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Abstract

Star formation is a fundamental process that shapes the evolution of galaxies, with
high-mass ((M > 8 M�)) star formation playing a critical role as a major driver of
energy input and chemical enrichment. Despite significant progress, the mechanisms
governing (high-mass) star formation remain incompletely understood, particularly
within the unique extragalactic environments of the Large Magellanic Cloud (LMC).

The LMC provides a rare laboratory for studying high-mass star formation under
distinct environmental conditions compared to our Galaxy, the Milky Way, includ-
ing lower metallicity, enhanced ultraviolet (UV) radiation, reduced cosmic ionization
rates, and large-scale dynamical interactions. These factors might influence key star-
formation processes such as fragmentation, core mass distribution, clustering, chemical
composition, and feedback mechanisms. Thus, studying these processes in the LMC
offers critical insights into how environmental factors shape star formation across dif-
ferent galactic contexts.

This thesis presents the first systematic survey of 20 massive young stellar objects
in the LMC, selected from Spitzer and Herschel catalogs. The sample spans diverse
physical and chemical conditions, evolutionary stages, and locations across the LMC,
where metallicity gradients and varying levels of external feedback provide a statisti-
cally significant dataset for understanding star formation.

Using high-resolution observations from ALMA, complemented by ATCA data and
ancillary datasets from Herschel, Spitzer, and VISTA, this study explores the physical
and chemical properties of star-forming regions. Among the main findings of this
work, the high-angular resolution reveal diverse fragmentation and clustering patterns.
Chemical properties exhibit a complex interplay with metallicity, deviating from linear
scaling, and signatures of large-scale interactions and metallicity mixing emerge. The
detection of filaments, outflows, and HII regions further confirms the dynamic feedback
processes shaping gas morphology.

This multiwavelength characterization of 20 star-forming regions advances our un-
derstanding of high-mass star formation in low-metallicity environments, emphasizing
the influence of environmental diversity. By combining physical, chemical, and kine-
matic insights, this study provides a statistically robust foundation for future extra-
galactic star formation research.
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Chapter 1

Introduction

1.1 Star formation

Stars glow in our night sky, some brighter and some dimmer. The di�erence in their

luminosity is a function of their mass, age and their distance to earth. Astronomers dif-

ferentiate between low to intermediate mass and high mass stars, as their evolutionary

paths from formation to death vary signi�cantly. This section focuses on the forma-

tion of high mass stars, highlighting their importance and relevance to the research

conducted.

High mass stars (M> 8 M� ) are vital for the cosmic ecosystem. From their birth

to the death, they are contributing signi�cantly to the structural evolution, energy dy-

namics and chemical complexity of the galaxies. These stars are essential for producing

the heavy elements necessary for the formation of complex species and the emergence of

life. This section presents an overview of the high mass star formation process (Section

1.1.1) and the chemical development within star-forming regions (Section 1.1.2).

1.1.1 From clouds to cores

Stars are born in vast, cold, and dense regions of interstellar space known as molecu-

lar clouds. These clouds, primarily composed of molecular hydrogen (H2) along with

other molecules and dust, serve as the cradles of star formation. Spanning tens to hun-

dreds of parsecs (pc), molecular clouds exhibit a turbulent and clumpy structure, often

organized into complex networks of elongated �laments and dense ridges. Filaments

act as conduits for mass transport, channeling material into hubs and ridges�regions

of enhanced density where gravitational forces begin to dominate over internal pres-

sure. These dense regions serve as the sites of intense star formation, particularly for

high-mass stars.

In the context of high-mass star formation, these molecular clouds must satisfy

speci�c conditions, such as su�cient mass and density, to overcome the challenges
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Figure 1.1: Schematic evolutionary sequences for the early phases of massive star
formation have been proposed by Motte et al. (2018a). In Section 1.1.1, a detailed
description of each phase, identi�ed by assigned numbers, is provided.

posed by their energetic feedback and rapid evolution. Understanding how these clouds

transition into protostars and eventually high-mass stars involves dissecting a sequence

of stages, each characterized by distinct physical and chemical phenomena.

The empirical scenario proposed by Motte et al. (2018a) breaks down the early

phases of high-mass star formation into several key stages. This is a qualitative repli-

cation of global hierarchical collapse and clump-fed accretion scenarios (e.g., Smith

et al., 2009; Vázquez-Semadeni et al., 2017). The stages described below are shown in

Fig. 1.1 with the assigned numbers.

1. Molecular cloud complex: High-mass stars preferentially form in regions known

as hubs and ridges, which are massive clumps and �laments with sizes on the

parsec scale. These hubs and ridges are embedded within molecular cloud com-
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plexes, and their velocity and density structures suggest they undergo a globally

controlled collapse. The initial conditions in these environments set the stage for

subsequent fragmentation and star formation.

2. Starless Massive Dense Cores (MDCs): As the hubs and ridges experience global

collapse, they fragment into MDCs approximately 0.1 parsec in scale. Initially,

these fragments are referred to as IR-quiet MDCs, meaning they lack signi�cant

infrared emission indicative of active protostellar heating. At this stage, the cores

are starless but developing low-mass prestellar cores in their interior. This phase

is transient, lasting for about 105 years, and represents the earliest phase of core

formation in high-mass star-forming regions.

3. Protostellar MDCs: As the gas stream developed by global collapse of along the

�lament or throughout the clump �ow into the even smaller scales of 0.02 pc,

the mass of starless MDCs increases and they evolve to protostellar objects. This

evolution marks the transition from a starless core to one that harbors a protostar,

signaling the beginning of signi�cant mass accumulation.

4. IR-quiet high-mass protostar: This phase occurs when in�owing gas streams ef-

�ciently reach and feed low-mass protostellar cores, allowing them to grow into

high-mass protostars. During this phase, the protostars still contain low-mass

(< 8 M � ) stellar embryos, but their strong accretion rates drive out�ows and

raise the surrounding temperatures to 100-200 K, creating regions known as hot

molecular cores. These cores are characterized by rich chemistry and play a cru-

cial role in the development of the protostar's internal structure and its immediate

environment.

5. IR-bright high-mass protostar: As the mass of stellar embryos crosses the 8 M�

threshold, their luminosity increases signi�cantly, transitioning them into IR-

bright high-mass protostars. At this stage, the surrounding hot molecular core

expands, and hyper-compact Hii regions -zones of ionized hydrogen formed by the

high-energy photons emitted by the protostar- begin to develop. These regions

are con�ned to the accretion disk within the infalling envelope. This phase marks

a critical transition, where increasing radiation from the the protostar exerts a

growing in�uence on its immediate environment.

6. Hii Regions: The increasing UV �eld radiation from the stellar embryos results

in the development of Hii regions. These regions, along with other processes

including out�ows and winds, slow down and ultimately halt gas accretion toward

the newborn star, leading to the termination of the main accretion phase. The

formation of Hii regions signi�es the star's transition to a phase, where it begins

to in�uence its broader environment more signi�cantly.
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This simpli�ed picture of high-mass star formation is highly dynamic and involves

multi-scale evolution of the interstellar medium (ISM). Following this description of

the high-mass star formation evolutionary sequence, the next section will focus on the

chemical development of the interstellar gas and dust.

1.1.2 Astrochemistry in star formation

Astrochemistry is the study of the chemical interactions, processes, and compositions of

astronomical objects. It combines principles of astronomy and chemistry to understand

the formation, destruction, evolution, and distribution of chemical compounds in the

universe. In this section, I focus particularly on the molecular chemistry initiated in

star forming regions, tracing the formation of simple molecules to complex organic

molecules (COMs; molecules with more that six atoms including carbon Herbst &

van Dishoeck, 2009). The formation of very complex compounds, such as polycyclic

aromatic hydrocarbons (PAHs)1, fullerenes, and other large molecules, is beyond the

scope of this dissertation.

Molecular hydrogen (H2) is the simplest and most abundant molecule in the ISM.

H2 does not form e�ciently in the gas phase to the extent required to explain its abun-

dance. Since the early 1940s, it has been thought that dust grains play a catalytic

role in H2 formation by increasing the cross section of interaction for atomic hydro-

gen. Essentially, hydrogen atoms stick to dust grains, di�use across the grain surface,

and react in the so-called di�use molecular clouds phase (where the density, nH , is �

100 cm� 3). The e�ciency of H 2 formation varies in di�erent phases of the ISM, in�u-

enced by physical conditions and sources of radiation. Wakelam et al. (2017) presents

an in-depth view of H2 formation across di�erent regions.

The second most abundant molecule in the ISM is carbon monoxide (CO). In

regions of the cloud where ionized carbon (C+ ) is shielded from interstellar Far-Ultra-

Violet (FUV) radiation, it transitions to neutral C or CO. In the cold (10-100 K)

and moderately dense (nH � 102-104 cm� 3) parts of the molecular cloud, ion-neutral

reactions dominate the chemical processes. Under these conditions, reactions with

barriers, endothermic reactions, and multi-body collisions are unlikely. Cosmic rays

play a crucial role by ionizing H2 to form H3
+ , which drives the interstellar chemistry.

A series of ion-neutral reactions lead to the formation of simple molecules such as H2O,

HCO+ , and HCN+ .

As molecular clouds become colder and denser, gas-phase molecules freeze onto

dust grain surfaces, forming ices. Di�erent molecules have varying sticking e�ciencies,

resulting in layered ice structures. As the cloud continues to condense (as detailed in

1Large, carbon-based molecules found in space, composed of multiple aromatic rings. They emit
strongly in the infrared, particularly around 3�12 �m , when excited by UV radiation from young,
massive stars.
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Section 1.1.1), it fragments and enters the prestellar phase. At this stage the grain

surface chemistry plays a crucial role in the development of the chemistry. The Hy-

drogenation (adhering H atoms that are the most mobile species on the grain surface)

of simple molecules and reactions with CO are fundamental. With the impact of UV

radiation or cosmic rays, radicals form from the molecules in the ice layers.

During the protostellar phase, mass accretion creates an inward temperature gradi-

ent. This gradient drives the evolution of surface chemistry, leading to ice sublimation

as dust particles approach the hotter inner regions. As the temperature rises, rad-

icals become more mobile on the grain surface and combine to form more complex

species, including COMs. When temperatures reach approximately 100-200 K (in the

hot molecular phase), the sublimation of ices releases the chemically enriched material

into the gas phase. The most chemically rich phase occurs in the hot molecular cores

(Bisschop et al. 2007; Belloche et al. 2013; Manna & Pal 2022a,b; Manna et al. 2023).

The protostar also generates jets and molecular out�ows at various velocities, re-

sulting in shocks that enable shock and hot-gas chemistry. High-velocity shocks can

sputter or fragment dust grains, promoting silicon and sulfur-bearing chemistry, lead-

ing to the formation of species such as SiO, SO, and SO2 (e.g., Schilke et al., 1997).

In contrast, lower-velocity shocks contribute to the sublimation of ice layers and the

release of molecules formed in the ices. The formation of molecules, including COMs,

continues in the gas phase in the dense regions of hot molecular cores (nH2 � 106 cm� 3

Taquet et al., 2016).

The advent of new-generation receivers aboard radio observatories, equipped with

broader frequency coverage, has facilitated numerous molecular line surveys in recent

years at millimeter and sub-millimeter wavelengths (e.g., Belloche et al., 2013; Liu

et al., 2020; Motte et al., 2022). These surveys focus on sources at various stages

of star formation, o�ering critical insights into the intricate chemistry and physical

processes that drive star formation and the evolution of molecular environments.

1.2 Large Magellanic Cloud and the conditions for star forma-

tion

Star formation requires continuous cooling to facilitate the contraction of gas. Metals,

which are elements heavier than helium, serve as the main coolants in the interstellar

medium (ISM). These heavier elements are produced through fusion processes within

stars. Consequently, the metallicity, or the abundance of metals in the ISM, increases

with cosmic age as stars evolve and new generations of stars are born and evolve again.

A fundamental question remains: how did star formation occur in the much warmer

or even hotter ISM of the early universe, which had very low metallicity? Understand-

ing the impact of metallicity on star formation is therefore of great importance. By
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studying environments with varying metallicity, we can gain insights into the processes

that governed star formation in the early universe and across cosmic time.

Metallicity typically shows a decreasing pro�le from the center of galaxies outward,

and the Milky Way (MW) exhibits the same trend. The MW o�ers a wide range of

metallicity in star-forming regions, from high metallicity in the central molecular zone

to lower metallicity in the outskirts of the Galaxy (Rolleston et al., 2000). However,

low-metallicity regions of the MW appear to be quiescent in terms of star formation,

based on their radiation �eld strength, which is a tracer of star formation. Additionally,

because of our position within the MW plane, Galactic observations often su�er from

line-of-sight confusion.

Therefore, we considered local star-forming templates with low metallicity to inves-

tigate star formation under such conditions. The Magellanic System, a complex of the

MW's satellite galaxies and their interacting gas streams, o�ers an excellent template

for this study. The metallicity of the gas throughout the Magellanic System ranges

from half solar metallicity to very low metal abundances (� 0.1 solar metallicity). In

this section, �rst we discuss the structure and dynamics of the Magellanic System (Sec-

tion 1.2.1). Then we focus on the Large Magellanic Cloud (LMC) and the conditions

it o�ers for star formation (Section 1.2.2).

1.2.1 Structure and dynamics of the Magellanic System

The Magellanic System refers to the two most luminous and massive satellite galaxies

of the MW: the LMC and Small Magellanic Cloud (SMC), with three gaseous struc-

tures around them. These galaxies are located at a distance of DLMC � 49.59� 0.09

(statistical) � 0.54 (systematic) kpc (Pietrzy«ski et al., 2019) and DSMC � 62.1 � 1.9

(Graczyk et al., 2014) from the MW, respectively. They appear to be physically con-

nected by a bridging gas, known as the Magellanic Bridge. The system includes both

the mass �ow leading their orbit, known as the Leading Arm and the trailing �laments

left in their wake, known as the Magellanic or Trailing Stream.

The Magellanic System may be part of Magellanic Group, a collection of dwarf

galaxies that fell into the MW's halo some time in the past (e.g., D'Onghia & Fox,

2016, and the refrences therein). This area of study is an active �eld of research,

focusing on the observational detection of faint and ultra-faint dwarf galaxies with in

the local group of the galaxies. Researchers aim to track the orbits of these galaxies to

reconstruct their past trajectories through simulations and modeling. In the following,

we only focus on the main known members of the System. We discuss the structure and

dynamics of the Magellanic System in the context of interactions between the LMC

and the SMC, as well as the interactions between the System and the MW.
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Figure 1.2: Elements of the interactions within the Magellanic System and with the
MW. For a detailed description, see Section 1.2.1. Credit: NASA, ESA, and L. Hustak
(STScI).

LMC and SMC interactions

LMC and SMC are interacting; the stretching of gas between the two galaxies is

strong evidence of their physical connection, possibly from their encounter as recent as

100 Myrs ago (Besla et al., 2012). The Magellanic Bridge exhibits very low metal abun-

dances (� 0.1 Z� ), which is lower than the average metallicity of the LMC (ZLMC �

0.3-0.5 Z� ) and the SMC (ZSMC � 0.2 Z� ), complicating conclusions about its origin.

Another piece of evidence for the interaction between the LMC and SMC is their mor-

phological type. While the classi�cation of the SMC remains uncertain, the LMC is a

typical Magellanic Spiral galaxy. Magellanic Spirals are characterized by an asymme-

try with the presence of a single arm, indicating that the galaxy is in a binary system

and has an interacting companion.

Traditionally, the interaction between the two galaxies has been explained by their

tidal interactions. However, measuring the proper motion of the stars in the Bridge

from Gaia data suggested that the interaction was not merely a grazing event; instead,

the SMC has passed through the LMC (Zivick et al., 2019). This event has undoubtedly

impacted the composition of the ISM, and shaped the gas with high-velocity interac-

tions (for details on the impact of this interaction on the distribution and morphology

of gas in the LMC, see Section 1.2.2.).

Magellanic System and MW

Magellanic Clouds are also in interactions with the MW. Figure 1.2 illustrates the

main elements of the Magellanic System in relation with the MW's components. A

signi�cant signature of this interaction is the extension of a gas network spanning
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200° across the sky in the Magellanic Stream and the Leading Arm. As depicted in

Fig. 1.2, the Leading Arm is leading the Clouds orbit toward the MW's disk, while the

Magellanic Stream extends as a trailing �lament.

The Leading Arm is primarily formed through tidal interactions. Analysis of the

gas velocity along the Leading Arm suggests that the net velocity is directed towards

the MW's disk, ruling out ram pressure stripping as the origin of formation. Instead,

it suggests that tidal interaction with the MW is the formation origin.

The Magellanic Stream, with an atomic neutral and ionized gas mass of 2.7� 108

and � 109 M � (see Table 1 from D'Onghia & Fox, 2016), respectively, consists of a

double-helix �laments of clumpy gas. Analysis of metallicity and velocity structure

along the two �laments suggests that each originates from one of the Clouds. Substan-

tial e�ort has been made to simulate and model the formation of the Magellanic Stream

since its discovery in the 1960s. Its formation is strongly rooted in the interactions of

the LMC and SMC with the MW, leading to models that incorporate tidal interac-

tions and the ram pressure striping exerting on the gas as the Clouds move through

the MW's halo.

The latest Hubble Space Telescope (HST) proper motion measurements of the

Clouds indicate that the LMC and SMC are on their path to pass through the MW's

disk. However, whether this is their �rst passage or if they are completing their orbit

with a second passage remains unclear. Simulations considered the �rst- and multi-

passage scenarios. The �rst-passage scenario suggests that the LMC and SMC fall

together into the MW's gravitational potential, whereas the multi-passage scenario

proposes that they were initially unbound and found each other within the MW's

halo. The �rst-passage model successfully reproduces many observed features, while

the multi-passage scenario better explains the helix structure of the two �laments of

the Magellanic Stream.

Recently, the HST ultraviolet (UV) spectroscopy of background quasars in multiple

line-of-sights revolutionized our understanding. Fox et al. (2020) detected the signature

of photo-ionized gas in the Stream that can be explained by the Seyfert-�are model

of the MW. The Seyfert-�are model proposes the burst of ionized radiation from the

Galactic Center, the same event also creating the Fermi Bubbles2 two to four million

years ago. This intense �ash from the MW's black hole illuminated the gas in the

trailing Stream.

The discovery of the Magellanic Corona (Krishnarao et al., 2022) is another out-

standing �nding. The Magellanic Corona is a warm-hot gaseous halo at the virial

temperature of 105:3� 5:5 K, which is ionized collisionally (Fox et al., 2023). Its presence

2Fermi Bubbles are � 6 kpc large, balloon-like structures of high-energy gas extending above
and below the plane of the MW's center. They are discovered in by the Fermi Gamma-ray Space
Telescope and are thought to be the result of either a burst of star formation or an outburst from the
supermassive black hole at the Galactic Center.
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was foreseen in hydrodynamic simulations of the Magellanic Clouds, falling onto the

Milky Way (Lucchini et al., 2020), and HST UV spectroscopy of background quasars

con�rmed it (Krishnarao et al., 2022). Including the Magellanic Corona in the simula-

tions has helped reproduce the neutral and ionized mass of the Magellanic Stream, a

problem that had remained unresolved (Lucchini et al., 2024). The authors emphasize

the integral role of the Magellanic Corona in the survival, morphology, and composition

of the Clouds and the Stream.

Understanding the Magellanic System is crucial for insights into galactic formation

and evolution, as well as the dynamics of satellite galaxies within a larger galactic

halo. Of particular interest to this research, however, is the broad range of metallici-

ties within the System, which mirrors the conditions in the universe during the peak

of star formation, corresponding to redshifts between one and three. This project fo-

cuses on the LMC, a prominent member of the Magellanic System. Discovered over

half a millennium ago, the LMC has been extensively studied through multiple large

observational programs in recent decades.

1.2.2 LMC conditions for star formation

The LMC is a dwarf galaxy with Baryonic mass3 of M = 1.7 � 0.7 � 1010 M � at the

radius of 8.7 kpc and tidal radius4 of 22.3 � 5.2 kpc (van der Marel & Kallivayalil,

2014). The relatively face-on view of the LMC makes it ideal for detailed observational

investigations. In the remainder of this section, we discuss the star formation history,

the evolution of the ISM, and the unique conditions the LMC o�ers for star formation.

The LMC consists of an o�-center Bar embedded within its �at disk component

(Bekki & Chiba, 2007a). The disk contains young, massive stars, star clusters, and

star-forming regions, which contribute signi�cantly to the galaxy's overall luminosity.

As mentioned earlier, a single spiral arm extends outward from the Bar. The LMC

hosts several active star-forming regions, among which 30 Doradus is highly recognized

as the largest star-forming region in the LMC and the most active starburst region

in the Local Group of galaxies. The LMC also contains multiple Globular Clusters

(GCs; groups of old stars), providing valuable information about the early history of

the galaxy.

The star formation in the LMC and the SMC is proposed to have passed through

four epochs: dawn, hibernation, restoration, and inferno5. While we do not delve into

3The total mass of baryonic matter in a galaxy, including stars, interstellar gas and dust, as well
as planets and other solid objects.

4The tidal radius is the distance from the center of a galaxy within which the galaxy's self-gravity
is the dominant force, maintaining its structure. Beyond this radius, the tidal interactions with
neighboring bodies, such as other galaxies or galaxy clusters, become signi�cant and can strongly
in�uence the dynamics and distribution of the galaxy's mass.

5Kenji Bekki's slides at https://slideplayer.com/slide/5072554/
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the details of each era, the key concepts are informative. This classi�cation begins

with the dawn of star formation more than 10 billion years ago, based on observations

of globular clusters (GCs; group of old stars), followed by a hibernation period lasting

approximately 6 to 7 Gyrs. Star formation was reactivated around 3 to 4 Gyrs ago with

the formation of new GCs, possibly due to interactions between the LMC, the SMC,

and the MW. The formation of prominent star-forming regions such as 30 Doradus is

proposed to be related to the close interaction of the Clouds, as recent as 200 million

years ago.

The metallicity of the LMC (Z LMC) has been measured to have a mean value of

approximately 0.4 times that of the ISM in the solar neighborhood (Z� ; [Fe/H] =

-0.42 � 0.04 dex6) with a decreasing gradient from the central to the outer region

(Choudhury et al., 2021). The close encounter between the LMC and SMC about 200

Myrs ago allowed for the gas mixing that might have altered the chemical composition

of the LMC (e.g., Bekki & Chiba, 2007a).

An LMC metallicity map, derived from the Red Giants' optical photometric data

and calibrated using spectroscopic data (Choudhury et al., 2016), revealed signi�cant

deviations from the mean metallicity in some areas of the LMC. The maximum value,

exceeding 0.7 Z� , is mostly found in the Bar region, while a minimum of less than

0.2 Z� is observed in the outer regions. Additionally, a recent optical emission line

spectroscopic study of 59 sight lines showed that metallicity varies by approximately

0.5 dex across the LMC (Lah et al., 2024). Furthermore, an investigation into metal

depletion from gas to dust in the ISM using HST UV spectroscopy of 32 sight lines

found variations of up to 0.8 dex (Roman-Duval et al., 2021). These variations relative

to the radial gradients are large compared to those observed in other nearby galaxies

(e.g., Groves et al., 2023).

In addition to sub-solar metallicity with large variations, the ISM of the LMC

exhibits a high UV radiation �eld strength, ranging from 10 to 100 times that of the

solar neighborhood (Welty et al., 2006). Another prominent feature is the lower cosmic

ray density, which is about four times less than that of Galactic star-forming regions

(Abdo et al., 2010). All these factors play a crucial role in regulating the star formation

and the chemistry in star forming regions.

Lower metallicity implies a lower dust-to-gas ratio (or a higher gas-to-dust ratio).

This reduced metal and dust content has at least two signi�cant e�ects. First, metal-

driven cooling is less e�cient, leading to warmer dust temperatures (e.g. van Loon

et al., 2010). Second, decreased dust content reduces the shielding e�ect, allowing

UV radiation to penetrate deeper into the clouds. The enhanced dust temperature

6Decimal exponent; in this context, this is a way to compare the metallicity of an object to a
reference object, most commonly the Sun, on a logarithmic scale. For example, [Fe/H] = 0 dex means
the object has the same iron abundance as the Sun, and [Fe/H] = +1 dex means the object has an
iron abundance 10 times that of the Sun.
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results in faster evaporation of grain ice mantles, while increased UV exposure leads

to photodesorption and photodissociation of chemical compounds in the gas phase.

Moreover, the high temperature of the ISM can alter the masses of forming cores,

favoring more massive cores and fragments.

To investigate the unique environmental conditions of the LMC, extensive obser-

vational e�orts have been undertaken over the years. Key large-scale survey pro-

grams include Spitzer Agents of the Galaxy Evolution (SAGE), Herschel Agents of the

Galaxy Evolution (HERITAGE), Magellanic Clouds Emission-Line Survey (MCELS),

and more recently the VISTA survey for Magellanic Clouds (VMC), alongside the long-

running Optical Gravitational Lensing Experiment (OGLE). These programs represent

just a fraction of numerous small and large-scale initiatives spanning various wave-

lengths. This extensive e�ort underscores the LMC's signi�cance in advancing our

understanding of the local and distant universe, particularly in studying star forma-

tion under low metallicity within an interacting galaxy system.

1.3 About this work

In this section, I introduce the methodology to study star formation in the sub-solar

metallicity of the LMC (see Section 1.3.1), followed by details of the selected sample for

observation (see Section 1.3.2). Section 1.3.3 highlights the main goals in this research

endeavor.

1.3.1 Methods and strategies

As presented in the previous sections, to investigate the impact of environmental con-

ditions, speci�cally metallicity, on high-mass star formation, the LMC is an excellent

target. The LMC has been extensively studied over the past decades and is close

enough to observe sub-parsec scales within molecular clouds where the early phases of

star formation occur. These early phases are highly embedded in dense, cold regions

with temperatures ranging from 20 to 100 K. Consequently, the emission from such

regions is predominantly observable in the millimeter regime. Depending on the phase

of star formation and the nature of the dense cores and clumps, it is also possible to

detect emissions in infrared and centimeter wavelengths.

There are di�erent emission mechanisms in the millimeter to centimeter wave-

lengths, including both continuum and spectral line emissions. While the continuum

emission in millimeter wavelengths arises predominantly from the dust, in centimeter

wavelengths, the interaction of free electrons generates the so-called free-free emission.

Spectral line emissions result from the rotational transitions of neutral and ionized

molecular species or high-order recombination lines. As discussed in Section 1.1.2,
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Figure 1.3: Color-composite image of the LMC combining the HERITAGE/SPIRE
350� m (red, Meixner et al., 2013), SAGE/IRAC 8� m (green, Meixner et al., 2006), and
H� (blue, Smith et al., 2000) images. The positions of the 20 ALMA �elds are marked
with white circles 15 times larger than the �eld of view of our ALMA observations and
the �eld number (see Section 1.3.2)
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Figure 1.4: Artist's rendering of the Atacama Large Millimeter Array (ALMA) in
an extended con�guration. ALMA (ESO/NAOJ/NRAO)/L. Calçada (ESO) � (Not
referred to in the text)

various molecular species are present in the gas phase throughout the star formation

process, serving as excellent tracers of the physics and kinematics of the region under

study.

We adopt an observational approach. To observe star-forming regions at the dis-

tance of the LMC, speci�c requirements must be met. First, the LMC's celestial

coordinates are approximately 5h and -70°; thus, it is best observed from the southern

hemisphere. Additionally, an angular resolution of less than 0.5 arcseconds is required

to detect star-forming cores at spatial resolutions of around 0.1 parsecs. The Ata-

cama Large Millimeter/submillimeter Array (ALMA) 7 and the Australian Telescope

Compact Array (ATCA) 8 o�er great potential to meet these needs for our project.

In the following, I provide a general overview of the capabilities of these two ob-

servatories. Detailed descriptions of our observational setups will be presented in the

next chapters, when we use the data for further analysis.

ALMA

The ALMA, located at the Chajnantor Plateau in the Atacama Desert in Chile, is

an interferometer composed of high-precision antennas that act as a single telescope.

ALMA features two arrays that can be con�gured in di�erent ways by varying the

distance between antennas, "baseline", ranging from a maximum of 150 meters to 16

7ALMA is a partnership of the European Southern Observatory (ESO), the U.S. National Science
Foundation (NSF), and the National Institutes of Natural Sciences (NINS) of Japan in cooperation
with the Republic of Chile.

8ATCA is operated by Astronomy and Space Science division as part of the Australia's National
Science Agency
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Figure 1.5: Five of the six antennas of the Australian Telescope Compact Array
(ATCA) arranged on the main East-West track and the North spur (the latter is the
horizontal track shown in this image). Credit: ATNF/CSIRO � (Not referred to in the
text)

kilometers. The main array consists of �fty 12-meter diameter antennas, while the

ALMA Compact Array (ACA) includes four 12-meter and twelve 7-meter antennas.

Interferometry is achieved by combining data from each single dish with the other

antennas as a pair. A simple calculation shows that for the main array with 50 antennas,

there are 1225 possible pairs. The correlation of each pair is performed by the ALMA

Correlators, which are di�erentiated for the main array and the ACA. These two arrays

complement each other, and with their di�erent con�gurations, ALMA is capable of

achieving a wide range of angular resolutions, from 0.0048" to 8.5" on the main array.

ALMA antennas can be equipped with radio receivers that are sensitive to speci�c

frequency ranges, referred to as "bands". Currently, ALMA is capable of observing

in 10 di�erent bands, covering a frequency range from 35 to 950 GHz (corresponding

to wavelengths from 8.8 to 0.3 mm). Each frequency band is very broad, and when

proposing observations, researchers can request four di�erent spectral windows. This

wide bandwidth allows for the detection of a plethora of molecular transitions, facil-

itating the study of ongoing chemical processes and the discovery of new molecules.

Additionally, detecting multiple transitions from the same molecular species is essential

for tracing the temperature of the astronomical target.

ATCA

The ATCA, located at the Paul Wild Observatory located at Narrabri desert in Aus-

tralia, consists of six 22-meter antennas. The array includes a 3 km east-west track and

a 214-meter north-south track. Five of the antennas are movable along these tracks,

while one antenna is �xed 3 km west of the east-west track. This con�guration allows

for the longest possible baseline of 6 km. The antennae can be arranged in various con-
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�gurations. The movable antennas can be positioned at di�erent distances along the

east-west and north-south tracks. The ATCA supports observations in �ve frequency

bands, ranging from 1.1 GHz to 105 GHz, covering wavelengths from approximately

27 cm to 3 mm.

1.3.2 Sample selection

We compiled a catalog of massive Young Stellar Objects (YSOs) in the LMC from

Seale et al. (2009), selecting young, highly embedded YSOs. From this subset, we

chose YSOs without ice features and with Herschel/HERITAGE counterparts Seale

et al. (2014). Applying a cuto� on the pixel values in the MCELS H� maps (Smith

et al., 2000) at the positions of the YSOs, we excluded those showing strong emission.

This step was crucial to omit YSOs exposed to intense radiation feedback that could

disrupt the complex chemistry used to study star formation. The 18 selected YSOs

are ordered then by their Herschel 160� m �uxes. Additionally, we included two YSOs

with clear ice features in the Spitzer spectra from Shimonishi et al. (2016a).

Table 1.1: Target coordinates and type.

Field Target ID Target type
Number Gruendl & Chu (2009) Jones et al. (2017)

1 053941.12-692916.8 YSO1
2 045640.79-663230.5 YSO1
3 052343.48-680033.9 YSO3-Hii
4 051912.27-690907.3 YSO2
5 045358.57-691106.7 Hii
6 050953.89-685336.7 Hii
7 052423.39-693904.7 YSO3
8 044854.41-690948.3 Hii
9 054248.90-694446.3 YSO3
10 051916.87-693757.5 YSO3
11 045100.16-691934.4 Hii
12 050355.87-672045.1 YSO3-Hii
13 053952.11-710930.7 YSO3-Hii
14 052333.40-693712.2 YSO1
15 051344.99-693510.6 YSO3
16 054629.32-693514.2 Hii
17 054826.21-700850.2 YSO3-Hii
18 045622.61-663656.9 YSO3
19 045406.43-664601.4 YSO3
20 052210.08-673459.6 YSO3

Figure 1.6 displays the Spitzer spectra from all the 20 YSOs in our sample (Jones

et al., 2017, and the references therein). Jones et al. (2017) suggests a careful classi�ca-
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Figure 1.6: Spitzer spectra of our target YSOs grouped with the classi�cation from
Jones et al. 2017. From top to bottom are the YSO1 and YSO2, YSO3, YSO3-Hii ,
and Hii (for more details see the text)
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tion of the point sources' spectra from the Infrared Spectrograph (IRS) on the Spitzer

Space Telescope using a decision tree format. This classi�cation primarily relies on

spectral features but also incorporates Spectral Energy Distribution (SED) informa-

tion and Bolometric Luminosity when necessary. The distinction between the �ve

di�erent classes of sources in our sample can be summarized as follows, re�ecting the

evolutionary stages of YSOs from less evolved to more evolved: YSO1, YSO2, YSO3,

and Hii .

YSO1 : These are highly embedded YSOs. The main spectral feature is ice absorption

of molecular species locked in the ice mantles on the dust grains, such as the CO2 ice

absorption at 15.2� m, highlighting the existence of a dense, cold envelope around the

YSO.

YSO2 : This class is characterized by the broad silicate absorption dip at 10� m,

indicative of a more evolved YSO that has heated its envelope, evaporated the ice

mantles, and partially destroyed the dust particles.

YSO3 : At this stage, the young star emits a copious UV �eld that reaches further out

as the circumstellar envelope is pushed out and gradually dispersed. The UV radiation

excites PAHs, making PAH emission the main characteristic of this class. Additionally,

photodissociation and photoionization at this stage ignite emission from atomic and

ionized gas.

H ii : At this stage, the surrounding gas is completely ionized, and an ultra-compact or

classical Hii region is developed. The main characteristic, compared to the YSO3, is

diminished PAH emission and enhanced ionized emission lines.

YSO3-H ii : There can be ambiguity in the classi�cation of YSO3 and Hii regions, es-

pecially when the Hii region is in the ultra-compact phase. Therefore, there is another

group in between to contain sources that cannot be clearly classi�ed into either of these

sub-classes.

The overall spectral pro�le of the early stages of star formation shows a rise toward

the red end of the spectra due to the cold dust temperature, with peak emission at

100 � m in the very early stages (van Dishoeck, 2004). However, in later stages, free-

free emission might also contribute to the overall continuum emission in the red end,

maintaining its intensity.

1.3.3 Goals and outline

This thesis investigates high-mass star formation under the sub-solar metallicity con-

ditions of the Large Magellanic Cloud (LMC). The study focuses on 20 massive young

stellar objects (YSOs) selected based on Spitzer and Herschel data (see Section 1.3.2).

These YSOs were observed with ALMA, complemented by additional data from ATCA.

The thesis is organized into six chapters. This introductory chapter, Chapter 1, high-
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lights the signi�cance of studying star formation in the LMC's unique environment,

characterized by lower metallicity, enhanced UV radiation, and reduced cosmic ioniza-

tion. It also provides an overview of the observational strategy, including the selection

of targets and the use of ALMA and ATCA interferometry. The overarching goal is to

deepen our understanding of star formation processes at parsec and sub-parsec scales

in the LMC.

Chapter 2 and Chapter 3 present the publications derived from this work. Chapter 2

investigates the physical properties, and Chapter 3 delves into the chemical character-

istics of the 1.2 mm continuum cores from ALMA. Chapter4 explores gas kinematics

by identifying �laments and out�ows in the ALMA molecular line maps and exam-

ines radiative feedback processes through the detection of Hii regions from ATCA

observations. Chapter 5 presents a multi-wavelength view to the environments of our

target �elds from large scales of� 150 pc to smaller scales, with an e�ort to classify

these regions. Finally, Chapter 6 o�ers a comprehensive conclusion and outlook of this

research, with several appendices included to clarify key concepts and developments

utilized throughout the project.
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Chapter 2

Dense cores and clusters observed with ALMA

at 1.2 mm

This chapter presents the work of Hamedani Golshan et al. that is going to

be submitted soon to the Astronomy and Astrophysics Journal, a project that

I have led and accomplished from the data reduction through the analysis

to the �nal publication. The other authors (Álvaro Sánchez-Monge, V. S.

Veena, Peter Schilke, Marta Sewiªo, Fengwei Xu, Thomas Möller, Gary A.

Fuller and Anna F. Mcleod) have participated in discussions and provided

comments. The paper has been seamlessly incorporated into the thesis text,

with the title and author list omitted. Additionally, the appendices from the

paper have been relocated to the end of the thesis.

Abstract

Context. The physical properties of dust continuum cores in the Large Magellanic

Cloud (LMC) provide insights into star formation in low-metallicity environments and

allow comparisons with Galactic studies.

Aims. We aim to characterize the fragmentation, mass distribution, and spatial ar-

rangement of dust continuum cores in the LMC and explore how environmental factors,

such as metallicity and feedback, in�uence these properties.

Methods. Using ALMA 1.2 mm continuum observations of 20 massive Young Stellar

Object (YSO) �elds in the LMC, we identify and analyze compact continuum cores,

focusing on their spatial distribution, fragmentation, and physical properties.

Results. A total of 65 compact continuum cores are detected, with an average sepa-

ration of � 0.5 pc. Fragmentation is observed in 80% of the �elds, with non-thermal

Jeans fragmentation providing a better explanation for the observed fragmentation at

scales from 10 pc down to 0.1 pc. The core formation e�ciency (CFE) is� 5%, and the

core mass function (CMF) resembles that of Galactic regions, despite the LMC's lower

metallicity. Evidence of mass segregation is observed, with massive cores preferentially

located at cluster centers. The mass-radius relation is consistent with Galactic cores
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but shows a tendency for more massive cores in the LMC, likely due to environmental

e�ects.

Conclusions. LMC cores exhibit similarities to Galactic cores in their mass distribu-

tion and fragmentation processes, but environmental factors such as metallicity and

feedback may drive the formation of more massive cores.

2.1 Introduction

Star formation begins with the collapse and fragmentation of molecular clouds, the

stellar nurseries of the universe. Fragmentation occurs on various physical scales, from

clouds to clumps to cores, and even within prestellar cores (e.g., McKee & Ostriker,

2007; Motte et al., 2018a). The resulting structures range from dense clusters, which

dominate star formation, to isolated single star-forming cores, which are comparatively

rare (e.g., McKee & Ostriker, 2007; Pillai et al., 2011). The mechanisms driving frag-

mentation are scale-dependent and vary between di�erent environments. On larger

scales (1�10 pc), turbulence is often the dominant factor, driving and sustaining frag-

mentation (e.g., Pillai et al., 2011; Sadaghiani et al., 2020). On smaller scales, such as

within cores, gravitational forces play an increasingly signi�cant role, often overpower-

ing turbulence and shaping the �nal stages of fragmentation and collapse (e.g., McKee

& Ostriker, 2007; Sadaghiani et al., 2020).

Metallicity, de�ned as the abundance of elements heavier than hydrogen and helium,

plays a crucial role in star formation and fragmentation processes. It is often viewed

as a byproduct of stellar evolution, but its impact on the physical processes of star

formation is profound. In metal-rich environments, higher interstellar medium (ISM)

opacity leads to increased cooling e�ciency because of metals such as carbon, which

act as primary coolants in cold, dense regions. This enhanced cooling promotes greater

fragmentation rates. Furthermore, metallicity a�ects light extinction, UV penetration,

and radiation pressure, which can in�uence accretion and collapse dynamics.

To fully understand star formation, it is vital to investigate environments with

diverse metallicities. Nearby low-metallicity regions, such as the Large Magellanic

Cloud (LMC), serve as excellent laboratories for studying star formation under condi-

tions analogous to high-redshift, metal-poor galaxies (e.g., Wol�re et al., 2022). The

LMC, located at a distance ofD � 49:59 � 0:09 (statistical) � 0:54 (systematic) kpc

(Pietrzy«ski et al., 2019), has a metallicity of approximately 0.3�0.5Z � . This, com-

bined with its proximity, face-on orientation, and reduced line-of-sight dilution, makes

it an ideal target for detailed observations. The advent of the Atacama Large Mil-

limeter/submillimeter Array (ALMA) allows us to probe spatial scales comparable to

Galactic cores and protostellar clusters, enabling high-resolution studies of star forma-

tion in this unique environment.
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The LMC's distinct properties, such as its reduced metallicity, higher UV radiation

�eld (e.g. Browning et al., 2003), and lower cosmic ray ionization rates (e.g. Abdo et al.,

2010), provide a compelling backdrop for understanding star formation under subsolar

metallicity conditions. This paper is part of an ongoing e�ort to systematically study

these processes on di�erent scales in the LMC.

In this second paper in the series, we focus on compact and dense sources (or cores,

typically � 0.1pc in size) within molecular clouds. We characterize their physical

properties and those of their parent clouds, as well as their clustering properties, in

Section2.3. In Section 2.4, we discuss the conditions driving collapse and fragmentation,

the stability of the cores, and construct their mass function. The chemical properties of

these regions were explored in the �rst article of this series (Hamedani Golshan et al.,

2024, hereafter PaperI). Finally, in Section2.5, we summarize our �ndings and discuss

their broader implications.

2.2 Observations

2.2.1 Sample selection

We selected 20 massive Yong Stellar Objects (YSOs) in the LMC for the cycle 5 ALMA

observation to study massive star formation across the galaxy. The sample includes 18

very young YSOs, typically lacking ice features and �ne structure lines in their Spitzer

IRS spectra (Gruendl & Chu, 2009), and having Herschel counterparts (Seale et al.,

2014) at far-IR frequencies. These YSOs are located away from massive star forming

sites, as indicated by the absence of strong H� in the MCELS1 images (Smith et al.,

2000).

The selected YSOs are all bright at 160� m , indicating substantial dust and high

column densities, which favor the detection of molecular lines. Additionally, we include

two regions centered on YSOs ST6 and ST10, where Shimonishi et al. (2016b) detected

methanol ice. The selected target YSOs (referred to as �elds) are well distributed

throughout the LMC (see Fig. 2.1). Table 2.1 lists the target YSOs, and their names

(from the Henize, 1956, catalogue of emission nebulai).

2.2.2 ALMA observations

The ALMA observation of all �elds were conducted during Cycle 5, between Novem-

ber 11 and December 3, 2018 (2017.1.00696.S). Each YSO was observed as a single

pointing, with a total integration time of 19.3 minutes across eight di�erent execution

blocks. The observations utilized the main array with 12-M antennas in two con�gu-

rations, C43-4 and C43-5, with baselines ranging from 15 to 1400 meters. This setup

1Magellanic Cloud Emission-line Survey
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Figure 2.1: Color-composite image of the LMC combining the HERITAGE/SPIRE
350� m (red, Meixner et al., 2013), SAGE/IRAC 8� m (green, Meixner et al., 2006), and
H� (blue, Smith et al., 2000) images. The positions of the 20 ALMA �elds are marked
with white circles 15 times larger than the �eld of view of our ALMA observations and
the �eld number.
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provided an angular resolution of approximately 0.400(corresponding to 0.09 pc) and a

maximum recoverable angular scale of about 500(corresponding to 1.2 pc). This max-

imum recoverable scale enabled the detection of dense cores and clumps with typical

sizes� 0.5 pc. The total �eld of view (or primary beam) for the ALMA observations is

approximately 4400(corresponding to 10 pc). The spectral setup included four windows,

with bandwidth of 469 MHz wide centering at 241.6 and 1875 MHz wide centering at

244.6, 257.6, and 259.5 GHz.

Table 2.1: Field coordinates and the continuum image parameters observed with the
ALMA.

Field Target ID Target Name Synth. beam (� B , PA) Image rms

Number Gruendl & Chu (2009) (� � �, � ) ( � Jy/beam) (mK)

1 053941.12-692916.8 ST6a 0.383� 0.329, � 9.3 57.4 8.9
2 045640.79-663230.5 ST10a 0.370� 0.330,+ 18.7 59.4 9.5
3 052343.48-680033.9 0.373� 0.331,+ 0.5 67.3 10.7
4 051912.27-690907.3 ST16a, b 0.379� 0.330,+ 8.6 62.4 9.8
5 045358.57-691106.7 0.384� 0.330,+ 16.9 62.5 9.7
6 050953.89-685336.7 N105-2 Ec 0.378� 0.329,+ 13.6 70.9 11.1
7 052423.39-693904.7 0.385� 0.329,+ 7.1 60.3 9.3
8 044854.41-690948.3 0.386� 0.330,+ 20.3 59.9 9.2
9 054248.90-694446.3 0.385� 0.329, � 8.2 59.0 9.1
10 051916.87-693757.5 0.382� 0.328,+ 8.5 60.2 9.4
11 045100.16-691934.4 0.386� 0.329,+ 20.1 59.2 9.1
12 050355.87-672045.1 0.374� 0.330,+ 17.5 59.4 9.4
13 053952.11-710930.7 0.393� 0.330, � 0.7 61.5 9.3
14 052333.40-693712.2 0.383� 0.329,+ 9.9 59.6 9.2
15 051344.99-693510.6 0.383� 0.328,+ 14.5 59.4 9.2
16 054629.32-693514.2 0.385� 0.329, � 7.9 57.5 8.9
17 054826.21-700850.2 0.383� 0.327, � 2.1 56.4 8.8
18 045622.61-663656.9 0.374� 0.331,+ 24.5 58.4 9.2
19 045406.43-664601.4 0.375� 0.330,+ 25.7 58.2 9.2
20 052210.08-673459.6 0.375� 0.331,+ 13.4 58.1 9.2

Notes.
a Shimonishi et al. (2016a)
b Shimonishi et al. (2020)
c Sewiªo et al. (2022)

Data calibration was performed using the ALMA pipeline version 42030M (Pipeline-

CASA54-P1-B) in CASA (Common Astronomy Software Applications; McMullin et al.,

2007) version 5.4.0-68. The amplitude and bandpass calibrators were J0635-7516 or

J0519-4546, and the phase calibrators J0529-7245 or J0601-7036 depending on the

execution block. Continuum subtraction, determined from the line-free channels, was

performed in the UV domain using CASAuvcontsub task. Imaging was then carried

out using the CASA tclean task to produce spectral cubes for each spectral window

and a single continuum image for each �eld. Thetclean parameters included standard

gridding with "briggs" weighting and a robust parameter of 0.5. The �nal images are

primary beam corrected usingimpbcor task in CASA.
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Figure 2.2: The 1.2 mm pb-corrected continuum maps for Field 1 and 2:left an
overview to the �eld, right a detailed view to the region inside the black rectangle on
the left side panel. The contours show the 3, 6, and 9 times the� rms. The identi�ed
cores are highlighted with white contours at 50% of the peak emission. The position
of the YSOs is marked with a yellow star. The synthesized beam of the images and a
scale bar are shown in the bottom-left and -right corners of each panel.

Typical errors for the continuum images are about 60� Jy beam� 1 (10 mK) and

about 1.92 mJy beam� 1 (0.23 K) for the cubes (see Table 2.1 for continuum images and

Table 2 in Paper II for cube images). Figure 2.2 shows the 1.2 mm ALMA continuum

emission toward the �rst two �elds, ST6 and ST10, with the full �eld view on the left

and a zoomed-in view on the right.

2.3 Analysis and results

The ALMA 1.2 mm continuum images show emission in all the 20 target �elds. The

intensity of the emission varies across the �eld of view, enabling the detection of single

or multiple high intensity compact structures. To characterize these structures, we

performed a series of analyses. We identify and calculate the physical properties of

the 1.2 mm continuum sources (see Section 2.3.1) and their hosting clouds (see Sec-
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