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Abstract

by Ivalu Barlach Christensen
for the degree of
Doctor rerum naturalium

The physical state of the interstellar medium (ISM) is essential for understanding the intricate processes
involved in massive star formation within galaxies. The nearby (d ~ 1.5 kpc) molecular cloud,
Cygnus-X, harbors multiples sites of high-mass star-formation, allowing us to probe the various stages
as stars form and how the chemistry evolve. Within the Cygnus Allscale Survey of Chemistry and
Dynamical Environments (CASCADE), we aim to explore the large-scale distribution of deuterated
molecules in Cygnus-X. A plethora of star-forming clumps are observed with the CASCADE survey,
where clumps are believed to evolve from quiescent infrared-dark clouds to high-mass protostellar
objects to hot molecular cores to ultra-compact Hu regions. The most active and dense region within
Cygnus-X is the DR21 filament, harboring the prominent Hir region DR21 Main with the most intense
outflow of the Milky Way. The degree of deuteration, R, can significantly enhance over the elemental
D/H-ratio (107°) depending on physical parameters such as temperature, density, and ionization
fraction. Deuterated molecules and their molecular D/H-ratios are important diagnostic tools to study
the physical conditions of star-forming regions.

This thesis focuses on probing the deuterated fractions of Cygnus-X. Along the DR21 filament,
the deuterated fraction of DCO™, DNC, and DCN exhibit morphological variations, caused by the local
physical conditions. Active star-formation along the filamentary structure initiate shock chemistry in
these high density region, destroying DCO™, and consequently decreasing R(DCO"). Furthermore,
the lower density regions are exposed to FUV, in which the formation of HCO™ is halted, consequently
increasing the R(DCO").

Finally, to further understand how deuterated fractions behave as clumps evolve, we investigate
67 clumps. Utilizing CASCADE observation of the ubiquitous H,CO complemented with higher
J-transitions with the APEX telescope, we determine the physical conditions of 67 clumps in Cygnus-X.
The methodology of determining the H, volume density is efficient in probing the bulk of the gas within
0.2 pc of the clumps. With the physical conditions constrained, we model the chemical evolution of
these clumps utilizing the plethora of molecules covered with CASCADE, including the 6 deuterated
fractions: R(C,D), R(NH,D), R(N,D*), R(DCN), R(DNC), and R(DCO™). We find that the latter two
deuterated fractions decrease and increase, respectively, as the clumps evolve and become hotter.
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CHAPTER 1

Introduction

Our universe was brought to life
That we may fall in love
Every time we open up our eyes

Sleeping at last - Sun

In Greenlandic mythology, stars are made up of the deaths of our ancestors, forever immortalized in
the night sky. The Cygnus constellation is known as Qamasut' in Greenlandic culture. Within this
celestial formation, seven stars are believed to represent seven hunters who met their fate in treacherous
waters (Christensen, 2020). In modern astronomy, stars are born in dense and cold regions of space.

William Herschel’s observation of dark patches in the night sky was a significant moment in
astronomical history. In 1785, while he was observing, Herschel told his sister Caroline, "Hier ist
wahrhaftig ein Loch im Himmel"?. This observation led the Herschel’s to speculate that these dark
areas might be caused by some medium obscuring the light of distant stars, which turned out to be a
pretty accurate guess (Steinicke, 2016). Later, telescopes that could pick up more than just visible
light changed everything we knew about space. In 1933, Karl G. Jansky, now recognized as the
father of radio astronomy, observed the first cosmic radio waves (Jansky, 1933). The 1950s saw
significant growth in radio astronomy; one of the most notable findings was the identification of large
molecular clouds, with the Cygnus-X region emerging as a prominent example. Molecular clouds
have a density and size that permit absorption nebula, the formation of molecules, and the formation
of Hir regions (detailed discussion in Sect. 1.3). In 1951, Piddington and Minnett (1952) observed a
diffuse, extended radio source in the Cygnus constellation, naming it Cygnus-X, recognizing it as the
first “radio nebula” (check out Fig. 1.1 for Cygnus-X North, referred to as Cygnus-X in this thesis).
With the advancement of telescopes, astronomers started to understand those “holes in the sky” that
intrigued William Herschel. These dark regions were revealed to be vast clouds of interstellar gas and
dust, now recognized as crucial sites of star formation.

The interstellar medium (ISM) undergoes a cycle of matter transformation, driven by the life cycles
of stars. Low-mass stars live for billions of years, while the high-mass stars, defined as > 8 M, have
lifespans of millions of years. These massive stars play a crucial role in cosmic evolution by enriching

! English: Those who lie in wait, seal hunting in a kayak
2 English: Here truly is a hole in the sky.
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the ISM with heavy elements. As they progress through the life cycles, and ultimately die, they
generate and disperse a plethora of elements through mechanisms such as stellar winds and supernova
explosions. This ongoing process of stellar birth and death progressively enhances the metallicity of
the ISM over time, contributing to the chemical evolution of galaxies, and the potential for complex
chemistry in future stellar and planetary systems.
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Figure 1.1: The image of Cygnus-X with different tracers of the same field-of-view. Top left image: The Spitzer
IRAC three-color composite image (Beerer et al., 2010). Red: 8.0 um; green: 4.5 um; blue: 3.6 um. Top right
image: 5.8 GHz GLOSTAR combination (Very Large Array D-configuration and Effelsberg; Brunthaler et al.,
2021) with the zero-level intensities restored using the Urumgqi 4.8 GHz continuum data (Dokara et al., 2023).
Bottom left: The H, column density (HOBYS program; Motte et al., 2010; Bonne et al., 2023). Bottom right:
mm-continuum image (IRAM 30-m telescope using MAMBO and MAMBO-2 cameras; Motte et al., 2007).

To understand the formation of massive stars, comprehensive studies of the mechanisms that
influence the process and the role of the molecular content where stars form are required. The initial
mass distribution of stars in the Milky Way follows a power-law relationship, described by S—AA,’[ =M



1.1 The interstellar medium

with @ = 2.35 (Salpeter, 1955). This distribution implies that for every 100 solar-mass of stars formed,
only one star with a mass of about 30 M, is formed. Furthermore, the lifespans of high-mass stars are
dramatically shorter than their low-mass counterparts; a 30 M, star lives only about 1/2000th the
lifetime of a solar-mass star. These factors contribute to the rarity and transient nature of high-mass
stars compared to low-mass stars, making them challenging to study. Despite these obstacles, recent
years have witnessed significant advancements in our understanding of massive star formation. The
initial mass function (IMF) shows little variation across the Milky Way, and most massive stars
preferentially form in specific physical environments rather than randomly within molecular clouds
(Kroupa et al., 2013).

1.1 The interstellar medium

The ISM, far from being empty, is a complex environment permeating the space between stars in
galaxies. Composed primarily of gas, dust, and cosmic rays (CRs), the ISM is dominated by molecular
hydrogen (H,; Herbst, 1995) and undergoes continuous cycles of matter transformation. As the
universe evolved and stars began to form, the ISM became progressively enriched with heavier
elements. This enrichment process facilitated the in situ formation of various molecules, including
complex organic molecules (COMs; molecules with > 6 atoms, with at least one atom being carbon),
significantly diversifying the chemical composition of the interstellar environment (Herbst and van
Dishoeck, 2009).

The baryonic matter in the ISM exhibits a wide range of physical conditions, characterized by
varying volume densities and temperatures. These diverse states are categorized into several distinct
phases, each with its own characteristic properties and observational techniques (see Table 1.1).
The coronal gas phase, resulting from supernova shocks, features extremely high temperatures
(2 3 x 10° K) and cools over approximately 20 million years through adiabatic expansion or X-ray
emission. Hir regions consist of photoionized hydrogen gas created by UV radiation from newly
formed massive stars. The warm neutral medium, with temperatures in the thousands of Kelvin,
comprises a significant portion of the ISM. In contrast, the cold neutral medium, at hundreds of
Kelvin, is less abundant but denser. Within the cold neutral medium, diffuse molecular gas regions
exist where H, densities allow for self-shielding, and even denser regions are classified as dense
molecular gas. These phases can have sharp boundaries or exhibit continuous, overlapping transitions.
Understanding these various components and their interactions is crucial for comprehending the
complex dynamics and evolution of the ISM in galaxies (Draine, 2011).

The dense molecular phase of the ISM is characterized by the predominance of H, and a rich chemical
inventory. This molecular diversity is important for astronomical observations, as each molecule
interacts uniquely with light, exhibiting specific emission or absorption spectra at characteristic
wavelengths. These spectral signatures serve as powerful diagnostic tools for studying the physical
and chemical conditions within molecular clouds (explained in detail in Sect. 3.1). Notably, most of
the total dust and gas content of the ISM is concentrated within molecular cloud structures (Heyer and
Dame, 2015). Dust grains efficiently cool by absorbing far-ultraviolet (FUV) radiation from stars and
re-emitting it in the infrared (IR), effectively cooling the environment (Draine and Lee, 1984; Li and
Draine, 2001; Tielens, 2005). Additionally, dust grains, although not acting as a catalyst for reaction,
are a great site for the condensed reservoir of atoms to react, enabling the formation of complex
molecules (Taquet et al., 2012; van Dishoeck, 2014). The role of gas and dust grain on astrochemistry
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Table 1.1: Physical properties of the ISM, adopted from Table 1.3 in Draine (2011).

Phase Volume density Temperature Primary observational techniques
[em™] K]
Coronal gas 4%107° >3x%x10° UV. and x-ray emlSSI.O n§
radio synchroton emission
cal li Lo
Hun gas 02— 10* 10* Optica me. emlss1.on,
thermal radio continuum
Warm neutral medium 0.6 ~5x%10° Hi 21-cm emlssmn,.abso.rptlon;
optical, UV absorption lines
Cold neutral medium 30 100 Hr 21-cm emission, absorption;

optical, UV absorption lines

Hi 21-cm emission, absorption;
Diffuse H, ~ 100 ~ 50 CO 2.6-mm emission;
optical, UV absorption lines
CO 2.6-mm emission;

3 6
Dense H, 10 - 10 10-50 dust FIR emission

Acronyms: UV: ultraviolet, FIR: far-IR.

is discussed further in Sect. 3.2.

1.2 Structure of molecular clouds

Molecular clouds, the densest component of the ISM, are predominantly located within the galactic
disk and along the spiral arms of galaxies like our Milky Way (e.g. Larson, 1981; Dobbs et al., 2006;
Rice et al., 2016). These vast structures (sizes ~ 10 parsecs (pc)) of cold gas and dust represent a
significant fraction of the Milky Way’s mass, despite occupying only a small percentage of its volume.
Molecular clouds play a crucial role in the life cycle of stars and are often referred to as stellar nurseries
due to their pivotal function in star formation processes (McKee and Ostriker, 2007).

It is widely believed that stars are formed in molecular cloud through fragmentation (e.g. Larson,
1978; Miyama et al., 1984; Li et al., 2017). Clouds and the formations of stars are intrinsically
hierarchical processes, characterized by the transport of gas across a vast range of spatial scales. This
journey begins at the large cloud scales, typically spanning tens to hundreds of pc, and culminates
in the remarkably compact inner accretion regions of forming stars, measured on sub-astronomical
unit (au) scales (Pokhrel et al., 2018). These clouds are by far dominated by H,, containing much
less abundant molecules, such as CO (four magnitudes less abundant than H,) and other complex
molecules (~ 107'% — 107 less abundant than H,; Herbst, 1995). The hierarchical structure of
fragmentation inside the molecular cloud is shown in Figure 1.2 adapted by Motte et al. (2018). A
detailed description of star formation is presented in Sect. 1.3.1.
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Figure 1.2: Schematic evolutionary sequence of high-mass star formation, adopted from Tigé et al. (2017),
adapted by Motte et al. (2018). (1) Massive filaments and spherical clumps are hosts for massive dense cores,
where high-mass stars are formed. (2) During the starless phase, the massive dense cores only harbor low-mass
prestellar cores. (3) The IR-quiet massive dense cores become protostellar hosting a stellar embryo of low-mass,
and as the protostellar cores collapse, the surrounding massive dense cores and filaments/spherical clumps also
collapse. (4) High-mass protostars are formed as the protostellar envelopes are accreted in gravitationally driven
inflows. (5) High-mass protostars become IR-bright for stellar embryos of > 8 M. (6) The accretion of the
material stops when the UV of the star ionizes the protostellar envelope and an Hir region develops.
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1.2.1 Filaments

A filament in molecular clouds is a long, sub-pc, and thread-like structure composed of cold, dense gas
and dust (Hacar et al., 2013). Recent observations, particularly from the Herschel Space Observatory,
have revealed that these filamentary structures are ubiquitous in molecular clouds and essential
components in the process of star formation (e.g., Hill et al., 2011; Kirk et al., 2013; André et al.,
2014; Peretto et al., 2014; Hacar et al., 2023; Pineda et al., 2023).

The precise characteristics of filaments in molecular clouds remain a subject of considerable
scientific debate and investigation. Molecular filaments exhibit a narrow distribution of widths of
~ 0.1 pc, regardless of their mass per unit length at distances d < 500 pc (Arzoumanian et al., 2019;
André et al., 2022). Discussions are ongoing whether the scale-free width of filamentary structures
truly are physical. Utilizing molecular line emission, the width of filaments differ from the 0.1 pc (e.g.
~ 0.03 pc using N,H* in Orion, or ~ 0.4 pc using 13CO in Taurus Hacar et al., 2018; Panopoulou
et al., 2014). The reason for the difference of widths using molecular line emissions are due to the
molecules tracing high densities. Thus, these molecules trace the higher densities, not reliably tracing
the whole filamentary structure (Pineda et al., 2023).

Observational and theoretical studies show that molecular clouds undergo hierarchical fragmentation,
initially forming filamentary structures that subsequently fragment into dense, star-forming cores
(Peretto et al., 2013; Peretto et al., 2014; Hacar et al., 2018; Hacar et al., 2023; Pineda et al., 2023).
High-mass stars are frequently found to form at the intersections of filaments, commonly referred to
as hubs (e.g., Motte et al., 2018; Kumar et al., 2020, see Fig. 1.2). The presence of gravitationally
unbound and non-star-forming regions (in e.g., Polaris) suggests that the filamentary structures are
precursors of clumps and cores (André et al., 2014).

1.2.2 Clumps and cores

Dense condensations known as clumps, typically measuring < 1 pc in size, are commonly observed
within molecular clouds (see Fig. 1.2; Motte et al., 2018). These clumps represent localized areas of
increased density within the larger cloud structure. The APEX Telescope Large Area Survey of the
Galaxy (ATLASGAL; Schuller et al., 2009) is a crucial resource for studying star formation within
the inner Galactic plane. This 870 yum dust survey spans 420%°, revealing approximately 10000 dense
molecular clumps (Contreras et al., 2013; Urquhart et al., 2014; Csengeri et al., 2014). ATLASGAL
builds a large sample spanning all major evolutionary stages, enabling direct comparisons between
them and providing a coherent view of star formation activity across the inner Galactic plane (Konig
et al., 2017; Giannetti et al., 2017; Urquhart et al., 2022).

Clumps and cores are prevalent in the Milky, but the exact formation mechanism are not known.
Clouds are support by the gas thermal and non-thermal pressure (Pokhrel et al., 2018). The collapse of
a cloud is most likely due to gravitational instability, turbulence, magnetic fields, and stellar feedback
(Larson, 2006; Pokhrel et al., 2018). A gas cloud is Jeans stable when the outward and inward forces
are equal, i.e. in hydrostatic equilibrium. A simplified way to describe the stability of a cloud is to
consider the Jeans Mass (Lequeux, 2005):

T 1.5 ny -0.5
_ 2
Mypns = 1.0M g X (m{) X (m) , (1.1)

where T is the temperature, and ny, is the density. Eq. (1.1) is the largest gravitationally stable mass
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for a given temperature and density. In the case where either the temperature is too low or the density
is too high, thermal pressure cannot support the cloud, thus resulting in collapse.

Looking into the Perseus molecular cloud, Pokhrel et al. (2018) found that at clump to core scales,
the gas thermal pressure alone cannot support the fragmentation within clumps. Observations show
that the observed number of cores are consistently lower than the expected number of cores, based
on the Jeans mass. Compared with the large scale, i.e. cloud scales, the gas non-thermal pressure is
efficient in supporting the pressure, but as the fragmentation occurs, at the cores and envelope scales,
this non-thermal gas pressure becomes inefficient (Pokhrel et al., 2018).

The typical physical conditions with the evolutionary sequence of clumps are described in detail in
Sect. 1.3.1.

1.3 Understanding star formation within Cygnus-X

The composition of the ISM evolves in complexity through the life cycles of stars, primarily composed
of hydrogen (Payne-Gaposchkin, 1925). This process begins with nucleosynthesis within stellar cores,
where atoms heavier than hydrogen are formed (Hoyle, 1946; Burbidge et al., 1957). Stars maintain
stability for varying durations - millions of years for high-mass stars and billions for low-mass stars
- primarily fusing hydrogen into helium. As hydrogen fuel depletes, stars expand into giants: red
giants for low-mass stars or red supergiants for high-mass stars. The fate of these stars differs based
on their mass. Low-mass stars end their lives by ejecting outer layers as planetary nebulae, enriching
the ISM with new material for future star formation, while their cores become white dwarfs that cool
indefinitely. High-mass stars, on the other hand, end dramatically in supernova explosions, dispersing
heavier elements into the ISM. These explosions leave behind either neutron star, for lower-mass
massive stars, or black holes, for higher-mass massive stars. This continuous cycle of stellar birth,
evolution, and death progressively enriches the ISM with diverse atoms and, consequently, molecules,
setting the stage for increasingly complex chemistry in subsequent generations of stars and potential
planetary systems.

The formation of stars exhibits a significant distinction between low-mass and high-mass regimes.
While the processes governing low-mass star formation are relatively well understood both theoretically
and observationally, the formation of high-mass stars remains a challenging area of study in astrophysics.

1.3.1 High-mass star formation (HMSF)

There are two main competing models of HMSF: competitive core accretion and turbulent core
accretion (McKee and Tan, 2002; McKee and Tan, 2003; Krumholz and Bonnell, 2009; Tielens,
2021). The turbulent core accretion is where the entire core condenses into a single, massive star,
whereas the competitive core accretion forms fragment of cores within the cores, ultimately uniting
into a single, massive star. These models differ in their initial conditions at the molecular cloud stage
(Girichidis et al., 2020), where small pockets of over-densities occur, and stars are believed to form.
Typical timescales for HMSF are ~ 10° yr (McKee and Tan, 2002; McKee and Tan, 2003; Mottram
et al., 2011). The process of star formation within molecular clouds is a fundamental aspect of galactic
evolution and is influenced by various factors such as magnetic fields, galactic dynamics, and the
physical properties of giant molecular clouds.

Before the star is formed, the clumps go through evolutionary phases, characterized by their physical
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Figure 1.3: Simplified image of the low- and high-mass stellar life cycle. All stars are formed in dense molecular
clouds (“Star-forming nebula”), but their evolution differ. The low-mass star (“Sun-like star”) is in a steady
state of hydrogen-to-helium fusion for several billion years. As the star exhaust the hydrogen in its core, the
low-mass star evolves to a “Red giant”, where it increases in size and loses its mass through stellar winds. As
the low-mass star cools down, it leaves its hot core (“White dwarf”), heating up and exciting the surrounding
gas and dust (“Planetary nebula”). This gas and dust will later become part of a molecular clouds, forming the
next generation of stars. The high-mass star has a much shorter lifetime (millions of years), where it ends its life
as a “Supernova”. Depending on the initial mass of the star, the remnant is either a “Neutron star” (lower mass
massive stars) or “Black hole” (higher mass massive stars). Image made by Ivalu Barlach Christensen.

conditions based on sub-mm, IR- and radio observations. The evolutionary phases of precursor HMSF
process has been divided into four stages, motivated by observational properties; infrared dark clouds
(IRDC), high mass protostellar object (HMPO), ultra compact Hi region, and hot molecular core
(Beuther et al., 2007a; Zinnecker and Yorke, 2007; Gerner et al., 2014; Gerner et al., 2015; Urquhart
et al., 2022). Although there are no strict boundaries between these phases, their general properties
are described below:

IRDC: Dense, cold regions within molecular clouds, known as Infrared Dark Clouds (IRDCs),
appear opaque in mid-infrared wavelengths and provide critical environments for studying the
early stages of star formation, particularly for massive stars (Motte et al., 2018). IRDCs are
observed as dark silhouettes against the intense mid-infrared emission of the Galactic plane,
typically at wavelengths around 8 ym using instruments such as the Spitzer or Herschel telescopes
(Hernandez and Tan, 2015). These regions boast high column densities (N > 102 -10% cm™)
and low temperatures (< 25 K), creating ideal conditions for star formation (Schneider et al.,
2015; Carey et al., 1998). Studies of carbon phases (Ci, C1, CO) in IRDCs have found evidence
suggesting that these clouds form from atomic gas flows that transition into molecular gas during
the cloud formation process (Beuther et al., 2014). IRDCs harbor a rich chemistry, including
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molecular tracers like CO, HCO*, and N,H*, which helps probe their density and dynamics
(Rigby et al., 2024).

HMPO and HMC The subsequent phase corresponds to high-mass protostellar objects, in
which the cloud collapses into fragments capable of forming high-mass binaries but not a full
cluster (Motte et al., 2018). As the cloud contracts, these overdensities begin to form one or
several protostars with masses of M > 8M . A region like this is classified as an High-Mass
Protostellar Object (HMPO), where at this stage, hydrogen burning begins. The HMPOs are
further categorized to two sub-groups: HMPO and Hot Molecular Core (HMC). During this
evolutionary stage, the cloud accretes the surrounding gas in their immediate environment, where
the densities and temperature increase, evolving with more complex density structures (Beuther
et al., 2002). The HMPO are less evolved, where the environment is colder (T = 50 — 250 K)
and usually chemically poorer. The HMC are further evolved in a hotter stage (7" = 150 — 500
K), where the chemistry has evolved to a higher complexity (Gerner et al., 2014; Gerner et al.,
2015). This stage can be observed in the mid-IR range.

UCHu This final stage, an ultra-compact H region (UCHI1r), can overlap with the HMC-stage
with the same temperature range (7 = 150 — 500 K). At this stage, most of the immediate
surrounding gas has been accreted, with the stellar winds from the protostar fully ionizing the
environment.

Table 1.2: Physical properties of the HMSF, adopted from Motte et al. (2018); Table 1.

IRDC fragments, HMPO MDCs,
Source nature

clumps clumps dense cores
FWHM (pc) ~0.5 ~0.5 0.1-0.2
Mass (M) ~ 150 ~ 290 ~ 150
<ny, >(em™) | ~5x10* ~6x10" ~2x10°
dg.n (kpc) 1.8-7.1 0.3-14 1.4

Acronyms: FWHM, full width at half maximum; HMPO, high-mass protostellar
object; IRDC, infrared-dark cloud; MDC, massive dense core.

The latter three stages, HMPO, HMC, and UCHI11, may overlap in the physical conditions (Gerner
etal., 2014). An overview of typical size, mass, density, and distances of the evolutionary stages are
summarized in Table 1.2.

The evolutionary stages are also classified observationally based on their physical properties.
Urquhart et al. (2022) classified the increasing evolutionary stages as: quiescent, protostellar, young
stellar object (YSO), and Hir. Quiescent clumps appear dark at wavelengths of 70 um or less. As
protostellar objects take shape inside these clumps, the energy released during their growth heats up
the surrounding material, causing the peak of their light emission to move towards shorter wavelengths.
This heating makes the protostar visible initially at 70 gm, then in the mid-infrared (< 24 ym), and
ultimately in the near-infrared as it develops into YSO. High-mass stars emit a lot of UV radiation,
ionizing the gas around them and forming Hix regions that can be identified by their compact radio
and mid-infrared emissions. This progressive change in the light emitted allows us to use specific far-
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and mid-infrared images (3.6 ym, 24 ym, and 70 um) to differentiate between clumps that are quiet
and those actively forming stars, and also to categorize the objects embedded within them. Urquhart
et al., 2022 found that the Hir phase is half the timescale of the YSO phase, whereas the statistical
timescale that they found for the protostellar phase is similar to that of the Hu phase. The evolutionary
sequences of the clumps in the Cygnus-X complex are investigated in Chapters 5 and 6.

1.3.2 The Cygnus-X cloud complex

Cygnus-X, situated in the constellation Cygnus, is recognized as one of the richest star-forming
regions in our galaxy (see Figure 1.1). Cygnus-X occupies a vast area within the Milky Way galaxy,
approximately 170 x 170 pc (Reipurth and Schneider, 2008; Beerer et al., 2010), characterized by
high-energy phenomena such as star formation regions, supernova remnants, and dense clouds of gas
and dust. This region is massive and luminous (e.g., Kumar et al., 2007; Beerer et al., 2010) at a
relatively nearby distance (~ 1.5 kpc, Rygl et al., 2012), making it an excellent hunting ground to study
various phases of massive star formation (Beuther et al., 2022). The whole Cygnus-X cloud contains
~3.4%x10° M, a very rich environment with OB-associations, Wolf-Rayet stars and +800 Hu-regions
(Schneider et al., 2010). The nearby OB-association is blasting the region with UV radiation and
stellar winds, but no excess luminous protostars are found near the association suggesting that these
100s of massive stars are not influencing the formation of protostars (Kryukova et al., 2014). With the
close proximity to large OB-associations, Cygnus-X is also a great site to study the feedback processes
of already formed stars on the remnant ISM. Figure 1.1 shows the Cygnus-X complex in different gas
and dust tracers.

Cygnus-X has undergone intense and widespread star formation over the past few million years. Its
associated giant molecular cloud complex hosts objects at various stages of stellar evolution, including
dense, hot cores with embedded protostars, and filaments (Schneider et al., 2006; Motte et al., 2007;
Motte et al., 2010; Dib et al., 2020). Several OB associations are present in the region, a testament to
the formation of stars over millions of years. Over 1000 protostars have been observed with the Spitzer
Legacy Survey (Beerer et al., 2010; Kryukova et al., 2014). These protostars in Cygnus-X concentrate
in large filamentary structures (Kryukova et al., 2014), including a super-bubble driven by the stellar
winds of O-type stars, and the famous Cygnus Loop supernova remnant, namely the “Diamond Ring”
(Marston et al., 2004). Cygnus-X exhibits varied characteristics, and its close proximity provides us
with a unique opportunity to observe and analyze these complex astronomical processes.

For these reasons, Cygnus-X is an ideal target to observe ongoing star formation. Herschel, Spitzer,
and several radio telescopes have carried out surveys towards this large and close molecular cloud.
Recent observations at mm- and cm wavelengths have provided extensive data on dust, ionized gas,
and molecular gas emission in the region. For instance, observations have revealed the presence of
compact sources, filamentary structures, and extended emission in both continuum and spectral line
observations (Taylor et al., 2003; Motte et al., 2010; Molinari et al., 2010; Cao et al., 2021; Li et al.,
2021; van der Walt et al., 2021; Cao et al., 2022).

Motte et al. (2007) explored the wealth of massive star-forming regions in Cygnus-X with a 3°2
survey at wavelength of 1.2-mm using the IRAM-30m telescope’s MAMBO and MAMBO-2 cameras,
and determined that there is no sudden star-formation burst happening in the molecular cloud, but
rather a dynamical ongoing star-formation across the cloud. The cloud complex is probed at column
densities of N(H,) ~ 9 X 10°! =2 x 10** cm ™2, with the northern region named CygX-North (which
coincides with the region of Cygnus-X in this thesis) and the southern region, CygX-South. Motte
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et al. (2007) observed that CygX-North and CygX-South have different concentrations of gas and
found that CygX-North is 5 times more efficient in forming protostars than CygX-South.

A more recent catalog of clumps has been identified by Cao et al. (2019), covering a larger area of
5 x 6°% towards the Cygnus-X. Only 2.2°2 of the Cygnus-X region is covered by both Cao et al. (2019)
and Motte et al. (2007). Using mm-wavelength continuum, Motte et al. (2007) identified compact
cloud fragmentation of < 1 pc, and Cao et al. (2019) used the Spitzer Legacy Survey observations and
1.2-mm continuum to identify clumps with masses of M > 23.3M, at 0.1 pc. Furthermore, these
clumps are associated with either observational HMSF-signatures of class II methanol masers or
UCHII regions.

129 dense cores at 1.2-mm wavelength are identified by Motte et al. (2007), where 66 are observed
with CASCADE (see Sect. 2.2.1), and 151 massive dense cores are detected by Cao et al. (2019). 16
clumps of the Cao et al. (2019) catalog are not detected and added to the complete list of clumps.
A total of 82 clumps are observed with the CASCADE survey. These clumps are focused on in
Chapters 5 and 6.

DR21

The most active, dense, and massive region in Cygnus-X is the DR21 filament (Dickel et al., 1978;
Wilson and Mauersberger, 1990; Jakob et al., 2007; Hennemann et al., 2012). The DR21 region,
located at R.A.(J2000) = 20:39:01.6 and 6(J2000) = +42:19:38, represents a prominent astronomical
site characterized by intense massive star formation activity (see Figure 1.4; Schneider et al., 2006;
Schneider et al., 2010; Bonne et al., 2023). Situated within the expansive Cygnus-X molecular cloud
complex, the DR21 molecular cloud a dense filamentary structure that hosts multiple dense cores
along its length (Hennemann et al., 2012). The filament has width of ~ 0.13 pc with a length of
~ 3.6 pc with a mass of M = 1048 M (Hu et al., 2021). The southern portion of the filament harbors
a compact Hir region, signifying ongoing star formation processes (Hennemann et al., 2012).

These diverse components within the filament emphasize the complex nature of the DR21 region
and its significance in the study of massive star formation processes (Hennemann et al., 2012;
Koley et al., 2021). This region is notable for its proximity to the stellar association Cygnus OB2
and contains prominent water masers, particularly near the DR21(OH) sub region. Spectroscopic
observations, specifically self-absorption features in 12CO emission, suggest the presence of W75N, a
colder molecular cloud that may be positioned along the line of sight towards DR21 (Schneider et al.,
2010). This complex interplay of structures and temperatures within the DR21 region underscores its
significance as a laboratory for studying the processes of massive star formation and the evolution of
molecular cloud complexes.

DR21 has previously been studied with the IRAM telescope in tracers such as CO, CS, c¥s,
HCO", H'3CO, N,H*, H,CO by Schneider et al. (2010). They find that a dynamic, rapid mode of
star formation occurs in the filament, with the filament collapsing globally. The DR21-ridge exhibits
different properties in its northern and southern parts, and clumps in the filament exhibit a gradient
of evolutionary phases. (Hennemann et al., 2012). Previous JCMT studies have shown that H,D*
traces cold, quiescent gas (Pillai et al., 2012) near the DR21 filament. Pillai et al. (2012) observed an
anti-correlation of star formation imaged using the sub-millimeter array (SMA) and the H,D" in the
DR21-filament. The details of observations toward Cygnus-X and DR21, that are used in this thesis,
are described in Sect. 2.2.1.
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Figure 1.4: The DR21 filament adopted from Bonne et al. (2023). Top left: integrated brightness map of Bco
(1-0) toward the DR21 cloud. Overlaid on the map are the integrated intensity contours starting at 2 K km
s~ 'with increments of 10 K km s~!. The subfilaments in the cloud are indicated with their names. Top right:
same as the top left panel, but for HCO* (1-0) with increments of 5 K km s~ Bottom left: same as the top left
panel, but for C'30 (1-0), with contour increments of 2 K km s™'. Bortom right: same as the top left panel, but
for H'3*CO* (1-0), with contour increments of 2 K km s~!. The locations of the DR21 radio continuum source
(Downes and Rinehart, 1966) and the DR21(OH) and DR21-N massive clumps (e.g., Motte et al., 2007) are
indicated with black triangles.
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1.4 Probing molecular clouds with molecules

Light, and its behavior, is our strongest tool when observing the Universe. The baryonic matter (stars,
planets, galaxies) only makes up ~ 5% of the Universe. In order to explore the structures, dynamics,
and evolution of the baryonic matter, understanding it is important (Yamamoto, 2017).

Baryonic matter is composed of 98% hydrogen and helium, and only 2% consists of the remaining
atoms of the periodic table (see Fig. 1.5; Johnson, 2019). Despite only making up such a small part of
the Universe, these heavy atoms enrich the ISM with a rich chemical world.

The evolving composition of the Universe

@ Big Bang fusion
@ Cosmic ray fission
@ Exploding massive stars
Exploding white dwarfs
@ Merging neutron stars
Dying low-mass stars
@ Very radioactive isotopes; nothing left from stars
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Figure 1.5: Periodic table of atoms, color-coded relevant to their nucleosynthesis sources, adopted from Johnson
(2019). Black, purple, green, blue, orange, and yellow show the naturally occurring elements of our Solar
System from Big Bang fusion, CR fission, exploding massive stars, exploding white dwarfs, merging neutron
stars, dying low-mass stars, respectively. Gray show artificially made elements.

Molecules play a strong role in molecular clouds as coolants of the gas, but also as a strong diagnostic
of the physical conditions pertaining gas. One molecule has its own unique radiation it emits, just like
a person has its own unique fingerprints. The knowledge of how these radiations are emitted allows us
to understand the conditions that the molecules are in (Yamamoto, 2017). Furthermore, molecules are
formed from the atoms in the ISM, and interact with each other, building complex molecules, later
becoming the building blocks to form stars, planets, similar to our own Solar System.

The field studying the formation, destruction, and excitation of molecules (chemistry) in space
(astro-) is called “astrochemistry”. This interdisciplinary field aims characterize the chemistry utilizing
the various extreme conditions in space, and vice versa, utilizing laboratories to probe the physical
properties, such as temperature, radiation fields, and densities, of various interstellar environments
(Dalgarno, 2008; van Dishoeck, 2018). One specific molecule emits several “colors” (specific
frequencies of radiation) unique to its specific elemental composition. The intensity of the different
radiation emitted by the molecule depends on the temperature of the gas and the density of the gas
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collisionally exciting the molecules.

The low energy regions of molecular clouds emit in the (sub-)mm wavelength regime through their
rotation transitions, which can be observed with radio telescopes. Figure 1.6 shows the Milky Way
Galactic plane stellar population using the Gaia telescope in optical wavelength (Gaia Collaboration
et al., 2016), and the large-scale survey of CO emission toward the same region. As can be seen in
these figures, the dark spots of molecular clouds in the optical wavelengths can be seen as bright
regions in CO line emission (Dame et al., 2001).

(a) The Milky Way Galactic plane observed with the Gaia telescope. The brighter regions indicated dense concentration of
especially bright stars. Acknowledgment: Gaia Data Processing and Analysis Consortium (DPAC); A. Moitinho / A. F. Silva
/ M. Barros / C. Barata, University of Lisbon, Portugal; H. Savietto, Fork Research, Portugal. Credit: ESA/Gaia/DPAC.

(b) The Milky Way molecular clouds. The large-scale survey CO emission of the Galactic plane was observed with the CfA
1.2-m and a similar telescope in Cerro Tololo in Chile. The figure is adopted from Dame et al. (2001).

Figure 1.6: The Milky Way in optical (top) and radio wavelength (bottom).

1.5 About this thesis

In this thesis, we investigate the nearby massive and luminous region, a great HMSF region, Cygnus-X,
using observations in the sub-mm wavelength.

1.5.1 Motivation

Massive stars form within dense molecular clouds, and the composition and dynamics of these clouds
impact the star formation process. The interplay between various physical phenomena, including
gravitational collapse, turbulence, magnetic fields, and feedback mechanisms, shapes the molecular
environment and ultimately determines the efficiency and characteristics of massive star formation.
Essential components within molecular clouds are filamentary structures, narrow cylindrical bands
of gas. These are believed to funnel gas and condense into star-forming clumps. The Cygnus-X region
hosts intense star-forming clumps with a broad range of stellar evolutionary stages (Motte et al., 2007;
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Beerer et al., 2010). This region harbors the DR21 filament, the most dense and active region within
Cygnus-X (Dickel et al., 1978; Hennemann et al., 2012).

Deuterated molecules are efficiently formed in cold, dense regions. In these regions, the deuterated
fraction is expected to be enhanced compared to the interstellar average. These properties make
the deuterated fraction an excellent tracer of the earliest phases of star formation. Additionally, the
changes in physical and chemical conditions as star-formation progresses affect the deuterated fraction,
allowing them to also trace the evolution of star-formation (e.g.; Fontani et al., 2014; Gerner et al.,
2015).

1.5.2 Goals

The scientific objectives of this thesis is:

* To explore deuterated molecules, and the fraction of their hydrogen counterparts, on a large
scale in filamentary structures with ongoing star formation.

* To determine the physical conditions of high-mass star-forming clumps.

* To study the chemical conditions of high-mass star-forming clumps, specifically in the Cygnus-X
region.

* Finally, to investigate the deuterium fractionation as star-formation progresses in clumps.

1.5.3 Outline

The next chapters describe the observational techniques, telescopes, and surveys used in this thesis
(Chapter 2), and further details on astrochemistry and how to discern the physical and chemical
processes in molecular clouds (Chapter 3). Chapter 4 presents a summary of the published article
on large-scale deuteration in the DR21 filament. Chapter 5 presents a summary of the submitted
article on deriving the physical conditions of clumps in Cygnus-X, the GLOSTAR pilot region, and
the M8 region, utilizing the ground-state H,CO transition. Chapter 6 presents the results, analysis,
and discussion on the chemical modeling and deuteration in the clumps in Cygnus-X.
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CHAPTER 2

Observations

And when every constellation suddenly
appeared

Through telescopes and calculations,
the far was pulled so near

Sleeping at last - Overture

The formation of massive stars occur deeply embedded in their natal molecular clouds. These
denser regions of molecular clouds are obscured in the optical and IR, but are optically thin in the FIR
and radio wavelength emission. Due to the Earth’s atmosphere (mainly water vapor), the atmosphere
is opaque for FIR emission, thus for ground-based observations, the radio wavelength regime is
optimal. At the highest radio frequency regime (~ 1 THz), water and oxygen absorb the incoming
radiation. In the lower radio-frequency regime (~ 30 MHz), the ionosphere reflects incoming radiation.
However, between the shortest and longest wavelengths of the radio wavelength regime, there are
atmospheric frequency windows that allow radiation to pass through. In the sub-mm wavelength regime,
atmospheric water vapor attenuates the interstellar radiation, hindering observations. Therefore, dry
places (with lower atmospheric water vapor and lower pressure, resulting in narrower absorption bands
of water vapor), such as high altitudes, are great sites for radio telescopes operating at mm/sub-mm
wavelengths. At these wavelengths, the rotational transitions of molecules dominate the emission —
thermal radiation — thus allowing astronomers to observe the cold molecular clouds.

In this chapter, the fundamental properties of telescopes are presented. The telescopes used in this
thesis are introduced. The Cygnus-X survey, CASCADE, follow-up observations in these regions, as
well as the surveys towards the GLOSTAR pilot region and the M8 region are presented. Lastly, the
data reductions of all observations used in this thesis are described in detail.

2.1 The basic properties of a radio telescope

General references: Gulkis and de Pater (2003) and Liu and Yu (2020).

In this section, the basic properties of a telescope are presented. Radio telescopes are characterized
by the amount of power they collect from astronomical source (flux density), how well they can
distinguish structures on the sky (angular resolution), how effectively they convert incoming waves
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into signal (effective area and efficiency), and how their output is limited by random noise. In principle,
radio antennae can both receive and emit electromagnetic radiation; in radio astronomy the receiving
properties are utilized. The electromagnetic radiation hitting a radio telescope induces a voltage,
U. This voltage is measured and processed with the receivers, making it possible to decipher the
interstellar electromagnetic radiation.

Flux density

The observable power from an astronomical source is defined as the flux density. The flux is defined
as the integrated source temperature over the solid angle of the source. The unit of the flux density is
Jansky (1 Jy = 1072 W), in honor of Karl J ansky. The flux density is:

2
c
S, = //T dQ (2.1)
Zka2 °

For a single dish telescope, the total power received from an astronomical source with flux density,
is:

S

Ve

P=AgxS, XA, 2.2)

where Av is the bandwidth and A4 is the effective area.

Effective area and main beam efficiency

Although the antenna receives radiation from all
directions, the receiver is not equally sensitive
to radiation from all directions. The effective
area is an idealized area where radiation is fully
covered to obtain the same telescope gain as the
actual telescope. This is related to its physical
size. The main beam efficiency of the telescope
is determined as the ratio of the power obtained
in the main beam solid angle to that of the power
obtained in the beam solid angle. The integrated
area over the main beam lobe is defined as the
beam solid angle, Qpe,m main» Whereas the integ-
ration of the entire sky is defined as the beam
solid angle, Q... Figure 2.1 shows the power
pattern of an antenna in two dimensions. The
power pattern of a telescope is described in lobes,
where the main lobe is the dominant contribution
to the power.

This effective area is also dependent on the
beam and the wavelength as:

Figure 2.1: Sketch of the 2-dimensional power pattern of
an antenna. The width at half-power beam of the main
lobe denotes the angular resolution of the telescopes.

/12

'Qbeam

A (2.3)

18



2.1 The basic properties of a radio telescope

The half-power at the main beam in angular units is the angular resolution of the telescope.

Angular resolution

The angular resolution is the measure of the smallest angular separation on the sky that the telescope
can distinguish. The resolving power is limited by the aperture of the telescope and the observing
wavelength, 4 (Wilson et al., 2009). The half-power of the main beam in angular units is:

A

Detailed observation in the (sub-)mm wavelength regime resolving the sub-structure within molecular
clouds and star-forming region required radio telescope with large diameters.

The construction of these large antenna comes with great difficulty as the construction has to support
the antenna against gravity. Since the 1970s, the largest steerable European telescope has been in
action, credited to the Max-Planck-Gesellschaft (MPG), the Effelsberg 100-m telescope. Due to its
enormous size, gravity deforms the main reflector of the telescope when tilted from zenith. However,
homologous deformation allows the telescope to always obtain paraboloid shape, though with different
parameters (Nothnagel et al., 2010).

Temperatures and noise

In radio astronomy, the signal obtained from the sky brightness is related to an antenna temperature,
assuming the source is ideal, emitting as a blackbody. The Planck’s law in the long wavelength (low
frequency) regime low temperatures (i.e. hv/kgT is low) allows the Taylor approximation limited to
the first term only, known as the Rayleigh-Jeans approximation. Thus, the brightness temperature of
the source is proportional to the flux density of the source:

2
Ty = =22 2v 2.5)

where c is the speed of light, k 5 is the Boltzmann constant, and v is the frequency.

The total collected temperature of an antenna is the sum of all the contributing radiation; the system
of the telescope, the atmosphere, the background emission of the sky and the source brightness:

T, =T, +T,

sys am t Tsky + TB : (2-6)
Everything emits radiation. The antenna temperature collects all the radiation, where all but the
source brightness temperature are contributing to the noise levels.

The noise of observation can be reduced greatly by increasing the integration time, 7. The ideal
radiometer equation for a total power receiver relates the integration time and the bandwidth, Ay as:

Tsys

~ 2 2.7
7 Vave @7
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2.1.1 Telescopes used in this thesis

Data are obtained utilizing several telescopes. In the following, the facilities used to obtain the data
used in this thesis are described as well as the observations.

Atacama Pathfinder EXperiment (APEX)

The overview of APEX is based on Giisten et al. (2006) and the APEX telescope instrument overview
1
page .

The Atacama Pathfinder EXperiment (APEX) is
located in the Chilean High Andes on Llano de
Chajnator, at an altitude of 5104 m. The APEX
telescope is a modified prototype for the nearby
Atacama Large Millimeter Array (ALMA) tele-
scope with a paraboloidal main reflector with
a diamater of 12-m, accommodating one Cas-
segrain (C) and two Nasmyth (A+B) receiver
cabins.

The new FaciLity APEX Submillimetre Het-
erodyne (nFLASH) 230 receiver is located in the
A cabin, with dual sideband and dual polarization
capabilities. Each sideband and polarisation has
an IF coverage spanning 4—12 GHz, recorded by
two Fast Fourier Transform Spectrometer (FFTS;
inner: 4-8 GHz, outer: 8-12 GHz).

The APEX telescope using the nFLASH230

receiver, is used for pointed observations to- Figure 2.2: The APEX telescope at Llano de Chajnator,
wards the clumps in the Cygnus-X region, the Chile.

GLOSTAR pilot region, and the M8 region to

cover the H,CO J = 3 — 2 transitions at 218 GHz. This project is summarized in Chapter 5.

Institut de Radioastronomie Millimétrique (IRAM)

The overview of the IRAM observatories are based on the IRAM 30-m* and NOEMA? instrument
overviews, unless otherwise stated.

The IRAM institute, based in Grenoble, France, operates two observatories: a single-dish radio
telescope and an interferometric array of 12 telescopes.

! https://www.apex-telescope.org/ns/observing-run/observing/the-telescope/instruments/
2 https://iram-institute.org/science-portal/30-meter-telescope/
3 https://iram-institute.org/science-portal/noema/
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2.1 The basic properties of a radio telescope

IRAM 30-m telescope

The single-dish IRAM 30-m telescope is located

in the Spanish Sierra Nevada, on Pico Veleta, at
an altitude of 2820 m. The IRAM 30-m telescope
is one of the largest and most sensitive millimeter
radio telescopes in the world, with its diameter
of 30 m,. Since the commissioning of the tele-
scope in 1984, the IRAM 30-m telescope has
evolved, now equipped with continuum cameras
and heterodyne receivers.

The heterodyne receiver, Eight MIxer Receiver
(EMIR4; Carter et al., 2012), on the telescope en-
Figure 2.3: The IRAM 30-m telescopes close to Pico  gples dual-sideband and dual-polarization obser-
Veleta, Spanish Sierra Nevada. vations. It covers four frequency ranges, namely
the E090, E150, E230, and E345 receivers, around 90, 150, 230, and 345 GHz, of which certain pairs
can be observed simultaneously.

The Cygnus Allscale Survey of Chemical and Dynamical Environments (CASCADE, explained in
detail in Sect. 2.2.1) utilized the IRAM telescopes. The observations using the EQ90 receiver as part
of CASCADE are used in this thesis (Chapters 4, 5, and 6). Furthermore, the IRAM 30-m telescope
was used to map the extended emission of deuterated molecules using the E230 receiver. This project
is summarized in Chapter 4.

NOrthern Extended Millimeter Array (NOEMA)

The NOrthen Extended Millimeter Array
(NOEMA) is located in the French Alps on Plat-
eau de Bure at an altitude of 2550 m. Previously
known as the Plateau de Bure Interferometer
(Guilloteau et al., 1992), the telescope was built
in the 1980s, starting with three telescopes, and
continuously expanded to the current 12 tele- ;
scope array named NOEMA, and operates in the
cm to mm wavelengths regime.

NOEMA observations are part of the CAS-
CADE survey, described in Sect. 2.2.1. Figure 2.4: The NOEMA telescope array at Plateau de

Bure. Photo credit: IRAM/André, R.

Green Bank Telescope (GBT)

The overview of the GBT observatory is based on the GBT instrument overview’.
The Green Bank Telescope is located in Green Bank, West Virginia, USA. With its large 100-m

4 http://www.iram.es/IRAMES/mainWiki/EmirforAstronomers
> https://greenbankobservatory.org/portal/gbt/instruments/
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Chapter 2 Observations

effective diameter, the GBT ranks as the world’s largest fully steerable telescope and operates in the
millimeter wavelength regime.

MUSTANG-2, a receiver on the GBT, is a con-
tinuum camera at the GBT that observes using an
“on-the-fly” (OTF) scanning method. Ithasa 5.8’
instantaneous field of view composed of a 338-
element array of feedhorn-coupled transition-
edge sensor (TES) bolometers (Dicker et al.,
2014).

The continuum observations of Cygnus-X us-
ing this receiver are used in Chapter 6.

Figure 2.5: The Green Bank Telescope in West Virginia.
Photo credit: Jay Young.

2.2 Surveys

The following sections describe the scientific objectives of the surveys used in this thesis. An overview
of the surveys is shown in Table 2.1.

Table 2.1: Overview of surveys used in this thesis.

Survey Telescope Receiver Mode Project ID PI
CASCADE IRAM 30-m E090 OTF  031-20 Dr. F. Wyrowski &
Dr. H. Beuther
DR21 IRAM 30-m E;gg & OTF 053-21 I. B. Christensen
Cygnus-X  APEX nFLASH 230 PSW  M-0109.F-9508C-2022 1. B. Christensen
GLOSTAR APEX WFLASH 230 PSW  M-099.F-9519A-2017 Dr H- Newyen&
I. B. Christensen
M8 IRAM E090 PSW 141-21 Dr. F. Wyrowski
M8 APEX nFLASH 230 PSW  M-0107.F-9530C-2021 Prof. K. M. Menten

2.2.1 The Cygnus Allscale Survey of Chemistry and Dynamical Environments:
CASCADE

The overview of CASCADE is based on Beuther et al. (2022), unless stated otherwise.

Cygnus-X, as described in Sect. 1.3.2, offers an ideal site for studying the various phases of star
formation. The MPG and IRAM jointly initiated an observational program to study this region, namely
the Cygnus Allscale Survey of Chemistry and Dynamical Environments. It combines large-scale
observations from the IRAM 30-m telescope and small-scale surveys within the Milky Way, such as
the CORE survey (Beuther et al., 2018). This combination bridges the gap between large-scale cloud
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2.2 Surveys

surveys in the Milky Way (and galaxies) and core-scale surveys within the Milky Way, such as the
ATLASGAL survey. Since the Cygnus-X region is an active site of HMSF, this survey aims at:

- detailed studies of cloud collapse kinematics,
- detailed studies of the filaments, including analysis of gas-flow along them,

- detailed studies of deuterated molecules, including the influence of YSOs on deuteration levels
and the behavior of similar deuterated molecules.

The Cygnus-X region of CASCADE was covered with 40 mosaic tiles. OTF mapping observations
at 3.6 mm wavelength covered 1000’ in the Cygnus-X complex using the IRAM 30-m telescope
(Project ID: 031-20; PIs: F. Wyrowski and H. Beuther). The selected area is based on Herschel
SPIRE 250 ym and PACS 70 ym continuum emission data taken from the HOBYS program (Motte
et al., 2010, see Fig 2.6 for the coverage of CASCADE with the IRAM 30-m telescope.). Using the
EMIR receiver and using the Fourier Transform Spectrometer 195 kHz (FTS200), the large bandwidth
covers several deuterated molecules and ground-state lines of e.g. HCO*, HCN, HNC, and H,CO. A
bandwidth of 8 GHz per sideband (in total, a frequency coverage of 16 GHz) with EMIR E090 in
both polarization was covered. The spectral channel resolution is 195 kHz (equivalent to a velocity
resolution of ~ 0.8 km s~!) with a HPBW of 33.4” at 72.0 GHz.

Similarly, the small-scale structures are observed in mosaic tiles, using the NOEMA telescopes, with
each mosaic tile made up of 78 individual pointings. These observations were conducted in both the C-
and D-configurations. Achieving a sensitivity of ~ 11 mJy at a 150 kHz channel resolution requires
~ 9 hrs of observation time. The first studies utilizing observations with the NOEMA telescopes look
into the accretion flows towards evolving Hir region in DR20 (Beuther et al., 2022), the outflow nature
of the biggest (in size and mass) outflow in our Milky Way, the DR21 Main outflow (Skretas et al.,
2023), and the comet-like complexity of the DR18 Hir region (Kim et al., 2025).

The observations of CASCADE are the foundation for this entire thesis.

Observations of the DR21 filament

The overview of the observations towards the DR21 filament is based on Christensen et al. (2024),
unless stated otherwise.

The DR21 filament was observed with the IRAM 30-m telescope during five nights in 2021 July 15
- July 19 (Project ID: 053-21; PI: 1. Barlach Christensen, Christensen et al., 2024). The aim was
to cover the higher J-transitions of DCO*, DNC, and DCN. Five tiles of OTF maps, each of size
~ 120" x 120", were carried out using the E150 and E230 receivers. The tiles are outlined in red
boxes in Fig. 2.7. Each tile, consisting of two combined coverages, was observed with a scanning
velocity of 378 s”!. The FTS covered 8 GHz bandwidth in each sideband in both polarization. The
spectral resolution is 195 kHz. Covering N,D* (2 — 1) and DNC (2 — 1) transitions, the E150 receiver
was tuned to 150.25 GHz in the upper inner sideband, corresponding to a spectral resolution of 0.38
km s~ at ~154 GHz and angular resolution is § ~ 16" for DNC (2-1). The total frequency coverage
is 132.2-140 GHz in the lower sideband and 148-155.7 GHz in the upper sideband.

Covering DCO™ (3 —2), DCN (3 - 2) and N,D" (3 — 2), the E230 receiver was tuned to 216.75
GHz in the lower outer sideband, corresponding to a spectral resolution of 0.25 km s~ at ~231 GHz
and angular resolution of 8 ~ 12" for DCO* (3-2). The total frequency coverage of 214.4-222.2 GHz
for the lower sideband and 230.1-237.9 GHz for the upper sideband.
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Figure 2.6: The coverage of CASCADE towards Cygnus-X. The maps show the integrated intensity of HCO™.
Credits to Dr. Friedrich Wyrowski.
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Figure 2.7: The coverage of the follow-up observations towards the DR21 filament (tiles marked in red). The
background emission shows the integrated intensity of DCO* J =1 — 0.

The spectra are smoothed to a spectral resolution of dv = 0.8 km s~! and the maps of the higher
J-transitions are convolved to the same beam size as that of DCO* J = 1 — 0 (9 = 34”) to match the
spectral resolution of the CASCADE survey. These observations are utilized in Chapters 4 and 6.

Observations of the clumps of CASCADE

Single-pointing observations toward the selected 72 clumps in Cygnus-X were carried during 2022
July and August (project ID: M-0109.F-9508C-2022; PI: Ivalu Barlach Christensen) with the APEX
telescope. The lower sideband using the nFLASH 230 receiver was tuned to 217.538 GHz with the aim
to cover three H,CO lines (3 3 — 2 5, 3, — 251, and 3, | — 2, (). The observations were performed
in position switching mode, with the offsets depending on the sub-regions within Cygnus-X and a fixed
offset of (+600”,0) for each source in the GLOSTAR pilot region (see Sect. 2.2.2). The telescope
focus and pointing were checked, depending on the day, with Mars, Jupiter, or Saturn, achieving an
estimated pointing accuracy of ~ 2”. The frequency range coverage was 200.4 — 208.4 GHz in the
lower sideband and 216.4 — 224.4 GHz in the upper sideband, with a typical integration time of 5
minutes. However, the 5 clumps in Cygnus-X DR20 have additional observations of 30 minutes each.
Additional integrations were performed for clumps in which the strongest H,CO (3, 3 -2 ,) line was
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observed but the fainter H,CO (3,, —2, ;) and H,CO (3, — 2, ) lines were not detected above
4o.
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Figure 2.8: The Cygnus-X clumps on the Herschel 250 um map. The clumps are colored based on the source
velocity components, with multiple colors indicating more velocity components. The scalebar shows 0.5 pc at a
distance of 1.5 kpc.

2.2.2 The GLobal view of STAR Formation in the Milky Way: GLOSTAR pilot region

The GLObal view on Star Formation in the Milky Way (GLOSTAR) project aims to find and
characterize the unbiased statistical properties of star formation in the Galactic plane (Brunthaler et al.,
2021).
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Figure 2.9: Radio continuum image of the GLOSTAR pilot region, adopted from Brunthaler et al. (2021). The
continuum image is a combination of VLA D-configuration and Effelsberg 100-m telescope observations.

The GLOSTAR survey utilizes the Jansky Very Large Array (VLA; Perley et al., 2011) and the

26
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Effelsberg 100-m telescope6 to conduct continuum and line observations covering the frequency range
of 4-8 GHz. The “GLOSTAR pilot region” of this survey, discussed by Brunthaler et al. (2021),
covers 28° < [ < 36°, |b| < 1° (see Fig. 2.9). This 16 square-degree pilot region shows a diversity
of extended and compact sources, including Hir region candidates, supernova remnants, and several
CH;0H masers (Medina et al., 2019; Dokara et al., 2021; Nguyen et al., 2022; Dokara et al., 2023).
We observed positions in the GLOSTAR pilot region toward which H,CO absorption was observed in
that survey.

We carried out single-pointing observations toward the selected 10 clumps in the GLOSTAR
pilot region during 2024 April and May (project ID: M-099.F-9519A-2017; PI: H. Nguyen and I. B.
Christensen). The tuning using nFlash 230 is the same as the observations of clumps in CASCADE
(described in Sect. 2.2.1).

2.2.3 The M8 region

The Lagoon Nebula, also known as Messier 8 (M8 hereafter), is a bright Hir region illuminated by O-
and B-stars. Located at a distance of 1.3 kpc, it is one of the nearest Hi regions, characterized by a high
UV flux (Damiani et al., 2017; Tiwari et al., 2019). Tothill et al. (2002) identified 37 clumps associated
with the molecular cloud. A plethora of molecules are identified in the M8 photodissociation region
(PDR) and 38 dense dusty clumps that surround it, some of which also show PDR signatures, while
38% are likely hosting protostellar objects (Kahle et al., 2024). Kahle et al. (2024) suggest that the
remnant gas in the M8 region may be fragmenting due to the radiation pressure of the surrounding O-
and B-stars.

-24°20' —
22'f

24"

DEC (J2000)
-
N

Visr / km st

26'

=
o

28'

00° 03m40°
RA (j2000)

18h04™m40°

Figure 2.10: The M8 region with the line-of-sight velocities of the clumps. The background shows the grey-scale
of the 870 um dust continuum flux. This image is adopted from Kabhle et al. (2024).

The data for four H,CO transitions from 37 clumps within the M8 region in this study were
reduced by Kahle et al. (2024). Line survey toward the clumps in the M8 region were done with the
IRAM 30-m telescope and the APEX telescope. The APEX pointing observations were conducted
in July and October 2021 (project-ID: M-0107.F-9530C-2021; P.I.: Dr. Friedrich Wyrowski),

% The 100-m telescope at Effelsberg is operated by the Max-Planck Institut fiir Radioastronomie (MPIfR) on behalf of the
Max-Planck Gesellschaft (MPG).
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utilizing the nFLASH 230 receiver. The total frequency coverage toward each clump was 213.1 —
279.7 GHz, obtaining a typical rms of 28 mK. Complementary observation using the IRAM 30-m
telescope were conducted in March and June 2022 (project-ID: 141-21; P.I.: Prof. Karl M. Menten),
utilizing the E090 receiver. A total frequency coverage toward each clump was 70.3 — 116.5 GHz,
obtaining typical rms of 0.17 K. After inspecting the APEX observations by Kahle et al. (2024),
the central positions of WC3, SES8, and SC5 were changed by ~ 1" with the IRAM 30-m telescope
observations. All observations with the APEX and IRAM telescopes used the reference position of
RA(J2000)=18"04™40.0°, Dec(J2000)=—24°23"00.0"

2.2.4 Data reduction

The data of the CASCADE, follow-up, and single-pointing observations using the IRAM 30-m and
APEX telescopeswere processed using the Grenoble Image and Line Data Analysis Software (GILDAS)
package7 (Pety, 2005; Pety, 2018).

Maps of CASCADE

The data reduction of the deuterated molecules DCO™, DNC, and DCN, in the DR21 filament, observed
with the IRAM 30-m telescope, and their main isotopologs, are described below. These maps are
used in Chapter 4 and are published as Christensen et al. (2024). We utilize the Continuum and
Line Analysis Single-dish Software (CLASS) program to re-grid the mapped areas. All images were
re-projected to that of the spatial grid of DCO™ using the MAP%LIKE procedure of CLASS, resulting in
a spatial resolution of 34”. T, was converted to the main beam brightness temperature Ty with a
forward efficiency of F, g = 0.95, and beam efficiency dependent on the frequency of the molecule®:

2
4 x 1 x0.07v [MHz]

¢ [km s_l]

By =1.2x0.69xexp|— (2.8)

where v is the rest frequency of the line emission and c is the speed of light.

We identified a strong narrow spike at v = 76304.9 MHz near the emission line of DNC J =1 -0,
shifted —1 MHz. This is likely due to contamination from an automotive long-range radar’. By
comparing the noise of the artefact-free spectral velocity range (< —30 km s_l) with that of the
contaminated channels (> 0 km s~ '), we minimize the contamination from this spike. Spectra, with
an increase of 20% in the noise level of the contaminated channels to that of the artefact-free spectral
velocity range, are discarded.

Similarly, the maps towards all the CASCADE regions with the IRAM 30-m telescope (shown in
Fig. 2.6) are reduced utilizing the CLASS program. The antenna temperatures are converted to main
beam brightness temperature using Eq. (2.8) and a forward efficiency of 0.95. These maps are gridded
to their native resolution (i.e. 85["'] = 2460/v[GHz]). A spectrum for each clump is extracted for
each molecule of interest with the native resolution of the molecules’ frequency.

" http://www.iram. fr/IRAMFR/GILDAS
8 https://web-archives.iram. fr/ARN/feb®1/node5.html
K https://www.everythingrf.com/community/automotive-radar-frequency-bands
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2.2 Surveys

H,CO survey

The spectral line properties of the four H,CO transitions are summarized in Table 2.2.

Table 2.2: H,CO transitions observed with the IRAM 30-m and the APEX 12-m telescopes.

Telescope H,CO Frequency E,/k Aj 8up Mgt
JiaKe [GHz]  [K]  [s"] [cm ™3]
IRAM30-m | Iy, — 0y,  72.838 35  82(-6) 3 28-10*¢
APEX 3032, 218222 210 28(-4) 7 7.8-10°¢
APEX 3,,—>2, 218475 681 1.6(-4) 7 32-10°°
APEX 3,1 >2, 218760  68.1 1.6(-4) 7 3.1-10°°

Notes. The rest frequencies, upper energies, and critical densities of the four observed transitions of H,CO. The
Einstein coefficients are written in the form of A(-x) = A x 107",

References. “ Shirley, 2015; critical density at T = 20 K. b Order of critical density estimated based on
collisional rates of Wiesenfeld and Faure, 2013, assuming optically thin conditions and considering p—H, as
the main collider. Molecular properties were taken from the Cologne Database for Molecular Spectroscopy
(CDMS; Miiller et al., 2005).

We converted the APEX T, scale to a Ty scale using n., = 0.95 and a main-beam efficiency
depending on the date of observations. For Cygnus-X sources, observations of Mars, Jupiter, and
Saturn allow us to estimate the beam efliciencies, and we find 0.68 < g < 0.86. Based on Mars
observations, we found r7y;z = 0.77 for the GLOSTAR sources. For the M8 sources, 175 = 0.80 is
adopted, based on Jupiter 10" An overview of the receiver tuning parameters of the observations of the
three sub-samples is presented in Table 2.3.

Table 2.3: Parameters of the IRAM and APEX observations.

Sources Telescope (Receiver) 65 Tuning SB TImB # pointings
["] [GHz]
Cyenus-X IRAM (EMIR 090) 33 72.8 LSBinner 0.83 7
yenu APEX (nFLASH230) 29 2185 USB 0.68 — 0.86
IRAM (EMIR 090) 33 72.6 LSBinner 0.83
GLOSTAR APEX (nFLASH230) 29 218.5 USB 0.77 10
MS IRAM (EMIR 090) 33 Spectral line survey 0.8 37

APEX (nFLASH230) 29  Spectral line survey 0.797

Although the beam sizes are similar, the small difference is taken into account by adjusting source

10 The beam efficiency for the M8 sources is adopted from the publicly available line monitoring of APEX telescope

receivers https://www.apex-telescope.org/telescope/efficiency/
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size. Assuming the source size is that of the APEX beam size (fappx = 29”), the ground-state

2
observations are corrected for beam dilution, n,; = (gﬁ:ﬁ) =0.73.
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CHAPTER 3

Physical and Chemical Processes in
Star-Forming Molecular Clouds

The night sky once ruled my imagination
Now I turn the dials with careful calculation

Sleeping at last - Venus

Light is our strongest tool for observing the Universe, and understanding how light interacts with
the atoms and molecules in space gives us great insight into the physical conditions out there. In this
Chapter, the method of calculating column densities is presented with details on radiative transfer
and molecular line emission. Furthermore, the formation and destruction of molecules, specifically
deuterated molecules, are presented.

3.1 Observing Molecular Clouds

3.1.1 Spectral line emission

Atoms or molecules emit spectral lines when they release a photon during a transition from a higher
energy state to a lower one. The photon emitted has a specific wavelength, which depends on the
energy difference between the higher and lower states.

Atoms or molecules interact with photons through either absorption or emission. Figure 3.1
illustrates the energy transitions of an atom, which can occur by absorbing a photon (absorption)
or emitting a photon (spontaneous or stimulated emission). Atoms emit photons via spontaneous
emission during energy transitions triggered by collisions. In high-density environments, collisions
between atoms or molecules transfer energy, causing them to transition to a lower state and emit a
photon. Additionally, a photon with the exact wavelength can stimulate an atom or molecule in an
excited state to emit a photon.

The energy transition mechanism in atoms and molecules arises from various factors. Atoms,
consisting of a nucleus surrounded by electrons, exhibit well-defined energy levels determined by
the number of electrons in their shells, which varies among different atoms. The energy state of an
atom changes when its outer-shell electrons transition from the outer shell to a higher-energy state.
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Figure 3.1: Processes of emission and absorption in atoms and molecules.

Molecules, on the other hand, undergo energy transitions through changes in their vibrational or
rotational energies, as further detailed in Sect. 3.1.3.

Pressure, temperature, abundance, and Doppler shift influence the spectral lines. Pressure broadens
the spectral lines due to collisions. Temperature affects the population of the energy levels, following
the Boltzmann distribution (see details in Sect. 3.1.2). The Doppler shift can either red-shift the
spectral line if the gas is moving away or blue-shift it if the gas is approaching.

3.1.2 Radiative Transfer

As light travels through the ISM, it interacts with atoms and molecules (consider Figure 3.2). The
radiative transport equation helps us comprehend how the intensity of light changes as it travels a
distance, allowing us to interpret the information we receive from the ISM. Not considering scattering,

*
—

1,(0)
>

—eo [\

A N2

S

Figure 3.2: Sketch of light traveling through a medium s. A dust particle partially absorbs the light / traveling
through the medium, and a molecular line is emitted.

the change in intensity over a distance is a result of absorption and emission:

dl, = -I,k,ds + j,ds (3.1)

v
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where -1, ds is the absorption with «,, the extinction coefficient, and j,ds is the emission, with

emission coefficient j,. The emission and absorption of intensity are frequency-dependent, meaning

that the intensity through a medium may be opaque at certain frequencies but transparent at others.
Defining the opacity of the medium as dr,, = «,,ds, Eq. (3.1) can be rewritten as:

I, + Idr, = 2dr, (3.2)

Ky

The general solution for this differential equation is:

T, ;
L,(t,) = I,(0)exp(-1,) +/0 exp (—(r, — 7)) i—vdr' (3.3)
4
where the term 7,,(0) exp(—7,) is the attenuation from the background intensity and the term
fOTV exp (-(7, = 7)) i—;dT’ is the attenuation from the emission along the path traversed.

Assuming the medium is comprised of molecules in local thermodynamic equilibrium (LTE),
the level populations of the medium are discrete and can be explained with a single temperature
black-body, i.e., I, = B, (T,,). Assuming the radiation is uniform and the intensity is constant, i.e.
g% =0, Eq. (3.3) can be simplified to:

I,(t,) = I,(0)exp(-1,)+ /TV exp (—(t, = 7)) B, (T, )d7’ (3.4)
0
=1,(0)exp(-7,) + B,(T,,) (1 —exp(-7,)) for constant T, (3.5)

Further assuming 7, (0) is a black-body radiation of the background temperature 7,,, we obtain:

1,(7,) = B, (T,y) exp(-7,) + B, (T,,) (1 —exp(-1,)) (3.6)

The primary focus when observing a source is its intensity. This involves observing on/off positions
and measuring the background intensity contribution at a reference position where only the background,
and no medium contribution, is present. Subsequently, to isolate the source intensity, the observations
at the reference position are subtracted from the observations of the source of interest:

Iv,source(Tv) = IV(TV) _IV(O) (3.7)
= Bv(Tbg) exp(_Tv) + Bv(TeX) (1 - eXp(_Tv)) - Bv(Tbg) (38)
= [B,(To) = B, (Typ)] (1 - exp(-1,)) (3.9)

The black body radiation distribution is given by the Planck’s law:

2hv? 1
¢ exp(hv/kgT) -1

B,(T) = (3.10)

where £ is Planck’s constant, c is the speed of light, kg is the Boltzmann constant. In the sub-mm
range hv < kgT, where Planck’s law can be simplified to the Rayleigh-Jeans’ law:

2y?
B, (T) = —ZkBT (3.11)
c
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Isolating for the brightness temperature, the observed brightness temperature of the source is:

2
C
TB(V) = le,source(‘rv) (3'12)
B
2
C
gy [B,(T,) - B, (T,y)] (1 -exp(-1,)) (3.13)
2 3
2h 1 1
= ch 115 ~ - —~ (1-exp(-t,)) (3.14)
BY 4 exp (kBTex - 1) exp (kBTbg - )

h h B
[/, (To) = J,(Ty)| (1 —exp(-7,)), where J, = k—: exp (kB—);, - 1)} (3.15)

3.1.3 Molecular line emissions

The main transitions observed in molecular clouds are rotational transitions. The emission of molecules
is governed by collisions with other particles in the gas or by radiation, e.g., from nearby stars or CRs.

In the simple case of a diatomic molecule, CO, the discrete energy levels are described as:

2

h
EJ = TJ(J—F 1), (316)
8 ur

where /£ is the Planck constant, u (= %) is the reduced mass between m; and m, separated by a

distance, r. The dipole rotational transitions are only possible AJ = +1 for molecular species with
permanent dipole moments (Bernath, 2005). The adjacent lines of the spectrum are separated by a
distance: 5

h hJ

s—J+1 or v=—
4’ ur 4 ur

E,; . —E; = J=1,23,... . (3.17)

7
In the case of symmetric molecules, such as H, with no permanent dipole moment, the lowest
quadrupole transition possible J = 2 — 0, corresponding to an excitation temperature of T,, ~ 500 K
(Bernath, 2005). In the typical conditions of the cold, dark molecular clouds, the lowest transition
of H, is far above. In the case of simple diatomic molecules, CO, the first excited state J = 1 is
efficiently possible at T ~ 5 K. The de-excitation to the energy state J = 0 emits a photon at frequency
v = 115.27 GHz. Calculation of the transition energies becomes complex as the number of atoms in
the molecule increases, as well as the symmetry of the molecules (Bernath, 2005). Generally, the
higher the number of atoms, the more lines are within a frequency interval.

Consider the simple case of a molecule with just two energy levels, E; and E,. The excitation and
de-excitation between these levels are equal in equilibrium, thus the ratio of population in the upper
and lower energy levels is:

T T (—E‘;C_El)(uﬁ)_l (3.18)
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where the critical density is:
~ (3.19)

N =~
crit oV

The critical density quantifies the dominant excitation process. The Einstein coefficient, A, is a
measure of the probability of spontaneous photon emission, whilst the collisional cross section, o,
and the gas velocity, v, is a measure of the probability for the collision (e.g. Heiner et al., 2015).

In the case where the densities are much higher than the critical density of a molecule (i.e. n; < n),
the population of the two levels approaches the Boltzmann distribution, simplifying Eq. (3.18) as:

ny 8u (_Eu _El)

(3.20)

This is the case for a system governed by collision and is in local thermodynamic equilibrium (LTE).
In the same molecular cloud, with density n, LTE conditions may be possible for a molecule (with
a high critical density), whilst another molecule may not be in LTE due to a lower critical density.
Atoms or molecules with higher critical densities can be used to trace the higher-density regions.

In the case where the critical density is lower than the density (i.e., n; < n), the level populations
are not governed by collisions. These regions are governed by the interaction with background
radiation. Thus, Eq. (3.18) becomes:

M ~ g—uexp (—ﬂ) (@)71 o« n. 3.21)
ny n

Under these conditions, the excitation between the levels are dependent on both the density and
excitation temperature.

3.1.4 Deriving column densities

The column density is a measure of the number of atoms/molecules per unit area along a line-of-sight.
This quantity is determined by the rotational diagram method, assuming the levels are populated
following LTE (Goldsmith and Langer, 1999; Mangum and Shirley, 2015):

N N 1 E,
ln(—u):ln( “”)— P (3.22)
8u Qtot Texc kB

where N, and g, is the population and degeneracy of energy level u, N, is the total population in all
energy levels, and Q. the partition function, with the partition function for each molecule calculated
by CDMS (Miiller et al., 2005). E,, is the upper energy, kg is the Boltzmann constant and 7 is the
excitation temperature.

XC

Under the assumption that the source fills the beam, the upper energy level population can be
simplified as (Goldsmith and Langer, 1999):

2

No= KB [ 4w 323

= Y [ v xc, (3.23)
hcAij

where v is the central frequency of the emission line, A;; is the Einstein coefficient, and / Typdv is
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the integrated intensity of the molecular line of interest. C = ;—— is the optical depth factor.

—exp

When several emission lines with different energies of the same molecule, the N, for each emission

line is obtained. Considering the N, /g, as the y-values, and the E,/kg as the x-values, Eq. (3.22)
under LTE-assumption becomes linear, with the equivalence:

1n(ﬂ):zn(Nt°t)-1 ] (3.24)
8u Qtot Texc kB '
N—— ~—— ——— ——

y b a X

allowing a linear regression to obtain the excitation temperature from the slope —1/7,., and the total

column density from the intercept N, /O -

2 (o

3.2 Chemistry in dense molecular clouds

The journey of stellar formation begins in the molecular cloud stage, where the initial conditions of
stellar nurseries for massive stars hold significant importance. The rich chemistry of the ISM has
been a subject of fascination since the groundbreaking detection of CH, CN, and CH" molecules in
1937, marking the beginning of the field of astrochemistry (Swings and Rosenfeld, 1937; McKellar,
1940; Douglas and Herzberg, 1941). As telescope technology has advanced, particularly in the field
of radio astronomy, scientists have been able to detect increasingly complex molecules in space. This
progress has been remarkable, with the number of observed interstellar molecules reaching about 330!
as of May 2025. These molecular discoveries not only enhance our understanding of the chemical
composition of space but also provide crucial insights into the environments in which stars form and
evolve. Building upon this molecular complexity, scientists have identified molecules composed of
up to 19 atoms in the cold, ISM, and within our own solar system. These complex molecules serve
as precursors to potential future stellar systems. Of particular interest are the more complex (> 6
atoms) organic (carbon-containing) molecules (COMs), which are frequently observed near high-mass
hot cores and their low-mass counterparts, hot corinos. The famous binary hot corino system, IRAS
16293-2422, has revealed an especially rich chemical complexity (Jgrgensen et al., 2011; Jgrgensen
et al., 2016). Figure 3.3 provides a striking example of this chemical richness, showcasing a spectrum
from IRAS 16293-2422B, which illustrates the diverse molecular composition found close to these
stellar nurseries. The Sagittarius (Sgr) B2 molecular cloud, located towards our Galactic center,
showcases remarkable chemical richness in COMs, particularly in its star-forming regions SgrB2(N)
and SgrB2(M) (Belloche et al., 2013; Busch et al., 2024).

The temperature, density, interstellar radiation field, and cosmic-ray flux all drive chemical processes
in the ISM. These processes occur not only in the gas phase but also on the surfaces and within the
icy mantles of dust grains (Garrod and Herbst, 2006; Garrod et al., 2008). The interplay of these
factors creates a complex chemical environment that shapes the composition and evolution of the ISM,
ultimately influencing star and planet formation (Caselli and Ceccarelli, 2012; Jgrgensen et al., 2020).

! CDMS; https://cdms.astro.uni-koeln.de/classic/molecules#molecules_in_the_interstellar_
medium_or_circumstellar_shells_as_\of_02_2025. Accessed 10 June 2025.
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Figure 3.3: The rich spectrum 0.5 offset from the continuum peak of low-mass star-forming region IRAS

16293-2422B by Jgrgensen et al. (2016).
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3.2.1 Gas-phase chemistry

The ISM has very low densities compared to Earth’s atmosphere; collisions between two particles
(i.e., atoms or molecules) in the ISM are rare and occur very slowly. In these regions, UV photons and
CRs can penetrate the molecular clouds and ionize existing atoms, resulting in ion-molecule reactions
dominating (van Dishoeck, 2018). The initial build-up of the chemistry in the ISM is through the
ion-molecule reaction, with H;" playing a fundamental role in initiating the complexity of molecules
in the ISM (McGuire et al., 2020). When two particles (A and B) collide, they not only excite the
molecule (see Sect. 3.1) but, depending on the geometry and energies, they can also facilitate the
formation of new molecules. The key reactions of formation and destruction of particles are shown in
Table 3.1.

Table 3.1: Gas-phase bond formation, destruction, and rearrangement.

Bond formation Radiative association A+B — AB+vy
Associative dissociation A+B — AB +¢”

Bond destruction Photo-dissociation AB+y —A+B
Dissociative recombination AB+e — A+B

Bond rearrangement { Ion-molecule, neutral-neutral or charge-transfer AB+C — AC+B

The rate of these reactions are dependent on the temperature and density. Furthermore, photons
and CRs can participate in the formation and destruction of molecules (e.g. Caselli and Ceccarelli,
2012). CRs play a crucial role in initiating the chemical reaction in the diffuse clouds, where H, is
ionized to Hs', a first critical step in ISM chemistry. Increased densities (e.g., in dense cores) shield
the UV-radiation from the innermost and dense parts, allowing H, to be present in the interior of the
clouds (Yamamoto, 2017).

In order to understand the conditions that are responsible for the observed molecules and their
abundances, chemical models consider reaction rates of two-body collisions. Considering the reaction
A +B — C+D, the evolution of the abundance of A can be described by the respective reaction rates:

d[A]

~ = k1 [Al[B] + &, ,[C][D] (3.25)

where [X] denotes the abundances of the respective particle. The reaction rate k,., following the
Arrhenius equation, is dependent on the temperature, 7, as (e.g. Semenov et al., 2010):

Ea
k, ~exp Ak (3.26)

with an activation energy, E,, needed to be exceeded in order for the reaction to occur, and gas constant
R.

3.2.2 Grain-surface chemistry

Only considering the gas-phase reactions has, historically, not been able to reproduce the observed
abundances of molecules, especially those of COMs. To reproduce the observed abundances of COMs,
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grain-surface chemistry must be taken into account (Oberg et al., 2009; Garrod, 2013; van Dishoeck,
2014).

In the earliest stages of star-formation, where the gas is cold (T' < 10 K), molecules are able to
accumulate on the surface of dust grains. Although the temperatures are low, the small molecules on
the surface can still move. Molecules can be formed utilizing the surface of grains; the Langmuir-
Hinshelwood reaction (Agpin + Bgrain — ABgpain), Where two grain surface atoms/molecules react with
each other to form a molecule, or the Eley-Rideal reaction (A, +Bgyg — ABgy,in) Where a gas-phase
atom/molecule reacts with a dust grain particle (Herbst and van Dishoeck, 2009). Furthermore, COMs
can be formed via successive hydrogenation of CO (see Fig. 3.5; e.g. Watanabe and Kouchi, 2002;
Taquet et al., 2012).

These dust grain molecules reside on the surface. The complexity increases as the inventory on the
surface increases, with a starting point of methanol, CH;0H, and forming COMs such as CH;0CHj;
and CH;0CHO (Jgrgensen et al., 2020) or polycyclic aromatic hydrocarbons (PAHs) such as CgHg
(Burkhardt et al., 2021). The grain surface molecules are sublimated into the gas-phase with increasing
temperature (Herbst and van Dishoeck, 2009) or due to shocks (Burkhardt et al., 2019).

3.2.3 Deuterated molecules

The chemical composition of stellar birthplaces reveals crucial information about their physical
properties. Deuterated molecules, in particular, serve as key probes for the coldest gas phases.
Deuterium, a heavier isotope of hydrogen, originates from the birth of the Universe. Stars slowly
destroy deuterium in their interiors, but it persists in the ISM, primarily in its molecular form, HD.
Observations of the ISM show an atomic abundance ratio between the main hydrogen isotope and
deuterium, [D]/[H] ~ 1073 (Oliveira et al., 2003; Cooke et al., 2018). Deuterium fractionation is
the enhancement of deuterated molecules relative to their non-deuterated counterparts. Deuterium
fractionation is an efficient process occurring during the early stages of star formation. This efficiency
results in enhancements (up to a few percent) of molecular [D]/[H] abundance ratios in dense molecular
clouds and star-forming regions compared to that of the global ISM [D]/[H] (Roberts and Millar,
2000a; Roberts et al., 2004). This reaction, fundamental to the deuteration process, involves the
exchange of a proton with a deuteron:

HD + H; = H,D* + H, + AE(230 K). (3.27)

This exothermic reaction proceeds effectively at low temperatures, specifically < 25 K (Roberts and
Millar, 2000b). The study of deuteration and its products not only enhances our understanding of the
chemical processes in these cold environments but also provides a unique window into the physical
conditions present during the initial phases of stellar evolution.

Low temperatures and CO freeze-out enhance deuteration in star-forming regions. As neutral
molecules decrease, especially during CO freeze-out, the [H,D*]/[H; ] ratio increases (e.g. Roueff
et al., 2007). CO typically destroys H,D*, so its depletion allows H,D" to accumulate. Temperatures
below 20-30 K drive the deuteration reaction forward, transferring elemental D from HD to other
species through two main pathways: 1) Rapid ion-molecule reactions of H,D* with neutral species, 2)
Deuteration of ices by D-atoms sticking to dust grain surfaces (Roberts and Millar, 2000a; Roberts
et al., 2004; Roueff et al., 2007).

Light hydrocarbons (C, H,,) provide additional fractionation pathways, driving deuterium chemistry
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Figure 3.4: Chemical network in the gas phase leading to atomic deuterium formation, adopted by Taquet et al.
(2012). The atomic deuterium is marked in red “D”.

up to temperatures of 7 ~ 100 K (e.g. Turner, 2001):

CH; + HD — CH,D* + H, + 370 K (3.28)
C2H2+ +HD — CzHD+ + H2 +550 K (329)

These processes collectively lead to significant deuterium enrichment in cold, dense environments,
making deuterated molecules excellent probes of the conditions of early-stage star formation. Further-
more, at temperatures of < 10 K and densities > 10° em™ gaseous species, such as CO and other
neutrals, are frozen onto the dust grains, deuterium fractionation enhances as the reactions between
CO and the ions in Egs. (3.27), (3.28), and (3.29) (Bacmann et al., 2003; Crapsi et al., 2005; Fontani
et al., 2014).

The dynamical environment of star-forming regions affects the deuterium fractionation, thus making
it a powerful tool to probe the conditions of star formation. Specifically, the abundance and ratio of
deuterated molecules play a significant role in determining the chemical age of high-mass star-forming
regions. Fontani et al. (2011) found that the R(N,D") can be used as an evolutionary tracer in
high-mass star-forming regions, decreasing by an order of magnitude at the onset of star formation.
DNC is formed through similar gas-phase reactions as N,D*, but the deuterium fractionation of DNC
is able to stay relatively stable as the destruction is slow compared with R(N,D"), and does not change
significantly with the evolution (Sakai et al., 2012; Fontani et al., 2014). Lin et al. (2024) found that
in starless cores, the depletion of N, is lower than that of CO, resulting in an enhanced R(N,D™)
compared to the depleted R(DCO™). Based on the depletion of CO, the ionization rate can be traced
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with the ratio of DCO* and HCO™ (Caselli et al., 1998; Caselli et al., 2002; Miettinen et al., 2011).
The abundance of deuterated molecules and their ratios to non-deuterated counterparts can serve as
valuable indicators of the chemical age in star-forming regions, giving insights into the evolutionary
stages and timescales of star formation, particularly in high-mass star-forming environments.

DCO" and its main isotopologue HCO*

DCO" and HCO" form most efficiently in the lower temperature regime (7,;, < 20 K). The following
gas phase reaction (Albertsson et al., 2013) is the primary formation pathway of DCO™:

H,D*+CO — DCO" + H,. (3.30)
The formation pathway of the main isotopolog also requires CO:
H;" + CO — HCO" + H,. 3.31)

When the molecular cloud is cold (7, < 20 K) and dense (n > 10* cm™), CO freezes onto dust,
leaving very little in the gas to react with H,D™. But as the ice warms and CO evaporates, it reacts
with H;", thereby using up the H;" needed to form H,D*. Thus, the abundance of DCO" is highest
when the gas is really cold (7, < 20 K) and drops as it heats up (Aikawa et al., 2012).

The abundance of DCO" and HCO" decrease because H;" gets used up before it can turn into H,D*
(Albertsson et al., 2013). A time-dependent chemical model showed that the abundance of DCO*
varies with temperature, being higher at low temperatures (~ 30 K) (Albertsson et al., 2013). As the
critical temperature of the DCO" formation is reached, the R(IDCO) starts to decrease, eventually
matching the basic amount of interstellar [D]/[H] abundance ratio (~ 10_5, Cooke et al., 2018). So,
R(DCO") varies with temperature in regions that are not ionized, and this variation follows that of its
precursors (Herbst, 1982; Anderson et al., 1999).

Elevated temperatures driven by shocks can cause the nonthermal sublimation or sputtering of CO
from dust grains. The primary pathway leading to the destruction of DCO™ and HCO" is dissociative
recombination:

DCO*+e” — CO+D (3.32)

and
HCO*+e¢~ - CO+H (3.33)

A higher electron fraction accelerates the destruction of HCO™ more rapidly than that of DCO, thereby
influencing the molecular isotopic ratio (Albertsson et al., 2013).

DCN and DNC and their main isotopologues, HCN and HNC

The formation of the isomers, DNC and DCN, differs in their thermal dependence. When it’s
colder (Ty,i; < 30 K), DNC predominantly forms because deuterium is quicker to react with the
main isopotolog of the isomers, HCN and HNC. Interestingly, DCN is created in this cold range by
deuterium being passed from HNC (Turner, 2001). However, when the regions warm up a bit (~ 80
K), both DNC and DCN are efficiently formed from light deuterated light hydrocarbons like CH,D*
(Albertsson et al., 2013). At lower gas temperatures (Tgas < 30 K), DCN does not form as well as
DNC since it relies on CH,D™, unlike DNC, which uses H,D" (Turner, 2001; RouefT et al., 2007).
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On the contrary, DNC does not form as well as the temperature rises because oxygen atoms become
effective at destroying this molecule (Gerner et al., 2015).

HCN and HNC, which are the main isotopologs of DCN and DNC, have been shown to be useful
for determining the kinetic gas temperature (Hacar et al., 2020). The ratio of /(HCN)/I(HNC) is
influenced by the selective destruction of HNC at gas temperatures 7 < 200 K (Hacar et al., 2020), as
shown in these reactions:

HNC+H — HCN +H (3.34)

and,
HNC+0O — NH + CO (3.35)

The change between HCN and HNC happens is effective at temperatures 7 > 40 K. When temperatures
are low, HCN and HNC are produced through reactions between ions and molecules with roughly
equal probability (Herbst et al., 2000; Albertsson et al., 2013).

3.2.4 Formaldehyde

Formaldehyde (H,CO) is a pervasive molecule that is thought to be formed through the successive
hydrogenation of CO on the icy mantles of grain particles (e.g. Mangum et al., 1990; Watanabe and
Kouchi, 2002; Woon, 2002; Yan et al., 2019; Taquet et al., 2012, see Figure 3.5 by the latter for
further details). Snyder et al. (1969) first detected H,CO in the ISM, the first polycyclic molecule to
be detected, observing the 4.8 GHz (6 cm) 1, ( — 1, ; transition between the hyperfine structure levels
of its ortho-ground state. Researchers have established H,CO as a well-known tracer of high-density
environments and a wide range of temperatures in molecular clouds (Mangum and Wootten, 1993; Ao
et al., 2013; Okoh et al., 2014). Downes et al. (1980) identified the presence of this molecule through
absorption measurements toward numerous Hi1 regions.

The frequency of the 1 ; — 0 ( ground-state transition of para-formaldehyde (H,CO) at 72.8 GHz,
which falls at the lower end of the receiver coverage of the 3/4 mm atmospheric window, has limited
the number of observations made of this line. This line, first detected in the ISM by Akabane et al.
(1974, see also Kaifu et al., 1975), has a relatively low critical density of n ;, ~ 10* cm?’, allowing
its use as a densitometer at lower densities. H,CO is a slightly asymmetric rotor molecule, and its
utility in determining volume density and kinetic gas temperature in various sources stems from the
collisionally governed K-levels (e.g. Mangum and Wootten, 1993; Mangum et al., 2013; Tang et al.,
2018; Tang et al., 2021). The ground-state transitions of ortho-H,CO at 4.8- and 2-cm, corresponding
tothe 1; o — 1 ; and (2, ; — 2, ,) transitions, respectively, serve as density tracers (e.g. Mangum et al.,
2008; Ginsburg et al., 2011; Ginsburg et al., 2015; Gong et al., 2023). Tang et al. (2017) observed that
the abundance of H,CO remains relatively stable across different stages of star formation, where the
abundance of H,CO varies by only one order of magnitude during these different stages of evolution,
with X (H,CO) =~ 107" (Tang et al., 2018).

Previous studies have identified a significant discrepancy between gas densities derived from
molecular tracers and those derived from dust observations. For example, studies using CS (Beuther
et al., 2002) or higher J-transitions of H,CO (Tang et al., 2018) have reported higher gas densities than
dust-based estimates. This discrepancy can be attributed to the high critical densities of the lines used
in these studies. By utilizing the ground-state transition, H,CO (1, — 0, ), researchers can now
probe the bulk material of clumps with a line of lower critical density. Consequently, this ground-state
transition enhances the utility of H,CO emission lines as both a thermometer and a densitometer.
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Figure 3.5: Chemical network of the successive hydrogenation forming H,CO and CH50H on dust grain mantles,
adopted by Taquet et al. (2012). Solid, dashed, and open arrows indicate addition, abstraction, and substitution
reactions, respectively. Black arrows denote reactions involving hydrogen, while gray arrows represent reactions
involving deuterium. Bold values show rates relative to the H + CO reaction, and non-bold values indicate
deduced relative rates by analogy with similar reactions.
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CHAPTER 4

The large scale distribution of DCO™, DNC and
DCN in the DR21 filament

The rumour of buried treasure
The starting line of an adventure
It’s a glimpse of light in a mine of gold

Sleeping at last - Joy

This chapter summarizes the study of deuterated molecules in the DR21 filament, published in the
article listed below, and is reproduced as Appendix A.

Christensen et al., 2024: "The Cygnus Allscale Survey of Chemistry and Dynamical
Environments: CASCADE III. The large scale distribution of DCO*, DNC, and DCN in
the DR21 filament" in Astronomy & Astrophysics, Vol. 688, A215; by L. Barlach Christensen;
F. Wyrowski; V. S. Veena; H. Beuther; D. Semenov; K. M. Menten; A. M. Jacob; W.-J. Kim;
N. Cunningham; C. Gieser; A. Hacar; S. Li; N. Schneider; I. Skretas; and J. M. Winters.

4.1 Context

The DR21 filament, located at ~ 1.5 kpc, is an active site of HMSF. Deuterated molecules are powerful
tools for investigating the gas conditions in cool, dense regions where stars form. The formation of
deuterated molecules is influenced by temperature and density, with specific pathways for DCO™,
DNC, and DCN. In the lower temperature condition (< 20 K), the primary molecule for the formation
of deuterated molecules is H,D*, while CH,D" is responsible for deuteration in higher temperatures
(~ 80 K). DCO" is formed primarily through H,D" reacting with CO, whereas the formation DNC
from HCND™ via both H,D* or CH,D" reacting with N. In the case of DCN, it is formed through
CH,D" and has a less efficient pathway via DCO™ reacting with HCN or HNC. The efficiency of DNC
production is higher at lower temperatures (~ 30 K), while DCN production becomes more efficient at
higher temperatures (~ 80 K).

The study, as part of CASCADE, investigates the distribution of deuteration (R(XD) = [XD]/[XH])
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in the DR21 filament of the Cygnus-X region, focusing on the spatial characteristics and relationships
with physical conditions of DCO*, DNC, and DCN.

4.2 Deuteration along the DR21 filament

The CASCADE program (described in Sect 2.2.4) covers the ground-state transitions of DCO™, DNC,
and DCN, their main isotopologs (HCO™, HNC, and HCN) and their optically thin 13C—isotopologs
(H13CO+, HN13C, and H13CN). The higher J-transitions of these three deuterated molecules, focusing
on the higher emission regions of DCO™, were also observed. The main velocity of the filament is
Visr = —3 km s Integrated intensity maps were created over the velocity range from —7 km s'to
+0.5 km s~!. The column densities are calculated following the description described in Sect. 3.1.4,
where R(D) = N(XD)/N(XH).

We find that significant morphological differences between these three molecules. DCO™ shows
extended emission along the filament, with the strongest emission towards the northern region of
DR21 filament. Contrary, we find that the DCN shows clumpy emission with strong peaks towards
the famous DR21 Main and DR21(OH). We find that the morphology of DNC emission along the
filament can be considered an “intermediate” between DCO™ and DCN, where the emission is more
extended than DCN but also more clumpy than DCO™.

The fractional abundances of deuterated (X (D) = N(XD)/N(H,)) reveal similar values across
the species. We find median abundances of X(DCO*) = 5.9,% x 10™'!, X(DNC) = 6.5;5 x 107",
and X(DCN) = 6.8;29 x 107", The degree of deuteration was found to be approximately 1%, with
R(DCO™) = 0.012 + 0.003, R(DNC) = 0.014 + 0.003, and R(DCN) = = 0.010 =+ 0.002. Considering
only the regions where all three molecules are detected, we find that the highest deuteration is
R(DNC) = 0.014 + 0.003, which is comparable to R(DCN) = 0.010 + 0.002 but a factor two higher
than R(DCO™) = 0.006 + 0.001. Although the deuteration of the three molecules are similar within a
factor two, we find morphological variation of deuteration degree in the DR21 filament.

4.3 Impact of Physical Conditions on Deuteration

We investigate whether the morphological differences in the deuterated molecules are observed to
be dependent on the physical conditions of the filament. Figure 4.1 shows the deuteration R(DCO™),
R(DNC), and R(DCN) with the H, column density, dust temperature, and gas kinetic temperature.
The H, column density and dust temperatures are based on data taken as part of the Herschel imaging
survey of OB Young Stellar objects (HOBYS) program (Motte et al., 2010; Bonne et al., 2023).

We find varying degrees of (anti-)correlation on the physical conditions of the DR21 filament’s
deuteration (see Fig. 4.1). R(DCO™) shows strong decrease at temperatures Ty, < 20 K, and flattens
at higher temperatures. R(DCN) is found to show a flat trend along the entire temperature regime,
whereas R(DNC) shows a less significant decrease than R(DCO™).

Interestingly, we find the strongest anti-correlation between the H, column density with R(DCO™) (p =
—0.74). This anti-correlation is likely due to local physical conditions of the DR21 filament. R(DCO")is
affected by reactions prevalent in regions with higher photodissociation and/or in shocked regions.
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Figure 4.1: Degrees of deuteration, R(DCO™) (left column), R(DNC) (middle column), and R(DCN) (right
column), with dust temperature (top row) and H, column densities (middle row) (Bonne et al., 2023) and kinetic
gas temperature (bottom row) in the DR21 filament. Each point corresponds to the pixel-wise deuteration
derived fromthe J =1 —-0and J =2 — 1 or J = 3 — 2 transitions of DCO*, DNC, and DCN where each of
the species were detected at an rms noise level > 40,. The black line shows the running mean, while the
purple range marks the standard deviation. The red and blue stars mark the surroundings of DR21 Main and
DR21(OH), respectively.

4.3.1 Effects of Shocks and Photodissociation on the abundance of DCO*

In order to understand the correlation between H, and R(DCO™), we look at the influence of shocks
and photodissociation in the region. For this, we used their tracers, as covered by the CASCADE
program, and investigated the effect of the chemistry of R(DCO").

The DR21 filament is an active region containing several star-forming regions and harbors the most
extreme outflow in the Milky Way, namely DR21 Main (Hennemann et al., 2012; Skretas et al., 2023).
Utilizing the (2-1) transition of SiO covered with CASCADE, a well-known tracer for shocks (e.g.
Martin-Pintado et al., 1997; Kelly et al., 2017; Rybarczyk et al., 2023), we trace the regions where SiO
is detected as shocked regions. In these shocked regions, where SiO is sputtered, the CO molecule is
also sputtered. The CO halts the production of H,D", successively halting the production of DCO™.
We find the presence of the SiO molecule in regions of H, column densities > 3 X 10*2 cm™2. In
the regions where SiO (2—1) emission is detected, we find that it corresponds with the region where
R(DCO™) is consistently low (< 0.03).

To investigate photodissociation by UV radiation, we use the HCO molecule, known to form
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Chapter 4 The large scale distribution of DCO*, DNC and DCN in the DR21 filament

efficiently in photodissociation regions (PDRs) via far-UV (e.g. Schilke et al., 2001; Gerin et al., 2009).
In PDRs, the abundance of the rare HCO molecule becomes comparable to that of the isotopologue
H'®CO*. The outer regions of the DR21 filament with lower H, column densities are found to be
affected by the interstellar UV radiation, whereas the regions near the Hir region DR21 Main and
DR21(OH) are evidently associated with photodissociation from the intense star-formation (Yamagishi
etal., 2018). We find in the lower H, column density regions, HCO" is destroyed at a higher rate than
DCO", and at higher H, column densities the destruction of HCO™ decreases, resulting in an overall
decrease of R(DCO") with H, column density in the DR21 filament.
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Figure 4.2: R(DCO™) with column density, where in gray are all the pixels measured in DR21, purple is
R(DCO*) where N(HCO)/N(H'*CO*) was measured, orange is where X(SiO) was measured, and green is
where N(HCO)/N (H13CO+) and X(SiO) intersect. The linear fit, where SiO and HCO are detected, is shown in
dashed brown. The red and blue stars mark the surroundings of DR21 Main and DR21(OH), respectively.

The decreasing trend of R(DCO™) with H, column density in the DR21 filament is thus influenced by
both the shocks and photodissociation by UV. Figure 4.2 shows this overall decreasing trend, marking
the regions influenced by photodissociation by UV (purple), shocks (orange), and both (green).

4.3.2 DNC and DCN with the gas kinetic temperature

We find that DNC and DCN are tracing similar warmer and denser regions of the DR21 filament. This
shows a temperature-dependent variation in their abundance ratio.

At dust temperatures of < 30 K, DNC forms through deuterium transfer with HCN and HNC,
whereas DCN mainly forms through deuterium transfer of HNC. At higher dust temperatures (~ 80 K),
both DNC and DCN form efficiently through the deuterated hydrocarbon CH,D*, but the efficiency of
forming DNC decreases with temperature as DNC is destroyed by atomic oxygen. These differences
result in distinct thermal dependencies.

Previous studies have found that the ratio of the main isotopologues HCN/HNC, and their Bc
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isotopologues H'>CN/HN'3C have been found to serve as a proxy for kinetic gas temperatures (Hacar
et al., 2020; Beuther et al., 2022; Pazukhin et al., 2022). We find that in the DR21 filament, the
integrated intensity ratio of / (H13 CN)/I (HN13 C) shows a moderate correlation with I/(DCN)/I(DNC),
suggesting the deuterated isotopologues can trace the kinetic gas temperature. Figure 4.3 shows
the correlation of the integrated intensity ratio of DCN and DNC with dust temperature. We find a
linear relation of 7, = 10 X (DCN/DNC) + 6 is found, and with a one-to-one relation between the
dust temperature and kinetic gas temperature (Hacar et al., 2020), the kinetic gas temperature can be
derived using the ratio of deuterated molecules, DCN and DNC.

Comparison of dust temperature with DCN and DNC intensity ratios
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Figure 4.3: Dust temperature as a function of integrated intensity ratio of DCN and DNC with a Pearson
correlation of r = 0.58.

4.4 Conclusions

Our observations of the DR21 filament show a high degree of deuteration (~ 1%) of R(DCO"),
R(DNC), and R(DCN). We find variations of these three deuterated molecules with the physical
conditions of the DR21 filament, specifically the strong anti-correlation of the R(DCO™) with H,
column density (p = —0.74). We investigated the effects of photodissociation and shock in the DR21
filament to explain this strong decrease of R(DCO™). In the lower H, column density, photodissociation
by UV affects the strong decrease of R(IDCO") due to the low production of the main isotopologue
HCO™ in the lower H, column densities. In the higher H, column densities, shocks affect the strong
decreasing trend of R(DCO") due to the co-sputtering of CO, thus halting the production of H,D™,
and successively, DCO*. Furthermore, we found that the integrated intensity ratio of DCN and DNC
can be used to derive the kinetic gas temperature, similar to the integrated intensity ratio of the main
and °C isotopologues, HCN/HNC and H3CN/HN'3C. Our study emphasizes the complex interplay
of physical processes affecting deuteration in the DR21 filament.
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CHAPTER 5

Formaldehyde as Densitometer and
Thermometer in Cygnus-X, GLOSTAR pilot
region and M8

We are becoming whole,
Slowly now

Sleeping at last - Slowly, Now

This chapter presents a comprehensive analysis of the physical conditions in molecular clumps
within the Cygnus-X, GLOSTAR pilot, and M8 regions using multiple H,CO transitions. We
achieve a high success rate in estimating the H, volume density, kinetic gas temperature, and
H,CO column densities in 102 sources, and find that the obtained H, volume densities are
consistent with those determined from 1.2-mm continuum emission. Furthermore, we find an
increasing trend in the volume densities as clumps evolve in Cygnus-X and the M8 region. This
work, submitted in the article listed below, is reproduced as Appendix C and summarized here.

Christensen et al. subm: "Formaldehyde as densitometer and thermometer in Cygnus-X,
GLOSTAR pilot region, and M8: Utilizing the H,CO ground-state transition" in Astronomy &
Astrophysics, by I. Barlach Christensen, F. Wyrowski, H. Nguyen, T. D. Hoang, V. S. Veena, C. Gieser,
H. Beuther, K. M. Menten, K. A. Kahle, Y. Gong.

5.1 Context

Formaldehyde (H,CO) is a ubiquitous molecule believed to form through successive hydrogenation
of CO on icy grain mantles (e.g. Mangum et al., 1990; Watanabe and Kouchi, 2002; Woon, 2002;
Yan et al., 2019) or through the gas-phase reaction of CH; with atomic oxygen (e.g. Potapov and
Garrod, 2024; Punanova et al., 2025) (see Sect. 3.2.4 for more details). H,CO is a well-known tracer
of high-density regions, with the J = 3 — 2 transition showing great capabilities of measuring a wide
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range of temperatures in molecular clouds (Mangum and Wootten, 1993; Ao et al., 2013; Okoh et al.,
2014). Furthermore, the fractional abundance of H,CO remains relatively stable across different
evolutionary phases of star formation, as found in the ATLASGAL Top 100 sources (Tang et al., 2017).

The relatively low critical density 7. ~ 10* cm™ of the 1y.1 — 0p ¢ ground-state transition of para-
H,CO, first detected in the ISM by Akabane et al. (1974, see also Kaifu et al., 1975), allows us to utilize
this transition as a densitometer at n < 10° cm ™. The ortho-H,CO transitions Jy, x. = 11 o — 11
and Jy, gc = 21,1 — 2, have shown to be useful density tracers (e.g. Mangum et al., 2008; Ginsburg
et al., 2011; Ginsburg et al., 2015; Gong et al., 2023).

Molecular line emission, such as that of NH3;, CH;CCH, CH3CN, and CH3;0H, has attempted to
probe the kinetic gas temperature and/or volume density with its limitations (e.g. Cummins et al.,
1983; Walmsley and Ungerechts, 1983; Tafalla et al., 2004; Remijan et al., 2004; Wienen et al., 2012;
Giannetti et al., 2017; Lin et al., 2022). Studies have revealed a significant discrepancy between gas
densities derived from molecular tracers and those derived from the dust continuum, which can be
attributed to the higher critical densities of molecular lines (e.g. Beuther et al., 2002; Tang et al.,
2018).

The study aims to utilize the newly available ground-state transition of H,CO in conjunction with
the J = 3 — 2 transitions to investigate the capabilities of H,CO as a densitometer and thermometer,
thereby modeling the chemical ages of the clumps in Cygnus-X. We investigate closing the gap
between the discrepancies observed in the volume density measurements of the clumps using dust
continuum and molecular emission line observations. Further, we also aim to determine the physical
conditions in clumps from various environments, spanning a wide range of evolutionary phases.

The clumps of this study focus on spanning a variety of environments and evolutionary phases.
Thus, we have utilized the observations of clumps in Cygnus-X, GLOSTAR pilot region, and the M8
region (see details on observations in Sect. 2.2). Figure 5.1 shows the location of the clumps in the
three source catalogs. The three source catalogs yield a total of 127 clumps: 78 in Cygnus-X, 12 in
the GLOSTAR pilot region, and 37 in the M8 region.

5.2 Formaldehyde tracing the same gas

The spectra of the observed H,CO towards all clumps are presented in Appendix D. The line profiles
of the four H,CO transitions towards all clumps are analyzed to ensure that all detected transitions for
each clump are tracing the same gas prior to modeling with pyradex+emcee.

The detected lines are determined to trace the same gas by comparing their line profiles; similar
central peak velocity, Vj sg, and similar linewidth, Av. Furthermore, H,CO (3, , -2, ;) and H,CO
(32,1 — 2,) share identical values of upper energies, E,,, and Einstein coefficients, Ay, hence it is
expected that these two transitions exhibit similar line emission profiles if these transitions originate
from the same physical conditions. The last criterion for modeling the physical conditions with
pyradex+emcee is to ensure that three or more lines are detected at > 40.

As aresult, a total of 10 sources are discarded in Cygnus-X, and 13 in M8 clumps. We have > 40
detection for all clumps in the GLOSTAR pilot region.
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Figure 5.1: Locations of clumps in Cygnus-X (top), the GLOSTAR pilot region (bottom left), and M8 (bottom
right).
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5.3 Physical conditions with pyradex+emcee

A total of 102 clumps are modeled with pyradex+emcee to obtain the physical conditions, namely
volume gas density, gas kinetic temperature, and H,CO column density. We find volume densities
in the range of n(H,) = 5.4 x 10* - 3.8 % 10° em ™, gas kinetic temperatures 7, = 16 — 219 K,

gas
and H,CO column densities of N(H,CO) = 6.0 x 10" = 1.6 x 10" cm ™2 in the Cygnus-X region,
GLOSTAR pilot region, and M8 region.

5.3.1 Temperatures in clumps

Previous studies have found that the gas kinetic temperature under LTE conditions can be derived
with the ratio of integrated intensities H,CO (33 — 2 ,) and H,CO (3, ; — 2, ). The following
equation shows this derivation (Mangum and Wootten, 1993; Tang et al., 2018):

47.1
Tirg =

= 1(393-20)
In (0.556 X m)

K. (6.1

We find a good agreement with gas kinetic temperature derived using Eq.(5.1) with that of non-LTE
gas kinetic temperature modeled with pyradex+emcee for densities below n(H,) < 10°° cm™>. This
discrepancy between the LTE and non-LTE gas kinetic temperatures stems from H,CO (3, | -2, ) line
intensity rapidly increasing compared to that of HyCO (3 ; — 2 ,), which becomes more pronounced
as the line ratio increases. Figure 5.2 shows a difference between the LTE and non-LTE gas kinetic
temperatures increase at n(H,) < 10> ¢cm~>but remain flat at n(H,) < 10>° cm™>.
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Figure 5.2: Difference between the gas kinetic temperature of sources in Cygnus-X (purple), the GLOSTAR
pilot region (orange), and M8 (blue) using pyradex+emcee compared with the LTE gas kinetic temperature
function presented in Tang et al., 2018. The green dashed line marks n(H,) = 10°° cm™3.
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5.4 Physical conditions with evolutionary phases

5.3.2 Volume densities in clumps

Motte et al. (2007) and Tothill et al. (2002) determined the volume densities with the dust continuum
in the clumps measured in Cygnus-X and the M8 region, respectively. Previous studies found
discrepancies of one or two orders of magnitude between the volume densities determined using
molecular emission lines and those of the dust continuum, due to the higher critical densities of the
molecular line emissions (e.g. Beuther et al., 2002, using CS).
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Figure 5.3: Comparison of volume densities in Cygnus-X (purple) and M8 (blue) obtained with pyradex+emcee
and the 1.2-mm continuum emission by Motte et al., 2007 for Cygnus-X and Tothill et al., 2002 for M8. The
grey dashed line shows x = y.

The lower critical density of the ground-state transition of H,CO, in conjunction with the H,CO J =
3 — 2 transitions, allows for probing the extended gas. Figure 5.3 shows a good agreement between the
volume densities measured using the pyradex+emcee and those of the dust continuum by Motte et al.
(2007) and Tothill et al. (2002). H,CO (33 — 2 ,) thereby probes the bulk of the gas, obtaining
volume densities +30% of the volume densities measured with the dust continuum.

5.4 Physical conditions with evolutionary phases

Determining the physical conditions is essential for tracing the evolution of clumps as star formation
progresses. We characterize the evolutionary phases of clumps in Cygnus-X and the M8 region using
detected emission at 70 um, 24 um, and 3.6 um, obtained with the Spitzer telescope and AKARI
(Kraemer et al., 2010; Beerer et al., 2010; Carey et al., 2009; Churchwell et al., 2009; Kahle et al.,
2024) following the procedure described in Urquhart et al. (2022).
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Figure 5.4: Distribution of (left to right) the H, volume density, gas kinetic temperature, dust temperature, and
H,CO fractional abundance with evolutionary phases of our sample. The horizontal lines within the distribution
marksthe mean of our sub-sample, grey distributions in the H, volume density and dust temperature show the
mean of the ATLASGAL sample by Urquhart et al., 2022.

Figure 5.4 shows the physical conditions of clumps in Cygnus-X and M8 region distribution
along their evolutionary phases: quiescent, protostellar, YSO, and Hir. We find that the gas kinetic
temperature and the fractional abundance of H,CO remain rather constant along the evolutionary
phases.

Interestingly, we found an increasing trend of volume densities as the clumps evolve (left-most
plot in Fig. 5.4). Previous studies have observed that core scales become denser with time as gas
is accreted. The clumps becoming denser indicate that the clumps are accreting gas faster than the
negative feedback mechanisms. This observed trend may only be possible due to the transitions
of H,CO lines that were utilized, which allowed us to probe the bulk of the gas across all stages.
Comparatively, utilizing the higher critical density transitions of H,CO of ATLASGAL Top 100
clumps by Tang et al. (2018) do not observe this trend.

5.5 Conclusion

We utilized H,CO (33 — 2 ,) transition line with the / = 3 — 2 H,CO transitions to measure
the H, volume density, gas kinetic temperature, and H,CO column density of 102 clumps in
Cygnus-X, the GLOSTAR pilot region, and the M8 region. We obtain volume densities of n(H,) =
5.4%x10*-3.8x10° cm™, gas kinetic temperatures 7,,; = 16 — 219 K, and H,CO column densities

of N(H,CO) = 6.0 x 10" - 1.6 x 10" cm™2. We found that utilizing the ground-state transition
probes the bulk of the gas. The H, volume densities obtained with the pyradex+emcee agree well
with the H, volume densities obtained with the dust continuum.

We determine the evolutionary phases of 90 clumps in Cygnus-X and the M8 region using Spitzer
IR observations. The clumps in the GLOSTAR pilot region are determined as Hi regions. We find a
significant increase in the volume density of H, across the evolutionary phases, suggesting that clumps
become denser as they evolve on large scales. Surprisingly, we find that the dust temperature, gas
kinetic temperature, and the fractional abundance of H,CO remain constant across the evolutionary
phases.

Although the purpose of this study was to determine the physical conditions for modeling chemical
ages in the clumps of Cygnus-X, we find that expanding the regions to encompass various environments
demonstrates the robustness of this methodology.
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CHAPTER O

Chemical Evolution in Early-Stage Cygnus-X
Clumps: Initial Results

You are grace, you are light
The better version of our past

Sleeping at last - Life

This chapter focuses on the clumps in Cygnus-X, and their chemical ages. With the CASCADE
program, we covered a plethora of molecular species. We measure the column densities
of several to determine the chemical age of the clumps in Cygnus-X using the Multi Stage
Chemical. codE (MUSCLE). This work is conducted in collaboration with Dr. Caroline Gieser
and Dr. Dmitry Semenov.

6.1 Introduction

The chemical evolution of high-mass star-forming regions is still poorly understood. In the earliest
phases of HMSF, clumps undergo an evolution of physical conditions, from protostars accreting
the surrounding gas that heats up the environment to expelling gas through outflows. Identifying
molecules that can distinguish the evolutionary phases of clumps (so-called chemical clocks) is of
great interest. Candidates for such are deuterated molecules, which are highly useful in constraining
physical conditions such as the density, temperature, and the ionization fraction (e.g. Caselli et al.,
1998; Daniel et al., 2007; Albertsson et al., 2013).

The atomic ratio of deuterium with hydrogen (D/H) in the ISM is observed to be ~ 107° (Linsky,
1998; Oliveira et al., 2003; Cooke et al., 2018). Deuterium is mainly found in its molecular form
in the ISM as HD, where the molecular abundance ratio of deuterated isotopologs with their main
isotopologs (= X(D)/X (H)) can reach up to a few percent, 3-4 orders of magnitudes higher than the
atomic abundance ratio in the ISM. In the earliest phases of star-formation, where the natal cloud
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is dense (n > 10° cm_3) and cold (T < 30 K), H,D" is formed rapidly through the exothermic
ion-molecule reaction:
H3+ +HD — H2D+ + H2 + AE(230 K)

which enables a transfer of deuterium atoms to other species (Watson, 1974; Wootten, 1987).

H,D" itself, being a precursor molecule for heavier deuterated molecules, and N,D*, a simple
N-bearing deuterated molecule, have both been suggested as tracers of the evolution of the early phases
of HMSF (Emprechtinger et al., 2009; Chen et al., 2010; Fontani et al., 2011; Fontani et al., 2014).
Giannetti et al. (2019) observed three massive star-forming regions and found that the abundance of
o—H,D" decreases as the cores evolve. In the same three massive cores, these authors found that the
abundance of N,D™ is increased in the more evolved regions.

Gerner et al. (2014) and Gerner et al. (2015) studied the chemical evolution of 59 high-mass
star-forming clumps. Utilizing column densities of 18 molecules, the chemical ages of these clumps
were modeled, and divided into the four evolutionary: IRDC, HMPO, HMC, and UCHu (presented in
detail in Chapter 1.3.1). Gerner et al. (2015) extended this study, focusing on deuterated fractions of
N,D*, DCO*, DNC, and DCN, with the evolutionary sequence of these clumps. These authors found
a decreasing deuterated fraction with evolutionary phase for R(N,D"), R(DCO™), and R(DNC), while
R(DCN) is observed with an increasing trend with evolutionary phase.

In this study, we focus on the molecular conditions of 67 clumps in Cygnus-X. By applying a
physical-chemical model on each of the clumps, we infer the evolutionary phases and chemical ages
of these clumps. In this study, we aim to study the deuterated fraction (R(C,D), R(N,D*), R(NH,D),
R(DCN), R(DNC), and R(DCO")) with evolutionary phases in Cygnus-X star-forming clumps.

6.2 Observations and results

We used the observations of the CASCADE program and its follow-up program with the IRAM 30m
and APEX telescopes. The data reduction is described in detail in Sect. 2.2.4.

We retrieve the spectrum for each molecular line towards each clump in Cygnus-X. The spectra of
these can be found in Appendix B. An overview of the spectroscopic properties and the respective
detection rate of each molecular line is summarized in Table 6.1.

6.2.1 Spectral line analysis

We utilize the abundant molecular species HCO* and HNC to determine the v, g of each clump.
These species are investigated as our spectral resolution does not resolve the hyperfine structures, thus
enabling us to obtain a single velocity component for each clump. We manually inspect the 67 spectra
of each of these clumps, and fit a Gaussian using the GILDAS Gaussian fitting procedure. With this
procedure, we obtain the peak temperature (7y;5), integrated intensity ( / Ty\is)- central velocity and
line width (Av), with their respective errors.

We define the detection threshold as > 40, for each emission line. We compute the total error as
the calibration error (0, = 10%) and the integrated error propagation (07, = Tpms X VNehannels)> 35
the relative uncertainty:

2
2 2 o
Orel,tot = Ocal + (/ ;lt ) (61)
b
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6.2 Observations and results

Table 6.1: Frequencies and spectroscopic properties of the transitions used to determine the column densities
and utilized for the chemical modeling.

Name Transition Frequency  E,,/k 8up Aj; Catalogue  Det. rate  Noise =~ Comment
[MHz] K] s % [mK]

Bcs 2-1 92494308  6.66 100 141(-5) CDMS 71 30
N=1-0,J=3/2-1/2,

C,D Fos/2 377" 72107.720  3.46 6.0 8.60(-77 CDMS 16 39
N=1-0,J=1/2-1/2,

C,D Fe3/ A" 72187.708  3.46 40 534(-7) CDMS 8 42

C,H §_=11__1();J=3/2_1/2, 87284.105  4.19 3.0 259(-7) CDMS 86 29

C,H g_:zl_—lofyz—uz, 87316.898  4.19 50 1.53(-6) CDMS 100 34

C,H g_:f_’gf =32-12 gas0gs8s 419 3.0 127(-6) CDMS 100 35

CH 1;_:11:105 =212 gu01980 420 30 127(6) CDMS 100 31

C,H E_:g__lof =222 ea07165 420 1.0 1.53(-6) CDMS 98 31

C,H Ilj_:ll_’gf:l/z’l/z’ 87446470  4.20 3.0 2.61(-7) CDMS 86 30

C,S N=6-5,]=5-4 72323789 1921 11.0 1.60(-5) CDMS 13 41

C,S N=11-10J=10-10  72783.541 4640 21.0 2.63(-7) CDMS 87 40

CH;CN 4(1)-3(1) 73588.799 1598  18.0 2.05(-5) JPL 49 42

CH;CN 4(0)-3(0) 73590.218 883  18.0 2.19(-5) JPL 59 41

CH;CN 5(0)-4(0) 91987.088 1324 220 436(-5) JPL 54 31

DCN J=1-0 72414.694  3.48 9.0 1.32(-5 CDMS 51 40

DCN J=3-2 217238.538  20.85 21.0 4.57(-4) CDMS 95 30 Only in DR21

DCO* J=1-0,F=1-1 72039.350  3.46 3.0 229(-5 CDMS 83 40

DCO* J=3-2,F=3-2 216112.580  20.74 7.0 7.06(-4) CDMS 100 20  Only in DR21

DNC 1-0 76305727  3.66 3.0 1.60(-5 CDMS 95 34

DNC 2-1 152609.774  10.99 50 1.54(-4) CDMS 100 20  Only in DR21

H,CO 1(0,1)-0(0,0) 72837.948  3.50 3.0 8.15(-6) CDMS 100 43

H,CO 3(0,3)-2(0,2) 218222. 210 70  2.8(-4) CDMS 100 23 APEX

H,CO 3(2,2)-2(2,1) 218475.  68.1 70  1.6(-4) CDMS 83 96 APEX

H,CO 3(2,1)-2(2,0) 218760  68.1 70  1.6(-4) CDMS 83 90 APEX

H3CN J=1-0 86339.921 4.14 9.0 223(-5 CDMS 59 32

H3co* 1-0 86754.288  4.16 3.0 3.85(-5 CDMS 98 28

HCsN J=27-26 71889.595 4830 165.0 3.98(-5) CDMS 33 40

HCBCCN  J=8-7,F=8-7 72475060 15.65 17.0 2.90(-5) CDMS 10 42
1(0,1)-0(0,0),

HCO Y232 112, Fe-1* 86670.760  4.18 50 4.69(-6) JPL 76 29
1(0,1)-0(0,0),

HCO 1232112, F1-0" 86708.360  4.16 3.0 4.60(-6) JPL 65 31
1(0,1)-0(0,0),

HCO J= 121/ Pl 1 86777.460  4.18 3.0 4.61(-6) JPL 52 30

HCOOH  4(1,4)-3(1,3) 86546.189  13.57 9.0 6.35(-6) CDMS 8 30

HNB3C J=1-0 87090.850  4.18 3.0 1.87(-5) JPL 94 32

HNCO 4(0,4)-3(0,3) 87925237  10.55 9.0 8.78(-6) CDMS 68 27

NH,D 1(1,1)0s-1(0,1)0a  85926.278  20.68 27.0 2.61(-6) CDMS 55 27
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Continued from previous page.

Name Transition Frequency Eup /k 8up Aij Catalogue  Det. rate  Noise Comment
[MHz] (K] s %o [mK]

N,D*  J=1-0 77109.258 370 27.0 2.06(-5) CDMS 79 31

N,D*  J=2-1 154217.032  11.10 450 1.97(-4) CDMS 83 26  Only in DR21

N,D*  J=3-2 231321.857 2220 63.0 7.14(-4) CDMS 62 20  Only in DR21

NoHY  J=1-0 93173.398 447 27.0 3.63(-5) CDMS 95 38

OCs 6-5 72976.779 1226 13.0 1.07(-6) CDMS 22 37

SO 2(2)-1(1) 86093.950  19.31 50 5.25(-6) CDMS 88 30

SO, 6(0,6)-5(1,5)  72758.243  19.15 13.0 2.77(-6) CDMS 43 36

SiO J=2-1,v=0-0 86846.985 6.25 5.0 293(-5) CDMS 60 31

Notes. The frequency, upper level energy, E, ., Einstein coeflicient, Aj;, aI}d upper state degeneracy g, are
given. The values for Aj and n; are written in the form of x(-a) = x x 10 . The spectroscopic information
is taken, as noted, from the Cologne Database for Molecular Spectroscopy (CDMS) (Miiller et al., 2005) or
from the Jet Propulsion Laboratory Spectroscopic catalog database (Pickett et al., 1998). We obtain the noise
levels with a spectral resolution of 0.8 km s

We calculate the column densities using the detected molecular line emission of each clump. The
detection rates of each transition in the 67 clumps are presented in Table 6.1, including the molecular
lines that are only observed with IRAM 30-m telescope towards the DR21 filament (as part of
Chapter 4; DCO" (3-2), N,D* (2-1), N,D* (3-2), DCN (3-2), DNC (2-1)) and the APEX telescope
(as part of Chapter 5; H,CO (3-2)).

6.2.2 Column densities

The column density is determined assuming the levels are populated following LTE (Goldsmith and
Langer, 1999; Mangum and Shirley, 2015):

Y R R (6.2)
gup Qrot Texc kB

where N, and g, are the column density and statistical weight of a given upper energy level u, Ny, is
the total column density in all energy levels, and Q. the partition function taken from CDMS (Miiller
et al., 2005) or the JPL spectroscopy database (Pickett et al., 1998). E,, is the upper energy, ky is the
Boltzmann constant and 7, is the excitation temperature. In this work, we assume T, = T;,, where
T,y is derived from H,CO using pyradex+emcee (Chapter 5).

Under the assumption that the source fills the beam, the upper energy level column density can be

simplified as (Goldsmith and Langer, 1999):

——8 kBVZ/T dvxC (6.3)
u % , :
»T 3 ij MB

where v is the central frequency of the emission line, Aj; is the Einstein coefficient, and f Typdv is
T

the integrated intensity of the molecular line of interest. C = Top— is the optical depth factor. Under
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6.3 Analysis

the assumption of optically thin line emission, we assume C =~ 1.

The method of calculating the column densities assumed that the levels are in LTE. This does not
hold when the molecules of interest are optically thick. As we are interested in the D/H-fractionation,
the column density of the main isotopologs (HCN, HNC, HCO*, N,H") cannot be calculated following
this method. To combat this, optically thin isotopologs are used. For HCN, HNC and HCO?, the
13 C-isotopologs are used, following the method described in Sec. 3.1.4. To obtain the total column
densities of the main isotopologs, we assume isotopic ratio 2e/te = 7.5Dgc +7.6 = 68.2. These
are calculated by the galactic isotopic ratio gradient found in Giannetti et al. (2014), multiplying this
isotopic ratio by the obtained column densities of the optical thin isotopologs. The opacity of N,H™ is
obtained from the fitting of HFS components with CLASS, and we follow Eq. (17) of Goldsmith and
Langer (1999) to determine the column density. We adopt the column densities of NH3 in Cygnus-X
clumps from Wienen et al. (2012).

For each species, we consider all detected transitions and their respective errors to calculate the total
column density. The total error of the column density accounts for the respective uncertainty o) o Of
each transition and the error of the gas kinetic temperature. In these clumps, the temperatures range as
Ty, = 18 — 79 K with uncertainties in the range of +2 — 27 K. The column densities obtained of the
24 molecules analyzed in this study are presented in Tables E.1, E.2, E.3, and E.4.

The cumulative distribution of the S-bearing (C,S, CS, OCS, SO, SO,), C-bearing (C,H), O-bearing
(H,CO, HCO, HCO*, HCOOH, SiO), D-bearing (C,D, DCN, DCO*, DNC, N,D*, NH,D), and
N-bearing (CH;CN, HC;N, HCsN, HCN, HNC, HNCO, N,H*, NH;) molecules’ column densities.

1.0
0.81
=
= 0.6
A
A 1
E 0.4 —— S-bearing
(@] —— C-bearing
0.2} d —— O-bearing |
! D-bearing
! —— N-bearing
0.0 T L Lo :
1011 1012 1013 1014 1015 1016 1017

Column Density [cm™2]
Figure 6.1: Cumulative distribution function (CDF) of S-bearing (magenta), C-bearing (blue), O-bearing (green),

D-bearing (orange), and N-bearing (red) in Cygnus-X clumps. The horizontal dashed lines mark the mean
column densities.

6.3 Analysis

Using the column densities and the physical conditions of clumps in the Cygnus-X region covered
by CASCADE, we model the physicochemical conditions toward individual clumps to estimate the
chemical age.
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Chapter 6 Chemical Evolution in Early-Stage Cygnus-X Clumps: Initial Results

6.3.1 MUIti Stage ChemicalL codE

We use the MUIti Stage CLoud codE (MUSCLE) chemical model to estimate a chemical timescale for
each Cygnus-X clump. Each clump is described by a 1D physical structure and the chemical network
ALCHEMIC (Semenov et al., 2010), including a dedicated deuteration network (Albertsson et al.,
2013). MUSCLE then computes abundances of 1260 molecular species using 35800 reactions as a
function of time.

In Gerner et al. (2014) and Gerner et al. (2015), MUSCLE was used to create average abundances
of clumps for four evolutionary phases during HMSF. These four evolutionary phases are infrared
dark cloud (IRDC), high-mass protostellar object (HMPO), hot molecular core (HMC) and, finally,
the ultra-compact Hu (UCHm) region. This sequence is classified from an observational point of
view (e.g., Beuther et al., 2007b; Zinnecker and Yorke, 2007) and covers the initial starless phase
(IRDCs) up to the final UCHm region phase during HMSF. MUSCLE has also been applied to model
the chemical timescales of protostars on smaller core scales (Feng et al., 2016; Gieser et al., 2019;
Gieser et al., 2021; Gieser et al., 2022).

Physical Model

In MUSCLE, only the chemical model is time-dependent, while the physical structure is assumed
to be static and described by 40 radial grid points. In order to consider the evolution of physical
parameters, we run MUSCLE with the aforementioned four evolutionary phases taken from the Gerner
et al. (2015) models.

The physical structure of each of these evolutionary phases are assumed to be spherically symmetric,

with a fixed inner and outer radius, r;, and r_,,. Assuming that the gas and dust are in thermal

equilibrium, the radial temperature profile, with a constant inner temperature 7, is described by:
T,=T, for r<ry, (6.4)
F\ 4
T.=T, (—) for ry, <r <ryy (6.5)
Tin

The outer temperature was determined by the modeling of H,CO (Christensen et al. subm.). For the
inner and outer radius, as well as temperature power-law index g = 0.4, we use the best-fit models
taken from Gerner et al. (2015). The radial density profile of each clump, with a fixed inner density
Pin» 15 described by:

p,=p;, for r<ry (6.6)
F\7P

Py = Pin (r_) for r, <r <ryy (6.7)
m

with the density power-law index, p. We derive p for each clump based on the MUSTANG continuum
data in Appendix E.2. The inner radius, marking the onset of density plateau, is set to 12700 AU for
the HMPO, 103 AU for the HMC and 1140 AU for the UCHi1 region phase (Table A.5, A.6, and A.7
in Gerner et al., 2015).

The clumps are assumed to be further embedded in a cloud with a extinction magnitude of A,, = 100
mag at the outer radius, which ensures that each clump in the clouds is shielded from the interstellar
radiation field. In all of the evolutionary phases, a constant CR ionization rate is assumed. We
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6.4 Discussion

modeled each clump three times with a separate ionization rate, { = 1.8 X 1077571, {=18x% 1071
s_l, and £ = 1.8 % 1075 s7! (Indriolo et al., 2015). Since the sources of whichever phase is at the
highest an embedded protostar, no strong UV-radiation contribution from the source is assumed, thus
we neglect X-ray ionization from the protostar. Furthermore, the model assumes that the Stromgren
zone is negligibly small (< 0.1 pc).

Astrochemical Model

In MUSCLE, the time-dependent gas-grain chemical model ALCHEMIC is utilized with an extended
deuterium network by Albertsson et al. (2013). The chemical models are calculated up to 10° yr
with 100 logarithmic time steps. The model assumes that the molecules at low temperature stick to
grains with a 100% probability, excluding the H, molecules. The release of grain-molecules is through
thermal desorption, cosmic-ray photoionization rate (CRP) and CRP-induced UV-photodissociation.
An overview of the grain properties and radiation field parameters is shown in Table 6.2, adopted
from Table 4 in Gieser et al. (2021)

We model each clump three times, each with a different ionization rate. Each model run MUSCLE
with three different initial chemical abundances, following the evolutionary sequence with models of
the HMPO, HMC, and UCH11 phase. The initial chemical abundances of each evolutionary phase is
the best-fit molecular abundance of the previous evolutionary phase, e.g. the HMPO model uses the
best-fit molecular abundances of the IRDC model by Gerner et al. (2015).

Within each model, the modeled radial abundances profiles are converted into column densities
within the same beam size as the observations as a function of time. The model column densities
are compared to the observed column densities to determine the evolutionary phase and chemical
timescale of the best-fit models based on their lowest Xz‘ The total chemical timescale of a clump
is the sum of the best-fit timescale from the MUSCLE model and the sum of chemical timescales
from all previous phases (Tables A.4, A.5, and A.5 in Gerner et al., 2015, with Tigpc = 16500 yr,
Tavpo = 32 000 yr, and e = 35000 yr).

6.4 Discussion

We generated 201 models for the 67 clumps in the Cygnus-X region, using three ionization rates
for each clump. We accept the model associated with the ionization rate that yields the lowest Xz
as the one representing the highest likely chemical age for that specific clump. The distribution of
evolutionary phase is shown in Fig. 6.2. Of the 67 clumps in Cygnus-X, 55 clumps are in the HMPO
phase, three in the HMC phase, and 9 in the UCH phase.

6.4.1 Modeling parameters

Here, we investigate how the input parameters and modeling results vary with the modeled evolutionary
phases.

The top row of Fig. 6.3 shows the distribution of the independent observed parameters across the
evolutionary phases; temperature within 0.1 pc (7 ;,.), the density index (p,,;,), the total number
of molecules in the input (#N,,), and the ratio of continuum peak intensity and integrated intensity
(Speak /Sine)> as observed by Motte et al. (2007). The bottom row of Fig. 6.3 shows the distribution of

the model parameters across the evolutionary phases; Xz’ the success rate in reproducing the observed
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Chapter 6 Chemical Evolution in Early-Stage Cygnus-X Clumps: Initial Results

Table 6.2: MUSCLE input parameters, table adopted from Gieser et al. (2021).

Parameter Value

Radiation field:

CR ionization rate ¢ g 1.8(=17), 1.8(=16)“, 1.8(-15) s~!
Extinction A, at 7, 10™

UV photodesorption yield 1(-05) &=

Grain properties:

Grain radius r, 0.1 um (d)

Dust density d 3 gcm_3(d)
Gas-to-dust mass ratio 150 ¢

Surface diffusivity Ep/Epq 0.4

Mantle composition Olivine (¥

Initial Chemical Abundances

HMPO model Best-fit IRDC phase &’
Inner radius r;, 12700 au

Outer radius r, 0.5 pc

Temperature T;, at ry, 113K

Temperature power-law index ¢ 0.0 (isothermal)
Density n;, at ry, 1.4(5) cm™

Density power-law index p 1.5

Phase lifetime mirpc 16 500 yr

HMC model Best fit HMPO phase (¢’
Inner radius r;, 103 au

Outer radius r, 0.5 pc

Temperature T, at ry, 75.8 K

Temperature power-law index ¢ 0.4

Density n;, at ry, 1.5(9) cm™

Density power-law index p 1.8

Phase lifetime typp0 32 000 yr

UCHII model Best-fit HMC phase &)
Inner radius ry, 1 140 au

Outer radius 7 0.5 pc

Temperature T;, at r;, 1629 K

Temperature power-law index g 0.4

Density n;, at ry, 1.3(8) cm ™

Density power-law index p 2.0

Phase lifetime 7y 35000 yr

Notes. a(b) = a x 10°.

References. (“Indriolo et al. (2015); ) Cruz-Diaz et al. (2016); (©)Bertin et al. (2016); (@) Gerin (2013);
) Draine (2011); ) Cuppen et al. (2017); ®) Table A.4—A.6 in Gerner et al. (2015).
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6.4 Discussion

Cygnus-X

Figure 6.2: Distribution of the modeled evolutionary phases of the clumps in Cygnus-X.

column densities with the model (#Npey f/#Nyo,), the mass within 0.5 pe (M) 5,.), and the chemical
age.

In case of the independent observed parameters, Tj, 1, and p ., they increase as the clumps evolve,
suggesting the clumps become hotter and more centrally dense. The ratio between the continuum
peak intensity, and the integrated intensity is a proxy for the density index. We find that S,/ Sin
peaks at the hot molecular core phase, which does not agree with p,, . Furthermore, we find that
#N,,, is not biased towards a specific evolutionary phase.
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Figure 6.3: Distribution of model parameters across the evolutionary phases.

The density index measures how gas distributes inside a clump. In the early phases, gas spreads
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widely without a central peak, giving the clump a low density index. As the clump evolves, gas
accretes toward the center, raising the central density and producing a higher density index. This
means that the density index and the evolutionary phase and the chemical age of clumps are positively
correlated (e.g. Zinnecker and Yorke, 2007; Lin et al., 2022; Coletta et al., 2025). We find that
we have a high success rate in reproducing the observed molecular column densities in all stages.
We find that the M) 5 . of these clumps are consistent across across the evolutionary faces. As the
clumps evolve, they accrete gas while feedback mechanisms grow more efficient, expelling gas from
the central region. Consequently, the central clump maintains a roughly constant mass even though its
density increases.

The total number of molecules investigated in each clump is 25. This does not mean that the
column densities of all 25 molecules are measured in all clumps. The MUSCLE models reproduce
the observed column densities with an average success rate of 77%, showing no bias toward any of the
three evolutionary phases. Figure 6.4 shows the success and fail rate in reproducing the observed
column densities. Note that CS, HCO*, HCN, HNC, and HC;N column densities are derived from the
Bc isotopolog, thus not derived in all clumps. Our results show that the models poorly reproduce the
column densities of S-bearing molecules. The S-bearing molecules not being reproduced well with
the MUSCLE modeling presents a well-known challenge of modeling sulfur-chemistry (e.g. Druard
and Wakelam, 2012; Miranzo-Pastor et al., 2025). Similarly using the MUSCLE models, Gerner et al.
(2014) could not reproduce the sulfur-bearing molecules in clumps.

Il Success rate
H Fail rate
67 6
i 82850
100 52745 67 21 59 35
63 45
33
146028 13
80} 5 38 28
52 37
;\360' 27 43
o) 45
=
©
AN BN BN EE B B BN BN Eu BN BN BN BN B B B BN BN BN BN BN BN W W
40+
20¢
0
£‘2m+24SO%UIC\.ZZW++IQOZS‘OOD%VQ‘
o o] Q = O 9 L T oo @x Y Y O »n = S
%%OLD) I%IUSQOZNZN8 IIV’§ %U
T
Species

Figure 6.4: Rate of success (green) and fail (red) in reproducing the observed molecular column densities with
the MUSCLE modeling. The number on top denotes the total number of clumps of which the molecule was
detected.
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6.4 Discussion

Despite detecting NH,D in 28 clumps, our models reproduce its molecular column density very
poorly. Recent studies have expanded the reaction pathways of NH,D and future work would include
new pathways and reaction rates by Sipild et al. (2015). We do not reproduce the column density of
HCN, derived from the 1*C isotopolog. We find that the HCN molecular column densities are not
reproduced in the HMPO stage.

Chemical age The bottom left most plot of Fig. 6.3 shows the distribution of the chemical ages
across evolutionary phases. We find that the mean chemical age of HMPO is ~ 81 000 years with
a an error of factor ~ 2 — 3. This is comparable to what Gerner et al. (2014) found for the HMPO
phase (~ 71 000 years). We find a very high chemical lifetime for the HMC stage of ~ 328 000 years.
This is an order of magnitude higher than the best-fit age of HMC found by Gerner et al. (2014). The
mean chemical lifetime of the UCH11 phase in the Cygnus-X region is ~ 85000 years. This results
in a mean total chemical lifetime across the evolutionary phases of ~ 500 000 years. This total age
across the evolutionary sequence is a factor 4 longer than the total age of the evolutionary sequence
with Gerner et al. (2014).

Cygnus-X
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Figure 6.5: Spatial distribution of the chemical age in clumps. On the left is the entire Cygnus-X region, with
the red outlining the CASCADE coverage. On the right is the DR21 filament.

Figure 6.5 shows the spatial distribution of the chemical ages of the Cygnus-X clumps. Overall,
we find a spread of ages across the entire Cygnus-X region covered with CASCADE survey. The
GLOSTAR survey towards galactic Hit regions covered the Cygnus-X region. The CASCADE survey
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Chapter 6 Chemical Evolution in Early-Stage Cygnus-X Clumps: Initial Results

covers four of these Hir regions identified by Khan et al. (2024). In our source sample, two clumps
coincide with identified Hur regions; N10 in DR20 is classified as an UCHu with the MUSCLE
modeling, and N58 in DR22 is classified as an HMPO. We do not cover the famous DR21 Hi region,
namely N46 in the Motte et al. (2007) catalog. Additionally, an Hi1 region was observed in the DR22
region. This clump was not identified in the Motte et al. (2007) catalog due to the spatial coverage of
the survey.

The right side of Fig 6.5 shows the chemical age distribution of clumps in the DR21 filament.
Hennemann et al. (2012) found a gradient of evolutionary phase along the DR21 filament with clumps
in the northern region younger than the clumps in the southern region near DR21(OH). With the
MUSCLE modeling, we do not find this gradient of evolutionary phases. We find younger clumps near
the DR21 Main and towards the northern region of DR21 filament, while the intersection of the DR21
filament and the F3 sub-filament (Schneider et al., 2010, see also Chapter 4) harbors older clumps.

We classified the evolutionary phases of the clumps using the emission of 70 um, 24 um, and 3.6um
(see Chapter 5). The clumps are classified in four evolutionary phases: quiescent, protostellar, YSO,
and Hir. With the MUSCLE modeling, we obtain best fit models in three evolutionary classifications.
Table 6.3 shows the comparison between the two classifications. We find that no Hu classified with
the ym-emissions are classified as later stage HMC or UCH1 with the MUSCLE modeling.

Table 6.3: Number of clumps’ evolutionary phase classified with SED or the MUSCLE model.

Hu 9 0 0

YSO 12 1 5
Protostellar 15 1 2
Quiescent 17 1 2

HMPO HMC UCHn

The evolutionary phases using the ym continuum emission average over all emission lines whereas
the MUSCLE modeling takes into account the separate molecular column densities, which are affected
by local conditions as the clump evolves. The following section investigates how the molecular column
densities behave with the evolution of the clumps. Furthermore, we focus on deuterated molecules as
potential chemical clocks.

6.5 Molecules with evolution

We classified the evolutionary phases of the clumps using 25 molecules and additionally the H,
molecule, as discussed in Sect. 6.4.1. Figure 6.6 shows the relative detection rates for each molecule
across the three evolutionary phases.

We find high detection rates of deuterated molecules in Cygnus-X clumps across the evolutionary
phazes. The abundances of all the molecules across all evolutionary phases range between 107" to
107°.

We find that the abundances across the evolutionary phases remain within one order of magnitude,
except for NH,D, SiO, SO, SO,, OCS, HNCO, HCO, and CH;CN. These molecules specifically have
a lower reproduction rate in the MUSCLE modeling. We find that C,D, HC3N, and HCOOH are not
detected in the HMC stage (see Fig. 6.6), with the latter two only detected in the HMPO phase. This is
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Figure 6.6: Relative detection rates of all 25 molecules in clumps in HMPO, HMC, and UCHu evolutionary
phase.

likely not due to the chemical conditions of the clumps, but might be due to the low number of clumps
classified in this phase.

NH,D, N,D*, DCN, DNC, and DCO™) are detected in > 42% of the clumps. C,D is detected in
19% of the clumps across all evolutionary phases. The following section focuses on the fraction to
their respective main isotopologs of these 6 deuterated molecules.

6.5.1 Deuterated molecules in Cygnus-X

We investigate deuterated fraction in the entire Cygnus-X region and the duration in the sub-regions
covered with CASCADE. We obtain the deuterated fraction of R(C,D), R(NH,D), R(N,D*), R(DCN),
R(DNC), R(DCO™) over the entire Cygnus-X region and the sub-regions covered with CASCADE
(summarized in Fig. 6.7). We find the highest deuteration fraction with R(C,D) (= 0.159 + 0.065),
averaged over 10 clumps. Conversely, we find that the average deuteration fraction is lowest with
R(DCO") (0.008 + 0.004), averaged over 45 clumps.

C,D The lightest deuterated carbon molecule, C,D, is proposed to predominantly form through
an exothermic ion-molecule reaction between C,H," and HD under elevated temperature conditions
(Combes et al., 1985; Herbst et al., 1987).

We observe a wide range of R(C,D) values, spanning 0.037 to 0.333, despite a relatively low
detection rate of approximately 15% across the clumps. The corresponding temperatures lie between
22 and 65 K. Among the deuterated species analyzed in this study, R(C,D) exhibits the highest average
value (= 0.159 +0.065), which significantly exceeds the ratios reported near the Mon R2 UCH1 region
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Figure 6.7: Heatmap table of the deuterated molecules in the regions covered with CASCADE with the total
number of clumps in each regions shown in left. The parenthesis denotes the number of clumps the deuterated
fraction was measured in, and the right y-axis denoted the total number of clumps in the region.

(0.02 — 0.08) (Trevinio-Morales et al., 2014). In comparison, the Orion molecular cloud and TMC-1
display lower R(C,D) ratios of 0.02-0.03 and 0.01-0.02, respectively (Herbst et al., 1987).

NH,D Models struggle to reproduce the observed R(NH,D) values, even though NH,D forms on
gas—grain surfaces and consists of comparatively simple atoms (Sipild et al., 2015; Harju et al., 2024).
The spin states of H, in H,D* and H;" further influence the formation pathways of both NH;3 and
NH,D.

We measure R(NH,D) values ranging from 0.017 to 0.291, with an average of 0.092 + 0.014.
Pazukhin et al. (2023) reported R(NH,D) values between 0.02 and 0.4 in massive star-forming regions
(SFRs), while Petrashkevich et al. (2024) observed notably higher ratios, from 0.30 to 0.81, in the
low-mass SFR L1688, both detected toward the continuum peaks. In contrast, Trevifio-Morales
et al. (2014) found substantially lower R(NH,D) values near the UCHi1 region Mon R2, measuring
=0.39 x 1072 at the ionization front and = 0.6 x 107> at a secondary continuum peak located 40" from
the main Mon R2 continuum peak.

N,D* N,D* forms through low-temperature ion—molecule reactions between N, and H,D*. At
elevated temperatures, the sublimation of CO from dust grains promotes the destruction of N,D*
through reactions with CO. Nevertheless, R(N,D") deuteration remains efficient in dense regions
(Riaz and Thi, 2022).

R(N,D") exhibits a high deuteration fraction in low-mass cores, with reported values of R(N,D*) =
0.26f%’_111 in the prestellar core L1544 and 0.26 — 0.73 in the low-mass cores of L1688 (Redaelli

et al., 2019; Petrashkevich et al., 2024). In contrast, proto-brown dwarfs show a much lower average
deuteration level, with R(N,D*) = 0.02 + 0.008 (Riaz and Thi, 2022). Across the Cygnus-X region,
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we detect N,D* in approximately 25% of the clumps, where R(N,D") ranges from 0.011 to 0.113.
Similarly, Yang et al. (2024) reported a low detection rate of N,D" in massive starless clumps.

DCN DCN forms efficiently at elevated temperatures of ~ 80 K through reactions involving the light
hydrocarbon ion CH,D*. Owing to its higher critical density relative to other deuterated species, DCN
serves as a valuable tracer of denser regions (e.g., Riaz and Thi, 2022; Christensen et al., 2024).

We detect DCN emission in 19 of the 67 clumps across Cygnus-X, primarily concentrated in DR21
and W75N. These two regions lie in close proximity and host clusters of early B-type stars (Schneider
et al., 2023). The measured R(DCN) averages = 0.016 + 0.03, with individual values ranging from
0.001 to 0.068. These ratios are consistent with those observed in massive star-forming regions, where
R(DCN) varies between 0.004 — 0.045 and 0.001 — 0.02 (Yang et al., 2024; Pazukhin et al., 2023,
respectively). The associated gas temperatures of T,,; = 18 — 66 K in our sources align with the
20 — 40 K range reported for the massive clumps studied by Pazukhin et al. (2023).

DNC DNC forms efficiently at elevated temperatures through reactions involving light hydrocarbons,
similar to DCN. However, unlike DCN, DNC can also form at lower temperatures via deuteron transfer
to HCN and HNC (Turner, 2001). At higher temperatures, atomic oxygen contributes to the destruction
of DNC.

The average R(DNC) is 0.011 + 0.004, exhibiting the smallest variation among all six measured
deuteration fractions. The R(DNC) values correspond closely to those observed in massive clumps
(Pazukhin et al., 2023; Yang et al., 2024). In the UCHI1 region of Mon R2, R(DNC) increases by a
factor of two near the ionization front and by a factor of three at the offset continuum peak compared
with the average values observed in the Cygnus-X clumps (Treviflo-Morales et al., 2014).

DCO" DCO" primarily forms in the gas phase through reactions between H,D* and CO. In warmer
environments (7,,, = 30 — 80 K), a secondary formation pathway involves reactions of the light
hydrocarbon ion CH,D" with atomic oxygen (Pagani et al., 2011; Favre et al., 2015).

We measure the lowest R(DCO™) value of = 0.008 + 0.004 across the Cygnus-X region, with the
highest deuteration fraction observed in W75N (= 0.015 + 0.003). High-mass star-forming regions
exhibit a wide range of R(DCO") values, spanning 0.0004 — 0.02 in 59 high-mass clumps (Gerner
etal., 2015) and 0.011 — 0.040 in massive starless clump candidates (Yang et al., 2024). In contrast,
the low-mass prestellar core L1544 shows an average R(DCO™) of = 0.035t%'%1152 (Redaelli et al., 2019),
while a higher mean value of = 0.18 + 0.19 is reported in 18 Class 0/I brown dwarfs (Riaz and Thi,
2022). Despite the diversity of environments, variations in local density and temperature remain the
primary distinguishing factors. The temperature range of the Cygnus-X clumps in this study aligns
with those reported in the aforementioned regions. Overall, we find R(DCO™) values between 0.001

and 0.028 across all clumps.

Previous studies suggest that local physical conditions may reflect the evolutionary stage of high-mass
clumps. In our analysis, R(C,D) and R(NH,D) exhibit the largest variations across the sample,
whereas R(DCO") and R(DNC) show the smallest.
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6.5.2 Deuterated fractions with evolution

We examine the deuteration levels of six molecular species across different evolutionary phases
(Fig. 6.8). The derived deuterated fractions of R(C,D), R(NH,D), R(N,D*), and R(DCN) are based
on measurements in < 20 clumps. The detection rates of DCN, N,D", and NH,D are comparatively
low, likely due to the high critical density required for DCN excitation and the dependence of N,D*
and NH,D formation on the dense gas tracer N,.
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Figure 6.8: Spread of deuterated fraction in the evolutionary phases modeled with MUSCLE. The number of
clumps of which the deuterated fraction is measured is written below each range. The grey boxes in R(DNC),
R(DCN), R(DCO"), and R(N,D") are the deuterated fractions from Gerner et al. (2015).

We observe a slight increase in R(DCN) across the evolutionary phases of the clumps. As the
clumps evolve, their temperatures rise (as discussed in Sect. 6.4.1), enhancing the efficiency of DCN
formation (e.g., Turner, 2001). In the DR21 filament (Chapter 4), DCN emission and R(DCN) are
concentrated in regions with higher temperatures and densities.

In contrast to the increasing R(DCN) trend observed in the Cygnus-X clumps, Gerner et al. (2015)
reported a slight decrease in R(DCN) at more evolved clumps. R(DNC) decreases with evolutionary
stage in both 59 high-mass star-forming clumps and 18 massive clumps (Gerner et al., 2015; Sakai
et al., 2012, respectively). In dense cores, the behavior of R(DNC) appears intermediate between that
of R(N,D"), which declines with evolution, and R(NH,D), which remains relatively constant across
evolutionary stages (Fontani et al., 2011; Fontani et al., 2014; Emprechtinger et al., 2009; Fontani
et al., 2015). Although early chemical models predict that R(NH,D) should decrease with increasing
temperature (Trofimova et al., 2024), this trend is not supported by observational studies (Fontani
et al., 2015; Emprechtinger et al., 2009) or by our results. In contrast, we observe a modest increase in
the median R(NH,D) from 0.063 in the HMPO phase to 0.110 in the UCHm phase. The latter value is
comparable to that found in Class O protostellar cores, where R(NH,D) remains consistently above
0.15 (Emprechtinger et al., 2009).

Similar to the discrepancy observed between the R(DCN) trends in the Cygnus-X clumps and those
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reported for 59 high-mass star-forming clumps, we find that R(DCO™) increases in more evolved
clumps, whereas Gerner et al. (2015) reported a decreasing trend (see Fig. 6.8). DCO* forms efficiently
at low temperatures under conditions where CO is frozen out (e.g., Caselli et al., 1998) and is destroyed
once CO sublimates back into the gas phase. Since the temperature rises with evolutionary stage in
our sample, a decline in R(DCO™) would be expected. However, we instead observe an increase in
R(DCO") in the more evolved clumps.

Previous studies have extensively examined the potential of deuterated molecules as chemical
clocks. Trevifio-Morales et al. (2014) proposed that R(DCN), R(DNC), and R(C,D) warrant further
investigation as possible tracers of chemical evolution. In contrast, the authors argued that R(N,D™) and
R(DCQO") are unsuitable as evolutionary indicators in high-mass star-forming regions, since their
deuterated fractions reach steady-state abundances on relatively short timescales.

6.6 Conclusion

This chapter presents the chemical modeling of 67 clumps in Cygnus-X. The main findings are
summarized below:

1. Detection rate of molecules We detect a high abundance of molecular species within the
clumps. Our analysis focuses on 25 molecules, including six deuterated species, encompassing 40
transitions. The number of detected molecules per clump ranges from a minimum of 5 to a maximum
of 25.

2. Column densities in clumps We derive the column densities of the detected molecules in each
clump using the temperatures and H, column densities obtained in Chapter 5. The average molecular
abundances relative to H, range from approximately 10™" for deuterated species to 107 for the main
isotopologs.

3. Astrochemical modeling of clumps We derive the density index from high-resolution
MUSTANG observations of each clump. We observationally constrain the physical model of the
clumps using the H, column density and gas kinetic temperature determined with H,CO, together
with the density index obtained from the MUSTANG data. We assume that the physical structures
follow the IRDC, HMPO, HMC, and UCHir1 outlined by Gerner et al. (2014) and Gerner et al. (2015).

We model the chemical structure of each clump in conjunction with its physical structure using the
extended deuterium network developed by Albertsson et al. (2013). For each clump, we perform three
simulations, each adopting a different ionization rate.

4. Evolution in clumps We classify the evolutionary phases of the clumps, identifying 55 in the
HMPO phase, 3 in the HMC phase, and 9 in the UCH1 phase. We determine chemical ages ranging
from 1.6 x 10* to 1.0 x 10° yr. The results show increasing temperature and a slight rise in the density
index as the clumps evolve.

Our chemical modeling reproduces more than 60% of the observed molecular column densities.
Molecules that are not well reproduced include shock-related species, known to be difficult to model,
and NH,D. Future work will extend the astrochemical network by incorporating the updated reaction
rates for NH,D provided by Sipild et al. (2015).
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5. Deuteration fraction with evolution We measure the deuterated fractions of R(C,D), R(NH,D),
R(N,D*), R(DCN), R(DNC), and R(DCO"), and find that the detection rates of these species vary
significantly across the clumps. R(DNC) is detected in 73% of the clumps, whereas R(C,D) is detected
in only 15%, indicating that different deuterated species trace distinct physical or chemical conditions
within the region. The highest deuteration degree occurs for R(C,D) (= 0.159 + 0.065) over the
Cygnus-X region, while the lowest is found for R(DCO™) (= 0.008 + 0.004), highlighting strong
molecule-dependent variations in deuterium enrichment. R(DNC) exhibit decreasing deuteration as
the clumps evolve, consistent with the progressive warm-up and chemical processing that reduce
deuterium fractionation at later evolutionary stages. We find, in contrast to previous studies, that
R(DCO™) increases at later evolutionary stages, indicating behavior that is inconsistent with earlier
results.

In Chapter 4, the deuterated fraction R(DCO™) was found to be affected by both shock and ionization,
both phenomena effectively decreasing this deuterated fraction. In this study, we model the evolutionary
sequence of the clumps, varying the cosmic-ray ionization rate, £, whilst the model does not account
for shocks. Further studies investigating tracers of these phenomena could shed light into the behavior
of R(DCO") with the evolutionary phases.
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Conclusion and outlook

With shortness of breath, I’ll explain the
infinite

How rare and beautiful it truly is that we
exist

Sleeping at last - Saturn

The processes governing the formation of high-mass stars remain poorly constrained. Deuterated
fractions (R = X(D)/H(D)) are sensitive to local physical conditions and have been proposed as
tracers of ionization, temperature, density, and the evolutionary stages of star-forming regions (Caselli
et al., 1998; Emprechtinger et al., 2009; Fontani et al., 2011; Sakai et al., 2012; Gerner et al., 2014;
Fontani et al., 2014; Gerner et al., 2015; Fontani et al., 2015; Yang et al., 2024).

This thesis focuses on Cygnus-X, a nearby molecular cloud complex characterized by extensive and
intense star formation. The region hosts objects spanning various evolutionary stages, including dense
clumps, embedded protostars, and filamentary structures. The Max Planck Gesellschaft (MPG) and
the Institut de Radioastronomie Millimétrique (IRAM) jointly initiated the Cygnus Allscale Survey
of Chemistry and Dynamical Environments (CASCADE) to investigate the physical and chemical
conditions within Cygnus-X. Using the IRAM 30-m telescope and the NOEMA array, the program
conducted spectral line surveys targeting regions of high column density across the cloud complex.
Observations covered 12 sub-regions within Cygnus-X, including the well-known DR21 filament,
which contains the prominent DR21 Main core and the DR21 OH maser.

The DR21 filament represents the densest and most active region within the Cygnus-X complex.
In Chapter 4, we analyze the deuterated molecules DCO™, DNC, and DCN based on CASCADE
observations of their ground-state transitions, including those of the main and Bc isotopologs. To
extend the analysis to higher excitation levels, we complemented these data with additional IRAM 30-m
telescope observations covering higher J-transitions of the same molecules. From these observations,
we derived the deuterated fraction along the DR21 filament. The analysis yields median abundances
of X(DCO™) =5.91% x 107", X(DNC) = 6.575 x 10™'!, and X(DCN) = 6.8;% x 10™'".

We observe apparent morphological differences among the three deuterated fractions, which we
attribute to variations in the physical conditions along the DR21 filament. In regions where all
three deuterated molecules are detected, we measure the highest deuteration fraction for R(DNC) =
0.014 £ 0.003, comparable to R(DCN) = 0.010 = 0.002.
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In contrast, we find the lowest deuteration fraction for DCO™, with R(DCO*) = 0.006 + 0.001, a
factor of two lower than both R(DNC) and R(DCN). We also find varying degrees of (anti-)correlation
between R(DCO*), R(DNC), and R(DCN) and the H, column density, dust temperature, and gas
kinetic temperature. The strongest anti-correlation occurs between R(DCO™) and the H, column
density, with a Pearson correlation coefficient of p = —0.74.

The DR21 filament is one of the most active regions within the Cygnus-X complex, hosting multiple
star-forming sites along its length and exhibiting some of the most extreme molecular outflows
detected in the region (Hennemann et al., 2012; Skretas et al., 2023). To probe these shock processes,
we employed SiO, a well-established shock diagnostic. Since SiO co-sublimates with CO, it also
contributes to the depletion or destruction of DCO?, thereby affecting local R(DCO™). The analysis
reveals that regions with N(H,) > 3 X 10%* cm™%exhibit elevated SiO abundances, suggesting that
shock chemistry is active in the dense regions of the filament. Beyond these dense ridges, the filament
is surrounded by lower column-density gas that appears to be inflowing toward the main structure.
This lower-density material is likely exposed to FUV radiation, leading to photochemical reactions
characteristic of PDRs. To trace such processes, we used the HCO molecule, which efficiently
forms under FUV irradiation (e.g. Schilke et al., 2001). In regions of N(H,) < 3 X 102 cm™2,
N(HCO)/N(HCO") > 1 and X(HCO) > 107'°, indicate ongoing FUV chemistry (Kim et al.,
2020). As the H, column density increases, N(HCO)/N (HCO™) decreases, consequently decreasing
R(DCO™"). These findings suggest that a combination of the ongoing FUV chemistry and shock
chemistry results in the overall anti-correlation of R(DCO™) with increasing H, column density in the
DR21 filament.

The intensity ratio between the main isotopologs HCN and HNC, as well as their Bc isotopologs,
has been proposed as a diagnostic of the gas kinetic temperature for 7;;, < 40 K (Hacar et al., 2020;
Pazukhin et al., 2022). We find that the integrated intensity ratio of the deuterated isotopologs,
I(DCN)/I(DNC), increases with dust temperature, thereby extending the utility of these ratios as
temperature tracers. Although the deuterated molecules are less abundant than their main and Bec
counterparts, they can serve as valuable probes of gas kinetic temperature in regions where the primary
isotopologs are optically thick.

Cygnus-X represents a prominent high-mass star-forming region (HMSFR). The CASCADE survey
covers 82 star-forming clumps identified by Motte et al. (2007) and Cao et al. (2019). In Chapter 5, we
investigate the physical conditions by analyzing the ground-state transition of H,CO observed in the
CASCADE survey, complemented by H,CO J = 3 — 2 observations with the APEX telescope toward
72 clumps. We extended the methodology for deriving physical conditions using pyradex+emcee to
diverse environments, including the GLOSTAR pilot region and the M8 region, resulting in a total of
127 clumps.

Overall, we find a high detection rate in all four transitions of H,CO. H,CO (1, — 0y () and
H,CO (33 — 2 ,) are detected in all Cygnus-X and GLOSTAR pilot region clumps, while H,CO
(322 = 2,,1) and H,CO (3,; — 2, ) have a high detection rate (> 83%). H,CO (1,; —0,,) and
H,CO (33 —2,) are detected at a lower rate, though still high (94%), and much lower detection of
H,CO (3,,-2,;) and H,CO (3, —2,,) (48% and 64%, respectively) in the clumps of the M8
region. We ensure all four detected H,CO transitions trace the same gas by ensuring that the peak
velocities vy gg and linewidths Av are similar. H,CO is detected and traces similar gas in 102 clumps
in Cygnus-X, the GLOSTAR pilot region, and the M8 region.

For all 102 clumps in these regions, we derived H, volume densities of n(H,) = 5.4 x 10* —

3.8 x 10° cm ™, gas kinetic temperatures of Ty = 16 = 219 K, and H,CO column densities of
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N(H,CO) =6.0 x 10" - 1.6 x 10" cm ™. The H, volume densities derived from the ground-state
transition of H,CO enabled us to trace the bulk molecular gas as indicated by the dust continuum
emission. We classified the evolutionary phases of 90 clumps in Cygnus-X and the M8 region based
on IR observations. The clumps in Cygnus-X are ~ 30% in the quiescent phase, ~ 29% protostellar,
~ 27% YSO, and ~ 14% in the Ho phase, and the clumps in the M8 region are mainly in the
protostellar phase (~ 92%) and 8% in the Hir phase. Those in the GLOSTAR pilot region are identified
as Hit regions. These observations reinforce that the H, volume density significantly increased as the
clumps evolved.

Previous studies have suggested that the integrated intensity ratio of H,CO (3 5 -2 ;) and H,CO
(32,1 — 2,,0) probes the LTE gas kinetic temperature (Tang et al., 2018). The obtained non-LTE gas
kinetic temperature by pyradex+emcee agrees with the LTE gas kinetic temperatures in these regions
at n(H,) < 10>° em ™.

Utilizing the obtained H, volume density, gas kinetic temperature, we determine the column
densities of 25 molecules here in including formaldehyde and six deuterated molecules (C,D, NH,D,
N,D", DCN, DNC, and DCO"), including NH; by Wienen et al. (2012), to model the chemical
age of the 67 clumps using the 1D time-dependent astrochemical model, MUSCLE (Chapter 6).
Temperatures and H, volume densities in the clumps of Cygnus-X range between 18 — 79 K and
1.9%x 10* - 1.1 x 10° ecm™3, respectively. The average molecular abundances relative to H, range
from approximately 10~ for deuterated species to 107 for the main isotopologs. With the physical
conditions (i.e., H, volume density and gas kinetic temperature) constrained and the density index of
each clump additionally determined, we defined the 1D structure of these clumps. We assume that the
physical structures follow the IRDC, HMPO, HMC, and UCHi1 outlined by Gerner et al. (2014) and
Gerner et al. (2015).

We classify the clumps’ evolutionary phases, identifying 55 in the HMPO phase, 3 in the HMC
phase, and 9 in the UCHm phase. We determine chemical ages ranging from 1.6 X 10* to 1.0 x 10° yI.
The column densities produced with the MUSCLE model reproduce the observed column densities,
with a relative success rate of ~ 77%. The observed molecular column densities most commonly not
reproduced by the model were molecules common in shocked gas (e.g., SiO, HNCO, SO,), and NH,D.

The Cygnus-X clumps show the highest deuteration with R(C,D), R(NH,D), and R(N,D™), although
detected in fewer (< 25%) clumps in the 67 clumps (4% — 15%). Similarly, R(DCN) is detected in
few clumps (~ 28%) but similar to R(DNC) and R(DCO™) , the deuterated fractions are < 1%. The
general trend is that R(C,D), R(NH,D), R(N,D*), and R(DCN) are observed less in the 12 sub-regions
in Cygnus-X, while exhibiting a higher degree of deuteration. R(DNC) exhibit decreasing deuteration
as the clumps evolve, consistent with the progressive warm-up and chemical processing that reduce
deuterium fractionation at later evolutionary stages. We find, in contrast to previous studies, that
R(DCO") increases at later evolutionary stages, indicating behavior that is inconsistent with earlier
results.

In summary, the Cygnus-X molecular cloud is a great hunting ground for studying the various
stages of stellar evolution. Furthermore, the CASCADE survey provides excellent observations to
study the chemical evolution in many clumps formed in the same region.

Outlook

The large-scale observations with the IRAM 30-m telescope used in this thesis toward column densities
in the Cygnus-X region, equivalent to small-scale observations with the NOEMA telescope, have

77



Chapter 7 Conclusion and outlook

been conducted (presented in Sect. 2.2). As part of the CASCADE survey, the region surrounding
high-mass, such as the accretion flows near Hir region (Beuther et al., 2022), the outflow near the
famous DR21 Main (Skretas et al., 2023), and the cometary-shaped Hi region affected by a B2-star
in the DR18 cavity (Kim et al., 2025). Suggestions to expand the work in this thesis, utilizing the
high-resolution NOEMA observation, are as follows:

- Following the work of Chapter 4, the incredible capabilities of combining the NOEMA and
the IRAM 30-m telescopes, the CASCADE survey allows for observations of high-resolution
extended emissions of deuterated molecules (9§ ~ 3.'5 x 2"5). The CASCADE program has
covered the deuterated molecules, such as C,D, DCO*, DNC, and DCN, with velocity resolution
of v =0.8 km s_l(Beuther et al., 2022), of which the DR21 filament has been observed. With
the distance in mind, scales of ~ 3700 AU are probed, allowing morphological comparison of
deuterated fractions as well as the detected cores. Furthermore, the higher angular resolution
allows, and with the advent of the James Webb Space Telescope, the relative roles of gas-phase,
dust-grain, CO freeze-out, and desorption mechanisms can be disentangled.

- Following the investigations of clumps in Chapters 5 and 6, fragmentation within clumps to
cores in high-mass star-forming of Cygnus-X would be of great interest, to infer the efficiency
from cloud to clump to core scales (Pokhrel et al., 2018). The numerous clumps observed
with the CASCADE survey enable a robust statistical study on sources under the same initial
conditions. Furthermore, the nearby OB-association, where newly formed high-mass stars have
high FUV radiation, ionization can be studied further and its effect on core scales.

- Similar to (Zhou et al., 2023; Zhou et al., 2024; Zhou et al., 2025) surveying the gas kinematics
of G333 molecular cloud, the gas kinematics at different scales utilizing the observation of the
large- and small-scales of the CASCADE survey. The gas kinematics of G333 were done using
1BCO to trace the gas; the CASCADE does not observe this line. Although the CO-isotopologs
are not covered with the CASCADE survey, the dense gas in the sub-regions with CASCADE at
high spectral resolution can be observed with HCO", HNC, HCN, and the densest with N,H*
(e.g. Fehér et al., 2025). Investigating this allows us to probe the gravitational collapse motion
in Cygnus-X.

With this said, the Cygnus-X molecular cloud is one of many molecular clouds of the Milky
Way. These investigations of high-mass star-forming regions, and how the environments affect the
deuterated fractions, can be expanded to a similar nearby high-mass star-forming molecular cloud,
Orion A, the intense M8 region, hosting intense Hir regions and high UV flux, or the intense Central
Molecular Zone (Brinkmann et al., 2020; Tiwari et al., 2019; Battersby et al., 2025). Furthermore,
high-resolution investigation of deuterated fractions can be expanded with the observational programs
such as “PROtostars to DIsks: Global Evolution” with NOEMA (Semenov et al., 2024) or “’CORE:
Fragmentation and disk formation in high-mass star formation (Beuther et al., 2018).
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Paper I: The large scale distribution of
deuterated molecules in the DR21 filament

The pdf of Christensen et al., 2024, which is summarized in Chapter 4, is reproduced in its original

form below.
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ABSTRACT

Context. Deuterated molecules and their molecular D/H-ratios (Rp(D)) are important diagnostic tools with which to study the physi-
cal conditions of star-forming regions. The degree of deuteration, Rp(D), can be significantly enhanced over the elemental D/H-ratio
depending on physical parameters such as temperature, density, and the ionization fraction.

Aims. Within the Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE), we aim to explore the large-scale
distribution of deuterated molecules in the nearby (d ~ 1.5 kpc) Cygnus-X region, a giant molecular cloud complex that hosts multiple
sites of high-mass star formation. We focus on the analysis of large-scale structures of deuterated molecules in the filamentary region
hosting the prominent Hil region DR21 and DR21(OH), a molecular hot core that is in an earlier evolutionary state.

Methods. The DR21 filament has been imaged using the IRAM 30-m telescope in a variety of deuterated molecules and transitions.
Here, we discuss the HCO*, HNC, and HCN molecules and their deuterated isotopologs DCO*, DNC, and DCN, and their observed
line emissions at 3.6, 2, and 1.3 mm.

Results. The spatial distributions of integrated line emissions from DCO*, DNC, and DCN reveal morphological differences. Notably,
DCO™" displays the most extended emission, characterized by several prominent peaks. Likewise, DNC exhibits multiple peaks,
although its emission appears less extended compared to DCO*. In contrast to the extended emission of DCO* and DNC, DCN
appears the least extended, with distinct peaks. Focusing only on the regions where all three molecules are observed, the mean deuter-
ation ratios for each species, Rp, are 0.01 for both DNC and DCN, and = 0.005 for DCO*, respectively. Anticorrelations are found with
deuterated molecules and dust temperature or N(H;).

Conclusions. The strongest anticorrelation is found with Rp(DCO*) and N(H;), with a Pearson correlation coefficient of p = —0.74.
We analyzed the SiO emission as a tracer for shocks and the N(HCO)/N(H®CO™) as a tracer for increased photodissociation by
ultraviolet radiation. It is suggested that the anticorrelation of Rp(DCO") and N(H,) is a result of a combination of an increased pho-
todissociation degree and shocks. A strong positive correlation between the ratio of integrated intensities of DCN and DNC with their
13C-isotopologs is found in high-column-density regions. The positive relationship between the ratios implies that the D-isotopolog of
the isomers could potentially serve as a tracer for the kinetic gas temperature.

Key words. methods: observational — ISM: clouds — ISM: molecules — ISM: individual objects: DR21

1. Introduction

While an overall understanding has emerged that star forma-
tion occurs in cool, dense molecular clouds, the physical and
chemical conditions during the formation of high-mass stars are
still poorly understood. The chemistry of these clouds evolves

*Member of the International Max Planck Research School (IMPRS)
for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

in complexity, heavily depending on the underlying and evolving
physical conditions (see, for example, McKee & Tan 2002, 2003;
Girichidis et al. 2020; Tielens 2021). Conversely, the presence of
molecules, primarily CO, and also dust grains affects the physi-
cal conditions and the evolution of the clouds, as these coolants
are important to allow their contraction (Hocuk et al. 2014).

In the interstellar medium (ISM), the elemental abun-
dance ratio of deuterium to hydrogen (D/H) is observed to
be approximately 10~ (Linsky 1998; Oliveira et al. 2003,
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Cooke et al. 2018). The earliest phases of star formation begin
when the cloud is cold (7 < 30 K) and dense (n > 10° cm™3)
(e.g. Fontani et al. 2011). During this phase, deuterium chemistry
begins via an ion—molecule reaction involving H3* and HD:

H;* + HD — H,D* + H, + AE (230 K) (1)

enabling the transfer of deuterium from its main reservoir, HD,
to other species (Watson 1974; Wootten 1987). Additionally,
depending on the spin-state of H3*, and consequently of the
formed H,D*, the reverse reaction in Eq. (1) is enhanced (Flower
et al. 2006). During the freeze-out onto dust grains, the num-
ber of heavy neutral molecules in the gas phase, such as CO,
decreases. This decreases the destruction of H,D* (Pillai et al.
2012; Sabatini et al. 2020). Therefore, low temperatures lead
to an accumulation of H,D". Reaction (1) is the first forma-
tion route for heavier deuterated molecules, leading to a higher
molecular XD/XH ratio (= Rp(XD), with XD and XH the abun-
dance of the deuterated and H-isotopolog, respectively) that can
reach up to a few percent (Roberts & Millar 2000a; Roberts et al.
2004) in dense, molecular clouds. Simple gas phase chemistry
predicts equilibrium values of Rp(XD) for simple molecules to
be on the order of several times 10 % for Rp(DCO™) (Roberts &
Millar 2000b). At higher temperatures (T ~ 30-80 K), deuter-
ation mainly occurs through the light hydrocarbons, that is,
CH,D" and C,HD™" (Millar et al. 1989; Albertsson et al. 2013).
Furthermore, deuterated molecules can also be formed on dust
grain mantles where D-atoms react with ice. As the tempera-
ture drops below ~20 K, the flow of atomic D onto dust grains
increases, and consequently the rate of grain-surface reactions
with H and D increases (Albertsson et al. 2013). This can result
in high XD-XH ratios in complex organic molecules (COMs;
C-bearing molecules containing more than six atoms) of up to
a few times 10% in extreme cases, leading even to multiply
deuterated COMs (Parise et al. 2002). By studying the deuterated
molecules and their main isotopologs, we can gain an insight into
the physical conditions in early-stage star formation, such as the
gas density, temperature, and ionization fraction (Herbst 1982;
Caselli et al. 1998; Favre et al. 2015; Gerner et al. 2015).

In this paper, three deuterated molecules are of particular
interest: DCO*, DNC, and DCN. DCO" is efficiently formed
through H,D* reacting with CO in the low-temperature regime
(Albertsson et al. 2013). An additional formation pathway for
DCO" in the higher-temperature regime (T > 50 K) is thought
to occur from the light hydrocarbon, CH,D* (Favre et al. 2015).
The column density ratio, Rp(DCO™), also depends on the ion-
ization fraction (Caselli et al. 1998), whereby a decreasing ratio
can suggest a higher ionization fraction (Favre et al. 2015). DNC
and DCN show dissimilar behavior in their formation pathways.
DNC is formed from HCND", via H,D*, reacting with CN or
HCN in the lower temperature regime (~20-30 K) or through
CH,D" reacting with N in the higher temperature regime (Turner
2001; Albertsson et al. 2013). On the other hand, DCN is formed
primarily (~66%) through CH,D* via CHD or CH,;D react-
ing with N in conditions typical of translucent and dark clouds
(Turner 2001). A significant, but less efficient formation pathway
of DCN is through DCO* reacting with HCN or HNC forming
HDCN™* or DCNH", respectively. This reaction becomes more
efficient with increasing temperature, forming both DNC and
DCN (Albertsson et al. 2013). Furthermore, the formation of
DNC from HCN is more efficient than the formation of DCN
from HNC (Turner 2001). The abundances of both precursors
H,D" and CH,D™" are temperature-dependent (Albertsson et al.
2013), which leads to the increasingly efficient production of
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DCN with temperature. This means that the formation of DNC is
more efficient at lower temperatures (~30 K) than that of DCN.
As the temperature increases, the efficiency with which DCN is
formed increases, surpassing the production of DNC at higher
temperatures (~80 K).

Gerner et al. (2015) investigated the behavior of deuterated
molecules’ abundances in high-mass star-forming regions, which
they divided into four different evolutionary stages; namely,
infrared dark clouds (IRDC), high-mass protostellar objects
(HMPO), hot molecular cores (HMC), and ultra-compact HII-
regions (UCHII), evolving as IRDC —- HMPO — HMC —
UCHII. They show that the column densities, N, of DCO* and
DNC decrease with progressing evolutionary stage of a clump,
whereas N(DCN) peaks in the HMC-stage (Gerner et al. 2015).
In addition, they find that the Rp(DNC) and Rp(DCN) deutera-
tion ratios show a range of values, with an average of 0.02 and
0.005, respectively (Gerner et al. 2015). In the same sources,
Rp(DCO™) was measured to be an order of magnitude lower,
with an average ratio of 0.0025 (Gerner et al. 2015). Toward
two dark cloud sources, L134N and TMC-1, Rp(DCO*) was
found to be 0.18 and 0.02, respectively (Tiné et al. 2000). More
recent observations toward the distant Hil-region W51 star-
forming region showed a core, on the same spatial scales, with a
comparable ratio of 0.02 (Vastel et al. 2017).

The prominent nearby giant molecular cloud or star forma-
tion complex Cygnus-X is a prime target for studying the early
stages of massive star formation. It has a rich environment that
contains recent and ongoing star formation activities. These are
OB associations, Wolf-Rayet stars, numerous HII-regions, and
dense molecular star-forming clumps (Schneider et al. 2006;
Motte et al. 2007; Reipurth & Schneider 2008). The most active
and dense region within the Cygnus-X region is a filament that
contains, near its southern end, the compact Hil-region DR21
Main (Downes & Rinehart 1966; Immer et al. 2014; Schneider
et al. 2010; Hennemann et al. 2012), which has a rich molecu-
lar envelope with a photodissociation interface (Ossenkopf et al.
2010). The filament is proposed to be the result of interacting
Hi1 flows and molecular clouds (Schneider et al. 2023; Bonne
et al. 2023). The DR21 region is located at a distance of 1.5 kpc
(Rygl et al. 2012), and its dense filamentary structure, also called
the “DR21 ridge”, harbors several dense cores with a gradient
of evolutionary stages (Hennemann et al. 2012). Further north,
a famous active OH, H,0, and CH3OH maser source, the dense
protocluster or hot molecular core DR21(OH) (Mangum et al.
1992) is found and a colder region of infalling gas is located
in the northernmost part of the ridge (Schneider et al. 2010;
Hennemann et al. 2012; Koley et al. 2021). Previous studies of
H,D* north of DR21(OH) using the James Clerk Maxwell Tele-
scope (JCMT) have shown the emission to probe a large-scale
cold, quiescent gas component (Pillai et al. 2012), hinting also at
the presence of cold gas pockets nearby, only slightly offset from
the DR21 filament.

The Cygnus-X Allscale Survey of Chemistry And Dynami-
cal Environments (CASCADE; Beuther et al. 2022) is a large-
scale survey of the Cygnus-X region carried out with the
NOrthern Extended Millimeter Array (NOEMA) and the Insti-
tut de Radioastronomie Millimétrique (IRAM) 30-m telescope
as a Max Planck Institute and IRAM Observatory large-program
(MIOP). The objective is to connect star formation properties at
large scales probed with the IRAM 30-m telescope to small-scale
dense cores observed by the NOEMA interferometer. In its lower
frequency range of 70-80 GHz, the project covers the ground
state level transitions of several key deuterated species, DCO?,
DNC, and DCN (see Table 1). Higher rotational transitions of the
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Table 1. Frequencies and spectroscopic properties of the deuterated molecules and their corresponding '3C-isotopologs presented in this study
alongside the spectral line properties obtained by averaging over the entire DR21 filament are presented.

Species Transition  Frequency  Ey,/k Ajj Gup Aerit Database Tms UPeak FWHM
(MHz) (K) s™hH (cm™) (XK) (kms™)  (kms™)
DCO* J=1-0 72039.312 346 22(-5) 3 4.54) CDMS 0.08 +0.01 -27+08 3.0+0.1
DCO* J=3-2 216112582 2074 71(-4) 7 1.0(6) CDMS 0.14 = 0.01 -32+08 34+0.1
H'3Cco* J=1-0 86754.288 416 39(-5 3 454) CDMS 0.21 =0.01 -3.0+08 34+0.0
DNC J=1-0 76305.727 3.66 16(-5 3 1.1(5) CDMS 0.06 +0.01 -30+08 32=x0.1
DNC J=2-1 152609.774 1099 1.5(-4) 5 1.06) CDMS 0.18+0.01 -27+408 3.6=0.1
HN'3C J=1-0 87090.850 418 19(-5 3 1.1(5) CDMS 0.07+ 0.01 -30+08 34=x0.1
DCN IJ,::: 1__(1’(*) 72414.694 348 13(-5) 5 3.0(5) JPL 0.05 £ 0.01 -31+08 41=+x0.1
DCN J=3-2 217238.538 20.85 4.6(-4) 21 1.0(7) CDMS 0.11 £ 0.01 -38+0.8 41+0.1
H3CN ijzz 12__(1’(*) 86339.921 414 22(-5) 5 3.0(5) JPL 0.11 £ 0.01 -38+08 4101

Notes. The frequency, upper level energy, E,,/k, Einstein coefficient, A;;, and upper state degeneracy gy, are given. The critical density, neq, at
Twin = 20 K, are also listed (Shirley 2015). The rightmost three column give the peak intensity, Typ, central LSR velocity and FWHM of Gaussian
fits to a spectrum representing an average of the emission in the covered area in the DR21 region. The values for A;; and n; are written in the form
of x(—a) = x X 107. The spectroscopic information is taken, as noted, from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller
et al. 2001) or from the Jet Propulsion Laboratory Spectroscopic catalogue database(Pickett et al. 1998). “’Denotes the spectroscopic properties of

the strongest HFS component.

deuterated species in the 1.3-mm and 2-mm wavelength bands
were performed with follow-up observations once again using
the IRAM 30-m telescope to constrain the line excitation tem-
peratures that were used to determine reliable molecular column
densities.

The paper is organized as follows: in Sect. 2, we present the
observations and the data reduction; in Sect. 3 we show the inte-
grated intensities and averaged spectra of deuterated molecules
in the DR21 filament, and describe the calculation of molecular
column densities. In Sects. 4 and 5, we analyze and discuss the
molecular D/H ratios and their behavior with the dust tempera-
ture and H, column density. Finally, in Sect. 6, we present our
conclusions.

2. Observations

We carried out on-the-fly (OTF) mapping observations (Project
ID: 145-19 and 031-20; PIs: F. Wyrowski and H. Beuther) at
4 millimeter (mm) wavelength using the IRAM 30-m telescope.
To obtain a large bandwidth, covering all of the deuterated
molecules of interest, the mappings were performed using the
Eight MlIxer Receiver (EMIR)! (Carter et al. 2012) and using
the Fourier Transform Spectrometer backend with 195 kHz chan-
nel spacing (FTS200). A bandwidth of 8 GHz per sideband
(in total, a frequency coverage of 16 GHz) with EMIR E90 in
both polarization was covered. At 72 GHz, the spectral chan-
nel resolution of 195 kHz is equivalent to a velocity resolution
of 0.73 km s~ !(smoothed to a spectral resolution of dv =
0.8 km s7!) and the half power beam width (HPBW) of the
IRAM 30-m telescope is 3472

Observations of the DR21 filament were carried out on
May 21 and 22, 2020. The regions with the highest H, column
densities (Motte et al. 2010) were covered in 6 tiles. Figure 1

I http://www.iram.es/IRAMES/mainWiki/
EmirforAstronomers

2 This telescope’s HPBW (in arcseconds) is well repre-
sented by 2460/v (GHz); see https://publicwiki.iram.es/
Iram3OmEfficiencies

shows the DR21 coverage of CASCADE in dashed red lines.
Each tile, of size ~306” x 306", is observed with the OTF map-
ping technique, in two scanning directions, in right ascension
(RA) and in declination (Dec) with a scanning frequency of
~175 s7! and a dump time of ~0.5 s. This results in an over-
sampling of the beam by a factor >3. For each mapping, two
temperature load calibration observations, each of 60s duration,
were done. In order to avoid edge effects, tiles slightly overlap
along the filament.

2.1. Follow-up observations with IRAM 30-m telescope

To complement the lower J-transitions of some of our target
molecules (see Table 1), we performed OTF mapping obser-
vations using the IRAM 30-m telescope over five nights from
July 15 to July 19, 2021 (Project ID: 053-21; PI: 1. Barlach
Christensen). The OTF maps were carried out with the EMIR
E150 and E230 modules in five tiles, each of size of ~120” x
120", outlined by the orange boxes in Fig. 1. For each map-
ping (with two coverages combined in one tile), the scanning
velocities were 575 s~' and 3”8 s™!' for 2-mm and 1.3-mm,
respectively. The HPBW is 17" at 145 GHz and 11" at 230 GHz.

The FTS covered 8 GHz bandwidth in each sideband in both
polarization. To obtain a spectral resolution that is comparable
to the ground-state transition observations, the FTS backend was
used at 195 kHz resolution, which corresponds to 0.38 km s lat
154 GHz and 0.25 km s~! at 231 GHz. The spectra are smoothed
to a spectral resolution of dv = 0.8 km s~!. For the E150 obser-
vations, the receiver was tuned to 150.25 GHz in the upper inner
sideband, to cover the N,D* (2—1) and DNC (2-1) transitions.
The frequency coverage in the 2-mm wavelength band is 132.2—
140 GHz in the lower sideband and 148—155.7 GHz in the upper
sideband. For the E230 observations, the receiver was tuned to
216.75 GHz in the lower outer sideband, to cover the DCO*
(3-2), DCN (3-2) and N,D* (3-2) transitions. The total E230
frequency coverage is 214.4-222.2 GHz for the lower sideband
and 230.1-237.9 GHz for the upper sideband.
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The angular resolution of the higher J-transition observa-
tions of DCO*, DCN and DNC (for example 6 ~ 12" for DCO*
(3-2), and 8 ~ 16” for DNC (2-1)) is higher than that of
the ground-state transitions (for example, 8 ~ 34" for DCO*
(1-0)). For comparison purposes, the maps of the higher J-
transitions are convolved to a common beam size, namely that
of the ground-state transitions (6 = 34""). However, for the maps
shown, the native resolution of the respective lines was retained.

2.2. Data processing

The data of both the CASCADE and follow-up observations of
the DR21 filament were processed using the Grenoble Image
and Line Data Analysis Software (GILDAS) package® (Pety 2005,
2018). Using the Continuum and Line Analysis Single-dish Soft-
ware (CLASS) program, we regridded the obtained spectra over
the mapped areas. Using the MAP%LIKE procedure of CLASS, all
images were reprojected to the spatial grid of DCO*, which has
a resolution of 34”. For computing the column densities, the
scale was converted from 7' to main beam brightness temper-
ature T, using a forward efficiency of F.g = 0.95 and a beam
efficiency* depending on the frequency of the molecule:

@)

2
Begr = 1.2 X 0.69 X exp (— (4 X x0.07y [MHZ]) ],

¢[kms™]

where v is the rest frequency of the line emission and c is the
speed of light. This ensures that each line can be resolved and
has the same velocity resolution, as the line widths are typically
FWHM~3-4km s™! (see Table 1).

3 http://www.iram.fr/IRAMFR/GILDAS
4 https://web-archives.iram.fr/ARN/feb01/node5.html
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Fig. 1. Maps of dust temperature (left)
and H, column density (right) of the
DR21 filament taken determined by
the HOBYS program (Motte et al.
2010). The stars in both maps indi-
cate the positions of DR21 Main (red)
and DR21(OH) (blue). The dashed red
and orange lines show the coverage of
CASCADE and follow-up observations,
respectively.
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During the observations, we identified a strong narrow spike
at 76304.9 MHz with a frequency shifted by —1 MHz from the
emission line of DNC (v = 76305.727 MHz). We suspect this
spike to be contamination from an automotive long range radar.
In order to minimize the contamination caused by this spike, we
compared the noise in the artifact free spectral velocity range
(<=30km s™! from the central line) with the contaminated chan-
nels (>0 km s7!). If the noise level with the artifact increased by
20%, the spectrum is discarded.

2.3. Ancillary data

Figure 1 presents the dust temperature and H, column density
(Bonne et al. 2023) maps of the DR21 filament first discussed
by Hennemann et al. (2012), which are based on data taken as
part of the Herschel imaging survey of OB Young Stellar objects
(HOBYS) program (Motte et al. 2010).

The CASCADE mapping area is outlined by dashed red lines
in both the maps. The H, column density maps are derived by
Bonne et al. (2023) based on convolved dust brightness tem-
perature distributions at three different wavelengths: 500 pm,
360 wm, and 250 wm. The dust temperature was determined from
the 160 pm/250 um flux density ratio. The resulting H, column
density and dust temperature maps are obtained at an angular res-
olution of approximately ~18". For further analysis, both the H,
column density map and dust temperature maps are convolved to
the angular resolution of the present CASCADE study, which is
0~ 34",

3. Results

Using data from the CASCADE survey, we investigate in detail
the deuteration along the DR21 filament. For this we consider
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Fig. 2. Average spectra of DCO*, DNC, and DCN, and their '*C-isotopologs in the DR21 filament. The black line shows the spectra averaged
over the entire mapped region of the DR21 filament for different molecules with the purple region showing the velocity range used for determining
integrated intensities. The dashed gray line denotes the main velocity of the filament, v; sg = —3 km s~!. The velocities of the un- or only marginally
blended HFS components of DCN and H'*CN are marked in black, with the relative intensity of the hyperfine components marked by the length.
The LSR velocity scale of the DCN and H*CN J = 1-0 spectra corresponds to the strongest HFS component F = 2—1.

three molecular species that are abundant in the ISM: HCO™,
HNC, and HCN and their corresponding deuterated species. As
mentioned in Sect. 1, the three species, and their deuteration,
provide an insight into distinct physical conditions. In general,
HCO™", HNC, and HCN lines are likely to be optically thick in
dense molecular clouds; hence, to estimate the column densities
of these hydrogen-bearing species and to estimate the degree
of deuterium fractionation, we utilized lines of their optically
thin isotopologs; that is, H'*CO*, HN'C and H'*CN. Further-
more, we assume the deuterated isotopologs are optically thin.
Table 1 summarizes the observed molecules and their transi-
tions. Figure 2 shows spectra of the deuterated species and
BC-isotopologs averaged over the entire DR21 filament. For
most of the lines, the hyperfine splitting structure (HFS) was too
small and/or not resolved at the resolution of 0.8 km s~!, except
for the HCN (1-0) 3C and D-isotopolog lines. The line param-
eters used during the analysis account for the unresolved HFSs.
In the case of the ground-state transition of HCN, H"*CN and
DCN, the integration is done only focusing on the central and
strongest line. The emission from this main HFS component is
extracted over the same velocity range as that of the DCO* and
DNC lines. The HFS components of the HCN, HBCN and DCN
lines are not considered to ensure that the extracted line emission
stems from the v gg = —3 km s7! component. In contrast, the
higher velocity DCN HFS component can be affected by a sec-
ondary DR21 velocity component at vy sg = 9 km s™! (Dickel
et al. 1978; Nyman 1983). The resultant line parameters of the
deuterated and '*C isotopologs are presented in Table 1.

3.1. Integrated intensity maps of the DR21 filament

To study the spatial distribution of the deuterated molecules in
DR21, we created velocity-integrated intensity maps (see Fig. 3)
over the velocity range from —7 km s~! to +0.5 km s! (pur-
ple shaded region in Fig. 2). This integration velocity range was

chosen around the peak velocity vpeq + 3.5 km s7!, determined
from a fit to a spectrum that represents an average of the emis-
sion in the covered area in the DR21 region (see Table 1). As
Upeak has a value —3 km s~! for both DCO* and DNC lines and
—3.5 km s7! for the DCN lines, the selected velocity interval
from —7 km s~! to +0.5 km s~! ensures that the chosen integra-
tion ranges are consistent for all the targeted species. Emission
maps of the ground-state transition of the deuterated species and
their '3C-isotopologs are shown in Fig. 3. The ground rotational
transitions of deuterated molecules (i.e., DCO*, DCN, and DNC)
show enhanced emission along the DR21 filament. For compar-
ison, we also created the intensity maps of the corresponding
hydrogenated species shown in Fig. A.1. We note that for species
like H3CN and DCN, that show HFS, the velocity range over
which we integrate includes contributions from the other HFS
lines as well (see Fig. 2). As a result, the column densities subse-
quently derived for these species from the main HFS component
will be overestimated.

3.2. Noise estimation

For each spectrum per pixel, a baseline was fitted with CLASS
by applying a Ist order polynomial fit to an emission-free
velocity window in the spectrum near the line of interest.
The emission-free range was determined by visual inspec-
tion, aiming for a baseline subtraction in a velocity range
of ~20 km s~!.

We obtain a root mean square (rms) of ~80-100 mK
with spectral resolution at 0.8 km s~!'for the deuterated
and the 'C-isotopologs covered with the CASCADE pro-
gram. With the follow-up observations, we obtain an rms of
~130 mK with the same spectral resolution for the deuterated
species.
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The noise in the integrated maps depends on the number of
channels over which the molecular line of interest is integrated.
The resulting noise map for the integrated intensity maps of
each target line was calculated as 0t = Ochannel X VNchannels-
The number of channels, Nchanneis = Av/dv, where Av is the
line-width and dv is the spectral resolution. In subsequent sec-
tions, the analysis discussed is based on the regions with a signal
>40 for each pixel.
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Fig. 3. Velocity-integrated intensity
maps of deuterated and *C-isotopologs.
Top and middle rows: Ground-state
emission of DCO*, DNC, and DCN
observed with the CASCADE-program
and follow-up mapping with the
IRAM 30-m telescope. Bottom row:
Maps for *C-isotopologs. The inten-
sities in the maps are integrated over
the velocity range —7 km s7! to +0.5
km s~!. HPBWs are displayed by the
filled white circles in the lower left
corner of each panel. For example, the
HPBW beam-size is 34” for the map
showing DNC (2-1), 16” for DCO*
(3-2) and 11”for DCN (3-2). The
white contours are showing levels of
40, 80 and 120. The stars mark DR21
Main (red) and DR21(OH) (blue). The
] locations of the F1 and F3 sub-filament

4 (Schneider et al. 2010) are indicated
39m07°38M53° by dashed red and magenta curves,
RA ()2000) respectively.
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3.3. Column densities and kinetic gas temperature

Molecular column densities were calculated from the integrated
intensities. The method assumes that the emission is optically
thin and also assumes a common excitation temperature for each
pixel in all transitions considered. We assume that all the lines
considered are emitted under the conditions of local thermal
equilibrium (LTE), which means that Texe = Trot = Tkin: any
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line’s excitation temperature is equal to a molecular rotation tem-
perature, and both are equal to the kinetic gas temperature. Under
LTE, the column densities can be calculated via the Boltzmann
equation (Goldsmith & Langer 1999):

ln(Nup) = ln(Ntm)
YJup Orot
where Ny, and g, are the population and degeneracy of a transi-
tion’s upper energy level, N,y is the total population in all the
energy levels, and O, is the rotational partition function of
each molecule taken from the CDMS or the JPL spectroscopy
database. Eyj, is the upper level energy, and kg is the Boltzmann
constant, and Ty, is the rotation temperature. The parameters
used for each molecule are presented in Table 1. We calcu-
lated Ny, for each transition using the integrated intensity maps
presented in Fig 3. Only those pixels with emission above 40
are considered for the analysis. The upper level population of a
transition, N,p, was calculated using the expression

f Tmbdl).

Here, v is the line’s frequency, # is the Planck constant, c is the
speed of light and A;; is the Einstein coefficient (see Table 1).
For the high densities of the dense clouds (see Table 1 for the
critical densities of target molecules), the excitation temperature
closely follows the kinetic gas temperature so that LTE can be
assumed. Assuming a depth of the width of the filament (d =
0.34 pc; Hennemann et al. 2012), the column densities, where the
deuterated molecules are detected, are at N(H,) > 3 x 102} cm™2,
and the volume densities are n(H,) > 3 x 10° cm™3.

While Eq. (3) solves for the temperature based on the obser-
vation of multiple molecule transitions, not all positions in the
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20 Fig. 4. Kinetic gas temperature calcu-
lated using the integrated intensity ratio
of HCN and HNC for the lower col-
umn densities and H*CN and HN'*C

15 for the higher column densities (left)
and dust temperature in the same region
for comparison (right). The red contour
shows the column density of N(Hy) >
1 x 102 cm™. The stars show DR21

10 Main (red) and DR21(OH) (blue). The

right panel shows the comparison of

RA (J2000) dust temperature in that same region.

map have two detected transitions. Therefore, the kinetic gas
temperature can be determined using several methods. Hacar
et al. (2020) presented a correlation between the kinetic gas
temperature and the integrated intensity ratio of HCN and HNC:

_ IHCN) | . I(HCN)
Tn[K] = 10 X [I(HNC) if 1< (I(HNC)) <4 (5)
TK = I(HCN) .. (I(HCN)
Txin[K] _SX[I(HNC) 4]+40 if (I(HNC))>4 (6)

Due to the different destruction pathways of these isomers,
at higher temperatures, HNC is destroyed more effectively,
which thus increases the ratio as the temperature increases, in
combination with opacity effects. The gas kinetic temperature
is obtained using this method is used to calculate the col-
umn density maps of the deuterated molecules and the main
isotopologs.

Using the HCN (1-0) and HNC (1-0) intensity maps (see
Fig. A.1) and the above equations, we generated a kinetic
temperature map of DR21, shown in Fig. 4. For pixels with
molecular hydrogen column densities N(Hy) > 1 x 10%* cm™2,
HCN and HNC could be optically thick (Beuther et al. 2022).
The optical depth of H'*CO*, HN'*C and H'3CN can be seen
in Appendix B. The kinetic temperatures of these pixels were
calculated using the intensity ratio of their optically thin iso-
topologs H'>*CN and HN *C (Beuther et al. 2022; Pazukhin et al.
2022). The obtained kinetic temperatures range from 10 to 31 K
with a mean value of 17 K (see Fig. 4). Owing to the large
beam size of our observations, we do not resolve the complex
structures in DR21. Hence, the physical properties determined
only represent an average value. Using Eq. (3), we generated
column density maps of the deuterated molecules as well as
their hydrogenated species. The column densities were deter-
mined pixel-wise using all transitions detected and fit with the
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Python package scipy.optimize.curve_fit. The excitation
temperature was determined when two transitions were detected;
otherwise, the T, derived from HCN/HNC was adopted. The
column density maps of DCO*, DNC, DCN, HCO*, HNC, and
HCN are presented in Fig. C.1. The respective errors obtained
during the fitting are presented in Fig. C.2. Column densities
of the main isotopologs were calculated from their optically
thin *C-isotopologs, assuming that the '3C/!'2C isotopic ratio
is constant within the cloud complex. With a Galactocentric
distance, Dgc, of 8 kpc for Cygnus-X, and using the car-
bon isotope gradient versus Galactocentric distance relation
2¢/BC = 75Dgc + 7.6 (Wilson & Rood 1994), we find
12C/13C = 68, which we assume in the following analysis. The
gradient recently determined by Jacob et al. (2020) and Yan et al.
(2023), delivers a value of 60, which is similar to the value of 68
adopted for the analysis in this work. In the analysis that fol-
lows, we assume no local variation in the isotopic ratio by, for
example, isotopic fractionation, selective destruction of '2C ver-
sus 3C, or ion-molecule exchange reactions (Wilson & Rood
1994; Giannetti et al. 2014; Jacob et al. 2020; Yan et al. 2023).

3.4. Correlations of integrated intensity maps

The number of pixels above 40, in the DCO*, DNC, and
DCN of J = 1-0 emission maps are 148, 115, and 103, respec-
tively. Compared with the other species, DCO* shows the most
extended emission distribution. It is clumpy, with several peaks
detected toward the northern half of the filament. The bright-
est clump is located 2/1 north of DR21(OH). Clumpy DCO*
emission is also present in the southern region. The south-
ern peak is at an offset ~1’2 southeast of DR21 Main. Apart
from the emission along the main filament, an additional bright
clump is seen northwest of the main peak and west of the
DR21-filament. The emission coincides with the low density,
low kinetic gas and dust temperature infalling gas, named the F1
sub-filament by Schneider et al. (2010). Furthermore, DCO* (1-
0) emission is detected toward the most massive F3 sub-filament
(magenta region marked in Fig. 3), which is linked to DR21(OH)
(Schneider et al. 2010). The morphology of the DCO* (3-2)
emission is similar to that of its ground state transition. However,
the peak is ~32” southwest of DR21(OH).

Similar to DCO™, the emission of DNC is also filamentary
and shows several peaks. The emission is not as extended as the
DCO" emission toward the north. The F1 sub-filament, marked
in red in Fig. 3, is also not as bright in DNC as it is in DCO*. The
strongest emission is observed from an ~1’ sized N-S elongated
structure that has DR21(OH) at its southern end. A similar-sized
region is seen in the south of the filament with DR21 Main at
its northern end. The map of the DNC (2-1) emission resem-
bles that of the DNC ground-state transition, and the brightest
emission also is found close to DR21(OH).

Conversely, DCN (1-0) shows less extended emission with
a strong peak toward DR21(OH). Likewise, DCN (3-2) is only
detected toward the bright peaks of DCN (1-0). Weaker and
relatively compact emission is seen surrounding DR21 Main.
Emission toward the F1 sub-filament is not detected in DCN.
The DCN (3-2) emission distribution is more compact than that
of the (1-0) line and stronger (factor ~2). Its two peaks are found
toward DR21(OH) and DR21 Main.

To quantify the morphological similarities between DCO?,
DNC and DCN. The cross-correlation, p, of the distributions of
the integrated intensities of pairs of molecules was calculated,
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Fig. 5. Cross-correlations of integrated intensity maps of DCO* (1-0),
DNC (1-0), DCN (1-0), DCO™* (3-2), DNC (2-1), and DCN (3-2).

pixel by pixel, as (Guzman et al. 2018; Li et al. 2022)
2 il jwij

12
2w S IR ws
(Zi,j 17 ;wij i, Iz,ijwu)

pi2 = 0

Here, I;;; and I,;; are the integrated intensities of molecules
one and two in pixel (i, j). w;; is the weight of the line emis-
sion detection. If emission from either molecule one or two is
detected above 40 in pixel (i, j), w;; = 1. If neither molecules
is detected in pixel (7, j), w;; = 0 and is not accounted for in the
cross-correlation. The cross-correlation values are summarized
in Fig. 5. This analysis confirms the result of visual inspection of
Fig. 3, that the morphology of DNC can be considered as “inter-
mediary” between those of DCO* and DCN. For example, the
cross-correlation of DCO* (1-0) and DCN (1-0) is 0.54 whereas
DNC (1-0) shows a stronger correlation with DCO* (1-0) and
DCN (1-0) of p = 0.81 and 0.84, respectively.

DCO* (1-0) seems to originate from gas with different phys-
ical conditions than DNC (1-0) and DCN (1-0). Figure 6 shows
the cumulative distributions of dust temperature and H;, col-
umn densities sampled in the pixels where Rp(DCO*) (purple),
Rp(DNC) (orange), and Rp(DCN) is detected (>40y). A simple
Kolmogorov-Smirnov (KS) test indicates a similar distribution
for DNC (1-0) and DCN (1-0) (p < 0.05). The mean dust tem-
perature, where DCO* (1-0) is detected, is Tque = 19 K and
N(H,)= 5.9 x 10*2 cm~2. The dust temperature and column den-
sity in regions in which DNC (1-0) or DCN (1-0) are detected
is higher. For DNC (1-0), Tqus = 20.6 K and N(H;)= 1.0 X
10* ¢cm™ and for DCN (1-0) T4yt = 21.3 K and N(Hp)= 1.1 X
10> cm™2. The mean values are marked in Fig. 6 with the
respective color of the deuterated molecule.

Emission lines from all three deuterated molecules are
observed at positions with column densities of N(Hp) > 3 X
10?2 cm~2. The DCO* (1-0) and DNC (1-0) integrated maps
show extended emission features spatially coinciding well with
that of the filamentary structure seen in the H, column density
map.

The morphological similarities and differences observed
between the three molecules suggest local variations in the
formation and excitation of their transitions. These variations
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Fig. 6. Cumulative distribution function (CDF) of dust temperature and
H, column density where DCO™ (purple), DNC (orange), or DCN (blue)
is detected in the DR21 filament. The dust temperatures and H, column
density maps are taken from Bonne et al. (2023). The horizontal dashed
lines marks the mean dust temperature or column density of the sampled
distributions, colorized with the respective detected molecular ratio.

could be influenced by the local density and temperatures of the
emitting gas. The dependencies of each molecule with the col-
umn density and the dust temperatures are analyzed further in
Sect. 4.2.

4. Analysis

In the following sections, we investigate deuteration across the
DR21 filament.

4.1. Fractional abundances of DCO*, DNC, and DCN

The fractional abundance is defined as X(XD)= N(XD)/N(H,)
where N(XD) is the column density of a deuterated molecu-
lar species. The molecular hydrogen column densities, N(H,),
were adopted from the high-resolution HOBYS column densi-
ties described in Sect. 3 and convolved to an angular resolution
of 34”. In order to estimate the fraction of deuteration in DR21,
we use pixel-by-pixel column density estimates, obtained in the
manner described in Sec. 3.3, of the deuterated species presented
in Table 1.

Figure 7 shows the abundance maps of X(DCO™"), X(DNC)
and X(DCN). The abundances of these species are similar,
with median values of X(DCO*) = 5.91% x 107", X(DNC) =
6.535 x 107! and X(DCN) = 6.8}% x 107!, Though the median
abundances of these three molecular species are indistinguish-
able within the interquartile range, their spatial distributions are
different. DCO™ shows reduced abundances toward DR21(OH)
and DR21 Main. X(DCO™) increases toward the north region

Table 2. Abundances of DCO*, DNC, and DCN toward DR21, TMC-1,
L134N, IRAS 16293-2422 (LM) and G210.82—19.47N (G210).

DR21 TMC-1 LI134N LM G210
X(DCO™) 5.9 4.4@ 9.0@ 1.5® 0.37©
X(DNC) 6.5 71 @ 41 @ 0.5® 0.13©@
X(DCN) 6.8 3.7@ 27 @ 2.5®) -

Notes. The abundances are written in the form of x, where = x x 107",
@Turner (2001) for TMC-1 and L134N. ®van Dishoeck et al. (1995) for
TRAS 16293-2422, ©Tatematsu et al. (2020) for G210.82-19.47N.

of DR21 and southeast region of DR21 Main. On the contrary,
X(DCN) exhibits a minor rise toward DR21(OH), while main-
taining a relatively constant abundance throughout the DR21
filament.

Table 2 summarizes the abundances of deuterated species
in DR21 compared with values determined for various other
sources. This includes the extensively studied Taurus Molecular
Cloud 1 (TMC-1), which is a quiescent dark cloud contain-
ing starless cores (Pratap et al. 1997), as well as another dark
cloud, L134N (Dickens et al. 2000), which shares similar tem-
perature (Tgus < 15 K, Gratier et al. 2016) and density (n(H,) ~
10° cm™3, Turner 2001) characteristics to the DR21 filament.
However, the primary distinction between these dark clouds
lies in their chemical composition: the TMC-1 position is that
of the clouds’ cyanopolyyne peak, whose chemistry is rich in
carbon-chain molecules, while L134N is abundant in smaller
molecules and oxygen-bearing species (Dickens et al. 2000, and
references therein). G210.82—19.47N is a solar-mass star-forming
core (Tatematsu et al. 2020) and IRAS 16293-2422 is a low-
mass class 0 binary protostar with a rich molecular inventory
surrounding a hot corino (Girart et al. 2014; Murillo et al. 2018;
Kahle et al. 2023).

Compared to DR21, the abundances of most of the deuter-
ated species studied here, are significantly higher in the dark
clouds, but also in the translucent clouds. Both dark clouds
have X(DCO") that is comparable to that of DR21, but higher
X(DNC), whereas X(DCN) is comparable in DR21 and TMC-1,
but much lower than in L134N. The generally higher degrees of
deuteration observed in TMC-1 and L134N relative to DR21 is
a consequence of the lower gas temperatures (i, = 10 K) that
characterize these regions (Turner 2001), which, as is discussed
in Sect. 1, facilitates the deuterium enrichment.

In the low-mass star-forming regions IRAS 16293-2422
and G210.82—-19.47N, the abundances are approximately an
order of magnitude lower than the abundances measured in
the DR21 filament. It is important to point out that accu-
rate abundances rely on a reliable reference for N(H,). The
challenge of comparing abundances is compounded by the
absence of a singular approach to determining column densities
of Hz .

To summarize: we find similar abundances (indistinguish-
able within the interquartile range) only for DCO™" in the DR21
filament as for the dark clouds and even for IRAS 16293-2422.
Both TMC-1 and L134N have lower dust temperatures com-
pared to the DR21 filament. The molecular cloud TMC-1 lacks,
contrary to DR21, newly formed OB stars and also has a high
extinction, resulting in an absence of ultraviolet (UV) radiation
inside of it. Our findings for the DR21 filament indicate that, in
terms of the abundances of deuterated molecules, it comprises

A215, page 9 of 24



Dec (J2000)

21'3

18']
20M39M075  38M53S
RA (J2000)

21'3

18']
20M"39MQ75  38M53S
RA (J2000)

Barlach Christensen, 1., et al.: A&A, 688, A215 (2024)

+
X(C i )1_1 2.5 i (C) 1_102_5 i (N) 1_102_5
2.0 12.0 2.0
42227} L5 40071 115 400071 1.5
11.0 11.0 11.0
24'1 24 24'1
0.5 0.5 0.5

21'3

18']
20M"39MQ75  38M53S
RA (J2000)
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Fig. 8. Left to right: Rp(DCO"), Rp(DNC), and Rp(DCN) in the DR21 filament. The stars show DR21 Main (red) and DR21(OH) (blue). The white
contours show the pixels, for which Rp could be determined for all three species.

an intermediate stage between the low-mass star-forming regions
and the large-scale structure of dark clouds.

4.2. Deuteration degree in the DR21 filament

In this section, we estimate the degree of deuteration (or sim-
ply deuteration) in the DR21 filament. Deuteration is defined as
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Rp(D) = N(XD)/N(XH), where N(XD) and N(XH) are the col-
umn densities of the D-bearing isotopolog and the H-bearing
(main) isotopolog, respectively. The column density maps and
the respective relative error maps are shown in Figs. C.1 and
C.2. The distributions of Rp(DCO™), Rp(DNC), and Rp(DCN)
are presented in Fig. 8. For further analysis, the pixel-by-pixel
Rp values obtained from these maps were used.
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Table 3. Mean deuteration fraction of each molecule and the range of
deuteration in the DR21-filament (where detected >40 level) and the
overlapping region, where all three J = 1-0-transitions of the deuterated
molecules are observed.

Entire DR21 Overlapping
D/H Mean Range Mean
Rp(DCO*) 0.012 £ 0.003 0.002-0.043  0.006 + 0.001
Rp(DNC)  0.014 + 0.003  0.006-0.056 0.014 + 0.003
Rp(DCN)  0.010 £ 0.002  0.005-0.031 0.010 + 0.002

The deuteration in all three species shows smooth distri-
butions, with average values of 0.012 + 0.003, 0.014 = 0.003
and = 0.010 = 0.002, for Rp(DCO™"), Rp(DNC), and Rp(DCN),
respectively. Thus the overall degree of deuteration in the DR21
filament is ~1%. Similarly, Yang et al. (2024) finds compara-
ble deuteration between Rp(DCO"), Rp(DNC), and Rp(DCN)
toward the deuterated peaks, despite different detection rates.
While significant amounts of Rp(DCO") are measured across
the entire filament spanning N(H,) between 2.1 x 10?> cm~2 and
1.2x10** cm2, deuteration is particularly enriched in regions of
lower H, column densities. This is consistent with the increase
in X(DCO™") toward dark clouds and translucent clouds.

The median H, column density for which DCO™ is detected,
is N(H,) = 5.9x10?> cm™2, whereas DNC and DCN are detected
at higher H, column densities (N(H,) = 1.1 X 10% cm™2). This
further illustrates that DCO* samples regions that are less dense
in comparison to that probed by DCN and DNC (see also Fig. 6),
as a consequence of the lower critical densities (see Table 1).
Taniguchi et al. (2024) found that at lower N(DCN)/N(DCO")
(~4-7, comparable to what we find in DR21, see Fig. D.1) favor
models with higher densities.

In the overlapping region (see Fig. 8), where all three deuter-
ated molecules are detected, the highest deuteration is seen
for DNC with Rp(DNC) = 0.014 + 0.003, which is compa-
rable to Rp(DCN)= 0.010 + 0.002. In contrast, Rp(DCO%) is
a factor ~2 lower (= 0.006 + 0.001) in this region (summa-
rized in Table 3). The overlapping region, in which emission
from all three molecules is detected has elevated column den-
sities. Neither Rp(DNC) nor Rp(DCN) are detected in the region
that shows the highest Rp(DCO™"). This region coincides with
lower dust temperatures and higher H, column densities (see the
northern region in Fig. 1 for reference).

To understand the differences in morphology, we compare
the spatial variations in deuteration with the distributions of dust
temperatures, molecular hydrogen column densities and kinetic
gas temperatures along the DR21 filament. The resulting com-
parisons are presented in Fig. 9. The surroundings of DR21 Main
and DR21(OH) are marked in their respective colors from Fig. 3.
The surroundings of DR21 Main and DR21(OH) in this work are
34 x 34", corresponding to 4 pixels, based on the spatial reso-
lution comparable to the surroundings examined by Koley et al.
(2021). The molecular D/H-ratios show clear differences in their
correlations with the dust temperature and H, column density.

Figure 10 presents an overview of the Pearson correlation
coefficients between Rp(DCO"), Rp(DNC), and Rp(DCN), and
Taust» N(Hp) and Tyj,. We note the strongest anticorrelations
(Ir] = 0.70) between Rp(DCO™) with H, column density and
kinetic gas temperature. At Tgys < 22 K, the trend for Rp(DCO™)
strongly decreases, whereas at Tg, > 22 K, the dependence
of Rp(DCO*) on Ty flattens. Similar to the dependence on
T dust, Ro(DCO™) shows a decreasing trend at T, < 22 K, which

flattens out beyond Tyi, = 22 K. However, the limited number
of data points present in this regime prevents us from making
definitive conclusions about this correlation. Both Rp(DNC) and
Rp(DCN) display moderate to weak anticorrelations with Tgyg
and N(H,) and Tyi,, where the trends with Rp(DCN) are particu-
larly flatter (see the right-hand panel Fig. 9). This is unsurprising
because the DCN emission is detected toward a more compact
region and hence shows a smaller range of deuteration.

Gerner et al. (2015) conducted a similar study on deuter-
ation in these species for 59 high mass star-forming regions.
These authors determined that luminosity (as a proxy for tem-
perature) and H, column density did not show a significant
correlation with any of the three ratios. On average Gerner et al.
(2015) reported a deuteration of 0.0025 for Rp(DCO™), 0.005 for
Rp(DNC) and 0.02 for Rp(DCN). These estimates are a factor of
~4 and ~2 lower than our estimates of Rp(DCO*) and Rp(DNC)
while that for Rp(DCN) is a factor ~2 higher than our estimates
in DR21. Unlike the high mass star-forming regions studied by
Gerner et al. (2015), the DR21 filament shows a stronger anti-
correlation with H, column density and Rp(DCO™). However,
we note that there are key differences between both studies; we
compute Rp using mapping observations whereas Gerner et al.
(2015) performed pointed observations toward their sample of
star forming regions. Hence, the D/H-ratios derived by these
authors probe only the average properties of the targets stud-
ied. Moreover, these authors computed the column densities of
these deuterated species using fixed values for the Tex.(= Tior)
based on their evolutionary stages>. Among these evolution-
ary stages, the IRDCs have temperatures most similar to DR21
among these evolutionary stages, Ty, = 15 K. The typical val-
ues for Rp(DCO"), Rp(DNC) and Rp(DCN) derived by Gerner
et al. (2015) for the subset of sources classified as IRDCs in their
sample are 0.007, 0.008 and 0.015, respectively. These values
are comparable to the mean values of the DR21 filament within
the errors. Hennemann et al. (2012) investigated the evolutionary
stages along the DR21 filament, where they found an increase in
evolutionary gradient from the northern region of DR21 toward
the DR21(OH). The deuteration fraction along the filament fol-
lows a trend of higher deuteration toward the younger region, but
a detailed analysis will be done in a forthcoming paper.

5. Discussion

The analysis presented thus far reveals that the strongest depen-
dencies found are between the different physical parameters
and Rp(DCO™), while much weaker correlations were found for
Rp(DNC) and Rp(DCN). Therefore, in the following sections,
we explore the impact of the physical conditions, if any, on the
chemistry of these species.

5.1. Impact of physical conditions on Rp(DCO").

We investigate the influence of different physical parameters and,
in particular, N(H,) on the Rp(DCO™"). We summarize here the
underlying chemistry for the formation of DCO™.

The formation of DCO* and HCO* are most efficient in
the lower temperature regime (Tyi, < 20 K). The primary for-
mation pathway of DCO" is the following gas phase reaction
(Albertsson et al. 2013):

H,D* + CO — DCO* + H,. ®)

5 T =15K for IRDCs, T = 50 K for HMPOs, T = 100 K for HMCs
and T = 100 K for UCHII.
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Fig. 9. Degrees of deuteration, Rp(DCO*) (left column), Rp(DNC) (middle column), and Rp(DCN) (right column), with dust temperature (top row)
and H, column densities (middle row; Bonne et al. 2023) and kinetic gas temperature (bottom row) in the DR21 filament. Each point corresponds
to the pixel-wise deuteration derived from the J = 1-0 and J = 2-1 or J = 3-2 transitions of DCO*, DNC, and DCN where each of the species
were detected at an rms noise level >40,. The black line shows the running mean, while the purple ranges marks the standard deviation. The red
and blue stars mark the surroundings of DR21 Main and DR21(OH), respectively.

»(DCO ™)

Rp(DNC)

Rp(DCN)
Fig. 10. Overview of the Pearson correlation coefficients (r) estimated

for cross-correlations between DCO*, DNC, and DCN, and Tus, N(H»)
and Tkin~

The formation pathway of the main isotopolog also requires CO:

H3+ + CO — HCO* + H,. )

In the low temperature (T4, < 20 K) and high density regime
(n > 10* cm™), where CO is frozen onto the dust grains, the
sparse amounts of CO available in the gas phase reacts with
H,D*. As CO is sublimated from the ices, CO reacts with
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H;*, depleting the reservoir to form H,D* from H;*. Conse-
quently, Rp(DCO*) peaks in Tys < 20 K and decreases with
increasing temperature (Aikawa et al. 2012). The formation of
DCO" and HCO* decreases as H3* is destroyed before forming
H,D* (Albertsson et al. 2013). Using a time-dependent chemical
model, Albertsson et al. (2013) showed a thermal dependence of
DCO" in the lower temperature regime (~30 K). Once the crit-
ical temperature for DCO* formation is reached, the Rp(DCO™)
begins to decrease to the elemental abundance of D/H-ratio
(~107%) (Cooke et al. 2018). A simple thermal dependence of
Rp(DCO™) in low ionization fraction regions, following the
temperature dependence of its precursors, has been established
(Herbst 1982; Anderson et al. 1999).

Elevated temperatures driven by shocks can cause the non-
thermal sublimation or sputtering of CO from dust grains. As
a result, shocks can also suppress the formation of DCO*, dis-
cussed in depth in Sect. 5.1.1. Within the DR21 filament, an
environment teeming with varied degrees of star formation activ-
ity along its structure (Schneider et al. 2010; Hennemann et al.
2012), regions like DR21 Main and DR21(OH) stand out, as
is discussed in Sect. 3. The HII region in DR21 Main, from
which the prominent bipolar-shaped outflow originates, drives
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shock chemistry in its surroundings (see, for example, Skretas
et al. 2023). The latter region, DR21(OH), where the lowest
Rp(DCO™) value is observed, also exhibits clear signatures of
shock chemistry (see Godard et al. 2012). Therefore, the shocks
present in the vicinity of these HII regions may play a vital role
in the chemistry of Rp(DCO").

For a complete understanding of the chemistry of DCO*
in DR2I, one must, in addition to the environment specific
effects suppress its formation, also take into account the rele-
vant destruction pathways. The primary pathway leading to the
destruction of DCO™ and HCO* is dissociative recombination:

DCO* +e¢- - CO+D (10)
and
HCO* +e¢- — CO +H. (11)

As aresult, a higher electron fraction accelerates the destruction
of HCO* more rapidly than that of DCO*, thereby influencing
the molecular isotopic ratio (Albertsson et al. 2013).

In the following sections, we discuss in more detail the
influence of shocks and photodissociation on the chemistry of
Rp(DCO*) within the DR21 filament.

5.1.1. Effect of shocks

In this section, we investigate the impact of shocks on the chem-
istry of Rp(DCO™). As was discussed above, the release of CO
into the gas phase readily destroys H3* and, in turn, suppresses

ties. The stars show DR21 Main (red)
and DR21(OH) (blue).

the formation of H,D* and DCO* (see Egs. (8) and (9)). The
dominant pathway leading to the desorption of CO from dust
grains at lower temperatures is via nonthermal desorption driven
by shocks.

Multiple sources of shocks are found in DR21, for example
outflows, star-forming regions, and cloud-cloud interactions. The
DR21 filament harbors one of the most extreme outflow, by mass
and size, in our Milky Way namely DR21 Main (Skretas et al.
2023). Furthermore, the DR21 filament was proposed to be the
result of cloud-cloud collisions (Dickel et al. 1978; Dobashi et al.
2019). Recent observations of ionized carbon (Schneider et al.
2023; Bonne et al. 2023) have refined this scenario, revealing
this region to be more complex with several molecular clouds
and their HI envelopes interacting.

A commonly used molecular tracer of shocks is SiO, formed
by the nonthermal sputtering of Si from dust which reacts with
gas phase O (Martin-Pintado et al. 1997). The specific use of SiO
as a shock tracer has been demonstrated through observations
and models. Observations show an increase in SiO abundances
from quiescent, previously shocked, regions to dense, active
regions as the center of our Milky Way (Amo-Baladrén et al.
2011; Rybarczyk et al. 2023). Theoretical models by Kelly et al.
(2017) show the abundance of SiO to increase significantly
(often by an order of magnitude) in regions where it encoun-
ters both slow and fast shocks. In various environments, these
studies demonstrate that the presence or enhancement of the SiO
molecule serves as an indicator of shock chemistry.

Given that CO is sputtered from the dust grain mantles
alongside SiO, the detection of significant amounts of SiO in
the gas phase indirectly traces the source of HyD* suppression.

A215, page 13 of 24



Barlach Christensen, 1., et al.: A&A, 688, A215 (2024)

While it is nontrivial to infer the properties of the shocks in
DR21, such as shock velocity and shock age, through abundance
measurements of SiO, we compare the spatial extent of SiO
emission in DR21 to decipher the role of shocks in Rp(DCO*)
chemistry.

Figure 11 shows the spatial distribution of the integrated
intensity map of SiO (2-1), obtained with CASCADE, and
Rp(DCO™"), alongside N(H,) between 3 x 10> cm™2 and 1 X
10?* cm~2 overlaid in gray scale. The increased SiO (2—1) emis-
sion suggests that it coincides with the regions of decreased
Rp(DCO™). The regions with the highest values of N(H,) (>8 x
10?2 cm~2) correspond to that of the massive dense cores, DR21
Main and DR21(OH) (see Fig. 11) which coincides with the
regions where the SiO (2-1) emission is the strongest. More
importantly, from this comparison it is clear that the regions
where the SiO (2-1) emission dominates is also spatially coin-
cident with the regions where we estimate the lowest values for
Rp(DCO™). This lends credence to our hypothesis that shocks
in the vicinity of DR21 Main and DR21(OH) play an impor-
tant role in regulating the chemistry and hence the deuteration
present in DCO*. In addition, the attenuation of cosmic-rays in
dense region such as DR21(Main) and DR21(OH) might dimin-
ish the abundance of H3*, thus decreasing the HCO* and DCO™
abundances in these regions. Testing the importance of cosmic-
rays in regulating the Rp(DCO™), however, is beyond the scope
of this paper.

In the top two panels of Fig. 12, we examine variations in
SiO abundance with N(H,). We find a similar trend as for APEX
Telescope LArge Survey of Galaxy (ATLASGAL; Schuller et al.
2009) sources SiO measurements by Csengeri et al. (2016), and
the SiO J = 1-0 survey toward massive SFRs (Kim et al. 2023).
These authors find that the embedded HII regions show a higher
abundance compared with that of younger sources, where the
shock conditions change with the massive clumps or with the
age of the clump. Similarly, we find abundances of SiO in the
DR21 filament as in the shocked ATLASGAL sources and SFRs
at similar H, column densities.

We find that the regions toward which we detect SiO (2—
1) emission at rms noise levels > 40 correspond those regions
with consistently low values of Rp(DCO*) (< 0.03). The sec-
ond panel in Fig. 12 shows a decreasing trend of Rp(DCO")
with the abundance of SiO. However, this decrease occurs due to
H; column density, as the SiO abundance is independent of the
H; column density in the DR21 filament. The Pearson correla-
tion coefficient of Rp(DCO*) with H, column density and Ty,
where SiO is detected, is » = —0.51 and r = —0.54, respectively.
While a definitive conclusion regarding the state of shocked gas
in DR21 cannot be reached, the spatial correlation between the
shock tracer and the decreased Rp(DCO™) strongly suggests that
the shocks are influencing the chemistry of Rp(DCO™).

5.1.2. Effects of photodissociation by ultraviolet radiation

In this section, we investigate the impact of photodissociation
on the chemistry of Rp(DCO™). The interface in the ISM, in
which the chemistry is primarily influenced by UV photons,
is known as a photodissociation region (PDR; Hollenbach &
Tielens 1997). At the forefront of a PDR, H, molecules undergo
photodissociation. As the H, column density increases (toward
regions with higher extinction), the low column density (N(H)
<2 x 10%° cm™2), ionized medium transitions to the molecular,
high density (N(H) > 2 x 10*2 cm~2) medium. Despite only hav-
ing modest abundances in the ISM, HCO is efficiently formed in
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Fig. 12. Abundance of SiO with H, column density in the DR21 fila-
ment and ATLASGAL sources (Csengeri et al. 2016) and SFRs (Kim
et al. 2023), and Rp(DCO™") with the abundance of SiO in the DR21 fil-
ament (first and second row, respectively). The third row and fourth row
shows the H, column density and the dust temperature with Rp(DCO"),
respectively, where purple shows non-detection of SiO and orange
shows the pixels where SiO was detected >4c. The red and blue stars
mark the surroundings of DR21 Main and DR21(OH), respectively.

PDRs via FUV (Schilke et al. 2001; Gerin et al. 2009):

H,CO + photon - HCO + H (12)
and
O+ CH, - HCO +H, (13)
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where the abundance of this rare molecular species becomes
comparable with that of H'3CO*. Furthermore, a high abun-
dance of HCO in the gas phase can be attained by releasing HCO
from grain mantles before larger molecules form there; for exam-
ple, H,CO, CH;0H and other COMs (Gerin et al. 2009). This
early release of HCO to the gas phase can occur in regions with
lower N(H,) that are exposed FUV radiation. Photodissociation
is an obvious process associated with the well-studied HII-region
DR21 Main and DR21(OH). The outer parts of DR21 dominantly
affected by the interstellar UV radiation (Yamagishi et al. 2018).

The column density ratio of HCO and H'3CO* and the abun-
dance of the latter, have been found to be increased in HII regions
when compared to regions devoid of HII regions or showing
minimal signs of star formation activity (Schilke et al. 2001;
Gerin et al. 2009; Kim et al. 2020). N(HCO)/N(H"*CO*) > 1
and X(HCO) > 10710 reflects high degrees of photodissociation,
and is indicative of ongoing FUV chemistry (Gerin et al. 2009;
Kim et al. 2020).

In Fig. 13, we investigate the variation in FUV radiation
fields by examining the column density ratio of N(HCO) and
N(H"CO") in the DR21 filament. The emission maps and col-
umn densities of HCO are described in depth in Appendix A. In
all panels of Fig. 13, the surroundings of DR21(OH) is marked
with a blue star. Unfortunately, we did not detect HCO, HBCOo",
and DCO" in any of the surroundings of DR21 Main, and we
only detected one pixel with the three molecules simultane-
ously detected in the vicinity of DR21(OH). The upper panel
of Fig. 13 shows a decreasing trend of the N(HCO)/N(H'*CO")
ratio with H, column density in the DR21 filament compared
with values of this ratio determined for molecular clumps found
in ATLASGAL, taken from (Kim et al. 2020). The observed
trend is mainly driven by the decreasing abundance of HCO as
a function of increasing H, column density. The middle panel
of Fig. 13 shows no variation in N(HCO)/N(H'3*CO*) with dust
temperature neither in DR21 nor the ATLASGAL clumps. No
correlation between N(HCO)/N(H'*CO™) and T, implies that
thermal desorption does not play a role in the formation of HCO
(Kim et al. 2020).

The lower panel of Fig. 13 shows a correlation between
N(HCO)/N(H"3CO*) and Rp(DCO*) with a Pearson correlation
coefficient of » = 0.77. This increasing trend of Rp(DCO™) with
N(HCO)/N(H'3CO") starts at the point at which the abundances
of DCO* and HCO start to decrease; that is, where FUV driven
chemistry commences (Gerin et al. 2009; Kim et al. 2020).
These conditions can be found as the photodissociation degree
decreases. As the H, column density increases, H, self-shielding
becomes effective resulting in the decrease in the HCO* destruc-
tion (see Eq. (11)). The decreasing trend of Rp(DCO™) with
N(H,) is caused by the decrease in the HCO™ destruction.

To summarize the discussion on the influence of shocks
and ionization, the two physical processes affect Rp(DCO™*) in
different ways. HCO* is destroyed faster than DCO* through
dissociative recombination. The regions of Rp(DCO*) with col-
umn density, where HCO and/or SiO are present, are marked
with green in Fig. 14. We find a Pearson correlation coeffi-
cient r = —0.79 of Rp(DCO*) with H, column density where
HCO is detected in Sect. 5.1.2. These are found at the lower
H; column densities. On the contrary, at higher H, column
densities, where SiO is detected, we find a Pearson correlation
coefficient r = —0.51 of Rp(DCO*) with H, column density
in Sect. 5.1.1. As CO reacts with H3", the production of H,D*
is halted, successively decreasing the formation of DCO*. This
suggests that FUV-chemistry affects the lower column densi-
ties and shock-chemistry affects the higher column densities

2.0F T T T T T B
ATLASGAL (Kim et al. 2020)
~ 15} # # ¢ DR21
:
o
O 1.0} s, w ﬂ
z s »ﬁ ?iﬁ# +Hﬁ ', +
Z o) A AR
8 *
I 0.0f °
z
Cn_o 5k
= t
_1.0_
22.2 22.6 23.0 23.4 23.8
log(H, Column Density / cm~2)
2.0F T T
IR LT
T
o
VIR Lt
T . m 4o iﬂ +
£ o) JHMLL U0
8 *
I 0.0} :
<
g -0.5F . 1
- + ATLASGAL (Kim et al. 2020)
_1.0f . . . ¢ IDR21 . .
15 20 25 30 35 40
Dust temperature [K]
-1.0— T T T T : .
Lin. Reg. High Temp. (r= +0.77, p<0.05)
—1.5Ff Sl H
= i ML=
+ Tt
o et || |
8 -2.0f | B
5 L
% ’ =2
225
_3.0- 4
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

log(N(HCO)/N(H'CO *))

Fig. 13. N(HCO)/N(H"®CO") vs. N(H,) (top panel) and dust tem-
perature (middle panel). The bottom panel shows the correlation of
N(HCO)/N(H"®*CO") with Rp(DCO™). The purple points represent pix-
els in the DR21 filament above 40 and the gray point shows the
ATLASGAL sources from Kim et al. (2020). The black vertical line rep-
resents the indicator of ongoing FUV chemistry >1 (Gerin et al. 2009;
Kim et al. 2020). The blue star mark the surroundings of DR21(OH),
where HCO, H®CO* and DCO" are detected.

in DR21, overall resulting in the strong decrease in Rp(DCO")
(r=0.74).

5.2. Impact of physical conditions on DNC and DCN

In Sect. 4.2, it is observed that DNC and DCN are indicative
of different physical conditions compared to DCO*. Specifically,
they are detected in warmer and denser regions within the DR21
filament. Figure 6 illustrates that these isomers trace similar gas
distributions. In this section, we aim to investigate the influence
of temperature on the ratio of DNC to DCN.

Figure 9 shows that Rp(DNC) and Rp(DCN) have distinct
dependencies on Ty,s. The formation pathways of these iso-
mers have significant differences in their thermal dependence.
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where N(HCO)/N(H"3CO") and X(SiO) intersect. The linear fit, where
SiO and HCO are detected, is shown in dashed brown. The red and blue
stars mark the surroundings of DR21 Main and DR21(OH), respectively.

In the lower temperature regime (74, < 30 K), DNC is predom-
inantly formed at a higher rate through deuterium reacting with
the primary isotopologs, HCN and HNC. Surprisingly, in this
temperature range, DCN formation occurs through the deuterium
transfer of HNC (Turner 2001). Conversely, DNC and DCN effi-
ciently form with deuterated light hydrocarbons, such as CH,D*,
at higher temperatures (~80 K; Albertsson et al. 2013). At lower
gas temperatures (Tg,s < 30 K), DCN exhibits lower formation
efficiency, as it is formed through CH,D*, compared to DNC,
formed through H,D* (Turner 2001; Roueff et al. 2007). As for
DNG, its formation efficiency decreases with increasing temper-
ature since the O-atom becomes more effective in destroying
this isomer (Gerner et al. 2015). However, the current study
does not explore these higher temperatures as the maximum dust
temperature and kinetic gas temperature measured were <31 K.

HCN and HNC, the primary isotopologs of these isomers,
have demonstrated an ability to trace the kinetic gas temperature
(see Sect. 3.3). The ratio of I(HCN)/I(HNC) at gas temperatures
T <200 K is controlled by the selective destruction of HNC
(Hacar et al. 2020):

HNC +H —- HCN + H (14)
and,
HNC + O — NH + CO. (15)

The inter-conversion between HCN and HNC becomes efficient
at T > 40 K. At low temperatures, HCN and HNC are formed
through ion-molecule chemistry with almost equal probability
(Herbst et al. 2000; Albertsson et al. 2013). A similar effect may
occur for DCN and DNC, where an increase in T, iS necessary
to initiate the conversion of DNC to DCN through reactions with
free atomic D in the gas.

Figure 15 shows the intensity ratio comparisons of
I(DCN)/I(DNC) with I(H"*CN)/I(HN'3C). In the optically thin
regime of these ratios, I(H"*CN)/I(HN'3C) is a proxy for the
kinetic gas temperature (Beuther et al. 2022; Pazukhin et al.
2022). The optical depth of each molecule is presented in
Fig. B.1, which is consistent with the optically thin assump-
tion. The intensities were used to ensure independent ratio
comparison, as the column densities are inherently dependent
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Fig. 16. Dust temperature as a function of integrated intensity ratio of
DCN and DNC with a Pearson correlation of » = 0.58.

on the temperature calculated using I(H'*CN)/I(HN'*C). The
D-isotopologs I(H"*CN)/I(HN'C) with a slope a = +0.9*21
and intercept of b = —0.4’:8:}. The temperature indicator repre-
sented by I(HBCN)/I(HN3C) exhibits a moderate correlation
with /(DCN)/I(DNC), implying that /(DCN)/I(DNC) is also a
potential tracer of kinetic gas temperature.

Figure 16 shows a plot of dust temperature as a function of
I(DCN)/I(DNC), which displays a moderate correlation between
the dust temperature and the velocity-integrated intensity ratio
of DCN and DNC. We find a slope a = +10 and intercept
of b = +6 between the dust temperature and /(DCN)/I(DNC).
This correlation implies a kinetic gas temperature of Tgyug =
10 X (DCN/DNC) + 6. Hacar et al. (2020) reported a one-to-one
correlation between dust temperature and the kinetic temperature
derived from the intensity ratio of HCN to HNC. By applying
the same approach to obtain kinetic gas temperature (Eq. (5)),
but using the intensity ratio of DCN to DNC instead and multi-
plying it by ten, we establish a one-to-one relationship between
the kinetic gas temperature (7yi,) derived from DCN/DNC and
the dust temperature in DR21.

6. Conclusions

In this paper, we have investigated the distribution of deuterated
molecules in DR21 as part of the Cygnus-X Allscale Survey of
Chemistry And Dynamical Environment. Using the IRAM 30-
m telescope, observations of the ground-state of DCO*, DNC,
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and DCN at 3-4 mm and follow-up observations of higher J-
transitions at 2 and 1.3 mm wavelengths were carried out. The
main results are summarized below:

1. The emission maps of DCO*, DNC, and DCN show clear
morphological differences along the DR21 filament. DCO*
shows the most extended emission along the DR21 ridge,
with several peaks along its structure. DNC is also observed
to have several peaks but less extended emission than DCO*.
DCN shows relatively compact emission toward the DR21
Main and DR21(OH) star-forming clumps. The morpho-
logical differences of these three molecules suggest local
variations in physical parameters.

2. The column densities derived from the optically thin lines
from DCO™, DNC, and DCN, as well H3CO™*, HN!3C, and
HI3CN, together with the Herschel-based H, column den-
sity, indicate similar mean abundances of the deuterated
molecules, on the order of X(D) ~ 6-9 x 107!, All three
molecules are observed toward higher H, column densities.

3. The deuteration degrees, Rp, of all three species have similar

values, between 0.010 and 0.014. Rp(DCO™) and Rp(DNC)
shows a strong anticorrelation with dust temperature (r <
—0.5) and all three shows strong anticorrelation with kinetic
gas temperature, the highest value of which (r = —0.70) is
found for Rp(DCO").
The three ratios between the deuterated molecules,
N(DCO")/N(DNC) and N(DCO*)/N(DCN), show anticor-
relations with the dust temperatures in the regime in which
CO is not yet sublimated (Tquse < 22 K). On the contrary,
N(DCN)/N(DNC) shows an increasing correlation at Tgys <
22 K. After the onset of thermal CO-sublimation, all three
ratios are constant with dust temperature.

4. Rp(DCO") decreases with H, column density. We attempted
to explain this decrease with ionization and shocks. At
lower column densities, FUV chemistry, as traced by
N(HCO)/N(H"CO"), is likely causing the rapid decrease by
effectively destroying HCO* faster than DCO*. Rp(DCO™")
decreases with an increasing column density of SiO, a well-
known shock tracer. Ionization, shocks, and the initial ortho-
to-para H ratio, although the latter is not quantified, appear
to have an effect on the decrease in Rp(DCO*). The rela-
tive influence of the degree of ionization or shocks affecting
the decreasing Rp(DCO™) is hard to discern solely based on
the molecular content, as DR2I is a dynamic and complex
filament with a powerful Hil-region, a substantial outflow,
several star-forming regions in different evolutionary stages,
and cloud-cloud interactions.

5. The DCN/DNC-ratio was investigated as a possible kinetic
gas temperature tracer. At higher N(H,), with the HN'3C
and H'3CN lines being optically thin, a strong correlation
is found. The obtained correlation is I(DCN)/I(DNC) =
0.9 x I(HCN)/I(HN'3C) - 0.4.
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Appendix A: CASCADE emission maps

Velocity-integrated intensity maps of the strong and extended
emission of the main isotopologs HCN and HNC can be seen
in two leftmost panels of Fig. A.1. The emission in both species
peak toward DR21 Main and DR21(OH). The intensity ratio
between these two molecules is used for kinetic temperature
determinations, as is described in Sect. 3.3.

The three right panels show the integrated intensity distri-
butions of the three HCO HFS components of this molecule’s
Nk,x. = log — Opp rotational line. These are the J = 3/2 —
1/2,F=2-1,J=3/2-1/2,F=1-0andJ=1/2-1/2,F =
1 — 1 lines. Spectroscopic information for the HCO HFS lines is
presented in Table A.1.

Spectroscopic information for the SiO (2 — 1) lines is pre-
sented in Table A.1. SiO (2-1) is covered as part of the CAS-
CADE program. The integrated intensity map of SiO (2-1) is
shown in Fig. 11.

Appendix B: Optical depth

The '2C-bearing main isotopolog lines of the molecules studied
by us are optically thick and even the opacities of the !3C-bearing
isotopologs are expected to be non-negligible. The determination
of the optical depth of the lines from each molecule relies on the
ratio of its '>C-bearing isotopolog to its '3C-bearing one. Under
the assumption that the beam filling factor, f, of each pixel is
equal for both lines, the ratio of the main beam brightness tem-

perature of a line from the main isotopolog, Tll,ig, to that of the

less common '*C-bearing isotopolog, T]\];g, is given by
Tyg - (TaC = To)(1 = exp(-7,)
e (W) = e (B.1)

Mo (TeC = Top)(1 —exp(-1,)
where Ty, is the temperature of the cosmic microwave back-
ground (2.73 K). Further assuming that the frequencies and the
excitation temperatures, Tex, of both lines are the same, results
in an isotopic ratio of 68 for Cygnus-X (see Sect. 3.3) and the
“C Jine being optically thin (so that (1 — exp(~7, ) ~ 7, €). This
simplifies to

1 - exp(—687.C)  TyS

MB

0 e F( ) (B.2)
Tv MB

From the roots of this equation, we can determine T:C using the

Python package scipy.optimize.newton_krylov. Fig. B.1
presents the pixel-by-pixel opacity map of the DR21 filament.

Appendix C: Column density maps

The distribution of the column densities derived in Sec. 3.3
is shown in Fig. C.1. The column densities were determined
using the scipy.optimize.curve_fit, in which each fitting
of Eq. 3 results in the best fit of N,/g, and the respective fit
error. The column density maps for DCO*, DNC, and DCN,
and the respective main isotopologs HCO*, HNC, and HCN are
presented in Fig. C.1, with the relative error maps presented in
Fig. C.2. The column density for the main isotopologs were cal-
culated using the optically thin '*C-isotopologs and assuming
12C/BC = 68.

Appendix D: N(XD)/N(YD)

The dust temperature, H, column density and kinetic gas
temperature dependence of the N(XD)/N(YD) ratios are pre-
sented in Fig. D.1. The comparison of column density ratios
with Ty, are presented in the left plots. Blue data points
with Tgus below 22 K exhibit considerable temperature depen-
dencies; r = —0.61 for log(N(DCO*)/N(DCN)) and r =
—0.56 for log(N(DCO*)/N(DNC)). A negligible dependence
on log(N(DCN)/N(DNC)) with temperature was found (r =
+0.46). On the contrary, all three ratios show no correlation
with dust temperature in the higher temperature regime (22 K <
Tawst < 31 K). The Pearson correlation coefficients of the
higher temperatures are r = +0.14 for log(N(DCO*)/N(DCN)),
r = +0.45 for log(N(DCO*)/N(DNC)), and r = +0.28 for
log(N(DCN)/N(DNC))) with p > 0.05.

The N(XD)/N(YD) trends with H; column den-
sity are r = -0.55 for log(N(DCO*)/N(DCN)), r =
-0.69 for log(N(DCO*)/N(DNC)) and r = +0.12 for
log(N(DCN)/N(DNC)). This strong dependence is also
reflected in the Rp(DCO*) and Rp(DNC) ratio seen in the top
left and middle of Fig. 9, respectively. The strong anticorrelation
of Rp(DCO™) is discussed further in Sect. 5.1.

log(N(DCO")/N(DNC)) and log(N(DCN)/N(DNC)) show
strong correlations with kinetic gas temperature. An anticorrela-
tion with log(N(DCO™")/N(DNC)) is found, r = —0.63 and a neg-
ligible r = —0.48 with log(N(DCO")/N(DCN)). On the contrary,
a positive correlation is found between log(N(DCN)/N(DNC))
with a Pearson correlation coefficient of » = +0.66. It should be
noted that the kinetic gas temperature was used to determine the
column densities. This reflects on the formation pathway depen-
dencies on temperature, in which the production of DCO™ is
highest at the lowest temperature, less for DNC, and least for
DCN.
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Fig. A.1: Ground-state emission of HCN, HNC, and HCO observed with the CASCADE program. The white contours show the 40, 80, and 120
levels. The stars show DR21 Main (red) and DR21(OH) (blue), with the F1 and F3 sub-filaments marked in dashed red and magenta curves.

Table A.1: Spectroscopic information for the HCO and SiO lines covered by CASCADE.

Species Transition Frequency Eyp/k Aj gup Database
[MHz] (K] [s~]

HCO Nk, k. =101 — 000, J=3/2-1/2,F=2-1 8667076  4.18 4.67(-06) 5 JPL

HCO Nk, k. =101 —000,J=3/2-1/2,F=1-0 8670836 416 4.60(-06) 3 JPL

HCO Nk, k. =101 =000, J=1/2-1/2,F=1-1 8677746 418 4.60(-06) 3 JPL

SiO, v=0-10 2-1 86846985 6.25 293(-05) 5 CDMS

Notes. The frequency, upper energy (E,,/k), Einstein coefficient (A;) and upper state degeneracy (g,,) are marked. The values for A;; are written
in the form of x(—a) = x X 107¢. The molecular are properties are from the JPL (Pickett et al. 1998) and CDMS (Miiller et al. 2001) spectroscopic
catalogues, as noted.
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Fig. B.1: Left to right: Opacity maps of H*CO*, HN'*C and H3CN. The stars mark the positions of DR21 Main (red) and DR21(OH) (blue).
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Tause ~ 22 K, with blue data points showing the CO freeze-out regime.

A215, page 24 of 24






APPENDIX B

Clumps in Cygnus-X

Motte et al. (2007) and Cao et al. (2019) identified several star-forming clumps in Cygnus-X. Motte et al.
(2007) mapped the Cygnus-X region at wavelength of 1.2-mm using the MAMBO and MAMBO-2
cameras on IRAM-30m. The cloud complex is probed at densities of Ny, ~ 9 X 10" = 2% 10** ecm ™.
The clumps are identified by analyzing compact cloud fragmentation (< 1 pc) using MAMBO-2,
where a 2-D Gaussian fit identifies the compact fragments above a So-level with Gaussclumps and
improves the extraction to avoid biased Gaussian fits. 129 dense cores using the IRAM-30m telescope
at 1.2-mm wavelength band are detected, where 66 of these are within the CASCADE. The clumps
in the Cao et al., 2019 catalog are identified using the 8 and 24 um images from the Spitzer Legacy
Survey of the Cygnus-X region, the mosaics from 70, 160, 250, 350 and 500 ym from Herschel
telescope and 1.2 mm with the IRAM 30-m telescope. The clump extraction focuses on regions
where the Ny > 3.5 X 10 cm™2, ensuring that the cores have masses of M > 23.3M at 0.1 pc.
Furthermore, a lower limit of M > 35M, associated with either observational HMSF-signature of
Class II methanol masers or UCHII regions, is set. This results in 151 massive dense cores detected,
where 60 are detected with CASCADE. 16 clumps of Cao et al., 2019 are not identified in the Motte
et al., 2007 catalog and added to the complete list of clumps. A total of 82 individual clumps are
identified by Motte et al., 2007 and Cao et al., 2019 covered by the CASCADE observations.

A total of 72 clumps are targeted for follow-up observations with the APEX telescope (Chapter 5).
These 72 clumps were chosen as they have at least one of DCO*, DNC, DCN, or NH,D detected. Of
these 72 clumps, we determined the physical conditions of 67 clumps and analyzed them further in
Chapter 6. The line profiles, including the central position, are summarized below. The line profiles
of H,CO are presented in Appendix C.

The spectra for the molecules listed in Chapter 6 are shown below. The spectra for HyCO (1, ;=0q ),
H,CO (33 —29,), H,CO (3,, — 2, 1), and H,CO (3, ; — 2, () are shown in Appendix D.1.
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Figure B.1: Spectra of BCS J = 2 — -1 towards the Cygnus-X sources. The green background indicated
detection (> 40) and white background indicates no detection.
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Figure B.2: Same as Fig. B.1 for C(DN =1-0, J =3/2-1/2, F =5/2—3/2" towards the Cygnus-X sources.
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Figure B.3: Same as Fig. B.1 for C,)DN =1-0, J = 1/2-1/2, F = 3/2—3/2" towards the Cygnus-X sources.
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Figure B.5: Same as Fig. B.1 for C;HN =1-0, J=3/2-1/2, F =2 — 1" towards the Cygnus-X sources.
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Figure B.7: Same as Fig. B.1 for C;HN =1-0, J=1/2-1/2, F = 1 — 1" towards the Cygnus-X sources.
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Figure B.8: Same as Fig. B.1 for C;HN =1--0, J =1/2-1/2, F =0 - 1" towards the Cygnus-X sources.
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Figure B.9: Same as Fig. B.1 for C;HN =1-0, J=1/2-1/2, F = 1 — 0" towards the Cygnus-X sources.
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Figure B.10: Same as Fig. B.1 for C,S N =6 -5, J =5 — 4 towards the Cygnus-X sources.

115



Appendix B Clumps in Cygnus-X
C,S
. " CYGMO0S39 i DR21 i DR21 j " DR17j0.50f "7 CYrGMO0s38]
<051 | C09-1] 0.2 1 DR21-12{ 0.2 | DR21-19{ 0.2} | NO03-29 | NO5-6
~ 1 U 1
U 1

DR21] i DR21 50 i DR21] i DrR21] 4f i DR21]
N36 | : N40
i
DR21] brR21] 4 P DRr21] P brRo1] 2 T DR21
N41] 5.0F N42] | N43] 4 N441 | N45
1
1f 1
{25} {2 ] ] Jﬂl
0.0 0 H 0 h. =
i DR21 i bR21 i DR21 dvGMos38 T DR21
4t | Na7{ 4 N48]) 55t i N49] | N5 i N50
i B 1 0.5 I 2+ ] 4
1 | 1
0.00 M
L ‘ 0.0 bl o, 0
P bR21] bR21
| N51 N52
i

CYGMO0S38
i N6

s

0
Velocity (km/s)

20

20

Velocity (km/s)

0 20
Velocity (km/s)

Velocity (km/s)

20

20

Velocity (km/s)

Figure B.11: Same as Fig. B.1 for C,S N = 11 - 10, J = 10 — 10 towards the Cygnus-X sources.
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Figure B.12: Same as Fig. B.1 for CH3;CN J = 4(1) — 3(1) towards the Cygnus-X sources.

117



Appendix B Clumps in Cygnus-X

1
9-11 0.2} DR21-121 0.2} i DR21-191 0.2 | NO03-2{ 0.2} NO5-6
1

CYGMOS39 DR21 DR21 " DR17 CYGMOs38
co |
1
|
‘
i
|
1

Tmb (K)

Tmb (K)

Tmb ( K)

Tmb (K)

Tmb (K)

Tmb (K)

Tmb ( K)

3
H
|_
—_ 1
< 1
E ‘ ‘
= i i i i i
— ] ] ] ’ ] 0 20 0 20
e ‘ DR23 " DR23 v W75N ity (k Velocity (km/s
< 0.2t 3 N71] 0.2} 3 N72{ 0.2} i W75N-6] Velocity (kmy/s) elocity (km/s)
~ 1 1
EO.OWM o.oMﬂ;P@quvuv 0.0
= i i i
0 20 0 20 0 20
Velocity (km/s) Velocity (km/s) Velocity (km/s)

Figure B.13: Same as Fig. B.1 for CH3;CN J = 4(0) — 3(0) towards the Cygnus-X sources.
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Figure B.14: Same as Fig. B.1 for CH3;CN J = 5(0) — 4(0) towards the Cygnus-X sources.
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Figure B.15: Same as Fig. B.1 for DCN J = 1 — 0 towards the Cygnus-X sources.

120



—~ 7 CYGMOS39 i DR21 i DR21 " DR17 CYGMO0S38
T o.2f i C09-1{ 1f DR21-12|; 55 DR21-19]. F | NO5-6]
~ N 1
200 | ‘
= U, 1 1 0.00 1
'_ 1 1] 1
1 . 0 i n ‘ -
[ " RW17
N12-4
i 0.00 i 0.0
: L . H . 1.
_o4r T DRW17]  of DRW17] ' TDRW17 T DR20 ‘ DRW17
<., N12-6] O N12-7 N13] 0.2 f N14{ 0.2 N16]
~ L 1 1 [
< : i
13 0.0 1 ]
- i 0.0 ! ! ;
Hs 5 5 Lo L
T DRW17 j T DR17 i W75N
2 0.5 ! N20]
=
'_
b !
__0.50F T WS75N] i w75N] 1.0 N W75N]
v N23| S | N24| N25
~ 0.25p 0.5 ]
o f
£ |
= 0.00 f I 0.0 h
L A 0 ] L :
—~ " " W75N]0.50F " I DR17] T T T WIsN
< o025k N28] N3] 0.2 ; N30]
- 0.25} ] !
E 0.00 f 0.00 f 0.0 j
= : ' : i
—~ 0.5F T DR21] H bRr2110-20 T DR21
% N38
~ I ] I
H i i |
00 ! ! 0 : 0.0 !
s 5 L, 5 % } s 3
i DR21 T brR21] 1.0 i bR21] T DR21 i DR2T

DCO*

0 20
Velocity (km/s)

0 20
Velocity (km/s)

0

20

Velocity (km/s)

X DR22 " CYGMos38] 1.0 "1 DRE23] 1.0f P br22] 10 N DR23
| ‘ N6 N6 N63 N64
i . 3 josf ]
;
‘ | 0.0 |
i h i .
. T DR23] 4 r DR23 T DR23
< sl N65| | Nes-8l | | N69]
= 0.5 l}""\W
S ! ]
F 0.0pgrdiv] = 0.0 i Y Y ooplv :
0 20 0 20
— P DR23 Velocity (km/s Velocity (km/s
< o2f i N7l 0.2 y (km/s) y (km/s)
20 O'WI?JLIH"HHH‘Q&”'D"D‘ 0
RO L h‘ll”.lu‘lllm[w 0.0
|

Figure B.16: Same as Fig. B.1 for DCO*J =1 -0, F = 1 — | towards the Cygnus-X sources.
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Figure B.17: Same as Fig. B.1 for DNC J = 1 — 0 towards the Cygnus-X sources.
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Figure B.18: Same as Fig. B.1 for H'3CN J = 1 - 0 towards the Cygnus-X sources.
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Figure B.20: Same as Fig. B.1 for HCsN J = 27 — 26 towards the Cygnus-X sources.
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Figure B.21: Same as Fig. B.1 for HC'*CCN J =8 -7, F = 8 — 7 towards the Cygnus-X sources.
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Figure B.22: Same as Fig. B.1 for HCO 1(0,1) — 0(0,0), J =3/2 - 1/2, F = 2 — 1" towards the Cygnus-X
sources.
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Figure B.23: Same as Fig. B.1 for HCO 1(0,1) — 0(0,0), J =3/2-1/2, F = 1 — 0" towards the Cygnus-X
sources.
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Figure B.24: Same as Fig. B.1 for HCO 1(0,1) — 0(0,0), J = 1/2-1/2, F = 1 — 1" towards the Cygnus-X
sources.
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Figure B.25: Same as Fig. B.1 for HCOOH J = 4(1,4) — 3(1, 3) towards the Cygnus-X sources.
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Figure B.26: Same as Fig. B.1 for HN!3C J = 1 - 0 towards the Cygnus-X sources.
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Figure B.27: Same as Fig. B.1 for HNCO J = 4(0,4) — 3(0, 3) towards the Cygnus-X sources.
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Figure B.29:
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Same as Fig. B.1 for N,H" J = 1 — 0 towards the Cygnus-X sources.
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Figure B.30: Same as Fig. B.1 for N,D* J = 1 — 0 towards the Cygnus-X sources.
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Figure B.31: Same as Fig. B.1 for OCS J = 6 — 5 towards the Cygnus-X sources.
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Figure B.32: Same as Fig. B.1 for SiO J =2 — 1, v = 0 — 0 towards the Cygnus-X sources.
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Figure B.33: Same as Fig. B.1 for SO J = 2(2) — 1(1) towards the Cygnus-X sources.
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Figure B.34: Same as Fig. B.1 for SO, J = 6(0, 6) — 5(1, 5) towards the Cygnus-X sources.
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Figure B.35: Same as Fig. B.1 for DCO* J =3 -2, F = 3 — 2 towards the DR21 sources.
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Figure B.36: Same as Fig. B.1 for DCN J = 3 — 2 towards the DR21 sources.
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Figure B.37:

Same as Fig. B.1 for DNC J = 2 — 1 towards the DR21 sources.
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Figure B.38: Same as Fig. B.1 for N,D* J = 2 — 1 towards the DR21 sources.
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Figure B.39: Same as Fig. B.1 for N,D* J = 3 — 2 towards the DR21 sources.



Table B.1: Central position of clumps in Cygnus-X adopted from Motte et al. (2007) and Cao et al. (2019). and

the corresponding integrated line intensities and linewidths measured of this work.

Bcs C,D
N=1-0,J=3/2-1/2,
J=2-1 F=5/2-3/2*
RA. Dec. [ Tygdv Av [ Tygdv Av
Names  Region (J2000) (J2000) [Kkms™'] [kms™'] [Kkms™!] [kms™}
C09-1 CYGMOS39  20M34™59%6  +41°34748”7  0.82+0.11  3.22+0.23 - -
C09-2 CYGMOS39  20M34™5052  +41°33'58”'8 - - - -
DR21-12 DR21 20"34™5157  +42°27°14'5  0.32+0.06  1.84+0.06 0.23+0.05  1.74+0.16
DR21-19 DR21 20"34™M02%1  +42°165370  0.12+0.02  1.87+0.27 - -
NO03-2 DR17 20"34™55%  +42°11°1979  0.10+0.04  0.80+4.38  0.27+0.10  2.53+0.46
NO5-5 DR20 20"34™M25%  +41°35'3776  0.07+0.03  1.14+0.04  0.24+0.07  3.65+0.48
NO05-6 CYGMOS38  20M34™M03%6  +41°39°45”2  0.08+0.03  0.80+£0.00  0.14+0.04  1.71%0.13
N1 DR17 20"34™M32%7  +42°19/5370  0.72+0.10  2.77+0.09  0.32+0.10  4.33+1.19
N10 DR20 20134™52%2  +41°36/2370  0.51+0.07  2.28+0.13 - -
N11 DRW17 20"34™56°8  +42°13719”79  0.11+0.04  1.74+0.18 - -
NI12 DRW17 20734™57%4  +42°1126”79  0.75+0.12  2.67+0.23 - -
N12-4 DRW17 20734™M22%  +42°16'3779  0.29+0.08  3.34+0.77  0.15+0.04  0.80+0.00
N12-6 DRW17 207343153 +42°13'16”6 - - 0.19+0.08  1.09+0.18
N12-7 DRW17 20"34™M05%7  +42°115079  0.25+0.07  1.51+0.20 - -
N13 DRW17 20M34™58%4  +42°11°1779  0.66+0.11  2.60+0.35 - -
N14 DR20 20"34™00%9  +41°34'57770  0.62+0.07  2.94+0.09 - -
N15 DR20 20"34™10%9  +41°33/3879  0.25+0.04  3.93+0.57 - -
N16 DRW17 20"34™16%9  +42°16/3171  0.19£0.06  1.69+0.21 - -
N17 DR20 20"34™26°5  +41°33/19”1 - - 0.10£0.05  1.55+0.13
N18 DRW17 207343052 +42°13'59”72  0.16+0.07  0.80+0.84 - -
N2 DR17 201343450  +42°20'22”79  0.70+0.10  2.59+0.10 - -
N20 W75N 201344754 +42°3842”70  0.30+0.07  3.88+1.14 - -
N21 W75N 20"34™01%7  +42°3933”1  0.19+0.06 2.84+1.86 0.12+0.04  1.20+0.04
N22 W75N 20"34™M03%  +42°39'56”'2  0.28+0.06  1.49+0.31  0.29+0.07  1.40+0.08
N23 WS75N 20"34™04%9  +42°33/169  0.14+0.04  1.47+0.31 - -
N24 W75N 20"34™05%8  +42°39/51”8  0.23+0.05  0.91+1.56  0.46x0.11  1.60+0.05
N25 W75N 20"34™10%4  +42°3870479 - - 0.09+0.03  1.30+0.03
N26 DRE21 20734™M2152  +42°1173078  0.32+0.06  1.82+0.09  0.10£0.04  0.80+0.00
N27 W75N 20"34™M31%  +42°38°038  0.59+0.08  1.96+0.02 - -
N28 W75N 201343357 +42°39°4379  0.35+0.05  2.37+0.32 - -
N3 DR17 201343452 +42°20°0479  0.94+0.11  2.90+0.09  0.16+0.04  2.65+0.25
N30 W75N 20"34™M36%6  +42°37°30°0  2.28+0.25 3.23+0.12  0.12+0.03  0.80:£0.00
N31 W75N 20"34™M36%9  +42°37'50”2  2.31+0.24  3.42+0.09 - -
N32 W75N 20"34™38%3  +42°37'32”9  1.81+0.19  3.17+0.07  0.16+0.06  0.80+3.59
N33 W75N 20"34™4750  +42°37°59”79  0.09+0.03  0.96+0.01  0.19+0.06  2.27+0.42
N36A DR21 20"34™5855  +42°23/30”1 - - 0.24+0.09  2.65+0.43
N36B DR21 20M34™58%5  +42°2330”1  1.98+0.21  3.07+0.18 - -
N37 DR21 20M34™58%  +42°24’3479  1.09+0.12  2.70+0.16  0.23+0.06  2.68+0.23
N38A DR21 20"34™59%4  +42°22'23""2 - - 0.24+0.07 2.24+0.41
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Table B.2: Continued.

13¢s C,D
N=1-0,J=3/2-1/2,
J=2-1 F=5/2-3/2*
RA. Dec. [ Typdv Av [ Typdv Av
Names  Region (J2000) (J2000) [Kkms™'] [kms™'] [Kkms™!'] [kms™']
N38B DR21 20"34™50%4  1+42°22/23”2  4.18+0.43  3.58+0.11 - -
N39 DR21 20734™59%  +42°2732”70  0.22+0.06  1.94+0.41  0.10+0.03  0.81+0.86
N40 DR21 20734™59%8  +42°23'43”"1  1.87+020  3.06£0.09  0.23+0.07  2.35+0.49
N41A DR21 20134™00%2  +42°23'25"1 - - - -
N41B DR21 20134™M00%2  +42°23251  2.09+0.23  3.12+0.07  0.20+0.06  2.91+0.62
N42A DR21 20"34™00°3  +42°19°07”0 - - - -
N42B DR21 20"34™00°3  +42°19°077°0  1.71+0.18  2.46£0.09  0.46+0.10  3.95+0.59
N43 DR21 20134™00%6  +42°24’3479  1.49+0.16  2.67+0.12  0.22+0.06  1.85+0.11
N44A DR21 20134™0150  +42°22/4578  4.16+0.42  3.99+026  0.13+0.06  1.48+0.17
N45 DR21 20734™M0151  +42°18’1470  0.54+0.07  2.64+0.17  0.27+0.06  2.42+0.13
N46 DR21 20734™01%4  +42°19'3470  1.69+0.18  2.70+0.05  0.42+0.12  3.32+0.73
N47 DR21 20"34™01%4  +42°19541  2.03+021  2.30+0.07  0.21+0.07  1.73+0.18
N48 DR21 20M34M0155  +42°22°0370 2414025  2.88+0.13  0.16+0.06  1.82+0.16
N49 DR21 201340250  +42°27°00”0  0.31+0.04  1.96+0.13  0.20+0.07  1.65+0.16
N5 CYGMOS38  20M34™06%5  +41°3958”0  0.30+0.06  1.89+0.14 - -
N50 DR21 20"34™01%9  +42°18/3479  0.72+0.09  2.08+0.07  0.25+0.07  1.97+0.46
N51 DR21 20M34™02%4  +42°24’59”70  1.47+0.15  2.34+0.09  0.28+0.07 2.72+0.64
N52 DR21 20134™03%0  +42°26'15”°0  0.58+0.07  2.27+0.03  0.15+0.06  1.22+0.01
N53 DR21 20734™M03%2  +42°25°49”'1  0.88+0.10  2.25+0.14  0.09+0.04 1.11+0.56
N54 DR21 20"34™M03%  +42°253070  1.06+0.13  2.40+0.08  0.12+0.07  0.85+0.18
N55A DR21 20"34™06%1  +42°18719”'1 - - - -
N55B DR21 20"34™M06%1  +42°1819”71  0.19+0.04  1.39+0.02  0.17+0.06  1.32+0.15
N56 DR21 20"34™16%9  +42°16'077°0  0.22+0.05  3.56+0.97 - -
N57 DR21 20"34™19%3  +42°15/56°2  0.32+0.07  2.92+0.98  0.13£0.07  0.80+3.54
N58 DR22 20"34™25%9  +41°20°0170 - - - -
N6 CYGMOS38  20M34™08%1  +41°3958”0  0.66+0.09  1.98+0.12 - -
N61 DRE23 20"34™57%  +41°59'1170 - - - -
N63 DR22 20734™05%2  +41°32128  0.27+0.06  2.25+033  0.24+0.05  1.90+0.32
N64 DR23 201342752 +41°56'5170  0.33+0.05  2.66+0.32  0.30+0.07  4.19+0.72
N65 DR23 20M34M2854  +41°57°1172  043+0.07  2.36+026  0.18+0.04  2.11+0.48
N66 DR23 20"34™29%8  +41°49/32”79  0.38+0.06  1.86+0.17  0.12+£0.04  0.80+0.00
N67 DR23 20"34™M3150  +41°49/57770  0.38+0.06  1.92+0.14  0.30+0.09  4.08+4.04
N68 DR23 20"34™33%5  +41°59°03”1  0.31+0.07  3.93+0.33  0.14+0.04  1.81+0.45
N68-8 DR23 20"34™45%4  +42°01°41”71  0.17£0.07  1.07+0.17 - -
N69 DR23 20"34™33%7  1+41°50°589  0.42+0.06  3.91+0.50  0.15+0.04  0.94+0.66
N71 DR23 207343852 +41°52'59”'2  0.44+0.08  11.48+7.05 - -
N72 DR23 20734™45%7  +41°57'5070  0.18+0.04  2.71+0.76  0.34+0.09  3.09+0.91
W75N-6  W75N 20134™5551  +42°40'54’8  0.09+0.03  0.80+0.00 - -

144



Table B.3: Continued.

C,D C,H C,H
N=1-0,J=1/2-1/2, N=1-0,J=3/2-1/2, N=1-0,J=3/2-1/2,
F=3/2-3/2" F=1-1" F=2-1"
/ Typdv Av f Typdv Av f Typdv Av

Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
C09-1 0.27+0.08 2.36+0.36 0.48+0.07 2.93+0.45 3.13+0.33  3.00+0.08
C09-2 - - 0.21+£0.06 2.02+0.30 0.88+0.11  2.02+0.24
DR21-12 - - 0.36+0.05 1.64+0.15 3.02+0.31 2.46+0.07
DR21-19 - - 0.54+0.07 3.29+0.10 3.20+0.33 2.75+0.10
NO03-2 - - 0.30+0.08 1.69+0.34 1.97+0.23  3.18+0.22
NO5-5 - - - - 0.74+0.09  2.45+0.52
NO5-6 0.17+0.06 1.92+0.36 0.25+0.06 2.07+0.13 2.72+0.28 2.13+0.06
N1 0.06+0.05 0.84+0.00 0.93+0.12 3.09+0.26 6.60+£0.66  2.80+0.04
N10 - - 0.76+0.09 2.75+0.17 3.35+0.34  3.28+0.07
NI11 - - 0.18+0.07 0.80+0.00 1.81+0.20 2.11+0.16
N12 0.27+0.10 3.14+1.05 0.70+0.12 3.12+0.45 7.21£0.74  3.89+0.08
NI12-4 0.30+0.09 2.36+0.50 0.22+0.07 3.20+0.65 1.14+0.18  1.68+0.30
N12-6 - - 0.26+0.08 2.74+0.57 2.01+£0.22 1.84+0.12
N12-7 0.14+0.06 2.19+0.84 0.22+0.06 1.19+0.93 2.08+0.23  2.06+0.15
N13 - - 0.52+0.10 3.53+0.30 5.80+0.59  4.18+0.14
N14 - - 0.58+0.07 3.16+0.29 4.87+0.49 3.14+0.07
N15 - - 0.39+0.06 3.78+0.41 2.38+0.26  4.43+0.25
N16 0.66+0.39  19.75+£17.80  0.16+0.07 1.04+0.03 1.54+0.20 1.77+0.21
N17 - - 0.30+0.06 2.29+0.31 0.92+0.14 3.57+0.50
N18 - - 0.26+0.07 1.31+0.02 2.86+0.30  1.79+0.08
N2 - - 0.94+0.11 2.59+0.05 7.64+0.77  2.90+0.05
N20 0.39+0.12 3.55+0.57 0.20+0.04 1.58+0.17 1.09+0.13 1.47+0.10
N21 0.12+0.06 0.80+0.00 0.20+0.05 2.03+0.19 1.65+0.18  2.01x0.10
N22 0.36+0.11 4.17+2.16 0.32+0.05 1.51+0.04 2.32+0.24  1.92+0.08
N23 — - 0.25+0.06 1.79+0.22 2.02+0.21 1.98+0.09
N24 0.17+0.06 1.58+0.06 0.27+0.05 0.80+10.63  2.26+0.24  1.90+0.08
N25 0.10+0.03 1.67+0.19 0.21+0.04 1.86+0.16 1.51+0.16  1.98+0.06
N26 — - 0.31+0.06 2.33+£0.43 2.77+0.30 2.35+0.11
N27 0.14+0.03 2.34+0.32 0.63+0.07 2.06+0.07 4.05+0.42  2.39+0.09
N28 - - 0.22+0.04 3.02+0.64 1.12+0.13  2.66+0.24
N3 - - 1.15+0.15 2.88+0.15 8.89+0.89 2.97+0.04
N30 - - 0.85+0.13 2.67+0.11 6.67£0.68  3.59+0.13
N31 0.08+0.06 1.19+0.05 0.91+0.12 2.83+0.12 7.28+0.74  3.53+0.12
N32 0.11+0.05 0.80+0.01 0.76+0.10 2.53+0.18 6.04+0.63 3.38+0.15
N33 - - - - 1.17£0.15  2.56+0.37
N36A - - 2.09+0.21 3.08+0.20  13.21x1.33  3.80+0.03
N36B - - — - - —

N37 - - 1.34+0.14 2.78+0.12 8.60+0.86  3.32+0.03
N38A - - 2.28+0.24 3.17+0.10  15.91+1.60 3.84+0.03
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Table B.4: Continued.

C,D C,H C,H
N=1-0,J=1/2-1/2, N=1-0,J=3/2-1/2, N=1-0,J=3/2-1/2,
F=3/2-3/2" F=1-1* F=2-1"
jTMBdU Av fTMBdU Av fTMBdU Av

Names [Kkms '] [kms™'] [Kkms '] [kms™'] [Kkms™'] [kms™!]
N38B 0.51+0.12  12.72+20.70 - - - -

N39 0.39+0.10  5.45+222  0.52+0.08 1.99+0.21 3.37+0.34  2.34+0.05
N40 - - 1.94+020 2.82+0.15 11.50+1.16 3.20+0.04
N41A 0.39+0.10  5.84+1.90  2.01+020 2.95+0.13 12.49+1.26 3.87+0.03
N41B - - - - - -

N42A - - - - - -

N42B 1.00£0.21  18.18+8.78  2.08+0.22 2.71+0.07 14.40+1.44 2.99+0.02
N43 0.15+0.04  1.75+0.51  1.54+0.16 2.60+0.05 9.52+0.96  2.99+0.02
N44A - - 2.10£0.22  3.52+0.12  15.83+1.59  4.66+0.02
N45 - - 1.08+£0.12  2.44+0.11  7.02+0.71  2.94+0.05
N46 0.36+0.11  2.96+1.20  1.85+0.22 2.96+0.14 12.48+1.27 3.22+0.10
N47 0.22+0.06  3.45+331  1.64+0.18 2.51+0.13 11.45+1.15 2.72+0.07
N48 021+0.07  229+043  2.07+022  3.15£0.23 12.52+1.26 3.17+0.03
N49 0.08+0.03  0.80+0.23  0.59+0.07 1.95+0.13 3.53+0.35  2.63+0.05
N5 0.47+0.08  433+1.53  0.35+0.06 1.42+0.04 3.45+036  2.12+0.05
N50 - - 1.33£0.15  2.44+0.07 8.87+0.89  3.00+0.03
N51 0.12+0.03  1.65+0.40  1.36+0.15 2.55+0.06 8.54+0.86  2.49+0.02
N52 - - 0.96+0.10 2.51+0.30  5.32+0.54  2.68+0.06
N53 0.60+£0.12  5.11£2.55  1.1120.13  2.56+0.11  7.09+0.71  2.72+0.05
N54 0.84+021  1520+3.83  1.15£0.13  2.54+0.10  7.10+0.71  2.61+0.04
N55A - - - - - -

N55B - - 0.56£0.07 1.97+0.13  4.43+045  3.52+0.21
N56 - - 0.36+0.09  3.12+0.52  2.89+0.31  2.65+0.12
N57 - - 0.38+0.08  1.77£0.03  2.82+0.30  2.28+0.08
N58 - - 021+£0.05 2224033  1.69+0.19  3.07+0.22
N6 - - 0.45+0.09 1924020 3.55+0.36  2.49+0.05
N61 0.07+0.05  0.80+0.02  0.28+0.08 2.01+0.26  0.98+0.13  1.58+0.18
N63 - - 0.46+0.08  1.80£0.12 3.21+0.33  2.16+0.05
N64 - - 0.20+0.04  1.41+0.13  2.45+0.26  2.12+0.08
N65 - - 0.35£0.05 2.16£0.28  3.62+0.37  2.52+0.06
N66 - - 0.41+0.07  3.15£0.59  3.64+0.37  3.94+0.11
N67 - - 0.52+0.07 3.10£0.53  3.55+0.36  2.96+0.06
N68 - - 0.20+0.04  2.36+0.51 2.66£0.28  2.63+0.10
N68-8 - - 0.36+£0.07 3.96+0.48  2.95+0.32  2.18+0.09
N69 - - 0.76+0.08  2.32+0.12  5.85+0.59  2.78+0.04
N71 0.11£0.03  1.94+0.70  0.52+0.07 2.73+0.44  3.31+0.34  2.73+0.07
N72 0.31+0.10  3.69+1.81  0.70+0.11 2.83+0.27 4.43+045  2.93+0.07
W75N-6  036+0.11  5.63+346  0.56+0.10 2.79+0.18 2.16+0.23  1.94+0.06




Table B.5: Continued.

C,H C,H C,H
N=1-0,J=3/2-1/2, N=1-0,J=1/2-1/2, N=1-J=1/2-1/2,
F=1-0" F=1-1* F=0-1*
f Typdv Av / Typdv Av / Typdv Av

Names [Kkms™ '] [kms™'] [Kkms™'] [kms™'] [Kkms™!'] [kms™!]
C09-1 1.71£0.18  2.92+0.11  1.96+0.21  3.29+0.18  0.97+0.12  3.31+0.25
C09-2 0.51£0.07 1.71£020  0.33+0.05 1.15+0.50 0.33+0.07  1.17+0.42
DR21-12  1.64+0.18  2.19+0.10  1.62+0.17  2.16£0.09  0.84+0.09  2.24+0.16
DR21-19  1.65+0.17 2.59+0.05 1.70£0.18  2.58+0.09  0.69+0.09  2.19+0.23
NO03-2 0.75£0.10  3.06£0.39  0.92+0.14  2.60+0.60  0.37+0.09  2.59+1.43
NO05-5 0.44+0.08 2.11£025  0.54+0.08 2.24+0.34 0.46+0.11  4.54+0.96
NO05-6 1.30+£0.15  2.07+0.15  1.25+0.15 2.27+0.10  0.60£0.08  1.88=0.11
N1 3304034  2.70+£0.07 3.39+035  2.58+0.09  1.38+0.14  2.54+0.25
N10 2394025 2.90+0.09 233+024 3.05+0.10  1.34+0.14  2.72+0.08
N1l 0.84+0.10  1.80+0.19  124+0.15 2.46+027 046+0.10  1.92+0.37
NI12 3.80+0.41  3.78+020 3.86+0.40 3.86+025 1.74+021  4.05+0.28
N12-4 0.54+0.09  1.71£0.07  0.68+0.11  2.09+0.49  0.84+0.14  2.47+0.18
N12-6 0.97+0.14  1.89+0.13  1.09+0.15 1.81+0.14  0.45+0.09  2.82+0.40
N12-7 1.25+0.18  1.95+0.14  1.41+0.18  2.15+0.17  0.70+0.13  2.12+0.22
N13 3.01+0.32  4.03£0.25 3.25+035 4.14+023  1.23+0.17  3.75+0.23
N14 2704028  3.15+0.10  2.82+029 3.22+0.12  1.25+0.13  2.98+0.15
NI15 1.50£0.17 4242021 1.46+0.16 4.34+026 0.89+0.11  5.59+0.62
N16 0.63+0.14  129+0.27 0.94+0.13 1.73x0.16  0.63+0.10  2.12+0.20
N17 042+0.09  2.64+0.32  0.60£0.12  3.53x027  0.22+0.05 1.89+0.59
N18 1.61£0.19  1.55+0.09 1.48+0.20 1.76+0.13  0.97+0.13  2.65+0.12
N2 3.89+040 2.73+0.15  4.06£0.41  2.75+0.06 1.50+0.17  2.64+0.18
N20 0.62+0.09  1.26+0.14 0.57£0.09 1.34+029  0.26+0.07 1.48+0.26
N21 0.95+0.11  1.91+0.07 0.89+0.11 1.76£020 0.41+0.08  1.46+0.21
N22 1.19+0.14  1.84+0.11  1.20+0.13  1.79+0.12  0.52+0.07  1.21+0.15
N23 120+0.13  2.01£0.05 1.29+0.14 2.51+0.36 0.39£0.06  1.72+0.32
N24 12040.13  1.60£0.11  1.27+0.14  1.7120.11  0.52+0.07  1.26+0.14
N25 0.90+0.10  2.03+0.09  1.00+0.11  2.11£0.14  0.36+0.05  1.79+0.20
N26 1.44+0.18  2.51+0.10  1.32+0.16  2.15+0.06  0.64+0.10  2.72+0.38
N27 2254027  2.17£0.06  2.40+024 224007 1.02+0.12  1.82+0.18
N28 0.63+0.10  2.32+0.14  0.70+0.08  2.68+0.18  0.29+0.04  3.11+0.52
N3 4.62+047 291008 4.70+0.48 2.83+0.09 1.90+020 2.82+0.14
N30 3.46+0.39  3.24+0.10 3.79+039  3.53+0.15 1.71%020 3.51+0.22
N31 3.86+0.43  3.49+0.12  4.20+043  3.60£0.10  1.78+0.21  3.360.11
N32 2.89+0.35 2.90+0.13  3.18£0.33  3.14+0.14  1.47+0.18  3.42+0.27
N33 0.37+0.08  1.30£0.39  0.54+0.08 2.02+0.43  0.29+0.04  1.85+0.55
N36A 7.67+0.77  3.53+030  7.75+0.78  3.52+0.31  3.83+0.39  3.30+0.32
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Table B.6: Continued.

C,H C,H CH
N=1-0,J=3/2-1/2, N=1-0,J=1/2-1/2, N=1-J=1/2-1/2,
F=1-0" F=1-1* F=0-1*

/TMde Av fTMBdU Av fTMBdU Av
Names  [Kkms™!] [kms™!] [Kkms™'] [kms™'] [Kkms™!'] [kms™}]

N3$B - - - - - -
N39 1.93£021  2.15£0.06  1.87+0.19  2.09+0.04  1.00£0.11  2.51+0.38
N40 6.81£0.68 3.00£0.15 6.78+0.68  3.04+0.20 3.56+0.36  2.94+0.16
N41A 726+0.73  3.46+0.17 726073 3.52+022  3.67+0.37  3.23+0.25

N41B - - - - - -

N42A - - - - - -
N42B 7.85£0.79  2.95+0.05 8.03+0.81 2.89+0.06 3.90+0.40  2.84+0.11
N43 5.53+0.56 2.73+0.08 5.61+0.56  2.78+0.09 2.84+029  2.60+0.10
N44A 9.07£0.91  4.39+020 9.09+0.91  4.40+0.22 4.42+0.44  4.08+0.15
N45 3.89+040 2.79+0.14 3.83+039 2.82+0.17 1.85+0.19  2.50+0.19
N46 6.71+0.70  3.08+0.09  6.83+0.71  3.03x0.11  3.60+0.42  3.04+0.11
N47 6.45£0.66 2.69+0.14  6.40+0.65 2.60+0.10 3.27+0.38  2.62+0.08
N48 7.18+0.72  3.01£0.07  7.13x0.72  3.00£0.04  3.50+0.36  2.73+0.05
N49 191£020 2.31+0.10  1.96+020 2.42+0.15 0.94+0.11  2.19+0.15
N5 1.84+021  2.40+0.09  1.82+020 2.28+0.07 0.85+0.11  2.45+0.20
N50 5.08+0.52 291+0.11 4.94+0.50 2.85+0.07 2.50+0.25 2.75:0.11
N51 4.86+049 2.43+0.06 4.82+048  2.42+0.10 2.44+025  2.29+0.02
N52 3.03+0.31  2.43+0.04 3.03+032 2.45+0.06 1.43+0.16  2.05+0.11
N53 3.97+040 2.60+£0.07 3.90£0.40 2.55+0.07 1.96£0.21  2.52+0.12
N54 3.98+0.41  2.59+0.05 3.82+0.39 2.41+0.06 1.91+021  2.40+0.09

N55A - - - - - -
N55B 2.34+024  3.01£0.58  2.18+0.23  2.90+0.20 0.97+0.14  3.00+0.20
N56 1.28+0.17 231+022  1.78+0.19 3.16+0.21  1.02+0.13  3.88+0.60
N57 1.46+£0.19  2.06+0.09  1.65+0.18  2.39+0.07 0.85+0.10  2.28+0.39
N58 0.94+0.11  3.50+0.39  0.83+0.11  3.18+0.25 0.36+0.07  2.78+0.19
N6 1.96+0.21  2.89+0.15  1.89+0.20 2.67+0.13  0.95+0.12 2.91+0.12
N61 0.48+0.09 222+022 0.69+0.11  2.15+0.37 0.37+0.09 1.92+1.15
N63 1.5240.17  1.87+0.10  1.81£0.19  2.14+0.16  0.74+0.08  1.64+0.11
N64 1.25+0.14  1.98+0.08  1.33+0.15 2.18+0.06 0.55+0.07  1.90+0.18
N65 1.83£0.19  231+0.13  1.63x0.18  2.24+0.10 0.87+0.11  2.43+0.11
N66 2.04+022  3.85+0.38  1.90£0.20 3.90+0.35 0.74+0.09  3.59+0.51
N67 1.94+021  2.71+0.12  1.78+0.19  2.67+0.08 0.72+0.10  2.95+0.22
N68 1.29+0.14  229+028  1.42+0.16 2.55+0.16  0.53+0.07  2.44+0.24
N68-8 1.30£0.16  2.07+0.19  1.41+0.18  2.12+0.14  0.64+0.13  2.49+0.40
N69 3.16£0.33  2.72+0.09 3.37+0.34  2.87+0.10  1.46+0.15  2.26+0.16
N71 1.60£0.17  2.52+0.11  1.6120.17  2.49+0.12  0.70+0.10  2.35+0.17
N72 2334026  2.89+0.21 221+024 284022 0.76x0.10  2.30+0.06
W75N-6  1.16£0.13  1.87+0.10  1.38+0.17  2.05+0.25  0.44+0.07  1.64+0.39




Table B.7: Continued.

C,H C,S C,S
E;ll__ggj_l/z_” 2, N=6-5,]=5-4 N=11-10,J=10-10
f Typdv Av f Tygdv Av f Typdv Av

Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
C09-1 0.51+0.09 2.81+0.17 - - 0.96+0.12 2.06+0.01
C09-2 0.28+0.06 3.93+1.64 0.31+0.09 3.03+0.37 0.37+0.07  1.16+0.04
DR21-12  0.44+0.05 2.32+0.43 - - 0.43+0.07  1.73+£0.06
DR21-19 0.49+0.06 2.76+0.22 - - 0.33+0.05 2.35+0.37
NO3-2 0.22+0.09 1.66+0.15 0.21+0.08 1.84+0.55 0.42+0.13  2.69+0.16
NO5-5 0.25+0.06 3.02+0.79 - - 0.09+0.04  0.80+0.07
NO05-6 0.27+0.07 2.76+0.59 - - 0.60+0.08 1.53+0.01
N1 0.73+0.10 2.09+0.12 - - 2.84+0.31  3.03+0.05
N10 0.81+0.08 3.47+0.13 - - 2.05+£0.21  2.47+0.08
NI11 0.30+0.08 2.00+0.08 0.14+0.07 0.80+£2.22 0.39+0.11 1.07+0.00
NI12 0.83+0.14 2.77+0.11 0.19+0.06 1.81+0.41 5.07+0.55  3.03+0.23
N12-4 0.22+0.07 1.11+0.06 0.11+0.06 0.80+3.90 0.41+0.08 1.16+0.11
N12-6 0.21+0.06 0.95+2.45 - - 0.28+0.10 1.07+0.07
N12-7 0.57+0.12 2.16+0.24 - - 0.98+0.16  2.03+0.07
N13 0.73+0.13 3.93+0.55 0.22+0.07 1.41+0.34 3.73+£0.42  3.20+0.33
N14 0.54+0.07 2.43+0.14 - — 1.56+0.17 2.87+0.04
N15 0.30+0.05 3.06+1.62 - - 0.08+0.03  0.80+0.00
N16 0.25+0.07 1.94+0.48 0.09+0.05 0.80+79.73  0.56+0.13  2.27+0.43
N17 — - - — 0.23+0.07 1.91+0.10
N18 0.38+0.06 1.35+0.09 - - 1.29+0.16  1.10+0.06
N2 1.06+0.14 2.73+0.13 - - 3.75+£0.38  2.84+0.06
N20 — - - — 0.23+0.08 0.80+0.74
N21 0.23+0.05 1.18+0.05 - - 0.37+0.08  1.32+0.17
N22 0.22+0.06 1.68+0.08 0.20+0.06 1.79+0.13 0.73+0.11 1.52+0.06
N23 0.20+0.04 1.13+0.00 0.26+0.07 3.23+0.79 — -

N24 0.32+0.06 1.37+0.05 0.28+0.10 2.36+0.58 0.68+0.10  1.13+0.05
N25 0.14+0.02 1.26+0.05 - - 0.31+0.05 1.24+0.02
N26 0.53+0.10 2.50+0.34 0.14+0.04 1.75+0.28 0.30+0.08 1.52+0.11
N27 0.65+0.08 2.06+0.17 0.13+0.04 1.92+0.31 3.54+0.37  1.84+0.06
N28 0.42+0.08 24.31+8.44  0.12+0.03 1.96+0.16 0.47+0.08  2.46+0.21
N3 1.05+0.13 2.65+0.14 0.09+0.04 1.20+0.00 4.74+0.48 2.98+0.11
N30 0.70+0.10 2.65+0.16 0.26+0.09 2.11+0.18 7.57+0.77  3.71+£0.26
N31 0.92+0.14 3.33+0.13 0.09+0.04 1.52+0.46 6.80+0.69  3.37+0.14
N32 0.57+0.12 3.23+0.25 0.12+0.06 1.84+0.25 5.38+0.56 2.98+0.23
N33 0.22+0.07 2.22+0.40 0.11+0.04 1.41+0.08 0.36+0.10  1.45+0.07
N36A 2.10+0.23 2.94+0.27 0.24+0.06 4.12+1.73 9.62+0.97  2.89+0.24
N36B — - - — — -

N37 1.34+0.14 2.90+0.10 0.25+0.05 3.50+0.95 6.12+0.62  2.82+0.06
N38A 2.40+0.25 3.03+0.09 - - 15.04+1.51 3.65+0.08
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Table B.8: Continued.

C,H C,S C,S
g;ll:gf"” 2-12, N=6-5,J=5-4 N=11-10,J=10-10
/TMBdU Av fTMBdU Av /TMde Av

Names  [Kkms™!] [kms™!] [Kkms™'] [kms™!'] [Kkms™'] [kms ']
N38B - - - - - -
N39 0.40+0.05  1.84+0.13 - - 0.39+0.06  1.93+0.28
N40 1.84+020 2.72+0.08  0.09+0.04  0.80+0.28  8.50+0.85  2.67+0.08
N41A 2.03+021  2.97+0.14 - - 10.06+1.01  3.19+0.27
N41B - - - - - -
N42A - - - - - -
N42B 2.16+0.22  2.73x0.10 0.34+0.08  2.11+046  12.64+1.27 2.80+0.09
N43 1.51£0.16  2.62+0.06 0.26+0.04  2.82+043  8.40+0.84  2.66+0.05
N44A 2324024  3.43+0.13  0.46+0.08  4.61+1.22  15.14+1.52 4.48+0.34
N45 1.08+0.13  2.61+0.13 - - 3.49+036  2.54+0.12
N46 2.18+0.23  2.90+0.10 0.21+0.06  1.70+0.34  11.21+1.13  2.88+0.09
N47 1.8540.20 2.72+0.16  0.15+0.07  0.80+0.00  8.79+0.88  2.42+0.07
N48 2.03+0.21  2.87+0.10 - - 11.23£1.13  2.95+0.04
N49 0.43+0.05  1.93+0.05 - - 0.60+0.08  2.02+0.13
N5 0.46+0.08 2.18+0.31  0.07+0.04  0.80+0.00  1.12+0.14  1.67+0.05
N50 1.47+0.16  2.69+0.13  0.25+0.07  1.46+0.09  6.10+0.61  2.58+0.08
N51 1.34+0.14  2.30+0.08 0.29+0.04  4.07+0.93  7.15+£0.72  2.34+0.03
N52 0.73£0.08  2.08+0.11  0.32+0.08  5.50+1.62  2.87+0.29  2.23+0.04
N53 0.98+0.12  2.21+0.13 - - 455+0.46  2.35+0.06
N54 1.06£0.13  2.12+0.05  0.23+0.06  3.46+£0.95  4.42+045 2.25+0.02
N55A - - - - - -
N55B 0.62+0.07 2.78+0.22  1.36+0.19  5.26+0.99  0.55+0.09  2.80+0.24
N56 0.52+0.09  3.05+0.25 - - 1.85£0.22  3.00+0.13
N57 0.5740.08  2.49+0.22  0.09+0.04  1.18+0.02  2.27+0.26  3.46+0.31
N58 0.23+0.06  2.72+0.60 - - 0.12+0.04  1.35+0.09
N6 0.40£0.07 2.81+0.41  0.19+0.07  1.95£0.24  142+0.16 2.33+0.10
N61 0.16£0.04  2.68+045 0.17+0.07  0.80+0.00  0.57+0.11  1.59+0.09
N63 0.61£0.09 2.53+0.30 0.11+0.06  0.80+2.44  1.97+022  1.84+0.12
N64 0.45+0.06  3.32+0.24 - - 0.67+0.09  1.39+0.07
N65 0.53£0.08  2.50+0.25 - - 1.17£0.13  1.55+0.08
N66 0.41+0.06  3.10+0.47  0.16+0.06  1.32+0.09  0.70+0.11  2.05+0.20
N67 0.64+0.10  3.19+0.33  0.11+0.04  1.74+0.40  0.95+0.13  1.88+0.10
N68 0.29+0.04  1.82+0.31 - - 0.57+0.08  1.95+0.19
N68-8 0.32+0.10  2.78+0.42 - - 0.21+0.07  0.91+0.78
N69 0.87+0.10  2.69+0.22 - - 1.30+0.15  1.74+0.13
N71 0.44+0.08  2.12+0.10 - - 0.51+0.08  0.95+0.00
N72 0.54+0.09 3.01+0.65 0.99+0.24  11.52+333  048+0.11  1.69+0.11
W75N-6  0.35+£0.06 2.25+0.33 - - 0.86+0.13  1.33+0.07




Table B.9: Continued.

CH;CN CH;CN CH;CN
4(1)=3(1) 4(0)-3(0) 5(0)—4(0)

/TMde Av fTMBdU Av /TMde Av
Names [Kkms™'] [kms '] [Kkms™'] [kms™!'] [Kkms™'] [kms™']
C09-1 0.39+0.10  5.26+1.45 0.16£0.06  1.59+0.07 - -
C09-2 - - - - 0.09+0.04  1.21+£0.01
DR21-12 - - 0.21+0.05  2.17+0.38  0.12+0.04  1.61+0.04
DR21-19  0.16+0.04 1.27+0.01 021+0.05  1.87+0.14  0.19+0.04  1.69+0.24
NO03-2 0.7740.17  6.06£0.97 0.36+0.12  3.07+0.40 - -
NO05-5 0.20+0.07  2.62+£0.69  0.26+0.09  1.93+023  0.11£0.06  0.80+0.90
NO05-6 - - - - 0.16£0.04  1.82+0.10
N1 0.39+0.09 2.63+0.09  0.44+0.08  1.82+0.04  0.47+0.09  2.35+0.10
N10 0.25+0.06  2.69+0.17 0.27+0.06  2.50+0.29  0.21+0.04  1.83+0.08
N11 0.13+0.08  0.80+3.65 0.17+0.07  0.80+£0.00  0.12+0.06  1.34+0.19
N12 0.67+0.18  3.82+0.69  0.90+0.19  3.82+0.66  0.77+0.13  6.06+1.95
N12-4 - - - - - -
N12-6 0.14+0.05  1.64+0.40 - - - -
N12-7 0.17£0.07 0.80+1.21  038+0.09  6.70+9.12  0.10£0.04  1.00+0.54
N13 0.53+0.13 230031  0.99+0.19  6.31+3.52  0.70£0.13  8.79+9.69
N14 - - 0.42+0.08  330+027  0.34+0.05  2.74+0.36
N15 - - 0.36+0.07  3.09+0.44  0.70+0.10  16.04=9.11
N16 - - 0.13£0.05  0.80+0.01  0.08+0.04  0.80+0.00
N17 0.25+0.07 2.93+0.33  0.18+0.06  2.60+0.59 - -
N18 0.13£0.07  0.80£0.00 231+0.34  28.18+30.00 0.20£0.06  1.62+0.10
N2 0.46+0.09 2.78+0.16  0.73x0.13  3.57+0.69  0.90+0.12  4.54+0.40
N20 - - - - 0.12+£0.04  1.77+0.65
N21 0.11+0.05  1.53+0.01 - - 0.29+0.06  4.21+1.58
N22 0.12+£0.06  1.66+0.31 - - 0.10£0.03  1.34+0.46
N23 - - 0.28+0.08  2.46+029  0.07+0.03  0.80+0.04
N24 - - - - - -
N25 - - 0.20£0.04  3.10+0.62 - -
N26 - - 0.06+0.04  1.09+0.01  0.23+0.04  3.90+2.15
N27 0.20+0.04  1.37+£0.07 0.35+0.05  2.35+020  0.30+0.04  1.72+0.23
N28 - - - - - -
N3 041+0.08 2.03+031  0.73+0.13  3.41+0.67  0.93+0.12  3.40+0.19
N30 1.01£0.19 336023  1.11£0.19  3.03+0.38  1.77+022  4.47+0.12
N31 1294024  3.96+0.42  0.93+0.18  3.22+0.55  1.7240.22  4.93+0.45
N32 0.99+0.16  3.84+0.46  0.58+0.11  2.34+045  1.06+0.14  3.98+0.25
N33 - - - - 0.09+0.04  1.57+0.50
N36A 1.05+0.15 3474028  123+0.18  3.03+021  120+0.15  2.82+0.13
N36B - - - - - -
N37 0.65£0.08 3.34+032  0.64+0.10  2.99+0.11  0.64+0.10  3.170.13
N38A 1554020  3.93+0.10  1.53+020  2.96+0.12  1.88+0.25  3.24+0.24
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Table B.10: Continued.

CH;CN CH;CN CH;CN
4(1)-3(1) 4(0)-3(0) 5(0)-4(0)

f Typdv Av f Typdv Av / Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - - - - - -
N39 0.36+0.09 5.02+2.48 0.25+0.07 2.52+0.21 0.15+0.03  1.02+4.39
N40 0.81+0.12 2.50+0.32 1.06+0.13 2.72+0.15 0.99+0.13  2.54+0.15
N41A 1.35+0.17 3.95+0.50 1.39+0.19 3.22+0.10 1.28+0.16 3.02+0.17
N41B - - - - - -
N42A — - - - — —
N42B 0.82+0.12 2.44+0.16 1.03+0.15 2.97+0.05 1.53+0.17 3.28+0.20
N43 0.71+£0.10 2.77+0.19 0.85+0.11 2.69+0.09 0.89+0.11  2.78+0.08
N44A 1.87+0.21 4.63+0.28 1.66+0.23 3.40+0.31 2.11+£0.28  3.74+0.32
N45 0.23+0.06 2.80+0.53 0.39+0.09 2.46+0.12 0.31+0.04 2.47+0.27
N46 0.38+0.08 1.71£0.16 0.69+0.13 3.14+0.45 1.50+0.18  3.63+0.40
N47 0.48+0.11 2.13+0.07 0.67+0.13 2.15+0.22 1.05+£0.14  2.51+0.23
N48 1.22+0.16 3.61+0.33 1.51+0.20 3.34+0.10 1.48+0.18 2.71+0.10
N49 0.07+£0.04 1.01£0.65 0.18+0.06 1.68+0.12 0.17£0.04  2.61+0.39
N5 - - - - - -
N50 0.28+0.08 2.60+0.46 0.56+0.11 2.79+0.23 0.48+0.09 2.31+0.22
N51 0.66+0.09 2.14+0.08 0.82+0.11 2.65+0.11 0.71£0.09  2.29+0.08
N52 0.21+0.05 1.62+0.05 0.46+0.08 2.65+0.37 0.38+0.07  3.24+0.42
N53 0.52+0.09 2.55+0.41 0.64+0.10 2.67+0.35 0.69+0.10 3.29+0.12
N54 0.54+0.11 2.98+0.41 0.55+0.09 2.82+0.25 0.60+0.09 2.72+0.14
N55A - - - - - -
N55B 0.49+0.11 6.09+1.75 0.36+0.08 1.98+0.20 0.11+£0.03 1.56+0.08
N56 0.34+0.09 4.07+0.96 0.46+0.11 2.59+0.18 0.31£0.07 3.66+1.13
N57 - - 0.25+0.07 2.74+0.73 0.17+0.06  1.24+0.02
N58 0.44+0.10 5.31+1.47 — - — —
N6 - - - - 0.17£0.04 2.42+0.19
N61 0.20+0.06 2.51+0.41 0.09+0.04 0.80+0.16 - -
N63 0.26+0.07 1.71+£0.32 0.33+0.08 2.36+0.33 0.40+0.08 3.79+0.42
No64 0.15+0.03 2.44+0.82 0.19+0.04 1.67+0.17 - -
N65 1.28+0.18 5.78+1.18 0.31+0.09 4.05+0.67 0.17+0.04  1.47+0.13
N66 0.20+0.07 1.49+0.24 0.16+0.04 2.38+1.33 0.09+0.02 0.80+0.69
N67 0.32+0.07 0.81+18.04 1.77+0.25 16.40+11.67 - -
N68 0.19+0.04 2.75+0.89 0.14+0.04 1.67+0.12 0.20+£0.04  1.97+0.26
N68-8 — - 0.08+0.05 0.93+2.62 0.24+0.06 1.78+0.35
N69 0.26+0.06 1.51+0.43 0.32+0.06 2.25+0.18 0.15£0.04 1.75+0.08
N71 — - 0.19+0.06 2.47+0.28 — —
N72 0.47+0.09 2.12+0.16 0.42+0.09 2.79+0.35 0.16+£0.04 0.89+1.83
W75N-6 - - 0.11+0.06 1.62+0.11 - -




Table B.11: Continued.

DCN DCN DCO*
J=1-0 J=3-2 J=1-0,F=1-1

/TMBdU Av fTMde Av /TMde Av
Names [Kkms™'] [kms™'] [Kkms™!'] [kms™!'] [Kkms™!] [kms™']
C09-1 - - - - 0.30+0.09  2.04+0.15
C09-2 - - - - 0.71£0.12  1.50+0.12
DR21-12  027+0.08 2.17+0.37 023+0.06 2.67+1.14  1.60£0.19  1.72+0.05
DR21-19  0.10+0.04  3.66+1.71 - - 0.64+0.10  2.16+0.18
NO03-2 - - - - 0.47+0.13  1.60+0.16
NO05-5 - - - - 0.91£0.14  1.77+0.07
N05-6 0.14+0.06  1.55+0.62 - - 0.06£0.03  0.94+1.86
N1 0.40+0.13  2.64+0.28 - - 0.76£0.12  2.53+0.10
N10 0.59+0.12  2.55+0.40 - - 0.30+£0.06  1.79+0.15
N1l - - - - 0.81+0.18  2.47+0.27
N12 0.52+0.18  2.90+0.45 - - 0.67+0.14  1.85+0.15
N12-4 - - - - 0.45+0.11  1.50+0.17
N12-6 0.22+0.12  1.33+6.36 - - 0.41+0.08  1.11=0.00
N12-7 0.30+0.16  2.53+0.85 - - 1.14£0.17  2.59+0.19
N13 0.34+0.11  1.33+0.48 - - 0.63+0.14  1.77+0.04
N14 0.81+0.11  2.21+0.92 - - 0.93+£0.19  13.82+4.16
N15 - - - - 0.44+0.09  2.51+0.26
N16 - - - - 0.38+0.15  1.97+0.21
N17 - - - - 0.48+0.09  1.92+0.12
N18 0.18£0.07  1.52+0.70 - - 0.39+0.08  1.19+0.15
N2 0.53+0.15  2.96+0.56 - - 0.66+£0.10  2.39+0.15
N20 - - - - 0.75+£0.12  1.43+0.30
N21 - - - - 1.46+0.16  1.35+0.09
N22 0.52+0.11  1.41+0.15 - - 2.55+0.26  1.35+0.03
N23 0.15£0.06  2.22+0.54 - - 0.62+0.09  1.44+0.06
N24 0.91+0.16  1.33+0.73 - - 3.17+0.34  1.40+0.03
N25 0.47+0.08  1.33+0.24 - - 1.22+0.14  1.710.02
N26 0.30+£0.09  1.33+2.08 - - 0.13£0.03  0.80+0.44
N27 0.24+0.08  2.36+0.76 - - 0.38+£0.06  2.31+0.32
N28 0.17+0.06  2.81+1.17 - - 0.65+0.10  2.15+0.23
N3 0.63+£0.15  2.82+0.28 - - 0.99+0.14  2.56+0.16
N30 0.92+0.23  3.00+0.17 - - - -
N31 0.99+0.24  3.18+0.16 - - 0.38+£0.09  1.88+0.37
N32 0.85£0.21  2.72+0.17 - - 0.94+0.15  5.09+3.11
N33 - - - - 0.49+0.10  1.14+0.02
N36A 1.01£0.20  3.09£0.17  0.64+0.07 2.69+0.37 1.41£0.16  3.29+0.38
N36B - - - - - -
N37 0.69+0.13  2.66+0.12  0.63x0.11  2.94+0.18  1.49+0.17  2.61=0.16
N38A 1.40£0.24  3.61£0.07 2.00+021 4.23+0.16 1.12+0.16  3.30+0.17
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Table B.12: Continued.

DCN DCN DCO™
J=1-0 J=3-2 J=1-0,F=1-1

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - - - - - -
N39 0.44+0.08  1.33+0.11 - - 1.58+0.18  1.63+0.01
N40 1.04+0.19  2.73+0.13  0.63+0.07 2.45+0.28 1.52+0.19 3.15+0.26
N41A 0.94+0.20 3.75+0.20 0.69+0.08 2.83+0.50 1.17+0.16 3.60+0.21
N41B - - - - - -
N42A — — — — — —
N42B 1.50+0.22 2.66+0.11 1.78+0.21 3.32+0.23 0.78+0.11 2.21+0.06
N43 1.01£0.15 2.33+0.12 091+0.14  2.54+0.36 1.79+0.19 2.51+0.13
N44A 1.25+0.24  4.61+0.10 4.92+0.50 5.64+0.10 1.50+0.20 4.77+0.73
N45 0.89+0.13 1.90+0.10 0.37+0.06 2.59+0.55 1.13+£0.14 2.01+0.06
N46 1.07£0.20 3.10+0.18 3.92+046 6.32+0.22 1.21+0.16  3.56+0.31
N47 0.98+0.18  2.63+0.23  3.05+0.43 4.38+0.26 0.78+0.13  2.96+0.18
N48 1.27+0.21 2.82+0.12 2.04+0.21 3.07+0.12 0.70+0.12 3.31+0.23
N49 0.71+0.12  1.52+0.26  0.16+£0.03  1.51+0.41 1.67£0.19  2.08+0.07
N5 0.48+0.10  1.62+0.41 - - 0.29+0.08  1.92+0.35
N50 1.25+0.20 2.21+0.12 0.68+0.10 2.99+0.30 1.41+0.16 2.12+0.07
N51 1.54+0.18 1.99+0.06 1.27+0.14  2.70+0.11 1.96+0.21  2.06+0.07
N52 1.19+0.15  1.83+0.24  0.29+0.04  1.76+x0.32  1.90+0.20  2.09+0.04
N53 1.06+0.17 1.89+0.12 0.55+0.07 2.67+0.31 1.72+0.19 2.17+0.06
N54 1.26+0.19  1.93+0.18 0.55+0.06 2.67+0.35 1.67+0.19  2.06+0.03
N55A - - - - - -
N55B 0.63+0.12 1.44+0.29 — — 1.75+0.20 1.77+0.02
N56 0.28+0.13  2.61+0.56 - - 0.32+0.07 1.41+0.29
N57 0.43+0.15  2.28+0.55 - - 0.84+0.13 1.97+0.26
N58 — — — — — —
N6 0.20+0.12  4.04+0.90 - - 0.12+0.04  1.10+0.95
N61 - - - - 1.31£0.18  1.66+0.04
N63 0.42+0.12 1.96+0.67 — — 1.28+0.14 1.60+0.06
No64 - - - - 1.00+0.11 1.36+0.04
N65 0.65+0.12  1.33+0.25 - - 0.82+0.09  1.00+0.15
N66 0.64+0.12 1.41+0.28 — — 1.23+0.13 1.43+0.05
N67 0.61+0.12  1.33+0.14 - - 1.06+£0.13  1.39+0.07
N68 0.34+0.07  1.39+0.35 - - 0.43+0.07 1.26+0.10
N68-8 0.30+0.10 1.33+1.43 — — 0.25+0.09 1.54+0.25
N69 0.51+0.12 1.71+0.36 - - 1.04+0.12  1.53%0.11
N71 0.28+0.06  1.33+0.35 - - 0.28+0.05  0.80+0.00
N72 — — - — 0.27+0.08 0.80+5.95
W75N-6  0.21+0.16  4.26+0.99 - - 0.73+£0.11 1.73+£0.12




Table B.13: Continued.

DpCo* DNC DNC
J=3-2,F=3-2 J=1-0 J=2-1

/TMde Av fTMde Av fTMBdU Av
Names [Kkms™'] [kms™'] [Kkms™'] [kms™'] [Kkms '] [kms™!]
C09-1 - - 0.21+0.06  1.29+0.04 - -
C09-2 - - 0.30+0.06  1.47+0.06 - -
DR21-12  0.60+0.07 1.55+0.13  0.99+0.11 1.70+0.04  0.53+0.05  1.28+0.13
DR21-19 - - 0.30£0.04  1.98+0.37 - -
NO03-2 - - 0.59+0.13  2.46+0.50 - -
NO05-5 - - 0.54+0.09  3.73+0.40 - -
NO05-6 - - 0.36+0.05  1.47+0.13 - -
N1 - - 0.83+0.18  2.10+0.24 - -
N10 - - 0.36+0.06  2.080.10 - -
N11 - - 0.43+0.10  1.61+0.20 - -
N12 - - 0.85+0.14  2.28+0.23 - -
N12-4 - - 0.64+0.11  2.25+0.17 - -
N12-6 - - 0.41+0.08  1.65+0.04 - -
N12-7 - - 0.71+0.12  1.32+0.22 - -
N13 - - 0.85+0.13  1.90+0.07 - -
N14 - - - - - -
NI15 - - 0.17+0.04  2.36+0.34 - -
N16 - - 0.63+0.10  1.78+0.15 - -
N17 - - - - - -
N18 - - 0.44+0.09  2.09+0.19 - -
N2 - - 0.98+0.16  2.18+0.10 - -
N20 - - 0.27+0.08  1.30+0.11 - -
N21 - - 0.93+0.10  1.41+0.04 - -
N22 - - 1.65£0.18  1.49+0.04 - -
N23 - - 0.57+0.12  3.42+0.94 - -
N24 - - 2.06+022  1.64+0.02 - -
N25 - - 0.62+0.07  1.54+0.05 - -
N26 - - 0.29+0.05  1.47+0.05 - -
N27 - - 0.31+0.05  2.37+0.32 - -
N28 - - 0.61+0.07  2.21+0.24 - -
N3 - - 0.94+0.16  2.06+0.08 - -
N30 - - 0.76+0.10  2.92+0.20 - -
N31 - - 0.97+0.12  3.32+0.31 - -
N32 - - 0.78+0.10  2.14+0.04 - -
N33 - - 0.25+0.06  1.65+0.52 - -
N36A 0.98+0.10  3.65+0.24  2.18+0.23 2.74+025 1.45+0.15 2.10+0.28
N36B - - - - - -
N37 0.7740.09  2.84+0.27  1.80+0.19  2.78+0.05 1.22+0.13  2.57+0.13
N38A 1.33£0.14  3.31£0.09 2.21+0.23  320+0.08 2.17+0.23  3.59+0.19
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Table B.14: Continued.

DCO* DNC DNC
J=3-2,F=3-2 J=1-0 J=2-1

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - - - - - -
N39 0.94+0.10 1.43+0.08 0.98+0.11 1.68+0.05 0.85+0.10 1.46+0.09
N40 1.01+0.10  3.23+0.18  2.13+0.23 2.84+0.16 1.61+0.17 2.64+0.11
N41A 0.68+0.07 3.58+0.27 1.80+0.19 3.08+0.24 1.63+0.18 4.28+0.31
N41B - - - - - -
N42A — — — — — —
N42B 0.85+0.11 2.66+0.17 1.76+0.19 2.49+0.09 2.10+0.21 2.69+0.13
N43 0.95+0.12 2.78+0.21  2.01£0.20 2.86+0.09 1.33+0.14  2.72+0.15
N44A 1.81+0.19  5.14+0.18  1.85+0.19  3.70+0.17 2.96+0.31  6.65+0.32
N45 0.92+0.10 1.63+0.09 1.35+0.15 2.25+0.07 1.09+0.12 1.91+0.08
N46 0.94+0.11 2.89+0.30 1.78+0.19  3.23+0.33  2.15+0.22  2.89+0.14
N47 0.67+0.13  2.60+0.26  1.28+0.14  2.64+0.11 1.41+0.16  2.50+0.17
N48 0.80+0.09 3.73+£0.25 1.51+0.17 3.50+0.15 1.81+0.19 3.80+0.44
N49 0.79+0.09 1.72+0.09 1.23+0.13 1.97+0.04 0.83+0.08 1.45+0.07
N5 - - 0.69+0.11  2.33+0.22 - -
N50 0.84+0.09 2.05+0.15 1.87+0.20 2.31+0.04 1.48+0.17 2.20+0.07
N51 1.27£0.13  1.79+0.05 2.39+0.25 2.16+0.06 1.87+0.19  1.84+0.05
N52 1.16+0.12  1.85+0.07 1.87+0.20 2.06+0.07 1.57+0.16  1.77+0.05
N53 1.08+0.12 2.19+0.07 1.77+0.19 2.13+0.06 1.42+0.14 2.02+0.09
N54 1.01£0.10 1.97+0.06  1.95+0.21  2.06+0.03  1.43+0.15 1.94+0.08
N55A - - - - - -
N55B 1.07+0.12 1.41+0.09 1.41+0.15 1.72+0.05 0.90+0.09 1.25+0.06
N56 - - 0.62+0.09  2.26+0.09 - -
N57 - - 0.96+0.12  2.04+0.06 - -
N58 — — 0.70+0.10 4.58+0.54 — —
N6 - - 0.66+0.10  2.45+0.35 - -
N61 - - 0.56+0.09  1.55+0.20 - -
N63 — — 0.64+0.08 1.86+0.05 — —
No64 - - 0.74+0.08  1.75+0.07 - -
N65 - - 0.54+0.08  1.56+0.09 - -
N66 — — 0.81+0.09 1.74+0.07 - -
N67 - - 0.67+0.07 1.46+0.07 - -
N68 - - 0.50+0.06  2.09+0.16 - -
N68-8 — — 0.36+0.08 1.63+0.08 — —
N69 - - 1.34+0.15  2.05%0.06 - -
N71 - - 0.33+0.05  1.35+0.20 - -
N72 — — 0.35+0.08 2.20+0.52 — —
W75N-6 - - 0.48+0.09 1.57+0.21 - -




Table B.15: Continued.

HB3CN H3co* HCsN
J=1-0 J=1-0 J=27-26

/ Typdv Av f Typdv Av / Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
C09-1 0.23+0.08  2.50+0.29 1.16+£0.14  2.36+0.19  0.18+0.06 1.61+0.07
C09-2 - - 0.67+0.09  1.88+0.12 - -
DR21-12  0.40+0.07 1.62+0.14 1.61+£0.16 1.50+0.12 - -
DR21-19  0.13+£0.04 1.93+0.22 1.16+0.12 1.70+0.22 - -
NO03-2 0.23+0.06  1.57+1.11  0.59+0.11 2.57+0.14 - -
NO5-5 0.11£0.07 2.42+0.79  0.82+0.11  2.25+0.15 - -
NO05-6 0.17+0.07 1.70+0.33 0.61+0.07 1.35+0.06 - -
N1 0.56+0.13  2.71+0.11  2.98+0.30 2.48+0.15 0.23+0.06 1.32+0.22
N10 0.45+£0.09 2.80+0.07 2.08+0.21  2.83+0.06 1.08+0.16 9.11£1.85
NI11 1.37+0.21 1.71+0.27  0.90+0.12 1.66+0.06 - -
N12 0.95+020 3.29+0.19 3.25+0.34  2.55+0.07 - -
N12-4 0.29+0.11  1.75+£0.10  0.82+0.12  1.70+0.05  0.26+0.10 1.49+0.15
N12-6 0.31+0.13 1.33+0.43 1.01+0.13 1.50+0.11 0.07+0.05 0.80+0.42
N12-7 0.30+0.16  2.50+0.63  0.96+0.12  1.88+0.42 - -
N13 0.79+0.20  3.34+0.25 2.35+0.25 2.51+0.08 0.22+0.08 2.28+0.64
N14 0.38+0.09 3.18+0.10 1.29+0.14  2.75+0.08 - -
NI15 - - 1.10£0.12  3.94+0.45 - -
N16 0.09+0.10  2.81+1.79  0.64+0.10  1.47+0.12  0.13+0.05 1.13+£0.25
N17 0.26+0.08 2.31+0.38  0.61+0.07  2.24+0.17 - -
NI18 0.75+0.14  1.33+0.54 1.36+0.16 1.55+0.04 0.77+0.21  10.09+13.78
N2 0.80+0.14  2.69+0.12  3.70+0.38  2.40+0.07 0.37+0.07 2.61+0.32
N20 0.17+0.09 1.33+0.15 0.89+0.12 1.64+0.05 0.29+0.09 4.08+1.19
N21 0.37+0.09 1.49+0.40 1.32+0.14 1.56+0.06 0.21+0.08 2.03+0.16
N22 0.37£0.09 1.70+£0.21  1.97+0.21  1.54+0.02 - -
N23 0.30£0.08  1.33+0.58  0.68+0.09  1.93+0.18 - -
N24 0.50+0.09  1.33+0.13  2.24+0.23  1.54+0.01 - -
N25 0.13£0.04 2.04+0.40 1.19+0.12  1.66+0.00 - -
N26 - - 0.37+0.06 1.44+0.08 0.45%0.16 8.91+5.22
N27 0.52+0.09 2.51+0.11 2.37+0.24  2.24+0.07 0.24+0.05 3.84x1.10
N28 0.27£0.06  2.11+0.27 1.62+0.17  1.86+0.08  0.13+0.03 1.90+0.30
N3 0.83+x0.16 2.91+0.06 4.43+0.45 2.56+£0.07 0.36+0.08 1.70+0.12
N30 1.53+0.22  3.82+0.06 6.69+0.68 3.69+0.07 0.39+0.11 1.76+0.33
N31 1.31£0.19  3.88+0.08 6.67+0.67 3.99+0.18 - -
N32 1.21+0.19 3.30+£0.06  5.35+0.55 3.30+0.04 0.41+0.13 1.90+0.24
N33 0.30+0.06  1.77+0.68  1.26+0.14  1.42+0.04 0.15+0.08 1.35£1.12
N36A 1.32+0.20  3.29+0.09 7.24+0.73  3.46+0.27 0.26+0.07 1.04+0.07
N36B - - - - - -
N37 0.83+0.16  3.18+0.05 5.09+0.51  2.75+0.03  0.48+0.09 3.75+0.39
N38A 2.10£0.26  3.75+0.06  9.28+0.93  3.40+0.08  0.65+0.09 2.50+0.13

157



Appendix B Clumps in Cygnus-X

158

Table B.16: Continued.

H3eN H3co* HCsN
J=1-0 J=1-0 J=27-26

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - — - - - -
N39 0.22+0.08  2.25+0.35 1.68+0.18 1.56+0.07 0.17+0.06 1.18+0.03
N40 1.18+0.18  3.06+0.06  6.55+0.66  3.08+0.13  0.40+0.09 1.76+0.06
N41A 1.25+0.19 3.36+0.05 6.79+0.68 3.46+0.13 0.28+0.05 1.71+£0.27
N41B - - - - - -
N42A 1.64+0.22 3.31+0.04 - - - -
N42B - - 6.16+0.62 2.96+0.12 1.09+0.14 2.45+0.23
N43 1.284+0.16  2.95+0.03  6.33+0.64  2.54+0.06  0.69+0.08 2.45+0.14
N44A 2.10£0.26  4.48+0.07 9.26+0.93  3.59+0.17  0.32+0.07 2.28+0.21
N45 0.61+0.09 2.31+0.08 3.88+0.40 2.13+0.07 0.87+0.16 14.89+14.00
N46 1.24+0.19  4.34+0.09 6.65+0.67 3.43+0.18  0.99+0.15 2.44+0.16
N47 1.45+0.20 2.89+0.05 4.76+0.49 2.66+0.10 0.73+0.11 1.81+0.01
N48 1.63+0.21 3.06+0.03 5.83+0.59 3.09+0.10 1.02+0.14 5.05+0.89
N49 0.29+0.06  1.64+0.15 2.05+0.21  2.15+0.08 - -
N5 0.35+0.10  2.04+0.16  1.91+0.20 1.77+0.11 - -
N50 0.81+0.15 2.47+0.07 4.67+0.48 2.34+0.04  0.32+0.08 2.08+0.50
N51 1.51+0.17  2.46+0.03  6.96+0.70 2.20+0.06  0.58+0.07 2.43+0.17
N52 0.84+0.13  2.07+0.11  3.87+0.39  2.03+0.01 0.13+0.06 1.06+0.13
N53 0.95+0.16 2.77+0.14 5.25+0.53 2.25+0.03 0.19+0.04 1.62+0.03
N54 1.12+0.17  2.54+0.01  6.03+0.61  2.26+0.06  0.26+0.06 3.28+0.52
N55A - - - - - -
N55B 0.29+0.09 2.12+0.20 2.30+0.24 1.54+0.04 - -
N56 0.66+0.17  2.46+0.30  1.48+0.17  2.42+0.08 - -
N57 0.40+0.13  2.10+0.25  1.48+0.17  2.00+0.09 - -
N58 0.06+0.03 1.33+0.16 0.16+0.04 1.55+0.16  0.48+0.11 17.18+11.25
N6 0.39+0.12  2.49+0.18  2.17+0.23  2.66+0.22 - -
N61 0.15+0.08  1.80+0.42  1.29+0.14  1.55+0.03  0.12+0.05 1.59+0.13
N63 0.35+0.11  2.80+0.19  2.12+0.22  1.88+0.05 0.22+0.05 3.50+0.46
No64 0.37+0.09  1.57+0.19 1.86+0.19  1.71+0.03 - -
N65 0.38+0.11 2.21+0.20 2.38+0.24 1.78+0.05 — -
N66 0.48+0.10  1.93+0.21 2.41+0.25 1.80+0.01 0.19+0.04 1.50+0.22
N67 0.61+0.11 1.59+0.12  2.39+0.25  1.81+0.00 - -
N68 0.31+0.10 2.49+0.11 1.21+0.14 1.81+0.05 — -
N68-8 0.22+0.11  1.36+0.98 0.68+0.12  1.81+0.10 - -
N69 0.37+0.11  2.12+0.21 1.89+0.19  2.02+0.03  0.06+0.04 0.80+83.96
N71 0.20+0.07 1.77+0.50 0.70+0.09 1.79+0.17 0.24+0.06 1.90+0.34
N72 0.44+0.11  1.3840.61  0.79+0.10  1.82+0.10 - -
W75N-6  0.24+0.07  1.54+0.21 1.10+0.12  1.64+0.01  0.12+0.05 0.80+0.00




Table B.17: Continued.

HC3ceN

J=8-7,F=8-7

HCO
1(0,1)-0(0,0),
J=3/2-1/2,F=2-1*

HCO
1(0,1)-0(0,0),
J=3/2-1/2,F=1-0"

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
C09-1 0.14+0.03 0.80+0.02 1.13+0.17 14.94+1.36 0.53+0.11 4.54+1.41
C09-2 0.75+0.14 4.09+1.60 - - - -
DR21-12 - - 0.56+0.08 2.14+0.20 0.42+0.06  2.35+0.14
DR21-19 0.12+0.03 1.01+0.01 0.74+0.08 2.31+0.14 0.50+0.06 2.65+0.08
NO03-2 0.29+0.10 1.96+0.52 0.39+0.08 2.26+0.37 0.27+0.08  2.56+0.30
NO05-5 - - 0.08+0.03 0.80+0.00 - -
NO05-6 — — 0.39+0.06 1.69+0.19 0.21+0.05 1.61+0.29
N1 - - 0.38+0.07 2.39+0.51 0.33+0.07 2.46+0.50
N10 - - 0.48+0.06 2.67+0.06 0.37+0.06  3.09+0.44
N11 — — 0.18+0.07 1.50+0.08 0.19+0.10 2.58+6.41
NI12 0.16+0.08 2.64+0.34 0.08+0.05 0.80+4.24 0.24+0.07 3.60+1.13
Ni12-4 0.13+0.08 1.22+0.17 - - - -
N12-6 0.26+0.13 8.63+4.59 0.14+0.06 1.47+0.06 0.19+0.06 1.63+0.35
N12-7 0.10£0.10  0.80+11.08  0.36%0.08 2.29+0.48 0.31+0.10  1.42+0.20
N13 - - 1.21+0.23  15.16£9.05 0.27+0.08  3.42+1.28
N14 0.12+0.06 1.89+0.40 0.63+0.07 2.74+0.30 0.41+0.06 2.65+0.25
N15 - - 0.70+0.09 4.29+0.17 0.31£0.05  3.26+0.30
N16 0.41+£0.12 4.31+2.20 0.15+0.06 1.56+0.21 0.27+0.10  2.30+0.24
N17 0.20+0.04 2.12+0.58 0.11+0.03 1.54+0.21 0.20+0.04 2.52+0.34
N18 - - - - 0.35£0.06  2.42+0.25
N2 0.08+0.04 0.82+2.44 0.54+0.09 3.31+0.32 0.33+0.09  2.69+0.40
N20 0.13+0.07 0.80+0.06 0.10+£0.03 1.60+0.48 — —
N21 - - 0.24+0.06 2.44+0.71 0.21£0.06  3.69+0.84
N22 - - 0.21+0.07 3.05+1.13 0.29+0.06  2.19+0.36
N23 0.06+0.04 0.80+0.06 0.37+0.06 1.65+0.12 0.27+0.06 1.92+0.26
N24 - - 0.19+0.04 1.25+0.02 0.26+0.07  2.08+0.28
N25 0.10+0.03 1.72+0.06 0.34+0.05 2.94+0.36 0.26+0.04  2.84+0.22
N26 - - 0.24+0.06 2.15+0.58 0.27+0.06  1.85+0.21
N27 0.13+0.04 2.16+0.28 - - - -
N28 - - 0.08+0.02 0.98+0.01 - -
N3 0.12+0.04 1.52+0.25 0.55+0.09 3.81+0.46 0.28+0.08  2.93+0.30
N30 - - - - 0.13+0.04  1.85+0.34
N31 - - 0.38+0.07 4.90+1.57 0.13+0.06  1.76+0.36
N32 0.11+0.04 1.34+0.15 0.30+0.06 3.64+1.19 - -
N33 - - 0.06+0.03 0.80+0.00 - -
N36A 0.19+0.07 2.59+0.46 - - - -
N36B - - 1.02+0.12 2.69+0.25 0.63+0.09  2.99+0.22
N37 - - 0.74+0.09 3.16+0.25 0.57+0.08 3.91+0.24
N38A - - - - - -
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Table B.18: Continued.

HC!3ceN
J=8-7,F=8-17

HCO
1(0,1)-0(0,0),
J=3/2-1/2,F=2-1"

HCO
1(0,1)-0(0,0),
J=3/2-1/2,F=1-0"

/ Typdv Av f Typdv Av / Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - - 0.97+0.11  3.46+0.27 0.70+0.10  4.32+0.46
N39 0.10+0.04 0.80+1.35 0.63+0.09  1.87+0.13  0.41+0.06  1.80+0.23
N40 0.09+0.05 0.80+0.00 1.01£0.12  2.39+0.23  0.80+0.11  3.05+0.19
N41A - - - - - -
N41B - - 1.21+0.14  2.72+0.19  0.89+0.11 3.52+0.25
N42A - - - - - -
N42B 0.38+0.09 2.96+0.97 0.74+0.09  2.88+0.32  0.60+0.07  2.74+0.28
N43 0.27+0.07 4.57+1.82 0.79+0.09  2.58+0.10  0.45+0.06  2.70+0.34
N44A 0.13+£0.04 1.69+0.04 1.06+£0.12  3.13+0.27 0.70+£0.10  3.22+0.29
N45 0.16+0.04 2.10+0.80 0.63+0.09  2.92+0.35 0.50+0.09 2.91+0.20
N46 0.21£0.07 0.94+0.02 0.58+0.10  2.49+0.07 0.43+0.07  3.05+0.17
N47 1.24+0.28  16.96+14.96  0.83+0.11  3.40+0.29 0.49+0.08 2.89+0.14
N48 0.08+0.04 1.20+0.07 1.07+0.12  3.24+0.30 0.57+0.09  3.02+0.38
N49 - - 0.40+£0.06 2.41+0.22  0.32+0.05 2.58+0.31
N5 - - 0.43+0.07 1.93+0.11  0.34+£0.08 2.87+0.43
N50 0.38+0.11 2.45+0.48 0.48+0.07 2.68+0.33  0.54+0.09 3.21+0.18
N51 0.54+0.12 10.95+5.12 0.56+0.07 2.27+0.12  0.38+0.06  2.57+0.38
N52 0.08+0.03 0.80+0.47 0.51£0.07 1.89+0.05 0.37+£0.05 1.69+0.12
N353 0.21+0.07 1.61+0.37 0.50+0.06  2.79+0.22  0.42+0.06  2.98+0.32
N54 0.08+0.04 0.80+0.00 0.46+0.08 2.95+0.43 0.46+0.06 3.82+0.64
N55A - - - - - -
N55B - - 0.63+0.09  2.48+0.21 0.33+0.06  1.97+0.18
N56 0.47+0.11 5.21£5.59 0.20+£0.07 1.73+0.14  0.21+£0.05  2.34%0.36
N57 - - 0.24+0.06  2.90+0.65 0.32+0.08  2.86+0.37
N58 - - 0.34+0.06  2.58+0.84 0.23+0.06  3.10+0.51
N6 - - 0.38+0.07 2.96+0.24  0.22+0.07 2.18+0.33
N61 - - - - - -
N63 - - 0.12+0.03  1.13+0.01  0.17+0.04  1.57+0.27
No64 - - 0.29+£0.04 1.65+0.16  0.21+£0.04  1.66+0.38
N65 - - 0.23£0.06  2.52+0.80  0.09+0.02  0.80+7.13
N66 0.08+0.05 0.80+0.00 0.35+0.07 3.07+0.46  0.29+0.07 2.59+0.21
N67 - - 0.20+£0.04  1.54+0.12  0.31+£0.07  2.80+0.38
N68 - - 0.35£0.07 2.65+0.25 0.22+0.04 2.92+0.42
N68-8 - - 0.50+£0.09  2.02+0.06  0.64+0.11  3.48+0.61
N69 - - 0.76+£0.10  3.19+0.29  0.41+£0.07 2.56+0.33
N71 - - 0.38+0.08  2.78+0.35  0.38+0.07 2.56+0.16
N72 - - 0.79+0.11  2.61+0.14  0.47+0.09 2.57+0.28
W75N-6 - - - - - -




Table B.19: Continued.

HCO HCOOH HN'BC
1(0,1)-0(0,0),
J=1/2-1/2.F=1-1* 4(1,4)-3(1,3) J=1-0
f Typdv Av f Typdv Av f Typdv Av

Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
C09-1 0.17+0.04 0.80+0.00 - - 0.40+0.07 2.68+0.51
C09-2 - - - - 0.37+0.06  1.29+0.03
DR21-12  0.30+£0.06  2.31+0.18 - - 0.60+0.08  1.74+0.05
DR21-19 0.51+0.07 2.44+0.21 - - 0.19+0.04 2.26+0.50
NO03-2 0.14+0.06  1.74+0.37  0.19+0.07 2.72+0.99  0.20+0.07 1.57+0.15
NO05-5 - - - - 0.19+£0.06  1.33+0.07
NO05-6 0.52+0.09 6.83+3.83 - - 0.44+0.08 1.81+0.15
N1 0.45+0.09 2.89+0.40 0.14+0.04 1.67+0.08 1.63+0.18 2.49+0.13
N10 0.34+0.05  2.88+0.37 - - 0.66+0.08  2.60+0.21
NI11 0.12+0.05 1.14+0.04 0.16+0.04 1.39+0.22 0.66+0.10 1.95+0.17
NI12 - - - - 3.15+0.33  2.65+0.08
N12-4 0.14+0.06  1.13+0.33 - - 0.66+0.10  1.58+0.10
N12-6 - - - - 0.46+0.08 1.71+0.05
N12-7 0.39+0.09  3.14+0.77 - - 0.93+0.14  1.87+0.07
N13 - - - - 2.21+0.25  2.35+0.09
N14 0.36+0.05 2.17+0.05 0.10+£0.02 1.52+0.04 0.50+0.06 3.01+£0.18
NI15 0.40+0.06  2.75+0.21 - - 0.39+0.05  6.86+2.78
N16 0.19+0.06 1.67+0.24 - - 0.80+0.11  1.68+0.02
N17 - - 0.22+0.06 2.96+1.11 0.22+0.06 3.23+0.52
NI8 - - - - 0.55+0.09  1.34+0.20
N2 0.30+0.08  1.48+0.15 - - 2.26+0.24  2.33+0.06
N20 - - - - 0.51+0.11 8.73+6.88
N21 0.10+0.04  1.09+0.02 - - 0.53+0.09  1.35+0.01
N22 0.17+0.04 2.29+0.37 - - 0.90+0.12 1.40+0.06
N23 - - - - 0.22+0.06 1.68+0.28
N24 0.14+0.04  1.97+0.28 - - 1.12+0.14  1.49+0.05
N25 - - - - 0.33+0.04 1.52+0.14
N26 0.16+0.04  1.33+0.22 - - 0.28+0.07  3.11+0.80
N27 - - - - 1.36+0.15  1.95+0.06
N28 - - 0.11+0.02 1.98+0.44 0.58+0.08 1.90+0.17
N3 0.27+0.06  2.11+0.26 - - 2.56+0.27  2.33+0.04
N30 0.18+0.06  1.59+0.38  0.25+0.06  3.15+0.88  1.74+0.20  3.19+0.12
N31 - - - - 2.11+0.23 3.50+0.09
N32 0.48+0.09  8.25+5.48 - - 1.47+0.16  2.58+0.07
N33 0.18+0.06  2.73+0.63 - - 0.16+£0.04  1.67+0.17
N36A - - 0.11+0.03 1.82+0.28 3.17+0.33 2.63+0.09
N36B 0.83+0.10  4.09+0.69 - - - -
N37 0.45+0.06  2.93+0.28 - - 2.47+0.25  2.79+0.06
N38A - - - - 4.55+0.46 3.25+0.11
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Table B.20: Continued.

HCO HCOOH HNBC
1(0,1)-0(0,0),
J=1/2-1/2.F=1-1* 4(1,4)-3(1,3) J=1-0

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B 0.80+0.09 4.52+1.17 - - — -
N39 0.39+0.06 2.03+0.13 - - 0.45+0.07 1.57+0.10
N40 0.72+0.10 2.71+0.18 - - 3.15+£0.33  2.46+0.04
N41A 0.81+0.11 3.77+0.52 - - 3.00+0.31 2.62+0.10
N41B - - - - - -
N42A — — - - — —
N42B 0.42+0.06 2.00+0.17 - - 3.53+0.36 2.67+0.08
N43 0.38+0.06 2.34+0.12 0.13+0.03 1.57+0.06 2.98+0.30 2.57+0.11
N44A 0.70+0.10 3.06+0.12 - - 3.68+0.38  3.68+0.20
N45 0.47+0.08 2.86+0.37 - - 1.43+0.16 2.29+0.03
N46 0.34+0.06 1.99+0.15 0.11+0.03 1.32+0.07 3.55+£0.36 2.92+0.11
N47 0.35+0.06 2.10+0.18 0.12+0.03 1.35+0.23 2.74+0.29  2.30+0.08
N48 0.45+0.06 2.90+0.51 0.16+0.04 2.13+0.24 3.36+0.34 2.99+0.08
N49 0.44+0.08 2.55+0.16 0.12+0.04 1.62+0.07 0.79+0.10  1.78+0.11
N5 0.11+0.04 1.36+0.34 - - 0.92+0.12  1.98+0.05
N50 0.39+0.08 3.46+0.46 - - 2.10+£0.22 2.30+0.05
N51 0.34+0.05 2.43+0.15 - - 2.93+0.30  2.02+0.03
N52 0.32+0.04 2.39+0.40 - - 1.76+£0.19  2.06+0.08
N53 0.33+£0.05 2.71+£0.21 0.60+0.12 13.87+5.25 2.29+0.24 2.02+0.04
N54 0.38+0.07 2.58+0.25 0.48+0.09 3.79+0.74 2.38+0.25  2.07+0.03
N55A - - - - - -
N55B 0.45+0.07 2.24+0.20 - - 0.64+0.09 1.80+0.14
N56 - - 0.06+0.03 0.97+0.02 1.26+0.15  2.31+0.17
N57 — — - - 1.48+0.17 2.12+0.07
N58 0.15+0.03 2.42+0.34 - - 0.06+0.03 0.98+0.21
N6 0.15+0.03 1.69+0.07 - - 1.03+0.15  2.87+0.13
N61 0.15+0.04 1.52+0.09 - - 0.33+0.10  1.65+0.34
N63 - - 0.09+0.03 1.17+0.16 0.89+0.11  2.37+0.25
N64 0.14+0.03 1.39+0.21 - - 0.55+0.06  1.52+0.07
N65 0.11+0.04 1.09+0.34 - - 0.69+0.09  1.65+0.02
N66 0.13+0.03 2.28+0.58 - - 0.65+0.08 1.57+0.12
N67 0.50+0.15  25.74+22.54 - - 0.83+0.10  1.49+0.05
N68 0.11+0.02 1.81+0.19 - - 0.51+0.07 1.62+0.04
N68-8 0.25+0.07 2.11+0.25 - - 0.51+0.11  4.85+0.79
N69 0.47+0.08 3.08+0.28 - - 1.06+0.14  1.94+0.04
N71 0.31+0.06 3.02+0.28 - - 0.33+0.06 1.52+0.06
N72 0.40+0.09 2.52+2.22 - - 0.61+0.09  2.64+0.31
W75N-6 - - 0.43+0.12 5.53+2.44 0.80+0.11 1.80+0.06
- - - 0.43+0.08 3.70+0.56 - -




Table B.21: Continued.

HNCO NH,D N,D*
4(0,4)-3(0,3) 1(1,1)0s-1(0,1)0a J=1-0

/TMde Av fTMde Av fTMBdU Av
Names [Kkms™'] [kms™'] [Kkms™'] [kms™'] [Kkms '] [kms™!]
C09-1 - - 0.41+0.15  1.81+0.53 - -
C09-2 0.12+0.03  0.80£0.38  0.04+0.04 3.41+1.18 - -
DR21-12  0.29+0.04 1.80+£0.30 0.58+0.12  1.50+0.09  0.57+0.10  1.33+0.14
DR21-19  042+0.06 3.37+0.51  0.14+0.03  1.33%0.17 - -
NO03-2 - - - - - -
NO05-5 0.16£0.04  2.12+0.41  0.09£0.05  1.98+0.68 - -
NO05-6 - - 0.38+0.13  1.33+0.04 - -
N1 0.28+0.04 191042  0.67+0.20  1.70+0.20 - -
N10 0.24+0.03 2.59+043 0.32+0.08 1.81+0.18 - -
N11 0.24+0.05  1.60+0.18 - - - -
N12 1.26+0.17  3.80+0.31 - - - -
N12-4 0.28+0.08  1.75+0.37 - - - -
N12-6 - - - - 0.13£0.07  1.33+0.25
N12-7 0.29+0.08  1.33+0.23 - - 0.09+0.14  4.94+1.38
N13 0.96+0.14  4.12+0.62 - - 0.06+0.07  4.59+1.31
N14 0.26+0.04  1.86+0.11 - - - -
NI15 0.65£0.09  7.72+236  0.04+0.03  4.88+1.11 - -
N16 0.08+0.05  0.800.22 - - 0.07+0.07  3.18+1.52
N17 0.90+0.14  9.56+4.24  0.08+0.03  1.33+0.83 - -
N18 0.16£0.04  1.73+0.11 - - - -
N2 0.53+0.09 3.84+091  0.67+021  1.96+0.28 - -
N20 0.15£0.06  2.10+0.29 - - - -
N21 0.13£0.04  0.80+1.43  0.67+0.16  1.33+0.02  0.14+0.05 1.33+0.18
N22 - - 1.20£0.19  1.33+0.01  0.34+0.09  1.71+0.41
N23 027+0.06  2.17£034  0.23+0.08  1.33+0.05 - -
N24 0.14+0.04  1.34+0.18  1.22+0.18  1.33+0.01  0.27+0.09  2.27+0.40
N25 - - 0.74+0.10  1.33+0.01 - -
N26 - - - - - -
N27 0.36+£0.05  2.05+0.38 - - - -
N28 - - 0.71+0.10  1.670.09 - -
N3 0.69+0.10  3.59+0.40  0.56+021 2.41+0.25 - -
N30 1.48+0.17  4.35+0.20 - - - -
N31 1.25+0.15 4.94+028  0.35+0.14  1.68+0.26 - -
N32 1.08+0.13  3.58+0.20  0.32+0.14  1.94+0.67 - -
N33 - - - - - -
N36A - - 2224025 1.62+£0.06  0.08+0.05  2.87+0.77
N36B 1.5140.17  2.89+0.22 - - - -
N37 0.87+0.10  3.08+£0.12  1.39+0.16 2.12+0.07 0.28+0.07  2.44+0.30
N38A 1.82£0.20  3.79+0.09  0.66+0.15  2.82+0.24 - -
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Table B.22: Continued.

HNCO NH,D N,D*
4(0,4)-3(0,3) 1(1,1)0s=1(0,1)0a J=1-0
f Typdv Av f Typdv Av f Typdv Av

Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - — - - 0.11+0.06 1.92+0.46
N39 0.29+0.06 1.67+0.04 0.46+0.10  1.33+0.07 0.27+0.08 1.63+0.36
N40 1.33+0.14 2.51+0.17 1.61+0.20 1.98+0.10  0.18+0.09 2.77+0.49
N41A 1.57+0.16 3.19+0.11 1.45+0.19 1.76+0.11 0.06+0.03 2.52+1.11
N41B - — — — — -
N42A - — - - - -
N42B 0.79+0.09 3.30+0.25 0.43+0.11 1.33+0.06 - -
N43 0.90+0.09 3.01+0.15 0.81£0.11  2.64+0.13  0.14+0.04  2.28+0.53
N44A 1.74+0.18 4.05+0.27 0.49+0.13  3.34+0.41 - -
N45 0.50+0.06 2.16+0.17 0.54+0.12 1.54+0.08 - -
N46 0.78+0.10 3.41+0.62 0.37£0.12  1.84+0.21 - -
N47 0.53+0.07 2.80+0.26 - - - -
N48 1.29+0.14 3.01+0.07 0.38+0.13 2.57+0.10 - -
N49 0.29+0.04 1.90+0.10 0.94+0.15 1.46+0.06  0.09+0.08  3.79+0.57
N5 0.36+0.12 22.58+9.82 1.02+0.18  1.54+0.09 - -
N50 0.51+0.07 2.25+0.12 0.48+0.12 1.54+0.09 - -
N51 0.90+0.10 2.61+0.20 2.30+0.24  1.62+0.03  0.23+0.06  2.15+0.38
N52 0.63+0.07 2.17+0.14 1.98+0.23 1.76+0.06  0.15+0.08 2.60+0.51
N53 0.99+0.11 3.15+0.16 2.27+0.25 1.73+0.06 0.17+0.07 1.79+0.34
N54 0.94+0.10 2.70+0.15 2.47+0.28  1.69+0.04  0.23+0.08 2.02+0.32
N55A - - - - - -
N55B 0.44+0.07 1.76+0.13 0.92+0.14 1.33+0.04 - -
N56 0.45+0.07 2.08+0.24 0.20+£0.15  2.97+0.53 - -
N57 0.52+0.08 1.68+0.18 0.38+0.15 1.91+0.22  0.06+0.04 4.61x1.53
N58 - — — - - -

N6 0.12+0.03 1.86+0.19 0.69+0.17  1.59+0.15 - -
N61 0.40+0.18  25.21+15.89 - - - -
N63 0.38+0.06 3.12+0.53 0.35+0.10 1.54+0.20 - -
No64 0.24+0.04 2.00+0.15 0.95+0.12  1.33+0.04  0.09+£0.03  1.93+0.51
N65 0.24+0.06 1.84+0.18 0.64+0.13  1.57+0.19 - -
N66 0.29+0.04 2.97+0.61 0.62+0.13 1.61+0.08 0.07+0.04 2.31+£0.82
N67 0.33+0.06 2.32+0.29 0.70£0.12  1.33+0.08 - -
N68 0.27+0.04 4.36+0.84 0.98+0.15  1.34+0.05 0.10+0.05  1.53+0.47
N68-8 0.17+0.04 1.33+£0.08 - - - -
N69 0.51+0.07 3.62+0.30 0.73£0.14  1.75+0.16  0.08+0.05  3.46%0.82
N71 0.15+0.03 2.08+0.77 0.32+0.10  1.33+0.04  0.06+0.02  1.67+0.59
N72 0.49+0.10 2.95+0.23 0.44+0.14 1.34+0.16 - -
W75N-6  0.48+0.09 4.83+0.84 0.52+0.14  1.33+0.03  0.17£0.07 1.73+0.42




Table B.23: Continued.

N,D* N,D* N,H*
J=2-1 J=3-2 J=1-0
fTMBdU Av /TMBdU Av fTMBdU Av

Names [Kkms™'] [kms™'] [Kkms™'] [kms™'] [Kkms™!'] [kms™']
C09-1 - - - - 1.43+0.19  2.58+0.06
C09-2 - - - - 0.95+0.14  1.73+0.09
DR21-12  0.40£0.06 2.14+0.39  0.21+0.04 141£027 1.99+023  1.84+0.04
DR21-19 - - - - 0.51+0.09  2.05+0.12
NO03-2 - - - - 0.48+0.17  1.83+0.31
N05-5 - - - - 0.86+0.14  2.17+0.10
N05-6 - - - - 1.65£0.19  1.67+0.06
N1 - - - - 3.56+0.38  2.71+0.03
N10 - - - - 2474027  2.76+0.02
N1l - - - - 2.13+029  1.97+0.06
NI12 - - - - 5.81+0.61  3.17+0.02
N12-4 - - - - 1.39+0.21  2.03+0.09
N12-6 - - - - 216025  1.66+0.05
N12-7 - - - - 1414023 1.81%0.07
N13 - - - - 3.95+0.44  3.09+0.03
N14 - - - - 1.26£0.15  3.24+0.05
N15 - - - - 0.48+0.10  3.77+2.66
N16 - - - - 2.18+027  1.84+0.06
N17 - - - - 0.48+0.13  3.01£0.31
N18 - - - - 275031  1.89+0.05
N2 - - - - 4.66+049  2.67+0.02
N20 - - - - 1.55€021  1.71+0.07
N21 - - - - 2214025  1.67+0.05
N22 - - - - 3.54+0.37  1.77+0.02
N23 - - - - 0.85+0.13  1.66+0.10
N24 - - - - 3.98+042  1.77+0.02
N25 - - - - 2334024  1.75+0.02
N26 - - - - 1.35£0.17  1.84+0.07
N27 - - - - 6.73+0.68  2.36+0.01
N28 - - - - 3204033 2.18+0.02
N3 - - - - 5.59+0.58  2.77+0.01
N30 - - - - 4334045  3.240.01
N31 - - - - 5.59+0.60  3.28+0.01
N32 - - - - 4.40£0.47  2.95+0.01
N33 - - - - 0.56+0.12  2.04+0.16
N36A 0.75£0.14  3.63£0.63  0.69+0.07 3.02+0.29 10.26£1.05 3.55+0.01
N36B - - - - - -

N37 1.34+£0.15  8.60+1.87  0.49+0.09  1.98+0.15 8.12+0.82  2.76+0.01
N38A 1.23£0.17  4.90£0.70  0.68+0.08  2.35+0.16 16.671.68 3.630.01
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Table B.24: Continued.

N,D* N,D* N,H*
J=2-1 J=3-2 J=1-0

f Typdv Av / Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B - - - - - -
N39 0.48+0.07 1.94+0.31 0.27+£0.04  1.24+0.42  2.05+0.24  1.85+0.04
N40 0.65+0.08 2.31+0.31 0.68+0.08 2.22+0.19 11.77«1.18 2.95+0.01
N41A - - 0.49+0.07 3.84+0.51 8.55+0.87 3.58+0.01
N41B - - - - - -
N42A — - - - — —
N42B - - - - 5.62+0.59 2.89+0.03
N43 0.66+0.09 5.71+£1.39 - - 9.18+0.92  2.74+0.01
N44A 0.36+0.09 4.15+1.61 0.32+0.04  5.66+1.24 - -
N45 — - - - 4.17+0.44 2.22+0.02
N46 - - 0.56+0.09 3.56+0.65 6.36+£0.66  2.90+0.02
N47 0.40+0.10 3.28+1.35 0.37+0.09 2.44+0.96 5.72+0.58  2.43+0.02
N48 1.90+0.22 32.00+8.26 0.40+0.06 3.43+0.87 13.21+1.33 3.16+0.01
N49 0.52+0.07 2.03+0.32 0.37£0.05  1.63+0.17  3.67+0.37 1.97+0.03
N5 - - - - 3.73+0.39  2.13+0.03
N50 0.19+0.05 1.85+0.71 0.19+0.04 1.86+0.69 5.12+0.53 2.50+0.02
N51 0.83+0.09 2.10+0.26 0.81£0.09  1.59+0.08 13.75+1.38 2.34+0.01
N52 0.72+0.09 2.08+0.33 0.55+0.06  2.00+0.18  7.46+0.75  2.34+0.01
N53 0.76+0.08 2.80+0.57 0.62+0.07 2.02+0.13 10.28+1.03 2.48+0.01
N54 0.98+0.11 3.08+0.59 0.69+0.07 1.76+0.09 11.20+1.13 2.44+0.01
N55A - - - - - -
N55B 0.59+0.07 1.66+0.17 0.42+0.07 1.33+0.15 2.78+0.30 1.93+0.04
N56 - - - - 2.19+0.26  2.80+0.03
N57 - - - - 2.20+0.26  2.61+0.03
N58 — - - - — —
N6 - - - - 3.43+0.37 2.71+0.03
N61 - - - - 1.69+0.21 1.83+0.06
N63 — - - - 3.36+0.36 2.46+0.00
No64 - - - - 2.30+£0.24  1.97+0.03
N65 - - - - 291+0.30 2.13+0.03
N66 — - - - 3.30+0.36 1.98+0.03
N67 - - - - 3.24+0.35  2.01+0.03
N68 - - - - 3.41+0.35  2.04+0.03
N68-8 — - - - 0.92+0.17 1.72+0.14
N69 - - - - 3.40+0.37  2.12+0.02
N71 - - - - 1.67+0.18  1.62+0.05
N72 — - - - 1.36+0.17 1.75+0.09
W75N-6 - - - - 2.88+0.31 1.90+0.04




Table B.25: Continued.

oCs SO SO,
J=6-5 202)-1(1) 6(0,6)-5(1,5)

fTMBdU Av fTMde Av fTMBdU Av
Names [Kkms™'] [kms™'] [Kkms™!'] [kms™!] [Kkms™'] [kms™']
C09-1 - - 027+0.06 2.55+0.61  0.13+0.03  1.36+0.13
C09-2 0.19+0.04  1.49+0.03 - - - -
DR21-12 - - 0.57+0.08  1.66+0.17  0.15+0.03  1.46+0.08
DR21-19 - - 0.24+0.04  1.70+0.09 - -
NO03-2 0.26+0.10  2.99+0.86 - - - -
N05-5 0.16£0.04  1.09£0.01  0.36£0.09 2.79+0.32  0.22+0.06  2.11+0.27
NO05-6 - - - - 0.08+0.03  1.27+0.03
N1 0.52+0.11  7.01£2.09  1.01+0.16 3.31+0.59  0.45+0.10  3.88+0.90
N10 0.10+0.04  0.94+0.06  0.41+0.08 2.76+0.43  0.11+0.03  1.74+0.42
N1l - - - - - -
NI12 0.25+0.07  3.55+1.43 - - 0.58+0.13  3.76+0.86
N12-4 0.14+0.05  2.50+0.38 - - - -
N12-6 0.05£0.05  0.80+1.05 - - 0.12+0.05  1.09+0.00
N12-7 0.13£0.04  1.36+0.05 - - 0.09+0.06  0.80+1.98
N13 - - - - 0.58+0.16  3.97+1.32
N14 - - 0.57+0.07  2.82+0.21 - -
N15 0.09£0.02  1.37+0.09  0.41+0.05 3.17+026  0.13+0.03  0.80+14.21
N16 - - - - - -
N17 - - 0.57+0.09  2.72+0.25 - -
N18 - - - - 0.17+0.06  1.44+0.18
N2 - - 0.75+0.14  2.69+0.12  0.19+0.05  1.95+0.11
N20 - - - - - -
N21 0.10£0.07  0.80+0.00  0.37+0.09  2.08+0.15 0.11£0.06  0.80+1.71
N22 0.11£0.06  0.80£0.00  0.47+0.08  1.49+0.11  0.14£0.06  0.80+0.00
N23 0.10£0.04  0.80+11.42  0.51+0.08 2.21+0.16 0.18£0.04  1.63+0.24
N24 0.24+0.07  2.14+0.54  0.70£0.10  1.60+0.06  0.25+0.07  1.80+0.15
N25 - - 0.16£0.03  1.86£0.30  0.15+0.04  1.87+0.23
N26 - - - - 0.36+0.09  4.36+1.06
N27 - - 0.56+0.07 2.87+0.22  0.18+0.04  3.17+0.37
N28 - - 0.19+0.04  1.35+0.13 - -
N3 - - 1.01£0.15 3.31x041 045+0.08  4.59+0.36
N30 1.09+0.18  4.52+0.37  4.68+048 3.49+0.08 232+027  5.53+0.38
N31 0.87+0.14  4.09+0.56  3.77+0.39  3.91+0.15 1.72+022  4.98+0.41
N32 0.84+0.17  4.63+0.72  3.13+0.33  2.97+0.15  1.38+0.18  3.82+0.44
N33 0.19+0.07  1.38+0.14 - - 0.10+0.03  1.43+0.28
N36A 0.45+0.09  2.94+0.53  1.52+0.17 3.09+0.13  1.05£0.13  4.04+0.54
N36B - - - - - -
N37 - - 1.00£0.11  3.52+024  0.55+0.07  3.18+0.33
N38A - - 439+045 3.60+0.10  1.48+0.18  3.91+0.20
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Table B.26: Continued.

OCS SO,
J=6-5 2(2)-1(1) 6(0,6)-5(1,5)

f Typdv Av f Typdv Av f Typdv Av
Names [K km s_l] [km s_l] [K km s_l] [km s_l] [K km s_l] [km s_l]
N38B 1.15+0.15 5.11+0.46 - - — -
N39 - - 0.35+0.06 1.71£0.25 - -
N40 0.53+0.11 4.30+0.68 1.57+0.17 2.53+0.14 1.02+0.12 2.91+0.10
N41A 0.38+0.08 3.49+0.65 1.70+0.19 2.98+0.08 0.99+0.13 3.45+0.17
N41B - — — — — —
N42A - — - — 0.42+0.07 2.44+0.12
N42B - - 1.86+0.19 4.86+0.54 — -
N43 0.15+0.02 1.65+0.08 1.21+0.13 2.98+0.11 0.62+0.08 3.65+0.19
N44A 0.85+0.14 4.14+0.29 5.54+0.56 4.91+0.29 1.68+0.19 3.93+0.16
N45 0.16+£0.04 1.33+0.10 0.54+0.07 3.08+0.38 0.13+0.04 1.68+0.24
N46 0.32+0.09 4.11+1.64 1.86+0.21 4.36+0.33 0.47+0.11 4.00+0.83
N47 0.08+0.03 0.89+3.94 1.73+0.19 3.09+0.19 0.47+0.08 3.43+0.64
N48 0.46+0.09 2.53+0.21 2.76+0.29 3.03+0.08 0.83+0.11 2.97+0.21
N49 - - 0.50+0.06 2.65+0.23 0.49+0.08 7.68+4.01
N5 0.24+0.04 3.87+0.69 0.28+0.09 3.48+1.78 - -
N50 0.18+0.06 1.58+0.08 0.56+0.11 2.70+0.27 0.17+0.04 2.26+0.52
N51 0.18+0.04 1.73+£0.25 1.49+0.16 2.40+0.24 0.53+0.07 3.81+0.48
N52 0.21+0.05 2.81+0.65 0.61+0.08 3.04+0.73 0.57+0.10 6.91£3.50
N53 0.29+0.08 2.60+0.39 1.16+0.14 2.91+0.21 0.90+0.15 5.77+1.05
N54 0.35+0.09 2.92+0.44 1.52+0.17 2.54+0.15 1.04+0.15 7.26+0.87
N55A - - - - 0.50+0.11 6.11+1.81
N55B - — 0.43+0.07 3.14+0.75 — —
N56 0.16+0.04 1.32+0.07 0.28+0.06 3.59+0.52 0.26+0.10 3.27+0.77
N57 - - 0.08+0.03  0.80+79.70  0.11+0.04 1.51+£0.23
N58 - — 1.10+0.17 12.42+2.73 — —
N6 0.18+0.04 2.57+0.33 0.40+0.07 3.02+0.65 - -
N61 0.39+0.12 3.77+0.82 - - 0.42+0.11 3.56x1.00
N63 0.10+£0.04 0.94+0.00 0.36+0.07 2.85+0.60 0.21+0.05 2.01+0.24
No64 - - 0.44+0.06 2.10+0.07 - -
N65 - - 0.66+0.08 3.04+0.21 0.25+0.07 2.23+0.32
N66 0.09+0.06 0.80+0.00 0.45+0.07 1.54+0.15 — —
N67 0.15+0.04 1.67+0.06 0.39+0.07 1.77+0.19 0.64+0.13 8.56+3.76
N68 - - 0.53+0.09 2.90+0.73 0.20+0.04 2.76+0.51
N68-8 - — - — 0.21+0.07 1.62+0.17
N69 - - 0.52+0.09 3.06+0.35 0.37+0.08  15.53+11.19
N71 - — - — — —
N72 - — 0.09+0.06 0.80+0.00 0.13+0.03 1.26+0.07
W75N-6  0.57+0.25 17.89+12.59 - - - -




Table B.27: Continued.

SiO SiO
J=2-1,v=0-0 J=2-1,v=0-0

/ Typdv Av _/ Typdv Av
Names [K km s_l] [km s_l] Names [K km s_l] [km s_l]
C09-1 0.13+0.04 1.98+0.47 | N38B - -
C09-2 0.10+0.03 1.51+0.28 N39 0.20+0.04 2.48+0.55
DR21-12 - - N40 1.77+0.20 3.22+0.39
DR21-19 - - N41A 2.66+0.28 3.81+0.25
NO03-2 0.23+0.06 2.50+1.84 | N41B - -
NO05-5 - - N42A - -
NO05-6 0.10+£0.02 1.36+0.30 | N42B 2.82+0.32 7.06+0.59
N1 1.08+0.13 4.08+0.61 | N43 0.89+0.10 3.05+0.26
N10 0.50+0.07 5.14+0.85 | N44A 6.18+0.63 5.15+0.10
NI11 - — N45 - -
NI12 3.48+0.37 4.69+0.26 | N46 4.41+£049  13.04+3.23
N12-4 - - N47 0.98+0.11 5.42+0.68
N12-6 0.11+£0.04 0.83+0.00 N48 3.30+0.34 4.79+0.18
N12-7 0.93+0.24  11.07+1.81 | N49 - -
N13 2.63+0.29 4.02+0.97 | N5 - -
N14 0.48+0.06 2.67+0.14 N50 0.22+0.04 3.96+0.84
NI15 - - N51 1.17+0.13 3.85+0.37
N16 - - N52 1.12+0.14 3.60+0.24
N17 0.19+0.04 2.05+0.38 N53 2.63+0.32 4.59+0.29
N18 - - N54 1.81+0.23 4.31+0.32
N2 1.07+0.14 5.92+1.55 | N55A - -
N20 - - N55B - -
N21 - - N56 0.91+0.20 7.74+1.68
N22 0.17+0.04 2.67+0.46 | N57 0.39+0.09 3.89+1.30
N23 - - N58 0.21+0.04 1.70+0.19
N24 0.40+0.08 3.43+0.40 | N6 - -
N25 - - N61 0.55+0.11 3.58+0.47
N26 0.23+0.06 2.38+0.35 | N63 1.19+0.16 3.98+0.28
N27 - - No64 0.16+0.02 2.22+0.42
N28 - - N65 0.41+0.06 4.35+0.80
N3 1.52+0.18 4.28+0.50 N66 0.81+0.12 5.83+£2.12
N30 3.82+0.40 6.24+0.41 | N67 1.10+0.12 3.32+0.24
N31 2.60+0.29 5.68+0.22 | N68 1.02+0.15 8.29+2.07
N32 1.59+0.19 4.65+0.24 N68-8 0.23+0.07 2.30+1.10
N33 0.09+0.03 0.80+0.92 | N69 - -
N36A 2.65+0.28 4.29+0.39 | N71 0.11+0.03 1.38+0.43
N36B - - N72 0.15+0.04 1.80+0.22
N37 0.95+0.11 3.26+0.21 | W75N-6  0.39+0.13 6.90+2.37
N38A 5.42+0.57 5.22+0.20 | — - -
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Paper Il: Formaldehyde as a thermometer and
densitometer

The pdf of the Barlach Christensen et al. (subm.) which is summarized in Chapter 5, is reproduced in

its original form below.

171



Astronomy & Astrophysics manuscript no. output

February 2, 2026

Formaldehyde as densitometer and thermometer in Cygnus-X,
GLOSTAR pilot region, and M8

Utilizing the H,CO ground-state transition

I. Barlach Christensen*!, C. Gieser>3, F. Wyrowski!, H. Nguyen', T. D. Hoang', V. S. Veena!, H. Beuther’, K. A.
Kahle?, Y. Gong*, and K. M. Menten' **

' Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany
* e-mail: ibarlach@mpifr-bonn.mpg.de

2 Max-Planck-Institut fiir Extraterrestrische Physik, Giessenbachstrasse 1, 85748 Garching, Germany

3 Max Planck Institut fiir Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany

4 Purple Mountain Observatory, and Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, 10 Yuanhua Road, Nanjing
210023, PR China

Received: November 24, 2025;

ABSTRACT

Context. Measurements of the physical conditions in molecular clumps are key to our understanding of star formation. Formaldehyde
(H,CO) is a molecule prevalent in these regions that can be used as diagnostic for the physical conditions in them.

Aims. Here we explore a technique for determining the volume density and gas kinetic temperature in molecular clumps across various
evolutionary phases and environments. The ground-state transition of H,CO has a critical density of ne; ~ 10* cm™, allowing us
to use this molecule as a densitometer at # < 10° cm~3and lessen the discrepancy between the measurements between gas densities
derived from molecular tracers and those derived of dust observations.

Methods. The clumps have been observed with the IRAM 30-m telescope, marking the first extensive survey of the H,CO (1o, —
0o) line across a large sample of sources. These observations were complemented by the H,CO J = 3 — 2 lines, obtained using the
APEX telescope. These clumps have been surveyed in three regions, the Cygnus-X giant molecular cloud complex, the GLOSTAR
pilot region covering the Galactic plane at longitudes 28° < [/ < 36°, and the molecular cloud associated with the Hu regions in the
Lagoon nebula (M8).

Results. We analyzed a total of 127 clumps, including 78 from Cygnus-X, 12 from the GLOSTAR pilot region, and 37 from
M8. We derived the gas kinetic temperature, volume densities and H,CO column densities using radiative transfer modeling with
pyradex+emcee in 102 clumps. We reproduce the observed line intensities in the sources with volume densities n(H,) = 5.4 x 10* —
3.8 x 10° cm™, gas kinetic temperatures Ty, = 16 — 219 K, and H,CO column densities N(H,CO) = 6.0 x 10" — 1.6 x 10" cm™.
Conclusions. The gas kinetic temperatures obtained from the non-LTE modeling with pyradex+emcee agree well with the LTE
gas Kinetic temperature obtained from the ratio of HyCO (393 — 2¢2) and HyCO (3,1 — 220) lines at densities n(H,) < 103 cm™,
However, we find that, at higher densities, LTE temperatures derived from this ratio are overestimated by up to 0.5 dex. The measured
volume densities are consistent with the volume densities obtained from dust continuum measurements, thereby probing the bulk of
the gas. Furthermore, we find that the volume densities and dust temperatures increase, with increasing evolutionary phase. The newly
available ground-state transition of H,CO allows to constrain the physical conditions in various phases of star formation.

Key words. Stars: formation — Astrochemistry — ISM: abundances — ISM: molecules — ISM: evolution — Submillimeter: [ISM

©ESO 2026

1. Introduction

The physical and chemical conditions during high-mass star for-
mation are poorly understood (see e.g. McKee & Tan 2002; Mc-
Kee & Ostriker 2007; Krumholz & Bonnell 2009; Tielens 2021).
The formation of massive star clusters in particular is believed
to take place in dense (n(H,) > 10° cm™) and cold clumps
(Txin < 20 K) within molecular clouds (e.g. Pillai et al. 2011).
Knowing the initial conditions of star formation prevailing in
these regions can shed light on the formation mechanisms of

* Member of the International Max Planck Research School (IM-
PRS) for Astronomy and Astrophysics at the Universities of Bonn and
Cologne
** Karl M. Menten was unable to witness the completion of this ar-
ticle, having passed away. Nonetheless, his vital contributions to our
project remain deeply valued and will always be remembered.

their stellar content (Girichidis et al. 2020). Molecular clouds
are the largest structures (> 10 pc), from which the gas frag-
ments into clumps (size ~ 1 pc), cores (size ~ 0.05 — 0.1 pc),
envelopes (size ~ 300 — 3000 AU) and disks (size ~ 10 — 200
AU) (Pokhrel et al. 2018), accreting onto protostars.

Previous studies attempted to probe the physical conditions
using various molecular tracers, but these methods have limi-
tations. Ammonia (NHj3) inversion lines are used to determine
gas kinetic temperature (e.g. Walmsley & Ungerechts 1983;
Tafalla et al. 2004; Wienen et al. 2012), but the NH3; abundance
is strongly affected by dust evaporation (Yamato et al. 2022;
Redaelli et al. 2023). CH3;CCH, CH3CN, and CH3OH probe
temperature, with the latter also sensitive to density (Giannetti
etal. 2017; Lin et al. 2022). The K-level population of CH3OH is
sensitive to the gas temperature (e.g. Cummins et al. 1983; Remi-
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Fig. 1: Line-ratios of HyCO (393 — 202)/(10,1 — 0p0) (top) and
H,CO (32,1 — 220)/(303 — 202) as a function of volume densi-
ties and gas kinetic temperature computed from pyradex. Bot-
tom plot shows the “bump” at n(H,) > 10>° cm~>, discussed in
Sect 6.1.

jan et al. 2004). Higher J-lines of CH30H trace kinetic tem-
peratures, and lower J-lines trace density in low-, intermediate-,
and high-mass star-forming regions (Leurini et al. 2004, 2007).
CH;CN traces hot core temperatures, limiting its ability to mea-
sure temperatures in cold regions.

Formaldehyde (H,CO) is a ubiquitous molecule believed
to form through successive hydrogenation of CO on icy grain
mantles (e.g. Mangum et al. 1990; Watanabe & Kouchi 2002;
Woon 2002; Yan et al. 2019) or through the gas-phase reac-
tion of CH; with atomic oxygen (e.g. Potapov & Garrod 2024;
Punanova et al. 2025). It is a well-known tracer of high den-
sity, as well as a wide range of temperature environments in
molecular clouds (Mangum & Wootten 1993; Ao et al. 2013;
Okoh et al. 2014). An example of line intensity ratio increase of
H>CO (30,3 —20,2)/(10,1 —00,0) and H,CO (32,1 —22,0)/(303 — 20,2)
is shown in Fig. 1. Downes et al. (1980) revealed the presence
of this molecule via absorption measurements toward numerous
Hu regions.

Due to the line’s frequency (72.838 GHz) at the lower end of
the receiver coverage of the 3/4 mm atmospheric window, only a
limited amount of observations have been made of the 1 —0g

Article number, page 2 of 22

ground-state transition of para-H,CO (hereafter H,CO). This
line, first detected in the ISM by Akabane et al. (1974, see
also Kaifu et al. (1975)), has a relatively low critical density of
neie ~ 10* em™. This property allows us to use this molecule as
a densitometer at n < 103 cm=3. H,CO is a slightly asymmetric
rotor molecule which has shown its usefulness in determining
the volume density and gas kinetic temperature in a variety of
sources due to the collisionally governed K-levels (e.g. Mangum
& Wootten 1993; Mangum et al. 2013; Tang et al. 2018, 2021a;
Gieser et al. 2021). Studies have shown that the ground-state
transitions of ortho-H,CO (1,9 — 1;1) and (2;; — 2;2) at 6
and 2 cm, respectively, are density tracers (e.g. Mangum et al.
2008; Ginsburg et al. 2011, 2015; Gong et al. 2023). Tang et al.
(2017) observed that the fractional abundance of H,CO remains
relatively stable across different phases of star formation. The
fractional abundance with respect to H, of H,CO varies by
only one order of magnitude during these different phases, with
X(H,CO) ~ 1077 (Tang et al. 2018).

Previous studies have revealed a significant discrepancy be-
tween gas densities derived from molecular tracers and those
derived from dust observations. For example, studies using CS
(Beuther et al. 2002) or higher J transitions of H,CO (Tang et al.
2018) found higher gas densities compared to dust-based esti-
mates. This discrepancy can be attributed to the high critical den-
sities of the lines used in these studies. The H,CO ground state
transition, HyCO (11 — 09), now offers a lower critical density
line to probe the bulk material of the clumps. This ground-state
transition increases the diagnostic utility of H,CO emission lines
as tracers of both temperature and density, enabling the probing
of lower-density regions (see Fig. 1).

In this paper, we measure the volume density and gas ki-
netic temperature using H,CO toward a sample of sources in the
Cygnus-X star-forming region, the GLOSTAR pilot region, and
the Messier 8 (M8) region. The combination of rotational tran-
sitions with different critical densities will allow us to probe a
large range of gas physical conditions. The paper is organized as
follows: in Sect. 2, we present the details of the target sources.
In Sect. 3, we present the observations and data reduction; in
Sect. 4, we analyze averaged spectra to determine whether dif-
ferent H,CO transitions are probing the same regions within the
clumps. In Sect. 5, we describe the pyradex+emcee method-
ology and analysis. In Sect. 6, we discuss the obtained gas ki-
netic temperatures, volume densities, and H,CO column densi-
ties, and explore the physical conditions across the evolutionary
phases. Finally, in Sect. 7, we present our conclusions.

2. Source selection

This study focuses on three specific regions: Cygnus-X (as part
of the CASCADE project), the GLOSTAR pilot region, and MS.

2.1. Cygnus Allscale Survey of Chemistry And Dynamical
Environments

Cygnus-X is a nearby (d ~ 1.5 kpc, Rygl et al. 2012) high-mass
star-forming region with OB associations illuminating the cloud
complex from the south-west (Knodlseder 2000; Beerer et al.
2010; Wright et al. 2015). Star formation is triggered by strong
stellar winds, and several clouds are interacting with their ambi-
ent Hi envelope specifically in the DR21 filament, with clumps
at different evolutionary phases along the structure (Motte et al.
2007; Schneider et al. 2010; Hennemann et al. 2012; Schneider
et al. 2023). Recently, a survey using the NOrthern Millimeter
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shows 0.5 pc at a distance of 1.3 kpc. The clumps M8HG and MSE
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Fig. 2: Locations of clumps in Cygnus-X (top), the GLOSTAR pilot region (bottom left), and M8 (bottom right).

Array (NOEMA) and the IRAM 30-m telescope has been con-
ducted with the goal to unveil and connect the chemical and dy-
namical structures of star formation across a wide range of spa-
tial scales, namely Cygnus Allscale Survey of Chemistry and
Dynamical Environments (CASCADE) (Beuther et al. 2022).
Motte et al. (2007) and Cao et al. (2019) studied several re-
gions in Cygnus-X, and, in this work, 72 clumps have been tar-
geted. These clumps have masses in the range of ~ 1 x 10* —
2 X 10° Mo, and represent sources in a variety of evolutionary
phases from starless clumps to Hir regions (Motte et al. 2007,
Cao et al. 2019). The observed positions are shown in Fig. 2a
and listed in Table A.1.

2.2. GLObal view on Star Formation in the Milky Way - pilot
region

The GLObal view on Star Formation in the Milky Way
(GLOSTAR) project aims to characterize the unbiased statisti-
cal properties of star formation in the Galactic plane (for an
overview, see Brunthaler et al. 2021). The GLOSTAR survey
utilizes the Jansky Very Large Array (VLA; Perley et al. 2011)
and the Effelsberg 100-m telescope' to conduct continuum ob-
servations covering the frequency range of 4-8 GHz. In addition,
the survey includes simultaneous observations of the 6.7 GHz
CH3;O0H maser line, various radio recombination lines (RRL),
and notably the 4.8 GHz H,CO absorption line. The “GLOSTAR
pilot region” of this survey, discussed by Brunthaler et al. (2021),
covers 28° < [ < 36°, |b| < 1°) and its radio continuum emission

! The 100-m telescope at Effelsberg is operated by the Max-Planck
Institut fiir Radioastronomie (MPIfR) on behalf of the Max-Planck
Gesellschaft (MPG).
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is shown in Fig. 2b. This 16 square-degree pilot region shows
a diversity of extended and compact sources, including Hm re-
gions, supernova remnants, and several CH3;OH masers (Medina
etal. 2019; Dokara et al. 2021; Nguyen et al. 2022; Dokara et al.
2023). We observed positions in the GLOSTAR pilot region to-
ward which H,CO absorption was observed in the survey. These
are shown in Fig. 2b and listed in Table A.2.

We determined the distance using the radial velocity of
the GLOSTAR sources, although this is challenging due to the
kinematic velocity distance ambiguity discussed thoroughly in
Roman-Duval et al. (2009). We utilize the Parallax-Based Dis-
tance Calculator? for the GLOSTAR sources, as described in
Reid et al. (2019). In the case of G29.95-0.01 and G31.27+0.06,
we adopt the trigonometric parallax distances measured by
Zhang et al. (2014). The distances are listed in Table A.2.

2.3. Messier 8

The Lagoon Nebula, also known as Messier 8 (M8 hereafter),
is a bright Hmr region illuminated by O- and B-stars. Located at
a distance of 1.3 kpc, it is one of the nearest Hi regions, char-
acterized by a high UV flux (Damiani et al. 2017; Tiwari et al.
2019). Tothill et al. (2002) identified clumps associated with the
molecular cloud. A plethora of molecules are identified in the
MBS photodissociation region (PDR) and 38 dense dusty clumps
that surround it, some of which also show PDR signatures, while
38% are likely hosting protostellar objects (Kahle et al. 2024).
The clumps in the M8 region were found to have dust tempera-
tures, Ty, ranging from 15.7 - 43.2 K, and H, column densities,
N(H,), ranging from 6.7 x 10?! to 6.1 x 10?* cm~2. Kahle et al.
(2024) suggest that the remnant gas in the M8 region may be
fragmenting due to the radiation pressure of the surrounding O-
and B-stars. The data for four H,CO transitions from 37 clumps
within the M8 region in this study were reduced and analyzed by
Kahle et al. (2024). The locations of the clumps can be seen in
Fig. 2c with positions listed in Table A.3.

In order to determine volume densities, gas kinetic temper-
atures and H,CO column densities using a consistent method,
we combined data from all three regions. The considered clumps
span a wide range of distances, molecular cloud conditions, kine-
matics, and evolutionary phases. This diversity allows us to ap-
ply our method across a variety of environments, thereby en-
hancing the robustness of our analysis.

2.4. Comparison sample

The APEX Telescope Large Area Survey of the GALaxy (AT-
LASGAL) provided a large inventory of ~ 10000 dense clumps
within the inner Galactic region (Schuller et al. 2009). We com-
pare our results, presented in Appendix C with measurements
from the ATLASGAL clumps; sources representative of high-
mass clumps in our inner Galaxy at different evolutionary phases
(Urquhart et al. 2018).

A sub-sample of 110 clumps, namely the “ATLASGAL Top
1007, is designed to comprise sources that represent different
evolutionary phases of high-mass star formation: starless/pre-
stellar, mid-infrared weak, mid-infrared bright cores and Hi re-
gions (Konig et al. 2017). The ATLASGAL selected TOP 100
sources probe the clumps on the scales of 0.12 — 1.95 pc (Csen-
geri et al. 2014; Konig et al. 2017; Tang et al. 2018), similar
to that probed in this study (0.18 — 1 pc for all three regions).
Tang et al. (2018) determined the volume density and gas kinetic

2 http://bessel.vlbi-%astrometry.org/node/378
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temperatures using HyCO (303 — 202), 322 — 22.1), 32,1 — 220),
(40,4 — 30’3), (42,3 — 32’2), and (42,2 - 32,1). This study and Tang
et al. (2018) both utilize the three J = 3 — 2 H,CO transition,
listed above. However, this study additionally used the / = 1 -0
transition, allowing us to study the lower density material, while
Tang et al. (2018) used J = 4 — 3.

3. Observations

We observed several H,CO transitions toward molecular clumps
in the Cygnus-X, GLOSTAR, and M8 regions described in Sect.
2. An overview of the targeted H,CO transitions and their detec-
tion rates is presented in Table 1.

3.1. IRAM 30-m telescope observations with EMIR 090

We conducted observations with the Institut de Radioastronomie
Millimétrique (IRAM; Baars et al. 1987) 30-m telescope, located
on the Pico Veleta in the Spanish Sierra Nevada. We used this
telescope to observe the ground-state H,CO (J = 1 — 0) tran-
sition. For these observations, we employed the Eight MlIxer
Receiver (EMIR3; Carter et al. 2012) and the Fourier Trans-
form Spectrometer FTS200 as backend, which provides a chan-
nel width of 195 kHz (corresponding to a velocity interval, Auv,
of 0.80 km s™!). At the line’s rest frequency, 72.8 GHz, the tele-
scope’s FWHM beam width is ~ 33”.

Cygnus-X was mapped as part of the CASCADE program
(Project ID: 145-19 and 031-20; PIs: F. Wyrowski and H.
Beuther, Beuther et al. 2022). Observations of the GLOSTAR
sources were carried out with the IRAM 30-m telescope on
2016 May 28th and 29th (Project ID: 110-15; PI: H. Nguyen).
A bandwidth of 8 GHz per sideband was employed, provid-
ing a total frequency coverage of 16 GHz across the Cygnus-X
and GLOSTAR sources, specifically 70.2-78.2 GHz in the lower
sideband and 85.9-93.9 GHz in the upper sideband. The IRAM
30-m telescope observations of the 72.8 GHz H,CO ground state
line toward the Cygnus-X sources used on-the-fly mapping. The
spectrum of each clump is extracted from a region matching
the angular resolution of ~ 33”. The telescope pointing and fo-
cus were checked with Mars and 1741-038 for the Cygnus-X
and GLOSTAR sources, respectively. The clumps in M8 were
observed during several runs between 2022 March and June
(Project ID: 141-21; PI: F. Wyrowski). The M8 sources were
covered as part of a spectral line survey by Kahle et al. (2024),
covering a frequency range of 40.3 GHz between 70 and 117
GHz, for which the FWHM beam size varies between 34" and
21”. The FWHM beam width of the IRAM 30-m telescope4 Og,
in arcseconds, is given by 2460/v, where v is the observed fre-
quency in GHz.

We converted the observed corrected antenna temperatures,
T3, which assumed a forward efficiency, 7., of 0.95, to main
beam temperatures, Tys, using a main-beam efficiency, nvs,
that depends on the observing frequency’. At 72.8 GHz, the fre-
quency of ground-state H,CO line, 1 = 0.79.

3.2. APEX observations with nFLASH230

H,CO (J = 3 — 2) observations were performed using the 12-
m Atacama Pathfinder EXperiment (APEX) telescope (Giisten

3 http://www.iram.es/IRAMES/mainWiki/
EmirforAstronomers

4 https://publicwiki.iram.es/Iram30mEfficiencies

> https://web-archives.iram. fr/ARN/feb01/node5.html
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Table 1: The H,CO transitions observed with the IRAM 30-m and the APEX 12-m telescopes.

Telescope H,CO Frequency Ey,/k Aj 8up Aerit Detection Rate [%] and Noise [mK]
JKaKe [GHZz] [K] [s~1] [cm™3] Cygnus-X  GLOSTAR M8
78 sources 12 sources 37 sources
IRAM 30-m | 1g,1 — 09,0 72.838 3.5 82(-6) 3 28-10°%|100% 30 100% 23 94% 30
APEX 30.3 = 20,2 218.222 21.0 28(-4) 7 7.8-100%| 100% 23 100% 24 94% 25
APEX 322> 2 218.475 68.1 16(-4) 7 32-10° 83% 96 2% T2 48% 53
APEX 312 20 218.760 68.1 1.6(-4) 7 3.1-10°° 83% 90 2% 61 64% 46

Notes. The rest frequencies, upper energies, and critical densities of the four observed transitions of H,CO. The detection rates for each line in
each region are also presented. The Einstein coefficients are written in the form of A(—x) = A x 107.

References. “ Shirley (2015); critical density at 7 = 20 K. » Order of critical density estimated based on collisional rates of Wiesenfeld & Faure
(2013), assuming optically thin conditions and considering p-H, as the main collider. Molecular properties were taken from the Cologne Database

for Molecular Spectroscopy (CDMS; Miiller et al. 2001).

et al. 2006a), located on the Chajnantor plateau in the Atacama
desert (Giisten et al. 2006b).

We carried out single-pointing observations toward the se-
lected 72 clumps in Cygnus-X during 2022 July and August
(project ID: M-0109.F-9508C-2022; PI: Ivalu Barlach Chris-
tensen) and 10 clumps in the GLOSTAR pilot region during
2024 April and May (project ID: M-099.F-9519A-2017; PI: H.
Nguyen and I. B. Christensen). We made use of the nFLASH
230 receiver, tuning the lower sideband (LSB) to 217.538 GHz
to cover three HyCO lines (3903—20.2, 322—22.1, and 351 —25 9, see
Table 1 for the summary of spectral line properties) for clumps
in Cygnus-X and the GLOSTAR pilot region. The observations
were performed in position switching mode, with selected clean
reference positions for each sub-regions within Cygnus-X and
a fixed offset of (+600”,0) for each source in the GLOSTAR
pilot region. The telescope focus and pointing were checked,
depending on the day, with Mars, Jupiter, or Saturn, achieving
an estimated pointing accuracy of ~ 5”. The frequency range
coverage was 200.4 — 208.4 GHz in the lower sideband and
216.4 — 224.4 GHz in the upper sideband, with a typical inte-
gration time of 5 minutes. However, the 5 clumps in Cygnus-
X DR20 have additional observations of 30 minutes each. Ad-
ditional integrations were performed for clumps in which the
strongest HyCO (393 — 202) line was observed but the fainter
H,CO (322 —25,1) and H,CO (3,,; — 25 9) lines were not detected
above 40-. An overview of the reference positions is presented in
Appendix A. An in-depth description of observations and data
processing in the spectral survey of M8 is presented in Kahle
et al. (2024) (project-ID: M-0107.F-9530C-2021; P.I. Karl M.
Menten). The frequency coverage of the spectral line survey in
MS clumps spans 58.3 GHz between 210 — 280 GHz.

We converted the APEX T} scale to a Typ scale using
Neg = 0.95 and a main-beam efficiency depending on the date
of observations. In the case of Cygnus-X sources, observations
of Mars, Jupiter, and Saturn allow us to estimate the beam effi-
ciencies from observations, and found 0.68 < iy < 0.86. Based
on Mars observations, we found nyp = 0.77 for the GLOSTAR
sources. For the M8 sources, nvg = 0.80 is adopted, based on
Jupiter ©. An overview of the receiver tuning parameters of the
observations of the three sub-samples is presented in Table 2.

® The beam efficiency for the M8 sources is adopted from the publicly
available line monitoring of APEX telescope receivers https://www.
apex-telescope.org/telescope/efficiency/

We applied a beam correction factor of n,y = (%)2 =
0.73 to account for the difference in beam sizes. The obser-
vations were conducted with the IRAM and APEX telescopes,
which were chosen because their beam sizes are comparable,
thereby minimizing systematic uncertainties introduced by beam

mismatch.

3.3. Data processing of spectroscopic data

All data of observed transitions of H,CO were reduced using
the Grenoble Image and Line Data Analysis Software (GILDAS)
software developed by IRAM’ (Pety 2018).

The spectrum of each H,CO transition for each clump in
CASCADE was produced using the Continuum and Line Analy-
sis Single-dish Software (CLASS). All spectra were smoothed to
a spectral resolution of the H,CO (1¢,; —0p) line, that is, 0.8 km
s~!. For each H,CO line, the spectrum of every source is cen-
tered on the source’s systemic LSR velocity, v sg, and covers a
span of 160 km s7!, vrsr = 80 km s~!. This method of data pro-
cessing was performed on Cygnus-X and GLOSTAR sources.
The data processing of M8 is described in Kahle et al. (2024).

4. Results

Using data from the IRAM 30-m and APEX 12-m telescopes,
we investigate in detail H,CO emission lines observed toward
the clumps in Cygnus-X (78 sources), GLOSTAR (12 sources),
and M8 (37 sources). We first fit Gaussian line profiles to the
spectra of these clumps as input for the subsequent analysis of
the physical conditions in the gas.

4.1. Spectral analysis

We analyze the spectra of each clump focusing on the
HyCO (1o1 = 00,0), (303 — 202), 322 — 22,1), and (321 — 220)
lines. We utilize the Gaussian fitting procedure of CLASS to ob-
tain the integrated intensity, f Tms, peak main-beam brightness
temperature T'yg, velocity of peak emission, Upeak, and linewidth
at the full width at half maximum (FWHM), Av. In the case of
clumps with several velocity components, as indicated in Fig. 2,
a single Gaussian was fitted to each velocity component. These
clumps are indicated with “A” and “B” in Appendix B. The max-
imum number of velocity components is 2 for a single clump; 6

7 http://www.iram. fr/IRAMFR/GILDAS
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Table 2: Parameters of the IRAM and APEX observations.

Sources Telescope (Receiver) 6  Tuning SB TMB # pointings
("] [GHz]
Cvonus-X IRAM (EMIR 090) 33 72.8 LSBinner 0.83 7
Y& APEX (nFLASH230) 29 2185 USB 0.68 - 0.86
IRAM (EMIR 090) 33 72.6 LSBinner 0.83
GLOSTAR APEX (nFLASH230) 29 218.5 USB 0.77 10
M8 IRAM (EMIR 090) 33 Spectral line survey 0.8 37
APEX (nFLASH230) 29  Spectral line survey 0.797

sources in Cygnus-X and 2 sources in the GLOSTAR pilot re-
gion are found to have two velocity components.

Figure 3 shows example spectra of all the H,CO lines and
the Gaussian fit results for two sources each in Cygnus-X,
GLOSTAR pilot region, and M8 region. The line parameters for
the Cygnus-X, the GLOSTAR pilot region, and the M8 region
sources are presented in Appendix B. A detailed description of
the analysis can be found in Sect. 5.1. The parameters obtained
for our Cygnus-X, GLOSTAR npilot region, and M8 sources are
presented in Appendix B.

4.2. Detection rates

To estimate the H, volume density, gas kinetic temperature, and
H,CO column density, we require at least three emission lines
detected for each clump. With a detection criterion of > 40, the
highest detection rates of the formaldehyde lines are the ground-
state transition HyCO (1g,; —00,0) and HyCO (303—202) (Eup/k =
3.50 K and E,/k = 20.96 K, respectively). These two emission
lines are observed in all 72 clumps in Cygnus-X and 10 clumps
in the GLOSTAR pilot region. Of these 72 clumps in Cygnus-
X, 6 clumps exhibit two velocity components, resulting in 78
H,CO measurements. In the GLOSTAR pilot region, 8 of the 10
clumps have a single velocity component, while 2 have an addi-
tional velocity component. Despite possibly originating from the
same source, each velocity component is treated as if originating
in a separate clump.

The detection rates for Cygnus-X, the GLOSTAR npilot re-
gion, and M8 are summarized in Table 1. High detection rates
(>80%) of the weaker HCO transitions (i.e., 322 — 2 and
321 — 220) are observed in both Cygnus-X and GLOSTAR
clumps. In Cygnus-X, all four H,CO lines are detected above
40 in 60 sources. Of the remaining 10 clumps, these two strong
lines are detected along with either 3, — 2, in 5 sources or
35,1 — 22 in the other 5.

In the GLOSTAR pilot region, all 10 clumps show all four
lines above 40

In contrast, M8 shows lower detection rates across all four
transitions: the stronger lines are detected in 95% of sources,
while the weaker HyCO (322 — 2;.1) and (32,1 — 25) transitions
are detected in only 49% and 65% of clumps, respectively. Of the
37 M8 clumps observed, 13 were excluded from further analysis
due to having fewer than three detected H,CO transitions.

The high detection rate of H,CO (1¢; — 09) and (393 —202)
across all regions suggest the abundant nature of H,CO in the
clumps. The different, and lower, detection rates of the higher
excitation lines reveal the underlying excitation conditions (e.g.
density and temperature) of these regions, which will be investi-
gated further.
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4.3. Line parameter comparisons

We examine the line profile of each transition for every clump in
Cygnus-X, the GLOSTAR pilot region, and M8 to ensure consis-
tency. Comparing the peak velocity, vy sr, and line width, Av, of
each measurement, we confirm that all lines are probing similar
gas components within each clump.

Figure 4 shows the difference in peak velocity between the
four transitions (top), and the linewidth comparison of the four
transitions (bottom). The green shaded areas in Fig. 4 indicate
the regions of the accepted range. Both of the accepted ranges the
vrsk and Av are based on the spectral resolution of 0.8 km s~
The accepted range for the difference between vpeq is £0.8 km
s~ and for the difference between Av, the range is +3 x 0.8 km
s~!. The peak velocities are obtained by fitting a Gaussian for
each H,CO transition (see Sect. 4.1). Each / = 3 — 2 tran-
sition’s peak velocity is compared with the peak velocity of
H,CO (19,1 —00,). None of the sources in Cygnus-X, GLOSTAR,
and M8 are discarded, as all lines are aligned. Similar linewidths
further ensure that the transitions originate from the same cloud
component. Similar to the peak velocity comparison, we also
compare the linewidths of J = 3 — 2 with the strongest transi-
tion HyCO (19, — 0pp). Sources with a linewidth different than
Avu(H,CO (1o — 0pp)) are discarded. Two sources in Cygnus-
X and none in the GLOSTAR pilot region and M8 region are
discarded due to the difference of linewidths.

H,CO (322 —25,1) and H,CO (321 —250) are expected to ex-
hibit similar emission line profiles, as their values for E,, and A;
are identical (see Table 1 for reference, Miiller et al. 2001). If, as
one expects, these transitions originate under the same physical
conditions, their line integrated intensities should be compara-
ble. This comparison is shown in Fig. 5, which plots the intensi-
ties of the two transitions from the three different regions in this
study: within the uncertainties, the integrated intensities of both
lines are identical.

To summarize, we discarded sources based on the follow-
ing criteria: less than three lines detected, misaligned velocities
within a source, differing linewidths among transitions, insuf-
ficient agreement between line intensities of the H,CO (3,, —
251) and HyCO (3,1 — 25) transitions. As a result, a total of
10 sources are discarded in Cygnus-X, none are discarded in
the GLOSTAR pilot region, and 13 are discarded in M8. An
overview of the sources discarded is presented in Table B.4.

5. Analysis

In the following section, we analyze the volume density, gas
kinetic temperature and H,CO column density for clumps in
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Fig. 3: Spectra of the four H,CO transitions towards 6 clumps, two from each region. The background color indicates whether a
line is at > 40 (green) or < 40 (red). The black dashed line indicates the peak velocity of the fitted Gaussian for each transition.
Examples of clumps with either too few lines (N33), differences in Av (N46), or double peak (G28.28-0.36) are shown.

Central velocity comparison

T: 4 Cygnus-X
GLOSTAR
1t 11 1 11
& T
< - Discarded
I n 4
- 0 10 0 + 0
3 1+ +
|
S -1t 1-1 -1} 11
=
=
-10 0 10 20 50 100 -10 0 10 20 50 100 -10 0 10 20 50 100
visr (30,3 — 20,2) [km s7!] vrsr(32,2 — 22.1) [km s71] visr (32,1 — 22,0) [km s7!]
Linewidth comparison
_10r & closmar 10} 10f
I +  Cygnus-X
w gl 4 wms 1 8l
E -4 Discarded | |
= -
S
I af
S 2]
<
0 10 8 10

Av(30,3 — 29,2) [km s7!]

Av(355— 25 1) [km s71]

Av(3g1 — 259) [km s7!]

Fig. 4: Top row: Difference in vpeax between the HyCO (1o,1 — 0o p) line and the three higher J-transitions of H,CO. X (in the y-axis)
denotes the vpe noted in the x-axis. Bottom row: Line widths of the different H,CO transitions. In top and bottom rows, sources in
Cygnus-X are shown in purple, GLOSTAR sources in orange and M8 sources in blue. The black symbols indicate clumps that do
not satisfy the velocity criterion (green shaded region) and are discarded for further analysis.

Cygnus-X (68 sources), the GLOSTAR pilot region (10 sources),
and the M8 region (24 sources).

5.1. Modeling the physical conditions using H,CO

The goal is to determine the volume density, gas kinetic temper-
ature, and column density of H,CO by comparing the line inten-
sities with a model. We utilize pyradex® under non-local ther-
modynamic equilibrium (LTE) conditions, the publicly available
Python wrapper for RADEX (van der Tak et al. 2007), in conjunc-
tion with the Python package emcee’. The following descrip-

8 https://github.com/keflavich/pyradex
% https://emcee.readthedocs.io/en/stable/

tion outlines the pyradex+emcee analysis approach for a single
clump.

The modeled line parameters for a given set of physical con-
ditions are obtained using pyradex. The background tempera-
ture, Ty, taken to be 2.725 K (the temperature of the cosmic
microwave background; Fixsen 2009), and the linewidth are as-
sumed to be fixed, and it is assumed that the clump behaves as an
expanding sphere so that the radiative transfer can be treated un-
der the local velocity gradient (LVG) assumption. This assump-
tion implies that there are no non-local radiative effects, and the
line-of-sight line intensity, molecular column density, and H;
volume density are independent. The pyradex+emcee model-
ing assumes an LVG geometry and yields uniformly distributed
physical conditions. We adopt a spherical geometry and set the
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Fig. 5: Comparison of H,CO (35, — 2,,;) and H,CO (3, —
2,0) integrated intensities. The sources in Cygnus-X, the
GLOSTAR npilot region, and M8 are shown in purple, orange,
and blue, respectively.

beam filling factor to f = 1 for the modeling, as the beam di-
lution has been accounted for in the input line intensities. The
linewidth is determined as the weighted average of the transi-
tions measured towards the clump, with the condition that the
transitions have similar linewidths, indicating that they probe the
same gas. The collision rate coefficients for H,CO are adopted
from Wiesenfeld & Faure (2013), who calculated them for 21
temperatures in the range from 10 to 300 K. The collisional part-
ners of H,CO are assumed to be p- and o-H,, with an assumed
H; ortho-to-para ratio of 0.01 (Pagani et al. 2009; Dislaire et al.
2012).

The model parameters are p = (n(Hy), Tiin, N(H,CO)). We
define a Bayesian approach, with the posterior probability distri-
bution (Pr ( pll da“‘)) of the model parameters p (notation follow-

ing Yang et al. 2017):

Pr(p)Pr (1| p)

data) _
Pr (p|1 aa) - Pr (Idata) ’

ey

defined in terms of the prior probability Pr(p), the likelihood
of the observed intensity of H,CO given the parameter values,

Pr (Idatal p), and the probability of the data (commonly referred

to as “evidence”), Pr (Id““‘>, serving as a normalizing factor. The

likelihood, assuming the noise is independent, is the product of
Gaussian probability density functions:

Pr(r*ejp) = |

i 27r0'?

(I;iala _ I;nodel (p))2

20'?

exp| -

@)

o; is the respective error of the observed intensity of H,CO in
Iid‘“a, and I;“"del is the respective modeled intensities of H,CO
with pyradex. We use the logarithmic form of Eq. (2). To en-
sure that the parameters remain within reasonable astrophysical
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conditions while still allowing freedom to explore the parame-
ter space, boundaries are set for the ranges of log(n(H,)/cm?),
log(Tyin/K), and log(N(H,CO)/cm?). These boundaries are de-
fined as log(n(H,)) = 0 — 7, log(Tkin) = 1 — 2.47 (constrained
by the availability of collisional rate coefficients; see above) and
log(N(H,CO)/cm?) = 10 — 17.

We utilize 400 “walkers” to explore the parameter space. We
designate a “burn-in” stage consisting of 100 iterations. We ini-
tialize the parameter space by fitting the input line parameters
using scipy.curve_£fit and pyradex to generate a starting
position for the parameter space. After the first 100 iterations,
the initial position of the parameter space is “forgotten”, and the
model parameters have converged to the posterior distribution.
The following stage (“walking” stage) consists of 1000 itera-
tions, samples the posterior distribution.

The H, volume density, gas kinetic temperature and H,CO
column densities are obtained by the median of the poste-
rior probability of each parameters and the respective +10model
range. These modeled parameters are presented in Table C.1.

5.2. H, volume density, gas kinetic temperature, and
H, CO abundance

Figure 6 shows the distribution of H, volume density, gas kinetic
temperature, H,CO column density, and H,CO abundance of
sources in Cygnus-X, the GLOSTAR pilot region, and MS8. We
compared the results of this study with the ATLASGAL Top 100
sources obtained by Tang et al. (2018). We accept the modeled
physical parameters with a relative error tolerance of o podelrel <
50%, where 0 ode1 1S Obtained from the posterior distribution.
The H, volume densities comprising sources in Cygnus-X, the
GLOSTAR pilot region, and the M8 region, span a range of
n(H,) = 5.4x10*-3.8x10° cm~>. Figure 1 shows pyradex com-
puted a range of line ratios with HyCO (393 — 202)/(10.1 — 000)
and HyCO (32,1 —22,0)/(303 — 202), illustrating the wide range of
line ratios for the large span of volume densities we obtain.

The gas kinetic temperatures vary within the range of Ty =
16 — 219 K, while the H,CO column densities span the range of
N(H,CO) = 6.0 x 10> = 1.6 x 10" cm 2.

We estimate the H, column density, with the line-of-sight
length, L, assuming a spherical structure of the clumps. The ratio
of the column density and volume density yields the line-of-sight
scale length

N(H,)
L= —=—. 3
n(Hy) S

The size of the clumps is taken as the angular resolution, Oappx =
29”. To determine the sources’ scale length, L, it is essential to
have well-determined distances. The clumps in Cygnus-X have
sizes of 0.21 pc and the clumps in the M8 region of 0.18 pc,
as the distances to the entire cloud of Cygnus-X and M8 are
constant (Rygl et al. 2012; Damiani et al. 2017). The clumps of
the GLOSTAR pilot region have varying distances (as described
in Sect. 2.2; Reid et al. 2019), resulting in clump sizes span-
ning 0.26 — 1.72 pc. Utilizing this H, column density, we obtain
the fractional abundance of H,CO. The mean of X(H,CO) in all
three catalogs is > 10710 (see the rightmost part of Fig. 6 for the
distribution). We obtain H,CO abundances comparable to those
in dense cores, photodissociation regions, and cloud scales, rang-
ing from ~ 107" to ~ 10 (Guzmin et al. 2013; Gerin et al.
2024). We also find H,CO abundances higher than 1072, in the
Cygnus-X region.



I. Barlach Christensen et al.: Formaldehyde as densitometer and thermometer in Cygnus-X, GLOSTAR pilot region, and M8

7.0 300F T

6.5 250}

6o 200}

5] <

< 5.5} 150}

E=)

Sl 100} ]

4.5 50p = ;
‘ ‘ @ ‘ ‘ >
g & g 9 g & & ¢
Yy & 9 vy § 9
& o o & o &

15.5
£ 15.0
£ = —8r
S14s5 o)
= <
S 140 z
z 5 -9
S 135 g
g
2130 —_1ol |
‘ ‘ &) ‘ ‘ ‘ ®
g ¢ F 9 g ¢ & ¢
9 N 9 S
S § & R
& ¢ G & G S

Fig. 6: Distribution of (left to right) H, volume density, gas kinetic temperature, H,CO column density, and fractional abundance.
The sources in Cygnus-X, the GLOSTAR pilot region, and M8 are shown in purple, orange, and blue across all distributions,
respectively. Similar high-mass sources from the ATLASGAL Top 100, measured using higher J-transitions of H,CO by Tang et al.

(2018), are depicted in grey.

6. Discussion

Here, we discuss the results of all the clumps (102 in total) in the
three regions and their obtained physical conditions.

The higher J-transitions analyzed by Tang et al. (2018) probe
higher critical densities, with the critical density of the additional
transition (n¢i(HoCO (4oa — 303)) ~ 106 cm™) being an order
of magnitude higher than that of the highest J-transition used in
this study (7¢ie(H2CO (1g1 — 090)) ~ 10° cm™). We find the
volume densities of sources in Cygnus-X, the GLOSTAR pilot
region, and the M8 region to be an order of magnitude lower
than the ATLASGAL sources. Furthermore, the upper levels of
the higher J-transitions are higher than that of the J-transitions
used in this study. The gas kinetic temperatures are found to be
slightly higher, albeit overlapping with some higher temperature
clumps in Cygnus-X and GLOSTAR pilot region. We discuss the
obtained gas kinetic temperatures and volume densities further
in Sects. 6.1 and 6.2.

6.1. LTE and non-LTE gas kinetic temperatures

—=- Tang et al. LTE
+ ATLASGAL
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~ GLOSTAR
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a
2
>}
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Fig. 7: The gas kinetic temperature of sources in Cygnus-X (pur-
ple), the GLOSTAR pilot region (orange) and M8 (blue) us-
ing pyradex+emcee. Grey points show the temperatures ob-
tained for the ATLASGAL sources by Tang et al. (2018). The
red dashed line shows the LTE gas kinetic temperature function
presented in Eq. (4).

In this section, we present a comparison of the gas ki-
netic temperature obtained using a non-LTE analysis using
pyradex+emcee (described in Sect. 5.1) and Ty, values derived

from the HyCO (393 — 2¢2) to H,CO (3,,; — 2,0) ratio under the
LTE assumption.

Mangum & Wootten (1993) and Tang et al. (2018) found
a dependence of the LTE gas kinetic temperature and the
H,CO (393 — 202) and H,CO (351 — 25) integrated intensity
ratio:

47.1

1(303=202)
0.556 % 132, *22,0))

Trrg = 4
In (

Figure 7 plots the non-LTE gas kinetic temperature versus the
H,CO (393 — 202) and H,CO (35,1 — 2,) integrated intensity
ratio for the sources in our target samples and the ATLASGAL
sources discussed by Tang et al. (2018).

The ATLASGAL sources exhibit higher kinetic temperatures
compared to the Cygnus-X and M8 sources, but their kinetic
temperatures overlap with those sources in the GLOSTAR pi-
lot region (see Fig. 6). The clumps in the GLOSTAR pilot re-
gion trace the envelopes of Hu regions, and therefore likely trace
heated gas. Furthermore, we expand the relation towards lower
temperatures. Tang et al. (2018) discussed that at higher den-
sities, the gas kinetic temperatures exceeding 60 K obtained
with this ratio might be overestimated at volume densities of
1057 cm ™.

The LTE gas kinetic temperatures calculated using Eq. (4)
are higher than non-LTE measurements as the volume density in-
creases (see Fig. 8). Tang et al. (2018) discussed a large “bump”
in the H,CO (3()!3 - 20’2) and H,CO (32’1 - 22’0) line inten-
sity ratios in their temperature-volume density plot (see their
Fig. 4). The bump begins at n(H,) ~ 10°3 cm™. This bump
suggests that for a constant gas kinetic temperature and constant
HQCO (30,3 - 20,2) and HQCO (32’1 - 22,0) line intensity ratio,
no unique volume densities can be determined. The bump oc-
curs because the H,CO (3,1 — 25) line intensity increases more
rapidly than the line intensity of HyCO (33 — 2) for increas-
ing densities n(H;) > 10° cm™3. Tang et al. (2018) noted that
the bump becomes more pronounced as the line ratios increase.
Thus, the increasing difference between LTE and non-LTE gas
kinetic temperature found in Fig. 8 is due to the LTE gas kinetic
temperature calculation does not account for the rapid increase
of H2CO (32’1 - 22’0) line compared with H2CO (30‘3 - 20‘2).
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Fig. 8: Difference between the gas kinetic temperature of sources
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M8 (blue) using pyradex+emcee compared with the LTE gas
kinetic temperature function presented in Tang et al. (2018). The
green dashed line marks n(H,) = 10°° cm™.

6.2. Volume densities

We investigate the obtained volume densities from our set of
H,CO lines, and compare them with the gas densities obtained
from dust continuum measurements.
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Fig. 9: Comparison of volume densities in Cygnus-X (purple)
and M8 (blue) obtained with pyradex+emcee and the 1.2-mm
continuum emission by Motte et al. (2007) for Cygnus-X and
Tothill et al. (2002) for M8. The grey dashed line shows x = y.

Figure 9 shows the comparison between the volume densi-
ties obtained from the H,CO emission lines and the 1.2-mm
continuum emission, as reported by Motte et al. (2007) for
Cygnus-X and by Tothill et al. (2002) for MS8. Figure 9 re-
veals that the regions where the gas and dust are probed over-
lap with the detection of H,CO. Line emission measurements
typically yield higher volume densities compared to dust con-
tinuum measurements. This bias occurs because emission lines
require specific densities for efficient excitation, while contin-
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uum measurements probe all line emissions combined. Beuther
et al. (2002) compared volume densities derived from dust con-
tinuum data with values determined through the LVG modeling
of CS emission. They found that molecular line emission mea-
surements yielded volume densities an order of magnitude larger
than those obtained from dust continuum measurements. Given
that n¢i(HoCO (1p,1 — 0gp)) is 2.8 X 10* cm™3, this line appears
well suited for probing the bulk of the gas in massive clumps that
have an average H, density of ~ 10* cm™3(Csengeri et al. 2014;
Urquhart et al. 2018).

Weaker lines (i.e. 32 — 25 and 355 — 25) result in the
higher number of clumps discarded in the M8 regions. Kahle
et al. (2024) determined the H, column density from the spec-
tral energy distributions (SEDs) of the clumps. Clumps with the
two weaker lines not detected in the M8 region have an order
of magnitude lower H, column densities than clumps analyzed
with pyradex+emcee in the M8 region. The clumps M8SCS5,
MS8C2, and M8C3 show particular cases of non-detection in ei-
ther of the two stronger lines (i.e. 1g; — Opp and 393 — 2¢2).
H,CO (1p,; — 09) was not detected at > 30~ in M8C2, although
a faint line was observed. For the clump M8C3, we did not ob-
serve the HCO (1¢,; —00,0). Only H,CO (19,1 —099) was detected
in M8SCS5. The remaining J = 3 — 2 transitions could likely not
be detected as the IRAM 30-m observations are offset from the
APEX observations in the case of M8SC5 (and M8WC3 and
MSSES).

The physical processes contributing to fragmentation during
star formation remain a question. The clump density structure
has been proposed to determine the fragmentation (e.g. Pandian
et al. 2024). Observations of clumps indicate that clumps form
stars at a higher rate that expected from their average spatial den-
sities. This higher rate is proposed to be a result from the dy-
namic free-fall (e.g. Tan et al. 2006; Parmentier 2020), as seen
from the more evolved star-forming regions exhibiting steeper
density slopes (Lin et al. 2022).

Conversely, Girichidis et al. (2011) suggests that the density
structure of the large-scale clump (inside-out formation process)
gives insight to the initial conditions and the fragmentation of
the region. Beuther et al. (2024) found that the density structure
of clumps is flatter compared to that observed on core scales by
Gieser et al. (2021), possibly because the star-forming regions
are still embedded within larger-scale structures.

Nevertheless, in an attempt to understand the density struc-
tures of star-forming regions, constraining the volume density at
different scales provides important insights into understanding
star formation.

6.3. Physical conditions in different evolutionary stages of
clumps

We utilize the method described by Urquhart et al. (2022) to
determine the evolutionary phase of each clump in Cygnus-X
and the M8 region. The SEDs of the quiescent phase and star-
forming clumps can be described as greybody radiation, a mod-
ified version of blackbody radiation.

Quiescent clumps are dark at wavelengths of 70 um or
less. As protostellar objects form within clumps, their accre-
tion luminosity warms the envelope, shifting the SED peak to
shorter wavelengths. This warming process makes the protostar
detectable first at 70 um, then at mid-infrared (< 24 um), and fi-
nally at near-infrared wavelengths as it evolves into a young stel-
lar object (YSO). High-mass stars produce significant UV flux,
ionizing their surroundings and creating Hir regions detectable
by compact radio and mid-infrared emission. This gradual evo-
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lution in the SED allows to use carefully selected far- and mid-
infrared wavelength images (3.6 um, 24 ym, and 70 ym) to dis-
tinguish between quiescent and star-forming clumps and classify
embedded objects.

The Spitzer Legacy Survey of the Cygnus-X Region (Krae-
mer et al. 2010; Beerer et al. 2010) provides observations of
3.6 um and 24 ym emission in Cygnus-X. The Herschel imaging
survey of OB Young Stellar objects (HOBYS) program (Motte
et al. 2010) supplies the 70 yum emission data. The continuum
maps of the clumps in Cygnus-X are obtained with MUSTANG-
2 camera on the Green Bank Telescope (GBT) under project
GBT22A-280 (Kim et al. 2025).

For the M8 region, we obtain the 3.6 ym and 24 ym emis-
sion from archival data of the Spitzer telescope (Carey et al.
2009; Churchwell et al. 2009). We use the AKARI data cov-
ering 65 yum, calibrated by Kahle et al. (2024), to estimate the
70 um emission. The AKARI satellite has a lower spatial reso-
lution than this work (Gpeam = 63.4”; Kahle et al. (2024)). We
extract the 65 ym emission centered at each clump over the en-
tire beam size. The continuum emission of the M8 region are
obtained with the Submillimetre Common-User Bolometer Ar-
ray (SCUBA; Holland et al. 1999) of the James Clerk Maxwell
Telescope'® by Tothill et al. (2002) (see Fig. 2c). Following the
approach by Urquhart et al. (2022), we visually examine the evo-
lutionary phases to determine if emission is present at each of
these wavelengths. For the 65 ym emission in the M8 region, we
rely on the work of Kahle et al. (2024)to decide whether a clump
shows detectable emission at 65u m.

Cygnus-X M8

Quiesc.

Protost. Protost.

Fig. 10: Distribution of the evolutionary phases of the clumps
in the Cygnus-X (left) and M8 region (right). “Protost”. denotes
protostellar and “Quiesc.” denotes quiescent stage.

We determine the evolutionary phases of clumps for which
the physical conditions have been measured. These are in
Cygnus-X (66) and clumps in M8 (24). We discard the clumps
where the evolutionary phase was ambiguous (2 in Cygnus-X).
Fig. 10 shows the distribution of the evolutionary phases of
Cygnus-X and M8 clumps. The quiescent phase is the most nu-
merous in the Cygnus-X region. In M8 region, only protostellar
and Hu phases are observed, with the protostellar phase being
the most prevalent. The sample in the GLOSTAR pilot regions
are all in the Ho phase (Brunthaler et al. 2021; Dokara et al.
2021, H. Nguyen priv. comm.).

The determined evolutionary phase in the M8 region identi-
fies two of the 24 clumps as Hu regions, while the remaining
clumps are classified as protostellar. The clumps, M8HG and
MSE (marked in red circle in Fig. 2c), have previously been de-
termined as Hu regions (see e.g. Molinari et al. 1998; Tothill
et al. 2008). The “S*” clumps in the southern part of M8 are
associated with a larger structure known as “the central ridge”,

10 https://www.eaobservatory.org/jcmt/

which has been identified as a prominent site of star formation
activity (Tothill et al. 2002, 2008). All sources in the central
ridge are classified as protostellar. The clumps, designated EC 1-
5, lie near the open cluster NGC 6530 (Tothill et al. 2008; Chen
et al. 2007), and are also classified as protostellar clumps. The
open cluster has triggered star formation in M8E (Tiwari et al.
2020), and M8HG represents one of the most recent starbursts in
the M8 region (Arias et al. 2006).

Figure 11 shows the distribution of the H, volume den-
sity, temperature and H,CO fractional abundance with the evo-
lutionary phases in comparison with the ATLASGAL sample
(Urquhart et al. 2022) and densities derived with CH3;OH of the
ATLASGAL Top 100 sample (Giannetti et al. 2025). The three
physical parameters are discussed in the following sections.

6.3.1. H, volume density

The left-most plot in Fig. 11 demonstrates an increase in H, vol-
ume density across evolutionary phases, with medians increasing
~ 0.5 dex. This increase is particularly significant as it highlights
the dynamic processes at play in star formation regions, and rein-
forces that the density increases with evolutionary phase. Com-
paratively, the mean H, volume densities of the ATLASGAL
sources do not exhibit the increasing trend observed in our sam-
ple. Specifically, the H, volume densities of our sample, span-
ning from the quiescent to the YSO evolutionary phase, over-
lap with those of the ATLASGAL sources. While some over-
lap occurs at the Hmr phase, our sample generally shows higher
volume densities. Similarly, the H, volume densities of the AT-
LASGAL Top 100, derived from CH30H observations, increase
as the clumps evolve (Giannetti et al. 2025). These densities gen-
erally exceed those derived for our source sample.

Theoretical models predict such an increase in H, volume
density as gas continuously accretes onto clumps throughout the
four phases (e.g. Shu et al. 1987; Offner et al. 2022). Observa-
tionally, Lin et al. (2022) observed that clumps becomes denser
with increasing evolutionary phase. For instance, during the ini-
tial phases of star formation, the gravitational collapse of molec-
ular clouds leads to the formation of denser regions where mate-
rial can accumulate. The observed increasing trend across these
phases indicates that gas accretion likely outpaces negative feed-
back mechanisms, resulting in denser clumps. This is critical be-
cause it suggests that the conditions necessary for star forma-
tion are being met more effectively than previously understood.
Moreover, Coletta et al. (2025) observed this increasing density
trend, interpreted as accretion over time, in massive dense cores
across various Galactic locations. We contribute to the under-
standing of multi-scale processes and find this trend on larger-
scale structures. The similar behavior at different scales points
to self-similar physical processes.

The pyradex+emcee modeling assumes that the clumps are
uniform within the size. On the scales observed in this study,
the core-scales are averaged, assuming a power-law density pro-
file of 1 in all clumps within the size of the clump. Gieser et al.
(2023) and Beuther et al. (2024) observed a steepening of the
power-law density profile from clumps to cores. In a simple
idealized scenario with the various cloud scales interconnected,
clumps harboring star-forming regions grow in density, mass and
size due to accretion (Vazquez-Semadeni et al. 2019, 2024). The
power-law density profile in the clumps of Cygnus-X will be an-
alyzed in a forth-coming paper (Christensen et al., in prep.).
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Fig. 11: Distribution of (left to right) the H, volume density, gas kinetic temperature, dust temperature, and H,CO fractional abun-
dance with evolutionary phases of our sample. The horizontal lines within the distribution marks the mean of our sub-sample, grey
distributions in the H, volume density and dust temperature shows the mean of the ATLASGAL sample by Urquhart et al. (2022),
and blue distribution in the H, volume density is the ATLASGAL Top 100 sample by Giannetti et al. (2025).

6.3.2. Temperatures

We observe that the gas kinetic temperature remains rather
constant throughout the evolutionary phases from quiescent to
clumps containing YSO (see middle plot in Fig. 11). We find that
a wider range gas kinetic temperatures are seen in the Hir phase,
many tracing the higher temperature regime. In contrast, the dust
temperature, as presented by Bonne et al. (2023) based on data
from the Herschel imaging survey of OB Young Stellar objects
(HOBYS) program (Motte et al. 2010) for Cygnus-X, and Kahle
et al. (2024) for M8, increases with evolutionary phases. We find
that our sample generally shows dust temperatures higher than
the ATLASGAL sources in all but the Hn stage. In contrast, the
Hu phase shows overlapping dust temperatures.

The differences between the gas kinetic and dust tempera-
tures across the evolutionary stages are consistently significant
within the errors. One clump in particular is an outlier with the
largest difference; N44B (commonly known as DR21(OH)) with
Toas—dust = 190.53273 K. We do not infer the unique velocity
component nor spatially resolve unique cores from the contin-
uum emissions; we use them to estimate the evolutionary phase.
This study found that N44 has two velocity components; we
determined both components’ evolutionary phase as protostel-
lar. Mookerjea et al. (2012) found that the cores in DR21(OH)
(N44A coincides as MM1, and N44B as MM2, based on their
velocities) are more evolved, using carbon-chain molecules as
an evolutionary diagnostics.

The finding that gas kinetic temperatures remain constant is
surprising. Mean values consistently range between 30 and 40
K, which appears high, in comparison with the dust temperature.
For instance, in the CMZ, dust temperatures reach around 20 K,
while gas kinetic temperatures can reach up to 100 K (Marsh
et al. 2016; Tang et al. 2021b; Henshaw et al. 2023; Battersby
et al. 2024). The temperature difference between the dust tem-
perature and gas kinetic temperature occurs in areas where gas
and dust are not coupled well (< 10*3 cm™ Goldsmith 2001).
The gas and dust exchange energy efficiently through collisions
at higher densities, and they equalize the gas and dust tempera-
tures. However, dust cooling is more effective via infrared cool-
ing in diffuse regions, and it leads to lower dust temperatures.
This could explain the discrepancy between the H,CO and dust
temperatures, as we find that the gas kinetic temperature is con-
sistently higher than the dust temperature.
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6.3.3. Fractional abundance of H,CO

The right-most plot in Fig. 11 shows a constant H,CO fractional
abundance of ~ 107'% across evolutionary phases, with mean
values differing by less than a factor of two. This apparent uni-
formity, also noted by Tang et al. (2017), suggests that the for-
mation and destruction of H,CO is not strongly influenced by
the dynamical evolution of the star-forming environment. Given
that H,CO can form through both gas-phase reactions (e.g., CHs
+ O — H + H,CO) and grain-surface processes (e.g., H + HCO
— H,CO Punanova et al. 2025; Potapov & Garrod 2024), the
observed stability may reflect a balance between these forma-
tion pathways across different phases. Consequently, we affirm
that H,COis a reliable trace of dense gas in various stages of
star formation, largely due to its chemically resilient abundance
profile.

7. Summary and Conclusion

In this paper, we determined the gas kinetic temperature, vol-
ume density, and column density of clumps in Cygnus-X, the
GLOSTAR pilot region, and M8 using the pyradex+emcee ap-
proach. Our analysis encompasses four transitions of H,CO, ob-
served with the IRAM 30-m and APEX 12-m telescopes. The
main results are summarized as follows:

1. We observe a high detection rate of the four transitions.
H,CO (1p,; — 0pp) and HyCO (393 — 202) were detected
in 100% of sources in Cygnus-X and the GLOSTAR pilot
region. The weaker emission lines H,CO (3,, — 2,) and
H,CO (3,1 —22) have detection rates of > 80% in these two
regions. In MS, HzCO (1(),1 —00,0) and HQCO (3033 —2032) were
detected in 94% of sources, while the detection rate for
H,CO (322—-25,1) was 48%, the lowest among the transitions.
The consistently high detection rates of these low-energy
H,CO lines highlight their effectiveness as widespread trac-
ers of molecular gas in diverse environments.

2. The pyradex+emcee method, assuming non-LTE conditions
succeeds in reproducing the intensities of HyCO transitions
that probe the same gas. We examined 102 sources across the
three source catalogs and successfully obtained the physical
conditions.

3. We obtain volume densities of n(H,) = 5.4 x 10* — 3.8 x
10° cm™3, gas Kinetic temperatures Ty, = 16 — 219 K,
and H,CO column densities of N(H,CO) = 6.0 x 10'2 —
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1.6 x 10" cm™2 in the Cygnus-X region, GLOSTAR pi-
lot region, and M8 region. The non-LTE and LTE gas ki-
netic temperatures agree well below the critical density of
H,>CO (393 — 202) (~ 10°° cm™3). Above this value, the LTE
gas kinetic temperatures, obtained from the intensity ratios
of 1(303 —202)/1(32.1 —22,0), overestimate the modeled non-
LTE gas kinetic temperatures. The volume densities that we
measured in Cygnus-X and M8 using H,CO align well with
those determined from the 1.2-mm continuum emission.

4. We determine the evolutionary phases of 90 clumps in the
Cygnus-X and the M8 region. We find a significant order-
of-magnitude increase in H, volume density across evolu-
tionary phases, indicating dynamic processes in star forming
regions. This observed trend, predicted by theoretical mod-
els, suggests gas accretion outpaces negative feedback, lead-
ing to denser clumps and more effective conditions for star
formation. The dust temperature increases with evolution-
ary phases. We observe that the dust temperatures during the
evolutionary phases consistently remain lower than the gas
kinetic temperatures. Surprisingly, we find that the gas ki-
netic temperatures, obtained with pyradex+emcee, remain
constant throughout the evolutionary phases. The H,CO may
trace more diffuse gas despite its critical densities suggest-
ing it should exist in denser regions (e.g., the case for HCN;
Kauffmann et al. 2017). The temperature discrepancy found
between the dust and gas indicates that the gas and dust are
decoupled.

5. The H,CO fractional abundance remains relatively constant
at ~ 107'% across different evolutionary phases. This stable
abundance throughout star formation affirms that H,CO can
be effectively used to study gas in different phases, consistent
with findings from Tang et al. (2017).

The H,CO (1¢,; —09,0) line, newly accessible with the IRAM 30-
m telescope, along with beam-matched data for the H,CO (33 —
20,2), HZCO (32,2 - 22,1 ), and HQCO (32’1 — 22’0) lines from APEX
12-m, allows us to constrain a wide range of physical conditions
in molecular clouds. The ground-state transition allows to probe
the bulk of the gas volume densities. An increasing trend is found
of H, volume densities with evolving clumps. The CASCADE
survey has done equivalent observations of Cygnus-X with the
NOEMA telescope, making it possible to expand this analysis to
smaller core scales.
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Appendix A: Clumps locations in Cygnus-X, the

GLOSTAR pilot region, and M8

The pointing coordinates of clumps

in Cygnus-X,

the

GLOSTAR pilot region, and M8 are given in Tables A.1, A.2,

and A.3, respectively.

Table A.1: Clump positions in Cygnus-X.

Source RA (J2000) Dec (J2000)
N1 20M35M32. 75 +42°19/53”
N2 20M35m34.0°  +42°20'23"”
N3 20%35M34.2%  +42°20'05”
N5  20"36™06.5° +41°39'58”
N6  20"36™08.1° +41°39'58”
NI10  20M36™52.28  +41°36'23"
NIl  20M36™56.8% +42°13/20”
N12  20M36™57.45  +42°11727”
N13  20M36™58.4% +42°11'18”
N14  20M3700.9° +41°34’57”
N15  20M37™10.9° +41°33/39”
N16  20"37™16.9° +42°16'31”
N17  20M37m26.5° +41°33/19”
N18  20M37m30.28 +42°13/59”
N20  20M37m47.4%  +42°38'42"
N21  20M38™01.78 +42°39'33”
N22  20M38M03.4°  +42°39'56"
N23  20M38™04.95  +42°3317”
N24  20M38M05.8%  +42°39'52”
N25  20M38™10.4%  +42°38'05”
N26  20M38m21.2% +42°11’31”
N27  20M38™31.6° +42°38'04”
N28  20M38M33.7%  +42°39'44"
N29  20M38M34.6° +42°06'19”
N30  20M38M36.6° +42°37'30”
N31  20M38™36.95  +42°37/50”
N32  20M38M38.3°%  +42°37/33”
N33 20M38m47.0° +42°38'00”
N34  20M38M54.3%  +42°19'17”
N35  20M38™54.4%  +42°18'55”

N36A  20"38M58.5°  +42°23/30”

N36B  20M38™58.5%  +42°23'30”
N37  20M38M58.6°  +42°24'35"

N38A  20"38M59.4%  4+42°22/23”

N38B  20M38M59.4%  +42°22/23"
N39  20M38™59.95  +42°27/32”
N40  20M38™59.8%  +42°23/43"

N41A  20"39m00.28 +42°23'25”

N41B  20M39™00.28  +42°23'25”

N42A  20"39m00.3%  +42°1907”

N42B  20M39™m00.3°  +42°19'07”
N43  20M39m00.6° +42°24'35"

N44A  20"39m01.0°  +42°22746”

N44B  20M39™01.0°  +42°22/46"
N45  20M39m01.1%  +42°18'14”
N46  20M39™m01.4%5  +42°19'34”
N47  20M39m(01.4%  +42°19'54”
N48  20M39m(01.5°  +42°22/03"
N49  20M39m02.0°  +42°27°00”

N50
N51
N52
N353
N54
N55A
N55B
N56
N57
N58
N59
N60
N61
N62
N63
N64
N65
N66
N67
N68
N69
N71
N72
NO5-5
N58-1
N68-8
DR21-19
DR21-22
DR21-12
WT75N-6
N12-4
N12-6
N12-7
NO03-2
NO05-6
C09-1
C09-2
C08-2
C08-3

20"39m01.9°
20P39m02.4%
20h39m03.0°
20M39m03.2¢
20M39m(3.6°
20M39m06.1°
20"39M06.1°
20M39™16.98
20h39m19.3¢
20M39m25 98
20h39m3] 28
20M39™m36.2°
20h39m57 6
20M40™03.6°
20h40m05.2¢
20M40m27.28
20M40m28 4%
20M40™29.8°
20M40™31.0°
20h40™m33.5°
20h40™m33.7°
20P40m38.2¢
20h40m45.7°
20M37m25 .48
20M39m54 28
20M40m45 4
20P39m02.1°
20h39m(7.3¢
20M38™m51.7°
20h37m55 08
20h37m22 98
20P37m31.3¢
20h37m05.7¢
20M35m55.6°
20"36m03.6°
20M34™m59 6
20M34m50.28
20M35m07.6°
20M35m10.3°

+42°18'35”
+42°24'59"”
+42°26'15”
+42°25'49”
+42°25'30”
+42°18'19”
+42°18'19”
+42°16'07”
+42°15'56"”
+41°20'01”
+41°20'03”
+41°19'37”
+41°59'11”
+41°27'56"”
+41°32'13”
+41°56'51”
+41°57"11”
+41°49'33”
+41°49'57"
+41°59'03”
+41°50'59”
+41°52'59"”
+41°57'50”
+41°35"38"”
+41°23'27"
+42°01'41"”
+42°16'53"”
+42°15'34”
+42°27'15”
+42°40'55”
+42°16'38”
+42°13'17”
+42°11'51”
+42°11'20”
+41°39'45”
+41°34’49"”
+41°33'59”
+41°13'55”
+41°13'10”

Table A.2: Clump positions in the GLOSTAR pilot region.

Source RA (J2000) Dec (J2000) Distance (kpc)
G28.28-0.36A  18"44™15.25  -04°17'57” 7.13+3.24
G28.28-0.36B  18"44™152%  -04°17'54" 7.13 +3.24

G29.94-0.05 18"46™10.15  -02°41’10” 7.61 +0.69
G29.95-0.01 18"46™m04.28  -02°39’22” 5.26 + 0.62
G30.72-0.08 18"47m41.95  -02°00'20” 7.11 +£0.81
G31.24-0.11 18"48m45.0°  -01°33'17” 1.88 £ 0.30
G31.27+0.06  18"48™11.9° -01°26'30" 427 +0.85
G31.41+0.30  18"47m34.35  -01°12/44” 5.09 £0.52
G32.79+0.19A  18"50™30.8% -00°01’57" 12.22 £0.34
G32.79+0.19B  18"50™30.8° -00°01’57” 12.22 £+ 0.34
G33.13-0.09 18"52m07.65  +00°08'12” 6.72 +0.27
G34.25+0.15  18"53™18.5° +01°14’56” -
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Table A.3: Clump positions observed with the APEX 12-m Table A.4: Overview of the reference positions and the number
and the IRAM 30-m telescopes. Sources marked with a * of clumps in the regions of Cygnus-X, including the number of

have been observed at deviating positions with the IRAM 30 clumps.
meter telescope (MSWC3: 18"'03™m44.8%, -24°21’03”, MSSES:
18"04™50.5%, -24°27"33”, M8SCS5: 18"03™40.7¢, -24°2659") to )
properly match the dust continuum peaks. Region No. of Vel Ref. R.A. Ref. Dec
Clumps [km s71]
Source RA (J2000)  Dec (J2000) CYGMOS38 3 11.5 20M35m33.0° +41°47'53”
CYGMOS39 2 11.5 20"35M33.0° +41°47'53"
MBHG  1803740.7°  -24°22'40” DR17 4 114 20"34m29.3° +42°03'26"
MS8WC1  18"03m36.6°  -24°22'14" DR20 5 2.0 20"35M33.08 +41°47'53"
1\12’188\)‘\/"’532* ig:gg;ii; gji‘z‘g DR2I 24 3.0 20M39m30.15 +42°40'55"
T DR22 2 -4.5 20"41m38.3% +41°3506"
M8WC4  18"03™M44.6° -24°22'16 b 1Mo =S on&I el
hamac as omr DR23 9 -4.5 20"41m38.3° +41°35'06
MS8WCS5  18"03™M35.9%  -24°23'10 Haaman 15 oAy
h3m 0n3Ing DRE21 1 -1.5 20"39™30.1° +42°40’'55
MS8WC6  18"03M34.6°  -24°23'25 b e As sy
M8WC7  18%03M26.0°5  -24°20/34” DRE23 1 -4.5 20h41r1138.3S +41035/06"
MSWCS 18703285  -24°21’50" DRW17 8 -1.5 20h37 34.7° +42 30/35"
MSWC9  18"03m25.3%  -24°21/39” W75N 12 5.0 20"37M34.7° +42°30'35
MSSW1  18h03m25.8°  -24°28'11” WS75N 1 5.0 20"37M34.75 +42°30/35"
MSEC1  18"04™m21.6° -24°24'27"
MSEC2  18M04™m22.5%  -24°23/25”
MSEC3  18M04™m22.4%  -24°22'57”
MSEC4  18"04™19.2°  -24°22'26”
MSEC5  18"04™18.0°  -24°22/05”
MSE 18104™m52.6°  -24°26/35”
MBSSE1 18h04™m21.6°  -24°28'17”
MSSE2  18"04™24.45  -24°28'39”
MSSE3  18"04™m31.1°  -24°28'53"
MSSE4  18"04™32.9°  -24°29'08"
MSSE5  18"04™34.45  -24°29'05"
MSSE6  18"04™43.1°  -24°28'32"
MSSE7  18"04™48.5°  -24°27'33"
MS8SE8*  18"04m50.5°  -24°26'59”
MS8SC1  18"03m47.5%  -24°25'31”
M8SC2  18"03m48.1°  -24°26'18”
MS8SC3  18"03m47.3%  -24°26'33"
MS8SC4  18"03m43.95  -24°27'28”
MS8SC5*  18"03m40.78  -24°27'59”
MS8SC6  18"03™57.6°  -24°26'22”
MS8SC7  18"03m57.0°  -24°28'12”
MS8SC8  18"04m09.5°  -24°27'30”
MS8SC9  18"04m12.28  -24°28’58”
MSCl1 18"03™54.15  -24°25'40”
M8C2 18"03™m51.28  -24°24'14”
MS8C3 18h04m08.28  -24°24'30”
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Appendix B: Line profile measurements of H,CO

The obtained integrated intensities and linewidths of H,CO (19,1 —00,), H2CO (393—2¢2), HoCO (322—2,.1), and HCO (35,1 —2;) in
Cygnus-X are presented in Table B.1. Similarly, Table B.2 presentes the sources in the GLOSTAR pilot region, and Table B.3
presents the sources in the M8 region.

Table B.1: The integrated intensities and mean linewidth of the four H,CO transitions.

Source meb(IO,l - 00»0) dv meb(30,3 - 20)2) dv meb(32,2 - 22]1) dv meb(32,l - 22)0) dv Linewidth Av

[Kkms™'] [Kkms™] [Kkm s™!] [Kkm s™] [km s~!]
C09-1 3.66 +0.43 2.78 +0.32 0.56 +0.15 0.49 +0.11 2.71 £ 0.88
C09-2 0.88 +£0.15 0.35 +0.05 - - 1.93 +£0.88
DR21-12 4.08 +0.43 1.64 +0.17 0.23 + 0.06 - 2.42 +0.86
DR21-19 2.87 +0.31 0.98 +0.11 0.11 +0.04 0.13 £ 0.05 2.60 + 0.98
NO03-2 1.71 £ 0.27 0.51 + 0.07 - 0.03 + 0.02 247 £0.97
NO5-5 2.52+0.32 0.52 +0.08 - - 2.66 + 0.84
NO05-6 1.88 + 0.22 1.38 £ 0.14 0.21 + 0.04 0.26 + 0.04 1.90 + 0.87
N1 8.11 +0.87 8.35 +0.85 1.75 £ 0.28 1.64 +0.27 3.24 +0.84
N10 4.12 +£0.45 3.00 + 0.31 0.57 £ 0.08 0.58 +0.08 3.16 £ 0.82
N11 1.93 +0.28 1.78 + 0.20 0.29 + 0.06 0.37 + 0.06 2.51 +0.89
N12 11.47 +1.35 8.97 + 0.98 2.04 +0.29 2.18 £ 0.30 4.35+0.83
N12-4 1.57 £0.23 0.86 +0.12 0.07 + 0.03 - 1.68 +0.92
N12-6 2.70 + 0.29 1.28 +0.13 - 0.15 + 0.04 1.43 +0.88
N12-7 2.24 +0.28 0.68 + 0.07 0.04 +0.02 - 1.53 +1.03
N13 10.02 + 1.30 6.24 +0.78 1.24 +0.25 1.20 +0.29 4.85 +0.84
N14 5.27 +£0.55 3.42 +0.35 0.76 + 0.11 0.75 £ 0.11 3.40 +0.82
N15 3.16 + 0.42 0.82 +0.12 - - 4.00 + 0.82
N16 1.57 +0.21 1.34 +0.14 0.17 + 0.04 0.17 +0.03 1.70 + 0.88
N17 3.07 £ 0.35 0.87 +0.10 - - 2.66 +0.83
N18 3.10 £ 0.36 1.64 +0.17 0.17 + 0.04 0.13 +0.05 1.94 + 0.90
N2 8.51 +0.88 7.88 +0.79 1.61 +0.20 1.57 +0.23 2.87 + 0.84
N20 2.06 + 0.25 0.98 +0.10 0.07 £ 0.03 0.11 £ 0.05 2.31 £ 0.99
N21 3.50 + 0.38 1.28 £ 0.13 - 0.13 £ 0.03 1.65 £ 0.88
N22 4.51 +0.47 1.63 +0.17 - 0.17 £ 0.04 2.01 £ 0.91
N23 2.50 £ 0.27 1.54 £ 0.16 0.26 + 0.04 0.26 + 0.04 1.91 + 0.87
N24 4.49 + 0.47 1.47 +£0.16 0.08 + 0.04 0.16 + 0.06 1.69 + 0.92
N25 2.21 £0.23 1.36 + 0.14 0.14 + 0.04 0.18 + 0.04 2.19 + 0.91
N26 2.09 +0.28 1.25 £0.13 0.11 £ 0.05 0.18 + 0.04 2.00 + 0.90
N27 6.47 + 0.65 3.16 £ 0.32 0.37 + 0.07 0.35 + 0.07 2.12 £ 0.87
N28 3.60 + 0.37 2.42 +0.25 0.31 +0.08 0.25 + 0.07 2.15+0.90
N3 11.38 £ 1.18 13.70 + 1.39 3.16 £ 0.39 3.00 + 0.37 3.42 +0.83
N30 15.50 + 1.60 30.51 + 3.06 9.82 + 1.01 10.16 + 1.04 4.64 +0.81
N31 14.25 + 1.48 19.40 + 1.95 5.56 + 0.59 5.66 + 0.60 4.24 +0.81
N32 12.50 + 1.30 14.41 + 1.45 3.62 £ 0.42 3.39 £ 0.39 4.12 +0.82
N33 1.68 +0.25 0.52 + 0.06 - - 2.16 + 0.87
N36A 6.43 +1.33 4.74 +0.52 1.13 £0.15 1.17 £ 0.16 2.33£0.93
N36B 9.20 + 1.50 7.21 £ 0.80 1.42 +£0.21 1.42 +£0.21 3.22 +0.89
N37 10.68 + 1.08 6.48 + 0.69 1.29 +0.29 1.22 +£0.28 3.66 + 0.84
N38A 14.32 +2.47 10.87 £ 1.13 2.54 +0.27 2.47 +0.28 2.52 £0.85
N38B 7.19 £ 0.79 14.71 £ 1.52 457 +£0.48 4.52 +0.49 2.88 +£0.83
N39 3.77 £ 0.40 1.29 +0.13 0.14 £ 0.05 - 2.55+0.88
N40 13.96 + 1.43 9.60 + 0.98 1.83 +£0.26 2.04 +0.29 3.40 + 0.84
N41A 10.04 + 1.37 4.69 +1.14 1.05 £0.15 0.97 £0.13 2.51 +0.87
N41B 4.86 +0.74 7.41 +£1.28 1.61 +£0.23 1.92 +£0.25 3.71 £ 0.85
N42A 4.47 +0.59 11.36 + 1.42 3.13 £ 045 3.41 +0.48 6.78 £ 0.85
N42B 7.76 + 0.87 7.53 +1.01 1.88 +0.27 1.53 +£0.23 2.78 +0.85
N43 12.14 +1.22 9.29 + 0.95 1.73 +0.33 1.77 + 0.31 3.30 + 0.83
N44A 14.81 + 1.61 25.31 +2.87 7.95 + 1.69 4.97 +0.56 3.19 £ 0.85
N44B 7.33 + 1.07 15.95 +2.09 7.16 + 1.67 1022 + 1.13 3.70 + 0.88
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Continued from previous page.

Source  [Tmp(log =000)dv [ TumpBos —202)dv [ Timp(B22 =220 dv [ Tuw(321 — 220)dv Linewidth Av
[Kkm s™!] [Kkm s™!] [Kkm s™'] [Kkms™'] [km s™!]
N45 6.50 + 0.68 5.13+0.53 0.64 +0.12 0.64 +0.15 2.18 + 0.86
N46 9.82 +0.99 25.79 + 2.67 8.26 + 0.98 8.17 + 1.07 5.74 + 0.85
N47 9.82 +0.99 14.89 + 1.50 4.25 +0.48 4.05 +0.45 3.41 +0.84
N48 17.14 + 1.73 22.67 +2.28 7.47 +0.78 7.29 +0.76 3.62 +0.81
N49 4.26 + 0.45 1.78 +0.18 0.15 + 0.06 0.16 + 0.05 2.54 +0.93
N5 3.21 +0.34 3.94 +0.41 0.50 + 0.11 0.63 +0.12 2.26 +0.86
N50 7.47 +0.77 5.49 +0.59 0.66 + 0.21 0.72 + 0.18 2.70 + 0.87
N51 12.42 + 1.25 11.67 + 1.18 2.56 + 0.33 2.72 £ 031 2.81 +0.82
N52 7.36 + 0.76 4.60 + 0.50 0.75 + 0.15 0.89 + 0.17 2.60 + 0.89
N53 11.60 + 1.19 12.73 + 1.32 3.91 + 0.46 4.07 +0.48 3.99 + 0.85
N54 11.90 + 1.23 9.54 +0.98 2.34 + 031 2.27 £0.35 3.56 + 0.86
NS55A 1.19 + 0.32 1.02 + 0.36 - - 3.30 + 1.00
N55B 444 +0.52 1.82 +0.31 - - 2.34 +0.87
N56 5.95 +2.56 8.29 + 3.69 1.97 + 0.24 2.03 +0.23 5.16 + 0.84
N57 4.65 + 1.31 2.85 +0.34 - - 2.67 +0.83
N58 0.89 + 0.21 0.75 + 0.10 0.25 + 0.06 0.20 + 0.06 3.08 + 0.93
N6 423 +0.45 4.46 + 0.46 0.58 + 0.14 0.52 + 0.09 2.37 +0.91
N61 2.44 +0.32 1.01 +0.11 0.18 + 0.06 - 2.61 +0.90
N63 5.75 + 0.62 7.75 + 0.84 2.31+0.38 2.34 +0.39 4.19 + 0.84
N64 3.62 +0.37 2.79 +0.30 0.32 +0.13 0.37 +0.12 1.89 + 1.00
N65 4.70 + 0.50 5.92 +0.61 1.17 + 0.24 1.07 +0.25 3.09 + 0.85
N66 5.75 + 0.59 3.23+0.33 0.44 + 0.07 0.51 +0.08 3.09 + 0.84
N67 6.38 + 0.66 3.26 +0.33 0.47 + 0.07 0.54 + 0.07 2.51 +0.85
N68 4.64 + 0.49 7.92 +0.82 1.70 + 0.29 1.86 + 0.37 422 +0.91
N68-8 2.49 +0.30 131 +0.14 0.28 + 0.06 0.24 + 0.04 1.68 + 0.88
N69 6.30 + 0.66 2.43 +0.27 - 0.27 +0.10 2.26 +0.90
N71 2.73 +0.30 0.96 + 0.11 0.09 + 0.03 0.13 +0.03 1.85 + 0.90
N72 3.74 + 0.41 1.99 + 0.20 0.35 + 0.05 0.35 + 0.05 2.17 + 0.87
W75N-6 3.07 + 0.37 0.99 +0.11 0.08 + 0.03 0.08 + 0.04 2.00 + 1.02

Notes. The integrated intensities are obtained with the Gaussian fit.

Table B.2: GLOSTAR integrated intensities and mean linewidth of the four H,CO transitions.

Source [ Taw(log = 000)dv [ TumpBo3 —202)dv [ Tap(B22 = 22)dv [ Tup(321 —220)dv  Linewidth Av
[Kkms™'] [Kkms™'] [Kkm s™!] [Kkm s™!] [km s™!]
(G28.28-0.36A 2.37 +0.61 0.92 +0.19 - - 476 +0.92
(G28.28-0.36B 422 +0.57 3.25+0.36 0.59 +0.14 0.69 +0.16 3.18 + 0.91
G29.94-0.05 3.22+0.38 1.93 +0.24 0.33 £0.15 0.34 +0.11 451 +0.89
G29.95-0.01 9.48 + 0.96 13.04 + 1.32 3.85 + 0.67 4.36 + 0.47 4.48 +0.85
G30.72-0.08 9.46 + 0.97 6.97 + 0.81 1.88 + 0.62 1.94 +0.45 5.04 +0.89
G31.24-0.11 3.19 +0.34 3.51 +0.39 0.96 + 0.24 0.96 + 0.20 5.03 +0.86
G31.27+0.06 11.49 + 1.17 10.41 + 1.13 2.58 + 0.67 3.10 £ 0.51 5.40 + 0.87
G31.41+0.30 6.18 + 0.68 10.21 + 1.31 5.27 + 1.66 6.66 + 0.94 6.81 +0.90
G31.41+0.30B 1.88 +0.22 2.66 + 0.60 1.38 £ 0.65 2.10 £ 0.32 6.87 + 1.13
G32.79+0.19B 8.46 + 0.90 9.67 + 1.05 2.76 + 0.50 2.86 + 0.48 7.95 + 0.84
G33.13-0.09 5.11 £ 0.56 3.86 + 0.45 0.92 +0.26 0.98 +0.20 5.48 +0.87
G34.25+0.15 22.37 +2.29 38.31 +3.87 14.23 +2.38 16.06 + 1.65 5.52+0.84
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Table B.3: M8 integrated intensities and linewidth of the four mean H,CO transitions.

Source  [Tmp(log =000)dv [ TupBos —202)dv [ Timp(322 =220)dv [ Taw(321 — 220)dv Linewidth Av
[Kkm s™!] [Kkm s™!] [Kkms™'] [Kkms™'] [km s™!]
MSC1 0.40 + 0.08 0.24 +0.03 - - 144 + 1.12
M8C2 - 0.29 + 0.04 - - 2.74 + 0.85
M8C3 - 0.56 + 0.06 - - 2.16 + 0.81
MSE 11.54 + 1.16 8.46 + 0.85 2.03 +0.21 2.02 +0.21 2.58 + 0.80
MSECI 2.88 +0.30 1.40 + 0.15 - 0.19 + 0.02 1.63 + 0.86
MSEC2 1.28 +0.15 0.64 + 0.07 0.16 + 0.02 0.15 + 0.03 1.56 + 0.92
MSEC3 1.96 + 0.21 0.84 + 0.09 - 0.16 + 0.02 1.21 +0.82
MSEC4 5.90 + 0.59 2.54 +0.26 0.29 + 0.04 0.29 + 0.04 1.89 + 0.87
MSEC5 5.10 +0.51 1.91 +0.19 0.27 + 0.04 0.24 + 0.04 1.66 + 0.88
MSHG 2.68 +0.29 4.88 + 0.49 1.17 +0.15 1.11 +£0.13 3.03 + 0.87
MS8SCI 1.55 +0.17 0.92 + 0.09 0.16 + 0.02 0.21 + 0.03 1.24 +0.83
M8SC2 2.86 +0.29 1.00 + 0.10 0.15 + 0.02 0.14 + 0.02 1.53 + 0.90
M8SC3 2.52 +0.27 0.83 + 0.09 - 0.13 +0.03 1.74 + 1.05
M8SC4 2.05 +0.22 0.81 +0.08 - 0.24 + 0.03 3.10 + 0.92
M8SC5 1.14 + 0.12 - - - 1.68 + 0.81
M8SC6 1.57 +0.17 1.20 + 0.12 0.29 + 0.03 0.31 + 0.04 2.06 + 0.84
M8SC7 1.37 £ 0.16 0.41 + 0.04 - - 1.30 + 0.81
M8SC8 4.32 +0.44 3.07 + 031 0.55 + 0.06 0.56 + 0.06 1.51 +0.80
M8SC9 2.15+0.22 0.79 + 0.08 - 0.14 + 0.02 1.47 + 0.84
MSSE1 3.91 +0.39 2.93 +0.30 0.58 + 0.06 0.55 + 0.06 1.50 + 0.81
MSSE2 3.33+0.34 1.59 +0.16 0.34 + 0.05 0.31 +0.04 1.65 + 0.84
MSSE3 3.08 + 0.32 2.31+0.23 0.42 + 0.05 0.36 + 0.04 1.58 +0.82
MS8SE4 2.01 £0.21 1.08 +0.11 0.21 +0.03 0.18 + 0.02 1.69 + 0.89
MSSES 1.55+0.17 0.96 + 0.10 0.17 £ 0.03 0.21 +0.04 1.83 + 1.12
MSSE6 1.50 +0.16 1.16 +0.12 0.19 + 0.02 0.18 + 0.02 1.68 + 0.83
MSSE7 3.65 + 0.37 2.64 +0.26 0.40 + 0.04 0.43 +0.05 1.80 + 0.81
MBSSES 476 + 0.48 1.35 +0.14 0.30 + 0.03 0.24 +0.03 2.19 +0.84
M8SW1 1.19 £ 0.13 0.30 + 0.04 - - 1.01 + 0.84
M8WCl 3.55+0.36 2.54 +0.27 0.50 + 0.07 0.34 + 0.06 1.90 + 0.98
M8WC2 3.70 + 0.38 2.16 £ 0.23 - - 1.89 + 0.80
M8WC3 2.31+0.24 0.51 £0.10 - - 1.82 + 1.06
M8WC4 0.57 £0.12 0.48 + 0.06 - 0.15 + 0.03 2.04 + 1.15
M8WCS5 1.35 £ 0.22 - - - 2.76 + 0.90
M8WC6 1.43 £ 0.30 032 +0.14 - - 3.17 £ 1.58
M8WC7 0.58 + 0.08 0.23 + 0.06 - - 1.19 + 0.86
M8WCS8 2.74 +0.29 0.63 + 0.07 - - 1.87 £ 0.81
M8WC9 2.66 +0.27 0.50 + 0.06 - - 1.85 +0.81

Notes. The integrated intensities are obtained with the Gaussian fit.

Table B.4: Number of discarded source with each criteria.

Meas. Too few wvisg Av  Weak | Dis.
Cygnus-X 78 8 0 2 0 10
GLOSTAR 12 1 0 1 0 2
M8 37 13 0 0 0 13

Notes. Meas. are the total number of sources measured. Too few indicates when only HyCO (1o, — 0o) and H,CO (3¢5 — 2¢) are detected. visg
and Av indicates how many clumps do not satisfy the criterion of similar peak velocity and line width, respectively. Weak denotes the total number
of clumps with dissimilar H,CO (3,2 — 25) and H,CO (3, — 2,) integrated intensities.
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Appendix C: pyradex+emcee results

The obtained values of volume density, gas kinetic temperature, and H,CO column densities for clumps in all regions are presented
in Table C.1.

Table C.1: Volume density, gas kinetic temperature, H,CO column density, and number of lines used during modeling for all sources.

Source log(n(Hy) /cm?®)  log(Twn /K)  log(N(H,CO)/cm?) No. of lines

C09-1 515013 1.640-10 13.699.9 4(0)
DR21-12 480018 1.57q 1% 13.690.09 3(2)
DR21-19 4.780-15 1.53017 13.52000 40)
N03-2 4.9502% 1.32038 13.20000 33)
N05-6 517010 1.63047 1319004 4(0)
N1 5.430%2 1.5501 14.260° 4(0)
N10 51201 1.6504 13.819<2 4(0)
N11 5.25011 16750 133750, 4(0)
N12 5.360 5 1.32033 147605 40)
N12-4 5.23051 1.380-2¢ 1299507 3(2)
N12-6 5.02013 1.490%) 13,190 33)
N12-7 491028 1.3302 1314010 3(2)
N13 49800 1.5301 14.660 19 4(0)
N14 5.00012 171998 13.9900¢ 40)
N16 532011 1.5400 13.050 02 4(0)
N18 51105 1.44007 133956 4(0)
N2 5.3401! 1.56008 142200 4(0)
N20 5.1302 1.40013 13.250¢ 4(0)
N21 483019 1.4700% 13.4200¢ 33)
N22 4.730% 1.48005 13.69) 17 3(3)
N23 5.07019 1.6307 13.3200 40)
N24 4.5794% 1.4204¢ 13.735% 4(0)
N25 5.160 1) 151906 13.2903 4(0)
N26 5.16013 1.49008 1321900 4(0)
N27 4.900¢ 1.48007 13.890 05 4(0)
N28 5.20013 1.4800% 13.5393 40)
N3 6.050%] 1.400-2 14.6158 4(0)
N30 6.06)3 1.67¢07 15.075¢¢ 4(0)
N31 5.950% L5100 14.86 o7 4(0)
N32 5.970% 1.420:3 14.74008 40)
N36A 5.0505, 1.730 0 13.960 11 4(0)
N36B 5.2202 1.55018 14.3302) 4(0)
N37 4.99933 1.44920 14.6407 4(0)
N38A 5.30087 1.340:18 1470073 4(0)
N38B 5.86055 170015 1438000 4(0)
N39 476028 1.4802% 13.680 15 3(2)
N40 5.1502 1.2900¢ 149107 4(0)
N41A 4.250°]1 1.8372 14.54037 4(0)
N41B 5.52050 1.700%2 1413006 40)
N42A 5.93052 173013 14.560° 4(0)
N42B 5.2902 1.640-13 14,1608 40)
N43 5.5505 125048 1472077 4(0)
N44A 5.85031 1.530 02 1474007 4(0)
N44B 5.57915 2.28051 14.680 2 4(0)
N45 5.30018 1.4600 13.895¢ 4(0)
N47 6.020% 1.52002 1457008 4(0)
N48 5.7305% 16191 14.90047 4(0)
N49 4.92047 1.4304% 13.70 08 4(0)
N5 5.500 15 1.53007 13.5900% 40)
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Continued from previous page.

Source log(n(Hy) / cm?) log(Txin / K)  log(N(H,CO) / cm?)  No. of lines
N50 5.2803 1.420-41 14.09524 4(0)
N51 5.920% 1.340.16 14.59)-1> 4(0)
N52 5.00015 1.5900¢ 14.060:08 4(0)
N53 5.57051 1.5902) 14.6600> 40)
N54 547038 1.2903¢ 14.7203% 4(0)
N56 5.580 1.80037 143611 4(0)
N58 513010 1.90021 13.1499% 4(0)
N6 5.4814 1.4709 13.720:9 4(0)
N61 4.8804¢ 1.62025 13.44008 3(2)
N63 5.390 14 1.81913 1427504 4(0)
N64 5.2801 1.495-11 13.500:03 4(0)
N65 5.480 1 159019 13.96004 4(0)
N66 4.99013 1.55007 13.97008 4(0)
N67 4.87015 1.58000 13.960. 0 4(0)
N68-8 49791} 1.670¢7 13.260:00 4(0)
N69 4.360 58 1.4507) 14.313-77 3(3)
N71 4.7951> 1.530% 13.34002 4(0)
N72 4.95012 1.64007 1358047 4(0)
W75N-6 480023 1.4204] 13.440-14 4(0)
G28.28-0.36B 51903 167008 13.68) 2 4(0)
G29.94-0.05 5.09013 1.630-10 13.66002 4(0)
G29.95-0.01 5.450 1 1.8201 14.43043 4(0)
G30.72-0.08 5.06013 179513 14350 4(0)
G31.24-0.11 5.2801% 1.830:12 13.850 04 4(0)
G31.27+0.06 5.2301° 175013 145190 4(0)
G31.41+0.30 5.360 0 2.34019 1459044 4(0)
G32.79+0.19B 5.3400 17951 14.550 0 4(0)
G33.13-0.09 5.11003 177566 14.04002 4(0)
G34.25+0.15 5.980% 1.74035 15.21908 4(0)
MBE 6.09957 1.2005% 14,8408 4(0)
MBECI 4.98.:11 1.550-02 13.290:0 3(3)
MBEC2 4.93019 1.7800% 12,940 4(0)
MBEC3 4.8701° 1.6700¢ 13.000°08 3(3)
MBSEC4 479925 151968 13.815 15 4(0)
MBEC5 4.681° 1.56008 13.69)1¢ 4(0)
M8HG 5.5812 1.72007 13.78093 4(0)
M8SCI 5.030% 1.7000 12,9204 4(0)
MB8SC2 476012 1.59002 13.299<5 4(0)
MB8SC3 4.730:13 1.6000, 13.2900 33)
M8SC4 47301 1.880"0% 13.49,0¢ 3(3)
MB8SC6 5.11500 1.79; 13.2000; 4(0)
M8SC8 5.11510 1.63002 13.5100 4(0)
MB8SC9 47801 1.6607 1313047 3(3)
MSSEI1 5.1401° 1.660.0° 13.4700 4(0)
MB8SE2 48801 1,690 134154 4(0)
M8SE3 5.175% 1.6200 13.350 0 4(0)
MB8SE4 50107 1.64702 13.150:03 4(0)
MBSE5 5.0751¢ 1.670:08 13.08)04 4(0)
MBSE6 5.22008 161503 13.0404 4(0)
MBSE7 5.160 19 1.59003 1349004 4(0)
MBSES 4.42018 171008 13.8501% 4(0)
MSWCl 5.1601 1.6000¢ 135000 4(0)
0.11 0.05 0.04
M8WC4 512015 194011 12,7857 3(3)

Notes. The number of lines indicate how many of the four H,CO transitions are utilized. 3(2) indicates the third line is H,CO (3,, —2,;) and 3(3)

indicates third line is H,CO (3, — 2,).
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Appendix D: The evolutionary phases of clumps

Table D.1: The detection of emission in continuum, 70 um, 24 ym, and 3.6 um, and their determined evolutionary phase of clumps
in Cygnus-X and MS8.

Source Emission detected Evolutionary || Source Emission detected Evolutionary
Cont. 70um 24 pum 3.6um phase Cont. 70um 24pum 3.6 um phase

C09-1 No Yes Yes Yes YSO N53 No Yes Yes Yes YSO

DR21-12 No No No No Quiescent N54 No Yes Yes Yes YSO

DR21-19 No Weak No No Ambiguous N56 Yes Yes Yes Yes Hu

NO03-2 Yes No No No Quiescent N58 Yes Yes Yes Yes Hu

NO05-6 No Yes Yes Yes YSO N6 Yes Yes Yes Yes Hn

NI Yes Yes Yes No Ambiguous No61 No Yes Yes Yes YSO

N10 No Yes Yes Yes YSO N63 Yes Yes Yes No Protostellar

N11 Yes Yes No No Protostellar No64 No No No No Quiescent

N12 No Yes Yes Yes YSO N65 No Yes Yes Yes YSO

N12-4 Yes No No No Quiescent N66 Yes Yes No No Protostellar

N12-6 No Yes No No Quiescent N67 Yes No No No Quiescent

N12-7 No No No No Quiescent N68-8 No No No No Quiescent

N13 Yes No No No Quiescent N69 No Yes Yes Yes YSO

N14 No Yes Yes Yes YSO N71 No Yes Yes No Protostellar

N16 No Yes Yes Yes YSO N72 Yes No No No Quiescent

N18 No Yes Yes Yes YSO W75N-6 No Yes Yes Yes YSO

N2 Yes Yes No Yes Protostellar MSE Yes Yes Yes Yes Hn

N20 No Yes Yes Yes YSO MBEC1  Yes Yes No No Protostellar

N21 No No No No Quiescent MSEC2 No Yes No No Protostellar

N22 Yes No No No Quiescent MSB8EC3  Yes Yes No No Protostellar

N23 Yes No No No Quiescent MSEC4  Yes Yes No No Protostellar

N24 Yes No No No Quiescent MSEC5 No Yes No No Protostellar

N25 Yes Yes Yes No Protostellar M8HG Yes Yes Yes Yes Hn

N26 No Yes Yes Yes YSO MB8SC1 Yes Yes Yes No Protostellar

N27 Yes No No No Quiescent MS8SC2  Yes Yes No No Protostellar

N28 Yes Yes Yes No Protostellar MS8SC3 Yes Yes No No Protostellar

N3 No Yes Yes Yes YSO M8SC4  Yes Yes No No Protostellar

N30 Yes Yes Yes Yes Hu M8SC6 No Yes No No Protostellar

N31 Yes Yes Yes Yes Hn MS8SC8 Yes Yes No No Protostellar

N32 Yes Yes Yes Yes Hu M8SC9  Yes Yes No No Protostellar

N36A Yes Yes No No Protostellar MB8SE1 Yes Yes No No Protostellar

N36B Yes Yes No No Protostellar MSSE2 Yes Yes No No Protostellar

N37 Yes Yes Yes No Protostellar MBSSE3 Yes Yes No No Protostellar

N38A Yes Yes Yes No Protostellar MB8SE4 No Yes No No Protostellar

N38B Yes Yes No No Protostellar MSSES Yes Yes No No Protostellar

N39 Yes No No No Quiescent MS8SE6  Yes Yes No No Protostellar

N40 Yes No No No Quiescent MSSE7  Yes Yes No No Protostellar

N41A Yes Yes No No Protostellar MSSES No Yes No No Protostellar

N41B Yes No No No Quiescent MS8WC1 Yes Yes No No Protostellar

N42A No Yes Yes No Protostellar M8WC4  Yes Yes Yes No Protostellar

N42B No Yes Yes No Protostellar

N43 Yes Yes Yes No Protostellar

N44A Yes Yes Yes No Protostellar

N44B Yes Yes Yes No Protostellar

N45 No Yes No No Protostellar

N47 Yes Yes Yes Yes Hn

N48 No Yes Yes Yes YSO

N49 No No No No Quiescent

N5 Yes Yes Yes Yes Hu

N50 No Yes Yes Yes YSO

N51 Yes Yes Yes Yes Hu

N52 Yes No No No Quiescent
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APPENDIX D

Formaldehyde spectra and pyradex+emcee
results

D.1 Line profile measurements of H,CO

The spectra of H,CO (1, ; =00 ), H,CO (34 3 =2 ,), H,CO (3,, -2, 1), and H,CO (3, ; =2, ) in
Cygnus-X are shown in Figs. D.1, D.2, D.3, and D.4, respectively. Similarly, the GLOSTAR spectra
are presented in Figs. D.5, D.6, D.7, and D.8, and the spectra of M8 sources are presented in Figs. D.9,
D.10, D.11 and D.12.
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Appendix D Formaldehyde spectra and pyradex+emcee results
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Figure D.1: Spectra of H,CO (1, ; — 0 ) towards the Cygnus-X sources. The green background indicated
detection (> 40°) and white background indicates no detection.
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Figure D.2: Same as Fig. D.1 for H,CO (3 ; — 2, ;) towards the Cygnus-X sources.
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Figure D.3: Same as Fig. D.1 for H,CO (3, , — 2, ;) towards the Cygnus-X sources.
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Figure D.4: Same as Fig. D.1 for H,CO (3, ; - 2, ) towards the Cygnus-X sources.

199



Appendix D Formaldehyde spectra and pyradex+emcee results

H5CO (1g,; —00,0)

G28.28-036] G30.72-0.08 G31.27+0.06] 1 o G33.13-0.09 G29.95-0.01
~10 2
X 2
205 1 1 0.5
e
0.0 0 0 0.0 0
20 40 60 80 100 120 80 100 120 60 80 100 80 100 120
Lo G31.24-0.11 G31.41+0.30 G29.94-0.05 632.79+0.198] 7 G34.25+0.15
- 1.
o 0 0.5 1 5.0
=05
g 0.5 2.5
'_
0.0 0.0 0.0 0 0.0
0 20 40 80 100 120 80 100 120 0 20 40 40 60 80
Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s)
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Figure D.7: Same as Fig. D.1 for H,CO (3, , — 2, ;) towards the GLOSTAR sources.
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Figure D.8: Same as Fig. D.1 for H,CO (3, | -2, () towards the GLOSTAR sources.
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Figure D.9: Same as Fig. D.1 for H,CO (1 ; — 0y ) towards the M8 sources. Red indicates no observed
spectrum.
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Figure D.11: Same as Fig. D.1 for H,CO (3, ; — 2, ;) towards the M8 sources.
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Figure D.12: Same as Fig. D.1 for H,CO (3, | — 2, ) towards the M8 sources.
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APPENDIX E

Molecules in the clumps of Cygnus X

E.1 Column Densities in Clumps

Table E.1: Beam-averaged column densities of C,D, C,H, C,S, CH3CN, CS and DCN towards clumps in

Cygnus-X.

Clump C,H C,S CH;CN CS DCN

10" cm™2 10 cm™2 10%em™2 108 em™2 10" cm™2
C09-1 2.49+0.13  7.22+1.00 - 2.07+0.33 -
DR21-12 1.08+0.05 1.88+0.42  0.90+0.12 0.42+0.10 0.05+0.02
DR21-19 1.17£0.06  1.68+0.33  0.61+0.17 0.16%0.06 -
NO3-2 0.04+0.05 - 0.34+0.89 - -
NO05-6 1.75£0.09  4.62+0.74 — - -
N1 2.21+0.10 13.20+1.34  1.99+0.14 0.94+0.13 -
N10 3.50+0.15 15.00x1.56  3.42+0.28 1.28+0.20 3.80+1.52
N11 1.28+0.09 - - - -
N12 0.16+0.14  3.95+6.57 0.25+0.52 0.07+0.21 -
N12-4 0.56+0.04  3.56+0.88 - - -
N12-6 0.67+0.04 - - - -
N12-7 0.05+0.06  0.56+1.82  0.10+2.70 - -
NI13 1.94+0.10 17.80+2.00 2.51+0.50 0.87+0.18 -
N14 3.53+0.16 10.20+1.11  4.34+0.45 1.54+0.20 24.80+26.70
N16 0.62+0.04  2.68+0.65 - - -
N18 1.12+0.06  8.72+1.08 10.80+7.76 - -
N2 2.56+0.12 16.40+1.62 2.73+0.20 0.91+0.14 -
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Clump C,D CH C,S CH;CN CS DCN

10" cm™2 10" cm™2 10 cm™2 10" cm™2 10 em™2  10° em™2
N20 - 0.39+0.03 - - 042+0.11 -
N21 - 0.59+0.03 2.23+0.56  0.98+0.25 - -
N22 1.67+£0.54  0.79+0.04  4.25+0.60 -  038+0.10 0.69+0.12
N23 - 1.46+0.09 - - - -
N24 2.69+0.80 0.81+0.05 4.97+0.89 - 032+0.12 2.60+0.70
N25 - 0.56+0.03 1.63x0.34  0.89+0.20 —  1.41%0.55
N26 - 0.95+0.05 - 0.77+0.18 - -
N27 1.95£0.99 1.61+£0.07 20.60+2.04 1.30+0.10 0.80+0.11 -
N28 - 049+0.03 2.74+0.47 -  0.47+0.08 -
N3 - 3.18+0.14 37.70+£3.60 3.22+0.28  1.33+0.17 0.90+0.24
N30 - 477023 51.80+5.15 14.80+1.06 5.69+0.62 -
N31 - 261+0.12 34.60+£3.41 5.77+046  3.07+0.34 1.29+0.14
N32 - 2.10+0.11 41.00+4.08 4.28+0.35 2.55+0.28 1.14+0.13
N36A — 10.90+0.50 59.30+5.78 13.30+0.92 - 0.89+0.08
N36B - - - - 2.60+0.28 -
N37 1.33+£0.54  3.55+0.15 17.60«+1.63  3.17+£0.23  1.50+0.17 0.39+0.03
N38A - 0.38+£0.29 9.23+15.50 0.51+0.56 - 0.06+0.08
N38B  13.50+3.69 - - — 10.40+1.05 -
N39 - 1.26+£0.06 2.35+£0.56 0.77+0.26 - 0.58+0.11
N40 —  0.33+0.23 7.18+10.70  0.34+0.39  0.18+0.31 0.04+0.06
N41A — 10.20+£0.45 52.70+5.18 14.50+1.03 - 0.61+0.07
N41B - - - —  5.18+0.55 -
N42A - - - - - -
N42B  16.80+2.37 11.40+0.48 40.00+3.76 13.00+0.83  4.32+0.46 1.70+0.13
N43 —  0.15£0.09 0.78+0.97 0.12+0.12  0.08+0.12 0.03+0.04
N44A - 6.16£0.26 7.67+x0.67 8.27+0.56 5.51+0.55 1.38+0.10
N45 1.56+0.54  2.77+0.13 21.90+2.14 1.57+£0.14  0.74+0.11 0.54+0.05
N47 — 456020 44.70£4.33 296+0.21 2.70+£0.29 0.94+0.08
N48 — 10.50+0.44 91.10+£8.81 17.40+1.15 6.16£0.65 1.62+0.12
N49 - 1.36+0.07 4.39+0.69 —  043+£0.09 0.17+0.04
N5 - 1.19+0.06  5.52+0.68 -  040+0.10 2.06+1.30
N50 -  3.66+£0.16 44.60+4.26 2.33+024 1.01+0.17 0.62+0.05
N51 0.09+£0.51  0.20+£0.15 0.61+098 0.22+0.27 0.12+0.23 0.05%0.06
N52 - 4.33+0.19 12.00+1.14  3.93+0.33  1.49+0.21 0.43+0.06
N53 16.30+£3.62  5.63+£0.25 40.00£3.92  7.64+0.71 2.28+0.27 0.87+0.08
N54 —  0.18+0.13  1.88+2.85 0.19+0.26  0.10+0.19 0.02+0.04
N56 - 2.15+0.12 9.86+1.15 4.71+0.51  0.53+0.18 -
N58 - 1.88+0.11 - 12.30+3.04 - -
N6 - 1.29+0.06 8.57+0.96 - 0.90+0.13 -
N61 -  0.70+£0.06 4.51+0.94 - - -
N63 2.58+0.90 2.29+0.12 10.50«1.15 3.61+046 0.65+0.20 -
No64 1.72+043  0.87£0.04  3.77+0.56  0.87+0.10  0.45+0.09 -
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Clump C,D C,H C,S CH;CN CS DCN
10%em™ 108 em™ 10 em™? 10%ecm™2 10° em™ 10" em™?
N65 2.01£091 2.50+0.12 10.00+£1.12 20.90+20.50 1.11+£0.19 3.74+1.04
N66 - 1.21+£0.07 3.24+0.54 0.28+0.19 0.50+0.10 2.14+1.15
N67 - 2.62+0.12  8.36%1.10 16.40+£7.98 0.98+0.20 3.51+1.04
N68-8 - 1.87+0.11 - - - -
N69 - 222+0.10 8.14+0.97 1.50+0.16  0.58+0.09 0.68+0.12
N71 - 1.12£0.05 2.51+0.49 - - 0.55+0.13
N72 - 294+0.15 0.22+0.03 6.48+0.60 0.46+0.21 -
W75N-6 - 0.85+£0.05 6.29+1.07 - - -
Table E.2: Same as Table E.1 for DCO", DNC, H,CO, HC;N, HCsN and HCN
Clump DCO* DNC H,CO HC;N HC;N HCN
10%em™  10”%em™ 10 ecm™ 10" em™  10° em™? 10" cm™2
C09-1 - - 4.90+£0.53 1.95+1.38 - -
DR21-12  2.68+0.22  4.23+0.36 4.90+0.91 - - 3.47+0.77
DR21-19  4.55+0.84  3.25+0.82 3.31+£0.62 - - -
NO03-2 - 0.39+1.53 1.58+0.31 - - -
NO05-6 - 7.58+1.65 1.55+0.15 - - -
N1 5.37+1.00  8.92+2.62 18.20+2.16 - - 3.57+0.38
N10 4.14+1.31 7.55+1.64 6.46+0.70 - 3.42+0.39 5.58+0.57
N11 11.10£2.34  8.98+2.46 2.34+0.21 - — 211.00+186.00
N12 0.31+1.53  0.60+£2.10 58.90+29.90 - - 0.53+1.61
N12-4 3.33+1.08  7.23+1.33 0.98+0.14 - - -
N12-6 2.94+0.84  4.48+1.07 1.55+0.20 - - -
N12-7 0.47+1.41 0.44+1.59 1.38+0.31 - - -
N13 4.46+1.35 9.16x1.76 44.70+25.60 - - -
N14 12.70+2.07 - 9.77+1.26 - - 4.67+0.48
N16 - 6.79+1.27 1.12+0.11 - - -
N18 2.83+0.71 4.87+1.10 2.45+0.32 - - 12.80+2.41
N2 4.64+0.90 10.50+2.09 16.60+1.97 - 0.73x0.16 5.80+0.92
N20 5.52+0.91 - 1.78+0.23 - - -
N21 10.50+£1.27 10.20+1.27 2.63+0.49 - - 4.01+2.40
N22 18.30+1.91 18.10+1.95 4.90+1.36 - - 2.59+0.81
N23 8.59+1.51 12.00+2.79 2.09+0.23 - - -
N24 23.20+2.55 23.00+2.49 5.37+£3.32 - - 5.31+1.18
N25 8.70+0.97  6.73+0.80 1.95+0.21 - - -
N26 - 3.17x0.72 1.62+0.21 - - -
N27 2.73£0.57  3.39+0.64 7.76x1.65 - 0.64+0.18 3.38+0.36
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Clump DCO” DNC H,CO HC;N HCsN HCN

102 ¢cm™2 102 cm™2 108 em™? 104 em™? 10 em™2 10 cm™2
N28 4.67+0.79  6.68+0.86 3.39+0.37 - - 1.92+0.59
N3 7.28+1.03 10.50+2.07 40.70+6.85 — 1.32+0.39  5.55+0.57
N30 — 15.80+£2.78 115.00+13.60 - — 18.90+1.92
N31 2.70£1.10 10.50+1.66  72.40+10.80 - - 8.41+0.86
N32 6.89+1.29  8.72+1.50 56.20+9.46 - —  8.06+0.81
N36A 5.66+0.46 22.80+1.87 8.91+2.07 - — 18.30+2.29
N36B - - 21.40+6.31 - - -
N37 3.75+0.33  9.01+0.67  41.70+26.10 — 1.43+0.26 5.45+0.55
N38A 0.22+0.32  0.83+1.10  51.30%29.90 — 0.1940.52  0.94+1.82
N38B - - 24.00+2.56 - - -
N39 3.35+0.27 5.10+£0.41 4.79+1.11 - - —
N40 0.28+0.36  0.77+0.91 81.30+£52.40 - 0.16+0.67 0.52+0.83
N41A 3.99+0.36 18.60+1.45  34.70+19.80 — 0.63x0.20 15.10«1.52
N41B - - 13.50+1.74 - - -
N42A - - 36.30+4.30 - — 20.00+2.01
N42B 3.07+0.30 20.70«+1.61 14.50+1.71 5.28+1.85 3.54+0.55 -
N43 0.20+0.22  0.41+0.44  55.00+30.00 0.11+0.64 0.20+0.38  0.32+0.46
N44A 4.64+0.36 14.00+1.05 55.00+7.62 - 0.72£0.20 16.60+1.76
N45 2.67+0.23  6.86+0.53 7.76+1.00 - 2.50+0.31 3.99+0.42
N47 1.63+0.18  7.66+0.64 37.20+£5.88 9.66+1.49 1.69+0.30 9.31+0.94
N48 2.94+0.28 20.00+1.70  79.40+11.00 — 3.59+0.48 20.40+2.05
N49 3.30+0.27  6.13+£0.48 5.01+0.89 - - 1.92+0.23
N5 - 7.45+1.31 3.89+0.34 - - -
N50 3.15+0.27  9.89+0.73 12.30+3.69 — 1.08+0.32  5.37+0.55
N51 0.30£0.40  0.74+0.98 38.90+9.04 0.29+0.93 0.15+0.37 0.56x1.04
N52 7.66+0.58 18.70+1.38 11.50+1.82 - — 13.40+2.19
N53 6.64+0.51 17.40+1.34 45.70+9.89 - 0.73+0.37 12.30+1.98
N54 0.27+0.34  0.67+0.82  50.10+21.70 — 0.10£0.51  0.48+0.80
N56 4.31+1.67 12.70+2.40 22.90+7.05 5.82+1.58 - -
N58 - 21.20+3.22 1.38+0.27 - 1.42+0.29 -
N6 - 7.24+1.31 5.25+0.46 - - -
N61 18.20+2.55 11.80+2.05 2.75+0.49 - - -
N63 17.20+2.03 13.10+2.09 18.60+1.64 — 0.50+0.16 —
No64 7.17+£0.91 8.08+0.97 3.16+0.34 - - 2.83+0.88
N65 11.40+1.59 11.50+1.87 9.12+0.80 - - -
N66 8.69+1.03 8.71+1.22 9.33+1.48 — 040+0.16 4.28+1.31
N67 14.80+2.03 14.20+1.91 9.12+1.70 - — 13.30+3.13
N68-8 - 7.52+2.02 1.82+0.23 - - -
N69 7.51+0.94 14.80+1.71 22.90+16.70 - - -
N71 1.99+0.53  3.56+0.83 2.19+0.41 - - -
N72 - 7.35+£2.22 3.80+0.53 - - -
W75N-6  5.34+090  5.35+1.03 2.75+0.66 - - -
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Table E.3: Same as Table E.1 for HCO, HCO*, HCOOH, HNC, HNCO and N,D*.

Clump HCO" HCOOH HCO HNCO HNC N,D*

10em™? 10" em™? 10 cm™2 10" cm™2 10 ecm™? 10" cm™2
C09-1 7.95+1.05 - 7.85+0.85 - 5.68+1.39 -
DR21-12  5.64+0.60 - 1.59+£0.17 2.43+0.55 4.35+0.67 0.79+0.09
DR21-19  4.12+0.46 - 2.15+0.17 3.64+0.50 1.40+0.46 -
NO03-2 0.13+0.44 - 0.06+0.31 - - -
NO05-6 4.19+0.54 — 3.99+0.48 - 6.26x1.17 -
N1 10.50+1.08 - 1.42+0.20 2.37+0.63 11.90+1.35 -
NI10 14.20+1.46 — 3.96+038 5.44+1.05 9.36+1.26 -
N11 6.13+0.86 - - 539+1.65 9.32+1.46 -
N12 0.76+1.33 - - 0.82+1.75 1.53+2.73 -
N12-4 3.05+0.45 - - - 5.09+0.86 -
N12-6 3.62+0.46 - - - 3.41+0.68 -
N12-7 0.20+0.52 - 0.07+0.29 - 040+1.25 0.32+1.15
N13 8.29+0.93 - 3.21+£049 8.20+1.36 16.20+1.87 -
N14 8.74+0.96 1.05+0.53 4.63+045 5.75+143  7.02+0.99 -
N16 2.26+0.36 - - —  5.85+0.88 -
N18 4.95+0.59 — 1.63+0.36 - 4.15+0.79 -
N2 13.00+1.31 - 1.42+0.25 4.44+0.73 16.40+1.73 -
N20 3.29+0.42 - - - 3.90+0.60 -
N21 4.76+0.54 - 0.65+0.20 - 3.96+0.84 -
N22 7.08+0.74 - 1.33+0.35 - 6.70+0.89 3.11+0.68
N23 4.67+0.72 - 2.90+0.51 6.19+1.70 - -
N24 8.21+0.87 - 0.52+0.23 —  8.51x1.09 5.01+£0.79
N25 4.24+0.45 — 0.98+0.11 - 2.43+0.50 -
N26 1.32+0.31 - 0.99+0.20 - 2.08+0.63 -
N27 8.51+0.87 - - 3.22+0.54 10.10«+1.13 -
N28 5.82+0.60 0.49+0.27 - - 4.32+0.62 -
N3 16.40+1.65 — 147+023 6.62+0.93 19.60+2.04 -
N30 45.50+4.62 2.65+0.98 — 33.00+4.08 24.50+3.05 -
N31 23.70+2.39 — 1.01+0.31 10.80+1.43 15.50+1.71 -
N32 19.70+2.00 - 1.59+0.35 10.30+1.44 11.20+1.39 -
N36A 48.80+4.88 - - — 44.20+4.59 2.33+0.21
N36B - — 3.08+0.23 12.80+1.43 - -
N37 18.50+1.85 - 2.23+0.18 7.97+095 18.60+1.92 1.89+0.15
N38A 1.97+3.51 - - 1.05+£1.98  2.00+£3.62 0.13+0.20
N38B - - 8.22+0.62 - - 4.59+1.08
N39 6.05+0.65 — 1.78+0.18 2.61+0.67 3.36+x0.62 1.09+0.12
N40 1.58+2.54 - 0.21+£0.27  0.90+1.59 1.58+2.59 0.13+0.17
N41A 45.10+4.52 — 9.74+1.28 33.00+3.51 41.30+4.30 1.16+0.16
N41B - - 9.63+0.86 - - -
N42A - - - - - -
N42B 42.20+4.24 — 5.95+0.56 18.00+2.38 50.10+5.16 2.65+1.51
N43 0.88+1.26 - 0.06+0.07 0.25+0.39 0.86+1.25 0.10+0.19
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Clump HCO™ HCOOH HCO HNCO HNC N,D*
10 em™? 10" cem™? 10 cm™2 10" cm™2 10" cecm™? 10" cm™2
N44A 32.80+3.27 — 3.01+0.23 15.00+1.56 27.00+2.72 1.06+0.27
N45 14.00+1.42 — 2.03+0.20 4.54+0.57 10.70+1.22 -
N47 16.90+1.71 —  2.08+0.23  4.59+0.75 20.20+2.11 0.83+0.18
N48 40.20+4.03 —  7.04+0.59 29.90+3.37 48.10+4.92 2.57+0.38
N49 7.52+0.78 — 1.48+0.16  2.73+0.62  6.00+0.80 1.16+0.10
N5 6.76+0.72 - 1.25+0.22 - 6.75+£0.89 -
N50 17.10+1.73 - 1.86+0.21 4.80+0.80 16.00«+1.73 0.70+0.17
N51 1.43+£2.62 — 0.09+0.15 0.50+1.03 1.25+2.33  0.12+0.17
N52 26.80+2.72 — 4.04+045 14.80+2.19 25.30+2.83 2.66+0.23
N53 36.50+3.66 6.85+1.13 4.28+0.48 23.40+2.71 33.00+3.53 2.71+0.23
N54 1.41+2.32 0.16+046 0.11+022 0.61+1.17 1.15+1.99 0.14+0.19
N56 9.84+1.18 —  2.53+1.11 9.49+1.92 17.40+2.13 2.90+1.48
N58 - -  4.34+0.97 - - -
N6 7.82+0.83 - 0.98+0.19 - 7.69+1.07 1.91+0.80
N61 8.88+1.01 - - - - -
N63 14.10+1.46 - - 8.01+£1.49 12.30+1.74 2.26+1.15
No64 6.66+0.69 - 0.82+0.12  2.13+x0.48  4.08+0.55 1.64+0.54
N65 16.50+1.70 - 157039 5.64+1.50 9.92+1.41 -
N66 8.48+0.87 — 1.09+0.17 2.46+0.56 4.74+0.69 1.95+0.62
N67 16.60+1.72 — 298+0.56  7.80+1.81 12.00+1.65 -
N68-8 4.63+0.94 - 5.69+0.81 - 7.20+1.46 -
N69 6.83+0.70 - 2.06+0.20 4.63+0.70 7.94+1.04 -
N71 2.48+0.33 - 1.28+0.16 1.29+0.53  2.42+0.50 -
N72 5.42+0.77 - 5.62+0.61 11.20+2.52 8.67+1.31 -
W75N-6  4.03+0.47 - - 4.52+0.79 6.08+0.85 2.55+0.83
Table E.4: Same as Table E.1 for N,H*, NH,D, OCS, SiO, SO, and SO.
Clump N,H* NH,D OCS SiO SO, SO
108 ecm™? 10" em™? 10%em™ 108 em™? 104 em™ 10" em™2
C09-1 2.10+0.24 - - - - 0.95+0.36
DR21-12 1.77£0.20 1.52+0.23 - - 0.53+0.32 1.04+0.17
DR21-19 0.39+0.07 0.39+0.17 - - - 047+0.12
NO3-2 - - — 0.01+0.08 - -
NO05-6 3.44+0.48 — — 0.17+0.10 - -
N1 2.84+0.29 — 1.41+0.30 0.93+0.12 1.63+0.42 1.88+0.32
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Clump N,H* NH,D OCS SiO SO, SO

10" cm™2 10“em™2 10" em™? 102 cm™? 10" cm™2 10" cm™2
N10 3.87+£0.40 2.36+0.49 —  0.83+0.12 - 1.43+0.28
N11 3.12+0.39 - - - - -
N12 0.26+0.43 - - 0.21+0.37 0.19+0.95 -

N12-4 1.24+0.17 - - - - -
NI12-6  2.27+0.27 - - - - -
N12-7  0.08+0.20 - - - - -
NI13 2.61+0.27 - - 2.28+0.25 - -
N14 1.58+0.17 - - 0.79+0.14 - 1.90+0.27
N16 1.97+0.26 - - - - -
NI18 2.94+0.35 - - - - -

N2 3.41+0.34 - - 0.92+0.11 - 1.36+0.28
N20 1.53+0.21 - - - - -
N21 2.36+0.29  1.74+0.26 - - - 0.77+0.18
N22 3.72+0.39  3.48+0.37 - - - 0.96+0.19
N23 1.84+0.33 - - - 1.69+£0.76  1.82+0.28
N24 4.45+£0.47  3.70+0.40 - 0.37+0.07 - 1.58+0.23
N25 2.34+0.24  2.14+0.25 - - - 0.31+0.10
N26 1.72+0.25 - - 0.20£0.07 1.41+0.37 -
N27 4.30+0.43 - - - 072+£0.21  1.15+0.15
N28 245+0.25  2.23+0.27 - - - 0.39+0.11
N3 4.37+0.44 - - 1.41+0.16 2.03+£0.40  2.36+0.36
N30 5.23+£0.52 - 5391095 6.28+0.66 20.80+2.31 15.90+1.62
N31 3.52+0.35 - 241+043 227+0.26 6.47+0.79 7.31+0.76
N32 2.88+0.29 - 259+0.55 147+0.18 6.13+0.85  7.18+0.74
N36A 14.60+1.46 19.70+2.21 2.16+0.52 4.30+0.45 9.01+1.07 4.94+0.55
N36B - - - - - -
N37 6.63+0.66  4.47+0.50 - 0.86+0.11  2.29+0.36  2.15+0.27
N38A 0.92+1.63  0.12+0.41 - 0.29+0.53 043+0.89  0.66+1.15
N38B - - 5.62+0.71 - - -
N39 1.99+0.23  1.03+0.17 - 0.18+0.06 - 0.73+0.16

N40 0.69+1.11  0.52+1.00 0.12+0.37 0.11£0.19  0.36+£0.70  0.28+0.49
N41A  10.60£1.06 13.00+1.73 1.75+0.45 4.22+043  7.94+1.06  5.17+0.55

N41B - - - - - -
N42A - - - - 3.60£1.00 -
N42B 8.20+0.84 - - 4.70+0.50 - 6.57+0.70
N43 0.28+0.40  0.08+0.15 0.02+0.12 0.03+0.06  0.09+0.20  0.12+0.20
N44A - - 2341034 537+0.54  6.23+0.66 10.60+1.05
N45 3.76£0.38  1.36+0.20 - - - 1.14+0.17
N47 5.05+0.51 - - 0.86+0.10 1.77+0.41  3.35+0.38
N48 21.30+2.13 - 2.38+0.56 5.55+0.56  7.97+1.09 10.10+1.03
N49 3.79+0.40  2.84+0.34 - - 2141040 1.13+0.17
N5 3.69+0.39  4.14+0.59 0.66+0.17 - - -
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Continued from previous page.

Clump N,H* NH,D oCS SiO SO, SO

10" cm™2 10em™? 10%em™? 108 em™? 104 em™? 10" cm™2
N50 4.48+0.46 - - 0.20+0.08 - 1.26+0.25
N51 0.74+1.35 0.53+1.00 0.03+0.21 0.06£0.12 0.15£0.39 0.21+£0.41
N52 11.90+1.19 15.30+1.72 - 1.90+0.23 5.60+0.95 2.27+0.34
N53 16.60+1.66 18.60+2.14 — 4474052 8.94+1.31 4.38+0.52
N54 0.65+1.07  0.73x1.25 — 0.11+0.22 0.35+0.73 0.26+0.46
N56 2.70+0.28 - —  1.45+0.25 - 0.86+0.26
N58 - - - 0.49+0.17 — 4.86+0.62
N6 3.48+0.36  2.16+0.42 0.52+0.26 - - 0.83+£0.20
N61 2.62+0.33 - - 0.92+0.18 — -
N63 4.49+0.45 - - 1.89+0.24 - 1.10+£0.29
No64 2.10+0.23  4.18+0.53 —  0.14+0.05 — 0.89+0.13
N65 492+0.52  5.04+1.05 - 0.69+0.12 - 2.46+0.30
N66 2.68+0.28 1.14+0.12 - 0.70+0.10 - 0.84+0.17
N67 4.63+0.49  3.93+0.51 - 1.87+£0.21 6.36+1.16 1.47+0.30
N68-8 1.81+0.40 - - - - -
N69 2.91+0.30 2.26+0.42 - - 1.52+0.39 1.10+0.18
N71 1.86+0.23 - — - - -
N72 2.61+0.40 - - — — -
W75N-6  3.30+0.38 - - - - -
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E.2 Radial density profiles of the clumps

The density profiles of high-mass star-forming clumps are an important property that influences the
embedded star-forming cores as well as the chemical properties. For each clumps modeled with
MUSCLE (Sect. 6.3.1) we inferred the radial density profile using the GBT/MUSTANG?2 continuum
maps at 3 mm wavelengths.

The density power-law index p can be inferred from the slope of the radial intensity profile, m
(Adams, 1991; Motte and André, 2001):

p=m+1-0q-eg, (E.1)

with temperature power-law index g and deprojection factor €, = 0.1 + 0.1. The correction factor Q,
with x = Z—; (Adams, 1991), is calculated as follows:

X

xe
= E.2
oW = (E2)
and is 1.07 at 90 GHz (3 mm) and 7=30 K (Beuther et al., 2002) and we assume an uncertainty of
AQ = 0.1. For the temperature power-law index g we assume a value of g = 0.4 + 0.1 as derived
in observations of high-mass star-forming regions (Gieser et al., 2021; Gieser et al., 2023). The

uncertainty of the power-law index, Ap, assuming Gaussian error propagation, is calculated as

Ap = y(Am)* +(4AQ) + (QAq)° + (Aep)*. (E3)

The continuum maps of all clumps covered by CASCADE are shown in Fig. E.2, where each panel
is centered on a clump (Table B.1). Some clumps do not show a clear clumpy morphology in the
3 mm continuum data. For example, clumps N1 and N2 are too close to the bright clump N3 to be
distinguished. A few cores are not detected in the 3 mm data at all (e.g., N58-1 and C(09-2). In both
cases, we cannot estimate the radial intensity profile from the continuum maps, and the clumps are
marked in lightgrey. For most of the clumps, though, we were able to estimate the radial intensity
profile. These are marked in red with the outer fit radii indicated by circles. However, the peak
position in the 3 mm continuum might be slightly offset, and is marked by the *.

For each clump with a clear detection in the 3 mm data (marked red in Fig. E.2), we extract the
azimuthally averaged intensity profiles up to a radius of 0.8 pc from the 3 mm continuum peak position
binned in half a beam size (4.5”). The radial intensity profiles of all clumps are presented in Fig. E.8
by grey data points. A linear fit to the log-log data provides the slope m, which is related to the density
power-law index p (Eq. E.1). In the linear fit, we ignore the first two data points (one beam size) since
these can be diluted by the beam. For each clump, we manually define the outer fit radius to avoid
overlap with nearby clumps (e.g., N5 and N6). For each clump, the data points included in the fit are
highlighted in black in Fig. E.8. The linear fit and its +10 uncertainties are indicated by the red solid
and dashed lines, respectively.

The fit results for m (and corresponding p) are shown in each panel in Fig. E.8 and are summarized
in Table E.5. A histogram of the density power-law index is presented in Fig. E.1 in blue. The spread
in p ranges from 0.6 to 2.4.
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B CASCADE clumps (this work)

Count
O N WHERE OO J 00 ©

L1 |l| ] |_
0.5 1.0 1.5 2.0 2.9
p

Figure E.1: Histogram of the density power-law index p of the CASCADE clumps (this work, blue) in comparison
with the clumps of the CORE sample (Beuther et al., 2024, green).
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Figure E.2: Continnum maps of the Cygnus-X clumps covered by CASCADE. In color and white contours the
GBT/MUSTANG?2 3 mm continuum emission is shown (contour steps -5, 5, 10, 20, 40, ... Xo,,). In the
center of each panel, the position of the clump is shown. A clump with a clear detection in the 3 mm data is
highlighted in red, whereas clumps that show now clear clump sturcture or are not detected are highlighted in
lightgrey. The position of the clumps are marked by a dot, whereas the peak position in the 3 mm data is shown
by a star. Nearby clumps are marked in dark grey. The fit radii of the radial intensity profiles are indicated by
circles. In the bottom left corner the beam size is shown and a linear bar in the top left corner indicates a spatial
scale of 0.5 pc.
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Figure E.4: continued.
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Figure E.8: Radial intensity profiles of the Cygnus-X clumps covered by CASCADE. The 3 mm radial intensity
profile up to 0.8 pc is shown by the grey data points, whereas data points included in the fit are highlighted in
black. The fit and uncertainties are shown by the red solid and dashed lines, respectively. The slope m and
corresponding density power-law index p are shown in each panel.
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Figure E.9: continued.
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Figure E.10: continued.
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E.3 MUSCLE results

The parameters of the MUSCLE modeling are summarized in Table E.5.

Table E.5: Parameters obtained with the MUSCLE in Cygnus-X clumps.

Source P #Ntot #Nbestﬁt TO.I pc MO.Spc 51 Speak/ Sint ¢ Tchem Best fit model
K] [Mg] s~ [yr]
C09-1 15 12 10 617 4416 1.8x10' — 16913 HMPO
DR21-12 0.5 21 16 525 4437 1.8x10° — 17432 HMPO
DR21-19 0.7 16 12 468 3677 1.8x10" — 16510 HMPO
N03-2 0.5 9 8 295 6272 1.8x10" — 906720 HMPO
N05-6 0.9 11 8 603 7064 1.8x10" — 83510 UCHn
N1 0.5 19 15 502 18909 1.8x10'° 038 20729 HMPO
N10 1.7 20 16 63.1 2360 1.8x10'° 039 98699 UCHn
N11 1.6 11 10 66.1 3653 1.8x10" 0.53 83510 UCHu
NI12 1.8 16 13 282 5283 1.8x10" 0.45 212800 HMPO
N12-4 1.3 10 9 339 6281 1.8x10" — 47039 HMPO
N12-6 0.5 9 9 437 7370 1.8x10" — 65126 HMPO
N12-7 0.5 13 10 309 5548 1.8x10" — 171780 HMC
N13 0.5 15 14 490 6567 1.8x10° 0.9 17330 HMPO
N14 1.5 18 14 708 3063 1.8x10' 0.53 16683 HMPO
N16 1.8 9 8 490 4805 1.8x10" 038 50805 HMPO
N18 1.1 13 12 389 567.6 1.8x10' 026 21836 HMPO
N2 0.5 18 15 525 14588 1.8x10" 029 83510 UCHu
N20 1.7 9 9 355 3421 1.8x10" 0.67 50805 HMPO
N21 0.9 15 13 417 3526 1.8x10' 026 20729 HMPO
N22 0.6 18 14 427 3526 1.8x10' 021 21250 HMPO
N23 1.2 12 11 603 4738 1.8x10' 032 16913 HMPO
N24 1.0 19 15 372 1780 1.8x10" 022 50805 HMPO
N25 1.4 15 12 457 4848 1.8x10'° 038 24064 HMPO
N26 1.0 12 10 437 6919 1.8x10" 029 77859 HMPO
N27 0.7 18 16 427 4843 1.8x10' 0.45 21250 HMPO
N28 1.0 15 12 427 761.1 1.8x10" 027 85426 HMPO
N3 1.4 20 15 355 31345 1.8x10' 0.46 753980 HMC

References. “; Motte et al. (2007).
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Table E.6: Continued from previous page.

Source P #No #Noewrc Toape Mospe Ie Speak/Sint Tehem Best fit model
N30 1.8 18 14 677 25840 1.8x10' 034 21836 HMPO
N31 1.6 20 15 468 24836 1.8x10' 092 21836 HMPO
N32 05 20 15 363 65674 1.8x10" 033 77859 HMPO
N36A 0.5 19 16 759 789.6 1.8x10' 043 24997 HMPO
N36B 0.5 6 6 502 11714 1.8x10% 0.43 17330 HMPO
N37 0.5 23 20 39.8 6724 1.8x107 1.0 16827 HMPO
N38A 1.1 20 14 302 9008 1.8x10" 032 191250 HMPO
N38B 1.1 8 7 708 31932 1.8x10% 032 16540 HMPO
N39 1.1 18 16 417 2535 1.8x10' 035 21250 HMPO
N40 08 23 16 276 7994 1.8x10" 0.2 514200 HMPO
N41A 09 22 17 934 906 1.8x10' 1.0 58045 HMC
N41B 0.9 5 5 708 1729.1 1.8x10% 1.0 16591 HMPO
N42A 05 5 5 759 59864 1.8x10'° 09 23234 HMPO
N42B 05 21 18  61.7 1402.1 1.8x 10" 09 16614 HMPO
N43 12 24 17 25.1 14965 1.8x10" 03 103475 HMPO
N44A 1.7 21 18 479 18364 1.8x10' 035 21250 HMPO
N45 07 20 16 408 12149 1.8x10" 0.43 19851 HMPO
N47 09 22 15 468 54604 1.8x10' 0.75 24997 HMPO
N48 12 22 17 57.6 17972 1.8x10" 031 83510 UCHu
N49 0.9 19 16 372 4435 1.8x10' 0.5 20729 HMPO
N5 0.9 15 11 479 16470 1.8x10' 0.46 22494 HMPO
N50 05 20 17 372 13744 1.8x10' 033 20264 HMPO
N51 12 25 15 309 34317 1.8x10" 0.29 103475 HMPO
N52 08 21 19 550 5648 1.8x10" 029 17330 HMPO
N53 1.6 24 19 537 1059.2 1.8x 10" 037 17676 HMPO
N54 06 23 17 282 20729 1.8x10" 033 126250 HMPO
N56 20 18 13 913 6315 1.8x10%° 045 26045 HMPO
N58 1.1 10 8 1123 6063 1.8x10" 0.16 16510 HMPO
N6 1.0 15 12 417 14153 1.8x10'® 02 21836 HMPO
N61 1.3 10 9 589 2253 1.8x10" 0.43 83510 UCHu
N63 24 18 14 913 3235 1.8x10' 0.68 26045 HMPO
N64 1.1 20 14 437 8373 18x10' 0.45 1016500 HMPO
N65 1.5 19 15 550 7259 1.8x10' 029 83759 UCHu
N66 13 21 17 502 3604 1.8x10' 0.44 30030 HMPO
N67 1.4 20 16 537 2494 1.8x10" 0.67 17085 HMPO
N68-8 1.1 9 8 66.1 3592 1.8x10" — 83540 UCHn
N69 0.7 18 15 408 1247 1.8x10' 0.59 16867 HMPO
N71 0.9 13 11 479 3212 1.8x10%° 035 21836 HMPO
N72 0.7 13 12 61.7 5266 1.8x10" 0.19 84676 UCHu
W75N-6 1.0 12 11 372 3026 1.8x10' — 24997 HMPO
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