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The deuterium enrichment of key gas-phase molecules like HJ is thought to be boosted in mas-
sive star forming regions due to the high densities and low temperatures inside these regions. It
has been suggested that ortho-H,D™, the main deuterated ion in these regions, might work as a
chemical clock, but there are still a lot of unanswered questions about its effectiveness in probing
the evolutionary stages of the high-mass star formation process.

In this thesis we study a large sample of o-H,D™ observations in different high-mass star-forming
regions, presenting possible empirical correlations with physical characteristics with the aim of clar-
ifying the relation between the presence of this deuterated molecule and the evolutionary stage of
star-forming regions. Our sample consists of APEX observations of the o-H,D™ ground-state tran-
sition observed in the ATLASGAL survey of high-mass clumps. We obtained column densities and
abundances of o-HyD™ by performing a Bayesian fitting of the data. The o-H,D™ emission line was
detected in 16 sources and we found some clear correlations between the N(o-H,D™) column den-
sity and the bolometric luminosity, dust temperature and a slight correlation with the CO-depletion
factor f;. We also found a clear correlation with the luminosity-to-mass ratio L/M, suggested to be
a good tracer of the evolution of high-mass star forming regions. We conclude that the H,D™ tracer
is very abundant in the early stages of star formation, and suggest that the deuteration process is
strongly dependent on the time evolution of the clumps. Together with N,D this can be used to
trace the different evolutionary stages of the high-mass star-formation process and provide relevant

information about their timescales.
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Chapter 1

Introduction

The study of stars has been a relevant field for the scientific community for several decades, and
these days is still an active field of study because of the important effect of stars into their galactic
ecosystem. The contribution of stars to their surroundings consists mostly on the stellar feedback
that is released during their lives, including the huge amount of energy released when these objects
die. In the specific case of massive stars, they die in a violent supernovae explosion where a great
amount of material and energy is released in a short period of time, instantly supplying the interstel-
lar gas with a wide variety of chemical species and producing perturbations even on distant objects.
Understanding how these stars form and evolve is then fundamental to understand the lifecycle of
the interstellar medium.

Stars form by gravitational contraction of molecular cloud cores. The evolution of these cores and
the subsequent formation of a star depends on the mass of these regions. There are different forma-
tion scenarios depending on the final mass of the stars, from stars with masses of a few solar masses
to stars with more than 8 Mg, called massive stars. During the early phases of star formation, the
volume density of molecular hydrogen, n(Hp) > 10* cm 3, and the temperature of the clouds are
T < 20 K, reaching the ideal conditions to favour processes like freeze-out or depletion. Several C-,
N- and O- bearing species are efficiently removed from the gas phase and frozen onto the surface
of dust grains, especially CO. This segregation of CO enhances the enrichment of the deuterium
atoms, compared to the hydrogen in the molecules, boosting the abundance of o-H,D* and other
deuterated species.

The measurements of timescales in processes like star formation are crucial to distinguish between
the competing star formation theories. Chemistry is a powerful tool to infer how long the star form-
ing gas remains cold and especially deuteration has been suggested to be a reliable chemical clock
of star-forming regions due to its strong dependence on density and temperature changes during
cloud contraction.

In this work we will present o-H,D* APEX observations in different sources from a subsample of
the ATLASGAL survey. This represents the largest sample of o-H,D" in high-mass star-forming re-
gions to date. We have compared the N(o-H,D™) obtained from the detected spectra with different
physical parameters of the clumps to look for possible correlations, which can confirm the reliability
of o-H,D* as a chemical clock.

This thesis is structured as follows: The first chapter is an introduction containing a summary of
the most important properties of the interstellar medium (ISM), introduce the TOP100 sample we
used in this study and its properties. The chapter 2 reviews the chemical behaviour of the ISM,
focusing mainly on the molecular clouds chemistry and their most relevant reactions. In the fol-
lowing chapters we review the sample and the sources we studied, explain all the data reduction
and the code operation. In chapter 4 we check the different parameters that we compared with the
derived o-H,;D™ column density and show the correlations we found. In the last chapter there are
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the summary and conclusions from this work.

1.1 Interstellar medium

The space between the stars that once was thought to be empty, is actually filled with the interstel-
lar medium. This interstellar matter can be either found in a gaseous state, like atoms, ions and
molecules, or in a solid state, i.e. micro-sized particles called dust grains. From this mix of dust and
gas in the interstellar medium stars, the dominant source of energy, form. How the ISM is organized
in the Milky Way and in other galaxies depend on different conditions like temperature, density,
ionization, etc. At early times, the baryonic mass of the galaxies is mainly the gas of the interstellar
medium. But as galaxies evolve, the interstellar medium is gradually converted to stars, and some
of this gas is ejected in form of galactic winds. Nowadays, roughly 10% of the baryonic mass of the
Milky Way is found in the interstellar medium. The ISM contain a number of phases characterized
by different temperatures, densities, and ionization fractions. Those phases are the Cold Neutral
Medium (CNM), the Warm Neutral Medium (WNM), the Warm Ionized Medium (WIM), the Hit
regions, the Coronal gas and the Dense Molecular gas.

1.1.1 Phases of the ISM

The ISM is dynamic, the particles can undergo changes of phases that result from the interplay
of radiation, large scale flows, magnetic fields and turbulence in the gas. All the phases are close
to pressure equilibrium, and the hottest phases have low average particle densities. The different
phases will be described in the following paragraphs.

¢ Coronal gas: Gas that has been collisionally ionized, by the incoming shocks originated by the
stellar winds that come from early type stars and supernova explosions. This gas phase has
temperatures around 10>°-107 K. Most of the coronal gas has low density, filling around half
of the volume of the galactic disk. These regions may have characteristic dimensions of 20 pc
and may be connected to other coronal gas volumes.

¢ HII gas: In this phase, the hydrogen has been photoionized by ultraviolet photons from hot
stars. Most of this gas keeps photoionized by the radiation from recently formed hot massive
O-type stars. If the photoionized gas is dense material from a nearby cloud, this phase is called
Hii region. If it has lower densities, intercloud medium, it is referred as diffuse HII.
Bright HII regions, such as the Orion Nebula, have dimensions of a few pc and their lifetimes
are the same of their ionizing stars, around 3 to 10 Myr. When this gas is extended and has low
densities, it is called warm ionized medium WIM, and contains much more total mass than
the more visually notorious high density Hil regions. The galaxy contains approx 1.1 x 107
Mg, ionized hydrogen, and about half of it is contained within 500 pc of the disk midplane.
This kind of photoionized gas is also found in planetary nebulae, formed from the rapid mass
loss during the late stages of evolution of stars with initial mass 0.8 M o <M <6 M, that expose
their hot stellar cores, the radiation from this core photoionizes the outflowing gas, creating a
luminous planetary nebula.

¢ Warm and cold neutral medium: The warm neutral medium is mostly atomic gas heated to
temperatures around 1037. This gas is found at densities around 0.6 cm 3. It fills a significant
fraction of the volume of the disk, like 40% of it. The cold neutral medium has a temperature
around 10 K, with densities of ~ 30 cm~2 and fills around 1% of the ISM. This gas is also
referred to as the cold neutral medium, or CNM.
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Gas phase Temperature [K] Density (cm™3) Filling factor (%) Total mass (x 10° Mo)
Coronal gas 10>°-107 0.004 50 -
Warm ionized medium 10* 0.3 25 1.0
Warm neutral medium 5000 0.6 30 2.8
Cold neutral medium 40-100 30 1.0 2.2
Dense molecular gas 6-50 103-10° 0.05 1.3
HII regions 104 102-10% 0.01 0.05

TABLE 1.1: Summary of the different gas phases of the ISM with their characteristics.

¢ Diffuse molecular gas: Despite the cool HI clouds, this gas has large enough density and col-
umn density to produce H; self-shielding, which allows this molecule to be more abundant in
the cloud interior.

¢ Dense molecular gas: This kind of gas consist of gravitationally bound clouds that have achieved
densities greater than 103cm 3. This clouds have a visual extinction of A, > 3 mag through

their central regions. In this dark clouds the dust grains are covered with mantles made of
different molecular ices. In this region star formation takes place.

e Stellar outflows: This gas is produced because of cool stars losing mass at high rates, close to
10~* Mg, yr~! and low outflow velocities below 30 km s~!, which leads to more or less high
density outflows. With hot stars the winds are much faster, but less dense.

¢ Interstellar dust: In addition to the already mentioned gas phases of the ISM, there is also
an important part of it in a solid state. This solid particles are present in the ISM, and in the
circumstellar disks, protoplanetary and debris disks and evolved star envelopes. Are sub-
micronic solid particles that are formed mainly from the last evolutionary phases of stars, and
possibly in other energetic events. Due the different sources of dust grains, there is a vast
diversity of dust grains materials. The main two type of dust grain composition are silicate
grains and carbonaceous particles. This particles play an important role in the physics of dense
interstellar gas. They can also contribute to the thermal balance as they efficiently cool through
their thermal emission. They also act like chemical reactors, indeed one of the most important

roles of dust grains is the production of complex organic molecules on grain mantles.

1.1.2 Energy sources

The energy balance of the ISM is regulated by contributions from the external medium, e.g. ex-
tragalactic sources and the Cosmic Microwave Background (CMB) radiation and also the internal
energy sources, which determine the evolution of the ISM.

The interstellar radiation field (ISRF) is a frequency-dependent average of the intensity contri-
bution from different objects into the ISM. The ISM is permeated by various photon fields, that
influence the chemical and physical state of the gas and dust.

The stellar radiation field contains contributions from different sources, as shown in Fig. 1.1. At the
highest wavelengths the main contribution is provided by the CMB, followed by dust grains, which
absorb the stellar photons and re-radiate them at longer wavelengths. Moving towards lower wave-
lengths comes the Polycyclic Aromatic Hydrocarbons (PAHs), large organic molecules composed of
hydrogen and carbon. They both emit in the infrared. Then, the contribution of stars is classified be-
tween late-type stars, important between far-infrared (FIR) to mid-infrared (MIR) wavelengths and
early-type stars, which dominate the far-ultraviolet (FUV). A-type stars control the visible region of
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the ISRF, and finally the hot coronal gas contributes at the extreme ultraviolet (EUV) and even at
X-ray wavelengths (between 107°-10~7 cm).

17
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FIGURE 1.1: Spectral energy distribution of the interstellar radiation field. Figure
taken from Tielens (2005).

Magnetic fields are an important energy and pressure source in the ISM, maintaining the energetic
balance and controlling the dynamics of the gas. The magnetic fields strength increases inside dense
clouds, having a typical strength of < 10uG.

Measuring the total magnetic field strength |B| and the column density N allows to determine the
M/® (mass-to-magnetic flux ratio), a parameter that indicates the ability of a cloud to counteract
the self-gravitational effect, meaning that the cloud can be classified as subcritical or supercritical
by knowing this ratio. A cloud is considered with subcritical mass when the cloud mass is lower
than Mg = ®/271VG, where Mg is the critical mass, @ is the magnetic flux, and G is the gravi-
tational constant. Here, the magnetic pressure is strong enough to contrast the gravitational effect,
preventing gravitational collapse. When the clouds mass increases to the point that gets greater than
Mg, then the cloud is called supercritical. At this point the cloud collapses and start with the star
formation processes (Nakano and Nakamura, 1978).

The only available technique for directly measuring magnetic field strengths in interstellar clouds is
measuring the Zeeman splitting observations. Fig. 1.2 shows By og vs. Ny using data from Zeeman
surveys of HI, OH, and CN. The blue dashed line represents a critical M /®, where M is the mass of
the clouds and @ is the flux passing through the cloud. On the left side of the blue line are located
clouds with N; > 10! cm ™2, mass-to-flux ratios M /® are subcritical. These clouds on the left side
correspond to low density HI clouds. Meanwhile, on the right side of the blue line the M/® are
supercritical clouds, with Ny <10?! cm~2. Also, the clouds on the left side are mainly the higher
density molecular clouds and cores. Here, By og is the magnetic field measured in the line of sight,
and its defined as By ps = Brorcos® =~ Bror, for 8 ~ 0. In Fig. 1.2 it is possible to see that there
are no subcritical Molecular Clouds, which means that this figure does not show an evolutionary
sequence driven by ambipolar diffusion. From the Crutcher (2012) there is no conclusive evidence
for any ambipolar diffusion driven star formation.
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FIGURE 1.2: HI, OH and CN Zeeman measurements of By og versus Nyj = Nyjp + 2Ny,
where the dashed blue line represents the critical M/® = 3.8 x 1072 Ny /B. Figure
taken from Crutcher (2012).

Cosmicrays consist mainly of relativistic protons with energies between 1 and 10 GeV, 10% helium
and heavier elements and electrons at about the 1% level. CRs are essential for the chemical reactions
inside molecular clouds. The pressure due these CRs provides support against gravity for the gas
in the ISM. When high-energy CR protons with 1-10 GeV reacts with interstellar gas gives raise to
gamma-rays. Low-energy (~ 100 MeV) CRs play a main role in heating and ionizing the interstellar

gas, which activates the chemistry reactions inside the densest clouds.

1.2 Molecular clouds

Molecular clouds are regions where the gas is mainly molecular. They are composed by filaments,
sub-filaments, cores and clumps, and since most of the stars are born inside molecular clouds, they
are thought to be stellar nurseries. This is why their dynamic behavior and physical and chemical
properties affect directly the formation of stars. They are characterized by having high levels of
turbulence, which is indicated by the large line width of emission lines. These clouds are in self-
gravitating equilibrium instead of pressure equilibrium with other phases of the ISM, and when
there is a balance between the magnetic and turbulent pressure and gravity, and the molecular
clouds are stable over time scales of ~ 3x 10 years, these regions are forming stars. From obser-
vations of rotational transitions of a number of species it has been possible to study their physical
and chemical properties.

The molecular gas can be part of three different types of clouds: The diffuse clouds, giant molecular
clouds and dense cores. These clouds distinguish from each other because of their physical prop-
erties, like the density, mass and size. In table 1.2 we report a brief summary of the different cloud
characteristics. Molecular clouds and their structure can be mapped using radio spectroscopy of
molecular lines, continuum emission from dust or via stellar absorption by dust. The most common
tracer of molecular gas is the CO J = 1-0 transition at 2.6 mm, and almost all the molecular clouds in



Chapter 1. Introduction 6

the Galaxy are detectable with CO (Williams et al., 2000). It is known that most of the molecular gas
in the Milky Way is contained inside Giant Molecular Clouds (GMCs), with masses around 4 x10°
M, temperatures of 10 K and densities of ~ 200 cm 3. Giant molecular clouds are the most mas-
sive structures in the Galaxy, with masses even greater than 107 M. They are made of molecular
gas with diameters of 5 to 200 parsec. Only ~2% of the total gas from a GMC is converted in stars
before the cloud is disrupted by the radiation pressure of the star clusters they produce, according to
Evans (1991), but surprisingly ~30% of the star formation in the Milky Way occurs in only 32 GMCs
(Murray, 2011).

GMCs are located first in the hierarchical organization of molecular clouds, and are organized in the
same way, following the same scaling laws. This means that the mass (M) of the molecular clouds
varies as the square of their radius (R) and their internal velocity dispersion (¢) as the square root
of their radius (Roman-Duval et al., 2010). For a system in virial equilibrium it is expected that the
gravitational energy, that scales as GM?/R, is balanced by the kinetic energy, that scales as Mc?,
which leads to a constancy near to a factor of Mc? /R. The scaling laws are reminiscent of the scaling
laws for turbulence, that are not really compressible yet. There is a relation between the scale size
I and the local velocity dispersion at this scale dv as [ ~ év*, where & depends on the properties
of turbulence and is expected to be 1/3 for incompressible turbulence, as predicted by Kolmogorov
(1941).

Molecular clouds are observed as dark spots in the sky (as shown in Fig. 1.3), because of the effect

Cloud (210 pc)

Clump (~1 pc)

Filament
(~0.1 pc wide)

——Core (~0.05-0.1 pc)

Envelope
(~300 - 3000 AU)

Disk and star
(~10 - 200 AU)

FIGURE 1.3: The first panel shows a picture of the Barnard 68 dark cloud at visible
wavelengths. The second panel is the same cloud combined with near infrared. Both
were taken from Smith et al. (2013). The third panel shows the hierarchical structure of
molecular clouds, with their typical lengths. Figure taken from Williams et al. (2000).

of dust grains contained in them, that absorb and scatter the light of the nearby stars. Molecular
clouds follow a hierarchical configuration, as can be seen in Fig. 1.3, in the third panel. They tend to
have smaller subunits appearing inside larger ones, a categorization raised by Williams et al. (2000).
In general, the nomenclature of molecular complexes and their substructure is chaotic, the general
characteristics of every type of cloud is summarized in Table 1.2. Most of the authors adopt that
the clouds are composed of gravitationally-bound clumps, that at the same time can form clusters
or associations of stars, and those clumps are composed also of smaller cores, which are the places
where single or multiple stars are born. Clumps are generally identified from spectral line maps of
molecular emission, and star-forming clumps are the massive clumps out of which stellar clusters
form. Most of the clusters are unbound from each other, but the gas from where they were formed
is bounded. On the other side, cores are the regions where stars are formed, and are necessarily
gravitationally bound (Williams et al., 2000).
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Property Clouds Clumps Cores
Mass (Mg) 10°-10*  50-500  0.5-5
Size (pc) 2-15 0.3-3 0.03-2
Density cm 3 50-500  10%-10*  10%*-10°
Velocity extent (km s 2-5 0.3-3 0.1-0.3
Crossing time (Myr) 2-4 1 0.5-1
Gas Temperature (K) 10 10-20 8-12

TABLE 1.2: Summary of the properties on different types of clouds, adapted from
Tielens (2005).
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FIGURE 1.4: (a) A Milky Way optical map that covers the first and fourth Galactic
quadrants, where the most intense regions toward the Galactic bulge have been satu-
rated to better display the dark clouds. (b) This is a spatial map of molecular clouds
with near kinematic distances less than 2.5 kpc according to the rotation curve per-
formed by Brand and Blitz (1993), obtained by integrating over a longitude-dependent
velocity window. The window always included the range v = -10 to 10 km s~ ! in or-
der to include the random motions of local clouds, but changed in the center portions
as high as ~ 35 km s~1. The two panels were taken from Dame et al. (2001).

1.2.1 Infrared dark clouds

Infrared dark clouds (IRDCs) are far, rare, and dense regions observed in the mid-infrared (MIR),
where massive star formation is thought to occur. These type of clouds are promising hunting
grounds for the initial stages of high-mass star formation. The temperatures of these objects are
usually below 20 K and their densities are around 10° - 107 cm 3 (Carey et al., 1998; Teyssier et al.,
2002). Typical clump masses are around 100-1000 M, the sizes range from 0.3 to 0.7 pc (Sridharan
et al., 2005; Ragan et al., 2006; Rathborne et al., 2006) and even when they have different shapes and
sizes, they tend to have irregular edges and their appearance is filamentary and wind-blown. An
IRDC has often two or three filaments that are considered long compared with its total length, and
they are either parallel or converge at a low angle in a massive condensation that can contain an ac-
tive cluster-forming site (Tachihara et al., 2002; Burkert and Hartmann, 2004). IRDCs are seem to be
born with a filamentary distribution of material that extends over a large percent of their whole size.
As this clouds evolve and begin with star formation, the processes that occur over time continue

with the filamentary structure of the parental gas (Hartmann, 2002).
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1.3 Star formation

The equilibrium state of dark clouds and their collapse under gravity in the process to form stars is
very controversial because of their uncertainties. From studies related to the magnetic fields and the
turbulent motions two different scenarios of the global state of the clouds have been proposed. The
first one states that clouds are close to equilibrium and that their evolution towards star formation
is approximately quasi-static, and the other one defends that clouds are dynamic objects that evolve
and form stars within a crossing time. The quasi-static scenario stands that clouds are close to
equilibrium because of their relatively long lives (~ 10 Myr), they are close to be virialized. Here
equilibrium against self-gravity is provided by the magnetic field which has a double contribution
toward stability.

In the ISM through some hierarchical fragmentation processes, it produces a spanning between
many orders of magnitude in mass scale, and it occurs preferentially in objects with masses from
10! to 10°M,, (Shu et al., 1987). One of the first studies that makes a difference between low-mass
and high-mass star formation classified molecular clouds into a cold population (<10 K) and a warm
one (clouds with cores > 20 K). Inside cold clouds the most late in spectral type of star that can be
found are the late B stars.

Warm clouds tend to be among the largest and most massive, are associated with radio HII regions
and appear to be a spiral arm population.

Most of the stars in the Galaxy are found in binary or multiple systems according to Batten (1973).
Cloud cores start losing their magnetic support and turbulence over time, becoming gravitational
collapse.

Low and high-mass stars share the very processes in the early stages of their formation, but at certain
point of evolution their formation take different paths according to the amount of available mass.
Nevertheless, none of these parts can be completely understood without the study of the other, since
they are both connected by a number of competing feedback loops (Klessen and Glover, 2016). The
spatial distribution of stars in the forming cluster shows a dependence on stellar mass. As more
massive stars are located closer to the central part of the group, the stars with lower masses tend to
be located at the outer regions of the clusters (Girichidis et al., 2012).

1.3.1 Stellar initial mass function

The stellar initial mass function (IMF) is the distribution of masses with which stars are formed,
and has a great importance to understand how stars evolve with time. It is also useful for the
understanding of the galaxy formation process, in early stages. In the past, evidence suggested that
the IMF should vary according to the pressure and temperature of the star forming cloud. The galaxy
luminosity depends meanly on the number of stars with masses near to 1 M, while the heavily-
element contents and the energy feedback effects that control the evolution of their gas contents
depend on the number of stars that formed in them with masses greater than 10 My, . Considering
that the low and high-mass stars number is not the same at early stages of the galaxies, all the
properties of galaxies as luminosity, color or chemical compositions and the evolution with time
would be altered over time. The strongest evidence for variability of the IMF according to several
authors is the large total mass of heavy elements observed in cluster of galaxies. Even with the
existence of arguments suggesting that IMF should vary with the pressure and temperature of the
star forming cloud, with higher temperature regions expected to produce higher average stellar
masses (Larson, 1998), there is still no strong evidence confirming a variable IMF. The IMF inferred
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from Galactic-field star-counts can be conveniently described by this multiple-part power-law
&(m) xm™% =m?i (1.1)
Where

g = +0.3£0.7,0.01 <m/Mg < 0.08,
a1 = +1.3+£0.5,0.08 <m/Mg < 0.50,
ap = +2.3+£0.3,0.50 < m/Mg < 1.00,

a3 =+2.3+0.7,1.00 <m/Mg,

and ¢(m)dm is the number of single stars in the mass interval m to m+dm. Since the Galactic field
is populated by many different star formation events, there is a big diversity of objects in the so-
lar neighborhood, and together with the nowadays star formation, this leads to variations of the
Galactic-field IMFE. There is a strong difference between the low density environments, compared to
high-density regions (Kroupa, 2001). When a star-forming clump reaches a critical density, it starts
to interact with other clumps until their collapse is complete. They also proposed that the dynamical
interactions (collisions) of the accreting protostar with other young stellar objects is what determine
the end of the main accreting phase. If the characteristic interaction time is tin¢, then the final stel-
lar mass will be determined by the condition faec ~ tint or M ~ Mty Considering this, stars with
masses much larger than Mt;,; will not be able to form, introducing a cut-off in the mass distribution
directly depending on the star formation environment (Price and Podsiadlowski, 1995). Many stud-
ies have compared low-density environments, e.g. Taurus-Auriga and Oph with high-density ones
e.g., Orion nebula cluster, but no conclusive difference has been found between each of their IMFs.
At this point most authors are accepting the power-law distribution described by Kroupa (2001) as

dN 1

where N is the number of stars and M is the total mass of the object and

7= 0.3, m < 0.08,
n=13,0.08 <m < 0.5,
n=23m>05

this power-law distribution is shown in Fig.1.5. Bergin and Tafalla (2007) suggest that the ob-
servable similarity between the mass distribution of cores and the stellar IMF are determined by the
same process that fragments the molecular gas at smaller scales.

1.3.2 Low-mass star formation

Low-mass stars (with My < 8 M) formation follows six steps summarized in Fig. 1.6, explained in
detail by Klessen and Glover (2016). It begins with the formation of molecular cloud complexes in
the turbulent phases of the ISM, followed by (see panel a) the supersonic turbulence generating high
density clumps with a wide range of densities and sizes. Some of the said density fluctuations will
become gravitationally unstable (see panel b), leading to a collapse. When this process starts, the
central density increases until the compressional heat generated by the contraction becomes difficult
to be completely irradiated. After that, a quasi-hydrostatic object begins to form at the central part
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FIGURE 1.5: Different proposed iterations for the shape of the IMF. In this figure the
red line is the power-law, proposed by Kroupa (2001).

of the core, leading to a protostar. This starts to get more massive over time, accreting more material
from the infalling envelope. When this envelope is still in the Class 0 phase of the protostellar
evolution, it is called enclosing envelope. The envelope, at this stage is optically thick and absorbs the
accretion luminosity generated as the infalling material stops at the surface of the protostar. At this
point, the spectral energy distribution (SED) of the system is dominated by the reprocessed emission
from the envelope, that radiates mostly at sub-mm wavelengths.

Most of the infalling material will not be accreted by the protostar, due to angular momentum (see
panel c), so it ends up building an accretion disk around the protostar. The mass of such disk
can also reach a critic mass, at which stops its capacity to incorporate material with gravitational
processes. With this, the disk starts to fragment into a multiple stellar systems. The magnetic field
of the molecular clouds is compressed and amplified by dynamo processes during the contraction,
leading the accretion disk to launch magnetically driven outflows along the rotational axis of the
system. These outflows begin to disperse the envelope material, in a higher rate over time, causing
a visible effect on the observed SED. As more of the inner regions of the disk become visible, the
emission peak also moves closer to the infrared wavelengths. Next, in the panel (d) the protostar
starts cleaning the envelope and its evolution from class 1 to class 2. Here its showed that the
protostar is in the T Tauri phase of its evolution, where most of the mass is assembled in the central
star with the remaining accretion disk contributing with only a few percent to the overall matter
budget, and its at this point where planet formation begins. In panel (e) it is showed how the
envelope is completely removed or accreted into the disk, allowing the central part of the star to be
visible. The planet formation takes places in the residuals of the disk. The protostar at this point
is fully convective, and all the energy it loses in emission of radiation at its surface is compensated
releasing gravitational energy. The protostar will slowly contract, becoming hotter and denser over
time. Now the conditions of the central part of the protostar are optimal to begin with the nuclear
fusion. At this point, the stars enters the main sequence and settles to a quasi-equilibrium state. At
the final phase (panel f) the remaining disk is cleared away and the central star is clear and likely
surrounded by a planetary system. The successive evolution of the protostar can be classified into
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four distinct phases, based on the spectral index at IR wavelengths

log(AFx)10pm — 10g(AFr)2.2um
log(10/2.2)

AN = (1.3)

Where K the 2.2 ym K -band, and N the N-band. From this, the evolution sequence follows as:

* Class 0: These objects are highly obscured protostars, with a blackbody spectrum peaking at
100 pm.

¢ Class I: These correspond to blackbody objects with temperatures T:S850 K. They exhibit an
intense component at ~ 10 ym emitted by its protostellar disk and a weaker emission around
2 ym. The spectral index in these objects is positive.

¢ Class II: For this objects the spectral index is -1.5 < ag 5 < 0. The protostar is blackbody with
870 < T < 1540 K, and a peak at ~ 2 ym and a less intense disk component that increases the
flux at A 2 2um. This kind of stars are also known as T-Tauri stars, and are located in the

pre-main sequence.

* Class III: These last objects are blackbodies with T > 1540 K, where the accretion disk compo-
nent of the flux is extremely weak, sometimes even completely absent. This class of objects are
close to their final mass.

All the steps previously described are valid for a isolated low-mass star, the situation for high-mass
stars follows a different process that will be explained in the next section.

1.3.3 Massive star formation

The formation of massive stars is a complex process, still not well understood, and there is no obser-
vational evolutionary sequence that is firmly established, mainly because timescales are much faster
in comparison with the formation of low-mass stars. In addition they are formed in distant clouds
within stellar clusters, making this process a highly complex matter of study.

High-mass star forming regions have more extreme conditions compared to the low-mass case.

3

Their typical sizes are ~ 1 pc, their mean densities are n ~ 10°cm 3, masses from ~103 M, and

greater, and velocity dispersions between 1.5 and 4 km s~ 1.

It is known that massive stars are
formed by multiple stellar systems (Ho and Haschick, 1981; Lada, 2006), that at the same time are
part of bigger clusters, according to Lada and Lada (2003); de Wit et al. (2004) and other authors.
Because of this, it is much difficult to differentiate the dynamic interactions from the influence of
individual stars with observational data. The Kelvin-Helmholtz pre-main sequence contraction of
massive stars is considerably shorter compared to their accretion time. At the moment when the
stars reach a mass of 10 M, they begin to ionize the environment, while the spectrum starts to be
UV-dominated. In spite of this, different theoretical models have been proposed to better under-
stand the high-mass star formation process. The two models are the turbulent core accretion, also
known as monolithic collapse model, and the competitive accretion model. In the turbulent core
model, that is an extrapolation of low-mass star formation to the higher mass regime, prestellar
cores on the verge of their collapse should be static and isolated from their surroundings. As soon
as the cores loose their supplementary turbulent and magnetic support, high-mass prestellar cores
start to collapse and enter the protostellar phase. It relies on the apparent similarity of the core mass
function and the stellar IMF. In this model the turbulent energy in very massive cores is large enough

to cause them to fragment in multiple objects. Only density profiles which are strongly concentrated
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FIGURE 1.6: Low-mass star formation process summarized by Klessen and Glover
(2016). In the panel (a) the prestellar core form due turbulent compression inside
larger molecular clouds.. (b) It becomes gravitationally unstable and starts to collapse.
At this phase the protostar gains mass rapidly, and corresponds to a class 0 stage. (c)
The infalling material accretes to the protostar, conserving the angular momentum
and starting with this the protoplanetary disk. The outflows, magnetically launched,
disperse the infalling envelope. The protostar is now a class 1. (d) The protostar now
becomes visible as the envelope keeps being removed. Now it is in the class 2 phase.
(e) Once the envelope is completely removed, there is only a remnant disk, where
planet formation takes place. The young star is on the Kevin-Helmholtz pre-main
sequence contraction phase. (f) In the final phase all the gas and dust, leaving the star
with a planetary system alone.

and weak initial turbulent motions can prevent this fragmentation, meanwhile the amount of radi-
ation feedback can reduce the amount of fragmentation, but not prevent the core from fragmenting
into multiple protostars (Girichidis et al., 2012).

The competitive accretion model proposes that the collapse starts within low-mass fragments, close
to the opacity limit that start to gain and accrete mass, building up a greater IME. This accretion
rate is determined by the position of the forming star in the cluster. The gas is concentrated at the
center of the cluster due to the gravitational potential, which leads to having greater accretion rates
in the objects located at the central region. This central protostars can grow to be the most massive
stars. Also, the more massive is a star, the faster it migrates to the center of mass of the core, being
located continuously at a gravitationally privileged position. The most massive stars also continue
to accrete at higher rates. In the competitive accretion model, there is a relation proposed between
the total stellar mass and the most massive stars, as Mym Mfo/f (Bonnell et al., 2004). This mass

to mass relation was proposed as an indicator for this accretion model, by Krumholz and Bonnell
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(2009), together with the fragmentation induced starvation, although it is also known that it does not
represent an unique signpost of competitive accretion. In this scenario high-mass protostars would
be fed from the gas of their surrounding (Motte et al., 2018).

The main difference between the two presented models is the speed of collapse, which is highly de-
termined by the initial conditions of the cloud. It is important to mention that there are a number of
different scenarios between this two most important already discussed, for example in Peretto et al.
(2006) via observations of the NGC 2264 clumps, they support the idea of a global dynamical col-
lapse cluster of protoclusters, and that most of the stars in a cluster acquire their final masses while
they are still inside a gas-dominated environment. Here they propose a mixed scenario of proto-
cluster formation where a massive turbulent clump is compressed and induced to collapse from the
outside (Girichidis et al., 2011).

In order to clarify some of the uncertainties about the formation of the high-mass stars process,
Motte et al. (2018) proposed a new evolutionary scenario, constrained by observations, that recalls
the global hierarchical collapse and clump-fed accretion scenarios (Vazquez-Semadeni et al., 2009),
confirming that high-mass stars are not formed in a scaled-up version of the low-mass star forma-
tion process. They proposed a third scenario, summarized in Fig. 1.7. This new scenario follow the

next steps

1. In the first phase high-mass stars form in molecular complexes that host massive clouds and
often OB clusters. Massive clumps/clouds called ridges and hubs are the most likely or maybe

the only ones harvesting high-mass star formation.

2. At this point, IR-quiet massive dense cores (MDCs) are 0.1 pc massive cloud fragments that
host low-mass prestellar cores. This phase is the starless MDC that prolongs for around one
free-fall time ( ~10° yr).

3. Inside the MDC, low-mass prestellar cores become protostars with growing mass and stars
that do not have enough mass to be considered high-mass ones. The global collapse of ridges

or hubs generates gas flow streams, that cause an important increase in the mass of the MDCs.

4. At this point the inflowing gas streams are efficient enough to reach the low-mass protostellar
cores, and help to feed them, which with time leads them to become IR-quiet high-mass pro-
tostars. They are only about 0.02 pc and are capable of harbor low-mass under 8 M, stellar
embryos. Also, the accretion rate is very high and can drive outflows and power hot cores.

5. Reaching the 8 M, the protostar luminosity increases, becoming an IR-bright object. In this
phase the hot cores of the protostar will soon start producing hyper-compact HII regions
(HCHII) (Hoare et al., 2007), that would only be stopped by the infalling gas or localized to-
ward photo-evaporating disks.

6. Finally, the stellar embryos count with a substantial and increasing UV field, that leads to a H;
region. This, together with the winds and outflows will stop gas accretion toward the newborn
star.
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FIGURE 1.7: Schematic evolutionary diagram proposed for the formation of high-
mass stars, taking from Motte et al. (2018). (1) It is shown the formation of filaments
and spherical clumps, called ridged and hubs, host massive dense cores, starting with
the formation of high-mass stars. (2) At this starless phase, MDCs can only harbor
low-mass prestellar cores. (3) The IR-quiet MDCs evolve intro protostellar objects
when they are able to host a low-mass stellar embryo. Also, at this point ridges and
hubs are collapsing. (4) Now the protostellar envelope starts to feed from inflows,
starting the process of the high-mass star formation. (5) High-mass protostars trans-
form into IR-bright starting from stellar embryos with mass larger that 8 M. The
accretion finishes when the stellar UV field is ionizing the protostellar envelope and
an HII region is formed.

1.3.4 The APEX Telescope Large Area Survey of the Galaxy (ATLASGAL)

The APEX Telescope Large Area Survey of the Galaxy (ATLASGAL)! is the first complete survey at
870 um of the inner Galactic plane, providing the most complete inventory that includes all massive
dense clumps of the Galaxy, with masses > 1000 Mg, at a heliocentric distance of 20 kpc. The re-
gions covered by ATLASGAL are shown in Fig. 1.8.

The Atacama Pathfinder EXperiment (APEX) ? telescope is a single-dish 12-m sub-mm reflector,
with a 0.75-m secondary reflector, located in the Chajnantor plateau in Chile, at 5.000 m above the
sea level, being the ideal place to observe the inner Milky Way. It is a Cassegrain type telescope, with

Ihttps://www3.mpifr-bonn.mpg.de/div/atlasgal/
2http://www.apex-telescope.org/ns/
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an alt-azimuthal mounting, specially designed to work at millimeter and sub-mm wavelengths from
0.2 mm to 1.5 mm. APEX was designed as a prototype antenna for ALMA. *

One of the APEX instruments is the Large APEX BOlometer CAmera, also called LABOCA, a multi-
channel bolometer array for observations in the continuum at 345 GHz, i.e. 870 ym. It consists of 9
hexagons that together add up 295 pixels. The HPBW angular resolution at this specific frequency
is of 18”.6. The total Field of View (FoV), that corrresponds to the region of the sky that can be mea-
sured by the antenna, in the case of the APEX telescope has a total FoV of 11" 4.

Observations and studies focused on the spiral arms dynamics have proved that there is a direct
correlation between the presence of molecular gas and star formation, and that also trace an spiral
pattern, as seen in Colombo et al. (2014). Moore et al. (2012); Urquhart et al. (2014) performed an
analysis of the molecular gas distribution, showing peaks at certain specific Galactocentric radii.
From these studies it is confirmed that there is a strong relation between spiral arms and the star
formation process, but still is not specifically clear how these two are connected. The purpose of
ATLASGAL Survey is to provide the largest inventory of dense molecular clumps, helping through
observational the data to answer some of the questions about massive star formation.

There is a total of ~ 8000 dense clumps in the ATLASGAL sample, including their different proper-
ties, i.e., velocities, distances, masses, luminosities and spatial distribution. In the next paragraphs
we will give a full revision of how all these parameters were obtained.

* Spectral energy distribution: Calculating the spectral energy distribution (SED) for every source

is the first step for obtaining other parameters like the bolometric luminosity and temperature
for the sources. The method used to reconstruct the SED was extracting the multi-wavelength
continuum data (obtained from mid-IR and sub-mm wavelengths maps) and then perform
aperture photometry to the sources. These obtained fluxes were fitted with a simple model
and from this it is possible to derive the dust temperature and integrated flux. From these two
parameters it is possible to obtain the masses and bolometric luminosities.

For the sources in which there is no MIR emission detected, or where the flux density is avail-
able only for one MIR band. The method consists of fitting a single graybody model to the
flux densities measured for the cold dust envelopes. In the case where two flux measurements
are available at the shorter and different wavelengths a two-component, made of a blackbody
and a graybody fitted to the SED. All the fitting procedure is explained in detail by Konig
et al. (2017) and references therein. For 38 sources the of the MIR dark sources was used the
single graybody component fit and 73 sources were fitted with two-component model. The
uncertainties considered for the SED is about 42 percent.

¢ Heliocentric distance: The determination of the heliocentric distances of the clumps starts with

the radial velocities associated for each clump. Once obtained the radial velocities, the distance
determination is approached from a maser parallax and spectroscopic distances. H; data can
be used to make a more accurate approach of the distance.

The distance distribution of the clumps shows that a great part of them are located no further
away than 5 kpc, with the highest density of them between 2 and 4 kpc. with an uncertainty
of ~6 percent, that corresponds to the mean uncertainty, at 5 kpc which is the mean distance
of the total clumps.

The kinematic distance of around 7000 sources of the ATLASGAL survey was determined,
from which ~ 80% are considered as reliable.

Shttps://www.almaobservatory.org
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* Dust temperature: This parameter was derived from the greybody and blackbody fit previ-

ously described. The range of the clumps dust temperatures is from 10 to 40 K, with most of
the clumps near to ~16 K. There is also a tendency of as more distant the clumps are, they
have slightly higher temperatures. The mean uncertainty associated to the dust temperature

measurement is ~ 10 percent.

e Sizes: The clump sizes were calculated using the effective angular radii and the distances
already obtained. A great part of the sample consist in unresolved sources, so the amount of
clump sizes successfully determined was about 60% of the total. The mean size of the resolved

clumps is 0.72+0.01 pc. The estimated error for the sizes of the clumps is ~6 percent.

* Mass: To obtain the mass clumps the first step is to estimate the isothermal clump masses, as-
suming that the total mass of the clump is proportional to the integrated sub-mm flux density
measured over the source and assuming that the emission is optically thin. The definition of
flux is given by

5, = /Q 1,(0, §)cosfd Y (1.4)

where I, is the specific intensity or brightness and () is the solid angle subtended by the source.
In the Appendix A there is more detailed information about basic radioastronomy concepts.

Based on the flux, the mass of the clump can be obtained from

D?S,y
Mclump L B -
v

(Tdust)KV (1‘5)

where S, is the integrated 870 ym flux density, D is the heliocentric distance, - is the gas-to-
dust ratio, here assumed (v = 100), B, is the Planck function for a given dust temperature Tj,,s;
(and then used the previously obtained dust temperatures and assumed to be an estimation
of the whole clump temperature) and x, is the dust absorption coefficient, with a value of 1.85
cm?¢~ !, according to Schuller et al. (2009).

The clump masses vary from a few solar masses to 10* M, where most of the clumps have
masses close to the 400 M. The estimated uncertainty for the mass is 20 percent.

¢ Column density: The H; column density were obtained using the following equation

Sv eak”Y
Nu, = d 16
h BV(Tdust>QKVVmH ( )

with S, peqx is the peak flux of the source, () is the solid angle, y is the mean molecular weight
of the gas (assumed to be equal to 2.8), mp is the mass of the hydrogen atom and %, and -y are
previously defined. The column densities uncertainties is, similarly to the mass uncertainties,

around 20 percent.

* Bolometric luminosity: For the estimation of the bolometric luminosities of the sources, it was

used the following equation:
Lo = 47d? / Sy dA (1.7)

where d is the distance to the source and | S)dA the integrated flux. The bolometric luminosi-
ties in the sample fluctuate from 57 L to 3.8 x 10° L. The uncertainties associated with the
luminosity approach is around 42 percent.

Most of the clumps studied in the sample (~ 66%) are actively forming stars, corresponding to
5275 clumps. About 16% of these clumps are associated with massive star formation (MSF) and the
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remaining ~ 52% corresponds to YSOs. ~21% of the sample (1640 clumps) correspond to protostel-
lar clumps. The last ~12% (946 clumps) of the sample correspond to the quiescent class. Thus, it is
inferred that around 88% of the ATLASGAL clumps are involved in star formation processes.
Several trends were identified in the variation of the physical parameters of the ATLASGAL survey,
and a lot of them can be related to the different evolutionary stage of each clump. There is a ten-
dency for the clumps that are more evolved, associated with massive star formation, to have bigger
radius and greater densities compared with the younger clumps, not yet related with star formation
processes. The mass remains more or less constant through the different evolutionary stages of the
clump, and it is possible that the clumps can gain mass from infall material, which can be estimated
from the surrounding lower density envelope. Also a clump can gain material because of the infall,
and this can be estimated. The youngest clumps are the ones with the highest surface densities of
all, and it decreases as the clump evolves. Finally, there is a noticeable trend on the temperatures
and luminosities increasing as the evolutionary class advances.

From the ATLASGAL compact source catalog, a subsample of 110 sources with different character-
istics was selected with the goal of constitute a representative sample of all diversity of clumps. This
subsample is called the “"TOP100” subsample from ATLASGAL, that will be described with more

details in the following subsection.

TOP100 sample: an observational evolutionary sequence

This subsample consists in a total of 110 selected sources from the ATLASGAL compact source
catalog, with diverse evolutionary stages.

For the evolution of the TOP100 subsample of ATLASGAL clumps, Konig et al. (2017) defined a
classification for the different clumps according to their evolutionary stage. All the evolutionary

stages are represented in Fig. 1.9. The classification is the following:

e Starless/pre-stellar stage: Represents the earliest stage of massive-star formation, a quiescent
phase. These clumps tend to be the coldest and least luminous sources of the sample. This

class is called ”70 ym weak” or simply "Quiescent”.

¢ Protostellar stage: The clumps are seen as compact point sources with protostellar object
present. The embedded 70um sources are either not associated with any mid-infrared counter-
parts within 10” of the peak emission or the associated compact emission is below the thresh-
old of 2.6 Jy, which is an indicator that star formation is at an early stage and the clumps are
likely to be dominated by cold gas. This class is known as “mid-IR weak” and in this work it
will be referred as “protostellar”.

* High-mass protostellar stage: In this stage there is strong compact mid-infrared emission, it is
one of the most active stages of massive-star formation. These clumps are likely undergoing
collapse in the absence of a strong magnetic field (Urquhart et al., 2014, 2015), shows signs
of infall (Wyrowski et al., 2016) and are likely to drive strong outflows. This class of clumps
tend to be significantly hotter than the sources in the quiescent phase and are called “mid-IR
bright” or, as in this work “Young Stellar Object” (YSO).

e Compact HII region stage: The last evolutionary phase of massive star formation. Here, the
sources begun to disperse their natal envelope and are ionizing their local environment, creat-
ing then, compact HII regions. They are called “HII regions” or, as we will call them from now

on "Massive Star Forming” regions (MSF).
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FIGURE 1.9: Representation of the different phases identified for the TOP100 sources,
taken from Giannetti et al. (2017)

The TOP100 subsample of ATLASGAL was classified following the same schematic representation
shown in Fig. 1.9. Using the Coordinated Radio and Infrared Survey for High-Mass Star Forma-
tion Survey (CORNISH) (Hoare et al., 2012; Purcell et al., 2013) and Red MSX Source Survey (RMS)
(Urquhart et al., 2007, 2009) for radio continuum emissions and also with observations towards
methanol masers, to classify all the ATLASGAL TOP100 sources. For the clumps with radio contin-
uum emissions at 4 or 8 GHz within 10”, then the source is classified as a compact HII region. In the
TOP100 subsample there were 25 classified as HiI. For the mid-infrared weak and bright, observa-
tions at 21ym and 24um were used. A source is classified as a mid-infrared bright when there is a
compact mid-infrared source associated with the sub-mm emission peak and the flux reported in the
compact source catalogs above 2.6 Jy. A total of 36 sources were classified as mid-IR bright. On the
other hand, a source is classified as mid-infrared weak when it presents emissions in the 21 ym and
24 ym below 2.6 Jy or there is no compact source related with this peak. A total of 33 sources were
found to be in this evolutionary stage. The sources classified as prestellar were identified from a vi-
sual inspection at 70 ym. From the TOP100 subsample only 16 clumps were in the starless-prestellar
phase.

Fig. 1.10 shows one per each of the four different evolutionary classes. Some of the trends observed
in the full ATLASGAL sample study were also observed in the TOP100 sample.
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FIGURE 1.10: Three color images for each kind of sources classified from the TOP100
subsample of ATLASGAL. Figure adapted from Konig et al. (2017).
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Chapter 2

Chemistry in the pre-stellar phase

Pre-stellar cores are rotating and collapsing magnetized dense cloud cores. Dense cores without
any star already formed are called “starless cores”, with average volume densities at least one order
of magnitude larger that their surrounding medium and temperatures around 10 K. These starless
cores are dominated by thermal motions in their insides, and not all of these clouds produce stars.
Some of the clouds can reach hydrostatic equilibrium and display kinematic features similar to oscil-
lations, or can produce expanding motions. Inside pre-stellar cores there can be a multiple densities

that can go from 10*em 3 to 107cm 3

, corresponding to the edges of the core and to the center of it,
respectively. The chemical reactions also change strongly around the cloud. An example is reported
in Fig. 2.1 for the pre-stellar core L1544, embedded in the Taurus Molecular Cloud Complex. In
this figure the different chemical zones are shown in cyan contours. In the right side of the figure
there are the corresponding more important chemical reactions, in blue are indicated the reaction
partners. In particular, in the outer part of the core, the gas density is ~ 10* cm 2 and temperature
around =~ 10 K. In this region of the cloud, the chemistry consists of ion-molecule reactions domi-
nating the carbon chemistry and neutral-neutral reactions. The most important reactions that take

place in the central part of the cloud, will be reviewed in the next subsections.

21 Gas-phase chemistry

As it was already stated, molecular clouds are dominated by molecular gas, while the gas in the dif-
fuse neutral phases of the ISM is almost entirely atomic. The transition that leads to molecular gas
is regulated by the chemical state of hydrogen and carbon. H is the simplest and most abundant
molecule in the ISM, with a crucial role in many environments. However, this molecule is not very
easy to observe, because being an homonuclear symmetric molecule does not possess a permanent
dipole moment, and the rovibrational transitions in its ground state occur through quadrupole radi-
ation (Bovino and Galli, 2019). CO is the second most abundant molecule (10~# the H, abundance)
and is instead used as a probe of the molecular gas.

Under typical ISM conditions, the formation of H; in gas-phase is extremely inefficient. Although,
there are huge amounts of H, observed in molecular clouds. The most efficient reaction to form this
molecule is through catalysis on the surface of dust grains. The formation of H; on the surface of
dust grains will be explained with more details in the following sections.

On the other hand, CO forms through two sets of chemical intermediates. One path is obtaining
hydroxyl (OH), then OH™" and their products, while the other path involves CH and CH; and their
positive ions. The neutral-neutral reaction that converts OH into CO does not need activation en-
ergy, something very rare between gas-phase reactions which also allows them to occur in very low

temperature environments.
C+OH — CO+H 2.1)
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FIGURE 2.1: Pre-stellar core L1544, embedded in the Taurus Molecular Cloud Com-
plex. In this figure the different chemical zones are shown in cyan contours. In the

right side of the figure there are the corresponding more important chemical reactions,
in blue are indicated the reaction partners. Taken from Caselli and Ceccarelli (2012)

while, the formation of CO™ is caused by the following reaction

C"+0OH — CO" +H (2.2)
in places where the C*/C ratio is high, and then followed by

COt+H — CO+H" (2.3)

or firstly forming HCO™ in the reactions

CO" +H, - HCO' +H, (2.4)
HCO'" +e~ - CO+H (2.5)

easily forming CO, although the formation of OH is not very simple for these environments. It is also

important to notice that the previous reactions are endothermic, therefore they are only common in
hot gas environments.

Another path that leads to the formation of CO is the following
Ct+H, - CH" +H, (2.6)

or by radiative association
Ct+H— CH" +y 2.7

From these two reactions, the first one is dominant over the second one, but is also an endothermic
reaction, that needs 0.4 eV to occur, which means that is not a reaction that can occur inside molec-
ular clouds.

CO can also be formed inside gas with considerable amounts of C* and H;

Ct +H, — CHJ +v (2.8)
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The previous reaction has a large rate coefficient, compared to the C* and H; reaction, therefore in
regions that present ng, 2 ny is the main starting point to form CO.

~

Once CH™ or CH; has been formed, they can react with H,

CH" +H, - CHj +H, (2.9)
CHJ +H, — CHJ +H. (2.10)

Most of the CHJ is destroyed by dissociative recombination, as follows

CH; +e~ — CH+H,,
CHf +e- - CH+H+H,
CHf +e~ — CH, + H.

And reacting with atomic hydrogen, finally produce CO,

CH+0O — CO+H,
CH; + O — CO + Hy,
CH, + O —-CO+H+H.

All the different paths to obtain CO rely on the abundance of molecular hydrogen. The characteristic
timescales of the chemical reactions that lead to CO formation tend to be shorter than that of the H,
formation. Most of this section was taken from Klessen and Glover (2016).

2.2 Gas-grain chemistry

Inside the central part of the cloud, the density reaches values around 10°cm~2, hence the only ra-
diative source that is able to penetrate the cloud are cosmic rays and the temperature drops below 10
K. Under these conditions species heavier than He are frozen onto the ice mantles of grain surfaces,
disappearing from the gas-phase. This process is called “freeze out”. The freeze-out is a natural
consequence of the quiescent nature of pre-stellar cores: when species land on grain surfaces, they
cannot thermally evaporate neither photodesorb as interstellar photons cannot penetrate pre-stellar
cores (Caselli and Ceccarelli, 2012). CO freeze-out can reach a level of 80-90%, a process called CO
depletion. The depletion of CO and other neutrals cause variation in the deuterium fractionation
(see section 2.3) and the degree of ionization. In dense cores of molecular clouds, the degree of
ionization is thought to be an essential parameter in regulating the rate of star formation. We know
already that the best tracers of the central regions of pre-stellar cores are the deuterated species. With
the observation of these species and their non-deuterated isotopologues, it is possible to measure the
elusive electron number density n(e™). This quantity plays a crucial role on the dynamical evolution
of the cloud, because during gravitational collapse neutral species are strongly affected by magnetic
fields being attracted to it and colliding with molecular ions, in a process called ambipolar diffusion
(Mouschovias, 1979). Neutral-ion collisions can slow down the collapse depending on the fraction
of ions present in the gas-phase.

2.2.1 Dust grains and ice formation on the ISM

Dust grains are essential in the physical and chemical behavior of the clouds, because they drive the
interstellar atomic gas to molecular gas, beginning with the chain that leads to chemical complexity.
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FIGURE 2.2: Illustration taken from Caselli and Ceccarelli (2012). This figure shows

the evolution of the ice mantle growing on the surface of the grain. The ice mantle

gets bigger and earns different species, more complex organic molecules, when the
dust grains are located closer to the center of the pre-stellar core.

Dust grains also behave as filters of FUV photons, absorbing them and protecting the cloud and
the molecules inside it from the UV destruction. Also, dust grains help to catalyze the formation
of species, by capturing some simple molecules on its surface, where they can easily interact with
other trapped molecules, making the reaction between these two much easier than it would be in a
gas phase. They also act as gas coolants in the center of the clouds, making the temperatures drop
even below 10 K. Ice mantles begin to grow as we get inside the clouds, as it is shown in figure 2.2
and start to comprise a bigger diversity of species and more complex molecules.

The thickness of the ice mantle will also depend on the density of molecules present in the cloud
and on their freeze-out rate (e.g. we know that CO freeze-out rate is about 90% in the pre-stellar
core).

2.3 Deuterium fractionation

As we get inside the molecular cloud, where star formation occurs, temperature decreases, while
density increases. Under these conditions, heavy molecular species like CO freeze-out onto dust
grain surfaces. This process is called ”"depletion” and proceeds progressively faster with increas-
ing densities (typical timescale goes as « 10%/ny, yr). When CO depletion occurs, the following
reactions

HJ +CO — HCO' + H, (2.11)

H,D™ 4+ CO — DCO™ + Hjp (2.12)

become less important, boosting the abundance of H,D™ through

HJ + HD = H,D" + H, + 232K (2.13)

and with it, the abundance of other deuterated species (e.g. N,D™), a process called deuterium
fractionation (Caselli et al., 1999, 2003). In the above reactions, Hi is produced by the cosmic ray
ionization of H, that initiates the ion-neutral reactions in dense clouds

Hy+{cr — Hy +e” (2.14)
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Hf +H, — Hj +H (2.15)

The exothermic reaction chain H3+ — H,Dt — D,HT — D; is essential for deuteration pro-

cess, and also the deuteration of H] depends on the ortho-to-para ratio of Hy. When this ratio
decreases, there are more exothermic reactions, which leads to more deuteration (Sipild et al., 2010).
The molecules H,D ", D,H™ and D, together with Hy are likely the most abundant ions in the nu-
clei of prestellar cores, and they react with other species increasing the amount of deuterated species
at the core of the ion-neutral chemistry (Giannetti et al., 2019).
In molecular clouds, deuterium atoms exist mainly as HD. The ratio of deuterated species relative to
their non-deuterated molecules of the same species is around 0.01-0.1. This ratio is much higher than
the cosmic abundance of D/H, which is around 1.52 + 0.08 x 10~°. The ratio between deuterated
and non-deuterated species is called deuterium fractionation, e.g.,

DN2H+ . N[N2D+]

frac T N[N2H+} (2.16)
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FIGURE 2.3: G11.11-0.12 IR dark cloud as seen by Spitzer IRAC band 4 in the left
panel, and seen with an 850-ym sub-mm continuum emission, in the right panel.
Taken from Bergin and Tafalla (2007)

Nitrogenated species such as NpH' and NpD™ have been used as tracers for the physical proper-
ties and kinematics of very dense regions (Punanova et al., 2018; Redaelli et al., 2019). In fact, H,D ™"
and NpD™ are linked by the following reaction:

N, + HQDJr — I\IQDJr + H, (2.17)

For this reason, it has been proposed that these two species can be used in conjunction to determine
the evolutionary stage of a source in the early phases of the star formation process. In a recent work
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Giannetti et al. (2019) observed H,D" and N,D in three clumps in different evolutionary stages,
reporting an increase in the abundance of N;D* with the clumps evolutionary stage, and a decrease
of the abundance of H,D ™.

2.3.1 Spin state chemistry
ortho-H,D*

The H,D " molecule consists of two electrons bound to three nuclei (two protons and one deuteron),
with an asymmetric prolate top with three vibrational modes: breathing (v1), bending (1) and asym-
metric stretch (v3 ), all of those are infrared active modes. Together with D,H™ are good tracers for
H3+ , the most important and the most abundant molecule in the interstellar medium (ISM), which
has no dipole moment and cannot be directly observed. Between HyD™ and D,H™, the first is the
most abundant and easier to observe. (Sochi and Tennyson, 2010). In this work we are studying
the submillimeter-wave transition of the rotational 11p-1;; transition line of ortho-H,D™, which is
considered to be the most abundant ion in pre-stellar cores. In Fig. 2.4 we show an example of a
detection of this molecule at the frequency of 372421.385 MHz.

Hp* 'm' 1 \
372421.385(10) MHz I

.
ey,

Intensity(Arb.)

| i | M | M | i |
372.40 372.41 372.42 372.43 372.44
Frequency/GHz

FIGURE 2.4: Example of an observed spectra of the | = 119-11; transition line of H,D™.
The y axis indicates the intensity and the x axis is the frequency in GHz. Figure taken
from Amano and Hirao (2005)

The energy levels are designed by Jx where | is the total rotational angular momentum and K
the projection of the angular momentum onto the symmetry axis of the molecule. H,D™ has a very
large dipole moment, directed along its axis of symmetry (Khersonkii et al., 1987). Electric dipole
transition do not allow the projected angular momentum to change, which means that AK = 0.
Because of this the energy level structure is usually organized in K-ladders, designated as "ortho’
(for K =0, 3, 6, etc.) or ‘para’ (for K =1, 2, 4, etc.) according to the spin symmetry. The ortho-
H,D™ has its nuclear spins aligned parallel, while the para-H,D™ has its nuclear spins aligned anti
parallel. In Fig 2.5 it is illustrated the low-lying energy levels of H,D ™. The bold arrows indicate the

transitions measured experimentally.
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Since | and K do not change in a pure inversion transition, the notation for these transitions is (J, K)
(Shirley, 2015).

ortho-HaD* K cm-! para-H2D*
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FIGURE 2.5: Low-lying rotational levels of HyD". Bold arrows indicate the observed
transitions. Thin lines show transitions that fall below 2 THz. Figure taken from
Amano and Hirao (2005).



28

Chapter 3

Analysis of the data

This chapter is based on the published work of Sabatini et al. (2020).

The main goal of this study is testing the trend that has been already reported by Giannetti et al.
(2019), where three clumps embedded in the G351 (see Fig. 3.1) complex showed that the less
evolved clump (C7) presented weak emission lines of N;D* and high levels of o-H,D ™, the medium
evolved clump (C5) presented similar levels of both species, and the most evolved clump (C2)
showed the highest levels of N,D7, as can be seen in Fig. 3.2. From this anti-correlation, it has been
proposed that these two molecules can work as evolutionary tracers of the high-mass star-formation
process. In this study, we will test this hypothesis on a sample that is statistically representative of
regions with ongoing massive star formation activity, excluding possible bias induced by specific
initial chemical conditions, that in smaller samples could have affected the results. In particular, we
shall focus on the o-H,D™ line, while N,D™ observations in the same sample are ongoing and a
complete study of the o-H,D* /N,D™ ratio as evolutionary tracer will be pursued in a future work.

3.1 The observations

The o-Hp,D" 1(1-0)-1(1-1) observations were made at 372.43 GHz using the on-off (ONOFF) ob-
serving mode with the FLASH345-XFFTS dual-frequency MPIfR principal investigator (PI) receiver
mounted at the Atacama Pathfinder Experiment (APEX) telescope (Gtisten et al., 2006); Heyminck
et al. (2006). Among 99 of the 110 sources of the TOP100 sample (Giannetti et al., 2014; Konig et al.,
2017) were observed in three projects (IDs: 0101.F-9517; M-097.F-0039-2016 and M-098.F-0013-2016)
and 77 observations from July 2017 to December 2018, with a final number of 11568 spectra (about
20-30 sec. of integration time each). The subsample we analized was selected based on two spec-
tral line surveys, both of them of the ATLASGAL sources. The first set of observations consists of
16 sources (not fully contained in the TOP100 subsample) selected by a sample of young massive
clumps that showed a high degree of deuterated ammonia (Wienen et al., 2021). The second set of
observations belong to a [CI] >P; - P, fine structure line at 492 GHz Survey (Lee, et al., in prep.). The
spectra have an extension of 2.5 GHz - from 372250 to 374750 MHz - with a native spectral resolution
of 0.038 km s~ 1.

In the next section we introduce the main properties of the clumps belonging to the aforemen-
tioned sample.

3.1.1 Main properties of the observed clumps

The dust continuum was taken from Giannetti et al. (2017); Konig et al. (2017) and Urquhart et al.

(2018). The heliocentric distances for our sample (d) varies from 1 to ~ 5.5 kpc were obtained from
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FIGURE 3.1: Three-colour image, composed by the ATLASGAL 870 um, Hi-HAL 250
um, and Hi-Hal 70 ym. The three clumps object of the study, showing the clump 7, 5
and 2 with red circles. Taken from Giannetti et al. (2019).
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ange, respectively. In the right panel the ratio between the two relative abundances

is reported. In both figures the clumps are shown from the least evolved to the most
evolved one. Taken from Giannetti et al. (2019).
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Koénig et al. (2017) and Urquhart 2018. The Galactocentric radii Dgc varies from 4.5 and 7.5 kpc and
have a associated error ~ 0.3 kpc (Urquhart et al., 2018) when the distance to the Galactic Center
is assumed to be 8.35 kpc (Reid et al., 2014). The effective radii (Reg) varies from 0.1 to 1.3 pc. The
radial velocities (vis;) are based on C'30 | = 3 - 2 lines taken from Giannetti et al. (2014), and also
NH; 1,1 lines from Wienen et al. (2012). The dust temperatures (Tq4,s) are between ~ 10 and ~
25 K and its error associated is derived from the covarience matrix of the SED fit, obtained using a
Levenberg-Marquardt least-squares minimization, all the process is explained in the Appendix D of
Urquhart et al. (2018). The clump masses (Mjump) are between ~ 100 - 5400 M, and the bolometric
luminosities (Ly)). The column densities of molecular hydrogen, are measured in logarithmic scale,
log10[N(H3)], between 22.7 and 23.3. More than our sample belongs to the TOP100 subsample, we
use the evolutionary classification already reviewed in the subsection 1.3.4. The observed properties
obtained for the sources with o-H,D™T detection are summarized in Table 3.1.

3.2 Data filtering and pre-processing

The main goal of this work is to check if the behaviour of o-H,D™ is valid also in a representative
subsample of the ATLASGAL-Survey and, with this, proving that this behaviour is independent
of the physical properties of the environment in which the clumps are embedded. The sample is
made by a collection of multiple spectra for every source. What we want to obtain is one final
spectrum per source where the o-H,D™ is detected. To analyse the observational data we will make
use of GILDAS. ! GILDAS (Grenoble Image and Line Data Analysis Software) is an image processing
system oriented toward (sub-)-millimeter radioastronomical applications. It was built from several
pre-existing programs, e.g., CLASS (Continuum and Line Analysis Single-dish Software) and GREG
(Graphical Possibilities), ASTRO (Ephemeris and observations preparation) between others.

In this work we have been using CLASS, which is mainly oriented for processing spectra of single
dish telescopes.

First, we enumerate the sources that are inside the sample we obtained. Then, from the CLASS
terminal we check the spectra related to every sources, one by one looking for possible corrupted
observations. With that in mind, we apply the code for every source in our sample. The code will
generate an average single spectrum from all the different observations, where we will be able to
check if there is an emission line or not. A second inspection of the obtained spectra generated by
the code is needed. In Fig. 3.3 we present a summary of the code steps in order to obtain the final
spectrum for every source.

3.2.1 Data reduction and identification of the o-H,D™ emission lines

The first step is to obtain the spectra useful for our purpose from the entire observations database,
since it contains also other tracers and calibration data not needed in our study. We look into more
than 10000 different spectra available to select only those that correspond to ATLASGAL sources
and we check one by one the multiple observations associated to every source, looking for possible
corrupted observations that will have to be deleted. We select the spectra according to the different
sources, then we cut it around the location of the emission line, delete the damaged observations,
modify the specific beam to the APEX telescope, correct the effect of the shape of the antenna visible
in the spectra, average all the spectra found for all different sources individually and finally write
the results as a new spectra. In this chapter we will show and explain in details the two codes used

Ihttps://www.iram.fr/IRAMFR/GILDAS/
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FIGURE 3.3: Flowchart that summarizes the operation of the code.

for obtaining the spectra used to study the o-H,D* emission lines.
The code for the data filtering and the modification of the parameters is:

1 import pyclass as pc
2 import glob

3 import numpy as np

4 import pgutils

5 file_in = glob.glob('*.apex')

try:
pc.comm('file out data.merged sing')

except pgutils.PygildasError:

© 00 N O

pc.comm('file out data.merged')

10 for fin in file_in:

11 pc.comm('file in ' + fin)

12 pc.comm('set line GHZ374')

13 pc.comm('set source Gx')

14 pc.comm('find"')

15 for i in xrange(pc.gdict.found.copy()):

16 pc.comm('ge n')

17 pc.comm('modi f 372421.385")

18 pc.comm('modi beam 0.73')

19 pc.comm('set wind velocity-5 velocity+5')

20 pc.comm('base 1')
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21 if pc.gdict.tsys.copy() > O:

22 pc.comm('write')

Spectra filtering: PyClass is a module of GILDAS designed to create an interoperable environment
in which CLASS can also use all Python facilities (and vice versa). This also allows CLASS to be used
simultaneously and interactively with other python-supported software. The glob module finds
all the path names matching a specified pattern according to the rules used by the Unix shell. The
pgutils module is made for analyzing large datasets with PostgreSQL.

The first thing we do with the code is to open all the APEX files with the command filein =
glob.glob(’*.apex’). With pc.comm(’...’) the commands for gildas can be written inside the
quotation marks. In line 6 inside the try function, with the command file out data.merged sing
we create a new empty file called data.merged that will be written later. Here, the sing specifies that
only a single spectra will be saved per source. Between our sample there is more than 10000 spectra
stored in different class files, because the sources were observed at different times, and this is why
in the following steps we will reorganize all the files, selecting only the spectra correspondent to
sources. The next step is to make a loop for all the files contained in the file in. In line 11 with
’file in’ + fin the spectra contained in the file in are opened one by one, and in line 12 we
select only the sources at the frequency of our interest, where o-H,D™ is detected, i.e., 372.43 GHz,
which in this case are highlighted by the label GHZ374. This is done with the command set line
GHZ374. With set source G* we take all the files of the data set with a name that starts with the
letter G, which are the sources from ATLASGAL. Next, the command find applies all the previous
filters to the search of all sources.

Baseline substraction: In line 15 a loop over all the found spectra is performed, by using
pc.gdict.found.copy(), and it begins selecting each spectrum one by one with get next. Line 17
is used to modify the rest frequency, that is passed in MHz. At 372 GHz the telescope has a beam
size of 14 arcsec and a main-beam efficiency of 0.73?, this is set with modi beam 0.73. This beam
efficiency has been applied to the antenna temperature, to obtain the spectra in T,,},. The efficiency
factor is different for every antenna, and it is given by the antenna composition: The light from dif-
ferent parts of a source are received by different parts of the antenna, called receivers. Every receiver
covers a different spectral window, and they do not have necessarily the same response to the same
frequency. More details about the antenna functioning are in Appendix A. For each spectra the ref-
erence frequency is set at the frequency of the o-H,D™ 1(1-0)-1(1-1) hyperfine molecular transition
at ~ 372.42 GHz (Amano and Hirao, 2005) with the command modi f 372421.385.

For every source we apply a first degree baseline, in order to correct the curve shape given by the
antenna shape itself. Some spectra will even need two baselines subtractions, and to make the code
more general, this double subtraction will be applied to all the sources. To approach this we will ap-
ply once the baseline, save this spectra in the data.merged file, and then apply the second baseline
in the second code.

The code is the following:

import numpy as np
import astropy.units as u

import matplotlib.pyplot as plt

Sw NN e

from astropy.io import fits

’http://www.apex-telescope.org/telescope/efficiency/
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import pyclass as pc
import glob
import pgutils

pc.comm('file in data.merged')

© 00 N O O»

pc.comm('find')

10 pc.comm('set source G14.49-0.14')

11 pc.comm('drop 2581')

12 pc.comm('drop 2582')

13 pc.comm('drop 3235')

15 pc.comm('set unit v v')

16 pc.comm('file out G14.49-0.14.bas sing ')
17 for i in xrange(pc.gdict.found.copy()):

18 pc.comm('get next')

21 pc.comm('extract 372358 372452 frequency')
22 pc.comm('stitch /nocheck position')

23 pc.comm('smooth box 17')

24 pc.comm('set wind velocity-5 velocity+5')
25 pc.comm('base 1')

26 pc.comm('set weight sigma')
27 pc.comm('plot')
28 pc.comm("say 'sigma'")

29 pc.comm('write')

Cleaning procedure and corrupted spectral removal: At this point the data.merged file contains
only the filtered spectra with one baseline subtraction from the previous code. The first thing we do
in line 8 is open the file "data.merged’ containing all these new spectra with file in data.merged.
Next, with the find command, all the spectra in the file data.merged are read. In line 10 with set
source ’...’ we select every source one by one. We present the particular case of the source
G14.49-0.14, because the one-by-one observation examination showed three problematic spectra,
shown in Fig. 3.4. The single spectra are deleted in the following lines 11, 12 and 13, with the
command drop ’number of the observation’.In line 15, with set unit v v we specify that the
units to be used in the lower and upper axis, where the "v’ stands for velocity. In line 16 we create
an empty file for every source, with the command file out G14.49-0.14.bas sing.

The next step is to create a loop with the command pc.gdict.found.copy(). Inside the loop, the
line 18 selects the 'next’ spectra with the get next command. In line 21 we cut the spectra from
372358 MHz to 372452, with extract 372358 372452 frequency.

Averaging the spectra and applying the second baseline: In order to make the average of all the
single spectra for each source, we use the command stitch. When we add /nocheck position to
the stitch command, the code will assume that all the spectra are aligned in the same frequency and
will stack them channel by channel. This average is made in order to reduce the noise in the final
spectrum and make the emission line clearer, because the noise of every observation is random and
it will be considerably decreased in the stitch process.

To help improving the signal to noise ratio, we can also reduce the spectral resolution. With the
command smooth box 17 the spectrum is averaged by channels 17, which decreases the spectral
resolution from 30 m s ! to 0.5 km s~ 1. In line 24 we create a mask of 10 km s~! defined around

the line found in the spectrum with the command set wind velocity-5 velocity+5 to apply the
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baseline subtraction in line 25 with base 1. Now, with set weight sigma we set the weighting to
be used in the averaging step stitch. The sigma option makes the weight equals to 1/¢?. With plot
we apply the changes to the spectrum and shows it. In line 28 the command say sigma prints the
sigma values associated for each source spectrum. This sigma value will be an input for MCWeeds.
Finally, the new spectra with double baseline subtraction is saved with the command write.

Even if the code provides a fast way to obtain the final spectra, each source with a detection has

to be treated individually after the code is applied, to check that the final spectra will be a clean
results, without involving any problematic observations in the process.
There were some problems with a lot of spectra in the sample. Some showed a sinusoidal behaviour,
some of them had a characteristic noise value considerably smaller than zero and some simply did
not look as expected. For every stitch spectra that looked problematic, all the single spectra had to be
checked one by one to remove the possible corrupted observations. The best example for the spectra
with evident problems is the source G14.49-0.14, where three problematic spectra were found. For
clarification, in the top left panel of Fig. 3.4 it is shown how a normal observation spectrum looks
like, while in the other three panels of Fig. 3.4 we show the corrupted observations of G14.49-0.14.
These are the observations 2581, 2582 and 3235.
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FIGURE 3.4: In the top left panel we show a normal, not problematic spectrum. In

the other three panels we show the spectra with problems for the source G14.49-0.14.

These spectra were not considered for creating the final spectrum of this source, as it
was showed on the explanation of the codes.

After the three single spectra were deleted, as it is shown in the code above, the new spectrum
shows a clear 0-H;D™ line, see Fig. 3.5.

There are some interesting particular cases, such as G14.11-0.57, shown together with all the
spectra with detections in Fig. 3.6, where the spectrum shows a double peak where the o-H,D*
should be found. This can be produced because of a double component of the emission line in the
observed clump, with different rotations or velocities. This would require a deeper analysis and
new observations, which goes beyond the scope of our work.

At the end of the entire procedure, we have the final spectra in which we are able to clearly
identify if there is or not a detection of the targeted line. For the spectra showing detection, it is
possible to obtain the column density of o-H,D" and other relevant quantities, by using the software
MCWeeds, which fit the spectra through a Bayesian analysis coupled to a Monte Carlo procedure.
With the procedure described in the previous section we detected 16 sources with o-H,D'. We
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FIGURE 3.5: Detection of the source G14.49-0.14 after all the code procedure and delet-
ing the corrupted observations. Source: This work.

applied the analysis to all our 106 sources, from which 99 belong to the ATLASGAL TOP100 sample.
We found 12 detections on that belong to ATLASGAL, considering the source with the double peak
as two detections, and 5 detections that are not in the TOP100 sources of ATLASGAL. The entire set

of spectra is reported in Fig. 3.6 and 3.7.
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FIGURE 3.6: Half of the sources with o-H,DT emission lines, represented in color
cyan. The name of every source is in red on the left, the main-beam temperature
(/., Tmpdv) and rms (irms) are written in black to the right. 1¢ of the Ty, noise levels
are represented by the green dotted line. The frequency and velocity axes are cut
around the line. The intensity axis, on the other hand, is fixed to the highest Ty,
detected among all the detections, found in the source G14.23-0.51. The vy, of every
source. In red it is shown the MCWeeds model performed for every source, that will
be explained in section 3.3.1
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FIGURE 3.7: The second half of the sources with o-H,D™ detections.

3.3 Fitting procedure and column densities

In order to test the hypothesis to use o-H,D™ as an evolutionary tracer we have to calculate the

column density. This is also very important to put constraints for theoretical models. The column

density values can be obtained analytically by applying basic formulae, but in this study we decided

to employ MCWeeds, an external interface between Weeds (Maret et al. 2011), simple and fast in

building synthetic spectra (assuming local thermal equilibrium) and the Bayesian statistical models

and adaptation algorithms of PyMC (Patil et al. 2010), which provide an accurate determination of

the errors.
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3.3.1 MCWeeds

MCWeeds is a code that allows to simultaneously fit the emission lines of a given spectra from an
arbitrary number of species and components, assuming Tex =Tqyst, by combining multiple spectral
ranges (Giannetti et al., 2017). This assumption holds for the case where the dust and the o-H,D™"
molecules are homogeneously mixed, which might not be real for every sources since the averaged
volume densities are slightly lower than the o-H,D™ critical density, ne, ~ 10° cm 3 (see Caselli et al.
2008 and Vastel et al. 2012). We repeated the column density calculation considering Tex = 0.6 Tyjyst
according to Caselli et al. (2008), where excitation temperatures were found to be 40% lower than the
dust values. For most of the cases the o-H,D™ column densities, are in agreement with the uncer-
tainties reported in Table 3.2. Hence, the assumption of Tex = Ty,s; does not affect the final results.
This fitting is performed using maximum a posteriori (MAP) estimates or Monte Carlo Markov
Chains (MCMCs). With this, the fitting can be done in either a fast way, or a very detailed way.

The MCWeeds procedure is described in Fig. 3.8. The input includes the species to be analyzed,
the spectral ranges and the data file where the spectra are stored. The fitting algorithm and the
model parameters (i.e. column density, temperature, size of the emitting region, radial velocity and
linewidth for every species, rms noise, and calibration uncertainty for each of the spectral ranges)
should be also specified. MCWeeds generates a synthetic spectrum considering all the parameters
given by the input file, a model parameter. The likelihood has to be computed assuming a Gaussian
uncertainty, considering the ¢ as the rms noise, as the product of the probabilities for each channel.
The model spectrum is compared to the observations in both of the methods: The likelihood P(D—M)
probability of the data given the model, and the posterior method P(M—D) probability of the model
given the data are computed. The new generated parameters are accepted or rejected as the process
is repeated according to the iterations previously defined. MCWeeds provides the best fit parame-
ters with their uncertainties, the best fit spectrum superimposed on the observations, the probability
distribution function the trace plot and the autocorrelation of each the fit parameters.

3.3.2 The results

The column densities were computed assuming extended emission relative to the FWHM APEX-
beam, supported by the results of Pillai et al. (2012), where the o-H,D™ line scale was found close to
the typical clump size. For all the clumps with a clear o-H,D" emission line, the angular size that
corresponds to the effective radii, Rq¢ (Konig et al. 2017 and Urquhart et al. 2018) is larger than the
APEX beam sizes, with the exception of the source G316.76-0.01 (Pillai et al. 2012). We performed
fits with the assumption of the o-H,D" molecular line parameters provided by the CDMS database.
These parameters are: an Einstein-A coefficient logjo(A,; [s71]) = —3.96, a statistical weight of
gu = 9, an energy gap between the two quantum levels E,; = 17.9 K, and the partition function,
Q(T) for o-H,D in the relevant temperature range [9.375 K: 10.3375, 18.750 K: 12.5068, 37.500 K:
15.5054] (for more information, see Giannetti et al. 2019).

The results of the fitting performed by MCWeeds are reported in figures 3.6 and 3.7. where
the noise level 1c is the green dotted lines, the integrated mean-beam temperature and the rms for
each line are indicated in every source. For every spectrum there is a clear emission line, with the
exception of G14.11-0.57 (in Fig. 3.6) where two emission lines can be observed, with a distance of
~ 2.5 km s~! from each other. Since both of the emission lines have iSNR > 3, they are treated
separately on the following analysis, as C1 and C2. For all the sample the averaged noise remains
more or less constant, from around 0.02 to 0.03 K (T, scale), with only a few cases with the noise
around 0.05 K higher. All the FWHM line widths of the sample are between 1 and 3 km s ~!, which
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FIGURE 3.8: Schematic representation of the MCWeeds procedure. The MCMC steps
are circled in blue and the MAP or normal approximation are in green. Figure taken
from Konig et al. (2017).

is in concordance with the values for the C'30 J = 3 - 2 and NHj (1,1) lines reported by Giannetti
et al. (2014) and Wienen et al. (2012). In table 3.2 we show some of the sources with detections and
their column density values obtained with MCWeeds.

The o-H,D* column densities calculated for our sample varies from 1.3 x 10'2 to 10'3 cm—2
less than an order of magnitude. The abundances X(0-H,D™") = N[o-H,D"]/N[H;] were obtained
with respect to the H, column densities reported by Giannetti et al. (2017) and Urquhart et al.
(2018), and they vary from ~ (1-12.6) x 107, The X(0-H,D%) values found are slightly lower
than the ones found previously on studies of low-mass pre- and protostellar regions (e.g. Vastel
et al. 2006; Harju et al. 2008; Caselli et al. 2008; Friesen et al. 2010, 2014; and Miettinen 2020), but,
on the other hand, were in agreement with previous studies focused on high-mass star-forming re-
gions, i.e.,Harju et al. (2006), Pillai et al. (2012), and Giannetti et al. (2019); with the exceptional case
of the study of Swift (2009) where significant lower values were found, with abundances around
~ (3 —5) x 10713 in the IRDCs G030.88+00.13 and G028.53-00.25.

The o-H,D™ detection limits were calculated using sources with no detection. These sources were

Aie.,

classified according to their evolutionary stages, and between them were selected some observa-
tions with rms within a factor of 2 with respect to the average noise of the spectra with detection.
From this filtering, we obtain 8 sources belonging to the 70w class, 16 to the IRw, 9 to the IRb and
13 sources HII regions. Since for each kind of source there are similar numbers, it is possible to
compare the detections to a progressive evolution of clumps, with a o-H,D™ detection rate of 47%
in 70w, 27% in IRw, 18% in IRb, and 7% in HII.

For each one of the sources (with and without the presence of the emission line) the detection lim-
its were calculated, for obtaining the column density value corresponding to a 3¢ detection. The
FWHM line width used corresponds to 1.5 km s}, the average value of the detection sources. This
only provides qualitative information when it comes to the upper limits of the o-H,D* emission
lines, and it is heavily influenced by the quality of the observations, more than by the physics of
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the source. This problem is solved with only selecting the spectra with noise levels comparable to
the ones with detected sources. In this way, the upper limit or relative abundance are inside the
expected and typically observed range.

3.3.3 Dynamical quantities

From the spectra analysis MCWeeds also obtains an estimate of the FWHMSs (Av,;, in Table 3.2) for
each emission line, and from this the virial parameter (x) and the Mach number (M), both dynamical
quantities, can be calculated. The virial parameter can indicate the dynamical state of every source,
how far they are from the virial equilibrium (Chandrasekhar and Fermi 1953). The Mach number
indicates the turbulence of the gas, if a clump is supported by dynamical or by thermal motions.
The a values were estimated using the definition of Bertoldi and McKee (1992):

2
My . (Rclump> ( Avgyy )
o = —— with M,;, =k . 3.1

Mclump . ? pc kms™! G1)

Where M,;; is the source virial mass; M) is the total mass of the clump; Rejyyp is the clump

size measured in parsec, and assumed to be equal to R, ffs and k, = 210 because the core is assumed
to be homogeneous (MacLaren et al. 1988); Avy,, is the combination of the thermal motions of the
particle of mean mass, Avy, (,, is the thermal gas motions, and Avy, is the observed FWHM. The
Avgy, values were derived using the values of Avgs in Table 3.2, following Kauffmann et al. (2013):

— 2 2 2
Avgy, = \/Avohs + Avth,<m> — Avy,. (3.2)
The Mach number was computed from the o-H,D™ line width provided by MCWeeds with:
M= Tt (33)
0H,

where 0, = (02, — U.ch)l/2 and oy, = Avy, () / (2V2I12).

Av
—0% and oy, = th, m) (3.4)

2v2In2°

Oobs = AUops / (21/21n2) is the observed velocity dispersion of o-HyD* lines, and 0y, = [kp Tqyst/m(HoDT)]1/2
is the gas thermal component at Ty,s;, where kg is the Boltzmann constant and m(H;D™) is the mass

_ 2
Trurb = \/ T ps

of the H,D" molecule. The Mach number varies between 1.3 — 5.4, which implies the presence of
supersonic turbulent motions for the gas involved in all the sources. From the derived properties
summarized in Table 3.2 it is suggested that the sample of this study is generally heterogeneous, and
also composed of highly unstable sources (with & < 1). There is also agreement between our results
2 10 Mg,

~

and the results presented on Kauffmann et al. (2013), where it was found that Mump
x < 2, and that these low a values are possibly consequences of a rapid collapse.
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Chapter 4

Correlations between o-H,D ™ and

physical quantities

This chapter is based on the published work of Sabatini et al. (2020). In order to study the possible
presence of trends or correlations in the results between o-H,D" column densities and the observed

and derived properties, we apply a Markov Chain Monte-Carlo as a tool of probabilistic inference.

4,1 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) is an statistical tool composed by two different techniques:
Monte Carlo, that randomly samples a probability distribution and approximating a desired quan-
tity, and Markov Chain, which is a method for generating a sequence of random variables where the
current value depends probabilistically on the value of prior variable (Dani Gamerman, 2006). With
these two methods together, it is possible to randomly sample probability distribution of high di-
mensions, with a probabilistic dependence between the samples.

Using MCMC it is possible to make use of Bayesian inference. The Bayes theorem is defined as:

p(m,b, fx,y,0) &< p(m,b, f) - p(y|x,o,m,b, f) (4.1)

being p(y|x,o,m,b, ) the maximum likelihood function, i.e. the probability of a data set given the
model parameters and p(m, b, f) the prior function.

The parameters m,b and f are the set of parameters of interest and the parameters x,y and ¢ are
given from the data. Then, p(m, b, f|x,y, ) indicates the posterior or the probability of m,b,f given
the data, p(y|x,o,m,b, f) is the likelihood or the probability of the data given m,b,f, and p(m,b,f)
indicates the a-priori probability of m,b,f (van Ravenzwaaij et al., 2018).

The maximum likelihood estimation is given by

_ AV
Inp(ylx,a,m b f) = —3 5| L5 i) @2)
n n
where
$2 = 02 4 f*(mx, + b)? (4.3)

This likelihood estimation assumes the error bars as correct, Gaussian and independent, and it pro-
vides the estimation of the slope of the fitting m, b that points the origin of the fitting line and f that
corresponds to the factor of variance underestimation.
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411 Running the iterations

For our purpose we start by setting the likelihood function as a weighted fit to our sample. MCMC
initiates walkers starting inside small Gaussian distributions in the given linear fit and then starts
exploring the prior function previously estimated. We run our fitting with 5000 iterations, discarding
the first 100 steps. This is because there is a small number of iterations for every MCMC fitting that
do not vary much from the given values, this initial iterations are called flat samples and can be
observed in Fig 4.1. In Fig. 4.2 we show a corner plot, reporting the dimensional projections of the
posterior probability distribution of the parameters. In Fig. 4.3 and 4.4 are shown the different fitting
performed with MCMC, together with the fitting parameters in each particular panel. Both the trace
plot and the corner plot correspond to the run of the N(o-H,D™) vs. the virial parameter a.

log(f)

0 1000 2000 3000 4000 5000
step number

FIGURE 4.1: Trace plots of the MCMC chains. Here are shown the iterations of the
three different parameters that build the line approach. Source: This work.
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FIGURE 4.2: Corner plot of the MCMC fitting. Here it is shown the one and two
dimensional projections of the posterior probability distribution of the given parame-
ters. The blue lines represent where the iterations converge to. Source: This work.

The results of the MCMC fitting applied to our study will be shown in the following section.
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4.2 Correlations

The following figures are the correlation plots between the N(o-H,D ™) and some of the parameters

presented in the tables 3.1 and 3.2.
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FIGURE 4.3: Different correlations obtained between N (0 — H,D ™) and the observed

and derived properties presented in tables 3.1 and 3.2, respectively. In each panel the

black dots represent the sources and the error bars represent the uncertainties. The

orange regions represent the results of the MCMC linear-fit. The correlation plots are

in log-linear scale, except for the mass plot, the luminosity plot and the L/M plot,
which are in log-scale. Source: This work.
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FIGURE 4.4: Second part of the correlations with a MCMC fitting. Source: This work.

The figures 4.3 and 4.4 show the different correlations between N(o-H,D™) and the physical
parameters that can be found in tables 3.1 and 3.2. In this section we will analyze the different cor-
relations and how they are related with previous studies.

The parameters Dgc, Refr and Mejump are identified as source parameters, examined looking for a
relation between the amount of o-H,D™ and the characteristics of the structure of the clumps and
their distribution on the galactic plane. These parameters are presented in the three first panels of
4.3 where it is observed an uniform distribution of the o-H,D™" over time, not showing any notori-
ous change with the evolution of the clumps. This is in agreement with some previous information
about the deuterium behaviour: in the galactic disk the variations in the deuterium abundance with
respect to the hydrogen, [D/H] are expected, due to the fact that deuteration occurs on the very
early stages of the universe and then it has been consuming via thermonuclear reactions that take
place inside stellar cores (Ceccarelli et al., 2014; Lubowich et al., 2000). While on the other hand,
it is also known that deuterium fractionation is boosted by the star formation process, creating a
very unfavouring environment for the deuteration to occur (Bacmann et al., 2003; Caselli, 2002; Lis
et al., 2006; Pillai et al., 2012; Ceccarelli et al., 2014; Giannetti et al., 2019). The latter affirmation is
consistent with the L,y vs N(o-H;D™) plot, where the amount of molecule observed decreases as
the luminosity increase.

The parameters identified as evolutionary parameters are CO-depletion factor [fp] (Caselli et al., 1999;
Fontani et al., 2012), the dust temperature Tq,s; and the L/M ratio, parameters that highlight trends
during the star formation process. All of them are known to be evolutionary tracers, and the three
of them show strong trends. The luminosity-to-mass ratio outstands between the evolutionary pa-
rameters, since it is the main indicator for the evolutionary stage of the high-mass star formation
processes, according to Kortgen et al. (2017); Saraceno et al. (1996); Molinari et al. (2008); Urquhart
et al. (2018) and Giannetti et al. (2019).



Chapter 4. Correlations between o-H, D" and physical quantities 47

The dynamical parameters are the Hy column density N(Hj), the mach number M and the virial pa-
rameter «. These parameters are related to the dynamical stage of the clumps. For the Hy column
density there is no trend found, but for the virial parameter « and Mach number M there are weak
trends, not very crucial as it was expected, due their correlation with other parameters that do de-
pend on the amount of N(o-H,;D™), i.e., FWHM or the Tys;-

From the strong correlations found suggest that the deuterium fractionation is driven by a temporal
evolution more than a dynamical evolution of the star-forming regions. In the following chapter we

will discuss the results presented in this section, and explain the conclusions we reached.
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Chapter 5

Discussion and conclusions

In this work we collected more than 10000 spectra in 106 sources of the ATLASGAL survey, with the
aim of confirming that o-H,D™ can be used as a chemical clock to follow the evolution of the regions
where high-mass star forming process takes place, massive clumps. We started working with ob-
servations from the APEX Telescope, processing the spectra with a code wrote specifically with the
purpouse of filtering, cleaning and cutting the spectra, removing the corrupted observations among
them, applying a baseline correction and averaging the multiple observations correspondent to each
spectra into a single spectrum with a better signal-to-noise ratio. At the end of this procedure it is
possible to identify whether or not a spectrum presents an o-H,D™" emission line. We found 16
sources with emission lines greater than 3¢, i.e. three times the average noise of the T,,,, becom-
ing the largest sample of o-Hy D+ detected in high-mass star forming regions ever found to this date.
From the obtained spectra we calculated the column densities by fitting line profiles using MCWeeds,
assuming the local thermodynamical equilibrium. From those results we obtained the most impor-

tant parameters of each clumps that are summarized in Tables 3.1 and 3.2.

5.1 Discussion

Since our study was motivated by the results presented in Giannetti et al. (2019), it is necessary to
make a comparison between them and the results obtained in this work. In Fig. 5.1, presented in
Sabatini et al. (2020) it is shown the abundance of 0-H,D™ as a function of the evolutionary class
of the TOP100 clumps (represented with red markers), while the work from Sabatini et al. (2020)
(which is derived from the analysis presented in this thesis) is reported in blue. The same trend of
0-H,D™ can be observed with the evolution of the clumps. The X(o-H,;D™) abundance decreases by
more than an order of magnitude when going from the least to a the most evolved sources. From
this it is suggested that the deuteration of H; is enhanced under the specific conditions of the ini-
tial phases of the star formation process, showing that as the clump evolves and the environment
becomes warmer the levels of o-H,D™ decrease.

The trend shown in Fig. 5.1 is similar to the result shown in Fig. 4.3, in the N(o-H,D") vs. L/M
panel, where the luminosity-to-mass ratio increases with the evolution of the clump (Saraceno et al.,
1996) while the N(o-H,D™) decreases. This can be also observed in the N(o-H,D™) vs. Ly, panel,
with the bolometric luminosity working as a tracer for the most evolved clumps. This is another
indication that when a protostellar object is formed and the temperature increases, the deuterated
species start to be destroyed triggered by the evaporation of CO back to gas-phase.

In addition, in a recent study where three prestellar and three protostellar low-mass cores where
targeted in the Orion-B9 Miettinen (2020) similar results were presented, particularly for the less
evolved sources, 70w and IRw. On the other hand, the IRb sources mapped in that study show X(o-
H,D™) ~ 5 times greater that the limits provided by Giannetti et al. (2019). The discrepancy between
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FIGURE 5.1: In this figure it is shown the average X (o — H,D), as a function of the

evolutionary classes in the sample. Blue markers represent the recent estimates of

Giannetti et al. (2019), the red ones represent the TOP100 sources and grey ones are

the non-detection sources from the sample selected. Figure taken from Sabatini et al.
(2020).

these two results can be attributed to the physical and chemical initial conditions of the environment

of the clumps studied.

5.1.1 o-H,D™ as a chemical clock

The chemistry of o-HyD+ is highly sensitive to the changes of density and temperature during
the cloud contraction, in the massive star formation scenario. This is why it is thought that this
deuterated molecule is considered as a potential chemical clock of these regions. The formation
of Hf in star-forming regions starts with interactions driven by cosmic rays (CR), starting from
molecular hydrogen Hj being ionized by a CR particle producing a reaction exchange, as follows:

H, +cr « Hf +e, (5.1)

Hf +H, + Hj +H (5.2)

Then, the deuteration of H; produces H,D* following this proton transfer reaction:
Hf +HD = H,D" + H+AE (5.3)

In the case of the massive star formation environment, with temperatures lower than 20 K there is a
trend to form more likely the ortho state of the HyDT (Pagani et al., 1992). As was already presented
from our results, the temperature of the clumps is strongly related to the evolution of them and the
behaviour of 0-H,D™ in the different evolutionary stages. In Urquhart et al. (2018) it was proposed
that there is a strong correlation that link the gas temperature of the clumps to their embedded
massive protostars luminosity of to the L/M ratio or each clump, which was also proposed in Kénig
et al. (2017), where it was found that there notorious difference between the temperatures associated
to the different evolutive classes, with temperature changes from 10 K to 40 K. In the results obtained
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from this study we confirmed the relation between the abundance of this molecule and T4, where
the highest abundance of o-H,D™ are found in the coldest environments, and tending to descend
with the temperature raising.

The CO depletion factor is also strongly dependent on the temperature, since when there is more
depletion factor, i.e., less levels of CO observed as temperature decreases. This is supported by the
cold observed clouds that show low concentrations of CO in their gas phase found in Roberts and
Millar (2000), Bacmann et al. (2003) and Ceccarelli et al. (2014) and also in low mass star formation
clouds by Caselli et al. (1998) and Bacmann et al. (2002). High-mass star forming regions showed
decreasing f; when L/M was increasing, and with this also confirming that the temperature of the
clumps also increases over time, as proposed in Giannetti et al. (2017) and Giannetti et al. (2014).
The formation of H,D™ in CO-depleted environments can be more efficient by two events. First, the
Hj reservoir is held for reaction (5.3) making the following proton-transfer reaction slows down:

Hf +CO — HCO™ + H,. (5.4)

The second one is provoked by the same effect, preventing H,D" from reacting with CO and on
a smaller rate Ny, that usually depletes slowly, to form DCO" and N,D ", remaining observable in
the gas phase. The N(o-H,D™) vs. fp correlation shown in Fig. 4.3 is in concordance with this, since
we can observe at the highest N(o-H,D™) levels we also have the highest fp values. In the case of
the Tqust Of the clumps it is observed that for larger N(o-H,D™) the temperature is lower, which is
expected in this dense and cold environments where CO-depletion is boosted (e.g. Kramer et al.
1999; Caselli et al. 1999; Crapsi et al. 2005; Fontani et al. 2012; Wiles et al. 2016; Sabatini et al. 2019).
In our results we found no evident trend « and M over the evolution in time of the clumps of
TOP100 sources studied. For all the clumps of our sample the virial parameter « < 1, indicating that
they are dynamical unstable and will collapse fast. This is supported by the results from (Kortgen
et al., 2017, 2018) where the found that dynamical parameters (Mach number, magnetic field mag-
nitude distribution and cloud surface density) affect the results (o-H,D™ levels) but not as much as
the time evolution of the clumps. This results leads us to interpretate that the plots of mach number
and virial parameters, where there are no correlation found, are not necessarily a signal that these
dynamical parameters are not empirically correlated.

From the results we have presented in this work it is clear that there are still many questions sur-

rounding the observation of o-H,D™ is related to the dynamical characteristics of the clumps, and
their evolution over time. Also, it is possible that the HyD™ velocity dispersion can be not enough
representative of the clump dynamics, since in the center of the clump it is replaced with by N,D*
or DoH™ or destroyed by recently desorbed CO.
From our results we conclude that the 0o-H,D™ behaviour is strongly linked with the physical fea-
tures of every different phase of the clump evolution. They are related as follows: We found high
0-H,D™" abundances in the cold starless or prestellar stages, 70w and IRw. Then, a decrease as the
protostellar objects evolve reaching to the HII regions. The latter is particularly confirmed by our
results where it is possible to see that deuteration proceeds faster in the first stages, due the higher
CO freeze-out degree, and with the increase of temperature CO returns to the gas phase due the
formed YSO.

5.2 Conclusions

From the correlation plots presented in Fig. 4.3 and Fig. 4.4, we reached the following conclusions:
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e It is confirmed that in the high-mass regime of star formation the correlation between N(o-
H,D™) and Ty, holds.

e New correlations were found between N(o-H,D™) and the evolutionary parameters Ly, and
L/M.

¢ Correlations were found with the parameters related to the evolutionary stages (i.e. f;, Ty,
and L/ M).

e It is confirmed that N(o-H,D™) shows a trend diminishing the amount of o-H,D" with the
evolution of the clump as it was proposed by Giannetti et al. (2019), also extending it to the
most advanced phase, i.e., HII regions.

¢ The correlation between N(o-H,D ) and the dynamical parameters is not as evident compared
to the other parameters.

* HJ deuteration appears to be driven more by thermal than by the dynamical evolution of
high-mass star forming regions, as proposed by Bovino et al. (2019) and Kortgen et al. (2017),
but a certain degree of degeneracy is expected in cases of slow collapse where there is enough
time to reach high deuteration levels.

With the fact that we can observe the same behaviour in Giannetti et al. (2019), Miettinen (2020)
and in our work, it is possible to confirm that the evolutionary sequence of massive star forming
regions goes along with a downward trend for o-H,D, providing the scientific community with a
new observational tool that will help to narrow down the questions that are still surrounding the
massive star formation scenario.

5.3 Outlook

This work can be continued applying the same study to observations of N,D™, in order to confirm
that this molecule is inversely proportional to o-H,D" and shows an increasing trend that goes along
with the evolution of the clumps, as it was also proposed by Giannetti et al. (2019) in the study of
the three massive clumps embedded in G351.77-0.51.

Another possible complement to this study is performing synthetic observations from simulations
to be compared with the clumps belonging to our sample, providing a more complete scenario on
the study of deuterated molecules.
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Appendix A

Basic concepts of Radioastronomy

For the proper understanding of the APEX telescope, it is necessary to review some of the most
important radioastronomy concepts. Most of the following explanations are based on “Tools of
Radio Astronomy” (Wilson et al., 2009).

First, the infinitesimal power dP that is received by an infinitesimal surface do is defined as

dP = I,cos60dQdodv (A1)

where dP is the infinitesimal power [107 erg s™1], do is the infinitesimal area of surface [cm?], dv is
the infinitesimal bandwidth [Hz], 6 is the angle between a normal vector to do and the direction to
dQ and Iy is the brightness or intensity [10!! erg s~! cm~2 Hz ! sr7!].

The brightness that the antenna will receive, depends on the direction at where the source is located,
making B = B(0, ¢).

The main beam solid angle is given by

Op = / A Pa(0,9)d02 = /O I /0 " Pa(6, ¢)sinbd6ds (A2)

which is measured in steradians (sr). Here, P, (6, ¢) is the normalized power pattern,

1

Pmax

Pa(0,9) = 5—P(6,9) (A3)
In the ideal antenna we would have P, = 1 for all Qa and P, = 0 everywhere else. In the real an-
tennas, most of the power pattern can be found in a region known as main lobe, while the residuals
of the signal are received by the side or secondary lobes (see Fig. A.1). Then, the mean beam solid
angle is

Oup = / [nain lobe Pu(6, )3 (A9

The amount of signal coming from the sources that is actually received by the main lobe of the
antenna is known as beam efficiency. In the ideal antenna, all the signal from the source is received
by the main lobe, and the beam efficiency is equal to one.

This beam efficiency #p is defined as

~ Oup
w=q, (A5)

The angular extent of the main beam, i.e. the angle between points of the main beam where the

normalized power pattern falls to 1/2 of its maximum. This is called half power beam width (HPBW)
or also full width to half power (FWHP) and can be seen in Fig. A.2.
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FIGURE A.1: Sketch of the antenna structure on the left, showing the main and more

important parts of the structure of a single dish antenna. On the right the representa-

tion of the normalized power pattern. In this sketch is also the main lobe, the receiver
of most of the signal and the side lobes.
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FIGURE A.2: Graphic representation of a single-dish radiotelescope beamwidth.

Other measurements to the main lobe are the beam width between first nulls (BWFN)

and the equivalent width of the main beam (EWMB). The HPBW, EWMB and BWFN

are drawn in the tallest wave of the drawing that represents the main lobe in the signal
received by the antenna.

The total power received by an antenna pointing to a source with a brightness distribution of B,

is defined as

1
Py = 5 Ac [[ Bu(6,9)Pa(6,9)a0) (A6)

Where A. is the effective aperture, the flat surface sustained by the antenna semi circumference col-
lecting area of the antenna.

The brightness distribution of the antenna can be transformed to a temperature distribution accord-
ing to the Rayleigh-Jeans law, since we are at low frequencies. Here, using the antenna temperature
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Ta, we have
P, = kTa (A7)

and the equation A.6 can be rewritten as

_ S T5(6,9)Pn(6 — 6, ¢ — go)sinfdfde

TA(GO/(PO) fpn(el()b)da

(A.8)

which corresponds to the convolution of the brightness temperature with the beam pattern of the
telescope. Here T}, (6, ¢) is the brightness temperature associated with the thermodynamic energy of
the radiating material only for thermal radiation in the Rayleigh-Jeans limit from an optically thick
source. For other cases, Ty, will depend on the frequency.

Now, the signal received by the antenna consists on a sum of different contributions.

T= TA + Teont + TN/ (A-9)

which are the antenna temperature, the continuum contribution and the contribution of the noise,
both atmospheric and electronics, respectively. Is important to notice that T at this point corre-
spond to an ideal antenna, with no losses and no atmospheric related absorption. We will call T},
the real antenna temperature, corrected for atmospheric losses.

The main beam temperature is obtained with the following conversion
Tve = Tx /1B (A.10)

For the completeness of Radioastronomy theory it is recommended to review specific bibliography,
i.e., Wilson et al. (2009).
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