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ABSTRACT

Massive stars are born in regions that are opaque to optical observations. This is
a challenge in understanding the processes that involve their formation. In order
to investigate their formations, a multi-wavelength approach in the infrared (IR) to
radio wavelengths was employed to probe the environment around the core, where
they are formed. To understand the dynamics of massive star formation, we probed
the molecular cloud to check the chemical composition, bipolar outflows and detailed
measurements of molecular velocity fields. G188.95+089 is the Massive Star Forming
Region (MSFR) that was used in our study. The choice of the star-forming region
was due to the fact that it is nearby, emits periodic masers and harbours multiple
star-forming cores.

While there are many tracers that can be utilized to infer the presence of massive
star formation, we relied on Class II methanol masers at 6.7 GHz. In executing the
multi-wavelength investigation, radio data from the 26 m Hartebeesthoek Radio As-
tronomy Observatory (HartRAQO) dish was used to analyse the observed spectra of
6.7 GHz methanol masers. Interferometric data from the Atacama Large Millime-
ter/ sub-Millimeter Array (ALMA) were used to check molecular line and contin-
uum emissions of the source. Complementary infrared data from WISE, 2MASS,
Hi-GAL, GLIMPSE, IRAS and MSX was used to probe the presence of extended
sources surrounding the massive star forming region. Results from radio observa-
tions showed that the source had five velocity maser features that exhibited average
periodicity of 397.6 days and at least two showed evidence of velocity drifts ranging
from —2.38 x 10°kms—td~! to +1.88 x 10~ %kms~'d~!. One maser feature at 11.45
Km s~! exhibited a varying spectra with exponential decay as from year 2003 to
present. The spectra of the other maser velocity features have varied significantly
since detection in 1991.

Using ALMA band 6 at ~ 1.3 mm and band 7 at ~ 0.93 mm data, we were able
to identify eight continuum cores (MM1-MM8) in the source, with masses ranging
from 0.40 to 8.20 solar masses. In the ALMA band 7 observations, G188.95+0.89
MM2 was resolved into two continuum cores separated by 0.1 arcsec. The thermal
emission of CH30H (4(2,2) - 3 (1,2)) linked with MM2 has a double peak. In MM2,
SiO emission has a bow-shock morphology, but high 12CO evidence for an east-west
bipolar outflow is provided by emission to the east and west of MM2. SiO emission
shows bipolar outflow centered around MM2 core.

Using near- and mid-IR color-color diagrams, young sources were detected in this
star-forming region. A total of 36 candidate YSOs, were detected within a 60”
radius of the G188.95+0.89 source. There is an IR cluster made up of nine of these
YSOs just outside the UC HII zone. Only the H and Ks bands of the 2MASS
data can reveal nine highly red shifted objects. These sources have redder colors
than H — K > 2, indicating that the IR cluster is extremely young. It is unlikely
that interstellar absorption alone is responsible for the reddening of the vectors;
instead, the presence of a circumstellar disc and envelope must account for at least
some of the IR excess. Although further investigation is needed, it appears that
the velocity drifts were caused by gas falling into the inner radius of the accretion
disk surrounding the protostar G188.95+0.89. The variability of 6.7 GHz methanol
masers is a confirmation of on going accretion in the source. Although the presence of

xiii



accretion disks in the source cannot be confirmed with the existing measurements, the
identification of outflows is consistent with their existence. The out-flowing material
creates shocks when it encounters the quiescent gas of the envelop. The detection
of SiO molecular lines is an effective tool for checking for the existence of shocks.
The shock waves pushes the gas into ever denser physical states that allow it to cool
and fragment more efficiently. We argue that MM2 has a massive multiple (at least
binary) of young star objects, but more VLBI observations are needed to confirm
that this is indeed the case.

Keywords: ISM: stars: formation — stars: masers—Jets and Outflows — stars: — in-
frared: stars — stars: colors— circumstellar matter — ISM—technique — interferometric.
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CHAPTER ONE

INTRODUCTION

A star is a large self-luminous cosmic ball of gas, primarily hydrogen,that is kept
together by its own gravity and shines by radiation produced by internal energy
sources. The hydrostatic and thermal balance of a star is often maintained by the
nuclear fusion that is occurring inside, in the hottest and densest parts, is exerting
radiation pressure that is pushing outwards in addition to the object’s inherent self-

gravity pulling inwards.

Young stars are made of the same stuff as the molecular cloud from which they
originally formed, with a hydrogen composition of approximately 74 percent, helium
content of approximately 25 percent, and metal content of approximately one percent
(Freedman & William III 2008). The aging of a star results in some of its component
parts having undergone nuclear fusion, which results in the transformation of lighter
elements into heavier ones. The star’s inner core is typically where this conversion
occurs, leaving the star surface unchanged. Stars can be classified as: low-mass
M, < 2Mg, intermediate-mass stars 2M; — 8M and high-mass stars M, > 8M
(Zinnecker & Yorke 2007). By studying the environment in which stars are formed
and understanding of the process involved in their formation,information may be

obtained on star evolution.

Through studying the environments inhabited during the earliest periods of their
formation, a deeper comprehension of the development of these important objects is
hoped to be found. In this introductory chapter, the importance and the motivation

of the study of birth of massive stars are elaborated.



1.1 OVERVIEW OF STAR FORMATION

The vast bulk of the stars in the Milky Way are believed to have formed in Giant
Molecular Clouds (GMCs), that are relatively thick accumulations of interstellar
gas and dust. These clouds have typical sizes ~ 20 - 100 parsecs and masses ~
10*—10° M, thus an average density of nHy ~ 1.7x1072°gem ™2 (Larson 2003). They
are extremely cold with temperatures in the range 10-20K. Atoms bind to one another
at low temperatures and gases take on a molecular structure. In interstellar gas
clouds, hydrogen (Hjy) and carbon monoxide (CO) are the most prevalent molecules.
The gas clusters to high densities due to the intense coldness and when the density

reaches 1 x 1072°g/cm ™2 for a cloud of 1000 My, it becomes a dark molecular cloud.

Within the GMCs are cold, dense regions called clumps. The larger clumps within the
GMCs may have density averages roughly 103 Hy cm™3 (Larson 2003). Within these
clumps, there are even denser, smaller regions called cores (Impey & Fraknoi 2020).
Small dense cloud cores with masses about 1 M, and diameters about 0.1 pc may
develop into single stars or tiny multiple stars (Larson 2003). The small pre-stellar

3 or more (Larson 2003). The cores

cloud cores may have densities of 10° Hy cm™
are the embryos of stars. For stars to be formed in these cores, two conditions-low
temperature and high density-are just what is required. The dense, dark nebula-
shaped stellar nurseries are not visible to the naked eye. The process of star creation
occurs in the in the dark nebulae. Telescopes that pick up infrared(IR) and radio

waves are used to investigate them as they are opaque to visible light (Freedman &

William III 2008).

A single, typically lower mass (M, < 10Mg) object evolving toward the formation
of a star is thought to exist in isolated regions. A collection or a cluster of dense
cores, typically of higher mass (M, > 10M, ), which appear to be forming multiple
stars is thought to exist during star formation process. When the denser sections of
the cloud core separate because of gravity or own weight, star formation takes place

(Impey & Fraknoi 2020). The cores collapse first because they are denser than the



outer cloud.

It takes roughly 10 millions years for the cores to develop into protostars. Fig. 1.1
shows the formation of stars from molecular clouds. In light of the core collapse’s
transformation of potential energy to kinetic energy, majority of these cloud cores
produce IR radiations. At some point the core of the collapsing clump becomes so
thick that the radiation produced deep inside the clump is consrained,rapidly raising
the cores’s temperature. At this stage, the core can be thought of as a protostar, and
it has a distinct gravity and identity (Fraknoi et al. 2016). The infalling gas generates
heat as kinetic energy, raising the temperature and pressure in the protostar’s core
(Freedman & William IIT 2008). The creation of a protostar starting from a dense
core is seen in Fig. 1.2. When the protostar’s temperature reaches thousands of

degrees it turns into an IR source (Freedman & William III 2008).

molecular clouds/
Dark nebula

ODo ..
.¢ . ragments

protostars

Figure 1.1: Protostars formation from molecular clouds (Christensen 2019).

The protostar keep up on growing as infalling material is accreted, initially it has
about 1% of its final mass. After a few million years, its core begin undergo ther-
monuclear fusion, which causes the creation of powerful stellar wind that prevents

the formation of new mass (Morison 2013). Since the protostar mass has been deter-



mined, it is currently thought of as a young star.

Strong stellar winds frequently appear along the spin axis, when a protostar evolves

into a hydrogen-burning star. Bipolar outflow is a phenomena whereby many new-

A dense gas clump breaks off from molecular
cloud and collapses. Angular momentum
turns the irregular clump into a rotating disk

The central regicn is denser and forms
into a protostar, the nebular disk forms
slower to become a planetary system.

i Infalling matter increases the size of the
ulardisk  orotostar by 2 factor of 100,

lling matter

Infall is stopped when the protostar
begins thermeonuclear fusion and
produces a strong stellar wind.

Figure 1.2: Protostar formation starting from dense core (Christensen 2019)

born stars shed mass by ejecting gas along two parallel, narrow jets or poles, that are

observed by radio telescopes. T-Tauri phase is the first stage of a star’s existence.

According to Freedman & William III (2008), young T-Tauri stars are frequently
being encompassed by large, opaque, circumstellar discs that slowly accrete onto
the stellar surface, emitting radiations from both the disc (at IR wavelengths) and
the spot where the material hits the star (at optical and ultraviolet wavelengths).
Within a highly collimated stellar jet, the matter that has been accreted onto the
star is partially ejected in a course orthogonal to the disc’s surface. Eventually, the

circumstellar disc will dissipate, most likely when planets form.

A cluster of protostars at the heart of a molecular cloud give rise to young stars.
When the protostars cluster transforms into a cluster of T-Tauri stars, the hot stellar
winds and blazing surfaces of these stars heat the nearby gas forming an HII region.
The stars develop as depicted in Fig. 1.3. This happens after the cluster has broken

apart and the gas has been expelled from the HII region.



\
young stars
protostars  plus HIl region

Figure 1.3: The birth of new stars begins in a dense concentration of protostars
within a molecular cloud (Christensen 2019).

1.2 PROBLEM STATEMENT

One of the most perplexing issues in astronomy is how massive stars develop (Mc-
Kee & Ostriker 2007). Even though massive stars are important and rare, little is
understood about how they are formed, especially the conditions inside the cloud
where they are generated and the very beginning of their evolution. The greatest
density portions of molecular clouds are where these objects are thought to form, and
their formation is thought to be distinct from that of objects of lower mass (Motte
et al. 2018, Svoboda et al. 2019). The perspective of the surrounding environment is
obscured because the nebulae in which massive stars develop are surrounded by dense
matter, which absorbs visible light through dust and gas extinction and prevents us
from seeing the surrounding environment (Krumholz 2015). Since the formation of
stars is always connected with molecular clouds, it is essential to have an understand-
ing of the ways in which diverse environmental variables can influence the features
and structure of molecular clouds, as well as the ways in which molecular clouds

themselves can influence the development of stars.

The fact that massive stars originate in clusters makes it difficult to attribute the
many phenomena (disks, outflows, masers, UCH II regions, HMCs, etc.) with a single
object, making identification of many of these stages challenging. Emission associated
with these processes is intense at far-IR, millimeter, and radio wavelengths, although

young massive stars themselves are not observable at optical wavelengths. Therefore,



these characteristics can be utilized to pinpoint regions where new, massive stars are
being formed. As a result, the creation and early evolution of newborn massive stars
can be better understood by combining multiwavelength, high angular resolution

studies.

The 6.7 GHz methanol maser transition is studied in detail in this thesis since it
is demonstrated to be an extremely potent maser in star-forming regions. Earlier
evolutionary stages are linked to this maser. It only associates with enormous star
formation and traces infrared black clouds, hot molecular cores, and other such phe-

nomena.

1.3 OBJECTIVES

1.3.1 Main Objective

To probe the dynamics of massive star-forming region G188.95+0.89 using 6.7 GHz

methanol masers.

1.3.1.1 Specific Objectives

(i) To investigate the spectra of 6.7 GHz methanol masers using radio data, so as
to check variability which provides information about the dynamics of the on

going accretion processes.

(ii) To plot the light curves of periodic methanol masers using radio data with a

view to investigating the spatial movement of the gas.

(iii) To investigate the continuum, thermal line emissions and the chemical compo-
sition of the source in high mass star forming regions (HMSFRs) using the 1.3
mm ALMA data.

(iv) To investigate the morphology and kinematics of the source using high resolu-

tion ALMA data.

(v) To check the possible presence of other masers, within the extended region of



the source using archival infrared data.

1.4 MOTIVATION OF THE STUDY

HMSFRs are dynamic, which means that over time, the physical conditions in the
regions change with time, resulting in brightening or quenching of the maser bright-
ness. The lifetime of the 6.7-GHz methanol masers in HMSFRs is estimated to lie
between 2.5x10% and 4.5x10% yrs (van Der Walt 2005). By the end of the lifetime
of the masers, the environment around masers has significantly changed to either
quench or destroy them. Thus, studying these masers is, therefore, an indirect probe
of the physical properties and dynamics of a particular period during the early phase
of High Mass Star Formation (HMSF) (Ellingsen 2006). It is also essential to as-
certain whether the maser velocity components found to be periodic in the previous
studies of the source still demonstrate periodicity behaviour at present (Goedhart
et al. 2004). This could be an important contribution to our knowledge of the basic

process that causes periodic masers in HMSFRs.
The following outline constitutes the framework of this thesis:

e In chapter 2 the fundamentals of star formation especially theories of massive
star formation is presented. The astrophysical masers as tracers of star are

elaborated. Phenomenological maser theory is explained.

e In chapter 3 describes the methodology. The observational aspects of the
sources using single dish, interferometry and archival infrared data are pre-

sented. Data reductions and processing is undertaken.

e In chapter 4 describes the results of radio data observations using the single
dish and interferometry. Results of archival infrared data are given. Discussions

of results of radio, interferometry and archival IR is presented.

e In chapter chapter 5 discusses the findings and directions for further research.

The findings are summed up.



CHAPTER TWO

THEORY AND LITERATURE REVIEW

The low - and intermediate - mass star formation are described briefly. Physical
properties and formation processes of molecular clouds are discussed. Theoretical
frameworks for understanding the mechanisms and conditions that give rise to mas-
sive star systems are laid out. The remaining part of the chapter describes maser
theory and astronomical masers. The connection between methanol masers and stars

with high masses is scrutinized.

2.1 LOW AND INTERMEDIATE - MASS STAR FORMATION

One of the many low-mass stars that may be seen in the night sky without a telescope

is the Sun. Two reasons that make low-mass stars to be common than high-mass are:

(i) A star with a mass < 8M, is more likely to exist at any given time because
stars with lower masses have longer lives and lifespan of a star decreases with

increasing mass.
(ii) High-mass stars have a lower formation probability than low-mass stars.

In the process of forming low-mass stars, the proton-proton chain, or pp-chain, is
employed to change hydrogen into helium. Deuterium is produced by the fusion of
two protons, which is followed by the fusion of another proton to produce isotopes of
helium-3. Stable helium-4 isotopes make up the bulk of the final products, but some
lithium and beryllium are also created (Note that all of the elements discussed here
and below are, in fact, ions because the star material has undergone ionization). As
a consequence of this, the term "hydrogen" refers to the constituent particle of the
hydrogen-1 isotope known as a proton (Freedman & William 11T 2008). Intermediate-

mass stars have helium cores that are not degenerate, in contrast to low-mass stars,



which form a degenerate helium core when their supply of hydrogen runs out. When
the core is degenerate, a runaway process known as core-helium-flash causes helium

to burn (Freedman & William IIT 2008).

Helium combustion is thermally stable in a non-degenerate core. When helium burn-
ing is complete, low-mass and intermediate-mass stars undergo stellar wind anni-
hilation, losing their outer layers. As a consequence of this, they transform into
white dwarfs composed of carbon and oxygen, and surrounded by planetary nebulae
that were formed from the remnants of their previous outer layers. Temperatures of
4 x 10% K to 4 x 107" K are optimal for the pp-chain, when the CNO-cycle has little
effect, where C, N, O represents Carbon, nitrogen, and oxygen respectively. Low-
mass stars with core temperatures comparable to those typically have a pp-chain as

their dominant structure.

Protostars with luminosities dominated by accretion and cores with masses of a
fraction of the Jeans mass create stars with masses significantly below 8 M. (McKee
& Ostriker 2007). From the point on the "birthline," where they stop accreting and
shift to the main sequence, low-mass stars experience substantial pre-main sequence
evolution (Stahler & Palla 2004, McKee & Ostriker 2007). From this point on, we

will concentrate on massive stars, or stars with > 8M,.

2.2 HIGH - MASS STAR FORMATION

High-mass stars can be referred to as OB-type stars with enough mass to create
a type II supernova, meaning M > 8M, (Zinnecker & Yorke 2007). In the stud-
ies made by Palla & Stahler (1993), it was shown that stars with M > 8M do
not go through a pre-main sequence phase. There are still many unclear points
in the massive star formation, related to the fact that nuclear reactions in massive
protostars begin much earlier than they reach the final mass (Gieser et al. 2022).
High-mass stars are formed in optically thick environments and are embedded inside

giant molecular clouds (GMCs) with high extinction in the V band, Ay > 10 mag



(Lada & Kylafis 1999). These GMCs in our Galaxy tend to be scattered over large
distances > few kpc from the Sun, except Orion, which is at a distance of 437 4+ 19
pc from the Sun (Hirota et al. 2007). Factors like the great distances to HMSFRs,
clustered environment in which they develop, the obscured regions undergoing mas-
sive star formation, and their strong interaction with their environment, it is difficult

to interpret observational data of high-mass stars.

The CNO-cycle is used by high-mass stars to convert hydrogen into helium. The four
protons are fused into one helium-4 with the aid of the elements C, N, and O acting
as catalysts. High-mass stars behave differently from low-mass stars when it comes
to hydrogen fusion since both chains of processes are highly temperature dependent.
The CNO-cycle starts to function above 1.7 x 10¢ K, when core-hydrogen burning
takes place in large stars. Massive stars are controlled by the CNO-cycle for as long
as the three elements, are present in the plasma at the beginning of the star’s life
(which is true in almost all instances, with the exception of stars that are completely

devoid of any metals).

Contrary to low mass stars, massive stars, that is stars with mass (> 8M,), begin to
burn carbon, oxygen, neon, and silicon in thermal equilibrium instead of developing
degenerate helium (or carbon-oxygen) cores. Only when the core is made of iron, a
metal that can no longer be burned by nuclear fusion, can they lose equilibrium. The
process of nuclear fusion during massive star formation is depicted in Fig. 2.1. This
is due to the fact that iron is such a stable metal that fusing it would need energy

rather than producing energy, as stated by Freedman & William 1T (2008).

One stellar evolutionary sequence that spans the full evolution from conception (but
excluding the star-formation process) through the final stages of life, can be computed
in a few hours, thanks to modern computing power. The Hertzsprung-Russell (HR)
diagram, which plots surface temperature against luminosity, is the most widely used
tool for tracing the evolution of stars (for instance, see Fig. 2.2). The HR diagram

organizes the stars in descending order of luminosity, with the moat luminous at the

10



Core region

Silicon and
sulfur

Hydrogen

Figure 2.1: Core of a massive star showing core fusion processes. Only when the
core is made of iron, which can no longer be created through nuclear fusion, does
the amount of fallout reach an equilibrium.Credit: modification of work by ESO,
Digitized Sky Survey(Jensen n.d.)

top and the least luminous towards the bottom. Stars with cooler spectral types are
on the right, while stars with hotter spectral types, such as O and B, are on the
left. Stars with the highest luminosities are located at the diagram’s apex, while
those with the lowest luminosities are located at its base. The graph’s left side is
dominated by hot stars in spectral classes O and B, while the right features cooler
stars. o The earliest solid matter in the early Universe was created by massive stars
(> 8M and > 103L,), and these stars have a significant impact in the development
of the galaxies in which they are hosted as well as the birth of following generations
of stars (Dunne et al. 2003). Given the enormous impact giant stars have not only on
their immediate surroundings but also on a cosmic scale, it is critical to comprehend
the environmental ingredients and processes involved in their formation and early
phases of evolution (Urquhart et al. 2011). By doing so, we can learn more about
the molecular clouds in which they form, the stellar feedback loop at work in the

star-forming environments nearby, and their fundamental impact on the Galaxies

11
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Figure 2.2: Stellar evolutionary model. On the ZAMS, the initial star mass (in
solar-mass units) is designated. Diamond and octagram symbols denote the end of
evolution (Groh et al. 2013)

that host them (Arce et al. 2011).

2.3 GIANT MOLECULAR CLOUDS

Atomic and molecular gases make up around 99 percent of molecular clouds, while
dust makes up the remaining 1 percent. A GMC is a dense, cool (10-20 K), and pre-
dominantly hydrogen molecule-containing cloud (Peters et al. 2010). The interstellar
material (composed primarily of hydrogen molecules and helium atoms) is generally
compressible, magnetised, turbulent and fluid. The physical properties of the molec-
ular cloud such as temperature, size, average number density and the total mass are
determined from the molecular and atomic transitions. The rotational, electronic
and vibrational transitions emit (or absorb) photons respectively at the UV /visible,
infrared and radio (including submillimetre and millimetre) wavelengths. Therefore,

a complete study of molecular clouds requires multi-wavelength observations.
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Molecular clouds can be divided into four groups namely: diffuse, giant molecular,
dark and dense core/Bok Globule clouds as given by Stahler & Palla (2008). Table
2.1 presents a list of the physical properties of these four groups of molecular clouds,
in the order of increasing visual extinction. All star formation occurs in GMCs,
hence GMCs formation is thus directly related to high-mass star formation (HMSF).
Discussion on the criteria for the formation of a protostar from a collapsing molecular
cloud is crucial, as it will provide the conditions for a star to form. As almost all
star formation occurs in GMCs, in particular, high-mass stars, which are our specific

interest, hence our discussion will be limited to GMCs (Montmerle & Townsley 2012).

Table 2.1: Classes of Galactic molecular clouds and their corresponding physical
properties (Obtained from Stahler & Palla (2008), in Ch. 3.). The physical properties
are line-of-sight visual extinction Ay , total number density n;; , size Sz, temperature
T and mass Mg.

Cloud type Ay Nyor Sz T M

(mag) (em™?)  (pc) (K) (Mo)
(1) 2 B @ 6 (6
Diffuse I 50 3 50 50

Giant Molecular 2 100 50 15 10°
Dark (complexes) 5 500 10 10 10
Dark (Individual) 10 10° 2 10 10

Dense cloud 10 10? 0.1 10 10

According to Zhang et al. (1998), molecular clouds (MCs) are the primary locations
for star formation in the galaxy and are referred to as Star Forming Regions (SFRs).
Fig. 2.3 shows a giant molecular cloud known as the eagle nebula that has very low
temperatures of just 10 to 20 K. The majority of the hydrogen in the GMC is made
up of molecules. Giant molecular clouds are referred to as molecular clouds that are
larger than 15 light years. A dark nebula (or dark cloud) is a highly dense region

within a larger molecular cloud (MC).

2.3.1 GMCs Formation

The building blocks of galaxies, giant molecular clouds (GMCs), and their star off-

spring are constantly being created in our galaxy by a variety of mechanisms (Mélanie
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Figure 2.3: The Eagle Nebula lies within a molecular cloud that is roughly 20 light-
years across. Credit:T. A. Rector and B. A. Wolpa, NOAO, AURA. A molecular
cloud is an assemblage of interstellar gas and dust (Oliveira 2008)

et al. 2020). Their rate of formation has a direct link to the star formation rate in the
galaxy, especially high-mass stars. Their lifespan is expected to be less than 3.0 x 107
yr (Stahler & Palla 2008). A brief description of proposed mechanisms to explain

the formation of GMCs are:

(i) Parker instability model (Parker 1966). In the Parker (1966) instability, the
magnetic field and cosmic ray pressure give substantial support to the gravita-
tional collapse of the gas perpendicular to the galactic plane. A perturbation of
the mass-to-flux ratio (R = (M/®)core /(M /P)enveiope) is buoyant, which implies
it will rise to the surface of the disk plane causing the mass to drift from the
regions of high to low magnetic field strength. The regions with feeble magnetic

fields condense to form GMCs.
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(i)

(i)

Random coalescence model (Cowie 1980, Norman & Silk 1980), where randomly

distributed small clouds collide inelastically and agglomerate into a GMC.

Pressurised accumulation in the shock model (Blitz & Williams 1999). The
isolated supernovae, OB stars, and spiral density shocks condense the filaments,

sheets and shells of a cloud into GMC.

Gravitational instability model (André et al. 2014, Elmegreen 1990). In this
model, the rotation of a galaxy maintains the stellar component of a galactic
disk, leaving the magnetised gas gravitationally unstable, which implies that
it will collapse to form GMCs. A density wave is not necessary for initiating
the collapse, but it can increase the instability growth. This is a top-down
structure, where huge clouds are formed first and break up into GMCs due to

the gravitational instability described by Toomre (1964).

Thermal instability model (Balbus & Soker 1989, André et al. 2014, Field 1965).
The system is isobaric, meaning that the pressure, P , is constant. A thermal
instability in a homogeneous medium arises when the net energy loss per gram
L is % p < 0. L is the difference between energy loss and gain. Thermally

unstable region, which is denser and cooler than its surroundings, cools and

condenses to form dense, cold giant molecular complexes.

Spiral arm induced collision model (André et al. 2014, Blitz & Williams 1999).
The spiral arms in the Galaxy urge collision of clumps in the disk to accumulate

to form the GMCs.

2.3.2 Criterion For a Molecular Cloud to Collapse

A stable molecular cloud is held up against the pull of gravity by tumultuous motions

of the molecular clumps, magnetic fields, rotational motion of the clumps and thermal

pressure (Vink 2020). For star formation to occur, the cloud core must collapse first,

allowing the denser parts to do so under their own weight and gravity. The cores

comprise of 100,000 solar masses or less of gas and and dust. The cores collapse first
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and fracture into clumps with a radius of 0.1 parsecs because they are denser than
the surrounding cloud (Tan et al. 2014). The formation of protostars from these

aggregates takes approximately 10 million years.

Material at centre of the cloud begins heating up as it breaks apart, creating a dense,
hot core that starts to collect dust and gas as the cloud breaks apart (Rathborne et al.
2008). A portion of this material eventually becomes a star, while the remaining dust
may either continue to exist as dust or transform into planets, asteroids, or comets
(Gail & Hoppe 2010, Terrile 2017). The Virial theorem can be used to summarise
the interaction between these forces in a molecular cloud. In the Lagrangian form,

the Virial theorem as derived by Stahler & Palla (2004) is as follows;
1.
§I:2T—|—2U+W+M, (2.1)

where I (I = [r%dm), T, U, W and M are: the moment of inertia of a molecular
cloud, total kinetic energy of the internal motion, thermal motion, gravitational po-
tential and energy associated with the magnetic field. I is related to the acceleration
of contraction or expansion of the molecular cloud. For a gravitationally stable molec-
ular cloud, the equation on the left of 2.1 is zero, which implies I = 0. In a stable
molecular cloud, which is supported only by thermal pressure against gravitational

collapse, the Virial theorem in Lagrangian form in equation 2.1 becomes:

0=2U+W. (2.2)

3M. kT

The total internal energy due thermal pressure of the cloud is U = 2=, where M,

T, kg,  and my are respectively the mass of a molecular cloud, uniform temperature

of the cloud, Boltzmann constant, the average molecular weight and the mass of a hy-

—3GM§zl)(47r¢)1/3

drogen atom. The gravitational potential energy is given as, W = (— ST

Y

with p, and G being the uniform density of the cloud and the universal gravitational

constant, respectively. Utilizing U and W, that are given earlier, and equation 2.2,
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the Jean’s mass M; of a molecular cloud can be derived as

S5kgT 3
My o (2P a2 3 e 23
! Gumpg 47rpo) (23)
If the mass of the cloud surpass its Jean’s mass,it becomes gravitationally unstable,
which implies it will collapse. It follows that if a stable molecular cloud is sufficiently

perturbed, either 2U> W or 2U <W, it could either expand or collapse, respectively.

The temperature remains constant during the isothermal collapse, but the density
of the core increases, meaning that M; decreases (Battersby & Bally 2014). This
could result in additional fragmentation of the core. The temperature stays constant
because the cloud cools efficiently by transforming the kinetic energy of the atoms
and molecules into far-infrared radiation, which is transparent to the cloud (Metzger
2010). This is a free-fall collapse phase and is designated by the free-fall timescale, t;
(Smith 1995, Stahler & Palla 2004). In a self-gravitating spherical molecular cloud,
the change in radius for infalling matter is governed by Newton’s second law of motion
(Smith 1995, Tohline 1982), from which the free-fall timescale can be determined as

follows:

3T P
Tis =1/ ~21x10°[—22 V2, 2.4

The free-fall timescale in equation 2.4 depends on the density of the cloud. Increasing
the cloud’s density decreases the free-fall timescale. When the free-fall collapse of
the molecular cloud is complete, a protostar will have formed at its center. It is
a star-like object that is close to being in gravitational equilibrium (Bonfand et al.

2019).

The Kelvin-Helmholtz timescale can be obtained from the gravitational energy of a
near hydrostatic equilibrium and its luminosity L. From the Virial theorem, half of
the gravitational energy of a near hydrostatic equilibrium object is used to heat the

object, and the rest is radiated into space. The timescale for the radiation of gravi-
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tational potential energy into space, is given as the ratio of half of the gravitational
potential energy, and the luminosity of the protostar L, which is the Kelvin-Helmholtz

timescale tx gy and it is given as;

(2.5)

Equation 2.5 gives an estimation of the time in which a protostar enters the main
sequence of the HR plot. It’s time before nuclear or hydrogen fusion commences in
the core, after a protostar has been formed (Zinnecker & Yorke 2007). The Jean’s
mass (equation 2.3) can be used to investigate the gravitational stability of molecular
clouds. The free-fall (equation 2.4) and Kelvin-Helmholtz (equation 2.5) timescales

can be compared for the low and high-mass protostars.

The Kelvin—Helmholtz timescale and time for accreting mass M, at a specific accre-
tion rate M*, which i8 teee = M,/ M*, comparisons between low-mass and high-mass
stars are possible (Beuther et al. 2002). Considering a solar-like star, with 1 Mg, , 1
L o, 1 R 5 and a typical mass accretion rate of ~ 10~7 My yr—!, the accretion time
for 1 M o is ~ 10" yr. The Kelvin—Helmholtz timescale (using equation 2.5) is ~
3.0x 107 yr. The accretion and Kelvin-Helmholtz timescales are of the same order

of magnitude ~ 107 yr.

For a high-mass star with M = 10 M o, L = 3.0 x 10 L o, R = 54 R  and
typical mass accretion rate of ~ 107* M o yr~!, the accretion and Kelvin-Helmholtz
timescale are 10° and 2.0x10* yr, respectively (Lada & Kylafis 1999, Beuther et al.
2002). The accretion timescale is greater than the Kelvin—Helmholtz timescale by a
factor of ten. This means that a small percentage of mass is accreted before the main
sequence phase, and a substantial fraction of mass is accreted as hydrogen burns in
the core (Kahn 1974). These calculations reveal that the processes of HMSF differ
from those of low-mass stars. The observations by Suri et al. (2021) for the first
time, revealed fragmentation below ~1000 AU toward the AFGL 2591-VLA 3 hot

core. Three distinct low-mass (below one solar mass ) cores were identified as;A, B,
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and C. If a molecular cloud is held together against the pull of gravity by a magnetic
field field only, Virial theorem in equation 2.1 will be W + M = 0. The magnetic

field’s energy is denoted by the expression M = g; 22% or M = @ (Stahler & Palla

2004), where @ is the magnetic flux. The Virial theorem can then be reduced to the

following:

|B?2R*GM?% 3G 502 3G, )
6 SR’ 5R[187r2G — Mfl]’ 5R[ ® al (2.6)

Mcl
dp

where Mg is the critical mass (Crutcher 2012). Mass-to-flux ratio, , can be derived

from equation 2.6 as;

M, /5 1
=/ — 2.7
Op 18 71V G (2.7)

> %ﬁ or My/Mg < 1, the magnetic field will stop the

molecular cloud from gravitational collapse and the cloud is said to be magnetically

Mcl
®p

In the case where

subcritical (Lada & Kylafis 1999). When % > 1, the cloud is gravitationally un-
B
stable implying that it will collapse. This state of molecular cloud is said to be

magnetically supercritical.

2.3.3 Stellar Initial Mass Function

The stellar initial mass function (IMF), also known as the number of stars per cubic
parsec per unit logarithmic mass (Salpeter 1955, Miller & Scalo 1979, Rana 1987).
Variation of initial stellar masses among a group of young stars is another name for it
(Heyer et al. 2018). For stars with masses more than 5 My, the IMF is characterized
by a power law; for stars with masses less than 1 Mg, it is flat (Myers 2000). At lower
masses (0.1-0.5 Mg ), there are still debates on whether the IMF is flat, continues
to rise or turns. It is associated with the disintegration of a GMC into individual

star-forming clumps. Fig 2.4 shows plots of various initial mass functions (IMF).

The IMF can be calculated using field stars and various sorts of stellar clusters
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Figure 2.4: Plot of various initial mass functions (IMF). (The vertical axis is actually
not £(m)Am, but a scaled version of {(m). For m greater than 1 solar mass, it is
(m/solar mass)~%3%). Credit: JohannesBuchner (Briceno et al. 2002)

(Chabrier 2003). The present-day mass function (PDMF), or the number of main
sequence stars per unit logarithmic mass per cubic parsec, is used to calculate the
IMF for the field stars (Karnik et al. 2001). The stellar birthrate history of the
galaxy must be known in order to scale the PDMF, to be comparable to the IMF
for stars with main sequence lifetimes (MSLs) younger than the age of the Galaxy
(Boley 2013). However, the PDMF and IMF are equivalent for stars whose main
sequence lifetimes are older than the age of the Galaxy. It is vital to know a star’s
stellar mass, which cannot be viewed, in order to comprehend its spectrum, lifetime,

and demise (Williams et al. 2000).

Because the different elements that can be synthesized by stars in the mass range of
m and m + dm are proportional to the slope of the stellar IMF, the stellar IMF is es-
sential for calculating the star formation rate in a galaxy and the chemical evolution

of the galaxy. The slope and associated mass range of the stellar IMF are crucial in
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establishing the mass-to-light ratio for stars in a galaxy with a mass range of m and
m+dm. Salpeter (1955) was the first to realize that the high-mass star region in the
IMF shrinks as mass grows in size. This suggests that there are fewer high-mass stars
in a narrow area of space (a few cubic parsec) (Boley 2013). The focus of research to
comprehend the IMF has turned to understanding the genesis of the Core Mass Func-
tion (CMF) and the fragmentation features of molecular clouds because all known
star formation occurs in dense molecular cores. The concept that the CMF is shaped
like the IMF is actually supported by the majority of observational evidence (Testi &
Sargent 1998, Motte et al. 1998, Alves et al. 2007). Ntormousi & Hennebelle (2019)
concluded that that, while the resultant CMFs and IMFs have comparable slopes
in all simulations, when a magnetic field is incorporated, the cores have somewhat
different sizes and kinematical features, which impacts their gravitational stability.
However, if thermal stability is ignored, a core selection based on the mass-to-flux

ratio is insufficient to change the form of the CMF.

2.4 HIGH MASS STAR EVOLUTIONARY SEQUENCE

High-mass stars are formed inside GMCs, which are optically thick, meaning that
optical and UV radiation can not escape the core. Therefore, the submillimetre, mil-
limetre and centimetre astronomical observations are ideal for studying these regions.
A brief summary of mid-infrared observations, through radio wavelengths toward re-
gions where high-mass stars are forming or are still to be formed, was given by
Van der Tak & Menten (2005). These authors categorised the observations into five
groups, namely: (i) infrared dark clouds (IRDCs), (ii) high-mass protostellar objects
(HMPOs), (iii) hot molecular cores (HMCs), (iv) ultracompact HII (UCHII) regions
and (v) compact and classic HII regions. This categorisation was also adopted by

Zinnecker & Yorke (2007).

These five groups form the sequence of events for how high-mass stars are formed,
based on the observations. While there is still some disagreement over the evolution-

ary history, Churchwell (2002) and Zinnecker & Yorke (2007) provide summaries of
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one hypothesised sequence. This history of evolution starts with prestellar cores or
groups, which are held together by gravity over densities inside a molecular cloud and
show signs of moving inward, but haven’t yet started to form protostars. Prestellar
cores have temperatures that are typically between 10 and 20 K, and the far-infrared
region of the spectrum is where their spectral energy distributions reach their maxi-

muin.

Additional stages include the molecular cores, hyper-compact HIT (HCHII), and ultra-
compact HII (UCHII) regions. Compact and traditional HII regions make up the
final phases. The embedded stellar population is now discernible in the optical and
infrared as the HII region has developed and started to perturb the parent molecular
cloud. According to Stahler & Palla (2008), there are four categories of molecular

clouds: diffuse, giant molecular, dark, and dense core/Bok Globule clouds.

2.4.1 Infra-Red Dark Clouds and Filaments

It is believed that the conditions in the IRDCs are perfect for the birth of massive
stars. They are molecular or dust clouds that are cold, thick, and visible in the
mid-infrared (MIR). They serve as both the galaxy’s molecular gas storage area and
the site of star birth. The densest condensations in GMCs are IRDCs, which are
also likely locations for massive star formation in the future (Churchwell et al. 2009).
According to Kumar et al. (2022), they may contain young stars. It has come to light
in recent years that not all IRDCs contain HMYSOs. The presence of HMYSOs is
only detected in IRDCs that meet a specific mass-size requirement or, equivalently,

are over a specific threshold density (Retes-Romero et al. 2020).

The observations toward the IRDCs show that these regions have high densities,
nge 10° em~3, and low temperatures, T < 20 K, suggesting that they exhibit the
initial conditions for HMSFRs (Hull & Zhang 2019). The observations toward the
dense cores of IRDCs also show that they are supported by both turbulent flow and

magnetic pressure, implying the cores are magnetically subcritical (Pillai et al. 2015).
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Infrared dark clouds typically have filaments as their main structural elements (IRDCs
Rathborne et al. 2006). As putative precursors of cluster formation, filaments and
infrared dark clouds (IRDCs) have drawn particular interest (Rathborne et al. 2006,
Longmore et al. 2012, Russeil et al. 2013). Schisano et al. (2020) reported that many
IRDCs are filamentous. By formalising the intuitive understanding of what a filament
appears to be based on what the eye observes on a map, an extended region with a
somewhat higher brightness contrast to its surrounding can be described as a fila-
ment. In the thick molecular gas of galaxies, filaments may contribute to control the
star formation efficiency (Shimajiri et al. 2017). Magnetic fields, despite their weak
confinement, undoubtedly play a considerable part in the formation, fragmentation,

and growth of filaments (André et al. 2010).

2.4.2 High-Mass Protostellar Objects (HMPOs)

HMPOS can be described as dense cores that undergo gravitational collapse pro-
ducing high-mass protostars with high luminosities, L > 10®L, and high accretion
rates, M > 10*Mgyr—" (Gieser et al. 2022). They are normally found in dense cores
that experience gravitational collapse. The protostar’s central heating causes the en-
velope’s temperature to rise. Outflows are frequently seen, so disks ought to be there
as well. Although they are frequently observed in the vicinity of low-mass protostars
(Oberg et al. 2021), they remain difficult to observe due to their small diameters
(1000 au) (Gieser et al. 2022). HMPOs emit strongly at millimeter wavelengths but
weakly or not at centimeter wavelengths. Yoo et al. (2018) undertook a molecular
line scan of 82 high-mass protostellar objects and discovered 27 inflow candidates,

all of which lacked red asymmetry profile and had at least one blue one.

Ao et al. (2018) discovered 12 HMPO possibilities by studying how dense cores are
linked to IRAS sources. Low FIR luminosity to virial mass ratios were found to be
characteristic of HMPO sources, which agrees with the idea that these huge protostars
are still in their early developmental stages. Similar to other main-sequence stars of

zero age, these stars have not yet reached their full luminosity (Ao et al. 2018). 21
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regions had bipolar molecular outflow morphology, according to the carbon monox-
ide CO (2-1), mapping observations towards 26 regions with HMPOs (Beuther et al.
2002). Bipolar molecular outflows were detected at a rate of about 80 per cent, in-
dicating that they are a very plausible byproduct of HMSF (Ellingsen 2006). The
accretion rates were derived to be between ~ 10 =% and 1073 Mg, yr~!, and the esti-
mated bolometric luminosity of ~ 10* L,. Other CO mapping observations toward

HMPOs have been conducted by, e.g. Henning et al. (2000) and Zhang et al. (2001).

2.4.3 Hot Molecular Cores (HMCs)

The HMCs, which are the hot, dense cores that surround high-mass YSOs, exhibit
strong emission in a variety of rare and complicated organic compounds. The high-
mass star-formation region’s early processes known as hot molecular cores, are impor-
tant for raising the ISM’s chemical complexity (Shimonishi et al. 2021). For exam-
ple, CH3CN, CH30H, HCOOH, HCOOCH3;, CH;0CH3, CH;CH, CN, CH3COCHj3,
NHy;CN and (CH;OH ), have been detected in the HMCs associated with IRAS
20126+4104 (Palau et al. 2017). CH3CN, CH30H, CH3CH,CN, HNCO, CH30CH3
have been detected in the HMCs associated with IRAS 18566+0408 (Silva et al.
2017). Tt is possible that these molecules are formed in the extremely HMCs, where
temperatures (2150 K) via endothermic chemical reactions (Allen et al. 2017). HMCs
are identified by a rich chemistry detectable in (sub)mm wavelength molecular line
emission and gas temperatures above 100 K (Elmegreen & Palous 2007, Jorgensen

et al. 2020).

Because the protostars are still rapidly accreting and the UCHII regions have not yet
formed, it is thought that these HMCs represent an early evolutionary stage in the
development of high-mass stars (Beuther et al. 2009). According to (Wootten 2001,
Chen et al. 2006), hot molecular gas cores (HMCs) produced by young massive star-
forming regions have a rich chemistry that makes it possible to study significant
physical properties. Physical properties of hot cores include small source sizes (<

0.1pc), high densities (> 10% cm™3), and greater temperatures of both gas and dust
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(van der Tak et al. 2003). COMs are defined as molecules with six or more atoms.
A hyper-compact HIT (HCHII) zone may already exist in the center of the HMC

because of the to the fact that protostar’s ionizing radiation.

The high-mass star-formation region’s early processes, known as hot molecular cores,
are important for raising the ISM’s chemical complexity (Manna & Pal 2023). The
various complex organic molecules present in the HMCs can be recognized, along

with their spatial distribution, using high spectral and spatial resolution data from

sources like ALMA, VLA e.t.c (Manna & Pal 2023).

2.4.4 HII Regions

Regions in space known as HII regions are illuminated by the ionized hydrogen emis-
sion spectrum. HII Regions are made up of atomic hydrogen gas ionized by photons
with energies > 13.6eV. Once they reach 10 My, HII regions begin to form around
accreting protostars. Massive stars’ ionizing radiation causes pronounced HII regions.

Fig. 2.5 shows a schematic HII region.

Figure 2.5: The schematic HII region (Deharveng et al. 2010)

The evolution of HII region is thought to be from Hyper-compact HII region (HCHII)
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— Ultra-compact HII region (UCHII) — compact and classical HII regions. This evo-
lutionary sequence is driven by the expansion of the HII region. From the evolution
of the HII regions, it can be deduced that younger and evolved protostars are associ-
ated with HCHII and compact HII regions, respectively. Table 2.2 lists the physical
characteristics of each class of HII region.

Table 2.2: The physical characteristics of the ionized hydrogen regions: a brief
overview (Obtained from (Kurtz 2005)

Class of Size Density emission Measure Ionised Mass
Region (pc) (cm™3) (pc cm™9) (Mg)

(1) (2) (3) (4) (5)
Hypercompact < 0.03 > 10° > 101 ~ 1073
Ultracompact < 0.1 > 10* > 107 ~ 1072

Compact <05 250 x 103 > 107 ~ 1

Classical ~ 10 ~ 100 ~ 102 ~ 10°
Giant ~ 100 ~ 30 5.0 x 10° ~ 103 - 108

Supergiant >100 ~ 10 ~ 10° ~ 10° - 10%

The physics of HII regions is controlled by three mechanisms:

(i) Photoionization - The state of equilibrium, where photoionization and recom-
bination are in balance. This establishes both the nebula’s structure and the
general geographical distribution of the ionic states of the constituent elements

in the ionised zone.

(ii) Thermal balance between heating and cooling - Photoelectrons with thermal
energy of a few eV that are ejected from Hydrogen and Helium are the pri-
mary source of heating. Most HII regions cool primarily as a result of metal
ion excitation by electron-ion impact, followed by "forbidden" line emission
from low-lying fine structure levels. These cooling lines are responsible for the

distinctive spectra of HII regions.

(iii) Hydrodynamics - which includes winds and outflows from the embedded stars

as well as shocks, ionization and photodissociation fronts.

Summary of the physical properties of the ionised hydrogen regions are described in

the paragraphs below:

26



HCHII regions: Murphy et al. (2010) identified HCHII regions, as regions that
are soon after the star has just formed but before it develops into a UCHII region.
The object is known as the hyper-compact HII region (HCHII) at this stage and is
distinguished by more extreme electron densities (ne), emission measurements (EMs),
and physical sizes. Sizes for this group are < 0.05 pc (10,000 AU), while densities
are > 10° cm™ and emission measures are < 10'° pc ecm ™% (Hoare et al. 2006). Due
to thermal and turbulence widening that is present in highly advanced HII regions,
the objects often have wider radio recombination lines than expected (Murphy et al.
2010). High-mass stars are typically still completely enmeshed in their envelopes

even in the most recent accretion stage, the HCHII region phase.

UCHLII regions - UCHII regions are the physical manifestation huge newly created
stars that are still ensconced in their native molecular clouds as stated by Churchwell
(1990). UCHII regions can only be seen at radio, submillimeter, and infrared wave-
lengths due to dust in the molecular cloud core (Hoare et al. 2007). UCHII regions
are small, intensely dense, and bright, as their name suggests. Due to the heated
dust envelopes around them, which convert the whole star luminosity to far infrared
light, at a luminosity of 100 um, they are extremely luminous, ranking among the
brightest objects in the Galaxy. UCHII regions are an important building block for
large star systems. When the Lyman continuum emission from the enormous YSO is

strong enough to ionize its birth environment, massive star formation occurs. (Hoare

et al. 2007, de Carvalho 2013).

This spans the time between the central protostar’s rapid accretion phase of star
formation and, consequently, the time when the UC phase thanks the HII region for
expanding, becoming more diffuse, and becoming less obscured, either by destroying
the natal molecular core or by leaving the core (Churchwell 2002). UCHII regions
were defined observationally by Wood & Churchwell (1989b) as regions with sizes <
0.1 pc, densities > 10* cm™ , and emission measures < 107 pc cm~%. The ionized gas
within the HCHII and UCHII regions not only lights up the immediate surroundings,

but also reveals properties of the stars themselves (Hoare et al. 2006).
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HII regions - HII regions are composed of atomic hydrogen gas that has been ionized
by photons with energy > 13.6eV. According to (Peters et al. 2010), accretion and
ionization happen at the same time when massive stars are born. Ionized outflows
result from pressure of the 100000 K ionized gas being significantly higher than that

of the 100 K accreting molecular gas (Peters et al. 2010).

Extreme UV photons ionise the hydrogen atoms in the vicinity of the YSOs, forming
small growing pockets of HII regions. The Far Ultraviolet (FUV) radiation pho-
todissociates molecules in the outermost regions of the HII regions. The exterior
environment has has important impacts on the evolution of the HII regions. As a
result a new intermediate region called a photodissociation region (PDR) which lies

between the hot ionised region and colder molecular region.

In the Keto (2003) model, the HIT region does not grow hydrodynamically because
it is smaller than the critical radius, r < GM/2c?, where c,, G and M are the speed
of sound in the ionised region, the universal gravitational constant and mass of the
YSO, respectively. This means that the HII region is trapped by the gravitational
field of the YSO. This is called a trapped HII region. The trapped HII region does

not stop accretion, but the infalling material is ionised as it falls onto the YSO.

For a classical HII region around a YSO with a radius greater than the critical radius,
r < GM/2¢? | it expands hydrodynamically, and the expansion disrupts the natal
cloud (Zinnecker & Yorke 2007). Therefore, observations toward IRDCs, HMPOs,

HMCs, HII regions and masers are important in probing the physical properties and

dynamics of the evolution of HMYSOs at different epochs.

2.4.5 Maser-Based Evolutionary Timeline

After conducting in-depth analyses of several sources thought to be undergoing
high-mass star formation, it was discovered that common maser transitions provide
the greatest chance to identify an evolutionary scheme for these objects (Breen &

Ellingsen 2012). Maser-based evolutionary allows qualitative investigations of the
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related high-mass stars to be carried out, determining an evolutionary clock for high-
mass star formation is a crucial step towards realizing a unified theory of star for-
mation (Breen & Ellingsen 2012). Previous attempts to create a sequential history
of the several common maser species in high-mass star formation areas have yielded
inconsistent findings, mostly because they were based on tiny numbers of exceptional
sources or severely biased samples (Ellingsen 2006). A rigorous maser evolutionary
chronology has advanced significantly, thanks to the proliferation of fresh, huge, high-
resolution, high-sensitivity maser datasets and related data. According to (Ellingsen
et al. 2007), the various maser species are thought to reflect distinct evolutionary
phases of massive star formation and favor various physical circumstances. Since
many sources show emission from multiple maser transitions or species there must
be significant overlap for the evolutionary phase traced by the most common types of
masers as shown in Fig. 2.6. The class 1 and class IT masers trace the earlier phases

of star formation before the onset of other masers as shown in Fig. 2.6.

Water Masers

Class 1 Methanol Masers OH masers

6.7 GHZ Methanol Masers

W T T I T | T l T T
12.2 GHZ Methanol Masers

UCHII

Relative Time (% 10 000 years)

Figure 2.6: Evolutionary sequence for masers associated with massive star formation
regions (Breen et al. 2010)

2.5 THEORIES OF THE FORMATION OF MASSIVE STARS

The observations toward the IRDCs, HMPOs, HMCs, and UCHII regions do not give
us a complete picture of how a high-mass star is created, but point us in the direction
of potential mechanisms at play of a high-mass star in a GMC. Therefore, a theory

or theories are needed to try and finish the picture. Massive stars can enter the main
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sequence while accretion is still taking place because they have short Kelvin-Helmholz
periods. Because of this, large protostars become so luminous that radiation pressure
may prevent further star formation. One fundamental issue with theories of massive
star formation is this. There are three competing models to explain the high-mass

star-forming process. These models are given by Zinnecker & Yorke (2007) as:

(i) core accretion (McLaughlin & Pudritz 1997, Yorke & Sonnhalter 2002, McKee
& Tan 2003).

(ii) competitive accretion in a protocluster environment (Bonnell et al. 1997) and
(iii) stellar mergers in very dense systems.

Both the monolithic core accretion and the competitive accretion models are founded
on accretion processes. Core Accretion and Competitive Accretion are the two major

theories of massive star formation that are currently being researched.

2.5.1 Core Accretion

It is considered as a scaled-up version of low-mass star formation (Zinnecker & Yorke
2007). High accretion rates of the order 107* - 10 = Mg yr~! can be achieved
by considering a core with mass significantly higher than the thermal Jeans mass,
requiring the gas in such a core to be turbulent and have strong magnetic fields.
The strong magnetic fields may be important for suppressing fragmentation. A self-
gravitating, centrally concentrated core initiates the accretion process by condensing
a wide variety of masses from the clump-fragmenting environment around it. They
then experience a somewhat orderly collapse using a central disc, eventually forming
a single star or a small-N multiple. According to Tan et al. (2014), the stellar IMF

is comparable to the pre-stellar core mass function.

Given that large stars are uncommon and only make up a modest mass fraction
of the final star cluster, the circumstances that lead to this suppression should be

rather uncommon. These large cores should start out with high densities, quick free-
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fall periods, and fast accretion rates since they are projected to develop from highly
pressurized clumps of gas. This situation is exemplified by the Turbulent Core Model
(MT03) Tan (2005). Such a mechanism is anticipated to entail disc accretion and

bipolar outflows, similar to the generation of low-mass stars (Jijina & Adams 1995).

The asymmetry helps to lessen the impact of radiation pressure on the accretion flow
and escape of radiation in bipolar directions (Krumholz et al. 2005). Such a scenario
is supported by some hydrodynamic simulations with varying implementations of
radiation feedback, outflow feedback, turbulence, and magnetic field (Krumholz et al.
2007, Zhang et al. 2013). Disks and bipolar outflows are seen in these simulations

and are important in reducing the radiation pressure barrier to form massive stars.

2.5.2 Competitive Accretion Model

At lower stellar densities, the competitive accretion model provides another possi-
bility to form a massive star in a clustered environment (Bonnell et al. 2001, 2004,
Bate 2009). In this case a massive star forms by not only accreting from its own
core, but also initially unbounded material in the clump through Bondi-Hoyle ac-
cretion, competing with its stellar companions. Because of the interactions of the
stellar companions in these coalescence models, the collapse is believed to be chaotic
and not involving Keplerian disks and collimated bipolar outflow as in core accretion
theory. The extent of a protostar’s accretion domain, or the region from which gas
can be gathered, determines how massive it can go. A star’s ability to access gas is
increased by being located in the protostellar cluster’s centre, where gas flows down
to the cluster’s core. A protostar’s early birth could give it an unfair advantage in the
race to grow massive and enormous (Zinnecker & Yorke 2007). A mass segregated
cluster and a direct relationship between a cluster’s richness and the mass of its most

massive star are also naturally produced via competitive accretion.

Considering a sizable, dense molecular gas cloud that contains several protostellar

seeds that first condensed in some of the cloud’s denser regions. Each of these con-
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densations or cores has its own unique accretion zone, from which it can accrete cloud
gas with a lower density (Larson 1978, Bonnell et al. 2001). The accretion domain of
a protostar that is located in the cloud’s center encompasses the entire cloud; how-
ever, the accretion domain of a protostar that is located off of the cloud’s center is
tidally confined by the total mass in the inner half of the cloud (Zinnecker & Yorke
2007). There will be competition among the protostellar masses for the cloud gas
because of the cloud’s finite mass because the supply is limited (Zinnecker & Yorke

2007). This will be especially true if the accretion zones begin to overlap.

Competitive accretion is a powerful mechanism because of two factors: (1) the clus-
ter’s ability to draw matter from farther away and concentrate it on the accreting
stars; and (2) the expanding accretion radius of these stars as a result of their increas-
ing mass (Zinnecker & Yorke 2007). However it is not clear if competitive accretion
solves the radiation pressure problem (Edgar & Clarke 2004). An anisotropy of the
thermal radiation field can be used to get around the radiation pressure issue that
arises during the birth of massive stars (Kuiper et al. 2014). The development of
a circumstellar disc inevitably results in the establishment of such an anisotropy.
According to Kuiper et al. (2010), the anisotropy of the thermal radiation field low-
ers feedback onto the accretion flux, enabling the development of the most massive
stars known. Competitive accretion has the benefit of providing a tangible means
of gathering the material. There is a considerable amount of gaseous material that
is gravitationally drawn to the center of the protocluster clump or cluster of stars,

where it is accreted by the protomassive stars (Bonnell 2008).

2.5.3 Stellar Collisions and Mergers

Historically, there were two factors that led to the initial suggestion that large stars
develop through stellar collisions. (a) At the time, it was believed that radiation pres-
sure on dust prevented gas accretion, which was then thought to proceed spherically
symmetrically. As of right now, this worry no longer exists (Zinnecker & Yorke 2007).

(b) Because huge stars were packed too closely together in dense clusters, there was
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concern that there might not be a large enough gas reservoir for monolithic collapse.
Even though not all massive stars develop in closely packed clusters, many do so in

widely dispersed OB associations, this is still a cause for concern (Zinnecker & Yorke

2007).

In the Stellar Merger scenario (Bonnell et al. 1998), massive protostars can directly
collide and merge when the stellar densities of a forming star cluster are high enough
(~ 10%pc™3 ). The explosive, wide-angle outflows from the Orion Molecular Cloud
(OMC-1) core in the OMC may be an example of that produced by a protostellar
merger event (Bally & Zinnecker 2005). The star density in the cluster centre (mass
segregation at birth) is growing, as a result of sustained competitive accretion (mass
loading), grazing collisions may become inevitable (Zinnecker & Yorke 2007). The
most massive stars in the richest young clusters (such young globular clusters) will be
the only stars in which stellar mergers will be significant and infrequent (Zinnecker
& Yorke 2007). The fact that continuous competitive accretion (mass loading) raises
the star density in the cluster center (mass segregation at birth) may eventually
make grazing collisions inevitable, which is one reason to propose stellar mergers
(Zinnecker & Yorke 2007). Small impact parameter stellar collisions may be the
mechanism that gives rise to fast spinning massive stars, which are the precursors of

(slow, long-duration) gamma-ray bursts.

2.6 MASER THEORY

MASER is an acronym for Microwave Amplification by Stimulated Emission of Ra-
diation, and in astrophysical environments it is a naturally occurring phenomenon.
The emission occurs in both the microwave and radio regimes of the electromagnetic
spectrum. Within these wavelength regimes, the term "maser emission" refers to co-
herent emission at a certain frequency that is enhanced by the population inversion
of the molecular energy levels. In an astrophysical context, the creation of a maser
requires a level population inversion, pumping mechanism (radiative or collisional),

velocity coherence along the line of sight, and a stimulating photon (Maswanganye
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2018).

The occurrence of maser emission, according to Maswanganye (2017), takes place
when molecules are stimulated by photons with energy (hv) to release new photons
that have an energy level comparable to the photons that were initially released.
Molecular collisions or interactions with non-black body radiation cause a popula-
tion inversion between two energy levels, which is necessary for the production of
masers. The principle of radiative transfer will be discussed first, due to the fact that
astrophysical masers form in a gaseous media, taking into account the interactions
that occur between the gaseous medium and radiation from a source is necessary

(Gray 2012, Maswanganye 2017)

The preceding subsections provide an overview of the theories relating to maser
emission, saturation of masers, radiative transfer in masers and pumping mechanisms
(Batrla et al. 1987). It is necessary to describe the circumstances that must be met
for population inversion to take place. The majority of the information shown below

comes from Elitzur (1992b).

2.6.1 Rate Equations

Taking into account a two-level system with energy separation AE = E5 — F; where
E; is the lower energy level and E; is the higher energy level as shown in Fig. 2.7,
maser emission can be demonstrated. When matter interacts with radiation, one of
three things may happen: (i) Einstein A-coefficient A;; for spontaneous emission, (ii)
Einstein B-coefficient B,;, for absorption and (iii) for induced or stimulated emis-
sion,Einstein B-coefficient Bj; (ter Haar D. 1967, English version). Transition from

energy level i to j is indicated by the subscript ij.

The energy levels can be populated and depopulated by radiation or collisional events
as shown in Fig. 2.7. When the two-energy-level population model assumes thermo-

dynamic equilibrium under the Boltzmann equation, the following equations connect
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A\ level
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Figure 2.7: A schematic simple two level system with energy separation AE. The
arrow identifies the energy level procedures that can increase and decrease their
population (Maswanganye 2018)

the Einstein coeflicients:

= ——F", b =

A
c? 9i

Jt

(2.8)

where c is the speed of light in the vacuum, v is the frequency and g; is the statistical
weight. Einstein’s coefficients are demonstrated to be independent of the thermal
equilibrium in Equation 2.8. They are depending on the system’s tiny quantities

despite being temperature independent.

The statistical weight as well as the dumping rate for all levels will be considered
to be the same in our earlier described two-energy-level model shown in Fig. 2.7.
Therefore, (g1 = g = ¢g) and dumping rate (I'y = I'y = I'). The system creates the
dumping rate term to account for particles that can decay to non-masing levels. The

set of equilibrium equations that are produced are as follows:
0 = p1o — 'y + BiawJunoy — BiapJyniy + A1y — 11, Cha + 12, Coy (2.9)
and

0 = poy — I'ngy — BioyJyniy + BigyJyniy — Aoingy — n1yCia + 12y Coy (2.10)
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When equation 2.9 is substracted from equation 2.10, the population difference

An, = n2, —nl,, is represented as follows:

Ap Ang

Any= =P Ap,= B0
" I' + 285 J, " 1—}—%

¢(V) (2.11)

where Ang = P22 is the emission line profile, and J, = %21 stands for saturation

2

intensity (Maswanganye & Gaylard 2012). The population inversion efficiency can be
calculated using the formula in equation 2.12, ignoring the collision and spontaneous

decay terms:
_P2—h
D1+ P2

(2.12)

In equations 2.11 and 2.12, p, > p; is a non-thermal population inversion (ny > ny
) and maser activity is possible (n >0), but when p » < p ; (anti-inversion) maser

activity not possible (n < 0) due to the absence of population inversion.

Radiative and collisional pumping are two recognised potential pumping mechanisms
for masers. These two mechanisms excite the system to a higher state before allowing
it to descend to the masing level (Maswanganye & Gaylard 2012). In equations 2.9
and 2.10, the pumping rate terms are denoted by pinu and psnu. The absorption
coefficient can be calculated using the equation presented in Elitzur (1992b) and also

by Lo (2005) as follows:

o N2/ 9o
kv = EnlBlg(l — nl/gl)(b(v) (213)

In situations in which the absorption coefficient is negative , masers occur because it

means the radiation will be magnified as it passes through the cloud or other medium.

2.6.2 Population Inversion

Astronomical masers can only develop when population inversion and velocity coher-
ence occur. According to velocity coherence and population inversion, doppler shift

along the line of sight must be small, and there must be fewer particles in the upper
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energy level than in the lower (Maswanganye & Gaylard 2012). Astronomical masers
require population inversion and velocity coherence for formation. Pumping is the
method by which population inversions ps > p;, develop in masers. System particles
typically reside in the ground state in the absence of any interesting mechanisms.
The pump rate per sub-level of the upper rate must therefore be greater than that of

the lower rate in order for population inversion to occur (Maswanganye & Gaylard

2012).

The effectiveness of the pump process is defined by the fact that the populations
n, and n; can become inverted under certain conditions. Such a deviation from
thermodynamic equilibrium can be denoted as n,/g, > n;/g,. The populations of
each energy level causing a maser transition can be described by considering a “three”

energy level model, (see Fig. 2.8, where level "3” actually represents all levels above

level "2" (Reid & Moran 1988).

leyvel "3"

lewel 2
nz F
I:2'1
A BE'I E:’I 2
rl.1 b b b
lewel 1

Figure 2.8: A schematic of a three energy level model showing the populations of
each energy level causing a maser transition (Maswanganye 2018)

The values P, represent the pumping from all other energy levels into the maser

levels and I'; losses out of the maser levels into any other energy. This gives the level
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populations as follows:

dn?2
ﬁ =Py —T'yng — A21n2 - ]21(n2321 - n1B12) - (712021 - n1021) (2-14)
dnl
W =P —-I'in; — A21n2 - ]21(n1312 - 712321) - (nlcm - n2021) (2-15)

Under normal conditions the final three terms equations in 2.14 and 2.15, will not
produce a population inversion. Meaning that either the pumping or loss rates must

be different creating the population inversion (Elitzur 1982).

Population inversions can be produced by collisional mechanisms, radiative processes
or chemical processes. Pumping mechanisms may be used to describe the processes.
The relevance of each step might vary greatly depending on the type of environment,
in particular the radiation and ambient density. The three processes can sometimes
take place at the same time. The low densities predicted for megamaser regions

allows radiative process only. Discussions of the processes is as follows:

e Radiative pumps can be viewed as 'converters’ that absorb photons of frequency
v, and change them into photons of frequency v with a pump-dependent ef-
ficiency n. Each maser photon may require many photons, maybe of varying
frequency. Considering the energy level system shown in Fig. 2.8, under normal
conditions a population inversion due to radiation should not be possible, i.e.
the pumping radiation is behaving as a blackbody. However, if the radiation
deviates from this distribution population inversion is possible (Elitzur 1992b).
One possibility is maser molecules mixed with optically thin dust where the
intensity is frequency dependent, providing the population inversion by which
more level 1 molecules are promoted to level 3 (Elitzur 19926). Radiative pump-
ing techniques need at least one pump photon for every maser photon gener-
ated. The strongest 6.7-GHz CH3OH masers have an unusually high brightness,

which could be problematic for radiative pumping schemes.

High-resolution measurements of class II CH30H maser sources at these fre-
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quencies are required to assess whether or not radiative pumping in the far
infrared or submillimeter is feasible. If transitions have widely changing optical
thickness and radiative rates are high relative to collisional rates (for example,
when molecular densities are low), then pure radiative processes may result in

population inversions.

e For collisional processes to create a population inversion, collisions with other
species in the interstellar medium must occur with different collision cross sec-
tions. As presented in Fig. 2.8, it should be either the population of level
1 become depleted or transitions from level 3 into level 2 occur preferentially
over those to level 1 leading to an over population in the upper maser energy
level (Reid & Moran 1988). This form of pumping can be limited by the colli-
sion rates. High amount of collision would result in the thermalisation of the
gas and stop the maser (Elitzur 1992b). By re-thermalizing the populations,
higher collisional rates (for example, large densities) would typically extinguish

population inversions.

e Chemical and photochemical reactions, including UV photodissociation (An-
dresen et al. 1984), which places molecules in an excited state where radiative
decay is slow and collisional de-excitation is uncommon due to low densities,

can cause population inversions (Andresen et al. 1984).

2.6.3 Maser Saturation

When % << 1, maser population difference An, shown in equation 2.11 is referred
to as an unsaturated maser and has no effect on maser radiation because it does
not interact with it. Before interacting with radiation in the unsaturated maser
instance, particles are pushed with pumping rate p and released with dumping rate
[ (Elitzur 1992b). Masers are highly brilliant and very compact because the un-

saturated masing implies exponential amplification, which causes the spectral and

spatial Full Width Half Maximum (FWHM) to become narrower (Maswanganye &
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Gaylard 2012).

When % >> 1, saturated maser arises and how the maser radiations will impact
the population inversion is depicted by the equations 2.11 and 2.12. The photon
output rate will increase, the maser growth will be reduced (along with the absorption
coefficient), the line profile will be re-broaden, and the FWHM will become more
narrow (Elitzur 1992b). The expression that can be used to calculate the overall
population of the maser system is n, and n, = n¢(V), where ¢(V') denotes the

emission line profile. The line profile contains information regarding the emission’s

broadening or narrowing (Elitzur 1992b).

2.6.4 Radiative Transfer in Masers

The radiative transfer equation 2.16, governs how radiation travels through space,

dl,
ds

= K1, + J, (2.16)

where I, represents the specific intensity of photons at a given frequency v, passing
through area dA, with direction within solid angle dw, travelling along a distance
s. The specific intensity at any point along s is affected by the material through
which is passes. When passing through a volume dV equal to dAds, j, gives the
emission coefficient, i.e. the energy emitted by the volume element dV. The factor
K, represents the absorption of energy of specific intensity I, passing through volume

element dV (Spitzer Jr 1978).

2.7 ASTROPHYSICAL MASERS

Interstellar masers are among the most dependable indicators of the presence of
recently formed high-mass star clusters (Breen et al. 2013, Hernédndez-Hernéndez
et al. 2019). Masers are very well adapted to be used as probes of the regions because
they have properties that make them good signposts of star formation zones. Due to

their vast distribution throughout the galaxy and connections to both evolved stars
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and star-producing regions, masers sources can shed light on the genesis and demise
of stars. Masers are therefore ideal instruments for investigating the gas kinematics
in which they are created (Torrelles et al. 2005). Since they occur at millimeter
and centimeter wavelengths, they are numerous, powerful, and unaffected by the
significant extinction that hinders research in other wavelength ranges (Ellingsen

et al. 2007).

The ability to employ masers as an evolutionary clock would be highly desired be-
cause they are fairly obvious markers of star formation zones. Due to their intrinsi-
cally powerful radio emissions that are not reduced by the dust, maser sources are
particularly helpful for research involving examinations of compact items that accrete
dusty and compact material. The usage of astronomical masers is possible in mea-
suring the precise distances to sources and to analyze interstellar scattering. Maser
proper motions improve upon earlier approaches to measuring distance in terms of
kinematics (Pestalozzi et al. 2005). Through the use of maser emission, one is able
to investigate the dynamics of not only the associated star-forming source but also

the ISM and the entirety of the Galaxy (Hill 2006).

Many molecular transitions have been found to exhibit masing characteristics. H5O,
OH, and CH30H are the three most common masers connected to HMSF regions
(Churchwell 2002). A few compact HII regions and just a few transitions have also
shown maser emission in the HoCO, NH3 and SiO molecular lines (Caswell, Vaile &

Ellingsen 1995).

Masers are often restricted to very small (a few tens of AUs) and highly dense (10°-
10%m™?), clumps, making them superb scalar probes for investigating the physics
and dynamics of HMSF regions on scale sizes where it would be exceedingly chal-
lenging or impossible to directly detect them (Churchwell et al. 1990). Refer to Reid
& Moran (1981), Elitzur (1982, 1992b), Churchwell (2002) for reviews on masers.
While methanol masers will be discussed in section 2.8, a brief explanation of masers

connected to HMSF regions is investigated in this part.
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Hydroxyl Masers (OH): There have been numerous studies of hydroxyl (OH)
masers since Weaver et al. (1965) made discovery of OH emission in 1965 and Perkins
et al. (1966) made postulation of this molecule’s masing nature in 1966. Based on
1665 MHz OH maser emission studies in star-forming regions, we know that the OH
maser is always identified in close proximity to the densest and most compact HII
region, deep within the complex and far from the more brilliant stars (Hill 2006).

This would suggest that the youngest UCHII regions are linked to OH masers.

The greatest OH maser emissions, are at frequencies 1665 MHz and 1667 MHz (Hill
2006). As a result, most OH maser observations are carried out at these frequencies.
OH masers typically coexist with other maser types (specifically H,O and CH;OH ),
IR sources, and more broadly active regions of star formation, according to Caswell
et al. (1980) and Slysh et al. (1995). Due to the fact that OH is the only para-
magnetic masing molecule, it can be used to analyse both the velocity in masing
regions and the magnetic field conditions on scales of 10* to 10'7 (Reid & Moran
1981). In the large star-forming regions ON 1, K3-50, and W51 Main/South, OH

masers have been employed to estimate proper motion (Fish & Reid 2007).

Water Masers: HyO maser emission arises from the 61 — 593 rotational transition
at 1.3 cm (22 GHz). It has been established that water maser emission is present
everywhere in the Galaxy, since it was first detected by Cheung et al. (1969). Genzel
et al. (1978), Codella et al. (1994), Colomer et al. (2000), Vorster et al. (2021) have
undertaken studies on HoO masers. It should be noted that the 22-GHz H,0 maser is
not the only transition in H,O that exhibits masing behavior. Examples of other H,O
masers include the 183 GHz rotational transition between 313 — 299 by Waters et al.
(1980) and the 321 GHz transition 515 —492 by Menten et al. (1990). Water masers are
common in evolved star systems and around active star-forming regions of all mass
ranges according to Elitzur (1992a), Reid & Moran (1981). Radiative pumping of
H,0 masers was proposed by Goldreich & Kwan (1974), whereas collisional pumping
was proposed by Deguchi (1977). The collisional pumping mechanism postulated by

Deguchi (1977) is supported by observations toward the H,O masers (Reid & Moran
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1981, CooKE & Elitzur 1985).

Highly collimated molecular bipolar outflows have been linked to water masers in
high-mass star-forming regions (Marti et al. 1999, Sridharan et al. 2002). Other
maser species, like OH and CH30H, and UCHII regions are sometimes discovered in
close proximity to HoO masers. These H20 maser species and their related UCHII
regions are not always colocated spatially. Other masers’ geographic association with
UCHII regions has been studied, for instance by Sridharan et al. (2002). They picked
out 69 high-mass protostars. They also undertook imaging free-free (at 3.6 cm) and
dust continuum (at 1.2 mm) emissions, they also scanned H,O and looked for 6.7 GHz
CH30H maser transitions. They identified HoO masers at 29 sources, and CH;OH
masers at 6.7 GHz at 26 sources. The 6.7 GHz CH30H and H,O masers had an
emission velocity spread of 15 and 70 km s™! respectively. The fact that H,O and
6.7-GHz CH30H masers come from different settings explains their dissimilar velocity
ranges. In addition, this suggests that their excitation methods are distinct. The
high velocities of the H 2 O masers suggest that they follow the molecular bipolar
outflow, while the 6.7-GHz methanol masers trace the innermost component of the

cloud, the envelope of the central star or a disk.

The hypothesis that HoO masers trace the outflows and are collisionally pumped
is supported by multi-epoch VLBI observations of masers, which can yield the in-
ternal maser proper motion of a cloud. The G28.8-+0.07 observations by Li et al.
(2012) include VLBI observations at multiple wavelengths (for the H,O and 6.7-GHz
CH30OH masers) and a single epoch (for the 1.665-GHz OH maser), as well as the 1.3-
and 3-cm radio continuum, and the 24.5-m Subaru observations. A study towards
massive protocluster NGC 63341 by Hunter et al. (2017) that is linked to both 6.7-
GHz CH30H and H5O masers increased dramatically in maser and dust emission,

suggesting an abrupt accretion event in the development of the huge protostar.

Silicon Monoxide Masers (SiO): Snyder & Buhl (1974) discovered a collection

of unexplained lines at 86, 245 MHz (3.48 mm) directed towards the Orion Nebula
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molecular cloud (Hill 2006). They came to the conclusion that this strong emission
was in agreement with the J = (2 - 1) transition of the first vibrationally excited state
of 2Sil60 at its rest frequency. Since then, reports of the finding of more SiO masing
transitions have appeared in the literature. According to Snyder & Buhl (1975), SiO
masers are typically found in close proximity to M-type variable stars, many of which
also emit OH and H50O masers. SiO maser emission toward Orion were reported by

Snyder & Buhl (1974).

UCHII regios, infrared sources, OH masers, and H,O masers have all been linked
to SiO masers (Hill 2006). When Harju et al. (1998) targeted for UC HII regions,
OH maser positions, and HyO maser positions, they found that the most SiO maser
emission was detected in the direction of the most intense HoO masers. SiO masers
are linked to molecular bipolar outflows in HMSFRs. Using 6.7 GHz CH30H maser
detections, a molecular line survey towards EGOs resulted in the identification of the
SiO(5-4) emission and HCO+ (3-2) line profiles, both of which indicate the existence
of dynamic molecular outflows (Cyganowski et al. 2011). For a population inversion
to occur, it is necessary to precisely tune a number of physical parameters, as noted
by Elitzur (1992a) in his study of various pumping mechanisms for SiO masers. SiO
masers, however, can form in a variety of physical situations if they are collisionally
pushed. This suggests that collisional pumping of the SiO masers is more likely, while

radiative pumping cannot be ruled out entirely.

Ammonia Masers (NH;): The first definitive discovery of ammonia masers at
several inversion transitions was reported by Madden et al. (1986). The NHjs (6, 3)
line looked the same in W51 but was absorbed in NGC 7538. The (J, K) = (9, 6)
inversion transition, on the other hand, made maser-like emission that went toward
W51, NGC 7538, W49, and DR 21(OH) (Hill 2006). Madden et al. (1986) says that
these lines were found in regions with Strong infrared sources and dense H II regions,

as well as HyO and OH masers.

Formaldehyde Masers (H,CO): Downes & Wilson (1974) discovered the first
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formaldehyde masers. Since there are so few confirmed H,CO Galactic masing
sources, formaldehyde maser emission is a somewhat rare event in our Galaxy (Hill
2006). Mangum et al. (2008, 2013) found 13 targets with formaldehyde HyCO transi-
tions at 4.8 and 14.5 GHz, primarily in absorption but occasionally also in emission.
The short lifetimes of the pumping source or the intrinsically low maser gain may
be to blame for the tiny number of HoCO masers that are known (Forster et al.
1985). 10 extragalactic H,CO (mega) masers have been detected and are ~ 10° —
109 times more luminous than their Galactic counterparts as pointed out by Pratap
et al. (1994). The presence of HyCO masers was investigated in a sample of 93 re-
gions by Araya et al. (2015) to see if they are unique to HMSFRs. Out of the total
of 93 regions, 22 were found to be young HMSFRs in the Hi-GAL. Of the 93 loca-
tions studied, 71 did not produce any high-mass stars; of these, 25 were low-mass
star-forming regions, 31 were late-type stars, and 15 were either planetary nebulae or
stars on the post-asymptotic giant branch. The 71 locations that were not HMSFRs
did not show any signs of formaldehyde maser emission and just one new detection
of HoCO was made amongst the HMSFR in the sample. These findings from the 93
region survey are used to support the hypothesis that HMSFRs are the only places
where the rare HyCO is detected. They may also be tracking the origin of molecular
bipolar outflows. This lends credence to the notion that HoCO masers are pumped
by collisions, however it does not rule out the possibility that they are pumped by
radiative processes as well. There has been no definitive evidence about the pumping
mechanism of HyCO masers. The calculations of Van der Walt (2014) imply that the
H,CO masers are pumped by collisions, while Boland & De Jong (1981) proposed

that free-free radio continuum pumps them.

2.8 METHANOL MASERS

When looking for NoO absorption in the direction of Orion A, Barrett et al. (1971)
announced the discovery of the first interstellar methanol (CH3OH) maser emission

(Hill 2006). Numerous novel masing transitions of CH3OH have been found since the
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discovery of methanol maser emission. The finding of two potent methanol maser
emissions at 6.7 GHz by Menten (1991a) and 12.2 GHz by (Batrla et al. 1987) was
particularly significant, arising from the 5; — 6y A" and the 2y — 3_; E transitions,

respectively.

Interstellar methanol masers are among the finest markers of regions that are just
beginning to generate high-mass stars. They possess characteristics that make them
the best choice for usage as regional probes. The maser emission is concentrated and
strong, allowing milliarcsecond precision observations with VLBI (Ellingsen et al.
2007). Thus, masers make excellent study instruments for dynamics of the gas in
which they are produced (Torrelles et al. 2010). Despite the possibility that they are
equally efficient physics probes in the same regions, the intricacy of maser pumping

methods makes it challenging to confidently interpret the data (Cragg et al. 2002).

Batrla et al. (1987) proposed that methanol maser emission might be divided into two
types, because the existence of a methanol maser operating at 12 GHz was unknown
towards a 25 GHz maser (Hill 2006). Originally designated as classes A and B by
Batrla et al. (1987). Menten (1991a) realized the potential for misunderstanding
caused by CH3OH species with A and E symmetry to be identified using this naming
scheme and renamed the two classes I and II. The class I methanol masers (MMIs)
are found offset from the UCHII region while the class II methanol masers (MMIIs)

appear to be close to the UCHII region (Maswanganye 2017).

2.8.1 Class I Methanol Masers

The class I methanol masers are those operating at 9, 25, 27.4, 29.6, 36, 44.1, 84.5,
05.2, 104.3, 132, 146.6, 156.8, 218.4 and 229.7 GHz (Hunter et al. 2014, Yanagida
et al. 2014, McCarthy et al. 2018) . According to Batrla et al. (1987), Menten (1991a),

there are no overlapping lines between Class I and Class II sources.

Class I masers are often placed apart from compact continuum sources and are mostly

collisionally pumped. As stated by Leurini et al. (2016) and the most recent discovery
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of class I methanol maser operating at the 5y — 4; E transition (266.8 GHz) by Chen
et al. (2019) numerous different Class I transitions have been recorded. Submillimeter
Array (SMA) measurements around the HMSFR G352.630-1.067 (distance 0.7 kpc)
have identified this methanol transition. Southwest of W3(OH), the 84.5 and 95.2
GHz weak masers offer compelling evidence for collisional pumping and enable the

determination of physical parameters (Sutton et al. 2004).

Supernova remnants, massive protostellar induced outflows, interactions between ex-
panding HII regions and the surrounding molecular gas, places where shocks compress
gas and heat it are just a few of the phenomena that may be linked to class I methanol
masers (Voronkov et al. 2010, Pihlstrom et al. 2014). The masers may be related to
earlier periods of stellar history before the creation of UCHII regions and other evi-
dence of star formation. They might therefore represent real protostars that are still
gaining mass. In both high- and low-mass stars, there have been sightings of Class
I methanol masers (Kalenskii et al. 2010, Rodriguez-Garza et al. 2017). Voronkov
et al. (2014) used the Australia Telescope Compact Array (ATCA) to create high
angular resolution maps of 71 high-mass star-forming regions for 36- and 44-GHz
MMIs, finding that these MMIs are correlated with molecular bipolar outflows, ex-
panding HII regions, dark clouds, and shocks traced by 4.5 pym emission and 8.0 ym
filaments. It was hypothesized that developed YSOs were related with the MMIs in
the maps created by Voronkov et al. (2014), which showed MMIs that were dispersed
both geographically and in velocity domains. Gomez-Ruiz et al. (2016) provided ad-
ditional evidence that lends credence to this theory. In their study, they found that
16 of 42 regions with HMPOs had 44-GHz MMIs, which corresponds to a detection
rate of 38%; conversely, 13 of 24 regions with UCHII contained 44-GHz MMIs, which
corresponds to a detection rate of 54%. When compared to the detection rate in
HMPO regions, the high detection rate of 44-GHz MMIs in UCHII regions suggests
that MMIs are prevalent in highly advanced HMYSOs (Cyganowski et al. 2009).
Gomez-Ruiz et al. (2016) suggest that the MMI might also be tracking shocked gas,

which might originate from a variety of sources including cloud-cloud collisions and
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increasing HII regions.

2.8.2 Class II Methanol Masers

The 6.7 GHz and 12.2 GHz lines are two examples of extremely bright Class II
methanol masers, although maser emission has also been observed at 19, 23, 28, 37,
38, 107, and 157 GHz (Wilson et al. 1984, 1985, 1993, Slysh et al. 1995). At 108.8
GHz, a new, weaker class II maser line was discovered by Val'Tts et al. (1999). Class
IT CH30H masers are distinguished by their two strongest transitions at 6.7 GHz
Menten (1991a), and and 12.2 GHz Batrla et al. (1987), both of which necessitate

an abundance of methanol (Mohamed 2022).

Class II masers can be found in a variety of evolutionary stages, according to obser-
vations of methanol masers that are spatially associated with both millimetre and
centimetre continuum emission (Pestalozzi et al. 2005). They are radiatively pumped
and found in close vicinity to HII regions (Cragg et al. 1992, Sobolev et al. 1997).
(Breen et al. 2013), reported that class II methanol masers are indicators of bright
YSOs.

Table 2.3: Some masing transitions in Class I and II methanol masers.
Source:Pandian (2006)

Class 1 Class II

Transition v (GHz) Transition v (GHz)
9., —-8,-E 9.9 51 — 6p AT 6.7
Jo—J E 25 20—31 E 12.2
4g— 3 B 28.3 9, — 30 B 19.9
4,-3E 362 9, — 10,4t 23.1
To—61 A+ 441 To—8.E 377
o1—4 E 84.5 62 — 53 A~ 38.3
8y — T1AT 95.2 6y — H3 AT 38.5
90 — 81 AT 146.6 31— 4pAT 107.0

Some have reasoned that because methanol masers have linear structures with struc-
tured velocity structures, they must trace edge-on disks (Norris et al. 1993). Methanol
masers are frequently oriented toward an outflow rather than a disc, according to in-

vestigations on maser proper motions by Fish (2007), shocked Hy by De Buizer (2003),
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and SiO De Buizer et al. (2005). These characteristics might be explained by the
shock front’s propagation into an area with expansive velocity structure, including

rotation (Dodson et al. 2004).

Class II methanol masers are discovered along the surface of an outflow cavity,
where shocked material is present, according to mid-infrared pictures of some sources
(De Buizer et al. 2005, Fish 2007). Methanol masers have been shown to be offset
from UCHII regions in some sources, which suggests that they are similar to hydroxyl
masers in that, they manifest in the gas molecules outside the ionization front after

being shocked (Phillips & van Langevelde 2005).

Theoretical studies by Cragg et al. (2005), reported that class II masers that are
radiatively pumped were detected in less violent regions close to YSOs. HMYSOs
are nearby and are the source of Class II methanol masers at 6.7 and 12.2 GHz
(Chibueze et al. 2017). Such studies might help to improve the characterization of
the local physical conditions when they are seen simultaneously (Durjasz et al. 2021).
Theoretically, methanol masers of classes I and II cannot coexist because they are

both radiatively pumped and the former are collisionally excited (Menten 1991b).

2.8.3 6.7 GHz Methanol Masers

The 57 - 6 AT line of methanol at 6.6685192 GHz, was identified by Menten (1991a),
whose frequency was precisely determined by Breckenridge & Kukolich (1995). As
the second brightest maser transition, it is also the brightest of the Class II methanol
masers yet observed, for Galactic maser surveys, this is a frequently used line (Breen
et al. 2015). For instance, Menten et al. (1992) discovered that a prototype source
called W3(OH)’s multiple maser spots have brightness temperatures of 3x10'? K
and higher. Methanol’s 6.7 GHz transition has been shown to be an especially useful
marker since it is both frequent and potent, and the only places it seems to be linked
to are places where massive amounts of new stars are being formed (Minier et al.

2003a). The second-most powerful Class II methanol maser, the 12.178597 GHz
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29 — 31 F line, sometimes accompany the 6.7 GHz masers.

In a sample of 535 IRAS color-selected candidates, Walsh et al. (1997) employed the
Wood & Churchwell (1989a) color selection criterion to look for the 6.7 GHz methanol
maser emission. They found evidence of methanol maser emission towards 201 of the
targeted sites with a detection rate of 38%. The IRAS PSC was used by Szymczak
et al. (2000a), Szymczak et al. (2000b), to color-select potential survey participants
for a 6.7 GHz methanol survey. After looking through 1399 sources, a detection
rate of 13% was discovered. It was discovered that there were many methanol maser
sources to have colors that were significantly outside the conventional color ranges
for UCHII regions. Szymczak et al. (2002) claimed that the number of CH3OH maser
sources is severely underestimated by IRAS-based searches by a factor of 2. The huge
star-forming region G358.93-0.03’s Class II CH30H maser line, which operates at 6.7
GHz, began to flare on January 14 of 2019, according to Sugiyama et al. (2019), the

flux has grown to 99 Jy, an increase of an order of magnitude, after only two weeks.

2.8.4 Methanol Molecular Structure

Each atom or molecule has its own distinct set of energy levels. Quantum numbers
characterize each possible energy level. Electronic, rotational, and vibrational eigen-
states are the most common types of energy levels in molecules (Maswanganye 2018).
HMSFRs are known to feature transitions in the CH3OH molecule that exhibit mass-
ing behavior. The simplest member of the alcohol hydrocarbon family is methanol,
which is made up of methyl (CHs) and hydroxyl (OH) groups. It is an asymmetric
top molecule, and Fig. 2.9 schematic depicts its chemical structure. The three major
moments of inertia of CH3OH have different values, making it an asymmetric top
molecule (Flower 2007). Fig. 2.9 shows that the CH;0H bond between carbon and
oxygen can rotate, denoted by the double-headed arrow. Hindered internal rotation
is the name the type of rotational motion seen here. Because of the potential barrier
that depends on the angle and possesses three-fold symmetry, the torsional motion

is not free and remains unchanged even after being rotated by 120 degrees (Flower
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Figure 2.9: A representation of CH30H asymmetric top molecular structure
(De Buizer 2000).

2007). Both ground-state and excited-state torsional CH3OH transitions are seen.
Quantum numbers J, representing the total angular momentum, and K, represent-
ing the projection of J onto the major axis of the molecule, further characterize the
eigenstates of CH3OH for the torsional state (14). The eigenstate is either an E- or an
A-type CH30H species, depending on the type provided by the J K type. Quantum
mechanical selection criteria control the radiative transitions between states. Quan-
tum mechanical selection criteria control the radiative transitions between states.
A-type symmetry is 0 < K < J, and K > 0 hasa double split by asymmetry denoted
by the labels AT and A~ type CH;0OH (Maswanganye 2018). CH3OH E-type has
—J < K < J where in E;, K > 0in E;2, K < 0. Two such transitions in CH;0OH
are the 6.7- and 12.2-GHz 5, — 65 A" -type and 2) — 3_; E-type transitions. There

is evidence that some CH3OH molecule transitions exhibit masing behavior.

2.9 MASER VARIABILITY

Methanol masers connected to Massive Young Stellar Objects (MYSO) exhibit vari-

ability. Monitoring studies on variability have also been conducted on the 6.7 and
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12.2 GHz lines (Goedhart, Gaylard & van Der Walt 2005). These investigations
have revealed varied and plentiful sources of variability, such as periodic variations
and a possible delay between features due to the length and speed of the light’s
travel (Goedhart, Gaylard & van Der Walt 2005, Goedhart, Minier, Gaylard & Van
Der Walt 2005). 6.7 GHz CH3;OH masers were reported to be variable, according
to MacLeod & Gaylard (1996) From January 1999 to March 2003, Goedhart et al.
(2004) monitored 54 high-mass star formation regions (SFRs) carefully to learn more
about what causes the variability at 6.7 GHz and how long it lasts. Eight of the
sources were not variable, compared to 46 that were. Aperiodic, quasi-periodic, pe-
riodic, and monotonic growth and decrease were all parts of the masers’ variability.
The measurements of 6.7 GHz maser flux in multiple sources suggests that there is
a substantial amount of variation and variability across time periods ranging from a
few days to a number of years (Caswell, Vaile & Ellingsen 1995, MacLeod & Gaylard

1996, Goedhart et al. 2004, 2009, Sugiyama et al. 2008).

Changes in the pump rate, masing cloudlet and/or seed photons, or the maser path
length, such as those brought on by large scale motions, are plausible reasons of vari-
ability (Caswell et al. 2010). Maser brightness monitoring programmes can reveal the
types of variability in the strength of maser emission. The different types of variabil-
ity observed in masers to date can be classified into stochastic, flaring and periodic
variabilities, which are in most cases embedded in or superimposed on long-term
variability. The flares can also occur periodically (e.g Araya et al. 2010, Goedhart
et al. 2003, Fujisawa et al. 2014, Szymczak et al. 2016, 2011), and stochastically (e.g
MacLeod & Gaylard 1996). Here, we give a brief discussion of the observed variabil-
ity of maser’s intensity of the few maser species found in HMSFRs. The stochastic

variations and flares are discussed first, followed by the periodic variability.

2.9.1 Stochastic variations and flares

Stochastic variability is common in maser variability and sometimes can be embedded

in long-term variability. These are small flux density variations with no clear, simple
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pattern for predicting the next event. The stochastic, flares and long-term variability

have been observed in many masers species.

Long-term 22 GHz Hy O maser monitoring in Orion KL region by (Matveenko et al.
1988), reported flux density of the HyO masers increased by an order of 10° Jy and
then decayed back to the base flux density. The same source was also monitored by
(Omodaka et al. 1999), using the 6m parabolic radio telescope from the Nobeyama
Radio Observatory. The flux density was reported to have increased by an order of

10 Jy in a few weeks and then decreased slowly back to the initial flux density.

The third burst or flare occurred in 2011 (Otto & Gaylard 2012). The flares happened
in 1985, 1998 and 2011. They could be quasi-periodic with a 13 yr period (Hirota
et al. 2014). Orion KL is not the only source to show flaring behaviour in the 22-GHz
H,0O masers. Another illustration is the flare described by Motogi et al. (2011) in the
long-term study of HoO masers using the 11m radio telescope in Hokkaido, University
Tomakomai. Many different kinds of masers towards NGC 63341 flared at the start

of 2015, and some of them are still in that state, according Hunter et al. (2017).

All these maser species were found to be variable with the methanol masers operating
at 6.7 GHz showing strong flares superimposed on the long-term variability. The
flares were observed to have time delays as a function of velocity between 10 and
35 days. The time delays were not observed in the OH masers. The methanol
masers’ time delays were thought to represent the projected physical motion (Sobolev
et al. 2007). Stochastic and flare variabilities in masers can be expected in HMSFRs
regions owing to the nature of the environment, e.g. high energy and constantly
changing (Hull & Zhang 2019). Caswell, Vaile & Ellingsen (1995) were the first to
identify variability in class II methanol masers. As a result, we can discover more
about the environment surrounding stars as they develop by analysing long-term flux

fluctuations of the 6.7 GHz methanol maser.
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2.9.2 Periodic variation

The source G9.62-+0.20E, which displayed simultaneous flares at 6.7, 12.2, and 107
GHz, was the first known periodic maser, according to (Goedhart et al. 2003). Seven
more HMSFRs were found to have periodic 6.7 GHz CH3 OH masers by Goedhart
et al. (2014a) during the 10-year monitoring programme. These masers’ durations
were discovered to span from 132.8 to 668 days. The detection of periodic variable
masers currently stands at about 26 as reported by Seidu (2020) and are listed in
Table 2.4. Their periods vary in length from 29.5 to 668 days (Proven-Adzri et al.
2019). Four years of intensive monitoring by Goedhart et al. (2004) revealed various

sources that showed periodic or quasi-periodic fluctuations.

An extensive study of 54 sources spanning a considerable amount of time revealed a
variety of 6.7 GHz behaviours, comprising six objects with periodic flares at intervals
ranging from 132 to 520 days (Goedhart et al. 2004). It is still unclear how the
regular variations seen in these masers mirror modifications to the centre massive

YSO or its environs.

The 4.8-GHz H,CO maser associated with G37.55-+0.20 was monitored together with
the 6.7 GHz CH30H by Araya et al. (2010). Both were reported to show quasi-
periodic flares with a 237 day period. G37.55+0.20 is amongst the sample of 16
sources which are known to have periodic methanol masers in HMSFRs. It was
argued that the origin of the flares is unlikely to be close to either 4.8 GHz H,CO or
6.7 GHz CH30H as their flares occur almost at the same time. It was argued that
the origin of the flares is unlikely to be close to either 4.8 GHz H,CO or 6.7 GHz

CH3OH as their flares occur almost at the same time (Araya et al. 2010).

The 22 GHz H50 masers in G107.298+4-5.639 were monitored together with the 6.7
GHz CH30H masers by Szymczak et al. (2016). The periodic 6.7 GHz CH3;0H
masers in G107.298+5.639 were first discovered by Fujisawa et al. (2014). It was
found from the long-term monitoring programme by Szymczak et al. (2016) that

the HyO masers also show periodic variability which was anti-correlated to the 6.7
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Table 2.4: Periods Of Periodic Methanol Masers. This table was taken from Table
A.3 in Olech et al. (2020). References to individual sources can be found in Olech
et al. (2020) and Proven-Adzri et al. (2019).

Source Period Distances Luminosity References
(Galactic Name) (Days) (kpc) (L x 10*) Period
G09.621+0.196 244 5.2+0.6 270£132 1
(G12.681-0.182 307 2.4+0.17 5.2+1.3 2
(G12.889+0.489 295 23+ 0.13 215+ 44 3
(G14.23-0.005 239 20£0.14 0.5+ 0.1 7
G22.357+0.066 179.2 43+ 14 8.4+ 2.9 4
(G24.14-0.01 182.0 13.5£ 0.3 25+ 5 10
G25.411+0.105 245 9.0+ 0.3 18.7+5.6 8
(G30.40-0.29 2220 72+£0.7 5.9+ 1.5 10
(G33.64-0.22 540.0 7.6 1.0 144+ 1.9 10
G36.70-+0.09 53.0 10.0£ 04 10.8% 2.7 10
G37.550+0.200 237 49+ 0.5 319+ 4.8 5
G45.473+0.134 195.7 7.8+ 04 56+14.0 8
(G59.63-0.19 149.0 3.5£0.3 6.5+1.6
G73.06+1.800 160 2.4+40.3 1243.0 8
G75.76+0.340 199.8 3.5£0.3 138+33.0 8
G107.298+5.639 344  0.76£0.03  0.39+£0.1 6
(G108.76-0.99 163.0 3.240.2 484+12.0
(G188.946+-0.886 395 2.1£0.27 25+6.0 1
(G196.454-1.677 668  5.3£0.024  132433.0 2
(323.46-0.079 93 - - 10
(G328.237-0.547 220.5 2.840.5 70£17.0 1
(G331.132-0.244 504 5.0+0.5 53+27.0 1
(5338.935-0.062 133 3.240.5 4.0£1.0 1
(G339.622-0.121 201 2.9+0.5 12+3.0 1
(G339.986-0.425 246 5.5+0.4 1243.0 9
(G358.460-0.391 220 2.8+0.7 3.0£0.8 9

GHz CH30H masers. The light curves of the HoO masers were broader than the
CH30H maser light curves. These two species are pumped differently - mid-infrared
photons radiatively pump the 6.7 GHz CH3OH masers (e.g Cragg et al. 2005) and
the 22 GHz Hy0O masers are collisionally pumped (e.g Elitzur et al. 1989). It was
argued by Szymczak et al. (2016) that these (the 6.7 GHz CH30H and 22 GHz H,O
masers) species in G107.298+5.639 can co-exist in a constrained gas density range
of 1 - 4x10%¢m ™3 and at kinetic temperatures from 200 - 250 K. The anti-correlated
periodic variabilities in these two species suggest that the origin of the periodicity is

common, even though they are understood to be pumped by different mechanisms.
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2.9.3 Origin of the Periodic Variability in Methanol Masers

The origin of periodicity in the masers found in HMSFRs is still not confirmed.
However, five mechanisms which make an effort to explain the cause of the periodicity
in masers have been proposed. Three of the five mechanisms use the variation in the
dust grain temperature as the origin of the observed maser brightness variability
(Sugiyama et al. 2017). The variability in dust temperature is caused either by the
spiral rotation of material in the disk (Parfenov & Sobolev 2014, Sobolev et al. 2007),
circumbinary accretion (Araya et al. 2010), or protostellar pulsational instability
(Inayoshi et al. 2013). The remaining two mechanisms argue that the variation in
seed photons is the origin of the maser brightness variability, which is caused by either
the colliding wind binary (CWB) system (Van der Walt 2011, Van Der Walt et al.
2009) or a binary companion eclipsing the UV-radiation from the primary protostar

(Maswanganye et al. 2015).

The Parfenov & Sobolev (2014) mechanism considers a protobinary system and
methanol masers in the accretion disk. A protobinary system has high- and intermediate-
mass YSOs, which form a bow shock as they orbit around the centre of rotation. As
the bow shock rotates around the centre of rotation, a gap is formed. The base of
the rotating bow shock is hot, dense, and luminous, producing a large amount of UV
and optical photons which increase the temperature of the inner accretion disk. The
rotating bow shock affects the gas column density, as it reaches its maximum when
it is along the line of sight with the base of the bow shock. Rotating bow shock also
affects the dust temperature, which is related to the pumping rate. This results in
the variability of the maser brightness. It had been argued by Parfenov & Sobolev
(2014) that different light curves of masers can be explained by the inclination angle,

similar to results shown by Sytov et al. (2009).

It was proposed by Araya et al. (2010) that periodic accretion from a circumbinary
disk gives rise to the observed maser periodicity. In their proposal, materials orig-

inating from the circumbinary disk is periodically accreted onto the YSOs or the
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accretion disk. The periodic accretion heats the dust grains periodically, producing
infrared radiation in the process. The periodic infrared radiation changes induce
periodic variations in the maser’s radiative pumping rate. This will cause variations

in the intensity of the methanol masers.

In the Inayoshi et al. (2013) model, the pulsational instability of HMYSOs is argued
to the source of periodic variability in maser brightness. The instability is assumed to
be due to the high accretion rate, M, < 1073 My yr~!, in high-mass YSOs. The high-
mass YSOs have a He™ ionisation layer. In the k-mechanism, when the He™ ionisation
layer increases, the opacity also increases, which implies the temperature will rise and
the high-mass YSO will expand. The expansion of the high-mass YSO decreases the
temperature, which implies less ionisation of He. This will result in gravitational
contraction. Inayoshi et al. (2013) argued that this process repeats for ~ 10% yr
and the mass accretion rate, M,, is proportional to the period. However, high-mass
YSOs with accretion rate M, < 1073 My yr~! can not produce periodic pulsation even
though they can be unstable. This could explain why periodic masers with periods

of less than ten days have not been observed yet. The variations in temperature of

HMYSOs affects the dust temperature which is related to the pumping.

In the CWB system model, Van der Walt (2011) proposed a protobinary system which
is in an elliptic orbit. The primary YSO is more massive, has a stellar wind and emits
ionising photons, which produce the HII region. The binary companion does not need
to produce ionising photons but has a stellar wind. At periastron, the stellar winds
from the two YSOs collide to produce ionisation pulses, which go through the fully
ionised HII zone devoid of attenuation. As ionisation pulses reach the area of partial
ionization, they are absorbed and raise the level of free-free emission and in turn,
the size of the HII region. This process results in increasing the seed photon flux,
which increases the intensity of the maser projected on the HII region. This will be
exhibited in masers by a rapid ascent to the local optimum, then a decay hereafter,
that behaves exponentially to reach minimal on a local scale. This behavior has been

observed in those methanol masers that are connected to G9.624-0.20E (at both 6.7
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and 12.2 GHz) and G37.55+0.20 (at 6.7 GHz) (Araya et al. 2010).

Maswanganye et al. (2015) suggested that there could be a young eclipsing binary
system in the region, with the high-mass YSO and its bloated companion which does
not emit UV radiation. As the bloated companion eclipses the high-mass YSO, it
blocks the UV radiation emitted in the direction of the line of sight to the maser. This
reduces the ionising photons which are proportional to the seed photon flux. The
variation in the seed photon number affects the stimulating photons, which induces

the changes in the brightness of the maser.

2.9.4 Masers as Evolutionary Probes of MSF

According to Ellingsen et al. (2007), the many types of masers have varied preferences
for the physical conditions in which they thrive and are expected to trace different
evolutionary periods of massive star creation. Taking into account the fact that
various sources emit radiation from a diverse range of maser species or transitions,
there must be a significant degree of evolutionary phase overlap that is detected by
the majority of maser types. Methanol masers operating at 6.7 GHz and water masers
operating at 22 GHz have both been identified as potential tracers of the birth of

massive stars (Menten 1991a, Caswell, Vaile & Ellingsen 1995, Urquhart et al. 2009).

In addition, it has been discovered that both types of masers are present in the very
early phases of a protostar, when the object is still accumulating mass, as well as
prior to the time when it starts to ionize the medium in its surroundings. The above
mentioned masers can frequently be seen at millimeter and centimeter wavelengths
well in advance of the appearance of a UC HII region. OH masers arrive last in a
compacted, presumably infalling, circumnebular shell that was described by Garay
& Lizano (1999). 12.2 GHz Later on during the time when the emerging protostar
is forming a detectable UC HII region, CH3OH masers will begin to emerge. Class I
CH3OH masers are observed offset from strong radio continuous sources (i.e. young

ionizing high-mass stars), and it is possible that they are pumped collisionally (Cragg
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et al. 2005). According to Ellingsen (2006), class I methanol masers can be traced
back to an earlier evolutionary phase. As the UC HII region transforms into a

dispersed HII region, these masers eventually become extinct (Codella et al. 1994).

Phillips et al. (1998) proposes a different explanation for the weak association between
UCHII regions and methanol masers. Instead, they argue that maser emission can be
generated by intermediate-mass non-ionizing stars, which emit enough IR photons to
pump the masing transition but not enough UV photons to generate a UC HII zone.
The lack of evidence for class II methanol masers toward developed stars bolsters
the contention that this maser is only present during the first stages of massive star

formation.

Because none of the masing species (OH, HyO, CH30H) are in the same place,
different writers have suggested that every single one of these masers appears at
various occasions in the life of a massive star (Genzel & Downes 1977). During the
fast accretion phase, when a massive star is just starting to form, H,O masers are
thought to be present. The OH maser appears last in a squeezed circumnebular shell
that appears to be collapsing in on itself, whereas the The formation of the protostar’s
UCHII region occurs after the CH3OH maser has already been detected (Churchwell
2002). The masers go away when the UC HII zone transforms into a more dispersed
HII region (Codella et al. 1994). The maser phenomenon occurs during the initial

phases of the birth of massive stars (Garay & Lizano 1999).
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CHAPTER THREE

METHODOLOGY

This chapter covers the methods used to collect radio data from the 26-m telescope
at HartRAO and the ALMA. The lines software was used to reduce the radio data,
and Python was used to analyze it. The sub-millimeter data was calibrated, CASA-
reduced, and Python-analyzed. The archived IR data was retrieved from IR data
archives and put through a Python analysis. The steps of data gathering, reduction,
and calibration are covered. The methods were chosen because the observations could
penetrate the highly opaque natal environments in which the early massive stars are

born.

3.1 DESCRIPTION OF RADIO TELESCOPES

Radio astronomy is the study of the radio waves released by astronomical objects in
space, according to Burke et al. (2019). Radio-astronomers’ sources of study have
extremely low radio wave intensities because they are so far away. Therefore, it is
highly recommended to use an extremely sensitive system to identify and gather
radio astronomy signals (Pandian et al. 2006). According to Ryle et al. (1959), radio

telescopes can be employed singly or in groups.

The three fundamental components of every radio telescope are an antenna that gath-
ers incident radiation, a receiver that detects this radiation, and a backend system
that analyzes the data (Maswanganye 2018). How the backend system functions is
determined by the observed signal type (Proven-Adzri et al. 2019). Either the signal
is divided into many confined bands, with each narrow band’s power being measured,
or the total power in a broadband or continuous signal is measured, allowing one to

construct the incident radiation’s spectrum (Kooi 2008).
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3.1.1 Single Dish

The most common kind of radio telescope concentrates radiation into the receiver
using a parabolic dish, with or without a secondary reflector. Similar to their op-
tical counterparts, dual reflector radio antenna systems can be of the Gregorian or
Cassegrain type (Proven-Adzri et al. 2019). The various antenna reflectors used in
telescopes are illustrated in Fig. 3.1. The size, effectiveness, and sensitivity of the

antenna and the receiver together determine the system’s overall sensitivity.

Parabolic
reflector dish

Propagation of radio waves y

Parabolic
reflector dN

Propagation of radio waves
>
Prime
Focus

/
FOCUS'

Hyperbolic

“ sub-reﬂectty/// ~
\/ (//
B >
/
5 TN
Propagation of radio wave
(a) Cassegrain (b) Gregorian (c) Prime focus

Figure 3.1: Several configurations of a reflector antenna. Image credit by Hazdra &
Mazanek (n.d.)

3.2 SINGLE DISH OBSERVATION

3.2.1 Receivers

The HartRAO radio telescope has full polarisation receivers at 6.7 and 12.2 GHz
(Maswanganye et al. 2014). These two receivers are circularly polarised which implies
that each receiver has two feeds, which are left- and right-circular polarisations (LCP
and RCP) (MacLeod, Chibueze, Sanna, Paulsen, Houde, van den Heever & Goedhart
2021b). For the 12.2 GHz receiver, the focused radio waves from the secondary
reflector are coupled with the noise diode signal using a coupler (Combrinck 2014).
The 12.2 GHz receiver has two noise diodes, low temperature one at 11.67 and 12.68

K for LCP and RCP respectively, and high temperature one at 62 and 68 K for LCP
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and RCP respectively. The coupled signal is sent into a Low Noise Block (LNB)
converter. The LNB converter amplifies the signal and down converts the radio-
frequency (RF) to an intermediate-frequency (IF), which is important in reducing
the attenuation during the transmission of the signal through a coaxial cable. Table
3.1 lists some of the fundamental structural elements of the 26m HartRAO radio

telescope.

Table 3.1: Fundamental details about the HartRAO 26-m telescope.
Credit:www.hartrao.ac.za

Owner and operating agency HartRAO

Year of construction 1961

Radio telescope mount Offset equatorial
Diameter 25.9

Focal length f 10.886 m
Focal Ratio (f/D) 0.424
Surface Tolerance 0.50-mm rms
Wavelength Limit 1.3-cm

Feed System Cassegrain
Pointing Resolution 0.001°
Repeatability 0.004°

Slew Rate on each axis 0.5 °s ¢

At the 26m HartRAO radio telescope back-ends is the radiometer which has a square-
law detector. This squares the voltage input, V;, , that bears a direct relationship
to the measured noise power per bandwidth (A v) of the telescope P, o V2 . The
spectrometer back-end divides the passband into N narrow frequency ranges with a
width of Jv(< v/N) and measures the power in each channel (Condon & Ransom

2016). The 26-m telescope at HartRAO has a spectrometer with 1024 channels.

6.7 GHz receiver has a cryogenic refrigerator Low Noise Amplifier (LNA), instead
of an LNB, which minimises the noise contribution. It has only one noise diode,
unlike the 12.2 GHz receiver. The LCP and RCP temperatures of the noise diode
at 6.7 GHz for this receiver are 14.2 and 21.0 K, respectively. The radiometer and
spectrometer are employed for the calibration and spectroscopic observations at 6.7
and 12.2 GHz, respectively. The radiometer, equipped with a square-law detector,

or the spectrometer in the HartRAO control room send their data to the control
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computer, where it is captured by the observing software.

3.3 HartRAO 26 m TELESCOPE INSTRUMENTATION AND SIG-
NAL PROCESSING

Fig. 3.3 depicts the 26 m single-dish. The 25.908-m Cassegrain design used in
the 26-m HartRAO radio telescope was created by Blaw Knox in 1961 (Combrinck
2014). 25 53 '14.4 "(25.887 °C ) South and 27 41 '05.2 ”(27.685 °C ) East are the
coordinates for the telescope. Table 3.1 lists the fundamental characteristics of the
26-m telescope, and Fig. 3.2 illustrates the telescope’s maximum elevation. Appendix
7?7 provides information on the fundamentals of a single dish radio telescope, such as

the HartRAO.
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Figure 3.2 Elevation of HartRAO 26-m  telescope. Credit:
http://www.hartrao.ac.za/hh26m factsfile.html
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Figure 3.3: Image of HartRAO radio telescope dish. Image credit: http://
www.hartro.ac.za/gallery /index.html

3.4 THE HartRAO OBSERVATIONS

3.4.1 The Drift Scan

The drift scans used to randomly collect the calibration data were performed once
every three days, on average, while the telescope was available. This technique
involves positioning the telescope in front of the source’s path as shown in Fig. 3.3,
in order to have the source cross the line of sight of the telescope. There was one
nominal drift scan over the beam centre and two additional scans via the north and
south half-power points. The amplitude was calculated from each of the three drift
scans using a polynomial regression of the second order to the source peak in each
of the three drift scans, as illustrated in Fig. 3.4. Each scan’s amplitude can be
described by a Gaussian function profile, Py = P,exp(—In(2)(60/b)?), in order to

calculate the pointing error. These three scans can be mathematically defined as:

Py =Teap(~n(2)( L)) (3.1)
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Figure 3.4: A second-order polynomial fit to the peak of the source.

00 +b

P, = Teap(~In(2)(“5—)?) (3.2)

and

00 +0b

Py = T eap(—In(2)(“= =) (33)

The subscripts n, s and on represents North South and on source half-power points
scans. The true antenna temperature T must be obtained from the drift scans in
Equations 3.1, 3.2 and 3.3 respectively. The offset between the source and the beam’s
center is 06, and the beamwidth at the half power point is b. Equations The point
source sensitivity (PSS) was computed using the corrected antenna temperature (T).
One Jansky (Jy) of flux density produces a certain number of Kelvins of antenna tem-
perature for each polarisation, according to the definition of PSS. PSS is calculated

using equation 3.4

S
2K, Ty

PSS = (3.4)

where K is the source correction factor (K = 1) for a point source, T4 is the true
peak antenna temperature of a radio source and S is the observed flux from a radio
source. Three sources, 3C123, Hydra A, and Virgo A, were used to calibrate the

telescope’s 4.5-cm (6668-MHz) receiver. Using Virgo A as the calibrator, it was
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unable to accurately determine the telescope’s point source sensitivity at 6668 MHz
as a point source in the beam. Therefore, the point source sensitivity was calculated
using 3C123 and Hydra A. Virgo A was chosen to determine if there is any variation
in the sensitivity to a point source. because of its high signal to noise ratio and the
fact that it is the brightest of the three sources. The flux densities of these sources

were reported by Ott et al. (1994).

3.4.2 The 26-m HartRAQO Telescope Calibration

The observations were made using the cryogenically cooled 4.5 cm full polarization
receiver, which allowed for LCP and RCP operation. The masers were monitored
with a velocity resolution of 0.044 km s~! once every week or once every two weeks.
However, when the maser was discovered to rapidly flaring, the amount of time spent
observing was increased to multiple times each day or multiple times every obser-
vation. Error propagation was used to determine the level of uncertainty associated

with the final PSS result (Taylor 1997). The uncertainty is given by:

A(PSS) = £ \/IA(PS Sy )2 + [A(PS S (3.5)

where A(PSS),q) is the standard deviation for the Hydra A PSS and A(PSSsy) is

the standard error of the mean of 3C123 PSS value.

Five pointing offset observations on G188.95+0.89 in spectral line mode were con-
ducted before the frequency switched observations, as shown in Fig. 3.5. At 6.7
GHz, the pointing checks were performed within 3 arcmins. By fitting the peak’s top
with a second-order polynomial, as illustrated in Fig. 3.6, the pointing errors of the

strongest maser peak located between10.5 km s™! and 10.9 km s™! were determined.

3.4.2.1 Pointing Offset Correction

The pointing accuracy of a radio telescope can be affected by factors such as deforma-

tion of the primary reflector due to gravity and thermal expansion of the primary and
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Figure 3.5: The G188.95+0.89 maser source was the target of a pointing observation.
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secondary telescope reflectors. The deformation of the primary reflector of a radio
telescope due to gravity can be minimised by conducting the observations near zenith,
e.g. ~ 2 hours near zenith. However, some radio sources are off zenith. The pointing
offset should be the same for both polarisations. To improve the signal-to-noise ra-
tio, the polarisations were averaged together. When calculating the unpolarised flux

density of the source, the two polarisations were added, after correcting for the gain.

In order to determine the pointing correction factor, four additional observations to
the on-source observation were conducted to the north, south, east and west at the
half power beamwidth levels. The top half of the telescope main beam cross-section
can be approximated by a Gaussian profile, which implies that the five antenna
temperatures from the five pointing observations, (i) on-source, T9", (ii) north, T%,
(iii) south, T%, (iv) east, T4, and (v) west, TY, can be approximated as shown in

equations: 3.6, 3.7, 3.8, 3.9 and 3.10.

TS = Tyexp( —ln(2)5b—022) ) (3.6)
7 = Taerp( ~n(2)( 2 E0)) (3.7)
73 = Tyeap(~In(2)( 2 E0)) (33)
75 = Tyeap(~In(2)( 2 F0)) (39)
T = Taeap(~In(2)( 25 10)) (3.10)

All the observations, spectroscopic and driftscan, were conducted at hour angle < 3
h. These were done in order to reduce effects such as atmospheric absorption, gain
variation with an hour angle, and dish deformation, which can affect the pointing er-
ror (Maswanganye 2018). By combining north-south T%* and west-east 75" pointing
observations, the on-source peak may be calculated and then utilized to compute the

pointing.
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3.4.2.2 Calibration of a 4.5 cm receiver

The experiment that was performed in the laboratory to calibrate the equipment
utilized liquid nitrogen, a 4.5-cm receiver, a radiometer, and an AIL7009 hot-cold
standard noise generator. Liquid nitrogen was allowed to reach temperature equilib-
rium after being left alone for at least an hour. Fig. 3.7 displays a schematic diagram

of the 4.5 cm receiver.
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Figure 3.7: The 6668-MHz (4.5-cm) HartRAO receiver’s schematic diagram. Source:
(Maswanganye & Gaylard 2012).

3.4.3 Calibrating Continuum Drift Scans

Virgo A that it has frequency ranges between 1.408 and 10.550 GHz was used for

calibration in this observation Maswanganye (2017). At frequencies over 5 GHz,
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Virgo A has been suggested as an excellent calibrator due to its consistent flux
density (Baars & Genzel 1977). This indicates that Virgo A exhibits slight variations
as a result of the way it distributes the flux and has an accuracy of roughly 5%,

according to Baars & Genzel (1977).

3.4.3.1 Flux Density Calibration

In radio astronomy, the gain of a radio telescope is typically expressed in terms of
Kelvins per Jansky. (K Jy™!), rather than using the units of effective area and it is
dependent on frequency of the observation (Condon & Ransom 2016). It can also be
calculated from the system equivalent flux density (SEFD). The effective areas for a

fully circularly polarised (left and right) receiver of the telescope are:

ALCP — EKSKBTA»%CP
¢ 2 S,

1 K,KpTEeP
2 S,

and, AX°P = (3.11)

For each polarization, the Virgo A underwent three scans, two of which were drift
scans carried out at half-power beam positions to the north and south of the target
source. A source with a known flux density is observed with a radio telescope to
measure its sensitivity. For each polarization, calibrators are radio sources used to
calculate the PSS. Bright radio sources, point sources, or unresolved sources are ideal
candidates for calibrators since their flux densities remain constant over very long

time periods.

Based on driftscan measurements, PSS values were calculated for the 26m HartRAO
radio telescope. Driftscan is an observing method in which the telescope is left
stationary ahead of the calibrator’s motion across the sky. With time, the calibrator
will move through the field of view of the radio telescope. The noise diode is cycled
on and off prior to bringing the calibrator into the radio telescope’s field of view. The
measured power per unit bandwidth in the square-law detector begins to climb toward
its maximum as the calibrator begins to transit the telescope’s field of vision.When

the calibrator is positioned dead center in the telescope’s beam, the power density
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is maximized. Once the calibrator moves out of the sweet spot in the middle of the
telescope’s beam, the power per unit bandwidth begins to drop. Since we know the
temperature of the noise diode, we can use the square-law detector to measure the

power per unit bandwidth and then convert that to Kelvin.

Due to the detector receiving the sum of the antenna temperature T 4 and the sys-
tem temperature T, s, the baseline of a driftscan measurement is not zero. Each
driftscan’s baseline was adjusted by subtracting a fitted n-order polynomial from the
nulls at the beginning of the scans. For the baseline correction (or flattening), lower
order polynomials were favored because of their little impact on the driftscan peak.
The antenna temperature is located at the peak of the baseline-corrected driftscan
measurement. Equation 3.11 uses the antenna temperature to determine the PSS.
Since the PSS readings can be affected by the telescope’s pointing offset, we also
performed two additional driftscans, one to the north and one to the south, at the

half power locations.

3.4.3.2 6.7 GHz receiver point source sensitivity

The 26m HartRAO radio telescope was calibrated at 6.7 GHz using two calibrators,
Hydra A and 3C123. For both Hydra A and 3C123, the 6.7 GHz driftscan obser-
vations were conducted separately from the 12.2 GHz driftscan observations. Since
VLBI observations take precedence, the observations were performed on a daily basis
whenever the telescope was available. The driftscan peaks were calculated by fitting
a second order polynomial to the upper half of the data. Finding the peak in a
driftscan requires fitting a function to the upper half of the scan, and this function
need not be a polynomial of the second order. It is also possible to find the driftscan’s
peak using Sinc sinc(z) = sin(z)/x and Gaussian functions. The flux densities of
Hydra A and 3C123 at 6.7 GHz were taken from Ott et al. (1994) because they were
assumed to be point sources implying K, = 1. Since the Hydra A and 3C123 PSS
values for each frequency coincide in both polarizations, they are in good agreement

with one another. various receiver components and square-law detectors will result

71



in various gains, hence the PSS values for the LCP and RCP will be varied.

The PSS values were averaged over the frequency range without any abrupt variations
for each source. The PSS values in Table 3.2 were calculated by averaging the data for
the 3C123 and the Hydra A, column 2 lists the days on which the average PSS values
were determined. Mechanical adjustments in the 26m hartRAO radio telescope, such
as the resetting of four surface panels on the primary reflector on the 2456300 JD
(2013-01-07), are responsible for the step changes visible in the evolution of the PSS
rather than variations in the flux density of the source. Target radio source antenna

temperature is converted to Jy using the PSS parameters.

Table 3.2: Between the Julian dates listed in column 2, the point source sensitivity
values average out.

Frequency  Julian Date (JD) PSS

Start-End LCP RCP
1 2 3 4
GHz Jy Kt JyK!

2455520 - 2455703  5.495 4.447
2455704 - 2455744  6.542 5.012
2455745 - 2455777 6.478 4.920
2455778 - 2456299  5.715 4.445
2456300 - 2458000  5.572 4.467

3.4.3.3 Baseline and Amplitude Correction

A linear function, or in certain situations, a second-order polynomial, was fitted
through the beam’s centre to establish the baseline (Seidu et al. 2022). Each scan’s
peak was thought to have a Gaussian profile. A beam of Gaussian shape with a width
equal to the telescope beam’s half power was fitted to each scan’s peak in the North-
South direction. Gaussian fitting was used to determine the pointing offsets between
the source and the telescope beam’s centre (Maswanganye 2017). The corrected
antenna temperature is determined by multiplying the pointing correction factor by

the drift scan antenna temperature, as shown in Fig. Fig. 3.8
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Figure 3.8: The peak amplitude of the continuum source was corrected by a factor of
1.05 due to pointing. The red dots show the measured temperatures of the antennas
at the four cardinal directions. After applying the pointing correction factor, the
resulting value is the amplitude.

3.4.4 Frequency to Velocity Conversion

In radio astronomy, frequency is transformed into V., for the spectrum units. sur-
roundings. By converting frequencies to velocities, we can account for the Doppler
shift caused by the Earth’s orbit around the Moon, the Sun’s orbit around the Earth,
and the Sun’s orbit around the local standard of rest (V). The relationship be-
tween the Line Rest Frequency (LRF) and speed of light in vacuum (c) determines
the frequency shift brought on by velocity along line of sight. In our study, we used
one Line Rest Frequency with a 6.668-GHz LRF and a Doppler conversion factor of
22226.7 Hz/km ~!. By multiplying bandwidth by Doppler shift conversion factor,
one can determine velocity range (measured in km s™!) that the receiver can detect.
For the 6.7 GHz receiver, our spectroscopic observations had a spectral resolution of

0.044 km s~ 1.
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3.4.5 Bandpass Correction

Due to unstable system noise and poor antenna response, the bandpass of the entire
power spectrum is not flat (Seidu 2020). A baseline correction must be done so as to
eliminate any of such variations. In a single-dish observation, the bandpass correction

can be performed using any of the spectral line techniques listed below:

1. Position switching: By using this method, a target can be seen both "on-
source" and after the telescope has been relocated to a different part of the
sky, where the two signals can be compared. Both the on and off-source times
are the same. On-source and off-source positions both require about the same
amount of time to reach. This observation method simply compensates for
baseline effects since atmospheric influences are ignored and the best spectral

baselines are acquired (Maswanganye & Gaylard 2012).

2. Frequency switching: The line spectrum is moved to the left (positive fea-
tures) and right (negative features) sides of the spectral bandpass when the
LO is switched during frequency switching observations. The signal-to-noise
ratio is enhanced by adding the spectra of the two lines detected to the left
and right of the bandpass (Maswanganye & Gaylard 2012). The frequency
switching technique reduces systemic offsets and corrects frequency-dependent
effects. The method is applied to sources whose angular diameters are less than
the telescope’s beam size. According to(Matthews et al. 2004), it is useful for

both viewing narrow lines and differentiating spectral lines.

The frequency-switching method was used in the present investigation to examine
the methanol masers operating at 6.7 GHz. The maser spectra acquired by the
frequency switching observation are displayed in Fig. 3.9. A spike-like structure was
visible in the bandpass’s core from the figure. This might be a spectrometer effect.
Before doing any additional data processing, that channel was removed. Appendix
A.1.2 elaborates on single-dish observing methods in more depth. Total power is

calculated by adding the left hand (P.s:) and right hand (P;,n:) spectra as shown
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Figure 3.9: Spectra of each polarisation for the frequency switched pair of the maser.

in equation 3.12

]Dleft - Pm’ghtT

Total Power = Sys (3.12)

Pright
Due to the units of Ty, in equation 3.12, the total power of the spectrum derived
from the difference of the left and right shifted spectra will be expressed in Kelvin as
illustrated in Fig. 3.9. When an nth order polynomial is fitted to the non-emitting
parts of the total power spectrum, the spectrum becomes flat. Baseline correction
with low order polynomials is favored since they have a smaller impact on the peaks
of the spectra. The flux density, expressed in Jy, is calculated by multiplying the

total power by the power-to-size scale (PSS).

3.5 RADIO DATA REDUCTION PROCESSES

For HartRAO spectral line data, each integration were stored as a separate FITS
file. This particular sequence of observations consists of quick pointing checks to the

half-power cardinal points and the centre position, and a pair of frequency-switched
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full-length scans on the central position. LCP and RCP are used to record data in
dual polarization. The polarized spectra with similar velocities were added together.
After that, the baselines are linearly fitted to account for any remaining variations.
In our methanol maser source, the pointing error was calculated and adjusted. Two
frequency-switched full-length scans on the central position are interspersed between
rapid pointing checks to the half-power cardinal points and the central location. As
the telescope is pointed away from the zenith, the gravitational pull of the earth may
also be to blame. Large pointing values were rejected or regarded as unreliable data.
The spectra with large pointing errors (> 1.3) were considered as bad data, and they

were not included in the data set.

The on-source spectroscopic observation was reduced using similar steps to those used
for the on-source pointing observations, but the polarisations were not averaged. The
spectra were then multiplied by the PSS to convert them into Jy. The observations
which had high system temperatures, > 90K, were considered to be bad data, as
this could be due to bad weather, such as rain, or malfunctioning of some receiver
component (Maswanganye 2018). Lines software and python were used for data
reduction. A Gaussian was fitted to these measurements and the pointing offset
figured out, on how much the amplitude of the on-source observation has been reduced

by. Correction was then applied to the subsequent spectra.

3.6 MASER SLECTION

The chosen source was (G188.95+4-0.89, which is one of the sources Caswell, Vaile &
Ellingsen (1995) and Van Der Walt et al. (1996) listed as variable. From 1996 to
2004, G188.95+0.89 had been routinely observed by Goedhart et al. (2003), and its
observation is still ongoing. Class Il CH30OH) masers are associated with the HMSFR
(G188.95+0.89, which is also known as S 252 or AFGL 5180, and demonstrated being
dependable indicators of the first stages of HMSF by (Menten 1991a, Caswell, Vaile &
Ellingsen 1995, Caswell 1996, Mutie et al. 2021). The parallax distance of the source
is 1.76+ 0.11 kpc, according to (Reid et al. 2009, Oh et al. 2010). Menten (1991a)
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first identified the 6.7 GHz CH30H masers of this source, and Goedhart et al. (2004),
Goedhart et al. (2014b) ) reported periodicity of the source 7 =395+8d. Table 3.3

shows some parameters of the source of study.

Table 3.3: G188.95+0.89 source linked with class II methanol masers.

Source Name(l,b) G188.95+0.89
Equatorial Coordinates
RA(h m s) 06 08 53.30
Dec (°"") +21.38.30.0
Frequency (GHz) 6.7
Velocity range (km s™1)
V=15
Vy=13.0
Monitoring Window
Start (MJD) 52,820
End(MJD) 59,130
Number of Epochs 720

3.7 RADIO INTERFEROMETRIC OBSERVATIONS

In this section, in-depth explanations of fundamentals of radio astronomy interfer-
ometry is given, starting with a two-element interferometer, then followed by inter-

ferometric data collection and calibration techniques.

3.7.1 Interferometer Basics

The term "Interferometry" refers to the combining of signals from two or more radio
telescopes to provide data that has the single-dish resolution, having a diameter that
is proportional to the largest possible separation between the smaller dishes in the

interferometer system, i.e;

A
0=122— 3.13
- (313
where is the observation’s wavelength. For instance, a telescope of ~16 cm would
be needed in order to accomplish a certain angular resolution of 1 arcsec at an optical
wave length of 750 nm. A radio dish of about ~15 km would be required to get the

same level of resolution at a radio frequency of 5 GHz, which is not practical to build.
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Therefore, the Rayleigh criterion (equation 3.13) indicates that a wider aperture is

required to increase a radio telescope’s resolving power, or to resolve smaller sources.

3.7.2 The Two Element Interferometer

These are two antennas, spaced apart by vector baseline b whereby radiation arrives
from It was assumed that direction s would be the same for same for both (far-field)
antennas. A system with two dishes separated along vector B is shown in Fig. 3.10.
Consequently, the wave-front propagation delay (T) is expressed as;

B B sind
¢

T (3.14)

Telescope 1 Telescope 2

1]

\T‘ Correlator

Figure 3.10: Illustration of a basic two-dish interferometer. The distance between
telescopes 1 and 2 is B, the incoming signal has an angle of 6, and the time delay
before reaching telescope 1 is T.

A two-dish interferometer with a simple schematic is shown in Figure 3.10. The
distance between telescopes 1 and 2 is B, the incoming signal enters at an angle 6, and
telescope 1 receives the signal with a time delay of T. In a two-element interferometer,
the time delay (T) between the two antennas is determined by the baseline (B) and

the angle (6), the distance between the baseline and the source wave-front (b) Avison
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(2011). A two-element interferometer’s time delay can be depicted as demonstrated
in Fig. 3.10. When the baseline B is equal to 2 kilometers and the angle of the
incidence wave front is equal to zero degrees, the time delay, denoted by T, caused
by an overhead source is zero. When 6 is equal to 30 degrees, T is equal to ~ 3.3 us;
however, when T is measured at a greater baseline distance of 20 km, it is equal to

~ 33 ps, which is a factor of 10 greater than the initial value.

It is envisaged that the combined output of these several interferometer antennas will
be a final signal. To do this, each signal’s voltage output is sent into a correlator,
which multiplies the voltages while taking into account temporal delays, and then
averages the signal over time to provide the desired output (Avison 2011). The
baselines in the interferometer array are connected to the correlator output voltage
(R) as a sinusoidal output;

T = (7) cos(wT) (3.15)

where T is the received wavefront time delay, V is the voltage, and w is the wave-
front phase difference between the antennas. According to Ekers (2003), fringes are
sinusoids with amplitude and phase that show wavefront interference. According
to Rayleigh’s traditional interpretation of the radiation law, the black-body tem-
perature, also known as the brightness temperature, or Tp, of thermal emission is
proportional to the radio brightness, also known as the flux density per unit solid

angle, or B. This is the case (for (for hv << kTpg) ) (Christiansen & Hégbom 1987).

The radio brightness (B) of a source is its optimal intensity per unit solid angle.
Equation3.16, Rayleigh’s traditional formulation of the radiation law, connects it to
the brightness temperature (Tg) and emission from a black body. The form of the

antenna’s reception pattern, P (I, m), or "beam," as well as A max, the antenna’s

maximum effective area, are what determine an antenna’s effective area, A(l, m),

where 1, m are directional cosines as given by Christiansen & Hégbom (1987):
A(l,m) = A P(L,m) (3.16)
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Extending a two-element interferometer’s description to include extra elements in-

creases the complexity of the correlation function.

3.7.3 Radio Interferometric Imaging

In interferometry, images of the target source are produced from visibility data using
Fourier analysis. The images offer in-depth information that is impossible to obtain
with a single-dish telescope alone. Instead of sampling in the image domain (1,m),
Fourier domain (u, v) sampling is used by the interferometers. Sampling in Fourier
space was done predict the distribution of sky brightness based on observations (1°*

(1,m)) derived from the observed visibilities (V°* (u,v)) (Seidu 2020). A 2-D Fourier

transform of Vo (u,v) is I°** (Im). A definition of the complicated visibility is as:
VObS('LL, ’U) _ /ISky(l, m)efQﬂi(ulJrvm) (317)

The uv-plane and observed complex visibility are converted into the sky brightness
using the Fourier Transform. Equation 3.17 can be used to gauge sky brightness.
By producing a dirty image (I”), it is possible to determine I**¥ (1,m) from the
calibration. According to the Van Cittert-Zernike Theorem (Thompson et al. 2017,
Zernike 1938), an image can be created by summing the cosine fringes in the Fourier

sampling space. What follows is the imaging equation:

IP(1,m) = 1755 (1,m) I°*¥(1,m) (3.18)

In order to properly account for the I**¥ (1, m), it is necessary to estimate the visibility
function (S(u, v), Vo (u,v)) in the regions of the uv-plane that have not been sampled

(Seidu 2020).

The synthesized beam is produced by performing a Fourier Transform on the uv
coverage. The flux density measurements need correct deconvolution (subtraction) of

the instrument response, also referred to as the synthesized beam. The deconvolution
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step is a reconstruction of the picture to produce the I**¥, whereas the imaging step

is more of a convolution technique, as seen in Fig. 3.11. Deconvolution can be

Image of the PSF & [SKY K
observed ® [
sky ([DbS)
Imaging (Convolution) Deconvolution (Reconstruction)
1908 (1. m) = 1PSF (1,m) X 1% (1;m) XY (1,m) = 198 (1,m)
PSF (Lm)

Figure 3.11: A graphical illustration of Deconvolution principle.

accomplished by the use of CLEAN algorithms in some situations. There are quite a
few different CLEAN algorithms; nevertheless, for the purpose of this work, we shall
present on the tCLEAN algorithm as stated by Garsden et al. (2015). An example of
the image made using the tCLEAN algorithm is shown in Fig. 3.12. A 2D Gaussian

fitting will give the integrated and peak flux as well as the the position angle.

3.8 BASELINES AND U-V COVERAGE

S (u, v) is the sampling function of the sky, and this is the uv coverage. As the radio
telescopes follow the projected lm-plane target source across the sky, they create the
uv-plane uv-tracks. Improvements to the sample function can reduce the number of
holes in the uv coverage, but this is not a guarantee. As more radio telescopes are
added to the interferometer and as more scans are performed on the target source, the
sampling function will improve. Both of these methods for boosting uv coverage have
their drawbacks, though. The first restriction is that the uv-plane is filled by rotation
synthesis, so increasing the time spent monitoring the radio source won’t increase the

uv coverage if the track is completed from horizon to horizon (Maswanganye 2018).
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Figure 3.12: Imaging of the continuum

The second restriction is that the distance between the radio telescope and the target
cannot be greater than the radio telescope’s diameter. By cross-correlating voltages
at the correlator, interference patterns are created when two or more telescopes are
used together. Spatial coherence, also known as complex visibilities according to
Seidu (2020), is the phenomenon in which voltages in distinct locations are correlated
with one another. The visibilities comprise of both amplitude and phase and finer

detais about u-v coverage are found in appendix A.2.1.

3.9 SUB-MILLIMETER INSTRUMENTATION

This thesis makes use of interferometric data obtained from the ALMA archives.
The images were recreated at a better resolution that is not achievable using a single

dish. The ALMA is a single, ground-breaking telescope that operates at wavelengths
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between 0.32mm and 3.6 mm and is originally made up of 66 high-precision antennas.
Its primary 12-metre array is made up of fifty antennas that work together as an
interferometer or one telescope (Dent 2016). In order to examine light and signals

from the universe’s coldest objects, ALMA array was formed (Zainol 2021).

The Atacama Desert in Chile, with its dry climate and highest elevation of 5000
metres (16,500 feet), offers ALMA the ideal circumstances for detecting extremely
weak signals from space. The ALMA array is depicted in Fig. 3.13, and The ALMA
Telescope’s primary features are summarized in Table 3.4. Its numerous radio dishes’
surfaces are nearly flawless, with none deviating from an accurate parabola by more
than 20 micrometres (approximately 0.00078 inches or 20 millionths of a metre). This
prevents any incoming radio waves from being lost, allowing the final image to catch

as much far-off cosmic light as possible.

The ultra-stable Carbon Fibre Reinforced Plastic (CFRP) reflector foundation and
nickel panels with rhodium coating are used to create the radio dishes, which weigh
roughly 100 tonnes apiece (Dent 2016). As an interferometer, ALMA combines the
signals from its array of antennas, functioning as a single, enormous telescope the
size of the entire array (Dent 2016). More details of the ALMA submillimeter More
details of the ALMA submillimeter instrumentation, processing of radio signals with
the ALMA and the frequency bands of ALMA receivers are found in appendices
A.2.2, A.2.3 and A.2.4 respectively.

3.9.1 Submillimeter Observations

The ALMA data used in this thesis was extracted from: ADS/JAO.ALMA 2015.101454.S.
after getting permission from the Principal Investigator (PI). Band 7 data that was
extracted from ADS/JAO.ALMA 2017.1.00178.S. The observations of band 7 were
done on 2017-12-02 and the archival data was released for use on 2019 -05-31. The
band 7 data was observed at a wavelength of 0.93mm. Only continuum information

was extracted from band 7 data hence discussion will major on band 6 data. The

83



Figure 3.13: ALMA array. Credit:ALMA (ESO/NAOJ/NRAO)

Table 3.4: Basic specifications for the ALMA Telescope

Parameter Quantity

Number of antennas 66

Dish sizes Fifty-four 12 meter and twelve 7 meter

Antenna weight 100 tons

Total collecting area of array 71,000 square feet or 6600 square meter

Number of anetnna pads 192

Receiver frequencies From 31 GHz to 950 GHz

Resolution 0.2 arcseconds to 0.004 arcseconds

Reconfigurable array Minimum of 150 m, maximum of 16 km

Partners United States, Chile, Japan, Europe
Taiwan and Canada

Average annual rainfall 2.3in or H58mm

Average daily temperature at site 34° For 1.1 ° C

Elevation 16,500 ft or 5000 m

observations of G188.95+0.89 were made with ALMA band 6 at 1.3 mm utilising two
separate setups. According to Table 3.5, the Cycle 3 observations with 42 and 38

antennas, respectively, were carried out on various days. The anticipated baselines
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ranged from 15 to 2600 m, and 31 minutes was the entire amount of time spent on
the source. The two sets of data, Xca4 and Xf9b each included a brief examination
of the bandpass calibrator as well as the flux scale calibrator, followed by a series
of interleaved scans on a phase reference source and a number of targets within 15
degrees. Nine spectral windows (spws) were covered by the ALMA correlator. Using
tasks from the CASA, the raw visibility data were calibrated using the conventional
reduction script applied to the cycle-3 data. Version 4.7.2 of CASA, was used to

manually calibrated the telescope data.

The sources J0510-1800 and JO750 - 1231 were put to use for in the bandpass cali-
bration and the flux calibration. Eight spectral windows (SPWs) and their respec-
tive frequency ranges used in our study are; 216.643GHz, 217.104GHz, 218.760GHz,
218.440GHz, 219.560GHz, 230.538GHz, 231.900GHz and 234.000GHz respectively.
The detected phase center of G188.95+0.89 in our study was R.A. (J2000.0) 06:08:53.300
and Dec. (J2000.0) +21.38.30.000. The spectral resolutions of the spectral windows
was 15625KHz, 488 kHz, 488 kHz,122 kHz,122 kHz, 488 kHz and 488 kHz matching
to resolutions of velocity of 20.3, 0.67, 0.17 and 0.67 km s~!. The correlator was ad-
justed to span a wide range of spectral lines, with a focus on the CHsOH (4(2y—3(1)),
SiO (J=2-1),2CO (J=2—1) and C*®O (J = 2 — 1) rotational transitions.

Data from the science targets were extracted following calibration, and a pseudo-
continuum dataset was created using line-free channels. For the continuum subtrac-
tion, a small number of line-free regions of the spectra were selected. The entire
calibration process, including imaging the data cubes and self-calibrating to elimi-
nate lingering phase and flux calibration inaccuracies, was carried out using CASA.
A slightly larger synthesized beam of 42 mas x 42 mas with a position angle of 175°
was produced by imaging the line data with a robust weighting of 0.5. After imaging,

python scripts were used for the majority of the remaining analyses.
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Table 3.5: ALMA Observational Parameters.

Parameter ALMA 1.3mm
Observing date (UT) 2016-04-23
2016-09-17
Configuration C43-1
C43-5
Phase Centre (J2000):
R.A. 06h08m53.3000
Dec. +21d38m30.00001
Project code 2015.1.01454.8
Time on Source (minute) 19,30
Number of antennas 42,38
FWHP Primary beam (") 23
Baseband Fregs. (GHz) 216.6, 217.1, 218.8, 2184,
219.6, 230.5, 231.9, 234.0
Spectral windows 9
Channel width (MHz, km s~ 0.488,0.635
Total bandwidth (GHz) 3.7
Continuum bandwidth (GHz) 0.39
Proj. baseline range (k) 11.5-2000
Gain calibrator(s) J0603-+21591
Bandpass calibrator J0510+1800,J0750+1231
Flux calibrator JO750-+1231
Synthesised beam d 0.13
Continuum rms noise 2.0 mjy
rms noise (mJy beam ~!) 3

3.9.2 Sub-millimeter Data Calibration and Reduction

Noise, RFI, and the target source all contribute to the amplitudes and phases of the
correlator’s complex visibilities; as a result, data editing and calibration of complex
visibilities are necessary before imaging the target source. Target source complex
visibilities are calibrated using the calibrators. These radio sources are ideally unre-
solved, meaning that they are points, their flux density is relatively constant through-
out the course of the observation, their locations have been precisely determined, and
they are not masked by other sources in the vicinity.Because of this, we know their
genuine, complex levels of visibility. The calibrators are employed to normalize the
flux density and adjust for the target source’s amplitudes and phases. During ob-

servations, the calibrators are used to monitor the sky and radio telescope gain for
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accuracy. In order to minimise Radio Frequency Interference (RFI), the radio data
that the interferometer received was reduced. Before creating an image, data reduc-
tion was done to calibrate the signals from each antenna. In order to post-process
and reduce data from the current generation of radio astronomical telescopes, such as
ALMA and VLA, Common Astronomy Software Applications (CASA) was employed.
The CASA infrastructure is made up of several C++ programmes that are combined
under an iPython interface to perform various data reduction tasks. The procedure

for data reduction includes data analysis, editing, calibration, and imaging.

3.9.3 Calibration

Before calibration was done, SYSCAL table was fixed and time averaging of the
Water Vapor Radiation (WVR) cal table was generated. The major calibration

tasks undertaken were:

(i) setjy — Based on a flux density or model image, computes the model visibilities

for a specific source, and is aware of conventional calibrator sources.

(ii) gencal —Generates a calibration table based on inputs of delay and antenna

location.
(iii) bandpass — Finds complicated gains that vary with frequency (bandpass).
(iv) gaincal — Solves for time-dependent (frequency-independent) complex gains.
(v) fluxscale — Standard calibrators are used to bootstrap the flux density scale.

(vi) applycal — Calibration solutions that have been calculated are used. Bandpass

and gain cal tables were applied.
(vii) plotcal — Plots calibration solutions, with the ability to flag them.

(viii) uvcontsub — complete the task of uv-plane continuum subtraction for spectral-

line data.

(ix) split — For the specified sources, create a fresh (calibrated) MS.
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3.9.3.1 Bandpass calibration

The process of measuring and correcting the gains of frequency-dependent component
is known as bandpass calibration. The goal is to monitor the instrument response
to fluctuation over time and at various frequencies. It is expected that a calibrator’s
bandpass will remain unchanged across the v, frequency channels. For brief obser-
vations, the bandpass calibrator just needs to be seen once in advance because it is
predicted to fluctuate slightly over time. Bright sources with a flat, featureless spec-
trum serve as the calibrators. Target source flux density scaling is another application
for the bandpass calibrator. The ideal bandpass calibrator has high brightness and

is a point source. The bandpass and flux density calibrator is the main calibrator.

Time and the radio telescope’s altitude can cause the sky to shift during the obser-
vation. Changes in the sky are monitored by keeping a close eye on the secondary
calibrator. A secondary calibrator that is both point-like and close to the primary
source is ideal. When it is far away from the source, it may be tracking a different
area of the sky than the target source, which would lead to an incorrect derivation
of the amplitude and phase correction values. The interferometer frequently shifts
focus from the primary calibrator to the secondary source. For bandpass calibration,
J075041231 was employed as the source. Unlike the time-dependent effects handled
by gain types 'G’ and "T", these frequency-dependent effects fluctuate across time-
frames for a longer time. Therefore, using the bandpass task, it makes logical to solve
for them as a single term 'B’. Signal amplitude and phase fluctuations on short time
scales are primarily caused by the atmosphere, but there are similar variations across

the band as a function of frequency predominantly due to instrumental effects.

3.9.3.2 Gain Calibration (gaincal)

The antenna-based gains were calibrated using gaincal as a function of time. Any
multiplicative polarisation- and time-dependent complex gain effect downstream of

the polarizers for a given spectral window is represented by Type G. Gaincal and
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Bandpass algorithms used a model in the measurement set to compare with the
actual data and determine the corrections to be applied per antenna so that the
observed information closely matches the predicted one (model). The model has zero

phase because it is expected that the calibration sources are point-like.

3.9.3.3 Time-dependent Phase/Amplitude Calibration

In our calibration J075041231 was used as a flux calibrator and J0603+2159 as
a phase calibrator. A good phase calibration is key for image fidelity and good
noise level. A good phase calibrator is a relative bright point source at well known
position and need to be close to the scientific target in sky. While the flux standard’s
flux densities were determined, the default models of 1 were used for the bandpass
and phase reference calibrators. Their flux densities were normalized using the task
fluxscale. The gains from the other two sources are multiplied by an estimated factor

based on the corrections for the flux standard, and a scaled table is written.

3.9.3.4 Imaging the complex visibilities

Following the completion of the data editing and calibration processes, the dirty
image I” can be deconvolved in order to locate the true intensity I. This is possible
due to the fact that I D is the convolution of the desired intensity and the point spread
function, as demonstrated by equation 3.18. Deconvolving the dirty intensity can be
done with the help of the CLEAN algorithm (Hégbom 1974). Since Hégbom (1974)
created the original CLEAN algorithm, many variants have been developed. The
Hogbom (Hogbom 1974), Clark (Clark 1980), and Cotton-Schwab (Cornwell et al.
1999), algorithms are all examples of CLEAN algorithms. Since the Hégbom CLEAN
method was the first of its kind, we have decided to simply detail its implementation

here:
1. The peak’s location and intensity can be determined from the dirty image.

2. After multiplying the dirty beam, peak strength, and damping factor or loop

gain 7 (which is < 1), we get the point source.
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3. The dirty image is then corrected by subtracting the source from its peak

location.

4. The intensity accumulation model I is then used to record the location of the

point source.

5. The aforementioned procedures should be repeated until the dirty image reaches

the user-specified threshold peak strength.

6. Finally, an elliptical Gaussian fitted to the central lobe of the dirty beam is
used to construct the CLEAN image by convolving the accumulation model of

the intensity I with the ideal CLEAN beam.

The leftover sidelobes from the dirty image can shed light on things like noise in

the clean image (Cornwell et al. 1999). The radio astronomy interferometry data

reduction software MIRIAD, CASA and AIPS all make use of CLEAN methods.

3.10 INFRARED OBSERVATIONS

Due to the embedded nature of massive young stellar objects, the dust surrounding
them during their formation prevents observations of the earliest stages of develop-
ment at optical wavelengths. Fortunately this same dust re-radiates the energy from
the optical and UV emission at micron scale wavelengths (Tielens 2005) allowing

observation of the regions surrounding the young stellar objects.

The infrared intensity takes the form of a modified blackbody for this dust emission
(Tielens 2005) and as the massive young stellar object heats up, its peak will move
toward shorter wavelengths. Therefore objects dominated by shorter wavelength
infrared emission can be thought of as the more evolved “older” objects compared with
those with spectral energy distributions dominated by longer wavelength emission.
This is a key observing feature of both high and low-mass stars and is well represented

in the low-mass star classification of Lada (1999) as shown in Fig. 3.14.

Infrared (IR) images of the regions surrounding the G188.95+0.89 methanol maser
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Figure 3.14: The classification system used to define the stages of low mass proto-
stellar evolution from observable infrared characterisitcs (Lada 1999).

sites are presented. The purpose of imaging is to find out whether any IR sources can
be associated with the methanol masers, as well as to see if there is anything unusual
about the region in which the masers are being produced. Another reason of imaging
is to investigate shocked gas in the massive star forming regions. The relationship
of the methanol masers to IR objects, other maser species and H11 regions was

examined.

3.11 INFRARED INSTRUMENTATION

Several Galactic plane scans, ranging from near-IR to radio, have detected G188.95-+0.89.

A multi-wavelength image mosaics has been to investigate the environment around
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the maser source. Between the I-front and the PDR, we can easily pinpoint the emis-
sion related to the transition of polycyclic aromatic hydrocarbon (PAH) molecules
as sytated by Povich et al. (2007). The main goals of the GLIMPSE survey were to
further knowledge of star formation, interstellar dust physics, and the Milky Way’s
large-scale structure as revealed by stars (Churchwell et al. 2009). A combination of
archival MIR, FIR, and milliimeter data was used to create a multiwavelength image

of each location in the source.

3.11.1 Near Infrared Image Archives

The photometric data (J, H, and K) and near-infrared (NIR) images were obtained
from 2MASS (Cutri et al. 2003). Near-infrared observations have several significant
advantages over a wide range of observational methods, from X-ray to radio wave-
lengths. For instance, compared to those in the optical and numerous atmospheric
windows, they are significantly less affected by interstellar extinction. Infra-red emis-
sion is useful since it pinpoints the locations of significant SFR features. Using the
2MASS photometric data, the SFR was examined for probable protostars and T
Tauri stars, also referred to as class I and class II objects (Urquhart et al. 2004).
The photometric precision of the 2MASS data is between 1 and 2 percent, and its
positional accuracy is greater than 1”. According to Cutri et al. (2003), the limiting
magnitudes for J, H, and K are 15.8, 15.1 and 14.3, respectively. In order to concen-
trate on star formation in the AFGL 5180, we collected photometric data on sources
from the 2MASS catalogue that were situated within a 60 ” radius of the location of
the 06058+2138 IRAS point source. Any 2MASS sources found to have an SNR of
less than 10 in any of the three frequency bands were ignored, as per Urquhart et al.

(2004).

3.11.2 Mid- and Far-infrared Image Archives

The mid-infrared (MIR) image mosaics were acquired from the Midcourse Space Ex-

periment (MSX) data repository Price et al. (2001), while the far-infrared (FIR)
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images came from the InfraRed Astronomical Satellite (IRAS) data archives, accord-
ing to Beichman et al. (1988). The MSX broad-band mid-IR images are used to
investigate the nature of star formation within AFGL 5180 and the massive star de-
velopment nearby. The Spitzer’s Infrared Array Camera (IRAC), which has a high
MIR resolution and sensitivity, supplied this information. This survey used Spitzer
IRAC’s four bands, which have bandwidths of 0.75, 1.0, 1.4, and 2.9 x m and are
centred at 3.6, 4.5, 5.8, and 8.0 u m (Fazio et al. 2004).

Using the KARMA 2 program, the mid-IR flux values were approximated from the
MSX images by estimating the flux in both the source and the background. By calcu-
lating the mean flux in boxes at various locations around the mm source, background
residual flux was calculated. This method enables the removal of background noise
as well as emission from local objects and extended regions as stated by Minier et al.

(2005).

FIR observations between 70 and 500 m pum were obtained using the Photodetector
Array Camera and Spectrometer (PACS), which were then used to examine the gas,
the dust, and the imbedded points sources (Poglitsch et al. 2010). The Spectral and
Photometric Imaging Receiver (SPIRE) on the European Space Agency’s (ESA) far
infrared and submillimeter observatory was also used to analyse gas and dust (Griffin
et al. 2010). Source photometry (both point and extended) was obtained from the
NASA /IPAC Infrared Science Archive (cited as (Berriman 2008). Hot cavities of dust
left behind by HII regions were analyzed in the mid-infrared range (22 pm), while
dust heated by YSOs can be traced in the far-infrared (70 pm) at the locations of
young, cool protostellar objects (Azatyan et al. 2022). The locations with the hottest

cavities are the ones best suited for star formation.
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CHAPTER FOUR

RESULTS AND DISCUSSION

Three major sections make up this chapter. The findings of the single dish radio
CH30H maser monitoring at 6.7 GHz for G188.95+0.89 are shown in the first part
(4.1). Analysis was done on the variations of prominent maser characteristics. A
description of the spectra and time series analysis was provided. The second part
presents the interferometry imaging results of the 1.3 mm observations. Radio con-
tinuum emission results are presented in sections 4.4.2. The third part deals with
the results of infrared archived data of the source G188.95+0.89 in which they are
presented in Section 4.3. The radio, inteferometry and IR results are discussed in

section 4.4.

4.1 SINGLE DISH RADIO RESULTS

4.1.1 Variability of the 6.7 GHz CH30H Maser Features

The chosen spectra of the G188.95+0.89, related to 6.7 GHz methanol maser obser-
vations that was collected at the maximum of three flares (Fl,, for n=6, 12, and 18)
is presented in 4.1. The spectra is as a result of addition of right circular polarization
(RCP) and left circular polarization (LCP) spectra however RCP and LCP spectra
are shown in appendices A.1 and A.2. According to Bartkiewicz et al. (2016), Szym-
czak et al. (2018), claims that maser spectra obtained with a single dish exhibit a
wide variety of features with Gaussian velocity profiles, all of which can be traced
back to the presence of localized clouds. The velocity in which maser emission is
detected ranges from vy gz — 8.3 to 11.5 km s~*. Change in the spectral profile that
has occurred over the course of 18 years of observations is depicted in Fig. 4.1. This
profile, upon closer inspection, was found to be constructed out of a large number of

line blended masers, to be specific for +10km s™'< vy gp < +11.3km s~!. Maser ve-
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locity features were chosen because they are the brightest and mirror the behaviour
of the nearby velocities (Mutie et al. 2019). Most of the time, the brightness of

the cloud’s brightest spot corresponds directly to the optimum flux density of each

feature.
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Figure 4.1: Variation in the G188.95+0.89 spectra related to 6.7 GHz methanol
masers at the peaks Flg, Flio, and Flyg.

The fluctuating circumstances on extremely fine angular scales in methanol masers
can be probed easily, since the masers are very sensitive in slight environment changes.
The maser features have strengthened others diminished, but most features have re-
tained their periodicity during the observation. In some features there was variations
in velocity and others experienced velocity drifts. In order to analyze these find-
ings, five features were picked. In the velocity regime of highly combined lines, there

are two at vrgr =+10.44km s~ and +10.70km s~! respectively, and other three
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bright velocity features at vy =+8.42km s™!, +9.65km s~!, and +11.45km s !
were selected. On close scrutiny of Fig. 4.1 it was recognized that, the two fea-
tures vrgr =+10.44km s7! and +10.70 km s are likely to be made up of multiple
masers; the other three features are less likely. Integrated flux density time series

graphs (Finte ,) were published in my earlier paper (Mutie et al. 2021).
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Figure 4.2: Light curves displaying time series plots of the chosen 6.7 GHz methanol
maser features in G188.95+0.89. Integrated total flux density (F'mts,) of all the
masers connected to G188.95+0.85 is shown in (f). According to Mutie et al. (2021),
the x-axis in (a) to (e) denotes the flare maximum estimates, Fln where n ranges
from 5 to 21 (for 7 ~395d).

Although it is not immediately apparent for the feature vy,gp =+11.45km s~! in Fig.
4.2, the rest of the selected features are periodic. Two techniques, the Lomb-Scargle
(LS) periodigram by Scargle (1982) and the Period04 software programme created
by Lenz & Breger (2004), were utilized to calculate the period of each of the maser
velocity features. Period outcomes were tabulated in Table 4.1 where the mean period
for each method was included. The average values of the two methods are separated

by no more than 3o standard deviations, 7.¢ =397.6+2.1d (Mutie et al. 2021).

Two features were found to be decaying between years 2003 and 2021, vy gr =+8.42
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Figure 4.3: Flux density plots of selected five 6.7 GHz methanol velocity features
pinpointed in Fig. 4.1. The five maser features have vy s =+8.42, +9.65, +10.44,
+10.70 and +11.45km s~ respectively as labelled in each panel.

and +9.65km s~! and the vygp =+10.70km s~! feature has been monotonically
increasing since 2003 as shown in Fig. 4.3. As soon as it was discovered by Menten
(1991a), the +10.44km s~! was the brightest maser velocity feature, at present it
is the second most powerful and it continued to deteriorate until MJD 5000. After
that it is flattened out and then gradually began to increase, as seen in Fig 4.4.
-1

The increase was likely resulting from contributions made by the the +10.70km s

feature are probably what led to the increase in brightness.

An exponentially decaying function was fitted for v,gr =+11.45km s~! flux density
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Figure 4.4: Flux density plots of the vygp =+10.70 and v gz =+10.44 km s~! maser
features. At present the vygr =+10.70km s~ feature is the brightest.

time series, as shown in Fig. 4.5. The fitted function is:

Fratg, = a x eMIPb 4 ¢ (4.1)

where a =150.044.0 Jy km s71, b = —1380.0420.0, and ¢ =1.740£0.050 Jy km s~!.
It was reported by Goedhart et al. (2004) this exponentially decaying feature reached
a maximum on 2001 November 12 (MJD 2225), Fj,; ~45.2Jy km s~'. Based on
equation 4.1,Mutie et al. (2021) estimate Fp,; to be around 30Jy km s for MJD
2225. The values were outside estimated inaccuracies, and it was discovered that the
projected value was much lower than the real value. This difference may be due to

1 while

varying velocity resolution, during the current observation it was0.044 km s~
in Goedhart et al. (2004) it was 0.056km s~!. Line-merged features may also be a

factor to consider contributing to the difference in integrated flux.

To test for periodicity in the +11.45km s~! feature, the original time series was

subtracted using equation. 4.1 The residual was then shown in Fig. 4.5, indicating
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Figure 4.5: (a) Plot of the time series for the selected Fry,, for the exponentially
decaying vrsgr =+11.45km s~ maser feature fitted function in (black dashed line).
(b) A plot is made showing the residual of the integrated flux density, which is
the raw data less the exponentially decaying function that was fitted to those data.
It is important to take note that the secondary x-axis in (b) denotes the predicted
maximum of each flare, Fl,, for n=5 to 21 (forr ~395d), respectively. Source: (Mutie

et al. 2021).

that it might be periodic. After MJD 7500, there was a very tiny rise that may
have been caused by changes in the Vygr =+10.70km s~! velocity feature. The
overall integrated flux density was first seen declining and then rising before MJD
5000, indicating that the maser velocity features were decreasing in brightness before

brightening of the vygr =+10.70km s~! feature dominated (Mutie et al. 2021).

Each flare’s relative amplitude variation was determined using the following formula:

Smaz - szn Smax
Ry = S0 = 0 (4.2)

Table 4.1 contains the findings of the relative amplitude, denoted by the symbol

(Ramyp) for each of the five different velocity features that were chosen. This number
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Table 4.1: The following are the specifics of each chosen 6.7 GHz maser feature:the
feature central velocity, the velocity range over which Fp,; is calculated, the velocity
drift (1o standard deviation in parenthesis), its goodness of fit (R?), the period
calculated using the Period04 and LS techniques and the explanation of long-term
change. Standard deviations (1o for the mean period of each methods are provided.
Remarks on velocity drift are provided: uncertain (R? <50%), blue-shifting, and red-
shifting. Each feature’s flux density trends are commented. These details on maser
velocity features were published in my earlier paper (Mutie et al. 2021).

Velocity Period Relative Comments

Feature Extent Drift R? Tperiodos TLs Amplitude Velocity Flux density
[km s71[km s7!|[x 107° km s~ *d™'| %  [d] [d]

+8.42  0.482 —1.181(7) 22.91 394.4 397.0 2.82 uncertain gradually dwindling
+9.65 0.263 —2.381(3) 81.62 395.8 396.7 0.63  blue-shiftingIncreasing Gradually
+10.44 0.182 +0.422(4) 30.41 393.5 398.3 0.12 uncertain complex
+10.70 0.313 +0.392(5) 5.72 396.3 398.2 1.0 uncertain increasing
+11.45 0.312 +1.881(4) 66.02 397.8 ~1 red-shifting exponential decay
Mean 395(1) 397.6(7)

fluctuates between 0.12 and 2.82 across the five velocity features. Take note that
the amplitude is decreasing almost proportionally during the decay, as shown by the
formula Rgpp ~1 for the v, SR = +11.45km s~! feature. the Ramp value greater
than one is an indicator of a likelihood of a flare. When comparing maser velocity

components, no phase delays were seen.

4.1.2 Time Series and Light curves of Maser components in

2D Contour Form

A dynamic spectrum was created, as shown in Fig. 4.6, to visualize the variability of
these G188.95+0.89-related 6.7 GHz methanol masers. The linked 6.7 GHz methanol
masers’ temporal behaviour was examined using the dynamic spectra (Proven-Adzri
et al. 2019). On close scrutiny of the dynamic spectra, it was found that in most
velocity channel between v gp = +8.3 and +11.5 km s~ seems to experience periodic
variability a clear indication that this source is highly variable. The findings are
in agreement with earlier researchers who observed the source and found it to be
periodic (Goedhart et al. 2004). The dynamic spectra contour plot covers the time-

range 2003 June to 2021 January. A dynamic spectrum gives a clearer idea of how
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light curve behaviour fluctuates with different velocity features. The fact that the
10.44 and 11.45 km s~! masers began to fade about MJD 52000, while the other
masers remained largely at the same flux level, is a highly intriguing feature of the

masers in G188.95+0.89 (Goedhart et al. 2014q).

The 2-d plot in Fig. 4.6, displays the full flux density variations of the 6.7 GHz
methanol features between 8.0 and 12.0km s~!. The intensity of the velocity features
8.42km s~! and 9.65 km s~! decreased gradually overall during the monitoring period,

L appeared to experience an exponential

whereas the velocity feature at 11.45km s~
decay (Mutie et al. 2019). By visual inspection, peak velocity seems to be drifting
as from 2003 to 2021 as shown in Fig. 4.6. The mobility of the gas as reported by
(Goddi et al. 2011) or the variability of a close pair of spectrally blended features as
stated by (Szymeczak et al. 2015) are thought to be the causes of the velocity drift,
although this is not certain. While the 10.70 km s~! velocity feature appears to be
increasing brighter at the same time, the 10.44 km s~! feature appears to be getting

dimmer from 2003 to 2021. Peak flux density appears to be changing from 10.44 to
10.70 km s~! as shown in Fig. 4.7.
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Figure 4.6: Dynamic spectrum of G188.95+0.89-associated 6.7 GHz methanol masers.
The maximum spectra of Flg, Flj5, and Fl;7 are delineated by dashed lines in Fig. 4.1.
Since the telescope was down for maintenance from September 2008 until December
2010, the corresponding blank region indicates that no observations were made during
that time.
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Figure 4.7: (a)The time series of the 6.7 GHz methanol masers associated with
G188.95+0.89. (b) A fit to determine the extend of velocity drifts in the selected
maser features.

4.1.3 Maser velocity drifts

Each velocity time series underwent linear regression analysis to ascertain the ve-
locity drift, the findings are shown in Table 4.1. Among the features, two of the
features had quantifiable velocity drifts, with "goodness of fit" values R?> > 50%.
The vrgr =+10.70 and vrgr =+10.44km s~! velocity features’ apparent drift may
be due to fluctuations in the strongly line-merged masers that contribute to the fea-
tures, as seen in Fig.4.1. A single Gaussian profile can be fitted for v gg =+9.65 and

+11.45km s~ ! velocity features.

Numerous masers have reported velocity drifts. A velocity component of a water
maser related with W75S red shifted 1 km s=! over 3.5 yr, approximately 8 x 1074
km s™' d7!, according to Lekht et al. (1995), who recommended that this change
was caused by shocks brought on by increased wind activity. A single 6.7 GHz CH3

OH feature associated with G22.357+0.066 exhibited velocity change, according to
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Szymczak et al. (2015), the feature endured for almost 520 days and had a velocity
drift of 0.24 km s~ tyr=! | or 6.5 x10™* km s~!'d~!. They don’t know for sure whether
this is caused by the velocity of the gas or by extensively blended maser feature
(MacLeod, Chibueze, Sanna, Paulsen, Houde, van den Heever & Goedhart 2021b).
More 6.7 GHz methanol sources with velocity drifts were discovered by Szymczak
et al. (2018). Again, they predict that these are caused by changes in close or
blended features in the line, but some of them may actually be infalling gas. The
features that were discovered to have systematic velocity drifts over a long period of

time are shown in Fig. 4.1 and are summarized in Table 4.1.

One reason for the continuous velocity drifting in this source is that the variations
of heavily line blended masers in a feature provide the appearance of velocity varia-
tion (Szymczak et al. 2018). In conclusion, the aforementioned velocity drifts make
excellent candidates in upcoming VLBI researches to determine whether the fea-
tures’ radial velocity acceleration actually represents accreting gas, as was shown for

AFGL5142 (Szymczak et al. 2018).

4.2 RADIO INTERFEROMETRIC RESULTS

The results of 230 GHz CH3OH maser monitoring for G188.95+0.89 using ALMA
telescope are presented in this section. Observation results of mm-wavelength, molec-

ular line emission and high-resolution dust continuum were provided.

4.2.1 G188.9540.89 Continuum Emission

The continuum image was created by collapsing all the spectral windows and chan-
nels. Fig. 4.8 and Fig. 4.9 presents the ALMA 1.3 mm solid and color contin-
uum images of G188.940.89 (S252, AFGL 5180), obtained with ALMA band 6.
The millimetre continuum reveals two cores namely MM1 and MM2 associated with
G188.9-+0.89 source. The two bright cores are elongated along the Northeast South-

west direction. Within a 4’ x 4’ radius surrounding each methanol maser site, radio
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continuum data was collected using Aladin and SIMBAD on CDS. The periodic 6.7
GHz CH30H masers seem to be near MM1 as indicated by the plus symbol. Core
MMI1 is where both the IR and radio sources shine brightest. The radio and IR

sources corresponds with the most brilliant core MM1.

| | | | | | |
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2" . ]
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21°3825" (— -

| | | | | | |
06"08M53°%.8 53°.6 53°%.4 53°%.2
J2000 Right Ascension

J2000 Declination

Figure 4.8: Solid contours represent the 1.3 mm continuum emission. The continuum
contours are (9, 21, 33, 45, 57, 69 and 82) mJy beam~!. The blue dots symbols depict
methanol masers maser spots and the red dot symbol marks the positions of infrared
sources (IRS) 1-4, where IRS 1 coincides with MM1 and IRS 2 with MM2. In the
bottom left, an ellipse with a fill indicates the full width half maximum (FWHM) of
the synthetic beam.

The AFGL-5180 continuum was imaged with higher resolution thanks to data of the
source at 320 GHz. Eight millimeter continuum cores (MM1-MMS8) were found in
ALMA band 7 data, and the cores were found to be connected to G188.95+0.89 (Mu-
tie et al. 2021). Figure 4.10 (top panel) shows a composite picture of G188.95+0.89
in WISE bands (3.4um: red), (4.6 yum: green) and (12 ym: blue), as well as ALMA
1.3 mm dust continuum emission (Mutie et al. 2021). The 850 um SCUBA MM2

object is represented by the green (4.6 um) and it is the dominant object south of
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Figure 4.9: Solid contours shows band 6 ALMA 1.3 mm Continuum emission. The
continuum contours are (9, 21, 33, 45, 57, 69 and 82) mJy beam~!. The plus symbols
depict methanol masers maser spots and the star symbol marks the positions of
infrared sources. Synthesized beam at FWHM is shown as a filled ellipse in the
bottom left corner.

the core object in the WISE image, which has a central infrared source equivalent
to the 850 um SCUBA MMI1 object, that is brilliant in all three mentioned WISE
bands (Mutie et al. 2021).

The use of ALMA band 7 data resulted to eight 1.3 mm objects (MM1-MMS) that
were resolved from G188.95+0.89. 850 um SCUBA MM1 and MM2 objects of Minier
et al. (2005) are connected to MM1-MM4 and MM5-MMS8 objects, respectively, as
shown in in Fig. 4.10 (bottom panel). MM1 (the brightest dust continuum object) is
linked to the periodic 6.7 GHz CH3OH maser source (Mutie et al. 2021). MM2 was
also found to be an important object at 1.3mm by ALMA. MM1 continuum core was
resolved into a single object and MM2 was resolved by ALMA band 7 observation
into two continuum cores (grey contours of Fig. 4.10 bottom zoom-in) as reported
by Mutie et al. (2021). Based on the assumption of optically thin dust emission, the

value of My in Table 4.2 was calculated using Hildebrand (1983):
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S, D?

My= v~
a Ry By(Td)

(4.3)

Using D as the source distance of 1.76 kpc and the dust opacity per unit mass of
Kk, = 0.33 cm? g~! for 230 GHz according to Weingartner & Draine (2001), the dust
continuum mass can be calculated. The dust continuum flux density S, at frequency
v is given in Table 4.2. At dust temperatures Ty, the Planck function is denoted
as B,(T;). The dust mass estimates are based on the temperatures used in Minier
et al. (2005) for cores MM1-MM4, a temperature of 42 K was used, whereas for cores
MM5-MMS, a temperature of 50 K was utilized. A gas-to-dust mass ratio of 100
was used to determine the core masses. The table 4.2 lists the observed continuum

sources, along with their masses.

The table 4.2 lists the observed continuum sources, along with their masses.

Table 4.2: Parameters of the detected dust cores.

Object-name R.A. Dec. Peak flux Integrated flux Vsys Core mass
(h m s) ©rm (mJy beam™1) (mJy) km s~ 1 (Mg)
MM1 06 08 53.33 21 38 28.9 71.7 71.1 5.0 8.2
MM2 06 08 53.49 21 38 30.5 22.5 41.3 2.0 4.8
MM3 06 08 54.13 21 38 34.4 5.6 9.4 3.0 1.1
MM4 06 08 52.86 21 38 29.5 3.2 3.8 4.5 0.5
MM5* 06 08 53.35 21 38 11.6 8.3 14.2 2.0 1.4
MM6* 06 08 53.42 21 38 13.7 1.9 3.6 4.0 0.4
MMT7* 06 08 53.23 21 38 09.7 9.8 16.7 - 1.6
MM8* 06 08 52.97 21 38 11.1 5.8 6.0 4.0 0.6

On close scrutiny of Fig.4.10 it was found that due to their insufficient sensitivity,
MM5-MMS8 will not be explored in detail because they were so close to the primary
beam’s edge. By fitting a 2-D Gaussian in CASA, we were able to calculate the flux
associated with the more localized emission in MM1. For the continuum imaging,
a robust weighting of 0.5 was applied, corresponding to uniform weighting. This
resulted to a synthesized beam of 1.11”x 0.64”(1950 AUx 11300 AU) at 1.76 kpc

with a position angle (P.A) of 134°.

4.2.2 G188.954+0.89 Millimeter Line Emmission

The identified chemical species range from diatomic molecules to organic molecules

with 6 atoms. There were many molecular lines seen in the direction of the 8
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Figure 4.10: (top) G188.95+0.89 in a Three-Color WISE Composite Image. WISE band 1
(3.4 pm), 2, (4.6 pum) and 3 (12 pm) are shown in red, green, and blue, respectively. (bottom)
(G188.95+0.89 is the pseudo-color of the dust continuum emission seen in ALMA band 6
and band 7 (black contour, levels = [0.002, 0.004, 0.02, 0.06, 0.08] Jybeam™'). Credit:
(Mutie et al. 2021).
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mm continuum objects. The identified emission lines includes 10 molecular tran-
sitions from 8 species including Carbon monoxide (CO) isotopologues *CO and
C180, silicon dioxide (SiO), Methanol (CH30H), formaldehyde (H,CO), glycolalde-
hyde (CHoOHCHO), ethynyl (CCD), cyanogen (13CN) and acetaldehyde (CH3;CHO).
Much focus only will be on the CH30H (4(2)—3(1)), SiO (J =2-1), 1*CO (J =2-1)
and C'®0 (J =2 — 1) emissin lines that are more pronounced The spectra the other
molecular lines are shown in appendix A.2.6. In addition to providing information on
chemistry, molecular line analysis also reveals physical processes occurring in molec-
ular clouds (Rivilla et al. 2019). The ascertainment of the evolutionary status of our
target can be scrutinized through the identification, or lack thereof, of certain species

among the molecular lines.

Towards HMSFRs the identified complex organic molecules (COMs) lines CH30H,
CH3CHO, and CH,OHCHO are frequently seen. Although, Herbst & Van Dishoeck
(2009) suggests that the actual sublimation temperature may vary somewhat across
molecules, it is generally accepted that COMs form efficiently on grain surfaces at
temperatures (T) greater than a few times 10 K, and that they sublimate to the gas
phase at T 2 100 K (Sakai et al. 2018). Common organic molecules (COMs) are

crucial to periodic chemistry and may be inextricably tied to the beginning of life.

Previous molecular spectral line observation by Minier et al. (2005) towards G188.95-+0.89
with a single pointing detected CH3CN (92 GHz) and C'®O (109 GHz) lines. To iden-
tify different molecular species in the source, the CASSIS and Cologne Database for
Molecular Spectroscopy CDMS, (Miiller et al. 2005) spectroscopic databases were
used (Chahine et al. 2022).

The splatalogue spectral line database’s frequencies and line strengths are used to
identify lines. If several candidates are present for identification of a particular spec-
tral line or the exact source velocity is unknown, secondary criteria such as the
Einstein A coefficient or the upper energy level must be taken into account. Higher

Einstein spontaneous emission coefficients were analysed to determine which of the
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analysed molecular lines is the most likely molecule (Guzman et al. 2018). Lines with
comparable lower energy and upper energy levels were revised so as to get the most
likely molecule present. Integrated intensity maps of some of the detected lines were

produced as illustrated below.

CH;0H (4(2—301))

Fig. 4.11 shows the emission from the CH3OH (4(2y—3(1)) line that was spotted
going in the direction of each of the 8 cores. Southerly cores MM5-MMS saw the
most emission, whereas the MM4 core saw the least. The type of emission directed
at MM5-MMS cores was contaminated by the diminished sensitivity near the main
beam’s edge (Mutie et al. 2021). CH3OH which is a Complex Organic Molecule
(COM) frequently observed toward HMSFRs (Kleiner 2019). COMs are essential to
periodic chemistry and may have a direct bearing on how life first developed (Caselli
& Ceccarelli 2012). The presence of COMs in the source suggests an enhancement

of shock waves as a result outflow passage.

The existence at the MM2 systemic velocity, of a second emission peak is an intriguing
characteristic of the CH3OH (4(2)—3(1)) emission towards MM2 (Mutie et al. 2021).
With MM1, there is a CH3OH (4(2)—3(1)) emission connected to it. According to
Minier et al. (2005), the dust in the clump containing the 1.3 mm ALMA MM1-
MM4 sources is approximately 150 K. Fig. 4.12 shows a Gaussian fit of the CH3;0H
4(2,2)-3(1,2) line. There is a little emission seen in the spectra from region outside the
Gaussian. A blueshifted and a redshifted outflow emission of the CH3OH are centered
around MM1 and MM2. The outflow are centered around the dust continuum at the
peak of the cores. More research was done on the methanol data in search of rotation
in order to better comprehend the multi-outflow system seen in the 2CO velocity
channel map. There is no rotation in the structure traced by the CHs OH 4(2,2)-
3(1,2) emissions because it has the same Gaussian fit and did not produce moment

1 maps.

SiO (J =2—1)
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Figure 4.11: Dust continuum overlaid on a CH3OH 4(2,2)-3(1,2) thermal line channel
map (The black contour, levels = [0.002, 0.004, 0.02, 0.06, 0.08] Jy beam™!). Beam
intensity is represented by the color scale. Credit: (Mutie et al. 2021).
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Figure 4.12: (top) Spectrum of CH30H 4(2,2)-3(1,2) shown in black. The red, blue and
cyan are Gaussian fits and the green lines are the sum of the Gaussian fits. Little emission
can be seen in the spectra from region outside the Gaussian. There is no rotation in the
structure traced by the CH30OH 4(2,2)-3(1,2) emissions because it has same Gaussian fit.
(bottom) Integrated intensity (from -7 to 15 km s ~1 ) of CH3OH 4(2,2)-3(1,2) shown by
the contours. The blueshifted emission is integrated in the [-7 km s ~! = 4 km s ~! |
interval; the contours are (0.37, 0.73, 1.08, 1.44) x o Jy beam~!. The redshifted emission
is integrated in the [5 km s7!- 15 km s ~! | interval; the contours are ( 0.92, 1.79, 2.65,
3.52) x o Jy beam~!. The star sign show the position of the periodic methanol masers. 1.3
mm continuum shown as color image. Filled ellipse at the bottom left corner of the panel
indicates the beam size.
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Figure 4.13: Dust continuum overlaid on a SiO (J = 2 — 1 thermal line channel
map (The black contour, levels = [0.002, 0.004, 0.02, 0.06, 0.08] Jy beam™!). Beam
intensity is represented by the color scale. Credit: (Mutie et al. 2021).

According to Guzman et al. (2018), the emission of SiO (J = 21) can be used to track
shocks and outflows, especially in SFRs. The region of MM2’s north-west where the
major SiO emission was seen is shown in Fig. 4.13. In the channel map, the emission
displays a bow-shock morphology that matches the systemic velocity of MM2. Each
of the MM3 to MMS8 objects has SiO emission (sometimes very feeble emission),

However, SiO emission is not detected in the MM1 direction.

2COo (J=2-1)
The 2CO (J = 2 — 1) emission in G188.95+0.89 is puzzling because of the highly
self-absorbed characteristics in the line emission. It’s also possible that all of the

millimeter-scale objects are to blame for the convoluted distribution since they gen-
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Figure 4.14: Dust continuum overlaid on a '*CO (J = 2 — 1) thermal line channel
map (The black contour, levels = [0.002, 0.004, 0.02, 0.06, 0.08] Jy beam™!). Beam
intensity is represented by the color scale. Credit: (Mutie et al. 2021).

erate outflows (Mutie et al. 2021). Fig. 4.14 shows that there may be an east-west

I channel to

bipolar outflow in MM2 coupled to the high emission in the —3km s~
the east and the 9km s~! channel to the west. There are likely many young stellar
objects (YSOs) in MM2, as well as emission to the north of the object, which may
indicate a second outflow from the object (Mutie et al. 2021). The ?CO (J =2 —1)

emission is connected to each of the other millimeter objects.

CB0 (2-1)
C!80 (2 — 1), a tracer of high density, was identified in the direction of every MM1-
MMS as shown in Fig. 4.15. The main sources of the C%0 (2 — 1) emission are

MM1 and MM2. It’s worth noting that the distribution of the C0 (J = 2 — 1)
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emission in the brightest C'®O (channel at 3 km s71), and can be located where the
MM1 and MM2 cores meet. Table 4.3, provides information on the molecular line
emissions that were found. The number of observed lines is heavily dominated by
O-containing compounds, such as CHsOH. Standard deviations of around 1.2kms™*
and 0.1kms™! are observed for the source velocity of 9.4 km s~'and the line width

of 0.46 km s™!, respectively.

The abundances of the organic molecules ?CO, HyCO and CH; OH are somewhat
enhanced, whereas those of SiO and C'®0 molecules are slightly lower as shown in
Fig. 4.16. The spectral lines point to a chemically active core with various molecules
at various energies. The identified chemical species range from di- and triatomic

molecules, to organic molecules with 8 atoms.

0.0 kms™! 1.0 km st

2.0 kmst ~ 3.0kms ) 4.0 kms!
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Figure 4.15: C®O (J = 2 — 1) channel map with G188.95+0.89 dust continuum
emission overlaid (black contour, levels = [0.002, 0.004, 0.02, 0.06, 0.08] Jy beam™!).
The color scale is the intensity in Jy beam™! (Mutie et al. 2021).

114



Table 4.3: Note: The columns represent species, transition, rest frequency, energy at
lower and upper levels, respectively. Source:Mutie et al. (2021)

Observed molecular species

Molecule Transition  Rest frequency Erower Evpper

(GHz) X))  (K)
CCD N=3-2 216.564 14.65 20.78
BCN N=2-1 216.714 9.64 15.64
CH3CHO 11(1,10)-10(1,9) 216.58 41.54 64.87
SiO 2-1 217.104980 20.842 31.264
H,CO 3(2,1)-2(2,0) 218.764756 42.73 68.11
C*®0 2-1 219.5603541 5.273 15.812
CH3;0H 4(2.2)-3(1,2) 218.4400630 34.503 45.463
2C0O 2-1 230.5380000 5.534 16.604
CH3CHO 12(3,9)-11(3,8) 231.97 63.64 92.63
CH,OHCHO 4(4,1)-3(1,2) 231.99 8.54 15.27

Table 4.4: List of detected species in G188.95-+0.89

2 3 4 6 atoms 7 atoms 8 atoms
atoms atoms atoms

C'®®0 CCN H,CO CH3;0H CH;CHO  CH,OHCHO
SiO
IQCO
BCN

115



100

T T T T
218.44 GHz CH3OH 4(2,2)-3(1,2)
800 230.538 GHz 20021 |
80 |
g s
g 3 |
= = 60 |
3 - I
= 2
= g a0 [ | E
2 s 4o i L
2 x im ‘ ‘W‘ L'l \ M“”\ “”l“‘
3 2 204y MVH‘ | Ll "”“H' AT
2 o H "[“Il‘ ‘N\‘\;\‘
R N R
17T |
200 . . I
230.52 230.54 230.56 -20 T T T T
Frequency (GHz) 21841 21842 21843 21844 21845  218.46
Frequency (GHz)
12
(a) 12CO (b) CH;0H
T T T
304
20F 1 219.56 GHz 180 2-1
= 217.10 GHz Si0 5-4 254
g =
8 B
g g
3
£ _? 15+
7]
g g 10
c [=]
& X sl
E] i
[ 0
5
5 : : : -10 T T T T T
217.00 217.05 217.10 217.15 217.20 21953 21954 21955 21956 21957  219.58
Frequency (GHz) Frequency (GHz)
. 18
(c) SiO (d) C0O

Figure 4.16: The spectra of the identified molecular lines are marked. The best-fit model’s
synthetic spectrum is shown in red, while the observed transitions are shown in black.

4.2.3 Main Morphological Features of G188.95+0.89

We analyzed the zero moment maps of each species’ most important transitions to
examine the morphology of the emission from the various species that was detected
towards G188.95+0.89. The moment masking approach detailed in Dame (2011) and
the CASA task moments were used to create the zero moment maps. *CO (2-1) and
CH30H & 4(2,2)-3(1,2) zero moment maps are shown in Fig. 4.17. Both maps shows
an elongated spatial emission coincident with the dust continuum. Emission directed
towards the east-west direction. Other detected zero moment maps are shown in

appendix A.2.5 in Fig. A.5.

4.2.4 Molecular Outflows

Good tracers of outflow include CO and SiO. One of the clearest indicators of proto-

stellar emission is molecular outflows hence need to search for their presence in our
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Figure 4.17: (top) Zero moment maps of detected molecular lines with emission at
high velocities. Integrated map of 12CO at 230.54 GHz from 2.5 km s~! to 15.5 km
s~!. The contours represent the dust continuum of which the contour levels are the
same as in Fig. 4.10. (bottom) Integrated map of CH;OH 4(2,2)-3(1,2) at 218.44
GHz from 2.5 km s72 to 9.0 km s!. The name of the molecular lines is shown at
the top of the images. The plus and circles show the position of the methanol maser
and the peak positions of the 1.3 mm dust-continuum respectively. Filled ellipse at
the bottom left corner of the panel indicate the beam size.
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source (Pillai et al. 2019). To identify molecular outflows in G188.95+0.89, the *?CO
(2-1) and SiO (5-4) channel maps emission were examined in various velocity bins
across the region according to the depictions in Fig. 4.14 and Fig. 4.13. Both chan-
nels maps show the spatial configuration of the highly concentrated molecular gas.
The '2CO 2-1 channel map exhibits emission, tracing a bipolar molecular outflow in
MM2, with an east-west velocity range of Av = 12 km s~!. Most of the SiO is being

produced in the region to the north-west of MM2.

Fig. 4.18 (a) and (b) gives the average spectra of CO (2-1) and SiO (5-4) in region
around the M1 and M2 dust cores. Three Gaussian lines clearly demarcate the
outflow emission resulting from the ambient gas emission in both the CO (2-1) and
SiO (5-4). The spectra of the region outside the Gaussian may be seen to include an
excessive amount of blue-shifted and red-shifted emission and LSR velocity ranges
from 2.5 to 20 Km s~! with peak velocity at 10.7 Km s~! for CO. Both blue and
redshifted outflows are seen in MM1 and MM2 as shown in Fig. 4.18 (c) but the

redshifted emissions are more pronounced in MM2.

The CO outflow’s red and blue lobes closely overlap one another, and the redshifted
emissions shows a double outflow. Both CO and SiO outflows dominate in MM?2
while SiO outflow show blueshifted emissions in the MM1 core. The 2CO emission
shows lobes in NW-SE orientation displaying multiple outflows. Observations of the
outflow map show that the source of the emission is located around the dust core.
Self-absorption or foreground clouds along the line of sight causes the absorption

features in CO spectra. The SiO emission shows bipolar outflow centered around

MM2 core.

SiO molecule does not suffer from confusion with easily excited ambient material,
like the more commonly used outflow tracer CO, hence it is particularly useful in
observing outflows. As long as outflow is taking place, accretion will also be taking
place, and the more ferocious the outflow, the higher the accretion rate. The presence

of outflows in our source is a confirmation that accretion is taking place. SiO is
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Figure 4.18: Upper panels (a) and (b): Spectra of ?CO (2-1) and SiO (5-4) shown in
black. Gaussian fits are shown in red, blue, and cyan. The sum of all the Gaussian
fits appears as the green lines. Lower panels (c¢) and (d): Outflow traced by the 2CO
2-1 and SiO (5-4) emission respectively. The CO blueshifted emission is integrated in
the [-10 km s', 10 km s™! | interval; the contours are ( 2.05, 2.54, 3.04, 3.53) x o Jy
beam™'. The redshifted emission is integrated in the [11 km s~!, 20 km s™!] interval;
the contours are (2.28, 2.72, 3.15, 3.59 ) x o Jy beam~'. SiO outflow blueshifted
emission is integrated in the [-8.2 km s', 1.2 km s™! | interval; the contours are ( 0.59,
1.10, 1.62, 2.13) x o Jy beam™!. The redshifted emission is integrated in the 1.5 km
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The star symbol show the position of the methanol maser. The size of the beam is
shown as a filled ellipse in the lower left corner of the display.
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an unambiguous tracer of strong shocks and outflow (Daffern-Powell 2021). The
shocks can modify the chemistry of the local ISM, by destroying dust grains and
injecting silicon and SiO into the gas phase, therefore resulting in an abundance of
SiO enhanced by orders of magnitude. The detection of SiO in our source is important
as it represents an independent tool to test the presence of shocks and their relevance

in the source(Daffern-Powell 2021).

Our final maps are shown in Fig. 4.18, and they allow us to calculate the system’s
total outflow mass, momentum, and energy. We assume that '2CO is optically thin
and disregard the (unknown) inclination angle of the outflow and spatial filtering of
extended emission in our calculations. We also adopt an excitation temperature of

42 K that was used to calculate continuum mass.

All of these factors add up to a mass increase of the outflow of at least an order
of magnitude when properly constrained and accounted for in the mass estimate
(Dunham et al. 2014). The outflow parameters are shown in Table 4.5. According

Table 4.5: Note. Columns are lobes, mass(M), momentum(P), kinetic energy(E),
P/M ratio.

Outflow parameters

Lobes [ S,dV M P E Vehar
(Jy km s71) (Mp) (Mg km s™1) Mg (km s71)2 (km s71)

SiO Outflows

Red 11.5 1910 6494 11039.8 3.4

Blue 2.8 437 393.3 176.9 0.9
CO outflows

Red 8.9 1424 15521.6 84592.7 10.9

Blue 5.1 792 4910.4 15222.2 6.2

to Minier et al. (2001) the lines of masers in AFGL 5180 are roughly perpendicular
to the outflows. The interactions between the masers and the larger scale structures,
such as outflows, are linear in nature (Minier et al. 2001). Both the *CO (2-1) and
SiO (5-4) emissions identify two high-velocity bipolar outflows heading towards the
mm brightest centers, that are likely to be the youngest sources in this region. The

outflow in G188.95+0.89-MM2 does not show a clear bipolar structure.

The 2CO emission in G188.95+0.89 MM2 seems to be complicated, but channels
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8.3 km s7! and 10.7 km s, of the >CO in Fig. 4.14, mark bipolar symmetry that
crosses the peak of G188.95+0.89-MM2. Figure 4.18 shows that the red- and blue-
shifted components of the 2CO bipolar outflows are practically in the plane of the
sky. This periodic maser source joins G9.624+0.19E and G22.357+0.066 that have

similar bipolar outflow orientation (Tarchi et al. 2018).

Bipolar outflows are a strong indicator of disks being present (Reipurth et al. 2007).
The out-flowing material creates shocks when it comes into contact with the still gas
that makes up the envelope and the molecular cloud, which causes the grain mantles
and refractory grains to (partially) sputter and evaporate. Once the molecules have
entered the gas phase, their rotating lines can be studied to provide insight. The
channel maps illustrate emission that extends in the directions of north-west and

south-east, quite near to the position of the continuum peak.

After doing a study on the relationship between 6.7 GHz methanol masers and molec-
ular outflows traced by *CO, De Villiers et al. (2015) came to the conclusion that
the masers activate in hot core sources that already have outflows and deactivate

during the UCHII phase of the reaction.

Molecular outflows play a significant role in the process of star formation for the
following reasons: (i) it enables the infalling matter to shed its angular momentum
and accrete onto the central object; and (ii) the ejected material interacts with its
surroundings, profoundly altering it and, in some cases, completely obliterating the
parental cloud. Both of these benefits are essential to the formation of stars (Arce

et al. 2011, Shimajiri et al. 2008).

The ejected material creates shocks that are chemically rich places, exhibiting a chem-
ical makeup that is extremely comparable to that of hot cores (Caselli & Ceccarelli
2012). In most times, high-mass stars are observed in binary or multiple systems.
The source, AFGL-5180, has been shown to be a binary system by analyzing the
structure of the continuum emission seen by ALMA. However, a better spatial reso-

lution will be required to investigate the possibility of multiplicity in the source.
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4.3 INFRARED RESULTS

4.3.1 Dust emission

A comprehensive and unbiased look at the Galactic plane’s continuum emission was
provided by the the Hi-GAL observations in 70, 160, 250, 350, and 500 pm bands.
This wavelength range encompasses the peak of the spectral energy distribution
(SED) emission of cold dust, which allows for the determination of crucial ISM pa-
rameters such as the hydrogen column density (N(Hy )) and the dust temperature
(Ty4) (Azatyan et al. 2022). A color-composite image of the molecular cloud can be
seen in Fig. 4.19 (left panel). This image was created using data from three different
Hi-GAL bands: (PACS 160 pm and SPIRE 350 and 500 pm). The right panel in Fig
4.19 shows the image of G188.95+4-0.89 Herschel 500 pm. The 060531.9+-213706 and
(G188.935-+00.804 HII zones are quite bright and noticeable. The plus (+) symbol

shows the presence of 6.7 methanol masers at the center of the molecular cloud.
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Figure 4.19: Composite 3-color images of the G188.95+0.89. Left panel: Herschel 160um
(blue), 350 um (green), and 500 um(red); right panel:zoomed image of G188.95+0.89 Her-
schel 500 p m.

Fig. 4.20 shows a color-composite image of three WISE bands (3.4 pm, 4.6 ym and
12pm) represented by the colors blue, green and red covering the molecular cloud.
A close view of Fig. 4.20 shows that in the MIR spectrum, HII regions are likewise
quite luminous. This suggests that there is a large population of hot stars in the

region around the UC HIIs, as shown by the comparatively high temperature of the
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ISM in this region (Rivera-Ingraham et al. 2010).
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Figure 4.20: Composite 3-color WISE image of G188.9540.89. WISE band (3.4 pum, 4.6
pm and 12 pm) are represented by colors red, green and blue. Right panel:zoomed image

of G188.95+0.89 superimposed with continuum sources M1 and M2

4.3.2 Color—Color Diagrams

Star clusters are collections of stars that seem to be concentrated in little regions of
the sky. Three basic characteristics are shared by all stars in a cluster since it can
be assumed that they were all formed from a single primordial cloud of gas and dust
at roughly the same time: (i) they are all the same distance from us; (ii) they are all
the same age; and (iii) they are all the same chemical composition. Consequently,
stellar clusters are perfect examples to examine the development of stars (Bacher &
CHRISTENSEN 2001). A color-color (c-c) is what is used to describe a diagram
where the horizontal variable is stated as the radiation difference observed from two
distinct wavelengths, or the color index. The c-c diagram is a fundamental tool in
both quantitative and qualitative studies of star evolution (Bacher & CHRISTENSEN
2001). The positioning of YSO candidates in color—color (c—c) diagrams allows for
easy identification of these candidates. The colors that are used are determined by
the data that is now at hand (Azatyan et al. 2022). As can be seen in Fig. 4.22,
we produced a total of four c-¢ diagrams. The study into the star-forming region

IRAS 0516843634 has previously benefited from using the similar strategy, as stated
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Figure 4.21: Spitzer/IRAC image of G188.95+0.89 (upper panel; 3.6 um). Bottom panel:
Spitzer/IRAC image of G188.9540.89 at 4.5 um. The location of the methanol masers in
the SFR is shown by the circle.
by Azatyan (2019). The (J-H) versus (H-K) c-c diagram shown in Fig. 4.22 (top
left panel) was initially used to detect objects with IR excess. The magnitude of the

infrared excess offers a measurement of the amount of circumstellar material and, as

124



a result, an indication of the object’s current stage of evolutionary development (e.g.

Shu et al. 1987).

When choosing possible members of the cluster from stars pointing in the direction
of the molecular cloud, it was believed that the majority of the residents of the
examined active star-forming region are YSOs. (Azatyan et al. 2022). The existence
of discs and envelopes around stars is responsible for the IR excess that is one of the
most prominent observable features of YSOs (Lada & Lada 2003, Hartmann 2009).
Class I and Class II YSOs can be distinguished from one another by the amount of

IR excess they exhibit in either the near-infrared or the mid-infrared spectrum.

EGOs have mid-infrared colors that are located in the same regions of the color-
color space that young protostars are in while still inside their infalling envelopes
(Cyganowski et al. 2009). Extended 4.5 pm emission is a prominent and perva-
sive feature that may be seen in Spitzer photos of known HMSFRs, such as DR21
(Davis et al. 2007). With its extraordinary sensitivity at mid-infrared wavelengths,
the Spitzer space telescope offers a novel way to detect dusty disks and envelopes
near YSOs in SFRs. Using the infrared excess from circumstellar components to
distinguish young stars from red background stars needs great sensitivity in the 3 -
24 pm bands (Allen et al. 2004, Gutermuth et al. 2008). Star and planet formation
settings can be investigated and catalogued with the help of Spitzer’s Infrared Array
Camera IRAC and MIPS. Fig. 4.21 displays the color IRAC image of the source at
3.6 pm and 4.5um. Two bright cores that were identified by ALMA band 6 as shown

in Fig. 4.8 are clearly seen in the IRAC images.

4.3.3 Color-Magnitude Diagrams

The Color Magnitude diagram (CMd) is a valuable tool for determining the spectral
types of stars and learning more about the stellar population in star-forming regions.
All sources found in the JHKs bands and 56 fainter stars are plotted in the K versus
H - K, CM diagram shown in Fig. 4.23. On the left side of Fig. 4.23 J versus J - H
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Figure 4.22: Color-color diagram showing (a) Top left panel: (J-H) vs. (H-K) diagram,
(b) Top right panel: Histogram of sources within radius of larcmin, (c) Graphs comparing
ranges [3.4]-[4.6] vs. [4.6]-[12] and [3.4]-[4.6] vs. [4.6]-[22] may be seen in the bottom left

and right panels, respectively.

where 54 sources are plotted.

It is impossible for interstellar absorption to be the only factor contributing to the
IR excess of the objects located to the right of the reddening vectors shown in Fig.
4.23. At least some of the IR excess of these objects is as a result of the existence of
a circumstellar disc as well as an envelope (Azatyan et al. 2022). Among the items
that are found in the reddening band of MS and giants, we have categorized as Class
I evolutionary stage YSOs those that have a a (J — K) > 3 mag color index (Lada
& Adams 1992). These elements can be found in the top right hand corner of the

diagram.

4.3.4 Spatial Distribution of YSOs and Cool Red Sources

There are 9 extremely red sources found exclusively in the H and Ks bands in the

NIR observations using the archival 2MASS data. These sources have colors redder
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Figure 4.23: Left panel: CM diagram for the YSO candidates in AFGL 5180 showing J
vs. (J-H). Right panel:CM diagram for the YSO candidates in AFGL 5180 showing K vs.
(H-K). Red sources with H — K > 2 with J-band counterparts.

than H — K > 2 as shown in Fig. 4.24. The widespread distribution of very red
sources in Fig. 4.24 shows that the vast majority are located to the west of the 6.7
GHz methanol maser region. It’s intriguing to see how many highly red sources are
within the boundary of the 6.7 GHz methanol maser and that of the IRAS source.
The nine sources with the largest infrared excess were found to be part of the IR
cluster after looking at the extinction corrected reddening values. According to the
reddening values, the IR cluster is likely rather young, maybe sharing an age with

the surrounding IRAS source (Urquhart et al. 2004).

4.3.5 Mid-infrared data

The region’s overall structure on a galactic scale and the worldwide star creation
occurring within the molecular cloud were investigated using the Wide field MSX
images. It is possible to deduce the existence of a PDR based on the fact that the
MSX band A image is predominately composed of Polycyclic Aromatic Hydrocarbons
(PAH) (Urquhart et al. 2004). The MSX band E image shows that there are three
hot embedded thermal sources can be found throughout the cloud. thermal sources
embedded within the cloud. These sources are located at a distance from the bright

rim in relation to the ionizing stars (Urquhart et al. 2004).

The bright source in the centre of Fig. 4.25 coincides with the location of AFGL 5180,

suggesting that this object is being heated from the inside by the light of an embedded
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Figure 4.24: The spatial distribution of the candidates for YSOs with color excesses,
superimposed over a logarithmic intensity scaled Ks-band image. Red and green stars
indicate the position of 6.7 GHz methanol masers and the IRAS source. The diamond
symbol indicate the position of the MSX source, and those sources are denoted by
the red circles (H — K > 2).

main sequence star (Urquhart et al. 2004). The other bright sources located on the
southwest are UC HII regions G189.03234-0.8092 and G189.0307-+0.7821 respectively.
These three images are colored green, red, and blue, respectively, as band A tracks
emission from the local PDRs, thermal emission from hot dust is what band E focuses
on, and band C tracks optically ionized gas. The intense red emission in the image’s

upper right corner plainly identifies the ionizing stars.

4.3.6 Counterparts at Other Wavelengths

Table 4.6 is a summary of the methanol maser counterparts in the IRAS, MSX, and
NVSS catalogs. Indicators of star formation such as OH masers, HoO masers, and

NHj3 emission should be looked for within 1 arcsecond of the maser, and IRAS, MSX,
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Figure 4.25: A composite image of band E (red), the MSX band A (blue) and the
MSX band E (green). PDRs can be tracked using the band A image, thermal emission
from warm dust can be tracked using the band E image, and optical ionized gas can
be tracked using the DSS image.

and NVSS sources should also be considered, as they are likely to be associated with
the emission. It is quite unlikely that sources more than 25 arcseconds from the

methanol maser are connected to the maser emission.

In order to be consistent with the findings of earlier research on the topic conducted
by Pestalozzi et al. (2005), a search radius of 1 arcmin was used. The goal was
to relate any future discoveries of star formation tracers to the same complex as the
YMSOs responsible for the emission of methanol maser. Table 4.7 shows the presence

and absence of IRAS, MSX and NVSS counterparts from the source.

Astronomical sources thought to be producing 6.7 GHz methanol masers have been
the subject of a multi-wavelength investigation during HMSF is necessary to com-
prehend the connection between the maser emission and its surroundings (Ellingsen
2006). In order to investigate the maser environment, we looked through catalogues

that had previously been published in the scientific literature, in order to find coun-
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terparts to the masers. New observations were carried out at wavelengths for which
there was no previously collected data. At the moment, the catalogs that are of

particular interest include 2MASS, GLIMPSE, MSX, IRAS, and NVSS.

Due to the excellent sensitivity of the 2MASS and GLIMPSE surveys and the abun-
dance of stars in the near infrared, a substantial number of point sources from these
catalogs (> 40 sources) will reside within the confines of any methanol maser. There-
fore, unless the methanol maser placements are adjusted to subarcsecond accuracy,

we will not include these two catalogs in our study.

Table 4.6: Potential matches between the methanol maser sample and sources listed
in the IRAS, MSX, and NVSS catalogs. The IRAS, MSX, and NVSS sources within
25 " of the methanol maser are listed in the columns following the maser.

Methanol Maser IRAS sourcesep ()  MSX source  sep(”) NVSS source sep(”)
G188.95+0.89 06058+2138 0.54 (G188.9478+-0.881 0.072 - -

Table 4.7: Shows for each methanol maser the presence or absence of counterparts
at 23" and 60 ” as well as other tracers. Letter y means present and n absence.

Methanol IRAS MSX NVSS H,O OH other other

Maser source? source? source? meth  SF
23”60 " 23", 60 " 23", 60 " maser? maser? maser? tracers?
G188.95+0.89 vy v,y n,n n y y y

Using a fiducial distance of ~ 3 kpc to a major star-forming area, we find that a
separation of 5” in angular distance corresponds to a physical distance of 15,000 AU.
Since the maser pump requires the warmed dust produced by the central star, a
search radius of 5” may be used as a rather safe upper bound on the likelihood of
connection. When the error circle is taken into account, the 95% confidence interval
for the location of a methanol maser is 18 ~ 18 ”. Therefore, 25 ” was chosen as the

corresponding search radius.

4.3.7 Methanol Masers and Star Formation Tracers

Table 4.8 lists the distances to adjacent objects in the fields of the G188.95+0.89

region, including methanol masers. We can learn more about the surroundings of the
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methanol masers by examining the locations of hydroxyl masers, HII regions, and
water masers (Goedhart et al. 2002). If a H II region is present, then a high-mass
ionizing star must be nearby. Even if the H II region is not observable, the existence
of hydroxyl masers in the region’s periphery is a positive indication of the existence

of a high-mass star (Garay & Lizano 1999).

Shocks linked with fast outflows often contain water masers. Although water masers
have been connected to both high- and low-mass star formation, conclusive proof of
the connection requires measuring the outflows themselves, and can be located at

considerable distances from the star causing the outflow (Garay & Lizano 1999).

Surveys in the mid-infrared ’have established that shocks, outflows, infall, and cir-
cumstellar disks are all traceable by maser emission from massive stars (Goedhart
et al. 2002). There is no one activity or phenomenon that can be attributed to a
certain maser species (De Buizer et al. 2005). Every methanol maser site has its
surrounding environment meticulously analyzed. The goal of this detailed inspection
was to calculate the exact distances to the methanol masers and other objects in the

region (Goedhart et al. 2002).

Table 4.8: Locations of methanol masers in relation to nearby features. In the first
column, you’ll see the methanol maser’s identification. In columns 5 we find the
angular distance and its uncertainty between the field objects and the methanol
maser.

Methanol Maser Obiect R.A. Dec. A. sep
Name (h m s) (crn "
G188.95+0.89  Methanol maser 06 08 54.2 +21 38 25 0.66
hydroxyl maser 06 08 54.14 +21 38 24.64 3.24
HII region 06 08 53.81 421 38 25.0 4.2
water masers 06 08 53.4 +21 38 37 1.4

4.3.8 Infrared Sources Coincident with Methanol Masers

Table 4.10 provides a compiled summary of the findings obtained by doing the search
over a wider area. It is more likely that methanol masers will be discovered in close

proximity to radio sources that have a spectral index that is characteristic of an

131



Table 4.9: This table lists the presence and absence of infrared sources coincicent
with masers IRAS, MSX .

Catalogue Source Separation ()
IRAS 06058-+2138 0.54
MSX (G188.9479+-00.8871 3.84

2MASS 06085426+-2138245 2.34

outflow (Zapata et al. 2006, Fish 2007).

4.3.9 Results from the Point Source Catalogues

(G188.95+0.89 was searched through the MSX, 2MASS and IRAS catalogues. The
various point source catalogues were searched through and, it was decided to not
pursue 2MASS data. Since there were so many sources within 10 arcseconds of a
Methanol maser site, it was hard to tell if one of them was at the same distance as

the maser or in front of it.

The relationship between methanol masers, MSX sources, and IRAS sources, as well
as the corresponding flux densities, is displayed in Table 4.10. Only MYSOs are
discovered to be related with Class I1 6.7 GHz methanol masers, which are radiatively

pumped by IR emission from heated dust (Cragg et al. 2005, Chen et al. 2010).

Table 4.10: The relationship between Methanol masers, MSX, and IRAS sources,
and flux densities in Jy.

MSX

Band  Wavelength (pm) Flux
B1 4.29 -1.309e+01
B2 4.35 -7.07065e+00
A 8.28 6.03e+-00
C 12.13 9.840e+00
D 14.65 1.4e+01
E 21.34 6.71le+01
IRAS

IRAS12 12 1.40e+01
IRAS25 25 1.4e+02
IRAS60 60 9.56e+-02
IRAS100 100 1.67e+03
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4.4 DISCUSSION OF RESULTS

4.4.1 Radio Results

4.4.1.1 Methanol Maser Variability Implications

It’s interesting to note that historical observations indicate that the initially discov-
ered peak flux density feature, vy ~+10.5km s~!, has changed noticeably since its
discovery, ranging from less than 500 Jy before 1993 as reported by Menten (1991a),
Caswell, Vaile, Ellingsen, Whiteoak & Norris (1995). It registered an amount of more
than 600 Jy before 2009 as reported by Goedhart et al. (2004), Green et al. (2012) to
~500 Jy on average in this observation. Currently, the optimum flux density is located
at vrgr =+10.70km s~! and not at +10.44km s~ !as depicted in Fig. 4.4. Three
features from Table 4.1 are decreasing in brightness, with the v; gz =+11.45km s*

decaying exponentially in particular (see Fig. 4.5).

According to Caswell, Vaile, Ellingsen, Whiteoak & Norris (1995), between 1991
(~250 Menten (1991a)) and 1993 (~230 Jy), the feature v, 5z =+11.2km s~! marginally
reduced. It was only y ~100Jy in August of 1999 as stated by Szymczak et al.
(20000), before reaching a maximum of 160 Jy in November of 2001 as reported by

Goedhart et al. (2004), and then declining exponentially, as described here.

Both of these variations and the maximum reported by Goedhart et al. (2004), are
inexplicable by equation 4.1. The periodic feature at v;,gzr =+11.45km s~* appears to
have experienced a modest flaring event between 1999 August and 2001 November,
with an increase in flux density of a factor of 2.6. This periodic decay feature is
comparable to the one seen in (323.460.08 (MacLeod, Smits, Green & van den

Heever 2021).

Additional investigation of the past data and data from other transitions will be nec-
essary to confirm the exponential decay of the maser velocity component ( 12.2 GHz
CH3OH and/or 22.2 GHz H,0), is necessary (Mutie et al. 2021). Minier et al. (2000)

and Hu et al. (2016) present spot maps of 6.7 GHz methanol masers; all velocity fea-
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tures sit in an 180x 180 au box around the bright reference feature vygg =+10.33 km s™*

which is assumed to be at a distance of 1.76 kpc.

Within a ~50 au radius of the feature that serves as the reference is where you'll find
the weakening features, vpgp =+8.42km s~! seen somewhat north and +11.45km s™*
a little to the south of the reference maser(Mutie et al. 2021). Towards the south-
east of the maser used for reference ~90au is where you can locate the increasing
component (+10.70 km s™1). Further to the south-east (~140 au) is where you’ll find
the constant feature, vysr =+9.65km s™' (Mutie et al. 2021). The masers in close
proximity to the reference maser might be part of a disc-generated outflow according
to Minier et al. (2000). The fluctuation of spectrally blended masers as suggested by
Szymczak et al. (2014) or gas motion as stated by Goddi et al. (2011), may be the
cause of velocity drifts like those shown here (Mutie et al. 2021). Infalling gas may
infiltrate the accretion discs that surround large star-forming regions and may cause
the drifts. Szymczak et al. (2014) describe a velocity drifting feature in Cepheus A

and speculated that it might be the product of masers situated in regions of infalling

gas or an artefact of fluctuating line-merged features.

The suggestion put forth by MacLeod, Chibueze, Sanna, Paulsen, Houde, van den
Heever & Goedhart (2021a) was that the protostar G9.62+0.20E’s accretion disk’s
inner radius was infalling, causing the associated methanol masers to drift in velocity
in a predictable way. They do, however, add that masers in a processing disc could

be the cause of the drifts.

Two features exhibit measurably observable velocity drift, as shown by Table 4.1.
The blue-shifting velocity component, vpsg =+9.65km s™! is shifting (~ —2.0 x
1075km s~'d~') while the other vpgr =+11.45km s7!, is red-shifting (~ +2.0 x
107°km s7'd™') (Mutie et al. 2021). The drifts are identical to those seen in
G9.62+0.20E and varying from —6 to +3x107°km s™'d~! (MacLeod, Chibueze,
Sanna, Paulsen, Houde, van den Heever & Goedhart 20214, Mutie et al. 2021). How-

ever, there aren’t enough features with detectable velocity drift, making it impossible
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to make a comparison to G9.62+0.20E. Still significant velocity drifts are reported
and this in only the third source. Class II methanol masers, which are can only be
found in association with HMSFRs, are present in the source (Minier et al. 2003b).
Such locations undergo accretion events, which are indicated by flaring masers, as
described in S255IR-NIRS3 (MacLeod et al. 2018), G323.46-0.08 (Proven-Adzri et al.
2019, MacLeod, Smits, Green & van den Heever 2021), G358.93-0.03 (Sugiyama et al.
2019, MacLeod et al. 2019) and G188.95+0.89, our current object of study (Mutie
et al. 2021).

In the spot maps displayed in Minier et al. (2000), Hu et al. (2016), the two maser
features undergoing velocity drifts are observed to be well separated by ~200 au. It’s
likely that an outflow affects the central features, and this motion may cause velocity
drift in the features at the edges according to Minier et al. (2000). Even the brightest
feature at the moment is blue-shifting at vygz =+10.70km s~!, however this might
just be as a result of changes in strongly line-merged features. These periodic masers
are all connected to the MM1 in Fig. 4.9. To understand these variances, additional

observation and analysis are necessary.

The maser spots for G188.95+0.89 are laid out on a curve, with the vertex having the
maximum radial velocity and the velocity steadily decreasing away from it, according
to interferometric data from Ellingsen et al. (1998). What we see is exactly what we
would expect to see if we were looking at a bow shock pattern from a vantage point
near enough to the bow-shock axis to witness each maser spot inside the paraboloidal

shell traveling in the direction of us (Moscadelli & Catarzi 1996).

There is much debate about whether these masers are connected to outflow, as sug-
gested by De Buizer et al. (2009), or circumstellar discs, as suggested by Norris et al.
(1998) Findings of Sanna et al. (2015) demonstrates that they can be connected to

both components of the same young star source environment.
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4.4.2 Interferometric Results

4.4.2.1 Binary System of G188.95+0.89-MM2

It has come to light that there are a number of indicators in MM2 that point to
the possibility of the presence of a binary system. First, the high-resolution ALMA
band 7 dust continuum image separates MM2 into two cores that are 0.17 apart
from one another (Mutie et al. 2021). Second, the CH30H 4(2,2)-3(1,2) emission
occurs at both the systemic velocity and the spectral profile of the emission that
is traveling towards MM2 have two prominent features (see channel at 2km s™! of
Fig. 4.11). In Fig. 4.26, we see the 4” ellipse’s spectra of >CO (solid lines) and
CH30H 4(2,2)-3(1,2) (dashed line) from MM2. After a close inspection, it was noted
that the '2CO emission was optically thick. Self-absorption features are visible in the
in the 12CO spectra as shown in Fig. 4.26. This indicates that the 2CO emission is

being absorbed by cold foreground material.

Most notably in the '2CO spectra is an absorption pattern that is analogous to the
CH30H CH30H 4(2,2)-3(1,2) absorption characteristic in v;sr, which separates the
2 resolved cores in MM2 (Mutie et al. 2021). All of these features point to MM2

being composed of several (or at least two) young star objects.

The complicated orientation of the outflowing gas traced by 2CO, as seen in Fig.4.26,
is consistent with the presence of at least a binary, if not several, YSOs in MM2. It is
shown that MM2 is intersected by an east-west outflow feature, a north-west outflow
feature, and a south-east outflow feature. These data lend credence to the theory

that MM2 contains at least a binary system.

4.4.3 Infrared Results

Numerous publications have discussed near-infrared (NIR) photometry of young star
populations by utilizing NIR J-H, H-K two-color diagrams to distinguish between

various object classes (Van der Walt et al. 2012). Here we follow the same practice.
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Figure 4.26: '2CO (solid lines) and CH30H (dashed lines) the spectrum of
(G188.95+0.89 was taken using an ellipse of size ~4” and centering on MM2. Multi-
ple absorption patterns in the 12CO emission and a double peak in the CH3OH line

are indicators of a binary or more than two sources of propulsion in MM2. Source:
(Mutie et al. 2021).

Fig. 4.22 (upper row on the left) presents the main results of the selected subset
of 37 objects. The Objects that lie to the middle of the graph, above the T Tauri
locus and with 0.2 < (H — K) < 1. The infrared excess prevents these objects
from being dereddened to the main sequence. Between the extremes of the T Tauri
locus, each object was dereddened and placed at random position since the true
unreddened intrinsic colors are not known. The objects continued lying on their

individual dereddening line.

There may be doubts about the veracity of the grouping and the composition of the
objects, given the distribution of the objects on the two-color diagram in Fig. 4.22
(top row, left). Dereddening would cause some of these stars to become ionizing,
meaning they would have been detected as H II regions in radio continuum surveys
or as strong infrared sources even though their optical extinction would be between
10 and 15 mag as reported by Van der Walt et al. (2012). Field stars and Class III

objects with a minor NIR excess are the most common types of objects seen in the
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reddening band. It’s difficult to tell the difference between field stars and Class I1I

objects, thus it’s possible that the latter objects could be part of the SFR.

The list of objects with good WISE detections, defined as those with photometric
uncertainty < 0.2 mag in WISE bands, were used to create two additional MIR c-c
diagrams. The c-c diagram for [3.4]-[4.6] against [4.6]-[12] can be seen in the bottom
right panel of Fig. 4.22. Class I YSOs have a color range of [3.4] — [4.6] > 1.0 and

[4.6] — [12] > 2.0, making them the reddest objects.

Objects in the Class I YSO redness range have a color temperature of [3.4][4.6] > 1.0
and [4.6][12] > 2.0. Using the [3.4] — [4.6] versus [4.6] — [12] c-c diagram, a total of 19
YSO candidates were chosen for further consideration. The c-c diagram for [3.4]-[4.6]

against [4.6]-[12] can be seen in the bottom right panel of Fig. 4.22
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5.1

CHAPTER FIVE

CONCLUSIONS

SUMMARY

In this work, we presented the findings from 1.8 decades of observational tracking of

6.7 GHz CH30H masers towards G188.95+0.89. The summary of the results is as

follows;

(i)

(i)

The spectra of G188.95+4-0.89 was found to have five prominent velocity features
at +8.42, +9.65, +10.44, +10.70 and +11.45 km s~! are variable and periodic
(however it is not immediately apparent for the velocity feature vpgr =+11.45
km s!), suggesting a common background source. As this feature decays expo-
nentially, its relative amplitude, R,,,p, decreases approximately proportionally.
Background free-free emissions, which are amplified by the masers, are likely

responsible for the observed variations in the G188.95+0.89 masers.

A plot of light curves using radio data showed that the velocity drifts associated
with the spatial movement of the gas depicted different variability patterns of
close and blended features. It can be concluded that the velocity drifts were
as a result of infalling gas to the inner radius of the accretion disk surrounding

the star forming region of G188.95+0.89.

The continuum and thermal line emissions resolved (G188.9540.89 protoclus-
ter into eight 1.3 mm objects (MM1-MMS) of masses ranging from 0.4M, to
8.2M, indicating the presence of a massive star in the region. MM1 and MM?2
are the central objects and MM1 (the brightest dust continuum object) is asso-
ciated with the periodic 6.7 GHz CH30H maser source. Several molecular lines
detected in the region included ?CO, CH3;0H, SiO and '¥CO. The presence

of this molecular lines is indicative that the objects under investigation are at
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5.2

early phase of evolution.

Morphology of the emission from different species detected toward G188.95+0.89
were shown using the zero moment maps of the most prominent transitions of
each species. ?CO (2-1) and CH30H  4(29)-3(12) zero moment maps shows
an elongated spatial emission coincident with the dust continuum MM2. MM?2
hosts more than one YSO, likely a binary system. Strong emission of 2CO
at the east and west of MM2 point to the presence of an east-west bipolar
outflow in MM2. Emissions north of MM2 also suggest a second outflow ema-
nating from the object, which could signal multiplicity of YSOs in MM2. The

detected outflows suggest the presence of accretion disks in the source.

Hydroxyl and water masers were detected in close vicinity to the star forming
region. Churchwell (2002) proposed that the most widespread masers associ-
ated with HMSF regions are H,O, OH, and CH30H. The presence or absence
of the different maser species can be used as an evolutionary clock, since masers
are relatively easily observed signposts of star forming regions. A total of 36
candidate YSOs were detected within a 60” radius of the G188.95+0.89 source.
Nine of these YSOs form an IR cluster within the boundary of the UC HII re-
gion. Analysis of the extinction corrected reddening values would suggest that
the IR cluster contains the most reddened YSO candidates detected in the re-
gion. All this points to the cluster being relatively young, considering the high
number of potential protostars and the other two extremely reddened sources,

the age is estimated to be of order of 10° yrs.

FUTURE RESEARCH PROSPECTS

In this section, a few recommendations which can be implemented to further the

investigation of maser variability in HMSFRs are listed. These recommendations

are:

e [t is important to investigate potential causes of periodic variability and this

140



requires the use of Maser numerical modeling. It could help answer queries
such as whether only changes in the photon flux of the infrared pump photons
are responsible for these variations or if the seed photons at the frequency of

the microwave line are also involved.

At present only 26 periodic masers have been detected. Further monitoring pro-
grammes should be conducted in order to find more periodic masers. This could
improve areas such as categorisation of light curves, add a possible mechanism
for explaining the origins of maser periodicity. This will improve understanding
of light curves or rule out other possible mechanisms for explaining the origins

of periodicity in masers.

Velocity drifts detected in G188.95+0.89 should be examined in other varying
masers to investigate what causes them. These velocity drifts are excellent can-
didates for future VLBI investigations to determine whether the radial velocity

acceleration of features actually traces the accretion of gas.

There are presumably two YSOs in MM2, making it a binary system though it

needs further investigation using VLBI to verify whether it is a binary.
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APPENDIX A

APPENDICES
A.1 FUNDAMENTALS OF A SINGLE DISH RADIO TELESCOPE

A.1.1 Single Dish Radio Telescope

The radio waves can be linearly, elliptically or circularly polarised. Astronomical
radio waves are either emitted by thermal, e.g. all objects with temperatures above
zero Kelvin radiate blackbody energy, or non-thermal, e.g. maser emission, processes.
The radio waves emitted by astronomical objects in space can be measured here
on Earth by a radio telescope. In an ideal case, a radio telescope measures the
noise power per bandwidth of a single-mode transmission line of a blackbody with
temperature T which can be expressed as shown by Burke et al. (2019), Johnson
(1928), Nyquist (1928).

Since radio waves are electromagnetic waves, the electric and magnetic fields of a
propagating plane wave must be parallel to one another and the direction of prop-
agation. The radio waves can be unpolarised, partially polarised, or fully polarised.
Their polarisations are characterised by the Stokes parameters (Kraus 1986, Burke
et al. 2019). The radio waves can be linearly, elliptically or circularly polarised.
Astronomical radio waves are either emitted by thermal, e.g. all objects with tem-
peratures above zero Kelvin radiate blackbody energy, or non-thermal, e.g. maser
emission, processes. The radio waves emitted by astronomical objects in space can
be measured here on Earth by a radio telescope. The noise power per bandwidth can

be expressed as:
hv

hv
eXBTA_1

P, = (A.1)

for the Rayleigh-Jeans approximation,
P, = KpTa

where T, is the temperature which a resistor would have had if it was to gener-
ate the same power per unit bandwidth from the voltage measured by the antenna.
Note that T4 is not related to the receiver temperature. Equation A.1, called the
Johnson-Nyquist (Johnson 1928, Nyquist 1928) formula, shows that the radio tele-
scope measures the temperature of radio astronomical objects. The Johnson-Nyquist
formula relates to the power of the resistor placed in the thermal bath. The power

per unit bandwidth received from an unpolarised radio astronomical source (or black-
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body radiation) subtended by the solid angle w per polarisation unit is (Burke et al.
2019, Condon & Ransom 2016, Kraus 1986).

Pt = / / B(6,6)P(0, 6)d9) (A.2)

T2
where A, , B(0,¢) and P(0,¢) are respectively the effective area of the radio tele-
scope, Planck’s blackbody intensity at the brightness temperature Ty, (temperature
of the source if it was a black-body) and the normalised telescope power pattern. For
the 26m HartRAO radio telescope, A, = ﬂ%2 ~ 1030m? using D as given in Table
3.1.

The Planck blackbody intensity at the brightness temperature T}, in radio astronomy

hv
KpTy,

the Planck function of the blackbody radiator in equation A.3 will be:

is given by the Rayleigh-Jeans approximation, where << 1, which implies that

2k, v
By(Ty) = =2 (A.3)

c2

the vacuum speed of light is denoted by the symbol "c." The observed flux density
S., in Jy, of the brightness of the radio source is approximated by the Planck function

of the blackbody radiation and is given by:
The Planck blackbody intensity at the brightness temperature Ty, in radio

B B 2Kp
5, = /Q B(8.0)0 = 2 [ e 0)ic (A1)

s

Radio astronomy sources are often approximated as blackbody radiators.

If we combine equations A.1, A.2 and A.3, the antenna temperature, T4, can be

shown to be

1, =2 [4,0.6)P0.6)a0 (A.5)
or 1
A

where (24 is the antenna beam area or beam solid angle. If the source is very small
compared to the antenna beam pattern area then P(6,¢) ~ 1 (Kraus 1986). If

the temperature of the radio source can be expressed as an average, Ty, , then the

Qs
104

factor (Condon & Ransom 2016, Kraus 1986). The combined temperature known as

antenna temperature can be given by Ty = g—:Twe where is called the beam filling
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the system temperature Ty, (Condon & Ransom 2016):

Tsys = demp T+ Tatm + Tspill + Tbg + TT (A7)

where Totp, Ty, Topin and Ty are respectively: the temperatures of the atmosphere,
the receiver, the spill-over (which arises from spill-over radiation that the feed picks
up from beyond the edge of the reflector) and background radio sources. Root mean

square (rms) is as follows:
Tsys

AI/T

(A.8)

or =~

:

For an observation with AvT >> 1, the voltage output is heavily smoothed (Condon
& Ransom 2016). This implies that the telescope has to be calibrated, which leads
to a discussion about the technique used for determining the aperture efficiency for
the 26m HartRAO radio telescope at 6.7 and 12.2 GHz.

A.1.2 Single-dish observing techniques

The 26-m HartRAO radio telescope was used to observe the methanol maser source
regions using the frequency switching technique. By adjusting the Local Oscillator
(LO) frequency, the passband spectrum can be moved to the left or right using this
method. It could fall within or outside of the receiver band. Total power is calculated

as shown in equation A.9

ANsig - ANref
An

ref

Total Power = | ], (A.9)
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A.1.3 RCP and LCP of G188.95-+0.89 Before Addition
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Figure A.1: Time series and dynamic spectrum of G188.95+0.89: (a) Top left panel:
The time series in LCP, (b) Dynamic spectrum of the 6.7 GHz methanol masers linked with
(G188.95+0.89 LCP, (c) Bottom left panel: The time series in RCP and LCP before addition
of the two, (d)Bottom right panel: Dynamic spectrum at LCP and RCP.
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Figure A.2: LCP spectra.

A.2 FUNDAMENTALS OF INTERFEROMETRIC OBSERVATIONS

A.2.1 Baselines and U-V Coverage

When two or more telescopes are combined, the cross-correlation of voltages at the
correlator results in interference patterns. The spatial coherence, also known as
complex visibilities, is the cross-correlation of voltages at various regions. Phase
and amplitude are also included in the visibilities. The placement and number of
antennas in an array affect the source’s visibility or u-v coverage. The coverage
becomes more thorough and efficient as there are more baselines between antennas.
When measuring distances on the ground rather than in the sky, a u-v plane is
determined by the viewing wavelength A\, where u is measured from west to east and

v is measured south to north, i.e:

u=(xe —x1)/A (A.10)

u=(y2 —y1)/A (A.11)

Shorter baselines are preferable for resolving diffuse, extended sources while longer
baselines will improve the resolution of a point source. At lower frequencies, radio
interference, is produced by many devicesthat includes an unintended radio emissions

from power lines, TV boosters, and other devices.
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A.2.2 Sub-millimeter Instrumentation

The radio-wave portion of the electromagnetic spectrum contains the emission lines
created by rotational transitions of numerous chemical species, which are our major
diagnostic tool. The ALMA archives provided the interferometric data. With higher
resolution, we can probe global features like the system tilt and the form of the
gaseous envelope in addition to probing the velocity field in different parts of an
object. The single-dish measurements complement the interferometric observations
very well because, by simultaneously constraining the models with both types of
observations, we ensure that our model is consistent with the facts on all explored

spatial scales.

Cosmic light that oscillates between the radio and infrared spectrum can be studied
by the ground-breaking ALMA radio telescope. Astronomers have been encouraged
to detect this form of radiation for decades due to the fact that the Universe is filled
with objects that release it. Water vapour in the atmosphere is a simple absorber
of millimetre and submillimeter light. Water vapor in the atmosphere easily absorbs
millimeter and submillimeter light. In Fig. A.3, the ALMA array is depicted

Figure A.3: ALMA array, in an extended configuration. Credit: ALMA (ESO/NAO-
J/NRAO)

Astronomers may observe extremely far-off light that has been pushed towards the
red end of the spectrum using ALMA’s millimetre and submillimeter wavelengths as
well as delve into the dense interiors of gas clouds to study the birth of stars and
planets. ALMA functions as an interferometer, combining the signals from its array

of antennas to create a single, enormous telescope the size of the entire array (Dent
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2016).

A.2.3 Processing radio signals with the ALMA

An intricate chain of signal reception, conversion, processing, and recording begins
with the ALMA front end equipment. Ten different frequency bands can be used
to detect astronomical signals with this device. Any other system in use cannot
compare to this one. The sensitivities of other radio telescopes all across the world
are actually being improved by products produced from ALMA prototypes (Fomalont
et al. 2014). Numerous components that are made in Chile, Europe, North America,

and Eastern Asia make up the front end units.

Receivers, which are constructed in cartridges and are very simple to install or replace,
will be housed in the cryostats. The Institut de Radio Astronomie Millim’etrique
(IRAM) of France provided the required heated optics, windows, and infrared filters.

The cryostats will have an operating temperature as low as 4 K (equivalent to -269°C).
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A.2.4 Frequency bands of receivers

With all 10 receiver bands merged, the ALMA front end can detect signals with
wavelengths ranging from 8.6 mm to 0.32 mm, or 35 GHz to 950 GHz in frequency.
The characteristics of each ALMA receiver for science observations are shown in

Table A.1 (as of Cycle 5). Figure A .4 illustrates a Band 6 receiver cartridge.

Table A.1: Specifications of individual ALMA receivers for science observation.

Band Wavelength Frequency

(mm) (GHz)
1 8.57-6.00 035 - 050
2 4.48 -3.33 067 - 090
3 3.57-2.59 084 - 116
4 240-1.84 125-163
) 1.84-1.42 163 - 211
6 1.42-1.09 211 - 275
7 1.09 - 0.80 275 - 373
8 0.78 - 0.60 385 - 500
9 0.50 - 0.42 602 - 720
10 0.38-0.32 787 -950

Figure A.4: Band 6, receiver cartridge. Credit: ALMA partnership (Ediss et al.

2004)
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A.2.5 Zero Moment Maps of Some Detected Molecular Lines

34.0" H2CO (32,1 + 22,0)

Pea" Flu(=2.71 j) /beam

072
32.0" oy
] ~ w
o 8 [}
& 30.0 g v 2
2 o 3
) 048
x
a 28.0" o =]
0.0 L
26.0"
+21°38'24.0" . .
53.80s 53.60s 53.40s 53.20s 6h08m53.00s 53.20s 6h08m53.00s
RA (L2000) RA (L2000)
34.0" 340" CH,OHCHO 4(4,4)-
32.0" 027 32.0"
—
— 024 (Q 8
] [ o 300
I 30.0" Q o
§ 021 -
Y > o)
@ ~ [
[a] o1e X a 28.0" 8
3 X
28.0" =
[T
015
26.0"
+21°38'26.0"
i +21°38'24.0",
53.70s 53.60s 53.50s 53.40s 53.30s 53.205h08m53.10s %s.80s 53.40s 53.20s 6h08m53.00s
RA (2000) RA (R2000)

() (d)

Figure A.5: (top) Zero moment maps of detected molecular lines with emission at high
velocities. (a) Top left panel: Integrated map of HoCO at 218.76 GHz, (b) Integrated map
of 18CO at 219.56 GHz (c) Bottom left panel: Integrated map of SiO at 217.104 GHz, (d)
Bottom right panel: Integrated map of CHoOHCHO at 231.76 GHz. The contours represent
the dust continuum of which the contour levels are the same as in Fig. 4.9.
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A.2.6 Spectra of Some Detected Molecular Lines lines
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Figure A.6: Molecular line spectra that have been identified. The best-fit model’s synthetic
spectrum is shown in red, while the observed transitions are shown in black.

182



A.3 Publication-2019

Nuclear Activity in Galaxies Across Cosmic Time

Proceedings IAU Symposium No. 356, 2019

M. Powié, P. Marziani, J. Masegosa, H. Netzer, S. H. Negu & S. B. Tessema, eds.
doi:10.1017/S1743921320003543

14 years of 6.7 GHz periodic methanol maser
observations towards G188.95+40.89

Martin M. Mutie!?, Paul Baki!, James O. Chibueze®! and
Khadija El Bouchefry®
'Department of Physics, Technical University of Kenya, P. Q. Box 52428-00200, Nairobi, Kenya
2Department of Physical Sciences, Chuka University, P. O. Bax 109-60400, Chuka, Kenya
3Centre for Space Research, Physics Department, North-West University, Potchefstroom 2520,
South Africa
‘Department of Physics and Astronomy, University of Nigeria, Carver Building, 1 University
Road, Nsukka, Nigeria
*South African Radio Astronomy Observatory, Rosebank, Johannesburg, South Africa

emails: martmulesh@gmail. com; paulbaki@gmail .com; james.chibueze®@gmail .com and
kelbouchefry@ska.ac.za

Abstract. We report the results of 14 years of monitoring of GI88.954+0.89 periodic 6.7
GHz methanol masers using the Hartebeesthoek 26-m radio telescope. G188.95+0.89 (5252,
AFGL5180) is a radio-quiet methanol maser site that is often interpreted as precursors of ultra-
compact HII regions or massive protostar sites. At least five bright spectral components were
identified. The maser feature at 11.36 km s~' was found to experience an exponential decay
during the monitoring period. The millimetre continuum reveals two cores associated with the
source.

Keywords. ISM: individual (G188.95+0.89), ISM: molecules, stars: imaging.
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ABSTRACT

We report the results of ongoing monitoring of the 6.7 GHz CH; OH masers associated with G188.95+0.89. In these observations,
five features are periodically varying and at least two exhibitevidence of velocity drifts. It is not clear the cause of these velocity
drifts. The spectra have varied significantly since detection in 1991. The 11.45km s~ feature has decreased exponentially from
2003. Complementary ALMA 1.3-mm continuum and line observational results are also presented. Eight continuum cores
(MM 1 -MMSR) were detected in G 1 88.954-0.89. We derived the masses of the detected cores. G 188.95+0.80 MM2 was resolved
into two continuum cores (separated by 0.1 arcsec) in ALMA band 7 observations. Also, CH;OH (42 3)-3,1, 2)) thermal emission
associated with MM2 is double peaked. We propose the presence of multiple (at least binary) young stellar objects in MM2. SiO
emission exhibits a bow-shock morphology in MM2 while strong emission of *CO at the east and west of MM2 suggests the
presence of an east-west bipolar outflow.

Key words: masers-techniques: interferometric —~stars: formation - ISM: individual objects: GI188.9540.89 ~ ISM:
molecules - radio lines:stars.
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