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“Everything existing in the universe is the fruit of chance and necessity.”

- Democritus (460—370 BC)






Abstract

The molecules present in the molecular clouds of the Milky Way and other
galaxies are formed by a combination of gas phase reactions and grain sur-
face reactions on interstellar dust grains. Especially at low temperatures,
grain surface reactions become increasingly important for the formation of
many molecules, giving rise to the formation of molecular ices around the
grains. The molecules in the ice can be released into the gas phase by differ-
ent desorption mechanisms, and once in the gas, they become observable via
their rotational spectra. The focus of this thesis is on two particular groups
of molecules: (1) complex organic molecules (COMs), i.e., carbon-bearing
molecules composed of at least six atoms, and (2) sulfur-bearing molecules.
Further focus is on observations of such molecules in the gas phase of cold
(~10K) and dense (~ 10% cm~3) molecular cloud regions using single-dish ra-
dio telescopes. The overall aim of the observations is to put constraints on
the formation pathways and the desorption mechanisms of those groups of
molecules at low temperatures, as many details of these processes are still not
well established.

In particular, the papers appended to this thesis utilized the OSO 20m,
IRAM 30m, and Yebes 40m telescopes to investigate the molecular con-
tent and chemistry in cold and dense gas at the so-called methanol hotspot
in the Barnard 5 (B5) dark cloud (Perseus). The methanol hotspot is the
position of maximum methanol emission in B5, and is generally character-
ized by very efficient ice desorption, releasing water, methanol (CH3OH), and
larger COMs into the gas phase. Paper A presents a deep search for glycine
(NHyCH;COOH), i.e., the simplest biotic amino acid. Glycine could not be
detected, but sensitive upper limits were derived. Paper B studies the distri-
bution of several COMs around the methanol hotspot, showing that COMs
are widely distributed in the area and likely released from ices by the same
efficient desorption mechanism. Lastly, paper C investigates the sulfur budget
and sulfur chemistry at the hotspot. The sulfur budget is significantly higher
than towards other dark cloud sources while the chemistry is likely affected
by the high gas phase water abundance.

Keywords: ISM —molecules, ISM —molecular clouds, dark clouds, astrochem-
istry, astrobiology
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Thesis Outline

This thesis is structured as follows:

Chapter 1 provides an overview about the field of astrochemistry, discussing
some historical aspects (1.1) and theoretical frameworks (1.2), as well as the
relation to other fields of study (1.3).

Chapter 2 covers the physical background of the methods utilized in the
appended papers to derive molecular abundances from radio-astronomical ob-
servations of spectral emission lines. Starting with some basic concepts (2.1),
it covers the fundamentals of rotational spectroscopy (2.2), energy level popu-
lations (2.3), and radiative transfer (2.4). It furthermore discusses important
concepts related to shape of spectral emission lines (2.5) and their detection
with single-dish radio telescopes (2.6).

Chapter 3 discusses the modeling of spectral line radiation for both LTE
conditions (3.1) and non-LTE conditions (3.2). It furthermore demonstrates
how spectral line intensities from molecular cloud sources are calculated based
on the principles of radiative transfer (3.3) and how observations with a tele-
scope beam are simulated (3.4).

Chapter 4 covers the basic equations and concepts for the calculation of
molecular column densities. Starting with the most basic definitions and a
discussion of the case of LTE conditions (4.1), it covers the cases of having
optically thin and optically thick conditions (4.2), introduces the population
diagram method (4.3), and discusses the case of having non-LTE conditions
(4.4).

Eventually, chapter 5 provides a summary of the three appended papers
and chapter 6 provides a final summary and an outlook to future work in the
field of (observational) astrochemistry, related to the research presented in
this thesis.
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CHAPTER 1

Astrochemistry — An Overview

Evolved in the late 1960s, astrochemistry is a highly interdisciplinary field
with overlaps to astrophysics, astrobiology, cosmochemistry, planetology, and
geology. It considers the evolution of the molecular inventory of the Milky
Way and other galaxies by using a combination of astronomical observations,
laboratory experiments, and theoretical modeling. This chapter highlights
some of the most basic concepts and milestones in the field of astrochem-
istry. Section 1.1 provides an overview about the history of astrochemistry,
reaching back to the first detection of interstellar matter in the Milky Way.
Section 1.2 then summarizes key aspects leading to the molecular complexity
observed in the interstellar medium of our galaxy and other galaxies. This
section is intentionally biased towards the chemistry of the cold and dense
gas of galactic molecular clouds, not covering important concepts related to
extragalactic chemistry or the chemistry of stellar envelopes, protoplanetary
disks, and exoplanetary atmospheres. Lastly, section 1.3 discusses the relation
of astrochemistry to other fields of study.



Chapter 1 Astrochemistry — An Querview

1.1 Evolution from Molecular Astrophysics

Compared to the centuries-old, highly traditional field of observational as-
tronomy, its subfield astrochemistry is a fairly young discipline. It started
to evolve in the late 1960s from what was called molecular astrophysics at
that time (Hartquist, 1990). Indeed, astrochemistry shares the same roots
with astrophysics, going back to the first detection of solar absorption lines
(Fraunhofer, 1817) and the development of spectral analysis (Kirchhoff, 1860;
Kirchhoff and Bunsen, 1860, 1861). The importance of spectral analysis for
astrochemical research can hardly be better summarized than in Kirchhoff
and Bunsen (1860):

“Bietet einerseits die Spectralanalyse [...] ein Mittel von bewun-
derungswiirdiger Einfachheit dar, die kleinsten Spuren gewisser Ele-
mente in irdischen Kérpern zu entdecken, so erdffnet sie andererseits
der chemischen Forschung ein bisher vollig verschlossenes Gebiet,
das weit tber die Grenzen der Erde, ja selbst unseres Sonnensys-
tems, hinausreicht.”

“On the one hand, spectral analysis provides a method of admirable
simplicity to detect the smallest traces of certain elements in earthly
bodies; on the other hand, it opens up to chemical research a previ-
ously entirely inaccessible field that extends far beyond the boundaries
of the Earth, indeed even beyond our solar system.”

Soon after the development of the empirical laws of spectral analysis, as-
tronomers started to classify stars based on the appearance of their spectra.
This work culminated in the incorporation of quantum mechanics in the de-
scription of stellar spectra and the realization that the "Harvard classification"
of stars, which is still in use today, is following a temperature scale (Payne-
Gaposchkin, 1925). In addition, it became clear around the same time that
most of the nebulous objects observed all over the sky for decades are inde-
pendent galaxies (Hubble, 1925, 1926), which paved the way for the field of
extragalactic astronomy. In the following years and decades, the development
of more advanced telescopes sensitive to a broader range of frequencies com-
bined with the refinement of the language of quantum mechanics and new
solutions to the equations of general relativity, astronomers found a whole lot
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of new exotic stellar objects. The characterization of the physical properties
as well as the processes happening within and around these objects started to
be in the hand of astrophysicists.

The identification of elements in the photosphere of the Sun and other stars
has clearly shown that stars are made of the same elements that are also found
on Earth, even though in very different proportions. The same can be said
about the space between the stars of our galaxy and other galaxies. It started
to become apparent at the beginning of the last century that the interstel-
lar space is not empty but filled with a mixture of gas, dust, and radiation,
together referred to as the interstellar medium. The first direct evidence of
interstellar matter is reported in Hartmann (1904), who noted an absorption
line of ionized calcium in the spectrum of § Orionis at a velocity that does not
fit the velocity of the remaining lines in the spectrum, indicating that this line
is not produced in the photosphere of the star but by some calcium-bearing
gaseous medium in the line of sight towards the star. The same phenomenon
is reported in Heger (1919) for two lines of ionized sodium and an additional
line of ionized calcium towards § Scorpii and § Orionis. Pickering (1912) dis-
cusses the properties of the "interstellar absorbing medium", considering that
it might be the (at this time still hypothesized) ether producing the absorption
of light, even though the observed selective absorption at specific wavelengths
is recognized as characteristic for a gas, as also noted by Kapteyn (1909). Sys-
tematic studies on the "detached calcium lines" and the related hypothesized
"calcium clouds" are reported in Struve (1925, 1926, 1927, 1928). Thorndike
(1930) is stating that the existence of a diffuse cloud filling the galactic in-
terstellar medium is almost certain, highlighting that [...] it could scarcely
have been believed that the enormous gaps between the stars are completely
void". He is also referring to the terrestrial aurora produced by charged par-
ticles ejected by the Sun, arguing that the same process should be at work
for all stars, continuously filling the interstellar space with particles. The first
concrete description of the effect of interstellar dust grains on the received
light from stars, i.e., the extinction and reddening of the light by the dust,
is given by Trumpler (1930). Even though the term "interstellar dust" is not
used as such in this work, it quickly became the major candidate to explain
the reddening of starlight. Struve (1933) provides a compact summary of the
fundamental advances in astronomy made over the previous approximately
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30 years, i.e., the discoveries that (i) nebulae are extragalactic objects, and
(ii) that the galactic interstellar space is filled with a mixture of gas and dust.
He emphasizes that "[...] some of the recent results [...] concerning the phys-
ical properties of matter in interstellar space [...] have opened a new field of
research in astrophysics.”

The possibility that the galactic interstellar gas is not only populated by
ions or atoms but also by molecules is first seriously discussed in several papers
from 1937 (Swings, 1937; Eddington, 1937; Saha, 1937; Swings and Rosenfeld,
1937). For example, Eddington (1937) argues that neutral atoms of H, O, N,
etc. can and should exist in interstellar space, and that they should be able to
react with one another to form molecules, occurring as mixtures of ices that
are dominated by water. Considerations like those are based on observations
by Merrill (1934, 1936) and Dunham (1937) of several interstellar absorption
lines which could not be assigned to atoms or ions. Examples are lines at A
6613.9 and A 4300.3, which are theoretically discussed in Swings (1937) and
Swings and Rosenfeld (1937) as being produced by CO2 and CH, respectively.
Eventually, the presence of interstellar CH, CN, and CH" is confirmed in
McKellar (1940) and Douglas and Herzberg (1941) by comparison of obser-
vations and theoretical calculations to laboratory data. van de Hulst (1946)
and Oort and van de Hulst (1946) discuss interactions between gas and dust,
including accretion, desorption, surface mobility, and surface reactions. van
de Hulst (1946) was the first to consider the actual "chemical composition" of
dust particles, reporting chemical reactions that could lead to the formation
of Hy, O, and water, noting that "some of these molecules might be tran-
siently formed without being part of the final [dust] particle. " He suggests that
the dust grains should contain, i.a., HoO, Hy, CHy, and NH3 (in decreasing
order of abundance), and finds that "this conclusion is remarkably close to
the suggestion of Eddington (1937) that the dark clouds in space would consist
mainly of ice-particles.”

Stromgren (1948) introduces the first large-scale separation of the interstel-
lar medium into regions dominated by neutral hydrogen and ionized hydrogen,
i.e., H-I and H-II regions, respectively. The process of molecule formation is
thereby assumed to take place in low-temperature H-I regions, as can be read
in e.g., Spitzer and Tukey (1951). It has been further realized that molec-
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ular hydrogen should also exist in those regions where other molecules are
formed (Kahn, 1955; Takayanagi and Nishimura, 1960; McCrea and McNally,
1960; McDowell, 1961), even though it has no observable rotational spectrum
because of its lacking dipole moment. The first detection of the 21 cm line
of atomic hydrogen was only achieved shortly before by Ewen and Purcell
(1951). Noting that the formation of Hy by two-body reactions in the gas
phase is highly inefficient, McCrea and McNally (1960) present the first basic
framework for the formation of Hy at the surface of dust grains. Eventually,
Gould and Salpeter (1963) and Gould et al. (1963) extend this framework and
present first detailed model calculations of the galactic abundance distribution
of Hs.

At around the same time, Weinreb et al. (1963) report the first detection of
an interstellar polyatomic species, OH, at radio wavelengths, basically marking
the beginning of molecular radio spectroscopy. The advent of the first high
resolution radio receivers soon led to the detections of further interstellar
molecules, composed of two (CO, CS, SO; Wilson et al., 1970; Penzias et
al., 1971; Gottlieb and Ball, 1973), three (HoO, HCN; Cheung et al., 1969;
Buhl and Snyder, 1970), four (NHs, HoCO; Cheung et al., 1968; Snyder et al.,
1969), and even six (CH3OH, CH3CN; Ball et al., 1970; Solomon et al., 1971),
seven (CH3CoH, CH3CHO; Snyder and Buhl, 1973; Fourikis et al., 1974),
and up to nine (CH3OCHj3, CH3CH>OH; Snyder et al., 1974; Zuckerman
et al., 1975) atoms. The quickly increasing number of detected interstellar
molecules naturally raised the question how all these molecules, including
complex species like CH3CH;OH, could actually form in the cold vacuum of
interstellar space. Inspired by this question and based on ideas and principles
discussed in earlier work by, e.g., van de Hulst (1946) and Gould and Salpeter
(1963), the first astrochemical models (Herbst and Klemperer, 1973; Allen
and Robinson, 1975) and laboratory experiments (Anders et al., 1974; Bar-
Nun, 1975) were developed. The basic assumption was (and still is) that
interstellar molecules are formed by chemical reactions in the gas phase as
well as at the surface of dust grains. Some more general aspects of the process
of molecule formation in interstellar space are discussed in the next section.
For more details about the early advances in astrochemistry see the reviews
by Dalgarno and Black (1976) and Watson (1976).
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1.2 Interstellar Molecular Complexity

As discussed in the previous section, astrochemistry evolved from astrophys-
ical research on the properties of the galactic interstellar medium (ISM) by
shifting the focus away from treating the chemical components of the ISM as
parts of its physical characteristics towards asking what chemical processes,
i.e., what reactions, are responsible for the molecular complexity we observe
in the ISM. The term "molecular complexity" is understood here as both the
number of known molecules as well as the complexity of individual species,
largely measured by the number and sorts of constructing atoms as well as by
the atomic configuration.

The molecular inventory

Dalgarno and Black (1976) report a total number of 41 detected interstellar
molecules, excluding isotopologues. Most of the early detections from the
late 1960s and early 1970s were made towards high-mass molecular clouds
close to the galactic center such as Sgr B2 and Orion. The high amount of
material in such clouds makes it easier to detect molecular emission, as the
intensity /optical depth of spectral lines is directly proportional to the number
of emitting/absorbing molecules along the line of sight. However, progress in
the field of radio receiver technology soon made it possible to detect more of
the fainter emission from closer low-mass molecular clouds such as TMC-1, as
well as from extragalactic sources and protoplanetary disks. Some of the first
molecular detections in extragalactic sources (Rickard et al., 1975, 1977) and
protoplanetary disks (Beckwith et al., 1986; Ohashi et al., 1991) were made
for simple species like CO, CS, and HCN, which have been observed before in
molecular clouds of the galactic ISM.

McGuire (2022) provides a review of all detected interstellar molecules up
to the year 2021, i.e., 241 in total, excluding isotopologues. Fig. 1.1 shows the
cumulative number of detected molecules as a function of time, highlighting
the commissioning dates of the most important contributing facilities. The
majority of interstellar molecules (> 80 %) were first detected via their respec-
tive emission lines in the radio range (centimeter, millimeter, submillimeter)
produced by transitions between rotational energy levels. A smaller number
of detections comes from observations in the infrared (IR), optical, and ultra-
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violet (UV) ranges. More than 90 % of all ISM molecules were first detected
in either a star-forming region (e.g., Sgr B2), a dark cloud (e.g., TMC-1), a
carbon star (e.g., IRC+10216), or a diffuse/translucent/dense cloud along the
line of sight towards a background source (source types ordered by decreas-
ing number of detections). Of the 241 interstellar molecules known by 2021,
approximately 30 % have also been detected in other galaxies. Furthermore,
25 of the known molecules have also been detected in protoplanetary disks,
10 in interstellar ices, and 9 in exoplanetary atmospheres. Since 2021, and
until August 2026, the number of detected interstellar molecules has further
increased to about 350, which is a strong increase in only about four years.
Part of the reason for that might be the use of new machine learning algo-
rithms to propose new targets for interstellar survey studies [McGuire, B.;
priv. comm.] (Lee et al., 2021; Scolati et al., 2023).
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Figure 1.1: Cumulative number of detected ISM molecules as a function of time
(as of 2021). Credit: McGuire (2022).
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Figure 1.2: Cumulative number of detected ISM molecules as a function of
time (as of 2021), separated into molecules composed of 2 to 13 atoms, as well as
fullerenes and PAHs. Credit: McGuire (2022).

Molecular complexity

All known ISM molecules are composed of only 19 different chemical elements,
most importantly H, C, N, O, and S. Most of these molecules are made of
two or three atoms while the number of detected molecules decreases with
increasing number of constructing atoms (see Fig.1.2). This is largely due to
the fact that larger, more complex molecules tend to be less abundant while
also showing weaker emission features distributed over a larger bandwidth. It
can be also seen from Fig. 1.2 that, even though some quite complex molecules
such as CH3CH,OH and CH3OCHj3 were detected very early on (Snyder et al.,
1974; Zuckerman et al., 1975), molecules composed of 10 or more atoms started
to become detected regularly only around 2000. The largest ISM molecules
known to date are the fullerenes Cgo and Crq, detected by Cami et al. (2010)
in the infrared towards the planetary nebula Tc 1. Even though the fullerenes



1.2 Interstellar Molecular Complexity

are very large molecules, they are not very complex but rather simple, highly
symmetric carbon structures that take the shape of hollow spheres. The PAH
(polycyclic aromatic hydrocarbon) molecules referred to in Fig.1.2 are two
isomers of C1oH7CN (McGuire et al., 2021) as well as CgHg (Cernicharo et
al., 2021; Burkhardt et al., 2021). In contrast to the fullerenes, PAHs are
very complex structures that are thought to be responsible for a lot of the
absorption in various IR bands, yet it is difficult to assign spectral features
to particular PAHs; however, note that the above PAHs were detected by
their emission features in the radio range. In fact, it is assumed that 10-25%
of the interstellar carbon is bound in PAHs, which are likely formed in the
envelopes of evolved stars (McGuire et al., 2021). It is furthermore theorized
that interstellar carbon-rich dust might be formed in those environments by
coagulation of PAHs (Frenklach and Feigelson, 1989; Cherchneff et al., 1992;
Burkhardt et al., 2021).

Interstellar dust and gas

All interstellar molecules are either formed by gas phase reactions or reac-
tions at the surface of dust grains, or both. In general, at the low densities
of interstellar space, three-body gas phase reactions can virtually not occur,
and only two-body reactions involving atoms, ions, small molecules, and elec-
trons are possible. Because many (if not most) interstellar molecules have
efficient surface reaction routes, a basic understanding of the formation and
structure of interstellar dust is crucial for astrochemical research. As men-
tioned in the previous section, first considerations of the interactions between
gas phase particles and dust grains go back to van de Hulst (1946) and Oort
and van de Hulst (1946). Interstellar dust grains are generally assumed to be
non-spherical, porous structures, that are composed of a mixture of mostly
amorphous silicates and carbon, with sizes that range from nanometers to
some tens of micrometers; the average grain size is commonly assumed to be
0.1um (Mathis et al., 1977; Mathis, 1996; Li and Draine, 2001; Min et al.,
2007; Jones et al., 2013; Siebenmorgen et al., 2014; Zinner, 2014; Potapov
et al., 2025). It is furthermore assumed that interstellar dust grains condense
from the cooling gas in the envelopes around evolved stars and supernova rem-
nants, depleting the gas from most of the refractory elements like Fe, Ni, Mg,
etc. (Dorschner, 2003; Molster and Waters, 2003). Astronomical observations
of interstellar dust are carried out mostly in the IR and optical ranges where
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the dust is absorbing and scattering light from surrounding stars. Stellar radi-
ation is also heating the dust, which re-emits parts of it as thermal radiation,
peaking in the IR.

Table 1.1: ISM regions with their typical temperatures T, densities n(H), and
states of matter. Values from: Draine (2011); van Dishoeck et al. (2013).

T n(H) state of matter
K] [em ™7
hot ionized medium > 10° ~ 0.004 at.; ion.
H-II regions ~ 104 ~ 0.3 at.; ion.
H-T regions 100-5000 0.6-30 at.; ion., neut.
diffuse clouds 30100 ~ 107 at., mol.; ion., neut.
molecular clouds 10-50 ~ 10% at., mol.; ion., neut.
starless cores 7—-15 > 10°
protostellar cores 7-200 10°-10°

circumstellar disks 7-3000 106—10%®

at.: atomic; mol.: molecular; ion.: ionized; neut.: neutral

The gas-to-dust ratio in the ISM of the Milky Way is assumed to be around
100:1. The gas is largely dominated by H and He (together around 99 %), while
the remaining ~ 1% is mainly comprised of O, C, N, and S (as well as Ne).
The temperature and density in the ISM vary by about five and ten orders
of magnitude, respectively, while the pressure is roughly balanced (Friberg
and Hjalmarson, 1990). It follows that, depending on the considered region,
the elements in the gas phase are either in atomic or molecular form, while
the atoms and molecules are either ionized or neutral. As mentioned in the
previous section, the separation into regions where H is mostly in its neutral
and ionized forms, i.e., H-I and H-II regions, respectively, was already intro-
duced by Stromgren (1948). This separation is still in use today, while further
separations are made for the hot ionized medium, diffuse clouds, and molec-
ular clouds (Draine, 2011; van Dishoeck et al., 2013). Tab.1.1 summarizes
the major ISM regions and their characteristic temperatures and densities, as
well as the predominant states of matter, i.e., atomic (at.), molecular (mol.),
ionized (ion.), and neutral (neut.). Additional separations are made for major
substructures of molecular clouds, namely (i) starless cores, i.e., dense cores
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that might form a protostar in the future, (ii) protostellar cores, i.e., dense
cores in which a protostar has formed at the center, and (iii) circumstellar
disks around young stars. Note that the gas in protostellar cores and circum-
stellar disks is at the transition between being part of the ISM and part of
a new stellar system. In the following, focus will be on processes in galactic
molecular clouds.

Molecular clouds

In general, molecular clouds can be defined as gravitationally bound struc-
tures in which hydrogen is predominantly in its molecular form. In contrast
to molecular clouds, diffuse clouds are transient structures bound by external
pressure (Friberg and Hjalmarson, 1990). As discussed in the previous sec-
tion, it was recognized around the midst of the last century that hydrogen
should make a transition from H to Hs in cold H-I regions. The efficient for-
mation and accumulation of Hy requires sufficient (dust) densities such that
newly formed Hs molecules are shielded by dust grains from destructive UV
radiation. The distribution of interstellar gas and dust is commonly assumed
to be well mixed, meaning that a high gas density corresponds to a high dust
density. If the amount of Hy becomes sufficiently high, self-shielding, i.e., the
process in which new Hy molecules are shielded by surrounding Hy molecules,
becomes efficient as well. The total gas mass in the galactic ISM is > 10° M,
while the ratio of molecular to atomic gas is ~ 0.3 (Dobbs et al., 2014; Molinari
et al., 2014). Most of the molecular gas is located in molecular clouds, which
can be further separated into giant molecular clouds (~ 107 M) close to the
galactic center and smaller molecular clouds (or dark clouds; ~ 10% M) in
outer regions of the galactic disk and at high galactic latitudes (Dobbs et al.,
2014).

Observations have shown that all nearby molecular clouds, including, e.g.,
Taurus, Perseus, and Ophiuchus, are pervaded by a network of dense filaments
(André et al., 2010; Arzoumanian et al., 2011, 2019; Panopoulou et al., 2022;
André et al., 2022, see Fig. 1.3). Those filaments are assumed to be the result
of supersonic, turbulent motions in the ISM, induced by e.g., stellar feedback
of massive stars, supernovae, and different sorts of gravitational and magnetic
instabilities. The basic idea is that an elongated, line-shaped filament is cre-
ated when two shock-fronts intersect. The density inside the filaments will be
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higher relative to their surroundings, and if the density (or rather the mass
per unit length) along the filaments exceeds a critical value, they will gravi-
tationally collapse into denser, spheroidal aggregates, generally called starless
cores.

Figure 1.3: (a) Herschel 250 pm dust continuum map of a part of the Polaris
Flare. (b) Corresponding Hs column density map. The filamentary network in
light blue has been derived with the DisPerSe algorithm. Given a typical filament
width of ~0.1pc, this map is equivalent to a map of mass per unit length along
the filaments (expressed in terms of the stability parameter My, /My, crit). Credit:
André et al. (2014).

The critical line mass of a filament is generally defined as

2¢2
ML,crit - ?7 (]-]-)
where ¢, is the speed of sound and G is the gravitational constant (André
et al., 2014). If a starless core is expected to form a protostar in the future,
it is referred to as a prestellar core. Furthermore, and as already mentioned
above, when a dense core has already formed a protostar at its center, it is
called a protostellar core. It is emphasized in André et al. (2014) that the
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first description of the internal filamentary structure of molecular clouds goes
back to Barnard (1907), while the close relation between filamentary structure
and the process of star formation has not been in the focus of research until
recently.

Gas phase reactions in diffuse and molecular clouds

Even though the majority of interstellar molecules is formed within molecular
clouds, the process of molecule formation already starts in diffuse clouds.
According to Yamamoto (2017), 36 interstellar molecules are identified in
diffuse clouds. Most of those species are comparatively simple ones like Hs,
CO, and CN, while the most complex ones are NHs, HoCO, c-C3H, and c-
C3Hs. As indicated in the previous paragraph, at the low densities of diffuse
clouds, most molecules are easily dissociated by UV photons, so molecules
do generally not reach high column densities. In addition, photoionization is
efficient at low densities, so diffuse clouds are generally weakly ionized. Hy
is by far the most abundant interstellar molecule, formed exclusively on the
surface of dust grains by the simple reaction

H(s) + H(s) — Ha(s), (1.2)

where "(s)" marks a grain surface species. Thereby, the grain surface is needed
to absorb the energy released by the formation of Hy, which, in free space,
would immediately destroy the Hs molecule as soon as it forms. Throughout
diffuse clouds and molecular clouds, CO is the most abundant molecule after
H,, and because CO is easily detected by its strong radio emission, it is
often used as a tracer of Hy distribution; Hy has no permanent electric dipole
moment and therefore no simply (J — J — 1) detectable rotational spectrum.
In both diffuse clouds and molecular clouds, some of the most important
reactions that form CO in the gas phase are

CH"(g) +O(g) — CO(g) +H(g), (1.3)
OH"(g) +C(g) — CO(g) +H(g),
HCO%(g) +e~ — CO(g)+H(g),

where "(g)" marks a gas phase species and the asterisk marks a radical. H,O
is another important molecule that already starts to form in the gas of diffuse
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clouds via the electron recombination reaction
OH3"(g) + e~ — Hy0(g) + H(g). (1.6)

At the higher densities of molecular clouds, UV photons cannot penetrate
deep into a cloud, and photodissociation is negligible. Therefore, molecules
can accumulate in the gas phase, and once formed, molecules get mostly de-
stroyed by reactions with He™ and HT. If one of these ions collides with
a neutral molecule, it ionizes the target molecule by extracting an electron.
Thereby, the difference in the ionization potentials between He (24.6eV) or H
(13.6€eV) and the target molecule can lead to the dissociation of the ionized
molecule. Examples for this are

He™ (g) + CO(g) — C*(g) + O(g) + He(g) (1.7)

and
He™(g) + H,O(g) — OH™(g) + H(g) + He(g). (1.8)

Because of the lower ionization potential of H, reactions with HT may only
ionize a target molecule without dissociation, as in

H*(g) + OH(g) — OH"(g) + H(g) (1.9)

or

H*(g) + H,CO(g) — H,COT(g) + H(g). (1.10)

In molecular clouds, the only source of ionization are cosmic rays, which are
negligible for ionization in diffuse clouds. The degree of ionization in molecu-
lar clouds it therefore lower than in diffuse clouds.

In the gas phase of molecular clouds, an efficient way of increasing the
molecular complexity are hydrogenation reactions involving ions reacting with
H,, such as

Cs*(g) + Ha(g) — CsH'(g) +H(g), (1.11)
CsH'(g) + Ha(g) — CsHo™(g) +H(g), (1.12)
CsH"(g) + Ha(g) — CsHs™(g) + hv, (1.13)
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N*(g) + Ha(g) — NH™(g) +H(g), (1.14)
NH"(g) + Ha(g) — NHy"(g) +H(g), (1.15)
NH2*(g) + Ha(g) — NHz"(g) + H(g), (1.16)
NH;"(g) + Hao(g) — NHy"(g) + H(g). (1.17)

Here, e.g., C3Hy' and C3Hs™' can form the neutral carbon-chain molecules
C3H and C3H, via electron recombination, i.e.,

CsHo'(g)+e~ — CsH(g)+H(g), (1.18)
CsHs"(g) +e- — CsHa(g) +H(g). (1.19)

In the same way, NH3 can be formed from
NH, " (g) + e~ — NHz(g) + H(g). (1.20)

Another group of complex molecules are cyanopolyynes with the general for-
mula HC,,N, which can be formed in the gas phase by reactions of HCN with
hydrocarbon ions. For instance, HC3N can be formed via

CyHo M (g) + HCN(g) — HC3NHT(g) + H(g), (1.21)
HC3NHT (g) +e~ — HC3N(g) + H(g). (1.22)

However, the molecular complexity that can be reached by a "pure" gas phase
chemistry is limited because the simplest type of hydrogenation reactions in
which an H atom is added to another neutral species is prohibited for the same
reason given above for the formation of Ha, i.e., the reaction product is often
unstable and would be dissociated by its own energy of formation. In contrast
to this, the reaction products in the above hydrogenation reactions involving
H, are stabilized by the free hydrogen atom carrying away part of the reaction
energy (Yamamoto, 2017). An exception is the radiative association reaction
(1.13), in which the product it stabilized by spontaneous emission of a photon
with energy hv.
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Figure 1.4: Interstellar grain surface chemistry: gas phase atoms and
molecules can attach to refractory (silicate or carbonaceous) dust grains, move
along the surface, and react with each other to form new molecules (see
text for more information). Credit: https://blog.intercat.dk/2021/12/15/
a-quick-look-into-my-research/ (Santos, J.; retrieval date: 2025-10-31).

The importance of grain surface reactions

This is why interstellar dust grains are an essential component to further in-
crease the molecular complexity in molecular clouds: they provide the surface
on which chemical reactions can take place, while also stabilizing the products
of reactions such as H+4+ H —— Hj, prohibited in the gas phase. In general,
gas phase atoms and molecules can stick to a dust grain and remain there for
a considerable amount of time. Thereby, the strength with which a species
is bound to the surface is controlled by its binding energy. Once stuck to a
dust grain, a species can also move along the grain surface mainly by means of
diffusion. However, the surface mobility of a species largely depends on grain
temperature, and at a typical temperature of around 10K, mostly H atoms
are mobile. Furthermore, when two potential reaction partners meet at the
same spot they can react to form a new species. Also, at any time, a surface
species can desorb back into the gas phase via different types of desorption
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mechanisms. Those grain surface processes are summarized in Fig. 1.4 and
described in detail in, e.g., Tielens (2005), Cuppen et al. (2017), and Cuppen
et al. (2024). It is worth noting that these processes are usually occurring at
the surface or inside the bulk of interstellar ices around the dust grains rather
than at the surface of the bare grains. However, for the sake of simplicity, we
often collectively refer to them as "grain-surface" reactions.

Observations of interstellar ices

Observations of interstellar ices with infrared telescopes suggest that the first
molecules that form at the surface of dust grains are mainly HoO, CO2, NHg,
and CHy. The formation of these molecules starts at temperatures around
90K and densities around 103 cm =3 (Boogert et al., 2008, 2015; Chuang et
al., 2018, 2022), i.e., at the transition between diffuse clouds and molecular
clouds. The surface formation of H,O, NHj3, and CH4 proceeds mainly via
the subsequent hydrogenation of O, N, and C, respectively, i.e.,

0(s) 5 oH*(s) 5 H,0 (), (1.23)
N(s) 5 NH*(s) =25 NHy*(s) - NHa(s),  (1.24)
C(s) 5 cH*(s) 5 CHy*(s) 5 CHy*(s) =5 CHu(s),  (1.25)

while most COg is formed by the surface reaction
CO(s) + OH*(s) — COx(s) + H(s). (1.26)

It is interesting to note how close these observations are to the suggestion
by van de Hulst (1946) that the composition of interstellar grains should be
transiently dominated by HoO, Ho, NH3, and CH4. Emphasizing the tempo-
rary component in this statement is important and very much true since, e.g.,
H; is only very transiently part of a dust grain because its high energy of for-
mation and low binding energy leads to almost immediate release into the gas
phase upon reaction. The other species mentioned above have much higher
binding energies and can therefore accumulate at a dust grain surface, forming
a mantle of molecular ice around the bare grain. The evolution of interstellar
ices can span several millions of years, while passing through multiple phases
of star-formation. However, the ice composition is always dominated by H2O,
as has been already speculated by Eddington (1937).
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Another abundant component of interstellar ices is CO, which is however
not formed at the surface of ices, but by the gas phase reactions (1.3), (1.4),
and (1.5). CO becomes part of the ice mantles through freeze-out, i.e., accre-
tion from the gas phase to an ice mantle, which starts to become effective at
molecular cloud densities around 10* cm™3. At even higher densities around
10° cm~3, prevalent in dense molecular cloud cores, the freeze-out of CO onto
grains becomes very efficient, and we speak of a so-called "catastrophic" CO
freeze-out. The last major and securely identified component of interstellar
ices is CH3OH, which, according to many theoretical and experimental stud-
ies, is exclusively formed at the surface of dust grains via the subsequent
hydrogenation of CO, i.e.,

CO(s) 2L HCO* (s) 5 HLCO (s) 25 CH50%(s) 25 CH30H(s) (1.27)

(Watanabe and Kouchi, 2002; Garrod et al., 2006; Cuppen et al., 2009; Fuchs
et al., 2009; Chang and Herbst, 2012; Chuang et al., 2018). The most com-
monly adopted picture that emerges from observations of interstellar ices sep-
arates between at least two major groups of layers. The lower layers are
dominated by HoO, CO2, NHj, and CHy4, while the upper layers are dom-
inated by CO and CH30H (Boogert et al., 2015). However, the degree of
separation/mixing between the different layers is subject of discussion. Re-
cent observations by McClure et al. (2023) with the James Webb Space Tele-
scope (JWST) towards two background stars tracing the ices in cold molecular
clouds regions indicate that CH3OH ice in the top layers is mixed with HoO
and CO ice. On the other hand, experiments by Miiller et al. (2021) and
comparison to observational data by Goto et al. (2021) and Penteado et al.
(2015) indicate that CH3OH and H»O ices form separate layers on interstellar
grains (see also Cuppen et al., 2011).

Besides the major ice species mentioned above, McGuire (2022) lists OCS,
OCN™, H,CO, and HCOOH as additional identified species in interstellar ices,
also listed in Boogert et al. (2015) as likely /possibly identified. This results in
a total of 10 identified species (as of 2022), but we know that interstellar ices
are made of many more molecules. However, securely assigning an infrared
absorption feature to one unique molecule is much more difficult than e.g.,
assigning a radio emission line to its producing molecule. Part of the reason
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for that is that many molecules share the same bonds (e.g, C~C, O—H, or
C-0) or structural components (e.g., an OH or CH3 group), which get vi-
brationally excited, i.e., absorb light, at the same or very similar wavelengths.
In addition, ice species are never isolated but mixed with and loosely bound
to surrounding species of different kind. Thereby, the relative abundances
of species in a certain ice mixture can have drastic effects on e.g., the peak
optical depth or width of absorption features. Also, when working with ab-
sorption spectra of interstellar ice analogues in the laboratory, only a limited
number of components must be used to make sure that certain absorption fea-
tures are securely assigned to specific molecules in the mixture, and to observe
how these features change in shape when mixtures are changed. Eventually,
limitations in the spectral characterization of interstellar ice analogues in the
laboratory directly affect the interpretation of interstellar ice spectra, which is
largely based on a comparison to laboratory data [Rocha, W.; priv. comm.].
Despite those difficulties related to the exact determination of interstellar ice
compositions from observations, state-of-the-art infrared instruments like the
JWST are promising tools to gain a better understanding of interstellar ices.
For instance, recent studies of interstellar ices around protostars with JWST
by Chen et al. (2024) and Rocha et al. (2024) claim detections of species such
as CH3CHO, CH30CHO, and CH3CH>OH.

Complex organic molecules

Even though we are only getting close to identifying more complex molecular
species in interstellar ices, gas phase observations, experiments, and theoreti-
cal models suggest that they are there. In the remainder of this section, the
focus will be on a particular group of interstellar molecules, called complex
organic molecules (COMs), which are commonly defined as carbon-bearing
molecules composed of at least six atoms. Following the early detections of
gas phase COMs in warm protostellar environments, it was soon realized that
gas phase reactions alone are not capable of explaining the abundances of
observed COMs, but that grain-surface reactions must be contributing to the
observed molecular complexity. Charnley (1997) first proposed a network of
grain-surface chemical reactions that starts from CO and is capable of explain-
ing the formation of many observed gas phase COMs by simple atom addition
reactions involving H, O, C, and N (see Fig.1.5). As mentioned above, CO
is highly depleted onto dust grains in dense molecular cloud cores, and it is
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assumed that at this stage, the surface formation of CH3OH and other COMs
becomes efficient.
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Figure 1.5: Grain surface chemistry seeded by CO. Broken arrows indicate
reactions with activation energy barrier; arrows with "2H" indicate a barrier pen-
etration reaction followed by an exothermic addition. Species observed in the
ISM are marked in red. Credit: Charnley (2001).

Interestingly, a survey of starless and prestellar cores in the Taurus molec-

ular cloud by Scibelli and Shirley (2020) has shown that gas phase CH;OH,
which is generally the simplest and best studied COM, is widely distributed
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outside of dense cores and down to visual extinctions around 3 mag. Hence,
the formation of CH30H and likely other COMs starts in dense regions of
molecular clouds before the actual formation of dense cores. Priestley et al.
(2025) arrive at very similar conclusions by combining hydrodynamical sim-
ulations of molecular clouds with a simple chemical network focusing on the
formation of CH3OH and CH3CN. Further support for the early formation of
COMs comes from observations of CH3OH and larger COMs towards the so-
called methanol hotspot in the Barnard 5 dark cloud (Taquet et al., 2017, see
also paper B). Observations of gas phase COMs in cold environments further
show that efficient non-thermal/-energetic desorption processes must be at
work. A widely discussed candidate for this is so-called reactive desorption,
i.e., the release of an ice species by its own energy of formation (Minissale
et al., 2016; Chuang et al., 2018).

When ice-covered grains are incorporated into dense cores, the density and
freeze-out of CO increases, which leads to a more efficient formation of CH3;OH
and other COMs. Another survey of starless and prestellar cores in the Per-
sues molecular cloud by Scibelli et al. (2024) demonstrates that cores in which
CH3CHO is detected have higher CH3OH abundances on average. In sev-
eral of these cores with CH3CHO detections, additional larger COMs, i.e.,
CH3;0CHO and/or CH30CHs, are detected as well. In general, a higher
abundance of CH3OH in dense cores tends to correlate with the occurrence of
more complex molecules. Eventually, if a protostar ignites at the center of a
prestellar core, the released heat and radiation enables access to a whole new
set of grain-surface chemical reactions, increasing the molecular complexity
even further. Also, with increasing temperature, ice phase species are released
when their respective sublimation temperature is exceeded, giving access to
a much richer gas phase chemistry compared to cold and dense cores. We
generally speak of a warm "hot core" or "hot corino' chemistry for high-mass
and low-mass protostellar objects, respectively.

Warm carbon-chain chemistry

In the described scenario of a hot core/corino chemistry, mostly saturated
COMs are formed at the surface of dust grains before being released into the
gas phase to form the chemically rich envelopes around protostars. However,
observations have shown that the chemistry of some protostellar cores is rather
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dominated by unsaturated COMs, mostly carbon-chain molecules, while sat-
urated COMs are depleted. Sakai and Yamamoto (2013) suggest that the
differences in hot core/corino chemistry and the so-called warm carbon-chain
chemistry (WCCC) are caused by different evolutionary timescales and with
that, ice layering around the dust grains of the collapsing cores. In the more
commonly considered hot core/corino scenario, core collapse is slowed down
due to supporting mechanisms such as magnetic fields or turbulence. This
causes the almost complete conversion of C atoms to CO molecules, which
then freeze out onto dust grains with increasing density, burying earlier formed
ice layers dominated by HoO, CO5, NH3, and CHy. As just described above,
the CO molecules in the upper ice layers are then successively transformed
into CH3OH and other saturated COMs by simple atom addition reactions.
In the WCCC scenario, core collapse proceeds much faster and the conversion
from C to CO is incomplete, meaning that more C atoms can freeze out onto
dust grains. This causes a more efficient production of CH4 by hydrogenation
of C (reaction 1.25) even in the outermost ice layers while the formation of
CH30H and other larger saturated COMs is rather inefficient. When CHy
comes off the grains during the warm-up phase, it triggers the formation of
carbon-chain molecules by reactions with C*. However, in the hot core/corino
scenario, CHy is released together with large amounts of HoO, which reacts
with C* faster than CHy, so no WCCC can be triggered. Therefore, both
scenarios are largely exclusive.

Molecular transfer through phases of star-formation (?)

In general, the warm envelopes around young protostars are the environments
with the highest molecular complexity in the ISM. However, as was discussed
above, a relatively high molecular complexity can be reached in molecular
clouds even before the formation of dense cores. One major question of in-
terest in astrochemistry is to what degree the observed molecular complex-
ity is transferred through different phases of star-formation. This question
is tightly related to astrobiological research, because theories, experiments,
and observations imply that important biologically relevant molecules could
already form in interstellar space before becoming part of a protoplanetary
disk and the growing planetary bodies inside (Kvenvolden et al., 1970; Hoyle
and Wickramasinghe, 1977; Ehrenfreund and Charnley, 2000; Cooper et al.,
2001; Ehrenfreund et al., 2001; Callahan et al., 2011; Garrod, 2013; Koga
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and Naraoka, 2017; Nuevo et al., 2018; Furukawa et al., 2019; Oba et al.,
2019; Hadraoui et al., 2019; Ioppolo et al., 2021, see also the following section
1.3 and paper A). However, models cannot describe the complete physical
and chemical evolution of a growing stellar system from a collapsing molec-
ular cloud filament, and neither can we observe this process for one single
system in space, or simulate it in the laboratory. This means that, in or-
der to approach this question, we need to piece together information from
many astrochemical/-physical specializations because, in addition to labora-
tory data and theoretical models (for sub-parts of the star-formation process),
observational data is needed from gas and ice phase observations towards
starless cores, prestellar cores, protostellar cores, circumstellar disks, and ex-
oplanetary atmospheres. However, differences in the physical and chemical
conditions as well as evolutionary stages and dynamic timescales can be huge
even for the members of the same group of objects, which can make it diffi-
cult to make comparisons and draw conclusions. After all, we are left with
slowly but surely putting together the bits and pieces of the puzzle to create
a successively more complete picture.

1.3 Relation to Other Fields

Astrophysics

As described in section 1.1, astrochemistry evolved from astrophysical re-
search on the properties of the interstellar medium. Many of those properties
are studied via atomic and molecular tracers, so there is still a very large over-
lap between the fields of (mainly interstellar) astrophysics and astrochemistry.
Some examples are listed below without providing the methodological or phys-
ical background.

- Spectral line emission is generally an important gas cooling mechanism in
the ISM, and the measurement of certain spectral lines can reveal insights
into the major cooling pathways.

- At LTE (local thermodynamic equilibrium), the gas kinetic temperature of
a source can be determined from rotation diagrams. Optically thick CO
emission as well as emission from NHj and other symmetric top molecules
such as methyl acetylene (CH3CCH) are also commonly used tracers of the
kinetic temperature.
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- CO emission can reveal information about the density of an environment
as it gets depleted from the gas phase with increasing density in molecular
clouds. Measurements of CO gas mass/distribution are commonly used to
infer the Hy gas mass/distribution.

- Different molecules (or molecular transitions) have different so-called crit-
ical densities, i.e., the threshold density that must be exceeded in order
to maintain the population of an upper energy level by collisions with Hs.
Therefore, the occurrence and intensity distribution of certain spectral lines
can be used as density tracers.

- The shape and position of spectral lines are important diagnostic tools to
study gas kinematics, including infall and outflow motions, rotational mo-
tions, and turbulence. Also, the occurrence of certain molecules such as SiO
can indicate past shock events.

- Isotope ratios like D/H can be used to derive information about source
physical conditions as the fractionation of isotopes in different molecules
is directly dependent on physical conditions such as temperature. Isotope
ratios and molecule ratios (e.g., D/H, NoH'/CO) can also be used to derive
estimates of source age or evolutionary stage.

- Measurements of ion/neutral ratios can reveal information about the ioniza-
tion fraction of a source. Furthermore, the abundances of certain ions such
as Hy™, H,O", or OH™ can provide insights into the cosmic ray ionization
rate.

Astrobiology

Just as astrochemistry, astrobiology is a fairly young discipline and deals with
the study of life in the universe. This includes characterizing the prerequisites
for the development of life on other planetary bodies, based on what we know
about the development of life on Earth. Therefore, astrobiology requires a lot
of input from other fields such as biochemistry, microbiology, geology, paleon-
tology, planetology, and exoplanetary research.

Astrochemistry and astrobiology are tightly linked by the hypothesis that

biologically relevant molecules are already formed in interstellar space before
being transferred to protoplanetary disks around young stars and the growing
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planetary bodies inside. For example, it has long been speculated that the
simplest biotic amino acid glycine (NHyCHoCOOH) could form in interstellar
space, but despite many efforts spanning several decades of observations (e.g.,
Brown et al., 1979; Snyder et al., 1983; Combes et al., 1996; Jones et al., 2007;
Drozdovskaya et al., 2019), no clear detection could be made yet. Paper A
of this thesis deals with the search for glycine towards the so-called methanol
hotspot in the Barnard 5 dark cloud. Hadraoui et al. (2019) find indications
that cometary glycine might be inherited from interstellar space, while exper-
iments and theoretical models by Ioppolo et al. (2021) show that glycine can
form at low temperatures without the need of energetic ice-processing. Other
experimental studies by Nuevo et al. (2018) and Oba et al. (2019) further in-
dicate that nucleobases and sugars can be produced on interstellar ices. In ad-
dition, some potential precursors of biomolecules have been identified in inter-
stellar space. Examples are formamide (NHoCHO; Rubin et al., 1971), methy-
lamine (CH3NHy; Kaifu et al., 1974), and glycolaldehyde (CH,OHCHO; Hollis
et al., 2000). Formamide and methylamine are respectively considered pre-
cursors of nucleobases and amino acids, while glycolaldehyde is considered an
important precursor of the RNA sugar ribose. More recent detections include
hydroxylamine (NHyOH) and urea (NHoCONH;), which are both considered
precursors of RNA ribonucleotides (Jiménez-Serra et al., 2020; Rivilla et al.,
2020). Further interesting detections are ethanolamine (NH;CHoCH,OH;
Rivilla et al., 2021; Zeng et al., 2021), i.e., an important cell membrane
molecule, and the four-carbon sugar erythrulose (HOCH,CH(OH)COCH;OH;
Jiménez-Serra et al., 2026).

Another overlap between astrochemistry and astrobiology is the search for
biomarkers in the atmospheres or oceans of other planetary bodies of the solar
system, as well as in the atmospheres of exoplanets. Recently, the tentative
detection of dimethyl sulfide (CH3SCHs) in the atmosphere of exoplanet K2-
18b (Madhusudhan et al., 2025) was interpreted as a potential sign of the
presence of life, because on Earth, dimethyl sulfide is mainly produced by
marine life such as algae and plankton. However, another study reports the
detection of dimethyl sulfide in the interstellar medium (Sanz-Novo et al.,
2025), which shows that it can form abiotically.
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Cosmochemistry, Planetology, and Geology

The study of the chemical composition and evolution of the planetary bodies of
the solar system is linked to astrochemistry largely by the study of protoplan-
etary disks around young stars. That is, as a first-order principle, we generally
assume a correlation between the chemical composition of a planet-forming
disk at a certain radial distance from the central star and the composition of
a growing planetary body at that distance. This basic principle is reflected
by the very different compositions of the terrestrial planets of the inner solar
system and the gaseous and icy planets and planetary bodies of the outer solar
system. Essentially, the abundances of volatile species such as CO, H,O, NH3,
and CHy vary drastically among physical phases as a function of temperature,
i.e., as a function of radial distance. At low radial distances, temperatures
are high, and volatile species are in the gas phase. Hence, the composition of
planets forming close to the central star is dominated by refractory elements,
largely bound in metal and silicate particles. At larger radial distances, tem-
peratures are low such that volatiles are available in their solid state as ices,
which can easily get incorporated into growing planetary bodies. The study
of so-called "snow-lines" or condensation fronts, i.e., the distance at which
a molecules makes the transition from its gaseous to its solid state, is very
prominent in the research of protoplanetary disks (Dutrey et al., 2014; Pon-
toppidan et al., 2014).

The long-standing question for the origin of Earth’s surface water is also
bridging the gap between solar system sciences and astrochemistry. Given
that water was only available as a gas or bound in certain water-rich miner-
als in the terrestrial planet-forming zone, it is often assumed that water-rich
planetesimals, asteroids, and comets have delivered water to the surface of
the young Earth. Alternatively, pebble accretion and direct gas accretion are
discussed as well (Johansen et al., 2021; Perotti et al., 2023). The D/H ratio
of Earth’s ocean water is generally comparable to the D/H ratio of cometary
and asteroidal water (Cordiner et al., 2025), which is regarded as an evidence
that at least part of Earth’s water was delivered by comets. Furthermore,
abundant deuterated and especially doubly deuterated water in protostars,
protoplanetary disks, and comets is considered as an evidence for the inher-
itance of water from the molecular cloud phase (van Dishoeck et al., 2014;
Ceccarelli et al., 2014; Leemker et al., 2025). Since interstellar water ice is
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mixed with other species such as COMs, this might be furthermore seen as
an indication for the transfer of more complex molecules from the molecular
cloud stage to the planet-forming stage. However, water has a significantly
higher sublimation temperature than most other interstellar ices, such that it
resides on dust grain surfaces for longer periods of time during the warm-up
phase of star-formation. Nevertheless, it is feasible that water- and COM-rich
interstellar ices might be incorporated into comets and other pristine bod-
ies in the outskirts of a protoplanetary disk where temperatures are low and
shielding from destructive stellar radiation is high. In turn, this would also
have important astrobiological implications.
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CHAPTER 2

Physics Background

This chapter summarizes important concepts and equations related to the
occurrence, detection, and modeling of spectral line radiation emitted by
molecules in cold interstellar gas. Section 2.1 covers two fundamental con-
cepts, i.e., the Boltzmann distribution and Planck’s law of thermal radiation,
which are widely used throughout this work. Sections 2.2 and 2.3 then cover
the basics of rotational spectroscopy and the population of molecular (rota-
tional) energy levels, i.e., the theoretical frameworks explaining the occurrence
and intensity of spectral line emission. Next, section 2.4 introduces the equa-
tions of radiative transfer, which form the basis for the modeling of spectral
line intensities. Lastly, sections 2.5 and 2.6 discuss important concepts re-
lated to the shape of molecular emission lines and their detection with radio
telescopes.
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2.1 Basic Concepts

This section introduces the basic equations of two fundamental physical con-
cepts used throughout this work, i.e., the Boltzmann distribution and Planck’s
law of thermal radiation.

The Boltzmann Distribution

One of the most fundamental concepts in physical chemistry is the Boltzmann
distribution. It is a measure of how the energy of a collection of particles (e.g.,
atoms, ions, or molecules) is distributed in thermal equilibrium at a certain
temperature. The term "thermal equilibrium" describes a steady state in the
energy distribution, meaning that there is no net change of energy between
the particles.

Assuming a total number of particles nq; of the same kind, the Boltzmann

distribution calculates the number of particles n; with energy FE; as a fraction
of nyot, and as a function of temperature T, i.e.,

n; 1 Ei
= —exp| — , 2.1
Ntot q ( kBT> ( )

where ¢ is a partition function (acting as a normalization constant), defined

q= Zexp ( k§1T> , (2.2)

and kg is the Boltzmann constant (Atkins et al., 2018). It can be seen that, as
the temperature increases, higher energy states are populated at the expense
of states with lower energy (see Fig.2.1).

as

The Boltzmann distribution can also be used to calculate the number of
particles in one state with energy F; relative to the number of particles in
another state with energy E; > E; (Atkins et al., 2018), i.e.,

n; o _(Ej —El) - _AE
nj—exp< T )—exp< Wt ) (2.3)
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Here, it becomes apparent that the relative population of any two states de-
creases as the energy separation between the considered states increases.

It is furthermore important to note the distinction between energy states
and energy levels (Atkins et al., 2018). Eq.(2.3) calculates populations of
energy states, but several states might have the same energy, and any one
of these states has the same population. This effect can be considered when
instead calculating the relative population of energy levels, by taking into
account the degeneracies (statistical weights) g; and g; of the levels with
energies E; and E;. Eq. (2.1) then becomes

n; gi E;
= Zexp| — 2.4
Ntot Q P ( k?BT> ( )
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Figure 2.1: Arbitrary Boltzmann distribution for a collection of particles at
different temperatures, according to Eq. (2.1) and assuming a continuous range
of energies. With increasing temperature, the number of particles in higher energy
states increases at cost of the number of particles in lower energy states.
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with partition function

Q=Y xp<,fT> , (2.5)

while Eq. (2.3) becomes

n; g AFE
— ==—exp| ——— . 2.6
TLj gj p( kBT> ( )

Planck’s Law of Thermal Radiation

Another important concept that is frequently used for the interpretation and
modeling of astronomical data is Planck’s law of thermal radiation, describing
the properties of blackbody radiation. Conceptually, a blackbody is an object
in thermal equilibrium with its surroundings, absorbing all electromagnetic
radiation it receives. In order to stay in equilibrium, a blackbody has to emit
radiation at the same rate as it absorbs it (Atkins et al., 2018). Although per-
fect blackbodies do not exist in nature, the radiation emitted by many natural
objects like stars, planets, light bulbs, and also humans can be approximated
to a high degree as blackbody radiation in a certain frequency range (Bennett
et al., 2010).

Assuming a spherical blackbody at a certain distance from an observer,
Planck’s law of thermal radiation can be used to calculate the spectral inten-
sity B, (T) of the body. The spectral intensity gives the emitted energy E per
unit time ¢, per unit frequency v!, per unit solid angle 2, received per unit

area A, i.e.,
dE

T dtdrdQdAa’
1

B,(T) (2.7)

such that it has dimensions of Js~! Hz ' st~ m~2. The emitted energy, which
is proportional to the number of photons emitted per unit solid angle, is the
same in each direction of space. However, the received energy, proportional
to the number of photons collected per unit area, depends on the distance
to the observer. The emitted energy furthermore depends on the considered
frequency range. According to Planck’s law, the spectral intensity is calculated

1Equivalent expressions can be given in terms of wavelength or wavenumber.
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as

1/3 v -
B,(T) = 2fct2 [exp<kf;T> - 1] , (2.8)

where h is the Planck constant, v is the frequency, c is the speed of light, kg
is the Boltzmann constant, and 7" is the temperature.
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Figure 2.2: Spectral intensity B,(7T) of blackbody radiation for a range of
frequencies and different temperatures, calculated from Eq. (2.8). With increasing
temperature, the peak spectral intensity shifts towards higher frequencies while
the total intensity (f B, (T)dv) increases. The red dashed line indicates the
Rayleigh-Jeans approximation (Eq.2.10) for 10000 K.

The explicit units of B, (T) are Jm~2, which means that the remaining

1

units, i.e., sTPHz 'sr!, are implicit?. Integrating the spectral intensity over

frequency gives the total intensity B(T') of the body, i.e.,

B(T) = /OOO B,(T)dv. (2.9)

2Even though the units of time and frequency cancel each other, they should be kept to
keep track of the complete physical setting.
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Fig. 2.2 shows the spectral intensity of blackbody radiation for a range of fre-
quencies and different temperatures. It can be seen that, as the temperature
increases, the peak spectral intensity is shifting towards higher frequencies
(Wien’s displacement law) while the total intensity, described by Eq. (2.9),
increases.

An important approximation to Planck’s law often used in radio astronomy
is the so-called Rayleigh-Jeans approximation. It is a good approximation to
the spectral intensity of a blackbody in the limit hv <« kgT, i.e., in the linear
part of the graphs in Fig. 2.2, and is simply written as

o 2]€}3T’l/2

B(T) = 22

(2.10)
(Condon and Ransom, 2016). In fact, before Planck’s invention of energy
quantization, the Rayleigh-Jeans approximation was the best theoretical de-
scription of experimentally derived blackbody spectra. However, it is only a
good description at low frequencies, while the modelled intensities are going
to infinity at higher frequencies (see red dashed line in Fig. 2.2). This behavior
became known as the "ultra-violet catastrophe' (Atkins et al., 2018). Essen-
tially, Planck’s law can also be written as a combination of the Rayleigh-Jeans
approximation and a quantum correction factor «, i.e.,

2kpTv?
B,(T)= 2", (2.11)
C
with .
hv hv
= -1 . 2.12
O T eXp(kBT> ] (2.12)

One can conclude that the intensity of a blackbody is well described by the
Rayleigh-Jeans approximation only if & — 1 (Condon and Ransom, 2016).

2.2 Rotational Spectroscopy
At very low temperatures, characteristic for cold (< 1050 K) molecular cloud

sources, molecules are mostly in their electronic and vibrational ground states,
and only their rotational energy levels are populated. Therefore, the spectral
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line radiation from cold molecular clouds is mainly produced by transitions
between distinct molecular rotational energy levels®. Photons associated with
such transitions have frequencies in the radio range of the electromagnetic
spectrum, and can be observed with single-dish radio telescopes or interfer-
ometers. This section first introduces the classification scheme of molecules in
the framework of rotational spectroscopy. Then, the basic equations for the
calculation of rotational energy levels and spectra are discussed along with
some crucial related concepts.

Molecular Classification

In the framework of rotational spectroscopy, molecules can be separated into
five major classes, based on their moment of inertia (Mol). The Mol of any 3D
body is described by a symmetric, second-rank tensor I. If it is assumed for
an arbitrary molecule that the underlying coordinate system (with origin at
the center of mass) rotates when the molecule rotates (molecule-fixed axes),
the Mol tensor becomes diagonal, and is written as

I, 0 0
I=lo 1, o], (2.13)
0 0 I

where I, I, and I, are the principal Mol components (Gordy and Cook, 1984;
Hollas, 1998, 2004; Yamamoto, 2017). Using the principal axes theorem, the
Mol tensor can be further transferred into its quadric form, which describes
the surface of an ellipsoid, i.e.,

2 2 2
X T2 I3
fx)=——| + + . (2.14)
V1/1, 1/ V1/1,
In rotational spectroscopy, it is convention to chose that

I.>0,>1, (2.15)

3Tt is also possible to observe rotational transitions of molecules in their first excited
vibrational states at relatively low temperatures, but the focus here is on pure rotational
spectra.
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(Hollas, 2004; Atkins et al., 2018). In that case, and depending on the actual
values of the principal Mol components, the quadric surface representing the
Mol tensor will assume different shapes (Hollas, 1998, see Fig. 2.3):

1) if I. = I, = I, the quadric surface is a sphere,

3

(1)

(2) if I. = I > I, the quadric surface is a prolate spheroid,

(3) if I. > I, = I, the quadric surface is an oblate spheroid, and
(4)

4) if I. # I, # 1, the quadric surface is a triaxial ellipsoid.

(b)

Figure 2.3: Ellipsoidal quadric surfaces resulting from different, relative Mol
components (Iq, Iy, and I.) in Eq. (2.14): (a) sphere (I. = I = I,), (b) prolate
spheroid (I. = I, > Ia), (c) oblate spheroid (I. > I, = I,). A triaxial ellipsoid
(Ic # Iy # I.) is a mixture of figures (b) and (c).

The classification of molecules in rotational spectroscopy follows directly
from the four cases above (Hollas, 1998, 2004; Yamamoto, 2017):

(1) molecules with I, = I, = I, are called spherical rotors,
(2) molecules with I, = I}, > I, are called prolate symmetric rotors,

(3) molecules with I. = I, > I, = 0, i.e., special cases of (2), are called linear
rotors,

(4) molecules with I, > I, = I, are called oblate symmetric rotors, and

(5) molecules with I, # I, # I, are called asymmetric rotors.
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In fact, those five classes can be reduced to three when summing up classes
(2), (3), and (4) under the term symmetric rotors (Atkins et al., 2018). As
can be seen, the symmetry of molecules decreases from class (1) to class (5).
Based on that, the equations for the calculation of rotational energies become
increasingly more complex with increasing molecular asymmetry.

Rotational Energy Levels, Spectra, and Selection Rules

The rotational energy of a molecule is a quantized property, and the rota-
tional energy eigenvalues can be obtained by solving the time-independent
Schrodinger equation with the rotational Hamiltonian operator. This way,
analytical expressions for the calculation of rotational energies can be found
for all molecular classes, except asymmetric rotors. For that class, it is neces-
sary to use the concepts of matrix mechanics to derive approximate solutions®
(Gordy and Cook, 1984; Hollas, 2004; Yamamoto, 2017; Atkins et al., 2018).
In this section, I will not cover the explicit equations for the calculation of
rotational energies for the different molecular classes, but rather give a broad
overview about some important concepts and approaches.

As a first order approximation, molecules in rotational spectroscopy can be
considered as point-masses connected by stiff (rigid) interatomic axes with
fixed lengths. This picture of a molecule is summarized under the term rigid
rotor approximation. However, the interatomic axes of a molecule are actu-
ally not rigid, but undergo lengthening due to centrifugal forces upon rotation.
Considering this effect in the calculation of rotational energies requires the use
of molecule-dependent rotational distortion constants (Gordy and Cook, 1984;
Yamamoto, 2017; Atkins et al., 2018). Distortion constants are a measure of
stiffness along the bonds in a molecule (Atkins et al., 2018) and tabulated
values (derived from experiments or theory) can be found for many molecules
in the literature or in databases.

The rotational energies of all molecular classes are described by at least
two good quantum numbers J =0,1,2,... and My = £1,+2,...,+J, which
are the respective spectroscopic equivalents of the total angular momentum

4In matrix mechanics, quantum mechanical operators are treated as matrices, and the
problem of solving the Schrédinger equation is shifted to a matrix diagonalization prob-
lem (Gordy and Cook, 1984).
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quantum number and the magnetic quantum number, defined for the general
case of a rotating quantum object. In the absence of a surrounding electro-
magnetic field, the rotational energies of a molecules do not directly depend
on the value of M ;. However, each level is (2J + 1)-fold degenerate because
there are 2J 4 1 values of M for each value of J. The independence of the
rotational energy on quantum number M ; can be interpreted in the sense that
the energy is independent of the direction of rotational motion (Atkins et al.,
2018). The quantum numbers J and M are sufficient for the description of
spherical and linear rotor molecules. However, additional quantum numbers
are required for more complex molecules with lower symmetry (i.e., prolate
and oblate rotors and asymmetric rotors), and if spectral fine and hyperfine
structures are considered (Gordy and Cook, 1984; Hollas, 2004; Hirota, 2011;
Yamamoto, 2017; Atkins et al., 2018).

Para

Ortho

Figure 2.4: Parallel and anti-parallel spins of the otherwise identical hydro-
gen nuclei in water give rise to two spectroscopically separable forms of water,
i.e., ortho-H2O and para-H>O. Credit: https://marchenry.org/2014/03/19/
separation-orthopara/ (Natur’Eau Quant; retrieval date: 2024-01-20).

In the presence of an external electromagnetic field, interactions between
a molecule and the field electrons can give rise to fine-splittings in molecular
rotational spectra due to effects like the Zeemann effect (magnetic field) or the
Stark effect (electric field) (Gordy and Cook, 1984). For example, the Stark
effect partly removes the degeneracy associated with the quantum number
My =0,£1,£2,...,4+J such that the rotational energy levels of a molecule
become split into J sub-levels, where each sub-level except the one associated
with M; = 0 is doubly degenerate (Hollas, 2004; Atkins et al., 2018). In
addition to interactions with external field electrons, "internal" coupling in-
teractions of the electron spin and orbital angular momenta among themselves
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as well as with the nuclear spin angular momentum and the total molecular
angular momentum can cause fine and hyperfine splittings of rotational energy
levels. Such interactions occur in molecules with one or more unpaired elec-
trons (often in radicals such as OH*, CH*, or CN*) and/or non-zero electron
orbital angular momentum, as well as in molecules with at least one nucleus
with non-zero nuclear spin angular momentum. Examples for the latter case
include molecules that contain e.g., H (I = 1/2), D (I = 1), '3C (I = 1/2),
N (I =1), or '®N (I =1/2); I is the nuclear spin quantum number (Hirota,
2011; Mangum and Shirley, 2015; Yamamoto, 2017).

An important point to note is that some molecules (including Hy, HoO,
CH30H, and CHy4) can be spectroscopically separated into two or more sym-
metry forms based on the relative nuclear spin of their constructing hydrogen
nuclei (Chapovsky and Hermans, 1999). For example, the two hydrogen nuclei
in water can have parallel spins or anti-parallel spins, leading to the defini-
tions of ortho-HoO and para-H2O, respectively (see Fig.2.4). Molecules can
also have multiple stable atomic configurations (conformers), giving rise to
a slightly different rotational behavior, and therefore, different rotational en-
ergies. One example is glycine (NHoCHyCOOH), which has several stable
conformers (see also Fig. 1, paper A; Hu et al., 1993).

In the matrix mechanics formalism, the rotational energy eigenvalues E;
of a molecule can be found by diagonalization of the Hamiltonian matrix for
rotational motion Hy, i.e., (neglecting centrifugal distortion)

Ey = (W, | He [$sar,) = (J, My| Hy |J, M) (2.16)

For a molecule-fixed coordinate system with principal axes a, b, and ¢, the
rotational Hamiltonian matrix has the form

. 1(L2 12 L2 L2
i —=-(Za 2 Le) -0 217
T 2<Ia+1b+fc> 21 (2.17)

where L is the total angular momentum operator. It can be shown that its
corresponding eigenvalues are

(J,My| L|J,M;)=hJ(J+1). (2.18)
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Furthermore, the eigenvalues of the square magnitude of angular momentum
are
(J,My| L2 |J,M;) = h2J(J +1). (2.19)

The exact form of the Hamiltonian matrix changes for the different classes of
molecules based on their symmetry and the related moment of inertia compo-
nents (Gordy and Cook, 1984; Hollas, 2004; Yamamoto, 2017; Atkins et al.,
2018).

In spectroscopy, the quantity that is actually measured is not energy but
frequency®. Therefore, energies are commonly converted to so-called term
values with dimensions of frequency (Yamamoto, 2017; Atkins et al., 2018). In
general, assuming a set of discrete rotational energies E,t, the corresponding
term values F' are calculated as

E rot

F =
h

(2.20)
Furthermore, using the term value expression, the transition frequency v for
a transition between any two levels with F; and F; (where F; > F;) is given
by

A set of such transition frequencies is what generally defines a rotational spec-
trum. Of course, similar expression are found for electronic and vibrational
energies.

It is important to stress that not all transitions between any pairs of en-
ergy levels are also allowed. In general, time-dependent perturbation theory
is used to derive the spectroscopic selection rules that govern which transi-
tions are allowed and forbidden. Thereby, if the transition rate between two
distinct energy levels is zero, this transition is called forbidden. Conversely,
all transitions with non-zero transition rates are allowed transitions. By using
semi-classical radiation theory, it can be shown that all possible transitions
between rotational energy levels of molecules without a permanent electric
dipole moment have zero transition rates. Therefore, such molecules are usu-
ally not able to produce an observable rotational spectrum. However, even a

5Units of wavelength or wavenumber are also used in some spectroscopic disciplines, but
the commonly used unit in rotational spectroscopy is frequency (Hollas, 1998).
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molecule without a permanent electric dipole moment can produce observable
rotational spectral lines if it has e.g., a non-zero magnetic dipole moment or
an electric quadrupole moment. The transition rates related to such higher-
order poles are however very low. The requirement that a molecule needs
to have a permanent electric dipole moment in order to produce an observ-
able rotational spectrum is therefore called the electric dipole approximation
(Haken and Wolf, 2006). Examples of molecules with higher-order poles ob-
served in the ISM are O, and Hsy, which both lack an electric dipole moment,
but O has a non-zero magnetic dipole moment and Hs has a non-zero electric
quadrupole moment [J. Black; priv. comm.]. In general, most homo-nuclear,
di-atomic molecules and all spherical rotor molecules have no permanent elec-
tric dipole moment and therefore, no observable rotational spectrum in the
electric dipole approximation. However, some spherical molecules like silane
(SiH4) can become sufficiently distorted during rotation to acquire a small
electric dipole moment, resulting in observable spectral lines (Atkins et al.,
2018).

In addition to entire classes of molecules that have no observable rotational
spectra, most pairs of molecular energy levels are characterized by zero transi-
tion rates, even for molecules that do have an observable rotational spectrum.
For all symmetric rotor molecules, and for the good quantum numbers J and
My, it can be found that the selection rules for allowed transitions in the
electric-dipole approximation are generally

AJ = +1 (2.22)
and
AM; =0,+1 (2.23)

(Gordy and Cook, 1984; Griffiths, 1995; Hollas, 2004; Yamamoto, 2017; Atkins
et al., 2018). There are additional selection rules for prolate and oblate sym-
metric rotors and asymmetric rotors, as those molecules are governed by ad-
ditional quantum numbers (see e.g., Gordy and Cook, 1984; Hollas, 2004;
Yamamoto, 2017; Atkins et al., 2018).
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2.3 Energy Level Populations

Assuming a large total number of molecules of a particular kind within a
molecular cloud source, the physical conditions of the source, most impor-
tantly Hy density and kinetic temperature, determine the most probable distri-
bution of molecules among the distinct rotational energy levels of the molecule
under consideration. This distribution is commonly referred to as the level
population. For a given set of conditions, and within a resulting population,
some energy levels are much higher populated than others, meaning that some
transitions are much more likely to occur than others. This directly effects the
relative strength (or intensity) of spectral lines in a molecular rotational spec-
trum. This section first discusses the excitation and de-excitation processes
that govern the level population at every instant, starting from a simple two-
level system. The basic principles are then applied in a simple numeric exam-
ple for the CO(1-0) transition. Then, the concepts of local thermodynamic
equilibrium (LTE) and maser emission are briefly discussed. Eventually, the
formulations for the two-level system are expanded to multi-level systems at
LTE and non-LTE conditions.

The two-level system

In general, only two types of processes can drive transitions between the dif-
ferent energy levels of a molecule, i.e.,

(1) radiative processes,

(2) collisional processes.

Fig. 2.5 summarizes all radiative and collisional processes in terms of the in-
volved coefficients. Shown is an exemplary two-level system, consisting of
a lower energy level [ and an upper energy level u, separated by an energy
AE = hv (where hv is photon energy).

Radiative processes

Radiative processes are those in which transition between the energy lev-
els of a molecule are induced by interactions with radiation (photons). The
corresponding absorption and emission processes can be broken down to the
following three:
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(1) stimulated absorption,
(2) stimulated emission,

(3) spontaneous emission.

ny 8y

u 4
Blu | Y | Aul I Bul I Yul I AE = hy
l Y

. n g

Figure 2.5: Transitions between the energy levels of a two-level system are
driven by radiative processes (Biu, Bul, and Ayu) and collisional processes (Viu
and yu1). AFE is the energy separation between both levels, n, and n; are the
numbers of molecules in the upper and lower levels, respectively, and g, and g
are the statistical weights of both levels.

Stimulated absorption describes the process in which a transition from a
lower energy level [ to an upper energy level u is driven by the absorption
of a photon whose energy equals the energy difference between both levels
(AE = hv). Thereby, the rate of absorption is proportional to the spectral
intensity I, of the incident radiation at the absorption frequency v = AFE/h.
That is, the greater the radiation intensity the greater the number of photons
impinging on the molecule and the greater the probability that a photon will
be absorbed. The rate is also proportional to the number of molecules in
the lower level n), because the greater the population of that level, the more
likely it is that a photon will encounter a molecule in that level. The rate of
stimulated absorption can therefore be written as

VVlu = BlunIIV ) (224)

where By, is the so-called Einstein coefficient of stimulated absorption (Atkins
et al., 2018).
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Stimulated emission is the process in which a photon is emitted during a
transition from an upper energy level to a lower energy level. The rate of
stimulated emission is proportional to the intensity of incident radiation at
the transition frequency as well as to the number of molecules in the upper
energy level n,, i.e.,

W/

u

| = Bunul, (2.25)

where By is the Einstein coefficient of stimulated emission. Finally, in spon-
taneous emission, a molecule can spontaneously emit a photon by making
the transition from an upper energy level to a lower energy level even in the
absence of radiation. The rate of spontaneous emission is therefore only pro-
portional to the number of molecules in the upper state and can be written
as
w = Aunu, (2.26)
where A, is the Einstein coefficient of spontaneous emission. When both
spontaneous and stimulated emission are taken into account, the total rate of
emission is
Wa = Auny + Banul, (2.27)

(Atkins et al., 2018).

Assuming thermal equilibrium, the rates of emission and absorption are
equal (Kirchhoff’s law of thermal radiation; Yamamoto, 2017), which means
that the rate of change from one energy level to another is zero. Furthermore,
the spectral intensity of radiation can be expressed in terms of blackbody radi-
ation at temperature T. Considering the above expressions for the transition
rates, this can be written exemplary for the lower energy level as

dTL]

E = Ayng + BumuBl,(T) — BluTLlBl,(T) =0, (228)
which can be re-arranged to give an expression for the blackbody radiation,
ie.,

Aul

B = m g, B

(2.29)

Here, the relative population of energy levels n;/n, can be expressed in terms
of a Boltzmann distribution (Eq.2.6), such that the above equation can be
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[exp(!}l?) - 1] . (2.30)

Comparing this to Planck’s law for the spectral intensity of a blackbody
(Eq. 2.8), one can conclude that, at thermal equilibrium,

expressed as

Aul

2 Blu
Gu Bul

guBul = nglu (231)
and "
2hv

Ay = —2 D (2.32)

If follows that, if the value of only one Einstein coefficient is known, the values
of the other two coefficients can be directly derived from it.

Collisional processes

Collisional processes are those in which transitions between levels are driven
by collisions between a molecule with other particles in the gas phase, typically
other molecules, atoms, ions, or electrons. Unlike radiative transitions, colli-
sional transitions are generally not confined by strict selection rules (Tennyson
and Faure, 2019), such that collisional transitions can also occur between dis-
tant pairs of J-levels.

The rates of collisional excitation and de-excitation between two levels
and [, i.e., C, and Cy, respectively, are species dependent and related to

each other as
9Ch AL
—— =exp| — , 2.33
9uCul P < kpTk ) (2:33)

where AE = E, — F) is the energy difference between two levels and Ty is the
kinetic temperature (Yamamoto, 2017). As can be seen from the above equa-
tion, the excitation rate decreases with increasing level separation (AJ x AE)
at a certain temperature, and especially at low temperatures, such that a large
number of level pairs with high AJ can be excluded from the set of possible
transitions.
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Values of Cy can be derived from tabulated values of so-called collisional
rate coefficients v, as
Cul = n(X)qula (234)

where n(X) is the number volume density of the collision partner (van der Tak
et al., 2007). Commonly, v, has units of cm®s~!, and tabulated values can be
found in databases for different collision partners, kinetic temperatures, and
level pairs. Obtained values of Cy can then be related to Cy, via Eq. (2.33).
Most basically, collisional rate coefficients are calculated from the potential
energy surface of interaction between the collision partners, which is then used
in a quantum scattering calculation to derive collisional cross sections oy for
transitions between levels u and [. The thermal average of the cross sections
is then calculated over a range of collisional energies E., and used as a major
input to calculate the rate coeflicient as

1/2
8

mu(kgTy)?

’Yul(Tk) = [

o0 EC
/ E.on(E:)exp| — dE., (2.35)
0 kT

where p = mamp/(ma + mpg) is the reduced mass of collision partners A
and B, having masses m4 and mp (Dagdigian, 2019; Lique et al., 2020).
Collisional coefficients are very difficult to measure in the laboratory and
astronomical models rely almost exclusively on theoretical calculations (Faure,
2019). If collisional coefficients are not available in a database for a certain
molecule it is common to use the coefficients for a similar-sized molecule. For
molecular cloud environments, it is often assumed that collisional excitation
and de-excitation is entirely driven by collisions between a target molecule
and molecular hydrogen, because Hs is by far the most abundant molecule
in the gas phase. However, also collisions with hydrogen atoms and electrons
can be important at specific conditions (Yamamoto, 2017).

Numeric example: CO(1-0)

Considering all radiative and collisional excitation and de-excitation processes

for a two-level system, affected by a radiation field with spectral intensity I,

the number of molecules n in the lower level changes over time according to
dm

E = Aumu + Bunul, + Cung — Biynul, — Ciuny . (236)
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By using the relations between the Einstein coefficients (Eqgs. 2.31 and 2.32),
as well as the relation between the collisional excitation and de-excitation
rates (Eq.2.33), Eq. (2.36) can simply be written as

d
=B+ dn, =0, (2.37)
where
2
gu hv
- A, I, 2.
g 91 12h 3 +Clexp< kBTk> (2.38)
and 2
=A I,+ A 2.
0= u12h s+ Au+ Cu. (2.39)

It is furthermore assumed that a steady state is obtained for the energy level
population (dn;/dt = 0). When considering particle conservation, i.e., the
requirement that

N+ Ny = Mot (2.40)

Egs. (2.37) and (2.40) give a system of equations that can be solved for n; and
ny [P. Bergman; priv. comm.].

This is done in the following for the CO(1-0) two-level system, which is
characterized by gu/91 =3, v = 115.271GHz, Ay = 7.2 x 1078571, and
Ya = 3.2 x 107 em?®s~t (for collisions with Hy at T} = 10K)S. The spec-
tral intensity of radiation is assumed to be described in terms of blackbody
radiation at temperature T, = Tomp ~ 2.7K, ie., I, = B,(T}g), where
Tcwms is the temperature of the cosmic microwave background (CMB). Level
populations are calculated for this system for niy; = 100cm™3, T = 10K,
and n(Hz) € [10,10%]cm™3. The value of n(Hy) determines the collisional
de-excitation rate Cy; via Eq. (2.34), and eventually, each value of n(Hs) gives
a unique level population n,/n;, which is related to one specific "excitation"
temperature Tey via the Boltzmann distribution (Eq. 2.6) as

Ny Gu hv
— = —exp| — . 2.41
ny gi P < kBTex> ( )

SLAMDA (Leiden Atomic and Molecular Database; https://home.strw.leidenuniv.nl/
~moldata/; Schoier et al., 2005)
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Figure 2.6: Excitation temperature Tcx corresponding to the level population
nyu/n1 of the CO(1-0) two-level system as a function of Ho density, calculated from
Eq. (2.41). The population of levels is calculated via Egs. (2.37) and (2.40). The
blue and red dashed lines respectively mark the assumed background tempera-
ture (2.7K) and kinetic temperature (10K). The shaded yellow areas mark the
approximate densities at which the underlying population of levels is dominated
by either radiation or collisions. The vertical dashed black line labeled "ncrit"
marks the critical density of CO(1-0), as calculated from Eq. (2.44).

Fig.2.6 shows the change in excitation temperature as a function of Hy

density. As can be seen, Tex approaches T, at low densities, but Ty at high
densities, because in Eqgs. (2.38) and (2.39), the terms including A, dominate
at low densities, whereas the terms including C},; dominate at high densities.

In these two limits, the relative population of levels n, and n; can therefore

be approximated as

Ny Gu

2 x Loaxp| —
ny gi <
and

Nu _ Gu

— & == exp

ny gi (
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2.3 Energy Level Populations

That is, in the low density limit, the level population is thermalized by the
background radiation, while in the high density limit, the level population is
thermalized by collisions between particles in the gas (shaded orange areas
in Fig.2.6). In intermediate areas, the level population is determined by a
combination of radiation and collisions (Yamamoto, 2017).

In order to observe emission from an interstellar molecule, and to prevent
cooling by radiation, the upper energy level of a specific transition must be
sufficiently populated by collisions. The Hy density necessary to fulfill that
criterion can be estimated (to an order-of-magnitude) by equilibrating the
collision and emission rates, i.e., Cy; = Ay. The so-called critical Hy density
then follows from Eq. (2.34) as

ncrit(Hg) = ﬂ (244)

Yul

(Yamamoto, 2017). The critical Hy density for the CO(1-0) two-level system
is plotted as the vertical dashed black line in Fig.2.6. Critical densities can
be directly related to the typical spatial distribution of observed emission for
certain interstellar molecules. For example, the J = 1 — 0 transitions of HCN
has a spontaneous emission coefficient of 2.4 x 107°s~! and a collisional rate
coefficient of 2.4 x 107! cm?3s~!. Therefore, the critical density of HCN(1-0)
is ~ 1 x 10° cm ™3, as compared to ~ 2 x 103 cm =2 for CO(1-0). This means
that CO(1-0) emission can arise from regions with far lower density compared
to HCN(1-0) (Yamamoto, 2017).

Thermodynamic equilibrium

Assuming a system of molecules of the same kind and a large number of energy
levels (i.e., a multilevel system), we can separate three possible equilibrium
cases:

(1) statistical equilibrium,
(2) thermal equilibrium,
(3) thermodynamic equilibrium.

In each of these cases, no net change is observed in the total energy level
population over time, i.e., there is a constant number of molecules in each
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energy level i, giving dn;/dt = 0. Then, each pair of energy levels n,/n is
characterized by an excitation temperature Tex, according to Eq. (2.41). If the
excitation temperature changes from one level pair to another, the system is
in statistical equilibrium. If, on the other hand, the excitation temperature
is constant for all level pairs, the system is in thermal equilibrium, and the
level population is well described by a Boltzmann distribution (Eq.2.6) at
that temperature. The system is furthermore in thermodynamic equilibrium,
if the constant temperature is equal to the thermodynamic temperature 7' of
the system. It is common to separate a large system into subsystems, and
to allow for variations in, e.g., temperature and pressure between the sub-
systems, while assuming that each subsystem for itself is in so-called local
thermodynamic equilibrium (LTE).

Based on the above definitions, both the low-density and high-density limits
introduced in the previous section via Eqs. (2.42) and (2.43), respectively, are
describing systems in thermal equilibrium. In the low-density limit, where
the level population is determined by the radiation background temperature
Ty, the thermal equilibrium can be further specified as a radiative equilib-
rium. Systems in the high-density limit, characterized by the (Hs) kinetic
temperature Ty of the system, are often assumed to be not only in thermal
equilibrium but in (local) thermodynamic equilibrium. Therefore, whenever
discussing "LTE conditions" in the following text, it will be assumed that
Tex = Tk = T. However, because this equality is often just an approximation,
I will not make the replacements in the equations. Furthermore, whenever
discussing "non-LTE conditions", I am referring to conditions in which a sys-
tem is neither in thermodynamic nor in thermal equilibrium, but in statistical
equilibrium, i.e., to conditions in which T,, must be considered as a variable.
It should be however noted that the possibility of having thermal equilibrium
is not strictly excluded from the term "non-LTE conditions", when considering
that a system can be in thermal equilibrium without being in thermodynamic
equilibrium.

In astrochemical studies of molecular clouds, it is common to start from the

assumption of LTE conditions. However, if LTE conditions are evidently not
met for a molecular species in a certain source region, non-LTE treatments
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must be considered”. As will be discussed in section 4.3, the population
diagram method can be used as an indicator if LTE conditions are met (or
are at least a good approximation). In general, the distinction between LTE
and non-LTE conditions is crucial for the analysis and modeling of spectral line
data, and will be discussed further at various places in the following sections
and in the next chapter.

Maser Emission

Usually, the lower energy level of a pair of levels is higher populated than
the upper level, giving n,g;/nig, < 1. However, for certain level pairs and
under specific conditions, the upper level can become higher populated than
the lower level, i.e., nyg /gy > 1, which is called population inversion. This
arises from highly non-LTE conditions because, according to Eq.(2.41), an
inverted population always corresponds to a negative excitation temperature.
Population inversion can result in an exponential amplification of stimulated
emission by the background radiation, and the corresponding phenomenon is
known as microwave amplification of stimulated emission of radiation (maser).
However, population inversion only occurs for certain molecules, for a limited
number of level pairs, and in a limited range of physical conditions. Therefore,
maser emission, though very bright, often originates from localized source
regions. In the interstellar medium, maser emission has been observed for
some transitions of, e.g., OH, SiO, HyO, H5CO, and CH30H (Yamamoto,
2017).

Multilevel system at LTE conditions

At LTE conditions, the energy level population of a multi-level system is
simply described in terms of a Boltzmann distribution at (thermodynamic)
temperature T = Ty, which is often assumed as the (Hz) gas kinetic tem-
perature T in a molecular cloud setting. Thereby, the population n; of the
energy level with energy E; relative to the population n; of another energy
level with F; < Fj, as well as relative to the total particle population 7 is

"Because excitation and de-excitation rates are highly species-dependent, it can differ from
species to species if LTE conditions are met or not.
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respectively determined from Egs. (2.6) and (2.4), written slightly adjusted as

ng g hv
— = —exp| — 2.45
n; gj p( kBTcx> ( )

and

, (2.46)

N——

LR E;
Ntot Qrot kpTex

where Qo is the so-called rotational partition function, defined via Eq. (2.5)

as
E;
Qrot = E giexp| —¢ . (2.47)
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Figure 2.7: Left: rotational energy level diagram of methyl acetylene
(CH3CCH), created from tabulated values in CDMS (Cologne Database for
Molecular Spectroscopy; https://cdms . astro.uni-koeln.de/; Miller et al.,
2001, 2005), and showing energy levels with F(J, K) < 175 K. The plot shows E-
and A-species combined. Right: equilibrium energy level population, calculated
from Eq. (2.46) for two different excitation temperatures Tex, i.e., 30K (orange
marks) and 50 K (red marks). Credit: P. Bergman for providing the Python code
used to create this plot.
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The left panel of Fig. 2.7 shows the rotational energy level diagram of methyl
acetylene (CH3CCH) for energy levels with E(J, K) < 175K. Furthermore,
the right panel shows the equilibrium population of energy levels, calculated
from Eq. (2.46) for two different excitation temperatures Tey, i.e., 30K (or-
ange marks) and 50K (red marks). As can be seen, higher energy levels get
populated at the expense of lower energy levels as the temperature increases.
Because the population in a certain upper level is directly proportional to the
emission rate of photons during transitions u — [, the equilibrium tempera-
ture directly affects the set and relative strengths of observable spectral lines.
In the particular case shown in Fig. 2.7 (right) for 30 K, the level population is
narrow and concentrated in the lower energy level range. This leads to a rela-
tively small set of observable spectral lines with comparatively high individual
intensities. On the other hand, at 50 K, the level population is broader, lead-
ing to a larger set of spectral lines with lower individual intensities. That is,
the total intensity of CH3CCH emission gets distributed over a larger number
of spectral lines with increasing temperature. However, under the assump-
tion of thermal radiation, the total intensity is still increasing with increasing
temperature.

Multilevel systems at non-LTE conditions

Assuming that the system of molecules is neither in LTE nor in thermal equi-
librium, but in statistical equilibrium (SE), each pair of energy levels in the
total energy level population has its own characteristic excitation tempera-
ture, according to Eq. (2.41). In this case, there is no trivial, analytical way
to determine the total energy population for a (rotational) energy level sys-
tem. Instead, numerical approaches have to be used that aim to solve a set of
differential equations, where each equation is similar to the one stated for the
two-level system (Eq.2.36). The basic principle is the same: each equation
considers the change in the population of one level over time according to the
rates of radiative and collisional transitions. However, in the case of a mul-
tilevel system, there are a multitude of possible excitation and de-excitation
processes, especially considering that significant collisional transitions can be
caused between many pairs of levels. Most basically, assuming a total number
of N energy levels and a radiation source with spectral intensity I, to interact
with the molecules, the set of differential equations to be solved can be written
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compactly as

dn. N N

dtz = anPji —n; Zpij = O7 (248)
J#i J#i

where

iy —

(2.49)

Aij + BijIV + O’L’j s if 7> J
BijIy + Cij yifi <y

(Rybicki and Hummer, 1991; van der Tak et al., 2007). In the case of a
multilevel system and a total number of molecules ny., particle conservation
requires that

N
Z Nn; = Ntot - (250)

It is important to note that, in Eq. (2.49), A;; and B;; are zero when there is no
allowed radiative transition between levels ¢ and j. Following the discussion of
collisional processes above, C;; can in principle be non-zero for all ¢ and j. It
will be discussed in section 3.2 how the above set of equations is implemented
into physical models describing the spectral line intensity from cold molecular
cloud sources at non-LTE conditions.

2.4 Radiative Transfer

As was discussed in the previous section, the intensity of spectral lines depends
on the population of molecular energy levels, which further depends on the
physical conditions in a source. However, the final intensity that is emitted
by a molecular cloud at a certain frequency does not only depend on the
physical conditions in the cloud, but also on interactions of the cloud with the
surrounding radiation field, and, most importantly, the change of intensity as
radiation is traveling through the cloud.

Basic equations

The intensity from a molecular cloud source is conceptually defined via the
equations of radiative transfer. Then, it is assumed that the cloud interacts
with some background radiation field, having spectral intensity I, = B, (Tig).
Upon entering the molecular cloud, the background radiation will start to
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interact with molecules inside the cloud by means of absorption and stim-
ulated emission, causing transitions between energy levels and the absorp-
tion and emission of photons. In addition, the molecules release photons
by means of spontaneous emission. Furthermore, collisions between molecules
and other particles in the cloud lead to further transitions between energy lev-
els. Thereby, every emitted photon in the cloud can interact with molecules
in between the position of release and the edge of the cloud, leading to a
non-trivial chain of absorption and emission processes. The effectiveness of
these processes depends on the composition and physical conditions (largely
density and temperature) of the cloud, but can be generally quantified in
terms of the absorbance ,, (m~') and the emissivity €, (WHz *sr~'m=3),
which are both position-dependent. With these two parameters, any change
in spectral intensity d/,, of the radiation due to absorption and emission along
an infinitesimal propagation dx in the cloud can be written as the following
radiative transfer equation:

dl(z) = —a, ()], dz + €, (x) dx . (2.51)

The spectral intensity I,, emerging from the cloud at x = L can be obtained
by integration of Eq.(2.51) over all positions x along the path through the
cloud, i.e.,

L L
/ dl,(z)=1,(L) - I1,(0) = / [—al,(x)ll, + el,(sc)} dz, (2.52)
0 0
from which it follows that

L

I(L) = I,(0) + / {fozu(x)lu + eu(as)] da. (2.53)
0

This means that the spectral intensity at x = L is given by the initial spec-

tral intensity of the background plus an integral factor taking into account

the absorption of incoming radiation by molecules in the cloud as well as the

intrinsic emission of the molecules.

It is common to rewrite Eq. (2.51) in terms of the so-called source function
S, with dimensions of spectral intensity (W Hz 'sr='m~2) as well as the
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(differential) optical depth dr, (dimensionless), respectively defined as

) = ev(z)
Sy () o0 (7) (2.54)
and
dr,(z) = a,(x) de. (2.55)

1,00) L)

L
L, -1

x =0 x =L

Figure 2.8: When background radiation with spectral intensity I,,(0) = B, (Tbg)
enters a molecular cloud at = 0, it starts to interact with molecules via ab-
sorption and stimulated emission. The source function S, considers the ratio of
emissivity €, and absorbance «, at a certain position. Based on the optical depth
7, of the medium, Eq. (2.66) calculates the final spectral intensity I, (L) coming
from the cloud at x = L, taking into account all possible processes of emission,
absorption, and re-absorption.
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Assuming a physically and chemically homogeneous medium inside the
cloud, both the emissivity and the absorbance as well as the source func-
tion and differential optical depth do not longer depend on position, but are

constant everywhere, i.e.,
€
S, == (2.56)

ay

and
dr, = o, dz. (2.57)

Dividing now both sides of Eq. (2.51) by «, while inserting Egs. (2.56) and
(2.57) yields
dl, = —-1I,dr, + S, dr, . (2.58)

The integration to derive the final spectral intensity is therefore no longer over
position but over optical depth 7, i.e.,

L

/ " dl, (2.59)
0

where 7 is the optical depth at x = L, defined as

Tt =, L, (2.60)

while, in general, the optical depth at any depth x into the cloud is defined as
T, = 0T, (2.61)

such that the initial optical depth at « = 0 is zero (Yamamoto, 2017).

The integration in Eq. (2.59) is approached by first moving I,, d7,, in Eq. (2.58)
to the left while multiplying by the integration factor exp(r,), i.e.,

e [dL, +1, dn} = eS8, dr, (2.62)
e™dl,+evI,dr, = ¢e™S,dr, (2.63)
d {eﬂf IV} = e™8,dr, (2.64)

Integrating the last equation from the starting point 7, = 0 at = 0 with
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initial value I? gives

-k .
/ d[eT"L,} = e I,(L) — I,(0) = / ™S, dr, (2.65)
0 0

which can be rearranged to give

L

I(L) = I,(0)e™™ + /O Celnlg, dr, (2.66)

That is, each slab d7,, contributes S, dr, eXp(— [Tlf — TZ,D to the emitted ra-
diation, where S, d7, corresponds to the intrinsic emission of molecules in the
cloud and exp(— {T,,L — TDD corresponds to the attenuation of this radiation
by molecules in between the emitting slab and the edge of the cloud at x = L
(see Fig.2.8) (Draine, 2011). Assuming that the source function is constant
under the integration, Eq. (2.66) simplifies to

I(L) L0)e ™ +8, [1 e } (2.67)

= B,(Tvg)e ™ +85, [1 - e*ﬂ (2.68)

where the last expression describes the case in which I,,(0) can be approx-
imated as the spectral intensity of a blackbody at background temperature
Tbg (Eq 28)

Spectral line radiation

The above equations of radiative transfer are valid for both continuum ra-
diation over a large bandwidth as well as spectral line radiation. Spectral
lines are generally associated with a drastic change of emission and absorp-
tion properties over very small frequency intervals. In the following, the focus
will be on spectral line radiation, and in particular, spectral line emission.

If the focus is on the description of spectral line radiation, the absorbance
and the emissivity are defined as

o, = %(mBlu — nyBu)o(v) (2.69)
T
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and y
€, = —VnuAulqb(u) , (2.70)
47

respectively (van der Tak et al., 2007; Yamamoto, 2017). n, and n; are the
populations of an arbitrary pair of upper and lower energy levels at a certain
position x on the path through the cloud. Furthermore, ¢(v) is the spectral
line profile, satisfying the normalization relation

/¢(V)dV =1 (2.71)

(Yamamoto, 2017). Here, it is assumed that the line profiles for stimulated
absorption, stimulated emission, and spontaneous emission are the same. In
the ISM, spectral lines are predominantly affected by Doppler broadening (van
der Tak et al., 2007, see section 2.5), such that they can be well approximated
as Gaussians. With the above definitions of absorbance and emissivity, as
well as the relations between the Einstein coefficients (Egs. 2.31 and 2.32), the
source function (Eq.2.56) becomes

S €v nuAu] 2hV3
v = - =
ay nlBlu - nuBul 62

—1
M G 1] : (2.72)
Ny g1

which is independent of the spectral line profile. Assuming statistical equilib-
rium (SE), the energy levels are populated according to Eq. (2.41), i.e.,

Ny Gu hv
— = — eX — .
n. g P kpTex

For the SE case, the source function can therefore be written as

—1
2hv3 hv
S, = =2 [exp(kBTeX> - 1] . (2.73)

For a system in thermal equilibrium, it is furthermore true that

S, = By(Tuy) (2.74)

(see Eq.2.8), which means that the source function is equal to the spectral
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intensity of a blackbody and can be described by a constant temperature Tey
at all frequencies (Yamamoto, 2017). However, in SE, the value of Ty, differs
with frequency, i.e., from one transition (or spectral line) to another (see sec-
tion 2.3).

Using the relations between the Einstein coefficients, it can be furthermore
found that the absorption coefficient can also be expressed as

€ Iy (1 - g”“‘) $(v), (2.75)

« =
Yo8m? g Ju M

and at SE; this can be written as

CznuAul
R

oy =

hv
exp (kBTex> — 1] o(v). (2.76)

Based on the general definition of optical depth (Eq. 2.61), the optical depth of
a spectral line in the frequency interval defined by the line profile is obtained
by integration of the absorbance over the path length through the source, i.e.,

/L oy (z)de (2.77)
0

T, =
Ay hv L
= 3 xp(kBTex>—1]¢(1/)/o ny(z) dz (2.78)
AN, A hv
om0 L -

Here, N, is introduced as the upper level column density, which will be im-
portant again in section 4.1. Furthermore, with the normalization relation
in Eq. (2.71), integration over the line profile yields the total optical depth

associated with the spectral line, i.e.,
hv
—1]. 2.80
exp (kBTex> ] (2.80)

2N, A
/Tyduzc uul

872
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2.5 Spectral Line Shape

Spectral lines are not infinitely narrow "lines" at one single frequency, but have
a width that spreads over a range of frequencies. This width directly depends
on the ambient physical conditions, most importantly pressure and tempera-
ture, but is also affected by fundamental quantum effects. In the following,
the effects of lifetime broadening, pressure broadening, and thermal Doppler
broadening, are introduced and discussed for the CO(1-0) line. Note that in
this section, the symbols "v" and "f" are respectively used for velocity and fre-
quency, to not confuse v and v. A major part of the information and equations
in this section were taken from an online lecture, which does not exist anymore.
Similar content is found in https://cefrc.princeton.edu/sites/g/files/
toruqf1071/files/2018_hanson_plecture6.pdf (Princeton University; re-
trieval date: 2026-08-13) and https://superlidar.colorado.edu/Classes/
Lidar2006/Lecture8.pdf (University of Colorado Boulder; retrieval date:
2026-08-13).

Lifetime broadening and natural linewidth

A gas phase molecule that is in a certain state at a certain instant will not
remain in that state indefinitely. It will rather change its state by interactions
with radiation or other particles (see section 2.3). The lifetime 7 and the
energy F of a state are related to each other by the uncertainty principle as

ATAE ~ h. (2.81)

That is, the energy is uncertain (spread out) as AE = h/Ar, from which
it follows that the associated frequency f is also spread out over a range of
frequencies as
ap_BE L 1
h 2w AT
If the lifetime is very well determined the spread in frequency is at its maxi-
mum and the spread in lifetime can be replaced by the value 7, i.e.,

(2.82)

1
Af~ —. 2.
! 2nT ( 83)

As can be seen, the spread in frequency increases with decreasing lifetime.
Spectral lines that result from transitions involving the considered state will
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Chapter 2 Physics Background

be accordingly spread out in frequency. This phenomenon is known as the
lifetime broadening of spectral lines (Gordy and Cook, 1984; Atkins et al.,
2018).

If it is assumed that a molecule is completely isolated from radiation or other
particles it can only change from an excited state u by means of spontaneous
emission, characterized by the corresponding Einstein coefficient A, (see last
section). The lifetime of the molecule in state w is then given as

= — 2. 4
Tu Aul, ( 8)

and the resulting spread in frequency of a spectral line is called its natural
linewidth (Gordy and Cook, 1984; Atkins et al., 2018).

Considering only the effect of lifetime broadening, the frequency profile of
a spectral line ¢(f) is Lorentzian with
z/4m?
(f = fo) + (2/4m)*’

o(f) = (2.85)

where

2= Ay, (2.86)

j<i

and fy is the rest frequency of a given transition. A;; is the Einstein coefficient
of spontaneous emission for transitions between levels ¢ and j. Furthermore,
in the presence of radiation, the rates of stimulated emission have to be added
as well. The blue line in Fig. 2.9 shows the natural linewidth of the CO(1-0)
line with fo = 115.271GHz and z = Ay = 7.2 x 1078571, calculated from
Eq. (2.85).

Pressure broadening

Collisions between molecules in the gas phase are an efficient way to induce
changes in molecular states (see section 2.3). Considering a collisional de-
excitation rate Cy; from level u to level [, the collisional lifetime of a state can
be defined as

1
col = ~F - 2.
Tcol Cul ( 87)
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2.5 Spectral Line Shape

The associated contribution to the width of a spectral line is referred to as
collisional broadening or, because the collision frequency is proportional to
pressure, as pressure broadening (Gordy and Cook, 1984; Atkins et al., 2018).
Taking into account both the natural linewidth and pressure broadening, the
frequency profile ¢(f) is still described by Eq. (2.85), but now

z = Z(Aij + ZCij) (288)

j<i

(Gordy and Cook, 1984).

—— natural linewidth

—— pressure broadening
Doppler broadening
(no turbulence)
Doppler broadening
(with turbulence)

o(v)

—1000 =500 0 500 1000
Velocity [ms™1]

Figure 2.9: Effects of lifetime broadening (Egs. 2.85 and 2.86; blue line), pres-
sure broadening (Egs. 2.85 and 2.88; purple line), and thermal Doppler broaden-
ing (Egs. 2.92, 2.93, and 2.94; yellow and red lines) on the shape of the CO(1-0)
line. The frequency axis was converted to velocity via v = ¢(fo — f)/fo. The
vertical dashed black line marks the CO(1-0) rest frequency fo at v = 0, and the
horizontal dashed black line marks the (turbulent) Doppler line width.

The purple line in Fig. 2.9 shows the profile of a pressure broadened CO(1-
0) line, calculated from Eqgs. (2.85) and (2.88). For collision partner Hs, the
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CO(1-0) collisional rate coefficient is v, = 3.3 x 10" em?®s™1 at T} = 10K®.
The collisional de-excitation rate is then given as Cyy; = n(Hz)~yu, where n(Hs)
is the volume density of Hy. A value of n(Hz) = 10'2 cm =2 has been chosen for
the example in Fig.2.9. At lower values, the pressure broadened line profile
coincides with the natural line profile?. It follows that the process of pressure
broadening is negligible for spectral lines produced by molecules in molecular
clouds where Hy densities are typically in the range of 10*~107cm ™ (van
Dishoeck et al., 2013).

Thermal Doppler broadening

The molecules in a gas mixture move at different velocities v and in different
directions relative to an observer at rest. In thermal equilibrium, the velocities
are distributed according to a Maxwell-Boltzmann distribution, that depends
on the gas temperature. Along the line of sight of the observer, some molecules
will approach while others will recede. According to the Doppler effect, the
frequency of emitted radiation from the molecules will be different depending
on weather they approach or recede. For molecules moving perpendicular to
the line of sight, the radiation frequency will be unaffected (Gordy and Cook,
1984; Atkins et al., 2018). Assuming a transition rest frequency fy and non-
relativistic velocities v < ¢, the frequency of radiation emitted by approaching
and receding molecules is given by

Japp = (1 + %)fo (2.89)

and v
frec = (1 - E)an (290)

respectively. That is, the observed frequency will be higher than the rest
frequency for approaching molecules, but lower than the rest frequency for
receding molecules. The corresponding shift between observed frequency and

8LAMDA (Leiden Atomic and Molecular Database; https://home.strw.leidenuniv.nl/
~moldata/; Schoier et al., 2005)

9Considering the collisional rate coefficient for higher temperatures does not change this,
as the value of 7, for CO(1-0) increases only slightly to 3.8 x 10711 cm3s~! at the
maximum available temperature of 3000 K.
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2.5 Spectral Line Shape

rest frequency (due to the Doppler effect) is therefore
v
Afp = fors — fo = jszo (2.91)

(Atkins et al., 2018). Considering only one velocity component, say v, the
molecular velocities are Gaussian distributed, from which it follows that the
observed frequency shifts will also be Gaussian distributed'®. Furthermore,
the width of the velocity distribution depends on temperature, such that the
frequency distribution depends on temperature as well. It is generally increas-
ing with increasing temperature. The broadening of spectral lines due to the
described shift of observed frequencies is therefore called (thermal) Doppler
broadening (Gordy and Cook, 1984; Atkins et al., 2018).

The frequency profile ¢(f) of a Doppler broadened spectral line is described
by the Gaussian profile

o(f) = W , (2.92)

where

2kpgT
o =20,/

c m

is the (Doppler) linewidth at half maximum (Gordy and Cook, 1984; Atkins et
al., 2018). Turbulent gas motions can be considered as well by adding a term

(2.93)

for the root-mean square of the turbulent gas velocity viup to the Doppler
linewidth, which then becomes

Ofp = =1/ —— . 2.94
fD c m +Uturb ( 9)

The yellow line in Fig. 2.9 shows the shape of a Doppler broadened CO(1-0)
spectral line, calculated from Egs. (2.92) and (2.93), i.e., neglecting any turbu-
lence. The assumed temperature is 10 K, which is typical for a cold molecular
cloud environment. The red line further shows the line profile considering
turbulence via Eq. (2.94) with viy, = 0.3kms™!, which is also typical for a
cold molecular cloud. The horizontal dashed black line shows the (turbulent)

10The consideration of only one velocity component is sufficient for the characterization of
the line-of-sight molecular velocities.
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Doppler line width. As can be seen, at typical molecular cloud conditions,
the effect of Doppler broadening clearly dominates over the effects of lifetime
broadening and pressure broadening, while the effect of turbulence further
dominates over the effect of temperature (and molecule mass).

The frequency profile of a spectral line considering the combined effect of
lifetime broadening, pressure broadening, and Doppler broadening is described
by a Voigt profile (convolution of a Lorentzian and a Gaussian profile), which
has no simple analytical form. Most basically, a Lorentzian profile falls off
slower than a Gaussian profile such that the core of a spectral line is best
described by a Gaussian while the wings are better described by a Lorentzian.
However, as indicated above, spectral lines emitted by molecules in molecular
cloud environments are usually well fitted by simple Gaussians, as their shape
is largely dominated by Doppler broadening.

2.6 Antenna Theory

Molecules in cold molecular cloud environments are emitting radiation as spec-
tral lines over narrow frequency intervals. In order to analyze the abundances
of molecules in a certain source region, the emitted spectral intensity I, from
the source must be captured with a radio telescope in a certain bandwidth.
The basics of single-dish observations are discussed in this section, starting
with some background to the measurement and calibration of radio signals.
It follows a discussion of the concepts of source size and beam size as well as
the demands on surface and pointing accuracy.

Rayleigh-Jeans limit, system temperature, and noise

Radio astronomers are often operating in the limit hv < kg7, such that the
received intensity I, from a source can be well described by the Rayleigh-Jeans
approximation (Eq.2.10; Condon and Ransom, 2016; Yamamoto, 2017). By
using this relation, the spectral intensity of a source at a certain frequency v
can also be expressed in terms of the corresponding source temperature Tg as

B I,
N QkBI/2 '

Ts(v) (2.95)
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2.6 Antenna Theory

However, when measured with a radio antenna, the source signal is superim-
posed on signals from the cosmic microwave background (Temp), other radio
background sources in the sky (Tyy ), the atmosphere (Thm ), the ground be-
neath the antenna (Tground), and the receiver system (Trx)'!'. The overlay of
the measured signals is what defines the total system temperature, i.e.,

atm

Tiys = Ts + Tows + oy + Taam [1 = ¢ + Tyouna + Trx + .., (2.96)

where 72t™m
Ransom, 2016). Of course, the system temperature and all contributions to
it are frequency-dependent, but for simplicity, this dependence is neglected in

the notation above. At millimeter and submillimeter wavelengths, the noise

is the optical depth of the atmosphere at frequency v (Condon and

contributions from the atmosphere and the receiver system are usually the
largest. The system temperature further defines the RMS (root mean square)
noise temperature o, which is approximately given by the ideal radiometer

equation as
TSyS

Vv AVtint 7
where i, is the integration time, and Av is the bandwidth (Condon and Ran-

som, 2016). As can be seen, the noise temperature can be reduced by longer
integration times. In addition, different calibration and switching methods

~

or ~

(2.97)

are used to minimize the effects from distracting signals, and to filter out the
desired source signal.

Calibration and switching techniques

When targeting an astronomical source with a telescope inside the Earth’s
atmosphere, the source signal gets attenuated by the optical depth of the
atmosphere at the observed frequency. However, the optical depth is not
constant, but changes over time due to short-term variations in atmospheric
conditions, including temperature, pressure, and humidity. An integral part
of all observation runs is therefore the repeated determination of those pa-
rameters, followed by the calibration of the receiver system to the determined
values. In radio astronomy, a common calibration method is the so-called
chopper-wheel method (Jewell, 2002; Wilson, 2013).

11 Additional noise arises from artificial radio frequency interference (RFI) from e.g., tele-
vision, radio, and mobile network.
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Effects from the noise sources in Eq. (2.96) are minimized by using different
switching techniques, i.e., position-switching, beam-switching, and frequency-
switching. The contribution from the receiver system is further minimized by
cooling it to cryogenic temperatures. In position- and beam-switching, the
signal from a reference position at a certain offset from the source is measured
in repeating intervals during an observation run, and then subtracted from the
source signal. Thereby, the offset to the source position must be large enough
such that it is completely free of any target radiation. In position-switching,
the main reflector of the telescope is moved to switch between both positions,
while in beam-switching, only the sub-reflector is moved. Therefore, the off-
set can be arbitrary in position-switching, but is limited in beam-switching
due to mechanical reasons. The switching is faster and more stable with
beam-switching, but the maximum offset must be considered when observing
extended sources. It is common to observe the same amount of time on-source
and off-source. In frequency switching, the center frequency is switched to an
offset frequency for half of the observing time, and the spectra observed at
the offset frequency are then subtracted from those observed at the center
frequency. The spectra at the offset frequency still contain the signal and can
be integrated together with the spectra at the center frequency after some
processing. The required integration time to reach a certain noise level is
therefore reduced by about 50 %. However, this method is most suitable for
observations of a limited number of known target spectral lines in frequency
bands otherwise free of signals, because there is otherwise the risk of loos-
ing signal during subtraction [E. Wirstrom, P. Bergman, C. Horellou; priv.
comm.].

The underlying principle in the three switching methods is essentially the
same. That is, approximately half of the observing time is used to measure
the on-source or on-frequency intensity /" in a certain bandwidth, while the
remaining observation time is spend to measure the off-source or off-frequency
intensity 79%. The intensity difference

AL, =15 — 9% (2.98)

is then obtained and converted to the corresponding radiation temperature
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2.6 Antenna Theory

Tr, which is given as
B AlLc?
B 2]{7]31/2
in the Rayleigh-Jeans limit (Wilson, 2013; Mangum and Shirley, 2015; Ya-
mamoto, 2017). This temperature is now close to the source temperature as
would be measured outside the Earth’s atmosphere.

Tr(v) (2.99)

Beam size, source size, and beam filling

Both the telescope beam and the observed source have an extension on the
sky, and if the beam is larger than the source, the measured intensity will be
only a fraction of the true source intensity. This effect is called beam dilution.
If the source size is known, the fraction of the source that is filling the beam
can be quantified via the so-called beam-filling factor, making it possible to
correct for beam dilution.

The beam size of a single-dish antenna is derived from the power pattern of

a parabolic reflector, which is given by the square of the electric field pattern.

Assuming a cosine-tapered illumination by incoming plane waves from a far

distant source, the electric field pattern of a parabolic reflector can be written
o cos Tl
0

f) = T2 (2.100)

where [ is a measure of the reflection angle at different points of the reflec-

tor (Condon and Ransom, 2016). Fig.2.10 shows a plot of the (normalized)

field pattern f,(I) (left), and the corresponding normalized power pattern

P,(1) = f%(I) (right), which has Gaussian shape. The beam size 6 (in radi-

ans) is commonly expressed in terms of the full width at half maximum of that

Gaussian, which is commonly called the half-power beam width (HPBW) in

this context. It can generally be approximated as

A
aHpBw(/\) ~ 1.25, (2101)
where A is the wavelength of radiation and D is the aperture diameter (Con-
don and Ransom, 2016). The half-power beam width is indicated by the red

dashed line in Fig. 2.10 (right).
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A source on the sky covers a solid angle Qg, and the spatial extension of
the source is embedded in the basic equation of the source temperature Tg
(Eq. 2.95), which has dimensions of K sr~!. The source temperature (or bright-
ness) distribution can therefore be written as a position-dependent parameter
Ts(v,r), where r is a position-vector in a coordinate system with (0,0) at the
source center.

1.0 1.0
0.8 0.8
06 <06
= [
0.4 <04
Q
02 0.2
0.0
0.0
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

Figure 2.10: Left: normalized field pattern f(I) of a parabolic reflector, cal-
culated from Eq.(2.100). Right: normalized power pattern P(I) = f2(I) of a
parabolic reflector. The dashed red line marks the HPBW of the Gaussian beam.

When a telescope is pointed at a source with a certain temperature distri-
bution, the measured total power per unit bandwidth is

P(v) =kpTa = %Ae /TS(V, r)P,(v,r)dr, (2.102)

where A, is the effective collecting area of the telescope and P, (v, r) is the nor-
malized power pattern of the telescope beam (Fig. 2.10, right), here expressed
in terms of r in the same coordinate system as the source. Furthermore, T is
the power-equivalent antenna temperature, defined via the so-called Nyquist
theorem (P = kgT). Considering that a beam with a normalized power pat-
tern has beam solid angle

Qp(v) = / Pu(v,r)dr, (2.103)

and by using the antenna theorem (A4.0Qp = A\?; A.: effective collecting area
of the antenna) with the Rayleigh-Jeans approximation (Eq.2.10), it follows
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2.6 Antenna Theory

from Eq. (2.102) that the antenna temperature can be written as

_ Js Ts(v,x) Py(v,r) dr
f Pn(V, I‘) dr ’

Ta(v) (2.104)

That is, the antenna temperature is the normalized beam-weighted average of
the source (or sky) temperature distribution (Wilson, 2013).

An important definition is the main beam solid angle €,,, defined as the
region of the normalized power pattern P,(v,r) that contains the principal
response, i.e., the response out to the first zero in Fig.2.10 (right). Any re-
sponses outside this region are called sidelobes, or very far from it, stray
radiation. The main beam solid angle is related to the total beam solid angle

Tty (V) = %“:((y'/)) , (2.105)

where 7, is called the main beam efficiency. With the definition of main
beam efficiency, the measured antenna temperature is usually converted to
the so-called main beam temperature

T () = 120 (2.106)

Tt (V)

which then provides a better estimate of the intrinsic source temperature
(Condon and Ransom, 2016). Typical values of 7, are 0.5—0.9, depending
on the telescope and the frequency. The main beam solid angle of a circular
antenna is related to the Gaussian HPBW as

me(l/) = L) QHPBW(V)z ~ 1.133 QHPBW(V)2 (2107)

41n(2

(Condon and Ransom, 2016).

For the simple case of having a uniform temperature distribution, it follows
from Eq. (2.104) that

TA(V) = Ts(l/)

=Ts(V) funi, (2.108)
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where fun; is introduced as the beam-filling factor for the uniform case. This
provides the most intuitive interpretation of the beam-filling factor: the mea-
sured antenna temperature will be equal to the intrinsic source temperature
if the source and beam solid angles are equal, i.e., in the case that fu,; = 1.
However, if the source solid angle is smaller than the beam solid angle, the
antenna temperature will be smaller than the actual source temperature due
to beam dilution.

Often more accurately, it can be assumed that the source temperature dis-
tribution is Gaussian with

2
Ts(v,r) = To(v) exp (-41112;2) , (2.109)
S

where Tp(v) is the peak temperature at the source center and fg is the full
width at half maximum. Equivalently, the normalized power pattern can be
written as

2

P,(v,r) = exp (—4111 2;2> ) (2.110)

B
where 0 = fgppw. Assuming the beam center coincides with the source
center at (0,0), inserting the above equations into Eq. (2.104) yields

03

TA(V) = TO(V) 92 + 02
S B

=To(v) fGauss - (2.111)
Here, the interpretation of the beam-filling factor is less intuitive because hav-
ing equal source and beam sizes does not give faauss = 1, but fgauss = 0.5.
This is the case because Eq. (2.111) calculates Tj by scaling a single value
of the temperature distribution, i.e., the peak temperature. In fact, fqauss
only approaches unity if g > 0g, i.e., for very small beams compared to the
source. However, the basic principle remains the same: the measured antenna
temperature largely depends on the ratio of source size and beam size, and
decreases with increasing beam size.

For extended sources in nearby molecular clouds it can often be assumed

that f ~ 1 (Wilson, 2013). Nevertheless, the effect of beam size must be
considered when dealing with, e.g., emission from low-abundance molecules
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2.6 Antenna Theory

from a small sub-region of a source, or with maser emission (see section 2.3),
which always originates from very small sub-regions. Choosing a single-dish
telescope with a higher angular resolution or an interferometer can be ap-
propriate in such cases. For the molecules in the appended papers, there is
evidence for extended emission and beam average (LTE) column densities are
calculated assuming a beam filling factor of unity (see section 4.2).

An estimate of the source size, and with that, the beam-filling factor, can
be derived from Eq.(2.111) by making observations of the same source with
(i) two telescopes with different dish sizes or (ii) with the same telescope at
two different frequencies. In the first case, the two telescopes need to observe
the same frequency (spectral line), and in the second case, the two frequencies
(spectral lines) must have (approximately) the same on-sky intensity distribu-
tion. Both corresponds to making observations with two different beam sizes
0p,1 and 6p 2 (according to Eq.2.101), giving two different antenna tempera-
tures T 1 and Ty o, i.e.,

02
T =To(V) g 2.112
A,l(y) O(V) 9% + 9]23’1 ( )
and 52
Tao(v) =To(V) sg5——g— . (2.113)
03+ 03,
Defining the ratio
T 03 + 0%
R= Taa) %+ (2.114)
TA72(V) QS + 0B,1
makes it possible to solve for the source size
02— ROR
O =\ ————. 2.115
5 - (2115)

Surface and pointing accuracy

There are some further requirements to ensure that the antenna gain G(v,r)
(which is directly proportional to the received spectral power) is always at
maximum during observations. First, the gain depends on the surface accu-
racy Nsut Of a parabolic dish, which is set during telescope construction. If
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Osurf is the surface error and A is the wavelength of observation, the surface

accuracy is given by
A 2
Nsurt(A) = exp [—( mf““) ] . (2.116)

Essentially, a radio telescope works reasonably well for wavelengths A >
16 oyt (Condon and Ransom, 2016) (see Fig. 2.11,left). Another requirement
in order to maximize the gain during an observation is that the telescope is
pointed straight at the source at every time with highest precision. If Gy is
the peak gain of a dish, the fractional gain G /Gy is a function of the pointing

€ITOT Opoint, 1.€.,
2
G Opoint
— —exp|—4ln2| 2= 2.117
Go p[ <9HPBW> ] ( )

(Condon and Ransom, 2016). Thus, keeping pointing errors within 10 % of
the beam size ensures that the gain G is > 97% of the peak gain Gy (see
Fig.2.11, right).

1.0 1.0 —
0.8 0.8 .
A <16 0surt 2
< 0.6 §06 2
2 ~ =
< 0.4 Qo4 ,g
A> 1605yt a
X
0.2 0.2 S
—

0.0 0.0
0.00 0.04 0.08 0.12 0.0 0.4 0.8 1.2
Osurf / A Opoint / Orpew

Figure 2.11: Left: surface accuracy nsurf of a parabolic dish, calculated from
Eq. (2.116). A radio telescope works reasonably well for A > 16 osurt. Right:
fractional gain G/Go of a telescope as a function of pointing error opoint-
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CHAPTER 3

Modeling Spectral Line Intensities

This chapter covers the concepts and equations needed for the modeling of
spectral line intensities for molecules at LTE conditions and non-LTE condi-
tions. In case of LTE conditions, calculating spectral line intensities is rel-
atively straightforward using the theoretical framework described in section
3.1. However, in case of non-LTE conditions, sophisticated non-LTE radiative
transfer models must be utilized to calculate spectral line intensities. Section
3.2 introduces the basic setup of the non-LTE radiative transfer model ALT,
which was extensively used in papers B and C. Then, using some simple nu-
meric examples, section 3.3 discusses how the equations of radiative transfer
are used to calculate the emergent spectral line intensity of a model source.
Lastly, section 3.4 introduces the equations for the convolution of a source
intensity distribution with a Gaussian telescope beam.
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3.1 LTE Conditions

To calculate the spectral line intensity I, for a molecule whose excitation is
governed by LTE conditions is trivial and does not require any assumptions
about source geometry. As was discussed in section 2.4, for the case of LTE
conditions, the source function for spectral line radiation can simply be written
as S, = B, (Tex) (Eq.2.74), where it is assumed that Tox = T = T'. Inserting
this into Eq. (2.68) gives

I, = B,(Thg) e™™ + By (Tax) {1 - e*fv} . (3.1)

That is, the only parameters that need to be estimated are source kinetic
temperature Tk, background temperature T}, and optical depth 7.

When carrying out observations towards a molecular cloud source, the
above definition of spectral intensity can then be used to specify the expres-
sion for the radiation intensity, i.e., Eq.(2.99). Essentially, the measured
on-source/on-frequency intensity Io" is then given by Eq. (3.1), while the off-
source/off-frequency intensity IS can simply be taken as

I8% = B, (Thy) - (3.2)
Then, the measured intensity difference AT, is
AL =1 — 1°% — [B(To,) — BU(Tbg)] [1 - e%} (3.3)

(Mangum and Shirley, 2015; Yamamoto, 2017). Here, it is common to in-
troduce the Rayleigh-Jeans equivalent temperature of blackbody radiation

intensity as
B,(T)®> h h -
v C v v
J(T) = =22 = 2 =) -1 4
T = = T [eXp<kBT> 1 (3-4)

where B,(T) is given by Planck’s law (Mangum and Shirley, 2015), i.e.,
Eq. (2.8). It then follows that Eq. (3.3) can be rewritten as

Al = 2";‘;”2 [JV(TQX) —J, (Tbg)} [1 - e*n} . (3.5)
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3.2 Non-LTE Conditions: ALT

In the Rayleigh-Jeans limit, the measured radiation temperature Tg can then
be defined as

B Al c?
B 2]{3BV2

R(V) = [JV(TGX) - Ju(Tbg)] [1 — eiﬂ'} . (36)
Under the assumption of LTE conditions, and by considering the beam filling
factor f (Eq.2.108), the relation to the measured antenna temperature is

Ta(v) = fTr(v) = f [Ju(Tex) - JV(Tbg)} {1 - e*ﬂ} : (3.7)

The above equations simplify further if it is assumed that we have optically
thin conditions with 7, — 0. The remainder of this chapter focuses on the
concepts and equations for the modeling of spectral line intensities for non-
LTE conditions.

3.2 Non-LTE Conditions: ALI

For a molecule whose excitation is governed by non-LTE conditions, sophis-
ticated non-LTE radiative transfer (RT) models must be utilized to calculate
line intensities. The underlying idea of such models will be discussed in this
section via the example of the ALI (accelerated lambda iteration) model, de-
veloped by P. Bergman (OSO) and based on the formulation by Rybicki and
Hummer (1991).

The ALI model is a 2D model that assumes a spherically symmetric molec-
ular cloud source with radius R, internally separated into a number of shells,
and interacting with a background radiation field with B, (Tyg), where Tig
is the background temperature! (Fig.3.1). In its baseline version, it is as-
sumed that the cloud only consists of Hy and a target molecule "mol", and
that it has kinetic temperature T, volume density n(Hs), and abundance
X (mol) = n(mol)/n(Hy). The effect of dust opacity (i.e., absorbance) kq can
be included as well, in which case a total source function must be considered,
taking into account the combined effects of absorbance by molecules and dust.

1t is also possible to consider another blackbody source at the center of the cloud, in order
to model the effect of, e.g., a protostar. There is also a version of ALI that is suited for
the modeling of molecular emission lines from comets.
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Many of the physical conditions, like temperature, density, and abundance,
can be described with constants or radial gradients.

Figure 3.1: Schematic cut through a spherically symmetric molecular cloud
source as considered in ALI. Credit: P. Bergman (OSO).

The major goal of every non-LTE RT model is to obtain a consistent SE
(statistical equilibrium) energy level population for the target molecule at ev-
ery position r in the cloud. According to Egs. (2.72), (2.75), and (2.77), the
level populations are then used to determine the source function S, (r), ab-
sorbance «,(r), and optical depth 7,(r), respectively. These parameters are
then further used to calculate the emergent intensity coming from the cloud,
utilizing the RT equations from section 2.4. An integral feature of the ALI
model is that it can assume a velocity field, in which the molecules are mov-
ing. Following the discussion of spectral line shape in section 2.5, this gives
an intensity distribution around a considered transition frequency. Effectively,
the ALI model assumes a Doppler broadened frequency (or velocity) profile
whose width depends on the position-dependent values of kinetic temperature
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3.2 Non-LTE Conditions: ALT

and turbulent velocity veyp (Egs. 2.92 and 2.94). It is furthermore possible to
assume radial velocity gradients to model an expanding or contracting cloud.
The effect of a velocity field on the shape of the spectral line intensity profile
of a cloud is discussed in more detail in section 3.3.

With a few simple approximations, the number of positions r to consider
decreases significantly (see Fig.3.1). First of all, based on the assumption
that the cloud is spherically symmetric, only positions in one half of a sphere,
and only one position per shell need to be considered (if it is assumed that
each shell is physically and chemically homogeneous). For simplicity, the con-
sidered positions can be taken to be points along a line through the center of
the cloud (e.g., points along the z-axis). The level population at every point
(0,0, z) is affected by the absorption and emission of photons, i.e., by the
level populations, at other surrounding positions (z,y, z). To obtain the level
population at exemplary point (0,0,r), different paths at different possible
angles are considered (dashed lines), through which that point receives radia-
tion from other points in the cloud. Along every path, is is assumed that the
initial radiation intensity is the background intensity I,,(0) = B, (Tis) ('ibg"
in Fig.3.1).

When first entering the cloud, and along with particle collisions, the back-
ground radiation will produce a certain level population at a point (y, z) close
to the edge, according to Eq. (2.48), written slightly adjusted as

N N
d
&m(y, z) = an(yv 2)Pji — ni(y, 2) Zpij =0, (3.8)
j#i j#i
where now

_ {A” + B”L,(O) + Cl'j Jif i >3 (3 9)

T ByL(0) + G if i<

The level population gives the values of S, (y, 2), a, (y, z), and 7, (y, z), which
gives a certain radiation intensity I,(y,z), according to Eq.(2.67), written
slightly adjusted as

1(y,2) = L,(0) e @) + 5, (y, 2)[1 — e~)] (3.10)
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This intensity is then used as the "background intensity" I, (0) for the next
point (y, z) along the considered path, and so forth until reaching point (0, 7).
At that point, the average intensity (I(0,7)) is then obtained by integration
over solid angle Q (considering all paths to that point) and frequency, i.e.,

(I(0,r)) = %/ dQ/I,,(y,z) dv. (3.11)

Note that Egs. (3.8) —(3.10) must be solved for a range of frequencies to con-
sider the spread in intensity. The final level population at is then obtained
as
d N N
i(0) = > n;(0,7)Pji = ni(0,r) Y Py =0, (3.12)
J#i J#i
with
= J ;(1(0,7)) J - J. (3.13)
B;; (1,(0,7)) + Ci; Jif i<y,
Of course, the equations above are written for the particular point (0,r),
but can be written more generally for an arbitrary position r as

N N
d
i) = > ni(r)Pji —ni(r) Y Py =0, (3.14)
JFi J#i
with
= Aij—l—Bij(I(I'»—FCij ,ifi‘>]'. (315)
B”<IV(I‘)>+C1 ,ifZ<_],
where )
/
_ L 1
(1) = - / a9 / L) dv, (3.16)
with

L) =I"e ™) 4 5, (r') {1 - e_T”(‘"/)} . (3.17)

In the last equation, r’ denotes another position at a given distance from r,
while I/ denotes the received spectral intensity at r’, obtained at a previous
position r”. Thereby, r, r’, and r” are lying on a line connecting the outside
of the cloud with point r.
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3.2 Non-LTE Conditions: ALT

In order to obtain a consistent set of level populations throughout the cloud,
the above equations must be solved iteratively, and simultaneously for all
considered positions (shells) and a number of angles. This process can be
separated into three major steps:

(1) Assume LTE conditions at a constant excitation temperature Tey, giving
the initial level populations ni™ in all shells.

(2) Solve the set of SE and RT equations (Egs. 3.14—3.17) to obtain (I(r)) in
every shell.

(3) Calculate new level populations n}*" based on (I(r)).

Then, steps (2) and (3) are repeated until convergence, i.e., until the differ-
old

%

ence between n°% and n!

Accelerated lambda iteration (that gives ALI its name) is a specific method
to solve the above set of differential equations (Rybicki and Hummer, 1991).
The derivation of molecular column densities using non-LTE RT models (as
is done in papers B and C), is further described in section 4.4.

is smaller than a considered boundary value?.

Alternative models exist for both simpler and more complex considerations.
For example, in the RT model RADEX?, the direct interdependences of level
populations and radiation intensities in different parts of the cloud are ne-
glected. Instead, a global average intensity (I,) is obtained by considering a
geometrically averaged photon escape probability 3, such that

(L) =S,(1-8). (3.18)

Essentially, 5 depends on the optical depth of the medium and takes different
values for different approximations and geometries (van der Tak et al., 2007).
An often used approximation is the so-called large velocity gradient (LVG)
model, in which it is assumed that velocity gradients in the cloud are suffi-
ciently large such that a released photon will not interact with molecules in
between its point of release and the edge of the cloud. In that case,

1—e" ™

Bivg = —— (3.19)

Ty

2For a smooth convergence, the current level population can be taken as a fraction of
nhew 4 n(_)ld
k3 (A
Shttps://home.strw.leidenuniv.nl/~moldata/radex.html.
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(Gufimann, 1979; de Jong et al., 1980; van der Tak et al., 2007), such that
Pive — 1if 7, < 1, but fBryve =~ 1/7, — 0if 7, > 1. That is, the escape
probability approaches unity for low optical depths, but 1/7, for high optical
depths. On the other hand, a more complex treatment is provided in, e.g.,
the RT model LIME*, which calculates the level populations and radiation field
iteratively like ALI, but in 3D to treat treat asymmetrical source geometries
(Brinch and Hogerheijde, 2010).

3.3 Emergent Line Intensity

This section uses some simple numeric examples to showcase the calculation
of the emergent spectral line intensity of a model cloud using the RT equa-
tions introduced in section 2.4. First, this is done for the simplest case of
calculating the intensity only at a certain transition frequency, neglecting any
line broadening processes. Eventually, the numeric example is expanded to
discuss the influence of a velocity field on the width of the modeled spectral
line profile.

No line broadening

Assuming a consistent SE level population was obtained for all positions in
a model cloud, the emergent intensity of the cloud at a certain transition
frequency is calculated by using Eq. (2.66) for lines of sight (LOSs) through
the cloud. Considering a spherically symmetric cloud in a 3D coordinate
system, observed from the outside, the intensity emerging from the cloud
surface at position (z,y) is then given by

7o (2y)
I(z,y) =18 ™ (@) 4 / S, (r) e [m@n=—"mlqr (3.20)

0_—
T9=0

where IP® is the background radiation intensity, 7, (x,) is the total optical
depth for the considered LOS, and S,(r) and 7,(r) are the source function
and optical depth at position r = (x,y, z) inside the cloud. The total optical
depth is given as

L(z,y)
(@, y) = / o, (r)dz (3.21)
0

4https://github.com/lime-rt/lime.
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where L(x,y) is the path length through the cloud at position (z,y), and
oy, (r) is the absorbance at position r. Equivalently, 7(r) is the cumulative
optical depth defined via the above integral up to a certain depth z, while
dr, = oy (r) dz (Eq.2.55).

Numerically, solving Eq. (3.20) above can be approached by first dividing
the cloud into a number of N shells, each characterized by specific values S, ;
and oy, ;. Then, Eq.(2.67) is utilized stepwise, starting from the outside of
the cloud and following a LOS through the different shells. At a given (plane)
distance d(z,y) = /22 + y? from the cloud center at (x,y) = (0,0), the total
chord (path) length through the cloud is given as

N
L(Z’,y) =2/ R?— d(xvy)Q = ZLz(x7y) ’ (322)

where R is the cloud radius. Furthermore, L;(z,y) is the chord length through
the ith shell, given as

Liw) =2 (Vb — dla? -\ —den?) . G23)

where ri, is the inner radius and 7. is the outer radius of the shell. Some
shells contribute twice to the change in intensity along a path through the
cloud. To take this into account, one can define segments Azfr = Azhear =
L;/2 and order them as

[Azfar AT Agmear A pRear] (3.24)

giving a total number of 2V chord length segments for each LOS. Calling the
segments with subscript j, Eq. (2.67) then becomes

I, j(z,y) =1, j-1(x,y) e AT 4 Sy (1 — e AT (3.25)
where A7, ; = a, jAz;.
The above equations are used in a simple numeric example, considering a

model cloud with radius R = 2 x 10'7 cm, divided into 50 shells, assuming
background intensity Ib& = 2.7 K. The source function at the cloud center is
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S, = 10K; it is assumed to linearly decrease with radius to reach 3K in the
outermost shell. For simplicity, the absorbance is assumed to be constant at
a, = 5x 1078 em~!. Eq.(3.25) is then solved for a grid of (z,y) values,
giving the intensity map, shown in Fig. 3.2. Using this equation to update the
intensity in steps while going through the separate shell segments is equivalent
to the single expression

2N
I(z,y) =I®e @Y 4 Z S,.;(1 —e i) e lw@y)=m @] (3.26)
J

which is furthermore equivalent to the analytical expression above (Eq. 3.20).
Here, the total optical depth is given as

2N
T(@y) =Y aw Az, (3.27)
J

while 7, (r) is the cumulative optical depth up to a certain segment j.

lel7

2

y [em]

-2 -1 0 1 2
x [cm] lel7

Figure 3.2: Intensity map I(z,y) calculated from Eq.(3.25) for a cloud with
R = 2 x 107 cm, divided into 50 shells with varying S, and constant o, =
5x 107 ¥ em™?.
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The importance of optical depth

The optical depth is a crucial parameter that determines how many photons
from the background radiation or from a certain depth in the cloud are actually
able to escape the cloud. First, the total optical depth gives a direct estimate
of how much of the background radiation survives the journey through the
cloud. As can be seen from Eqgs. (3.20) and (3.26), at 7, (z,y) < 1, the atten-
uation of the background intensity is negligible and it strongly contributes to
the final emergent intensity. However, at 7,,(z,y) > 1, the contribution of the
background intensity to the emergent intensity becomes very small, meaning
that most of the intensity is produced inside the cloud itself. Furthermore,
defining

T(z,y) — 71 (r) = TSUH, (3.28)

the cloud attenuation factor exp(—7%if) determines how much of the radia-
tion emitted at a certain depth survives the passage to the surface. Equivalent
to the case of the background radiation, if 78 is high, almost none of the
radiation from the considered depth will leave the cloud.

5 lel7 1.0

y [em]
o

o
exp[—Tu(x, ¥)]

o
o

-2 1 0 1 2
x [em] lel7

Figure 3.3: Background attenuation factor exp[—7.(z, 2)]; 7o (z, z) calculated
from Eq. (3.27).
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Considering the 7, (x,y) map calculated from Eq. (3.27), Fig. 3.3 shows the
attenuation factor (exp[—7,(z,y)]) for the background intensity. As can be
seen, at the considered conditions, about 40 % of the background intensity
contributes to the emergent intensity for central LOSs. Fig.3.4 shows the
intensity map calculated for a higher absorbance of 2 x 10! cm™'. At those
conditions, almost none of the background radiation contributes to the emer-
gent intensity on the near side of the cloud as exp[—7,(x,y)] ~ 0 for almost
all LOSs. Furthermore, the cyan contour in Fig.3.4 marks the 7, (r) surface
that corresponds to 73 = 3 defined via Eq. (3.28), while also marking a crit-
ical depth z.i via the z-dependency of 7, (r). Photons emitted from depths
z > zeiw are likely to be reabsorbed by material in front of it, while most
photons that actually leave the cloud are coming from depths z < z.it. That
is, at large optical depths, information is lost about where in the cloud the
radiation is coming from, and the actual depth up to which one can look into
a cloud becomes limited.

lel?7
2 5.5

y [em]

x [cm] lel7

Figure 3.4: Same as Fig.3.2 but for o, = 2 x 107" em™'. The dashed cyan
contour marks the 7, (r) surface that corresponds to 75 = 3 (Eq. 3.28).

In general, and still assuming the absorbance is constant in all shells, the
total optical depth increases linearly with increasing absorbance. However,
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3.8 Emergent Line Intensity

the emergent intensity will go through a maximum before falling off. This is
shown in Fig. 3.5 for the longest LOS through the cloud center at (0,0). At
very high optical depths, the intensity approaches the source function of the
outermost shell (3K here), which is an extreme limiting case in which all pho-
tons escaping the cloud are coming from this shell, and at which the emergent
intensity looks uniform. For most molecular lines, such extreme conditions
are rarely reached. However, spectral lines of CO are an exception and can
reach very high optical depths.

20.0
17.51 Ls.5
15.0 -

L5.0
12.5- _

—_ hv4

© oy

S 10.0 =)

: 459

7.5 =
5.0 1 r4.0
25+
L35
0.0
0.0 02 0.4 0.6 08 1.0
a, [cm—l] le—16

Figure 3.5: Total optical depth 7., (z,y) (blue) and emergent intensity I, (z,y)
(red) for the central LOS at (0,0) as a function of absorbance a,,, assumed to be
constant in all shells.

Considering a velocity field

The expressions and figures for the numeric examples above are all valid for
a single frequency. However, as was discussed in section 2.5, the emergent
line intensity from a cloud is actually spread out in frequency or, equivalently,
velocity due to the motions of molecules in the gas. In the following, concepts
and equations are expressed in the velocity domain.
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In cold molecular cloud sources, the velocity profile ¢(v) is a Doppler broad-
ened (Gaussian) profile that is largely determined by the turbulent gas velocity
Vturb (s€e section 2.5, Eqs. 2.94). It can be written as

1 v?
P(v) = m exp <_”t2urb> ) (3:29)

where 1/vguby/7 is the normalization constant from the requirement that
[ ¢(v)dv =1 (Eq.2.71). Allowing for LOS gas motions with velocity vros
towards or away from an observer and using the general relation between vy,
and the full width at half maximum Awv of the Gaussian profile, i.e.,

Av
Vturb = —F7—7—,
b T A 2

the velocity profile can be written equivalently as

p(v) = Xili:}; exp [—41112(1}_&2“()8) 1 ) (3.31)

(3.30)

where vrog is the LOS projected velocity of the radial velocity vy.q, when
considering an expanding or contracting cloud. In general v,,q has a nega-
tive/positive sign in the contracting/expanding case.

In order to expand the numeric example above to account for a velocity
profile, the absorbance is calculated as

ay = ag p(v), (3.32)

where « is the peak absorbance, assumed to be given by the SE level popula-
tion in a certain shell (Eq.2.75)°. Then, Eq. (3.25) is applied for all LOSs and
a range of velocities v. In the following, it is assumed that Av = 0.5kms™!
while considering v € [—1.5,1.5] kms™!, split into 200 velocity channels. Fur-

5The units of ag are cm ™! (kms—1)~1

, such that integrating the absorbance profile over
velocity yields units of cm™!. Hence, the optical depth 7., derived by integration of
the absorbance along a LOS (Eq.3.21), has dimensions of (kms~!)~! and becomes

dimensionless by integration over velocity.
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thermore, the assumed values for R, I’%, and S,, are the same as in the example
above, but only N = 20 shells are considered.

—— Viag = 0.0 km/s
3.8 1 Vrad = — 0.5 km/s
3.6 1
¥ 3.4
8 f |
32, |
= | \
3.0 1
2.8 1
-15 ~1.0 —05 0.0 05 1.0 15
v [km/s]

Figure 3.6: Emergent intensity I, for the central LOS at (0,0) assuming ag =
1078 em™! and a velocity profile described by Eq. (3.31) for vraa = Okm g1
(static case; blue) and vraq = —0.5kms™! (contracting case; orange).

Fig. 3.6 shows the emergent intensity as a function of velocity for the central
LOS, assuming ap = 1078 cm™'. As can be seen, the intensity "baseline" is at
the background intensity 7°% = 2.7 K. The blue line is for the case of having no
net gas motions towards or away from an observer, i.e., U,05 = Uyaq = Okms™!
(static case). The orange line is for the case of a contracting cloud, assuming
that molecules in the outermost five shells are moving towards the center of
the cloud with constant radial velocity vyaq = —0.5kms™!. That is, from the
perspective of an observer, molecules on the near side of the cloud are receding
while molecules on the far side are approaching. Effectively, the molecules in
the outermost five shells are emitting and absorbing photons at fundamen-
tally different velocities (frequencies) than molecules in the central part of
the cloud, giving rise to the observed line wing emission on both sides. The
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red-shifted wing (on the right side) stems from receding molecules on the near
side, while the blue-shifted wing (on the left side) stems from approaching
molecules on the far side.
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-15 _1.0 —05 0.0 05 1.0 15
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Figure 3.7: Optical depth 7, for the central LOS at (0,0) calculated via
Egs. (3.27) and (3.32) for ap = 107" cm™" and a velocity profile with vaq =
0Okms™* (static case).

It is important to note that, in an optically thin medium and under the
simplified conditions considered here, it is not possible to separate between a
contracting cloud and an expanding cloud based on the intensity distribution,
because both cases produce the same symmetric outcome. That is, reversing
the sign of v;.4, molecules on the near side would approach while molecules on
the far side would recede, but the intensity distribution would look the same.
The optical depth is an important factor here, because in an optically thin
medium, an observer receives photons from deep cloud layers. Of course, as
the absorbance is now a function of velocity, also the optical depth becomes a
function of velocity (Eq.3.27). The optical depth profile for the central LOS
and the static case (vyaqg = Okms™!) is shown in Fig. 3.7.
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—— Vrag = 0.0 km/s
6.5 4 —— Vwg= —0.2 km/s
—— Viag= — 2.0 km/s

6.0 A

5.51

5.0

0) [K]

’

S 4.5

Iy

4.0

3.54

3.0 1

2.5 T T T T T T

v [km/s]

Figure 3.8: Same as Fig. 3.6 but for ap = 5 x 1077 cm ™! and contracting cases
with vraq = —0.2kms™! (orange line) and vraq = —2.0km 7! (green line).

Fig. 3.8 shows the emergent intensity distribution for the central LOS, as-
suming a higher absorbance of oy = 5 x 10717 cm~!. In case of a static cloud
(blue line), the intensity shows a strong symmetric dip, which arises from
the (self-)absorption of photons by molecules along the LOS to the observer.
That is, the optical depth for the central LOS becomes high and reaches a
peak of about 17 (the shape is the same as in Fig. 3.7). Comparing to Fig. 3.5,
1,(0,0) is in the regime past the peak intensity. If the absorbance would
be increased even further, to values > 10716 cm™!
that reaches down to the value of the source function in the outermost shell,
i.e., down to 3K. The orange line in Fig. 3.8 is for a contracting cloud with

Vpad = —0.2kms™ L.

, one would observe a dip

An asymmetry emerges for the same reason already
mentioned above: the molecules in the far side shells, the central shells, and
near side shells are moving at different velocities and photons emitted by the
molecules in different cloud regions interact less with molecules in other re-
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gions®. For the case of an expanding cloud, the profile would appear mirrored.
It is important to note that there are still interactions between photons and
molecules in the different shells of the cloud because of the velocity profile
(turbulent gas velocity), which is assumed to be same for all positions in the
cloud. In the current example Av = 0.5km s~ while v;aqg = —0.2kms~!. If
we instead assume a radial velocity that is significantly larger than Awv, pho-
tons from the far side shells, central shells, and near side shell become fully
decoupled, giving rise to three distinct velocity components. This is shown in
Fig. 3.8 for v;aq = —2kms~! (green line). As can be seen, the optical depth in
the central cloud shells becomes large enough for significant self-absorption.
Some self-absorption is also observed for the emission from molecules on the
near side (the peak at vyaq = 2kms™'). The 0-H2S(11 0-10,1) line analyzed in
paper C shows an asymmetric profile with an infall signature that is modeled
with ALI.

3.4 Beam Convolution

In order to model the intensity of a spectral line as would be observed when
pointing a telescope at the cloud, the emergent spectral line intensity of the
cloud must be convolved with an assumed beam shape function. The following
convolution method is also used to calculate beam convolved column densities
in papers B and C (see section 4.4).

Assuming a 2D Gaussian beam (section 2.6), the beam-shape function can
be written in matrix notation as

1 _1/2 1 -1
g(r) = o det(X) "2 exp [2<r —Topb |Z | r— I‘O,b>:| , (3.33)

where ro, = (Zo,b, Yo,b) is the assumed beam center, and

%= (%5 02) (3.34)

Ty

6In the LVG approximation of some non-LTE radiative transfer codes it is basically as-
sumed that velocity gradients in the different layers of a cloud are large enough such
that photons emitted at one position in a cloud do never interact with molecules in
another part of a cloud. Therefore, non-local effects such as self-absorption cannot be
considered with such models.
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is the covariance matrix, containing the Gaussian standard deviations o, and
oy, which, for a circular beam, can be expressed in terms of the half power

beam width Ogpgw as
faPBW

Y 922

Based on the distance D to the cloud (in c¢m), the beam width is converted
from arcsec to centimeter via

(3.35)

Oy =0

Dernf
ecm — cmvYarcsec . .
602 x 180/ (3:36)

Numerically, and assuming an intensity distribution I,(z,y) at a certain
velocity, the beam convolved (average) intensity (I,) is then calculated as

(L) =Y L(x,y) gla,y) Ar =Ty, (3.37)

where Ar = Az Ay. Following the discussion in section 2.6, (I} can be identi-
fied as a modeled antenna temperature 7. One of the most basic properties
derived from radio-astronomical spectral line observations is the integrated
line intensity, simply defined as

/ Tpdv. (3.38)

The above equations are applied for the numeric example of a static cloud
with ap = 107 cm™! from the previous section. The top panel of Fig. 3.9
shows the emergent source intensity for v = 0kms~!. The bottom panel fur-
ther shows the beam shape function as calculated from Eq. (3.33) for Ogppw =
45” and a distance of 300pc. Then, Fig.3.10 shows T calculated from
Eq. (3.37) for the 200 velocity channels in the interval v = [—1.5,1.5] kms~?
and for fpppw = 17 (blue) and fgppw = 45” (orange). It is assumed that the
beam center and the source center coincide at (0,0) and the background inten-
sity Thg = 2.7 K was subtracted from the spectrum. As can be seen, for a very
narrow ("pencil") beam, the modeled antenna temperature coincides with the
emergent spectral line intensity for the central LOS (Fig. 3.6), which is shown
as red dashed line. However, for a larger beam, the modeled antenna tem-
perature becomes significantly lower due to the decreasing emergent intensity
with increasing distance from the (plane) source center.
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Figure 3.9: Top: emergent spectral intensity at velocity v = Okms™?! for the
numeric example of a static cloud with cp = 107¥ cm™!. Bottom: Gaussian
beam shape function calculated from Eq. (3.33) for a beam size of Ouppw = 457
and a source distance of 300 pc.
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The two modeled antenna temperatures can be used to demonstrate the
calculation of the beam-filling factor via Eq.(2.111). First, an estimate of
the source size is derived via Eq. (2.115), giving s = 49”. For g = 457,
the beam filling factor is fgauss = 0.54. The corrected antenna temperature
corresponding to Op = 457 is then Ta/fGauss = 1.19K, which is equal to Tx
corresponding to g = 17 (or 1,(0,0)).

1.21 —— Ouppw =1"
Oupaw = 45"
1.0 - - I,(0,0) [K]
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Figure 3.10: Beam convolved (average) emergent intensity Ta = (I,) calculated
from Eq. (3.37), assuming upew = 17 (blue line) and Oupsw = 45” (orange line).
The red dashed line shows the emergent intensity for the central LOS as shown in
Fig. 3.6 for the static case. The background intensity Ti,s = 2.7 K was subtracted
from the spectrum.

It is important to note that, when observing a source with a telescope beam,
not only the intensity becomes an average over the beam, but also the optical
depth. The beam average optical depth 7.>¢2m

v is calculated as

pheam Z To(z,y) g(z,y) Ar, (3.39)

and has qualitatively the same features as the beam average intensity.
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CHAPTER 4

Molecular Column Density Calculation

When pointing a radio telescope towards a cold molecular cloud source, it
gathers photons emitted by gas phase molecules during transitions between
their rotational energy levels. The area from which the photons are gathered
is constrained by the telescope beam size, which depends on the dish size
of the telescope and the observing frequency. Furthermore, the depth up
to which photons are gathered is limited by the optical depth of the gas.
Then, the number of received photons in the frequency interval that defines a
spectral line produces a certain (beam average) integrated line intensity, which
is directly proportional to the number of emitting molecules within the limiting
area of the beam on the sky. Hence, measured integrated line intensities can
be used to infer the number of molecules within the "column" defined by the
beam of a telescope. This number is therefore called the column density of
a molecule. This chapter presents the tools for the calculation of molecular
column densities from measured spectral line intensities. Section 4.1 covers
the basic definitions and discusses the case of having LTE conditions. Then,
section 4.2 discusses the influence of optical depth and section 4.3 introduces
the population diagram method. Lastly, section 4.4 discusses the column
density calculation for the case of non-LTE conditions.
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Chapter 4 Molecular Column Density Calculation

4.1 Basic Definitions and LTE Conditions

If n(mol) is the number volume density of molecule "mol", and considering a
path with length L through a cloud, the basic definition of molecular column
density is

L
N(mol):/0 n(mol) dz . (4.1)

However, there is no way to directly probe the volume density of a molecule in
a cloud without an additional assumption about the cloud geometry. Instead,
the relation between spectral line intensity and the underlying level population
is used to calculate the column density of a molecule. The equation for that is
derived from the equations presented in sections 2.3 and 2.4. The upper level
column density N, has been already introduced as a parameter in Eq. (2.79)
for the optical depth of a spectral line. It essentially gives the number of
molecules (per unit sky area) in an upper energy level along a line of sight
through the cloud. Re-arranging Eq. (2.79) for N, gives

-1
hv
eXp(]g]gj—'ex) — 1] /TV dv. (42)

Assuming statistical equilibrium, the upper level column density of a molecule
is related to its total column density Nyt via the rotational partition function

Qrot as
Nu Ju Eu
= exp| — 4.3
Ntot Qrot P < kBTex ) ( )

(see Eqs. 2.46 and 2.47). Inserting Eq. (4.2) into Eq. (4.3) then gives

—1
87”/2 Qrot Eu hv
Niow = g exp| o | fexp| o | =1 / ndv.  (44)

If the excitation of a molecule is governed by LTE conditions, the complete
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level population is constrained by a single excitation temperature Ty, which,
in the high density limit, can be assumed to be the gas kinetic temperature
Tx of the source (section 2.3). Therefore, if an estimate of Ty exists for a
cloud, calculating the column density of a molecule becomes trivial for LTE
conditions. Furthermore, in case of LTE conditions, the calculated column
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4.2 Influence of Optical Depth

density will be the same regardless of the observed spectral line. This is in
strong contrast to the case of non-LTE conditions, where the population of
different level pairs is characterized by different values of T,y. In this case,
wrongly assuming the same T, = T} for different lines therefore gives different
values of Niot. It follows that the column density calculation for molecules
governed by non-LTE conditions is non-trivial and requires the use of non-LTE
radiative transfer models (section 4.4).

4.2 Influence of Optical Depth

As a first order approximation, it can often be assumed that the optical depth
of a molecular transition is much smaller than unity, especially when observing
complex molecules where the emission is spread over many spectral lines. This
defines the so-called optically thin approximation. Essentially, if 7, < 1,
and if LTE conditions are assumed, the expression for the measured antenna
temperature towards a source (Eq. 3.7) can be written as

Ta(v) = f [o(Te) = Jo(Tig) |7 (4.5)

Inserting this into the expression for the total column density of a molecule

(Eq.4.4), yields
) E h o
thin _ OTV" Grot u v _
NtOt B CZAul Gu eXp<kBTex> exp<kBTex> 1]
(4.6)
/TA(V) dv,
f |:JU(TCX) - Ju(Tbg)]

1

where [Ta(v)dv is the integrated intensity, which was already defined in
Eq. (3.38). It is allowed to remove the term including J,, (T') from the integral,
because it does not vary substantially across the frequency width of a typi-
cal spectral line (Mangum and Shirley, 2015). Often, J,(Tex) > Jo,(Thg), in
which case J,(Thg) can be neglected. However, in cold sources where Ty is
typically not much higher than Ti,s, J, (The) must be considered. Essentially,
as Ta(v) is an average over the antenna beam (sections 2.6 and 2.4), the de-
rived column density is also an average over the antenna beam.
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Chapter 4 Molecular Column Density Calculation

In optically thin conditions (1, < 1), a telescope pointed at a molecular
cloud source will gather photons from all depths into the source. However, in
optically thick conditions (7, > 1), photons from deep source layers can get
absorbed by molecules in the foreground (section 3.3), such that the number
of photons that leave the source, and is counted by the telescope, is lower than
the number of actually emitted photons. It follows that the column density
derived from an optically thick line with the optically thin approximation
underestimates the true column density of a molecule. One way to take this
into account is to use an estimate of the line optical depth and to apply the

correction factor
Ty 1

S l-e ™ fBwe
The total column density obtained from an optically thick line is then given
as

c,

(4.7)

Nioy = C, N2in (4.8)

(Goldsmith and Langer, 1999; Mangum and Shirley, 2015). As can be seen,
the correction factor is the inverse of the photon escape probability 5 for the
LVG model (Eq.3.19). This basically means that optically thin and optically
thick conditions directly refer to high respective low photon escape probabil-
ities, as fpyvg — 1 if 7, < 1, but fryg — 0if 7, > 1.

One way to estimate the optical depth of a spectral line is by using the
so-called double-isotopologue method, in which the measured line intensities
of two isotopologues with a well established abundance ratio are required
(Yamamoto, 2017). That is, having isotopologues iso; and isos with isotopic
ratio Ris, and measured integrated intensities, the optical depth can be derived
from the following equation:

[ Ta(isor) dv 1—e ™

- : 4.9
[ Ta(isog)dv 1 — e 7/Rico (4.9)

This method was used in paper A to derive the optical depth of the HoCO(1-
0) line. Another way is to solve Eq. (4.4) for the optical depth, starting from
an estimated initial value Nz = N" and then using Eqgs. (4.7) and (4.8)
to iteratively update the value of Ny, until convergence. This method was
used in paper B to estimate the optical depth of observed C'®0(1-0) lines. It
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is also possible to use non-LTE radiative transfer modeling to estimate the
optical depth of a line (section 3.4). This was done in paper C to derive the
optical depth of CS and SO lines.

4.3 The Population Diagram Method

Another way to derive the total column density of a molecule without the
need to assume an excitation temperature is by using the so-called population
diagram method (Goldsmith and Langer, 1999; Yamamoto, 2017). To apply
that method, the measured intensities of several spectral lines of the same
molecule are required, from a range of upper level energies as wide as possible.
The basis of this method is that, at LTE conditions, the relative intensities
of a set of spectral lines are constrained by the underlying level population.
The corresponding upper level column densities of the spectral lines can be

_ S8rkpr? (1 —e™ ™
Na = f < ) / Ta(v) dv (4.10)

calculated as

Ty

(Goldsmith and Langer, 1999). If the emission fills the beam (i.e., if f = 1),

and if the considered line is optically thin (i.e., if 7, < 1), the above expression
becomes

Nthin _ 87T]<ZBZ/2

v hCSAul

If the line is optically thick, it has to be treated as discussed before for the

case of total column density (Goldsmith and Langer, 1999). The total column

density is related to the upper state column density by Eq. (4.3), which can

be rearranged to give
Nu Ntot Eu
Inf — | =In - —. 4.12
( Ju ) (Qrot > Tex ( )

Here it is assumed that F,, is given in units of Kelvin as compared to Eq. (4.3),
where kg is included. The above equation describes a straight line in the F, —
In(Ny/gu) —plane, which defines a so-called population diagram (or rotation
diagram). The y-intercept of this line is In(Niot/Qrot ), while the slope of the
line is —1/Tex (Goldsmith and Langer, 1999; Mangum and Shirley, 2015). If
integrated intensities for several lines of the same molecule are available, they

Ta(v)dv. (4.11)
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can be used to derive upper state column densities, which can then be plotted
in a population diagram (see example in Fig.4.1).
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Figure 4.1: Hypothetical population diagram for perfect LTE conditions. The
four data points are assumed to be calculated from Eq. (4.11) for spectral lines
resulting from transitions v — [ with upper level energies Ey/kp of 20K, 40K,
60 K, and 80 K.

At perfect LTE conditions, the data points in a population diagram will fall
on a straight line because the complete energy level population is constrained
by the same excitation temperature Tox (sometimes called rotation temper-
ature in this context). Thereby, the line fit is best constrained if the upper
levels of the observed lines have a large separation in F,. Then, the value of
Tex can be derived from the slope of the line and, assuming LTE conditions
in the high-density limit, can be used to estimate the gas kinetic temperature
Tk = Tex. Furthermore, the total column density of the considered molecule
can be directly derived from the y-intercept. In non-LTE conditions, the data
points in a population diagram will deviate from a straight line because Tex
is not the same for the different considered spectral lines. The population
diagram method is therefore a useful tool to estimate whether or not the ex-

102



4.4 Non-LTE Conditions

citation of a molecule is governed by LTE conditions. It was used in papers
A, B, and C to check the validity of the LTE assumption and to derive some
of the molecular column densities.

4.4 Non-LTE Conditions

As was already mentioned in section 4.1, using Eq. (4.4) to calculate the col-
umn density of a molecule whose excitation is governed by non-LTE conditions
is not trivial, because T,y differs for different spectral lines and is, generally,
largely unknown. That is, the approximation that Tex = Ty for all spectral
lines does not apply in non-LTE conditions. In extreme cases of having mas-
ing lines, the excitation temperature can even be negative. Therefore, to de-
rive the column density for a molecule in non-LTE conditions, it is necessary
to use non-LTE radiative transfer models to simulate spectral line intensi-
ties, assuming a set of physical parameters, including molecular abundance
X (mol) = n(mol)/n(Hs. Then, a statistical analysis is required to derive the
parameters that best reproduce some measured line intensities. Eventually,
the best fit value of X (mol) can be used to calculate a beam weighted (con-
volved) column density estimate. Examples in the following discussion will be
based on the ALT model, which was introduced in section 3.2. However, the
basic principles are independent of the used non-LTE model.

Statistical analysis

Choosing the frequentist approach, a x? analysis can be used to derive the
best-fit value of molecule abundance X (mol)!. For that, a large number of
non-LTE radiative transfer models must be run for varying values of X (mol).
It is also possible to vary other parameters such as kinetic temperature or Hy
density, simultaneously. Each model produces a separate set of integrated line
intensities [Imod,1, fmod,2; - - - » Imod,n] for N considered spectral lines. Then,
for each model, a x? value is calculated as

N 2
2 (Imod i Iobs i)
= e O 4.13
X =) o~ ; (4.13)

i obs,?

11t is also possible to use another statistical framework like Bayesian inference.
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where Iohs; is the observed integrated line intensity of the ith spectral line
and o,ps,; is the corresponding standard deviation. It is common to work with
the reduced x? value Xfed, which is obtained by dividing the x? value by the
N — p degrees of freedom of the model, i.e.,

2

2
Xred = (N _ ) (414)

p)
where N is still the number of modeled spectral lines and p is the number
of simultaneously varied model parameters. In general, the difference be-
tween observed and modeled data is minimized at the minimum x?2,,; value
min(x?cd), and the best-fit model parameters are given by the correspond-
ing model. Obviously, a perfect fit between modeled and observed data is
obtained when x? = x2, = 0. However, a perfect fit is not the criterion
for a good model, because there are always uncertainties related to a mea-
surement, and a good model should deviate from the data by about as much
as the uncertainties. This conditions is fulfilled when x%, ~ 1. A value of
X%y > 1 might indicate underfitting (too simple model) or underestimated
uncertainties, while x2,; < 1 might indicate overfitting (too flexible model)
or overestimated uncertainties. Those are important points to consider when
interpreting the obtained Xfed minimum.

Uncertainties related to the model parameters are generally determined as
follows. Simultaneously varying three parameters such as X (mol), n(Hs),
and Ty spans a 3D parameter space, where each point has a particular Xged
value. Thereby, the best-fit model defines one point in the parameter space,
corresponding to min(xfcd). A 3D uncertainty ellipsoid (or contour) can be
defined around this point, whose shape, orientation, and extension embody
information about the relation between parameters, as well as the level of
confidence with which we can state that the value of one parameter lies in
a certain interval. The uncertainty contour is generally defined as the set of
points

Ocont = {min(xreq) + p} (4.15)

where o, is a number depending on the desired level of confidence and the
number of model parameters p; for example, for the 1-0 contour (68 % con-
fidence) and for p = 3, a;, = 3.5 (Lampton et al., 1976). If 0%, 02, and o3
are the variances of the three parameters, the simplest case is the special case
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of having a sphere centered at the point with x2, . In this case, the three

variances are equal (07 = 03 = 02) and the corresponding covariance matrix

is simply
a2 0 0
Cov=|(0 o2 0], (4.16)
0 0 o?

meaning that the three parameters have equal uncertainties and are uncorre-
lated, i.e., each parameter can be varied independently of the other parameters
without significantly changing the modeling outcome. If all three variances
are different (0% # 02 # 03), the contour takes the shape of a triaxial ellipsoid.
If the major axes of this ellipsoid are aligned with the axes of the underlying
3D parameter space, we have the (still diagonal) covariance matrix

o2 0 0
Cov=|0 o3 0. (4.17)
0 0 o2

In this case, the parameter uncertainties have different magnitudes, but the
parameters are still uncorrelated. Lastly, in the general case of correlated
parameters with different uncertainties, the covariance matrix becomes

2
01 Ci2 Ci13
Cov=|ca 0% co3], (4.18)
2
€13 C23 O3

corresponding to a tilted triaxial ellipsoid, i.e., the major axes of the ellip-
soid are not aligned with the axes of the underlying 3D parameter space. In
the above matrix, c;; are the covariances for parameter pairs ¢ and j, pro-
viding information about parameter correlations by means of the correlation
coefficients

.
pij = —-— (4.19)
i0j

where o; and o; are the standard deviations (square root of the variances) of
parameters 7 and j. Determining the correlation coefficients is equivalent to
normalizing the covariance matrix by o;0;, i.e., constructing the correlation
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matrix
1 pi2 p13
Corr=|p2 1 pas| - (4.20)
pis p23 1
In general, p;; € [—1, 1], and the cases p;; = 1 and p;; = —1 indicate a perfect

positive/negative correlation between parameters ¢ and j, respectively, while
pi; = 0 indicates no correlation. The uncertainties of the parameters are fur-
thermore given by the six points on the contour that maximize the orthogonal
distance to the three axes of the underlying coordinate system.

Of course, in practice, the model outcomes do not always allow the con-
struction of a closed contour around a single Y2, minimum. Furthermore,
running non-LTE radiative transfer models can be computationally expensive
and time consuming. Therefore, the sampled set of points in the 3D parameter
space can be relatively coarse, in which case it becomes difficult to construct
the full uncertainty ellipsoid, which is then only sampled by elliptic slices.
One common way to construct these slices is by varying two parameters, p;
and ps, at a time, while the third one, p3, is fixed. Then, considering the same
grid of values for p; and ps, p3 is varied to another value. This method has
been used to derive the parameter uncertainties for the non-LTE models in
papers B and C.

Numeric example: constructing the 1o ellipsoid

The following example summarizes attempts to construct the full 1o uncer-
tainty contour from a sample of slices through a 3D parameter space. Even
though not used in any of the appended papers, the method works well as an
illustration of the mentioned concepts and has the potential to speed up the
uncertainty analysis in future work.

The example is based on non-LTE modeling results with ALI for the col-
umn density determination of the 2C32S, 2C31S, and '3C?%S isotopologues
towards the methanol hotspot in B5 (see paper C); for simplicity, the isotopo-
logues will be denoted CS, C3*S, and **CS. The X2.q statistic utilized here is
the same as in the paper, which can be checked for details about the model-
ing process. Most basically, the statistic is produced by comparing measured
integrated line intensities of a number of CS, C*S, and '3CS lines to modeled
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line intensities?, determined for constant values of n(Hy) = 1.6 x 10*cm =3
and T = 20K. Grids of N(C?*S) - N(*3CS) are sampled at constant values
of N(CS). Note that the column density used in the modeling process is re-
lated to the abundance as N(mol) = 2/3 R X (mol), where R is the assumed
source radius (see also text on beam convolution below). Using a logarith-
mic scale, the considered value ranges are log[N(CS)/cm™2] € [13.32,13.48],
log[N(C3*S) /em™2] € [12.2,12.7] and log[N(**CS)/cm~?] € [11.5,12.0]. Fur-
thermore, a step size of log[AN/cm~2] = 0.025 is used for N(C*'S) and
N('3CS). For N(CS), the used step size is log[AN/cm~2] = 0.02, which is
reduced to 0.01 close to the uncertainty limits.

Figure 4.2: Full 10 uncertainty ellipsoid for a set of ALI models in the N(CS) -
N(C?*'S) - N(*3*CS) parameter space. The black dot marks the ellipsoid center
(best fit), while the red, green, and blue points and connecting lines correspond
to the parameter uncertainties (see text for details).

2Line intensities of C33S are considered as well, but this has no major effect on the final
results.
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Figure 4.3: Full 10 uncertainty ellipsoid for a set of ALT models in the N(CS)—
N(C3'8) - N(*3CS) parameter space, shown with N('3CS) as z-axis. The red
areas mark all the points that lie inside the elliptic 10 contours at different
N(CS).

Fig. 4.2 shows the full 10 uncertainty contour, determined from the x2,
statistic. Also shown are the six points and the connecting lines that maximize
the separation of surface points along the three axes of the ellipsoid. The
utilized model data are all the 3D points that lie inside the elliptic 1 ¢ contours
in the different sampled N(C**S)~ N (**CS) planes (and at a certain N(CS)).
These points are marked by the red areas in Fig.4.3, clearly showing the
slicing at different values of N(CS). Fig.4.4 further shows the top view onto
the slices and the ellipsoid, with N(CS) as z-axis. To determine the full 1o
contour, all N data points that lie inside the elliptic 1 o contours are stored in
a N x 3 matrix D with columns N(CS), N(C*S), and N(**CS). Then, the
statistical spread of the data is determined via the covariance matrix Cov(D)
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(Eq. 4.18; determined in Python using the numpy. cov function). Calculating
the correlation matrix via Eqgs. (4.19) and (4.20) yields

1 —0.003 —0.005
Corr(D) = [ -0.003 1  —0.003] , (4.21)
—0.005 —0.003 1

which is showing that the three considered parameters are essentially fully
uncorrelated. This is the case because changing the column density of one
isotopologue has no effect on the line intensities of the other isotopologues,
leading to a very slow change in X?ed when gradually changing only, e.g.,

N(*3Cs).

11.86]
11.84

11.82

12.38 12.40 12.42 12.44 1246 12.48 125
log[N(C3*S)/cm~2] ©,

Figure 4.4: Same as Fig. 4.3 but with N(CS) as z-axis.

Eventually, the ellipsoid shown in Figs.4.2-4.4 is constructed from the
covariance matrix Cov(D). Thereby, the orientation and extension of the el-
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lipsoid are determined by the eigenvectors and eigenvalues (diagonal elements)
of Cov(D), respectively. Specifically, if the eigenvalues are denoted J;, it can
be shown that, for an ellipsoid with

2 2 2
LB b5 o) (4.22)
Ty ) T3

the maximum extension along the ith axis is r; = v/5);. The factor of five
comes from the mean-square distance of points filling the ellipsoid. That is,
considering the special case of sphere with radius R and volume V', the mean-
square distance of points from the center is

2 I 2 3 2
Then, for a sphere with
2 2 2
P1 P3 p3
i + T 4 o <1, (4.24)

it is found that 3(p?) = (r?) = 3/5 R?, from which it follows that
oy _ Lo
) = LR, (4.25)

In general, the eigenvalues of Cov(D) are the variances of the parameters p;,
ie.,

Xi = Var(p;) = (p}) — (pi)?. (4.26)

For a sphere centered at (r) = (0,0,0), (p;) =0, and it follows that the radius
of the sphere is related to the eigenvalues as

R=/5\;. (4.27)

It can be shown that the same holds if the sphere is centered at an arbitrary
center (r). Furthermore, extending to the general case of an ellipsoid yields

'I"Z:m

As was discussed above, the best fit lies at the center of the ellipsoid, while
the uncertainties of the three parameters are given by the six points on the
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surface of the ellipsoid that maximize the orthogonal distance to the three
axes. For the current example, those points and the intersecting lines are
shown in Fig. 4.2. As can be seen, in case of uncorrelated parameters (an axes-
aligned ellipsoid), the uncertainties are actually determined by the maximum
extension of the ellipsoid along the three axes, i.e., by 7; = /5);. It is found
that

log[N(CS)/em™2] = 13.40 +0.08,
log[N(C*'S)/em™2] = 12.44 +0.06,
log[N(**CS)/em™2] = 11.77 £0.09,
which translates to
N(CS) = 2.5(+0.5,-0.4) x 103 cm ™2,
N(C¥S) = 2.7(+0.4,-0.4) x 102 cm 2,
N(3CS) = 5.9(+1.4,—1.1) x 10" ecm ™2,

For N(CS), those values are the same as the estimates in paper C, and for
N(C*8) and N(**CS) they are very close (not more than 0.1 difference).
The method used in the paper to estimate the uncertainties requires much
more manual steps and is susceptible to error. Contrary to that, the method
described here only requires storing calculated x2, values in a table format
for the sampled slices, which are then used to construct the full uncertainty
ellipsoid.

Beam Convolution

The abundance X (mol) = n(mol)/n(Hs) and the column density N (mol) of a
molecule are related to each other through Eq. (4.1). Considering the central
path through a spherical cloud with radius R gives

R
N (mol) = /_R n(Hz) X (mol) dz. (4.28)

However, this equation is for a single line of sight (LOS) through the model
cloud, but the column density is generally an average over all LOSs covered
by a telescope beam. Considering all LOSs through the cloud, and assum-
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ing constant values of n(Hs) and X (mol), the source average column density
Nsource 18 given by

Nsource(mol) = gR n(Hg) X (mol). (4.29)

This estimate is used in most of the ALT models in papers B and C, and in
the numeric example above. In general, the modeling can be done either in
abundance space or in column density space (using one of the two equations
above), but eventually, the beam convolved column density must be calculated
from the abundance.

Following the numerical shell model introduced in section 3.3, and assuming
a Gaussian beam shape function g(x,y) described by Eq.(3.33), the beam
convolved column density Npeam(mol) is calculated as

Npeam (mol) ZN (z,y) g(z,y) AzAy, (4.30)

where N(z,y) is the column density for the LOS at plane position (z,y),
calculated as

an Hy) X;(mol) L;(z,y), (4.31)

where L(z,y) is the chord length through the ith shell (Eq. 3.22), characterized
by specific values of Hs density and molecular abundance. Assuming constant
values of n(Hs) and X (mol), Eq. (4.30) simplifies to

Npeam (mol) = X (mol) Z g(x,y) L(z,y) AxAy. (4.32)
Using this numeric beam convolution method, it is straightforward to calculate

column density estimates for off-center positions by shifting the beam center
away from the source center.
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CHAPTER b

Summary of Appended Papers

This chapter provides a brief summary of the papers this thesis is based on,
i.e., paper A, paper B, and paper C, which can be found in the appendix. The
three papers investigate different aspects of the gas phase molecular content
and chemistry observed towards the so-called methanol hotspot in the Barnard
5 dark cloud. Therefore, this chapter starts with a short separate section on
the source region and its general characteristics.
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Chapter 5 Summary of Appended Papers

5.1 The Barnard 5 Methanol Hotspot

The three papers appended to this thesis all focus on the same source region,
i.e., the so-called methanol hotspot in the Barnard 5 (B5) dark cloud. B5 is
part of a catalog of 349 dark clouds, summarized in Barnard et al. (1927).
It is located in the Perseus molecular cloud complex at a distance of approx-
imately 300pc (Zucker et al., 2018). The thesis front cover shows part of
the cloud complex, with B5 marked with a white box. Fig.5.1 further shows
the Hy column density map for B5, created from HGBS! (Herschel Gould
Belt survey) data. As can be seen, B5 has an elongated structure extending
over approximately 1.2pc from north to south and is about 0.4pc wide at
its broadest extension. It hosts the Class I protostar IRS1 in the southern
part (black cross in Fig. 5.1). Observations have further shown that the cloud
contains filamentary structures and some potentially prestellar cores (Pineda
et al., 2011, 2015; Schmiedeke et al., 2021).

The methanol hotspot (hereafter B5-Hotspot) is the position of maximum
methanol (CH3OH) emission in B5, located in the northern part of the cloud
(black cross in Fig. 5.1). Specifically, it is located in between two dense cores,
i.e., East 189 and East 286, which are not gravitationally bound and not ex-
pected to form stars in the future (Sadavoy, 2013). B5-Hotspot was first de-
scribed in Wirstrom et al. (2014), who also report the detection of gas phase
water towards this position. The only other cold dark cloud source with a
detection of gas phase water is the prototypical prestellar core L1544 (Caselli
et al., 2012). The kinetic temperature and density at B5-Hotspot are about
10-20K and 2 x 10* cm ™2 (Taquet et al., 2017; Carl et al., 2026a,b). The high
abundances of gas phase methanol and water at B5-Hotspot suggest a very effi-
cient release of ice species from dust grains, especially as methanol is thought
to be almost exclusively formed by grain surface reactions at low tempera-
tures (see section 1.2; Eq.1.27). Further evidence for the efficient ice mantle
desorption comes from the detection of gas phase complex organic molecules
(COMs), i.e., acetaldehyde (CH3CHO), methyl formate (CH3OCHO), and
dimethyl ether (CH3OCHjs), by Taquet et al. (2017). However, there are also
feasible gas phase formation routes for some of those molecules (e.g., Vasyunin
et al., 2017).

Thttp://www.herschel.fr/cea/gouldbelt/en/index. php.
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5.1 The Barnard 5 Methanol Hotspot
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Figure 5.1: Hs column density map for the B5 dark cloud, created from HGBS
data. The black contours mark N(Hz) = [0.4,0.6,0.8,1.0,1.1,1.2] x 10*> cm™2.
The black crosses mark the positions of the Class I protostar IRS1 in the south
and B5-Hotspot in the north.

The mechanism that leads to the efficient desorption of ices at B5-Hotspot
is largely unknown. Considering the low temperature and relatively high den-
sity at the position, as well as the strongly localized peak emission of methanol
and the large distance to the IRS1 protostar in the south, thermal desorption,
UV desorption, and cosmic ray desorption can be mostly ruled out. Reactive
desorption is also rather unlikely, because it is not clear what process could
cause the required localized increase in methanol formation efficiency at that
specific position. A possible explanation might be enhanced grain-grain col-
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lisions due to, e.g., a collision of cloud fragments on the large scale. Grain
collisions have been invoked into an astrochemical model by Kalvans and Sils-
bee (2022), showing that significant fractions of an ice mantle can be desorbed
in a grain-grain collision event. Assuming that grain collisions are causing the
desorption would mean that thermal desorption is, after all, the underlying
mechanism releasing ice species into the gas phase, as part of the collisional
energy is transferred into heat.

Regardless of the exact nature of the efficient ice desorption, the high abun-
dances of gas phase water and COMSs at a position not related to active star-
formation and not characterized as a dense core make B5-Hotspot a unique
dark cloud environment to study the chemistry of different types of interstellar
molecules.

5.2 Paper A: Deep Search for Glycine Conformers
in Barnard 5

Paper A investigates the possible presence of the simplest biotic amino acid
glycine (NHyCH>;COOH) at the position of B5-Hotspot. This study is mo-
tivated by the high gas phase abundances of COMSs observed at B5-Hotspot
as well as by the astrobiological hypothesis that fundamental biotic molecules
such as amino acids and nucleobases could form in dark clouds (see sections
1.2 and 1.3). Despite various observational efforts over the past 40 years,
neither glycine nor any other amino acid has been securely identified in the
ISM. Yet, Ioppolo et al. (2021) recently showed in experiments and models
that glycine could form at low temperatures and in the absence of energetic
radiation. The main formation route is found to be

NHQCHQ* +HOCO* — NH,CH>;COOH. (51)

Another simple molecule that can form via hydrogenation of the HOCO*
radical at grain surfaces is the five-atom COM formic acid (HCOOH). HCOOH
has two conformers, i.e., (¢)rans-HCOOH and (¢)is-HCOOH, with the trans
conformer being lower in energy. At B5-Hotspot, the ¢/t ratio of HCOOH is
about 0.06 (Taquet et al., 2017), which is extremely far from the equilibrium
ratio of ¢/t < 10759 calculated by Garcia de la Concepcién et al. (2022) for
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B5-Hotspot. In case of HCOOH, and at grain surfaces, the low-energy trans
conformer is formed from the high-energy cis conformer of HOCO*, i.e.,

-HOCO* + H — +-HCOOH,, (5.2)

while the high-energy cis conformer is formed from the low-energy t-HOCO*
conformer, i.e.,
t-HOCO™ + H — ¢-HCOOH (5.3)

(see Fig.1, paper A). Given that most of the HOCO* radical is in its low-
energy trans conformer (Goumans et al., 2008), the latter reaction can signif-
icantly increase the c:HCOOH abundance. A similar mechanism might be at
work for glycine, which has several stable conformers. The two lowest-energy
conformers are denoted NHoCHyCOOH-I and NHyCHoCOOH-IT (hereafter,
Gly-I and Gly-II). Equivalently to - HCOOH, the low-energy Gly-I conformer
is formed from ¢-HOCO™*, while the high-energy Gly-II conformer is formed
from t-HOCO* (see Fig. 1, paper A), such that a non-equilibrium Gly-II/Gly-I
ratio can be expected.

A simple LTE calculation was used to identify the Gly-I1 and Gly-II transi-
tions that might produce observable spectral lines, assuming that the glycine
abundance and distribution is similar to other COMs at B5-Hotspot. Using
the OSO 20 m telescope, 14 Gly-I and 14 Gly-II transitions were targeted in
the frequency range between approximately 71.1 GHz and 77.9 GHz. Pointed
observations were made for a total of about 150 hr, resulting in a Ty, noise
level of 4.2—6.2mK. None of the targeted transitions has a corresponding
spectral line detected. A line stacking method is used to further decrease the
noise, which still does not result in a detection. However, sensitive upper limit
column densities and abundances are derived for both conformers. The most
stringent upper limit for the total glycine abundance (Gly-I plus Gly-II) is
2 x 10719 which is lower than the abundance of the least abundant COM,
i.e., acetaldehyde (3.6 x 10719), observed at B5-Hotspot. Utilizing the updated
N(Hsz) column density from Carl et al. (2026b), the upper limit abundance is
3.8 x 10719, The derived upper limit abundance is largely comparable to the
upper limits from other studies investigating the possible presence of glycine
in a cold molecular cloud source (Ceccarelli et al., 2000; Jiménez-Serra et al.,
2016).
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Contributions to paper A

For paper A, I was responsible for the data reduction, data analysis, and for
main-authoring all parts of the paper. The data was taken by E. Wirstrém
and H. Olofsson, and the proposals were written by E. Wirstrém. The original
script for the line stacking was written by P. Bergman.

5.3 Paper B: The Distribution of Complex Organic
Molecules in Barnard 5

In order to set constraints on the efficient desorption mechanism at B5-Hotspot
as well as the formation conditions of COMs at low temperatures, paper B
investigates the distribution of COMs in the area around B5-Hotspot. For
that, several transitions of CH3CHO, CH3OCHO, and CH30CHg, as well as
the five-atom COMs HCOOH and CH>CO (ketene) were targeted in pointed
observations with the IRAM 30m telescope towards two positions close to
B5-Hotspot, i.e., the dense core East 189 (B5-East) and one position close to
the edge of the B5 ridge (B5-Edge; see Fig. 1, paper B). At Ty, noise levels
of 1.4-2.5mK for B5-Edge and 2.9-6.2mK for B5-East, spectral lines of all
targeted COMs are observed towards both positions. In addition, several lines
of CH3OH were observed with the OSO 20 m telescope towards B5-Edge, B5-
Hotspot, and B5-East. Column densities of all COMs except CH3OH were
calculated assuming LTE conditions.

Non-LTE models for CH3OH were run with ALI to estimate n(Hs), Tk,
and N(CH3OH) for all three positions, following the methods described in
section 4.4. Using the recently published collisional rate coefficients from
Dagdigian (2024) yields significant differences in best-fit n(Hy) and Tk, com-
pared to models with the older rate coefficients from Rabli and Flower (2010),
also produced in paper B with ALI as well as in Taquet et al. (2017) with
RADEX. The best-fit value of N(CH3OH) is barely affected, because it is
largely constrained by the observed line intensities. Utilizing the models with
the Dagdigian (2024) rate coefficients as the reference models, no significant
differences in n(Hsz), Tk, and N(CH3OH) can be deduced from the modeling
for the three target positions. B5-Edge is considered as an off-center position
inside the B5-Hotspot model cloud, which is modeled with constant n(Hz)
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and Tx. The models for B5-Hotspot and B5-East suggest a relatively high
kinetic temperature of about 20 K, which might be consistent with a scenario
in which ices in the area are released by grain-grain collisions.

The detection of emission from all targeted COMs towards B5-Edge and
Bb5-East is showing that the efficient ice desorption, which releases ices at B5-
Hotspot, is likely active at those positions as well. Similar relative abundances
of the three large COMs CH3CHO, CH3OCHO, and CH30CHj3 are measured
towards B5-Edge, B5-Hotspot, and B5-East, indicating a shared physical and
chemical evolution. Furthermore, the CH,CO/HCOOH ratio differs signifi-
cantly among the three positions, which might be due to a different C/O ratio,
as both CHoCO and HCOOH have eflicient surface formation routes starting
from HCO*, reacting with either C or O. The lowest CH,CO/HCOOH ra-
tio is observed at B5-Hotspot. This would indicate the lowest C/O, which is
consistent with the high abundance of gas phase water at that position. Com-
parison of the measured COM column densities and abundances of the three
large COMs to the data for a set of prestellar and starless cores in Perseus
from Scibelli et al. (2024) indicates that the ices in the B5-Hotspot region are
less evolved but released more efficiently.

Contributions to paper B

For paper B, I was responsible for the IRAM 30 m observations (including writ-
ing the proposal), the data reduction, data analysis, and for main-authoring
all parts of the paper. The OSO 20 m data was taken by H. Olofsson, and the
observing proposal was written by P. Bergman. The original script for the
non-LTE modeling routine with ALI was written by P. Bergman. Part of the
IRAM 30 m data was taken by the telescope staff.

5.4 Paper C: Sulfur Chemistry in Cold Water-Rich
Gas in Barnard 5

The total gas phase sulfur abundance in dense molecular cloud regions can only
account for about 0.1% of the total cosmic sulfur abundance (S/H =~ 1075;
Asplund et al., 2009; Jenkins, 2009). Paper C investigates the gas phase sulfur
abundance at B5-Hotspot, where the efficient ice evaporation has the potential
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to significantly increase the S/H value relative to other dark cloud sources,
assuming that part of the "missing" sulfur is locked-up in ices. Furthermore,
the high abundance of gas phase water at B5-Hotspot can have interesting
implications for the sulfur chemistry.

The utilized data set consists of spectral line data obtained in pointed obser-
vations with the OSO 20 m, IRAM 30m, and Yebes 40 m telescopes between
2015 and 2026. In the data, 33 lines of 16 sulfur-bearing species (including
isotopologues) were clearly identified. Column densities were calculated by
using LTE and non-LTE methods, depending on the molecule. The derived
total sulfur abundance at B5-Hotspot is S/H ~ 2x 10~%, and the sulfur budget
is dominated by SO, HyS, and CS (72 %), followed by HoCS, OCS, and SO2
(21 %). The remaining species are isotopologues of CS, SO, SOq, and OCS, as
well as HCS™ and the carbon-chains CoS and C3S. The total sulfur budget at
B5-Hotspot is significantly higher than towards other dark cloud sources, in-
cluding some protostellar environments and a photodissociation region. This
is another expression of the uniqueness of B5-Hotspot, characterized by very
efficient ice desorption, especially considering the large contribution of HsS
to the total budget (29 %), compared to the other sources (14 % on average).
H5S is predominantly formed on grain surfaces, such that the high contribu-
tion of HsS is related to the efficient ice evaporation. However, the total sulfur
budget at B5-Hotspot is still about three orders of magnitude lower than the
cosmic sulfur abundance.

The abundances of oxygen-bearing sulfur species at B5-Hotspot are signif-
icantly higher than the abundances of carbon-bearing species. This is likely
due to the high abundance of gas phase water, which is producing an oxygen-
rich environment that favors the formation of SO and SO5 over C,S and CsS.
This is in-line with the low CHo,CO/HCOOH ratio at B5-Hotspot, reported in
paper B. Considering the sulfur data for the other dark cloud sources, a clear
separation into sources dominated by either an oxygen- or carbon-chemistry
is observed based on the [SO+S032]/[C2S+ C3S] ratio. Furthermore, based on
the similarities between gas phase HoS and H2O chemistries, it is speculated
whether HyS could be used as a tracer of an oxygen-dominated chemistry
induced by high amounts of HoO. However, no correlation is found between
HsS abundance and [SO 4 SO5]/[C2S + C3S].
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Contributions to paper C

For paper C, I was responsible for the IRAM 30 m observations (including writ-
ing the proposal), the data reduction, data analysis, and for main-authoring
all parts of the paper. The OSO 20 m data was taken by E. Wirstrom and H.
Olofsson, and the proposals were written by E. Wirstrom and P. Bergman.
The Yebes 40m data was taken by M. Jiménez-Donaire and I was responsible
for writing the proposal. The original script for the non-LTE modeling routine
with ALT was written by P. Bergman. Assistance during some of the IRAM
30m observations was provided by A. Punanova and some of the data was
taken by the IRAM staff.
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CHAPTER O

Summary and Outlook

In the papers appended to this thesis, different aspect of the gas phase molec-
ular content at B5-Hotspot have been investigated and possible gas phase
reactions and grain surface reactions as well as non-energetic desorption mech-
anisms, that might have produced the observed molecular abundances, have
been discussed. In paper A, no glycine could be detected in the gas phase at
B5-Hotspot at a noise level of 4.2—6.2 mK, despite the very efficient desorption
of ices at that position, including several COMs. In paper B, it has been shown
that the efficient desorption is not only active at B5-Hotspot but also at sur-
rounding positions, i.e., B5-Edge and B5-East, as indicated by the detection
of gas phase COMs (HCOOH, CH,CO, CH;0H, CH3CHO, CH;OCHO, and
CH30CH3) at both positions. This puts new constraints on the desorption
mechanism, whose nature is still largely unknown, but which could be related
to grain-grain collisions. Non-LTE models for CH3OH suggest a relatively
high kinetic temperature for B5-Hotspot and B5-East (~ 20K), which might
be consistent with this scenario. Paper B also puts new constraints on the
low-temperature formation of some COMs by showing evidence for a relation
between CH3OCHO and CH3OCHj3 as well as for the formation of CH3CHO
from CHCO (especially when compared to literature data). In paper C, the
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total sulfur abundance at B5-Hotspot has been derived from observations of
16 different sulfur-bearing species (including isotopologues). It is found to
be about 2 x 1078, which is still about three orders of magnitude lower than
the cosmic sulfur abundance (~107?), despite the efficient ice desorption at
B5-Hotspot. The gas phase sulfur chemistry at B5-Hotspot appears to be
dominated by oxygen, induced by the high gas phase abundance of water at
that position. Comparison to literature data shows that the sulfur abundance
at B5-Hotspot is significantly higher than towards other dark cloud sources,
and there appears to be a general separation into sources with an oxygen-
/carbon-dominated sulfur chemistry.

The detection of gas phase COMs in the area around B5-Hotspot (and es-
pecially at B5-Edge) indicates that the formation of COMs clearly predates
the formation of dense starless and prestellar cores, and that COMs (or their
precursors) might be ubiquitous in the ices in dense filaments of molecular
clouds. This could be further investigated by observations of COMs in other
early-stage molecular cloud environments. The efficient desorption of ices at
B5-Hotspot could be better characterized by ice observations towards that
position, e.g., with JWST (James Webb Space Telescope). For instance, com-
paring the abundances of, e.g., CH3OH in the gas and ice would provide a
direct measurement of the amount of ice released into the gas. The search for
glycine at B5-Hotspot is one of a few that focused on a low-temperature en-
vironment and on low-frequency glycine transitions, expected to be strongest
at those conditions. In the future, using the capabilities of the planned 50 m
telescope AtLAST (Atacama Large Aperture Submillimeter Telescope; Ci-
cone et al., 2026) in Chile, which will have a broad frequency coverage of
30-950 GHz, low-frequency transitions of glycine (or other biotically inter-
esting COMs) could be targeted with high sensitivity towards B5-Hotspot or
other promising sources (Jiménez-Serra et al., 2025). In addition, the growing
number and capabilities of machine learning tools related to astrochemical
research have the potential to drastically simplify certain steps of the data
analysis (like spectral line identification and characterization) in the near fu-
ture.
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