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Introduction

“It is difficult to admit the existence
of molecules in interstellar space because

when once a molecule becomes dissociated
there seems no chance of the atoms joining

up again.”
—Sir Arthur Eddington

Life on Earth arose at least 3.7 billion years ago, when our planet was
approximately 700 Myr old (Mojzsis et al., 1996; Hassenkam et al., 2017).
This time estimate comes from biogenic carbon inclusions found in the
oldest known terrestrial rocks, the Isua rocks in West Greenland. Although
upper limits on when life appeared are available, it is still very uncertain
how life emerged in the Universe, and in particular what were the exact
physical conditions triggering the transition from chemistry to biology. In
this context, astronomical observations of young solar-type stars can yield
valuable insights onto the environment and reactions at play during the
birth of planetary systems akin to our Solar System. Comparisons between
the molecular species detected around young stars and found in pristine
meteorites, comets and asteroids, provide important clues on the chemical
evolution leading to the origin of life in the early Solar System and potentially
elsewhere in the Universe.

What we currently know about life is that it appeared as the product of
complex chemical reactions leading to stable biomolecules assembling into
cells and, ultimately, multicellular organisms (Ehrenfreund and Charnley,
2000). A logical key step consists of tracing what are the ingredients required
for the synthesis of biomolecules when solar-type stars are born. From
astronomical observations and theoretical models, we can ascertain that
gas-phase and solid-state chemistries are intertwined and promote chemical
complexity during the assembly of a planetary system (e.g., Herbst and
van Dishoeck, 2009; Jørgensen et al., 2020; Öberg and Bergin, 2021). The
subtle interplay between these two phases of matter is involved in the
formation of diatomic molecules such as molecular hydrogen (H2), to the
production of the building blocks of life in planetary systems. The study
of this interplay is fundamental to unveil the intricate chemical steps that
brought simple molecules to give rise to larger biomolecules and, ultimately,
to the primordial metabolism on early Earth.

The work presented in this thesis investigates the solid-gas interplay in
protostellar envelopes surrounding low-mass protostars. The main aim is to
test how different physical conditions impact the balance between gas-phase
and solid-state chemistries, and in a broader context, how this affects the
composition of the material incorporated into forming-planets. To accom-
plish this goal, this thesis is driven by comparative studies of gas and solid
interstellar molecules at millimeter and infrared wavelengths, respectively.
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The main focus of this is methanol (CH3OH). Methanol is a prime test-case
as according to models and laboratory experiments, it predominantly forms
as a consequence of the solid-gas interplay (hydrogenation of condensed CO
molecules onto the grain surfaces) and it is associated with the production
of more complex molecules. To explore how the environment influences the
balance between gas and solid-state chemistries, observational constraints
on the gas-to-ice ratios of CH3OH are calculated in nearby star-forming
regions located in three different giant molecular clouds.

This thesis is structured as follows. Chapter 1 gives an introduction to the
present view of the star-formation process, based on recent astronomical ob-
servations, theoretical predictions and simulations. In particular, it provides
an overview of the evolutionary stages of the formation of a low-mass star,
focusing on the solid and gas-phase composition of the material involved in
this journey. The remainder of the chapter describes our current knowledge
of the gas-phase and solid-state chemistries at work in pre- and protostellar
environments, setting the initial conditions for planet formation.

Chapter 2 outlines the methods adopted in this thesis. It begins with a
summary of molecular spectroscopy, focusing on the dominant transitions
characterizing molecular spectra of star-forming regions. It continues with
a description of astronomical observations of solid-state and gas-phase inter-
stellar molecules at infrared and millimeter wavelengths. The chapter ends
with an introduction to the basic principles of radio-interferometry, and to
the combination of single-dish and interferometric data.

Chapter 3 presents the three low-mass star-forming regions selected
as testbeds for the presented research: the Serpens cloud core, the Orion
Barnard 35A cloud and the Coronet cluster in Corona Australis. It starts
with a presentation of the giant molecular cloud complexes and it continues
with a brief, more detailed characterization of the physical structure of the
star-forming clusters.

Chapter 4 summarizes the articles forming an integral part of this thesis.
It discusses their contribution to the field of astrochemistry and proposes
some avenues for future work. The articles themselves are presented in
Chapters 5, 6, and 7.
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1.1 THE FORMATION AND EVOLUTION OF A LOW-MASS STAR

The journey of the solid-state and gas-phase material leading to the formation
of a low-mass star starts in dense regions of the InterStellar Medium (ISM),
called Giant Molecular Clouds (GMCs). These are large asymmetric structures
with sizes on the order of ≈100 pc and masses ≈ 105"� (Herbst and van
Dishoeck, 2009; Heyer and Dame, 2015). Table 1.1 summarizes the typical
densities and temperatures of these environments. The vast majority of
their mass is in the form of molecular gas, although a smaller fraction
(approximately 1 % of the total mass) is locked in micrometer-size dust grains
mostly composed of silicates and refractory carbon-bearing compounds
(Draine, 2003; Henning, 2010).

Inside giant molecular clouds reside higher density regions with sizes
of ≈0.1 pc, called dense cores. The average dense core density is a few
104 cm−3 and the temperature is ≈10 K (Myers et al., 1983; Benson and
Myers, 1989; Bergin and Tafalla, 2007). Dense cores tend to form along
filamentary structures (e.g., Schneider and Elmegreen, 1979; Myers, 2009;
André et al., 2010; Könyves et al., 2015) which originate as a consequence
of the cloud turbulent activity compressing the molecular gas (Padoan and
Nordlund, 2002; Mac Low and Klessen, 2004; André et al., 2014). Figure 1.1
shows one of the most notable examples of filamentary networks, observed
in the Polaris flare cloud.

Pre-stellar cores can undergo gravitational collapse, initiating a cascade
of processes leading to the formation of a star, and eventually of a planetary
system. In the classical description of star formation, the core is approxi-
mated as an isothermal sphere of gas with a density profile following the
power-law d ∝ A−2 at larger radii and flattening at small radii. The maxi-
mum mass the core can have to be gravitationally bounded is referred to as
the mass of a Bonnor-Ebert sphere ("BE) (Ebert, 1955; Bonnor, 1956):

"BE =
�BE2

4
s√

%0�
3

(1.1)

where the constant �BE is ∼1.8, 2s represents the isothermal sound speed,
%0 is the pressure of the gas and G is the gravitational constant. When the
mass of the core exceeds the critical mass of the Bonnor-Ebert sphere, the
core begins to collapse in free-fall from the central regions, characterized

TABLE 1.1: Comparison between densities and temperatures in interstellar, circumstellar and
planetary environments. The density is expressed as hydrogen nuclei per cm−3.

Environment =(cm−3) )(K) Object

Giant Molecular Cloud 100 15 Orion
Dark Cloud 500 10 Taurus-Auriga
Dense Core 104 10 TMC-1
Disk midplane∗ 106 − 1011 10 − 150 T-Tauri
Planet †1019 300 Earth

Note: Adapted from Stahler and Palla (2004). ∗ from Williams and Best (2014).
† molecules per cm−3.
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FIGURE 1.1: Herschel/SPIRE 250 `m image capturing the filamentary structure of the Polaris
flare cloud. The zoom-in displays the brightest filament which harbours multiple non-spherical
dense cores. Adapted from André (2017).

by the highest densities. The density profile within the collapse radius,
corresponding to the free-falling inner protostellar envelope regions, follows
the power-law d ∝ A−1.5. This inflow region expands radially at the sound
speed until the accretion front reaches the external layers of the core. Since
the expansion occurs from the inner to the outer layers of the cloud core,
this model is called the inside-out collapse (Shu, 1977).

In general, the inside-out collapse provides a good conceptual under-
standing of the low-mass star-formation process, but it does not necessarily
account for the full physical picture. For instance, modern-day high reso-
lution observations (e.g., Lin et al., 2017; Zhang et al., 2020) and detailed
numerical simulations (Kuffmeier et al., 2017; Bate, 2018) have shown that
cores are not spherical as assumed by classical calculations (Jeans, 1902),
but inherit more complex structures from the large-scale environment as can
be seen in Figure 1.1. Additionally, stars often form in clusters (Duquennoy
and Mayor, 1991; Tobin et al., 2015; Murillo et al., 2016), as it is the case
for the protostars studied in Chapters 5, 6 and 7.

The sequence of events implicated in the formation and evolution of a
protostar entails multiple physical processes, many of which are only partially
understood and challenged by observations and computational simulations.
Figure 1.2 displays a simplified illustration of such processes. After the
collapse has begun, more and more material accreates towards the center of
the core. When the material reaches densities and temperatures sufficiently
high () ≈ 106 K) for deuterium fusion reactions to ignite, a protostar
forms at the center. The infalling material carries the angular momentum
of the parental core. Due to the conservation of angular momentum, a
portion of material settles into a circumstellar disk around the protostar
(Tscharnuter, 1975; Terebey et al., 1984). The presence of a large-scale
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FIGURE 1.2: Evolutionary stages of low-mass young stellar objects. Left: Spectral energy
distributions (SEDs). Right: Cartoon representing each protostellar stage. Credit: M. V. Persson.

magnetic field regulates the rotation of the disk (Pudritz and Ray, 2019).
It can remove angular momentum from the protostar-disk system through
powerful outflows such as jets and winds (Blandford and Payne, 1982) and
via a process called magnetic braking (Lüst and Schlüter, 1955; Mestel,
1968).

The circumstellar disk is commonly referred to as protoplanetary disk, to
indicate that it is the birthplace of planets. Disks lifetimes are typically on
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TABLE 1.2: Physical quantities used to classify young stellar objects.

Class SED slope Bolometric temperature Luminosity ratio
(UIR) ()bol) (!submm/!bol)

0 - )bol ≤ 70 K > 0.5 %

I UIR > 0.3 70 K < )bol ≤ 650 K < 0.5 %

II -1.6 < UIR < -0.3 650 K < )bol ≤ 2800 K -

III UIR < -1.6 )bol > 2800 K -

Note: Adapted from Williams and Cieza (2011). The values for the bolometric temperature

and !submm/!bol are taken from Chen et al. (1995) and Dunham et al. (2014), respectively.

the order of 1 − 10 Myrs (Mamajek, 2009; Williams and Cieza, 2011). In
this period of time, the aggregation of dust grains in the disk interior forms
pebbles of bigger and bigger sizes which ultimately lead to the assembly of
planetary embryos, and eventually planets (Brauer et al., 2008; Blum and
Wurm, 2008). It is still not completely clear when exactly planet formation
occurs, but recent high-resolution observations of young disks suggest that
planets start to assemble earlier than previously thought, possibly already
during the embedded (Class 0/I) stages of the young stellar object (ALMA
Partnership et al., 2015; Andrews et al., 2018; Harsono et al., 2018; Alves
et al., 2020).

1.1.1 The earliest protostellar classes: Class 0 and Class I

The evolution of young stellar objects have traditionally been captured
through classification of them based on their spectral energy distributions
(SEDs). Figure 1.2 displays the SEDs and the illustration of the corresponding
protostellar class. Initially, the young protostars were catalogued into three
classes, Class I-III, according to the slope of their spectral energy distributions
at near- and mid-infrared wavelengths (Lada, 1987). A decade later, a second
classification was introduced which, compared to the previous grouping,
added an earlier class, the "Class 0" (Andre et al., 1993). When moving from
Class 0 to Class III, the spectral energy distribution curve is shifted to shorter
wavelengths (Fig. 1.2), reflecting the dispersal of the protostellar envelope
and, later in the evolution, of the circumstellar disk.

Young stellar objects are classified according to:

• their infrared spectral index (UIR) = d log(_�_)
d log(_) , which represents the

slope of the SED in logarithmic scale in the spectral range between
2.2 and 20 `m (Lada, 1987);

• their bolometric temperature ()bol), i.e., the temperature of a black body
with the same mean frequency as the observed continuum spectrum
(Myers and Ladd, 1993);

• the ratio between the luminosity at submillimeter wavelengths (_ ≥
350 `m) and the bolometric luminosity !submm/!bol (Dunham et al.,
2014). This identifier was introduced to discriminate between Class 0
and Class I sources.
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FIGURE 1.3: The molecular outflow driven by IRAS05417+0907 overlaid on a [SII] optical
image. The bright clumps of the Herbig-Haro 175 can be observed towards the end of the
eastern lobe of the outflow, to the left of the image. Credit: Reipurth and Friberg (2021).

Table 1.2 delineates the conventional values adopted to classify young
stellar objects. In general, this classification provides a broad picture of the
nature of the individual sources. However, it is important to remark that
the classes do not directly reflect the physical stage of an object (Robitaille
et al., 2006), as shown by synthetic observations based on MHD simulations
of collapsing giant molecular clouds (Frimann et al., 2016) and actual
observations of the earliest stellar stages (e.g., Tobin et al., 2012; Tobin et al.,
2015).

Class 0
In a physical description, Class 0 protostars are surrounded by a massive
protostellar envelope constituting at least 50% of the total mass of the
protostar-envelope system. Such envelopes have typical sizes of 104 AU
and might harbour a thick protodisk. The spectral energy distribution of
Class 0 sources peaks at submillimeter wavelengths - tracing the presence
of cold material in their infalling envelope - and it is characterized by the
lack of emission in the near-infrared (Andre et al., 1993; Table 1.2). Typical
bolometric temperatures for this class are ≤ 70 K (Chen et al., 1995) and
the submillimeter-to-bolometric luminosity ratio !submm/!bol is > 0.5 %
(Dunham et al., 2014).

The estimated life-time of the Class 0 stage is ≈50 000 yrs (Kristensen and
Dunham, 2018) and it is characterized by the ejection of material through the
launch of outflows and jets sometimes associated with Herbig-Haro objects
(Herbig, 1950; Haro, 1952). These are small nebulae typically extending
for 20−30′′ and detected from peculiar bright clumps of gas located along
the outflow direction (Reipurth and Bally, 2001). They are indicators of the
powerful mass-loss from newly born stars. Figure 1.3 depicts an example
of Herbig-Haro objects within the giant molecular outflow launched by the
multi-protostellar system IRAS05417+0907 (Reipurth and Friberg, 2021).
How outflows affect the chemical structure of the protostellar envelope and
in particular the exact balance of molecules in the gas- and solid-state is one
of the topics of Chapters 5, 6, and 7.

Class I
From a physical point of view, Class I protostars also exhibit an envelope -
although less massive than the Class 0 one - and they are surrounded by a
disk with a radius in the range ≈25−500 AU (Williams and Cieza, 2011).
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The emission of Class I sources is a composite of the envelope and of the
disk contributions. The spectral energy distribution of Class I sources peaks
in the mid-/far-infrared (Figure 1.2) and it is characterized by the 9.7 `m
absorption band of dust silicates (Henning, 2010; Henning and Meeus, 2011).
The spectral index is > 0.3 (Table 1.2) and the bolometric temperature is in
the range 650 K < )bol ≤ 2800 K (Chen et al., 1995). The submillimeter-to-
bolometric luminosity ratio !submm/!bol is < 0.5 % (Dunham et al., 2014).
As for Class 0 sources, also Class I protostars manifest powerful outflows and
Herbig-Haro objects, responsible for carving a cavity in Class I envelopes.
However, these flows are typically less energetic compared to the earliest
class (e.g., Mottram et al., 2017).

The Atacama Large Millimeter/Submillimeter Array (ALMA) and other
interferometers, revealed the presence of disks surrounding multiple Class I
sources (e.g., Harsono et al., 2014; Artur de la Villarmois et al., 2019) and a
number of Class 0 objects (e.g., Tobin et al., 2012; Segura-Cox et al., 2018).
Since protoplanetary disks form already at these early stages, the study of
Class 0 and I sources provides important clues on the initial physical and
chemical conditions for planet formation.

1.2 CHEMICAL PROCESSES IN STAR-FORMING REGIONS

After describing the formation of low-mass stars, and introducing the earliest
protostellar stages, the remainder of this chapter will focus on the chemical
evolution of the material involved in the star-formation process. Before out-
lining the changes registered in the composition of the material throughout
this journey, the following two sections will provide a summary overview of
the chemical processes in star-forming environments. These can be divided
into two groups, depending on the state of matter in which they occur: the
gas-phase chemistry and the solid-state chemistry. The latter takes place
on the dust grain surfaces which are covered with ice mantles, composed
by water and other volatile species. These two chemistries are highly inter-
twined and specific types of reactions take place exclusively in one of the
two phases, leading to different products. Since gas-phase molecules can
condense on the ice mantles and, in turn, solid-state molecules on the grain
surfaces can be released to the gas-phase, the balance between the gas-phase
chemistry and the solid-state chemistry is crucial for the chemical evolution
of interstellar material. One of the most obvious example of the gas and ice
interplay is the methanol-mediated chemistry. Methanol can be produced
on the grain surfaces upon hydrogenation of condensed CO molecules (e.g.,
Watanabe and Kouchi, 2002; Fuchs et al., 2009), and it is involved in the for-
mation of more complex molecules (e.g., Garrod et al., 2008). Consequently,
the gas and ice interplay plays a major role in setting the initial chemical
conditions for planet formation (van Dishoeck and Bergin, 2020).

1.2.1 Gas-phase chemistry

The chemistries of star-forming regions and those of planets differ because
these environments are characterized by different physical conditions. Ta-
ble 1.1 shows that the density of star-forming sites is significantly lower
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compared to planetary atmospheres. This inhibits three-body reactions in
the gas-phase, i.e., � + � + � → ���∗ → �� + �, which are common on
Earth. Additionally, the typical temperatures of bulk material in regions of
star and planet formation are far too low for reactions with activation energy
barriers to occur (Herbst and Klemperer, 1973; Watson, 1973), except in
regions in the vicinity of the newly formed protostar. Consequently, the reac-
tions governing the chemistry of stellar nurseries are exothermic, that is they
are barrierless and release energy in the form of heat (Herbst and Klemperer,
1973). The principal gas-phase reaction mechanisms occurring under the
physical conditions outlined in Table 1.1 can be divided into three groups
(Figure 1.4): bond formation, bond destruction and bond rearrangement.

Bond formation
Among the gas-phase bond formation reactions, the most effective pathway
is radiative association (Herbst and Klemperer, 1973):

� + �→ ��∗ → �� + ℎa (1.2)

during which the collision of two gas-phase species A and B leads to the
formation of an unstable complex AB∗. This complex is stabilized by the
formation of a bond between A and B, and through the emission of a photon.
Since this mechanism requires gas-phase densities high enough for collisions
to manifest, it implies that the principal reactant is the most abundant
element in star-forming regions, i.e. atomic or molecular hydrogen (Herbst
and Klemperer, 1973).

Bond destruction
The dominating bond destruction channel in regions subjected to UV radia-
tion, e.g., circumstellar environments, photon-dominated regions (PDRs), is
photodissociation (Hollenbach and Tielens, 1999):

�� + ℎa → � + �. (1.3)

This destruction pathway can be direct, indirect or spontaneous. Most of the
interstellar molecules undergo direct photodissociation, where a molecule
is excited into a dissociative electronic state upon absorption of a photon.
The energy of the incident photon needs to be above the bond dissociation
energy for the dissociation to occur.

In the indirect channel, the molecule is excited to a bound electronic state,
and then falls into a dissociative state, i.e., predissociation (van Dishoeck and
Black, 1988; van Dishoeck, 1988). Alternatively, from the bound electronic
state, the excited molecule can decay by spontaneously emitting a photon,
i.e., spontaneous radiative association (van Dishoeck and Black, 1988; Lee
et al., 1996). In the absence of UV irradiation, chemical bonds can be
destroyed via collisions with electrons and cosmic rays in a process called
dissociative recombination:

�� + 4− → � + �. (1.4)
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Bond formation Bond destruction Bond rearrangement
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FIGURE 1.4: Schematic representation of the most common gas-phase chemical reactions in
star-forming regions. Credit: Öberg and Bergin (2021).

Bond rearrangement
A particularly important group of reactions in the gas-phase of the interstellar
medium is the one where the bonds in a molecule are rearranged:

�� + � → � + �� (1.5)

where the reactants are ions and molecules or neutral species only, i.e,
ion-molecule reactions or neutral-neutral reactions. Ion-molecule reactions
consists of the ion-capture by a molecule due to the long-range charge
attractions between the two reactants, creating an induced dipole moment
(Langevin, 1905). These reactions are crucial in gas-phase chemistry and
are for example responsible for the formation of the second most abundant
molecule in the Universe, CO:

C+ + OH→ CO+ + H (1.6)

CO+ + H2 → HCO+ + H (1.7)

followed by a dissociative recombination of HCO+ to form CO + H (van
Dishoeck and Black, 1986).

The gas-phase chemistry in dense molecular clouds - especially ion-
molecule reactions - is powered by the activity of the simplest polyatomic
molecule, protonated molecular hydrogen (H+3) (Herbst and Leung, 1989;
Dalgarno, 1994; Oka, 2006). H+3 is the product of the ionization of H2 by
cosmic-rays or X-rays and its successive protonation (Stecher and Williams,
1969; Stevenson and Schissler, 1958). It is abundantly synthesised in molec-
ular clouds and it has a high chemical reactivity. Being a strong acid, it can
donate its "extra" proton to neighboring molecules triggering a large number
of ion-molecule reactions.

Neutral-neutral reactions are slower compared to ion-molecule reactions
because the reactants are non-charged species and the reactions might
have activation energy barriers. Therefore, they typically occur at higher
temperatures relative to ion-molecule reactions. For instance, they account
for the synthesis of fundamental astrochemical species such as hydroxyl
radical (OH) and H2O in hot gas () > 400 K; e.g., Wagner and Graff, 1987):

O + H2 → OH + H (1.8)

OH + H2 → H2O + H. (1.9)
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FIGURE 1.5: Schematic representation of the most common grain-surface and ice chemistry
reactions in star-forming regions. Credit: Öberg and Bergin (2021).

Recent studies have proved the importance of neutral-neutral reactions
not only in high-temperature regions, e.g., hot cores. For instance, it has
been shown that they play a key role in the formation of organic molecules
akin methoxy (CH3O), dimethyl ether (CH3OCH3) and methyl formate
(HCOOCH3) in cold gas (Balucani et al., 2015). This particular synthesis
is a good example of interplay between gas and ice chemistry. In fact, the
chain of neutral-neutral reactions leading to the three molecules initiates
upon the release of methanol from the ice mantles (see Sect. 1.2.2).

The efficiency of complex molecule formation via gas-phase pathways
compared to solid-state chemistry reactions is not well constrained at present
(Sect. 1.2.2). Currently, quantum chemistry models are exploring a num-
ber of feasible chemical routes in cold regions. The reactants are typi-
cally methanol (Shannon et al., 2013; Antiñolo et al., 2016) or ethanol
(CH3CH2OH; Skouteris et al., 2018). The increasing detections of prebiotic
molecule precursors are motivating the need for computational studies on
the formation and reactivity of such large molecules in the gas phase (e.g.,
Redondo et al., 2017a; Redondo et al., 2017b).

1.2.2 Grain-surface and ice chemistry

The presence of dust grains transforms the chemistry of star-forming environ-
ments, expanding the types of chemical processes available and enhancing
chemical complexity (Figure 1.5). In fact, although dust grains represent a
minor fraction of the total mass of stellar nurseries (≈ 1%; Sect. 1.1), their
role as catalysts has a profound impact on the overall interstellar chemistry
(Hasegawa et al., 1992; Hasegawa and Herbst, 1993).

In the coldest regions of dense clouds () ≈ 10 K) gas-phase species
colliding with the surfaces of dust grains are adsorbed in a process called
freeze-out. This occurs to most interstellar species except for He and H2,
which sublimate at these low temperatures (Hollenbach and Salpeter, 1971).
Freeze-out is responsible for the build-up of layers onto the grain surfaces,
commonly referred to as ice mantles (Pickles and Williams, 1977; Hasegawa
et al., 1992; Ruffle and Herbst, 2001a). Molecules and atoms accreting onto
ice mantles, i.e., adsorbates, are either chemically bounded to the surface
of the grain, i.e., chemisorption, or adsorbed via van der Waals forces, i.e.,
physisorption. Van der Waals forces are weaker compared to molecular bonds
implying that physisorbed species require less energy to be released to the
gas-phase with respect to chemisorbed species, e.g., Buch and Czerminski
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(1991), Bolina and Brown (2005), and Shimonishi et al. (2018).

In general, surface reactions are believed to proceed via one of the fol-
lowing mechanisms: Langmuir-Hinshelwood, Eley-Rideal and Kasemo-Harris
also referred to as hot atom. In the Langmuir-Hinshelwood mechanism,
both reactants are mobile and diffuse between binding sites on the grain
surface either by tunneling across the potential energy barrier or via thermal
hopping until they meet and react (Langmuir, 1922; Hinshelwood, 1940).
Alternatively, in the Eley-Rideal mechanism, the gas-phase species reacts
with a stationary adsorbate (Eley and Rideal, 1940). Finally, in the hot atom
mechanism, a gas-phase species collides with the grain and has sufficient
kinetic energy to move on the surface until it encounters an adsorbate to
react with (Harris and Kasemo, 1981). Among the three mechanisms the
Langmuir-Hinshelwood is the most studied and included in astrochemical
models (Kolasinski, 2002), whereas the hot atom pathway is thought not
to prevail as the hot atom is typically thermalized before encountering a
reactant (Cuppen et al., 2017).

The molecules residing onto ice layers can undergo the set of reactions
illustrated in Figure 1.5. One of the dominant reactions is H atom addition,
i.e. hydrogenation, as H atoms due to their small sizes diffuse on grain
surfaces via tunneling (Hasegawa et al., 1992). Atom addition reactions
lead to the formation of H2, the most abundant molecule in space (Gould
and Salpeter, 1963; Hollenbach and Salpeter, 1971; Watson and Salpeter,
1972; Wakelam et al., 2017). When H atoms react sequentially with heavier
elements such as oxygen atoms or O2 and O3, the most abundant ice species is
formed, H2O (Tielens and Hagen, 1982; Cuppen and Herbst, 2007; Ioppolo
et al., 2008; Miyauchi et al., 2008). This process involves a number of
reactions in which H atoms are added and abstracted. Similarly, H atom
additions produce ammonia (NH3) and methane (CH4) onto ice mantles
(van de Hulst, 1946; Fedoseev et al., 2015b; Qasim et al., 2020). When
CO freezes out, a number of chemical routes open up. Most importantly,
carbon dioxide (CO2) is produced (Ruffle and Herbst, 2001b; Ioppolo et al.,
2011) and simultaneously, the sequential hydrogenation of CO initiates the
formation of complex organic molecules (COMs) such as methanol (Charnley
et al., 1997; Watanabe and Kouchi, 2002; Fuchs et al., 2009):

CO HCO H2CO CH3O / CH2OH CH3OH (1.10)

where the pathway via CH3O is the energetically favourable one, and hence,
the prevalent (Song and Kästner, 2017; Simons et al., 2020). The implica-
tions of the formation of CH3OH in star-forming regions will be discussed in
Sect. 1.4.

In general, the reactions leading to complex molecules involve, besides
atoms and molecules, radicals (e.g., Garrod et al., 2008; Öberg et al., 2009b;
Chuang et al., 2017), as can be seen in the reaction above. Radicals are
typically produced during H addition and abstraction reactions or via photol-
ysis and dissociative recombination. Most importantly, energetic processing
is thought to be the most dominant source of radicals via photochemistry
and radiation chemistry (Arumainayagam et al., 2019). Reactions involving
radical additions are considered fundamental to explain the high abundances
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FIGURE 1.6: Schematic representation of the most common non-thermal desorption mechanisms
in star-forming regions. Adapted from Öberg and Bergin (2021).

of complex molecules in embedded young protostars (Garrod et al., 2008;
see Sect. 1.3).

1.2.3 Desorption processes

Molecules and atoms residing onto ice mantles can be released to the gas-
phase through desorption reactions (Figure 1.5). These, jointly with the
freeze-out process, govern the interplay between solid-state and gas-phase
in star-forming regions, enhancing the chemical complexity of protostars.
Desorption reactions are grouped into two categories: thermal and non-
thermal.

Thermal desorption
Thermal desorption is triggered upon global heating of the grain which
leads to the sublimation of the ice mantles. This chemical process occurs
when the dust temperature is higher than the sublimation temperature
of a chemical species. It is the most studied desorption reaction, both
theoretically (e.g., Penteado et al., 2017; Das et al., 2018; Ferrero et al.,
2020) and experimentally, through temperature programmed desorption
(TPD) experiments (e.g., Fraser et al., 2001; Collings et al., 2004; Öberg
et al., 2005; Bisschop et al., 2006). TPD experiments revealed that thermal
desorption is more complex than initially thought as it is sensitive to multiple
parameters, most importantly the ice morphology and composition (e.g.,
Fayolle et al., 2016). Thermal desorption reactions are particularly crucial
in protoplanetary disks, because the radii at which they occur determine the
so-called snowlines (or icelines) which have important consequences on the
chemical composition of forming planets (Öberg et al., 2011b; Eistrup et al.,
2016; van ’t Hoff et al., 2017; Grassi et al., 2020).

Non-thermal desorption
Non-thermal desorption is a consequence of local heating of the grain,
followed by a partial sublimation of the ice mantles (Figure 1.6). The
factors leading to non-thermal desorption processes are several and they are
thought to occur in the cold regions of protostellar envelopes. For instance,
the most investigated one is photodesorption, when the local heating is
caused by impinging UV photons on the grain surface (Westley et al., 1995;
Öberg et al., 2009a; Öberg et al., 2009b; Fayolle et al., 2011). This process
is not as straightforward because it can lead to the photodissociation of
the interested species, a channel that has been explored with molecular
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dynamics simulations (Andersson et al., 2006; Andersson and van Dishoeck,
2008), and in the laboratory (e.g., Bertin et al., 2016; Cruz-Diaz et al., 2016;
Martín-Doménech et al., 2016) especially for H2O and CH3OH.

Non-thermal desorption can also be triggered by sputtering when atoms
and neutral species collide with the grain surfaces and have sufficient ki-
netic energy to eject ice molecules into the gas-phase. This is considered
as the dominant non-thermal desorption process in shocked regions (e.g.,
Jørgensen et al., 2004; Jiménez-Serra et al., 2008; Kristensen et al., 2010;
Suutarinen et al., 2014; Allen et al., 2020). Cosmic-ray induced sputtering is
also a viable route, and the efficiency of this process has been constrained
in the laboratory for pure H2O, CO2:CH3OH and H2O:CH3OH:CH3COOCH3

ice analogues (Dartois et al., 2018; Dartois et al., 2019; Dartois et al., 2020).
These experiments demonstrated that, compared to photodesorption, a large
fraction of species is non-thermally desorbed intact during sputtering by
cosmic rays.

More recently, an additional non-thermal desorption mechanisms has
been proposed in the literature to explain the abundance of complex organics
in UV-shielded and quiescent regions (Garrod et al., 2007). It is referred to as
chemical desorption or reactive desorption (Dulieu et al., 2013; Vasyunin and
Herbst, 2013; Minissale et al., 2016b; Cazaux et al., 2016; Vasyunin et al.,
2017). The factor triggering this desorption channel is the exothermicity of a
reaction taking place on the grain surfaces, which is able to expel the product
of the reaction or the neighbouring species. Finally, a novel mechanism has
been tested called X-ray photodesorption. This process is thought to have
an impact on the desorption of ice mantles in protoplanetary disks initiated
by X-rays emitted from the central protostar (Andrade et al., 2010; Dupuy
et al., 2018; Jiménez-Escobar et al., 2018; Ciaravella et al., 2020; Basalgète
et al., 2021a; Basalgète et al., 2021b).

This discussion clearly shows that desorption processes, especially the
non-thermal ones, are far from being well understood. Laboratory data exists
only for a discrete number of species and many of the above mechanisms
are not yet included into astrochemical models. In addition to this, it is a
challenging task to distinguish between the various non-thermal desorption
mechanisms from an observational point of view. This implies that numerous
venues exists for future studies on this topic.

After describing the physical processes during star-formation (Sect. 1.1)
and the chemical processes involved in it (Sect. 1.2), the upcoming section
"brings together the two worlds" by outlining which type of chemistry and
molecular complexity is observed around protostars.

1.3 THE GAS AND ICE INTERPLAY IN PROTOSTELLAR ENVELOPES

The gas and ice interplay is ubiquitous in the Universe, and it is involved in
all the stages of star and planetary system formation. It is responsible for
changes in the ice and gas composition of the envelope material incorporated
into protoplanetary disks and, eventually, planet-forming zones (Öberg and
Bergin, 2021; van Dishoeck and Bergin, 2020). In this context, a major
unanswered question in astrochemistry is whether the disk material and the
proto-planets preserve the chemical fingerprints of the parental molecular
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FIGURE 1.7: Illustration of the chemical evolution of the material during the formation of a
low-mass star, from the pre-stellar core to the protoplanetary disk. The material experiences an
increase in chemical complexity in the protostellar envelope. The numbers 0, 1, and 2 refer to
the formation of the 0th-, 1st-, and 2nd-generation of organic molecules on the ice mantles. The
grains are not to scale and the acronym COMs stands for Complex Organic Molecules (COMs).
Adapted figures from Herbst and van Dishoeck (2009) and Boogert et al. (2015).

cloud, i.e., inheritance scenario, or not, due to various degrees of thermal
processing, i.e., reset scenario (Pontoppidan and Blevins, 2014). At present,
neither of the two hypotheses can be discarded, as the material of pristine
Solar System objects, e.g., comets, share similarities with the protostellar
material (Drozdovskaya et al., 2019). In contrast, the organic matter found in
carbonaceous chondrites is often aqueously altered and has a more complex
chemical structure (Alexander et al., 2007).

The composition of the protostellar material varies according to its lo-
cation in the collapsing envelope, and by consequence, on the underlying
chemistry (Figure 1.7). This thesis focuses on the chemistry occurring in the
outer regions of the envelope (≈104 AU), characterized by low temperatures
(≈ 10−20 K). The prevalent process under these physical conditions is freeze-
out, which leads to the built up of ice layers (see Sect. 1.2.2). The gas-species
accreting onto the ice grains (e.g., CO) undergo atom addition/abstraction
reactions producing simple molecules (e.g., H2O, CO2) and larger organic
molecules, e.g. CH3OH, CH3CH2OH sometimes referred to as 0th-generation
species (Charnley, 1997). Non-thermal desorption processes prevail during
this cold phase (Figure 1.6).

As the material falls inward towards the forming protostar, it warms
up. The increase in temperature impacts considerably the ice chemistry
compared to the gas-phase chemistry (Herbst and van Dishoeck, 2009).
Volatile molecules such as CO, N2, and CH4 start to thermally desorb from
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the ice mantles when the dust temperature is ∼20 K (Collings et al., 2004;
Bisschop et al., 2006; Acharyya et al., 2007). Concurrently, less volatile
species remain on the ice mantles and become more mobile, but yet too
stable to start a rich chemistry. The ice chemistry during the warm-up phase
is thought to be dominated by radical-radical addition surface reactions
(e.g., HCO + CH3O ) triggered by a cosmic-ray induced photochemistry
(Garrod and Herbst, 2006; Garrod et al., 2008). The radicals are produced
during the photo-dissociation of 0th-generation species. The products of the
warm-up chemistry are denoted as 1st-generation species. Some examples
are saturated species such as formic acid (HCOOH) and methyl formate.

When the material reaches the innermost regions of the envelope (<
200 AU; Schöier et al., 2002), the temperatures are above 100 K. Under
these conditions, all the ice mantles are thermally desorbed, and by conse-
quence, chemical reactions uniquely take place in the gas (Figure 1.4). This
phase, referred to as hot-corino, is characterized by a rich-chemistry as the
high temperatures (100−300 K) permit the occurrence of endothermic reac-
tions (i.e., routes requiring energy to overcome the potential energy barrier
between reactants and products). Ion-molecule and neutral-neutral reac-
tions produce larger complex organic molecules known as 2nd-generation
species. Examples of this class of molecules include formamide (NH2CHO)
and ethylene glycol (HOCH2CH2OH; Jørgensen et al., 2016).

A fraction of the molecules produced in hot-corinos is inevitably photo-
dissociated because they are subjected to the irradiation from the protostar.
However, there is some evidence that part of the envelope material can
be incorporated into the protoplanetary disk, and hence inherited to the
planet and comets forming zones. This is suggested by numerical models by
e.g., Visser et al. (2009) and Visser et al. (2011) which revealed that some
of the disk material is heavily processed, whereas some remains pristine.
From an observational point of view, Drozdovskaya et al. (2019) found a
correlation between the relative abundances of CHO-, N-, and S-bearing
molecules detected towards the protostellar system IRAS 16293-2422 and
the comet 67P/Churyumov-Gerasimenko. This indicates a certain degree of
inheritance from the protostellar stages to the locations in the disk where
planets and comets are formed. Recent laboratory experiments successfully
synthesized glycine, the simplest amino acid, through atom and radical-
radical addition, without the need for energetic processing (Ioppolo et al.,
2021). This implies that molecules as complex as glycine can plausibly form
at much earlier stages in the star-formation process than previously thought,
e.g., during the cold phase or earlier. This result and the unambiguous
detection of glycine in cometary material (Altwegg et al., 2016) suggest
that the coldest regions of disk mid-planes might be favourable for the
conservation of material inherited from the molecular cloud or for the
production of molecules biologically relevant for life.

The last section of this introduction presents the principal molecule
studied in this thesis, methanol (CH3OH), with a particular focus on the
astrochemical implications concerning its presence in star-forming regions.
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1.4 THE ASTROCHEMICAL RELEVANCE OF METHANOL

Methanol (or methyl alcohol) is the simplest and most abundant complex
organic molecule and it is ubiquitous in stellar nurseries. Its presence has
been inferred in the gas-phase of pre-stellar cores (e.g., Bizzocchi et al.,
2014), starless cores (e.g., Spezzano et al., 2020) hot-cores and hot-corinos
(e.g., Jørgensen et al., 2020), protoplanetary disks (Walsh et al., 2016; van ’t
Hoff et al., 2018) and cometary material (e.g., Hoban et al., 1993; Bockelee-
Morvan et al., 1994; Mumma and Charnley, 2011; Le Roy et al., 2015; Rubin
et al., 2019). Its solid-state counterpart has also been detected towards a
variety of astrophysical environments, for instance in the ice mantles of low-
and high-mass protostars (Boogert et al., 2015), pre-stellar and starless cores
(Chu et al., 2020; Goto et al., 2020), on the icy surface of the Kuiper belt
object Arrokoth (Grundy et al., 2020), and in the Murchison CM2 chondrite
(Jungclaus et al., 1976).

Extensive laboratory studies on CH3OH formation in pre-stellar and pro-
tostellar environments have been carried out in the past decades. At higher
cloud extinctions (�+ > 9) and low temperatures, once the catastrophic
CO freeze-out has occurred (Boogert et al., 2011; Chiar et al., 2011), the
formation of methanol is dominated by the CO + H reaction (Sect. 1.2.2).
This chemical pathway is considered the most relevant source of CH3OH in
star-forming regions (e.g., Watanabe and Kouchi, 2002; Fuchs et al., 2009).
An important route to account for the presence of CH3OH at earlier stages,
prior to the heavy CO freeze-out, has been studied experimentally by Qasim
et al. (2018). At a cloud visual extinction (�+ ) of ≈ 3 mag, only a low
fraction of gas-phase CO accreates onto the dust grains, due to low gas den-
sities at this extinction (Pontoppidan, 2006). Therefore, the grain surfaces
are mostly composed by H2O-rich ices that contain CH4, but CH3OH can
nevertheless form via the sequential surface reaction chain (Qasim et al.,
2018):

CH4 + OH CH3 + H2O (1.11)

where the hydroxyl radical mediates the H abstraction. This is followed by
the recombination of the two radicals:

CH3 + OH CH3OH. (1.12)

Apart from being omnipresent in interstellar and circumstellar environ-
ments, methanol is regarded as the gateway species for the formation of
complex organic molecules in the ISM (Öberg et al., 2009b; Herbst and
van Dishoeck, 2009). The experiments by Fedoseev et al. (2015a) and
Chuang et al. (2016) reveal that CH3OH is plausibly a key reactant in the
production of complex organics in the cold phase of the star-formation pro-
cess (Figure 1.7). These studies show that the radicals originating from
CH3OH, i.e., CH3 and OH, are able to combine with other species present
on the ice analogs, leading to the production of larger organics akin glyc-
erol (HOCH2CH(OH)CH2OH), an important component of cell membranes
(Fedoseev et al., 2017). These chemical routes occur via non-energetic pro-
cessing, i.e., under low temperatures () < 20 K) and in the absence of UV
radiation.
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Simultaneously, the production of complex organics from CH3OH has
been studied in the laboratory via energetic processing (cosmic ray-, UV-
induced). It has been seen that cosmic ion irradiation of methanol can lead
to the production of complex organics (e.g., methyl formate; Modica et al.,
2012). Additionally, figure 1.8 displays the chemical network triggered
upon UV-irradiation of CH3OH-containing ice analogs (e.g., pure CH3OH,
pure CO and CH4:CH3OH ices). The products are a suite of more complex
organic species such as ethanol (CH3CH2OH), dimethyl ether (CH3OCH3)
and glycolaldehyde (HOCH2CHO) (e.g., Bennett et al., 2007; Öberg et
al., 2009b). These experiments suggest that the formation of methanol is
fundamental for the development of molecular complexity in UV-irradiated
regions, during the protostellar stage.

The hypothesis above is supported further by UV-irradiation experiments
of ice mixtures of different compositions such H2O:CH3OH by Meinert et al.
(2016) and Nuevo et al. (2018). These studies have synthesized, among
several compounds of biological interests, ribose (Meinert et al., 2016) and 2-
deoxyribose, the sugar composing the deoxyribonucleic acid (DNA) (Nuevo
et al., 2018). Continuous advances in laboratory experiments (via energetic
and non-energetic processing) and models will help accounting for the role
of methanol in the ISM and for the molecular complexity observed (e.g.,
Jiménez-Serra et al., 2020) - and yet to be observed in star-forming regions,
and ultimately to link it to the origin of life on Earth.

FIGURE 1.8: The CH3OH reaction network upon UV-irradiation of pure CH3OH ice (solid boxes),
pure CO ice and CH4:CH3OH ice analogs (dashed boxes). Credit: Öberg et al. (2009b).

The main aim of this thesis is to study the interplay between methanol
gas and ice through millimetric and infrared observations of solar-type
protostellar envelopes. In particular, to access the dependencies of the
methanol gas-to-ice ratio on different physical conditions. This is achieved
by obtaining and comparing direct measurements of gas-phase and ice
methanol towards protostars located in the three nearby star-forming regions
presented in Chapter 3.
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