
HYPER) rather than the 870 ym ATLASGAL maps. The former typically has much better
signal to noise ratio leading to a better estimation of the source size. To further examine this
matter, we looked at the sources in our sample that do not satisfy the Kauffmann criterion
and compared the effective radius given in the compact source catalog with that of our
work. We found that the effective radius is listed for only 5 out of 25 sources, the remaining
being too compact for deconvolution. We found the effective radius and the enclosed flux
to be larger in the compact source catalog compared to the HYPER results leading to the
former satisfying the Kauffmann criterion. Although the number of sources examined here
is small, it seems to confirm the hypothesis of the difference between our results and those
of Urquhart et al. (2013a) as primarily arising from the differences in photometry.
Figure 5.10 also shows that the mass of the clump is correlated to its effective radius.
A partial Spearman correlation test was done to remove any dependence of the correlation
on distance yielding a correlation coeflicient of 0.22, showing that the two quantities are
weakly correlated. A least squares fit to the data gives the mass-radius relationship for our
sample as
log Mciump = 3.27 + 1.4210g R (5.10)

This is somewhat different from the results of Urquhart et al. (2013a) who found a power
law index of 1.67. The upper diagonal line in Figure 5.10 shows a line with a constant
surface density of 1 g cm™2, which is suggested to be the threshold for the formation of
massive stars from turbulent cores (McKee & Tan, 2003). It can be seen that only a small
fraction of the sources satisfy the threshold above. However, it must be borne in mind that
the threshold of McKee & Tan (2003) applies to cores which will form one or two massive
stars. As explained in section 5.4.1, the resolution of the Hi-GAL and ATLASGAL data is
such that most of the structures seen in our images are clumps rather than cores. Using the
mass-radius relation, Urquhart et al. (2013a) suggested that a surface density of 0.05 g cm™2
(lower red line in Figure 5.10) provided an empirical lower bound for the clump surface
density required for massive star formation, although it differs from the Kauffmann criterion
for low values of effective radius. A total of 293 sources in our sample have surface densities

higher than 0.05 g cm™2 agreeing with the results of Urquhart et al. (2013a).
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Figure 5.11: The left panel shows the bolometric luminosity of 198 sources that has
MIPSGAL counterparts as a function of mass.The right panel illustrates the scaled FIR
luminosities as a function of clump mass. The solid line represents the fit to the “IR-P”
sources in Molinari et al. (2008). The methanol maser hosts that are in accretion phase and
clearing phase are shown in blue and red points respectively.

5.7 Evolutionary stage of the source

The evolutionary state of the source can be inferred from a plot of the source luminosity
as a function of mass. For a given clump mass, the luminosity is expected to increase as
star formation progresses in the clump. Thus, larger values of the L/M ratio are indicative
of more evolved sources. In order to construct a L.-M diagram, one needs to compute the
bolometric luminosity (Lyo)) of the sources. Since 6.7 GHz methanol masers are pumped by
warm dust, the maser hosts have significant emission at mid-infrared wavelengths, indicated
by the presence of counterparts in the MIPSGAL survey at 24 um and at shorter wavelengths
in the GLIMPSE survey. Hence, the FIR luminosity estimated from the ATLASGAL and
Hi-GAL data will be an underestimate of the bolometric luminosity.To address this issue,
we constructed the full SED to near-infrared wavelengths for 198 sources using the fluxes
in the MIPSGAL and GLIMPSE catalogues (the remaining sources had no counterpart in
the MIPSGAL catalogue, presumably due to saturation effects). We then fit the SED from
870 pum to 3.6 um using the models of Robitaille et al. (2007). The choice of models is not
very important since the purpose of this exercise is not to determine the properties of the
embedded young stellar object, but rather to obtain the bolometric luminosity by fitting the
full SED from submillimeter to near infrared. We found the FIR to bolometric luminosity
ratio to have a median value of 0.31 with a standard deviation of 0.23.

The left panel Figure 5.11 shows the bolometric luminosity as a function of mass for the
198 sources whose SED was fit using the Robitaille et al. (2007) models. The right panel
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shows the FIR luminosity that is scaled by the ratio of bolometric to FIR luminosity as a
function of mass. A partial Spearman correlation test to remove the dependence on distance
gives the correlation coefficient between bolometric luminosity and mass (Figure 5.11, left
panel) to be 0.43. The same correlation test when performed on scaled FIR luminosities and
clump mass for the entire sample (Figure 5.11, right panel) yielded a correlation coefficient
of 0.42 with a p value < 0.05 showing that the bolometric luminosity is weakly correlated
to the mass of the clump. The correlation is however smaller than that observed by Urquhart
et al. (2013a) who observed a correlation coefficient of 0.78.

Molinari et al. (2008) constructed a model for the evolution of a source in the L-M
diagram based on the turbulent core model of McKee & Tan (2003). This model shows the
evolution to be in two stages — in the initial phase, the central star accretes matter from the
envelope with the accretion rate being dependent on the instantaneous stellar mass. Thus,
as the stellar mass increases with time, so does the accretion rate leading to this phase being
referred to as the accelerating accretion phase. During this phase, the envelope mass is
almost constant while the luminosity of the source increases leading to vertical tracks in
the L-M diagram (see Figure 9 of Molinari et al. 2008). This is followed by the envelope
clean-up phase wherein the envelope is expelled through outflows and accretion onto lower
mass objects in the same clump. Since the luminosity is dominated by that of the massive
star (which has reached its final mass), this phase corresponds to horizontal tracks to the
left in the L-M diagram. One of the attractive features of this model is that it is a natural
extension of the evolution in the low-mass regime (Saraceno et al., 1996).

Although we do not have the evolutionary tracks modelled by Molinari et al. (2008),
a rough boundary between the accretion phase and envelope clearing phase is obtained by
fitting the “IR-P” sources (the primary sources in the targeted fields whose SEDs can be fit
with a model of an embedded zero age main sequence star) in Molinari et al. (2008). This
is shown as a solid line in the left and right panels of Figure 5.11, with sources below and
above this line being color coded as blue and red respectively. Comparing this figure with
Figure 9 of Molinari et al. (2008) shows two prominent results: First, almost all sources
including the lowest mass source lie in the high-mass regime spanned by the “IR-P” sources
of Molinari et al. (2008). The other prominent result is that most of the sources (~ 93%)
are in the accretion phase. It has to be noted that in the L;,;-M plot shown in the left panel
of Figure 5.11, almost all the sources lie in accretion phase. However, this is most likely
a selection effect due to SEDs being fit for only those sources that have a counterpart in
the MIPSGAL catalogue. The lack of a counterpart in the MIPSGAL catalogue is most

likely due to the source being saturated at 24 pum and thus in a later evolutionary phases.To
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verify this hypothesis, we constructed SEDs for 20 sources that had no counterpart in the
MIPSGAL catalogue using fluxes from the MSX (Benjamin et al., 2003) and GLIMPSE
(Egan & Price, 1996) catalogues. We found about 15% of the sources to be in the clearing
phase which is consistent with the overall fraction of ~ 10% to be in the clearing phase
based on scaled FIR luminosities.

The results above however must be treated with caution. First, it is based on the turbulent
core model for massive star formation, and alternate theories exist for forming massive stars
(e.g. competitive accretion model of Bonnell et al. 2001). Second, the L-M diagram does
not give information about the surface density of a clump which is one of the factors that
determine whether or not it will form a massive star. Thus, some sources which fail the
Kauffmann et al. (2010a) criterion based on the clump masses and radii are located in the
high-mass end of the L-M diagram. However, bearing these caveats in mind, the overall
results including statistics are consistent with the findings of Pandian et al. (2010) wherein
most 6.7 GHz methanol masers are associated with rapidly accreting massive stars, with
~ 80% being in phases earlier than ultracompact HII regions (i.e. in the accelerating

accretion phase).

5.8 Are 6.7 GHz methanol masers exclusively associated

with massive star formation?

According to Lada & Lada (2003) and Motte et al. (2003), stellar clusters form from clumps
with masses more than 100—1000 Mg and radii 0.5—1 pc. Assuming that the stars formed in
clusters follow the initial mass function of Kroupa (2001), the total stellar mass in a cluster
with at least one 8 M, star is around 110 M. Assuming a star formation efficiency of 30%,
the minimum mass that a clump must have to form a cluster with at least one massive star is
360 M. In our sample, 187 sources have effective radii above 0.5 pc, and 179 out of 187
have masses more than 360 M. Examining sources with effective radii below 0.5 pc, the
masses range from 11 to 1.02 x 10* M. One can thus conclude that most of the 6.7 GHz
methanol hosts have masses sufficient to form at least one massive star.

However, there is a small population of 6.7 GHz methanol masers which may be
associated with intermediate or low-mass stars. For example, the minimum mass in our
sample is 11 Mg which is likely to form a star < 8 M depending on the fraction of mass
that goes to the central star. A similar conclusion was inferred by Urquhart et al. (2013a)

although their masses were obtained by assuming a constant dust temperature of 20 K. The
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survey Minier et al. (2003) towards 175 low-mass young stellar objects detected 6.7 GHz
methanol maser emission towards the source NGC 2024: FIR 4. While the nature of this
source has been debated (e.g. Choi et al. 2015 and references therein), Choi et al. (2015)
conclude that the source is a low-mass protostar based on analysis of several archival data
sets from the Very Large Array. The minimum luminosity of a source that is associated
with 6.7 GHz maser emission also appears to be somewhat lower than the 103 L, that is
estimated by Bourke et al. (2005).

The mechanism by which 6.7 GHz methanol masers are excited by low-mass protostars
is however not clear. The dust temperatures required to pump the line are expected to be at
distances where the H, number density is high enough to quench maser action in low-mass
protostars (Pandian et al., 2008). Thus, 6.7 GHz maser action in low-mass protostars may
be restricted to select geometries wherein the physical conditions for maser pumping are
satisfied. This may also be the reason why the vast majority (> 95%) of the methanol

masers are associated with high-mass star formation.

5.9 A special note on distances

The most reliable way to estimate the distance to Galactic sources is trigonometric parallax.
Due to difficulties in measuring the trigonometric parallax to distant sources, especially in
the Galactic disk where extinction is severe, distances are commonly estimated kinematically
by assuming that the observed radial velocity is a result of differential rotation of the Milky
Way. However, the kinematic distance can be discrepant from the true distance when proper
motions, such as from spiral density waves, are significant. The method of calculating
distances from Galactic kinematics also suffers from an ambiguity between two distances in
the inner Galaxy, requiring use of additional techniques such as H1 Self Absorption (HISA)
in order to distinguish between the two values.

As mentioned in section 5.2, the distances to the sources in our sample are taken from
Urquhart et al. (2013b); Reid et al. (2014); Pandian et al. (2009) and Green et al. (2017).
Green & McClure-Griffiths (2011) uses the technique of H 1 Self Absorption (HISA)
assuming a flat rotation curve (Reid et al., 2009; McMillan & Binney, 2010) to determine
the kinematic distances towards 442 6.7GHz methanol masers. The distances reported
in Urquhart et al. (2013a) is a modified version of those presented in Green & McClure-
Griffiths (2011) in that the Galactic rotation curve of Brand & Blitz (1993) is assumed
to account for the significant variations between the model-derived tangent velocities and

the empirically derived values from the HI termination velocities in the fourth quadrant.
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We have made use of the distances of Urquhart et al. (2013a) instead of those in Green &
McClure-Griffiths (2011) for our analysis. Green et al. (2017) presents the distance towards
an additional 202 methanol maser sources using the HISA method.

Recently, the distances to a large number of high-mass star forming regions have been
estimated using trigonometric parallax with Very Long Baseline Interferometry (e.g. Reid
et al. 2014 and references therein). Since high-mass star forming regions are expected to
be good tracers of spiral arms in galaxies, Reid et al. (2016) suggested use of a Bayesian
approach to assign sources to spiral arms based on their location and radial velocities and
comparing with spiral arm signatures as seen in CO and HI surveys. Reid et al. (2016)
claim that the use of this method should significantly improve the accuracy and reliability
of distance estimates to sources that are good tracers of spiral structure. Green et al. (2017)
apply this technique to estimate distances to the entire 972 methanol maser sources that
are catalogued to date with the consideration that 6.7 GHz methanol masers are mostly
associated with high-mass star formation, which trace spiral structure.

We have used the new distances of Green et al. (2017) to test whether any of the results
derived in the previous sections are significantly altered. We first test whether the distances
adopted from earlier references are significantly different from that of Green et al. (2017)
(methods 1 and 2 respectively hereafter). We compared the two sets of distances with a
t-test, which yielded a t-value of 1.27 with a significance value of 0.20. Thus it can be
inferred that the distance values calculated using these two methods are not significantly
different. This is confirmed by examining the mean and median distances from the two
methods — while method 1 gives a mean and median distance of 8.03 kpc and 8.55 kpc, the
values from method 2 are 8.07 kpc and 8.25 kpc respectively. A histogram showing the
distribution of distance values are shown in Figure 5.12.

We further analysed the differences in physical parameters computed using distances
from methods 1 and 2. The left panel of Figure 5.13/ shows a comparison of the mass
distribution from method 1 (green hatched histogram) and method 2 (solid red histogram).
As expected from the differences in the distance distribution, the mass distribution from
the two methods are slightly different. However, the overall statistics are similar — while
method 1 gives a mean and median mass of 1570 Mg and 930 Mg, the respective values
obtained by distances from method 2 are 1785 Mg and 925 M. A t-test between the two
mass distributions gives a t-value of 0.71 with a significance value of 0.48. Thus, there is
no significant difference in the distribution of masses computed using distances from the
two methods.

The right panel of Figure 5.13 shows the mass-radius relation computed using distances

62



80 —

Bayesian Method
HISA method

Source Counts

10!
Distance (kpc)
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Figure 5.13: Mass distribution using two methods (left panel) and (b) MR plot obtained us-
ing the distances obtained with the approach presented by Reid et al. (2016)(right panel).The
dashed green line represents the power law fit to the data. The upper and lower solid red
line shows the surface densities of 1 g cm™2 and 0.05 g cm™2, respectively.
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from method 2. With method 2, 287 out of 320 sources satisfy the Kauffmann criterion
for potential to form massive stars. This is comparable to method 1 wherein 295 out of
320 sources satisfy the Kauffmann criterion. Thus, although the distances from method 1
are different from that of method 2, the overall statistical properties of sources associated
with 6.7 GHz methanol masers are similar between the two methods. We are thus unable to
make any distinction regarding accuracy of distances when considering the entire sample

statistically.

5.10 Summary

We have constructed SEDs from 870 um to 70 um for 320 6.7 GHz methanol masers using
data from the ATLASGAL and Hi-GAL surveys. The SEDs from 870 ym to 160 um
were fit with single component grey body models. We observe a mean dust temperature of
22 K confirming the later evolutionary stage of the maser sources in comparison to infrared
dark clouds, with some sources showing temperatures as high as 48 K. Almost 92% of
the methanol maser sources satisfy the Kauffmann criterion for potential to form massive
stars. A comparison of the mass-luminosity diagram of the sample with simple evolutionary
tracks from the turbulent core model suggest that most methanol masers are associated with
massive young stellar objects with over 90% in early evolutionary stages of accelerating
accretion. However, there also appears to be a small population of sources that are likely to
be associated with intermediate or low-mass stars suggesting that the association between
high-mass star formation and methanol maser emission is not exclusive. We have also
compared the physical parameters inferred from the use of the new Bayesian method of
distance computation with that of the traditional kinematic distances and found no statistical

differences in the same.
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Chapter 6

Chemical environments of 6.7 GHz methanol

maser hosts

6.1 Introduction™

In the previous chapter (hereafter Work I), we analysed the evolutionary stage of 320
sources associated with 6.7 GHz methanol masers using spectral energy distributions of
dust continuum maps. We concluded that while a majority of our sources are more evolved
as compared to infrared dark clouds, they are still in an early evolutionary stage. This
result is also in agreement with several other previous studies (e.g., Minier et al., 2001;
Ellingsen, 2006b; Pandian et al., 2010; Billington et al., 2019, and references therein).
Since the chemical composition in star forming environments is highly sensitive to the
physical conditions (Gerner et al., 2014), it is of interest to examine whether the chemical
properties of the methanol maser hosts are in accordance with them tracing an early phase of
massive star formation. Although there have been many studies that focus on the chemistry
of high mass star forming regions (e.g. Sanhueza et al., 2012; Hoq et al., 2013; Miettinen,
2014; Zhang et al., 2016), chemical processes surrounding 6.7 GHz methanol maser hosts
are not much discussed yet. For example, Saral et al. (2018) investigated the physical and
chemical properties of 30 high mass star forming clumps, the chemistry of which was traced
using four molecular species: NoH*, HCO", HCN and HNC. This was used to classify the
clumps into protostellar candidates, young stellar objects (YSOs), and massive star forming

regions (MSF), the latter containing H II regions, radio bright sources and methanol masers.

*This chapter is based on the published paper: Pauslon & Pandian 2022 [Sonu Tabitha Paulson, Jagadheep
D Pandian, Chemical environments of 6.7 GHz methanol maser sources, Monthly Notices of the Royal
Astronomical Society, Volume 509, Issue 3, January 2022, Pages 3677-3692]. The paper is reproduced here
with minor changes.
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The MALT90 survey (Jackson et al., 2013) carried out a comprehensive study of molec-
ular emission towards 3246 high-mass clumps detected in the ATLASGAL survey. It was
found that ratios of integrated line intensities of several molecules such as HCO*/HNC and
HCN/HNC showed systematic variation with the evolutionary stage of the source (Rath-
borne et al., 2016). A similar study targeting a much wider range of molecules towards
~600 high mass clumps, was performed by Urquhart et al. (2019). They also discovered
that several line ratios were probes of the evolutionary state of the source. However, a
direct comparison to chemical models is not possible since the studies of both Rathborne
et al. (2016) and Urquhart et al. (2019) focused on integrated line intensities rather than
column densities. Since the column density shows additional dependence on the excitation
temperature and the optical depth, one needs to carry out radiative transfer modelling of
the molecular spectra in order to compare the results with chemical models. Since all the
studies focused on the evolutionary state in the context of massive star formation, there is a
lack of proper knowledge on the chemistry of methanol maser sources alone.

In this chapter, we present the molecular study of 68 6.7 GHz methanol maser sources
using the MALT90 data. We also discuss whether the evolutionary phase of methanol maser

hosts inferred from chemical signatures aligns with results in Work L.

6.2 Source Selection And Data Analysis

6.2.1 MALT90 Data

The source sample of the present study was chosen among the sources studied in Work I,
that have MALT90 data available. The MALT90 survey aims at characterizing the physical
and chemical properties of massive star formation in our Galaxy. The survey is targeted
towards 2014 compact sources detected in the ATLASGAL survey (Schuller et al., 2009)
covering Galactic longitude ranges 300° < [ < 357° and 3° < [ < 20°, with the Mopra
Spectrometer (MOPS)* arrayed on the Mopra 22 m telescope. The survey obtained 3’ x 3’
maps around each source covering a total of 3264 high-mass clumps. MALT90 has mapped
16 molecular lines simultaneously at frequencies near 90 GHz with a velocity resolution of
0.11 km s~!. The 16 spectral lines and their rest frequencies are shown in Table 6.1 (Jackson
et al., 2013). The beam size of Mopra is 38" at 86 GHz, with a main beam efficiency of
0.49 (Ladd et al., 2005). Among the 320 sources listed in Work I, 138 of them were found

*The University of New South Wales Digital Filter Bank used for the observations with the Mopra
Telescope was provided with support from the Australian Research Council.
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Table 6.1: Spectral lines in MALT90 survey

Transition Frequency (MHz) Tracer
HCO*(1-0) 89188.526 Density; Kinematics
H3CO*(1-0) 86754.330 Optical depth, Column density, V sz
N,H*(1-0) 93173.772 Density, chemically robust
HCN (1-0) 88631.847 Density
HNC(1-0) 90663.572 Density; Cold chemistry
3¢S (2-1) 92494.303 Optical depth, Column density, V; sz
CH3CN 5(0)-4(0) 91987.086 Hot core
HC3N (10-9) 90978.989 Hot core
3C348 (2-1) 90926.036 Optical depth, Column density, V7 sr
HC'*CCN (10-9) 90593.059 Hot core
HNCO 4(1,3)-3(1,2) 88239.027 Hot core
HNCO 4(0,4)-3(0,3) 87925.238 Hot core
C,H (1-0) 3/2-1/2 87316.925 Photodissociation region
HN!3C (1-0) 87090.859 Optical depth, Column density, V7 sz
SiO (1-0) 86847.010 Shock/outflow

to be included in the MALT90 survey. We have further narrowed down our study to sources
that have strong detections (S/N > 3 in the moment zero map) in HCO™(1-0), HCN(1-0),
HNC(1-0) and NoH*(1-0). These molecular transitions are considered the brightest of the
transitions covered by the MALT90 survey and have shown to be good tracers of density.
In order to verify the association of the methanol masers with the MALT90 clump, we
have compared the peak velocity of maser emission with that of molecular emission from
the clump. We find that the velocity offsets are less than 10 km s~!, with the mean offset
being 3 km s~!, which is similar to that observed in earlier studies (e.g. Billington et al.,
2019). We investigated the spatial matching of methanol maser sites and MALT90 clumps
by analysing the differences in their positions, obtained from their catalogues. If the angular
offset was found to be less than half of the MALT90 beam size, the maser is considered to
be physically associated with the clump. If more than one clump is found to be matched
with a particular maser, we chose the clump having the least angular offset as the physically
associated one. The angular offsets between maser sites and clumps for the 68 MM sources
were typically less than 6 arcseconds. This suggests that all the methanol masers in this
study are indeed physically associated with the MALT90 clumps.

The molecular line modelling was performed in cassis (Caux et al., 2011), under the

assumption of local thermodynamic equilibrium (LTE). cassis gives the best fit estimates
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for molecular column density, excitation temperature, line width and local standard of
rest (LSR) velocity based on the initial parameters provided for the same. The values of
initial parameters are obtained by fitting the spectra using the CLASS program of the GILDAS "
software package. Prior to the fitting, the spectrum of each pixel in the data cube is extracted
and data were converted from antenna temperatures to main beam temperatures by dividing
it by main beam efficiency ( = 0.49). For the molecules that exhibit hyperfine components
(HCN and N,H"), fitting is performed using method HFS (hyperfine-structure fit). For
the molecules that do not have hyperfine satellites (HCO* and HNC), method GAUSS*
(Gaussian fit) is employed. The fit performed using method HFS gives the optical depth
in addition to the LSR velocity and FWHM of the spectral line, while the method GAUSS
gives an estimate of only the latter two parameters. We estimate the excitation temperature

of the line using the antenna equation
Ty = f[J(Tex) - J(Tbg)] (1 - e_TV) (61)

where T),,; is the main beam temperature, f is the filling factor, 7, is the optical depth of

the line, 7, is the background temperature, and J(7') is defined by

hy 1

I(T) = = (6.2)

For lines whose optical depth is known through fitting of hyperfine structure, Equa-
tion (6.1) can be used to determine the excitation temperature. The excitation temperature
can also be determined for lines that are known to be very optically thick by assuming 7 to
be infinity in Equation (6.1). For the molecules that do not possess hyperfine transitions,
we followed the method described in Sanhueza et al. (2012) to estimate the optical depths.
The process essentially involves computing the ratio of peak main beam temperatures of
an optically thick and optically thin line and then equating it with the ratio of their optical
depths. Once we obtain the optical depths, we estimate their excitation temperatures using
Equation (6.1).

In order to study the chemical evolution within the maser host, we performed a pixel-by-
pixel spectral energy distribution (SED) fitting of molecular data cubes. For this purpose,
we chose sources where at least 30 pixels in the moment zero map of MALT90, have S/N

ratio > 5. This results in a sample of nine sources that are used for what we refer to as the

Thttp://www.iram.fr/IRAMFR/GILDAS
*A  detailed description of method HFS and method GAUSS can be found here,
http://www.iram.fr/IRAMFR/GILDAS/doc/html/classhtml/class.html
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“pixel-by-pixel analysis”. We also aim to study properties of methanol maser hosts from a
chemical perspective compared to sources belonging to different evolutionary stages. Since
this cannot be accomplished with just 9 sources, we expanded our source sample to the ones
where the brightest pixel in the moment zero map has S/N > 3. It is to be noted that the
peak signal to noise ratio of individual spectra are much higher since the moment zero map
is obtained from the total intensity of the full spectrum of the spectrometer sub-band, with
most spectral channels being devoid of any signal. We call this as the statistical analysis
of maser sources. 59 sources, apart from the nine sources listed above, were chosen for
the latter approach. In total, our sample constitutes of 68 6.7 GHz methanol maser sources
(hereafter MM sources), where we carry out a pixel-by-pixel analysis (approach I) for nine
sources and a statistical analysis (approach II) for the entire source sample. A comparison
of the distances and methanol maser luminosities of our sample with that of the 320 sources
in Work I as well as the 972 sources in the entire MMB catalogue shows our sample to be
representative of the methanol maser population in the Galaxy with no systematic biases
being introduced by our sample selection procedure (see Appendix B.2). The MMB names
and ATLASGAL names of the entire sample of sources are listed in Table 6.2. Among the
68 maser sources, we have 51 NoH™ detections, 59 HCO*, 57 HNC and 52 HCN detections.

6.2.2 Dust continuum data

The molecular abundance is calculated by dividing the molecular column density by the H;
column density. The H, column density is determined using the spectral energy distribution
of the dust continuum emission. We made use of the 70, 160 um (PACS) as well as 250, 350
and 500 um (SPIRE) data, observed as a part of the Herschel infrared Galactic plane survey
(Hi-GAL, Molinari et al. (2010)). The 870 um data is obtained from the ATLASGAL
survey (Schuller et al., 2009). The maps at different wave bands have different data units,
resolution and plate scales. Moreover, in order to calculate the molecular abundances,
it is important to ensure that the H, column densities are determined at the same world
coordinates as that of the MALT90 data. We hence processed the data using the Herschel
Interactive Processing Environment (HIPE)® using the following steps: First, the surface
brightness unit of all the images were converted to Jy pixel ! using the task ‘Convert Image
Unit’. The data were then projected onto a common grid, with the pixel size and resolution

of the MALT90 data cube. This made sure that each coordinate of the dust continuum

Shttp://herschel.esac.esa.int/hipe/
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MMB names

ATLASGAL names

MMB names

ATLASGAL names

G006.189-0.358
G010.724-0.334
G010.958+0.022
G011.034+0.062
G012.625-0.017
G012.889+0.489
G013.179+0.061
G014.631-0.577
G305.799-0.245
G309.384-0.135
G311.947+0.142
G324.923-0.568
G326.608+0.799
G326.859-0.677
G329.469+0.503
G330.283+0.493
G331.134+0.156
G331.342-0.346
G331.442-0.187
G331.710+0.603
G332.295-0.094
G332.364+0.607
G332.560-0.148
G332.942-0.686
G333.163-0.101
G333.387+0.032
G336.809+0.119
G336.957-0.225
G336.958-0.977
G337.097-0.929
G337.201+0.114
(G337.258-0.101
G337.300-0.874
G337.632-0.079

AGAL006.188-00.357
AGALO010.724-00.332
AGALO010.957+00.022
AGALO011.034+00.061
AGALO012.623-00.017
AGALO012.888+00.489
AGALO013.178+00.059
AGALO014.632-00.577
AGAL305.799-00.244
AGAL309.384-00.134
AGAL311.947+00.142
AGAL324.923-00.569
AGAL326.607+00.799
AGAL326.859-00.677
AGAL329.469+00.502
AGAL330.284+00.492
AGAL331.134+00.156
AGAL331.342-00.347
AGAL331.442-00.187
AGAL331.709+00.602
AGAL332.296-00.094
AGAL332.364+00.604
AGAL332.559-00.147
AGAL332.942-00.686
AGAL333.161-00.099
AGAL333.386+00.032
AGAL336.808+00.119
AGAL336.958-00.224
AGAL336.958-00.977
AGAL337.098-00.929
AGAL337.201+00.114
AGAL337.258-00.101
AGAL337.301-00.874
AGAL337.632-00.079

G338.497+0.207
G338.566+0.110
G338.850+0.409
G339.282+0.136
G339.476+0.185
G339.582-0.127
G339.622-0.121
G340.249-0.046
G340.785-0.096
G341.218-0.212
G341.276+0.062
G346.480+0.221
G346.481+0.132
G347.628+0.149
G348.884+0.096
G349.092+0.105
G350.015+0.433
G350.520-0.350
G350.686-0.491
G351.688+0.171
G352.604-0.225
G352.855-0.201
G354.615+0.472
G354.724+0.300
G355.538-0.105
G013.657-0.599¢
G318.948-0.196"
G326.474+0.703¢
G327.393+0.199¢
G330.876-0.384¢
G333.314+0.105f
G335.586-0.2898
G338.281+0.541"
G353.463+0.563"

AGAL338.497+00.207
AGAL338.567+00.109
AGAL338.851+00.409
AGAL339.283+00.134
AGAL339.476+00.184
AGAL339.584-00.127
AGAL339.623-00.122
AGAL340.249-00.046
AGAL340.784-00.097
AGAL341.217-00.212
AGAL341.274+00.061
AGAL346.481+00.221
AGAL346.481+00.131
AGAL347.627+00.149
AGAL348.886+00.097
AGAL349.091+00.106
AGAL350.016+00.432
AGAL350.521-00.349
AGAL350.687-00.491
AGAL351.689+00.172
AGAL352.604-00.226
AGAL352.856-00.202
AGAL354.616+00.472
AGAL354.724+00.301
AGAL355.538-00.104
AGALO013.658-00.599
AGAL318.948-00.197
AGAL326.474+00.702
AGAL327.393+00.199
AGAL330.876-00.384
AGAL333.314+00.106
AGAL335.586-00.291
AGAL338.281+00.542
AGAL353.464+00.562

Table 6.2: The MMB and ATLASGAL names of the 68 sources studied in this work. The
nine sources considered for pixel-by-pixel study are indicated by alphabets a to i. These
nine sources are referred to as G13, G318, G326, G327, G330, G333, G335, G338 and

G353 respectively
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Figure 6.1: An example of temperature(left) and H, column density (right) maps obtained
by pixel-by-pixel fitting of dust continuum data for the source G13. The SPIRE 250 u m
emission is overlaid as contours.

map corresponds to the same location in the MALT90 data cube. The plug-in ‘Photometric
Convolution’ is used for this purpose. A constant background, estimated from the mean
continuum in a region devoid of source emission, was then subtracted from the data. The
pixels were then fit using the standard grey body model. We derive the hydrogen column
density (N(H;)) using the equations discussed in Work I. The maps obtained for source
G13 is shown in Figure 6.1 as an example.

For the pixel-by-pixel analysis, we modelled the spectra corresponding to each pixel
of the MALT90 data cube and then compared with the dust temperatures and H, column
densities of same pixels obtained by pixel-by-pixel SED fitting of dust continuum maps. For
the statistical study, we modelled the brightest pixel in the molecular data cube (brightest
in the moment zero map) and compared with the H, column density corresponding to that

pixel. The dust temperatures for the latter are taken from Work I.

6.3 Results

We present the results obtained from pixel-by-pixel study as well as the statistical study
of the sources. We mainly focus on the column densities and abundances of molecules
obtained after line modelling. We also briefly account for the integrated line intensities
of the molecular emissions. The uncertainties in the column densities and abundances

obtained are typically less than 20 per cent.
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Table 6.3: Column densities and abundances.

Quantity Min Max Mean Std. Median
N;(HCN)  7.56(12) 9.77(13) 3.39(13) 1.97(13) 2.98(13)
X;/HCN) 1.51(-10) 1.32(-8) 1.74(-9) 1.81(-9) 1.29(-9)
N;(HCN)  1.20(13) 1.06(14) 3.21(13) 2.11(13) 2.66(13)
X (HCN)  1.68(-10) 1.06(-8) 2.27(-9) 2.05(-9) 1.56(-9)
N;(HNC)  1.59(12) 1.57(14) 2.14(13) 1.95(13) 1.45(13)
X;(HNC) 4.49(-11) 245(-8) 1.47(-9) 1.70(-9) 1.14(-9)
N;(HNC)  5.25(12) 8.89(13) 2.12(13) 5.76(12)  1.83(13)
Xi(HNC)  2.24(-10) 4.64(-9) 1.28(-9) 8.27(-10) 9.47(-10)
N;(HCO*) 2.72(12) 9.69(13) 1.83(13) 1.81(13) 1.20(13)
X;(HCO") 1.76(-10) 1.53(-8) 1.37(-9) 1.81(13) 1.06(-9)
Ny (HCOY)  4.36(12) 4.82(13) 1.80(13) 1.16(13)  1.42(13)
X (HCOY) 1.35(-10) 4.79(-9) 1.26(-9) 1.00(-9) 9.61(-10)
N;(NoH*)  5.29(12) 9.25(13) 2.97(13) 1.72(13) 2.50(13)
Xy(NoH*)  1.33(-10) 7.84(-9) 1.85(-9) 1.41(-9) 1.42(-9)
Ny(NoHT)  2.31(11)  6.84(13) 2.97(13) 1.51(13) 2.48(13)
X(NoH)  1.58(-11) 4.09-9) 1.81(-9) 1.01(-9) 1.53(-9)

a(b) indicates ax10”. N and X represents column density and abundance
respectively. Subscripts I and II indicates pixel-by-pixel study and sta-
tistical study. The full table with best fit values, obtained after fitting the
spectra towards the brightest pixel of sources, is given in Appendix B.1.

Table 6.4: Spearman correlation coefficients.

Molecules Pix-by-pix  Stat

HCN -0.62 -0.64
HNC -0.53 -0.54
HCO™* -0.61 -0.62
N,H* -0.61 -0.55

Correlation coefficients between
different molecular species and
H; column densities for pixel-by-
pixel study and statistical study.
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6.3.1 Dust temperatures and H, column densities

The dust temperatures obtained after pixel-by-pixel SED fitting ranges from 13 to 49 K
with a mean value 24 K. The H, column densities derived for each pixel lie in the range,
(0.16 — 10.4) x 10> cm™2 with an average value of 2.68 x 10?2 cm™2. For the statistical
analysis, the dust temperature (taken from Paper I) ranges between 13 and 36 K with a mean
value of 23 K and the H, column densities lie in the range (0.25 — 6.98) x 10?? cm™2 with
an average value of 1.86 x 10?> cm™2. These values are comparable to what are typically
seen in massive star forming regions. For example, the dust temperature and Hy column
density values derived by Hoq et al. (2013) for 332 high mass clumps are 6.7-41.5 K (22 K
on average) and (0.2 —93.99) x 10?2 cm~2 (4.89 x 10?2 cm~2 on average) respectively. The
dust temperature values are also consistent with what have been reported by Guzmén et al.
(2015) for MALTO90 clumps (See Appendix B.3).

6.3.2 Optical depths and excitation temperatures

The fits to the hyperfine structure of HCN (1-0) show the line to be optically thick with
typical values of 7 being greater than 5. In contrast, NoH* (1-0) was found to be typically
optically thin, with the optical depth ranging from 0.1 to 1.2 and a mean value of 0.3. We
derived the optical depths for HCO* and HNC lines using the optically thin NoH* line,
as their optically thin isotopologues (H'*CO* and HN'3C) were undetected in our sources
and found both lines to be optically thick. The excitation temperatures calculated for HCN,
ranges from 4 to 10 K. We employed the same excitation temperatures for modelling HNC as
well, as the HCN and HNC molecules show a tight correlation in their integrated intensity.
The two molecules are also observed to have formed via similar chemical channels. The

excitation temperatures of HCO* and NoH* range from 6—12 K and 17-30 K respectively.

6.3.3 Anomalies in the HCN spectra

Most of the HCN spectra modelled in this work exhibit anomalous and asymmetric line
profiles. The complex line profiles are mostly due to hyperfine anomalies observed in the
J =1-0line, and also in part due to complex motions within the source. Anomalies in the
hyperfine structure of HCN have been observed by several authors to date (Guilloteau &
Baudry, 1981; Loughnane et al., 2012; Mullins et al., 2016). The J = 1-0 transition of HCN
has three hyperfine lines (F =1 —-0,1 -1 and 2 — 1). Under LTE conditions, the ratios of
the relative intensities of the two nearby hyperfine lines of HCN(1-0), are in the form 1:5:3.
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Figure 6.2: An anomalous HCN line profile. The fit obtained (assuming LTE) is shown in
red. The fit residual is marked in green.

If the spectrum is anomalous, we observe a boosted F' = 0 — 1 hyperfine line. This line can
also be broader than the rest of the hyperfine components. Figure 6.2 shows an example of
an anomalous HCN spectrum taken from our sample. While the anomalous spectra could
in principle be modelled using non-LTE radiative transfer codes such as MOLFIT (Moller
et al., 2017), such an analysis is beyond the scope of our present work. We have modelled
the HCN spectra by fitting the F = 1 — 1 and 2 — 1 components under assumption of LTE.
The poor fit to the F = 0 — 1 hyperfine line is likely to lead to systematic uncertainties in
the derived column densities. In order to account for this, we calculated the ratios of area
under the hyperfine satellites of the spectrum and the fit. In almost all the cases, the area
under the cassis fit is ~ 20 per cent less than area under the actual spectrum. Hence, we

infer that the column densities obtained for HCN are underestimated by 20 per cent.

6.3.4 Molecular column densities and abundances

Table 6.3 shows the minimum, maximum, mean and median values of molecular column
densities and abundances for both the pixel-by-pixel and statistical methods (indicated by I
and Il respectively). We can see that the column densities and abundances obtained from two
methods are very similar to each other. Miettinen (2014) reports a similar range for HCN,
HNC, HCO™" and NoH* column densities and abundances for their sample of 35 massive
clumps, though their mean HCN and N,H* column density is an order of magnitude higher
than our values. While the NoH* column densities and abundances for all the 51 sources
fall in a range similar to that reported by Hoq et al. (2013) and Saral et al. (2018), the HCO™*
column densities show some deviations. The HCO* column densities derived by Hoq et al.
(2013) for their sample of 333 massive clumps, (0.4 — 35.8) x 10'* cm™2 (3.57 x 10
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cm™2 on average), are an order of magnitude higher than those derived for our sources.
On the other hand, the median value of HCO* abundance of our sample (1.09 x 10™) is
found to be higher than that observed by Zhang et al. (2016) for their sources categorised
as HII regions/PDRs (3 x 107!0). The mean HCO™" column density value is also less than
those derived by Saral et al. (2018) for their sample of YSOs and protostellar sources. This
could be due to the differences in the methodology adopted for calculating the excitation
temperature. Zhang et al. (2016) and Hoq et al. (2013) assume the excitation temperature
to be equal to the dust temperature. Saral et al. (2018) on the other hand, derive excitation
temperatures using the optical depth of NoH* and use the same for the optically thick lines:
HCO*, HCN and HNC. In contrast, we find the excitation temperature of HCO*, HCN
and HNC to be significantly lower compared to that of NoH*, and much less than the dust
temperature.

Figures 6.3 and 6.4/ show HCN, HNC, HCO" and N,H" abundances plotted as a function
of dust temperature and H, column density. While there does not appear to be any trend of the
molecular abundances with dust temperature, they appear to be negatively correlated with
H; column density. The correlation coefficients obtained from the Spearman correlation
test performed on molecular abundances, and H; column densities, are given in Table 6.4.
We note that the trends shown by the abundances in the statistical study are also reflected
in the pixel wise analysis. We also carried out Pearson correlation test on the sample of 68
MM sources for HCN and HNC abundances (with respect to H, column density) and the
coeflicients obtained are -0.52 and -0.35 respectively. The Pearson correlation coefficient
found between HCN abundance and H, column density is very similar to that reported by
Miettinen (2014), who found the correlation coefficient to be -0.55 for their sample. While
Hoq et al. (2013) and Miettinen (2014) infer that HCO™ abundances tend to increase with
evolution, we do not see any such trend in our data. It is to be noted that the inference
of HCO* abundance increasing with evolutionary stage was made by Miettinen (2014)
assuming that the H, column density increases with source evolution. This is, however,
unlikely to be true since the observation of high H, column density in single dish studies
is more likely to be due to factors other than evolution, such as a larger physical source
area being covered in a telescope beam for a more distant source. In contrast, the dust
temperature is seen to be a much better probe of the evolutionary stage of the source,
with temperatures seen in infrared dark clouds seen to be systematically lower than that in
more evolved sources such as methanol masers and HII regions (Giannetti et al., 2013).
The lack of any correlation between the dust temperature and HCO* abundance thus casts

doubt on the interpretation of Miettinen (2014) on the increase of HCO* abundance with
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source evolution.

6.3.5 Integrated line intensities

Earlier studies (e.g., Rathborne et al., 2016; Urquhart et al., 2019) have studied the chemistry
in high-mass clumps using integrated line intensities and their ratios. The integrated line
intensities divided by H, column density have also been considered as a rough estimate
of molecular abundance (Urquhart et al., 2019). However, this assumes that the physical
conditions are similar for various transitions. In practice, different transitions have different
excitation temperatures and optical depths, which result in a variation of the column density
from a simple linear relation to the integrated intensity. To illustrate this, Figure 6.5 shows
the plot of integrated line intensity as a function of column density for N;H* and HCO™*
molecules corresponding to MM sources in our study. The data points are colour-coded by
the variation in optical depth. Figure 6.5 shows that the sources exhibit a clear bifurcation
between high and low optical depth values. The sources possessing lower 7 values tend to
show a stronger linear correlation with scatter among these points arising from variations
in the excitation temperature. On the other hand, sources with larger optical depth tend to
show more dispersion. This implies that integrated intensities are good proxies for column
densities only for complex molecules with low optical depth, and studies that target optically
thick molecules such as HCN, HNC and HCO™ require radiative transfer modelling in order
to obtain reliable column densities.

The HCN integrated intensities do not show any variation with the dust temperature. On
the contrary, the integrated intensity of HNC shows a weak positive correlation (Spearman

correlation coefficient, » = 0.28). This trend in HNC is in agreement with what is reported
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by Zhang et al. (2016) and Urquhart et al. (2019). The HNC line intensities divided by H,
column densities, on the other hand, show no discernible trend. The HCO™ line intensity
displays a slight increasing trend with dust temperature (» = 0.32), much in agreement with
Zhang et al. (2016) and Urquhart et al. (2019). The integrated intensity of HCO* divided by
H, column density show no obvious trends with dust temperature. This is contrary to what
is inferred by Urquhart et al. (2019), where they detect a weak positive correlation with dust
temperature. The integrated intensity of NyH* appears to be invariant with dust temperature.
This result is in congruence with what is observed by Urquhart et al. (2019). Zhang et al.
(2016) however, reports a slightly positive correlation. The ratio of integrated line intensity
of NoH™ to the H, column density show no distinct trend with dust temperature, which is
in good agreement with the results of Urquhart et al. (2019).

6.4 Discussion

In this section we discuss in detail the chemistry of different molecules based on the
chemical models, followed by a brief discussion on the infall signatures observed in our
sample. We also discuss the evolutionary status of methanol maser sources, gleaned from

their molecular abundance and integrated line intensity ratios.

6.4.1 Chemistry of molecules
6.4.1.1 HCN,HNC (hydrogen (iso)-cyanide)

HCN and its metastable geometrical isomer HNC are ubiquitous in the dense star forming
regions and are considered to be probing high-density gas. They are also good tracers of
infall motions in star forming regions (Wu & Evans II, 2003). According to gas-phase
chemical models, HCN and HNC are primarily produced through the following dissociative
recombination reaction of HCNH™' (Mendes et al., 2012):

_ HCN +H
HCNH* +e~ — (6.3)
HNC + H

Here both HCN and HNC are formed in equal measures causing HCN/HNC abundance
ratio close to unity (= 0.9). An additional channel where only HNC is produced, is through
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the dissociative recombination of H)CN* and HoNC* (Allen et al., 1980):

H2CN+ +e

—> HNC +H (6.4)
H2NC+ +e

This results HCN/HNC ratio to slightly rise above unity. These molecules are also formed
through other channels say,
CH, +N — HCN+H (6.5)

NH; + C — HNC +H (6.6)

These are then followed by rapid isomerisation reactions, once again resulting in near unity
HCN/HNC ratio. The destruction of HCN and HNC molecules in dense clouds, primarily

happens via the following reaction channels,

HCN + H* — HCN* + H 6.7)
HCN + HCO* — H,CN* + CO (6.8)
HNC+H — HCN+H (6.9)
HNC + H* — HCN + H* (6.10)
HNC + O — NH + CO 6.11)

6.4.2 HCO*

HCO* molecule, regarded as one of the excellent tracers of high-density gas, is mainly

formed via the following two channels (Schlingman et al., 2011) :

Hj + CO — HCO" + H, (6.12)

N>H* + CO — HCO" + N, (6.13)
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In the cold dense molecular clouds (7 > 10* cm™3, Ty, < 24 K), CO is frozen out on to
the dust grains, resulting in the depletion of HCO™. As the temperature increases, CO is
liberated from the dust grains, enhancing the production of HCO". Hence, the column
densities and abundances of HCO* molecule is expected to increase as the source evolves.

The destruction of HCO? is primarily due to the dissociative recombination reaction:

HCO*+e~ — CO+H

6.4.2.1 N,H*

These molecules are primarily formed through the gas-phase reaction :
H; +N, — N2HJr + H> (614)

and destroyed by the reaction with CO molecules in gas phase producing HCO" Bergin &
Langer (1997)
N,H" + CO — HCO" + N, (6.15)

Free electrons can also destroy NoH* molecules via the dissociative recombination

reaction and it’s the primary destruction mechanism when CO is depleted.

H; + NZ —> N2H+ + HZ (616)

NoH* +e~ — N, + H/NH + H (6.17)

6.4.3 Comparison to chemical models

According to gas-phase chemical models, HCN and its metastable geometrical isomer
HNC are primarily produced through the dissociative recombination reaction of HCNH*
as described in Equation 6.3. Figure 6.6 shows HCN abundance plotted as a function of
HNC abundance. We can clearly see a strong positive correlation in the pixel-by-pixel case
whereas there is more scatter in the statistical study. A Pearson correlation test carried
out on the HNC and HCN abundances for the pixel-by-pixel analysis yields a correlation
coefficient of 0.72 with 99.8% confidence level (p-value of 0.002)1 For the statistical

IThroughout this work we have adopted a threshold of > 30 confidence for claiming statistical sig-
nificance, which corresponds to a p-value < 0.003 for the null hypothesis of the two samples not being
correlated.
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analysis, we obtained the Pearson correlation coefficient to be 0.35 (p-value of 0.0003). A
similar positive correlation is observed by Miettinen (2014) (Pearson correlation coefficient
being 0.45) for their statistical study of IRDCs. The abundance ratio between HCN and
HNC is found to lie in the range 0.21 to 4.76 with a mean value of 1.64 (median is 1.49).
The mean value is closer to unity as suggested by the chemical models. Miettinen (2014)
reports their HCN/HNC ratio to be in the range 0.15 to 16.6, with a median value of 1.40.
These values agree well with our results. The mean value of abundance ratio determined by
Zhang et al. (2016) for their sample of high mass stars is seen to be greater than unity (3.91).
However, the HCN/HNC abundance ratio is very sensitive to the adopted dust temperatures
(Goldsmith et al., 1986; Schilke et al., 1992). While Zhang et al. (2016) have assumed the
excitation temperature to be equal to the dust temperature, we find the excitation temperature
to be much lower than the dust temperature. The very different abundance ratio of Zhang
et al. (2016) may be due to this difference in the value of assumed excitation temperature.
This being said, the HCN/HNC abundance ratio has been shown to vary between
regions (Schilke et al., 1992) and this has been attributed to conversion of HNC to HCN at
temperatures above T ~ 24 K [see Equation (6.9)]. The abundance ratio appears to show
a variation around 24 K for the pixel-by-pixel case (left panel, Figure 6.7). We investigate
this further in Figure 6.8 which shows the probability distribution functions (PDFs) for
the ratios of samples with dust temperatures above and below T, = 24 K shown in red
and blue, respectively. The sample with T,,; > 24 K has a higher median ratio, which is

in agreement with Schilke et al. (1992) who interpret this increase with source evolution.
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The right panel of Figure 6.7 shows a decreasing trend with increasing dust temperature,
although at < 30 confidence level based on a Pearson test. We would therefore like to
caution against over interpretation of this trend.

We also investigate the variation in N;H* abundance with respect to dust temperature,
for our sample of MM sources. Figure 6.9 shows the N;H* abundance plotted as a function
of dust temperature in each pixel of the 9 sources (S/N > 5). It is seen that for all the
sources except G13, the abundances increase till 7;,;; ~ 22 K and then decrease as the
temperature increases. The increase in NoH* abundances at lower temperatures (7 < 24 K)
is also observed by Sanhueza et al. (2012), Hoq et al. (2013), Miettinen (2014) and several
other studies. This positive correlation is often associated with the enhanced N, evaporation
from dust grains, resulting in the formation of more NoyH* molecules (Chen et al., 2013).
As the temperature exceeds 22 K, we see a decline in the abundance of NoH*. This is in
agreement with the chemical models, which suggest the liberation of CO molecules from

the dust grains at T,,; > 20 K, causing the depletion of NyH* molecules.

6.4.4 Detection of infall signatures

HCO" is one of the suitable candidates for investigating infall motions in both low mass and
high mass star forming regions. To distinguish self-absorbed line from other double peaked
line profiles, we generally make use of its optically thin isotopologue H'3CO™ (Klaassen
et al., 2012). Mardones et al. (1997) defined a dimensionless asymmetry parameter 6V, to

quantify the blue-skewed profiles,

_ Vthick - Vthin

oV
AV

(6.18)

Here, Vipicx and Vyp;, represent the LSR velocities of the optically thick and optically thin
lines and AV is the FWHM of the optically thin line. Line profiles with blue asymmetry are
characterized by negative values of the asymmetry parameter —i.e. 6V < 0. As we do not
have any strong (> 30-) H*CO* detections, we use optically thin NoH™ for the calculations.
We obtained blue-asymmetries for 21 sources in our sample. In addition, two sources, G13
and G335, displayed a blue asymmetric self-absorbed line profile. The line profiles of these
sources were modelled using the radiative transfer model “Hill5” (De Vries & Myers, 2005)
in order to determine the infall velocity. Figure 6.10 illustrates HCO™ fitted by “Hill5”
model for a single pixel of G13 and G335. For sources that exhibited blue-asymmetry, but

not self-absorption, we used V;,= Vipin — Vinick as an estimate of the infall velocity. The
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mass infall rate is then computed from the infall velocity as

Ming =32V, (6.19)
cl

where M.; and R.; are the mass and radius of the clumps respectively. These values are
taken from table 3 of Work 1. The mass infall rates calculated, fall in the range 8.0 X 107
Moyr~!—1.24x 1072 Mpyr~! with median value being 2.3x 1073 Mgyr~'. The uncertainties
in these values are typically less than 15 per cent. The calculated infall rates are in good
agreement with values that are typically found towards massive star forming regions (Young
etal., 1998; Fontani et al., 2002; Lépez-Sepulcre et al., 2010; Saral et al., 2018). Figure 6.11
shows M,, ¢ as a function of luminosity to mass (L/M) ratio. The L/M ratio serves as a
diagnostic tool to infer the evolutionary state of the source. In Figure 6.11, the x-axis
is (L/M)'*?, since this represents the fit to the ‘IR-P’ sources in Molinari et al. (2008)
and delineates sources in accretion phase from those in clearing phase (refer Figure 11 of
Work I). The sources belonging to the accretion phase and clearing phase are marked in
red and green respectively. Although the mass infall rates appear to show a weak positive
correlation with L/M ratios (r = 0.3), this is inconclusive due to p-value>0.003. A larger
sample of sources in clearing phase can elucidate the evolutionary effects of infall rates.
Wyrowski et al. (2016) report a similar result for their sample of high mass clumps, where 3
of their 8 sources showed higher infall rates towards higher L/M. He et al. (2016) obtained
median mass infall rates of (7 — 8) x 1073 Mgyr~! for pre-stellar, protostellar and ultra-
compact HII regions for their sample of 732 massive clumps and concluded that the infall
rates are independent of the evolutionary stage. We also found no significant trends in the

mass infall rate when plotted against methanol maser luminosities.

6.4.5 Implications about the evolutionary stage

As indicated earlier in §1, a number of studies (e.g., Ellingsen, 2006b; Pandian et al.,
2010; Billington et al., 2019, and references therein) using continuum emission from radio
to infrared wavelengths strongly suggest that 6.7 GHz methanol masers trace an early
evolutionary stage of massive star formation, mostly prior to the formation of a HII region.
In particular, the mass to luminosity ratio of methanol maser sources are consistent with
~93 per cent of them being in accretion phase (Paper I). A similar study by Jones et al.
(2020) compares the physical properties of clumps associated with maser emission with
that of the protostellar sources without maser emission and find the L/M ratio for maser

associated clumps to be slightly higher than that of the latter, suggesting that the maser
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Figure 6.10: HCO™ spectrum of a single pixel fitted by “Hill5”” model for G13 and G335
(left and right panels respectively).
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Figure 6.11: Mass infall rates plotted against (L/M)'4>. The methanol maser hosts that are
in accretion phase and clearing phase are shown in red (filled circles) and green (unfilled
diamonds) points, respectively. The blue dashed line represents the fit to the ‘IR-P’ sources
in Molinari et al. (2008).
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sources are more evolved. In this context, it is of interest to see whether the chemical
properties of these clumps, examined based on the chemical model, is in agreement with
the conclusions derived from their physical properties. Since different molecular species
form in specific chemical environments, the ratio of their abundances and intensities can
act as a tracer for the evolutionary stage of the high-mass clump. For example, Rathborne
et al. (2016) and Urquhart et al. (2019) have observed several line ratios to show systematic
trends with source evolution.

We focus on four molecular abundance (intensity) ratios: HCN/HNC, HNC/HCO®,
N,H*/HCO™" and N,H*/HNC. Here we compare these abundance ratios of our sources with
those that are classified to be in different evolutionary stages by earlier studies. We also
compare the line intensity ratios of the methanol maser sources with the overall sample
of Rathborne et al. (2016) and Urquhart et al. (2019). In this regard, it should be noted
that although our data is from the MALT90 survey, our integrated line intensities are in
general higher than that of Rathborne et al. (2016). This is primarily due to the differences
in spectrum extraction from the data cubes. While we have extracted our spectra from the
brightest pixel as discussed in Section 2, Rathborne et al. (2016) use an averaged spectrum,
obtained by averaging over 9 pixels around the dust peak. This has the effect of reducing the
intensity of the spectrum although the signal to noise ratio can be higher. Our integrated line
intensities are also found to be frequently different from those of Urquhart et al. (2019) for
the same sources, with the discrepancy most likely arising from differences in the pointing
location and velocity resolution (~ 0.9 km s~!, which is worse than that of MALT90).
We hence do not compare the line ratios determined in our work with that of Rathborne
et al. (2016) and Urquhart et al. (2019). Rather, we extract the molecular line intensities of
methanol maser detections in the MMB from Rathborne et al. (2016) and Urquhart et al.
(2019) and compare their ratios with that of sources in other evolutionary states. This is
done separately for the sample of Rathborne et al. (2016) and Urquhart et al. (2019). We
will refer to the maser sample separated out from Rathborne et al. (2016) and Urquhart et al.
(2019) as MMy and MMy respectively, for the sake of clarity. The minimum, maximum
and median values of column density and abundance ratios between different molecules for
68 MM sources are given in Table 6.5.

We begin by comparing the HCN/HNC abundance ratios with the results of Jin et al.
(2015) and Saral et al. (2018). The former estimate the abundance ratio for Infrared
dark clouds (IRDCs, quiscent or active, depending on star formation activity), High-mass
protostellar objects (HMPOs) and Ultra-compact HII regions (UCHIIs). The latter classify

their sources into three evolutionary stages: massive star forming regions (MSF), young
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Table 6.5: Molecular ratios

Molecular ratios Min Max Median
NHCN)/N(HNC) 0.21 4.76 1.49
XHCN)/XHNC) 0.21 4.76 1.50

NHNC)/N(HCO*) 0.37 7.68 1.17
XHNC)/XHCO*) 0.29 7.68 1.16
N(N,H")/N(HCO*) 0.03 8.71 1.66
X(NLH")/X(HCO™) 0.03 8.71 1.58
N(N,H*)/N(HNC) 0.02 5.73 1.40
X(N,H")/X(HNC) 0.02 5.73 1.47

Minimum, maximum and median values of
different molecular ratios for 68 MM sources.
N and X represents column density and abun-
dance respectively.
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Figure 6.12: MM sources over plotted on results obtained by previous studies. The left
panel shows the HCN/HNC ratios derived by Jin et al. (2015) and the right panel shows that
of Saral et al. (2018).
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Figure 6.13: MM sources compared with the HCN/HNC integrated intensity ratios of
Rathborne et al. (2016) and Urquhart et al. (2019) shown in left and right panels respectively.
The filled circles on the CDFs represent the median line intensity ratios. Letters ‘Q’, "A’,
’C’,’H’ and "P’ denotes quiescent, protostellar, compact H II regions, extended H II regions
and photo-dominated regions respectively.

stellar objects (YSO) and protostellar. The left panel of Figure 6.12 shows that MM sources
have similar temperatures as HMPOs but their abundance ratios partially span the IRDC
region as well. In contrast, the right panel of Figure 6.12 shows the abundance ratio to be
larger than YSOs and protostellar sources. Figure 6.12 also shows that the abundance ratio
inferred by Jin et al. (2015) differs systematically from that of sources in similar evolutionary
stage (e.g. HMPO vs Protostellar or YSO) in Saral et al. (2018). This may be due to the
abundance ratio being determined by comparing the column densities of H'3CN and HN'3C
by Jin et al. (2015). Considering that the methodology that we have used in our work is
similar to that of Saral et al. (2018), the methanol masers appear to be tracing sources
that are more evolved than the protostellar phase. However, due to the small sample size,
this result is not statistically significant as inferred by a Kolmogorov-Smirnov (KS) test!.
In Figure 6.13 we compare the cumulative distribution functions (CDFs) of HCN/HNC
line intensity ratios of MMy and MMy sources with quiescent, protostellar, HII regions
and photo-dominated regions (PDRs) in Rathborne et al. (2016) (left panel) and Urquhart
et al. (2019) (right panel), respectively. The median value of the ratio for methanol maser
sources is seen to be greater than that of protostellar sources, but smaller than that of HII
regions/PDRs. Since the HCN/HNC line ratio is seen to increase with source evolution,

this suggests that the methanol maser sources are on average more evolved than protostellar

IThe null hypothesis considered for KS tests and Student’s T tests in this work is of the two samples being
drawn from the same population. We infer two samples to be disparate only if the p-value<0.003, which
corresponds to a > 30 confidence level.
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Figure 6.14: Methanol maser sources compared with the HNC/HCO™ integrated intensity
ratios of Rathborne et al. (2016) and Urquhart et al. (2019) shown in left and right panels
respectively. The filled circles on the CDFs represent the median line intensity ratios.
Letters ‘Q’, "A’, ’C’, ’H’ and P’ denotes quiescent, protostellar, compact HII regions,
extended H II regions and photo-dominated regions respectively.

sources but less evolved than HII regions/PDRs. The KS test shows the maser sample
to be distinct from protostellar sources but not HII regions, showing the former to be a
stasistically significant result.

Miettinen (2014) compute HNC/HCO" column density ratios for IR-dark sources and IR-
bright sources, whereas Zhang et al. (2016) obtain HNC/HCO™" abundance ratios of prestel-
lar, protostellar and HII/PDR clumps. Both of these studies imply that the HNC/HCO™
ratios decrease as the source evolves. On comparing the values for MM sources with these
datasets, we find a higher median column density ratio than IR-dark sources and a lower
median abundance ratio than HII/PDR sources. Figure 6.14 shows the line intensity ratio
of HNC/HCO" for the classifications of Rathborne et al. (2016) and Urquhart et al. (2019).
The line intensity ratio is seen to decline with source evolution, similar to the observation
with ratios of column densities. This may be due to enhanced abundance of HNC in colder
clumps (Hoq et al., 2013). Figure 6.14 shows that the MMz and MMy sources have a larger
median I(HNC)/I(HCO)* than both PDRs and HII regions, and a smaller median ratio
than protostellar sources. However, the KS test identifies only methanol maser sources and
PDRs to be drawn from seperate populations. Hence, we can ascertain than that the maser
sources are less evolved than PDRs. Comparing with Figure 6.13, we can also say that
the HNC/HCO™ ratio is not as sensitive as the HCN/HNC ratio in distinguishing between
evolutionary states.

It has been reported that N,H*/HCO™ abundance decreases as a high mass clump evolves
(Sanhueza et al., 2012; Lee et al., 2003; Bergin & Tafalla, 2007). A comparison with the
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Figure 6.15: MM sources compared with the N;H*/HCO™" integrated intensity ratios of
Rathborne et al. (2016) and Urquhart et al. (2019) shown in left and right panels respectively.
The filled circles on the CDFs represent the median line intensity ratios. Letters ‘Q’, "A’,
’C’,’H’ and "P’ denotes quiescent, protostellar, compact H II regions, extended H II regions
and photo-dominated regions respectively.

sources in Zhang et al. (2016) shows that MM sources have a larger median abundance ratio
than HII/PDR but lesser than protostellar. We also find that the median abundance ratio
of MM sources is higher than that of IR-bright souces in Miettinen (2014). As shown in
Figure 6.15, we find a higher median ratio for MMk and MMy sources compared to H II
regions and PDRs in Rathborne et al. (2016) and Urquhart et al. (2019). Given that the
N,H*/HCO™ intensity ratio declines as the source evolves, this is indicative of MM sources
being less evolved than H 11 regions and PDRs. While, a KS test performed on Urquhart et al.
(2019) identifies maser sources, protostellar sources and HII regions as distinct samples,
the same test performed on Rathborne et al. (2016) identifies maser sources and PDRs as
distinct. Hence, Rathborne et al. (2016) suggests maser sources to be less evolved than
PDRs and the N;H*/HCO™ line intensity ratios of Urquhart et al. (2019) is consistent with
methanol maser sources being at a later evolutionary stage than protostellar phase and less
evolved than H II regions.

Finally, we investigate how the NoH*/HNC ratio of MM sources compare with clumps
in different evolutionary stages. The median column density and abundance ratios for
MM sources are similar to IRDCs in Liu et al. (2013). Figure 6.16 shows the NoH*/HNC
intensity ratio for sources in different evolutionary stages as per Rathborne et al. (2016)
and Urquhart et al. (2019). It can be seen that the N;H*/HNC ratio declines as the source
evolves, which is contrary to what was observed by Sanhueza et al. (2012). We also see
that the median line ratio of MMy and MMy, sources is higher than that of H II regions and

PDRs (these are supported by the KS tests), which again is consistent with methanol maser
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Figure 6.16: MM sources compared with the NoH*/HNC integrated intensity ratios of
Rathborne et al. (2016) and Urquhart et al. (2019) shown in left and right panels respectively.
The filled circles on the CDFs represent the median line intensity ratios. Letters ‘Q’, "A’,
’C’,’H’ and "P’ denotes quiescent, protostellar, compact H II regions, extended H II regions
and photo-dominated regions respectively.

sources tracing an earlier evolutionary stage than H II regions.

In short, the chemical properties are in agreement with the picture of methanol masers
tracing an early evolutionary stage prior to the formation of PDRs and possibly H II regions
(clearing phase). While the median line ratios of the sources with methanol masers are
generally in between that of sources in the protostellar phase and sources identified as H II
regions and PDRs, there is considerable overlap in the CDFs. This may be either due to
the methanol maser phase overlapping with that of massive young stellar objects and H II
regions, or due to chemical properties having lower sensitivity (compared to continuum

studies) with respect to discriminating between different evolutionary phases.

6.5 Summary

We have investigated the chemical environments of 6.7 GHz methanol maser hosts using
N,H*(1-0), HCO*(1-0), HCN(1-0) and HNC(1-0) molecular lines from the MALT90 sur-
vey, where the sources were selected to be representative of the full sample in Work I. The
abundances of these molecular species is in congruence to the typical values observed in
massive star forming regions. We do not find any correlation between molecular abundance
and dust temperature, which suggest that the molecular abundances do not evolve much
during the evolutionary stage traced by methanol masers. The HNC and HCO" integrated
intensities, on the other hand, showed a weak positive correlation with source evolution.
The HCN/HNC, HNC/HCO™, No,H*/HCO* and N, H*/HNC ratios are in agreement with the
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picture of the methanol maser phase occurring prior to the formation of H II regions/PDRs.
The analysis of HCN/HNC ratios hint methanol maser sources being more evolved than
protostellar sources.These results are consistent with earlier studies including the SED
studies of Work I wherein a majority of the methanol masers had mass to luminosity ratios

suggestive of them being in accretion phase, with the masers turning off in the clearing
phase.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This thesis presented an investigation into the early stages of massive stars using 6.7 GHz
methanol masers as tracers. Astrophysical masers are one of the effective tracers of high
mass star forming regions. The population inversion in astrophysical masers can be achieved
via collisional excitation or radiational pumping. Many species and transitions of astro-
physical masers have been detected towards massive star forming regions, but the most
common and strong transitions are from OH, methanol and water molecules. As far as the
early stages of star formation is concerned, methanol masers hold a special place as most
of them are associated with sources that have not developed an HII region. There are more
than 50 different methanol transitions that have been observed to show maser emission, and
these are divided into two classes - Class I and Class II. Class I methanol masers are colli-
sionally pumped and are generally found slightly offset from star-forming regions. Class II
methanol masers, on the other hand, are dominated by radiative processes and are observed
in the close vicinity of massive star forming regions. The 6.7 GHz transition of the Class II
methanol maser is the brightest, and the second brightest maser transition ever observed.
These masers are pumped by the infrared emission from local warm dust of temperatures
exceeding 150 K. Furthermore, gas densities 3 X 10% < ng, < x10° cm™ with methanol

2 are also required for the 6.7 GHz masers to occur. Such

column densities > 2 x 10! cm~
physical conditions are commonly found in massive star forming regions—making 6.7 GHz
methanol masers closely associated with high-mass star formation, based on theoretical
models. This has also been bolstered observationally via numerous surveys targeted to-
wards ultracompact H1I regions (selected through their IRAS colors) and OH masers. A
majority of these masers have also been found to lack the presence of any associated radio

continuum, suggesting that they are associated with early stages of massive star formation.
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We have carried out a comprehensive study of the physical environments of 6.7 GHz
methanol maser sources. We conducted this study by taking 320 methanol maser sources
from the MMB survey and constructing their SEDs from 70 to 870 um, with flux values
derived from Hi-GAL and ATLASGAL maps. An average dust temperature of 22 K was
observed, confirming the later evolutionary stage of the maser sources in comparison to
infrared dark clouds, with some sources showing temperatures as high as 48 K. We estimated
the clump properties such as mass, far-infrared luminosity, and column density using the
best-fitting parameters of the SED fits. The values of these parameters suggest that the vast
majority of these clumps are in the process of forming high-mass stars. Considering the
Kauffman criteria for massive star formation, we found that all but a few maser hosts have the
potential to harbour at least one high-mass star. The evolutionary stages of 6.7 GHz maser
sources, explored using the mass luminosity diagram, suggest that they are predominantly
associated with high-mass stars, with the majority being in the accretion phase. However,
we observed a small number of sources that could possibly be related to intermediate- or
low-mass stars.

We also investigated the chemistry of 6.7 GHz methanol maser hosts. This study
was intended to compliment our work on the physical environments of the maser sources.
We embarked on this project by choosing 68 6.7 GHz methanol maser sources, from the
320 sources we had already studied, with the selection based on data availability and the
signal-to-noise ratio of the molecular lines. We performed (1) pixel-by-pixel study of 9
methanol maser sources that have high signal-to-noise ratio and (2) statistical study taking
into account the entire 68 sources. We estimated the molecular column densities, integrated
line intensities and abundances of NoH*(1-0), HCO*(1-0), HCN(1-0) and HNC(1-0) lines.
The derived abundances were found to be in good agreement with the typical values found
towards high mass star forming regions. We found the column density and abundance ratio
of HCN to HNC to increase and that of NoH* to HCO™ to decline with source evolution,
as suggested by the chemical models. The HCN/HNC, N,H* /HCO*, HNC/HCO™* and
N,H*/HNC ratios of the methanol maser sources bolster the idea that they are at a later
evolutionary state than quiescent phase and possibly protostellar phase, but at an earlier stage
than HII regions and PDRs—much in agreement with previous dust continuum studies.

This thesis work thus provides a strong evidence that along a timeline for massive star
formation, the 6.7 GHz methanol maser phase originates at high-mass young stellar objects
that are more evolved than infrared dark clouds, and disappears before the onset of UC-H II
regions. We also obtained hints regarding the likely association of 6.7 GHz methanol

maser emission with intermediate- or low-mass stars, although the mechanisms by which it
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happens is not clear. A possible explanation is that the 6.7 GHz maser action in low-mass
protostars may be restricted to select geometries wherein the physical conditions for maser

pumping are satisfied.

7.2 Future work

The majority of the sources studied in our sample are at large distances and consequently,
many of them, which are ostensibly isolated structures at 18 arcscec resolution, could
fragment to smaller substructures at high spatial resolution. This is an inherent limitation of
any study carried out using data from single dish telescopes. We have assumed a one-to-one
correspondence between the massive clump and observed maser, and several high resolution
studies have indeed buttressed this assumption. However, if we need to address whether
6.7 GHz methanol masers are exclusively associated with massive star formation in a more
robust fashion, it is of paramount importance to conduct the study at higher resolution. It
is also worth noting that there has been various studies where maser luminosity is deemed
as a useful diagnostic of embedded source evolution. However, as already discussed in
Chapter 5, we observe no significant trends between maser luminosity and source evolution
(indicated by the luminosity of the source). Resolving these inconsistencies warrants a
more detailed study that could be undertaken in the future.

Our molecular line studies have made use of MALT90 archival data to study the chemical
environments of the methanol maser hosts. A better estimate of excitation temperatures and
number density of the molecular gas can be obtained using spectroscopic data of multiple
transitions of the same molecule. It is therefore instructive to perform follow-up high
resolution spectral line observations, taking into account various higher order molecular
transitions, to unveil the true chemistry of massive star forming regions. Furthermore, the
analysis can be made more robust by incorporating non-LTE radiative transfer modelling,

especially to shed light on the hyperfine anomalies in HCN.
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Appendix A
SED fits and Data Tables

A.1 Data tables

Table A.1: Flux densities of sources hosting 6.7 GHz methanol masers from 870 to
160 ums. The uncertainties in the measured flux densities are given in parentheses.

Source name

Flux density (Jy)

870 um 500 um 350 um 250 um 160 um

G345.131-0.174  4.15(0.11)  17.52(0.77) 49.45 (1.56) 97.06 (2.64) 125.80 (4.46)
G345.576-0.225  1.90 (0.06) 6.71 (0.40) 19.95 (0.79) 29.80 (1.03) 33.28 (0.90)
G345.807-0.044  0.84 (0.05) 3.92(0.33) 8.03 (0.48) 11.69 (0.65) 9.75 (0.48)
G345.824+0.044  2.85(0.09) 5.40 (0.82) 21.25 (2.15) 44.66 (2.92) 61.33 (3.30)
G345.985-0.020 2.29(0.07)  18.31 (0.46) 46.04 (1.02) 91.47 (2.08) 175.43 (5.99)
G346.036+0.048  1.47 (0.05) 7.62 (0.33) 21.18 (0.68) 48.29 (1.21) 99.01 (3.40)
G346.231+0.119  1.28 (0.05)  12.67 (1.90) 27.89 (0.89) 47.01 (1.24) 85.72 (2.82)
G346.480+0.221  5.17 (0.14) 19.14 (0.45) 57.10 (1.23) 87.11 (2.12) 79.99 (2.91)
G346.481+0.132  2.66 (0.07) 15.28 (0.61) 39.76 (0.59) 78.84 (1.58) 161.35 (5.33)
G346.517+0.117  1.14(0.11)  18.50 (1.27) 32.55 (3.99) 23.53 (5.04) 32.99 (1.67)
G347.230+0.016  1.59 (0.10)  15.67 (0.92) 30.97 (1.61) 26.66 (2.48) 36.01 (1.91)
G347.628+0.149  13.82 (0.41) 83.03(2.32)  290.12(6.93) 710.10(17.80)  1239.24 (46.40)
G348.884+0.096  2.42(0.10)  11.29(0.74) 31.39 (1.31) 57.09 (1.67) 71.19 (2.32)
G349.067-0.017  1.53(0.05) 7.83(0.43) 23.27 (0.58) 50.16 (1.29) 110.16 (3.13)
G349.092+0.105 9.88(0.24)  83.42(1.74) 22593 (6.06) 394.96 (10.31)  815.80 (21.63)
G349.151+0.021  2.35(0.16)  12.49 (1.05) 35.12 (2.19) 64.03 (3.45) 96.63 (4.66)
G349.884+0.231  0.63 (0.03) 4.07 (0.19) 11.10 (0.35) 28.04 (0.92) 58.46 (2.75)
G350.015+0.433  7.75(0.14)  57.07 (0.32) 170.45 (1.42)  396.75 (7.66) 1018.96 (28.11)
G350.116+0.220  1.23 (0.06) 6.67 (0.22) 15.67 (0.61) 19.08 (0.92) 33.49 (1.07)
G350.299+0.122  3.59(0.11)  24.31 (1.00) 58.49 (2.61) 103.84 (2.25) 157.14 (4.73)
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Table A.1 - continued from previous page

Source name Flux density (Jy)
870 um 500 um 350 um 250 um 160 um

G350.340+0.141  5.08 (0.25)  31.30(4.26) 69.43 (13.61)  155.54(9.29) 293.56 (9.56)
G350.344+0.116  3.70(0.31)  40.64 (2.83) 87.18 (9.04)  118.74 (19.97) 194.80 (5.09)
G350.356-0.068  1.16 (0.04) 6.78 (0.42) 18.65 (0.61) 37.16 (0.94) 65.36 (1.78)
G350.520-0.350  5.02 (0.13)  27.04 (0.94) 70.53 (1.70) 129.59 (3.25) 172.16 (5.90)
G350.686-0.491  7.49 (0.24)  39.35(0.84)  118.05(2.72)  235.02(5.93) 365.90 (14.61)
G351.382-0.181  1.66 (0.05) 9.66 (0.16) 26.11 (0.38) 49.57 (0.99) 77.27 (2.42)
G351.688+0.171  1.38 (0.07)  11.69 (0.76) 29.38 (2.25) 58.71 (2.19) 94.91 (4.65)
G352.083+0.167  1.40 (0.07) 9.91 (0.73) 27.54 (1.39) 50.15 (2.48) 79.69 (3.93)
G352.111+0.176 ~ 3.18 (0.13)  23.29(0.91) 54.33 (2.01) 86.06 (3.12) 121.42 (3.36)
G352.133-0.944  3.85(0.15)  27.74 (0.67) 68.65 (2.28) 132.26 (4.31) 279.58 (13.65)
G352.525-0.158  2.41 (0.09) 6.57 (0.90) 32.38 (1.40) 79.71 (3.66) 107.81 (17.76)
G352.604-0.225 2.85(0.12)  13.55(1.61) 32.24 (3.14) 47.42 (1.95) 30.66 (1.39)
G352.855-0.201  8.60(0.22)  42.45(0.98)  140.61 (2.81)  348.08 (8.35) 773.24 (28.67)
G353.216-0.249  2.95(0.10)  17.59 (0.43) 58.82 (1.37) 118.38 (3.20) 160.02 (7.45)
G353.378+0.438  1.13 (0.04) 5.38 (0.20) 12.29 (0.45) 25.52 (0.74) 32.92(1.92)
G353.429-0.090 4.22 (0.15)  32.80(2.60) 80.58 (3.89) 131.59 (3.11) 179.77 (5.25)
G353.464+0.562 648 (0.15)  43.97(0.50) 113.18(1.49)  221.35(3.65) 386.89 (12.22)
G353.537-0.091  1.12(0.07) 5.49 (0.56) 12.63 (0.92) 26.58 (1.16) 31.21 (1.71)
G354.496+0.083  1.57 (0.09) 5.99 (0.44) 18.87 (1.25) 28.57 (2.49) 29.78 (2.51)
G354.615+0.472  16.20(0.36) 112.07 (1.96)  288.81 (4.91)  529.51 (12.98)  992.39 (26.83)
G354.701+0.299  7.48 (0.25)  41.06 (1.20) 136.43 (3.77)  196.20 (9.57) 261.80 (11.24)
G354.724+0.300 10.43 (0.28)  85.11(1.34)  230.51 (4.68) 478.57(11.41)  932.11 (27.30)
G355.538-0.105 2.37(0.08)  17.27 (0.40) 49.43 (1.14) 105.75 (2.49) 235.57 (6.14)
G355.642+0.398  1.16 (0.05) 7.19 (0.35) 17.47 (0.72) 27.28 (0.96) 39.87 (1.32)
G005.618-0.082  4.69 (0.15)  33.64 (0.48) 65.57 (1.19) 101.33 (2.18) 102.29 (3.26)
G005.630-0.294  1.86 (0.06)  11.47(0.35) 27.96 (0.75) 59.00 (1.27) 129.81 (3.34)
G006.189-0.358 11.21(0.27) 50.42(0.71)  188.97 (3.07)  419.85(9.85) 867.27 (23.64)
G006.368-0.052  3.14 (0.10)  15.61 (0.40) 52.17 (1.08) 110.69 (2.92) 185.00 (6.66)
G008.317-0.096  1.45(0.09) 7.31 (0.86) 21.22 (1.75) 21.25 (1.95) 21.21 (1.25)
G008.683-0.368  5.65(0.17)  34.08 (0.77)  108.23 (2.07)  227.30(5.32) 389.40 (10.69)
G008.832-0.028  2.26 (0.16)  19.03 (0.88) 41.34 (1.42) 93.42 (2.96) 138.04 (4.30)
G010.444-0.018 4.75(0.14)  33.22(3.32) 70.83 (2.13) 130.08 (4.11) 157.45 (4.52)
G010.629-0.333  14.41 (0.38) 70.58 (13.10) 210.41 (17.42) 487.07 (14.54)  682.15 (24.32)
G010.724-0.334  4.05(0.16)  18.46 (0.99) 55.75 (2.00) 81.11 (2.97) 112.08 (3.71)
G010.886+0.123  1.73(0.07)  12.01 (0.44) 35.92 (1.28) 80.35 (2.51) 175.80 (9.20)
G010.958+0.022  5.75(0.14)  33.00 (0.44)  105.02 (1.06)  254.29 (4.22) 608.26 (16.79)
G011.034+0.062  3.63 (0.11)  25.41(0.52) 71.34 (1.32) 157.02 (3.28) 363.28 (9.80)
G011.109-0.114  3.73(0.16)  26.90 (1.27) 51.13 (2.05) 90.67 (2.39) 144.25 (4.56)
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Table A.1 - continued from previous page

Source name Flux density (Jy)

870 um 500 um 350 um 250 um 160 um
G011.903-0.102  1.69 (0.07)  11.85(2.37) 30.74 (4.52) 54.48 (1.74) 84.86 (2.04)
G011.992-0.272 191 (0.08)  12.12(0.77) 29.87 (0.91) 62.06 (1.67) 117.38 (3.58)
G012.025-0.031 2.41(0.08)  16.00 (0.38) 39.82 (0.96) 76.46 (2.09) 147.67 (4.32)
G012.265-0.051  1.58 (0.05)  10.67 (0.43) 24.16 (0.83) 46.93 (1.38) 61.10 (2.19)
G012.526+0.016  1.42 (0.06) 8.97 (0.39) 25.58 (0.61) 44.71 (1.07) 59.14 (2.23)
G012.625-0.017  7.76 (0.27)  55.04 (1.46)  149.77 (3.16)  267.98 (7.11) 335.37 (12.25)
G012.889+0.489 19.14 (0.54) 111.22(2.67) 364.60 (6.62) 592.89(21.91) 1815.19 (104.41)
GO013.179+0.061  14.17 (0.38)  67.43(3.85)  198.70(8.38) 347.91(12.45) 456.45(16.42)
G013.657-0.599  7.60 (0.21)  43.31(0.68)  156.49 (2.08)  366.71 (7.59) 742.11 (25.43)
G013.713-0.083  2.87 (0.12)  13.54 (0.66) 45.37 (1.78) 95.25 (3.11) 187.45 (6.10)
G014.101+0.087  5.96 (0.14)  40.89(0.72)  107.82(1.95)  235.22(5.05) 371.14 (14.03)
G014.390-0.020  1.06 (0.05) 5.32(0.61) 15.63 (1.56) 41.30 (1.91) 72.98 (3.51)
G014.631-0.577 16.07 (0.47)  70.09 (2.01)  209.46 (6.58) 408.52 (12.38)  500.24 (16.05)
G014.991-0.121  2.97(0.09)  15.04 (0.64) 43.18 (1.18) 90.46 (2.34) 142.97 (4.65)
G015.665-0.499  6.07 (0.17)  49.28 (1.09)  108.64 (2.28)  231.63 (4.44) 421.94 (12.21)
G016.112-0.303  0.69 (0.04) 3.99 (0.26) 11.60 (0.57) 21.67 (0.88) 28.01 (1.61)
G016.302-0.196  0.78 (0.04) 9.27 (1.07) 13.84 (1.24) 27.80 (0.81) 42.27 (1.65)
G016.403-0.181 1.33(0.04)  11.79 (1.15) 27.92 (1.48) 59.17 (1.56) 107.38 (2.91)
G016.585-0.051  9.81(0.24)  74.89 (0.96)  184.69 (2.04)  340.37 (5.90) 727.68 (23.29)
G016.831+0.079  2.70 (0.07)  16.39 (0.38) 41.06 (0.83) 79.64 (1.74) 137.98 (3.92)
G016.855+0.641  1.96 (0.06)  12.50 (0.37) 27.61 (0.78) 43.78 (1.05) 57.54 (1.68)
G017.029-0.071  2.34(0.07)  15.46(0.41) 38.47 (1.16) 76.52 (2.02) 125.35 (4.01)
G017.862+0.074  1.58 (0.05) 7.28 (0.39) 23.75 (0.66) 57.43 (1.24) 112.47 (3.36)
GO018.159+0.094  0.68 (0.03) 5.08 (0.30) 10.85 (0.52) 20.81 (0.89) 31.07 (1.65)
G018.262-0.244 547 (0.20)  48.09 (1.73) 83.58 (4.23) 102.35 (6.74) 190.16 (6.61)
G018.460-0.004 249 (0.13)  22.76 (0.97) 50.30 (2.61) 62.72 (4.85) 140.39 (6.84)
G018.661+0.034 497 (0.12)  20.42 (0.65) 62.66 (1.17) 127.09 (2.91) 180.80 (7.82)
G018.733-0.224  6.81 (0.24) 47.86(1.46)  150.65(3.28)  300.26 (6.66) 449.93 (16.54)
GO018.735-0.227 6.81(0.24)  47.86(1.46)  150.65 (3.28)  300.26 (6.66) 449.93 (16.54)
GO018.874+0.053  2.11 (0.07)  15.20 (0.69) 29.03 (1.43) 49.28 (2.17) 73.74 (3.19)
G018.888-0.475  8.66 (0.39)  59.50(2.27)  200.83 (6.58)  257.10(8.58) 249.07 (9.18)
G018.999-0.239  1.19 (0.05) 7.22 (0.45) 18.11 (0.72) 29.77 (0.90) 24.27 (0.77)
G019.009-0.029  6.48 (0.16)  29.16 (1.29) 91.29 (2.53) 194.64 (5.12) 367.12 (11.39)
G019.249+0.267  1.58 (0.04)  11.30(0.24) 24.92 (0.26) 43.00 (0.82) 46.66 (1.46)
G019.365-0.030  6.44(0.25)  50.26 (1.38)  134.43 (3.46)  270.33 (7.20) 406.01 (14.60)
G019.486+0.151  2.68 (0.18)  30.07 (3.49) 58.51 (9.80) 93.81 (8.72) 133.25 (5.31)
G019.496+0.115  1.02 (0.06) 8.07 (0.74) 20.33 (1.54) 35.88 (1.47) 59.21 (3.27)
G019.612-0.120  1.81 (0.09)  12.00 (0.39) 33.13 (1.05) 78.05 (3.50) 141.17 (6.56)
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G019.612-0.134 556 (0.15)  26.42(0.71) 97.45 (1.44) 239.03 (4.93) 443.87 (16.23)
G019.667+0.117  0.70 (0.03) 5.27 (0.16) 12.07 (0.36) 18.08 (0.46) 27.09 (0.79)
G019.701-0.267  3.13(0.11)  15.57 (0.89) 50.82 (2.22) 94.90 (3.25) 164.13 (4.81)
G330.226+0.290  1.18 (0.05) 4.46 (0.19) 13.81 (0.39) 26.25 (0.84) 35.07 (1.46)
G330.283+0.493  5.35(0.13)  34.56(0.41) 92.35 (1.53) 178.79 (3.89) 359.40 (13.22)
G330.875-0.383  11.23 (0.64) 79.61 (3.40) 214.05(13.12) 318.26(27.96)  332.89 (38.91)
G331.059+0.375  0.82 (0.04) 4.24 (0.33) 10.49 (0.54) 19.68 (0.82) 26.82 (1.88)
G331.134+0.156 293 (0.11)  20.63 (0.97) 39.25 (2.16) 59.88 (2.15) 82.13 (3.42)
G331.342-0.346  4.60 (0.21)  39.35(1.40)  100.47 (3.33)  225.95(6.84) 494.34 (16.66)
G331.425+0.264  1.51 (0.05) 7.04 (0.22) 21.82(0.43) 45.03 (0.97) 64.66 (2.65)
G331.442-0.187 11.38(0.28) 71.95(1.76)  178.71(3.01)  372.33 (7.58) 682.91 (21.92)
G331.710+0.603  7.82(0.41)  45.59(1.91)  149.79 (5.66)  294.84 (12.52)  510.23 (16.09)
G332.094-0.421 12.96 (0.35) 80.31(1.49)  284.90 (4.95) 678.53(17.08) 1480.67 (60.81)
G332.295-0.094 15.39 (0.36)  69.00 (1.50)  236.35(4.62) 514.99 (11.74) 1060.61 (37.93)
G332.351-0.436  4.65(0.14)  15.09 (0.59) 41.54 (1.33) 79.01 (2.43) 72.37 (3.30)
G332.352-0.117  3.68 (0.12)  21.58 (0.76) 62.10 (1.63) 142.47 (3.77) 268.38 (9.36)
G332.364+0.607  4.32(0.13)  15.88(0.39) 44.74 (1.24) 64.74 (2.33) 59.22 (3.49)
G332.560-0.148  3.51(0.12)  14.41(2.16) 43.99 (5.10) 96.26 (3.84) 85.79 (4.08)
G332.604-0.168  2.38 (0.08)  16.43 (0.74) 42.87 (1.63) 69.92 (2.06) 93.11 (4.96)
G332.701-0.588  3.58 (0.16) 2558 (4.00)  70.57 (11.62)  127.18 (3.94) 245.37 (8.54)
G332.813-0.701  3.76 (0.10)  12.87 (0.46) 48.90 (1.04) 101.92 (2.52) 204.90 (6.48)
G332.942-0.686  7.22(0.33)  50.73 (4.81) 132.98 (14.73)  258.11 (9.20) 506.64 (17.02)
G332.987-0.487 8.37(0.29) 52.39(3.96) 171.59(9.04) 378.82(12.94)  744.60 (26.93)
G333.029-0.063  4.68 (0.13)  23.45(0.91) 87.29 (1.90) 237.79 (5.17) 561.24 (18.11)
G333.109-0.500  6.19 (0.28)  32.32(2.57) 79.75 (4.65)  188.93(10.23)  398.81 (19.73)
G333.128-0.440 18.87(0.53) 88.18(2.66)  282.49(5.83) 527.04 (13.99)  666.83 (24.37)
G333.130-0.560 18.87 (0.53) 88.18 (2.66)  280.84 (5.82) 520.05 (13.66)  666.83 (24.37)
G333.163-0.101  6.17 (0.23)  27.28 (1.47) 94.60 (4.10) 244.15 (8.45) 531.31 (18.18)
G333.184-0.091 4.48(0.18)  16.71 (1.42) 65.11 (5.14) 145.22 (4.87) 244.99 (9.45)
G333.234-0.060 13.80 (0.31) 86.88 (1.10)  223.28 (3.20)  407.62 (8.20) 699.81 (21.84)
G333.315+0.105 742 (0.25)  33.96(091) 119.48 (2.63)  279.13 (6.12) 536.58 (19.14)
G333.387+0.032  3.05(0.08)  21.47(0.35) 51.56 (0.82) 100.01 (1.60) 169.26 (8.05)
G333.646+0.058 548 (0.17)  17.37(1.27) 50.88 (2.67) 96.21 (3.68) 119.52 (5.04)
G333.851+0.527  1.84 (0.06) 6.07 (0.18) 15.82 (0.45) 23.81 (0.66) 19.81 (0.98)
G333.900-0.099  0.95 (0.04) 5.78 (0.38) 12.79 (0.61) 15.50 (0.92) 19.75 (0.97)
G334.138-0.023  0.94 (0.04) 6.92 (0.30) 17.15 (0.63) 33.73 (0.88) 67.84 (2.55)
G335.556-0.307  0.65 (0.04) 2.86 (5.25) 8.59 (7.52) 22.21 (0.69) 52.54 (2.06)
G335.585-0.285 26.92(0.54) 128.22(1.65) 434.56(7.18) 872.34(23.42) 2006.64 (63.93)
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G335.726+0.191 226 (0.10)  15.39(1.48) 27.34 (3.23) 60.15 (2.20) 95.33 (3.14)
G336.018-0.827 15.43 (0.35) 58.26(0.88)  222.02(3.82) 537.60(12.13)  884.63 (29.88)
G336.809+0.119  3.66 (0.10)  15.55(0.99) 47.59 (1.99) 95.33 (2.95) 108.84 (4.53)
G336.825+0.139  1.90 (0.12) 9.76 (1.17) 22.56 (2.85) 40.29 (3.74) 30.22 (1.81)
G336.916-0.024 3.52(0.14)  23.31(1.97) 56.62 (2.66) 120.15 (4.44) 209.58 (11.12)
G336.957-0.225  2.58 (0.06)  15.36(0.58) 32.59 (1.21) 46.91 (1.36) 47.28 (1.44)
G336.958-0.977 3.95(0.11)  24.33(0.41) 50.61 (1.11) 75.88 (1.72) 83.98 (2.49)
G337.052-0.226  0.72 (0.03) 3.77 (0.25) 12.42 (0.55) 28.98 (0.56) 57.93 (1.95)
G337.097-0.929  4.03 (0.13)  17.83 (0.67) 61.01 (1.50) 138.48 (3.31) 241.26 (11.93)
G337.153-0.395 441 (0.21)  26.90(1.62) 69.81 (2.81) 103.06 (3.45) 127.74 (5.49)
G337.176-0.032  8.41(0.29)  35.62(2.56)  120.54 (6.31)  227.41(9.73) 192.38 (7.44)
G337.201+0.114  1.38 (0.06)  12.10 (0.68) 24.94 (1.13) 62.97 (2.31) 132.86 (7.05)
G337.202-0.094  1.34(0.10) 7.15 (1.82) 15.25 (3.13) 20.61 (1.79) 26.98 (1.35)
G337.258-0.101  4.81 (0.14)  23.77 (1.03) 77.00 (2.09) 156.90 (3.95) 240.43 (7.61)
G337.263-0.070  4.75(0.14)  23.50(0.96) 76.79 (1.98) 156.90 (3.95) 240.44 (7.61)
G337.300-0.874  3.54 (0.08)  20.94 (0.24) 48.36 (0.61) 91.44 (1.67) 131.07 (4.20)
G337.388—-0.210  1.91 (0.08)  13.03 (0.39) 32.67 (0.96) 60.21 (2.19) 109.01 (7.63)
G337.632-0.079  3.24(0.12)  25.74 (2.57) 65.82 (5.71) 128.96 (3.30) 231.82 (9.20)
G337.686+0.137  2.59(0.10)  10.56 (0.77) 30.48 (1.16) 62.03 (2.04) 67.87 (3.18)
G337.966-0.169  2.54 (0.11)  11.98 (1.38) 37.66 (2.07) 84.73 (3.82) 79.90 (3.78)
G337.997+0.136  5.06 (0.17)  28.15(1.71) 47.30 (2.90) 72.73 (2.90) 38.14 (5.82)
G338.140+0.178  1.69 (0.07) 6.80 (0.50) 22.13 (0.94) 35.63 (1.29) 43.84 (1.59)
G338.160-0.064 1.42(0.07)  24.94 (0.54) 20.09 (1.35) 29.46 (1.60) 28.28 (1.26)
G338.280+0.542  5.20(0.15)  29.79 (0.84) 72.68 (2.33) 140.75 (3.15) 231.28 (6.97)
G338.287+0.120  8.62 (0.21)  33.42(1.10)  101.22(2.45) 191.67 (4.82) 237.07 (7.77)
G338.325-0.409  2.04 (0.09)  15.24 (0.50) 48.60 (1.33) 90.68 (2.36) 134.27 (6.67)
G338.392-0.403 349 (0.12)  15.10(0.83) 39.42 (1.72) 93.43 (3.16) 187.13 (7.77)
G338.461-0.245 4.12(0.12)  20.46 (0.81) 75.94 (2.15) 184.10 (4.54) 386.62 (11.30)
G338.472+0.289  3.24(0.08)  24.94(0.32) 71.57 (0.56) 155.65 (2.65) 338.49 (8.83)
G338.497+0.207  2.50(0.08)  11.06 (0.84) 30.21 (1.44) 51.20 (1.26) 50.56 (1.99)
G338.561+0.218  3.52(0.11)  25.35(0.73) 56.64 (1.40) 98.90 (2.27) 158.93 (5.25)
G338.566+0.110  5.26 (0.18)  28.15(1.01) 88.62 (1.91) 176.35 (3.98) 277.69 (13.35)
G338.850+0.409  7.19 (0.20)  34.07 (0.85)  121.61(1.99)  295.86 (7.36) 652.28 (21.63)
G338.875-0.084  0.72 (0.03) 4.76 (0.26) 14.00 (0.37) 32.03 (0.78) 63.97 (2.56)
G338.902+0.394  3.60(0.16)  46.59 (1.34)  109.03 (3.17)  209.74 (3.98) 423.52 (17.21)
G338.925+0.634  14.64 (0.39)  76.66 (1.60)  248.22(3.76) 556.50 (13.13)  659.97 (29.41)
G339.053-0.315  2.15(0.06)  13.36 (0.26) 34.69 (0.55) 67.58 (1.54) 115.85 (3.92)
G339.064+0.152  1.85(0.07)  11.80(1.24) 27.52 (1.10) 49.36 (0.96) 68.53 (2.42)
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G339.282+0.136  3.79(0.13)  23.27 (0.42) 58.27 (1.10) 105.73 (2.72) 142.62 (4.69)
G339.294+0.139  2.10(0.10) 8.25(0.43) 30.34 (1.01) 64.06 (2.29) 67.41 (3.23)
G339.476+0.185  5.67 (0.14)  42.37(0.43)  120.68 (1.39)  258.22 (4.67) 476.29 (16.39)
G339.477+0.043  1.47 (0.07) 4.99 (0.87) 14.83 (0.96) 26.93 (1.05) 38.02 (1.39)
G339.582-0.127  8.89(0.22)  33.62(2.04) 100.33(2.98)  191.06 (4.36) 269.18 (10.99)
G339.622-0.121  9.46 (0.25)  44.35(2.29) 144.62(4.70)  347.86 (7.89) 764.67 (28.95)
G339.762+0.054  1.06 (0.05) 5.38 (0.65) 16.55 (1.14) 33.93(1.35) 72.03 (2.54)
G339.909+0.240  1.83 (0.06) 8.60 (0.45) 19.29 (0.59) 30.47 (1.13) 37.81 (1.61)
G339.980-0.538  3.41(0.12)  25.05(2.06) 70.05 (6.91) 168.94 (3.88) 433.21 (13.88)
G339.986-0.425 1.61 (0.06)  13.92(0.32) 39.43 (0.65) 92.91 (1.92) 254.06 (6.41)
G340.118-0.021  2.08 (0.07) 9.79 (0.54) 17.08 (0.96) 24.66 (1.05) 20.88 (1.33)
G340.249-0.046  6.84(0.20)  59.46(1.69)  175.83 (4.34)  384.79 (8.03) 878.08 (26.00)
G340.249-0.372  17.68 (0.53)  70.50 (1.45)  247.51 (4.34) 586.52 (15.40) 1134.01 (39.70)
G340.543-0.162  1.72 (0.10) 1.17 (0.54) 9.24 (1.35) 22.66 (1.72) 14.26 (1.47)
G340.655-0.235  1.21 (0.04) 5.34 (0.24) 12.48 (0.33) 19.82 (0.51) 24.45 (1.08)
G340.785-0.096  7.46 (0.15)  59.87(0.86)  142.61 (1.74)  285.28 (5.03) 575.47 (16.81)
G341.124-0.361  6.72(0.17)  38.72(0.83) 99.88 (1.65) 216.07 (4.84) 332.19 (15.17)
G341.218-0.212  8.65(0.25)  68.13(2.23)  183.22(6.48)  342.35(9.40) 715.70 (22.36)
G341.238-0.270  5.45(0.20)  39.63 (2.85) 86.67 (2.39) 147.98 (3.51) 171.53 (6.54)
G341.276+0.062  1.81 (0.05)  13.18 (0.27) 37.50 (0.51) 79.60 (1.75) 152.72 (5.21)
G341.367+0.336  0.80 (0.04) 4.32 (0.32) 10.06 (0.45) 13.50 (0.79) 11.08 (0.54)
G341.990-0.103  1.61 (0.05)  10.06 (0.28) 23.38 (0.58) 41.49 (0.93) 63.29 (2.13)
G305.799-0.245 19.46 (0.72)  89.76 (1.19)  304.70 (3.24)  575.93 (15.54) 2067.37 (115.31)
G308.754+0.549  2.42(0.09)  21.34(0.90) 50.82 (1.97) 104.65 (2.73) 214.17 (7.50)
G309.384-0.135  7.22(0.29)  34.35(1.04) 104.22 (2.65) 210.16 (5.34) 376.29 (11.26)
G311.947+0.142  3.18 (0.13)  17.92 (0.60) 52.83 (1.30) 99.72 (2.38) 157.10 (4.66)
G317.466-0.402  2.58 (0.09)  10.19 (0.69) 36.16 (0.85) 88.31 (2.10) 156.15 (4.81)
G317.701+0.110  5.70 (0.26)  38.87(1.43)  113.04(2.80)  212.16 (5.71) 354.03 (13.24)
G318.948-0.196  13.38 (0.40)  65.02 (1.34)  227.45(4.36) 506.08 (11.94)  1252.81 (53.69)
G320.231-0.284 12.16 (0.29) 87.21(0.82)  256.51 (2.96) 507.33 (11.77)  1277.08 (43.58)
G321.148-0.529  0.88 (0.10)  16.63 (0.56) 42.71 (1.33) 91.48 (3.25) 177.77 (10.02)
G324.923-0.568  6.77 (0.24)  43.28 (1.03) 154.39 (2.86)  337.13 (8.94) 904.91 (29.68)
G326.475+0.703  26.52(0.72) 113.88 (1.57) 377.17(6.17) 611.29(19.30)  1530.54 (47.26)
G326.608+0.799  5.17(0.20)  39.47 (1.04) 87.45 (2.06) 126.38 (3.30) 182.78 (5.65)
G326.859-0.677 4.25(0.10)  27.37 (0.35) 63.76 (0.81) 117.29 (2.37) 168.29 (4.89)
G327.402+0.445  8.00 (0.16)  52.44 (0.56)  125.43(1.42)  233.45 (4.40) 365.30 (11.08)
G327.392+0.199  22.29(0.52) 111.44(1.48) 379.78(5.02) 714.52(17.45) 1827.52 (65.60)
G327.590-0.094  1.79 (0.07) 8.94 (0.84) 25.96 (0.89) 47.35(1.19) 70.41 (3.01)
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G329.029-0.205 17.70 (0.37) 128.26 (1.67)  340.55 (4.50) 601.41 (16.89) 1045.51 (31.09)
G329.066-0.308 11.48 (0.34) 51.97(1.22)  138.26 (2.65)  235.71 (5.90) 325.87 (9.98)
G329.183-0.314 13.02 (0.33)  99.07 (1.09)  255.02 (3.14)  446.20(8.26)  1001.37 (37.01)
G329.469+0.503  7.06 (0.23) 4898 (1.07)  121.34(3.15)  228.40 (6.50) 403.30 (16.71)
G329.622+0.138  2.15(0.09)  12.54 (0.69) 26.74 (1.50) 40.32 (1.62) 47.00 (3.15)
G023.706-0.198  5.46 (0.15)  25.11 (0.90) 82.05 (2.39) 187.89 (5.63) 358.80 (11.61)
G023.885+0.060  1.42(0.06)  11.89 (0.44) 25.89 (1.28) 42.13 (2.04) 3524 (2.11)
G023.966-0.109  8.47(0.20)  57.15(1.65)  139.95(3.71)  261.75 (4.97) 381.07 (11.89)
G024.541+0.312  1.69 (0.07)  11.64 (1.11) 27.36 (1.21) 45.88 (1.52) 58.05 (2.54)
G024.634-0.324  3.39(0.11)  16.10(0.81) 45.83 (1.61) 91.91 (2.25) 144.38 (4.56)
G024.943+0.074  3.00 (0.09)  21.82(1.21) 55.28 (4.16) 110.22 (2.74) 202.84 (6.56)
G025.270-0.434  2.60 (0.08)  12.65 (0.54) 37.31 (1.18) 70.77 (1.70) 86.05 (3.28)
G025.710+0.044  5.52(0.13)  46.57 (0.66)  126.00 (2.06)  289.22 (6.76) 626.96 (16.53)
G025.826-0.178  3.13(0.12)  34.00(3.96)  84.35(11.90)  201.81 (4.44) 445.51 (10.92)
G026.601-0.221  1.69 (0.05)  10.67 (0.29) 28.37 (0.54) 59.43 (1.04) 108.57 (3.04)
G027.286+0.151  4.93(0.13)  26.46 (0.94) 78.65 (1.87) 163.84 (3.98) 250.40 (10.48)
G027.783-0.259  2.78 (0.09)  16.23 (0.56) 42.75 (1.79) 78.61 (1.95) 125.98 (3.11)
G027.784+0.057 4.25(0.14)  21.49 (1.06) 65.56 (3.07) 130.80 (3.57) 222.30 (8.22)
G028.146-0.005 4.53(0.11)  26.80 (0.49) 66.46 (1.33) 133.68 (3.22) 206.22 (5.87)
G028.397+0.081 10.19 (0.36) 63.38(1.59)  185.66 (4.02)  352.45(9.18) 456.83 (15.04)
G028.817+0.365  3.72(0.10)  14.42(0.31) 57.62 (0.88) 137.64 (2.36) 263.23 (8.47)
G028.842+0.493  3.21(0.09)  21.67 (0.42) 46.24 (0.87) 79.47 (1.67) 101.02 (2.89)
G029.320-0.162  0.98 (0.05) 6.85 (0.45) 16.16 (0.77) 27.40 (1.08) 52.24 (2.78)
G033.133-0.092  7.66 (0.25)  43.88 (0.79)  152.80 (2.65)  361.79 (8.47) 769.25 (27.69)
G033.634-0.021  1.25 (0.08) 8.92 (0.72) 15.85 (1.43) 20.61 (1.13) 35.80 (2.27)
G033.852+0.018  1.58 (0.06) 9.22 (0.31) 21.35 (0.50) 31.24 (0.81) 41.45 (1.53)
G033.980-0.019  2.80(0.07)  16.74 (0.29) 37.63 (0.68) 65.19 (1.71) 70.01 (2.25)
G034.757+0.025 291 (0.08)  20.52(0.48) 53.93 (0.92) 109.95 (2.53) 206.42 (5.96)
G034.820+0.350  8.77(0.23)  39.29(0.84)  125.82(2.04)  290.46 (6.71) 509.91 (16.97)
G035.132-0.744  13.90 (0.50) 118.75(2.17)  255.66 (7.37) 437.98 (13.02)  660.28 (22.60)
G035.197-0.743  1.39(0.52) 1633 (5.63)  36.37(17.06)  47.11(18.49) 60.55 (6.35)
G035.397+0.025  1.56 (0.06) 7.15 (0.36) 19.00 (0.58) 37.19 (0.84) 53.52 (2.02)
G035.793-0.175 528 (0.13)  31.35(0.56) 76.18 (1.02) 138.83 (2.62) 230.02 (6.41)
G036.115+0.552  2.57(0.07)  15.33 (0.20) 41.98 (0.50) 84.84 (1.67) 177.77 (5.12)
G036.839-0.022  2.65(0.11)  19.99 (0.57) 40.80 (1.12) 51.81 (1.60) 78.39 (2.73)
G036.918+0.483  1.21 (0.04) 443 (0.11) 14.56 (0.26) 33.34 (0.70) 64.27 (2.62)
G037.030-0.038  1.78 (0.08) 9.54 (0.33) 26.22 (0.76) 44.04 (1.90) 49.44 (2.48)
G037.043-0.035 4.47(0.14)  17.91(0.37) 54.36 (0.98) 113.68 (2.83) 177.40 (5.84)
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Source name Flux density (Jy)
870 um 500 um 350 um 250 um 160 um

G037.479-0.105  2.08 (0.07) 8.38 (0.41) 27.76 (0.78) 65.32 (1.54) 111.56 (3.50)
G037.554+0.201  7.19(0.28)  56.69 (1.41)  140.35(4.06) 315.83(10.52)  684.06 (38.91)
G037.598+0.425 1.89(0.07)  11.74(0.18) 29.24 (0.41) 54.53 (1.04) 86.91 (2.86)
G037.735-0.112 545 (0.15)  34.75(0.47) 97.83 (1.67) 195.14 (3.84) 364.55 (10.47)
G037.753-0.189  2.39 (0.08)  13.63(1.95) 40.18 (3.51) 75.14 (2.12) 96.30 (3.23)
G037.767-0.214  5.89 (0.24)  35.53(0.84) 93.70 (3.22) 194.34 (8.89) 226.68 (14.62)
G038.037-0.300  1.27 (0.06) 8.43 (0.26) 20.41 (0.54) 38.47 (1.03) 62.20 (2.13)
G038.119-0.229  2.35(0.07)  12.45(0.25) 40.59 (0.64) 94.30 (2.29) 193.42 (6.63)
G038.203-0.067  3.61 (0.10)  21.09 (0.42) 48.60 (0.81) 79.68 (1.54) 97.42 (3.52)
G038.255-0.200  0.93 (0.05) 4.73 (0.50) 15.19 (0.72) 34.04 (0.82) 74.45 (2.59)
G038.598-0.212  1.63 (0.06) 6.62 (0.49) 16.60 (0.66) 29.36 (1.06) 47.51 (1.94)
G038.653+0.088  2.12 (0.08) 7.62 (0.33) 21.47 (0.64) 32.70 (1.09) 65.79 (2.83)
G038.916-0.353  9.70(0.29)  37.74(1.04)  112.47 (2.46)  219.99 (5.71) 247.91 (9.00)
G039.388-0.141  3.88 (0.12)  25.07 (0.38) 70.37 (0.85) 162.72 (2.41) 387.32 (13.45)
G040.282-0.219 11.36(0.27) 71.02(0.52)  195.20(1.75)  386.00 (5.79) 830.34 (31.84)
G041.075-0.125  2.90 (0.11) 9.65(0.51) 29.43 (1.06) 43.16 (1.72) 60.80 (2.41)
G041.121-0.107  1.05 (0.05) 7.19 (0.35) 16.86 (0.61) 26.89 (0.75) 50.72 (2.34)
G041.123-0.220  3.52(0.12)  12.86(1.11) 32.52 (2.66) 62.99 (3.71) 87.91 (4.60)
G041.226-0.197  1.92(0.07) 4.85 (0.66) 19.33 (1.06) 44.25 (1.25) 65.98 (3.04)
G041.348-0.136  1.14 (0.06) 6.79 (0.27) 16.06 (0.51) 30.87 (1.07) 53.11 (3.23)
G042.034+0.190  1.51 (0.08) 7.45 (0.32) 16.32 (0.64) 32.60 (0.89) 55.02 (2.09)
G042.304-0.299 243 (0.08)  13.33(0.29) 29.06 (0.72) 45.57 (1.03) 62.72 (2.62)
G042.435-0.260  1.93 (0.08) 5.63 (0.60) 23.46 (1.51) 48.55 (2.81) 35.24 (4.26)
G043.074-0.077  2.10 (0.08) 9.02 (0.41) 30.27 (0.96) 62.01 (1.86) 73.52 (2.29)
G043.890-0.784  8.66 (0.30)  37.73(0.57)  132.25(2.55)  308.38 (7.57) 692.89 (22.06)
G044.310+0.041  5.74 (0.18)  48.47(0.97) 113.86(2.02)  223.69 (4.81) 484.96 (12.83)
G045.467+0.053  12.24(0.38) 104.54 (1.56) 301.71(5.27) 707.29 (17.47) 1406.78 (44.36)
G045.493+0.126  3.74(0.22)  16.22(1.22) 56.01 (5.27) 98.06 (11.52) 94.45 (7.00)
G045.804-0.356  3.29 (0.08)  20.28 (0.31) 55.13 (0.78) 127.27 (2.59) 267.82 (7.43)
G048.902-0.273  6.53(0.41)  25.14(3.11)  109.57 (7.34)  187.84(12.08)  329.31 (21.38)
G048.990-0.299 14.59 (0.49) 73.46(2.85)  219.75(6.65) 47554 (14.05)  892.44 (41.13)
G049.265+0.311  2.06 (0.07)  11.52(0.14) 29.23 (0.33) 55.53 (1.04) 89.84 (2.90)
G049.617-0.360  1.48 (0.07) 5.49 (0.66) 14.49 (1.26) 31.73 (1.27) 32.26 (1.52)
G052.922+0.414  2.66 (0.08)  12.49 (0.38) 38.15 (0.77) 73.97 (1.76) 101.14 (3.42)
G053.142+0.071  10.49 (0.23) 64.42(0.82)  159.39 (1.89)  306.50 (6.41) 559.24 (15.66)
G053.618+0.035  4.11(0.12)  17.61 (0.56) 56.01 (1.49) 107.75 (3.29) 168.02 (5.96)
G020.239+0.065  2.98 (0.09)  14.59 (0.51) 46.97 (1.19) 98.02 (1.88) 158.36 (5.41)
G020.364-0.013  3.09 (0.12)  22.21(0.51) 60.50 (1.63) 111.77 (3.85) 179.77 (9.33)
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Source name Flux density (Jy)
870 um 500 um 350 um 250 um 160 um

G020.733-0.059  6.40(0.18)  29.69 (2.12) 90.30 (4.43) 167.00 (5.24) 196.45 (8.27)
G020.963-0.075  0.85 (0.04) 7.04 (0.18) 18.61 (0.41) 41.82 (0.93) 85.31 (3.46)
G023.003+0.124  1.28 (0.06) 6.86 (0.57) 18.05 (1.40) 25.92 (1.28) 34.05 (0.92)
G023.365-0.291  6.18 (0.19)  23.85(3.20) 59.78 (3.09) 82.99 (2.86) 69.13 (3.01)
G023.389+0.185  4.19 (0.11)  25.70(0.34) 64.68 (0.92) 120.07 (2.02) 210.30 (5.74)
G023.986-0.089 4.68 (0.14)  31.63 (2.31) 58.48 (5.95) 105.07 (3.60) 109.92 (4.51)
G023.996-0.100 398 (0.13)  17.73 (2.24) 55.14 (2.71) 117.39 (3.46) 178.21 (6.43)
G024.461+0.198  3.15(0.12)  29.87 (1.57) 67.67 (2.52) 109.68 (2.53) 149.57 (6.80)
G025.226+0.288  4.49 (0.15)  24.36 (0.75) 69.77 (1.98) 115.08 (3.44) 94.63 (3.81)
G025.613+0.226  3.46(0.12)  14.80(0.78) 43.47 (1.63) 38.42 (1.62) 18.55 (0.96)
G025.838-0.378  2.57 (0.09) 8.99 (0.52) 23.63 (0.93) 37.33 (1.93) 40.15 (1.68)
G026.545+0.423  2.55(0.11)  13.65(1.81) 35.04 (3.96) 78.76 (2.63) 104.67 (4.23)
G027.011-0.039  1.18 (0.05) 4.49 (0.23) 14.52 (0.60) 35.97 (1.19) 51.81 (2.08)
G027.757+0.050  3.11 (0.11)  11.39(1.17) 40.13 (3.12) 81.21 (2.04) 114.55 (3.47)
G028.321-0.011  4.54 (0.15)  18.19(1.26) 55.69 (2.66) 112.77 (4.35) 156.89 (6.14)
G028.687-0.283  2.16 (0.08)  16.81 (0.79) 41.63 (1.82) 75.60 (1.82) 105.12 (3.16)
G029.603-0.625  2.74 (0.16)  17.53 (0.67) 49.09 (1.27) 87.69 (2.88) 76.89 (3.13)
G029.993-0.282  6.16(0.17)  24.88 (0.49) 57.07 (1.40) 88.53 (2.72) 101.77 (3.72)
G030.010-0.273  1.56 (0.10)  10.09 (1.39) 33.34 (4.12) 58.39 (2.82) 160.03 (9.46)
G030.370+0.482  2.05(0.09)  10.84 (0.54) 27.14 (1.14) 57.11 (2.25) 96.35 (5.21)
G030.400-0.296  8.36 (0.28)  52.65(1.01) 132.83 (3.15)  179.38 (4.46) 314.75 (11.97)
G030.423+0.466  9.55(0.32)  49.19(1.60)  177.33 (4.15) 430.05(10.78)  1049.34 (34.90)
G030.960+0.086  3.72(0.14)  17.96 (1.00) 62.44 (1.73) 155.86 (3.95) 314.90 (9.82)
G030.973+0.562  0.76 (0.04) 4.94 (0.33) 14.27 (0.44) 39.34 (0.75) 76.38 (2.06)
G030.980+0.216  3.94(0.13)  16.70 (1.06) 42.40 (1.91) 74.98 (3.27) 89.61 (3.81)
G031.122+0.063  1.20 (0.06) 5.31 (1.26) 15.81 (1.50) 35.22 (1.26) 79.91 (2.53)
G031.182-0.148  1.85 (0.09) 6.82 (0.61) 16.60 (1.59) 36.63 (2.29) 55.88 (2.25)
G032.825-0.328  5.11 (0.10)  38.43(0.38) 104.93(1.14)  218.80(3.98) 483.77 (11.86)
G033.317-0.360  0.89 (0.04) 4.76 (0.21) 10.98 (0.25) 22.93 (0.55) 42.08 (0.95)
G034.267-0.210  1.73 (0.06)  11.10(0.28) 27.51 (0.77) 55.36 (1.41) 104.68 (3.38)
G045.380-0.594 1.97 (0.07)  13.57(0.27) 27.19 (0.57) 46.69 (0.85) 66.01 (2.60)
G052.199+0.723  3.30(0.10)  12.61 (0.99) 42.40 (2.12) 104.15 (2.73) 198.64 (7.52)
G056.963-0.235 247 (0.07)  15.69(0.31) 38.07 (0.80) 69.09 (1.45) 126.69 (3.53)
G057.610+0.025  1.82 (0.06) 8.02 (0.16) 25.37 (0.42) 55.59 (1.26) 106.37 (3.27)
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Table A.2: The best fit parameters of sources. The columns show the source name, distance,
temperature of the cold dust component, the solid angle of cold dust as seen in aperture
photometry, optical depth of dust at 500 um and the dust spectral index, .

Source name d (kpc) T. (K) Q. (sr) T B
G345.131-0.174 3.05 19.97 8.54x10° 0.024 1.60
G345.576-0.225 5.50 17.80 1.05x10% 0.010 145
G345.807-0.044 10.80 1429 1.13x10% 0.007 1.71
G345.824+0.044 1090 25.04 1.36x10% 0.005 1.00
G345.985-0.020 10.75 1991  6.54x10° 0.025 2.06
G346.036+0.048 1090 2756 7.90x10° 0.006 1.53
G346.231+0.119  10.39 18.08 5.04x10° 0.023 2.14
G346.480+0.221  14.18 1632 823x10° 0042 1.73
G346.481+0.132 1090 2443 7.89x10° 0.013 1.59
G346.517+0.117 1090  13.14 3.74x10° 0.072 2.79
G347.230+0.016  11.18 1321 7.79x10° 0.035 2.33
G347.628+0.149 5.30 2440 9.06x10° 0075 2.13
G348.884+0.096 10.86 17.78 8.47x10° 0.019 1.79
G349.067-0.017 1130 2826 6.90x10° 0.007 1.53
G349.092+0.105  10.77 2246 6.61x10° 0.094 2.09
G349.151+0.021  11.30  19.40 7.32x10° 0.019 1.79
G349.884+0.231 11.30 2822 3.92x10'9 0.058 1.80
G350.015+0.433  12.83 26.69 851x10° 0041 198
G350.116+0.220  18.05 19.86  7.23x10° 0.009 1.40
G350.299+0.122  11.13 19.11 6.37x10° 0.038 1.87
G350.340+0.141 1126 2422 1.61x10% 0.013 1.61
G350.344+0.116  11.00 1626 7.23x10° 0.068 2.51
G350.356-0.068 1092 2124 6.41x10° 0.010 1.79
G350.520-0.350 3.56 1820 1.09x10% 0.031 1.84
G350.686-0.491 2.40 2094 1.05x10% 0.038 1.85
G351.382-0.181 5.76 19.00 599x10° 0.018 1.90
G351.688+0.171  12.13 1829 4.15x10° 0.029 224
G352.083+0.167 1073 2396 3.92x10'9 0.191 2.03
G352.111+0.176  5.73 1739  5.49x10° 0.050 2.01
G352.133-0.944 1.72 2209 4.74x10° 0046 1.85
G352.525-0.158 11.11 2951  1.02x10% 0.006 1.42
G352.604-0.225 5.10 1247  1.28x10%  0.034 2.19
G352.855-0.201 11.10 3322 1.19x10% 0.017 1.57
G353.216-0.249 4.09 1738 9.66x10° 0.027 231
G353.378+0.438  13.58 20.10 9.36x10° 0.006 1.53
G353.429-0.090 10.61 1786  6.65x10° 0.052 2.06
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Source name d (kpe) T, (K) Q. (sr) T B
G353.464+0.562  11.01 2090 5.50x10° 0.074 1.93
G353.537-0.091 10.76 18.01 2.86x10° 0.025 1.74
G354.496+0.083  11.70 1744  290x10° 0.033 1.62
G354.615+0.472 4.74 23.06 7.30x10° 0.118 1.90
G354.701+0.299 6.10 17.11  9.47x10° 0.068 2.14
G354.724+0.300 5.80 2255  7.63x10° 0.088 2.13
G355.538-0.105 1976 2372  5.19x10° 0.024 1.95
G355.642+0.398  14.22 1790 5.07x10° 0.016 1.80
G005.618-0.082 5.10 1506 6.15x10° 0.092 2.03
G005.630-0.294 2.80 2755 6.49x10° 0.009 1.51
G006.189-0.358 5.10 29.64 9.87x10° 0.030 1.71
G006.368-0.052 7.40 21.66 821x10° 0.019 1.89
G008.317-0.096 11.50 13.73  1.06x 108 0.016 1.97
G008.683-0.368 5.02 21.18 7.08x10° 0.048 2.06
G008.832-0.028 5.20 18.07 1.23x10% 0.016 2.13
G010.444-0.018 10.83 1725 7.22x10° 0.054 2.00
G010.629-0.333 5.20 1990 1.37x10% 0.068 1.97
G010.724-0.334 5.20 1848 7.25x10° 0.034 1.67
G010.886+0.123 2.53 2375  3.63x10° 0.024 1.99
G010.958+0.022 1343 3059  5.08x10° 0.034 1.77
G011.034+0.062 2.87 2552 6.09x10° 0.026 1.85
G011.109-0.114 1349 2048 7.11x10° 0.028 1.6l
G011.903-0.102 12.81 1932 6.88x10° 0016 191
G011.992-0.272 1146 2311 6.58x10° 0.013 1.70
G012.025-0.031 11.10 2158 7.36x10° 0.018 1.78
G012.265-0.051 11.15 1679 828x10° 0.017 2.05
G012.526+0.016  12.33 1624 598x10° 0.024 2.19
G012.625-0.017 2.73 16.64 1.31x10% 0.062 229
G012.889+0.489 2.30 2587 1.33x10% 0.058 1.78
G013.179+0.061 4.37 19.30  1.24x10% 0.069 1.76
G013.657-0.599 1197 2511 6.94x10° 0.047 2.09
G013.713-0.083 4.14 2562 8.70x10° 0012 1.64
G014.101+0.087 5.40 2007 7.89x10° 0.052 2.07
G014.390-0.020 13.51 2279  8.64x10° 0.006 1.82
G014.631-0.577 13.66 2022 1.20x10% 0.068 1.70
G014.991-0.121 12.31 2095 1.26x10% 0012 1.75
G015.665-0.499 1697 2138 7.42x10° 0.051 1.94
G016.112-0.303 3.29 1636 8.58x10° 0.008 2.14
G016.302-0.196 4.25 1794 588x10° 0.011 2.09
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Source name d (kpe) T, (K) Q. (sr) T B
G016.403-0.181 12.75 19.83  7.38x10° 0.013 2.14
G016.585-0.051 4.70 2172 6.97x10° 0.088 191
G016.831+0.079  11.75 20.79 1.03x10% 0.014 1.75
G016.855+0.641  13.79 1741  3.04x10° 0.049 1.83
G017.029-0.071 10.50 1923  9.66x10° 0.017 1.94
G017.862+0.074 9.85 2673  296x10° 0.018 1.65
G018.159+0.094  11.77 1748  9.96x10° 0.006 2.00
G018.262-0.244 5.05 1761  851x10° 0.052 1.87
G018.460-0.004 3.92 17.82  8.51x10° 0.026 2.06
G018.661+0.034  10.91 2209 8.07x10° 0.026 1.57
G018.733-0.224 12.39 1826 1.23x10% 0.050 233
G018.735-0.227 12.84 18.77 9.48x10° 0.061 232
G018.874+0.053  12.79 17.74  8.86x10° 0.017 1.82
G018.888-0.475 4.23 1669 5.75x10° 0.170 2.43
G018.999-0.239 4.79 12.88  1.12x10% 0.018 242
G019.009-0.029 1190 2653 9.14x10° 0.023 1.51
G019.249+0.267  14.11 1563 3.04x10° 0057 2.14
G019.365-0.030 2.35 3837 3.92x10'0 0574 229
G019.486+0.151 1.97 1661 7.08x10° 0.040 231
G019.496+0.115 9.33 1859 4.94x10° 0.016 2.04
G019.612-0.120 1200 2137 826x10° 0.013 1.99
G019.612-0.134 11.84 2757 285x10° 0.067 1.87
G019.667+0.117  14.59 1700  4.78x10° 0.013 1.90
G019.701-0.267 1248 2181 7.87x10° 0019 1.74
G330.226+0.290 5.53 2041 8.01x10° 0.007 1.55
G330.283+0.493 5.44 2154 836x10° 0.036 1.85
G330.875-0.383 4.41 16.62 7.74x10° 0.160 2.38
G331.059+0.375 5.06 18.75 5.85x10° 0.008 1.70
G331.134+0.156 4.53 17.19  1.08x10® 0.020 1.75
G331.342-0.346 4.17 2320 8.87x10° 0.030 2.04
G331.425+0.264 9.55 19.72  9.96x10° 0.008 1.85
G331.442-0.187 9.60 23.65 821x10° 0063 1.74
G331.710+0.603 4.59 21.10  9.97x10° 0.046 2.02
G332.094-0.421 3.86 2676 1.17x10% 0.046 2.04
G332.295-0.094 3.00 3224  6.55x10° 0.056 1.51
G332.351-0.436 3.57 19.00 5.17x10° 0.041 1.37
G332.352-0.117 3.12 2329 1.11x10% 0015 1.83
G332.364+0.607 11.74 1701  6.89x10° 0.037 1.53
G332.560-0.148 3.68 1464 1.33x10% 0031 221
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Source name d (kpe) T, (K) Q. (sr) T B
G332.604-0.168 3.42 1596 884x10° 0.028 2.18
G332.701-0.588 11.03 2320 1.61x10% 0.010 1.77
G332.813-0.701 11.53 3205 1.16x10% 0.007 1.31
G332.942-0.686 3.54 2388 1.16x10% 0.028 1.77
G332.987-0.487 3.74 23.09 1.26x10% 0.035 2.01
G333.029-0.063 2.89 3229  7.49x10° 0017 1.77
G333.109-0.500 3.50 31.65 8.77x10° 0017 135
G333.128-0.440 2.70 2089 7.45x10° 0.138 1.89
G333.130-0.560 3.80 2238 4.86x10° 0.191 1.86
G333.163-0.101 5.67 33.10  1.14x10% 0.013 1.52
G333.184-0.091 5.02 2400 1.19x10% 0014 1.65
G333.234-0.060 5.18 2247 542x10° 0136 1.83
G333.315+40.105 1224 27.05 5.73x10° 0042 1.78
G333.387+0.032  10.56 1837 6.34x10° 0.038 2.00
G333.646+0.058 9.96 2213  1.02x10% 0.019 1.21
G333.851+0.527 12.34 1624 1.32x10%  0.008 1.46
G333.900-0.099 11.32 1536  5.88x10° 0015 1.85
G334.138-0.023 12.93 22.00 6.78x10° 0.008 1.82
G335.556-0.307 8.78 3277  1.03x10% 0.002 1.43
G335.585-0.285 3.48 4759 1.66x10° 0244 1.46
G335.726+0.191  12.25 2133 4.08x10° 0.027 1.64
G336.018-0.827 11.81 3170  6.41x10° 0.051 1.57
G336.809+0.119  10.44 1829 497x10° 0.048 1.82
G336.825+0.139  10.28 13.69 7.15x10° 0.033 2.13
G336.916-0.024 7.82 21.08 1.39x10% 0014 1.85
G336.957-0.225 11.16 1467 1.07x10% 0.025 1.94
G336.958-0.977 12.07 1597 456x10° 0.081 1.87
G337.052-0.226 10.75 2376 7.32x10° 0.004 1.85
G337.097-0.929 1257 2505 7.57x10° 0.019 1.69
G337.153-0.395 3.61 16.61 7.57x10° 0.051 1.95
G337.176-0.032 4.36 1637 7.41x10° 0.101 2.10
G337.201+0.114  11.66  24.02 4.37x10° 0.016 191
G337.202-0.094 11.19 1971  530x10° 0011 1.31
G337.258-0.101 11.13 2029 9.45x10° 0.029 1.89
G337.263-0.070 3.06 20.11 1.06 x 108  0.026 1.91
G337.300-0.874 10.34 1871 7.23x10° 0.032 1.77
G337.388-0.210 3.95 1890 4.50x10° 0.031 1.97
G337.632-0.079 4.01 2138 5.48x10° 0.035 1.99
G337.686+0.137  10.90 1785 5.52x10° 0.030 1.77
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Source name d (kpe) T, (K) Q. (sr) T B
G337.966-0.169 4.15 1532 1.01x10% 0.027 225
G337.997+0.136  13.11 1254 926x10° 0.081 2.10
G338.140+0.178  12.98 1739  1.58x10% 0.007 1.74
G338.160-0.064 11.32 1197 520x10° 0.082 261
(G338.280+0.542 4.05 21.63  6.31x10° 0.040 1.66
G338.287+0.120 3.15 20.65 6.43x10° 0062 1.56
G338.325-0.409 2.23 1692 590x10° 0.038 244
(G338.392-0.403 13.05 33.85 8.34x10° 0.008 1.18
G338.461-0.245 3.81 2656 1.09x10% 0014 1.83
G338.472+0.289 2.49 2225  6.17x10° 0.033 2.09
G338.497+0.207 2.41 1594 4.83x10° 0.044 1.87
G338.561+0.218  12.71 18.41 1.11x 108  0.023 1.89
G338.566+0.110 4.86 2035 7.20x10° 0.043 1.95
G338.850+0.409 11.83 3152 5.38x10° 0.035 1.68
G338.875-0.084 3.27 2202  6.94x10° 0.006 2.00
G338.902+0.394 2.29 2027 4.85x10° 0070 235
G338.925+0.634 4.28 2196 5.77x10° 0.136 2.09
G339.053-0.315 9.55 20.14 5.48x10° 0.024 1.86
G339.064+0.152  10.49 18.02 8.93x10° 0.015 1.86
G339.282+0.136 4.71 1744  9.22x10° 0.033 1.97
G339.294+0.139 4.90 1663 896x10° 0.018 2.14
G339.476+0.185  10.51 2094 6.92x10° 0057 2.15
G339.477+0.043 1500 21.68 6.70x10° 0.008 1.30
G339.582-0.127 2.64 2224  6.54x10° 0055 1.44
G339.622-0.121 2.81 3199 8.71x10° 0.028 1.52
G339.762+0.054  12.10 2732 6.56x10° 0.005 1.53
G339.909+0.240  14.78 1793  1.19x 108  0.009 1.50
G339.980-0.538 1048 29.84 1.03x10® 0.011 1.81
G339.986-0.425 1047 2681 6.38x10° 0.012 1.99
G340.118-0.021 9.21 1480 7.06x10° 0.024 1.54
G340.249-0.046 9.10 2349 9.58x10° 0.043 2.19
G340.249-0.372 12.10 3339 4.73x10° 0.078 1.56
G340.543-0.162 3.96 19.08 8.08x10° 0.007 1.00
G340.655-0.235 13.97 1821 6.58x10° 0.010 1.46
G340.785-0.096 9.85 21.57  7.23x10° 0.065 1.98
G341.124-0.361 3.20 21.74  6.87x10° 0.050 1.78
G341.218-0.212 3.25 2243  1.07x10% 0046 1.98
G341.238-0.270 4.00 1720 5.28x10° 0.090 2.06
G341.276+0.062  11.24 1970  9.83x10° 0.014 2.16
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Source name d (kpe) T, (K) Q. (sr) T B
G341.367+0.336  10.86 1294  6.74x10° 0017 2.14
G341.990-0.103 3.27 1852  8.61x10° 0.013 1.79
G305.799-0.245 4.00 3599  8.13x10° 0.047 1.59
G308.754+0.549 6.67 2134  7.53x10° 0.020 2.04
G309.384-0.135 5.40 2424  6.90x10° 0.040 1.64
G311.947+0.142 8.02 2032 3.59x10° 0.053 191
G317.466-0.402 9.95 25.14  7.78x10° 0.012 1.65
G317.701+0.110 2.91 19.60 8.31x10° 0.050 2.08
G318.948-0.196 1048 3548 8.38x10° 0.034 1.57
G320.231-0.284 4.27 25.18 8.03x10° 0.074 1.96
G321.148-0.529 4.48 1634 935x10° 0.021 285
G324.923-0.568 5.09 28.05 9.42x10° 0.028 1.96
G326.475+0.703  11.56 3344 8.06x10° 0.068 1.34
G326.608+0.799  11.18 17.12  7.79x10° 0.060 1.93
G326.859-0.677 3.77 17.78  1.08x10® 0.031 191
G327.402+0.445 5.21 2001 5.51x10° 0.095 1.88
G327.392+0.199 5.34 3338  5.94x10° 0.091 1.60
G327.590-0.094 8.91 1939  4.68x10° 0.023 1.77
G329.029-0.205 1200  20.09 1.33x10% 0.096 2.10
G329.066-0.308 11.61 2468 1.52x10° 0292 1.57
G329.183-0.314 3.64 2099 7.83x10° 0.116 2.00
G329.469+0.503  10.12 2095 5.66x10° 0.077 191
G329.622+0.138 9.44 1570  1.18x10% 0.016 1.82
G023.706-0.198 6.21 2829  4.65x10° 0.035 1.56
G023.885+0.060  12.40 1239  1.02x10% 0.031 2.70
G023.966-0.109 11.40 1922  834x10° 0.071 1.97
G024.541+0.312 5.50 1626 7.23x10° 0.022 2.06
G024.634-0.324 1260 2211  3.68x10° 0.042 1.63
G024.943+0.074 12,10 2142 8.41x10° 0.020 1.90
G025.270-0.434 11.60 1772 529x10° 0.035 1.93
G025.710+0.044 1020 2222 1.01x10% 0.036 2.16
G025.826-0.178 5.00 2286 8.63x10° 0.023 2.29
G026.601-0.221 9.50 21.44 835x10° 0011 1.84
G027.286+0.151 1290 2137 4.38x10° 0.061 1.87
G027.783-0.259 9.80 2020 7.49x10° 0.021 1.77
G027.784+0.057 5.70 23.09 3.99x10° 0.047 1.70
G028.146-0.005 5.30 20.10 8.11x10° 0.033 1.80
G028.397+0.081 4.20 4293 3.67x10' 0805 226
G028.817+0.365 9.80 27.11  6.77x10° 0.016 1.80
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Source name d (kpe) T, (K) Q. (sr) T B
G028.842+0.493 4.60 16.65 7.35x10° 0.039 1.93
G029.320-0.162 1190 2087 8.48x10° 0.006 1.73
G033.133-0.092 4.20 2550 1.10x10% 0.029 2.01
G033.634-0.021 5.80 2204 5.00x10° 0010 1.25
G033.852+0.018  10.50 20.45 3.92x10'9 0238 1.71
G033.980-0.019 3.40 1579  6.23x10° 0.043 198
G034.757+0.025 4.70 20.80 7.04x10° 0.026 1.97
G034.820+0.350 3.60 2679  6.56x10° 0.042 1.63
G035.132-0.744 2.10 1929 8.10x10° 0.147 2.08
G035.197-0.743 2.19 1452  6.47x10° 0.035 2.55
G035.397+0.025 6.10 21.08 1.83x10° 0.040 1.59
G035.793-0.175 3.90 2021 9.59x10° 0.031 1.72
G036.115+0.552 3.50 23.64 1.01x10% 0.011 1.71
G036.839-0.022 3.70 16.84 456x10° 0.051 1.79
G036.918+0.483 15.80 30.66 5.75x10° 0.004 1.42
G037.030-0.038 5.10 1577  5.63x10° 0.030 2.08
G037.043-0.035 1.88 2423  520x10° 0.028 1.53
G037.479-0.105 9.60 3007 3.67x100 0.156 1.59
G037.554+0.201 5.60 2340 7.46x10° 0.053 1.97
G037.598+0.425 6.20 18.88  9.39x10° 0.014 1.83
G037.735-0.112 10.30  22.08 6.23x10° 0.048 1.89
G037.753-0.189 9.50 17.17 59910 0.034 2.09
G037.767-0.214 9.40 17.54  9.84x10° 0.049 2.09
G038.037-0.300 3.90 19.10 9.42x10° 0.009 1.85
G038.119-0.229 5.50 2541 1.01 x 108 0.009 1.82
G038.203-0.067 7.70 1700  450x10° 0.064 1.86
G038.255-0.200 9.00 2731 5.44x10° 0.006 1.64
G038.598-0.212 4.20 2447 1.61x10% 0.003 1.17
G038.653+0.088  16.30 2855 5.93x10° 0.008 1.00
G038.916-0.353 10.50 19.17  1.34x10% 0.037 1.67
G039.388-0.141 4.30 2742  1.22x10% 0012 1.72
G040.282-0.219 4.90 2501 4.57x10° 0.111 1.79
G041.075-0.125 8.40 2178  7.24x10° 0.014 1.19
G041.121-0.107 10.00  20.85 6.94x10° 0.008 1.63
G041.123-0.220 8.70 2427  470x10° 0.022 1.12
G041.226-0.197 8.70 2469 1.13x10% 0.005 1.33
G041.348-0.136 1160 20.86 8.61x10° 0.007 1.66
G042.034+0.190  11.10 2479 9.26x10° 0.005 1.27
G042.304-0.299 10.50 1758 9.43x10° 0017 1.6l
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Source name d (kpe) T, (K) Q. (sr) T B
G042.435-0.260 7.90 21.12  3.92x10'9 0239 1.68
G043.074-0.077 11.20 1753  8.33x10° 0.018 1.99
G043.890-0.784 8.26 31.61 1.54x 108  0.012 1.66
G044.310+0.041 7.90 2208 1.11x10% 0.031 191
G045.467+0.053 8.40 2535 6.42x10° 0.108 2.20
G045.493+0.126 7.10 17.16  1.17x10% 0.022 1.81
G045.804-0.356 7.00 2565 1.02x10% 0.013 1.72
G048.902-0.273 5.10 2279 9.02x10° 0.031 1.69
G048.990-0.299 5.10 2644 9.52x10° 0.053 1.62
G049.265+0.311  10.50 20.19 8.54x10° 0.013 1.71
G049.617-0.360 5.10 16.88 1.05x10% 0.010 1.72
G052.922+0.414 5.10 1872 1.13x10% 0.015 1.87
G053.142+0.071 1.90 21.68 1.36x10% 0040 1.73
G053.618+0.035 2.10 2252 6.54x10° 0.026 1.59
G020.239+0.065 4.10 2131  591x10° 0026 1.85
G020.364-0.013 3.70 18.57 4.45x10° 0.058 2.16
G020.733-0.059 11.90 1773 9.12x10° 0.051 1.90
G020.963-0.075 13.10 20.64 5.08x10° 0.012 2.13
G023.003+0.124 5.60 1763  7.56x10° 0.011 1.70
G023.365-0.291 4.60 1495 9.61x10° 0.054 1.66
G023.389+0.185 4.30 2121  4.79x10° 0.048 1.73
G023.986-0.089 11.50 1580 890x10° 0.049 1.98
G023.996-0.100 1140 2082 7.07x10° 0.030 1.75
G024.461+0.198 9.40 1677  5.65x10° 0.058 2.26
G025.226+0.288 2.80 1433  9.43x10° 0.059 232
G025.613+0.226 9.50 10.87 1.31x10% 0.057 235
G025.838-0.378 15.30 18.41 1.16 x 108 0.011 1.32
G026.545+0.423  10.50 1755 1.36x10% 0.015 2.00
G027.011-0.039 17.10 2317 6.83x10° 0.006 1.61
G027.757+0.050 5.20 1991 8.61x10° 0.019 1.70
G028.321-0.011 5.30 21.11 1.18x 108  0.018 1.56
G028.687-0.283 4.90 1742 4.84x10° 0.041 2.17
G029.603-0.625 4.40 1377  1.09x10% 0.038 2.56
G029.993-0.282 5.40 18.83 828x10° 0.036 1.33
G030.010-0.273 5.60 3722 236x10° 0014 145
G030.370+0.482 1340 23.10 4.46x10° 0.019 1.57
G030.400-0.296 5.40 19.30 5.40x10° 0.103 1.72
G030.423+0.466  14.00 3235 881x10° 0.029 1.73
G030.960+0.086  12.00 26.10 8.08x10° 0.017 1.80
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G030.973+0.562  13.10  22.10 5.73x10° 0.008 2.12
G030.980+0.216  5.90 18.66 1.21x10% 0.018 1.52
G031.122+0.063 2.90 33.68 7.93x10° 0.003 1.29
G031.182-0.148 11.50 27.11 1.25x10® 0.004 1.08
G032.825-0.328 4.50 2239  7.77x10° 0.039 201
G033.317-0.360 1.80 25775  6.04x10° 0.005 1.38
G034.267-0.210 3.00 2197 6.50x10° 0014 1.75
G045.380-0.594 8.40 1706  529x10° 0.031 1.81
G052.199+0.723 1020 2859 1.17x10® 0.008 1.45
G056.963-0.235 2.30 21.04 6.96x10° 0.019 1.70
G057.610+0.025 2.90 26.11 7.87x10° 0.007 1.61

Table A.3: The physical properties derived from best fit parameters of sources. The
columns show the source name, clump Mass, Hydrogen column density, effective radius,
surface density and FIR Luminosity.

Source name Clump Mass NH, (cm_z) Reg (pe) X2 (g cm_z) Lpr (Lo)
Mo)
G345.131-0.174  2.13 x 10? 1.20 x 10*  0.307 0.150 8.42 x 10?
G345.576-0.225  3.77x 10>  5.30x 102  0.618 0.065 6.68 x 102
G345.807-0.044  9.18x 10>  3.11x 102  1.321 0.035 7.45 x 102
G345.824+0.044 1.35% 103 3.75x 108 1.508 0.039 6.19 x 10°
G345.985-0.020  1.47 x 10 8.69x 102 0873 0.127 1.31 x 10*
G346.036+0.048  6.13x 10>  2.92x 102  1.003 0.040 1.39 x 10*
G346.231+0.119 883 x 10>  7.25x 102  0.636 0.144 5.39 x 10°
G346.480+0.221 781x10° 2.11x10*%* 1352 0.283 1.07 x 10*
G346.481+0.132 1.31 x 103 6.25x 102 0.969 0.092 1.71 x 10*
G346.517+0.117 1.46 x 103 1.47x10*  0.237 1.723 2.41 %103
G347.230+0.016  2.12x 10>  9.74x10®  1.018 0.136 2.55x 103
G347.628+40.149  1.61x10°  2.83x10*  0.553 0.348 2.71 x 10*
G348.884+0.096  1.88x10°  8.39x 102  1.075 0.107 5.45x 10°
G349.067-0.017  6.65x 10>  3.37x10®2  0.877 0.057 1.72 x 10*
G349.092+0.105  5.34x 10° 3.11x 10 0.853 0.485 5.89 x 10*
G349.151+0.021 1.73 x 103 8.27x 102 0518 0.426 8.44 x 10°
G349.884+0.231 2.74x 102 2.44x10%*  0.067 4.034 7.83x 103
G350.015+0.433  4.68 x 10° 1.49 x 10*  1.110 0.252 1.55 % 10°
G350.11640.220  2.22x10°  421x10¥  0.546 0.492 7.30 x 10
G350.299+0.122  2.61 x 10° 1.48 x10*  0.891 0.218 1.24 x 10*
G350.340+0.141 270x10° 591x10%2  1.739 0.059 3.40 x 10*
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Source name Clump Mass  Ng, (cm™2) Reg (pe) Z(g em™2)  Lpr (Le)
Mop)

G350.344+0.116  3.38x 10° 1.73 x 10*  0.333 2.021 1.31 x 10*
G350.356-0.068  6.97 x 10>  4.08x10® 0311 0.477 6.04 x 10°
G350.520-0.350  4.03 x 10? 1.31x10* 0413 0.157 1.40 x 10°
G350.686—-0.491  2.22x 10>  1.64x10*  0.278 0.191 1.54 % 103
G351.382-0.181 3.27x 102 7.36x 102 0.441 0.112 1.70 x 10°
G351.688+0.171 1.28x10° 9.34x 102  0.671 0.188 8.50 x 10°
G352.083+0.167  6.84x 10>  6.77x 10** ... ... 6.03 x 10°
G352.111+0.176  7.09 x 10? 1.76 x 10* 0371 0.341 2.36 x 10°
G352.133-0.944  5.42x 10! 1.73x10*  0.110 0.298 5.52 x 10?
G352.525-0.158  9.56x 10>  3.39x 102  1.209 0.043 2.39 x 10*
G352.604-0.225  8.78 x 107 1.18 x 10*  0.675 0.127 5.48 x 10%
G352.855-0.201  2.93x10°  8.92x 102  1.390 0.100 1.73 x 10°
G353.216-0.249  3.36x 10>  9.29x10® 0446 0.112 1.67 x 103
G353.378+0.438 1.14 x 103 2.94 %102  1.349 0.041 4.57 x 103
G353.429-0.090  3.10x 10° 1.85x10*  0.753 0.361 1.21 x 10*
G353.464+0.562  4.05x10°  2.72x10*  0.743 0.486 2.86 x 10*
G353.537-0.091  836x 10>  1.13x10*  0.393 0.359 2.38 x 10°
G354.496+0.083 1.45 % 10° 1.64x 10 0.224 1.918 2.70 x 10°
G354.615+0.472 1.63x10°  445x10**  0.397 0.684 1.46 x 10*
G354.701+0.299 1.94 x 103 246 x 10 0.644 0.310 5.67 x 10°
G354.724+0.300  1.63x 10>  2.83x10*  0.505 0.422 1.99 x 10*
G355.538—0.105  3.99x 10>  8.79x10*  1.199 0.184 7.91 x 10*
G355.642+0.398 1.52x 103 6.64x 102  0.804 0.156 5.09 x 10°
G005.618-0.082  1.04x10®>  291x10*  0.333 0.622 1.50 x 103
G005.630-0.294  5.13 x 10! 451102 0210 0.077 1.15 % 10°
G006.189-0.358  9.32x 10>  1.62x10*  0.539 0.212 3.06 x 10*
G006.368—0.052  8.44x 10>  8.39x 102  0.720 0.108 8.22 x 10°
G008.317-0.096  1.92x 10>  6.13x 102  1.300 0.075 1.76 x 103
G008.683-0.368  7.21 x 10? 1.81 x10*  0.435 0.252 6.82 x 10°
G008.832-0.028  3.92x 10> 526x10%  0.675 0.057 2.40 x 10°
G010.444-0.018  3.83x 10° 2.02x10**  0.721 0.488 1.11 x 10*
G010.629-0.333  2.16x 10>  2.61 x10*  0.721 0.275 1.19 x 10*
G010.724-0.334  6.79 x 107 1.55x 10%*  0.462 0.210 1.95 x 103
G010.886+0.123  4.75x 10"  9.14x 102  0.128 0.191 9.68 x 102
G010.958+0.022  3.18 x 10° 1.55x 10*  0.854 0.289 1.50 x 10°
G011.034+0.062 1.17 x 10? 1.04x10*  0.218 0.162 2.86 x 10°
G011.109-0.114  3.61 x 10 1.25x10%*  1.137 0.185 1.81 x 10*
G011.903-0.102  1.61x 10>  6.37x102  0.894 0.133 9.58 x 103
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Source name Clump Mass  Ng, (cm_z) Rer (pe) 2 (g cm_z) Ler (Lo)
Mop)

G011.992-0.272  1.12x 10>  5.79x 102  0.896 0.092 1.32 x 10*
G012.025-0.031 1.46x10° 721x102 0971 0.103 1.36 x 10*
G012.265-0.051 1.41 x 103 6.12x 102 1.043 0.086 4.66 x 103
G012.526+0.016  1.64x 10>  8.05x 102  0.894 0.136 5.22x10°
G012.625-0.017  4.21 x 10? 1.93 x 10*  0.367 0.207 1.39 x 103
G012.889+0.489  3.88x 10>  246x10*  0.313 0.262 6.95 x 103
G013.179+0.061 1.57x10%  296x10**  0.563 0.328 5.66 x 10°
G013.657-0.599  4.35x 10 1.95x10*  1.035 0.269 9.48 x 10*
G013.713-0.083 191 x 10> 572x10%2 0418 0.072 3.32x 10°
G014.101+0.087  9.51 x 10? 1.85x 10*  0.496 0.256 6.97 x 103
G014.390-0.020  8.83x 10>  2.50x 102  1.367 0.031 1.20 x 10*
G014.631-0.577 1.62x 10*  3.24x10**  1.720 0.364 6.48 x 10*
G014.991-0.121  2.32x 10 542%x 108 1.607 0.059 1.66 x 10*
G015.665-0.499  8.73 x 10° 1.83x 10  1.265 0.361 8.14 x 10*
G016.112-0.303  5.61 x 10! 2.70x 103 0.239 0.065 1.88 x 102
G016.302—0.196  9.10 x 10! 3.83x 102 0372 0.043 4.94 x 107
G016.403-0.181  1.21x10°  4.50x 102  0.821 0.119 1.25 x 10*
G016.585-0.051  1.06x 10>  3.07x10*  0.334 0.627 8.83 x 10°
G016.831+0.079 1.94 x 10 6.10x 103 0.937 0.146 1.38 x 10*
G016.855+0.641 2.53x 103 1.95x 10 1.149 0.127 6.53 x 10°
G017.029-0.071 1.51x10°  6.33x102  0.879 0.129 9.26 x 103
G017.862+0.074  5.61x 10>  8.72x 102  1.091 0.031 1.22 x 10*
G018.159+0.094  6.37x 10>  2.06x 102  0.469 0.192 2.71 x 10
G018.262-0.244  9.29 x 10? 1.91 x 10*  0.521 0.227 2.81 x 10°
G018.460-0.004  2.51x 10> 8.57x10®2  0.076 2.894 1.23 x 10°
G018.661+0.034  2.82x 10 1.31x10*  1.163 0.138 1.79 x 10*
G018.733-0.224  6.59 x 10° 1.56 x 10%*  1.217 0.295 4.01 x 10*
G018.735-0.227  6.79 x 10° 1.94 x10**  1.261 0.283 4.30 x 10*
G018.874+0.053  2.27x10° 7.01x10®¥ 1.184 0.107 7.42 x 103
G018.888—-0.475 1.12x 10> 4.88x10** 0544 0.252 2.63 x 10°
G018.999-0.239  3.06x 10>  5.32x 102  0.483 0.087 3.42 x 102
G019.009-0.029  3.40 x 10° 1.17 x 10*  1.203 0.156 5.41 x 10*
G019.249+0.267  2.54 x 10° 1.87 x 10*  1.026 0.160 5.29 x 103
G019.365-0.030  8.19 x 10! 1.69 x 10 0.280 0.069 2.57 % 10°
G019.486+0.151 7.61 x 10! 1.24x10*  0.190 0.140 2.96 x 10?
G019.496+0.115  5.46x 10>  5.68x10*2  0.359 0.281 3.32x 10°
G019.612-0.120  1.30x 10°>  4.88 x 10?3 1.62 x 10*
G019.612—0.134  2.74x 10>  3.07x10*  0.923 0.213 6.39 x 10*
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G019.667+0.117  1.04x 10>  4.58x 102  0.799 0.108 3.41x10°
G019.701-0.267  2.37 x 10 8.64x 102  1.129 0.123 2.00 x 10*
G330.226+0.290 1.93x 10>  3.52x102 0536 0.044 8.13 x 10?
G330.283+0.493  7.82x 10>  1.41x10*  0.554 0.169 7.15 % 103
G330.875-0.383  1.59x 10>  4.73x 10* . . 3.62x 10°
G331.059+0.375 1.28x 10> 3.81x102 0317 0.084 4.67 x 107
G331.134+40.156  4.17x 10>  8.40x10%  0.393 0.178 1.02x 103
G331.342-0.346  3.56 x 10? 1.03x 10*  0.317 0.235 6.91 x 10°
G331.425+40.264  7.73x 10>  3.80x 102  0.930 0.059 4.46 x 103
G331.442-0.187  4.55x10°  2.68x10*  0.827 0.440 4.83 x 10*
G331.710+0.603  8.39 x 107 1.78 x 10*  0.205 1.323 7.47 x 103
G332.094-0.421  7.06x 10>  1.81x10* 0453 0.228 2.18 x 10*
G332.295-0.094  3.97x 10> 3.01x10*  0.299 0.294 1.37 x 10*
G332.351-0436  3.52x 10>  2.39x10**  0.380 0.161 6.78 x 10?
G332.352-0.117  1.59x 10>  6.56x 10>  0.288 0.127 2.32x 103
G332.364+0.607  4.19 x 10° 1.97 x 10*  1.265 0.173 5.73 x 103
G332.560-0.148  4.26x 10>  1.06x10*  0.455 0.136 7.09 x 107
G332.604-0.168  2.16x 10>  9.35x 102  0.283 0.178 6.03 x 102
G332.701-0.588 1.94x10° 443x102 0711 0.254 2.63 x 10*
G332.813-0.701 1.44x10° 4.19x102  1.364 0.051 4.23 x 10*
G332.942-0.686  3.87 x 10? 1.19 x 10*  0.288 0.309 5.52x 10
G332.987-0.487  5.24 x 107 1.33x10*  0.510 0.134 8.37 x 10°
G333.029-0.063  1.12x 10>  7.99x 102  0.288 0.089 8.35x 10°
G333.109-0.500  2.23x 10>  9.26x 10  0.541 0.050 6.99 x 10°
G333.128-0.440  7.10x 10>  5.85x10**  0.330 0.433 3.19 x 10
G333.130-0.560  1.28x10°  8.12x10*  0.464 0.392 6.49 x 103
G333.163-0.101  5.50x 10>  6.71x 102  0.741 0.066 3.02 x 10*
G333.184-0.091  4.79x 10>  7.14x 102  0.457 0.152 5.75 x 103
G333.234-0.060  1.72 x 10° 530x 10**  0.504 0.448 1.18 x 10*
G333.315+0.105  4.01 x 10° 2.09x 10**  1.109 0.216 8.67 x 10*
G333.387+0.032  2.12x 10 1.34x10*  0.605 0.384 1.01 x 10*
G333.646+0.058  2.59 x 10° 1.14 x 10*  1.201 0.119 9.29 x 10°
G333.851+0.527  2.12x10°  4.71x 102  1.546 0.059 2.13x 103
G333.900-0.099  1.01x 10>  5.99x 102  0.770 0.113 1.50 x 103
G334.138-0.023  7.54x 10> 297x10®2  0.849 0.069 9.04 x 10°
G335.556-0.307 1.41 x 10>  795x10*2 0516 0.035 6.81 x 10
G335.585-0.285  5.79x 10>  1.29x10®  0.380 0.265 5.10 x 10*
G335.726+0.191 1.70 x 103 1.24 x 10*  1.660 0.041 1.06 x 10*

Continued on next page

135



Table A.3 — continued from previous page

Source name Clump Mass  Ng, (cm™2) Reg (pe) Z(g em™2)  Lpr (Le)
Mop)

G336.018-0.827  6.31x10°  3.15x10*  0.694 0.866 1.89 x 10°
G336.809+0.119 251 x10° 2.07x10*  0.704 0.336 7.81 x 10
G336.825+0.139  2.02 x 10 1.20x 10*  1.137 0.104 2.02 x 10°
G336.916-0.024  1.10x10®*  5.76 x 10?3 . . 9.73 x 10°
G336.957-0.225  2.87x10°  9.63x 102  0.494 0.780 3.58 x 10°
G336.958—-0.977  4.47x10°  3.01 x10*  0.904 0.362 7.06 x 103
G337.052-0.226  3.59x 10>  1.89x 102  0.528 0.085 6.56 x 103
G337.097-0.929  2.55x10°  9.52x10%  1.113 0.136 3.98 x 10*
G337.153-0.395  4.19 x 10? 1.90 x 10*  0.506 0.108 9.72 x 10?
G337.176-0.032  1.20x 10 3.79x10%*  0.504 0.312 2.24 x 103
G337.201+0.114  7.95x 10>  598x 102  0.703 0.106 1.67 x 10*
G337.202-0.094  9.40x 10>  6.33x 102  0.736 0.115 2.34 x 10°
G337.258-0.101  3.21 x 10° 1.23x10*  1.009 0.209 2.12 x 10*
G337.263-0.070  2.43 x 10? 1.09 x 10*  0.277 0.209 1.61 x 10°
G337.300-0.874  2.30x 10 1.33x10*  0.894 0.191 8.77 x 10°
G337.388-0.210  1.79 x 10? 1.14x10**  0.221 0.242 9.69 x 10?
G337.632-0.079  2.61 x 10>  1.32x10*  0.275 0.227 2.69 x 10°
G337.686+0.137  2.01 x 10° 1.37x10%*  1.176 0.096 5.39 x 10°
G337.966-0.169  3.63x 10>  9.33x 10  0.469 0.109 8.35 x 10?
G337.997+0.136 1.02x 10*  2.86x10**  0.397 4.285 5.16 x 10°
G338.140+0.178 1.94x 10>  325x102  0.563 0.404 479 x 103
G338.160-0.064  2.32x 10° 1.56 x 10*  0.727 0.291 2.13 x 10°
G338.280+0.542  4.19x 10>  1.81x10*  0.281 0.352 2.76 x 103
G338.287+0.120  4.49x 10>  3.15x10**  0.340 0.257 1.70 x 103
G338.325-0.409  7.19 x 10! 1.09 x 10*  0.232 0.088 3.64 x 10?
G338.392-0.403  1.60x 10>  5.03x 102  1.990 0.027 5.15x 10*
G338.461-0.245 221 x10>  6.24x102  0.208 0.337 6.57 x 103
G338.472+0.289  9.49 x 10! 1.11x 10*  0.162 0.240 1.52 x 10°
G338.497+0.207 1.13 x 102 1.81x10*  0.197 0.194 1.83 x 102
G338.561+0.218 3.55 x 10° 8.84 x 108  0.817 0.352 1.57 x 10*
G338.566+0.110  6.67 x 10? 1.75x 10 0.464 0.205 4.50 x 103
G338.850+0.409  2.97 x 10° 1.76 x 10*  1.381 0.103 1.35 % 10°
G338.875-0.084  3.69 x 10! 2.22x102 0256 0.037 5.90 x 102
G338.902+0.394 1.02 x 102 1.79 x 10*  0.143 0.331 1.14x 103
G338.925+0.634 1.29 x 10° 545%x10**  0.505 0.335 8.51 x 10°
G339.053-0.315 1.07x10° 9.55x10®2 0810 0.108 7.19 x 10°
G339.064+0.152  1.31x10°  5.95x102  0.676 0.190 4.85x% 103
G339.282+0.136  5.69 x 107 1.24 x 10*  0.387 0.251 1.92 x 103
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G339.294+0.139  3.67x 10>  7.63x 102 0251 0.387 1.06 x 103
G339.476+0.185 3.22 % 10° 1.88x 10*  0.779 0.352 3.26 x 10*
G339.477+0.043 1.62x10° 479%x102 0842 0.151 6.49 x 10°
G339.582-0.127  2.93x 10>  2.87x10*  0.270 0.265 1.45 % 103
G339.622—0.121  2.16 x 10? 1.41 x 10*  0.296 0.163 9.20 x 103
G339.762+0.054  5.53x 10>  2.57x 10  1.245 0.024 1.21 x 10*
G339.909+0.240  2.60x 10°  4.46x10®  1.186 0.122 5.37 x 10°
G339.980-0.538 1.19x 10> 4.69x10®2  0.771 0.132 7.05 x 10*
G339.986-0.425  6.43x 10>  4.11x102  0.786 0.069 3.25 x 10*
G340.118-0.021 1.55x 103 1.16 x 10*  0.882 0.132 1.15% 103
G340.249-0.046  2.48 x 10° 1.40 x 10*  0.736 0.303 5.41x10*
G340.249-0.372  7.10x 10>  4.58 x 10*  1.520 0.203 2.43x10°
G340.543-0.162  1.60x 10>  5.63x10% 0437 0.055 1.69 x 10%
G340.655-0.235 1.49x 10>  5.19%x10%2  1.090 0.083 3.11 x 10
G340.785-0.096  3.57x 10> 228 x10*  0.732 0.442 3.39 x 10*
G341.124-0.361  3.36x 10>  2.13x10*  0.330 0.204 2.54 x 103
G341.218-0.212  4.26 x 107 1.69 x 10*  0.198 0.721 5.38 x 10°
G341.238-0.270  6.03x 10>  3.19x 10*  0.368 0.295 1.59 x 103
G341.276+0.062 1.28x10°  4.62x102  0.869 0.112 1.32x 10*
G341.367+0.336 1.05x 10>  590x10%  0.940 0.079 8.38 x 10?
G341.990-0.103  1.07x 10>  5.17x 102  0.269 0.098 4.32 % 107
G305.799-0.245  7.77x 10>  2.67x10* 0472 0.231 5.05 x 10*
G308.754+0.549  538x 10>  7.18x 102  0.363 0.270 7.00 x 103
G309.384-0.135  8.82 x 10? 1.96 x 10*  0.568 0.181 9.51 x 10°
G311.947+0.142 1.10 x 103 2.13x10**  0.676 0.159 6.73 x 10
G317.466-0.402  1.02x10°  591x102  0.997 0.068 1.58 x 10*
G317.701+0.110  2.74 x 10? 1.74 x 10*  0.281 0.230 1.86 x 103
G318.948-0.196  3.73x 10° 1.81 x 10**  0.940 0.280 2.63x10°
G320.231-0.284 881 x 10>  2.69x10*  0.356 0.460 1.66 x 10*
G321.148-0.529  1.32x 10>  3.15x 102  0.220 0.181 1.71 x 103
G324.923-0.568  6.03 x 10? 1.10x 10*  0.467 0.183 2.69 x 10*
G326.475+0.703  9.70x 10>  4.02x 10*  1.127 0.506 2.85x 10°
G326.608+0.799  4.50x 10>  2.06x10*  1.019 0.287 1.27 x 10*
G326.859-0.677  3.97x 10>  1.16x10*  0.331 0.240 1.43x 103
G327.402+0.445 1.19 x 103 3.57x 10 0517 0.296 5.80 x 10°
G327.392+0.199 1.74x 10> 4.60x10**  0.570 0.356 6.70 x 10*
G327.590-0.094  8.20x 10>  9.86x 102  0.853 0.075 3.77x 103
G329.029-0.205  1.39x 10*  3.25x10*  0.840 1.308 8.58 x 10*
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G329.066-0.308  6.32 x 10° 1.38x 10  1.366 0.224 3.15x 10*
G329.183-0.314  8.85x 10>  3.81x10** 0259 0.872 6.03 x 10°
G329.469+0.503 3.72 x 10° 2.87x10**  0.771 0.414 2.55 x 10*
G329.622+0.138 1.53x 10>  6.50x 102  0.574 0.308 2.45x% 10
G023.706—0.198  7.16 x 10? 1.78 x 10%*  0.849 0.066 1.60 x 10*
G023.885+0.060  2.62x10°  7.46 x 10% ... ... 3.18 x 10°
G023.966—0.109  6.43x 10>  2.65x10*  0.965 0.457 3.00 x 10*
G024.541+0.312  3.86x 10>  7.90x10®  0.382 0.176 1.04 x 103
G024.634-0.324  2.56 % 10° 1.96 x 10* 1570 0.069 1.75 x 10*
G024.943+0.074  2.19x 10>  7.94x 102  0.294 1.680 2.25x 10*
G025.270-0.434  2.31x 10° 1.45x10%*  1.264 0.096 7.43 %103
G025.710+0.044  2.71 x 10° 1.15x10**  0.850 0.249 4.68 x 10*
G025.826-0.178  3.55x 10>  7.35x10®  0.146 1.095 9.19 x 10°
G026.601-0.221  7.60x 10>  4.51x10%  0.198 1.278 7.63 x 10
G027.286+0.151 4.10x 103 2.51x 10 1.091 0.228 2.97 x 10*
G027.783-0.259  1.45x10°  9.00x 102  0.632 0.240 8.52x 10
G027.784+0.057  6.19x 10>  2.13x10*  0.636 0.101 5.75 % 10°
G028.146-0.005  6.96 x 10? 1.36 x 10*  0.511 0.177 3.98 x 10°
G028.397+0.081 3.61 x 10>  250x10® 0414 0.140 1.22x 10*
G028.817+0.365 1.28 x 103 8.83x 102  0.386 0.572 3.25 x 10*
G028.842+0.493  4.94 x 10? 1.42x10*  0.400 0.205 1.24x 103
G029.320-0.162  7.15x 10>  2.66x 102  0.646 0.114 5.30 x 10°
G033.133-0.092 528 x 10>  1.22x10*  0.408 0.210 1.36 x 10*
G033.634-0.021  2.01 x 10>  5.34 x10% ... ... 8.58 x 10?
G033.852+0.018  9.26x 10>  9.58x 10**  0.864 0.082 2.72 x 103
G033.980-0.019  2.56x 10>  1.59x10* 0274 0.225 4.82 x 107
G034.757+0.025 3.34x10% 9.61 x 102 0422 0.124 3.20 x 103
G034.820+0.350  4.15x 10>  2.18x10*  0.423 0.154 7.03 x 103
G035.132-0.744  3.56x 10>  4.45x10*  0.133 1.339 1.58 x 103
G035.197-0.743  6.04 x 10! 8.69 x 1033 .. ... 1.63 x 10%
G035.397+0.025  2.95 x 10? 1.94x 10 0.482 0.084 1.46 x 10°
G035.793-0.175  4.35 x 10? 1.33x10*  0.312 0.296 2.33x 10°
G036.115+0.552 1.36x 10>  4.93x 102  0.279 0.116 1.88 x 103
G036.839-0.022  2.60x 10>  1.86x10*  0.334 0.154 5.86 x 102
G036.918+0.483  9.27x 10> 2.89x 10  1.294 0.037 2.48 x 10*
G037.030-0.038  3.67 x 10? 1.12 x 10%* ... ... 7.74 x 10?
G037.043-0.035  6.62 x 10! 1.61 x10*  0.199 0.111 5.78 x 10?
G037.479-0.105  6.00x 10>  7.93x10*  1.041 0.037 1.03 x 10*
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G037.554+0.201 991 x 10>  1.89x10*  0.328 0.609 1.52 x 10*
G037.598+0.425  4.35x 10> 538x10% 0415 0.167 2.15 x 10°
G037.735-0.112  2.76 x 10 1.87x10%*  0.717 0.356 2.76 x 10*
G037.753-0.189  1.50 x 10° 1.24x10*  0.630 0.250 5.27 x 103
G037.767-0.214  3.49 x 103 1.79 x 10** ... ... 1.24 x 10*
G038.037-0.300  1.14x 10>  3.56x 102  0.343 0.064 6.35 x 102
G038.119-0.229  2.79x 10>  4.09x 10  0.581 0.055 6.47 x 10
G038.203—-0.067 1.51 x 103 2.52%x10%* 0575 0.302 3.34 x 10
G038.255-0.200  2.67x 10> 2.71x10®  0.638 0.043 7.20 x 103
G038.598—0.212  1.19 x 10? 1.87 x 102 0.455 0.038 7.18 x 10?
G038.653+0.088 1.89x 10> 536x102  1.728 0.042 1.73 x 10*
G038.916-0.353  6.27 x 10° 1.90 x 10**  1.131 0.324 1.94 x 10*
G039.388—0.141  2.54x 10>  5.04x10%  0.235 0.304 8.25 x 10°
G040.282-0.219  1.09x 10>  4.46x10**  0.331 0.661 1.33 x 10*
G041.075-0.125  9.94x 10>  8.70x 102  1.297 0.039 3.22x 103
G041.121-0.107  5.44x 10>  3.50x 102  0.721 0.069 3.45x 103
G041.123-0.220  1.11 x 103 1.40x 10*  1.191 0.052 5.64 x 103
G041.226-0.197  5.93x 10> 3.10x10®¥  1.112 0.032 4.79 x 103
G041.348-0.136  7.93x 10>  3.06x10®  0.711 0.104 5.16 x 10°
G042.034+0.190  7.54x 10>  2.95x10%  0.890 0.063 6.06 x 10°
G042.304-0.299  1.79x 10>  7.68x 102  0.879 0.153 4.07 x 103
G042.435-0.260  6.11 x 107 1.12x 105 0.337 0.357 1.78 x 103
G043.074-0.077  1.77x 10>  7.55x 102  1.339 0.065 6.04 x 10°
G043.890-0.784  1.74x10°  7.39x10®  0.838 0.164 8.03 x 10*
G044.310+0.041 1.71 x 103 1.10x 10*  0.774 0.189 2.17 x 10*
G045.467+0.053  3.40x10°  3.35x10*  0.849 0.312 6.94 x 10*
G045.493+0.126  1.31x 10>  9.91 x 10% 3.09 x 103
G045.804-0.356  6.25x 10>  5.59x 102  0.581 0.123 1.36 x 10*
G048.902-0.273  7.76 x 10? 1.48 x 10*  0.766 0.087 6.93 x 10°
G048.990-0.299  1.41 x 10 2.55%x10%* 0616 0.246 2.25 x 10*
G049.265+0.311 1.23x 10>  585x10®2  0.799 0.128 6.94 x 10°
G049.617-0.360  2.75x 10>  4.50x 102 0.630 0.046 5.53 x 102
G052.922+0.414  420x 10>  6.39x 102  0.580 0.083 1.82x 103
G053.142+0.071 1.85x 10>  1.69x10*  0.180 0.380 1.41 x 103
G053.618+0.035 8.40 x 10! 1.30x 10*  0.227 0.108 6.07 x 10?
G020.239+0.065  2.52 x 10? 1.13x 10* 0312 0.172 2.05 x 10°
G020.364-0.013  2.60 x 10? 1.91 x10*  0.214 0.375 1.39x 103
G020.733-0.059  5.98x 10>  2.07x10*  1.231 0.261 1.75 x 10*
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G020.963-0.075  7.66x 10>  3.93x 102  0.868 0.067 1.06 x 10*
G023.003+0.124  2.67x 10> 5.03x10®2 0514 0.067 6.90 x 10?
G023.365-0.291 1.13x 103 249 x 10%* 0477 0.329 9.56 x 10?
G023.389+0.185  3.92x 10>  1.98x10*  0.259 0.387 2.62x 10
G023.986-0.089  4.89 x 10° 1.86 x 10*  1.069 0.284 8.72 % 103
G023.996-0.100  2.68 x 10° 1.31 x10* 0977 0.186 1.69 x 10*
G024.461+0.198  2.00 x 10° 1.79 x 10*  0.681 0.286 7.03 x 10°
G025.226+0.288 3.27 x 10? 1.98 x 10*  0.303 0.236 4.55 x 10%
G025.613+0.226  4.79 x 103 1.81 x10%*  1.277 0.195 1.46 x 10°
G025.838-0.378  3.75x10°  6.16 x 102  1.871 0.071 6.42 x 10°
G026.545+0.423 1.88x10°  5.61x10%2 1453 0.059 7.39 x 103
G027.011-0.039  1.53x10°  3.43x102 1436 0.049 1.39 x 10*
G027.757+0.050  4.66 x 10>  8.95x 10>  0.493 0.127 2.21 x 10
G028.321-0.011  6.49x 10> 8.75x 10  0.662 0.098 3.36 x 10°
G028.687-0.283  3.51x 10>  1.35x10*  0.305 0.249 1.48 x 103
G029.603-0.625  5.28 x 107 1.12x 10*  0.511 0.134 8.73 x 10?
G029.993-0.282  1.08x 10>  2.00x 10*  0.443 0.364 2.01 x 10
G030.010-0.273 1.17x 10> 7.09x 102  0.093 0.891 1.10x 10*
G030.370+0.482 1.65x10°  9.21x10®2  0.800 0.171 1.45x 10*
G030.400-0.296  1.42x10°  4.02x10**  0.350 0.763 4.83 x 10°
G030.423+0.466  5.35x 10° 1.38 x 10%*  1.435 0.172 3.28 x 10°
G030.960+0.086  2.03x 10>  7.78x 102  1.153 0.101 4.97 x 10*
G030.973+0.562  6.24x 10>  2.84x 102  0.779 0.068 1.18 x 10*
G030.980+0.216  8.38x 10>  8.89x 10%  0.747 0.099 2.11 x 10
G031.122+0.063  2.73 x 10! 1.83x 102  0.275 0.024 1.12x 103
G031.182-0.148  8.78 x 10>  2.37x10%  1.49% 0.026 7.34 x 103
G032.825-0.328  4.84 x 107 1.37 x 10*  0.312 0.330 6.86 x 103
G033.317-0.360  1.11 x 10! 2.53x10%  0.134 0.041 1.34 x 10?
G034.267-0.210  7.47x 10"  5.70x10%  0.223 0.099 7.33 x 107
G045.380-0.594  9.75 x 10? 1.17 x 10*  0.575 0.195 2.54 x 10
G052.199+0.723 1.15x 10> 423x102 1262 0.048 2.60 x 10*
G056.963-0.235  6.69 x 10! 8.12x 102 0.190 0.122 4.72 x 102
G057.610+0.025  5.79 x 10! 3.91x 102  0.261 0.056 9.93 x 102

A.2 SED fits of 320 methanol maser sources
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Figure A.1: SED fits at different wavelength ranges.
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Appendix B

Source chemistry : Statistical Analysis

B.1 Data Tables

Table B.1: Excitation temperatures (Tex), LSR velocities (Vi sr) and molecular column
densities (N,+) obtained after fitting the brightest pixel of NoH* spectrum towards each
source are given below. The dust temperature (Tqy,s) and Hy column density (Ny, ) estimates
towards the same bright pixel of the dust continuum map of each source are also provided.

Source Name Taust (K) Np, (em™2) Te (K)  Visg (kms™!)  Nyp+(cm™2)
G006.189-0.358 29.64 1.62x 102 25.14 -33.05 3.60 x 10"3
G010.724-0.334 18.48 1.31 x 10> 28.30 -1.60 2.95x 1013
G012.625-0.017 16.64 3.23x 102 631 21.76 2.79 x 1013
G012.889+0.489 25.87 441 x 102 34.56 32.53 5.66 x 1013
G013.179+0.061 19.30 2.96x 102 14.52 49.32 5.64 x 1013
G014.631-0.577 20.22 4.63x 102 13.67 18.82 4.77 x 1013
G305.799-0.245 35.99 327x 102  18.63 -31.99 1.61 x 1013
G309.384-0.135 24.24 1.38x 102 20.45 -50.44 2.25x 1013
G311.947+0.142 20.32 2.13x 102 1341 —-42.23 1.82x 103
G324.923-0.568 28.05 1.24x 102  5.82 -73.23 1.62x 103
G326.608+0.799 17.12 2.06 x 102 31.04 -37.20 432 %1013
G329.469+0.503 20.95 2.42x10%2 1226 -68.13 1.95 x 103
G330.283+0.493 21.54 1.03x 10> 2244 -93.92 1.93 x 1013
G331.134+0.156 0.00 0.00 x 10 12.25 -76.85 8.19 x 10'2
G331.342-0.346 23.20 1.47x 102 20.14 —-66.08 1.59 x 103
G331.442-0.187 23.65 2.68x 102 297 —88.68 6.15 x 10'?
G331.710+0.603 21.10 3.50x 10> 7.88 -67.37 5.45 % 1013
G332.295-0.094 32.24 2.02x 102 4033 -49.16 6.70 x 103
G332.364+0.607 17.01 1.97 x 102 28.77 -42.99 3.30 x 1013
G332.560-0.148 14.64 1.06 x 1022 13.63 -46.81 1.92x 103
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Source Name Taust (K) Np, (cm™2) Te (K)  Visg (kms™!)  Nyp+ (cm™2)
G336.809+0.119 18.29 1.46 x 1022 4.06 -84.09 2.32x 10
G336.957-0.225 14.67 8.70 x 10> 17.90 -71.82 1.75x 103
G336.958-0.977 15.97 3.0l x 1022 24.82 —44.25 2.85x 1013
G337.097-0.929 25.05 1.14x 102 14.07 —-41.53 1.05x 103
G337.201+0.114 24.02 5.98 x 10*'  8.12 -62.61 5.69 x 10'2
G337.258-0.101 20.29 2.25x 102 2826 -68.36 3.01 x 103
G337.300—0.874 18.71 6.36 x 1021 11.60 -93.28 1.97 x 1013
G338.850+0.409 31.52 1.07 x 102 26.08 -57.17 2.43 x 1013
G339.282+0.136 17.44 1.27x 102 21.02 —72.64 2.45 % 1013
G339.476+0.185 20.94 1.31x 102 15.27 -91.80 1.35x 103
G339.582—0.127 22.24 1.59x 102 37.77 -34.23 6.18 x 1013
G339.622-0.121 31.99 1.25x 10> 32.17 -34.81 4.25x%x 1013
G340.785-0.096 21.57 2.28x 102  28.33 -101.42 3.50 x 1013
G346.480+0.221 16.32 2.06x 102 528 -16.34 2.36 x 1013
G347.628+0.149 24.40 2.83x 102  18.31 —-94.33 471 x 1013
G349.092+0.105 22.46 3.09x 102 23.48 -77.64 3.96 x 1013
G350.520-0.350 18.20 1.68 x 102 16.81 -22.61 2.86 x 1013
G350.686—0.491 20.94 1.20x 10> 13.42 -18.10 3.71 x 1013
G352.604-0.225 12.47 6.82x10%'  7.89 -84.58 1.48 x 103
G352.855-0.201 33.22 2.44x 102  21.88 -56.73 2.36 x 1013
G354.615+0.472 23.06 2.60 x 102 25.97 -20.91 2.33x 1013
G013.657-0.599 29.35 2.89 x 102 20.70 47.95 4.46 x 1013
G318.948-0.196 35.48 2.60x 102 23.52 -34.54 6.84 x 1013
G326.474+0.703 20.62 3.15x 102 21.56 -41.14 9.25 x 1013
G327.393+0.199 33.38 1.27 x 102 28.80 —-89.18 425x%x 103
G330.876-0.384 29.20 298 x 102 18.67 —-63.95 473 x 103
G333.314+0.105 27.42 2.22x102 1891 —-46.43 6.62x 10"
G335.586—0.289 23.12 2.06 x 102 18.90 -46.68 8.67 x 1013
G338.281+0.541 17.40 3.09x 102 21.38 -60.83 3.87x 101
G353.463+0.563 27.51 6.99 x 102 21.92 —-46.00 7.09 x 103

Table B.2: Excitation temperatures (Tex), LSR velocities (VL sr) and molecular column
densities (Nycn) obtained after fitting the brightest pixel of HCN spectrum towards each
source are given below. The dust temperature (Tq,s) and H, column density (Ny,) estimates
towards the same bright pixel of the dust continuum map of each source are also provided.

Source Name Taust (K) Np, (cm™) Te (K)  Visg (kms™) Npycn (em™2)
G006.189-0.358 29.64 1.59 x 102 5.15 -34.57 3.57 x 1013
G010.724-0.334 18.48 1.17 x 10?2 5.38 -1.35 4.57 x 1013
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Source Name Taust (K) Np, (cm™2) Te (K)  Visg (kms™!)  Nycn (cm™2)
G012.625-0.017 16.64 2.66x 102 4.66 18.45 2.54 x 1013
G012.889+0.489 25.87 429 %102 563 30.65 7.22 x 102
G014.631-0.577 20.22 3.90x 102 5.92 20.20 5.39 x 1013
G305.799-0.245 35.99 3.74x 102 7.01 -32.67 3.08 x 1013
G309.384—0.135 24.24 1.59x 1022 4.86 -52.30 2.79 x 103
G324.923-0.568 28.05 1.99 x 102 4.37 -75.13 2.06 x 1013
G326.608+0.799 17.12 2.06 x 102 6.98 -36.15 2.38x 1013
G326.859-0.677 17.78 2.48x 102" 5.96 —-67.50 1.10x 103
G329.469+0.503 20.95 249 x 102 437 —-67.67 1.81x 103
G330.283+0.493 21.54 9.40 x 10*!  4.57 -94.05 2.37x 101
G331.342—-0.346 23.20 1.33x 102 8.26 -66.24 1.06 x 10
G331.710+0.603 21.10 2.62x 102 4.40 -69.33 2.19x 103
G332.295-0.094 32.24 2.02x 102 10.08 -50.25 4.00 x 1013
G332.364+0.607 17.01 1.97 x 102 12.86 —42.54 3.83 x 1013
G332.560-0.148 14.64 1.06 x 1022 4.85 —47.31 5.77 x 1013
G336.809+0.119 18.29 1.51x 102 4.10 -83.58 1.56 x 103
G336.957-0.225 14.67 6.90 x 1021 4.43 —73.00 3.08 x 1013
G336.958—0.977 15.97 3.01x 102  6.56 —43.78 1.44 x 1013
G337.097-0.929 25.05 1.05x 1022 4.88 -42.52 1.37x 103
G337.258-0.101 20.29 1.70 x 1022 4.99 —-69.81 8.09 x 102
G337.300—0.874 18.71 6.36 x 1021 5.62 -93.09 1.01 x 103
G337.632—0.079 21.38 144 %102 452 -56.15 1.99 x 1013
G338.850+0.409 31.52 1.07x 102 7.19 -56.87 2.80x 1013
G339.282+0.136 17.44 1.36 x 102 3.98 -71.95 1.27 x 103
G339.476+0.185 20.94 2.01x 102 531 -93.73 1.70 x 103
G339.582-0.127 22.24 1.59x 102  6.23 -35.94 1.29 x 103
G339.622—-0.121 31.99 1.01 x 102> 527 -32.86 2.90 x 103
G340.249-0.046 23.49 1.40 x 102 5.20 -121.95 9.20x 103
G340.785-0.096 21.57 2.28x 102 485 -102.26 3.51 x 1013
G346.480+0.221 16.32 1.55x 102 4.78 -15.35 1.51x 103
G346.481+0.132 24.43 6.01 x 10*'  6.20 -8.31 6.39 x 1013
G347.628+0.149 24.40 2.83x 102  7.13 -94.05 8.33x 10"3
G349.092+0.105 22.46 3.09x 102 591 -76.54 5.34x 1013
G350.015+0.433 26.69 2.06x 102 521 -31.01 5.02x 10"
G350.520—0.350 18.20 1.90 x 102> 6.01 -23.15 1.69 x 1013
G350.686-0.491 20.94 1.64x 102 442 -17.85 1.94 x 103
G351.688+0.171 18.29 6.34 x 10*'  3.85 —-40.08 1.83x 103
G352.604—0.225 12.47 4.95x10%1  4.26 -83.94 2.00x 103
G352.855-0.201 33.22 244 %102 523 -56.10 6.53 x 1013
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Source Name Taust (K) Np, (cm™2) Te (K)  Visg (kms™!)  Nycn (cm™2)
G354.615+0.472 23.06 427 %102 549 -21.76 471 x 103
G318.948-0.196 35.48 3.34x 102 592 -32.70 5.49 x 1013
G326.474+0.703 25.58 2.50x 102 7.04 —-41.183 9.77 x 1013
G327.393+0.199 33.38 9.54x10%" 545 —-89.57 4.14x 1013
G330.876—0.384 29.65 4.17x 102 7.26 -64.22 5.82x 10"
G333.314+0.105 27.42 2.22x102 554 -46.39 7.26 x 1013
G338.281+0.541 24.45 3.09x 102 8.38 -60.86 3.56 x 1013
G353.463+0.563 27.51 6.99 x 102 6.17 —-45.93 5.05x 1013

Table B.3: Excitation temperatures (Tex), LSR velocities (VL sr) and molecular column
densities (Nync) obtained after fitting the brightest pixel of HNC spectrum towards each
source are given below. The dust temperature (Tq,s) and H, column density (Ny, ) estimates
towards the same bright pixel of the dust continuum map of each source are also provided.

Source Name Taust (K) Np, (cm™2) Te (K)  Visg (kms™) Npnc (em™2)
G010.724-0.334 18.48 1.17x 10 5.38 -1.22 2.10 x 1013
G012.625-0.017 16.64 3.10x 102 4.66 21.96 2.10x 10"
G012.889+0.489 25.87 441 %102 563 34.29 9.88 x 10'2
G014.631-0.577 20.22 482x%x 102 592 18.44 2.20 x 1013
G305.799-0.245 35.99 2.70x 102 5.20 -32.52 2.14 x 1013
G309.384-0.135 24.24 1.59x 102 4.86 —-49.83 1.75x 103
G324.923-0.568 28.05 1.24x 102 439 -74.85 1.09 x 103
G326.859-0.677 17.78 4.06x 10?1 596 -66.10 6.01 x 10'2
G329.469+0.503 20.95 2.59x 102 4.37 —-67.47 1.98 x 1013
G330.283+0.493 21.54 1.38x 102 457 —-93.49 1.13x 103
G331.342-0.346 23.20 1.33x 102 8.26 —-65.91 2.32x 1013
G331.710+0.603 21.10 241 x 102 440 -68.13 2.00 x 1013
G332.295-0.094 32.24 3.17x 102 10.08 —-49.34 2.59 x 1013
G336.809+0.119 18.29 1.31x 102  4.10 —-82.17 1.07 x 1013
G336.957-0.225 14.67 8.70 x 102! 4.28 -71.63 1.31x 1013
G337.097-0.929 25.05 1.05x 102  4.88 —42.09 8.49 x 102
G337.258-0.101 20.29 2.25%x 102 4.99 —68.32 1.42x 1013
G337.300—0.874 18.71 8.74x10%  5.62 -92.74 9.38 x 10'2
G337.632—0.079 21.38 130 x 1022 4.52 -56.37 1.89 x 103
G338.850+0.409 31.52 1.07x 1022 7.19 -56.96 1.46 x 1013
G339.282+0.136 17.44 1.27x 102  3.98 -72.67 1.79 x 103
G339.476+0.185 20.94 1.31x 102 531 -93.56 5.25 x 10'?
G339.582—0.127 22.24 1.64x 102 623 -34.59 2.56 x 1013
G339.622-0.121 31.99 1.25%x 10 517 -34.31 3.01 x 103
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Source Name Taust (K) Np, (cm™2) Te (K)  Visg (kms™!)  Npnc (cm™2)
G340.249-0.046 23.49 1.91 x 102 520 -121.87 8.89 x 1013
G340.785-0.096 21.57 2.28x 102 485 -101.56 2.16 x 1013
G346.480+0.221 16.32 2.07x 102 3.89 -16.28 7.11x 103
G346.481+0.132 24.43 6.01 x 10*'  6.20 -7.19 1.35x 103
G349.092+0.105 22.46 3.09x 102 591 -76.74 2.90 x 103
G350.015+0.433 26.69 2.06 x 102 575 -31.30 1.83 x 103
G350.520-0.350 18.20 1.58 x 1022 6.01 -23.39 1.30 x 1013
G350.686—-0.491 20.94 1.42x 102 5.00 -17.98 2.69 x 1013
G351.688+0.171 18.29 426x10%1 441 —40.61 1.07 x 103
G352.604—0.225 12.47 741 x 102" 426 -84.66 1.25 x 103
G352.855-0.201 33.22 244 %102 558 -56.15 2.17x 101
G354.615+0.472 23.06 543x 102 572 -20.75 2.24 x 1013
G318.948—-0.196 35.48 3.34x 102 594 —-34.26 6.18 x 1013
G326.474+0.703 24.92 3.94x 102 7.14 —41.17 5.18 x 1013
G327.393+0.199 33.38 1.27x 102 527 —-89.34 2.89 x 1013
G330.876—0.384 28.56 3.52x 102 8.89 -64.23 9.66 x 10'3
G333.314+0.105 25.20 2.00x 102 6.61 -46.18 6.81x 103
G338.281+0.541 17.40 3.09x 102 8.44 -60.86 3.12x 108
G353.463+0.563 27.75 1.20x 102 7.00 —-45.91 4.58 x 103

Table B.4: Excitation temperatures (Tex), LSR velocities (VLsr) and molecular column
densities (Ngco+) obtained after fitting the brightest pixel of HCO* spectrum towards each
source are given below. The dust temperature (Tqy,s) and H, column density (Ng, ) estimates
towards the same bright pixel of the dust continuum map of each source are also provided.

Source Name Taust (K) Ny, (cm™2) Te (K)  Visg (kms™!)  Nyco+ (cm™)
G006.189-0.358 29.64 1.62x 102 558 -33.21 2.91x 10"
G010.724—0.334 18.48 1.31 x 102 8.45 -1.53 2.02x 10"
G010.958+0.022 30.59 1.55%x 10> 535 21.17 1.48 x 1013
G012.625-0.017 16.64 3.23x 102 472 19.89 436 x 10'2
G012.889+0.489 25.87 439x 102  6.02 35.01 6.50 x 10'2
G013.179+0.061 19.30 2.96x 102  9.69 48.31 1.62x 103
G014.631-0.577 20.22 458%x 10> 5093 18.52 4.81 x 1013
G305.799-0.245 35.99 327x 102  7.66 -33.02 2.29x 1013
G309.384—-0.135 24.24 1.38x 102 5.64 -49.14 2.62 x 1013
G311.947+0.142 20.32 2.13x 102  5.83 —-41.65 7.75 x 10'2
G324.923-0.568 28.05 1.09x 102 6.50 -75.12 1.03x 103
G326.608+0.799 17.12 2.06 x 102 6.85 -37.43 1.84 x 103
G326.859-0.677 17.78 2.48x10*"  5.83 -66.51 1.12x 1013
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Source Name Taust (K) Np,(cm™2)  Te (K)  Visg (kms™))  Npco+ (cm™2)
G329.469+0.503 20.95 242x102  6.62 -67.74 1.70 x 103
G330.283+0.493 21.54 130 x 1022 8.34 -93.83 1.42x 1013
G331.342-0.346 23.20 1.33x 102 10.40 -66.10 3.10 x 1013
G331.710+0.603 21.10 3.50x 102 6.59 -69.35 1.36 x 1013
G332.295-0.094 32.24 3.19x 102 6.11 -50.73 1.35x 103
G332.364+0.607 17.01 1.97 x 102 8.18 -42.59 1.68 x 1013
G332.560-0.148 14.64 1.06 x 10> 8.93 -47.20 2.22 % 1013
G332.942-0.686 23.88 1.19x 102 7.06 -48.78 1.89 x 1013
G336.809+0.119 18.29 1.51x 102 736 —-82.65 8.70 x 10'2
G336.957-0.225 14.67 6.90 x 10*!  5.46 -71.80 8.78 x 102
G336.958—0.977 15.97 3.01x 102  7.16 -45.01 9.35 x 102
G337.097-0.929 25.05 1.14x 10> 558 —-41.79 7.17 x 1012
G337.201+0.114 24.02 5.98 x 102! 5.08 -63.64 7.10 x 102
G337.258-0.101 20.29 225%x 102 591 —-68.85 1.02x 103
G337.300-0.874 18.71 8.74x 10*" 568 -93.23 1.02x 103
G337.632-0.079 21.38 1.57 x 102 531 -56.10 9.88 x 102
G338.850+0.409 31.52 1.07 x 1022 832 -56.85 1.99 x 103
G339.282+0.136 17.44 1.27x 102  8.16 -72.51 1.48 x 1013
G339.476+0.185 20.94 2.0l x 102 631 —-94 .45 5.84 x 10'2
G339.582-0.127 22.24 1.59x 102 5091 -35.99 1.12x 1013
G339.622-0.121 31.99 1.25x 102 5.80 -33.63 1.04 x 103
G340.249-0.046 23.49 1.84x 102  6.92 —-121.58 4.82x 1013
G340.785-0.096 21.57 1.43x 102 539 -101.28 1.37 x 1013
G341.276+0.062 19.70 4.62x 10?1 563 -70.27 6.29 x 10'2
G346.480+0.221 16.32 2.07x 102 572 -16.72 9.26 x 10'?
G346.481+0.132 24.43 521x10%"  5.06 -8.18 8.28 x 102
G347.628+0.149 24.40 2.83x 102  8.12 -94.32 8.31x 10"
G349.092+0.105 22.46 3.09x 102 6.72 -76.99 430 x 1013
G350.015+0.433 26.69 1.81 x 10> 537 -31.16 2.37x 108
G350.520-0.350 18.20 1.75x 102 5.87 -23.93 6.74 x 10'2
G350.686-0.491 20.94 7.93x10%"  7.08 -17.39 1.58 x 1013
G351.688+0.171 18.29 535x10%" 559 -40.96 5.10 x 10'?
G352.604-0.225 12.47 7.47x10%  4.62 -83.77 2.41x 101
G352.855-0.201 33.22 2.26x 102 599 -56.50 2.18x 1013
G354.615+0.472 23.06 427x10*2% 7.5 -20.97 2.10 x 1013
G318.948-0.196 35.48 3.34%x 102 795 -34.09 4.04x 103
G326.474+0.703 20.62 3.15x 1022 12.02 —-41.39 5.69 x 1013
G327.393+0.199 33.38 9.54x 10*!  7.49 -89.44 2.70 x 1013
G330.876—0.384 28.56 3.52x 102 8.65 —-64.04 9.66 x 103
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Source Name Taust (K) Np,(cm™2)  Te (K)  Visg (kms™))  Npco+ (cm™2)
G333.314+0.105 25.20 2.00x 1022 8.70 —46.84 2.34x 1018
G338.281+0.541 17.40 3.09x 102 10.24 -60.96 4.03 x 1013
G353.463+0.563 27.75 1.20x 102 7.62 —-46.41 3.95 x 1013

B.2 Comparison of properties of 68 MM sources with that
of larger MMB sample

Since the goal of our work is to examine the chemical properties of sources that host 6.7 GHz methanol
masers, it is important to ensure that our sample is representative of the Galactic population. To this effect,
we have examined the distances, methanol maser luminosities and the FIR luminosity of the host sources of
our sample and compared them with that of the full MMB catalogue/sources in Work I (Figure B.1).

While the distribution of distances of our sample is similar to that of the full MMB catalogue and
the sample studied in Work I, there appears to be a slight bias towards larger maser luminosities and FIR
Iuminosities in this study. In order to check for any bias quantitatively, the Student’s T-test was performed
on the samples. The p-value obtained was 0.92 for the methanol maser distribution and 0.2 for the FIR
luminosity distribution. These are significantly higher than 0.05, which suggests that the differences between

the maser populations are not statistically significant.
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Figure B.1: The top-left, top-right and bottom panels show the histogram for distances,
methanol maser luminosities and FIR luminosities towards the 68 sources of this paper
(red with hatches), 321 sources of Paper I (yellow with dots) and the full MMB catalogue
(grey). The histograms have been scaled for ease of comparison, with the scale factors
being indicated in the legend of each panel.
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B.3 Comparison of dust temperatures of 68 MM sources

with that of previous works

The left panel of Figure B.2 illustrates the average dust temperature calculated for all the bright pixels (S/N
> 5) of each of the nine source (chosen for pixel-by-pixel study) and average dust temperature calculated for
the same sources by (Guzman et al., 2015). Except for two sources, the dust temperature values of the nine
sources agree well with what is reported by Guzman et al. (2015). The right panel of Figure B.2 shows the
PDFs of dust temperatures of 68 MM sources (taken from Paper I) with that of Guzman et al. (2015). The
distributions can be seen comparable with each other.

I 9 MM sources m U 10 a 7| [0 68 MM sources
95 —| = Guzman et al (2015) 71 Guzman et al. (2015)
_ 0.08
<90 7]
% w 0.06 4 p—
215 2 i
£ 0.04 -
310
[=]
i 0.02
i O
0 0.00 —HF— T T — N
G13 G318 G326 G327 G330 G333 G335 G338 G353 0 10 20 30 _10 OO
Source names Dust Temperature (K)

Figure B.2: Average dust temperatures of sources obtained from pixel-by-pixel fitting of
the brightest pixels, compared with the average dust temperatures reported by Guzman et al.
(2015), is shown in the left panel. The right panel shows the PDFs of dust temperatures of

68 sources (taken from Work I) and the average dust temperatures given in Guzman et al.
(2015).

B.4 Fits to molecular spectra: Statistical Analysis
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Figure B.7: Fits to HCN spectra towards the brightest pixel of each source.
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Figure B.11: Fits to HNC spectra towards the brightest pixel of each source.
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Figure B.14: Fits to HCO* spectra towards the brightest pixel of each source.
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