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Abstract

Massive stars regulate the physical and chemical evolution of galaxies. Most
stars within these galaxies, including massive ones, appear to be born in star
clusters. However, there are many open questions about how these systems
form from diffuse interstellar gas. For example it is not yet known whether
magnetic fields, turbulence or feedback are the most important actors in reg-
ulating gravitational collapse. It is also unclear to what extent potential pro-
tostellar crowding within a protocluster may affect massive star formation.
Thus it is important to measure levels of turbulence and magnetic fields in
star-forming clouds to test theoretical formation models. On the smaller scales
of individual massive star formation, various theories, including core accretion,
competitive accretion and protostellar collisions, may be viable depending on
environmental conditions. Hence, studying how massive stars are forming in
environments with relatively extreme conditions, e.g., in terms of crowding or
isolation, may yield the most stringent constraints on these models. Study-
ing the variation of star formation properties with galactic environment, e.g.,
metallicity, is also an important goal for helping to develop the most general
theoretical understanding of star formation.

We first present a study of a massive protostar (G28.2-0.05) that appears
to be forming in relative isolation. Observational data, especially from the
Atacama Large Millimeter/Submillimeter Array (ALMA), are used to inves-
tigate the nature of the system, including its dense and ionized gas structures,
small-scale kinematics and dynamics and large-scale outflows. Mid to Far In-
frared observations and archival data are used to measure the spectral energy
distribution (SED) to further constrain protostellar properties. We conclude
the system is a massive (~ 40 M) protostar that has an accretion powered
wide angle bipolar molecular outflow and is also in the first stages of produc-
ing significant ionizing feedback. An examination of the mm dust continuum
emission in the surroundings finds a near complete dearth of other sources,
which is evidence for the system’s isolation and a strong constraint on com-
petitive accretion models. Overall, core accretion models appear to give a
good description of the protostar. Follow-up studies have measured the as-
trochemical content of the protostellar envelope and will help guide future
chemodynamical models of massive star formation.

We next present the first results of an observational survey Polarised Light
from Massive Protoclusters (POLIMAP), which studies the magneto-kinematic



properties of a sample of infrared dark clouds (IRDCs) using SOFTA-HAWC+
observations, complemented by GBT-Argus observations of 13CO and C'80
line emission. We present POLIMAP results for the massive IRDC G28.37+0.07.
We show that magnetic fields are playing an important role in this IRDC, i.e.,
during the early stages of massive star and star cluster formation.

Finally, we present a study of the Galactic carbon isotope abundance gra-
dient derived from observations of the species HoCO and HC3N from a large
sample of 100 massive star-forming clumps across the Galaxy, observed as
part of the ALMAGAL survey. We find an average ratio of 12C to 3C of 30,
which is relatively low compared to previous studies. Our measurements also
show a large scatter of 1.7 dex. We propose that these results can be explained
by the effects of optical depth in the '2C lines of HC3N and HyCO leading
to systematic biases in the measurements. We quantify the impact of optical
depth with a combination of single dish and interferometric data, which for
a handful of sources show that the ratio of of 2C to 3C could increase by
a factor of 2-3. Hence, we argue that multi-transition analysis is required to
accurately correct for optical depth effects to obtain accurate isotopic ratios.

Keywords: ISM:clouds, stars:formation, magnetic field, massive stars, meth-
ods:observation
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CHAPTER 1

Introduction

Stars are the main visible, baryonic component of the Milky Way and most
other galaxies. Depending on their mass, stars will evolve to different out-
comes (see Fig. , with ‘massive’ or ‘high-mass’ stars typically defined as
those that start their lives with eight solar masses or more. While massive
stars are a relatively small fraction of the total stellar mass, they dominate
radiative, mechanical and chemical feedback on the ISM and galaxies, includ-
ing via the regulation of further star formation. For instance, at very early
stages, forming massive protostars may shape the physical conditions of any
surrounding protocluster by radiative heating and mechanical feedback from
outflows. Eventually, stellar winds and ionizing feedback from fully formed
massive stars are likely to be the main agents that disperse remnant molecular
gas halting further star formation in the vicinity. Massive stars are responsible
for the nucleosynthesis of a large fraction of chemical elements including Car-
bon, Nitrogen, Oxygen, including their various ispotopologues. In this way
the nucleosynthetic yields from supernovae help to control galactic chemical
evolution e.g., Kobayashi et al., 2011, Romano et al., 2019,

Thus, we see that massive stars are an essential process for the life cycle of
the interstellar medium and galaxies (Tinsley, [1980; Zinnecker & Yorke, [2007}
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Tan et al., |2014; Romano, [2022)). However, the formation process of massive
stars remains shrouded in uncertainty and warrants further investigation. For
example, the relative importance of magnetic fields, turbulence, and feedback
(e.g., outflows/jets, radiation pressure, ionization) in mediating gravitation
collapse remains uncertain (e.g., Tan et al., 2014; Motte et al., [2017; Rosen
et al., 2020). It is also unclear how the initial conditions of molecular clouds
before collapse impact on the eventual massive star and star cluster forma-
tion. Furthermore, whether clustering of stars is essential for the formation
of individual massive stars or if it is also possible to form them from isolated
cores is an open question. It is also unclear if the chemical conditions of star
and planet-forming regions inherit certain characteristics from the large-scale
galactic environment or are reset due to local chemical evolutionary processes
(Gonzalez et al., 2001; Pontoppidan & Blevins, [2014). To answer these ques-
tions, observations provide crucial information to test theories of massive star
and star cluster formation. Hence, the overall goal of this thesis is to advance
our understanding the processes of massive star and star cluster formation by
such observational tests.

The outline of this thesis is as follows. In the remaining part of Chap-
ter [1] we describe the main evolutionary stages of massive star formation and
discuss the open questions to be addressed in this thesis. In Chapter [2] we
discuss the physical processes involved in massive star and star cluster forma-
tion. The environments of massive star and star cluster formation are GMCs,
which are typically defined as having masses > 10* M, and especially their
densest clumps, which in early stages are often observed as Infrared Dark
Clouds (IRDCs). Observational studies of gas motions in GMCs and IRDCs
suggest that they are supersonically turbulent. However, polarimetric studies
toward these clouds often indicate the presence of a relatively ordered mag-
netic field morphology, which indicates that magnetic fields also play a role
in regulating the large-scale environment of star formation. As we discuss
in later parts of this thesis, the different environmental conditions of GMCs
and their dense star forming clumps, i.e., with greater levels of turbulent and
magnetic pressures, are expected to be important for the overall processes of
massive star and star cluster formation. In Chapter [3] we review the different
observational methods that we have used to study massive star and star clus-
ter formation. Most of the focus is on the use of radio and infrared telescopes
to gain information about the properties of gas and dust in GMCs, IRDCs,
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Figure 1.1: Schematic diagram summarizing the main stages of the life cycle of
low-mass, Sun-like stars and massive stars. (Image credit: NASA and
Night Sky Network).

cores and outflows. Furthermore, the main method we use to study mag-
netic fields involves studying polarized dust emission that is expected to arise
from magnetically-aligned elongated dust grains. In Chapter [4] we provide a
summary of each of the papers and the data used in each work.

1.1 The Evolutionary Stages of Massive Star and
Star Cluster Formation

Overview of Core Accretion of Low-Mass Stars

While this thesis will focus on the formation of massive stars and star clusters,
it is first useful to provide a summary of the main stages of isolated low-mass
star formation, since this forms the basis of one of the main classes of massive
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Figure 1.2: A schematic diagram illustrating the major stages of low-mass star
formation adopted from Shu et al. . Within the dense part of the
molecular cloud ("clump’) where gravity develops and dominate over
turbulence and magnetic fields collapse led to the formation of dense
cores. Within the cores, protostars are born, each fed by a rotating
disk and collapsing envelope. The disks launch bipolar outflows that
disperse the remaining core gas to reveal a pre-main sequence T-Tauri
star, which can still retain a circumstellar disk.
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star formation theories, i.e., core accretion. Figure [1.2] presents an schematic
diagram of low-mass star formation (Shu et al., 1987). In cold (~ 10 K),
dense regions in molecular clouds, i.e., where H is mainly in molecular form,
gravitational instabilities develop, leading to the emergence of prestellar cores
(PSCs). These cores are self-gravitating, centrally concentrated, and exhibit
infall motions. When conditions become optically thick in the center of a PSC,
internal pressure builds up leading to support against gravitational collapse
and formation of a first hydrostatic core, which is still composed of molecular
hydrogen. When the temperature is high enough that molecular hydrogen is
dissociated, further gravitation collapse occurs, forming a quasi-hydrostatic
protostar and the system is then referred to as a protostellar core. Accretion
continues from the envelope to the protostar. Infalling gas can retain some
angular momentum of the larger-scale core envelope, leading to the formation
of a rotationally supported accretion disk. Associated with this disk is the
launching of accretion powered bipolar protostellar outflows, with collimation
mediated by magnetic fields that are coupled to the disk. The outflow begins
to clear the surrounding envelope gas above and below the disk creating low-
density outflow cavities. The overall efficiency of star formation from a core
due to outflow feedback is expected to be ~ 30—50%. Most low-mass stars are
now known to form planetary systems that formed from the remnant accretion
disk. Eventually, on timescales up to ~ 10Myr, the disk has largely dissipated
and the pre-main sequence star is full revealed. It should be noted, that there
remain many open questions concerning low-mass star formation, such as the
role of turbulence and magnetic fields in mediating collapse, disk formation
and outflow launching, the rate of evolution of dust grains in the core and the
timescale of the onset of planet formation.

Infrared Dark Clouds (IRDCs)

Infrared Dark Clouds (IRDCs) are cold, dense regions shadowing the diffuse
Galactic mid-infrared (MIR) background. They are typically found in Giant
Molecular Clouds (GMCs) and are likely to be the precursors of massive stars
and star clusters (Perault et al., |[1996; Egan et al., [1998; Simon et al., 2006).
Figure shows three well studied IRDCs exhibited as such dark silhouettes
in front of the mid-infrared Galactic emission as observed with the Spitzer
Space Telescope (Barnes et al., 2021)).

Many IRDCs appear to be globally filamentary or to contain filamentary
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Figure 1.3: (From Barnes et al., 2021): Three-color image of part of the Galactic
plane which highlights several infrared dark clouds (IRDCs). In this
image, red is 8 um, green is 5.8 um and blue is 4.5 ym emission from
the Spitzer GLIMPSE survey (Carey et al., |2009). The three IRDCs
are Clouds F (G34.434+0.24), G (G34.77-0.55), and H (G35.39-0.33)
following the naming in Butler & Tan (2009). The inset panels show
zoom-ins of these IRDCs.

sub-structures (e.g., Butler & Tan, . Such filaments may arise due to
local turbulent shock compression within GMCs, collisions between GMCs
(e.g., Wu et al., [2018)), compression in feedback shells (e.g., Cosentino et al.,
2020)), collision of feedback shells with each other (e.g., Inutsuka et al., 2015)),
magnetically regulated collapse (e.g., Li et al., , or some combination of
these processes.

Numerous studies have been carried out to characterize the physical condi-
tions of IRDCs (e.g., Rathborne et al., Butler & Tan, Butler &
Tan, Kainulainen & Tan, Hernandez & Tan, Sokolov et al.,
2017). Figure shows the dust extinction map of Cloud H (G35.39-00.33)
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from Kainulainen & Tan (2013)). The extinction map is constructed by com-
bining mid-infrared and near-infrared extinction data. The high extinction
up to at least Ay ~ 100 mag indicates high column densities (Nyg ~ 1.87 x
10% cm~2 assuming a conversion factor of Ng/Ay = 1.87 x 102! (cm ™2 /mag)
(Bohlin et al., [1978). Based on such column density maps, estimates of the
volume densities can be made, with values of ng ~ 10376 cm™2 inferred for
structures with masses in the range ~ 10° down to 10 M, (Butler & Tan,
2012). Temperatures in IRDCs have been measured from studies of NHj
emission (Pillai et al., 2015) and from FIR dust SEDs (Lim et al., [2016)), with
values of ~ 15K inferred. Pillai et al. (2015) (see also Soam et al.,2019; Tang
et al., 2019) mapped the plane of sky magnetic fields using polarized dust
continuum emission toward two IRDCs and, via the DCF method, inferred
the presence of dynamically strong, ~mG B—fields and sub-Alfvénic turbu-
lence M4 ~ 0.5. This strong field strength would be sufficient to support
the formation and evolution of relatively massive and dense cores (Tan et al.,
2013).

Fragmentation of IRDCs into Prestellar Cores

Different theoretical models for massive star and star cluster formation make
different predictions for how fragmentation proceeds in molecular clouds. Thus
studying the fragmentation process in IRDCs is an important goal to test these
models.

The two major models of massive star formation are core accretion (e.g.,
McKee & Tan, [2003)) and competitive accretion (Bonnell et al., [2001). The
core accretion model (see Figure proposes that massive stars form by
a process that is a scaled-up version of the low-mass star formation model
(Shu et al., |1987), thus the formation of a massive star happens from mate-
rial localized in a well-defined region, i.e., the dense core. However, in the
turbulent core model of McKee & Tan (2003]) massive cores are mostly sup-
ported by a combination of turbulence and magnetic fields (e.g., Butler &
Tan, [2012; Tan et al., 2014), i.e., to be in a state of near virial equilibrium
and to prevent fragmentation. For typical massive cores seen in IRDCs and
assuming equipartition of turbulent and magnetic energies, ~ mG magnetic
field strengths are predicted to be present (Butler & Tan, 2012). The turbu-
lent core model also predicts a relatively more disordered collapse of the dense
core compared to low-mass, thermally supported cores, due to its turbulent
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Figure 1.4: Dust extinction map of Cloud H (G35.39-00.33) constructed from mid-
infrared and near-infrared data (Kainulainen & Tan, [2013)).
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Figure 1.5: A schematic diagram showing the core accretion model. (image credit:
Jonathan Tan).
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Figure 1.6: A schematic diagram of competitive accretion model (image credit:
Bonnell et al. (2001)).
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nature, perhaps including significant accretion via over-dense filaments and
other sub-structures, e.g., as seen in magnetohydrodynamical (MHD) simula-
tions of such structures (Seifried et al., |2012; Myers et al., |2013; Hsu et al.,
2021]).

One feature of core accretion models is that it is expected to be relatively
easy for them to overcome the radiation pressure feedback problem of massive
star formation (see, e.g., Tan et al.,2014). This is because the material starts
in a dense core configuration, which then forms an optically thick accretion
disk allowing material to reach the central source. The radiative feedback from
the protostars is efficiently channelled in to the protostellar outflow cavities,
i.e., the flashlight effect, and thus is not effective at halting accretion.

In the Competitive Accretion model (see Figure , stars chaotically gain
their mass via the global collapse of the clump without passing through the
massive pre-stellar core phase. This model predicts that massive stars always
form in clustered environments, i.e., surrounded by many lower-mass proto-
stars. The massive starts tend to take relatively long timescales to form, i.e.,
2 1 Myr, i.e., on the timescale of global collapse of the clump. They then
tend to form later than most other stars in the cluster. Disks around massive
protostars are generally expected to be smaller than in core accretion models
due to tidal disruption from surrounding lower-mass stars. The orientation
of the disk is expected to change many times over the duration of accretion
given that the infalling material is not from a coherent core and because of
the strong dynamical interactions with surrounding lower-mass stars.

Massive protostellar cores / hot molecular cores

Massive protostars, being sources of high luminosity and surrounded by large
quantities of dense gas, lead to astrochemically rich conditions, observed as
“hot molecular cores” (HMCs). These cores are characterized by being com-
pact (< 0.1pc), warm (T > 100K), and dense (ng > 10° cm~3) (e.g., van der
Tak, [2004; Beuther, [2007; Tan et al., |[2014).

Examples of a radio spectra toward two HMCs are presented in Figure [I.7]
(Beuther et al.,2007a; Beuther et al.,|2007b). Many complex organic molecules
(COMs) have been identified in such spectra, including species that are build-
ing blocks of prebiotic molecules, such as amino acids and proteins (e.g.,
Chakrabarti & Chakrabarti, |2000; Garrod, 2013)).

Following the cold IRDC and pre-stellar core phases, molecules are mostly

13
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frozen onto dust grains. The HMC phase involves these species being ther-
mally desorbed into the gas phase. Chemical processing can occur both in the
ice before desorption and in the gas phase. Furthermore, the local chemical
evolutionary process happening in the hot molecular core and in the HII re-
gion (see next section) could significantly modify the initial chemical condition,
causing a reset in the chemical conditions in the local star and planet-forming
regions.

The massive protostar G28.2-0.05 that is studied in this thesis has been
revealed to be one of the most chemically rich sources (Gorai et al., . The
physical characterization of the source we have carried out will be important
for the astrochemical modeling of this source.

14
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lonizing feedback as traced by HII regions

HII regions are the locations where H is ionized (Hoare et al., |2007). Young
massive stars produce high quantities of extreme ultraviolet (EUV) photons
that efficiently photoionize the gas around them. Gas may also be ionized by
strong shocks, e.g., driven by protostellar outflows and stellar winds. Pho-
toionized gas reaches temperatures of about 10,000 K and so is overpressured
compared to surrounding molecular cloud gas (Churchwell, 2002; Hoare et al.,
2007)). Thus HII regions begin to expand into their surroundings and this may
be a crucial feedback process that destroys molecular clouds (e.g., Kirsanova
et al., |2008}; Devaraj et al., |2021)).

As an example, Figure [I.8| presents an image of the HII region Sh2-284,
which is powered by photoionization from already-formed massive stars. These
HII regions are among the brightest objects in the mid-infrared to radio wave-
lengths (Hoare et al.,|2007; Churchwell, 2002).

Owing to such high luminosity, HII regions are targeted by observers as
the “signpost” for recently formed massive stars. To date, over 2,000 HII
regions have been detected across the Galaxy, including using MIR survey
data, followed up by studies of cm radio continuum free-free emission (Wenger
et al., [2021)).

During the earlier protostellar phase, HII regions are smaller and indeed are
characterized via their size, i.e., Hyper-Compact (HC) HII regions (< 0.01 pc)
and Ultra-Compact (UC) HII regions (Churchwell, 2002). Large samples of
UC HII regions were first characterized by Wood & Churchwell (1989)) based
on IRAS data. Some examples of UC-HII regions in radio wavelengths are
presented in Figure [[.9] which display different basic morphologies. For in-
stance, G28.2-0.05, the source analysed in this project, is a shell-like HC-HII
region (Sewilo et al., 2008). The different morphologies could potentially be
important in understanding the evolution of the massive star-forming envi-
ronments, as they may retain memory on the gas structures present before
ionization (Churchwell, [2002).

The radio spectral energy distribution (SED) of an HII region typically
has a shape presented in Figure [1.10}] The spectral break corresponds to
the frequency when optical depth 7 ~ 1 Condon & Ransom (2016) . At
frequencies lower than the break, where 7 > 1, the SED follows a black body
with spectral index a, ~ 2, where S, x v®¥. On the optically thin side,
the optically thin free-free emission results in a characteristic spectral index

15



Chapter 1 Introduction

Figure 1.8: Four color image of the HII region Sh2-284 as seen by WISE. Blue
and cyan correspond to emission at 3.4 and 4.6 um, while green and
red show emission at 12 and 22 um, respectively. Credit: NASA/JPL-
Caltech/UCLA
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Figure 1.9: Examples of UC-HII regions with different morphologies: Shell-like
(top left), Cometary (top right), Core-halo (bottom left), Bipolar (bot-
tom right). Figure is adapted from Rodriguez (2005).
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of o, ~ —0.1 Condon & Ransom (2016). However, the radio SED of an HII
region can involve a more intermediate power law index over a broader range
of frequencies if there is an underlying density structure in the HII region,
e.g., as in that of a stellar wind or protostellar outflow (e.g., Tanaka et al.,
2017). The radio emission from HCHII regions can be a crucial diagnostic
to help pinpoint the location of massive protostars that are just starting to
ionize their local environments.

1.2 Open questions in massive star and star
cluster formation

After reviewing key stages of massive star and star cluster formation, one
realises that these are complex dynamical processes, with many outstanding
open questions. In the following, we discuss three questions that are related
to this thesis: (i) What is the relation of massive star formation to star clus-
ter formation? (ii) Do mass stars form as scaled-up version of low-mass star
formation?; and (iii) To what extent do the physical and chemical conditions
of star/planet-forming regions depend on Galactic environment? Answering
these questions will make significant steps forward to understanding how mas-
sive stars and star clusters form.

1. What is the relation of massive star formation to star
cluster formation?

This question can be also be expressed as: can massive stars form in isolation
or do they require the presence of a star cluster; and, when forming in a cluster,
do massive stars tend to form in the center (i.e., is there primordial mass
segregation)? Observationally there are some claims that massive stars tend
to be found in the centers of rich star clusters (e.g., Hillenbrand & Hartmann,
1998; Kirk & Myers, 2011). On the other hand, Moser et al. (2019)) did not
find evidence for primordial mass segregation from an analysis of 35 high and
intermediate mass protostars in IRDC G28.37. Whether or not they are born
in the central regions, i.e., with primordial mass segregation, or whether their
central concentration is due to subsequent dynamical evolution in a cluster,
i.e., after the massive star has formed, provides important constraints on
formation theories (e.g., Bonnell & Bate, [2006)).
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Figure 1.10: The typical shape of the spectral energy distribution of HII regions.
The slope at a frequency below the spectral break, indicated at the
frequency when 7 = 1 is optically thick and follows a black body. The
drop follows an index of ~ 2 assuming a cylindrical geometry. For
the frequency higher than the spectral break, the slope index is —1,
which is correlated with the electron density. Figure from Condon &
Ransom (2016).
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Observational studies on the magnetic field and turbulent properties in
IRDCs will be able to constrain the properties of star cluster formation and
also provide insight on the link of larger scale environment of star cluster for-
mation on massive star formation. For instance, the study by Seifried & Walch
(2015)) suggested that the magnetic field orientation may have an effect on the
resulting properties of star clusters. In fact, bimodal cloud-field orientation is
observed in the massive infrared dark cloud G28.37+0.07 (Chapter , placing
constraints on the initial conditions of star cluster formation.

2. Do massive stars form via core accretion or competitive
accretion?

Several observational features may provide important information to help dis-
tinguish between core and competitive accretion: (1) Core mass function; (2)
Identification of massive dense cores, including pre-stellar cores; (3) Existence
of massive protostars in relatively isolated regions; (4) Characterisation of
outflow and disk properties in massive protostars.

(1) Core mass function: A characteristic feature of core accretion models
is a more direct linkage of the pre-stellar core mass function (CMF) and the
stellar initial mass function (IMF). Several observational studies have found
CMFs shapes that are similar to that of the IMF (e.g., Alves et al., 2007;
André et al., |2010; Konyves et al., |2015; Cheng et al., 2018). On the other
hand, in the competitive accretion framework, there is no correlation between
the CMF and the IMF as the accretion involves randomly fed ambient gas
materials from the clump or the parent cloud (e.g., Padoan et al., |2020).

(2) Identification of massive dense cores, including pre-stellar
cores: Another important observational feature to disentangle between the
two scenarios is to look for massive dense cores, especially pre-stellar cores.
For instance, some CMF studies (e.g., Motte et al., 2018; Liu et al., 2018}
O’Neill et al., 2021 have found relatively shallow CMF indices, suggesting
the existence of massive dense cores. Furthermore, ALMA observations to-
ward IRDC G28.37+0.07 by Tan et al. (2013) identified two massive dense
prestellar core candidates with masses as high as 60 M. Csengeri et al. (2017])
surveyed 35 sources with ALMA and found that most of them show limited
fragmentation, with at most 3 cores per clump. On the other hand, some ob-
servations find higher levels of fragmentation: e.g., Cyganowski et al. (2017)
studied the high-mass star-forming region G11.92-0.61 finding that the three
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1.2 Open questions in massive star and star cluster formation

massive protostars in the region are surrounded by at least 16 lower mass
protostellar sources within a region about 0.3 pc in radius; Sanhueza et al.
(2019)) studied 12 IRDCs clumps and revealed a higher level of fragmentation
with a large population of low-mass cores with sizes smaller than 0.1 pc, but
no high-mass counterparts.

(3) Massive protostars in isolated environments: A main observa-
tional prediction of competitive accretion models is that massive stars must
form in crowded environments. Hence, the identification of massive stars
forming in relatively isolated environments would provide evidence in favour
of core accretion, at least in these regions. G28.2-0.05, the massive proto-
stellar system analyzed in this thesis provides a case study for this type of
investigation.

(4) Characterization of outflow and disks of massive protostars:
An important feature of the core accretion model, as a scaled-up version of
low-mass star formation, is that there is similar governing physics, but with
more powerful outflows (given that the accretion power is stronger) and with
more massive disks (e.g., if the disk mass is a fixed fraction of the central
stellar mass). Furthermore, a dynamically important magnetic field may be
expected to support massive dense cores from fragmentation. In fact, the
magnetic field has been shown to play an important role in regulating disk
size and outflow collimation (Bally, 2016, Commercon et al., [2022)). The
outflow in G28.2-0.05 is found to be aligned close to normal to the inferred
rotation axis of the massive protostellar disk.

It is also noted that the relative importance of magnetic fields is key to
testing different models. Hence, multi-wavelength studies of cloud-to-disk
scale will provide a comprehensive view of the role of magnetic fields in massive
star and star cluster formation.

3. To what extent do the physical and chemical conditions of
star/planet-forming regions depend on Galactic environment?

The physical and chemical conditions of massive protostars under dramatic
changes during the evolution of the core from pre-stellar conditions to the
hot molecular core and ultra-compact HII region phases. In particular, the
thermal heating from the massive protostar unlocks great varieties of chemical
species from dust to gas. Direct photo-dissociation and ionization feedback
further affects physical and chemical evolution. In fact, G28.2-0.05 has been
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demonstrated by Gorai et al. (2023) to be very chemically rich.

Studying how physical and chemical processes change with Galactic envi-
ronment is of general importance to help constrain theoretical models. The
first step in this process is to construct a sample of massive protostars that
span a range of environments. In this thesis, we have carried out analysis of
such a sample from the ALMAGAL survey. Our analysis, part of the larger
work of the ALMAGAL project, has been to measure chemical abundances of
different species and with a first application of seeing if the data can help con-
strain the gradient of various isotopic ratios with Galactocentric radius. Such
gradients are expected in models of galactic chemical evolution. However,
the study is more general in that it concerns the measurement of abudnances
of species that ultimately can be used as astrochemical tracers of the star
formation process in different environments.

Concerning the abundance ratio between the main stable isotopologue and
other rarer isotopologues of a given molecular species, it is thought that this
could be affected by local chemical processes, i.e., fractionation (e.g., Colzi
et al., [2020). So such processes need to be understood in this context. On
the Galactic scale, the absolute isotope value and its gradient is set by stellar
nucleosynthesis, and the adoption of a specific galaxy formation and evolution
model, such as the inside-out two infalls Galaxy formation model (Chiappini
et al.,|1997; Matteucci, [2021)). For the ratio of 12C to '3C in particular, which
are the main subject of our study, a positive gradient with increasing Galactic
radial distance is expected and indeed observed by various studies. Some
models predict a flattening at larger radii depending on the yields of massive
stars and novae (e.g., Romano et al., |2019; Romano, 2022). However, the
local chemical evolutionary process of selective-photo-dissociation may have
an impact on the chemical conditions.
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CHAPTER 2

Physical Processes in Massive Star and Star Cluster
Formation

Massive star and star cluster formation require gravitational collapse, but this
may also be regulated by the processes of magnetic field support, turbulence
and feedback from the forming star or surrounding stars. However, the relative
importance of these processes is unknown. In this chapter, we present a
brief overview of these processes that are expected to play roles in controlling
massive star and star cluster formation.

Gravity

Gravity is the ultimate force that drives the collapse of the molecular clouds
to prestellar cores and then protostars. The Jean analysis determines the
minimum length scale and mass in which the region of interest is dominated
by gravity. The minimum length scale that is gravitationally unstable is known

7TC2 1/2
= s 2.1
)\J (Gp) ) ( )
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Chapter 2 Physical Processes in Massive Star and Star Cluster Formation

where ¢, = (ykT/[uwmp])*/? is the sound speed and p is the density of the
medium. The corresponding minimum mass that becomes gravitationally un-
stable is known as the Jean mass,
4
M, = = pR?, (2.2)

where p is the density of the medium, and R is the radius equivalent to half
of the Jeans length.

For an uniform density spherical system that is gravitationally bound and
unstable and in the limit of negligible internal pressure support, the timescale
for collapse is described as the “free-fall” time and is given by:

37 4.4 x 10% yr
lg =4/ = , 2.3
! 32Gp  \/nu/106 cm—3 (23)

where ny is the number density of hydrogen nuclei, and the normalization to
total mass density, p, assumes nyg, = 0.1ny.

Magnetic fields

Magnetic fields act as an additional pressure term that can provide support
against gravitational collapse. The classical method to estimate the field
strength via the Davis-Chandrasekar-Fermi (DCF) method assumes flux freez-
ing and equipartition in the turbulence and magnetic energy. Assuming that
the dispersion in the magnetic field direction is due to turbulent motions,
which are characterized by a 1D velocity dispersion o,, and the dispersion of
field direction about some local mean value is represented by the dispersion of
polarization angles, oy, i.e., assuming dust grains align with their major axes
perpendicular to field direction, then the plane of sky magnetic field strength
can be evaluated by the following equation:

By = Q\/Amp22, (2.4)

o)

where @ is a factor related to the geometry (usually set equal to 0.5, e.g.,
Heitsch et al., 2001; Padoan et al.,|[2001; Ostriker et al., [2001)).

However, the assumption and the equation of DCF have recently been under
extensive review (see, e.g., Liu et al., [2022} for a review). Different modifi-
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cations of DCF methods have been proposed. In particular Skalidis & Tassis
(2021) proposed an alternative expression, derived from the assumption of
compressible turbulence, i.e.,

Bo = JQW%. (2.5)

This method of estimation is thought to be more accurate in the trans-Alfvénic

regime, where it predicts field strengths that can be significantly smaller than
the classical DCF method. It should be noted that both of these DCF-type
methods ignore the effects of gravity in distorting B-field orientations.

The relative importance of the magnetic energy and gravitational energy in
a structure is described by the mass-to-flux ratio, A. The critical mass-to-flux
ratio for gas to be able to collapse against magnetic pressure is defined by
(e.g., Mouschovias & Spitzer, 1976; Nakano & Nakamura, [1978]):

M Cp
Acrit = <(I))Crit =gz (2.6)

where ® is the magnetic flux and cg = (27)~! is the magnetic critical mass

coefficient, a dimensionless coefficient related to the cloud’s shape and mag-
netic flux distribution (Nakano & Nakamura, 1978} Myers & Basu, |2021). The
equation that computes the corresponding mass-to-flux ratio maps in units of
the critical value is presented below

_ e =
Ao = o 2 \/E(B). (2.7)

The mass-to-flux ratio provides information on the relative importance of the
magnetic field compared to gravity. If Ag > 1, the cloud will collapse because
magnetic fields are not able to support against gravity, while A < 1 indicates
magnetic fields are sufficient to support against gravitational collapse. If A >
Acrit, the system is said to be magnetically supercritical, i.e., B—fields cannot
prevent collapse. If A < A, the system is said to be magnetically subcritical,
i.e., B—fields prevent collapse, but only in directions perpendicular to the
field lines and only if the material is well-coupled to the field lines by being
sufficiently ionized.

Molecular clouds are mostly neutral. Only the ions are directly coupled
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Chapter 2 Physical Processes in Massive Star and Star Cluster Formation

to the magnetic fields and neutral species can undergo “ambipolar” drift
across field lines (e.g., Ward-Thompson & Whitworth, 2011). For a structure
with length scale L and threaded by magnetic field with an average uniform
strength B, the ambipolar diffusion timescale, tsp, is:

AD ~ ——5 NMpnn;{(0V) ——,
Bz "t Hon = s

(2.8)
where n,,, n; are the number density of neutral and ionic species, respectively,
tn and p; are the mean masses of these neutral and ionic species, and (ov)
is the collisional rate coefficient between the ionic and neutral species. For
typical conditions, top can be about 10 times longer than tg.

Turbulence

The large-scale gas motions in molecular clouds are observed to be supersoni-
cally turbulent (e.g., Krumholz, 2011)). Statistical properties of the turbulence
may depend on the environmental and star formation properties of the cloud
(see, e.g., Burkhart, 2021} for a review). Two basic parameters that are used
to describe the observed properties of turbulent gas are the Reynolds number
and the sonic Mach number. The Reynolds number is defined by the following
equation at a length scale (L), gas velocity (v) and viscosity (v):

Re =vL/v. (2.9)

Gas flow with a low Reynolds number is characterized by ordered, laminar
flow. Gas flow with a large Reynolds number develops turbulence.

The sonic Mach number (My) is the ratio of turbulent velocity dispersion
to sound speed. In molecular clouds, the temperatures are ~ 10 K, i.e., with
sound speeds of ~ 0.2km s~ *. Observed 1D velocity dispersions of IRDCs and
GMCs can be ~ 1 to 10 km s~!, implying M, ~ 5 to 50. Thus the turbulence
is described as being supersonic, which is expected to lead to a network of
shock-compressed regions. Shocks dissipate energy, so supersonic turbulence
is expected to decay relatively quickly, i.e., with an exponential decay time
that is about equal to a flow crossing time teross = L/v, which is similar to a
free-fall time for a self-gravitating cloud.

The classic study by Larson (Larson, [1981) found that the internal velocity
dispersion of CO velocity spectra (Av) is correlated with the cloud size (L).
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The correlation can be described by a power-law (Av o< L%3%). More recent
studies find a power law index of about 0.5 McKee & Ostriker (see, e.g.,
2007). The value of this index, i.e., describing a “line width - size relation”,
is an important property to describe the nature of interstellar turbulence.
An important property of turbulent gas flow in relation to magnetic fields
is the potential anisotropic nature of the flow. If the magnetic field is dy-
namically important, then a greater degree of anisotropy is expected, with
energy dissipation perpendicular to the B—field happening faster than along
the field, i.e., motions are more constrained in directions perpendicular to the
B—field. This aspect is summarized in Figure The turbulence eddies are
represented as ellipses, that have major axes in a direction aligned with the
local magnetic field direction, while the minor axis is orthogonal to this. Thus
spatial gradients in velocity are expected to be largest in directions perpen-
dicular to the B—field. This opens up the possibility of kinematic methods for
inferring magnetic field orientation (see, e.g., Burkhart, 2021}, for a review).

Virial theorem: dissecting the relative importance of
magnetic fields, turbulent, and gravity

The virial theorem provides the mathematical framework to analyze the effects
of self-gravity, turbulence and magnetic fields in molecular clouds (Bertoldi &
McKee, [1992). A cloud in virial equilibrium599 satisfies the following condi-
tion

0=2Fx + Ep + Eg, (2.10)

where Fx, Ep, and Eqg are, respectively, the total kinetic energy, magnetic
energy, and the gravitational potential energy. Following Bertoldi & McKee
(1992), the gravitational energy of an ellipsoidal cloud is given by

3 GM?
EG:_gCLIGQ R

(2.11)

where G is the gravitational constant, M is the mass of the cloud, and R is the
radius of the cloud. Here R = v/ZR is the geometric mean of the semi-major
(Z) and semi-minor (R) axes of the cloud. Finally, a; and as are parameters
that describe the effects of the internal density distribution and the cloud
ellipticity, respectively.
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Figure 2.1: Schematic diagram adopted from Lazarian et al. (2018)) showing tur-

bulent eddies under the influence of a dynamically important magnetic
field. The elongations of the turbulent eddies are aligned with the
magnetic field direction. Notice that the anisotropy is related to the

local magnetic field direction.
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The kinetic energy takes the following form

Ex = 5(poy = pooy,)Va, (2.12)

N W

where o, is the total 1-D velocity dispersion, p is the averaged density of the
structure of consideration. Here we also include the surface term, which is
based on the ambient medium’s 1-D velocity dispersion, A, ,,,, and density,
po- Here V1 is the volume of the structure, i.e., defined by V. = %ﬂ'yRB’
where y is the aspect ratio between the major and minor axes as defined

above. Finally, the magnetic energy is

1

EBzg(

B? — B§) Va, (2.13)
where B is the magnetic field in the cloud. Here, we include the surface term
measured by taking the ambient magnetic fields, which are normally measured
in the ambient medium surrounding the structure of consideration.

The metric that characterizes the relative importance of each term is via
the virial parameter. The kinetic viral parameter defines the ratio between
the kinetic energy and gravitational energy

Ex
|Eq|’

oK = 2a (2.14)
The ratio between the gravitational and magnetic energy is revealed by the
mass-to-flux ratio described above. The total energy form of the viral param-
eter combining kinetic and magnetic energies is as follows Bertoldi & McKee
(1992)) and Liu et al. (2020)

o, Ovir
QK4B = (a% + Z) + 5 (2.15)

By evaluating the dynamical status of IRDCs and the cores with the virial
parameters and the Alfvenic Mach numbers across different regions of the
IRDCs and the cores, it will be possible to characterize the dominant forces
in action in massive star and star cluster formation. The maximum mass
supported by thermal pressure alone for an unmagnetized cloud is defined by
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the Bonnor-Ebert mass

3
Mgg = 1.182(6;% (2.16)
2]

In a similar manner, the maximum mass that can be supported from magnetic
fields alone is the magnetic critical mass, which takes the form as follows
(Bertoldi & McKee, [1992; Tan et al., |2013])

Rc 2 Bccrit 3 NH,c -2
M.g=162(— : : M. 2.1
B =16 (Z) (1OOMG> (105 Cm—3> © (2.17)

Both supersonic turbulence and magnetic fields play regulating roles in
massive star and star cluster formation. The square root of the ratio between
kinetic and magnetic energy is equivalent to the square of the Alfven Mach

number (My).
EK Oy
[ 28 7Y 2.18
Eg Ve A, ( )

%ﬂ Measurements of the Alfven Mach number provide cru-
cial information on the relative importance of magnetic fields and thus put
constraints on massive star formation models.

where v, =
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CHAPTER 3

Observational methods

High-mass star-forming regions are deeply embedded within molecular clouds,
which are opaque in the optical and infrared regimes. Hence, they are best
studied at far-infrared (MIR, > 3um) to radio (cm) wavelengths. Single-dish
telescopes and interferometers are the main facilities to observe these high-
mass star-forming regions. However, the atmospheric water precipitations can
absorb the radiation and strongly limit observations, particularly in sub-mm
to mm wavelengths. Hence, many ground-based radio telescopes are built at
high altitudes and dry (low precipitate water vapour, PWV) Furthermore,
water and oxygen bands in the troposphere of the Earth’s atmosphere absorb
incoming radiations, which motivates MIR and FIR air-borne and space-borne
telescopes. This chapter summarizes key elements in the observational meth-
ods used to obtain data to study massive star and star cluster formation.

3.1 Single dish telescopes

In this thesis we have obtained and analyzed data from different single dish
telescopes from ground based to space based. A gallery of selected single-dish
telescopes is presented in Figure [3.I] In general these telescopes are built at
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Figure 3.1: Gallery of single dish telescopes used to gather data for this thesis. Top
left: The Atacama Pathfinder Experiment telescope (APEX) telescope
(Credit: ESO). Top tight: The Green Bank Telescope (GBT) (Credit:
GBT). Bottom left: Stratospheric Observatory for Infrared Astronomy
(Credit: SOFIA). Bottom right: IRAM-30m telescope (credit: IRAM).

sites of high elevation (> 3000 m) and dry locations where the precipitate
water vapour level is low. However, the transparency of the atmosphere in
the MIR and FIR bands is very low. Hence, airborne or space telescopes are
required to make astronomical observation possible (e.g., SOFTA, Herschel).
Furthermore, space-based telescopes often offer much higher sensitivity to
faint emission given the lack of thermal emission from the atmosphere.

The ability for a given single-dish telescope to resolve a certain astronomical
target depends on the diameter of the antenna, D, and the wavelength of the
light, A\. From diffraction theory, the following equation gives the angular

resolution (6) in radians:

A
6= o (3.1)

Hence, it is also noted that for a fixed antenna size, the resolution increases at

32



3.2 Interferometry

shorter wavelengths. The electromagnetic radiation the antenna receives by
reflection at the primary dish is gathered to the focus before being detected
by the receiver.

3.2 Interferometry

Interferometry (see gallery in Figure of selected facilities) enables obser-
vations with high angular resolution that are important to study regions of
massive star formation that are located at large distances. The resolution
scale of an interferometer is determined by the ratio of the wavelength to the
maximum length of the baseline (Darray via

A
~ . 2
o Darray (3 )

Taking G28.2-0.05 as an example, this massive protostellar system has a
ring-like structure with a scale of 0.7'7 and is at a distance of 5.7 kpc. To
have five sampling elements across the source thus requires an angular reso-
lution of roughly 0.14’7. Interferometers such as the Atacama Large Millime-
ter/submillimeter Array and the Next Generation Very Large Array (ngVLA)
are thus needed to probe the detail structure of these distance massive proto-
stellar systems.

However, as a trade-off, the interferometer filters out the intensity of ex-
tended emissions, i.e., only features up to a certain largest scale will be re-
covered, also known as the maximum recoverable scale (MRS). The MRS is
defined by the resolution of the shortest baseline in the configuration.

The basics of interferometry can be described by considering two antennas,
as illustrated in Figure [3.3] The source emission will reach antennas A and
B at different times due to the orientations of the array baseline (Figure .
The geometric delay is described by the vector’s dot product pointing toward
the source S, and the baseline vector b divides by the speed of light. Due
to the Earth’s rotation, the baseline vector’s component will change and the

changes of the vector could be defined in the displacement of the source (AS)
from some reference fixed position (Sy), described by the following equation

S o o .
BHSO + B, AS = BHSO + ur + vy. (3.3)
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Figure 3.2: Gallery of interferometer arrays Top left: The Atacama Large Mil-
limeter /submillimeter Array (ALMA) (Credit: ESO). Top tight:
The Karl G. Jansky Very Large Array (VLA) (Credit: Bettymaya
Foott, NRAO/AUI/NSF). Bottom : The Submillimeter Array (SMA)
(Credit: ESO).
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Figure 3.3: Figure adopted from Snell & Kurtz (2019). The two antennas are
separated by a baseline distance b. As the radiation reaches antenna 2,
a geometric delay, i.e., caused by the extra path length that the wave
must travel to reach antenna 1, is As, which is the dot product of the
unit vector pointing toward the source and the baseline vector b. Here
0 is the angle between the direction normal to the baseline vector and
the vector pointing toward the source

35



Chapter 8 Observational methods

The corresponding coordinate system that traces the position of the vector
B is known as the uv-plane. The uv distance is then defined by /(u? + v?)
in the unit of A. The amplitude of that point in the uv space is called visibil-
ity, the Fourier transform of the source’s intensity in real space via the Van
Sitter-Zernike theorem. In practice with observations at different baselines, it
requires combining the data to retrieve the desire uv coverage to image the
intensity distribution of the source. Furthermore, as it is impossible to put
two antennas at the same spot, the interferometric observation is normally
limited by the zero spacing. This will led to “missing flux”, in which the
extended emissions at scale larger than the MRS will be filtered out. It is a
normal practice to perform a flux recovery check between interferometric data
and single dish to quantify the percentage of missing flux. Hence, single-dish
telescope observations are an important complement to providing zero spacing
in the uv space and recovering the missing flux from the interferometer due
to an incomplete sampling of the uv space.

3.3 Measuring magnetic field morphology in
massive star forming regions

One of the main ways to trace the plane of sky magnetic field morphology is
via the polarized emission from either the background starlight or the thermal
emission from dust grains. The mechanism of alignment of dust grains with
magnetic field is crucial for these methods (see, e.g., Andersson et al. 2015
for a review). Here we provide a brief summary of radiative alignment torque
(RAT) mechanism of grain alignment.

The (b-)RAT mechanism predicts that in the presence of an anisotropic
radiation field, e.g., coming from an embedded protostar or an external UV
source, dust grains are aligned with their major axes perpendicular to mag-
netic field lines. The radiation will create a torque causing a grain to spin.
The rotational axis of the grain precesses around the magnetic field direction,
while paramagnetic dissipation tends to align the grains with their long axes
perpendicular to the magnetic field. This alignment is independent from the
radiation direction or the magnetic field direction.

With the grains aligned with their long axes perpendicular to the local mag-
netic field direction, background star light is most likely to be attenuated via
the selective dichroic extinction leading to polarized received stellar emission
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Figure 3.4: Schematic figures showing the two polarization mechanisms. Left: Po-
larization of background star due to selective extinction, which the po-
larization orientation is parallel to the magnetic field direction. Right:
Polarization of the thermal dust emission, in which the polarization
orientation is normal to the magnetic field direction.

with orientation align with the magnetic field direction. On the other hand,
the thermal emission from magnetically aligned grains is more likely to have
electric field vectors along the plane containing the long axis. Thus, the polar-
ized dust emission orientation is perpendicular to the magnetic field direction.
Figure [3.4] present schematic figures of these two polarization mechanisms.

The fundamental quantities of polarization are described by the Stokes pa-
rameters. Note, for describing linear polarization, requires the Stokes @, U,
and the total intensity /. The Stokes @ and U are defined as:

Q = pcos20

) (3.4)
U = psin 20,

where 6 is the polarization position angle and the fraction of polarisation is

@7

1

(3.5)

Then, the polarisation intensity is defined as

P=Q2+ U2 (3.6)
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The corresponding polarization angle in degrees is defined by

L1180, (U

Note that the fraction of polarization is restricted to positive values, and
with addition of small numbers in @) and U if the signal to noise is low, will
result in a positively skewed Rice distribution (Rice, [1944). The correction
applied is called ’debiasing’, in which the debiased polarization fraction is
equal to p’ = \/p? — 62. In general a data cut is made on the signal to noise
ratio (SNR) in Stokes I and/or in the polarization fraction. The sensitivity
in polarisation fraction can be inferred from the SNR of Stokes I by

V2
op ~ GNR); (3.8)

For example, if we want to have a typical sensitivity of 2%, then we require a
SNR; ~ 70.
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4.1 Paper |

In the first paper, we present a detailed characterization of the physical prop-
erties of the massive protostellar system (G28.2-0.05 (Figure . The study
was motivated by the apparently isolated nature of the source as a means to
more stringently test massive star formation theories. The data was based
on ALMA Band 6 observations. The data was reduced by the pipeline and
manual reduction was performed on the most extended configuration data.
All imaging and self-calibrations were performed with CASA (ver. 5.6.1-8)
(McMullin et al., 2007]).

We first inspected the overall 1.3 mm continuum morphology and detected
a ring-like structure at a scale of about 2,000 au. A similar structure has
been seen by the VLA at 1.3 cm, suggesting it traces ionized gas, i.e., from a
HC HII region. We characterized the radio SED, including with an in-band
SED analysis, to estimate the contribution of dust emission to the 1.3 mm
flux. The dust appears to be concentrated on one side of the ring at the main
mm continuum peak, which we identify as the likely location of the massive
protostar (see also below). The regions just beyond the ionized ring, also
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Figure 4.1: ALMA 1.3 mm total continuum image of the massive protostellar sys-
tem G28.2-0.05.

appear to be dominated by dust emission.

We examined line emission in the ALMA data. The H30a recombination
line also traces ionized gas. It shows a strong line of sight velocity gradient at
the location of the main mm continuum peak, which is further evidence that
this is the location of the massive protostar. A dynamical mass estimate is
made of the source from these data. Several hot core molecular species are also
identified, with emission in the vicinity of the mm continuum peak. However, a
more extensive study of the astrochemistry of the source is presented in Gorai
et al. (2023). Finally, high velocity CO(2-1) emission was detected tracing a
wide-angle bipolar outflow that is driven from the region and extends to large
scales.
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4.2 Paper |l

Magnetic fields may play a crucial role in setting the initial conditions of mas-
sive star and star cluster formation. To investigate this, we report SOFIA-
HAWC+ 214 pm observations of polarized thermal dust emission and high-
resolution GBT-Argus C'®0(1-0) observations toward the massive Infrared
Dark Cloud (IRDC) G28.37+0.07. Considering the local dispersion of B-field
orientations, we produce a map of B-field strength of the IRDC, which exhibits
values between ~ 0.03 —1mG based on a refined Davis—Chandrasekhar—Fermi
(r-DCF) method proposed by Skalidis & Tassis. Comparing to a map of in-
ferred density, the IRDC exhibits a B — n relation with a power law index
of 0.51 4+ 0.02, which is consistent with a scenario of magnetic field-regulated
anisotropic collapse. Consideration of the mass-to-flux ratio map indicates
that magnetic fields are dynamically important in many regions of the IRDC.
A virial analysis of a sample of massive, dense cores in the IRDC, including
evaluation of magnetic and kinetic internal and surface terms, indicates con-
sistency with virial equilibrium, sub-Alfvénic conditions and a dominant role
for B—fields in regulating collapse. A clear alignment of magnetic field mor-
phology with direction of steepest column density gradient is also detected.
However, there is no preferred orientation of protostellar outflow directions
with the B—field. Overall, these results indicate that magnetic fields play a
crucial role in regulating massive star and star cluster formation and so need
to be accounted for in theoretical models.
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Figure 4.2: 8um intensity map of G28.374-0.07 with the inferred plane of sky mag-
netic field component overlaid as a “drapery” pattern.
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4.3 Paper Il

The isotopic ratios of carbon, nitrogen, and sulphur in high-mass star-forming
regions across Galactic radial distances provide a crucial perspective for con-
straining stellar evolution and nucleosynthesis of both supernovae (SNe) and
asymptotic giant branch (AGB) stars. Furthermore, the Galactic radial distri-
bution of isotopic ratios also strongly constrains the chemical initial conditions
of star and planet-forming regions. We examined the main carbon isotope ra-
tio of 12C to '3C using a large sample of massive star-forming regions from the
ALMAGAL survey(Figure . The ALMAGAL survey is an ALMA large
program that systematically sampled a large number of high-mass clumps
with mass > 500 Mg at a resolution of 3000 au assuming an average dis-
tancesfrom the Sun of 3 kpc. We apply standard techniques extensively used
in spectral studies to attempt to determine the carbon isotopic ratio as a func-
tion of Galactocentric distance using HoCO(3-2) and HC3N(24-23) and their
13C isotopologues. We find, in contrast to many previous studies, a lack of
a radial gradient, which hints that local chemical processes may already be
shaping the chemical evolution of stars and planet formation regions at ~0.1
pc scales. However, we also demonstrate that optical depth plays a crucial
role in potentially biasing systematically our (and other studies) of the car-
bon isotope ratio, making the interpretation difficult. We further quantify the
effect of optical depth with single-dish data. Our results show that achieving
high accuracy of the isotopic ratio measurement requires a multi-line analysis.
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Figure 4.3: Spatial distribution of all ALMAGAL clumps (red dots) overlaid on a
top-down view of the Milky Way.

44



4.4 On-going projects and other selected papers

4.4 On-going projects and other selected papers
Turbulence and magnetic fields in IRDC G38.9-0.74

Introduction

The roles and relative importance of self-gravity, turbulence, magnetic fields
and feedback in massive star and star cluster formation remain uncertain (e.g.,
Tan et al., 2014; Rosen et al., [2020). In particular, it is challenging to mea-
sure the properties of magnetic fields (see §2), with most practical methods of
inferring B—field morphology and strength in star-forming molecular clouds
relying on indirect methods, especially via mapping of polarized emission that
is assumed to arise from the alignment of nonspherical dust grains with mag-
netic field directions (e.g., Li et al., [2014). Significant advances in this kind
of observational data have occurred recently with the results of PLANCK,
BLAST-POL, JCMT-POL2, and SOFTA-HAWC+. Another relatively novel
method is to try and infer the effect of magnetic fields on turbulent motions
(see §1). Such methods have typically been calibrated against idealized simu-
lations of turbulence, but there have been relatively few studies that test their
results against independent observational measures of B—fields, such as from
polarizaration. This comparison is the primary goal of this project, with the
target to be studied an example Infrared Dark Cloud (IRDC) that has been
observed with high spatial and kinematic resolution in CO lines and has had
its polarization morphology mapped in the FIR.

IRDCs were identified via their high opacity at mid infrared (MIR) wave-
lengths (e.g., Rathborne et al., 2006; Barnes et al., |2021). These massive
dense clouds are known to be the progenitors of massive stars and star clus-
ters (e.g., Butler & Tan, [2012; Kainulainen & Tan, 2013; Hernandez & Tan,
2015} Sokolov et al.,|2017). Direct observations of the magnetic field strengths
in IRDCs are very challenging, e.g., because molecules normally used for Zee-
man measurements, like CN, are frozen out onto dust grains. Some constraints
on B—field morphology and strength have been derived based on maps of po-
larized dust emission and by utilizing the Chandrasekhar & Fermi method
(Chandrasekhar & Fermi, 1953). For example, Pillai et al. (2015) and Soam
et al. (2019) have found relatively ordered degrees of polarization and inferred
that dynamically important magnetic fields are presented in IRDCs. However,
there are significant uncertainties with this method of B—field estimation, in-
cluding its reliance on the uncertain physics of dust grain alignment with
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B—fields. Alternative methods are thus needed to compliment as well as to
provide independent information on the magnetic field properties.

Models and simulations of interstellar turbulence (e.g., Goldreich & Srid-
har, [1995) allow predictions to be made for the influence of magnetic fields
on velocity anisotropies and how these may be inferred from analysis of spec-
tral lines cubes of molecular lines, especially CO. have made ways to various
techniques to infer magnetic field orientations and other properties using the
spectral line cube of molecular lines (see, e.g., Burkhart, 2021} for a review). In
particular, the Velocity Channel Gradient (VCG) technique has been shown to
capable to reveal magnetic field morphology and other properties (e.g., Yuen
& Lazarian, [2017; Lazarian et al., |2018]).

Observationally, the VCG method has been applied to a few low-mass star-
forming regions (e.g., Hu et al., [2019; Heyer et al., [2020) and in the massive
star forming region DR21 (Alina et al., [2020). However, it is unclear how reli-
able VCG may be in regions with strong outflow feedback from star formation.
Thus additional observational studies are needed to test VCG analysis, ideally
in early-stage clouds, like IRDCs, that may be relatively free of feedback.

The IRDC G38.9-0.74 (kinematic distance of 2.7 kpc) is one (Cloud I) of
the ten clouds (A-J) in the sample of Butler & Tan (2009), Butler & Tan
(2012), and Kainulainen & Tan (2013]), who produced high resolution MIR-
based extinction maps of the regions. Hernandez & Tan (2015) studied the
kinematics and dynamics of these clouds, including Cloud I, using the rela-
tively low resolution (about 46”) 13CO(1-0) data of the Galactic Ring Survey
(GRS) (Jackson et al. 2006). The study by Cosentino et al. (2020) detected
a wide spread of SiO morphology over Cloud I, which indicates a potential
shock interaction with the nearby HII regions N74 and N75. Two cores have
been identified toward the cloud, in which one has found with signatures of
molecular outflow and in-fall signature based on single dish SiO studies, while
the second core is more quiescent. The existence of both kinds of environment
provides an ideal test-bed to for the VCG techniques.

Here, using IRDC G38.9-0.74 (Cloud I) as a test case, we present pre-
liminary results from a project to perform the first comprehensive study of
the magnetic field morphologies and properties of IRDCs utilizing the high-
resolution (about 6”) 3CO(1 — 0) Green Bank Telescope (GBT)-Argus ob-
servations, complimented with SOFTA-HAWC+ dust continuum polarimetry
data.
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Methods
Velocity Channel Gradient (VCG)

The VCG method using spectral line cube data is described in detail by Yuen
& Lazarian (e.g.,|2017), Lazarian et al. (2018)), and Heyer et al. (2020]).

In brief, the method applies a simple Sobel kernel to compute the gradient
in intensities of a given “thin” channel map.The condition of being “thin” is
simply that the velocity range of the channel map be smaller than the velocity
dispersion of the cloud. Then the direction and magnitude of the gradient in
intensity, i.e., brightness temperature, T', are described by

(8Tk(;;y, v)>2 N (8Tk(;;y7 v))zl v RVRY.

ATy (x,y,v) /aTk(ma Y, v)
ox dy .

In practice, the original map is dissected into multiple blocks which the mean
of gradient in each block is computed. Here we take the block size to be the
same as the three beam resolutions, which correspond to 18" by 18" . This
size is also equivalent to the SOFIA beam resolution.

VTk(xa Y, ’U) =

Ve k(z,y,v) = arctan [ (4.2)

Results
CO Kinematics

The overall 13CO(1-0) integrated intensity morphology is presented in Fig-
ure It shows peak intensities of about 50 K km/s, concentrated in several
main clumps that are surrounded by a more extended structure. We also
inspect the velocity spectrum (Figure to infer the systemic velocity of
the cloud of 41.2 km s~!. We notice that this velocity is consistent with the
41.6 km s~! that was reported in Rathborne et al. (2006)).

Polarized Dust Emission

Figure [£.6] presents the Stokes I maps toward the G38.9-0.74 region. The over-
laid HAWC+ inferred magnetic field directions shows ordered magnetic field
morphology around the cloud. We only select polarization vectors that have
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Figure 4.4: *CO(1-0) Moment 0 map of IRDC G38.9-0.74 integrated from wvis, =
32 to 50 km s~
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Figure 4.5: Averaged **CO(1-0) spectrum of G38.9-0.74. The red line shows the

inferred systemic velocity of 41.2 km s~ 1.
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Figure 4.6: SOFIA 215um Stokes I intensity map overlaid with the magnetic field
direction.

I/o I > 50, SNR(P)> 2, P(%)< 50, and the uncertainty of the polarization
angle 00 <= 30. However, we notice that most of the vectors seems to be
off the main filament but detecting the nearby HII regions. None the less, as
the GBT-ARGUS data cover the same region, thus allow us to compare the
magnetic field morphology.

B-field Analysis

For the CO data, we carry out the VCG analysis on a thin channel near the
peak of the spectrum. The results are shown in Figure A first inspection
of the overall morphology suggests no particular anisotropy in the direction.
Next, we show the HAWC+ inferred B-field orientations overlaid on the CO
map of the IRDC. The map shows the presence of ordered polarization vectors
detected toward the relatively bright regions, with much of the inferred B-field
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Figure 4.7: Top: "*CO(1-0) Moment 0 map of IRDC G38.9-0.74 overlaid with the
the HAWC+H 215um Stoke I intensity contours (silver) and the 8um
intensity contours (black). The inferred magnetic field (by rotating the
polarization angle with 90 degrees) is overlaid as vectors. The SOFIA
beam size is presented in the bottom left corner with FWHM of 18".
We only select polarization vectors that have I /o I > 50, SNR(P)> 2,
P(%)< 50, and the uncertainty of the polarization angle 66 <= 30.
Bottom: plane of sky magnetic field morphology inferred from the
13CO(1-0) spectral cube using the velocity gradient technique. The
background presents the moment 0 map toward the velocity channel
at the systemic velocity (peak of the spectrum).

o1



Chapter 4 Summary of included papers

Cloud |
50
5.05° 40 _
NO
[&]
g 30 8
S <
~
5 5.10° >
g 5.10 203
>
=
10
5.15°
0
286.15° 286.10° 286.05° 286.00°

RA (J2000)

Figure 4.8: '*CO(1-0) Moment 0 map of IRDC G38.9-0.74 overlaid with the the
HAWC+H+ 215um Stoke I intensity contours (silver) and the 8um in-
tensity contours (black). The inferred magnetic field (by rotating the
polarization angle with 90 degrees) is overlaid as vectors. The SOFIA
beam size is presented in the bottom left corner with FWHM of 18".
We only select polarization vectors that have I /o I > 50, SNR(P)> 2,
P(%)< 50, and the uncertainty of the polarization angle 56 < 30.

vectors in the North to South direction.

Thus, from a preliminary analysis of these data, we do not see clear evidence
of agreement between the VCG and dust polarization methods for inferring
B-field orientation. Further work (Law et al. 2024, in-prep) is needed to
examine the robustness of this conclusion adequately.
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SOFIA-HAWC+ multi-wavelengths polarimetry of G28.2-0.05
Introduction

Magnetic field is ubiquitous in the interstellar medium and may play an cru-
cial role in regulating (massive) the formation (e.g. see reviews by Li et al.,
2014; Tan et al., |2014). However, measuring magnetic field is challenging as
they are invisible, thus indirect methods are required to map and characterise
the magnetic field properties. Polarized emissions from aligned dust grains
are the main channel to probe and study the plane of sky component of the
magnetic field orientations and corresponding aligned grain properties such as
the sizes distributions and compositions. The two main polarization mecha-
nisms of aligned grains are dichroic extinction and thermal dust re-emission
(see Chapter 3.3). At a specific wavelength, the degree of contribution of
each of the polarization mechanism is expected to relate to the dust opac-
ity, particularly relate to the volume density of dust along the line of sights
length (Reissl et al., |2014; Reissl et al., 2017)). Synthetic multi-wavelengths
polarisation observations suggested such a transition is expected to be seen
at wavelengths < 200pum(Kuffmeier et al., 2020)). At smaller scale close the
the disk, the increase in optical depth would led to transition from emission
to dichroic extinction from sub-millimeter and radio regime and have been
proposed to explain a 90 degrees flip in polarisation orientations between mil-
limeter ALMA and centimeter VLA observations (e.g. Guo et al. 2023).
However, such flip has not been observed at the large scale, despite the avail-
ability of multi-wavelengths polarimetric data in range of 53 um to 870 um.
Possible reasons are that many of these regions contains star clusters and
multiple sources, in which complicate the field morphology and thus not able
to clearly identify such change. Hence, multi-wavelengths studies of relative
isolated strong sources would be prime target to detect such transition (but
also see (Kuffmeier et al., |2020))).

Recently, High-resolution ALMA data study showed that G28.2-0.05 hosts
a massive protostar forming in a relatively isolated environment and a SED
analyses predict a proto-stellar mass of about 40 Mg (Law et al., 2022)). Such
an isolated star formation environment provides a unique laboratory to study
the dust polarization properties without complicated geometry or contamina-
tion due to clustering environment.
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Methods

We carried out G28.20-0.05 has been observed at 53 um and 214 pm by High-
resolution Airborne Wideband Camera Plus (HAWCH) at the Stratospheric
Observatory for Infrared Astronomy (SOFIA; Dowell et al. 2010; Harper et
al. 2018). The SOFIA/HAWC+ 53 um (Band A) and 214 pm (Band E)
observations of G28.2-0.05 were carried out on the 7th of September 2021
as part of the SOFTA Cycle 9 observations (Proposal ID: 09_0164). Bands
A and E provide an angular resolution of 4.85” and 18.2” full width at half
maximum (FWHM), respectively. The observations were performed using the
Nod-Match chop mode with a Lissajous scan pattern. The raw data were
processed by the HAWC+ instrument team using the data reduction pipeline
version 3.0.0. This pipeline includes different data processing steps, such as
corrections for dead pixels and the intrinsic polarization of the instrument
and telescope (Santos et al., 2019). The final "Level 4’ (science quality) data
contains FITS images of the total intensity (Stokes I), debiased polarization
degree p (p' = |/p? — 02), polarization angle (,01), Stokes Q and Stokes U,
and the corresponding uncertainties. The angular resolutions at the two wave-
lengths are 5.”745 and 18.”2, respectively. The resolution resolves scale greater
than 10,000 au, thus we are probing the large scale polarization properties.

The science ready data were delivered after pipeline reductions performed by
the SOFTA science staff.

Results

Figure 1 summarise the dust polarizations orientations of (28.20-0.05 at
214 pm and & 53 pm (black & white vectors). When overlaying them together
in the bottom panel, we see a 'flip’ toward the source, the shorter wavelengths
(white) polarization orientations run in the northwest to southeast direction.
In contrast, the longer wavelength (black) polarization vectors exhibit a more
complicated orientation, but the polarized vectors toward the source run in
the northeast direction toward the southeast direction. To further quantify
the ’flip’, we plot in Figure 2 presents a histogram distribution of the polar-
ization angle at (53 um & 214 um) respectively toward the primary source
taken with an aperture size of 30”. The figure reveals a bimodal distribution,
with the peak positions separated by about 85 degrees and a median of about
61 4 18 degrees. Therefore, we identify a significant flip in polarization angle
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orientations from 53 um to 214 pm. The finding seems to be consistent with
the prediction from simulation study (Kuffmeier et al., [2020). Hence, we em-
phasize the importance of multi-wavelengths polarimetry, and in particularly
at wavelengths between 50 pm to 214 ym. Furthermore, proper and correct
dust modelling and physics is required to characterise the interpret the dust
polarization observations results. Multi-wavelengths from 50 um to 870 um
dust polarization studies of more other relatively isolated massive protostellar
objects (e.g. Lu et al., 2022; Fedriani et al., |2023|) would further confirm this
phenomena.
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Figure 4.9: Summary of polarization data of G28.20-0.05 with HAWC+ 53 yum and
214 pm polarization vectors overlaid on the 53um stokes I image. Black
and white vectors respectively represent 214um and 53um polarization
vectors with SNR1 > 20. The lengths of the vectors are scaled with the
degree of polarization. The beam FWHM of SOFIA-HAWC+ at 53um
is presented in the bottom left. We notice a clear flip in the polarization
orientation between 214pm and 53um polarization vectors and become
clearer toward the source centre.
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Figure 4.10: Histogram of polarization vectors within the central 0.5’ radius from

the source center. A bi-modal distribution is observed with the a
peak separation of about 85 deg.
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Other selected papers with major contributions

As mentioned in the introduction, understanding the properties of interstel-
lar turbulence in the presence of strong magnetic fields may provide a novel
window to probe magnetic field properties and the effects of other physical
processes (e.g., gravity, outflows, shocks). Various approaches to studying
B-fields based on theories of interstellar magnetohydrodynamic (MHD) tur-
bulence and turbulent reconnection have also been developed. Among them,
one of the methods is the velocity gradient technique (a.k.a. thin channel
intensity gradient), which has been applied extensively and claimed to trace
magnetic field direction relatively consistently. However, most of these stud-
ies only compare to low-resolution (5") PLANCK observations. Furthermore,
there have been studies showing that outflow and gravity will significantly
degrade the goodness of alignment (quantified by the metric called align-
ment measure) between the velocity gradient and the field direction. Here
we calibrate the VGT with high resolution GBT 3*CO(1-0) and C*¥0(1-0)
toward IRDC G28.3740.07. (Xu et al.,|2023|) applied a deep learning method
CASI-3D (convolutional approach to structure identification-3D) to predict
the orientation of magnetic fields. With the PLANCK dust inferred magnetic
fields orientations as reference, the machine learning inferred field directions
map is compared to the magnetic field orientation inferred from VGT and
found to have a significantly better performance.
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Concluding Remarks and Future Work

Studying more massive protostars in a greater range of environments will allow
further constraints on massive star formation theories. In particular, a more
general survey of protostellar crowding around massive protostars, following
our work on G28.2-0.05, is needed. The SOFIA Massive (SOMA) Star For-
mation survey, which has observed a large sample (> 50) massive protostars
in different environments and evolutionary stages provides a prime database
for follow-up studies with ALMA to carry out such analysis. In addition, the
ALMAGAL survey, which has surveyed more than 1000 massive clumps, also
serves as a rich database to search for relatively isolated massive clumps and
follow up with high-resolution ALMA observations to characterise the phys-
ical and protostellar properties. Furthermore, the SOMA-POL survey with
JCMT-SCUPOL, which so far has sampled about 15 massive star forming
regions from the main SOMA sample, will provide a valuable dataset to char-
acterise the magnetic field properties and dissect the role of magnetic fields in
massive star and star cluster formation.

Analysis of the remaining IRDCs in the POLIMAP survey will further ex-
plore the environmental factors that regulate massive star and star cluster
formation. In particularly, combining other single dish and interferometric
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data, most of these clouds will able to probe the turbulent statistics from
cloud (> 10000 AU) to disk (< 1000 AU) scales. This will provide insights
on the role of turbulence and magnetic fields in a wide range of scales of
massive star and cluster formation(Law et al. 2024 in-prep, see Chapter 6).
Multi-wavelengths polarimetry is essential to study aligned dust properties
and dominant polarization mechanisms as a function of wavelengths. To this
end, multi-wavelength polarimetry data of G28.20-0.05 provide a unique ’test-
bed’ (Palaro,Law,C.Y. et al. 2024, in-prep, Law et al. 2024, in-prep).
Finally, as established in Paper ITI, multi-transition molecular line analysis
is timely to correctly measure the isotopic ratio of carbon, nitrogen, and sul-
phur and compare with the Galactic radial gradient of the isotopologue ratio
to test predictions of Galactic chemical evolution models and answer whether
there is a reset in the chemical conditions of massive star-forming regions.
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