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Abstract

Hypercompact Hii regions (HCHii) trace one of the earliest observable ionised stages

of massive star formation, marking the point at which a newly formed massive star be-

gins to ionise its surrounding material. Their small sizes, high densities, short lifetimes,

and large optical depths make them difficult to detect, leaving their properties poorly

represented in the literature. Since HCHii regions often remain optically thick below

�20GHz, they are commonly missed in radio surveys of Hii regions, which are typically

conducted at frequencies of �5GHz. Increasing the known sample of HCHii regions

is therefore essential for understanding when ionisation begins, how compact Hii re-

gions evolve, and how feedback develops during the embedded stages of massive-star

formation. This thesis addresses these questions through the Search for Clandestine

Optically Thick Compact Hii Regions (SCOTCH), a systematic high-frequency radio

continuum survey towards methanol maser sites, which are themselves well-established

signposts of young, deeply embedded high-mass protostars.

Targeted high-frequency radio continuum observations at 18–24GHz were used

to investigate 476 methanol maser sites from the Methanol Multibeam survey. Obser-

vations were carried out for 355 sources using the Australia Telescope Compact Array,

these were supplemented by archival high-frequency data for a further 121 sources.

Across the survey, 189 compact radio sources were detected. Cross-matching with

mid-infrared, submillimetre dust continuum, and lower-frequency radio data identified

134 compact sources associated with both methanol masers and dense molecular ma-

terial. These sources are identified as embedded compact Hii region candidates tracing

early stages of massive-star formation. Candidate HCHii regions were selected based
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on compact morphology, positional association with methanol masers, and rising or

optically thick radio spectra between 5 and 18GHz. A total of 81 candidates were

followed up at higher angular resolution at 18 and 24GHz.

The final SCOTCH sample contains 61 compact ionised sources, including 34

HCHii regions, 15 intermediate objects, 9 UCHii regions, and 3 jet-like candidates.

Of these, 48 are newly identified HCHii regions or intermediate objects, increasing

the known sample by a factor of approximately three. Several sources remain optically

thick even at 24GHz, indicating that they are among the youngest and densest compact

ionised regions in the sample, and that some derived physical properties remain lower

limits. The newly identified sources are typically smaller, denser, and associated with

lower-luminosity early B-type stars than many previously known HCHii regions. This

demonstrates that compact, optically thick ionised regions are more common than

previously recognised and are not limited to the most luminous O-type stars.

The enlarged SCOTCH sample shows that HCHii and UCHii regions form

a continuous evolutionary sequence rather than two clearly distinct physical classes.

Their physical properties change smoothly from small, dense, optically thick HCHii

regions to larger, more evolved UCHii regions, with transition objects bridging the two

stages. The HC/UC distinction therefore remains useful as an observational classifica-

tion, but should not necessarily be interpreted as evidence for separate physical popu-

lations. These results support a picture in which ionisation begins while massive young

stars remain deeply embedded, and where accretion, ionisation, and feedback can co-

exist during the early evolution of massive stars. The detection rate of HCHii regions

and transition objects is approximately ten per cent, demonstrating that methanol

maser selection combined with high-frequency radio continuum observations provides

an efficient route to finding the youngest compact ionised regions. Extending SCOTCH

to the remaining northern methanol maser population would provide a more complete

Galactic census of HCHii regions and stronger constraints on their lifetimes, luminosity

distribution, and evolutionary behaviour.
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Chapter 1

Introduction

The birth and early evolution of massive stars (> 8 M� ) have been widely studied over

the past few decades, yet a complete evolutionary sequence remains unknown due to

the challenges in observing these objects. Throughout their lifetimes, massive stars

profoundly impact their surroundings through mechanisms such as powerful out
ows,

the creation of Hii regions, strong stellar winds, and supernova explosions (Zinnecker

& Yorke, 2007). Consequently, they play a crucial role in enriching the interstellar

medium with heavy elements, ultimately shaping the structure and evolution of their

host galaxies (Kennicutt & Evans, 2012).

Despite their signi�cance, many aspects of massive star formation remain poorly

understood. These challenges arise because massive stars are rare, with only a few lo-

cated within a few kiloparsecs of the Solar System. Moreover, they typically form in

clusters, making it di�cult to isolate their individual properties from those of their

environments (Kurtz, 2000). Massive stars also evolve rapidly, reaching the main se-

quence while still deeply embedded in their natal molecular clouds (Motte et al., 2018).

As a result, their earliest evolutionary stages occur behind hundreds of magnitudes of
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1.1 The Interstellar Medium

visual extinction and can only be studied at far-infrared and submillimetre wavelengths

(Lumsden et al., 2013).

One of the de�ning characteristics of massive stars is their ability to ionise their

surroundings, creating bubbles of ionised hydrogen known as Hii regions. These regions

mark a key stage in stellar evolution, as they indicate that a massive star has reached

the main sequence and is producing large quantities of Lyman continuum photons. The

smallest and most compact of these regions are known as hypercompact Hii (HC Hii)

regions (Kurtz, 2005a), which are the main focus of this thesis.

HC Hii regions provide the earliest indication that a massive star has begun

to ionise its surroundings, representing a critical stage in its development (Gaume

et al., 1995). They appear as small, dense bubbles of ionised gas that expand outward,

potentially impeding further accretion and helping to set the �nal mass of the star.

However, their rarity and short lifetimes make them challenging to detect and study.

Despite their signi�cance, only a limited number of well-characterised HC Hii regions

exist, their small angular sizes result in low 
ux densities at low frequencies, and most

large-scale radio surveys (e.g., THOR; Beuther et al. 2016, CORNISH; Purcell et al.

2013; Irabor et al. 2023, GLOSTAR; Medina et al. 2019) operate below 10 GHz, where

HC Hii regions remain optically thick and thus di�cult to detect (Kurtz & Hofner,

2005).

This thesis aims to identify and characterise new HC Hii regions using high-

frequency radio observations. The targets are selected based on their association with

methanol masers that are well-known tracers of deeply embedded massive stars (Breen

et al., 2013).

1.1 The Interstellar Medium

The interstellar medium (ISM) is the vast expanse of gas, dust, and radiation that �lls

the space between stars in a galaxy. Rather than existing as a uniform medium, it

is structured into distinct phases, each characterised by di�erences in temperature,
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1.1 The Interstellar Medium

Table 1.1: Phases of the interstellar medium, including characteristic temperatures, par-
ticle densities, and masses. The masses correspond to the total mass of each ISM phase
integrated across the Milky Way. Adapted from Klessen & Glover (2016) and references
therein.

Phase Temperature Particle Density Mass
(K) (cm �3 ) (M � )

Hot Ionised Medium � 10 6 � 10 �2 3 � 10 6

Warm Ionised Medium � 8; 000 0:2 � 0:5 5 � 10 7

Warm Neutral Medium � 6; 000 0:2 � 0:5 2 � 10 8

Cold Neutral Medium 50 � 100 20 � 50 3 � 10 9

Molecular Clouds 10 � 20 > 102 3 � 10 9

density, and ionization. These phases, summarised in Table 1.1, provide a struc-

tured framework for classi�cation; the table includes characteristic masses for each

phase, which correspond to the total mass integrated across the entire Milky Way. The

medium itself is highly turbulent, with gradual transitions rather than sharply de�ned

boundaries. Its structure is shaped by processes such as turbulence, shocks, and mag-

netic �elds, which drive the constant mixing and evolution of material across di�erent

phases (McKee & Ostriker, 2007).

While dust constitutes only a small fraction of the ISM, it plays a crucial role

in its processes. Dust grains are composed primarily of silicates, graphite, and ice,

with smaller contributions from metals and organic materials (Ferri�ere, 2001). These

grains provide surfaces for key chemical reactions, including the formation of molecular

hydrogen (H2), which is essential for star formation (Herbst et al., 2005). In addition

to supporting chemical reactions, dust plays a signi�cant role in regulating the thermal

balance of the ISM. It absorbs ultraviolet and optical radiation from stars and re-

emits it as infrared radiation, which aids in the cooling of the ISM. This cooling e�ect

is particularly important in dense regions, where it helps facilitate the collapse of

molecular clouds and the formation of new stars. Furthermore, dust grains shield

molecular hydrogen from the destructive e�ects of ultraviolet radiation, which would

otherwise break apart the molecules and disrupt the chemical complexity of the ISM

(Van Loo et al., 2013).

The heating of the ISM occurs through photoelectric heating, cosmic ray inter-

actions, and shock-induced heating. Photoelectric heating, driven by far-ultraviolet

photons, dominates in di�use regions by ejecting electrons from dust grains (Wol�re
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et al., 2010). Cosmic ray heating is more signi�cant in shielded environments, ionising

atoms and molecules (Padovani et al., 2020). Shock heating, from supernova remnants,

stellar winds, and cloud collisions, injects turbulence and thermal energy into the gas

(Draine, 2011). Cooling processes, especially infrared emission from dust, balance these

heating mechanisms, radiating energy away from dense regions and maintaining ther-

mal equilibrium throughout the ISM. The ISM is not uniformly distributed, with most

molecular gas residing in giant molecular clouds (GMCs), the primary sites of star

formation (Heyer & Dame, 2015). Within these clouds, �laments fragment into dense

clumps, where high-mass stars form (Andr�e et al., 2014; Motte et al., 2018).

Table 1.2: The physical properties of clouds, clumps, and cores taken from Bergin &
Tafalla (2007) and references therein.

Property Clouds Clumps Cores
Mass (M� ) 103 � 10 4 50 � 500 0:5 � 5
Size (pc) 2 � 15 0:3 � 3 0:03 � 0:2
Mean Density (cm�3 ) 50 � 500 103 � 10 4 104 � 10 5

Gas Temperature (K) � 10 10 � 20 8 � 12
Examples Taurus, Oph, Musca B213, L1709 L1544, L1498, B68

1.1.1 Giant Molecular Clouds (GMCs)

GMCs are the largest structures among the molecular clouds of the ISM and are the

primary sites of star formation in galaxies. These vast reservoirs of gas and dust play a

crucial role in the star formation process and dominate the molecular phase of the ISM.

GMCs exhibit diverse shapes and sizes, typically spanning several to tens of parsecs,

with relatively constant temperatures of approximately 15 K (Solomon et al., 1979).

At these low temperatures, H2 does not emit radiation because its energy levels are not

excited enough to release photons. Consequently, H2 cannot be used to directly probe

the structure or mass of these clouds. Instead, astronomers rely on other molecules,

such as carbon monoxide (CO), as tracers. Unlike H2, CO possesses a permanent dipole

moment and exhibits rich rotational spectra, which can be excited even at low tempera-

tures. These properties make CO an invaluable tool for studying the internal structure

of GMCs (e.g., Lada, 1976; Roman-Duval et al., 2010). Estimates of GMC masses

based on CO observations suggest a range of 103 � 10 4 M � . Furthermore, CO emis-

4



1.1 The Interstellar Medium

sion maps reveal that GMCs are not uniform but contain intricate internal structures

composed of elongated �laments (Roman-Duval et al., 2010). Within these �laments,

molecular clumps form as smaller, denser regions. The properties of these clumps are

summarised in Table 1.2. Inside the molecular clumps are localized high-density regions

known as molecular cores. These cores exhibit densities of 104�10 5 cm�3 , masses of

0:5�5 M � , and sizes ranging from 0.03 to 0.2 pc (Bergin & Tafalla, 2007). The gravi-

tational collapse of these cores leads to the formation of stars, as originally described

by Shu (1977).

1.1.2 Support mechanisms within molecular clouds

The variations in density within a molecular cloud give rise to regions with strong

gravitational �elds, which in turn lead to the formation of molecular cores. As a clump

continues to accrete material from the surrounding molecular cloud, the mass and self-

gravity of the core increase. Under the in
uence of gravity alone, a molecular cloud is

expected to collapse on a free-fall timescale, t� , which can be expressed as:

t � =

r
3�

32G�
; (1.1)

where � =
3M

4�R 3
is the initial density of a cloud, M is the mass, R is the radius,

and G is the gravitational constant (6:67 � 10�11 N m2 kg�2 ). The estimated free-fall

timescale for such clouds is approximately 1 � 106 years. However, this does not ac-

count for thermodynamic changes or internal support mechanisms within the cloud.

Observations suggest that molecular clouds survive for up to 30 times longer than

the free-fall timescale, implying the presence of support mechanisms that hinder the

collapse of the cloud (Blitz & Shu, 1980). If the collapse of molecular clouds were

unhindered, the Galactic star formation rate (SFR) would be highly e�cient and much

larger than the observed value of approximately 3 M� yr �1 (McKee & Ostriker, 2007).

There are three main support mechanisms that enable molecular clouds to survive for

periods much longer than their free-fall times, these are discussed below:

Thermal pressure
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The �rst support mechanism is thermal pressure, which arises from the kinetic tem-

perature of the gas. The thermal pressure, P , is given by:

P = nkT; (1.2)

where n is the number density of particles, k is the Boltzmann constant (1:38 �

10�23 J K �1 ), and T is the temperature of the gas. Essentially, the higher the gas

temperature, the greater the pressure. However, molecular clouds typically maintain

temperatures around � 15 K. At such low temperatures, the thermal pressure is insuf-

�cient to counteract gravitational collapse (McKee & Ostriker, 2007).

Magnetic Fields

Magnetic �elds are present throughout the Galaxy and can in
uence the stability of

molecular clouds by either supporting or facilitating their collapse. Their ability to

counteract gravity depends on the orientation of the magnetic �eld lines, as they only

provide support against collapse in the direction perpendicular to these lines (Li et al.,

2014). Although magnetic �elds primarily a�ect charged particles, i.e., ions and free

electrons, the majority of the gas in molecular clouds is neutral. The interaction

between charged and neutral particles transfers the �eld's e�ect to the neutral gas,

resisting the collapse in the perpendicular direction.

Turbulence

Turbulence a�ects both the large and small scales of the ISM. On large scales, turbu-

lence provides support against global gravitational collapse, helping to stabilise giant

molecular clouds and regulate star formation rates. At these scales, it is primarily

driven by supernova explosions, which inject substantial energy into the ISM (Mac

Low & Klessen, 2004; Elmegreen & Scalo, 2004). At intermediate scales, turbulence

gives rise to hierarchical substructures, such as dense �laments and cores, which serve

as the primary sites of star formation. In this regime, stellar winds and expanding Hii

regions are thought to be signi�cant sources of turbulent energy (Padoan et al., 2014;

Falceta-Gon�calves et al., 2014). On the smallest scales, turbulence dissipates, facili-
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tating the outward transport of angular momentum and enabling material to accrete

onto the forming protostar. Here, protostellar out
ows are believed to play a key role

in sustaining localised turbulence (Krumholz et al., 2005; Elmegreen & Scalo, 2004).

1.2 Star Formation

Now that an understanding of the ISM has been established, we can begin to explore

the processes that govern star formation. Star formation is a fundamental astrophysical

process that takes place within molecular cores, which are the densest regions of the

ISM (Bergin & Tafalla, 2007; Tan et al., 2014). This section provides an overview of the

mechanisms driving the formation of low- and high-mass stars, their respective chal-

lenges, and the evolutionary sequences. Additionally, observational signposts across

di�erent stages of star formation will be highlighted, with a focus on the formation

and expansion of Hii regions.

1.2.1 Gravitational collapse of molecular clouds

Due to density inhomogeneities within molecular clouds, certain regions exhibit a

stronger gravitational �eld than others. These denser regions, known as molecular

clumps, attract more gas and dust. As these clumps continue to accrete material from

their surroundings, their mass and gravitational potential increase. Eventually, the

gravitational pull becomes strong enough to overcome internal pressure. In the absence

of support mechanisms against gravitational collapse, each clump would be expected

to collapse rapidly into a single star. However, observations show that clumps do not

always collapse immediately into a single star. Instead, they can survive for extended

periods, and accumulate masses up to values of 10 �1000 M� before collapsing (Bergin

& Tafalla, 2007).

For a molecular cloud to collapse under its own gravity, the balance between in-

ternal kinetic energy and gravitational potential energy must satisfy speci�c conditions.
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This is mathematically represented below and is known as the virial theorem:

2K + U < 0; (1.3)

where K is the kinetic energy, given by:

K =
3
2

NkT; (1.4)

and U is the gravitational potential energy:

U = �
3
5

GM 2

R
; (1.5)

where N is the number of particles, k, T , G, M and R are as previously de�ned. For

a cloud in virial equilibrium, the condition becomes:

3NkT =
3
5

GM 2

R
: (1.6)

If the kinetic energy is less than the gravitational energy, the cloud becomes

unstable and begins to collapse. Conversely, if the kinetic energy exceeds the gravita-

tional potential energy, the cloud resists gravitational collapse. To better understand

the conditions for gravitational collapse, it is useful to introduce the Jeans mass (MJ).

The Jeans criterion states that if the mass of the cloud exceeds the Jeans mass, gravita-

tional forces will overcome the internal pressure, and the cloud will collapse. Therefore,

the Jeans mass represents the minimum mass required for a cloud to initiate collapse.

The Jeans mass is given by:

M J =
�

5kT
Gm

� 3=2 �
3

4�� 0

� 1=2

; (1.7)

where m is the mean particle mass, and �0 is the mean gas density. Once the cloud

begins to collapse, it does not do so uniformly. Instead, smaller regions within the cloud,

where local densities are higher, fragment into individual cores. These cores are the

densest substructures within the collapsing clump and serve as the precursors to star

8
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formation. At this stage, the Jeans mass remains critical in determining whether each

core continues to collapse. As the collapse progresses, the cores evolve into protostars,

accreting material from their surroundings and eventually forming individual stars.

1.2.2 Low-mass star formation

In the previous section, we discussed how molecular clouds fragment into clumps and

dense cores. The subsequent evolution of these cores into stars has been studied exten-

sively, both theoretically and observationally. Historically, one of the most in
uential

theoretical descriptions of low-mass star formation was the inside-out collapse model

proposed by Shu (1977). Although this model is no longer regarded as a complete or

realistic description of star formation in molecular clouds, it provides a useful concep-

tual framework for illustrating the key physical stages involved. Figure 1.1, adapted

from Shu et al. (1987), summarises this idealised evolutionary sequence.

In the classical picture, star formation begins within a dense, approximately

spherical core on spatial scales of order �1 pc, with a mass exceeding the local Jeans

mass, Mcore > M J (panel a of Fig. 1.1). The Shu model assumes that such cores

are quasi-static and supported primarily by thermal pressure prior to collapse. Once

gravitational forces dominate, collapse proceeds from the centre outward in a self-

similar manner, with inner regions collapsing �rst due to shorter free-fall times (panel b

of Fig. 1.1). In this scenario, material accretes smoothly through a rotating envelope,

forming a centrally concentrated object.

However, extensive observational and numerical work over the past two decades

has demonstrated that these assumptions are strongly idealised. Dense cores are now

known to be embedded within a supersonically turbulent interstellar medium, are often

�lamentary rather than spherical, and experience highly time-variable, asymmetric

accretion. Turbulence, magnetic �elds, and large-scale gas 
ows provide signi�cant

non-thermal support and dynamically assemble cores, rather than allowing them to

evolve in isolation from near-equilibrium initial conditions. As a result, the inside-out

collapse model is no longer considered the physically favoured mechanism for low-mass

star formation, but rather a simpli�ed reference model that captures the basic sequence
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1.2 Star Formation

Figure 1.1: Schematic of the evolutionary sequence of low-mass star formation. Early
stages involve dense cores undergoing gravitational collapse, leading to the formation of a
protostar embedded in an envelope with a disc and out
ows. The system evolves into a
T Tauri star with a disc and continued out
ows, followed by a pre-main sequence star with a
remnant disc. The �nal stage is a main sequence star with a planetary system. The greyscale
indicates the density distribution, with darker regions corresponding to denser material, while
the scale bars and approximate timescales indicate the characteristic size and duration of each
stage. This schematic is recreated from Shu et al. (1987).
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of collapse and protostellar evolution.

Despite these limitations, the physical processes illustrated by the Shu frame-

work remain broadly relevant. As collapse proceeds, increasing densities cause the

gas to become optically thick, and the initially isothermal collapse transitions to an

adiabatic phase, suppressing further fragmentation on small scales. This leads to the

formation of a transient hydrostatic core at the centre, where thermal pressure bal-

ances gravity. Continued accretion from the surrounding envelope generates an ac-

cretion shock at the core surface, converting kinetic energy into heat and dominating

the luminosity at this stage. When the central temperature reaches �2000 K, molec-

ular hydrogen dissociates, reducing pressure support and triggering a second collapse.

The system subsequently re-establishes hydrostatic equilibrium, forming a compact

protostar (panel c of Fig. 1.1).

As the protostar evolves, accretion from its surroundings continues, and con-

servation of angular momentum leads to the formation of a circumstellar disc. This

disc regulates the transfer of material onto the central object and provides the con-

ditions necessary for launching bipolar out
ows along the rotation axis (panel d of

Fig. 1.1). These out
ows, driven by accretion and magnetic processes, play a crucial

role in removing angular momentum and dispersing the surrounding envelope, thereby

in
uencing the �nal stellar mass.

When the core temperature rises to approximately 106 K, deuterium fusion

begins, marking the transition to the pre-main sequence phase. By this stage, most of

the envelope has been accreted or expelled, and the object is observationally classi�ed

as a T Tauri star (panel e of Fig. 1.1). Continued disc evolution, stellar winds, and

radiative feedback gradually disperse the remaining circumstellar material, allowing

the star to contract onto the main sequence, where it will spend the majority of its

lifetime (panel f of Fig. 1.1).

While theoretical models of collapse continue to evolve, observational studies

have provided a robust and largely model-independent framework for describing low-

mass star formation. Infrared and submillimetre observations have revealed a clear evo-

lutionary sequence based on the spectral energy distributions (SEDs) of young stellar
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Figure 1.2: Examples of spectral energy distributions from the four evolutionary stages
of low-mass star formation, corresponding to panels b{e of Fig. 1.1. These SEDs have been
adapted from Lada (1987) and Shu et al. (1987).

objects. Lada (1987) introduced a classi�cation scheme based on the infrared spectral

index between 1{20 �m, de�ning the Class I, II, and III stages. This was later extended

by Andre et al. (1993), who identi�ed an earlier, deeply embedded Class 0 phase us-

ing submillimetre observations. Together, these studies established an observational

classi�cation scheme dividing the evolution of low-mass stars into four distinct classes,

based on their SEDs, as illustrated in Fig. 1.2. This framework remains widely used, as

it is grounded in observable properties rather than the assumptions of any particular

theoretical collapse model.
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