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Gas and Dust Distributions in Galactic Red Supergiant Clusters
A Multi-Wavelength Study of RSGC2

EMMA CHAN

Department of Physics and Astronomy

Chalmers University of Technology

Abstract

Red Supergiant (RSG) stars are among the most massive and luminous stars in the universe,
and studying their environments offers unique insights into stellar evolution and the interstellar
medium. This thesis presents a multi-wavelength analysis of the molecular gas and dust sur-
rounding Stephenson 2 (RSGC2), one of the most RSG-rich clusters known in the Milky Way,
located in the crowded Scutum-Crux region of the Galaxy. By using large-scale public surveys
(GRS, FUGIN, COHRS, GLIMPSE, and Herschel /PACS) and high-resolution ALMA observa-
tions, we map the spatial and kinematic structure of the cluster environment across distinct
line-of-sight velocity ranges.

The results reveal a complex arrangement of foreground and background Galactic structures,
mapping distinct spiral arm crossings in the velocity window of -25 to 115 km/s. Notably, the
nearby Sagittarius arm structures align closely with prominent dust emission features. The
TRAS source that was previously attributed to a localized bow shock may instead originate from
this spiral arm geometry, though its possible association with the cluster velocity cannot be
excluded. Moreover, at the cluster velocities (90 — 115 km/s), the results show that massive
stars within the cluster core have actively cleared their immediate surroundings of molecular
gas, consistent with stellar feedback driven gas expulsion. We also identify a dense molecular
gas barrier that physically separates the main cluster from a South-West component of the
cluster, suggesting a complex or decoupled formation history. Furthermore, several prominent
large-scale dust structures are identified and discussed in terms of their possible association with
the cluster or foreground spiral arm emission. Together, these results provide new insights into
the multi-phase interstellar kinematics as well as gas and dust distributions within RSGC2.

Keywords: Red Supergiants, RSG, RSGC2, Stephenson 2, Gas, Dust, ISM, CO emission
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1

Introduction

Stars exhibit a wide range of masses and depending on their initial mass, the evolution and
stages they go through will differ. One significant driver of stellar evolution is that of mass
loss. All stars continuously shed material into their surroundings throughout their lives and the
evolution of a star is heavily affected by this phenomenon. The rate and mechanisms behind
this mass loss differ depending on the star and its evolutionary stage. High mass-loss rates are
found in stars that are hot and luminous, or cool with low surface gravity. Massive stars in
particular, eject mass very efficiently through strong stellar winds, creating large-scale dusty
circumstellar envelopes. These vigorous outflows affect not only how these stars are observed,
but also the properties of the medium surrounding them. More than half of the mass loss that
occurs in a massive star’s lifetime happens after it has exhausted its core hydrogen and evolved
off the main sequence. A substantial fraction of this mass is shed during the Red supergiant
(RSG) phase. RSGs represent some of the most efficient dust producing stars that contribute to
the surrounding environment through mass loss. Understanding the mechanisms behind RSG
mass loss is therefore vital to the broader understanding of galactic chemical evolution and the
progenitor conditions of core-collapse supernovae.

1.1 Stellar Evolution

Stellar evolution aims to describe the evolution of stars over time. The life cycle of a star is most
clearly illustrated using the Hertzsprung-Russell (HR) diagram, which plots stellar luminosity
against effective temperature (see Fig. 1.1) [1]. For a majority of a star’s lifetime, it resides
in an evolutionary phase known as the main sequence [1]. On the HR diagram, main sequence
stars occupy a distinct diagonal band where they fuse hydrogen in their cores. During this
phase, the star remains in a state known as hydrostatic equilibrium [1]. This means that the
inward pull of gravity is largely balanced by the outward force of gas and radiation pressure.
However, stars in this phase can still experience gradual changes such as mass loss. To maintain
this balance of hydrostatic equilibrium, it is necessary for the star to have a sharp temperature
and density gradient, where the core is hotter and denser than the atmosphere [1]. To sustain
the temperature gradient during its long lifetime, the star relies on an internal energy source,
nuclear fusion. This process occurs in the center of the star where the conditions are extreme
enough for nuclear fusion.

Once the nuclear energy sources are exhausted, the outward pressure drops and the star will
begin the last stages of its life [1]. The nature of these late stages of evolution depends heavily
on the star’s initial mass, which also dictates its trajectory across the HR diagram. In brief,
for low-mass stars, the core will compress into a dense, small star known as a white dwarf [1].
For high-mass stars, the core will collapse in a few seconds, triggering a supernova explosion,
leaving either a neutron star or a black hole behind [1].
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Fig. 1.1: The Hertzsprung-Russell (HR) diagram where the stellar luminosity is plotted against
effective temperature. The main sequence, as well as other stages in a star’s life cycle is featured
in the figure. Image credit: ESO [2], available under a CC BY 4.0 license.

1.2 Red Supergiants

The Red Supergiant (RSG) phase represents a brief but critical late-stage evolutionary phase
for stars with initial masses of about 8 — 40 Mg [3]. Before entering the RSG stage, these
stars spend ~ 105 — 107 years on the main sequence fusing hydrogen [3]. Once core hydrogen
is depleted, the stars undergo a rapid expansion and cooling of the outer envelope as they
transition to core helium burning. This will cause them to move horizontally across the HR
diagram toward the upper-right corner, which is a region characterized by high luminosity and
low temperature. This movement is bounded by the Hayashi Limit, a theoretical threshold that
defines the coolest temperature a star in hydrostatic equilibrium can maintain [3]. As the stars
approach this limit, the evolution proceeds at approximately constant temperature while the
radius and luminosity continue to increase gradually. It is during this phase that these stars
are classified as red supergiants, the “red” part of the name refers to the cool temperature of
these stars. The combination of their low temperature (~ 3500 — 4000 K) and high luminosities
(~ 1400 — 200 000 L)) makes them among the largest known stars in terms of radius (~ 100 —
1000 Rg) [3].

A defining feature of the RSG phase is the extensive circumstellar dust and high mass-loss rate
[3]. The mass loss is mainly a result from the exceptionally low surface gravity, allowing stellar
winds to escape more easily. While the physical mechanisms that drive this mass loss are still
unclear, it is evident that this process contributes to the dust content and chemical enrichment
of the interstellar medium. As the mechanism behind the RSG mass loss remains a subject of
active research, many studies utilize observations of RSGs circumstellar environments. Multi-
wavelength observations reveal excess of circumstellar dust around the stars as well as the dust
being distributed in shells [3]. The structural evidence of these shells suggests that mass loss is
not always a steady wind, and that it instead can be episodic [3].
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1.3 Young Massive Star Clusters

Star clusters are gravitationally bound groups of stars that are formed from the same molecular
cloud. The stars are therefore born roughly at the same time and lie approximately at the same
distance from Earth [4]. Clusters are generally categorized into two main types, Open clusters
and Globular clusters [4]. Open clusters are relatively loosely bound clusters, containing tens to
a few thousands of young and relatively low mass stars and are mostly situated in the galactic
disc [4]. In contrast, globular clusters have a more spherical structure containing upwards of 10°
tightly bound old and massive stars with a higher concentration of stars towards its center [4].
These clusters are primarily found in the galactic halo.

Another type of clusters are young massive clusters (YMCs) which fills the gap in between the
open clusters and globular clusters. These are clusters with ages comparable to open clusters
but their masses and densities exceed those of open clusters found in the Milky Way [5]. The
evolutionary phases of a YMC is usually defined into three phases. In the first phase it is still
forming stars and the cluster contains significant amounts of ambient gas [5]. The second phase
starts roughly when the first supernovae appear in the cluster, which is ~ 3 Myr after the cluster
formation [5]. During this phase, the residual molecular gas is cleared from the cluster through a
combination of stellar feedback mechanism including stellar winds, ionizing radiation and energy
released from supernova explosions. This gas expulsion causes the cluster to expand and can,
in some cases, lead to its complete dissolution [5]. The second phase ends when the stellar
mass loss diminishes and the cluster either expands until it completely dissolves or until the
cluster core starts to contract again, at which point the third phase begins. During this phase,
stellar dynamical processes dominate the long-term evolution of the cluster [5]. The dividing
line between the second phase and the third can be anywhere between 100 Myr and 1 Gyr,
depending on factors such as initial mass, radius, and density profile of the cluster [5].

Zwart et al. [5] discuss that clusters can form through merges of smaller sub-clusters. Studies
have shown that star formation in clusters that are still embedded in their molecular cloud does
not necessarily occur as a single event. Instead the cloud can form stars in a hierarchal fashion
and therefore some kind of merging has to occur during the early evolution [5]. Moreover,
the authors also mention mass segregation, where more massive stars form closer to the center,
which is consistent with what simulations show. Beyond mass segregation in the early evolution,
Zwart et al. [5] suggest that mass segregation could also happen during phase 2 when the cluster
expands because of stellar mass loss. An unsegregated cluster can still undergo mass segregation

during the period when the residual gas is being ejected.

Phase 2 is particularly significant for clusters hosting RSGs as their extremely high mass-loss
rates driven by strong stellar winds aid the clearing of molecular gas [5]. However, studying
RSGs in this phase has historically been difficult due to their short evolutionary timescales, but
in the past decade, a significant population of RSGs has been discovered within YMCs near the
Galactic center [3]. Specifically, five RSG clusters (RSGC) have been found near the base of the
Scutum-Centaurus arm, known as RSGC1 to RSGC5 [3]. These clusters host at least 76 RSGs,
making this the most RSG rich region known in the Milky way [3]. This concentration suggests
that there has been a recent and massive burst of star formation in this specific region of the
galaxy.

Notably, RSGC1-3 have estimated ages of 12 — 18 Myr (see Table 2 in Zwart et al. [5]) placing
them well into the second phase of their evolution. At this stage, most massive stars have already
evolved and exploded as supernovae, leaving behind less massive RSGs. The observed gas
distribution will therefore reflect the history of stellar feedback from both supernova explosions
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and ongoing mass loss from the present day RSGs. Yet, despite the high density of RSGs in this
region, there are only around a few hundred RSGs that have been discovered while population
predictions suggests there should be a several thousand RSGs in the Milky Way [3].

1.4 The Stephenson 2 Cluster

The five clusters that have been discovered are prominent examples of YMCs, among these
clusters is Stephenson 2, also known as RSGC2. This is a young, massive cluster containing 26
RSGs and is a strong candidate to be the most massive cluster in the Galaxy [6]. The age of
RSGC2 has been estimated at 7 = 17 + 3 Myr and it is located at a distance of ~ 6 kpc from
Earth[6]. Many studies have been trying to learn more about the structure of this cluster and
its RSGs. For instance, several studies have attempted to measure the radial velocity of the
whole cluster itself. Using near infrared spectroscopy of individual RSG members, Davies et al.
[7] found the mean Local Standard of Rest (LSR) velocity to be vrgg = 109.3 £ 0.7 km/s. In
contrast, Deguchi et al. [8] found a lower value of vr.gg = 96.6 km/s based on SiO maser emission
lines associated with four cluster members. Furthermore, Deguchi et al. [8] also suggested that
a group of sources located southwest of the cluster are too far away from the cluster core to
be physically related and should therefore form a different cluster. They name this region as
Stephenson 2 SW, where SW stands for Southwest. While these sources do exhibit a lower
ULSR, the authors note that the difference is not sufficiently large to actually rule out a physical
association with the main cluster. Additionally, their analysis of CO (J = 1 — 0) line emission
revealed that RSGC2 is associated with a significant reservoir of molecular gas, providing further
insight into the star-forming history.

Fig. 1.2 shows three plots of RSGC2, each highlighting different structures in RSGC2. The
first two plots display the cluster and its immediate surroundings with white markers for stars
that reside in the cluster core and red for stars in the proposed SW region. The third plot
focuses on just the extent of the RSGs where the individual stellar positions are labeled with
their respective numbers. Different studies have used different numbering for the stars, here, the
numbering from Davies et al. [7] is used. To avoid confusion, designations from Davies et al. [7]
are often given a prefix of DFK which will be used in this study. Out of these stars, the most
notable is DFK 1 (also known as St2-18 [8]) which is the brightest star in the cluster and shows
a radial velocity that differs from the other stars. It has been suggested that this star might be
a foreground giant, however Davies et al. [7] suggest that it is likely a cluster member whose
measured velocity is offset by an optically thick expanding envelope, consistent with the outflow
speeds of extreme mass-losing RSGs [7].

The left plot highlights three objects identified by Davies et al. [7] in their infrared investigation
of the region surrounding RSGC2. These objects are named after the Infrared Astronomical
Satellite (IRAS) catalog in which they were first recorded [9]. Davies et al. [7] hypothesize
that these IRAS sources are further evidence of recent starburst activity. Specifically, IRAS
18369-0557 appears as a ring of material lacking any central source, suggesting it may be a
supernova remnant. Another ring-shaped structure is IRAS 18367-0556 (also known as GPRSS
26.316-0.012), which features a highly reddened star in the center, reminiscent of an evolved
star surrounded by the ejecta of a previous high-mass-loss phase. A feature towards the center
of RSGC2, IRAS 18364-0605, is interpreted as a bow-shock structure likely associated with a
specific star (DFK 49) [7].

Four more structures have been identified in this study by using far-infrared data from Her-
schel /PACS, denoted here as PACS-A, PACS-B, PACS-C and PACS-D (discussed further in
Section 5.2). These sources were not identified in the original Davies et al. [7] paper, as the
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Herschel/PACS dataset was not available at that time. Another way to visualize the Herschel /-
PACS dataset is via the middle figure which shows the same field of view as the first plot, but
displaying only the Herschel/PACS 160 pm continuum emission. This is a separate dataset,
observed at longer wavelengths than the left plot. These three figures will be frequently used in
the analysis of this thesis and will be referred back to when relevant.

RGB image with infrared sources = PACS160 dust emission RGB image with DFK sources

Galactic Latitude [b] Galactic Latitude [b] Galactic Latitude [b]
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Fig. 1.2: The left and right panel show a multi-wavelength RGB image of RSGC2 constructed
using the Herschel/PACS 70 pm (red), GLIMPSE 8 pm (green) and GLIMPSE 3.6 ym (blue).
The left plot shows a wide-field view including the IRAS features (IRAS 18369-0557, 18367-
0556, and 18364-0605) identified by Davies et al. [7] and PACS-A and PACS-B identified in
this study. The middle plot shows the cold dust emission from the Herschel/PACS 160 pm
continuum emission data where PACS-C and PACS-D are highlighted. The right panel provides
a more concentrated view of the cluster core with the DFK numbering system for the sources
from Davies et al. [7]. For the left and middle figure, the stellar positions are marked with white
and red star symbols for the cluster core and the SW members, respectively.

1.5 Aim and Outline

The primary aim of this thesis is to characterize the interstellar environment surrounding RSGC2
by separating cluster-associated material from unrelated foreground Galactic structures along
the line of sight. This includes an investigation into the connection between the cluster core
and the proposed South-West sub-cluster. This characterization is achieved through a multi-
wavelength analysis of the molecular gas via various CO emission lines and dust emission via
infrared data. To accomplish this, the research is executed across three primary objectives. First,
mapping the spatial and kinematic distribution of molecular structures along the line of sight
toward RSGC2 using large-scale public surveys to enable a clear kinematic separation between
cluster-associated material and unrelated foreground structures. Secondly, investigating the
physical nature and association of several infrared sources, including previously identified IRAS
sources and newly identified far-infrared structures. Lastly, assessing whether the kinematic and
structural evidence supports the hypothesis that the SW stellar population constitutes a distinct
sub-cluster within the broader RSGC2 environment.

This thesis is organized as follows. Chapter 2 presents the theoretical background necessary to
contextualize the results of this study, covering the interstellar medium and its molecular gas
tracers, interstellar dust, and the fundamental concepts of radio astronomy. Chapter 3 describes
the observational data and methodology used in this study. Chapter 4 presents the observational
results, including a analysis of the molecular gas along the line of sight toward RSGC2, followed
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by the moment 0 maps and channel maps in different velocity ranges. Chapter 5 discusses the
physical implications of these results, examining the nature and association of the identified
infrared sources as well as the evidence for a molecular gas barrier separating the cluster core
from the South-West sub-cluster. This chapter also outlines directions for future work before a
summary of the main findings of the thesis are presented in Chapter 6.
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Theory

This chapter outlines relevant theory required to interpret the observational data and analysis
presented in this thesis. First, Section 2.1 establishes the Galactic coordinate systems, while
Section 2.2 provides an overview of the Milky Way and its spiral arms. Section 2.3 reviews
the physics of the interstellar medium and finally, Section 2.4 introduces the principles of radio
astronomy followed by Section 2.5, which details the key observable quantities.

2.1 Coordinates of our galaxy

To study the stars and our galaxy it is often useful to describe the position of the stars. There
are many ways to do this, one way is by the so called celestial coordinates [4]. This comes from
the fact that the sky appears as a spherical surface, which makes it possible to assign a position
on the so called celestial sphere with a longitude and latitude. The coordinate that corresponds
to longitude is called the right ascension (RA) and is expressed in hours rather than degrees [4].
The coordinate corresponding to latitude is called declination (Dec) and is expressed in degrees
[4]. The celestial coordinates are only useful when stars are observed from Earth.

To evaluate objects within a wider galactic context, the galactic coordinates are utilized instead
[4]. This system defines positions using galactic longitude (/) and galactic latitude (b), where
they are both expressed in degrees. By definition, the galactic mid-plane rests at b = 0°, and
the direction pointing from the Sun toward the Galactic Center is designated at (I = 0°, b = 0°).
In some practices, it can be useful to divide the Milky Way into four galactic quadrants. In
such instances, the Sun is set to be the pole of the mapping system instead of the Galactic
Center. This is because of practical reasons, since all observations have been done from Earth
or within the solar system (as of now). The galactic quadrants are divided as, 1st galactic
quadrant (0° <1 < 90°), 2nd galactic quadrant (90° <1 < 180°), 3rd galactic quadrant (180° <
[ < 270°), and 4th galactic quadrant (270° <[ < 360°). All five of the known RSGCs (RSGC1
to RSGC5) lie within the 1st galactic quadrant, including RSGC2 which resides at coordinates
1 =26.2°,b=—0.1° [6].

2.2 The Milky Way and Its Spiral Arms

The Milky Way is a spiral galaxy consisting of several hundred billion stars, one of which is the
Sun [10]. The Galactic Plane is where most of the galaxy’s mass lies and the solar system is
located approximately R = 8.15 kpc from the Galactic Center [11]. Viewing the Milky Way from
its interior poses difficulties when observing large-scale structures, such as its spiral arms. This
internal viewpoint causes multiple structures situated at different distances to be superimposed
along the same line of sight on the sky [11]. Considering the large distances and that dust
extinction blocks out most of the Galactic plane at optical wavelengths, mapping the spiral
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structures in the Milky Way is a difficult task [11].

Reid et al. [12] analyzed a large number of trigonometric parallaxes associated with high mass
star-forming regions. Because these regions are excellent tracers for distance measurements, they
reliably map the spiral structures of the Milky Way’s spiral arms. The results from Reid et al.
[12] strongly suggest that the Milky Way is a four-arm spiral, with some extra arm segments
and spurs [11]. In Fig. 2.1 they produced a longitude-velocity map from the CfA CO survey
integrated from b = —1° to + 1° with the traces of the Sagittarius, Scutum, and Norma arms in
the first Galactic quadrant. The line of sight toward RSGC2, which has a longitude of [ ~ 26°,
passes through several Galactic arms.

140
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*‘”ﬁ"’"mﬂ ‘ ‘ . i
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Fig. 2.1: Traces of the Sagittarius, Scutum, Norma and the smaller Aquila spur arms in the
first Galactic quadrant. The solid lines indicate the far side of the arms while the dotted lines
mark the near sides. The line of sight toward RSGC2, which has a longitude of | ~ 26°, passes
through several Galactic arms. Figure reprinted from Reid et al. [12]. @AAS. Reproduced with
permission of IOP Publishing. All rights reserved.

2.3 Interstellar Medium

Most of the dust and gas in the Milky Way can be found in the Galactic plane [13]. This gas
and dust that lies in between the stars is known as the interstellar medium (ISM) and is crucial
because it is the main contribution to star formation [13]. During the evolution of stars and
galaxies, the ISM can end up in many different stages. In dense and cold areas of the ISM, it
can be gradually converted to stars, in other areas, stars have evolved, and return material to
the ISM via stellar winds. This dynamic evolution connects the processes of star formation and
stellar feedback, making it a key component in understanding the cycle of matter in the universe.
In this cycle, dense molecular clouds collapse to form stars, which over time return material back
to the ISM through stellar winds and supernova explosions [1]. This returned material enriches
the ISM with metals and dust, which can be incorporated into the next generation of stars.
Massive evolved stars, such as RSGs play an important role in this cycle, as their strong stellar
winds and high mass-loss rates contributes to the surrounding ISM [13].
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2.3.1 CO as a tracer

The ISM exists in several distinct phases, ranging from hot ionized plasma to cold neutral gas.
The coldest and densest of these phases is found in molecular clouds, where gas temperatures of
~ 10 —30 K and high densities allow molecules to form and survive [13]. These clouds represent
the reservoir of molecular gas in the galaxy and are predominantly composed of molecular hy-
drogen (Hs), with carbon monoxide (CO) and other molecules present in smaller but observable
quantities [13].

The most common way to study molecular gas is through molecular line emission and the most
accessible and widely used tracer is the CO line emission. Despite Hy being the most abundant
molecule in the universe, it lacks a permanent dipole moment, meaning it emits very weakly
under the typical cold temperatures of most molecular environments [14]. In contrast, the CO
molecule has a small permanent dipole moment and its low-J rotational transitions require
low excitation energies. These low-J transitions are also characterized by small spontaneous
transition rates (Einstein A coefficients) which allows the transitions to thermalise via collisions
with Hy even in low-density environments [14]. The critical density of the fundamental >CO
J =1 — 0 transition at 115 GHz is neie ~ 2.2 - 103 cm™3 [14], meaning that the region where
this emission is detected has a local particle density that is at least this high.

To map the complex internal structures of molecular clouds, observations must combine multiple
CO transitions and isotopologues. Combining multiple tracers helps break degeneracies between
temperature, column density and optical depth that would otherwise limit the interpretation
of any single tracer. For instance, the '?CO tracer is easily excited in cold, diffuse environ-
ments, making it sensitive to extended cloud envelopes [15]. Moreover, as the most abundant
isotopologe, 2CO is usually optically thick, meaning its emission only traces the surface or
outer part of the molecular cloud [15]. In such cases, to probe deeper into the cloud, other
rarer molecular emission can be used, such as '3CO or C'*¥0. Because CO is less abundant,
it remains optically thin across a wider range of molecular cloud conditions, providing a more
accurate probe of the cloud’s internal structure [15]. However, in sufficiently dense regions, even
13CO can become optically thick [15].

It is also valuable to study the line intensity ratio of different isotopologues, such as 2CO/3CO
which provides information about the chemical evolution of the source as well as serving as
an optical depth diagnostic. This is because 2CO is almost always optically thick, causing its
emission to saturate and no longer reflect the true amount of gas along the line of sight. '3CO
is typically optically thin so it traces the full column of gas and the observed intensity ratio will
thus be smaller than the true isotopic abundance ratio [16]. In the local ISM, this true ratio is
~ 70 and it decreases toward the Galactic center as a result of increased stellar processing [16].
As a result, the ratio for the Galactic center is ~ 20 [16]. A ratio that is significantly lower than
the expected value indicates that 2CO is optically thick.

Higher-J transitions (e.g J = 2 — 1, J = 3 — 2) provide further constraints on the gas
physics as they require both warmer temperatures and higher densities to be excited [15]. The
line intensity ratio between different transitions, such as 2CO(3-2)/'2CO(1-0), can provide
useful diagnostics of the molecular gas. Since, J = 3 — 2 requires higher excitation conditions
than J = 1 — 0, a higher ratio indicates warmer and denser gas, while lower is consistent
with diffuse and cold conditions. Together, analyzing multi-line and multi isotopologe datasets
simultaneously provides a more complete characterization of the molecular gas.
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2.3.2 Interstellar Dust

Interstellar dust is another important component in the ISM as it plays a crucial role in galactic
evolution. The most direct way to study interstellar dust is through observations of its interac-
tions with electromagnetic radiation. One such method is via extinction, which is the absorption
and scattering of electromagnetic radiation by dust between a source and the observer [13]. This
can also be called reddening, which occurs because the interstellar dust absorbs and scatters blue
light waves (shorter wavelength) more than red light waves (longer wavelength), making stars ap-
pear redder than they are [13]. The efficiency of dust extinction is highly wavelength-dependent,
decreasing significantly towards longer wavelengths. This allows infrared observations to pen-
etrate dense, obscured regions, such as the Scutum-Crux arm, that are opaque in the optical
regime.

Similar to the molecular gas, when dust grains get heated by starlight, they cool by radiating
in the infrared [13]. By doing so, they reach a state of thermal equilibrium where they re-emit
energy at infrared and sub-milimeter wavelengths. In thermal equilibrium, the radiation field
becomes the “blackbody” radiation field, with intensity given by the blackbody spectrum,

2 ehv/kT _q (2.1)
where v is the frequency and T is the dust temperature [13]. This approximation is valid for
the “classical” grains which are defined as grains with radii a 2 0.03um [13]. Smaller grains
have fluctuating temperatures and the blackbody approximation is not applicable. Moreover,
according to Wien’s displacement law, the peak of the emission shifts to shorter wavelengths as
the temperature increases. Thus, “warm” dust (~ 50 — 100 K) emits more strongly in the mid-
infrared (~ 5 — 35 pm) while “cold” dust (~ 10 — 30 K) peaks at far-infrared or sub-millimeter
(~ 35— 300 nm) regime [13][17].

2.4 Radio Astronomy: Radio Telescope and Interferometers

Radio astronomy is the study of radio emission from distant sources. It has enabled the detection
and mapping of molecular line emission across the Galaxy, making it an essential tool for studying
cool ISM and molecular gas. There is however only a range of frequencies that can be observed,
called the radio window [15]. The most traditional radio telescopes are so-called single-dish
telescopes, which utilize a circular parabolic reflector to focus radiation into a receiver [18].
Their ability to create images with great resolution are fundamentally limited by diffraction,
and can be approximated by the Rayleigh criterion,

A
~1.22—
0 D

where 6 is the angular resolution, A is the observing wavelength and D is the diameter of the
aperture [18]. From this equation, it is clear that achieving high angular resolution with a
single-dish telescope requires either observing at short wavelengths or using an exceptionally
large diameter D. However, due to physical limitations, the diameter of single-dish telescopes
cannot be increased indefinitely [18]. To solve this problem, the interferometer was introduced.
In an interferometer, signals from two or more telescopes are combined to synthesize an aperture
equivalent to the maximum distance (baseline) between the telescopes, allowing for incredibly
high angular resolution that exceeds the capabilities of any single dish instrument [15]. Unlike
single-dish telescopes, an interferometer samples specific spatial frequencies in the so-called uwv-
plane. This means that the shape and size of the resulting synthesized beam are highly sensitive
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to the number of antennas in the interferometer and their specific geometric configuration during
the observation [15].

Another limitation of interferometric observations is the phenomenon known as spatial filtering.
Because an interferometer only samples a limited range of spatial frequencies determined by
the baseline, it is insensitive to emission on angular scales larger than those probed by the
shortest baseline [15]. This results in missing flux from extended sources, causing the measured
brightness temperature to be lower than the intrinsic brightness temperature of the source [15].
This effect is relevant when comparing interferometric and single-dish observations.

2.5 Radio Observable Quantities

The data from radio telescopes and interferometers can be expressed in several different, related
quantities. The following sections define these fundamental quantities and the mathematical
relationships used to convert raw telescope power into physically meaningful units.

2.5.1 Flux Density and the Jansky

One way to measure the strength of a radio source is via flux density, S,. This is a quantity that is
dependent on the distance to the source and is used to characterize unresolved sources [18]. This
means that the source is much smaller than the angular resolution of the observing telescope.
The units of flux density are W m~2 Hz~!, however, since these are large for astronomical
sources, the Jansky (Jy) is commonly used instead [18],

W

—26

The relationship between flux density and specific intensity or brightness, I,,, is given by [18],

s, :/ 1,(8, ) cos 6 Q.
source

For sources with angular sizes < 1 rad and cos 6 =~ 1, the cos term in the above equation can be
neglected. The flux density can thus be expressed much simpler as, S, ~ [ I,,(0, ¢) dQ. This is
usually the case for astronomical sources, and flux density is rarely used to describe sources so
extended that the cos factor must be kept [18]. For extended sources such as a molecular clouds,
however, it is more appropriate to characterize the emission in terms of brightness temperature.

2.5.2 Brightness Temperature

The intensity of a source can be expressed in terms of an equivalent temperature, known as
the brightness temperature, Ty,. This brightness temperature is not the same as the physical
temperature of the source, instead it is defined as the temperature a blackbody would produce
at the same intensity at a given frequency [18]. This temperature is derived by applying the
Rayleigh-Jeans approximation to the Plank function (Eq. (2.1)), and takes the form

L 2KRTV? I,c?

B,(T) Ty= 575

2 (2.2)
This approximation is valid for hv < kT, which is typically the case in the radio regime [18]. This
indicates that the brightness temperature varies with frequency but is independent of distance.
It is therefore often convenient to express the spectral brightness I, in terms of brightness
temperature, even if I, # B,, as this provides an intuitive measure of source intensity that is
independent of distance [18].
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Using this definition of brightness temperature, it is possible to relate T}, to .S,. In radio images,
it is common to measure I, in terms of flux density per main beam (main beam for single
dish telescopes and synthesized beam for interferometers.) and it is therefore possible to write,
I, = S, /Q%eam, where the unit for S, is in Jy. Both flux density and the solid angle of the
source scale with 1/d?, where d is distance, and thus, the resulting brightness temperature will
remain distance-independent [15]. The brightness temperature can now be written as

\S,

T, = >
b 2k Q'beam

where A = ¢/v [19]. The beam solid angle can in turn be approximated with the area of a

Gaussian beam,
T

Qpeam = mgmajemin
where 01,55 and 0, are the half-power beam widths along the major and minor axes. Inserting
this approximation and converting all constants leads to

)\2
T, =032 x 102%———3, .
gmajgmin
Here, the beam widths are given in radians and by converting it to arcseconds while rewriting
the expression in terms of frequency instead, the relation becomes
1
Ty, =1.223 X 10° ———7—85, . (2.3)

4 ‘9maj Omin

2.5.3 Antenna temperature

A useful unit for the spectral power output from a receiving antenna is the antenna temperature,
T [18]. This temperature does not represent the actual temperature of the antenna, instead it
is related to the power delivered to the receiver. This definition relies on the Nyquist theorem,
which is valid for hv < kT and states that the spectral power generated by a resistor at a
temperature 1" is, P, = kT [18]. Consequently, the antenna temperature is defined as,
P,
Ty = —.
AT %

Ta can also be written as a relation to the specific intensity of the source, I, through the
antenna’s effective aperture, Ae,

1y =3¢ [[ 16,0700, 6) a0

where P, is the normalized power pattern [15]. Using Eq. (2.3) it is therefore also possible
to relate the antenna temperature to the brightness temperature. It is important to note that
the quantity T does not correct for ohmic losses, or atmospheric absorption. To facilitate
comparison between different observations, the corrected antenna temperature T is used. This
value has been corrected for atmospheric absorption and telescope efficiencies, representing the
signal as it would be measured outside the Earth’s atmosphere [15].

2.5.4 Main beam brightness temperature

While T is a useful unit for comparison between different observations, it is still dependent on
the specific power pattern of the telescope, P,,. To obtain a value that represents the intrinsic
brightness of the source, the main beam efficiency, nmp, must be taken into account. The main
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beam efficiency represents the fraction of the antenna power pattern concentrated in the main
beam compared to the total power received [15]. This efficiency essentially defines the quality of
an antenna as a direction measuring device. As a result, the main beam brightness temperature
is defined as,

Tx
Thmb .
For extended sources that fill the main beam, such as large molecular clouds, Ty, provides the
most accurate representation of the gas brightness temperature. Most thermodynamic equations
in the ISM assume the use of Ty, or T3, [15].

Ty = (2.4)

13



2. Theory

14



3

Observational Data and Methods

The objective of this chapter is to present the outline of the analysis techniques that were used
to characterize the molecular gas environment of RSGC2. First in Section 3.1, the observational
surveys and their respective data modifications are detailed. This is followed by Section 3.2 that
describes the velocity integration ranges used to isolate discrete Galactic structures. Finally, the
imaging and mapping methodologies used to generate the figures are described in Section 3.3,
3.4, 3.5 and 3.6. The analysis combines molecular line emission and dust continuum imaging to
characterize the interstellar environment of RSGC2. Molecular gas is traced through CO spectral
line emission while dust emission is visualized through infrared continuum imaging. These two
tracers are used in a complementary manner where integrated intensity maps (Section 3.5) are
overlaid on a dust continuum image (Section 3.6) to identify spatial correlations between cold gas
and dust structures, providing a two-dimensional view of the cluster environment. Additionally,
velocity-resolved channel maps (Section 3.4) are overlaid on a multi-wavelength composite RGB
image (Section 3.6) to investigate the kinematic association of molecular gas with specific infrared
features, enabling a three-dimensional perspective of the line of sight structures.

To process and visualize these diverse datasets, a custom Python pipeline was developed using
primarily the astropy [20] and spectral-cube [21] packages. This python pipeline developed
in this thesis is publicly accessible via GitHub. Moreover, the pipeline also features interactive
widgets for a more dynamic examination of the cluster environment. While these interactive
tools and plots are not displayed in this thesis, the source code is available in the repository.

3.1 Surveys

This study compiles observations from several different independent studies and each set needed
to be processed in various ways to ensure comparability. As outlined in Table 3.1, the observa-
tions can be categorized into two groups: molecular line spectral cubes and continuum (dust)
imaging. For stellar scale investigation of circumstellar environments, high-resolution CO emis-
sion data were extracted from the Atacama Large Millimeter/sub-millimeter Array (ALMA)
[22]. For the large scale analysis of molecular line emission, spectral cubes from the public sur-
veys Galactic Ring Survey (GRS) [23], FUGIN [24], and '2CO High-Resolution Survey (COHRS)
[25] were utilized. Complementary dust emission data were obtained from the public Galactic
Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE) [26] and Herschel infrared Galac-
tic Plane Survey (Hi-GAL) [27]. The technical specifications and specific modification steps for
each data source are detailed in the sections below.
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3. Observational Data and Methods

Table 3.1: Summary of the radio, millimeter, and infrared datasets utilized in this study,
including their primary tracers, velocity coverages and angular resolution.

Survey Name Primary Tracer Data Type Velocity Range | Angular Res.
ALMA 1200, BCO (J=2—1) Spectral Cube | -86 — 180 km/s ~0.4"
GRS BCO (J=1-0) Spectral Cube | -5 — 200 km/s 46"
FUGIN 12C0, 13CO, C'®0 (J =1 0) | Spectral Cube | -100 — 200 km/s 20"
COHRS 200 (J=3—2) Spectral Cube | -200 — 300 km/s 14"
GLIMPSE Mid-IR Continuum (3.6-8.0 um) | 2D Image - ~ 2"
Herschel/PACS | Far-IR Continuum (70-160 um) | 2D Image - 5.6"
3.1.1 ALMA

ALMA is an interferometer situated in the Atacama Desert in Chile and is composed of 66 high-
precision antennas, spread over distances of up to 16 km [22]. It was built to study some of the
coldest objects in the universe which radiate in the millimeter and sub-millimeter wavelength
regime. Because of its large number of antennas, the antennas can be arranged in different
configurations. Its main 12-meter array has fifty antennas, each with a diameter of 12 meter
[22].  There is also an additional array with four 12-meter and twelve 7-meter antennas to
complement the main array [22].

The ALMA data used in this study targeted the 2CO (J = 2 — 1) transition at 230.538 GHz
for DFK 1, 2, 3, 5, 6, 8, 10, 11, 13, 14, 23, 49, 52 and 68, using the main 12-meter array.
For DFK 52, two additional observations were carried out using the Atacama Compact Array
(ACA), also known as the 7-meter array. These observations used an extended spectral tuning
that simultaneously covered both the 12CO (J = 2 — 1) and ¥CO (J = 2 — 1) transitions
at the same time. Table 3.2 summarizes the configuration, observations and the values for the
synthesized beam.

As seen in Table 3.2, the synthesized beam dimensions vary across different targets because the
observations were executed at different times under slightly different configurations. Notably, the
12C0 (J =2 — 1) and 3CO (J = 2 — 1) observation of DFK 52 using the 7 meter configuration
also have different beam dimensions despite being from the same observation. This is due
to the frequency dependence of the synthesized beam which means that the unit “Jy/beam”
is inconsistent across the observations. The variations in beam size will have a substantial
effect when comparing between different observations and lead to a misrepresentation of line
intensities. To mitigate this and establish a uniform intensity scale, the Common Astronomy
Software Applications (CASA) package! was used to convert the pre-calibrated data cubes from
flux density (S,) to brightness temperature (73,) via Eq. (2.3), using the respective Opin and
Omax values listed in Table 3.2 at the rest frequency, v = 230.538 GHz.

LCASA is the primary data processing software for ALMA. In this study, CASA was used for unit conversion
and visualization of the ALMA data, but not for data calibration, which was performed prior to this study.
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Table 3.2: A summary of the different observations, configurations, and size of the synthesized
beam for each source.

DFK Observation Configuration | Synthesized beam
1 | 2CO (J=2—1) 12m 0.50” x 0.36"
2 | 2CO(J=2—1) 12m 0.50” x 0.36"
3 |[2CoJ=2—=1) 12m 0.45” x 0.32"
5 | 12CO(J=2—1) 12m 0.51" x 0.37"
6 |2CO(J=2—1) 12m 0.41" x 0.31"
8 | 12CO0 (J=2—1) 12m 0.41” x 0.31"”
10 | 2COJ=2—1) 12m 0.41" x 0.31"
11 | 2Co(J=2—1) 12m 0.41” x 0.31"
13 | 2CoO(J=2-1) 12m 0.41" x 0.31"
14 | 2CO(J=2—1) 12m 0.41” x 0.31"
23 | 1200 (J=2—1) 12m 0.41" x 0.31”
49 | 2CO (J=2—1) 12m 0.50” x 0.36"
52 | 1200 (J=2—1) 12m 0.46" x 0.32"
52 | 12C0 (J=2—1) 12m+7m 0.46” x 0.33"
52 | 12C0 (J=2—1) 7m 4.03" x 2.99”
52 | BCO (J=2—1) 7m 4.15" x 3.22"
68 | 12CO (J=2—1) 12m 0.46"” x 0.32"

3.1.2 Galactic Ring Survey

The Galactic Ring Survey, also known as The Boston University-Five College Radio Astronomy
Observatory Galactic Ring Survey (GRS) was a survey that targeted emission from 3CO (J =
1 — 0) at 110.291 GHz in the Milky Way [23]. This survey used a multi pixel array on the
Five College Radio Astronomy Observatory 14 m telescope to cover a longitude range of | =
18° — 55.7°, a latitude range of |b| < 1° and a velocity range of —5 — 135 km/s [23]. Because of
its large scale, this survey was used to analyze the wide scale of the cluster. The data was given
in corrected antenna temperature, Ty, which had to be converted into main beam temperature,
Tp, using Eq (2.4) where ny,p, = 0.48 [23].

3.1.3 FUGIN

The FUGIN survey used a new Four-beam Receiver System on the Nobeyama 45 m telescope
(FOREST) [24]. This survey targeted the J = 1 — 0 transition of the three CO isotopologues,
12C0, 13CO and C'80. The observed regions spanned portions of the first quadrant (10° <1 <
50°, |b] < 1°) and the third quadrant (198° <[ < 236°, |b| < 1°) of the Galaxy. This survey was
used for the large scale analysis and because the intensities were provided directly in main beam
temperature, Ty, no additional modifications were required. While the initial data analysis
was done on all three molecular lines, the C'*®O emission was affected by noise in the RSGC2
region and not much could be seen within that data cube. It was therefore omitted from the
final results.
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3.1.4 COHRS

The last large scale data survey for molecular line emission is the 2CO (3-2) High-Resolution
Survey (COHRS) which was carried out using the Heterodyne Array Receiver Program on the
15 m James Clerk Maxwell Telescope in Hawaii [25]. As specified in the name, it targeted 2CO
(J =3 — 2) at 345.786 GHz. This survey mapped the inner Galactic plane with a longitude
range of 9.5° < [ < 62.3° and latitude, |b| < 0.5°. The public data release was partitioned
into 106 discrete tiles with a 0.5° longitude width and 1° latitude length [25]. Therefore, when
plotting a wide-field view, two tiles had to be joined together to get the larger picture. Moreover,
this dataset, similar to GRS, was given in corrected antenna temperature, 7'y, and had to be
converted to main beam temperature, Ty, using Eq (2.4) where 1,3, = 0.61 [25].

3.1.5 GLIMPSE

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) was a legacy pro-
gram carried out by NASA’s Spitzer Space Telescope [26]. This study utilizes data specifically
from the GLIMPSE I survey, which mapped the inner Galactic plane across the longitudes,
10° <1 < 65° and |b] < 1° [26]. These observations were conducted using The Infrared Array
Camera (IRAC) in four mid-infrared bands centered at 3.6, 4.5, 5.8, and 8.0 um. For this study,
only the bands centered at 3.6, 4.5 and 8.0 pm were used. For the rest of this thesis, the dataset
corresponding to each band will be noted as, I1 (3.6um), 12 (4.5pum) and 14 (8.0um).

3.1.6 Herschel/PACS

To complement the GLIMPSE survey and its mid-infrared data, far-infrared observations were
obtained from the Herschel Space Observatory archive. Specifically, data from the Photodetector
Array Camera and Spectrometer (PACS) were utilized, with two broad bands centered at 70
and 160 pum [28]. The datasets for these two bands are called PACS70 (70um) and PACS160
(160pm).

3.2 Velocity Ranges

To efficiently isolate, identify and map discrete Galactic structures along the line of sight, the
data cubes were divided into distinct velocity windows. The velocity limits for these windows
were determined based on the expected radial velocities of the various spiral arms intersecting the
line of sight towards RSGC2 (I ~ 26°). For the outer arm, the velocity range was extracted from
figure 3 in Dame et al. [29]. For the remaining spiral arms, Fig. 2.1 by Reid et al. [12] was used
to identify velocities that coincided with the cluster’s Galactic longitude. The literature figures
provided initial estimates for the central velocity of the spiral arms at the longitude of RSGC2.
However, since spiral arms exhibit velocity dispersion and the line-of-sight emission spans a
range of velocities, the final velocity boundaries were determined empirically. By examining
where distinct emission features appear for each structure in the observed spectral profiles, the
velocity ranges were established as follows:

e -25 —-15 km/s: Outer arm

e 317 km/s: Aql Rift

e 23 - 35 km/s: Sagittarius Arm (near side)

e 45— 60 km/s: Sagittarius Arm (far side)

e 67— 81 km/s: Scutum Arm (near side)

e 90 — 115 km/s: Scutum Arm (far side) and Cluster velocity.
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These windows, along with the initial central velocity read from the literature plots, are visually
highlighted as shaded regions and black dotted lines, respectively, in Fig. 4.1. Regarding the
cluster velocity, as noted in Section 1.4, a consensus value for vrsgr remains elusive as different
studies have reported on different values. In this study, the cluster velocity has therefore been
defined as a range between 90 — 115 km/s.

While there are several arms that can be identified in these velocities, not all surveys cover an
identical spectral range and hence velocities. As a result, certain structures might not be mapped
across every single dataset. Table 3.1 outlines the velocity ranges for each survey, demonstrating
that while surveys like ALMA, FUGIN and COHRS capture the Outer Arm, GRS will not cover
that.

3.3 Spectral Plot

To obtain an initial overview of the data cubes, one-dimensional spectral profiles were extracted
and the temperature was plotted against velocity. For the wide-field single-dish surveys, line in-
tensities are expressed in main-beam brightness temperature (7},,) while for the high-resolution
ALMA interferometric cubes, it is expressed in brightness temperature (7},).

Because the spatial coverage varies between surveys, the isolated emission associated with each
RSG had to be extracted differently. For the ALMA observations, the spatial coverage is intrin-
sically centered on each individual source, therefore, the spectra were generated by integrating
the brightness temperatures across the entire image for each data cube. On the other hand, the
wide-field surveys (GRS, FUGIN, and COHRS) cover large areas of RSGC2. To isolate each
source, a circular region with a 20” (arcseconds) radius was defined and centered on the precise
coordinate of each DFK source. The coordinates of the sources were taken from table 1 in Davies
et al. [7]. Comparing these single dish and interferometric line profiles makes it possible to make
a detailed assessment of which molecular structures are traced at different velocities. Note that
the ALMA data cube measures a lower brightness temperature due to the spatial filtering. The
ALMA line intensities were therefore scaled by a factor of five in Fig. 4.1 to facilitate a more
visual comparison of the spectral features across all datasets.

3.3.1 Line intensities and ratios

In addition to the spectral profiles, a mean brightness temperature (73, for ALMA and Ty, for the
other surveys) can be calculated for each source and each survey by averaging the intensity over
a defined velocity range. These mean temperatures can in turn be used to compute molecular
line emission ratios between two transitions or isotopologues. Since the ALMA observations are
expressed in brightness temperature and the remaining surveys in main beam temperature, the
only significant ratios that could be calculated were

< Tp(12C0 J=3-52) >v < Tip(12¢c0 J=1-0) >v

Ri3_9)/1-0) = and  Ryp/3 = (3.1)

< Thb(12C0 J=1-0) >v < Tob(13C0 J=1-0) >v

R(3_9)/(1—0) and Rjy/13 are defined as the ratios of the averaged intensities of the respective
transitions which is denoted by the angle brackets. Each ratio is calculated over the velocity
range of interest. Here, 2CO(3-2) is the intensity taken from COHRS, while both 2CO(1-0)
and 3CO(1-0) are taken from FUGIN.

Similarly, the averaged main beam temperature and molecular line ratios can also be calculated
for the infrared features. This can only be done using the wide-field surveys (GRS, FUGIN,
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and COHRS) as ALMA does not cover the positions of the infrared sources. To isolate these
five features, circular regions were defined for each feature. The positions and radii of the circle
can be found in Table 3.3. The positions of the IRAS sources were taken from the Strasbourg
astronomical Data Center?, where they are listed in the original IRAS Point Source Catalog [30].
For the PACS sources, their positions were estimated by plotting the circular region, ensuring
that it covered the whole source.

Table 3.3: Coordinates and radii for the circle region drawn to extract the line intensities.

Sources Coord (RA) | Coord (Dec) | Radii
IRAS 18369-0557 | 18h 39m 36.1s | -05d 54m 25s | 507
IRAS 18367-0556 | 18h 39m 22.8s | -05d 53m 25s | 217
IRAS 18364-0605 | 18h 39m 09.7s | -06d 03m 22s | 457
PACS-A 18h 39m 05.7s | -06d 06m 55s | 507
PACS-B 18h 39m 16.7s | -06d 06m 43s | 30”

3.3.2 Propagation of Uncertainties

When calculating the average line intensity, uncertainties arise from noise in the data cubes.
Specifically, the standard deviation was computed over each source using the last 10 line-free
channels of each data cube. Since the line ratios are calculated from mean line intensities, the
fractional uncertainties add in quadrature. For a ratio R = A/B, this is calculated as,

2 2
oA oB
=R x - -
= (%) + (%)
where o4 and op is the uncertainty calculated from the line free channels while A and B are
the respective line intensity [31].

For the mean value computed over N individual ratios, the uncertainty of the mean (cayg) is
given by

Vot o3+t ok
Oavg = N

where o; are the individual uncertainties for each ratio [31].

3.4 Channel Maps

A diagnostic tool to analyze the raw three-dimensional data cubes are channel maps. A channel
map consists of a series of two-dimensional spatial images, each representing a narrow, discrete
velocity interval (Av) across a spectral line profile. Because interferometric and single-dish
data cubes preserve velocity information, channel maps allow for the visualization of kinematics
without losing depth information along the line of sight. In this study, channel maps were
essential for identifying distinct velocity components as well as finding structures outside the
cluster velocities. However, each data survey has different velocity resolution, and to ensure a
comparative analysis, they had to be binned to the one with largest velocity resolution. The
survey with largest velocity resolution was ALMA with Av ~ 1.27 km/s.

Zhttps://cds.unistra.fr/
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3.5 Moment Maps

To investigate the spatial distributions of the molecular gas in RSGC2, moment maps were
generated from CO data cubes. Moment maps are weighted integrations of the spectral line
along the velocity axis, providing a two-dimensional representation of the three-dimensional
data [15]. Moment maps are commonly used in radio astronomy and there are several orders
of moment maps that showcase different structures. The zeroth moment (M) represents the
integrated intensity map and is defined as

My :/Ivdv.

where I, is the specific intensity at velocity v [32]. As already discussed in the above sections,
to ensure comparability, the units for the spectral cubes were converted into brightness temper-
atures (for ALMA) or main beam temperature (for GRS, FUGIN and COHRS). This means
that the integrated intensity map will be defined as

My = /T(v)dv .

The resulting unit for M is the cube unit times the spectral axis unit, which in this case will
therefore be K km/s. This map traces the total gas column density along the line of sight
and provides a spatial picture of where the molecular gas is distributed across the cluster. By
computing My over specific velocity ranges, such as those mentioned in Section 3.2, emission
associated with specific molecular clouds or structures can be isolated from unrelated foreground.
This is especially important in crowded sightlines such as RSGC2 where multiple unrelated ISM
components may overlap spatially.

3.6 Dust emission images

There are mainly two ways to visualize infrared continuum emission. One way is to plot one
dataset by itself, showcasing the dust emission from that specific wavelength. This can be useful
when tracing dust within a certain temperature range as colder dust emits at longer wavelengths.
Another way to visualize dust emission is through multi-wavelength infrared datasets or, three-
color — Red-Green-Blue (RGB) — figures. By assigning a specific infrared band to each primary
color channel, blue for shorter wavelengths and red for longer wavelengths, it is possible to
qualitatively map the temperature distribution of the ISM. For example, a region appearing
blue in such a composite indicates the presence of warm dust heated by nearby massive stars,
whereas red structures trace the cold, dense molecular gas where star formation may occur.

The dust emission datasets available for this study are from GLIMPSE and Herschel/PACS. The
available datasets for GLIMPSE are bands centered at 3.6, 4.5 and 8.0 um, which are denoted
as I1 (3.6 pm), 12 (4.5 pm), and I4 (8.0 pm). The Herschel/PACS datasets consists of two
broad bands centered at 70 and 160 pum denoted as PACS70 (70 pm) and PACS160 (160 pm).
These datasets are used to visualize the dust and infrared emission, as illustrated in Section 1.4,
Fig. 1.2. The RGB image is constructed using PACS70 for the red channel, 14 for the green
channel and I1 for the blue channel, mapping the thermal dust emission from longer to shorter
wavelengths across the infrared spectrum. The PACS160 image displays the single wavelength
dust continuum emission, tracing the coldest structures in the region. These are the two dust
emission images that will used in various ways for the analysis of RSGC2.
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4

Results

This chapter presents the observational findings of this study. Section 4.1 details the spectral
profile analysis for each source across multiple molecular line surveys and spiral arm velocity
ranges. Section 4.2 follows up with the moment 0 maps for four of the galactic spiral arms, Aql
Rift, far and near side of the Sagittarius Arm and the near side of Scutum Crux. This section
also examines the channel maps of the near side of the Sagittarius arm. Section 4.3 moves away
from the foreground spiral arm structures and focuses on the cluster velocity. Here, the moment
0 maps for each survey are presented both as intensity maps and overlaid on the PACS160 dust
map. This section also presents the mean brightness temperatures for both the 14 RSGs and the
infrared sources as well as the channel maps over the cluster velocity window. Lastly, Section
4.4 presents the two ratios, R3_g)/(1-0) and Ryz/13.

4.1 Spectral Analysis

The spectral profiles for each targeted source across the five molecular line surveys are presented
in Fig. 4.1. The different velocity ranges that represent the individual spiral arms (See Section
3.2) are indicated by the shaded colored regions. The black dotted vertical lines mark the initial
estimates for the central velocity from the literature. Overall, the observed spectral profiles
align well with the kinematic boundaries of the Galactic spiral arms. A notable exception is the
Outer Arm window where a clear emission peak is only detected in the spectral profiles toward
DFK 68, 1 and 49. The spectra for ALMA 2CO(2-1) highlight the Outer Arm slightly better,
Fig. A.1 in Appendix A.1 shows the spectral profile for ALMA.

To aid the comparison between the proposed SW-region and the cluster core, Fig. 4.1 is arranged
roughly by longitude (RA), starting with the four SW targets (DFK 68, 5, 1 and 49) at the
top. It can then be observed that within the cluster velocity window (90 — 115 km/s), the SW
sources display a broader and more continuous emission profile that roughly spans over this
velocity range. Whereas the remaining sources exhibit narrower line profiles that in some cases
are split into distinct double peaks. More specifically, the sources that are not located in the
SW seem to trace a second peak at ~ 112 km/s. Furthermore, the overall line intensities are
also systematically higher across the SW region compared to the rest of the cluster (Table A.1
in Appendix A.2 present the calculated mean intensities over the full spectral range of -35 to
125 km/s). A notable exception to both trends is DFK 23 which exhibits both a broad spectral
profile within the cluster velocity window and exceptionally high overall line intensities despite
not being located in the SW region. As seen in Fig. 1.2, DFK 23 is located neither within the
SW region nor near the cluster core, but rather a bit more at the edge of the cluster. A plausible
reason for this is discussed in Section 5.3.
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Fig. 4.1: The extracted spectral line profiles across five molecular surveys for each source. The
velocity range for each spiral arm is highlighted in different colors and the dotted black line
represent the value that was initially extracted from the figure in Dame et al. [29] and Reid et
al. [12]. For display clarity, the ALMA 2CO(2-1) line intensities have been scaled by a factor

of five.
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4.2 The Galactic Spiral Arms

By exploring the moment 0 maps over the velocity ranges for each spiral arm, the molecular
structures associated with each intersecting arm can be systematically evaluated. Fig. 4.2
through 4.5 present the moment 0 maps extracted from the four surveys: FUGIN 2CO(1-0),
COHRS '3CO(3-2), GRS 3CO(1-0), and FUGIN '3CO(1-0). Each figure displays the integrated
intensity for each spiral arm over the respective velocity window, with the exception of the Outer
Arm and the far side of the Scutum Crux Arm. Their moment 0 maps can instead be found in
Appendix A.3 and Section 4.3, respectively.

Generally, all surveys reveal consistent molecular gas features within each respective velocity
window. The primary variations manifest in the integrated emission values (K km/s), where
the FUGIN 2CO(1-0) maps exhibit the highest overall integrated intensities, and the GRS
13C0O(1-0) maps trace the lowest values. Additionally, the GRS 3CO(1-0) maps depict more
extended molecular structures in each velocity window, whereas the FUGIN 3CO(1-0) maps
show smaller and more compact molecular structures. These variances reflect their differences
in angular resolution, as listed in Table 3.1 and indicated by the beam sizes shown in each figure.
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GRS 13CO (J=1-0) Moment 0 map
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Fig. 4.4: GRS ¥CO (J = 1 — 0) moment 0 maps integrated over the spiral arm velocity
ranges. White and red stellar symbols mark the cluster core and the SW members, respectively.
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Fig. 4.5: FUGIN 3CO (J =1 — 0) moment 0 maps integrated over the spiral arm velocity
ranges. White and red stellar symbols mark the cluster core and the SW members, respectively.

4.2.1 The Sagittarius Arm, IRAS 18364-0605, PACS-A and PACS-B.

From the moment 0 maps, the molecular gas structures extracted from the near side of the
Sagittarius Arm appear to align with several mid- and far-infrared features identified in the
RGB image (Fig. 1.2), specifically, IRAS 18364-0605, PACS-A and PACS-B. To investigate
this correlation, Fig. 4.6 and 4.7 display a sequence of nine consecutive velocity channel maps
spanning 23.2 to 33.4 km/s. In these figures, the molecular line emission is overlaid as contours
on the underlying RGB image, progressing from lower intensity boundaries in yellow to higher
intensities in magenta and white. All four surveys map similar and consistent features across this
range. However, the emission from 3CO in this velocity window (23 — 35 km/s) is very faint as
13CO is less abundant than 12CO and thus less sensitive to diffuse gas. The FUGIN 3CO(1-0)
and GRS ¥CO(1-0) surveys are therefore excluded from this section. Their respective channel
maps can be found in Appendix A.4.

Both figures capture the full channel sequences in which the gas structure emerges at 23.2 km/s
and dissipates by 33.4 km/s. Across the first four velocity channels (23.2 — 27 km/s), the
molecular emission tightly traces the infrared source, PACS-B in both surveys. Similarly, the
envelope of PACS-A also shows spatial correlation, with contours present across the majority
of the velocity slices, specifically from 25.8 to 30.9 km/s. Finally, the molecular emission also
exhibits a spatial alignment with TRAS 18364-0605. This is particularly pronounced in the
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FUGIN '2CO(1-0) map at v = 28.3 km/s, where the molecular gas contours trace the arc

geometry of the infrared source.

FUGIN 12CO (/ =1 - 0) contour over RGB image
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33.4 km/s) overlaid on an RGB image. The emission is represented by contours at temperature
levels of 7 K (yellow), 9 K (magenta) and 11 K (white).
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COHRS '2CO (J = 3 - 2) contour over RGB image
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Fig. 4.7: COHRS '2CO (J = 3 — 2) velocity channel maps across the Sagittarius Arm (24.5 —
33.4 km/s) overlaid on an RGB image. The emission is represented by contours at temperature
levels of 4.5 K (yellow), 6.5 K (magenta) and 8.5 K (white).

4.3 At Cluster Velocities

As RSGC2 is situated within the Scutum-Crux Arm, the native cluster velocity range (90 -
115 km/s) captures ISM material associated with both the cluster and this Galactic arm. The
moment 0 maps for this velocity window are presented in Fig. 4.8, where each panel displays
the integrated intensity map over the cluster velocity for each survey, ordered from left to
right: FUGIN !2CO(1-0), COHRS !2CO(3-2), FUGIN '3CO(1-0) and GRS 3CO(1-0). All
four maps reveal consistent and similar molecular structures, with small deviations which arise
because of differences in angular resolution and the specific molecular tracer used. The structure
that is most notably appearing across the integrated intensity map for all surveys is the dense
arrangement of gas that extends diagonally before curving upward at the base of the SW region.
This forms a distinct molecular barrier that segregates the primary cluster core (white stars)
from the SW cluster (red stars). Furthermore, the maps also depict a depletion of molecular gas
close to the cluster members, revealing holes of emission around the sources.
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Moment 0 map at velocities 90 115 km/s
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Fig. 4.8: Moment 0 maps at the native cluster velocities range across four surveys, FUGIN
12C0(1-0), COHRS '3CO(3-2), FUGIN 3CO(1-0) and the GRS '3CO(1-0). White and red
stellar symbols mark the cluster core and the SW members, respectively.

To provide a more comparable view of the emission across the sources, Table 4.1 presents the
mean brightness temperatures calculated over the cluster velocity range (90 — 115 km/s) which
gives an indication of the cluster ISM. Each row corresponds to a DFK source and its mean
emission for each survey. The values indicate that FUGIN 2CO(1-0) exhibits the highest mean
brightness temperatures while ALMA '2CO(2-1) records the lowest values. Looking at the
FUGIN '2CO(1-0) survey, the five DFK sources with the highest overall intensities are DFK 5,
23, 10, 6 and 68.

Table 4.1: Average brightness temperatures for each DFK source with the respective survey

in each column. Note that the unit for all averages are in Kelvin.

ppk | FUGIN COHRS GRS FUGIN ALMA
1200(1-0) 1200(3-2) 1300(1-0) 1300(1-0) 1200(2-1)
1 3.784+0.111 | 1.446 £0.041 | 0.838+£0.023 | 0.791 +£0.046 | 0.11142.2.10~3
2 4.222 £0.055 | 1.669+£0.043 | 0.784+£0.021 | 0.822+£0.049 | 0.060+1.2-1073
3 2.6724+0.074 | 0.856 £0.026 | 0.481+0.023 | 0.571£0.053 | 0.118 £3-10~4
5 5.475+0.065 | 2.596 +£0.040 | 1.060 £ 0.017 | 1.099 £ 0.032 | 0.071£1.1.1073
6 4.348 £0.097 | 1.818 £0.023 | 0.894+0.016 | 0.931£0.035 | 0.167+£4-10~4
8 3.199 +0.083 | 1.492+0.024 | 0.696 £ 0.034 | 0.579£0.055 | 0.142+£4-1074
10 4.875+0.102 | 2.191+£0.019 | 0.876+0.018 | 1.143+0.035 | 0.194+3-10~*
11 3.597+£0.124 | 1.745+0.051 | 0.896 £ 0.019 | 0.764 £ 0.066 | 0.078 £2-10~4
13 4.330+£0.031 | 1.861+£0.049 | 1.189+0.021 | 1.177+0.019 | 0.204+2-10~*
14 3.053+£0.065 | 1.377+0.036 | 0.696 £ 0.034 | 0.548 £0.049 | 0.164+£3-10~4
23 5780 £0.085 | 2.209 +£0.054 | 1.162+0.026 | 0.999 £ 0.039 | 0.369 £3-10~4
49 3.846 £ 0.111 | 1.579 £ 0.065 | 0.869 +0.023 | 0.773+£0.036 | 0.12241.6-1073
52 2.9314+0.142 | 1.009 +0.040 | 0.550 £ 0.026 | 0.667 £0.062 | 0.126 £ 3-10~4
68 4502 +£0.198 | 2.108£0.041 | 0.922+£0.026 | 0.786 £ 0.056 | 0.147£3-10~4
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While Fig. 4.8 reveals a barrier structure between the core cluster and SW sources, Fig. 4.9
provides an additional perspective. By examining the correlation between these moment maps
and the cold dust continuum traced by the Herschel PACS160, the physical nature of the iden-
tified structures can be further assessed. Although the multi-wavelength RGB image provides
a helpful combination of varying thermal phases, isolating the 160 pm emission is beneficial as
it selectively traces the most significant concentrations of cold and dense interstellar dust. Fig.
4.9 displays the moment 0 contours for 90 — 115 km/s from each molecular line survey overlaid
directly onto the PACS160 dust emission map. Generally, the moment maps trace the dust
emission structures well. As this map extends to a wide-field view of the cluster, more of the
molecular gas structure is revealed. Now the molecular barrier is seen to actively circle around
the SW stellar population. Moreover, the highest brightness temperatures are detected north of
DFK 23 and 31, coinciding with a peak in the PACS160 dust emission.
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Fig. 4.9: Herschel PACS 160pm far-infrared dust map overlaid with moment 0 contours from
the cluster velocity (90-115 km/s). The contour levels for each survey are presented in cyan,
white and dark blue with the respective values, FUGIN 2CO(1-0): 130, 160, 190 K km/s,
COHRS 2C0O(3-2): 10, 20, 30 K km/s, GRS 3CO(1-0): 25, 35, 45 K km/s, FUGIN 3CO(1-0):
30, 40, 50 K km/s
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4.3.1 The SW barrier and the infrared sources

From the two-dimensional distribution provided by the moment 0 maps (Fig 4.8 and 4.9), numer-
ous structures can be identified across the cluster region. To move beyond this two-dimensional
projection and study the three-dimensional layout of the cluster, it is valuable to examine indi-
vidual channel maps and track the gas emission across discrete velocity slices. Fig. 4.10 through
4.13 present a sequence of twelve consecutive velocity channel maps spanning from 95.7 to 109.6
km/s. In each figure, the molecular line emission from the respective survey is overlaid as con-
tour lines progressing from blue to purple to magenta. These figures display the wide-field view
of the cluster for each of the surveys: FUGIN 2CO(1-0), COHRS '2CO(3-2), GRS 3CO(1-0)
and FUGIN 13CO(1-0), respectively.

Using this perspective, several embedded infrared sources alongside the SW barrier can be cleanly
isolated and traced as the emission evolves through the velocity windows. The molecular barrier
previously identified in the integrated maps (Fig 4.8 and 4.9) is clearly visible in the v = 102
km/s channel across all surveys, and can be further distinguished at 100.7 and 103.3 km/s.
At these velocities, the barrier does not fully encircle the RSGs in the SW region but instead
exhibits a slight curve near the base of the SW region. Furthermore, the barrier spatially overlaps
with two infrared sources, IRAS 18364-0605 and PACS-A, which lie directly along the barrier’s
extent. Another source traced by the gas emission is the supernovae remnant candidate, IRAS
18369-0557, which is most prominently seen in the v = 99.5 km/s and 100.7 km/s channels. It
is also noted that the emission map for the COHRS 2CO(3-2) survey exhibits a sharp, linear
discontinuity along the exact longitude of [ = 26°15’. This artifact comes from an edge effect
which arises from the combination of two adjacent tiles in the wide-field mosaic.

Lastly, just as Table 4.1 outlines the mean brightness temperature for each DFK source, the
same methods are applied to compute the mean temperatures for the infrared sources. This is
presented in Table 4.2. The IRAS and PACS sources exhibit in general a higher line intensity
than the DFK sources, with the exception of PACS-B who seem to have lower averaged line
intensities than the DFK sources.

Table 4.2: Average brightness temperatures over the velocity range of 90-115 km/s for each
survey. Note that the unit for all intensity averages are in Kelvin.

Source FUGIN COHRS GRS FUGIN
CO(1-0) 1200(3-2) 1300(1-0) 1300(1-0)
TRAS 18369-0557 | 4.645£0.027 | 2.699 £0.017 | 1.309 £0.010 | 1.420 & 0.022
TRAS 18367-0556 | 4.674 +0.047 | 1.978 £0.025 | 1.224+0.017 | 1.121 +0.041
TRAS 18364-0605 | 5.048 £0.024 | 2.418 £0.015 | 1.050 £0.013 | 1.056 & 0.013
PACS-A 4.944 +£0.057 | 2.269+0.026 | 1.070+£0.012 | 0.973 +0.024
PACS-B 3.157+£0.050 | 1.084+0.024 | 0.610 +£0.015 | 0.685 + 0.016
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FUGIN 2CO (/ = 1> 0) contour over RGB image
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Fig. 4.10: FUGIN '2CO (J = 1 — 0) velocity channel across the velocity window, 95.7 to
109.6 km/s, overlaid on an RGB image. The emission is represented as contours at temperature
levels of 9 K (blue), 11 K (purple) and 13 K (magenta).
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COHRS '2CO (J/ = 3 - 2) contour over RGB image
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Fig. 4.11: COHRS ¥CO J = 3 — 2 velocity channel across the velocity window, 95.7 to 109.6
km/s, overlaid on an RGB image. The emission is represented as contours at temperature levels
of 5 K (blue), 6.5 K (purple) and 8 K (magenta)
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GRS 13CO (J =1 - 0) contour over RGB image
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Fig. 4.12: GRS 3CO J =1 — 0 velocity channel across the velocity window, 95.7 to 109.6
km/s, overlaid on an RGB image. The emission is represented as contours at temperature levels
of 2 K (blue), 3 K (purple) and 4 K (magenta).
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FUGIN 3CO (/ = 1> 0) contour over RGB image
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Fig. 4.13: FUGIN 3CO J =1 — 0 velocity channel across the velocity window, 95.7 to 109.6
km/s, overlaid on an RGB image. The emission is represented as contours at temperature levels
of 2.5 K (blue), 3.25 K (purple) and 4K (magenta).
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4.4 CO Line Ratios

The molecular line emission ratios were computed for each source over the cluster velocity
window and presented in Tab 4.3 (See Eq. (3.1) for the ratio definitions). Each ratio is calculated
for the various DFK sources and the overall average ratio is R3_g)/(1—0) = 0.418 & 0.004, and
Ris/13 = 4.864 £0.089. According to Pefialoza et al. [33], the ratio for Galactic massive clusters
is R(3_9)/(1—0) = 0.5 £ 0.2, where large error margin arises from the difference in excitation
conditions for both lines. The value found here lies within this margin.

For Ry3/13, no specific value for RSGC2 could be found. However, the Galactic center has a
value of ~ 20 and as RSGC2 is located near the base of the Scutum-Crux arm, close to the
Galactic center, the expected value should be around 20. The results shows a much lower value
than 20, suggesting that the '2CO emission toward these sources is highly optically thick.

The ratios can also be computed over the whole spectral range (-35 — 125 km/s), which yield
the mean values, R3_2y/1-0) = 0.389 + 0.004 and Ryy/13 =4.383 £ 0.078. (See Table A.3 for
all ratios). For comparison, Park et al. [25] calculated the R(3_9)/(1—0) ratio over a longitude of
10° > [ > 50° and a latitude of |[b| < 5°, finding a mean value of R_s)/1—¢) = 0.27. However,
as this represents an average over the full latitude range, it is not directly comparable to the
value found here. A more representative estimate can instead be extracted from figure 12 by
Park et al. [25], from which the ratio at RSGC2’s given longitude (I &~ 26°) can be approximated
as R(3_2:/(1_0) ~ 0.35.

Table 4.3: Line intensity ratios for the observed DFK sources over the velocity range of 90 —
115 km/s. The overall sample average for R3_s)/1—g) = 0.418 £ 0.004, and for Ryy/3 =
4.864 + 0.089.

Source R(372)/(170) R12/13

1 0.382 £ 0.016 | 4.782 £ 0.310
2 0.395 £ 0.011 | 5.135 £0.311
3 0.320 + 0.013 | 4.679 £ 0.451
) 0.474 £ 0.009 | 4.986 £ 0.157
6 0.418 £ 0.011 | 4.670 £+ 0.207
8 0.466 £+ 0.014 | 5.526 £ 0.541
10 0.449 4+ 0.010 | 4.266 £+ 0.159
11 0.485 +0.022 | 4.711 £ 0.441
13 0.429 + 0.012 | 3.687 £ 0.065
14 0.451 £ 0.015 | 5.572 +£0.514
23 0.382 £ 0.011 | 5.786 £ 0.242
49 0.411 +£0.021 | 4.974 £ 0.274
52 0.344 +0.022 | 4.407 £+ 0.459
68 0.468 +0.023 | 5.726 £ 0.479
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Finally, the ratios for the infrared sources are presented in Table 4.4 and 4.5, computed over
the velocity range of the cluster and the Sagittarius Arm respectively. This allows a numerical
comparison of the ratios to aid the discussion regarding the association of some of the infrared
features. The ratios for the infrared sources over the whole spectral window can also be found
in Table A.4 in Appendix A.5. The most notable difference between the two velocity windows
presented here is the R(3_s)/(1-0) values for PACS-A and PACS-B, which are considerably higher
at the Sagittarius Arm velocity than the cluster velocity. IRAS 18369-0557 and TRAS 18367-0556
also show high error uncertainties for Ryg/13.

Table 4.5: Line intensity ratios for the
IRAS and PACS sources over the Sagittar-
ius Arm velocity range (23 — 35 km/s)

Table 4.4: Line intensity ratios for the
TRAS and PACS sources over the cluster
velocity range (90 — 115 km/s)

Sources R(372)/(1—0) R12/13 Sources R<3,2)/(1,0) R12/13

IRAS 18369-0557 | 0.581 + 0.005 | 3.272 £ 0.054 TRAS 18369-0557 | 0.320 +0.026 | 7.184 4 1.534
IRAS 18367-0556 | 0.423 +0.007 | 4.169 & 0.157 TRAS 18367-0556 | 0.432 £0.031 | 5.858 4 1.335
IRAS 18364-0605 | 0.479 £ 0.004 | 4.778 4 0.065 IRAS 18364-0605 | 0.643 £ 0.012 | 6.059 & 0.274
PACS-A 0.459 £ 0.008 | 5.083 £0.138 PACS-A 1.086 = 0.028 | 4.884 & 0.265
PACS-B 0.343 £ 0.009 | 4.609 £ 0.129 PACS-B 1.024 £0.031 | 4.596 £0.218
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Discussion

This chapter presents a detailed discussion about the implications of the results presented in
Chapter 4. Section 5.1 provides a brief overview of the Galactic spiral arm structures identified
along the line of sight toward RSGC2. Section 5.2 examines the infrared sources identified in the
RSGC2 region including IRAS 18369-0557, IRAS 18367-0556, IRAS 18364-0605, and the four
unidentified cold molecular structures, PACS-A, PACS-B, PACS-C and PACS-D. Section 5.3
discusses the evidence for the SW region as a separate cluster alongside the physical nature and
implications of the molecular gas barrier. Section 5.4 interprets the molecular line ratio values
in the context of the cluster environment. Lastly, Section 5.5 outlines directions for future work.

5.1 The Spiral Arms

The spectral profiles toward the RSGs in RSGC2 over the spectral velocity window of -35 — 125
km/s are displayed in Fig. 4.1. Overall, the profiles show enhanced emission at the expected
spiral arm velocities, confirming that they are in the line of sight of RSGC2. A notable exception
is the Outer Arm, where emission is mostly detected in the ALMA 12CO(2-1) survey. Given that
the Outer Arm is the most distant structure along this line of sight, its emission is intrinsically
weak and challenging to detect across all surveys. The detection in ALMA 2CO(2-1) likely
reflects a combination of the specific sensitivity and spatial frequency coverage of these observa-
tions, though the low brightness temperatures make the detection subtle in the spectra with all
surveys. Another observation is the second peak that starts appearing at ~ 112 km/s for most
of the sources that are not part of the SW region (DFK 3, 52, 8, 14, 10, 2, 6 and 23). Looking
only at the spectral profile, this could indicate a separate molecular structure that is situated
behind our sources and molecular barrier. However, inspecting the channel maps around this
velocity does not show any significant structures. This peak could instead be an effect from the
dynamics of the cluster and how it moves dynamically, with respect to the galactic rotation.

Another way of highlighting the spiral arms is through the moment 0 maps shown in Fig.
4.2 through 4.5. These four figures clearly demonstrate that discrete Galactic spiral arms can
be mapped and isolated along the line of sight towards RSGC2. All surveys show consistent
molecular features within each velocity window. The largest molecular gas structure appears
in the Aquila Rift velocity window (3 — 17 km/s), which also corresponds to the overall high
emission peaks detected in the spectral profiles for this velocity range. The brightest structures
are however seen in the Sagittarius Arm window (23 — 35 km/s), where the integrated intensities
indicated in the colorbar are generally the highest for this spiral arm across all surveys. Notably,
the molecular structures detected in the moment 0 maps for this arm spatially coincide with the
infrared sources, IRAS 18364-0605, PACS-A, and PACS-B, suggesting these sources might be
associated with the Sagittarius Arm. This will be further discussed in the following sections.
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From this, it is possible to confirm that the different foreground spiral arms can be isolated and
detected in the line of sight towards RSGC2, with the Outer Arm being slightly more difficult to
detect. While these large-scale spiral arm structures provide important context for interpreting
the line of sight environments, the most relevant question concerns the association of specific
infrared sources with the galactic spiral arms or the cluster itself.

5.2 The Infrared Sources

There are several infrared sources identified within and around the RSGC2 cluster region. Es-
tablishing whether these sources are physically associated with the cluster or if they correspond
to unrelated foreground structures along the line of sight is critical for correctly interpreting the
molecular gas and dust environment of RSGC2.

5.2.1 IRAS 18369-0557

The supernova remnant candidate IRAS 18369-0557 is identified across several figures. Figure
5.1 displays three of the results already presented in Chapter 4 but centered on IRAS 18369-0557
and IRAS 18367-0556, which are also indicated in the Figure.
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Fig. 5.1: Three plots showing TRAS 18369-0557 and IRAS 18367-0556 with data from COHRS
12C0(3-2) as contours. The first plot displays the moment 0 map over the cluster velocity (90-
115 km/s) as contours with the levels 10 (cyan), 20 (white), and 30 (purple) K km/s overlaid
on the PACS160 dust emission image. The other two plots show the channel maps as contours
overlaid on the RGB image at v = 99.5 and v = 100.7 km/s, with the levels at 5 K (blue), 6.5
K (purple) and 8 K (magenta).

In the comparative analysis between the RGB image and the Herschel/PACS 160 pm dust
continuum map shown in Fig. 1.2 and Fig. 5.1, the source is clearly recovered in both images.
The characteristic crescent shaped is traced out, albeit appearing as a more diffuse emission
feature in the PACS160 image. The fact that this structure appears in the far-infrared regime
suggests a presence of cold dust grains. In addition to this crescent geometry, the PACS160
with the moment 0 map overlaid as contours, does also reveal arc-like structures extending from
the two tips of the crescent. This is visible in Fig 4.9 (best seen in the COHRS '2CO(3-2) and
FUGIN 3CO(1-0) panels) and the left plot of Fig. 5.1, where regions of substantial gas emission
is localized around the perimeter of IRAS 18369-0557. This gas emission appears to trace the
crescent shape of the source before extending outward toward the regions of highest intensities.
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The crescent-like shape is also clearly resolved in the channel maps over the cluster velocity
window (Fig. 4.10 to 4.13), where IRAS 18369-0557 is unambiguously detected in the v = 99.5
and v = 100.7 km /s channels, more clearly shown in Fig. 5.1. The gas contours accurately follow
the shape of the source, and the same outward extending structure discussed above is clearly
traced in the same channel maps. This is observed in all surveys, but is somewhat less defined
in the FUGIN '2CO(1-0) maps which is consistent with the high optical depth of the 12CO line,
causing it to only trace the outer surface of the shell. The optically thinner '*CO lines, however,
cleanly trace the shell structure, specifically the eastern side, and its internal boundaries. These
kinematic results are further supported by Table 4.4 where IRAS 18369-0557 yields the highest
R(3_9)/(1-0) ratio among the infrared targets, indicating warmer and denser gas, consistent with
shock-heated material in an expanding shell. Together, these results support the hypothesis
that TRAS 18369-0557 is a supernova remnant, characterized by a dense expanding shell with
no active central heating engine. Its unambiguous detection at the cluster velocity strongly
suggests that the progenitor star was physically associated with RSGC2 prior to the supernova
explosion.

5.2.2 TRAS 18367-0556

TRAS 18367-0556 is clearly identified in the RGB image while it is largely absent in the PACS160
image (See Fig 1.2), implying that its emission profile is dominated by warm dust rather than cold
dust reservoir. A faint outline may be distinguishable in the PACS160 image, but its extremely
weak appearance is consistent with the source being predominantly warm. This feature is also
not observed to be specifically traced by any channel map over either the cluster velocity or the
Sagittarius Arm velocity windows. However, it is arguable that the emission is instead avoiding
this region. Looking at the source in left panel of Fig. 5.1, the integrated intensity seems to bend
around it. This lack of molecular gas is also seen in the two channel maps shown in Fig. 5.1,
suggesting that the central source may have cleared a cavity in the surrounding cold molecular
gas through stellar winds. This, combined with a warm dust dominated profile, supports the
earlier interpretation of IRAS 18367-0556 as a highly reddened evolved massive star that shines
through a warm envelope.

5.2.3 PACS-A and PACS-B

PACS-A and PACS-B are two far-infrared sources first identified in the RGB image of the
RSGC2 region. Figure 5.2 displays two of the central results for these sources already presented
in Chapter 4 but now centered on PACS-A, PACS-B and IRAS 18364-0605 which are also
indicated in the Figure.

A comparison between the RGB image and the PACS160 dust continuum map reveals distinct
dust properties for each of the two sources (See Fig 1.2). PACS-B is clearly recovered across
both images, appearing as a slightly extended emission feature in the PACS160 image, indicating
a concentration of cold dust surrounding a warmer inner core. PACS-A, on the other hand, is
not recovered as a distinct feature in the PACS160 image, with its compact internal structures
becoming indistinguishable within the extended cold dust emission. Both features are therefore
embedded within a broader molecular cloud environment (even broader for PACS-A) dominated
by reservoirs of cold gas and dust.

The kinematic association of both sources is investigated through the channel maps of the
Sagittarius Arm velocity window (Fig. 4.6 and 4.7). The molecular gas contours in both FUGIN
12C0O(1-0) and COHRS 2CO(3-2) surveys align well with the shape of PACS-A and PACS-B,
demonstrating that both sources are associated with a multiphase gas environment containing
diffuse cold gas as well as warmer denser material. For PACS-B, the gas contours reveal a more
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spatially extended and elongated structure than the compact source visible in the RGB image
(v =24.5 to 27.1 km/s). This is however consistent with the more diffuse geometry of PACS-B
in the PACS160 image. For PACS-A, the gas contours trace the “lightning bolt” shape seen in
the RGB map. This is particularly seen for the COHRS 12CO(3-2) survey (v = 27.1 to v = 30.9
km/s) or better shown in the left panel of Fig. 5.2, indicating a strong spatial correspondence
between the molecular gas and the thermal dust emission of this source.

In contrast, the channel maps across the cluster velocity window can be argued to trace a
similar structure of PACS-A. This is best seen in the v = 102 km/s channel map where the
gas contours follows the shape of PACS-A quite well (right panel in Fig. 5.2). However, the
emission manifests as fragmented contour lines that trace only the broad curvature of the feature
rather than its distinctive shape. Unlike the cohesive “lightning bolt” geometry that is clearly
recovered at the Sagittarius Arm velocity. This argues against a physical association with the
cluster environment. Despite this lack of structural tracing, PACS-A still exhibits high average
temperatures in the cluster velocity, as seen in Table 4.2 where it generally show high values when
tracing 2CO transitions. This is however most likely attributed to the emission of the molecular
barrier that dominates this velocity range rather than emission from the sources themselves.
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Fig. 5.2: Two channel maps showcasing the three infrared sources, PACS-A, PACS-B and IRAS
18364-0605. The left plot displays the channel map of COHRS '2CO(3-2) as contours at the
levels of 4.5 K (yellow), 6.5 K (magenta) and 8.5 K (white) for v = 28.3 km/s which is associated
with the Sagittarius Arm. The right panel shows the channel map of FUGIN 2CO(1-0) at the
levels of 9 K (blue), 11 K (purple) and 13 K (magenta) for v = 102 km/s, associated with the
cluster velocity.

This interpretation is further supported by the molecular line ratios presented in Table 4.4
and Table 4.5. For both sources, the R3_s)/(1_g) is significantly higher at the Sagittarius Arm
velocity (R(3,2)/(1,0) = 1.086+0.028 and R(3_9)/(1—0) = 1.024+0.031 respectively) compared to
the cluster velocity (R3_2)/1—0) = 0.459 4 0.008 and R3_s)/1—0) = 0.343 £ 0.009 respectively).
As R(3_9)/(1—0) is sensitive to gas temperature and density, higher values indicates warmer and
denser excitation conditions. This elevated ratio at the Sagittarius Arm confirms that the gas
associated with these sources is more energetically excited which is consistent with the sources
being physically embedded in the Sagittarius Arm environment. The R;y/3 ratio shows no
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significant difference between the two velocity ranges. This is expected as this ratio primarily
traces optical depth rather than thermal conditions. With these results, PACS-A and PACS-B
are most likely physically associated with the Sagittarius Arm rather than the RSGC2 cluster.

5.2.4 IRAS 18364-0605

IRAS 18364-0605, previously identified as a bow shock candidate by Davies et al. [7], resides
toward the center of RSGC2, where multiple molecular and dust structures converge along the
line of sight (see Fig. 5.2). In the PACS160 dust continuum image, a large extended structure
covers the region over both IRAS 18364-0605 and PACS-A, which makes the compact individual
components become indistinguishable. As with PACS-A, this behavior indicates that the internal
structures are associated with a much warmer dust phase, while the surrounding molecular cloud
environment remains dominated by reservoirs of cold gas and dust.

The kinematic profile of this source is more complex than that of PACS-A and PACS-B. There
are mainly two velocity ranges in which this infrared source is seen, the Sagittarius Arm and the
cluster velocity, both of which are displayed in Fig. 5.2 as channel maps of v = 28.3 km/s and
v = 102 km/s. Fig. 4.6 and Fig. 4.7 display the channel maps over the velocity range for the
Sagittarius Arm, where the gas contours trace the infrared boundaries of the source, suggesting
a possible physical association. However, this correlation is only clearly seen across a narrow
velocity window (28.3 and 29.6 km/s) while for PACS-A and PACS-B, the correlation is seen in
several consecutive channel maps. Furthermore, the gas contours at these channel maps trace
a more diffuse and extended molecular emission around the structure rather than its compact
internal structure. This does not necessarily rule out a physical association to the feature, but it
suggests that the correspondence is less robust than that seen for the PACS sources. However, if
this source is associated with the Sagittarius Arm, it then challenges the interpretation of Davies
et al. [7], who identify this feature as a bow shock, driven by DFK 49. A bow shock associated
with a cluster member would be expected to reside at the cluster velocity, inconsistent with the
partial Sagittarius Arm association found here.

The channel maps for the cluster velocity (Fig. 4.10 to 4.13) show gas emission in the region
of IRAS 18364-0605 but without a clear spatial alignment. At v = 102 km/s, the gas contours
broadly follow the shape of the source across all surveys, but manifest as fragmented emission
rather than a coherent continuous envelope (right plot of Figure 5.2). This is therefore assumed
to be emission that is more consistent with the source lying along the molecular barrier, rather
than being physically embedded within a distinct molecular structure associated with the source
itself. Furthermore, the fragmented rather than coherent emission at the cluster velocity is in-
consistent with the continuous arc morphology expected from a bow shock structure. Despite
weak evidence for association with the cluster, Table 4.2 reports high mean brightness tempera-
tures over the velocity range, especially for the 2CO transitions. This is presumably attributed
to the contribution of the molecular barrier emission rather than the intrinsic emission from
TRAS 18364-0605, which is also consistent with the interpretation established for PACS-A.

The molecular line ratios provide a final diagnostic, though the evidence here is less conclusive
compared to PACS-A and PACS-B. At cluster velocity, R3_g)/(1—0) = 0.47940.004 and Ry5/13 =
4.778 £ 0.065, while for the Sagittarius Arm it is, R(3_2)/1—0) = 0.643 £ 0.012 and R;y/13 =
6.059 &+ 0.274. Although the R(3_)/(1_¢) ratio is higher at the Sagittarius arm velocity range,
the difference is more modest than the difference found for PACS-A and PACS-B. This suggests
that the excitation conditions at both velocities are more comparable for this source. The Ryy/13
ratio is also marginally higher at the Sagittarius Arm velocity window, however, given the small
differences in both ratios, the line ratio evidence alone is insufficient to conclusively assign IRAS
18364-0605 to either velocity component.
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These results therefore suggest that the bow shock interpretation is unlikely, but because of the
line of sight complexity towards this source, a definitive classification remains inconclusive. The
elevated emission at the cluster velocity is most plausibly explained by the molecular barrier,
although a physical association with the cluster environment is not fully excluded.

5.2.5 PACS-C and PACS-D

PACS-C and PACS-D are two unmapped far-infrared structures identified in the PACS160 image
that are not clearly recovered in the RGB image. The fact these features appear only in the far-
infrared regime that traces the coldest dust and not in the RGB, which traces warmer dust (in
comparison to the cold dust), appears contradictory. However, the outlines of both structures
are faintly discernible in the RGB image upon close inspection, suggesting that they are not
entirely absent at shorter wavelength but rather too faint to be prominently recovered.

In Fig. 4.9, the highest integrated gas emission does not coincide with the molecular barrier,
but rather with PACS-C. In the COHRS 2CO(3-2) panel in particular, the blue contour lines
cleanly trace the boundary of this structure (see left panel in Fig 5.3). This feature is, in fact,
also detected in the integrated velocity maps in Fig. 4.8, where strong emission is seen in the
upper right corner. Given its strong detection in both the PACS160 image and the CO emission
maps, PACS-C most likely represents a deeply embedded cold molecular cloud. The emission
from PACS-D is weaker than that of PACS-C, but is still detected. In Fig. 4.9, the COHRS
12C0O(3-2) panel shows a small compact contour at the center of the structure which is also
displayed in the first plot of Fig. 5.3.
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Fig. 5.3: Three plots centered on PACS-C and PACS-D with data from COHRS 2CO(3-2) as
contours. The first plot displays the moment 0 map over the cluster velocity (90 — 115 km/s) as
contours with the levels, 10 (cyan), 20 (white), and 30 (blue) K km/s overlaid on the PACS160
dust emission image. The other two plots show the channel maps as contours overlaid on the
RGB image at v = 104.5 and v = 105.8 km/s, with the levels at, 5 K (blue), 6.5 K (purple) and
8 K (magenta).
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The channel maps further reveal the kinematic structure of PACS-C, which is clearly resolved
across the velocity ranges from 103.3 to 107.1 km/s, with trailing emission persisting into the
final channels in some surveys. This sequence reveals how this cold structure physically branches
away from the primary molecular barrier. As the main barrier begins to dissipate and fade with
increasing velocity, PACS-C systematically brightens and reaches its maximum intensity. PACS-
D follows a similar but somewhat different pattern, first appearing at v = 102 km/s alongside the
molecular barrier, although it appears to persist slightly beyond the barrier’s dissipation. This
is most clearly seen in the 2CO surveys, where the central region of PACS-D shows emission
between 104.5 to 107 km/s. The 3CO surveys do not detect significant emission in the PACS-D
region beyond v = 105.8 km/s, suggesting that PACS-D might be a less dense structure than
PACS-C. The two channel maps in Fig. 5.3 show two velocity slices where both PACS-C and
PACS-D can be distinguished.

5.3 The Molecular Gas Barrier and The South-West Region

The southwest region was first proposed as a distinct cluster by Deguchi et al. (2010) who
suggested that a group of sources located too far away from the cluster core must belong to a
separate cluster [8]. While their data were insufficient to conclusively support this claim, the
results presented here provide new evidence that may strengthen this hypothesis.

Already in the PACS160 image, cold dust emission is clearly detected around the SW region,
tracing a barrier that separates it from the cluster core. This is further strengthened by the
molecular gas barrier identified in Fig. 4.8 which is consistently reproduced across both the
optically thick 2CO line and '*CO line that traces the dense gas. The detection in both
tracers implies a substantial molecular column density. In addition to its high column density,
the barrier also acts as a physical boundary separating the cluster core and the SW region,
further supporting the hypothesis that the SW is a separate cluster within the broader RSGC2
environment. The barrier is also seen to form a diagonal lane that extends along the direction
of the galactic plane. The low intensity emission holes surrounding both regions additionally
suggests that the RSGs or their progenitors have actively cleared molecular gas from their
immediate environments, providing potential evidence of localized stellar feedback.

The wide-field moment 0 maps in Fig. 4.9 extended beyond the cluster core to reveal a broader
geometry of the molecular gas surrounding RSGC2. Comparing these wide-field contours with
the core cluster maps (Fig. 4.8) shows that the molecular barrier does not merely form a diagonal
lane with a curl around the base of the SW region. Rather, it actively arcs around and encircles
the SW stellar population. The spatial correspondence between the 2CO and ¥CO gas contours
traces the 160 pm far infrared dust emission around the SW region, providing strong evidence
that this is a dense structure.

The three-dimensional structure of this molecular barrier is further revealed by the velocity
segmented channel maps (Fig. 4.10 through 4.13). They refine the structural geometry initially
inferred from the two-dimensional moment 0 projections. At v = 102 km/s, the channel map
resolves the apparent encirclement of the SW region seen in the integrated maps as a projection
effect caused by integrating across a wide velocity range. Across the initial ~four velocity
channels, an independent molecular structure extends from the eastern edge of the SW region
up toward the northern cluster boundary. When integrated into a singular moment 0 map,
these velocity dependent components blend together, mimicking a unified, encircling loop. The
channel maps successfully resolve this ambiguity and the spatial distribution of molecular gas
around the SW region becomes clear.
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The spectral profiles provide additional and independent evidence that the sources in the SW
behave slightly different from the core sources. In Fig. 4.1, the SW sources show both a broader
peak and a higher line intensity for the cluster velocity window, which may indicate that the two
regions represent two distinct clusters. At the very least, the SW could be a physical sub-cluster
within the broader RSGC2 environment. A notable outlier in this picture is DFK 23, which
exhibits broad spectral profiles and high line intensities characteristics of the SW, despite not
being located in SW region. No alternative sub-cluster membership has been proposed to DFK
23 and its behavior may instead reflect that it is embedded within some local dense gas cloud.
This interpretation is however not directly supported by the moment 0 maps nor the channel
maps, which do not reveal any distinct structure associated with DFK 23.

Other than observing the spectral profile, the mean brightness temperatures in Table 4.1 provide
further quantitative support for this interpretation. From the table, the sources with generally
higher values are DFK 5, 10, 13, 23 and 68, all of which are located in close proximity to the
barrier (see their positions in Fig. 1.2). On the other hand, the sources with the lowest mean
temperatures are DFK 3, 52 and 14, all of which are located toward the center of the cluster
core, away from the barrier.

5.4 CO line Ratios

The mean ratio for R3_s)/(1—0), computed over the cluster velocity window (90 — 115 km/s)
is consistent with the values reported for Galactic massive clusters [33]. This agreement sug-
gests that the molecular gas conditions in the RSGC2 environment are broadly typical of mas-
sive stellar clusters, which is expected. The value that is reported over the whole spectral
range (—35 — 125 km/s) decreases to R(3_9)/(1—0) = 0.389 + 0.004, which is close to the value
(R(3—2)/(1—0) = 0.35) found by Park et al. [25]. The slightly elevated ratio toward RSGC2 com-
pared to the broader Galactic average is consistent with the presence of a massive stellar cluster
driving additional heating and excitation of the surrounding molecular gas.

Furthermore, the fact that the ratio calculated here is higher than the recorded value found by
found by Park et al. [25] is also expected. The ratio reported by Park et al. [25] is averaged over
a large area of the Galactic plane, which includes the diffuse gas in between the sources. This
diffuse gas is cooler and less excited, and would lower the average ratio across the region. In
contrast, the ratio computed here is averaged over only the sources, which excludes the cooler
diffuse gas in between, making it reasonable for the ratio value to be slightly higher.

5.5 Future Work

Several important concepts have been discussed in this thesis and many more remain to be ex-
plored. One aspect is to continue investigating the spatial correspondence between the molecular
gas and dust emission using the AstroHog [34] tool. By applying Histogram of oriented gradients
(Hog) method, the degree of spatial alignment between the tracers can be measured, providing
a more rigorous and quantitative evidence for or against the physical associations discovered
here.

One of the central results in this thesis is the molecular gas barrier. The current analysis focuses
on the structural and kinematic properties in the molecular gas. Future work should therefore
aim to derive the physical properties of these structures, including gas temperature, molecular
gas masses and dust masses. These measurements would place quantitative constraints on the
nature of the barrier and its role in the evolution of the RSGC2. Similarly, the evidence for
the SW region being a separate cluster is based on kinematic and structural analyses. This
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hypothesis could be further tested by studying the individual stellar members of each region.
By comparing radial velocities (similar to what Davies et al. [7] did) and their stellar ages
between the sources in the SW to the core, could reveal differences which would be consistent
with separate formation events.

Another research area is the infrared sources that are identified in this study. Several of them
need further investigation, such as PACS-C and PACS-D. High resolution observations with
ALMA or James Webb Space Telescope (JWST) would help determine the nature of these two
structures. It would also be interesting to continue the analysis of IRAS 18364-0605 and resolve
the ambiguity between the Sagittarius Arm and the cluster velocity associations.

Finally, the ALMA data cubes available for this study offer significant potential for further
analysis beyond what was presented here. While a lot of data analysis was done on the ALMA
cubes (See GitHub), not many of their results were included in this thesis. A more detailed
analysis of these cubes could reveal important information about the physical conditions of the
molecular gas immediately surrounding individual cluster members. However, it is important
to note that due to spatial filtering, the ALMA observations are insensitive to large-scale ISM
emission, meaning that such analysis would primarily probe the compact gas structures in the
immediate vicinity of each source rather than the broader cluster environment. Additionally,
mapping higher CO rotational transitions would better constrain the temperature and density
of the molecular gas in the RSGC2 environments, continuing on the line ratio presented here.
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Conclusion

This thesis has presented a multi-wavelength analysis of molecular gas and dust environments
surrounding the Red Supergiant cluster RSGC2, combining large-scale public surveys (GRS,
FUGIN, COHRS, GLIMPSE and Herschel/PACS) with high resolution ALMA observations.
The large-scale spectral and spatial analysis successfully isolates distinct Galactic spiral arm
crossings along the line of sight across a velocity window of -35-115 km/s. The molecular
gas structures detected at the Sagittarius Arm velocity show strong spatial and kinematic corre-
spondence with PACS-A and PACS-B, supporting their physical association with the Sagittarius
Arm. The interpretation of IRAS 18364-0605 as a bow shock driven by DFK 49 is challenged
by its partial Sagittarius Arm association, combined with the fragmented molecular emission at
the cluster velocity, although a definitive classification remains inconclusive due to line-of-sight
complexity. The supernova remnant candidate IRAS 18369-0557 is unambiguously detected at
the cluster velocity, suggesting its progenitor star was physically associated with RSGC2. IRAS
18367-0556 shows a warm dust dominated emission profile and a lack of associated molecular gas
emission, consistent with the interpretation of a highly reddened evolved massive star embedded
within a warm circumstellar envelope. Two cold far-infrared structures, PACS-C and PACS-D,
are identified with no clear RGB counterparts, suggesting they represent deeply embedded cold
molecular structures that warrant further investigation.

At the cluster velocity, a dense molecular gas barrier is identified at v = 102 km/s which physi-
cally separates the primary cluster core from the SW region. The SW region shows distinct spec-
tral and kinematic properties compared to the cluster core, including broader spectral profiles at
the cluster velocities, higher line intensities, and a physical molecular gas boundary. Combined
with the original suggestion of Deguchi et al. (2010), these results support the hypothesis that
the SW might be a separate sub-cluster. Additionally, low-intensity emission holes surrounding
individual cluster members provide clear evidence of localized stellar feedback, consistent with
RSGs actively clearing molecular gas from their immediate environments in a manner expected
for a young massive cluster in the gas expulsion phase of its evolution.

Finally, the mean R(3_2)/(1-0) value over the cluster velocity window is consistent with values
reported for Galactic massive clusters, confirming that the molecular gas conditions in RSGC2
are broadly typical of such environments. While the low value of Ry5/13 suggests that the 12co
emission towards the DFK sources are highly optically thick.

Together, these results provide new insights into the multi-phase ISM environment of RSGC2,
revealing a complex interplay between stellar feedback, molecular gas dynamics, and large-scale
Galactic structures. The identification of a molecular barrier separating a possible SW sub-
cluster, combined with evidence of active gas clearing by RSGs, places RSGC2 in the context
of an actively evolving young massive cluster in the gas expulsion phase of its evolution.
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ALMA spectral profile

Appendix

ALMA spectral profile
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Fig. A.1: The spectral profile of the ALMA 2CO(2-1) survey.



A. Appendix

A.2 Average Brightness Temperature Over the Spectral Range

Table A.1: Average brightness temperatures over the velocity range of -35 km/s to 125 km/s
for each survey with top 5 DFK sources highlighted. Note that the unit for all averages are in

Kelvin.
DFK EUGIN COHRS GRS FUGIN ALMA
CO(1-0) 12C0(3-2) 13C0O(1-0) 13C0O(1-0) 1200(2-1)

1 1.790 £ 0.044 0.600 4+ 0.016 0.330 £ 0.010 0.370 £ 0.018 0.040+9-107%
2 1.260 4+ 0.022 0.410 £0.017 0.260 £ 0.009 0.260 £+ 0.019 0.020+5-1074
3 1.040 £ 0.029 0.390 £ 0.010 0.220 £0.010 0.240 £ 0.021 0.040+1-1074
5 1.720 + 0.026 0.750 +0.016 0.420 4+ 0.008 0.340 £ 0.013 0.040 +4-1074
6 1.270 + 0.039 0.440 4+ 0.009 0.280 4 0.005 0.260 £+ 0.014 0.050 £2-1074
8 1.070 £ 0.033 0.460 4 0.009 0.250 £ 0.015 0.280 £ 0.022 0.050+2-107*
10 1.600 + 0.041 0.670 = 0.007 0.340 £+ 0.008 0.390 £ 0.014 0.070+£1-1074
11 1.230 4+ 0.049 0.480 £ 0.020 0.310 4+ 0.009 0.320 £+ 0.026 0.040+1-107%
13 1.430 £ 0.013 0.580 +0.019 0.400 £ 0.009 0.370 £ 0.007 0.070+1-1074
14 1.040 4+ 0.026 0.450 +£0.014 0.250 £0.015 0.260 £ 0.020 0.060 £ 1-1074
23 1.700 £ 0.034 0.580 + 0.021 0.410 £ 0.011 0.370 £ 0.016 0.080 +£1-1074
49 1.700 £ 0.044 0.610 4+ 0.026 0.360 4+ 0.010 0.300 £ 0.014 0.040 +£6-1074
52 1.040 + 0.057 0.390 + 0.016 0.240 +0.011 0.310 £ 0.025 0.060+1-1074
68 1.810 £+ 0.079 0.860 4+ 0.016 0.360 £+ 0.012 0.390 £ 0.022 0.090+1-1074

Table A.2: Average brightness temperatures over the velocity range of -35 km/s to 125 km/s
for each survey. Note that the unit for all intensity averages are in Kelvin.

Source IF;U GIN COHRS GRS FUGIN
CO(1-0) 12C0(3-2) 13C0(1-0) 13C0(1-0)
IRAS 18369-0557 | 1.123+0.011 | 0.566 & 0.007 | 0.320 £ 0.005 | 0.304 £ 0.009
IRAS 18367-0556 | 1.213 +0.019 0.464 £+ 0.010 0.348 £ 0.007 0.290 £ 0.016
IRAS 18364-0605 | 1.709 +0.010 | 0.7214+0.006 | 0.366 + 0.006 | 0.318 & 0.005
PACS-A 1.740 £ 0.023 | 0.848 £0.010 | 0.397 +0.005 | 0.344 + 0.010
PACS-B 1.225+0.020 | 0.585+£0.009 | 0.282 4+ 0.007 | 0.265 + 0.006

II
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A.3 Moment 0 map of the Outer Arm

Moment 0 map at velocities -25 - -15 km/s
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Fig. A.2: FUGIN 2C0O(1-0) and COHRS *2CO(3-2) Moment 0 maps integrated over the Outer
Arm velocity range. White and red stellar symbols mark the cluster core and the SW members,
respectively.

A.4 More Channel maps over the Sagittarius Arm

FGN 13CO (/ = 1 - 0) contour over RGB image
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Fig. A.3: FUGIN 3CO(1-0) velocity channel maps across the Sagittarius Arm, overlaid on an
RGB image. The emission is represented by contours at temperature levels of 2.5 K (yellow),
3.5 K (magenta) and 4.5 K (white).
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GRS 13CO (/ = 1 - 0) contour over RGB image
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Fig. A.4: GRS !3CO(1-0 )velocity channel maps across the Sagittarius Arm, overlaid on an
RGB image. The emission is represented by contours at temperature levels of 1 K (yellow), 1.5
K (magenta), 2 K (white).

A.5 Ratio for all sources

Table A.3: Line intensity ratios for the observed DFK sources over the velocity range of -35
km/s to 125 km/s. The overall sample average for R(3_s)/1—g) = 0.389 & 0.004, and for the
isotopic ratio Ry9/13 = 4.383 £0.078.

v

Source R(3_2)/(1-0) Ry/13

1 0.338 £0.012 | 4.833 £ 0.266
2 0.325 £ 0.015 | 4.757 £ 0.358
3 0.371 £ 0.014 | 4.281 4+ 0.387
) 0.434 £ 0.011 | 5.031 £0.202
6 0.344 +0.013 | 4.846 £+ 0.302
8 0.432 +0.016 | 3.745 £ 0.309
10 0.421 £ 0.012 | 4.099 £0.181
11 0.393 £ 0.023 | 3.813 £ 0.349
13 0.406 + 0.014 | 3.889 £ 0.086
14 0.430 £ 0.017 | 3.937 £ 0.307
23 0.344 £ 0.014 | 4.607 = 0.215
49 0.358 £ 0.018 | 5.581 £ 0.302
52 0.371 £ 0.025 | 3.341 £ 0.319
68 0.474 +0.022 | 4.597 £+ 0.327
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Table A.4: Line intensity ratios for the IRAS and PACS sources over the spectral range (-35
to 125 km/s).

Sources R(3_9)/(1-0) Ri9/13

TRAS 18369-0557 | 0.504 4+ 0.008 | 3.695 +0.111
TRAS 18367-0556 | 0.382 +0.010 | 4.176 4 0.242
TRAS 18364-0605 | 0.422 4+ 0.004 | 5.367 4+ 0.095
PACS-A 0.487 +0.009 | 5.057 £ 0.155
PACS-B 0.477 £0.011 | 4.620 £0.133

A.6 ALMA survey

Moment O Postit Plot for 90-115 km/s
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Fig. A.5: Moment 0 maps on the SW sources, using ALMA data. Overlaid is the Moment 0
contours from FUGIN 12CO(1-0) and COHRS 2CO(3-2).



DEPARTMENT OF PHYSICS AND ASTRONOMY

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden
www.chalmers.se

CHALMERS

UNIVERSITY OF TECHNOLOGY


www.chalmers.se

	List of Acronyms
	Introduction
	Stellar Evolution
	Red Supergiants
	Young Massive Star Clusters
	The Stephenson 2 Cluster
	Aim and Outline

	Theory
	Coordinates of our galaxy
	The Milky Way and Its Spiral Arms
	Interstellar Medium
	CO as a tracer
	Interstellar Dust

	Radio Astronomy: Radio Telescope and Interferometers
	Radio Observable Quantities
	Flux Density and the Jansky
	Brightness Temperature
	Antenna temperature
	Main beam brightness temperature


	Observational Data and Methods
	Surveys
	ALMA
	Galactic Ring Survey
	FUGIN
	COHRS
	GLIMPSE
	Herschel/PACS

	Velocity Ranges
	Spectral Plot
	Line intensities and ratios
	Propagation of Uncertainties

	Channel Maps
	Moment Maps
	Dust emission images

	Results
	Spectral Analysis
	The Galactic Spiral Arms
	The Sagittarius Arm, IRAS 18364-0605, PACS-A and PACS-B.

	At Cluster Velocities
	The SW barrier and the infrared sources

	CO Line Ratios

	Discussion
	The Spiral Arms
	The Infrared Sources
	IRAS 18369-0557
	IRAS 18367-0556
	PACS-A and PACS-B
	IRAS 18364-0605
	PACS-C and PACS-D

	The Molecular Gas Barrier and The South-West Region
	CO line Ratios
	Future Work

	Conclusion
	Bibliography
	References


	Appendix
	ALMA spectral profile
	Average Brightness Temperature Over the Spectral Range
	Moment 0 map of the Outer Arm 
	More Channel maps over the Sagittarius Arm
	Ratio for all sources
	ALMA survey


