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Summary

Astrochemistry is the study of the chemical composition of interstellar objects and the chem-
ical reactions occurring in space. How species interact have a great impact in the process of
star formation. In fact, determining aspects for the dynamical behavior of interstellar mat-
ter are the gas cooling rate and the ionization degree, highly influenced by the gas chem-
istry and molecular abundances. Indeed, efficient gas cooling diminishes thermal support
against gravity, leading to fragmentation and collapse of molecular filaments into pre-stellar
cores. Here, elemental depletions of Carbon (C) and Oxygen (O) are key to determine the
cooling rate of the gas, as CO and CII are the main coolants in molecular clouds. The ion-
ization fraction of the gas is involved in gas dynamics as well, since it controls the coupling
of the gas with the magnetic fields. Magnetic fields thus drive the dissipation of turbulence
and angular momentum transfer in the cloud collapse and the dynamics of accretion disks.
The ionization fraction of the gas is, in absence of other ionization agents like X-rays, UV
photons, and shocks, proportional to ζH2 , the cosmic-ray ionization rate for H2 molecules.
Other factors that affect the ionization degree of the gas are the molecular abundances and
elemental depletion factors. Towards the surface of a cloud (Av < 4 mag), Carbon is the main
donor of electrons. Deeper into the cloud however, in the range Av ∼ 4−7 mag, Sulphur (S)
becomes the main donor of electrons. This range of extinctions encompasses a large fraction
of the molecular cloud’s mass.

Given the importance of molecular abundances and elemental depletions in the star for-
mation process, our goal is to determine the elemental abundances and, hence, the gas ion-
ization degree in a sample of prototypical starless cores in TMC 1 and Barnard 1 molecular
filaments. In a second step we use these parameters to model the chemistry and dynamics
of a selected sample of pre-stellar cores in TMC 1 molecular cloud: TMC 1-C and TMC 1-CP.
By observing cores at different evolutionary stages within the same cloud, we have a deeper
insight into the chemical evolution of these cores, allowing a precise description of the col-
lapse of these objects.

Our methodology combines high quality observations with state-of-the-art chemical mod-
els to determine the elemental abundances, molecular depletion, and the gas ionization
fraction at different positions belonging to the TMC 1 filament. We characterize the physical
properties, density, and temperature of the different positions across the filament, covering a
wide range of visual extinctions, using millimeter observations of density tracers. The emis-
sion of a selection of key molecules in the chemistry of molecular clouds that includes CO,
HCO+, CS, SO, HCN, and N2H+, is used to estimate their fractional abundances. Informa-
tion about the abundances of these molecules allows the chemical modeling of the region.
We use a grid of chemical models with varying values of the elemental abundances of Car-
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12 Summary

bon, Oxygen, Nitrogen, and Sulfur, as well as the ionization degree of the gas, the C/O ratio,
and the cosmic-ray ionization rate in the translucent gas of the TMC 1 filament. Even in this
translucent regime, sulfur is found to be depleted onto grains, due to the attraction forces
between ionized sulfur atoms and the negatively charged dust grains (Chapter 4).

Despite its important role in setting the ionization degree of the gas, the determination
of the sulfur depletion inside molecular clouds is challenging. Our study suggests a deple-
tion of about an order of magnitude compared to its estimated cosmic abundance in the
diffuse gas, but little is known about where the missing sulfur is. This is known as the Sulfur
depletion problem. Due to the high hydrogen abundances and the mobility of hydrogen in
the ice matrix, sulfur atoms impinging in interstellar ice mantles are expected to form H2S
preferentially. There is no direct evidence of this and there are only upper limits to the solid
H2S abundance. OCS is the only S-bearing molecule unambiguously detected in ice mantles
because of its large band strength in the infrared. A possibility would be that most of the
sulfur is locked in atomic sulfur in the gas phase. Unfortunately, the direct observation of
this atom is difficult and, until now, has only been detected in some bipolar outflows using
the infrared space telescope Spitzer. Given the importance of the H2S molecule in the Sulfur
depletion problem and the relevance of gas and grain chemical reactions, we explore the re-
lationship between the gas-phase and grain-phase chemistry, as well as the ice composition
of the grain ices, the abundance of H2S, and its formation pathways. This investigation starts
with the physical description of well-known pre-stellar cores in the star-forming regions of
Taurus and Perseus. The moderately dense areas of these cores are characterized in den-
sity and temperature using molecular tracers of these quantities. Then, the chemistry in the
grain phase is explored with the estimation of the gas-phase abundance of H2S across the
sample, as this molecule is only efficiently formed on grain surfaces. Once the H2S is formed
through grain-phase reactions, it must be desorbed. The chemical desorption mechanism is
investigated with the aid of state-of-the-art gas-grain chemical models to conclude that H2S
is mainly released via chemical desorption. Furthermore, its gas-phase abundance is sensi-
tive to variations in the chemical desorption efficiency due to changes in the grain surface
composition. The gas-grain chemical models also confirm the amount of Sulfur depletion
obtained in the diffuse gas of the molecular cloud (Chapter 5).

Once the elemental abundances and the chemistry of the Taurus cores are constrained,
we carry out an evolutionary and dynamical study. In fact, the age of the objects of the in-
terstellar medium is an important factor to understanding their chemistry, as the chang-
ing physical conditions through the evolution of a pre-stellar object lead to changes in their
chemical properties. The analysis of the chemical features of an object thus provides in-
formation about its evolutionary stage. We analyze the chemical differences of two pre-
stellar cores belonging to the same filament in TMC 1, which can be explained by their dif-
ferent evolutionary stage: TMC 1-C and TMC 1-CP. In dense and cold cores, the depletion
of molecules like CO leads to the enhancement of H2D+, which is a very efficient deuter-
ation agent through ion-molecule reactions at low temperatures. We analyze the emission
of deuterated molecules such as N2D+, DNC, and DCN, and molecules like N2H+ and CS
to trace the densest gas in these pre-stellar cores and estimate their abundances. We then
derive the deuterium fraction in these cores, which is linked to the chemical age and, there-
fore, their evolutionary stage. The comparison between observations and chemical model
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predictions allows us to constrain key parameters in the chemical evolution of these targets
like the cosmic-ray ionization rate or the initial ortho-to-para ratio of H2. Furthermore, with
the predictions of the chemical model using density and temperature pseudo-time depen-
dent profiles we estimate the dynamical age of these cores. The results show that TMC 1-C
seems to be more evolved than TMC 1-CP. To discriminate between possible dynamical mod-
els even further, we post-processed each dynamical model to obtain the corresponding line
profiles of each one of them. The results are again in agreement with TMC 1-C being more
evolved than TMC 1-CP (Chapter 6).

This thesis presents a thorough study of the chemistry of low-mass and intermediate-
mass star-forming regions from the diffuse gas to the dense gas surrounding pre-stellar cores.
This study is aimed at a better understanding of the influence of chemistry in the star forma-
tion process. Chemical and elemental abundances, and external factors play a fundamen-
tal role in the dynamics of this process. The analysis of millimeter emission from different
molecules allows us to compute the chemical abundances in these regions, and the com-
parison of these results with chemical models provide invaluable insight on the elemental
abundances of Carbon, Oxygen, Nitrogen, and Sulfur, and the chemical processes occurring
in the gas and grain-phase. Chemical models help address the sulfur depletion problem in
low-mass star-forming regions, highlighting the importance of grain-phase reactions in the
production of H2S and, ultimately, in the sulfur chemistry in dark clouds. Finally, once key
chemical parameters of these pre-stellar cores have been established, we perform a dynam-
ical modeling of the regions relying on the information that deuterated molecules provide.
We conclude summarizing the implications that these results have in the field, as well as the
possible follow-ups to this work that would help in our understanding of the star-formation
process even further.
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Resumen

La astroquímica es el área de estudio que investiga la composición química de los objetos
interestelares y las reacciones químicas que tienen lugar el ellos. La interacción entre es-
pecies químicas tiene un gran impacto en el proceso de formación estelar. Dos aspectos
fundamentales para el comportamiento dinámico de la materia interestelar son el ritmo de
enfriamiento del gas interestelar y su grado de ionización, altamente influenciados por la
química en fase gaseosa y las abundancias químicas presentes. En efecto, un enfriamiento
eficiente del gas disminuye el soporte térmico de éste contra la fuerza de la gravedad, provo-
cando la fragmentación y colapso de filamentos moleculares en núcleos pre-estelares. La
depleción de los elementos carbono (C) y oxígeno (O) es crucial en este aspecto, ya que CO
y CII son los principales refrigerantes del gas en nubes moleculares. Al igual que el ritmo de
enfriamiento del gas, su fracción de ionización juega un papel importante en su dinámica,
ya que controla su acoplamiento con los campos magnéticos. Estos campos dirigen la disi-
pación de la turbulencia y la transferencia de momento angular en el colapso de una nube,
y la dinámica de los discos de acreción. La fracción de ionización del gas es, en ausencia
de otros agentes ionizantes como los rayos X, fotones ultravioleta o choques, proporcional
a ζH2 , la tasa de ionización por rayos cósmicos para moléculas de hidrógeno. Otros factores
que afectan al grado de ionización del gas son las abundancias moleculares y los factores de
depleción elementales. Así, en la superficie de una nube molecular (Av < 4 mag), el carbono
es el principal donador de electrones, mientras que el azufre (S) lo es en regiones internas en
las que Av ∼ 4−7 mag. Este rango de extinciones comprende una fracción importante de la
masa de la nube.

Dada la importancia de las abundancias moleculares y depleciones elementales en el
proceso de formación estelar, nuestro objetivo es el de determinar dichas depleciones y, por
tanto, el grado de ionización del gas en una muestra de núcleos pre-estelares en las nubes
moleculares de TMC 1 y Barnard 1. En segundo lugar, utilizamos estos resultados para re-
alizar un modelo químico y dinámico de una muestra de núcleos pre-estelares en TMC 1:
TMC 1-C y TMC 1-CP. La observación de estos núcleos en distintos estados evolutivos den-
tro de la misma nube proporciona un mejor entendimiento de la evolución química de estos
objetos y nos permite realizar una mejor descripción del proceso.

Nuestra metodología combina observaciones espectroscópicas de alta calidad con mod-
elos químicos punteros para determinar las abundancias elementales, las depleciones molec-
ulares y la fracción de ionización del gas en distintas posiciones dentro de la nube molecular
TMC 1. Primero caracterizamos las propiedades físicas, tanto en densidad como en temper-
atura, de las posiciones observadas, que cubren un amplio rango de extinciones visuales, uti-
lizando y analizando la emisión espectroscópica de trazadores de densidad y temperatura.
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La emisión de moléculas clave en la química de una nube molecular como CO, HCO+, CS,
SO, HCN y N2H+ se utilizan para la obtención de sus abundancias. La información que pro-
porcionan las abundancias se compara después con una red de modelos químicos variando
las abundancias elementales, el grado de ionización del gas, la razón C/O y la tasa de ion-
ización por rayos cósmicos para obtener los valores más representativos del gas difuso de
TMC 1. Incluso en este régimen traslucido, se detecta depleción de azufre producida por las
fuerzas electrostáticas de atracción entre el azufre ionizado y los granos de polvo negativa-
mente cargados (Capítulo 4).

A pesar de su importancia ajustando el grado de ionización del gas, la determinación de
la depleción del azufre en nubes moleculares es compleja. Nuestros resultados sugieren que
en las regiones traslúcidas de una nube molecular la depleción de azufre es aproximada-
mente de un orden de magnitud comparado con la abundancia cósmica (solar), pero poco
se sabe sobre los compuestos que el azufre restante forma. Esto se conoce como el problema
de depleción del azufre. Debido a la alta abundancia de hidrógeno y su movilidad en la su-
perficie de los granos, es de esperar que el azufre depletado forme H2S de forma preferente.
Sin embargo, no hay evidencia directa de esto y sólo se han determinado límites superiores a
la abundancia de esta molécula en los hielos. OCS es la única molécula portadora de azufre
que ha sido detectada directamente en los hielos debido a su gran fuerza de banda en el in-
frarrojo. Otra posibilidad es que la mayor parte del azufre esté en forma de azufre atómico
en el gas. No obstante, la detección directa de este átomo es difícil y, hasta ahora, sólo se
ha detectado en algunos flujos bipolares usando el telescopio infrarrojo Spitzer. Dado el pa-
pel que la molécula H2S tiene en el problema de depleción del azufre y la relevancia que las
reacciones en fase gaseosa y en la superficie de los granos tienen en la formación de esta
molécula, exploramos la relación entre estos dos tipos de química, la composición de los
hielos, la abundancia de H2S, y los mecanismos de su formación. Comenzamos con una
descripción física de condensaciones pre-estelares conocidas en las regiones de formación
estelar de Tauro y Perseo. La densidad y temperatura de estas regiones es obtenida mediante
el uso de trazadores moleculares de estas cantidades. Se explora a continuación la química
sobre la superficie de los granos con observaciones espectroscópicas de la molécula H2S ya
que esta molécula sólo se forma eficientemente sobre la superficie del polvo. Los mecan-
ismos de liberación de esta molécula al gas se investigan con ayuda de modelos químicos.
Estos modelos permiten concluir que H2S es principalmente liberado a partir de la desorción
química. La abundancia gaseosa de esta molécula es sensible a las variaciones de la eficien-
cia de desorción a lo largo de las regiones como resultado de un cambio en la composición
de la superficie de los granos. Estos modelos además confirman el grado de depleción del
azufre obtenido previamente (Capítulo 5).

Una vez que las abundancias elementales y la química de los núcleos pre-estelares de
Tauro ha sido constreñida, realizamos un estudio evolutivo y dinámico. De hecho, la edad
de los objetos del medio interestelar es un factor importante para entender su química, ya
que las condiciones físicas cambiantes de estos objetos llevan consigo cambios químicos
notorios. El análisis químico de un objeto puede por tanto ofrecer información acerca de
su estado evolutivo. Analizamos las diferencias químicas entre dos núcleos pre-estelares de
TMC 1 que pueden ser explicadas mediante diferentes estados evolutivos: TMC 1-C y TMC 1-
CP. En las condensaciones pre-estelares se espera una alta depleción de moléculas como CO,
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que conlleva un aumento de otras moléculas destruidas por ella como H2D+. Esta molécula
es eficiente en producir moléculas deuteradas y aumentar la fracción de deuterio de la zona
mediante reacciones ion-molécula. Analizamos la emisión de moléculas deuteradas como
N2D+, DNC y DCN, así como moleculas como N2H+ y CS, para calcular sus abundancias,
trazar el gas más denso y conocer sus propiedades. A partir de esto calculamos la fracción
de deuterio de los núcleos pre-estelares, una cantidad relacionada con la edad de estas re-
giones y por tanto con su estado evolutivo. La comparación de estos resultados con modelos
químicos permite determinar parámetros clave en su evolución como la razoón inicial orto-
para del hidrógeno molecular o la tasa de ionización por rayos cósmicos. Además, el modelo
químico utilizado junto con modelos dinámicos pseudo-dependientes del tiempo permite
estimar la edad de estos núcleos y descartar diferentes escenarios de colapso. Los resulta-
dos sugieren que TMC 1-C es más evolucionado que TMC 1-CP. Este resultado se confirma
mediante la síntesis de espectros a partir de los modelos en su comparación directa con las
observaciones (Capítulo 6).

Esta tesis presenta un estudio exhaustivo de la química de regiones de formación estelar
de baja masa desde el gas difuso hasta el interior de núcleos pre-estelares. Este estudio tiene
como objetivo mejorar nuestra comprensión de la interacción dinámica-química en este
tipo de regiones. Las abundancias químicas, elementales y otros factores externos juegan
un papel fundamental en la dinámica de este proceso. El análisis de la emisión de difer-
entes moléculas permite calcular sus abundancias, y la comparación de estas con modelos
químicos proporciona información valiosa sobre las abundancias elementales de carbono,
oxígeno, nitrógeno y azufre y sobre los procesos químicos que tienen lugar en el gas y en
el polvo. Estos modelos ayudan a dar respuestas al problema de depleción del azufre, re-
saltando la importancia de las reacciones sobre la superficie de los granos en la producción
de H2S y, por tanto, en la química del azufre en regiones de formación estelar. Una vez de-
terminadas cantidades clave en estas regiones, construimos un modelo dinámico apoyado
sobre la información obtenida de la emisión de moléculas deuteradas. Finalizamos la tesis
resumiendo los resultados y el impacto que estos tienen en el campo, así como las posibles
nuevas avenidas que estos abren.
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Chapter 1

The interstellar medium

“Discworld is real. It’s the way worlds should work. Admittedly, it is flat
and goes through space on the back of four elephants which stand on the
shell of a giant turtle, but consider the alternatives. Consider, for example,
a globular world, a mere crust upon an inferno of molten rock and iron.
An accidental world, made of the wreckage of old stars...”

Darwin’s Watch - Terry Pratchett

1.1 General aspects

The evolution of the Universe is intrinsically linked to the interaction of stars and their sur-
rounding medium. The medium between stars is known as the interstellar medium (here-
after ISM), and contains the matter the stars are made of. During their lifetime, the stars re-
turn this matter to the interstellar medium, enriched by their own activity. This activity also
includes an exchange of energy with their environment, often released as mechanical energy
that compress the surrounding gas. This enriched and compressed gas will then form the
next generation of stars, starting the cycle again. The evolution of the interstellar medium
and the Universe is thus a continuous exchange of matter and energy in a cyclic fashion.

In our Galaxy, the Milky Way, with a baryonic mass of 0.8− 4× 1011 M¯ (Nicastro et al.
2016), the 90% of its mass is kept inside stars, while the remaining 10% is in the interstellar
matter. The interstellar (baryonic) matter is mainly made up of gas and dust. The interstellar
gas is made up of the lightest elements in the Universe: hydrogen (H) and helium (He) repre-
sent, respectively, the 70% and 28% of the total ISM mass, whereas heavier elements such as
carbon (C), nitrogen (N), oxygen (O), sulphur (S), magnesium (Mg), iron (Fe), silicon (Si), or
argon (Ar) account for only about 2% (Ferrière 2001). The several forms in which hydrogen
can be found, namely, ionized, atomic, or molecular, as well as its density and temperature,
have allowed a classification of the ISM in different phases: cold molecular clouds, cool neu-
tral clouds, and ionized gas (Lequeux 2005). Molecular clouds are cold regions (T ∼ 10 K)
where the hydrogen is found in its molecular and neutral form. Is in these clouds where the
star formation takes place. If the hydrogen is found in atomic form, we have H I regions,
either as cold neutral medium (T ∼ 100 K), or warm intercloud gas (T ∼ 8000 K). In the ISM
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12 The galactic ecosystem

several populations of nano particles: nano diamonds have been isolated frommete-
orites with an isotopic composition that indicates a presolar origin; i.e., these grains
predate the formation of the Solar System and they never fully equilibrated with the
gas in the early solar nebula. Likewise, silicon nanoparticles may be the carrier of a
widespread luminescence phenomena, the so-called extended red emission (ERE).

1.3 Energy sources

1.3.1 Radiation fields

The ISM is permeated by various photon fields, which influence the physical and
chemical state of the gas and dust (Fig. 1.8). The stellar radiation field contains
contributions from early-type stars, which dominate the far-ultraviolet (FUV)
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Figure 1.8 The mean intensity in units of erg cm−2 s−1 Hz−1 sr−1 of the inter-
stellar radiation field in the solar neighborhood. Contributions by hot gas, OB
stars, older stars, large molecules (PAHs), dust, and the cosmic microwave back-
ground are indicated. Figure adapted from J. Black, 1996, First Symposium on
the IR Cirrus and Diffuse Interstellar Clouds, ed. R.M. Cutri and W.B. Latter
(San Francisco: ASP), p. 355. The calculated X-ray/EUV emission spectrum and
the FUV spectrum were kindly provided by J. Slavin. The dust emission is a
fit to the COBE results for the galactic emission. The PAH spectrum was taken
from ISO measurements of the mid-IR emission spectrum of the interstellar
medium scaled to the measurements of the IR cirrus by IRAS (F. Boulanger,
2000, in ISO Beyond Point Sources: Studies of Extended Infrared Emission,
ed. R. J. Laureijs, K. Leech, and M. F. Kessler, E. S. A.-S. P., 455, p. 3). The black
squares at 12, 25, 60 and 100�m are the IRAS measurements of the IR cirrus,
the DIRBE/COM measurement at 240�m, and those at 3.3, 3.5, and 4.95�m
are the balloon measurement by Proneas experiment (M. Giard, J.M. Lamarre,
F. Pajot, and G. Serra, 1994, A. & A., 286, p. 203). Note that the latter have
been superimposed on the stellar spectrum.

Figure 1.1: Mean intensity (in cgs units) of different interstellar radiation fields (ISRF). PAHs
stands for Polycyclic Aromatic Hydrocarbons, large organic molecules formed in molecular
clouds. Credits: The Physics and Chemistry of the Interstellar Medium, Tielens 2005.

near young massive stars with O/B spectral types (Teff > 25000 K), or in the event of violent
shocks, the hydrogen can be found ionized, constituting H II regions. Finally, the coronal gas
is present in the halos of galaxies as a hot, tenuous, and highly ionized gas as the result of the
ejection of hot gas from supernova explosions that extend vertically outside the disk of the
galaxy (Tielens 2005).

A large fraction of the elements heavier than hydrogen and helium are locked in dust
grains. The interstellar dust, with typical sizes of around 100 nm (Kim & Martin 1994), is
continuously formed in the circumstellar envelopes of aged stars in the Asymptotic Giant
Branch (AGB), in planetary nebulae, supernovae events, or in the outflows of massive stars.
It is then released to the ISM by radiation pressure, stellar winds, or in stellar explosions
(Evans 1993). Interstellar dust accounts for the remaining < 1% of the ISM baryonic mass,
and is mainly composed of silicates, graphite, and amorphous carbon, and is often covered
by ices in cold environments like molecular clouds (Zubko et al. 2004). Interstellar dust plays
an important role in the emission and absorption of radiation, and the energetic balance of
the ISM. The surface of dust grains also acts as catalyst of chemical reactions inside dark
molecular clouds (Williams 2005). The presence of dust in the ISM was first identified in
its interaction with the radiation of distant stars. Dust absorbs ultraviolet (UV) light and re-
emits it at longer wavelengths, thus becoming an important opacity and reddening agent of
the ISM (Draine 2003). Dust grains can also be heated by phenomena like gas-grain colli-
sions or by the energy released in chemical reactions occurring over their surfaces (Lequeux
2005). Indeed, interstellar dust plays an important role in the chemistry of the ISM, as it of-
fers a surface on which chemical species can accrete, diffuse, and react, allowing chemical
reactions that would not be possible otherwise.

Apart from the exchange of matter, the evolution of the ISM is heavily dependent on the
exchange of energy. Various photon fields impregnate the ISM, influencing the physical and
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chemical state of the interstellar gas and dust (see Fig. 1.1). The radiation fields heat both
gas and dust, and interacts with the chemical species present in the gas phase and those
adhered to dust grains. The photon field originated by stars, the stellar photon field, de-
pends on the spectral class of the stars: O and B class stars are bright in the far-ultraviolet
(FUV) regime, while A and later spectral types are bright in the visible, and far (FIR) and
mid-infrared (MIR) regimes. At shorter wavelengths, stars’ radiation is absorbed by neutral
hydrogen (Lyman’s edge, 912 Å) and thus does not contribute significantly to the total ra-
diation field. Instead, the emission of hot plasmas, like the hot coronal gas, dominate the
radiation field at shorter wavelengths. At the longest wavelengths, in the millimeter regime,
the Cosmic Microwave Background (CMB) radiation contribution becomes the most impor-
tant (Tielens 2005). However, in the dense and opaque regions of dark molecular clouds,
the stellar photon fields cannot penetrate deep enough due to dust extinction (Hollenbach
et al. 1971), and only high-energy particles proceed (Umebayashi & Nakano 1981). Cosmic
rays are high-energy particles, mainly relativistic protons (84%), α particles and heavy nu-
clei (15%), and electrons (1%) (Grenier et al. 2015). The interaction of high-energy cosmic
rays with the ISM leads to the production of gamma rays in several ways depending on the
energy of the cosmic ray. Highly energetic (1−10 GeV) cosmic rays produce gamma radia-
tion via neutral pion decay, whereas less energetic (< 1 GeV) cosmic rays produce them via
bremsstrahlung and inverse Compton scattering (Tielens 2005). Tracing sources of gamma
rays are used to measure the distribution of high-energy cosmic rays. On the other hand,
low-energy (< 100 MeV) cosmic rays are one of the most efficient heating gas and dust in
the ISM. The incoming cosmic rays may produce secondary UV photons as a result of the
induced collision cascade (Prasad & Tarafdar 1983; Padovani et al. 2018). This is particularly
important for the properties of the gas and dust and the chemical processes inside dense and
opaque regions of molecular clouds, where cosmic rays become the main photoionization
agent.

Finally, magnetic fields are also an important source of energy in the ISM. The presence
of magnetic fields in the ISM is identified in a wide variety of phenomena, namely, the polar-
ization of radiation passing through aligned dust grains, the Faraday rotation, the Galactic
cyclotron/synchrotron radiation, and the Zeeman splitting of line emission (Lequeux 2005).
Additionally, magnetic fields provide mechanical energy and pressure to the ISM. Such pres-
sure drives the dynamics of the gas and dust, and has a key role in the formation of the
complex structures present in the ISM.

1.2 Interstellar objects

The energy and pressure of the different agents discussed in the previous section are respon-
sible for the properties and distribution of interstellar matter over the Galaxy. According to
these properties, the ISM has been modeled as a three-phase model, with cold, warm, and
hot phases in different ionization states (McKee & Ostriker 1977).
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Figure 1.2: Temperature and density of the different components of the ISM

1.2.1 Ionized gas

As discussed previously, the exchange of matter and energy determine the properties of the
ISM, from which the new generation of stars are born. One of the feedback processes in-
volved is the ionization of the medium. The ionized medium occupies most of the volume
of the Galaxy (70-80%, see, e.g., McKee & Ostriker 1977; Berkhuijsen et al. 2006). Several
mechanisms can ionize the interstellar gas, like FUV radiation of hot stars, shocks, X-rays, or
cosmic rays. Commonly, three kinds of ionized interstellar medium are defined according to
their origin and properties: H II regions, warm ionized medium, and hot coronal gas.

HII regions

A region of ionized hydrogen surrounding a hot star or a cluster of hot stars is called an H II

region. In these regions, O- and B-type stars ionize the medium with their UV radiation.
The presence of these regions are therefore signatures of massive star formation sites in the
Galaxy. Notable examples of H II regions are the Orion Nebula, the Eta Carinae Nebula, or
the Tarantula Nebula. These regions are observed in free-free radio continuum radiation, in-
frared thermal emission from heated dust, optical line emission from ions like [O II], [O III],
and [N II], fine-structure forbidden lines, and radio recombination lines (Osterbrock 1989).
The balance of ionization and recombination processes defines a sphere around the star or
cluster outside of which the gas is neutral (Strömgren 1939). The radius of such a sphere is
the Strömgren radius, and sets the typical size of an H II region. H II regions reach temper-
atures of about 5000−10000 K, with a wide variety of sizes in the range ∼ 0.5−100 pc. The
densities found in these areas also varies greatly, from compact (103 −104 cm−3) to diffuse
(∼ 10 cm−3) H II regions (Tielens 2005).
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Warm ionized medium

Warm ionized medium (WIM), also known as diffuse ionized gas, makes up around 90% of
the ionized gas in our Galaxy (109 M¯). Unlike H II regions, WIM can be found far from the
galactic plane as a product of the leakage of Lyman continuum radiation from hot stars into
the galaxy’s disk and halo (Struve & Elvey 1938; Haffner et al. 2009). It is observed by methods
such as the dispersion of radio radiation from pulsars, radio continuum free-free emission
and absorption, and optical recombination lines (Hα) (Lequeux 2005). This medium is char-
acterized by a low density (≈ 0.1 cm−3), temperatures around 8000 K, and scale heights up to
1 kpc (Hoyle & Ellis 1963).

Hot coronal gas

The existence of a tenuous (10−3 cm−3) and hot (T ∼ 106 K) (McCammon & Sanders 1990)
component of the ionized gas was first proposed by Spitzer (1956). Later measurements of
soft X-rays and absorption lines of highly ionized species (C IV, S VI, N V, O VI, Bowyer et al.
(1968); Jenkins & Meloy (1974); Sanders et al. (1998)) helped trace this elusive gas. These
hot plasmas also emit free-free and recombination continuum and line radiation in the UV
and X-ray regime of the electromagnetic spectrum. This gas is present in the galaxy’s halo,
distributed in bubbles of ionized gas that is being heated and ionized by the shocks produced
in supernova explosions, supernova remnants, or early type stars (Ferrière 2001).

1.2.2 Neutral atomic gas

The neutral atomic gas (H I gas) constitutes the most massive component of the ISM in the
Galaxy (∼ 64%, see, e.g., Kalberla et al. 2007). This gas is found in two phases (Spitzer 1968).
One phase is the warm neutral medium (WNM), with temperatures around T ∼ 8000 K and
low density (∼ 0.2 cm−3). The cold phase of the neutral medium (CNM) is characterized by
low temperatures (∼ 100 K) and moderate densities (∼ 50 cm−3) (Dickey et al. 1978; Kulkarni
& Heiles 1987). This cold phase of the neutral gas is organized in clouds, often called diffuse
H I clouds, of typical sizes about 10 pc. The main tracers of this gas are the 21-cm line of
atomic hydrogen and optical and UV absorption lines in front of a bright continuum back-
ground (Ewen & Purcell 1951). The cold neutral gas dominates the absorption detections
of this gas, whereas the WNM is barely seen in absorption (Mebold & Hills 1975). The ther-
mal balance of this two-phase medium is mediated by heating and cooling processes. The
neutral medium is heated by the UV radiation of external sources and the emission of elec-
trons via photoelectric effect over dust. Hyperfine atomic line emission is the main cooling
agent in the CNM, with the addition of line emission in the WNM (Wolfire et al. 1995). The
neutral atomic gas is mainly found in the disk of the galaxy. Observations of the 21-cm line
in the disk provides information about the galactic rotation and the spiral structure of the
galaxy (Huchtmeier 1975). Additionally, at high latitudes towards the halo of the galaxy, the
21-cm line allows the observation and study of the so called high velocity clouds present in
the galactic halo.
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1.2.3 Molecular gas

H I clouds may reach sufficiently large densities so that the interior is shielded from UV radi-
ation coming from external sources. In fact, H2 becomes dominant over the neutral atomic
component when the total column density surpass 1021 cm−2 (Morris & Rickard 1982). In
these conditions, hydrogen atoms bind to grain surfaces, where they diffuse and react with
other hydrogen atoms, resulting in the H2 molecule (Gould & Salpeter 1963; Hollenbach et al.
1971). The H2 molecule is then ejected from the surface due to its large enthalpy of for-
mation. The formation of H2 is an example of grain surface reactions and, in particular, of
chemical (reactive) desorption, an efficient way of production of certain molecules in dense
and cold environments where other mechanisms cannot operate.

H2 molecule destruction is only effective via photodissociation in a line-based process
(Stecher & Williams 1967; van Dishoeck 1987) and consequently it is highly inhibited by self-
shielding. Therefore, this medium allows the formation of H2 and other molecules, and thus
it is called molecular gas. Depending on the density and temperature of the molecular gas,
we distinguish two phases (see, e.g., Larson 1981; Huettemeister et al. 1993). The diffuse
molecular gas possesses a density of around ∼ 100 cm−3, and cool temperatures ∼ 50 K,
while the dense molecular gas is colder ∼ 10−50 K, and denser ∼ 103 −106 cm−3. Molecular
gas in the galaxy is typically concentrated in discrete clouds called molecular clouds. These
clouds have typical sizes of ∼ 10− 100 pc, and they are often regarded as “dark” when gas
temperature remains low ∼ 10 K, and the visual extinction surpasses 3 mag (Myers 1989). In
this case, the dust grains are covered with, mainly, H2O ice mantles (see, e.g., Boogert et al.
2008). Other species also adhere to the grain surfaces, leading to molecule depletion.

Since the physical conditions of dark clouds allow the formation of molecules, molecule
emission is used as the main tracer of these regions. However, the H2 molecule does not
possess a permanent electric dipole moment and thus it does not present rotational electric
dipole transitions in the radio regime. Instead, CO rotational lines and, in particular, the CO
1 → 0 transition at 2.6 mm, are the most common tracers of molecular gas. In fact, CO is a
proxy for the H2 molecule, since the H2/CO abundance ratio has been estimated to be in the
range of 104 −105 (Allen 1973; Dickman 1978). Many other molecules have been detected in
the molecular gas. Indeed, the number of molecules detected in the ISM has been steadily
increasing, reaching more than 200 as of February 2021 (CDMS catalogue).

Molecular clouds are interesting, not only due to their role in the chemistry of the ISM,
but also as the birthplace of stars. In the densest parts of giant molecular clouds, objects
called cores form. Star formation occurs when prestellar cores collapse due to density fluc-
tuations. Energetic events like supernovae explosions may induce such fluctuations leading
to the formation of new stars. This process is detailed in the following section.

1.3 The lifecycle of interstellar matter

The interstellar matter evolves in a cyclic manner. Stars play a major role in each cycle, pro-
cessing the ISM, injecting energy through their activity and death, and providing the matter
that a new generation of stars will form from. Nearby stellar activity, large scale events like
cloud or galaxy interaction, and the force of gravity are responsible for the compression of
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Figure 1.3: The different stages of the ISM matter (clockwise): diffuse cloud, molecu-
lar cloud, dense cores, protoplanetary disk, and planetary system. Credits: Bill Saxton,
NRAO/AUI/NSF.

the enriched ISM to form new stars. This cyclic process is depicted schematically in Fig. 1.3,
starting with a diffuse cloud.

1.3.1 Diffuse atomic clouds

Most of the volume of our Galaxy is filled by atomic gas. To form stars, we need to understand
how this interstellar atomic gas becomes denser. As commented above, two phases of neu-
tral atomic gas are found, the WNM and CNM. To get dense molecular gas from atomic gas,
a transition from the WNM to the CNM has to occur. This transition is found to be produced
by thermal instabilities due to the atomic cooling of the WMN through Lyman alpha (Lyα),
OI, and CII lines (Wolfire et al. 2003). The WNM then contracts and cools, reaching a CNM
state. These newly formed CNM clumps, surrounded by the WNM, are the progenitors of
molecular clouds. Indeed, the formation of the dense gas in molecular clouds has been pro-
posed as the result of CNM instabilities (Ballesteros-Paredes et al. 2020). These instabilities
are seeded, locally, by stellar winds, jets, and supernova ejecta, or by large scale interactions
like cloud collisions or the passage of spiral arms (Dobbs & Pringle 2013). Converging flows
are formed as a result of these instabilities, leading to increased densities and, ultimately, the
formation of molecular clouds (Hennebelle & Pérault 2000).
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1.3.2 Molecular clouds

From a dynamical point of view, as the diffuse cloud increases its column density, it be-
comes gravitationally dominated and thermal pressure cannot overcome the force of gravity
(Spitzer 1978). In addition, the mass-to-magnetic flux ratio becomes supercritical (Hart-
mann et al. 2001), and the magnetic support of the cloud is unable to support its weight.
From a chemical point of view, the interior begins to be self-shielded from dissociating UV
radiation and therefore the inner gas becomes molecular, forming molecules such as H2 and
CO (Bergin 2004). As commented above, the process of adsorption of hydrogen atoms by
dust grains promotes the association reactions that produce the H2 molecule. CO is the sec-
ond most abundant molecular species. Its permanent dipole moment allows it to be rota-
tionally excited and become an important coolant for the gas at moderate densities n ∼ 103

cm−3. At much higher densities however, CO is heavily depleted onto grains (Goldsmith
2001).

The most massive structures of molecular gas are the Giant Molecular Clouds (GMC),
whose mass ranges from 104 −107 M¯. The formation of the GMCs we observe in our galaxy
is a very active field of research. One of the earliest models proposed their formation via
agglomeration and collision of smaller molecular clouds. This was originally proposed by
(Oort 1954), who considered molecular clouds as highly mobile objects due to the HII re-
gions inside them. Early models of collisions have been subjected to criticism, since they
estimated a timescale of formation much longer (∼ 100 Myr, Kwan (1979)) than the observa-
tionally derived estimations (∼ 20 Myr, Blitz & Shu (1980)). Since then, refined simulations
have provided lower values of the formation timescale. Indeed, several studies have explored
the role of spiral arms in the formation of GMC, suggested by the different properties found
between clouds in spiral arms compared to inter-arm ones. The passage of spiral arms would
increase the frequency of collisions, reducing the timescale of formation by collisions signif-
icantly (Casoli & Combes 1982).

A top-down formation mechanism, the Parker instability, has also been proposed (Parker
1966). In this mechanism, magnetic fields parallel to the disk of the galaxy support the gas
against gravity. In this scenario, the giant molecular clouds are the result of perturbations
in the mass-to-flux ratio that bend the lines of magnetic fields and produce molecular gas
accumulations in the midplane of the galaxy. The scale of the deformations in the magnetic
field is proportional to the disk thickness, allowing the gas to be concentrated in scales of
several hundred pc (Blitz & Shu 1980). This model does not however contemplate the effect
that turbulence may have preventing the accumulation of gas following the magnetic field.
Finally, another top-down model proposed for the formation of GMC is the Jeans instabil-
ity. These instabilities arise when the internal pressure of the molecular cloud is not strong
enough to prevent gravitational collapse. This model has been modified to include the in-
fluence of the magnetic tension at creating gravitational instabilities in the rotating disk of
the galaxy (Lynden-Bell 1966; Elmegreen 1987). This model, however, does not explain the
formation of molecular clouds with moderate sizes and masses.

Early estimations of the lifetime of GMCs were based on observations of molecular clouds
in arm and inter-arms regions (Scoville et al. 1979). They concluded that GMCs are generated
at the passage of an spiral arm from smaller molecular clouds in inter-arm regions. There-
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fore, GMCs must have, at least, a lifetime equal to the time between arm passages ∼ 108 yr.
However, recent observations of the molecular gas (Engargiola et al. 2003; Blitz et al. 2007)
have yielded shorter lifetimes between 10 and 55 Myr. During their lives, GMCs are char-
acterized by clumpy and filamentary structures, in which low-mass and high-mass star for-
mation takes place (André et al. 2010). The origin of these filaments is an open question,
with many potential processes involved like convergence of flows, large scale turbulence,
or magnetic fields (Larson 1985; Padoan et al. 2001; Audit & Hennebelle 2005; Nagai et al.
1998; Heitsch et al. 2008). The star activity that takes place in the molecular cloud is also re-
sponsible for its dispersion and dissolution. As discussed in the general aspects of the ISM,
stellar activity provides energy and momentum to the surrounding ISM. This new input of
momentum and energy in form of stellar feedback, e.g., photoionization, supernova ejecta,
and wind pressure, eventually dominates and disperses the parent cloud (Krumholz et al.
2014, 2019).

1.3.3 Prestellar cores

Turbulence plays a dual role in the GMC evolution. In average GMC conditions, the cloud
is supported by turbulence in the large scale (Vázquez-Semadeni et al. 2000). Turbulence
also produces local density enhancements, called cores. The atomic hydrogen number den-
sity of the newly formed prestellar core typically reaches ∼ 106 cm−3, while the temperature
remains low ∼ 10 K. When these cores are large enough, they may become gravitationally
unstable and collapse due to density fluctuations. If no pressure forces are present dur-
ing collapse, the timescale of collapse is given by the free-fall time tff =

√
3π/32Gρ. To ac-

count for pressure forces, the Bonnor-Ebert solution (Bonnor 1956) to the isothermal hy-
drostatic equilibrium equation is commonly used. Magnetic fields also play an important
role in core collapse, as they remove angular momentum in the so called magnetic braking
(Basu & Mouschovias 1994), leading to a lower star formation efficiency (Mouschovias 1976).
Nevertheless, the introduction of non-ideal magnetohydrodynamical factors, like ambipolar
diffusion, reduces the magnetic support and boosts the core collapse. The efficiency of this
phenomenon is, however, linked to the coupling between gas and magnetic fields, that is,
the ionization fraction of the gas, itself dependent on the chemical evolution of the cores.

The ionization fraction and the chemical evolution of the core are therefore of funda-
mental importance in the core collapse and, ultimately, in the star and protoplanetary disk
formation process (Padovani et al. 2013). The ionization fraction (also called ionization de-
gree) is defined as ratio between electron and H number densities and, in dark molecular
cloud conditions, it is highly influenced by the sulfur chemistry, as it is the main donor of
electrons in the range Av = 2−8 mag (Goicoechea et al. 2006). The magnetic fields present in
the cloud thread the gas, preventing the gravitational collapse. The chemistry of dense cores
is also characterized by depletion of gas-phase molecules like CO, which freezes out onto
dust grains. CO depletion leads to interesting chemical features like the enhancement of cer-
tain gas-phase molecules such as N2H+ or H2D+. These molecules are therefore able to trace
the densest gas in prestellar/starless cores and thus provide information about the physical
and chemical conditions in which the stars are born. The enhancement of H2D+ leads to
high deuterium fractions, another common chemical feature of star-forming regions.
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Figure 1.4: The evolution of molecular condensations embedded in neutral diffuse gas
present in (a) to dense cores in (b) undergoing collapse and depletion to produce a Class
0 object (c) and, finally, a low-mass star and a protoplanetary disk (d). A planetary system
is then formed (e, f). Chemical tracers in each phase are depicted. Credits: based on van
Dishoeck & Blake (1998)

1.3.4 Protostellar cores

Stars come in a wide variety of masses. The distribution of initial stellar masses is given by
the initial mass function (IMF). Traditionally, we distinguish between two types of stars ac-
cording to their mass: low-mass stars (≤ 8 M¯) and high-mass stars (> 8 M¯). The mass of
the parent cloud determines the mass of the forming star. Low-mass dense cores lead to the
formation of isolated low-mass stars, whereas massive dense cores often lead to the forma-
tion of stellar clusters. One example of a low-mass star-forming cloud is the Taurus-Auriga
complex, including the Taurus Molecular Cloud 1 (TMC 1) and Taurus Molecular Cloud 2
(TMC 2), being the nearest star-forming region to us. Neighboring the Taurus-Auriga com-
plex, the Perseus complex is found an intermediate-mass star-forming region. Finally, the
Orion complex is a massive star-forming region, the nearest to us, and one of the most active
in the solar neighborhood.

Individual low-mass protostars are thought to be the result of the gravitational collapse
of low-mass dense cores present in a molecular cloud (see Fig. 1.4). This picture of star for-
mation is supported by observations and is generally well understood. Once the low-mass
dense core collapses, the efficiency of radiation drops significantly as it becomes optically
thick, and the collapse becomes adiabatic. This adiabatic core is known as a First Hydrostatic
Core (FHSC) or first Larson’s core (Larson 1969). Eventually, the FHSC reaches temperatures
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high enough to dissociate H2 molecules, becoming into a Second Hydrostatic Core (SHSC).
During the collapse and accretion of matter, the conservation of angular momentum forces
the gas to rotate faster and consequently becomes subjected to high centrifugal forces in the
plane perpendicular to the rotation axis. This process leads to the development of bipolar
flows and a protoplanetary disk. The energy released during collapse clears the envelope,
leaving a young T Tauri star. The rising temperatures at the core of the protostar eventually
trigger nuclear reactions. The star finally enters its main sequence.

High-mass star formation is not well understood. According to the IMF, high-mass stars
are rarely formed in comparison with low-mass stars. They are also shorter-lived (< 1 Myr),
and the collapse of the high-mass star parent core often results in the formation of binary
systems and stellar clusters. The interaction and feedback between the members of the clus-
ter then plays a crucial role in the formation and evolution of these massive stars. Why the
low-mass star formation is favored over its high-mass counterpart and how high-mass young
stellar objects (YSOs) can accrete mass against the feedback present in their environments
remain as open questions. There are two major scenarios for high-mass star-formation: the
turbulent core accretion (McKee & Tan 2002) and competitive accretion (Bonnell et al. 2001).
The turbulent core accretion model is commonly referred as a scaled-up version of the low-
mass star-formation process where the YSO is formed by the collapse of a single massive
dense core. Since the Jeans mass is not high enough to form high-mass stars, the gas must
be supported during accretion of mass against gravitational collapse by turbulence or the
influence of magnetic fields. On the other hand, the competitive accretion model describes
the process of accretion in a common gravitational potential created by clusters. This accre-
tion turns out to be highly non-uniform, resulting in an initial mass segregation across the
cluster. Only a few members near the center of the cluster accrete enough mass to become
massive stars, while most of the members become low-mass stars.

It becomes apparent that the picture of star formation is far for complete. However,
progress is being made, and modern astrophysics is becoming a highly interdisciplinary
field, incorporating knowledge from other fields of science for a better understanding of the
history of Universe. As we have seen, chemistry plays a fundamental role in the evolution of
the ISM. From a practical point of view, the chemical composition of astronomical sources
has also been used as a probe to characterize their environment and properties, becoming
a powerful diagnostics tool. The growing importance of astrochemistry has also been possi-
ble due to the development of new observation techniques in the radio and infrared regimes
of the electromagnetic spectrum. The wealth of knowledge that chemical species provide
about the ISM turned astrochemistry into the promising field that it is today.
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Astrochemistry in star-forming regions
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Chapter 2

Astrochemistry

“It is a pretty structure, isn’t it? It makes you think of something solid,
stable, well-linked. In fact it happens also in chemistry as in architecture
that “beautiful” edifices, that is, symmetrical and simple, are also the most
sturdy: in short, the same thing happens with molecules as with the cupo-
las of cathedrals or the arches of bridges.”

The Periodic Table - Primo Levi

2.1 Molecules in space

The existence of interstellar molecules was first realized by the detection of absorption fea-
tures of the CN and CH molecules against bright stars (Swings & Rosenfeld 1937; McKellar
1940). CH+ was discovered in interstellar clouds shortly after (Douglas & Herzberg 1941) and
since then, more and more molecules have been detected as detector technology improves.

Indeed, most molecules have been detected by their microwave rotational lines, while
some others have been detected by their infrared or ro-vibrational emission. As of February
2021, more than 200 molecules have been detected (218, CDMS catalogue), shown in Table
2.1. We may group these molecules into simple neutral molecules, cations and anions, car-
bon chains, or complex organic molecules (COMs). The nature of the molecules present in
a particular region is highly dependent on the characteristics of the environment and there-
fore the detection of certain molecules offers insight about the region of interest. Different
processes take place in the different phases of the ISM, leading to a differentiated chemistry.

2.2 Processes

The chemical processes occurring in the ISM that lead to the formation of molecules can be
divided into gas-phase reactions and grain-phase reactions.

47



48 Chapter 2 - Astrochemistry

Table 2.1: Molecules detected in the interstellar medium or circumstellar shells, including
tentative detections. CDMS as of May, 2021

2 atoms

H2 AlF AlCl C2 CH CH+ CN CO CO+ CP SiC HCl KCl NH NO NS NaCl OH PN SO
SO+ SiN SiO SiS CS HF HD FeO O2 CF+ SiH PO AlO OH+ CN− SH+ SH HCl+ TiO
ArH+ N2 NO+ NS+ HeH+

3 atoms

C3 C2H C2O C2S CH2 HCN HCO HCO+ HCS+ HOC+ H2O H2S HNC HNO MgCN
MgNC N2H+ N2O NaCN OCS SO2 c-SiC2 CO2 NH2 H3

+ SiCN AlNC SiNC HCP CCP
AlOH H2O+ H2Cl+ KCN FeCN HO2 TiO2 C2N Si2C HS2 HCS HSC NCO CaNC NCS

4 atoms

c-C3H l-C3H C3N C3O C3S C2H2 NH3 HCCN HCNH+ HNCO HNCS HOCO+ H2CO
H2CN H2CS H3O+ c-SiC3 CH3 C3N− PH3 HCNO HOCN HSCN H2O2 C3H+ HMgNC
HCCO CNCN HONO MgC2H HCCS

5 atoms

C5 C4H C4Si l-C3H2 c-C3H2 H2CCN CH4 HC3N HC2NC HCOOH H2CNH H2C2O
H2NCN HNC3 SiH4 H2COH+ C4H− HC(O)CN HNCNH CH3O NH4

+ H2NCO+

NCCNH+ CH3Cl MgC3N NH2OH HC3O+ HC3S+ H2C2S C4S HC(O)SH

6 atoms

C5H l-H2C4 C2H4 CH3CN CH3NC CH3OH CH3SH HC3NH+ HC2CHO NH2CHO
C5N l-HC4H l-HC4N c-H2C3O H2CCNH C5N− HNCHCN SiH3CN C5S MgC4H
CH3CO+ H2C3S

7 atoms

C6H CH2CHCN CH3C2H HC5N CH3CHO CH3NH2 c-C2H4O H2CCHOH C6H−

CH3NCO HC5O HOCH2CN HCCCHNH HC4NC

8 atoms

CH3C3N HC(O)OCH3 CH3COOH C7H C6H2 CH2OHCHO l-HC6H CH2CHCHO
CH2CCHCN H2NCH2CN CH3CHNH CH3SiH3 H2NC(O)NH2 HCCCH2CN HC5NH+

9 atoms

CH3C4H CH3CH2CN (CH3)2O CH3CH2OH HC7N C8H CH3C(O)NH2 C8H− C3H6

CH3CH2SH CH3NHCHO HC7O HCCCHCHCN H2CCHC3N

10 atoms

CH3C5N (CH3)2CO (CH2OH)2 CH3CH2CHO CH3CHCH2O CH3OCH2OH

11 atoms

HC9N CH3C6H C2H5OCHO CH3OC(O)CH3 CH3C(O)CH2OH

12 atoms

c-C6H6 n-C3H7CN i-C3H7CN C2H5OCH3 1-c-C5H5CN 2-c-C5H5CN

> 12 atoms

C60 C70 C60
+ c-C6H5CN HC11N 1-C10H7CN 2-C10H7CN
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Table 2.2: Gas phase reactions and typical rates.

Reaction Rate

Photodissociation AB + γ→ A + B 10−9 s−1 (a)

Neutral-neutral A + B → C + D 4×10−11 cm3 s−1 (b)

Ion-molecule A+ + B + → C+ + D 10−9 s−1 (c)

Radiative association A + B + → AB + γ (d)

Dissociative recombination A+ + e− → C + D 10−7 cm3 s−1

Charge transfer A+ + B → A + B+ 10−9 cm3s−1 (c)

Associative detachment A− + B → AB + e− 10−9 cm3s−1 (c)

(a) Rate in the unshielded radiation field.
(b) Rate in the exothermic direction with no activation barrier.
(c) Rate in the exothermic direction.
(d) Rate highly dependent on the reaction.

2.2.1 Gas-phase chemistry

Although gas-phase reactions are ubiquitous in the ISM, the conditions of the environment
favors certain reactions over others. For example, in the cold environment of a dark cloud,
gas-phase reactions with a high activation barrier would turn inefficient, even if they were
exothermic. The rate coefficient of this kind of reaction is typically given by the Arrhenius
equation:

k(T ) = A(T )exp

(−Ea

kB T

)
,

where A(T ) is a function of the temperature, Ea is the activation energy, T is the temperature,
and kB is the Boltzmann’s constant. Likewise, endothermic reactions would not take place
and exothermic reactions would dominate the medium. In a warmer region, reaction rates
increase and both endothermic and exothermic reactions proceed.

Gas-phase reactions cover a wide variety of processes. These are found in Table 2.2.
These reactions include bond-forming reactions, like the radiative association. On the other
hand, bond-destruction reactions include processes such as photodissociation/photoionization,
dissociative recombination, and collisional dissociation. Finally, molecular bonds can be re-
arranged, leading to ion-molecule exchange reactions, charge transfer reactions, and neutral-
neutral reactions. Some of them are detailed in the following.

Radiative association

Radiative association reactions are reactive processes in which the two reactants collide to
form a larger molecule, called activated complex, that stabilizes after the emission of a pho-
ton or the interaction with a third reactant. Stabilization through photon emission is pre-
ferred though, as ternary reactions are very unlikely in the ISM conditions. This process is
shown in Table 2.2.
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Radiative association reactions are key reactions in the synthesis of diatomic and poly-
atomic molecules in diffuse and dense interstellar clouds (Bates 1951; Herbst & Klemperer
1973). There are two major types of radiative association reactions: those that involve ions
and neutral species as reactants, or those with collision between neutrals. The ion and neu-
tral radiative associations do not normally possess an activation barrier and proceed much
faster in cold environments. Neutral-neutral radiative association reactions offer a high ac-
tivation barrier and therefore are slower in the same conditions.

An example of radiative association between ion and neutral species is the efficient for-
mation of CH2

+ and ultimately CH via electron recombination. They are therefore thought
to be an important step in the formation of hydrocarbons (Black & Dalgarno 1973; Bates &
Herbst 1988).

Neutral-neutral reactions

Neutral-neutral reactions involve two neutral species as reactants and products:

A+B�C+D+∆E,

where it is assumed to be exothermic to the right. Since this kind of reaction involves bond
rearrangement, many of them possess significant activation barriers (Smith 2013). High ac-
tivation barriers exclude them from the gas-phase chemistry in low-temperature conditions.
Not all neutral-neutral reactions have activation barriers. Atom-radical and radical-radical
reactions usually proceed without any activation barrier (Smith 2013), and could, in fact, be
quite fast at low temperatures (Herbst et al. 1994).

These reactions are key in the formation of, for example, cyanopolyynes (HCnN), cyan-
othiopolyynes (Cernicharo et al. 2021b), and hydrocarbon cycles (Cernicharo et al. 2021a)
in the low temperatures prevailing in molecular clouds (Herbst & Leung 1990). Examples
of neutral-neutral reactions in warmer gas are those that lead to the formation of water:
O+H2 → OH+H, OH+H2 → H2O+H (Charnley 1997).

(Photo)dissociation and (photo)ionization

As discussed in Chapter I, when interstellar gas is shielded from the FUV interstellar radi-
ation, molecules like H2 or CO form. On the contrary, in diffuse environments where UV
interstellar radiation penetrates into the gas, photodissociation becomes the main destruc-
tion agent for molecules. Photodissociation might also be viewed as a molecular formation
agent via dissociation of bigger molecules.

Regions of neutral gas where the FUV radiation controls the chemistry and dominates the
gas heating are referred as photodissociation regions (alternatively, photon-dominated re-
gions, PDR) (Hollenbach 1990). The structure of these regions is fundamentally determined
by its density and the FUV radiation flux. The flux of the radiation field is often given in units
of the Habing field G0 (Habing 1968), or Draine field χ, such that G0 = 1.71χ (Draine 1978).

The FUV interstellar radiation is not the only ionization agent. Cosmic rays and shocks
are also ionization agents that could be present in self-shielded environments. In molecular
clouds, cosmic rays are in fact responsible for the ionization of H2 to form H2

+. H2
+ then
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reacts with H2 to yield H3
+, an important driver of gas-phase chemistry. As H3

+ reacts with
other species, it produces positive ions that will be part of other fast ion-molecule reactions,
leading to a rich gas-phase chemistry (McCall 2001).

Ion-molecule reactions

Ion-molecule reactions involve ionized species. These ionized species result from ioniza-
tion processes in the ISM like photoionization or cosmic-ray ionization. The ionization frac-
tion accounts for the presence of ionized species in a medium. Diffuse clouds where UV
fields penetrate are characterized by a higher ionization degree than, for example, molecular
clouds, where the main ionization agent are cosmic-rays.

The reaction rates of ion-molecule reactions are generally several orders of magnitude
higher than those of neutral-neutral reactions and have lower activation barriers. In absence
of activation barrier, the rate of an ion-molecule reaction is well-described by the Langevin
coefficient (Langevin 1905):

kL = 2πe

√
α

µ

where α represents the polarizability of the neutral molecule and µ the reduced mass be-
tween the reactants.

The rich chemistry that emerges from the H3
+ ion is regulated by ion-molecule reactions

like

H3
++X → XH++H2.

This reaction takes place depending on the proton affinity of X. Ion-molecule reactions are
key in the gas-phase production of ammonia (NH3), a chemical thermometer. Ammonia
is however not produced exclusively by gas-phase reactions, and grain-surface association
reactions are key in the production of this molecule.

Dissociative recombination

Dissociative recombination reactions are found in multitude of environments, including
molecular clouds, planetary ionospheres, and cometary comae. These reactions constitute
the final step in the synthesis of neutrals. Together with hydrogen abstraction, they are key
processes in the gas formation of most hydrides, among the first molecules detected in the
ISM (Gerin et al. 2016).

The absence of activation barrier and the fact that they are a two-body process, make
this kind of reaction proceed fast. They however compete with ion-molecule reactions with
abundant species like the molecular hydrogen in dark clouds. One example of dissociative
recombination is the formation of methane after the radiative association of CH3

+ and H2:

CH3
++H2 → CH5

++γ
CH5

++e− → CH4 +H.
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Methane is in fact involved in the formation of the carbon monosulphide (CS), a density
tracer in molecular clouds, via its ion-molecule reaction with S+ and a dissociative recombi-
nation (Millar et al. 1986):

S++CH4 → HCS++H2 +H

HCS++e− → CS+H.

CS is also produced in the neutral-neutral reactions (Millar et al. 1986; Bulut et al. 2021):

SO+C → CS+O

S+C2 → CS+C

CH+S → CS+H.

Despite its role in the formation of hydrides, dissociative recombination reactions are not
very efficient in the formation of certain sulphur hydrides. HS+ is produced by the ion-
molecule reaction of H3

+ with sulphur:

H3
++S → HS++H2.

H3S+ is then a product of the radiative association of HS+ with H2. H3S+ finally yields H2S
and HS (Yamamoto 2017):

SH++H2 → H3S++γ
H3S++e− → H2S+H (17%)

→ HS+H2 (58%)

→ HS+H+H (15%).

The branching ratio that correspond to the H2S formation route is low. The production of
H2S is not very high in the gas-phase, and the observed abundances in dark clouds cannot
be explained only with gas-phase reactions. Instead, H2S is thought to be produced through
grain-surface reactions (Duley et al. 1980).

2.2.2 Grain-phase reactions

Dust grains have a fundamental role in the chemistry of the ISM. As commented in Chapter
I, the surface of dust grains acts as catalyst of reactions that would not normally take place in
the gas phase. The formation of the H2 molecule is the paradigmatic example of grain-phase
chemistry.

The gas phase interacts with dust grains. The collision between molecules and dust
grains lead to the adsorption of gas-phase molecules into the grain surface. The probabil-
ity of adsorption after a collision is enhanced in cold environments. In fact, the sticking
probability is ∼ 1 at gas temperatures ∼ 10 K (see, e.g., Mayo Greenberg 1982; Sandford & Al-
lamandola 1993; Le Petit et al. 2006). A certain gas-phase species is said to be depleted when
the gas-phase molecules are being removed from the gas-phase efficiently via adsorption
onto grains. Molecules stick to grains and react fundamentally in two ways. Molecules can
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DiffusionTunneling
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Figure 2.1: Grain-surface reaction mechanisms. Left: the Langmuir-Hinshelwood mecha-
nism of reaction via accretion, diffusion, and encounter of two species. Tunneling between
adsorption sites and desorption processes are also depicted. Right: the Eley-Rideal mecha-
nism, consisting in the direct reaction between a gas-phase molecule and an adsorbed one.

be adsorbed on grain surfaces by van der Waals forces or they can form chemical bonds with
the chemical compounds over their surface. The first case is termed physisorption while the
latter is termed chemisorption.

The grain surface is often thought as a matrix of adsorption sites (see Fig. 2.1). These
sites are actually local surface potential minima, to which molecules adhere. The timescale
of accretion of molecules onto grains in a molecular cloud is estimated to be ∼ 105 yr (Tie-
lens & Allamandola 1987), two orders of magnitude below the typical timescale of molecular
cloud evolution ∼ 107 −108 yr. Once adhered, molecules move on the surface from one ad-
sorption site to another. The adhered molecule may have enough kinetic (thermal) energy
to overcome the potential well present at the adsorption site. If this thermal energy is higher
than the desorption energy between the surface and the molecule, the molecule is desorbed
and leaves the surface. This process is called thermal desorption, and might be caused by,
for example, cosmic ray grain heating. Otherwise, the thermal energy allows the molecule
to move on the surface by thermal hopping between sites. Eventually, this molecule meets
and reacts with other molecules adhered to the grain surface. This mechanism of reaction is
called the Langmuir-Hinshelwood (LH) mechanism (Laidler et al. 2002), and the associated
timescale for thermal hopping is given by:

tth = 1

ν0
exp

(
Eb

kB T

)
,

where ν0 is the characteristic frequency of desorption, Eb is the well depth, and T is the tem-
perature. If the molecule is not energetic enough to overcome the potential well, it can still
move through the surface of the grain. Quantum tunneling between adjacent potential wells
allows molecules to move, meet, and react even in conditions of low temperatures (Tielens &
Allamandola 1987). The probability of quantum tunneling through a potential well depends
on the mass of the molecule m, the characteristic frequency of desorption ν0, the height of
the well Eb , and the physical separation between adsorption sites a:

tq = 1

ν0
exp

(
2a

~
√

2mEb

)
.



54 Chapter 2 - Astrochemistry

An alternative to the LH mechanism is the Eley-Rideal mechanism, and consists in the direct
interaction between the gas-phase species and a molecule adhered to the surface (Laidler
et al. 2002). The Rideal mechanism does not depend on diffusion of species, and is more
efficient in regions where collisions between gas and grains are energetic and frequent, that
is, in regions of warm gas and dust (Le Bourlot et al. 2012).

The chemical processes occurring on the surface of dust grains are mainly association re-
actions with hydrogen (Whittet et al. 2011; Watanabe & Kouchi 2002), given its high mobility
over surfaces. The association of hydrogen with oxygen gives water as a product. In a similar
way, the association reactions of hydrogen with nitrogen produces ammonia (NH3), while
the association of hydrogen with carbon monoxide leads to the formation of formaldehyde
(H2CO). In cold T ∼ 10 K conditions, thermal desorption proceeds extremely slow. Once the
species present in dust grains react, they may become a part of the ice covering over the
grain or be desorbed from it. Besides thermal desorption, there are other mechanisms of
desorption that are crucial to release reaction products back to the gas-phase.

Photodesorption

Desorption of molecules is possible by the FUV radiation at the edge of molecular clouds or
by the cosmic ray-induced FUV radiation present in the interior of molecular clouds. These
mechanisms have been proposed to explain the gas-phase abundances of several molecules
(Shen et al. 2004; Roberts et al. 2007; Öberg et al. 2009) present in environments where they
are expected to be removed from the gas-phase in a significant fraction via depletion. The
flux of desorbed particles of a species due to photodesorption is given by

Fpd,i = Yi FFUV fs,i ,

where FFUV is the incident FUV photon flux on the grain surface, fs,i the fraction of adsorp-
tion sites occupied by the species, and Yi is the photodesorption yield. The incident FUV
photon flux reaches its maximum value when the extinction becomes negligible, as

FFUV =G0F0 exp(−1.8AV ),

where G0 is the Habing field, AV is the visual extinction in magnitudes, and F0 ∼ 108 photons
cm−2 s−1 is the local interstellar flux of FUV photons. In unshielded regions, despite the high
photodesorption rate, the abundance of the photodesorbed species decreases as it is also
being photodissociated by the FUV field. As the extinction increases, the photodesorption
rate remains high while the desorbed molecules are protected from the FUV field and thus
their abundance increases. In inner, dense, and cold regions, the molecular abundances
decrease again due to depletion and a lower FUV illumination. The abundances predicted
by these models have a characteristic inverted U-shape (see, e.g., Hollenbach et al. 2009).

Photodesorption yields are not constant and vary with the composition of the surface
from which the species are being desorbed. Consequently, these quantities are tightly related
to the extent of ices over dust grains in the ISM. The presence of ices over grain surfaces is
key to understand the efficiency of other desorption mechanisms, like chemical desorption,
that are essential for the production of certain molecules in molecular clouds.
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Chemical (reactive) desorption

Complex organic molecules (COMs) are large organic saturated molecules. Some of these
molecules have been detected in pre-stellar/starless cores, e.g., formaldehyde (H2CO), methyl
formate (HCOOCH3), and dimethyl ether (CH3OCH3). The presence of unexpected amounts
of complex organic molecules in the gas-phase becomes a challenge for the desorption mech-
anisms presented so far, as these species are expected to be depleted given the cold temper-
atures in these regions (Bacmann et al. 2012). Thermal desorption is inefficient at the low
temperatures T ∼ 10 K prevailing in pre-stellar/starless cores and therefore its contribution
is negligible. Photodesorption by FUV photons is also inefficient due to the large extinctions
present in the interior of pre-stellar/starless cores. Moreover, due to their large size, pho-
todesorption of any kind would likely dissociate the desorbed COMs and thus they will not
reach the gas-phase intact.

An alternative mechanism is the chemical, or reactive, desorption (Dulieu et al. 2013).
In associative reactions occurring over grain surfaces, energy is released. This energy is typ-
ically larger than the binding energy. When the reaction takes place, the energy is released
and transferred to the surface resulting in the desorption of the newly created molecule. This
transference of energy to the surface is, however, strongly dependent on its composition.
The presence of ice layers reduce the efficiency of reactive desorption as part of the energy
resulting from the reaction is transferred to them. This mechanism is now thought to be part
of the processes that release complex organic molecules into the gas-phase in a multitude
of environments (see, e.g., Vasyunin & Herbst 2013; Vastel et al. 2014; Esplugues et al. 2016;
Jiménez-Serra et al. 2016).

There are several treatments of chemical desorption used in astrochemistry, with dif-
ferent considerations to calculate the desorption efficiency. The Rice-Ramsperger-Kassel-
Marcus formalism, which takes into account the different internal degrees of freedom in the
computation of reaction rates, is one of those approaches (Garrod et al. 2006; Garrod et al.
2007). This formalism yields a low fraction of molecules desorbed ∼ 0.01. Another approach
was taken by Minissale et al. (2016) based on a collisional model. This model was found to be
in a reasonable agreement with experimental results in bare surfaces. Further experiments
allowed to estimate the desorption efficiency in ice-covered surfaces, which was found to be
10% of that on bare grains.

Sputtering and shocks

Molecules also leave grain surfaces when energetic ions interact with dust. This process
is called sputtering, and it is particularly important in outflows. Outflows are a common
feature in the earliest stages of stellar evolution. Outflows are launched from protostars
as supersonic flows of gas that have two components: an ionized jet and a molecular out-
flow. These outflows interact with the environment producing strong shocks that increase
the temperature of the gas and dust, and a bombardment with energetic particles. These
phenomena have an important effect on the chemical composition of gas and grain man-
tles. One of them is the desorption of molecules from dust grains. The ice mantles present
over grain surfaces can be both thermally sublimated or sputtered by the ionized particles of
the outflow.
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Gas-phase abundances of molecules efficiently formed via grain-phase reactions are com-
monly used as tracers of shocks. Methanol (CH3OH) is an example of such a molecule
(Bachiller & Pérez Gutiérrez 1997). As discussed before, COMs are good tracers of these
events due to their formation in grain surfaces (Sugimura et al. 2011). In strong shocks,
even the refractory elements that make up dust grains can be released into the gas phase,
resulting in gas-phase abundance enhancements of molecules like SiO (Bachiller et al. 1991;
Martin-Pintado et al. 1992; Gueth et al. 1998).

It becomes apparent that the chemistry in the ISM is very rich and diverse. Some of the
processes described thus far may become relevant in certain phases of the ISM while others
do not, leading to a differentiated chemistry among regions. In the following, we shall give a
brief summary of the features the chemistry that each region of the ISM presents.

2.3 Chemistry of diffuse gas

Diffuse gas is often defined by its total hydrogen density, ranging from 10 to 100 cm−3 in the
case of diffuse atomic gas, and 100 to 500 cm−3 for diffuse molecular gas (Snow & McCall
2006). The typical temperatures of this component lie between 30 and 100 K, and low extinc-
tions Av < 1 mag prevail in this medium. This allows FUV to penetrate deeply into the cloud,
strongly impacting the chemistry inside them. Since photodissociation and photoionization
are important processes in this kind of medium, the chemistry of these regions is mainly
driven by ionized species (Bettens & Herbst 1996).

The diffuse atomic gas is completely exposed to the FUV radiation field and therefore
the majority of molecules are destroyed by photodissociation. On the other hand, diffuse
molecular gas is still heavily exposed to the interstellar radiation field but also sufficiently
attenuated to allow the presence of H2. As introduced at the beginning of this chapter, CN,
CH, and CH+ molecules were among the first detected in the ISM. Their detection was pos-
sible due to the observation of UV absorption features of the radiation coming from diffuse
clouds against a bright star. Present in the first molecules detected towards this medium, the
chemistry of carbon is of great importance. In fact, the low extinction of the diffuse gas leads
to the photoionization of carbon, predominantly found as C+ (Snow & McCall 2006), whose
fine-structure transitions are the main coolant of this medium.

The carbon chemistry of diffuse gas starts with the reaction of C+ and H2 through a ra-
diative association, forming CH2

+ (Dalgarno 1988). Further reactions with H2 produce car-
bon hydrides. Carbon monoxide CO is formed by reactions of carbon hydrides with the
neutral oxygen and destroyed by photodissociation. The photodissociation of CO in dif-
fuse clouds leads to interesting chemical features. If the incident photons over the diffuse
gas are consumed by, for example, the photodissociation of CO, inner CO molecules are
shielded (self-shielding) from photodissociation. In a similar manner, the dissociation of
abundant molecules like CO and H2 may shield less abundant species from dissociation
(mutual shielding). This effect varies among isotopologues, and can be quantified measur-
ing different isotopic ratios across the cloud. This is known as isotope-selective photodis-
sociation (Federman et al. 2003). This phenomenon hinders the determination of isotopic
ratios in the ISM.
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Unlike carbon, oxygen and nitrogen are not ionized and they mainly exist as neutrals.
The oxygen chemistry in diffuse clouds involve the charge transfer with the H+ and H3

+ ions,
ionized by cosmic rays. Indeed, the abundance of the H3

+ ion has been used to estimate the
cosmic-ray ionization rate in diffuse gas (Indriolo & McCall 2012). The charge transfer re-
action H++O → H+O+ yields O+. Successive ion-molecule reactions with O+ lead to OH+

n
ions. In the case of H3O+, its electron recombination yields water, destroyed by photodisso-
ciation. Given its importance in the formation of water, H3O+ and other OH+

n ions have been
the target of numerous observations (Neufeld et al. 2010; Gerin et al. 2010). Finally, nitrogen
reactions in this medium are mainly neutral-neutral reactions. These are responsible for the
formation of HCN and CN

CH2 +N → HCN+H

CH+N → CN+H.

However, nitrogen hydrides require the ionization of N atoms. Hydrogenation of N+ leads
to the formation of NH2

+, NH3
+, and NH4

+. The formation of NH4
+, the precursor of am-

monia, via hydrogenation is inefficient due to an activation barrier. The competing electron
recombination reaction of NH3

+ takes over and thus ammonia is not efficiently produced in
this medium via gas-phase reactions.

2.4 Chemistry in the star formation process

Molecular clouds are the sites of star formation. Throughout the process of star formation,
the physical conditions of the environment suffer great changes that impact the chemical
processes that might occur. Consequently, molecular species become probes to study the
birth of stars, with different molecules to be more relevant in different stages of stellar forma-
tion. In the following, we summarize the main stages of star formation and briefly describe
the most relevant chemistry in each stage.

2.4.1 Molecular clouds and dense cores

In molecular clouds, a significant fraction of hydrogen is found in its molecular form. Further
classification of molecular gas is often found depending on the presence of carbon mainly
in either atomic neutral form or in the CO molecule. In the first case we have translucent
clouds, with total hydrogen volume densities of nH ∼ 102 −103 cm−3 and temperatures T ∼
30− 100 K, whereas in the other case we have dark clouds, with typical densities of nH ∼
104−108 cm−3, and lower temperatures T ∼ 10−30 K (Snow & McCall 2006). Molecular clouds
have been extensively studied by molecular line emission, the dominant cooling agent of this
medium. The properties of this medium have a profound effect in the chemistry of these
regions, being qualitatively different from that in diffuse gas.

Due to the high extinction present in the molecular medium, the gas is shielded from the
interstellar FUV field, and therefore cosmic rays and their induced UV radiation become the
main ionization agents. They are responsible for the ionization of H2

+ and the formation
of H3

+, which initiates gas-phase reactions that produce several molecules via ion-molecule
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Figure 2.2: The different formation routes of COMs and water occurring over grain surfaces.
Based on Tielens & Hagen (1982).

and dissociative recombination reactions. Molecules produced inside molecular clouds are
not subjected to photodissociation by FUV photons and therefore live much longer than in
diffuse gas. Instead, reactions with ions are the main destruction mechanisms of molecules.

Cosmic rays and the ionization of H and H2 initiates the oxygen chemistry in molec-
ular clouds. The H3

+ ion reacts with neutral oxygen to produce OH+, which, after rapid
ion-molecule reactions, produces the radical OH, and the molecules CO and H2O. These
molecules play important roles inside the carbon chemistry and the production of hydrocar-
bons. The carbon chemistry and the formation of hydrocarbons start with the ion-molecule
reaction of C with H3

+ to produce CH2
+. Then, CH2

+ reacts with H2 molecules to pro-
duce carbon hydrides. The reaction of CH3

+ with atomic oxygen O leads to the formation
of HCO+, and the reaction of CH3 with oxygen produces H2CO (formaldehyde). This is not
the case, however, of other complex organic molecules like methanol, since its formation
through gas-phase reactions is very inefficient. The reaction

CH3
++H2O → CH3OH2

+

proceeds at a slow rate. Moreover, the branching ratio of the dissociative recombination
reaction that yields methanol

CH3OH2
++e− → CH3OH+H

is very low ∼ 3%±2% (Geppert et al. 2006). The low efficiency of the gas-phase formation of
methanol does not account for the abundances of this molecule detected in dark clouds. It
is firmly established now that chemical reactions over grain surfaces and the following des-
orption via chemical desorption constitute the main source of this molecule (Watanabe &
Kouchi 2002; Fuchs et al. 2009; Garrod et al. 2006). Surface chemistry is therefore also re-
sponsible for the formation of methanol and other molecules. For example, water (H2O),
formaldehyde (H2CO), CO2, and formic acid (HCOOH) are produced by association reac-
tions of oxygen and carbon monoxide with hydrogen and oxygen atoms happening on grain
surfaces, as depicted in Fig. 2.2.

Dust grain surfaces therefore play a fundamental role in the chemistry of molecular gas.
As mentioned in Section 2.2.2, the dense and cold properties of the molecular gas in dark
clouds lead to a sticking probability of gas-phase species onto grain surfaces of ∼ 1. Thus,
the chemistry of dense molecular clouds is characterized by depletion of molecules. Indeed,



2.4 - Chemistry in the star formation process 59

in prestellar and starless cores, the CO depletion reaches up to a 80-90% (Caselli et al. 1999;
Bacmann et al. 2002). This is not the case, however, of nitrogen-bearing molecules, which
are less subjected to depletion and some species like N2H+ and NH3 may remain in the gas-
phase deeper into the cloud (Bergin et al. 2002). The depletion of molecules leads to the pres-
ence of ices over dust grains, also an important feature of molecular cloud chemistry. Spitzer
observations have identified the most abundant species in the ices covering dust grains as
H2O, CO, CO2, as well as other complex ices such as CH3OH (Sandford & Allamandola 1988,
1990a,b).

The depletion of certain families of molecules is not well understood. This is the case
of sulphur-bearing molecules in the so-called sulphur depletion problem. The gas-phase
abundance of atomic sulphur in the diffuse medium has been observed to be around its
cosmic value ∼ 10−5 (Jenkins 2009). The sulphur depletion problem in molecular clouds
arises as an incomplete picture of the detected sulphur-bearing molecules in both gas and
grain phases, which in total only accounts for a 1−5% of the cosmic abundance (see, e.g.,
Vastel et al. 2018). The main reservoir of sulphur in this medium is therefore unknown. This
is a longstanding issue that shall be addressed in detail in the following sections.

Depletion of species in the densest areas of molecular clouds leads to other interesting
features. In fact, the depletion of CO in this medium enhances the gas-phase abundance of
other species. N2H+ gas-phase abundance is enhanced when CO is depleted, becoming an
excellent tracer of dense gas. The absence of CO also induces the fractionation of deuterated
species, as the H2D+ ion is also enhanced when CO and O are significantly depleted (Dal-
garno & Lepp 1984). This ion reacts with neutrals to form deuterium substituted molecules,
leading to an abnormal ratio between the abundance of a hydrogenated molecule and its
deuterated counterpart, much higher than the elemental D/H ratio. This ratio is known as
deuterium fraction. A high deuterium fraction is therefore linked to dense and cold areas of
molecular clouds, and has been used as a chemical clock to study the evolutionary stage of
dense cores.

The subsequent stages of stellar formation have their own chemical signatures. The char-
acterization of the different stages these objects go through is usually realized by their spec-
tral energy distribution (SED) across the mm, sub-mm, infrared, and visible regimes of the
electromagnetic spectrum.

2.4.2 The chemistry of young stellar objects

Low-mass young stellar objects (YSO) are commonly classified in different classes according
to their SED shape and its slope (Lada & Wilking 1984; Adams et al. 1987; André 1994). The
SED of most YSOs typically falls in one of the four classes designated as Class 0, I, II, and III
(see Fig. 2.3). This change in the peak of the spectral distribution is shown in Fig. 2.3, where
examples of SED shapes represent each one of the classes. The peak of the distribution fol-
lows a general trend, moving from the mm range typical of cold dust emission of protostars
to the infrared and visible regimes as the dust heats due to the radiation of the pre-main
sequence star.



60 Chapter 2 - Astrochemistry

Disk

1 10 102

λ (µm)

Lo
g 

(λ
F λ)

1 10 102

λ (µm)

Lo
g 

(λ
F λ)

1 10 102

λ (µm)

Lo
g 

(λ
F λ)

1 10 102

λ (µm)

Lo
g 

(λ
F λ)

Class 0 Class I Class II Class III

Young accreting protostar
Infall of the envelope

Old Accreting protostar
Thick disk

Protoplanetary disk
T-Tauri Star

Debris disk
T-Tauri Star

Cold
Blackbody Blackbody

IR
excess

Stellar
Blackbody

Disk

Stellar
Blackbody

Figure 2.3: Classification of young stellar objects according to their spectral energy distribu-
tion. Each one of them represents a different stage of evolution from the collapsing envelope
around a protostar to the emerging protostar around a debris disk.

Class 0 objects: hot core/corino chemistry, molecular outflows, and circum-protostellar
disks

Class 0 sources are characterized by thick envelopes surrounding the protostellar object.
Since the envelope of these objects is optically thick, their SED shapes peak in the mm and
sub-mm portions of the electromagnetic spectrum, with a shape similar to that of a single
temperature blackbody, typical of cold dust. This kind of object represents the earliest stage
of gravitational collapse. Chemically, at the beginning of the collapse, they are characterized
by heavy depletion of molecules, build up of ices, and chemical reactions over grain surfaces.

As the envelope material falls, the gravitational energy released heats the inner parts of
the envelope. This leads to a stratification of the object in different layers with different
properties that have been studied via molecular line emission. Indeed, line profiles are key
probes of the physical and chemical processes in the collapsing envelope. For example, ob-
servations of HCO+, CS, or H2CO have been used to search for infalling signatures at the
earliest stages (Zhou et al. 1993; Choi et al. 1995). Additionally, several studies of embedded
objects in Taurus have concluded that the HCO+ molecule is an excellent tracer of the en-
velope structure and mass (Hogerheijde et al. 1997). The outermost areas of a Class 0 object
envelope resembles that of a molecular cloud, with moderate densities and cold tempera-
tures that allows freeze-out of species, in particular CO. The presence of CO-depleted cold
envelopes is in fact a common feature of Class 0 objects (Jørgensen et al. 2005). Deeper layers
of the envelope get warmer as they approach the protostar. At certain point, dust tempera-
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tures reach high temperatures that exceed the grain mantle evaporation temperature. When
dust temperature rises beyond ∼ 100 K, the ice mantles evaporate, releasing the ice content
into the gas-phase, enriching the chemistry of these objects with the complex compounds
formed in the ice, and creating what it is known as a hot core/corino.

Hot core/corino refers to a small < 200 au and warm > 100 K inner region around a pro-
tostar (Walmsley 1992; van Dishoeck & Blake 1998). While a hot core is present around high-
mass protostars, hot corino is the low-mass analog. Chemically, hot cores and corinos are
characterized by high gas-phase abundances of saturated species like H2O (Cernicharo et al.
1990), NH3 (Genzel et al. 1982), H2S (Minh et al. 1991), and COMs (Millar et al. 1995; Ohishi
1997; Hatchell et al. 1998b), which have been unequivocally linked to the evaporation of ice
mantles. Indeed, gas-phase species detected in hot cores/corinos like methanol are only
efficiently produced via grain reactions, and the high amount of saturated species necessi-
tates the efficient hydrogenation reactions occurring on grain surfaces. Additionally, signifi-
cant deuterium fractions have been detected towards these objects (Jacq et al. 1990; Helmich
et al. 1996; Mangum et al. 1991; Turner 1990; Ohishi 1997), a feature understood to reflect the
chemical processes at low temperatures. Given the high temperatures in hot cores/corinos,
deuterium fractionation is not expected to occur in the gas phase and therefore detection
of deuterated molecules would be, again, the result of ice evaporation. These detections in-
clude singly, doubly, or even triply deuterated molecules (Tielens 1983; Taquet et al. 2012;
Parise et al. 2002).

Other features appear as the collapse proceeds. The gravitational energy of the infalling
material is released through bipolar outflows. This release of energy allows the surrounding
material to lose angular momentum, enabling the accretion of material onto the protostar.
The ionized material ejected through the outflows interacts with the surrounding gas cre-
ating shocks. Shocks are very efficient at desorbing species from ice mantles, thus showing
similar chemical features to that of hot cores/corinos. This molecular component of the
outflow is usually called molecular outflow. Moreover, shocks also produce sputtering of
dust grains. According to their velocities, these shocks can release species only from the
ice, or in the case of most eneregetic ones, the refractory elements of the grain core. Detec-
tions of molecules towards outflows include COMs and hot core/corino molecular tracers
like methyl formate (HCOOCH3) or formic acid (HCOOH). Other detections include shock
tracers like SiO (Dutrey et al. 1997), and species not detected in any other source like phos-
phorus nitride (PN, Rivilla et al. (2018)) or hydrogen chloride (HCl, Codella et al. (2012)).

Outflows in Class 0 objects are often linked to the presence of a young disk being formed
around the protostar as a result of the initial rotation of the prestellar core and the influence
of magnetic fields. Due to the embedded nature of these disks in Class 0 objects, their direct
observation is difficult (Chiang et al. 2008). The chemical characterization of the disks has
been possible with interferometric observations. An example of detections of molecules in
disks is ammonia (NH3) (Choi et al. 2007, 2010), detected in a 130 au-wide disk around the
protostar NGC1333 IRAS4A2, member of the protobinary system IRAS4. In the same cloud, a
25 au-wide disk of water vapor (H2

18O) has been measured. COMs have also been detected
in circum-protostellar disks of binary systems in Ophiuchus (Pineda et al. 2012). Recent
chemical models of disk show that the innermost parts of the disks can be traced with H2O,
HNO, and NH3 molecules, whereas other molecules like H2CO and HCO+ trace outer parts
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Figure 2.4: Cross section of a protoplanetary disk with its different regions according to the
radiation exposure and their typical temperatures. Radiation from both the protostar and the
interstellar medium have an impact in the physical properties and chemistry of the different
layers.

of the disks (Fuller et al. 1991; Langer et al. 1996; van Dishoeck & Blake 1998).

Class I and II objects: from protostars to pre-main sequence stars, protoplanetary disks,
and comets

As the young stellar object evolves, the accretion of matter around the protostar and the
action of bipolar outflows and protostellar winds contribute to the progressive fading of the
envelope. Consequently, the circum-protostellar warm dust emission becomes apparent in
the infrared excess emission that the SED shape of Class I and II objects show. This excess
causes the SED of these objects to be broader than the blackbody profile typical of Class 0
objects. The SED of Class I objects is characterized by a positive slope in the MIR and FIR
regimes while Class II objects show a negative slope as a result of the amount of dust in the
disk and envelope (André 1994).

Disks of Class I and II objects are characterized by a low mass compared to the star, only
a few % the stellar mass (Andrews & Williams 2005; Andrews & Williams 2007), and a small
size of a few hundred au (Vicente & Alves 2005). Due to their small size, observations at high
angular resolution are preferred to study their structure and chemistry. Their structure is
divided in several layers parallel to the disk plane according to their exposure to radiation
(see Fig. 2.4), leading to a vertical temperature gradient decreasing towards the midplane
(Dartois et al. 2003; Piétu et al. 2007). The radiation coming from the protostar indeed plays
a key role in the chemistry of these objects (Bergin 2003). The variety of species detected in
disks so far include molecules, radicals, and ions such as CO, CS, H2S, SO, SO2, HCN, HNC,
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DCN, H2CO, H2O, HCO+, DCO+, and N2H+ (Kastner et al. 1997; Dutrey et al. 2007; Riviere-
Marichalar et al. 2012; Rivière-Marichalar et al. 2021; van Dishoeck et al. 2003; Booth et al.
2021).

The most exposed layer to the interstellar radiation and the optical, ultraviolet, and X-
ray radiation coming from the star constitutes the photodissociation layer of the disk. The
chemistry of this layer is dominated by the photodissociation of molecules. This region
has been studied with the comparison of, for example, HCN and CN abundances, showing
chemical gradients from the outer disk, more exposed to radiation, where CN is more abun-
dant than HCN, to the inner disk, less exposed to radiation, where HCN is more abundant
than CN (Bergin et al. 2003; Guilloteau et al. 2016). Below the photodissociation layer, the
warm molecular layer is present. Towards the inner disk, photochemistry becomes less and
less effective, and molecules survive in the gas phase. Still, a part of the radiation reaches this
layer (Aikawa & Herbst 1999) and initiates a rich chemistry ionizing gas and desorbing sur-
face species, with radicals and ions dominating the gas composition. In this region, temper-
atures are typically higher than the CO evaporation temperature, while H2O is mostly frozen
onto grains, trapping much of the oxygen in the ice phase. This leads to a relatively high C/O
ratio and a rich carbon chemistry. Below the warm molecular zone, the midplane is found.
The cold temperatures and high densities of this medium lead to a chemistry similar to that
in dark clouds. The conditions of density and temperature produce the freeze-out and de-
pletion of molecules like CO, CN, CS, SO, or even N2H+ (Dutrey et al. 1996, 1997, 2007; Fuente
et al. 2010). Deuterated molecules have been observed towards the midplane of disks. Ob-
servations of DCO+ and DCN towards TW Hya (van Dishoeck et al. 2003; Qi et al. 2008) and
DM Tau (Guilloteau et al. 2006) have allowed the estimation of deuterium fractions across
disks, increasing with the radius up to a fraction of 0.1 at 70 au from the center of TW Hya (Qi
et al. 2008), and disappearing rapidly at further distances.

Protoplanetary disks evolve into debris disks and, ultimately, into planetary systems.
How the chemical composition of the protoplanetary disks is transferred to the chemical
composition of the planets is an unanswered question. Hints of this connection seems to be
given by comets, as their molecular content is thought to be the least modified from the ear-
lier stages of star formation (Mumma et al. 1993; Irvine et al. 2000). Measurements in the ra-
dio and infrared regimes of the electromagnetic spectrum have allowed the identification of
molecules present in cometary atmospheres and nuclei that link their origin to star-forming
regions. A first example is the presence of complex organic molecules similar to those found
in molecular clouds (Öberg et al. 2015). The deuterium fraction of water and HCN detected
in comets have also been found to be in agreement with that measured towards hot cores
close to massive protostars (Jacq et al. 1990; Hatchell et al. 1998a), showing that comets carry
well-preserved material from the earliest stages of star formation.

Cometary composition is key to understand planet formation, as comets are among the
planetesimals that remain after the formation of planets in a planetary system and, as we
have seen, their composition is kept relatively unchanged since then. Moreover, the compo-
sition of these bodies as they fall into planets in the heavy bombardment phase help shape
the chemistry and composition of the newly created planets. Even water, a key ingredient for
life, and whose origin on Earth is under debate, could have formed from hydrogen delivered
by meteorites (Piani et al. 2020).
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Chapter 3

Data analysis and processing tools

“En aquel imperio, el arte de la cartografía logró tal perfección que el
mapa de una sola provincia ocupaba toda una ciudad, y el mapa del im-
perio, toda una provincia. Con el tiempo, esos mapas desmesurados no
satisficieron y los colegios de cartógrafos levantaron un mapa del impe-
rio, que tenía el tamaño del imperio y coincidía puntualmente con él.
Menos adictas al estudio de la cartografía, las generaciones siguientes en-
tendieron que ese dilatado mapa era inútil y no sin impiedad lo entre-
garon a las inclemencias del sol y de los inviernos.”

Del Rigor en la Ciencia - Jorge Luis Borges

3.1 Column density estimation and radiative transfer

The analysis of molecular emission is key to derive physical and chemical properties of inter-
stellar regions. As we have seen, chemical abundances provide valuable information about
interstellar clouds. The determination of column densities, that is, the number of atoms or
molecules per square centimeter (cm−2) along the line of sight in a particular direction, is
the first step to derive chemical abundances from observations.

There are numerous methods to compute column densities, each one having different
assumptions. One of the most used methods is the rotational diagram technique, which
relies on the assumption of local thermodynamical equilibrium to obtain the column density
of a species and the so-called rotation temperature Trot, which describes the population of
the energy levels of the molecule assuming Maxwell-Boltzmann statistics.

3.1.1 Local Thermodynamic Equilibrium (LTE) approximation: rotational
diagrams

To apply the rotational diagram technique (Goldsmith & Langer 1999), the observation of
several transitions of the same molecule is needed. The interaction of the radiative field with
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A21 B12 B21

2

1

E2

E1

ν21

ν21

ν21

(a) (b) (c)

Figure 3.1: Possible processes of interaction between radiation and an atom or molecule,
described by a two level system. The spontaneous emission process is depicted in (a), ab-
sorption is depicted in (b), and induced emission in (c).

the molecule can be described in a microscopic way with the Einstein coefficients. These co-
efficients contemplate all possible processes of interaction between radiation and the energy
levels of an atom or molecule (see Fig. 3.1).

In a two level system with energy levels E2 and E1, such that E2 > E1, a photon of energy
E2 −E1 = hν21 may be emitted after a de-excitation transition from the higher energy level
2 to the lower energy level 1. This is called spontaneous emission and it is described by the
Einstein coefficient A21 [s−1]. This coefficient measures the probability of transition between
the two levels, and its inverse gives the average lifetime of the initial quantum state. The
Einstein coefficient A21 is related to the emission coefficient jν, defined as

jν = n2 A21

4π
hν21φ(v),

where n2 is the particle density of the upper level, ν21 is the frequency of the emitted photon,
h is the Planck’s constant, and φ(ν) is the line profile. The particle density of the upper n2

and lower n1 levels are related to the A21 coefficient as well:

∂n1

∂t
= A21n2.

Another possible process in a two level system is the absorption of a photon with frequency
ν21 and the consequent excitation of the atom or molecule from the lower level E1 to the
upper level E2. The probability of this excitation is proportional to the incident radiation
intensity Iν and the Einstein coefficient of absorption B12 [erg−1cm2 sr s−1], related by

∂n2

∂t
= n1B12Iν. (3.1)

Finally, de-excitation of the two level system could be induced by an incident photon. This
incident photon is absorbed, triggering the de-excitation of the system with the emission of
another photon. This process is called induced emission, and it is described by the Einstein
coefficient B21. Both absorption B12 and induced emission B21 involve the absorption of
radiation, and thus they enter in the definition of the absorption coefficient κν:

κν = n1B12 −n2B21

4π
hν21φ(ν). (3.2)
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The Einstein coefficients are not independent in the thermodynamic equilibrium approxi-
mation. Given an equal number of excitations and de-excitations in the two-level system,
we have

n2 A21 = (n1B12 −n2B21)Bν(T ), (3.3)

where T is the temperature of the system and Bν(T ) is the Planck’s law. In this case, the
relationship between level populations is described by the Boltzmann’s law at temperature
T

n2

n1
= g2

g1
exp

(
−hν21

kBT

)
, (3.4)

where g1 and g2 are the degeneracy of the lower and upper levels, respectively. In the limit
T,Bν(T ) → ∞, eq. 3.4 results in n2g1 = n1g2. This limit also forces the parenthesis in the
right hand side of eq. 3.3 to be zero, and therefore n1B12 = n2B21. These two results yield the
following relationship: g1B12 = g2B21. Introducing this equality into eq. 3.3, we obtain the
relationship

A21 = 2hν21
3

c2
B21. (3.5)

In general, outside of thermodynamical equilibrium, the population of energy levels is not
given by the Boltzmann’s law at a fixed temperature T . We can, however, define the excita-
tion temperature Tex as the temperature that would describe the level populations using the
Boltzmann’s law. In such a general case, the relationship in eq. 3.5, the eq. 3.4 with T = Tex,
and the equality g1B12 = g2B21 can be incorporated into eq. 3.2 to yield

κν = c2

8πν21
2

A21n2

[
exp

(
hν21

kBTex

)
−1

]
φ(ν). (3.6)

The optical depth τν is the integration of κν along the line of sight. Since the integration of
n2 along the line of sight is the column density of the upper level N2 [cm−2], it results in

τν = c2

8πν21
2

A21N2

[
exp

(
hν21

kBTex

)
−1

]
φ(ν) ≈ A21hc2

8πν21kBTex
N2φ(ν), (3.7)

where the approximation assumes hν21 ¿ kBTex (Rayleigh-Jeans regime). Switching now
from frequency to velocity units ν21τν = cτv, we obtain

τv = A21hc3

8πν21
2kBTex

N2φν(v). (3.8)

Finally, assuming optically thin transitions, the observed line temperature is given by the
product of the excitation temperature and the opacity. The integrated intensity is given by
the product of the observed temperature, the line width, and the line profile:

τvTex = TAφν(v) ∆v, (3.9)

where TA is the observed temperature. Therefore, the column density of the upper level is

N2 = 8πν21
2kB

hc3 A21
TA∆vφν(v). (3.10)
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To derive the rotational diagram equation, we assume local thermodynamic equilibrium.
The population of the energy levels follows the Boltzmann’s law and can be described by a
single value of temperature Trot. We introduce the partition function Q(Trot) of the system so
that the probability to occupy the upper level 2 is given by

P2(Trot) = 1

Q(Trot)
exp

( −E2

kBTrot

)
(3.11)

The column density of the upper level 2 can therefore be related to the total column density
N as

N2 = g2P2(Trot)N = g2
N

Q(Trot)
exp

( −E2

kBTrot

)
. (3.12)

Rearranging terms and taking logarithms in both sides of the equation we arrive at the rota-
tional diagram equation:

log

(
N2

g2

)
= log

(
N

Q(Trot)

)
− E2

kBTrot
(3.13)

From the integrated intensity observed in a transition, the weighted column density of the
upper level N2/g2 can be calculated using eq. 3.10. The logarithm of these column densities
can be plotted against the energy of the upper level E2 of the transition to find a linear rela-
tionship. According to eq. 3.13, the slope of the linear regression is the inverse of the rotation
temperature Trot, while the intercept provides information about the total column density of
the molecule. With the rotation temperature, this method offers an estimate of the excitation
temperature, equal to the kinetic temperature assuming local thermodynamic equilibrium.

Although widely used, this method is not suitable in cases where the local thermody-
namic equilibrium approximation does not hold. Diffuse gas is an example of a medium
where thermodynamic equilibrium is a poor approximation (Genzel 1991; Black 2000).

3.1.2 Non-LTE radiative transfer: the RADEX code

More sophisticated methods do not assume thermodynamical equilibrium and solve the so-
called statistical equilibrium, that is, the balance of excitation and de-excitation, taking into
account the radiative transfer and collisional interactions while retaining the assumption of
local excitation. The best-known methods of this type are the escape probability and the
Large Velocity Gradient (LVG) method (Sobolev 1960; de Jong et al. 1975).

The escape probability method is suitable when the assumption of optically thin transi-
tions does not hold. In this case, there are varying degrees of photon trapping, that is, part
of the emitted photons are re-absorbed along their trajectory while others leave the region
without being absorbed or scattered. The escape of photons is enhanced when a velocity
gradient larger than the local line width is present. The size of the gradient is often measured
in terms of the Sobolev length L. This length is defined as the length over which the line
profile has suffered a shift greater than its line width. This implies that the matter that might
reabsorb a photon is confined in a region whose radius is the Sobolev length. The large ve-
locity gradient therefore defines regions of size L that are radiatively disconnected from each
other, and the excitation becomes a local problem. The probability of escape is commonly
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denoted by β, and relates the intensity Īν of the medium integrated over a solid angle dΩ

J̄ν = 1

4π

∫
Īν dΩ,

with the source function Sν:

J̄ν = Sν(1−β), Sν = Bν(Tex).

The radiative transfer problem in conditions of local excitation becomes easy to solve.
RADEX (van der Tak et al. 2007) is a radiative transfer code that uses the escape probability
formalism and the LVG method in spherical symmetry to solve the statistical equilibrium
equations iteratively. In the case of LVG approximation in an expanding spherical shell, the
expression for β is (Mihalas 1978; de Jong et al. 1980)

βLVG = 1−exp(−τ)

τ
.

Other expressions may be used for other geometries like a static and spherically symmet-
ric medium or a plane-parallel medium (Osterbrock & Ferland 2006; de Jong et al. 1975):

βsph = 1.5

τ

[
1− 2

τ2
+

(
2

τ
+ 2

τ2

)
exp(−τ)

]
βpl =

1−exp(−3τ)

3τ
.

Several quantities are needed as inputs for the code. RADEX reads the molecular data
files that contain the collisional information of the molecule of interest with different colli-
sional partners. The number of collisional partners, the density of the first collisional part-
ner, the kinetic temperature, and the weighted column density of the species of interest
N /∆v , ∆v being the line width, are also needed for RADEX to perform the calculations.

The output of RADEX consists in the radiation peak temperatures and fluxes of the tran-
sitions of the molecule of interest once the background contribution is subtracted. These
can be compared to the observed antenna temperatures to estimate the column density of
a species, provided that the physical properties of the region are well-known. Additionally,
if a sufficient number of transitions have been observed, both the physical conditions of the
region and the column densities can be estimated by finding the RADEX input parameters
that best fit the observations.

Searching for the appropriate inputs to reproduce the observed antenna temperatures
is a computationally expensive task. To restrict this search to physically sensible quantities
and incorporate prior knowledge of the region under study, we used a Markov Chain Monte
Carlo (MCMC) methodology with a Bayesian inference approach.

3.1.3 Parameter space sampling: Markov Chain Monte Carlo

The Markov Chain Monte Carlo method is a procedure to explore a parameter space. It can
be used to find an appropriate set of distributions of inputs that, after performing the radia-
tive transfer with them, best reproduce the observed antenna temperatures (see Fig. 3.2).
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Figure 3.2: Scheme showing the steps to obtain distribution of physical parameters that are
representative of a region from observational data. Following the MCMC sampling method
with Bayesian inference, the parameter space is explored to compare the radiative transfer
of the samples with observations to obtain the parameters whose likelihood is maximum.

This method first extracts a sample from the parameter space. Each parameter of the
sample is drawn from a distribution that accounts for any prior information of the parame-
ter. If no previous knowledge is available, this prior is set as uninformative. Once a sample
of the parameter space has been extracted, Bayesian inference is used. For each sample,
its goodness of fit to the empirical data is evaluated through the estimation of the likelihood
function. The goal of the parameter space exploration and the computation of the likelihood
for each sample is to find the maximum likelihood, which represents the set of parameters
of a probability distribution such that the empirical data is most probable.

The RADEX radiative transfer code can be used with this approach. If enough empirical
data is available, the exploration of a parameter space consisting in the kinetic temperature
Tkin, molecular hydrogen volume density nH2 , and the column density of a molecule N (X )
helps to determine the physical properties of the environment and the column density of the
species. Recent work uses this methodology to find column densities and characterize the
region under consideration (Fuente et al. 2019; Rivière-Marichalar et al. 2019).

3.1.4 Three-dimensional radiative transfer: RADMC-3D

Radiative transfer codes usually assume a simple geometry like spherical symmetry in order
to perform fast computations. While useful in plenty of cases, this simplified approach raises
limitations over the radiative transfer in physically or dynamically complex structures. Other
radiative transfer codes, while more computationally expensive, allow a fine tuning of more
complex model setups. RADMC-3D (Dullemond et al. 2012) is a multipurpose software pack-
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age for radiative transfer in one, two, or three dimensions that performs dust continuum, gas
continuum, and gas line radiative transfer computations.

RADMC-3D input files contain spatial, velocity, radiative, and molecular information.
The spatial distribution is given by the grid. The grid can be set in one, two, or three dimen-
sions, and defines how the space is split in regions called cells. The cell size is flexible in such
a way that the grid can be adapted to situations where a fine or coarse spacing is needed. The
remaining input files provide molecular, thermic, velocity, and radiative information to each
cell defined by the grid. The code offers different ways to perform the radiative transfer over
the grid, including local thermodynamic equilibrium, LVG approximation, or user-defined
level populations.

RADMC-3D outputs take advantage of its three-dimensional capabilities to produce im-
ages. The production of images in the line radiative transfer allows to compare with data
cubes obtained during telescope observations. Therefore, these images become an addi-
tional way to test different aspects of complex models of interstellar regions.

3.2 Chemical models

The estimation of column densities and abundances derived from observations and the
methods described thus far reveal important aspects of the chemical processes occurring
in the ISM. To understand these processes, they are studied from both experimental and
theoretical points of view.

The development of chemical networks is an essential part of chemical modeling and the
theoretical study of the chemistry in the ISM. Chemical networks include a set of relevant
species depending on the properties of the region under consideration. The abundance of
these species will increase or decrease according to the different reactions included in the
network. The rates governing these reactions depend on the initial conditions given to the
model, which typically are those appropriate for diffuse atomic clouds. Given a set of initial
and physical conditions, the abundance of each molecule in the gas phase follows a system
of time-dependent differential equation, which are then integrated through time accounting
for all the possible creation and destruction pathways:

dng(i )

dt
=− ng(i )

∑
j

ng( j )ki j︸ ︷︷ ︸
Destruction of n(i ) via

reactions with n( j )

+∑
j ,k

ng( j )ng(k)kk j︸ ︷︷ ︸
Bimolecular reactions

forming n(i )

+ ∑
j

ng( j )k j︸ ︷︷ ︸
Unimolecular

formation of n(i )

− ng(i )
∑

j
k j︸ ︷︷ ︸

Unimolecular
destruction of n(i )

+ kdes, i ns(i )︸ ︷︷ ︸
Desorption of i

into the gas phase

− kacc, i ng(i )︸ ︷︷ ︸
Adsorption of i

onto grain surfaces

, (3.14)

where ng(i ) is the gaseous abundance of the i species, ns(i ) is the ice (solid) abundance of
i , ki j is the reaction rate of the appropriate reaction involving i and j species, and ki is the
reaction rate that only involves the i species in unimolecular reactions of production or de-
struction, including desorption kdes, i or accretion kacc, i. The solution of this system of equa-
tions gives the evolution of all the species in the gas phase through time. The abundance of
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Figure 3.3: 3-phase model of gas and ice phases. The ice phase is divided in surface and
mantle. The surface of the ice covering comprises the first two monolayers of ice, allowed
to react with the gas phase via accretion and desorption of species. Below the ice surface,
the ice mantle is found. Reactions of diffusion with species in the mantle and the surface are
allowed.

i in ices ns(i ) obeys its own differential equations that depend on the treatment of the icy
phase in the model.

The treatment of ices in chemical models varies greatly. State-of-the-art chemical models
distinguish between different icy components based on their possible interactions and reac-
tivity. The pioneering work of (Hasegawa & Herbst 1993) served as starting point to develop
the three-phase model of the gas-grain chemical code Nautilus (see Fig. 3.3).

3.2.1 Nautilus chemical model

Nautilus chemical model (Hasegawa et al. 1992; Semenov et al. 2010; Ruaud et al. 2016) is a
gas-grain chemical code. This code computes the chemical evolution of up to ∼ 1100 species
in different phases. This three-phase model includes the gas phase, an icy surface phase, and
an icy mantle phase. The icy surface phase is limited to the first two monolayers of ice, and
this is the only phase to where species can accrete or from where species can desorb. The
icy mantle, while being the most massive icy component, is not as chemically active due to
smaller diffusion rates compared to the surface phase.

The rate of bimolecular reactions appearing in eq. 3.14 is given by the modified Arrhenius
equation (Reboussin et al. 2014)

ki j (T ) =αi j

(
T (K )

300

)β
exp

(
− γ

T (K )

)
,

where T is the temperature, αi j is the value of the reaction rate, β controls the temperature
dependence of the rate, andγ is the activation barrier. Moreover, unimolecular reaction rates
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of formation or destruction due to cosmic rays and FUV radiation are given by, respectively,

kCR = Ai ζCR,

kFUV = A exp(−C AV) χ,

where A and Ai are rate coefficients, ζCR is the cosmic ray ionization rate, C controls the
attenuation by dust, AV is the visual extinction in magnitudes, andχ is the FUV flux in Draine
units. Finally, the accretion and desorption rates are given by

kacc =σg 〈v(i )〉n(i )nd

kdes = ν0(i )exp

(
−ED (i )

Tg

)
,

where σg is the cross-section of the grain, 〈v(i )〉 is the mean velocity of i , n(i ) its density,
nd the number density of the grains, ν0 is the characteristic frequency of vibration of the
adsorbed species, Tg is the grain temperature, and ED (i ) is the desorption energy of i .

The information needed by Nautilus to perform calculations is given in several input
files. The input parameters file sets the main characteristics of the model like the gas and
grain density, visual extinction, total H number density, cosmic-ray ionization rate, the FUV
flux, and the time. This file also allows to specify the dimensionality and time dependence
of the model, being possible to predict chemical abundances in zero-dimensional, one-
dimensional, and time-dependent zero-dimensional models. The initial abundances, the
possible gas and grain reactions, the gas and grain species present in a given phase, the grain
surface parameters, and the activation energies are found in additional input files.

Zero-dimensional models

Nautilus allows zero-dimensional models consisting in a single cell whose physical condi-
tions may vary with time or be fixed. How the physical conditions of density and tempera-
ture evolve with time is given as an input file. The predicted chemical abundances in the cell
are given at each time step.

One-dimensional models

Nautilus also allows time-independent (static) one-dimensional structures, typically the ra-
dial profile of a spherically symmetric model. The abundances are calculated from the out-
ermost parts of the profile to the innermost, taking into account the total extinction along
the profile in the computation of the efficiency of photoprocesses at each point of the profile.

The abundances computed by Nautilus in one-dimensional models are given locally, that
is, the abundance is given only at each point. The influence of the abundances along the line
of sight are therefore not taken into account, becoming a crucial issue when comparing with
observations.

Comparison with observations: projection along the line of sight

When part of an interstellar region is observed from Earth using radiotelescopes, the de-
tected emission comes from the different layers of matter at different physical conditions
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Figure 3.4: Geometric construction of a spherically symmetric region. The line of sight at
different impact parameters r is discretized in segments li . The distance from the center to
each one of the segments is defined as si . The total size of the region is rmax.

contained in our line of sight. When the column density of a species is estimated from this
emission, we measure the total number of molecules along our line of sight. The column
density of a certain species is then divided by the total hydrogen column density in order to
obtain the abundance of the species as an average of the number of molecules per hydrogen
atom.

This issue needs to be taken into account when comparing observational results with
Nautilus chemical abundances in one-dimensional models. In the simplest case of spherical
symmetry, the average column density of a species X is

Nav, X (r ) = 2×∑
i
∆li

nH(si )[X ](si )+nH(si+1)[X ](si+1)

2
,

where r is the impact parameter, [X ] is the abundance of the especies X , ∆li = li+1 − li ,

si =
√

r 2 + l 2
i , li is a discretization of the segment along the line of sight lmax > ·· · > li+1 >

li > ·· · > 0, with lmax =
√

r 2
max − r 2, and rmax the radius of the density profile (see Fig. 3.4).

Similarly, the total hydrogen average column density is given by

Nav, H(r ) = 2×∑
i
∆li

nH(si )+nH(si+1)

2
,

so that the projected abundance of X is the ratio

[X]av(r ) = Nav, X (r )

Nav, H(r )
=

∑
i ∆li (nH(si )[X](si )+nH(si+1)[X](si+1))∑

j ∆l j
(
nH(s j )+nH(s j+1)

) .



Part III

The research

75





Chapter 4

Gas-phase elemental abundances: the
prototypical dark cloud TMC 1

Adapted from Fuente, A., Navarro-Almaida, D., Caselli, P., et al. 2019, A&A, 624, A105

Abstract

Context and aims: GEMS is an IRAM 30m Large Program aimed at determining the el-
emental depletions and the ionization fraction in a set of prototypical star-forming regions.
This paper presents the first results from the prototypical dark cloud TMC 1.

Methods: extensive millimeter observations have been carried out with the IRAM 30m
telescope (3 mm and 2 mm) and the 40m Yebes telescope (1.3 cm and 7 mm) to determine
the fractional abundances of CO, HCO+, HCN, CS, SO, HCS+ and N2H+ in three cuts that
intersect the dense filament at the well-known positions TMC 1-CP, TMC 1-NH3 and TMC 1-
C, covering a visual extinction range from Av ∼ 3−20 mag.

Results: two phases with differentiated chemistry can be distinguished: i) the translu-
cent envelope with molecular hydrogen densities of 1−5×103 cm−3; and ii) the dense phase,
located at Av > 10 mag, with molecular hydrogen densities higher than 104 cm−3. Observa-
tions and modeling show that the gas phase abundances of C and O progressively decrease
along the C+/C/CO transition zone (Av ∼ 3 mag) where C/H∼ 8× 10−5 and C/O ∼ 0.8− 1,
until the beginning of the dense phase at AV ∼ 10 mag. This is consistent with the grain
temperatures being below the CO evaporation temperature in this region. In the case of sul-
fur, a strong depletion should occur before the translucent phase where we estimate a S/H
∼ 0.4−2.2×10−6, an abundance ∼ 7−40 times lower than the solar value. A second strong
depletion must be present during the formation of the thick icy mantles to achieve the values
of S/H measured in the dense cold cores (S/H ∼ 8×10−8).

Conclusions: based on our chemical modeling, we constrain the value of ζH2 to ∼ 0.5−
1.8×10−16 s−1 in the translucent cloud.
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4.1 Introduction

In recent years, space telescopes such as Spitzer and Herschel have revolutionized our view
of star-forming regions. Images of giant molecular clouds and dark cloud complexes have
revealed spectacular networks of filamentary structures where stars are born (André et al.
2010). Interstellar filaments are almost everywhere in the Milky Way and are the preferred
site for star formation. Now we believe that filaments precede the onset of most star for-
mation, funneling interstellar gas and dust into increasingly denser concentrations that will
contract and fragment leading to gravitationally bound pre-stellar cores that will eventually
form stars.

Gas chemistry has a key role in the star formation process by regulating fundamental pa-
rameters such as the gas cooling rate, and the gas ionization fraction. Molecular filaments
can fragment into pre-stellar cores to a large extent because molecules cool the gas, thus di-
minishing the thermal support relative to self-gravity. The ionization fraction controls the
coupling of magnetic fields with the gas, driving the dissipation of turbulence and angular
momentum transfer, and therefore it plays a crucial role in the cloud collapse (isolated vs
clustered star formation) and the dynamics of accretion discs (see Zhao et al. 2016; Padovani
et al. 2013). In the absence of other ionization agents (X-rays, UV photons, J-type shocks),
the steady state ionization fraction is proportional to

√
ζH2 /n, where n is the molecular hy-

drogen density and ζH2 is the cosmic-ray ionization rate for H2 molecules, which becomes
the key parameter in the molecular cloud evolution (Oppenheimer & Dalgarno 1974; McKee
1989; Caselli et al. 2002b). The gas ionization fraction, X(e−)=n(e−)/nH, as well as the molecu-
lar abundances depend on the elemental depletion factors (Caselli et al. 1998). In particular,
Carbon (C) is the main donor of electrons in the cloud surface (Av<4 mag) and, because of
its lower ionization potential and as long as it is not heavily depleted, Sulfur (S) is the main
donor in the ∼3.7−7 magnitudes range that encompasses a large fraction of the molecular
cloud mass (Goicoechea et al. 2006). Since CO and CII are the main coolants, depletions of
C and O determine the gas cooling rate in molecular clouds. Elemental depletions also con-
stitute a valuable piece of information for our understanding of the grain composition and
evolution. For a given element X, the missing atoms in gas phase are presumed to be locked
up in solids, i.e., dust grains and/or icy mantles. The knowledge of the elemental depletions
would hence provide a valuable information to study the changes in the dust grain composi-
tion across the cloud. Surface chemistry and the interchange of molecules between the solid
and gas phases have a leading role in the gas chemical evolution from the diffuse cloud to
the prestellar core phase.

GEMS (Gas phase Elemental abundances in Molecular CloudS) is an IRAM 30m Large
Program aimed at estimating the S, C, N, O depletions and X(e−) as a function of visual ex-
tinction, in a selected set of prototypical star-forming filaments. Regions with different il-
lumination are included in the sample in order to investigate the influence of UV radiation
(photodissociation, ionization, photodesorption) and turbulence (grain sputtering, grain-
grain collisions) on these parameters, and eventually in the star formation history of the
cloud. This is the first of a series of GEMS papers and it is dedicated to the prototypical dark
cloud TMC 1.
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Table 4.1: Molecular tracers used in this study

Parameter Av < 10 mag AV > 10 mag

X(e−) 13CO, HCO+, H13CO+ C18O, HC18O+, N2H+

n(H2) CS, C34S C34S, 13CS, SO
C/H 13CO, HCN, CS C18O, H13CN
O/H 13CO, SO C18O, SO, 34SO
N/H HCN H13CN, N2H+

S/H CS, C34S, SO, HCS+ C34S, 13CS, SO, 34SO

4.2 TMC 1

The Taurus molecular cloud (TMC), at a distance of 140 pc (Elias 1978; Onishi et al. 2002),
one of the closest molecular cloud complexes, is considered an archetype of low-mass star-
forming regions. It has been the target of several cloud evolution and star formation studies
(Ungerechts & Thaddeus 1987; Mizuno et al. 1995; Goldsmith et al. 2008), being extensively
mapped in CO (Cernicharo & Guelin 1987; Onishi et al. 1996; Narayanan et al. 2008) and vi-
sual extinction (Cambrésy 1999; Padoan et al. 2002). The most massive molecular cloud in
Taurus is the Heiles cloud 2 (HCL 2) (Onishi et al. 1996). TMC 1 was included in the Herschel
Gould Belt Survey (André et al. 2010). One first analysis of these data were carried out by
Malinen et al. (2012) who generated visual extinction maps of the two long filaments in HCL
2 based on near-IR (NIR) extinction and Herschel data. As one of the most extensively stud-
ied molecular filament, TMC 1 is also included in the Green-Bank Ammonia Survey (PIs: R.
Friesen & J. Pineda) (Friesen et al. 2017).

TMC 1 has been also the target of numerous chemical studies. In particular, the positions
TMC 1-CP and TMC 1-NH3 (the cyanopolyne and ammonia emission peaks) are generally
adopted as templates to compare with chemical codes (Fehér et al. 2016; Gratier et al. 2016;
Agúndez & Wakelam 2013). Less studied from the chemical point of view, TMC 1-C has been
identified as an accreting starless core (Schnee et al. 2007, 2010).

4.3 Observational Strategy

In order to derive the elemental gas abundance of C, O, N and S, we need to determine the
abundances of the main gas reservoirs (see Table 4.1). Essentially, most of the carbon in
molecular clouds is locked in CO and the C depletion is derived from the study of CO and
its isotopologues. Several works have studied the depletion of CO in dense starless cores
and young protostars (Caselli et al. 1999; Kramer et al. 1999; Bacmann et al. 2002; Alonso-
Albi et al. 2010; Hernandez et al. 2011; Maret et al. 2013; Miettinen & Offner 2013; Lippok
et al. 2013). The main reservoirs of nitrogen are atomic nitrogen (N) and molecular nitrogen
(N2) which are not observable. The nitrogen abundance needs to be derived by applying a
chemical model to fit the observed abundances of nitriles (HCN, HNC, CN) and N2H+. The
HCN abundance is also dependent on the amount of atomic C in gas phase and hence, on
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Figure 4.1: Visual extinction map of TMC 1 (Kirk et al., in prep). The positions observed
with the 30m telescope are indicated with circles. Black circles mark positions observed
only with the 30m telescope while yellow circles show the positions observed also with the
Yebes 40m telescope. In the upper left corner, we show the beam of the IRAM telescope
at 3 mm (beam∼29") and of Yebes 40m telescope at 1.3 cm (beam∼84") filled and at 7 mm
(beam∼42"). Contours are 3, 6, 9, 12, 15, and 18 mag.
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the C/O ratio (Loison et al. 2014). Abundant oxygenated species such as O, O2, H2O and OH,
cannot be observed in the millimeter domain and the oxygen depletion should be indirectly
derived through comparison with chemical models, as well. In the case of sulfur, depending
on the local physical conditions and the chemical age, atomic S and/or SO are expected
to be the main gas phase reservoir in dense clouds (Fuente et al. 2016; Vidal et al. 2017).
Unfortunately, the direct observation of atomic S is difficult and, thus far, has only been
detected in some bipolar outflows using the infrared space telescope Spitzer (Anderson et al.
2013). Sulfur can also be traced by sulfur recombination lines but they are very weak and not
easy to interpret (Roshi et al. 2014). Sulfur depletion in molecular clouds is determined from
the observation of a few molecular compounds, mainly CS, HCS+ or SO (see, e.g. Goicoechea
et al. 2006), whose abundances are very sensitive to the C/O gas-phase ratio and also time
evolution. Its determination hence requires a good characterization of the gas physical and
chemical conditions.

For the present study, we selected a subset of species (CO, HCO+, HCN, CS, SO, HCS+,
and N2H+) that are essential to derive the elemental abundances in the molecular gas. The
observations were performed using the receiver setups listed in Table 4.8 and the observed
molecular transitions are shown in Table 4.9. When possible we observe several lines of the
same species in order to accurately determine the molecular abundance. When only one line
was observed, we use the molecular hydrogen density derived from the fitting of the CS (and
their rarer isotopologues C34S and 13CS) 3→2 and 2→1 lines. Towards the edge of the cloud,
the densities are lower and the CS 3→2 line is not detected. For this reason we complement
the 30m observations with the CS 1→0 line as observed with the 40m Yebes telescope. The
40m configuration allows us to observe simultaneously the NH3 (1,1) and (2,2) lines in band
K. We use these observations to constrain the gas kinetic temperature at the cloud edges.

The high sensitivity required by our project, prohibits the mapping of a large area. In-
stead, we observe the three right-ascension cuts covering visual extinctions between AV ∼ 3
mag to ∼ 20 mag (see Fig 4.1). In details, we have observed 6 positions per cut which corre-
sponds to the offsets (0",0"), (+30",0), (+60",0"), (+120",0"), (+180",0") and (+240",0") relative
to the positions listed in Table 4.2. In addition to the 30m observations, we carried out ob-
servations with the 40m Yebes telescope towards the positions marked with yellow circles in
Fig 4.1.

4.4 Data acquisition

4.4.1 IRAM 30m telescope

The 3 mm and 2 mm observations were carried out using the IRAM 30-m telescope at Pico
Veleta (Spain) during three observing periods in July 2017, August 2017 and February 2018.
The telescope parameters at 3 mm and 2 mm are listed in Table 4.8 with the beam size vary-
ing with the frequency as HPBW(")=2460 /ν where ν is in GHz. The observing mode was fre-
quency switching with a frequency throw of 6 MHz well adapted to remove standing waves
between the secondary and the receivers. The Eight MIxer Receivers (EMIR) and the Fast
Fourier Transform Spectrometers (FTS) with a spectral resolution of 49 kHz were used for
these observations. The intensity scale is TMB which is a good estimate of TB as long as
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Table 4.2: Source coordinates

Source RA(J2000) Dec (J2000) Vl sr (km s−1)

TMC 1-CP 04h41m41s.90 25◦41′27′′.1 5.8
TMC 1-NH3 04h41m21s.30 25◦48′07′′.0 5.8

TMC 1-C 04h41m38s.80 25◦59′42′′.0 5.2

the source size is comparable to the observational beam. In our case, the emission is ex-
pected to be more extended. In the limiting case of the source being extended through
the whole sky, the correct intensity scale would be T∗

A, where TMB and T∗
A are related by

TMB = (Fe f f /Be f f )T ∗
A (see Table 4.8). Since the difference between one scale and the other

is not large, ≈ 17 % at 86 GHz and 27% at 145 GHz, we adopt the TMB scale. The uncertainty
in the source size is included in the line intensity errors which are assumed to be ∼20%. Al-
though numerous lines are detected in the range of frequencies covered by our observations,
in this paper we concentrate on the most abundant molecules (and their isotopologues): CO,
HCO+, HCN, CS, SO, HCS+, and N2H+. Other species will be analyzed in forthcoming papers.

4.4.2 Yebes 40m telescope

The RT40m is equipped with HEMT receivers for the 2.2-50 GHz range, and a SIS receiver for
the 85-116 GHz range. Single-dish observations in K-band (21-25 GHz) and Q-band (41-50
GHz) can be performed simultaneously. This configuration was used to observe the posi-
tions marked with a yellow-red circle in Fig 1. The backends consisted of FFTS covering a
bandwidth of ∼2 GHz in band K and ∼9 GHz in band Q, with a spectral resolution of ∼38
kHz. Central frequencies were 23000 MHz and 44750 MHz for the K and Q band receivers,
respectively. The observing procedure was position-switching, and the OFF-positions are
RA(J2000) = 04h42m24s.24 Dec(2000):25◦41′27′′.6 for TMC 1-CP, RA(J2000) = 04h42m29s.52
Dec(2000):25◦48′07′′.2 for TMC 1-NH3, RA(J2000) = 04h42m32s.16 Dec(J2000):25◦59′42′′.0 for
TMC 1-C. These positions were checked to be empty of emission before the observations.
The intensity scale is TMB with conversion factors of 4.1 Jy/K in band K (TMB/T∗

A=1.3) and
in 5.7 Jy/K in band Q (TMB/T ∗

A =2.1). The HPBW of the telescope is 42" at 7 mm and 84" at
1.3 cm.

4.4.3 Herschel Space Observatory: AV and Td maps

In this work, we use the column density and dust temperature maps of TMC 1 created fol-
lowing the process described in Kirk et al. (2013) and Kirk et al. (in prep). In the following, we
give a brief explanation of the methodology. The PACS and SPIRE (Poglitsch et al. 2010; Grif-
fin et al. 2010) data were taken as part of the Herschel Gould Belt Survey (André et al. 2010)
and were reduced as described in Kirk et al. (in prep). The absolute calibration (median flux
level) of the maps was estimated using data from Planck and IRAS (c.f.Bernard et al. 2010).
The data was then convolved to the resolution of the longest wavelength 500 µm (36 arcsec).

A modified blackbody function of the form Fν = MBν(T )κν/D2 was fitted to each point
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where M is the dust mass, Bν(T ) is the Planck function at temperature T , and D = 140 pc was
the assumed distance to Taurus. The dust mass opacity was assumed to follow a standard
law,κν∝ νβ, withβ= 2 and a reference value of 0.1 cm2 g−1 atλ=1 THz (Beckwith et al. 1990).
When using the same dust assumptions, the resulting dust map agreed well with the Planck
353 GHz Optical Depth map above N (H2) ∼ 1.5×1021 cm−2 (Kirk et al., in prep). The typical
uncertainty on the fitted dust temperature was 0.3-0.4 K. The uncertainty on the column
density was typically 10% and reflects the assumed calibration error of the Herschel maps
(Kirk et al., in prep).

4.5 Spectroscopic data: line profiles

Figures 4.15 to 4.20 show a subset of our spectra across the cuts TMC 1-CP, TMC 1-NH3 and
TMC 1-C. The lines of the most abundant species are optically thick at Av> 7 mag and present
self-absorbed profiles. However, only the lines of the main isotopologue are detected to-
wards positions with Av< 7 mag. Linewidths vary between ∼0.3 to ∼1.5 km s−1 depending on
the transition. The largest line widths are measured in the 13CO 1→0 lines with ∆v∼1.5±0.5
km s−1. The higher excitation lines of species like CS and SO, and those of the high dipole
moment tracers HCS+, N2H+ and HCN, show ∆v ∼0.4± 0.1 km s−1. Similar linewidths are
observed in the NH3 (1,1) and (2,2) inversion lines. Line broadening because of high opti-
cal depths might explain, at least partially, the large linewidths observed in the 13CO and CS
lines. High optical depths are also measured in the HCN 1→0 lines but the linewidth remains
narrow, ∆v ∼0.4± 0.1 km s−1. The narrow HCN linewidths are better understood as the con-
sequence of the existence of layers with different excitation and hence chemical conditions
along the line of sight.

Several authors have discussed the complex velocity structure of the TMC 1 cloud (Lique
et al. 2006a; Fehér et al. 2016; Dobashi et al. 2018). Based on high velocity resolution (δvl sr =
0.0004 km s−1) observations of the HC3N J=5→4 line, Dobashi et al. (2018) propose that the
dense TMC 1 filament is composed of at least 4 velocity components at vl sr =5.727, 5.901,
6.064 and 6.160 km s−1 with small linewidths, ∼0.1 km s−1, and a more diffuse component
at 6.215 km s−1 with a linewidth of ∼0.5 km s−1. The velocity resolution of our observations
(from 0.27 km s−1 at 7mm, to 0.16 km s−1 at 3 mm and 0.09 km s−1 at 2 mm ) is not enough to
resolve these narrow velocity components. In spite of this, in order to have a deeper insight
in the velocity structure of the region, we have fitted the observed profiles using 5 velocity
components centered at vlsr = 5.0, 5.5, 6.0, 6.5, 7.0 km s−1 and with a fixed ∆v = 0.5 km s−1.
Fig 4.2 shows the result of our fitting for three positions, offsets (+240",0), (+120",0) and (0,0)
in the cut across TMC 1-CP. Interestingly, the number of velocity components detected in
each transition remains constant with the position, even when the position (+240",0) is lo-
cated 0.16 pc away from TMC 1-CP. However, the number of detected velocity components
does vary from one transition (and species) to another. The five velocity components appear
in the spectra of 13CO 1→0, C18O 1→0, and HCO+ 1→0. The CS 2→1 and SO 23→12 spectra
present intense emission in the 5.5 km s−1 and 6.0 km s−1 components and weak wings at
the velocity of the other components. Interestingly, only the 5.5 km s−1 component presents
intense emission in the HCN spectra. As a first approximation, in this paper we use the in-
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Figure 4.2: Selection of 30m spectra towards the offsets (+240",0), (120",0) and (0,0) in the
TMC 1-CP cut. In order to investigate the velocity structure we have fitted the observed line
profiles with 5 Gaussians with a fixed linewidth of 0.5 km s−1, each centered at the velocities
5.0 (green), 5.5 (dark blue), 6.0 (light blue), 6.5 (yellow), 7.0 km s−1 (fuchsia).
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Figure 4.3: Estimated values of the dust temperature (black) as derived from Kirk et al. (in
prep), gas temperature (red) and molecular hydrogen density (blue) across the cuts through
TMC 1-CP (a), TMC 1-NH3 (b) y TMC 1-C (c).

Table 4.3: Physical conditions

HSO (Kirk+19) GEMS (This work) NH3 (Fehér+16) Species and transitions used
Position Td N(H2) Tk n(H2) Tk n(H2) in the calculations

(K) (×1021 cm−2) (K) (×104 cm−3) (K) (× 104 cm−3)
TMC1-CP+0 11.92 18.20 9.7±0.8 1.5±0.4 10.6±1.1 1.0±0.3 13CS - C34S J=2→1, 3→2
TMC1-CP+30 12.00 16.71 10.2±0.2 2.3±0.3 13CS - C34S J=2→1, 3→2
TMC1-CP+60 12.24 13.74 11.2±2.0 3.7±1.9 13CS - C34S J=2→1, 3→2
TMC1-CP+120 13.16 7.27 12.5±1.2 0.15±0.04 C34S - CS J=1→0, 2→1, 3→2
TMC1-CP+180 13.86 4.77 16.0±3.0 0.27±0.09 C34S - CS J=1→0, 2→1, 3→2
TMC1-CP+240 14.39 3.25 14.7±1.1 0.16±0.10 CS J=1→0, 2→1, 3→2
TMC1-NH3+0 11.70 16.97 11.8±2.8 2.0±1.0 11.0±1.1 1.2±0.3 13CS - C34S J=2→1, 3→2
TMC1-NH3+30 11.79 15.58 10.2±2.8 1.2±0.8 13CS - C34S J=2→1, 3→2
TMC1-NH3+60 12.12 12.88 12.7±1.1 1.5±0.8 13CS - C34S J=2→1, 3→2
TMC1-NH3+120 13.10 10.04 11.9±1.6 0.29±0.14 C34S - CS J=1→0, 2→1, 3→2
TMC1-NH3+180 13.78 4.04 11.4±1.4 0.16±0.06 CS J=1→0, 2→1, 3→2
TMC1-NH3+240 13.10 2.18 13.5±2.3 0.19±0.19 CS J=1→0, 2→1, 3→2
TMC1-C+0 11.26 19.85 8.5±2.0 4.5±3.4 13CS - C34S J=2→1, 3→2
TMC1-C+30 11.32 18.47 10.3±2.0 4.3±2.3 13CS - C34S J=2→1, 3→2
TMC1-C+60 11.67 13.34 11.6±2.2 1.19±0.45 13CS - C34S J=1→0, 2→1, 3→2
TMC1-C+120 13.13 4.79 11.1±1.9 0.54±0.25 C34S - CS J=1→0, 2→1, 3→2
TMC1-C+180 14.08 2.20 13.5±1.1 0.55±0.28 C34S - CS J=1→0, 2→1, 3→2
TMC1-C+240 14.53 1.63 13.5±2.7 0.26±0.18 CS J=1→0, 2→1, 3→2

tegrated line intensities to derive column densities and abundances. This is motivated by
the limited spectral resolution (at 3 mm) and sensitivity (at 2 mm) of our observations that
would introduce large uncertainties in the multi-velocity analysis. Taking into account the
analysis of the line profiles described in this section, we can conclude that our results probe
the moderate to high density gas detected at Vl sr =5.5 km s−1 and 6.0 km s−1.

4.6 Physical conditions: Gas kinetic temperature and molec-
ular hydrogen density

A detailed knowledge of the physical conditions is required for an accurate estimate of the
molecular column densities and abundances. This is specially important in those positions
where we have observed only one line and a multi-transition study is not possible. In these
cases, the knowledge of the gas kinetic temperature and density is imperative. CS is a di-
atomic molecule with well known collisional coefficients (Denis-Alpizar et al. 2018; Lique
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Figure 4.4: NH3 (1,1) and NH3 (2,2) lines profiles obtained by stacking all the band-K spectra
observed with the 40m Yebes telescope (AV < 10 mag) towards TMC 1.

et al. 2006b) that has been largely used as density and column density tracer in the inter-
stellar medium. Moreover, the velocity-component analysis presented in Sect. 5 shows that
CS is detected in the 5.5 km s−1 and 6.0 km s−1 components, which encompass the bulk of
the dense molecular gas (compare, e.g., the C18O and CS profiles in Fig 4.2). Therefore, we
consider that CS and its isotopologues are good tracers of the average physical conditions in
this cloud.

In order to derive the gas physical conditions, we fit the line intensities of the observed
CS, C34S and 13CS lines using the molecular excitation and radiative transfer code RADEX
(van der Tak et al. 2007). During the fitting process, we fix the isotopic ratios to 12C/13C=60,
32S/34S= 22.5 (Gratier et al. 2016) and assume a beam filling factor of 1 for all transitions (the
emission is more extended than the beam size). Then, we let Tk , n(H2) and N(CS) vary as
free parameters. The parameter space (Tk , n(H2) and N(CS)) is then explored following the
Monte Carlo Markov Chain (MCMC) methodology with a Bayesian inference approach. In
particular, we used the emcee (Foreman-Mackey et al. 2013) implementation of the Invariant
MCMC Ensemble sampler methods by Goodman & Weare (2010). While n(H2) and N(CS)
are allowed to vary freely, we need to use a prior to limit the gas kinetic temperatures to
reasonable values in this cold region and hence break the temperature-density degeneracy
that is usual in this kind of calculations.

The prior in the gas kinetic temperature is based on our knowledge of the dust tempera-
ture from Herschel maps (Kirk et al., in prep). Gas and dust are expected to be thermalized
in regions with n(H2)>104 cm−3. Friesen et al. (2017) estimated the gas kinetic temperature
in a wide sample of molecular clouds based on the NH3 (1,1) and (2,2) inversion lines, and
obtained that the gas temperature is systematically ∼1-2 K lower than the dust temperature
obtained from the Herschel maps. This discrepancy is interpreted as the consequence of
the single-temperature SED fitting procedure which assumes that all the dust is at the same
temperature along the line of sight. Towards a starless core in which the dust in the surface is
warmer than in the innermost region, this approximation would produce an overestimation
of the dust temperature. In order to account for these effects, in our MCMC calculations we
use a flat prior to the gas kinetic temperature with constant probability for Tk =Td±5 K and
zero probability outside.

In Table 4.3, we show the gas temperature and the density derived from the multi-line
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fitting of CS and its isotopologues. Across the cuts, there are two differentiated regions: i) for
Av<7.5 mag, the density is quite uniform and similar to a few 103 cm−3 and gas temperatures
are about 13-15 K which corresponds to gas thermal pressure of ∼5 × 104 K cm−3. Here-
after, we will refer to this moderate density envelope as the translucent component; and ii)
for Av>7.5 mag, the density is an order of magnitude larger, Tk∼10 K and the density keeps
increasing towards the extinction peak. Hereafter, we will refer to this region as the dense
component. The gas pressure in the dense phase is about 10 times larger than in the translu-
cent phase. The transition from one phase to the other occurs in < 60" (∼0.04 pc) and it is
not well sampled by our data (see Fig 4.3).

The low densities found in the translucent phase, n(H2)∼ a few103 cm−3, might cast some
doubts about our assumption of gas and dust thermal equilibrium. In order to check this
hypothesis, we have tried to independently derive the gas kinetic temperature in this region
using our NH3 data. For that, we have stacked all the NH3 (1,1) and (2,2) spectra obtained
with the 40m Yebes telescope towards the positions with Av < 10 mag of the three cuts. The
stacked spectra are shown in Fig 4.4, with a good detection of the NH3 (1,1) line while the
NH3 (2,2) line remains undetected. Even assuming a density as low as n(H2)=103 cm−3, a
RADEX calculation shows that the non-detections of the (2,2) line implies an upper limit of
< 15 K for the gas temperature, slightly lower than the dust temperature. It is remarkable that
NH3 is only detected in the 5.5 km s−1 velocity component while CS is detected in the 5.5 km
s−1 and 6.0 km s−1 components. The upper limit to the gas kinetic temperature is only valid
for the 5.5 km s−1 component that is very likely the densest and coldest component. We
consider, therefore, that the temperature derived from the CS fitting is more adequate for
our purposes and it is used hereafter in the molecular abundance calculations. In Sect. 8, we
show that the temperatures obtained with our CS fitting are in good agreement with those
predicted with the Meudon PDR code.

Another important assumption in our density estimate process is that the beam filling
factor is 1 for all the transitions. This is based on the morphology of the Herschel maps that
present smooth and extended emission in the translucent part. This assumption is question-
able towards the extinction peaks where the column density map presents a steeper gradient
(see Fig. 4.1). In Table 4.3 we also compare our estimates with previous ones by Fehér et al.
(2016) towards TMC 1-CP and TMC 1-NH3, finding excellent agreement. The good agree-
ment between our estimates and those derived from NH3, which are not affected by different
beam sizes, suggests that our assumption is not far from the reality. The derived densities for
the translucent component are in good agreement with previous estimates of the envelope
density by Schnee et al. (2010) and Lique et al. (2006a).

4.7 Molecular abundances

Beam averaged molecular column densities and abundances have been derived using RADEX
and the collisional rate coefficients shown in Table 4.4. In the following, we add more details
of the abundance calculations.
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Figure 4.5: Estimated molecular abundances with respect to H2 for the three studied cuts,
TMC 1-CP (black squares), TMC 1-NH3 (red) and TMC 1-C (blue) as a function of the visual
extinction (left column), dust temperature (center panel) and molecular hydrogen densities
(right panel). The horizontal lines indicate a representative value in the translucent part (red
dashed line) and a variation of a factor of 2 relative to it (black dashed lines). Vertical lines
mark the AV =3 mag, 5 mag and 10 mag positions.
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Figure 4.6: Estimated molecular abundances with respect to H2 for the three studied cuts,
TMC 1-CP (black squares), TMC 1-NH3 (red) and TMC 1-C (blue) as a function of the visual
extinction (left column), dust temperature (center panel) and molecular hydrogen densities
(right panel). Empty symbols correspond to upper limits. The horizontal lines indicate a
representative value in the translucent part (red dashed line) and a variation of a factor of
2 relative to it (black dashed lines). Vertical lines mark the AV = 3 mag, 5 mag and 10 mag
positions.

Table 4.4: Collisional rate coefficients

Molecule Reference

CO p-H2 Yang et al. (2010)
HCO+ p-H2 Flower (1999)
HCN p-H2 Ben Abdallah et al. (2012)
CS p-H2 Denis-Alpizar et al. (2018)

He Lique et al. (2006b)
SO p-H2 Lique & Spielfiedel (2007)
N2H+ p-H2 Daniel et al. (2016)
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4.7.1 13CO, C18O

In this work, we use 13CO and C18O as tracers of CO by assuming fixed isotopic ratios. We
use the physical conditions in Table 4.3 to derive 13CO and C18O column densities from the
observations of the J=1→0 rotational line. This line is thermalized in the range of densities
considered, therefore we do not expect any uncertainty in the molecular abundances be-
cause of the adopted densities. The major uncertainty comes from the opacity effects and
possible variations in the CO/C18O and CO/13CO ratios.

For AV > 7 mag, the 13CO 1→0 line is expected to be optically thick (τ > 1). In this re-
gion, we use C18O as tracer of the CO abundance by assuming 16O/18O=600 (Wilson & Rood
1994). For AV <7 mag, the 13CO line is expected to be optically thin. In this region we have
separately estimated the 13CO and C18O column densities which allows us to investigate the
N(13CO)/N(C18O) ratio. Interestingly, this ratio increases from ∼10 at AV ∼7 mag to ∼40 at
AV ∼ 3 mag. This result is not the consequence of the numerous velocity components along
the line of sight. As shown in Fig 4.2, the Tb(13CO 1→0)/Tb(C18O 1→0) is >20 in all the ve-
locity components towards the offset (240",0). Similarly Tb(13CO 1→0)/Tb(C18O 1→0)∼4
in all velocity components towards the offset (120",0). The high N(13CO)/N(C18O) ratio is
more likely the consequence of selective photodissociation and isotopic fractionation in the
translucent cloud (Liszt & Lucas 1996; Bron et al. 2018). Because of isotopic fractionation in
the external part of the cloud, a reliable estimate of N(12CO) requires the comparison with a
chemical model that includes a differentiated chemistry for the CO isotopologues. We will
discuss this phenomenon in Sect. 8 when we compare our results with the Meudon PDR
code predictions.

In Fig. 4.5, we plot the CO abundance derived as X(13CO)×60 and X(C18O)×600 as a func-
tion of visual extinction, dust temperature and density in the three observed cuts. The de-
crease of the 13CO abundance for AV > 10 mag is not real but the consequence of the high
optical depth of the observed lines. In these dense regions, the rarer isotopologue C18O is a
better tracer of the CO abundance. The C18O abundance sharply decreases for AV < 3 mag.
This is consistent with the threshold of AV = 1.5 mag proposed by Cernicharo & Guelin (1987)
for the C18O detection. The CO abundance presents a peak of ∼1.4×10−4 at Av ∼ 3 mag
(Td =14 K) and seems to decrease towards the dense core phase. This is the expected behav-
ior in this dark cloud where the dust temperature is lower than the evaporation temperature
(Tevap =15-25 K), so that freeze-out is expected.

4.7.2 HCO+, H13CO+, HC18O+

We have observed the J=1→0 rotational lines of HCO+, H13CO+ and HC18O+. Column densi-
ties of all isotopologues have been derived using RADEX and the physical parameters in Ta-
ble 4.3. In our column density calculations, we only use the H13CO+ and HC18O+ spectra be-
cause the HCO+ J=1→0 line presents self-absorbed profiles. Then, we derive the HCO+ col-
umn density from the rarer isotopologs assuming the isotopic ratios N(HCO+)/N(H13CO+)
= 60 or N(HCO+)/N(HC18O+) = 600. The results are shown in Fig 4.5. The HCO+ abundance
is maximum at AV ∼5−10 mag, i.e., 2 mag deeper than CO in the translucent cloud. The
abundance of HCO+ further decreases towards the dense high extinctions peaks.
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4.7.3 CS, C34S, 13CS

The CS column densities have been derived as explained in Sect. 6. We find that the CS abun-
dance is maximum at AV ∼5−10 mag, with abundances with respect to H2, X(CS) ∼ 2×10−8.
The dispersion in the derived CS abundances in translucent cloud is of a factor of 2. For
Av >10 mag, the CS abundance sharply decreases suggesting a rapid chemical destruction
or freeze out on the grain mantles.

4.7.4 SO,34SO

Several lines of SO and 34SO lie in the frequency range covered by our setups (see Table 4.9).
Regarding 34SO, only the J=23→12 has been detected towards the high extinction positions
of the TMC 1-CP, TMC 1-NH3 and TMC 1-CP cuts. Towards the positions where we detect
this 34SO line, we measure Tb(SO 23→12)/Tb(34SO 23→12) of 10−20. This implies opacities
<2, i.e. the emission is moderately optically thick in the dense region. We have estimated the
SO column density based on the RADEX fitting of the main isotopologue lines in the dense
and translucent phases. Towards the high extinction peaks, we estimate an uncertainty of
a factor of 2 in the column density estimates because of the moderate opacity. The derived
SO abundances are ∼1.8 ×10−9, 0.9 ×10−9 and 2.9 ×10−9 for TMC 1-CP, TMC 1-C and TMC 1-
NH3, respectively. Towards the dense phase, we have been able to derive the density from the
Tb(SO 34→23)/Tb(SO 23→12) ratio, obtaining values fully consistent with those in Table 4.3.
Our abundance estimate towards TMC 1-CP is consistent with previous estimates by Ohishi
& Kaifu (1998), Agúndez & Wakelam (2013) and Gratier et al. (2016). The overabundance of
SO towards TMC 1-NH3 has been already pointed out by several authors (Lique et al. 2006a
and references therein). Similarly to HCO+ and CS, SO presents its maximum abundance at
Av∼5-10 with a peak value of ∼5×10−9.

4.7.5 HCS+

Because of the weak intensities of the HCS+ lines, we have only detected one line per position
which prevents a multi-transition study. In order to estimate the HCS+ abundances we have
assumed the physical conditions in Table 4.3 and used the HCO+ collisional rate coefficients.
We obtain a large scatter in the HCS+ abundances in the whole range of visual extinctions
(see Fig 4.6), without any clear trend of the HCS+ abundance with the visual extinction, dust
temperature or gas density. Interestingly, we find differences among the HCS+ abundance
towards the different cuts, being larger towards TMC 1-CP than towards TMC 1-NH3 and
TMC 1-C (see Fig 4.6).

4.7.6 HCN, H13CN, HC15N, N2H+

All the N-bearing species included in this subsection share some characteristics: i) they are
only detected in the 5.5 km s−1 component and ii) present larger abundances towards the
dense phase than towards the outer part of the cloud.

The hyperfine splitting of HCN allows us to estimate the opacity and excitation temper-
ature (assuming a beam filling factor of 1 and equal excitation temperature for all the hyper-
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fine components) and hence, to obtain an estimate of the density and column density. In the
dense region, the HCN 1→0 line presents deep self-absorption features (see Fig. A2, A4 and
A6). Thus, we use the isotopologue H13CN to calculate the gas density and X(HCN) assum-
ing N(HCN)/N(HC13CN)=60. We obtain HCN abundances of 2−10 × 10−9 and molecular
hydrogen densities of a few × 105 cm−3 in the dense cloud. It is remarkable that the densities
derived from the HCN data are larger than those derived from CS and NH3 by a factor of >10.

Relatively intense emission of the HCN 1→0 line is detected in the translucent cloud.
Because of the large dipole moment of HCN, molecular hydrogen densities >104 cm−3 are
required to achieve excitation temperatures> 5 K and hence detectable emission. One possi-
bility is that the densities in the 5.5 km s−1 component of the translucent cloud are n(H2)>104

cm−3. In fact, following the procedure described above, we derive densities ∼a few 104 cm−3

and X(HCN)∼1×10−9 (see Fig 4.6) in the 3<AV <10 mag range. Alternatively, radiative trap-
ping could have an important role in the excitation of the HCN 1→0 line in TMC 1. Radiative
excitation would explain the excitation of the HCN line without invoking higher densities in
the 5.5 km s−1 velocity component. Assuming a core/envelope system (two-phase model)
and using a Monte Carlo radiative transfer code, Gonzalez-Alfonso & Cernicharo (1993) ex-
plained the line intensities in TMC 1 with HCN abundances of ∼5×10−9 all across the cloud.
In this two-phase model, the HCN molecules in the envelope are excited by the photons
coming from the core which is a bright source in the HCN 1→0 line without the need of in-
voking higher densities. The value thus derived by Gonzalez-Alfonso & Cernicharo (1993) is
similar to that we have derived for the dense gas and a factor of∼5 larger than the HCN abun-
dances we derive in the translucent cloud. Comparing with these results, we consider that
our estimates of the HCN abundance based on one-phase molecular excitation calculations
are accurate within a factor of 5−10.

Similarly to HCN, we have fitted the excitation temperature and opacity of the N2H+

1→0 line based on the hyperfine splitting, and hence the total N2H+ column densities. This
molecular ion has been almost exclusively detected towards the dense region with abun-
dances of about 1×10−9 and densities of a few 104 cm−3, quite consistent with those derived
from CS. Towards the translucent cloud, we have detections only for AV > 5 mag with abun-
dances of ∼5×10−10.

4.8 Chemical modeling of the translucent cloud

The increase in dust temperature at the edges of molecular clouds is understood as the con-
sequence of dust heating by the surrounding interstellar radiation field (IRSF). Moreover,
the high N(13CO)/N(C18O) ratio measured in TMC 1 testifies that UV radiation has an active
role in the molecular chemistry. To determine the value of the ambient UV field is hence a
requisite for the appropriate chemical modelling of the region.

4.8.1 Estimate of the incident UV field in TMC 1: Dust temperature

Herschel has provided extensive H2 column density and dust temperature maps, with high
angular resolution (∼36"), of nearby star-forming regions. These maps constitute an un-
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Figure 4.7: Td -AV fit following the parametric expression published by Hocuk et al. (2017) for
the observed cuts: TMC 1-CP in (a), TMC 1-NH3 in (b), and TMC 1-C in (c). In panel (d), we
try to fit all the positions from the three cuts together. For AV < 7.5 mag, the best fit is found
for χUV ∼ 3. For AV > 7.5 mag, the best fit corresponds to χUV ∼ 10. The average value of
χUV ∼ 6.5 is found to provide the best fit for the whole TMC 1 region.

Table 4.5: PDR chemical models

ζH2 (s−1) C/H C/O S/H

A 5×10−17 1.38×10−4 0.4 1.5×10−5

B 5×10−17 7.90×10−5 0.4 1.5×10−5

C 5×10−17 3.90×10−5 0.4 1.5×10−5

D 5×10−18 1.38×10−4 0.4 1.5×10−5

E 1×10−16 1.38×10−4 0.4 1.5×10−5

F 5×10−17 1.38×10−4 1.0 1.5×10−5

G 5×10−17 1.38×10−4 0.8 1.5×10−5

H 5×10−17 7.90×10−5 1.0 1.5×10−5

I 5×10−17 7.90×10−5 1.0 8.0×10−7

Best-fit 5×10−17 7.90×10−5 1.0 8.0×10−7
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Figure 4.8: Comparison between the predictions of models listed in Table 4.5 and the cu-
mulative column densities derived in TMC 1. In this Figure, we have selected N(CO)/N(H2),
N(HCO+)/N(CO), N(HCN)/N(CO), N(CS)/N(H2) and N(CS)/N(SO) to explore the parameter
space, where N(CO) has been derived from our observations as N(CO)=600×N(C18O) and
N(H2)=AV (mag)×1021 cm−2. The observational points are indicated with squares and dif-
ferent colors correspond to the three observed cuts as follows: black for TMC 1-CP, red for
TMC 1-NH3 and blue for TMC 1-C. Dashed red lines indicate AV = 3 mag (C+/C/CO transi-
tion region), AV = 5 (translucent cloud) and AV =10 mag (dense region).
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precedented opportunity to determine the incident UV field and its local variations due to
the nearby star formation activity. Dust temperatures are established by the radiative equi-
librium balance between the absorption of UV/visible photons and the emission at a given
temperature, Td . In the cloud border, the exact value of Td depends on the local IRSF and
the absorption efficiencies of grains that are dependent on the grain composition and size.
Deeper in the cloud, grain heating is produced by near and mid-infrared emission coming
from the warm dust layer at the surface of the cloud (Zucconi et al. 2001). The direct calcu-
lation of the local UV field as a function of the dust temperature is hampered by our poor
knowledge of the grain composition and its detailed variation across the cloud. Another
fundamental problem is that in our part of the Galaxy the dust heating is dominated by the
visible part of the ISRF, and the visible/IR part of the ISRF does not scale in a simple way
with the ultraviolet part. Hence, the UV field derived from the dust temperature can only be
considered as a first guess of the local UV flux.

Alternatively, we can try to fit the observational data with a simple analytical expression.
Different attempts have been done to derive parametric expressions that relates the UV am-
bient field and the dust temperature as a function of the visual extinction (Hollenbach et al.
1991; Zucconi et al. 2001; Garrod & Pauly 2011; Hocuk et al. 2017). Most of them provide a
good fitting of the observed Td as a function of the incident UV field, χUV , in a given range of
visual extinctions but have problems to fit the whole range, from AV =0.01 to AV >50 mag. We
have used the most recent parametric expression by Hocuk et al. (2017) to obtain an estimate
of the incident UV field. This expression is well adapted to the range of visual extinctions rel-
evant to this paper (3 mag < AV < 20 mag) and is consistent with what one would expect for
a mixed carbonaceous-silicate bared grains.

Td = [11+5.7× tanh(0.61− log10(AV ))]χ1/5.9
UV (4.1)

where χUV is the UV field in Draine units and the the visible/IR part of the IRSF is as-
sumed to scale with χUV .

Fig 4.7 shows the Td -AV plots for the 3 cuts considered in this paper. None of the cuts
can be fitted with a single value of the UV field. In fact, the dense cloud (AV > 7.5 mag) is
better fitted with χUV ∼10 while the translucent cloud is fitted with χUV ∼ 3. Moreover, the
three observed cuts share the same behavior without any hint of variation of χUV from one
cut to another (see Fig 4.7). One compelling possibility is that this break at AV ∼ 7.5 mag
is caused by a change in the grain properties. A thick layer of ice would allow the dust to
be warmer by up to 15% at visual extinctions > 10 mag, i.e., the dense component (Hocuk
et al. 2017). In fact, if we decrease the dust temperature in the dense regions by this factor,
we could explain all the positions with χUV ∼3. This interpretation is also consistent with the
sharply decrease in the abundances of the C- and S- bearing molecules with visual extinction
in the dense phase. We cannot discard, however, local variations with the local UV field being
lower in the northern cut (TMC 1-C) than in the southern cuts TMC 1-NH3 and TMC 1-CP.
As commented above, this is a first guess of the local χUV . In next section, we will confirm
the derived values of χUV by comparing gas temperatures and chemical abundances with
the predictions of the Meudon PDR code.
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Figure 4.9: Comparison between our "Best-fit" model (see Table 4.5) and the molecular
abundances derived in this work. The black line corresponds to the side with χUV =10 and
the blue line to χUV =3. Dashed red lines indicate AV =3 mag, 5 mag and 10 mag. The obser-
vational points are indicated with squares as in Fig 4.8.

Figure 4.10: Comparison between our "Best-fit" model (see Table 4.5) and the molecular
abundances derived in this work. The black line corresponds to the side with χUV =10 and
the blue line to χUV =3. Dashed red lines indicate AV =3 mag, 5 mag and 10 mag. The obser-
vational points are indicated with squares as in Fig 4.8.
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4.8.2 Chemical code

We use the steady state gas-phase Meudon PDR code 1.5.2 (Le Petit et al. 2006; Goicoechea
& Le Bourlot 2007; Gonzalez Garcia et al. 2008; Le Bourlot et al. 2012) to estimate the C, O
and S elemental abundances. This code computes the steady-state solution to the thermal
balance and gas-phase chemical network using accurate radiative transfer calculations and
a plane-parallel geometry. The model explicitly considers the H2 formation on the grain
surfaces and adsorption/desorption of H and H2 from grains. It does not include the accre-
tion/desorption mechanisms for other gas-phase molecules. We assume gas phase elemen-
tal abundances below the solar values to take approximately into account depletion effects.
The Meudon PDR code uses an extensive gas-phase chemical network which includes the
reactions for the 13C and 18O isotologues allowing the direct comparison of chemical predic-
tions with the observed 13CO and C18O column densities.

As a first step, we run a series of models in order to explore the parameter space to deter-
mine the values of the cosmic ray ionization rate and elemental abundances that best fit our
observations (see Table 4.5). The adopted physical structure is based on our previous calcu-
lations, the ’a priori’ knowledge of the source (see Ebisawa et al. 2019 and references therein)
and the assumption of pressure equilibrium. In practice, we carried out the calculations for
an isobaric plane-parallel 30 mag cloud with a constant pressure of 5×104 K cm−3, consis-
tent with the physical parameters derived from our observations. Our cloud is illuminated
by a UV field, χfront

UV , from the front side and χUV =1 from the back. We consider two values of

χfront
UV , χfront

UV =10 and 3, which is the range of values derived in Section 8.1. This simple plane-
parallel geometry mimics the scenario of a compressed gas layer illuminated from the front
proposed by Ebisawa et al. (2019) on the basis of OH 18cm observations.

Fig. 4.8 shows the predicted N(CO)/N(H2), N(HCO+)/N(CO), N(CS)/N(H2), and N(CS)/N(SO)
ratio as a function of the visual extinction for χUV =10, where N(X) is the cumulative column
density from 0 to AV mag of the species X. In general, any line of sight passes through the illu-
minated cloud surface and the cumulative column density is the parameter directly related
with the observed line intensities. In the first column, we show the behavior of the observed
abundances under changes in C/H. Here we compare the predicted cumulative column den-
sity N(CO) with the observed column density of C18O×600 to avoid isotopic fractionation
effects. For AV >3 mag, all the carbon atoms are basically locked in CO and C/H is well de-
termined from the measured CO abundance. Our peak CO abundance, ∼1.4 × 10−4, shows
that even at the low extinction of AV = 3 mag, carbon is depleted by a factor of ∼2. Beyond AV

= 3 mag, the carbon depletion progressively increases to reach values of ∼3 at AV ∼10 mag.

In the second column, we investigate the chemical effect of varying ζ(H2). The value of
ζ(H2) mainly affects the predicted N(CS) and the N(HCO+)/N(CO) abundance ratios. The
abundance of CS is also dependent on the value of S/H (third column of Fig. 4.8) which
justifies to use N(HCO+)/N(CO) as a probe of ζ(H2). Values of ζ(H2) >(5−10) ×10−17 s−1 are
required to fit the observed values of the N(HCO+)/N(CO) ratio in TMC 1. The fit is, however,
not perfect with several points being over model predictions for all the considered values of
ζ(H2). We will discuss the value of ζ(H2) in more details in Sect 8.5.

The N(HCN)/N(CO) as well as N(CS)/N(SO) abundance ratios are highly dependent on
the C/O gas phase elemental ratio (third column of Fig. 4.8). We have not been able to fit
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both ratios with a single C/O value. While the observed N(HCN)/N(CO) is well explained
with C/O∼0.4, N(CS)/N(SO) points to a value of the C/O ∼0.8−1. As commented in Sect.
4.5, the HCN abundance might be underestimated in this moderate density gas. Therefore,
we consider that N(CS)/N(SO) is a more reliable tracer of the C/O ratio. Note also that the
N(CS)/N(SO) ratio is not very dependent on the S/H value (column 4 of Fig. 4.8) which sup-
ports the usage of this ratio to determine C/O. Interestingly, there is not a systematic trend
of the N(CS)/N(SO) ratio in the translucent cloud that could be identified with a preferential
oxygen depletion in this range of visual extinctions. Our data are best fit with C/O∼ 0.8−1.
Once the values of ζ(H2) and C/O are fixed, the abundances of CS and SO depend almost
linearly with S/H (column 4). The abundance of CS is well fitted with S/H∼8×10−7, i.e., a
factor of 20 lower than the solar value, S/H ∼1.5×10−5.

Following the analysis described above, we propose that C/H∼7.9×10−5, C/O∼1, and
S/H∼8×10−7, are the most likely values in the translucent cloud, hereafter our "Best-fit"
model. In the following we extensively compare this model with our observations.

4.8.3 Carbon depletion and gas temperature

The gas kinetic temperature is determined by the balance between the heating and cool-
ing processes at a given distance from the cloud border. In molecular clouds, CO is the
main coolant and carbon depletion is determining the gas temperature. The CO lines are
optically thick even at moderate visual extinctions and the CO line profiles usually present
self-absorption features. For this reason, we have used the rarer isotopologue C18O to es-
timate the total CO column density by assuming a fixed N(12CO)/N(C18O) ratio. The CO
abundances thus obtained were used to compare with observations in Fig. 4.8.

The Meudon PDR code computes the abundances of CO, 13CO and C18O taking into ac-
count the self-shielding effects for 12CO and 13CO, and the effects of the possible overlap
between H, H2, CO and 13CO UV transitions, as well as the isotopic fractionation reactions.
Here, we directly compare the predicted 13CO and C18O abundances with observations. In
Fig 4.9 we show our "best-fit" model with χUV=10 (black) and χUV=3 (blue) predictions with
the observed 13CO and C18O column densities. For further comparison, we also plot the gas
temperature as computed by the Meudon code. We find quite good agreement of the ob-
served Tg as and N(C18O) in the TMC 1-CP and TMC 1-NH3 cuts for χUV=10 and 3. In these
cuts, we do not have any observed position with AV < 3 mag. On the other hand, the gas
kinetic temperature in the cut across TMC 1-C are better fitted with χUV=3. These results
support the interpretation of a lower UV field towards in the northern part of the filament
than towards the south. In this plot we also represent N(13CO) and the N(13CO)/N(C18O)
ratio as a function of the visual extinction from the cloud border. Although we have a good
qualitative agreement between the derived N(13CO) and observations, the model underesti-
mates N(13CO) in the outer AV < 5 mag. We consider that this disagreement is due to the fact
that, at these low visual extinctions, N(13CO) is very sensitive to the uncertainties in the UV
illuminating field and the detailed cloud geometry.



4.8 - Chemical modeling of the translucent cloud 99

Figure 4.11: Left: The color map shows the N(HCO+)/N(CO) ratio as a function of ζH2 and
S/H. Black contours correspond to N(HCO+)/N(CO)=5.8×10−5 and 1.2×10−4. Red contours
indicate X(CS)=1×10−8 and 4×10−8, which is the range of CS abundances derived in the
translucent part. Center: The color map shows the N(CS)/N(SO) ratio as a function of ζH2

and S/H. Contours are N(CS)/N(SO)=4, 5.8, and 8. Red contours are the same as in the left
panel. Right: Gas ionization fraction, X(e−)=n(e−)/nH, as a function of ζH2 and S/H. Accord-
ing with our data, the blue region marks the range of values expected in the translucent part
of TMC 1. Bottom panels show the observed values in the translucent cloud. Dashed red
lines are: 5.8×10−5 and 2.7×10−4 in the N(HCO+)/N(CO) panel; 4 and 8 in the N(CS)/N(SO)
panel and 7×10−9 and 4×10−8 in the X(CS) panel.
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4.8.4 Depletion of oxygen and sulfur

The determination of the O and S depletions is very likely the most challenging part of this
project. The main oxygen reservoirs, O, H2O and OH, cannot be observed in the millime-
ter domain and oxygen depletion has to be derived indirectly from the C/O ratio. As com-
mented above N(HCN)/N(CO) and N(CS)/N(SO) are good tracers of the C/O ratio. Since
we have problems to account for observed abundances of HCN and N2H+, we prefer to use
N(CS)/N(SO) as a proxy of the C/O ratio.

Atomic S in the outer layers of the cloud and solid-H2S in the dense cores are predicted
to be the main sulfur reservoirs and both of them are difficult to observe. Thus, we need to
derive the S abundance indirectly by observing minor sulfur compounds. The most abun-
dant easily observable S-species in gas phase are CS, SO and H2S. Out of them, only CS and
SO are thought to be formed in gas phase while the formation of H2S is only understood as
the product of the hydrogenation of S on the grain surfaces. Our team has been working in
improving the sulfur chemical network by revising the rates of important reactions in the CS
and SO chemistry at low temperatures. Fuente et al. (2016) already presented calculations of
the S + O2 → SO + O rate at temperatures <50 K. In this paper, we include new calculations of
the SO + OH → SO2 + O reaction rate for temperatures below 300 K (see Appendix A). These
new rates have been included in the gas-phase chemical network used by the Meudon code
to obtain the most accurate determination of the amount of sulfur in gas phase. Fig. 4.10
shows the comparison of the CS, SO, HCS+, HCN, and N2H+ column densities with model
predictions. We have a fair agreement for all the species except for the N-bearing compounds
HCN and N2H+ using C/O=1 and S/H=8×10−7.We also include HCS+ in our comparison al-
though we have very few detections of this species in the translucent phase.

4.8.5 Gas ionization fraction, X(e−)

The gas ionization fraction determines the coupling of the gas dynamics with the magnetic
field and it is, therefore, a key parameter in star formation studies. At the scale of the molecu-
lar cloud, UV photons and cosmic rays are the main ionization agents in the diffuse/translucent
phase, and carbon and sulfur are the main electron donors. At the scale of protostellar disc
formation, the dust is the main contributor to the magneto-hydrodynamics resistivity. In the
following, we discuss the uncertainties in our estimate of X(e−) and the implications of our
results in this context.

Over the past three decades, several attempts have been carried out to estimate ζH2 in
dense cores from measurements of the abundances of various chemical species (see com-
pilation by Padovani et al. 2009). The values of ζH2 derived by Caselli et al. (1998) through
DCO+ and HCO+ abundance ratios span a range of about two orders of magnitudes from
∼10−17 s−1 to ∼ 10−15 s−1. This large scatter may reflect intrinsic variations of the cosmic
rays flux from core to core but, as discussed by the authors, might be the consequence of the
sensitivity of the results to several model assumptions, mainly the value of specific chemical
reaction rates and elemental depletions. In order to minimize these uncertainties, Fuente
et al. (2016) used a gas-phase chemical model to fit the abundances of 22 neutral and ionic
species in order to determine the local value of the cosmic ray ionization rate together with
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the depletion factors towards Barnard 1b. They estimated a value of ζH2 between 3×10−17

s−1 and 10−16 s−1, i.e., an uncertainty of a factor of 4.
Several works have been dedicated to estimate ζH2 in diffuse clouds. The discovery of

significant abundances of H+
3 in diffuse clouds by McCall et al. (1998) led to values of ζH2

> 2 × 10−16 s−1. Given the simplicity of H+
3 chemistry, this value was widely accepted as

considered more reliable than previous estimates. Neufeld et al. (2010) found ζH2 ≈ 1.2 to
4.8×10−16 s−1 from observations of OH+ and H2O+in clouds with low molecular fraction. A
recent comprehensive work by Neufeld & Wolfire (2017) established that the ionization rate
per H2 in diffuse molecular gas is ζH2 = (5.3±1.1)×10−16 s−1.

In this work we have estimated the elemental abundances and X(e−) in the translucent
part of TMC 1. Our observations highlight the low density (∼ a few 103 cm−3) cloud envelope,
i.e., the transition from the diffuse medium to the dense cores. In the translucent envelope
where most of the carbon is already in molecular form, X(e−) is mainly dependent on ζH2

and the elemental abundance of S. In order to obtain the range of values of ζH2 and S/H
consistent with our observations we have run a grid of models with ζH2 = (1, 5.1, 8.6, 14.4,
24.4) ×10−16 s−1 and S/H=(0.01, 0.018, 0.058, 0.10, 0.19, 0.34, 0.61 and 1.1) ×10−5. All the
other parameters are fixed to the values in the "Best-fit" model and χUV =3. We select the
model predictions and observations at AV =5 mag, as representative of the translucent phase.
From our observations, we have derived values of N(HCO+)/N(CO) =0.2 − 2.7 × 10−4 at this
visual extinction (see Fig. 4.11). Values of N(HCO+)/N(CO) > 1.3 × 10−4 cannot be fitted
with our grid of models (see Fig. 4.11). It is noticeable that an increase of ζH2 of a factor of
10, from ∼3 ×10−17 s−1 to ∼2.2 ×10−16 s−1, only produces an increase of a factor of ∼2−3,
from ∼5 × 10−5 to ∼1.2 × 10−4, in the predicted N(HCO+)/N(CO) ratio which makes it very
difficult to estimate the value of ζH2 with an accuracy better than a factor of 10 based only on
the N(HCO+)/N(CO) ratio. To further constrain the values of ζH2 and S/H, we have tried to
fit X(CS) and N(CS)/N(SO) ratio, as well. The range of the observed values of N(CS)/N(SO) is
of ∼4 to 8 which is best fitted with ζH2 of ∼ 0.5 − 1.8 ×10−16 s−1 and S/H ∼ 0.4−2.2 ×10−6 (see
Fig. 4.11). Taking all into account, we conclude that ζH2 = 0.5 - 1.8 ×10−16 s−1 in the TMC 1
translucent envelope. This value is similar to that found by Fuente et al. (2016) in Barnard 1b
and it is within the range of the values obtained by Caselli et al. (1998) in dark cores. It is also
consistent with the accepted value in diffuse clouds (McCall et al. 1998; Neufeld et al. 2010).
Therefore, we do not add any evidence of variation of ζH2 within a factor of 3.

It is also interesting to find the relationship between ζH2 and X(e−), that is dependent on
the local density and the elemental abundances. With the physical and chemical conditions
derived in the studied region, we need S/H =0.04 − 0.2 ×10−5 to account for the measured CS
abundance (see Fig. 4.11a). As shown in Fig. 4.11, this would imply that X(e−) ∼ 9.8 × 10−8 -
3.6 × 10−7 in the transition from the diffuse to the dense medium in TMC 1.

4.9 Dense phase

In the following, we carry out a phenomenological analysis of the chemical changes observed
across the cuts in the dense phase. The abundance of most molecules decreases with the vi-
sual extinction from AV = 10 to∼20 mag. In Table 4.6 we show the estimated molecular abun-
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Table 4.6: TMC 1 physical conditions and chemical abundances

Molecule TMC 1-CP TMC 1-NH3 TMC 1-C

X(CO) 9.7×10−5 6.5×10−5 1.4×10−4

X(HCO+) 1.0×10−8 6.7×10−9 3.9×10−9

X(HCN) 7.0×10−9 2.4×10−9 9.0×10−9

X(CS) 1.3×10−8 4.8×10−9 3.3×10−9

X(SO) 1.8×10−9 2.9×10−9 8.8×10−10

X(HCS+) 1.4×10−10 3.3×10−11 3.6×10−11

X(N2H+) 7.7×10−10 1.0×10−9 9.6×10−10

RTD(CO) 1.7 2.6 1.2
RTD(HCO+) 1.3 1.9 3.3
RTD(HCN) 0.1 0.4 0.1

RTD(CS) 1.5 4.2 6.0
RTD(SO) 2.2 1.4 4.5

RTD(HCS+) 0.3 1.5 <1
RTD(N2H+) <0.8 <0.6 <0.6

Notes:
Molecular abundances with respect to H2 towards
the (0",0") positions of TMC 1-CP, TMC 1-NH3 and
TMC 1-C. RTD(X) is the ratio between the abun-
dance of the species X in the translucent phase (red
lines in Fig 4.5 and 4.6) over the abundance towards
each cut extinction peak [i.e. offset (0",0")].



4.10 - Gas chemical composition from the diffuse to the translucent phase 103

Figure 4.12: Comparison between the abundances in TMC 1 with those observed in the dif-
fuse gas by Neufeld et al. (2015) and Liszt et al. (2018).

dances and the values of RTD(X), defined as the ratio between the abundance of the species
X in the translucent phase (red lines in Fig 4.5 and 4.6) over the abundance towards each
cut extinction peak [offset (0",0")]. Values of RTD(CO), RTD(HCO+), RTD(CS) and RTD(SO) >1
are found in the three studied cuts. We cannot derive any conclusion, however, on HCS+

with very few detections in the translucent phase and an abundance a factor of ∼4 larger to-
wards TMC 1-CP than towards the TMC 1-NH3 and TMC1-C. The value of RTD(HCO+) is very
dependent on the CO depletion and the change in the gas ionization fraction in the higher
density core center, X(e−) ∝ √

ζH2 /n. The variations in the CO, CS and SO abundances are
better understood as the consequence of the freeze-out of S- and O-bearing molecules onto
the grain mantles. The depletions of these molecules are slightly higher towards TMC 1-C
than towards TMC 1-NH3 and TMC1-CP, suggesting a different density structure and/or a
more evolved chemical state for the former.

4.10 Gas chemical composition from the diffuse to the translu-
cent phase

In general we refer to the gas with densities of nH < 100 cm−3 and Tk∼100 K as diffuse gas.
In this phase, the gas is partially atomic and CO is not a good tracer of the total mass of
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Table 4.7: Elemental gas phase abundances

Solar1 DIFFmi n
2 DIFFmax

3 TRANSLUCENT4 TMC 1-CP5 Orion KL6 L1157-B17

C/H 2.88×10−4 2.20×10−4 1.76×10−4 8.00×10−5 9.00×10−5 1.79×10−4 1.79×10−4

O/H 5.75×10−4 5.50×10−4 3.34×10−4 8.00×10−5 6.40×10−5 4.45×10−4 4.45×10−4

S/H 1.50×10−5 1.25×10−5 3.50×10−6 8.00×10−7 <8.00×10−8 1.43×10−6 6.00×10−7

Refs: 1 Lodders et al. (2003); 2 Minimum depletion case of Jenkins (2009); 3Maximum depletion case of
Jenkins (2009); 4 This work; 5 Agúndez & Wakelam (2013); Vidal et al. (2017); 6 Esplugues et al. (2014);
7 Holdship et al. (2016).

molecular gas. The molecular content of the diffuse gas has been determined by a series
of studies based on the molecular absorption lines at mm wavelengths which revealed a
surprisingly rich chemistry (see Liszt et al. 2018 and references therein). Translucent clouds
are characterized by nH ∼ a few 1000 cm−3, Tk∼20−30 K, the gas is mostly in molecular form
and CO is a good mass tracer. The higher densities of this phase permit the detection of
low-excitation molecular emission lines. Although difficult, the comparison of the chemical
composition of the diffuse and translucent phases might provide important clues for the
understanding of the chemical evolution of the gas in the interstellar medium. All the species
studied in this paper, except N2H+, have been detected in the diffuse gas. Interestingly, we
have only one detection of N2H+ at AV ∼5 mag with N(N2H+)/N(HCO+) ∼0.02. Liszt & Lucas
(2001) measured N(N2H+)/N(HCO+) < 0.002 towards 3C111. This quasar is actually seen
through a small hole (region of lower than average extinction) in an outlying cloud in the
Taurus cloud complex (Lucas & Liszt 1998) and hence AV ∼ 5 mag can be considered as a
threshold for the N2H+ detection in Taurus.

In Fig 4.12 we show the comparison of the abundances with respect to H2 of the studied
molecules with those from our survey. The data towards 3C111 are indicated. There is a large
dispersion in the plot of the molecular abundances as a function of the visual extinction. We
recall that diffuse clouds are not only characterized by low values of the visual extinction but
also for low hydrogen densities. Besides, in the diffuse gas, with several clouds along the line
of sight, the visual extinction is not necessarily related to the local UV field. One can find a
better correlation if one considers the abundances vs the local density and assumes that in
the diffuse gas the local density is around 50-100 cm−3. For HCO+, SO and CS we find a trend
with their abundances increasing with density from the diffuse to the translucent phase. All
these molecules present their peak abundances in the translucent region. HCN might be the
one exception to this rule with lower abundances in the translucent phase than in the dif-
fuse gas. As discussed above, the HCN column densities might be severely underestimated
in the translucent cloud. It is also interesting the case of HCS+ which was detected in the dif-
fuse medium by Lucas & Liszt (2002) with an abundance ratio X(CS)/X(HCS+)∼13±1 that is
∼40 times lower than the value of X(CS)/X(HCS+)∼400 we have measured in the translucent
cloud. This unveils a different formation path of CS in diffuse (dissociative recombination of
HCS+) and translucent (SO + C→CS + O) clouds.
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4.11 Elemental depletions and grain growth

The depletion of an element X in the ISM is defined in terms of its reduction factor below the
expected abundance relative to that of hydrogen if all of the atoms were in the gas phase,

[X g as/H ] = log N (X )/N (H)− l og (X /H)¯. (4.2)

In this expression, N(X) is the column density of element X and N(H) represents the col-
umn density of hydrogen in both atomic and molecular form, i.e., N(H I) + 2N(H2). The miss-
ing atoms of element X are presumed to be locked up in solids within dust grains or in the icy
mantle. In the diffuse gas, atomic absorption lines can be used to determine abundances by
comparison with the atomic and molecular hydrogen column densities measured through
Lyman alpha and Lyman-Werner transitions. Jenkins (2009) presents a comprehensive study
of the elemental depletions in diffuse clouds. In general, depletions increase with the aver-
age density along the line of sight. However, depletions are observed to vary from one line of
sight to another. Savage & Sembach (1996) interpreted these variations in terms of averages
of warm (presumably low density) gas and cool (denser) gas. In his review, Jenkins (2009)
distinguishes between two cases, “minimum” and "maximum" depletion to characterize the
range of these variations in diffuse clouds.

In Table 4.7 we compare our estimates in the translucent part of TMC1 with the “min-
imum” and “maximum” depletion cases, in diffuse clouds. Our value of C/H is consistent
within a factor of 2 with the “maximum” depletion diffuse case. A significant difference is
found, however, in the O and S depletions which are ∼4 times larger in the translucent phase
than in the “maximum” depletion case. Although we observe a smooth increase in the C and
O depletions with visual extinction in the translucent phase, the C/O ratio remains quite con-
stant (∼1). The scatter in the measured X(CS)/X(SO) values can hinder a smooth variation
in the derived C/O value but an almost constant C/O ratio can be understood if the freeze-
out of CO is the main process that changes the grain composition in this region. Regarding
sulfur, we measure a depletion factor of ∼7-40 in the translucent cloud. Although some au-
thors like Jenkins (2009) casts doubts on this interpretation, it is widely accepted that sulfur
is not depleted in diffuse clouds (see also Neufeld et al. 2015). Adopting this scenario, sul-
fur atoms (or ions) should be massively incorporated to dust grains from the HI/H2 (AV ∼1)
to the C+/C/CO transition phases to explain a depletion factor of ∼7-40 in the translucent
medium.

In Table 4.7 we also compare the depletions estimated in the translucent part of TMC 1
with the chemical composition towards TMC 1-CP. We have estimated the C and O deple-
tions from the CO abundance reported by Agúndez & Wakelam (2013) and assumed C/O∼1.
The S depletion is based on recent results of Vidal et al. (2017). While C and O depletions
agree within a factor of 2 with the values in the translucent cloud, sulfur depletion needs to
be increased by at least a factor 10 (depletion of ∼200 compared to solar) to account for the
observed abundances of S-bearing molecules.

Following these findings, we propose that two strong S depletion events should occur
across the cloud. The first one occurs in the transition from the diffuse to the translucent
phase. In this transition, ∼90% of the sulfur is incorporated into dust grains while ∼10% of
sulfur is hidden as atomic sulfur in the gas phase. The second strong depletion occurs in the
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Figure 4.13: Scheme of the proposed scenario of the sulfur gas-phase/solid state evolution
in TMC 1 (courtesy of S. Cazaux).

dense gas where a thick ice mantle is formed on the grain surfaces (an illustrative scheme
of the proposed scenario is shown in Fig 4.13). The exact composition of the icy mantle
is not well established yet. For large values of C/O and early times, atomic sulfur would
remain as the main sulfur reservoir in the dense gas. These S atoms would become adsorbed
on the icy surface, and would react with hydrogen atoms to produce solid HS and H2S in
ices. These latest reservoirs are supported by observations from the comet 67P with Rosetta
showing that H2S is the most important S-bearing species in cometary ices (Calmonte et al.
2016). For low C/O ratios and close to the steady-state, chemical models predict that most
sulfur is in molecular form as SO and SO2. These molecules are rapidly frozen onto dust
grains at high densities and temperatures below∼50 K (see e.g. Pacheco-Vázquez et al. 2016),
trapping the sulfur in the solid phase. Observationally, OCS is the only S-bearing molecule
unambiguously detected in ice mantles because of its large band strength in the infrared
(Palumbo et al. 1995) and, tentatively, SO2 (Boogert et al. 1997). H2S has not been detected
in interstellar ices through infrared absorption experiments (Jiménez-Escobar & Muñoz Caro
2011).

Regardless of the exact chemical composition, the sulfur budget in the ice is expected to
return to the gas phase in hot cores and bipolar outflows. The study of the sulfur chemistry
in these environments can, therefore, provide some clues on the fate of sulfur. In Table 4.7,
we show the values of sulfur depletion derived towards the hot core Orion KL (Esplugues
et al. 2014) and the shocked region L1157-B1 (Holdship et al. 2016). Interestingly, the sulfur
depletion in these two sources is ∼10-30 relative to the solar value, i.e., similar to the value
we have measured in the translucent phase. A similar value of sulfur depletion was mea-
sured in bipolar outflows by Anderson et al. (2013) using observations of the infrared space
telescope Spitzer. This suggests that the fraction of sulfur incorporated to the grains in the
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diffuse-translucent transition (∼90%) is not released to the gas phase when the icy mantles
are destroyed. This has important implications for star and planet formation studies. During
the formation of a low-mass star, the grain cores are not destroyed except in the bow-shocks
formed at the tip of high-velocity jets. If our hypothesis is correct, 90% of S atoms would
remain locked in the grains in the inner regions of proto-planetary discs where planet for-
mation occurs.

4.12 Summary and conclusions

This paper is based on the GEMS observations (Gas phase Elemental abundances in Molecu-
lar CloudS, PI: A. Fuente) of the prototypical dark cloud TMC 1. The Taurus molecular cloud
(TMC) is one of the closest, low-mass star-forming regions at 140 pc. In this paper we inves-
tigate the chemistry to derive the elemental gas-phase abundances and the gas ionization
fraction in the translucent part (AV < 10 mag) of this molecular cloud. The chemistry in this
transition from the diffuse to the dense gas determines the initial conditions for the forma-
tion of the dense contracting cores.

• We use mm observations of a selected sample of species carried out with the IRAM
30m telescope (3 mm and 2 mm) and the 40m Yebes telescope (1.3 cm and 7 mm)) to
determine the fractional abundances of CO, HCO+, HCN, CS, SO, HCS+ and N2H+ in
positions along 3 cuts intersecting the main filament at positions TMC 1-CP, TMC 1-
NH3 and TMC 1-C over which the visual extinction vary between peak values of AV ∼20
mag and 3 mag.

• None of the studied molecules present constant abundance across the studied cuts.
According with their variations with visual extinction, we can differentiate three groups:
i) the first group is formed by the abundant molecule 13CO. This molecule reaches its
peak value at AV ∼ 3 mag and then progressively decreases with visual extinction; ii) the
second group is formed by HCO+, CS and SO; the abundances of these molecules in-
creases with visual extinction until AV ∼ 5 mag where they present a narrow peak and
then progressively decreases towards the extinction peak; iii) The abundance of the
N-bearing molecules HCN and N2H+ increases from AV ∼3 mag until the extinctions
peaks at AV ∼20 mag.

• By comparison of the molecular abundances with the Meudon PDR code, we derive
the C, O, and S elemental depletions, and hence the gas ionization degree as a function
of the visual extinction at each position. Our data show that even at AV ∼ 3−4 mag
where the transition C+/C/CO occurs, significant depletions of C, O and S are found.
In fact, C/H varies between ∼8 10−5 to ∼4 × 10−5 in the translucent cloud (3 < AV <
10 mag). Moreover the C/O ratio is ∼ 0.8−1, suggesting that the O is preferentially
depleted in the diffuse phase (AV < 3 mag). Regarding sulfur, we estimate S/H ∼ 0.4 −
2.2 ×10−6 in this moderately dense region.

• The detailed modeling of the chemistry in the translucent phase and our estimate of
the elemental abundances allow us to constrain the value of ζH2 to ∼ 0.5−1.8×10−16
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s−1. This value is slightly lower (a factor of ∼3) than that derived by Neufeld & Wolfire
(2017), ζH2 = (5.3±1.1)×10−16 s−1, in the diffuse medium.

Based on our results, we propose that the freeze out of CO is the main process that
changes the grain composition in the translucent part of the cloud producing a progres-
sive depletion of C and O from AV ∼ 3 mag to AV ∼ 10. Regarding sulfur, we measure a con-
stant depletion of ∼7−40 across the translucent cloud. This suggests that sulfur atoms (or
ions) would have been massively incorporated to dust grains from the HI/H2 (AV ∼1) to the
C+/C/CO transition to reach a depletion of ∼7-40 in the translucent medium. In order to
account for the chemical composition in the TMC 1-CP core, a second strong S depletion
should occur in the dense cloud. Interestingly, the S atoms incorporated into grains during
the diffuse and translucent phase are not returned back to the gas phase during the forma-
tion of a low-mass star.

4.13 New calculations of the SO + OH → SO2 + H reaction rate

The potential energy surface (PES) of the ground electronic state of HSO2 system have been
developed by Ballester & Varandas (2005) by fitting very accurate ab initio calculations. Ac-
cording to this PES, the SO(3Σ) + OH(2Π) → SO2+ H reaction is exothermic by ≈ 1.3 eV, with
two deep wells, of ≈ 3 eV for HOSO and of ≈ 2 eV for HSO2. There is a barrier between the
two wells, of energy very close to the SO + OH asymptote. The HOSO is directly connected to
the SO + OH with no barrier, with the attractive dipole-dipole long-range interaction.

There have been several quasi-classical trajectory (QCT) calculations of the SO + OH →
SO2+ H rate (Ballester & Varandas 2007; Ballester et al. 2010; Pires et al. 2014) finding that
this reaction presents a capture-like behavior due to the dipole-dipole interaction and a very
good agreement with the available experimental rates (Blitz et al. 2000; Jourdain et al. 1979;
Fair & Thrush 1969). All these experimental and theoretical results were obtained at temper-
atures above 200 K, and in this work we extend the simulations to lower temperatures, down
to 10 K, of interstellar interest.

QCT calculations have been performed at temperatures in the 10-500K interval, using
the miQCT code (Dorta-Urra et al. 2015; Zanchet et al. 2018). For each temperature batches
of 50000 trajectories were run, starting at a distance between SO and OH center-of-mass of
125 Bohr. The initial impact parameter, b, was randomly chosen between 0-90 Bohrs accord-
ing to a b2 distribution. The initial translational and rotational energy of the two reactants
was randomly chosen according to a Boltzmann distribution, while the vibrations of the two
reactants was described using a adiabatic switching method (Grozdanov & Solovev 1982;
Johnson 1987; Qu & Bowman 2016; Nagy & Lendvay 2017) corresponding to the ground vi-
brational state of the two reagents. The reactivity of this reaction does not depend on the
initial vibrational excitation of the reactants(Ballester & Varandas 2007; Ballester et al. 2010;
Pires et al. 2014). For this reason, we can consider that the vibrational state selected rate cal-
culated here is essentially the thermal rate constant. The reactive rate constant is calculated
as
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Figure 4.14: State-selected reaction rates for SO(v = 0) + OH(v=0) → SO2 + H collisions as a
function of temperature obtained in this work (QCT), and compared with the experimental
results of previous works (Blitz et al. 2000; Jourdain et al. 1979; Fair & Thrush 1969). The cal-
culated rate has been fitted to the expression K (T ) = a(T /300)be−c/T , with a=1.24211 10−10

cm3/s,b=−0.56049 and c=6.58356 K. This expression is adequate in the 10−300 K interval.

kv j (T ) = ge (T )

√
8kB T

πµ

Nr

Nt
πb2

max , (4.3)

where Nr denotes the number of reactive trajectories and bmax is the maximum impact
parameter for which reaction takes place. Finally, ge is the electronic partition function

ge (T ) = {
3
(
1+e−209/T )}−1

, (4.4)

where the factor 3 arises because only one combination of total spin 1/2 is reactive, when
combinaing the triplet state of SO and the double state of OH, and that the OH(2Π) splits
into two spin-orbit states (2Π3/2 and 2Π1/2, with an energy difference of 209 K. The results
obtained are shown in Fig. 4.14 and compared with the experimental results available.

The QCT results made in this work are in rather good agreement with the experimental
data in the interval 300-500 K. The rate increases by a factor of 3-4 when decreasing the
temperature from 300 to 10 K. This may have some consequences in astrophysical objects at
low temperatures. Note that the fit presented in he caption of Fig. 4.14 is only adequate for
temperatures between 10 and 300 K.
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4.14 Tables and Figures

Table 4.8: Telescope parameters

Telescope Setup Freq. band HPBW(") Feff Beff

IRAM 30m Setup 1 L106 24 0.95 0.80

Setup 2 L89 29 0.95 0.81
L147 16 0.93 0.74

Setup 3 L101 25 0.95 0.80
L138 17 0.93 0.74

Setup 4 L92 17 0.95 0.81
L168 14 0.93 0.74

Yebes 40m Setup 0 L23000 84 0.93 0.70
L44750 42 0.90 0.49
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Table 4.9: Spectral setups

Line Freq.(MHz) Eu(K) Aul (s−1) gu

L89
HCS+ 2→1 85347.87 6.1 1.110 10−5 5
HCN 1→0 88631.85 4.3 2.406 10−5 3
H13CN 1→0 86340.18 4.1 2.224 10−5 3
HC15N 1→0 86054.97 4.1 2.202 10−5 3
HCO+ 1→0 89188.53 4.3 4.234 10−5 3
H13CO+ 1→0 86754.29 4.2 3.897 10−5 3
HC18O+ 1→0 85162.22 4.1 3.686 10−5 3
HNC 1→0 90663.56 4.4 2.690 10−5 3
OCS 7→6 85139.10 16.3 1.715 10−6 15
SO 22→11 86093.96 19.3 5.250 10−6 5

L92
13CS 2→1 92494.27 6.7 1.412 10−5 5
C34S 2→1 96412.95 6.9 1.600 10−5 5
CH3OH 2,-1→1,-1 96739.36 4.6 2.558 10−5 5
CH3OH 2,1→1,1 96741.37 7.0 3.408 10−6 5

L101
CS 2→1 97980.95 7.1 1.679 10−5 5
SO 23→12 99299.89 9.2 1.125 10−5 7
34SO 23→12 97715.40 9.1 1.073 10−5 7
H2CS 3(1,2)→2(1,2) 101477.81 8.1 1.260 10−5 7

L106
13CO 1→0 110201.35 5.3 6.336 10−8 3
C18O 1→0 109782.17 5.3 6.263 10−8 3
N2H+ 1→0 93173.77 4.5 3.628 10−5 3
SO 32→21 109252.18 21.1 1.080 10−5 5
34SO 32→21 106743.37 20.9 1.007 10−5 5
NH2D 1(1,1)→1(0,1) 110153.59 21.3 5.501 10−6 9
CH3OH 0,0→1,-1 108893.94 5.2 1.471 10−5 3

L138
13CS 3→2 138739.26 13.3 5.107 10−5 7
SO 34→23 138178.66 15.9 3.166 10−5 9
OCS 11→10 133785.90 38.5 6.818 10−6 23
H2CS 4(0,4)→3(0,3) 137371.21 16.5 3.647 10−5 9
HDCO 2(1,1)→1(1,0) 134284.90 17.6 4.591 10−5 5

L147
CS 3→2 146969.03 14.1 6.071 10−5 7
C34S 3→2 144617.10 13.9 5.784 10−5 7

L168
H2S 1(1,0)→1(0,1) 168762.75 8.1 2.677 10−5 3
H2

34S 1(1,0)→1(0,1) 167910.52 8.1 2.616 10−5 3
HCS+ 4→3 170691.62 20.5 9.863 10−5 9
HC34S+ 4→3 167927.25 20.1 7.805 10−5 9
SO 44→33 172181.42 33.8 5.833 10−5 9
34SO 44→33 168815.11 33.4 5.498 10−5 9

L23000
NH3 (1,1)a→(1,1)s 23694.49 1.1 1.712 10−7 12
NH3 (2,2)a→(2,2)s 23722.63 42.3 2.291 10−7 20

L44500
CS 1→0 48990.96 2.4 1.749 10−6 3
C34S 1→0 48206.94 2.3 1.666 10−6 3
13CS 1→0 46247.56 2.2 1.471 10−6 3
HCS+ 1→0 42674.19 2.0 1.156 10−6 3
OCS 4→3 48651.60 5.8 3.047 10−7 9
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Figure 4.15: Selected sample of spectra as observed with the 30m telescope towards the
TMC 1-CP cut (in TMB ).
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Figure 4.16: The same as Fig. B.1
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Figure 4.17: Selected sample of spectra as observed with the 30m telescope towards the
TMC 1-NH3 cut (in TMB ).
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Figure 4.18: The same as Fig. B.3
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Figure 4.19: Selected sample of spectra as observed with the 30m telescope towards the
TMC 1-C cut (in TMB ).



4.14 - Tables and Figures 117

Figure 4.20: The same as Fig. B.5
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Chapter 5

On the quest for the sulphur reservoir in
molecular clouds: the H2S case

Adapted from Navarro-Almaida, D., LeGal, R., Fuente, A., et al. 2020, A&A, 637, A39

Abstract

Context: Sulphur is one of the most abundant elements in the Universe. Surprisingly,
sulphuretted molecules are not as abundant as expected in the interstellar medium and the
identity of the main sulphur reservoir is still an open question.

Aims: Our goal is to investigate the H2S chemistry in dark clouds, as this stable molecule
is a potential sulphur reservoir.

Methods: Using millimeter observations of CS, SO, H2S, and their isotopologues, we de-
termine the physical conditions and H2S abundances along the cores TMC 1-C, TMC 1-CP,
and Barnard 1b. The gas-grain model NAUTILUS is used to model the sulphur chemistry and
explore the impact of photo-desorption and chemical desorption on the H2S abundance.

Results: Our modeling shows that chemical desorption is the main source of gas-phase
H2S in dark cores. The measured H2S abundance can only be fitted if we assume that the
chemical desorption rate decreases by more than a factor of 10 when nH > 2 × 104. This
change in the desorption rate is consistent with the formation of thick H2O and CO ice man-
tles on grain surfaces. The observed SO and H2S abundances are in good agreement with
our predictions adopting an undepleted value of the sulphur abundance. However, the CS
abundance is overestimated by a factor of 5−10. Along the three cores, atomic S is predicted
to be the main sulphur reservoir.

Conclusions: The gaseous H2S abundance is well reproduced, assuming undepleted sul-
phur abundance and chemical desorption as the main source of H2S. The behavior of the
observed H2S abundance suggests a changing desorption efficiency, which would probe the
snowline in these cold cores. Our model, however, highly overestimates the observed gas-
phase CS abundance. Given the uncertainty in the sulphur chemistry, we can only conclude
that our data are consistent with a cosmic elemental S abundance with an uncertainty of a
factor of 10.

119
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5.1 Introduction

Sulphur is one of the most abundant elements in the Universe (S/H ∼ 1.35×10−5, Yamamoto
2017) and plays a crucial role in biological systems on Earth, so it is important to follow
its chemical history in space (i.e., toward precursors of the Solar System). Surprisingly, sul-
phuretted molecules are not as abundant as expected in the interstellar medium (ISM). A few
sulphur compounds have been detected in diffuse clouds, demonstrating that sulphur abun-
dance in these low-density regions is close to the cosmic value (Neufeld et al. 2015). This is
also the case towards the prototypical photodissociation region (PDR) in the Horsehead Neb-
ula, where the sulfur abundance is found to be very close to the undepleted value observed
in the diffuse ISM (Goicoechea et al. 2006), with an estimate of S/H = (3.5± 1.5)× 10−6. A
wide variety of S-bearing molecules, including the doubly sulphuretted molecule S2H, were
later detected in the HCO peak in this PDR (Fuente et al. 2017; Rivière-Marichalar et al. 2019).
However, sulphur is thought to be depleted inside molecular clouds by a factor of 1000 com-
pared to its estimated cosmic abundance (Graedel et al. 1982; Agúndez & Wakelam 2013).
The depletion of sulphur is observed not only in cold pre-stellar cores, but also in hot cores
and corinos (Wakelam et al. 2004). We would expect that most of the sulphur is locked on the
icy grain mantles in dense cores, but we should see almost all sulphur back to the gas phase
in hot cores and strong shocks. However, even in the well-known Orion-KL hot core, where
the icy grain mantles are expected to sublimate releasing the molecules to the gas phase, one
needs to assume a sulphur depletion of a factor of ∼ 10 to reproduce the observations (Es-
plugues et al. 2014; Crockett et al. 2014). Because of the high hydrogen abundances and the
mobility of hydrogen in the ice matrix, sulphur atoms impinging in interstellar ice mantles
are expected to form H2S preferentially. To date, OCS is the only S-bearing molecule unam-
biguously detected in ice mantles because of its large band strength in the infrared (Geballe
et al. 1985; Palumbo et al. 1995) and, tentatively, SO2 (Boogert et al. 1997). The detection of
solid H2S (s-H2S hereafter) is hampered by the strong overlap between the 2558 cm−1 band
with the methanol bands at 2530 and 2610 cm−1. Only upper limits of s-H2S abundance
could be derived by Jiménez-Escobar & Muñoz Caro (2011), with values with respect to H2O
ice of 0.7% and 0.13% in W33A and IRAS 18316-0602, respectively.

Sulphur-bearing species have been detected in several comets. Contrary to the interstel-
lar medium (ISM), the majority of cometary detections of sulphur-bearing molecules be-
longs to H2S and S2 (Mumma & Charnley 2011). Towards the bright comet Hale Bopp, a
greater diversity has been observed, including CS and SO (Boissier et al. 2007). The brighter
comets C/2012 F6 (Lemmon) and C/2014 Q2 (Lovejoy) have also been shown to contain CS
(Biver et al. 2016). Currently, some of the unique in-situ data are available from the Rosetta
mission on comet 67P/Churyumov-Gerasimenko. With the Rosetta Orbiter Spectrometer
for Ion and Neutral Analysis (ROSINA; Balsiger et al. 2007) onboard the orbiter, the coma has
been shown to contain H2S, atomic S, SO2, SO, OCS, H2CS, CS2, S2, and, tentatively, CS, as
the mass spectrometer cannot distinguish the latter from CO2 gases (Le Roy et al. 2015). In
addition, the more complex molecules S3, S4, CH3SH, and C2H6S have now been detected
(Calmonte et al. 2016). Even with the large variety of S-species detected, H2S remains as the
most abundant, with an ice abundance of about 1.5% relative to H2O, which is similar to the
upper limit measured in the interstellar medium (Jiménez-Escobar & Muñoz Caro 2011).
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Gas phase Elemental abundances in Molecular CloudS (GEMS) is an IRAM 30m Large
Program aimed at estimating the depletions of the most abundant elements (C, O, S, and N)
in a selected set of prototypical star-forming filaments located in the molecular cloud com-
plexes Taurus, Perseus, and Orion A. The first chemical study using GEMS data concluded
that only 10% of the sulphur is in gas phase in the translucent part (Av ∼ 3−10 mag, Fuente
et al. 2019, hereafter Paper I) of TMC 1. These conclusions were based on millimeter obser-
vations of CS, SO and HCS+. Here we investigate the chemistry of H2S, a key piece in the
sulphur chemistry, which is still poorly understood.

The formation of H2S in the gas phase is challenging at the low temperatures prevailing
in the interstellar medium. None of the species S, SH, S+, and SH+ can react exothermi-
cally with H2 in a hydrogen atom abstraction reaction which greatly inhibits the formation
of sulphur hydrides (Gerin et al. 2016). Alternatively, H2S is thought to form on the grain sur-
faces where sulphur atoms impinging in interstellar ice mantles are hydrogenated, forming
s-H2S and potentially becoming the most important sulphur reservoir in dark cores (Vidal
et al. 2017). Recent modeling and experimental studies suggest an active sulphur chemistry
within the ices where s-H2S might be converted in more complex compounds such as OCS
or CH3SH (e.g., Laas & Caselli 2019, El Akel et al. in prep). Unfortunately, both the sur-
face chemistry reaction rates and the desorption processes are not well constrained, which
makes a reliable prediction of both solid and gas phase H2S abundance difficult. This pa-
per uses a subset of the complete GEMS database to investigate the H2S abundance in dark
cores TMC 1 and Barnard 1b as prototypes of molecular clouds embedded in low-mass and
intermediate-mass star forming regions, respectively.

5.2 Source sample

5.2.1 TMC 1

The Taurus molecular cloud (TMC), at a distance of 140 pc (Elias 1978), is one of the closest
molecular cloud complexes and is considered an archetypal low-mass star forming region.
It has been the target of several cloud evolution and star formation studies (see e.g., Gold-
smith et al. (2008)), being extensively mapped in CO (Cernicharo & Guelin 1987; Narayanan
et al. 2008). The most massive molecular cloud in Taurus is the Heiles cloud 2 (HCL 2, Tóth
et al. 2004), which hosts the well-known region TMC 1 (Fig. 5.1). As one of the most exten-
sively studied molecular filaments, TMC 1 was included in the IRAM 30m Large Program
GEMS. Fuente et al. (2019) modeled the chemistry of the translucent filament, deriving the
gas phase elemental abundances (C/O ∼ 0.8−1, S/H ∼ 0.4−2.2×10−6) and constraining the
cosmic rays molecular hydrogen ionization rate to ∼ 0.5− 1.8× 10−16 s−1 in this moderate
dense (nH2 < 104 cm−3) phase. Here, we will focus on the chemistry of the dense cores TMC
1-CP and TMC 1-C (see Fig. 5.1). TMC 1-CP has been extensively observed at millimeter
wavelengths and is often adopted as template of C-rich (C/O > 1) dense cores (Fehér et al.
2016; Gratier et al. 2016; Agúndez & Wakelam 2013). Less studied, TMC 1-C was proposed as
an accreting starless core with high CO depletion by Schnee et al. (2007, 2010).
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Figure 5.1: Left panel: TMC 1 total visual extinction (the visual extinction along the line of
sight) map based on Herschel dust emission maps from Jason Kirk (private communication).
Right panel: Visual extinction map of Barnard 1 from the opacity at 850 µm derived by Zari
et al. (2016). In both maps the observed positions are in lines of constant declination, or
cuts, where the red squares mark those positions in which only IRAM 30 m telescope data is
obtained, and green squares mark positions with additional Yebes 40 m data.
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5.2.2 Barnard 1b

Barnard 1 is a young, intermediate-mass star forming cloud, embedded in the western sec-
tor of the 30 pc wide molecular cloud complex Perseus (see Fig. 5.1). It hosts several dense
cores in different evolutionary stages (Hatchell et al. 2005), out of which Barnard 1b is the
youngest. The Barnard 1b region was mapped in many molecular tracers, such as CS, NH3,
13CO (Bachiller et al. 1990), N2H+ (Huang & Hirano 2013), H13CO+ (Hirano et al. 1999), or
CH3OH (Hiramatsu et al. 2010; Öberg et al. 2010). Interferometric observations of Barnard
1b revealed that this compact core hosts two young stellar objects (YSOs), B1b-N and B1b-
S (Huang & Hirano 2013; Marcelino et al. 2018), and a third more evolved source, here-
after B1b-Spitzer, with deep absorption features from ices (Jørgensen et al. 2006). The three
sources are deeply embedded in the surrounding protostellar envelope, that seems essen-
tially unaffected by the inlaid sources, as shown by the large column density, N (H2) ∼ 7.6×
1022 cm−2 (Daniel et al. 2013) and cold kinetic temperature, TK = 12 K (Lis et al. 2002).

From the chemical point of view, Barnard 1b has a rich chemistry. Indeed, many molecules
were observed for the first time in this object, like HCNO (Marcelino et al. 2009) or CH3O
(Cernicharo et al. 2012). Additionally, Barnard 1b shows a high degree of deuterium fraction-
ation and has been associated with first detections of multiple deuterated molecules, such as
ND3 (Lis et al. 2002) or D2CS (Marcelino et al. 2005), consistent with the expected chemistry
in a dense and cold core. Recently, Fuente et al. (2016) proposed that this core is character-
ized by a low depletion of sulphur, S/H∼ 10−6. They proposed that peculiar initial conditions
due to the proximity of the bipolar outflows, a rapid collapse of the parent cloud, or the im-
print of the two deeply embedded protostellar objects, might be the causes. Within GEMS,
we have studied the nine-point cut depicted in Fig. 5.1, with visual extinctions (extinctions
along the line of sight) ranging from ∼ 3 mag to ∼ 76 mag.

5.3 Observations

This paper is based on a subset of the GEMS observations carried out with the IRAM 30m
telescope and the 40m Yebes telescopes. The TMC 1 data used in this paper were already
presented in Paper I, where we gave a detailed description of the observational procedures
used within the GEMS project. The observations towards Barnard 1b were carried out using
the same observational strategy as in TMC 1 (see Paper I). We select three lines of constant
declination, or cuts, through the three extinction peaks of TMC 1-C, TMC 1-CP, and Barnard
1b. We define the origin of each line as the point of highest extinction in that line. Fig. 5.1
shows the positions observed across the dense cores TMC 1-C, TMC 1-CP, and Barnard 1b.
All the positions were observed in setups 1 to 4 (see Paper I) using the 30m telescope. These
observations were done using frequency-switching in order to optimize the detection sensi-
tivity. In addition to the 30m observations, the positions with Av < 20 mag were also observed
with 40m Yebes telescope (setup 0). During the 40m observations, the observing procedure
was position-switching, the OFF-position being RA(J2000)= 03:36:39.571 Dec: 29:59:53.30
for Barnard 1b. This position was checked to be empty of emission in the observed band-
widths before the observations. In the following, line intensities are in main beam temper-
ature, TMB, for all observations. Calibration errors are estimated to be ∼20% for the IRAM
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30m telescope and ∼ 30% for the Yebes 40m telescope. In order to constrain the gas physical
conditions and the sulphur chemistry, in this paper we use the observed lines of CS and SO,
in addition to H2S (see the list of lines in Table 5.1 and the corresponding spectra in Fig. 5.14,
Fig. 5.15, and Fig. 5.16).

5.4 Multi-transition study of CS and SO

A precise knowledge of the gas physical conditions is required to determine accurate molec-
ular abundances. For TMC 1, we adopted the gas kinetic temperatures and molecular hy-
drogen densities derived in Paper I. These values are summarized in Table 5.6, together with
the CS column densities also derived in our previous work.

Table 5.1: Measured transitions

Species Transition Frequency (MHz) Beam (arcsec)

13CS 1 → 0 46247.563 42"
13CS 2 → 1 92494.308 27"
13CS 3 → 2 138739.335 18"
C34S 1 → 0 48206.941 42"
C34S 2 → 1 96412.950 26"
C34S 3 → 2 144617.101 17"
CS 1 → 0 48990.955 42"
CS 2 → 1 97980.953 25"
CS 3 → 2 146969.029 17"

H2
34S 11,0 → 10,1 167910.516 15"

H2S 11,0 → 10,1 168762.753 15"
SO 22 → 11 86093.96 29"
SO 23 → 12 99299.89 25"
SO 32 → 21 109252.18 23"
SO 34 → 23 138178.66 18"
SO 44 → 33 172181.42 14"

34SO 23 → 12 97715.40 25"
34SO 32 → 21 106743.37 23"
34SO 44 → 33 168815.11 15"

We estimate the physical conditions towards Barnard 1b from a multi-transition analysis
of CS and SO following the same procedure as in Chapter 4. We fit the intensities of the ob-
served CS, C34S, and 13CS J = 1 → 0, 2 → 1, and 3 → 2 lines using the molecular excitation and
radiative transfer code RADEX (van der Tak et al. 2007). During the fitting process, the iso-
topic ratios are fixed to 12C/13C = 60 and 32S/34S = 22.5 (Gratier et al. 2016), and we assume
a beam filling factor of 1 for all transitions (the emission is more extended than the beam
size). Then, we let Tk, nH2 , and N (CS) vary as free parameters. The parameter space (Tk, nH2 ,
N (CS)) is then explored following the Monte Carlo Markov Chain (MCMC) methodology with
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a Bayesian inference approach, as described in Rivière-Marichalar et al. (2019). In particular,
we use the emcee (Foreman-Mackey et al. 2013) implementation of the Invariant MCMC En-
semble sampler methods by Goodman & Weare (2010). While nH2 and N (CS) are allowed to
vary freely, we need to introduce a prior distribution to limit the gas kinetic temperatures to
reasonable values in this cold region and, hence, break the temperature-density degeneracy
that is usual in this kind of calculations. As estimated by Friesen et al. (2017), the gas kinetic
temperature in a wide sample of molecular clouds, based on the NH3 (1,1) and (2,2) inver-
sion lines, is found to be systematically 1 or 2 K lower than that obtained from Hershel maps.
This is indeed corroborated in Section 5. Thus, we set a Gaussian prior distribution with
mean µ= Td and σ= 2 K for the gas kinetic temperature. The collisional rate coefficients for
the molecular excitation calculations that involve 13CS and C34S isotopologues are those of
CS. They include collisions with para and ortho-H2 as reported by Denis-Alpizar et al. (2018),
with a ortho-to-para ratio of 3, and He, taken from Lique et al. (2006a). The gas temperature
and the density derived for Barnard 1b from the multi-line fitting of CS and its isotopologues
are shown in Table 5.7.

A similar multi-transition analysis is carried out to derive SO column densities. In this
case we have used the collisional coefficients derived by Lique & Spielfiedel (2007). The
derived molecular gas densities and SO column densities are shown in Table 5.8. In most
positions, the densities derived from the SO fitting fully agree with those derived from CS.
However, in the vicinity of the visual extinction peak (Av > 30 mag), the molecular hydrogen
densities derived from SO data are systematically higher than those derived with CS. Daniel
et al. (2013) derived the density structure of the core by fitting the CSO 350 µm continuum
map and the IRAM 1.2mm image with a power-law radial density profile, and assuming stan-
dard values of the dust-to-gas mass ratio and dust opacity. The densities derived from the
continuum images fitting are consistent with those derived from our SO observations and a
factor 5− 10 higher than those derived from CS. Therefore, we adopt the densities derived
from SO for the inner Barnard 1b core. The lower densities derived from CS are very likely
the consequence of a high depletion of this molecule in the densest part of the core.

It is interesting to compare the SO column density obtained in this paper towards Barnard
1b with the S18O column density derived by Fuente et al. (2016). Comparing both values, we
obtain N (SO)/N (S18O) = 78±45, much lower than the isotopic ratio, 16O/18O= 550. Recent
chemical calculations (Loison et al. 2019) using the gas-grain chemical code Nautilus (Ru-
aud et al. 2016) in typical conditions for dark molecular clouds, showed that the isotopic
fractionation might be important in the case of SO, which yields a 16O/18O ratio between
500 and 80. Following their predictions, the N (SO)/N (S18O) ratio is expected to vary with
time with changes of more than a factor of 5. The ratio measured in Barnard 1b would be
consistent with a chemical age of a few 0.1 Myr.

5.5 Gas kinetic temperatures from NH3 data

The low densities found in the translucent phase, with nH of the order of a few 103 cm−3,
might cast some doubts on our assumption that gas and dust are close to thermal equilib-
rium. To check that this is indeed the case, we have independently derived the gas kinetic
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Table 5.2: Kinetic temperatures, Tk(CS), in Kelvin, of several Av < 20 mag positions in
Barnard 1b, compared to the estimated rotation temperature TR(NH3) and the correspond-
ing kinetic temperature Tk(NH3) from the ammonia (1,1) and (2,2) inversion lines.

Offset (",") Tk(CS) (K) TR(NH3) (K) Tk (NH3) (K)

(+80", 0") 13.2±1.8 11.5±1.5 12.0±2.1
(+110", 0") 14.4±1.9 11.6±1.8 12.1±2.4
(+140", 0") 14.2±1.0 12.7±1.9 13.4±2.6

temperature using the NH3 (1,1) and (2,2) inversion lines as observed with the 40m Yebes
telescope towards the positions with Av < 20 mag in Barnard 1b. To derive the gas kinetic
temperatures, first we follow the method described by Bachiller et al. (1987) to derive the ro-
tation temperature TR(NH3), and then we use the prescription which relates the gas kinetic
temperature Tk(NH3) with TR(NH3) found by Swift et al. (2005). Gas kinetic temperatures
thus derived from ammonia data (Table 5.2) fully agree within the error with those derived
from the CS multi-transition study (Table 5.7). Previous measurements of the gas kinetic
temperature (Lis et al. 2002) are in agreement with our values. Thus, we adopt the gas kinetic
temperatures derived from CS for our further analysis. It should be noted that we have not
observed ammonia lines towards the Av > 20 mag positions precluding an independent gas
kinetic temperature estimate. However, taking into account the high molecular hydrogen
densities measured in these regions, our assumption of gas and dust being close to thermal
equilibrium is a plausible approximation. We have not detected the NH3 lines towards the
positions with Av < 10 mag.

5.6 H2S abundance

The gas physical conditions derived in previous sections are used to compute the H2S col-
umn densities. First, we estimate the ortho-H2S column density using RADEX with the
ortho-H2O collisional coefficients calculated by Dubernet et al. (2009), scaled to ortho-H2S.
The H2S abundance is then calculated adopting an ortho-to-para ratio of 3. The resulting
molecular abundances are listed in Table 5.6 and Table 5.7, and shown in Fig. 5.2.

In these plots, we try to find correlations between the H2S abundance and physical quan-
tities like visual extinction, gas temperature, and H density. Here, hydrogen nuclei number
density is twice the nH2 density obtained with the MCMC approach described earlier. As seen
in such plots, the relationship between the H2S abundance and the physical parameters is
mostly monotonic. To assess the degree of correlation, we compute the Kendall’s tau coef-
ficient (Kendall 1938) in each case: 1 for perfect correlation, 0 means no correlation, and -1
stands for perfect anti-correlation. Fig. 5.2 shows the estimated H2S abundances as a func-
tion of the visual extinction towards the observed positions. They are loosely anti-correlated
(Kendall test results: τK = −0.3, p-value = 0.06), as the H2S abundance is, in general, at its
minimum towards the visual extinction peak, with values of the order of 10−10, and increases
towards lower visual extinctions (Fig. 5.2). In TMC 1, the maximum H2S abundance is mea-
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Figure 5.2: In (a), the observed H2S abundance is plotted as a function of visual extinction
in TMC 1-C (blue), TMC 1-CP (red), and Barnard 1b (green). In a similar fashion, in (b) the
observed H2S gas-phase abundance against the H number density in TMC 1 and Barnard 1b
cores is shown. Crosses represent upper bound values. Finally, (c) displays the H2S abun-
dance plotted against the gas kinetic temperature.
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sured at Av ∼ 5 mag, with values of ∼ 2×10−8. In Barnard 1b, the H2S abundance peaks at
Av ∼ 10 mag with values of ∼ 5×10−8 and then, decreases again, reaching values of ∼ 2×10−8

at Av ∼ 5 mag. We do not detect H2S when Av < 5 mag (Fig. 5.2).
The H2S gas-phase abundance is moderately anti-correlated with the hydrogen nuclei

density (τK =−0.4, p-value< 10−2). This kind of anti-correlation is expected when the freeze-
out of molecules on grain surfaces is determining the molecular abundance. The probability
of collisions between gas and grains is proportional to the gas density and the thermal veloc-
ity. Assuming that the sticking efficiency is ∼ 1, that is, the H2S molecules stick on grains in
every collision, we can define a depletion timescale given by the inverse of this probability
such as

X (H2S) ∝ tdep ∝ 1

ngasσgrv
∝ 1

ngas
p

Tkin
, (5.1)

where X (H2S) is the abundance of H2S respect to H nuclei, ngas is the density of the gas,
σgr is the grain cross-section, and v is the thermal velocity of the species, related to the ki-
netic temperature Tkin. In Fig. 5.3 we plot the H2S gas-phase abundance against ngas

p
Tkin.

The H2S abundance decreases with ngas
p

Tkin following a power-law with index m ≈ −1 in
the three studied cores, which confirms this behavior (we do not include upper bound val-
ues in this analysis). Interestingly, the abundance of H2S in Barnard 1b is more than a factor
of ∼ 3 higher than towards TMC 1 for each density, suggesting a higher formation rate or
lower destruction rate in Barnard 1b. In Fig. 5.2 we plot the H2S gas-phase abundance as a
function of the kinetic temperature. The H2S abundance is strongly correlated with the gas
kinetic temperature (Kendall test gave τK = 0.6 and p-value p < 10−3) as long as Av > 5 mag,
which translates into a lower abundance towards the cooler quiescent region TMC 1 com-
pared with slightly warmer Barnard 1b core that is located in an active star forming region.
In the following we determine the physical structure and model the chemistry of these two
regions.

5.7 Physical structure: core density profiles

The densities at the observed positions in TMC 1 and Barnard 1b (those marked in Fig. 5.1)
were derived using the procedure described in Section 4. To fully characterize the density
structure of the cores along the line of sight, we consider the simplest case of spherically
symmetric, thermally supported, and gravitationally bound clouds. The solution for such
a cloud is the well-known Bonnor-Ebert sphere (BE, hereafter). We assume that the radial
density structure of the filament is that of a BE, which has been widely parameterized by the
approximate analytical profile (see e.g., Priestley et al. 2018; Tafalla et al. 2002):

nH(r ) = n0

1+
(

r
rc

)α , (5.2)

where r is the distance from the origin, that is , either TMC 1-C, TMC 1-CP, or Barnard
1b, n0 is the hydrogen nuclei number density at the origin r = 0, rc is the flat radius of the
BE, and α is the asymptotic power index. At high distances, density falls as ∝ r−α. As Fig. 5.4
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Figure 5.3: Observed H2S gas-phase abundance plotted against ngas
p

T (cm−3 K1/2) in log
scale, showing the sticking behavior described by Eq. (5.1). Crosses mark upper bound val-
ues, which were not taken into account in this analysis.

shows, the family of curves defined by Eq. (5.2) is in good agreement with the observed val-
ues (to include the origin in a logarithmic scale, we use the symmetrical logarithmic scale
from Matplotlib Python library, which by default uses a linear scale between 0 and 1 and
the logarithmic scale for the rest of the data range). The central density, n0, ranges between
(5.23−7.55)×104 cm−3 in TMC 1 and (3.43−9.11)×105 cm−3 in Barnard 1b. The value of rc ,
the flat radius of the BE sphere, is found to be (0.28±0.11)×104 au and (1.11±0.32)×104 au in
Barnard 1b and TMC 1, respectively. Finally, the asymptotic power index α ranges from 1.76
in the case of Barnard 1b to 4.29 in TMC 1. In a simple parametrization of a BE collapse, a
larger flat radius corresponds to a younger, less evolved BE (Aikawa et al. 2005; Priestley et al.
2018). This is in agreement with our parameterizations, since TMC 1-C and TMC 1-CP, star-
less cores, have larger flat radii than Barnard 1b, which hosts a first hydrostatic core (FHSC
for short) and is, therefore, a more evolved core than TMC 1-C and TMC 1-CP. Similarly, the
higher asymptotic power index α of TMC 1 is indeed a feature of younger BEs, according to
the parameterizations derived by Priestley et al. (2018).

The visual extinction along the line of sight of the selected positions in TMC 1 and Barnard
1b cores is taken from the visual extinction maps in Fig. 5.1. A parameter that will be needed
in the chemical modeling of the cores (Section 9) is the shielding from the external UV field
at each point. Assuming spherical symmetry and isotropic UV illumination, each point in-
side the cloud is shielded from the external UV field by an extinction that is, approximately,
half of that measured in the extinction maps. We thus define an effective visual extinction
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Figure 5.4: H number density profiles of TMC 1-C and TMC 1-CP (a) and Barnard 1b (b) as
the result of fitting the data in Table 5.6 and Table 5.7, respectively, to the Eq. (5.2).

Aveff as half of the visual extinction measured in the extinction maps: Aveff(r ) = Av(r )/2. In
Fig. 5.5, the effective visual extinction is plotted as a function of the distance towards the ori-
gin. The effective visual extinction across TMC 1 is interpolated using a cubic spline passing
through the average of the effective extinction at each position (Fig. 5.5). In Barnard 1b, we
fit the effective visual extinction with the following family of functions:

Aveff(r ) = A0effp
1+ r /rc

, (5.3)

where r is the distance from the origin, A0eff is the effective visual extinction at the origin,
and rc is the flat radius of the profile, the distance at which effective visual extinction starts
falling significantly. This kind of profile is well-suited for BEs with an asymptotic power index
α∼ 2 (see Dapp & Basu 2009). The flat radius of Barnard 1b is found to be in agreement with
the one previously estimated via BE fitting. Finally, as shown in Fig. 5.6, we parameterize the
gas temperature of the observed positions.

Incident UV field in TMC 1 and Barnard 1b

The incident UV field is a key parameter in the photodesorption of H2S. The increase of the
grain temperature at the cloud borders is only understood as the consequence of dust heat-
ing by the interstellar radiation field (ISRF). However, to our knowledge, it is not straightfor-
ward to derive the incident UV field from the dust temperature. On the one hand, the exact
relation between dust temperature and the ISRF is dependent on the poorly known grain
composition and its detailed variation across the cloud. On the other hand, in our part of
the Galaxy, the dust heating is dominated by the visible part of the ISRF, and the visible and
IR parts of the ISRF do not scale in a simple way with the UV part. Remaining aware of all
these problems, in Paper I we obtain a first guess of the local UV flux in TMC 1 using the
analytical expression by Hocuk et al. (2017). This expression relates the dust temperature
of a region with a given visual extinction and the incident UV field in units of the Draine
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Figure 5.5: Effective visual extinction in magnitudes of TMC 1-C and TMC 1-CP (a) and
Barnard 1b (b) as the result of fitting the data in Table 5.6 and Table 4.7, respectively, to the
Eq. (5.3).
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Figure 5.6: Kinetic temperature in the observed positions of TMC 1-C and TMC 1-CP (a) and
Barnard 1b (b) and the quadratic spline interpolation of the error-weighted average at each
position (solid black line).
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Figure 5.7: (a) shows the values of the UV field following the Hocuk et al. (2017) parameteri-
zation for TMC 1-C (blue) and TMC 1-CP (red) cuts (dashed lines). We also show the best fit
(solid line) for the whole TMC 1 region, with χUV(TMC1) = 5. Similarly, in (b), the parame-
terization yields a Draine field of χUV(B1b) ∼ 24 for Barnard 1b. It is worth noticing the raise
of dust temperature in the Av > 30 mag region, probably due to the FHSC heating of dust or
the presence of a thick ice covering.

field (Draine 1978). In this paper, we use the same procedure to estimate the incident UV
radiation in Barnard 1b.

Fig. 5.7 shows the Tdust − Av plots for the three cuts considered in this paper. None of the
cuts can be fitted with a single value of the UV field. In TMC 1, the dust temperature of the
dense core (Av > 7.5 mag) is better fitted with an illuminating UV field such that χUV ∼ 6.4,
while the translucent region (Av < 7.5 mag) is better fitted with χUV ∼ 3.6. In Barnard 1b, dust
temperatures are best fitted with χUV = 24 in the region Av < 20 mag. However, this value of
the incident UV field underestimates the dust temperature in the region Av > 30 mag. The
reason for this underestimation is unclear. A thick layer of ice would allow the dust to be
warmer by up to 15% at high visual extinctions (Hocuk et al. 2017). It is interesting to note
that Barnard 1b is located in an active star forming region, and hosts the two very young
protostellar cores B1b-N and B1b-S. In fact, as seen with ALMA, dust temperatures above 60
K have been detected in scales of 0.6" in the Barnard 1b core. Therefore, we cannot exclude
an additional dust heating because of the presence of these young protostars. Due to the
large column density N (H2) ∼ 7.6×1022 cm−2 in Barnard 1b, this heating would only affect
high extinction areas. Since we are interested in the effects of photo-desorption in the low-
extinction layers of the cloud, we will adopt χUV = 5 in TMC 1 and χUV = 24 in Barnard 1b in
our calculations.
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5.8 Photodesorption of H2S: a simple accretion and photodes-
orption model

To study the role of photodesorption in the formation of gas-phase H2S, we adapted the
simplified PDR model proposed by Hollenbach et al. (2009) to the case of H2S. In this model,
the grains are supposed to be covered by an ice layer, from where H2S is released into the
gas phase via photodesorption. Only two processes, freezing onto grain mantles and pho-
todissociation, are considered for gas-phase H2S destruction. The gas-phase H2S formation
rate is then proportional to the attenuated local UV interstellar flux 1.7χUVF0e−0.9Av +ΦSP,
where F0 is the local interstellar flux, Av the visual extinction in magnitudes, ΦSP is the flux
of secondary photons, and χUV is the incident UV field in Draine units. This rate is also
proportional to the photodesorption efficiency YH2S, which is set to 1.2 × 10−3 molecules
per incident photon, as calculated by Fuente et al. (2017), the fraction of desorption sites
occupied by H2S ice ( fs,H2S), and the probability of collision (ngrσgr). The destruction rate
however must account for dissociation and freezing of H2S molecules. The probability of a
UV photon to dissociate a H2S molecule is given by the attenuated UV field flux times the
density of H2S, 1.7χUVRH2Se−0.9Av n(H2S), where RH2S is the H2S photodissociation rate, and
n(H2S) is the H2S number density. As discussed previously, the freezing probability is given
by the probability of collision between grains and H2S molecules (n(H2S)vH2Sngrσgr). In the
stationary state, both creation and destruction rates are equal, and therefore:

(1.7χUVF0e−0.9Av +ΦSP)YH2S fs,H2Sngrσgr =
= 1.7χUVRH2Se−0.9Av n(H2S)+n(H2S)vH2Sngrσgr. (5.4)

It should be noted that secondary photons are not considered to contribute to the pho-
todissociation rate, RH2S , and are assumed to follow the same extinction law as the FUV ra-

diation. Defining σH ≡ ngr(Av)σgr

nH(Av) , and assuming that the ratio
ngr(Av)
nH(Av) is constant for the range

of Av considered,

X (H2S) = (1.7χUVF0 e−0.9Av +ΦSP)YH2S fs,H2SσH

1.7χUVRH2S e−0.9Av + vH2S nH(Av)σH
. (5.5)

The fractional coverage of the surface by H2S ice, fs,H2S, is given by equating the sticking
of S atoms to grain surfaces to the photodesorption rate of H2S

(1.7χUVF0e−0.9Av +ΦSP)YH2S fs,H2Sngrσgr = n(S)vSngrσgr,

and therefore,

fs,H2S = n(S)vS

YH2S(1.7χUVF0e−0.9Av +ΦSP)
. (5.6)

Combining Eqs. (5.5) and (5.6), we are able to predict the H2S abundance for given phys-
ical conditions. The abundance relative to water found in comets is of the order of 2%
(Bockelée-Morvan et al. 2000), thus we take as saturation value, fs,H2S = 0.02. We obtain
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Figure 5.8: Observed H2S gas-phase abundance in TMC 1-C, TMC 1-CP, and Barnard 1b
(blue, red, and green, respectively), compared to the PDR model prediction (black). The
abundances are calculated using Eq. (5.5) and assuming ΦSP = 2×104 photons cm−2 s−1 in
TMC 1 andΦSP = 7×104 photons cm−2 s−1 in Barnard 1b. The value ofΦSP has been selected
to match the observations.

the best fitting of the observed H2S abundances in TMC 1 with ΦSP = 2×104 photons cm−2

s−1 (Fig. 5.8). However, we do not reproduce the H2S abundances in Barnard 1b with the
same flux of secondary photons, specially at higher extinction regions (see Fig. 5.8). To ex-
plain the abundances observed in Barnard 1b we should adopt a higher value, ΦSP = 7×104

photons cm−2 s−1. Secondary photons are generated by the interaction of H2 with cosmic
rays (Prasad & Tarafdar 1983). While the UV photons are absorbed by dust, cosmic rays pen-
etrate deeper into the cloud maintaining a flux of UV photons even in the densest part of
starless cores. The flux of UV secondary photons in dense clouds has a typical value of 104

photons cm−2 s−1, with a cosmic ray molecular hydrogen ionization rate of 3.1×10−17 s−1,
and a factor of 3 uncertainty (Shen et al. 2004). Recent works point to a lower cosmic ioniza-
tion molecular hydrogen rate in Barnard 1b than in TMC 1 (Fuente et al. 2016, 2019) which
is in contradiction with assuming higherΦSP in Barnard 1b, rendering our assumptions very
unlikely. It is true, however, that the uncertainties of these estimates are large, of around a
factor of ∼ 5, not allowing us to fully discard this explanation.

As we have seen, this simple model presents several difficulties. It neglects the chem-
ically active nature of the icy grains, as it does not include any chemical reaction on grain
surfaces. Furthermore, recent studies have shown that chemical desorption might be an im-
portant source of gas-phase H2S (Oba et al. 2018), which is not included here. Finally, due
to the many ad-hoc parameters introduced, it lacks of any predicting power. It is therefore
necessary to consider a more complete chemical modeling of these cores. In the next sec-
tion we carry out a 1D modeling of the cores using a full gas-grain chemical network to have
a deeper insight into the H2S chemistry.
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5.9 Complete modeling of the TMC 1 and Barnard 1b chem-
istry

NAUTILUS 1.1 (Ruaud et al. 2016) is a numerical model suited to study the chemistry in as-
trophysical environments. It solves the kinetic equations for the gas-phase and the hetero-
geneous chemistry at the surface of interstellar dust grains. NAUTILUS is now a three-phase
model, in which gas, grain surface and grain mantle phases, and their interactions, are con-
sidered. Given a set of physical and chemical parameters, NAUTILUS computes the evolu-
tion of chemical abundances. In the following, we adopt the physical properties of TMC 1
and Barnard 1b derived in Section 7. Since both TMC 1-C and TMC 1-CP are described with
identical physical parameters, we consider a common chemical model for them.

5.9.1 Chemical network

We have developed an up-to-date sulfur chemical network, based on the KInetic Database
for Astrochemistry (KIDA), including recent updates (Fuente et al. 2017; Le Gal et al. 2017; Vi-
dal et al. 2017; Le Gal et al. 2019). Our chemical network is composed of 1126 species (588 in
the gas phase and 538 in solid phase) linked together via 13155 reactions, with 8526 reactions
in gas phase and 4629 reactions in solid phase. The gas-phase reactions are composed of (i)
bi-molecular reactions, such as radiative associations, ion-neutral and neutral-neutral reac-
tions), (ii) recombinations with electrons, (iii) ionization and dissociation reactions by direct
by UV-photons, cosmic rays, and secondary photons (i.e., photons induced by cosmic rays).
The solid phase reactions are composed of both surface and bulk iced grain mantle reactions
that occurs for most of them through the diffusive Langmuir-Hinshelwood mechanism. The
bulk and surface of the grain mantle interact via swapping processes (Garrod 2013; Ruaud
et al. 2016). Desorption into the gas phase is only allowed for the surface species, consider-
ing both thermal and non-thermal mechanisms. The latter include desorption induced by
cosmic-rays (Hasegawa & Herbst 1993), photodesorption, and chemical desorption (Garrod
et al. 2007). We further describe this last process in Section 9.2. The binding energies consid-
ered in this work can be found in Table 2 of Wakelam et al. (2017) and on the KIDA database
website1.

5.9.2 Chemical desorption: 1D modeling

In Fig. 5.9 and Fig. 5.10, we show the comparison of our model with the observations of TMC
1 and Barnard 1b, respectively. We have computed the chemical abundances of different
sulphuretted molecules in TMC 1 and Barnard 1b using the physical structures derived in
Section 7. As initial abundances, we adopt undepleted sulphur abundance (see Table 5.3).
Dust and gas temperatures are assumed to be equal. Other relevant parameters are χUV =
5 and ζCR = 1.15× 10−16 s−1 for TMC 1 (Fuente et al. 2019), and χUV = 24 and ζCR = 6.5×
10−17 for Barnard 1b (Fuente et al. 2016). To compare the output of the chemical model with
the observations, we compute a weight-averaged abundance over the line of sight, weighted

1http://kida.obs.u-bordeaux1.fr/

http://kida.obs.u-bordeaux1.fr/
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Table 5.3: Initial abundances

He 9.00×10−2

N 6.20×10−5

O 2.40×10−4

C+ 1.70×10−4

S+ 1.50×10−5

Si+ 8.00×10−9

Fe+ 3.00×10−9

Na+ 2.00×10−9

Mg+ 7.00×10−9

P+ 2.00×10−10

Cl+ 1.00×10−9

F 6.68×10−9

with the density at each position. Assuming the spherically symmetric density profiles nH

given in Fig. 5.4, the weight-averaged abundance [X]ac of an element X along the line of sight
with offset r is calculated here as:

[X]ac(r ) =
∑

i (li+1 − li ) (nH(si )[X](si )+nH(si+1)[X](si+1))∑
j
(
l j+1 − l j

)(
nH(s j )+nH(s j+1)

) , (5.7)

where si =
√

r 2 + l 2
i , li is a discretization of the segment along the line of sight lmax >

·· · > li+1 > li > ·· · > 0, with lmax =
√

r 2 + r 2
max and rmax being the radius of the density profile

nH(r ).
In dark clouds, where the temperature of grain particles is below the sublimation tem-

perature of most species, non-thermal desorption processes are needed to maintain signi-
ficative abundances of molecules in gas phase. This is especially important in the case of
H2S that is thought to be mainly formed on the grain surfaces. Differently from the other
processes, chemical desorption links the solid and gas phases without the intervention of
any external agents such as photons, electrons, or other energetic particles (Garrod et al.
2007). In other words, it could be efficient in UV-shielded and low-CR environments where
photodesorption or sputtering cannot be efficient, becoming more likely the most efficient
mechanism in dark cores. This mechanism seems also to be responsible for the abundance
of complex molecules such as methanol and formaldehyde in dense cores and PDRs, becom-
ing dominant against phototodesorption (Esplugues et al. 2019; Le Gal et al. 2017; Vasyunin
et al. 2017; Esplugues et al. 2016). New laboratory experiments proved that chemical desorp-
tion might be important for H2S formation on water ice (Oba et al. 2018).

Achieving the correct inclusion of chemical desorption in chemical models is difficult.
The efficiency of this process depends not only on the specific molecule involved, but also on
the detailed chemical composition of the grain surface on which the reaction occurs, making
a correct estimate of its value very difficult to obtain. The chemical desorption process starts
from the energy excess of some reactions. In bare grains, as described in Minissale & Dulieu
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Figure 5.9: Predicted abundances (solid lines) of the CS (top row), H2S (middle row), and
SO (bottom row) by models with different chemical desorption schemes, together with the
observed abundances in TMC 1, at times 0.1−1−10 Myrs. It should be noted that there is an
extinction interval in which the observed H2S fit to different chemical desorption schemes.
This can be interpreted as a change in the grain surface composition. The vertical dashed
line corresponds to Av = 6 mag. The interval 2.5−8 mag around this value is shaded in all
plots.
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Figure 5.10: Plots that show the predicted abundances (solid lines) of the CS (top row), H2S
(middle row), and SO (bottom row) by models with different chemical desorption schemes,
together with the observed abundances in Barnard 1b, at times 0.1−1−10 Myrs. The vertical
dashed line represents Av = 8 mag, and the shaded area encloses the range of extinctions
6−19 mag.



5.9 - Complete modeling of the TMC 1 and Barnard 1b chemistry 139

103 104 105

H number density

10 12

10 11

10 10

10 9

10 8

10 7

N(
H 2

S)
 / 

N(
H)

TMC 1 H2S Gas Abundance
Garrod scheme
Minissale bare scheme
Minissale ice scheme
Predicted H2S
Observed H2S in TMC1-C
Observed H2S in TMC1-CP

4.30 5.95 6.17 6.30 6.35 6.37 6.39 6.40
Log10 time (yr)

103 104 105 106

H number density

10 13

10 12

10 11

10 10

10 9

10 8

10 7

N(
H 2

S)
 / 

N(
H)

Barnard 1b H2S Gas Abundance
Garrod scheme
Minissale bare scheme
Minissale ice scheme
Predicted H2S
Observed H2S in Barnard 1b

3.80 6.14 6.23 6.28 6.30 6.31 6.32
Log10 time (yr)

Figure 5.11: Detail of the predicted H2S gas-phase abundance in TMC 1 (left) and Barnard 1b
(right) according to the different desorption schemes in a 0-dimensional simulation, and the
observed H2S gas-phase abundances, plotted as a function of density and the time according
to a freefall collapse. The shaded band encloses the density interval where the change in
desorption scheme occur.

(2014), its efficiency essentially depends on four parameters: enthalpy of formation, degrees
of freedom, binding energy, and mass of newly formed molecules. However, this efficiency
becomes lower when dust grains are covered with an icy mantle because part of the energy
released in the process is absorbed by the ice matrix. Minissale et al. (2016), based on exper-
imental results, suggested that when taking into account the icy surface, the efficiency of the
chemical desorption should be reduced to 10% of the value calculated for a bare grain, when
dealing with the water-dominated icy coated mantles of dense regions. We run our chemical
model to compare with our observations considering the three chemical desorption scenar-
ios, i) bare grains following Minissale prescription, ii) icy coated grains following Minissale
prescription, and iii) ice coated grains assuming Garrod prescription, in which the ratio of
the surface–molecule bond-frequency to the frequency at which energy is lost to the grain
surface is set to 0.01. The calculations following these three different scenarios are shown in
Fig. 5.9 and Fig. 5.10.

The observed H2S abundances are in reasonable agreement with those predicted by NAU-
TILUS at 1 Myr. At this time, the main reactions that lead to the creation and destruction of
gas-phase H2S at low and high extinctions in TMC 1 and Barnard 1b are found in Table 5.4.
In all scenarios, chemical desorption is the main formation mechanism of gas-phase H2S,
and its prevalence diminishes at high extinctions, where density increases and gas-phase
reactions become more important to form gas-phase H2S.

Interestingly, the H2S observations cannot be fitted using the same chemical desorption
scheme at every position. In fact, we see that the observational data are in better agree-
ment with the bare grain chemical desorption scheme as described by Minissale et al. (2016)
towards the edge of the clouds and to an ice-covered grain chemical desorption scheme to-
wards the more shielded regions. This suggests a change in the chemical composition of
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grain surfaces, which become covered by a thick ice mantle as the density increases towards
the core center, and opens the possibility to use the H2S abundance to estimate the transition
from bare to ice coated grains. Based on our observations, grains become coated with a thick
ice mantle at Av ∼ 8 mag (Av eff = Av/2 ∼ 4 mag) in TMC 1 and Av ∼ 12 mag (Av eff ∼ 6 mag)
in Barnard 1b. As a sanity check for our interpretation, we compute a rough estimation of
the upper bound of the visual extinction required to photodesorb the ice covering the grains
with the expression (Tielens 2005):

Aice
veff < 4.1+ ln

[
1.7χUV

(
Ypd

10−2

)
104 cm−3

n

]
, (5.8)

with χUV the incident UV field in Draine units, Ypd the photodesorption yield, and n the
number density. Assuming Ypd = 10−3 photon−1 (Hollenbach et al. 2009), we obtain that
grains would mainly remain bared for Aice

v eff < 6 mag in TMC 1 and for Aice
v eff < 8 mag in

Barnard 1b. These values are in qualitative agreement with our results, within a factor of
∼ 2, as grains are expected to remain bare deeper in Barnard 1b than in TMC 1 because of
the higher incident UV field. However, this simple expression does not quantitatively repro-
duce our values of Aice

v eff. This is not surprising taking into account that our estimate of the
local ISRF is uncertain. Furthermore, the above expression is an approximation based on
the equilibrium between photo-desorption and freeze-out of water molecules on the grain
surfaces. To test the consistency of our result, we will use our chemical model to investigate
the ice composition in Section 10.

It is also interesting to compare the output of our models with the observations of the
other two most abundant S-bearing molecules, CS and SO. One first result is that our models
overestimate by more than one order of magnitude the CS abundance in TMC 1 and Barnard
1b. The problem of the overestimation of the CS abundance was already pointed out by
Vidal et al. (2017) and Laas & Caselli (2019). Vidal et al. (2017) suggested that it could come
from wrong branching ratios of the dissociative recombination of HCS+ or a potentially new
sink for CS that might be the O + CS reaction whose reaction rate has not been measured
at low temperatures. The predicted SO abundances are in reasonable agreement with the
observed values if we assume the Garrod prescription to describe chemical desorption even
at low visual extinctions. The difficult match between chemical model predictions for S-
bearing species and observations make it challenging to determine the sulphur elemental
abundance with an accuracy better than a factor of 10.

5.10 Discussion: Is H2S tracing the snow line in dark cores?

As commented above, the H2S chemical desorption efficiency seems to decay at a visual
extinction of Av ∼ 8 mag in TMC 1 and Av ∼ 12 mag in Barnard 1b. We propose that this
jump in the chemical desorption efficiency might be caused by a change in the chemical
composition on the surface of grains, in particular the formation of a thick ice mantle. In
this section, we use our chemical model to explore the link between the efficiency of the H2S
chemical desorption as traced by our observations and the ice chemical composition in TMC
1 and Barnard 1b.
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Figure 5.12: Predicted abundances of different molecules in gas phase (top row), ice surfaces
(middle row), and ice mantles (bottom row) of TMC 1 (left column), and Barnard 1b (right
column), according to the different desorption schemes. They are plotted as a function of
the number density, together with the visual extinction that corresponds to such densities
(see Fig. 5.4 and Fig. 5.5), and the time according to a freefall collapse.
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In NAUTILUS, two ice phases are considered, the mantle and the surface. The mantle is
assumed to grow by incorporating material from the surface. The mantle is hence a fossil
record of the grain history. To determine the chemical composition of the ice mantle we
should reproduce the trajectory of a cell of gas and dust during the core contraction. As a
reasonable approximation, we have converted our 1D profile in a cell trajectory as follows.
First, the density, temperature, and visual extinction profiles shown in Fig. 5.4, Fig. 5.5, and
Fig. 5.6 are divided in 300 bins that we use to define the cell trajectory. Second, the time
elapsed by the material to reach a bin i is equal to the difference between the free-fall time
tff(ρ) ≈ √

3/2πGρ of the initial bin and the current bin, that is, t (i ) = tff(ρ0)− tff(ρi ), and
consequently, the duration of the whole trajectory is equal to the free-fall time assuming the
density of the first bin. This time, for the lowest density in our cuts nH ∼ 1×103 cm−3 (see
Table 4.7), is tff ∼ 106 yr. It is remarkable that this is the time that best fit the observations in
Section 9, thus suggesting this choice to be a good guess of the collapse time. Third, in each
time-step, the chemical abundances of the previous bin are taken as initial abundances for
the next step. These trajectories describe the changes in density, temperature and local UV
radiation experienced by a given cell once the collapse has started. Finally, we need to estab-
lish the chemical composition of the initial molecular cloud. To set the initial abundances
of the cloud, we run the chemical model in a pre-phase, using the physical conditions of the
first bin and letting chemistry evolve during 1 Myr, the typical time for this stage. The abun-
dances at the beginning of the cloud collapse are then those that result from the pre-phase.

Following this procedure, we predict the chemical composition of the gas and dust as a
function of time. In Fig. 5.11 we show the H2S abundance as a function of H number density
in TMC 1 and Barnard 1b. The density is continuously increasing with time and provides an
easier comparison with observations. We recall, however, that in this comparison we are not
taking into account the different physical and chemical conditions along the line-of-sight.
According to our results in Section 9, for the low densities prevailing in the cloud border, we
need to assume the chemical desorption prescription for bare grains to account for the high
observed H2S abundances, but at higher densities, our model overestimates the H2S abun-
dance. In both sources we find the same behavior with a break point at densities around
nH = 2×104 cm−3. In the case of Barnard 1b, the abundances are well accounted using the
Minissale prescription for ice coated grains for nH > 2 × 104 cm−3. In TMC 1, the observed
abundances are 5−10 times lower than our predictions in any of the scenarios. To relate the
H2S abundance with the ice composition, we show the surface and mantle chemical com-
position as a function of density in TMC 1 and Barnard 1b in Fig. 5.12. It is worth noting
that the density nH = 2×104 cm−3 corresponds to the phase in which basically the whole ice
mantle is formed, achieving the highest values for the s-H2O and s-CO abundances. More-
over, solid H2S (s-H2S) becomes the most abundant S-bearing molecule locked in the ices,
with an abundance of ∼ 3×10−6 in both targets, one fifth of the cosmic value. Furthermore,
according to our predictions, the main sulphur reservoir is gaseous atomic sulphur all along
the cores.

One additional result is the different ice composition predicted in TMC 1 and Barnard 1b.
While the predicted abundance of water ice is as high as ∼ 1.3×10−4 in TMC 1, its abundance
is 1.7×10−5 in Barnard 1b. In Barnard 1b, the oxygen is found mainly in the form of CO2 ice,
with an abundance of X(s-CO2)∼ 7.4×10−5. Vasyunin et al. (2017) proposed, based on ex-
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trapolations from Minissale’s experimental results, that, in general, chemical desorption is
enhanced if the ice surface is rich in CO or CH3OH (instead of water). This could explain
the higher abundance of H2S in the high-density regions of Barnard 1b compared to TMC 1.
However, this is not in agreement with Spitzer data on the ice composition towards the young
stellar object Barnard 1b-S (Boogert et al. 2008), a star in the moderate density neighborhood
of Barnard 1b, which do not show any sign of low s-H2O abundance or s-CO2 overabundance.
This might be caused by several factors such as, for example, that Spitzer observations might
show the ice composition of only the envelope of these objects instead of the dense core. It
should be noted, however, that the chemistry on grain surfaces is not very well understood
yet and, in addition to the surface chemical network, depends on many poorly known pa-
rameters such as the diffusivity of the grain surface. Indeed, the ratio s-CO2/s-H2O is very
sensitive to the diffusivity of the surface and the grain temperature since the efficiency of
surface processes involving O, S, CO, and SO is enhanced when surface diffusivities and ice
mobilities are increased (Semenov et al. 2018). The same remains true for s-OCS abundance
whose abundance is very sensitive to high mobility of heavy atoms. Further observational
constraints are required to fine-tune models and give a more accurate description of the ice
composition.

Under the assumption that comets are pristine tracers of the outer parts of the proto-
solar nebula, it is interesting to compare the composition of comets with that predicted for
the ice mantles in the high extinction peaks of TMC 1 and Barnard 1b (see Table 5.5). There
are significant variations in the observed abundances of S-bearing species among different
comets. To account for this variation, we compare our predictions with a range of values de-
rived from the compilation by Bockelée-Morvan & Biver (2017). In addition, we have added
a specific column to compare with the most complete dataset on comet 67P/Churyumov-
Gerasimenko (Calmonte et al. 2016). The ice abundances predicted for TMC 1 and Barnard
1b at the end of the simulation are, in general, close to the values observed in comets (see Ta-
ble 5.5 and Fig. 5.13). These values, however, need to be taken with caution. The abundances
of the species in comets are usually calculated relative to water. Our calculations show that
the abundance of water in solid phase varies of about one order of magnitude from TMC 1
and Barnard 1b, making the comparison with comets very dependent on the abundance of
solid water itself.

Sulphur abundance

A large theoretical and observational effort has been done in the last five years to under-
stand the sulphur chemistry that is progressively leading to a new paradigm (Vidal et al. 2017;
Fuente et al. 2016, 2019; Le Gal et al. 2019; Laas & Caselli 2019). Gas-grain models provide a
new vision of the interstellar medium in which both gaseous and ice species are predicted.
Vidal et al. (2017) updated the sulphur chemistry network and used this new chemical net-
work to interpret previous observations towards the prototypical dark core TMC 1-CP. They
found that the best fit to the observations was obtained when adopting the cosmic abun-
dance of S as initial condition, and an age of 1 Myr. At this age, more than 70 % of the
sulphur would remain in gas phase and only 30% would be in ice. Using the same chemical
network but with 1D modeling, Vastel et al. (2018) tried to fit the abundances of twenty-one
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Table 5.4: Most important reactions to H2S in the model

Visual Extinction
TMC 1

Minissale bare Minissale ice

H2S Production

Av ∼ 5 mag
s-H + s-HS → H2S (91.0%) s-H + s-HS → H2S (90.3%)

H3CS+ + e− → H2S + CH (8.2%) H3CS+ + e− → H2S + CH (9.2%)

Av ∼ 20 mag
s-H + s-HS → H2S (55.1%) s-H + s-HS → H2S (43.6%)

H3S+ + e− → H + H2S (31.9%) H3S+ + e− → H + H2S (43.3%)

H2S Destruction

Av ∼ 5 mag
H2S + S+ → H2 + S+

2 (40.1%) H2S + S+ → H2 + S+
2 (39.1%)

C + H2S → HCS + H (16.7%) C + H2S → HCS + H (18.0%)

Av ∼ 20 mag
H2S + H+

3 → H2 + H3S+ (51.7%)† H2S + H+
3 → H2 + H3S+ (72.9%)

H2S + S+ → H2 + S+
2 (11.2%) H2S + H+ → H + H2S+ (6.4%)

Visual Extinction
Barnard 1b

Minissale bare Minissale ice

H2S Production

Av ∼ 5 mag
s-H + s-HS → H2S (99.2%) s-H + s-HS → H2S (85.4%)

S + H2S+ → H2S + S+ (0.3%) s-H2S → H2S (0.3%)

Av ∼ 70 mag
H3S+ + e− → H + H2S (48.4%) H3S+ + e− → H + H2S (47.0%)

s-H + s-HS → H2S (42.8%) s-H + s-HS → H2S (46.8%)

H2S Destruction

Av ∼ 5 mag
H2S + S+ → H2 + S+

2 (39.2%) H2S + S+ → H2 + S+
2 (38.0%)

C + H2S → HCS + H (32.1%) C + H2S → HCS + H (32.4%)

Av ∼ 70 mag
H2S + H+

3 → H2 + H3S+ (73.8%) H2S + H+
3 → H2 + H3S+ (69.8%)

H2S + H+ → H + H2S+ (10.9%) H2S + H+ → H + H2S+ (20.6%)

† This reaction recycles H2S since the products are reactants in the production reactions.
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Table 5.5: Abundances of selected molecules in ice mantles

Molecule
Predicted abundances ( / H ) Predicted abundances ( / s-H2O ) Abundance in

comets ( / s-H2O )2
67P/Churyumov-

Gerasimenko3
TMC 1 Barnard 1b TMC 1 Barnard 1b

CO 4.0×10−5 2.2×10−5 3.0×10−1 1.3 0.002−0.23 −
CO2 9.0×10−6 7.4×10−5 6.8×10−2 4.2 0.025−0.30 −
H2S 3.4×10−6 3.3×10−6 2.5×10−2 1.9×10−1 0.0013−0.015 0.0067−0.0175
OCS 3.8×10−7 1.1×10−6 2.9×10−3 6.2×10−2 (0.3−4)×10−3 0.00017−0.00098
SO 5.5×10−9 6.3×10−8 4.1×10−5 3.6×10−3 (0.4−3)×10−3 0.00004−0.000014
SO2 4.0×10−11 1.4×10−8 3.0×10−7 8.0×10−4 2×10−3 0.00011−0.00041
CS 3.7×10−8 7.9×10−8 2.8×10−4 4.6×10−3 (0.2−2)×10−3 −

H2CS 4.0×10−8 5.2×10−8 3.0×10−4 3.0×10−3 (0.9−9)×10−4 −
NS 1.8×10−6 2.7×10−6 1.3×10−2 1.5×10−1 (0.6−1.2)×10−4 −
S2 1.2×10−9 2.8×10−9 8.7×10−6 1.6×10−4 (0.1−25)×10−4 0.000004−0.000013

H2O 1.3×10−4 1.7×10−5 1 1 − −

2 Data taken from Bockelée-Morvan & Biver (2017)
3 Taken from Calmonte et al. (2016)

CO CO2 H2S OCS SO SO2 CS H2CS NS S2
Molecule

10 6

10 5

10 4

10 3

10 2

10 1

100

M
an

tle
 ic

e 
ab

un
da

nc
e 

(/
s-

H 2
O

)

TMC 1
Barnard 1b
Comets

Figure 5.13: Predicted ice abundances in the mantle of grains in TMC 1 (light green) and
Barnard 1b (dark green) of selected molecules and those observed in comets (dark and light
purple) from Table 5.5.
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S-bearing species towards the starless core L1544. The authors found that all the species
cannot be fitted with the same sulphur abundance, with variations of a factor of 100, being
models with S/H = 8.0×10−8 at an age of 1 - 3 Myr, those that best fitted the abundances of
all the twenty-one species. A new gas-grain astrochemical network was proposed by Laas &
Caselli (2019) to account for the complex sulphur chemistry observed in comets.

In this paper, we attempt to carry out a comprehensive study of the sulphur chemistry in
TMC 1 and Barnard 1b by modeling the CS, SO, and H2S observations in three cold cores us-
ing a fully updated gas-grain chemical network. Our chemical model is unable to fit the ob-
servations of the three species with the same parameters. By assuming a cosmic abundance
of sulphur, we have a reasonable agreement between H2S and SO observations with model
predictions. However, we overestimate the CS abundance by more than one order of mag-
nitude. Adopting a different approach, Fuente et al. (2019) obtained S/H ∼ (0.4−2.2)×10−6,
one order of magnitude lower than the cosmic sulphur abundance, in the translucent part
of the the TMC 1 filament. Given the uncertainty in the sulphur chemistry, we can conclude
that the value of S/H that best fits our data ∼ a few 10−6 to 1.5 × 10−5.

5.11 Summary and Conclusions

We performed a cloud depth dependent observational and modeling study, determining the
physical structure and chemistry of three prototypical dense cores, two of them located in
Taurus (TMC 1-C, TMC 1-CP) and the third one in Perseus (Barnard 1b).

• We used the dust temperature to carry out a rough estimate of the incident UV field
which is χ = 3− 10 Draine field in TMC 1 and χ = 24 in Barnard 1b. Moreover, we
modeled the physical conditions of TMC 1- C, TMC 1- CP and Barnard 1b assuming a
BE sphere. TMC 1- C and TMC 1- CP are well-fitted with the same parameters while
Barnard 1b requires a higher central density consistent with a more evolved collapse.

• Using the full gas-grain model NAUTILUS and the physical structure derived from our
observations, we investigated the chemistry of H2S in these cores. Chemical desorp-
tion reveals as the most efficient release path for H2S in cold cores. Our results show
that the abundance of H2S is well-fitted assuming high values of chemical desorption
(bare grains) for densities nH < 2×104 cm−3. For higher densities, our model overesti-
mates the H2S abundance suggesting that chemical desorption becomes less efficient.
We propose that this critical density is related with a change in the chemical composi-
tion of the surface of the grains.

• To further investigate the relationship between the H2S and grains properties, we ex-
amined the chemical composition of the icy mantles along the cores, as predicted by
our model. Interestingly, the decrease of the H2S chemical desorption occurs when the
abundance of s-H2O and s-CO achieves the maximum value in both molecular clouds.

• One additional result is that our model predicts different ice compositions in TMC 1
and Barnard 1b. While the abundance of s-H2O is as high as ∼ 10−4 in TMC 1, its
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abundance is ∼10−5 in Barnard 1b. The abundances of s-H2S are however very similar
in the two clouds, about one fifth of the sulphur cosmic abundance.

• In addition to H2S, we compared the abundances of CS and SO with model predic-
tions. Our chemical model is unable to fit the observations of the three species simul-
taneously. Given the uncertainty in the sulphur chemistry, we can only conclude that
the value of S/H that best fits our data is the cosmic value within a factor of 10.

This paper presents an exhaustive study of the sulphur chemistry in TMC 1 and Barnard
1b by modeling the CS, SO, and H2S observations. Our chemical model is unable to fit the
observations of the three species at a time, but it does manage to fit, with reasonable ac-
curacy, our H2S and SO observations. More theoretical and experimental work needs to be
done in this area, especially in improving the constraints on the chemistry of CS. Given the
uncertainty in the sulphur chemistry, we can only conclude that the value of S/H that best
fit our data is the cosmic value within a factor of 10.
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5.12 Tabulated data and line spectra

5.12.1 Physical conditions and chemical abundances in TMC 1

Table 5.6: TMC 1 physical conditions and chemical abundances

Source name Tdust (K) Av (mag) Tgas(K) nH (cm−3) N(13CS) (cm−2) a N(13CS) / N(HT) c N(ortho−H2S)(cm−2) N(H2S) / N(HT)

TMC 1-CP+0 11.92 18.20 9.7±0.8 (3.0±0.8) ·104 (3.9±1.0) ·1012 (1.1±0.3) ·10−10 (3.1±0.9) ·1013 (1.1±0.3) ·10−9

TMC 1-CP+30 12.00 16.71 10.2±0.2 (4.6±0.4) ·104 (1.6±0.2) ·1012 (4.7±0.6) ·10−11 (5.1±1.4) ·1013 (2.0±0.6) ·10−9

TMC 1-CP+60 12.24 13.74 11.3±2.2 (7.6±3.8) ·104 (1.2±0.4) ·1011 (4.3±1.4) ·10−11 (1.2±0.6) ·1013 (5.7±0.3) ·10−10

TMC 1-CP+120 13.16 7.27 12.5±1.3 (3.0±0.8) ·103 (2.8±1.1) ·1012 (1.9±0.8) ·10−10 (5.5±1.6) ·1013 (5.1±1.4) ·10−9

TMC 1-CP+180 13.86 4.77 16.0±2.6 (5.4±1.6) ·103 (5.4±1.5) ·1012 (5.7±1.6) ·10−11 (4.3±1.3) ·1013 (5.9±1.8) ·10−9

TMC 1-CP+240 14.39 3.25 14.7±1.1 (3.2±2.0) ·103 (5.2±3.2) ·1011 (8.0±5.0) ·10−12 (2.1±1.3) ·1013 (4.2±2.1) ·10−9 b

TMC 1-C+0 11.26 19.85 8.5±2.0 (9.2±6.8) ·104 (1.1±0.5) ·1012 (2.8±1.2) ·10−11 (2.0±1.5) ·1013 (6.0±4.9) ·10−10

TMC 1-C+30 11.32 18.47 10.3±2.0 (8.8±4.6) ·104 (7.0±3.9) ·1011 (1.9±1.1) ·10−11 (2.5±1.3) ·1013 (8.6±5.0) ·10−10

TMC 1-C+60 11.67 13.34 11.6±2.2 (2.4±1.0) ·104 (9.2±2.3) ·1011 (3.5±0.9) ·10−11 (5.4±2.0) ·1013 (2.6±1.0) ·10−9

TMC 1-C+120 13.13 4.79 11.1±1.9 (1.1±0.5) ·104 (6.2±1.8) ·1011 (6.5±1.9) ·10−11 (1.0±0.5) ·1013 (1.4±0.6) ·10−8

TMC 1-C+180 14.08 2.20 13.5±1.1 (1.1±2.8) ·104 (1.8±0.9) ·1011 (4.1±2.1) ·10−11 (6.5±3.3) ·1012 b (1.9±1.0) ·10−9 b

TMC 1-C+240 14.53 1.63 13.5±2.7 (5.2±1.8) ·103 (1.6±1.0) ·1011 (4.9±3.0) ·10−11 (1.5±1.0) ·1013 b (6.0±4.2) ·10−9 b

Notes:
a When 13CS or C34S isotopologues are not detected, 13CS column densities are determined from that of C34S or CS, applying the ratios CS/13CS ≈ 60
and C34S/13CS ≈ 8/3.
b Upper bound values.
c N(HT) stands for the total hydrogen column density: N(HT) = N(H) + 2 N(H2).
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5.12.2 Physical conditions and chemical abundances in Barnard 1b

Table 5.7: Barnard 1b physical conditions. 13CS and H2S abundances.

Source name Tdust (K) Av (mag) Tgas(K) nH (cm−3) N(13CS) (cm−2) a N(13CS) / N(HT) N(ortho−H2S)(cm−2) N(H2S) / N(HT)

B1B-cal-0_0 11.90 76.00 9.8±1.4 (6.3±3.0) ·105 (2.0±1.6) ·1012 (2.6±2.1) ·10−11 (5.2±2.5) ·1013 (4.5±2.1) ·10−10

B1B-cal-10_0 11.72 59.80 10.1±1.5 (4.2±2.8) ·105 (1.3±0.9) ·1012 (2.2±1.5) ·10−11 (1.8±1.2) ·1014 c (1.9±1.2) ·10−9 c

B1B-cal-20_0 11.72 45.80 10.9±1.7 (1.6±0.9) ·105 (1.9±1.2) ·1012 (4.0±2.6) ·10−11 (3.2±2.1) ·1014 c (4.5±2.9) ·10−9 c

B1B-cal-30_0 11.54 38.70 11.9±1.0 (1.0±0.4) ·105 (1.1±0.5) ·1012 (2.8±1.2) ·10−11 (3.1±1.4) ·1014 (5.2±2.3) ·10−9

B1B-cal-40_0 11.54 28.39 12.1±1.1 (1.0±0.4) ·105 (9.5±4.4) ·1011 (3.3±1.6) ·10−11 (2.0±0.9) ·1013 (4.5±2.0) ·10−9

B1B-cal-50_0 12.39 20.00 13.2±1.3 (4.7±2.2) ·104 (1.7±0.8) ·1011 (8.7±4.2) ·10−11 (1.9±0.9) ·1013 (6.0±2.9) ·10−9

B1B-cal-60_0 12.67 20.00 12.3±0.9 (3.1±1.6) ·104 (2.2±1.1) ·1012 (1.1±0.5) ·10−10 (3.4±1.7) ·1014 (1.1±0.6) ·10−8

B1B-cal-80_0 13.24 17.05 13.2±1.8 (5.5±2.4) ·104 (1.0±0.3) ·1012 (6.1±1.8) ·10−11 (1.0±0.4) ·1014 (3.9±1.7) ·10−9

B1B-cal-110_0 13.98 14.46 14.4±1.9 (5.2±2.1) ·104 (9.8±2.7) ·1011 (6.8±1.9) ·10−11 (8.2±3.3) ·1013 (3.7±1.5) ·10−9

B1B-cal-140_0 14.53 11.87 14.2±1.0 (9.5±2.5) ·103 (5.4±2.7) ·1012 (4.5±2.3) ·10−10 (8.3±2.2) ·1014 (4.5±1.2) ·10−8

B1B-cal-180_0 16.21 8.57 15.3±1.2 (3.6±1.7) ·103 (6.2±3.3) ·1012 (7.3±3.9) ·10−10 (4.2±2.0) ·1014 (3.2±1.5) ·10−8

B1B-cal-240_0 16.70 6.16 16.4±1.0 (3.8±1.8) ·103 (1.6±0.8) ·1012 (2.6±1.4) ·10−10 (1.5±0.7) ·1014 (1.6±0.8) ·10−8

B1B-cal-500_0 18.23 3.44 18.0±5.4 (9.6±2.2) ·102 (5.5±3.0) ·1011 (1.6±0.9) ·10−10 (1.8±0.4) ·1013 b (3.4±0.8) ·10−9 b

Notes
a When 13CS or C34S isotopologues are not detected, 13CS column densities are determined from that of C34S or CS, applying the isotopic ratios
CS/13CS ≈ 60 and C34S/13CS ≈ 8/3.
b Upper bound values.
c Column densities are obtained from that of the isotopologue H2

34S, using H2S/H2
34S ≈ 22.5.
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Table 5.8: Barnard 1b physical conditions and SO abundances.

Source name Tdust (K) Av (mag) Tgas(K) nH (cm−3) N(SO) (cm−2) N(SO) / N(HT)

B1B-cal-0_0 11.90 76.00 9.8±1.4 (6.3±3.0) ·105 (2.4±0.6) ·1014 (1.5±0.4) ·10−9

B1B-cal-10_0 11.72 59.80 10.1±1.5 (4.2±2.8) ·105 (2.5±0.9) ·1014 (2.1±0.8) ·10−9

B1B-cal-20_0 11.72 45.80 10.9±1.7 (1.6±0.9) ·105 (2.7±1.0) ·1014 (2.9±1.1) ·10−9

B1B-cal-30_0 11.54 38.70 11.9±1.0 (1.0±0.4) ·105 (2.4±1.6) ·1014 (3.2±2.1) ·10−9

B1B-cal-40_0 11.54 28.39 12.1±1.0 (1.0±0.4) ·105 (9.9±4.5) ·1013 (1.7±0.8) ·10−9

B1B-cal-50_0 12.39 20.00 13.2±1.0 (4.7±2.2) ·104 (5.2±1.7) ·1013 (1.3±0.4) ·10−9

B1B-cal-60_0 12.67 20.00 12.3±1.0 (3.1±1.6) ·104 (4.8±1.6) ·1013 (1.2±0.4) ·10−9

B1B-cal-80_0 13.24 17.05 13.2±1.8 (5.5±2.4) ·104 (2.2±0.8) ·1013 (6.5±2.3) ·10−10

B1B-cal-110_0 13.98 14.46 14.4±1.9 (5.2±2.1) ·104 (3.4±1.9) ·1013 (1.2±0.7) ·10−9

B1B-cal-140_0 14.53 11.87 14.2±1.0 (9.5±2.5) ·103 (4.2±2.2) ·1013 (1.8±0.9) ·10−9

B1B-cal-180_0 16.21 8.57 15.3±1.2 (3.6±1.7) ·103 (4.9±2.4) ·1013 (2.9±1.4) ·10−9

B1B-cal-240_0 16.70 6.16 16.4±1.0 (3.8±1.8) ·103 (4.9±2.6) ·1013 (4.0±2.1) ·10−9

B1B-cal-500_0 18.23 3.44 18.0±5.4 (9.6±2.2) ·102 (1.5±0.3) ·1012 a (2.2±0.5) ·10−10 a

Notes
a Upper bound values
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Chapter 6

Evolutionary view through the starless
cores in Taurus: deuteration in TMC 1

Adapted from Navarro-Almaida, D., Fuente, A., Majumdar, L., et al. 2021, A&A, 653, A15

Abstract

Context: The chemical and physical evolution of starless and pre-stellar cores are of
paramount importance to understanding the process of star formation. The Taurus Molec-
ular Cloud cores TMC 1-C and TMC 1-CP share similar initial conditions and provide an
excellent opportunity to understand the evolution of the pre-stellar core phase.

Aims: We investigated the evolutionary stage of starless cores based on observations to-
wards the prototypical dark cores TMC 1-C and TMC 1-CP.

Methods: We mapped the prototypical dark cores TMC 1-C and TMC 1-CP in the CS
3 → 2, C34S 3 → 2, 13CS 2 → 1, DCN 1 → 0, DCN 2 → 1, DNC 1 → 0, DNC 2 → 1, DN13C 1 → 0,
DN13C 2 → 1, N2H+ 1 → 0, and N2D+ 1 → 0 transitions. We performed a multi-transitional
study of CS and its isotopologs, DCN, and DNC lines to characterize the physical and chemi-
cal properties of these cores. We studied their chemistry using the state-of-the-art gas-grain
chemical code NAUTILUS and pseudo time-dependent models to determine their evolution-
ary stage.

Results: The central nH volume density, the N2H+ column density, and the abundances
of deuterated species are higher in TMC 1-C than in TMC 1-CP, yielding a higher N2H+ deu-
terium fraction in TMC 1-C, thus indicating a later evolutionary stage for TMC 1-C. The
chemical modeling with pseudo time-dependent models and their radiative transfer are in
agreement with this statement, allowing us to estimate a collapse timescale of ∼ 1 Myr for
TMC 1-C. Models with a younger collapse scenario or a collapse slowed down by a magnetic
support are found to more closely reproduce the observations towards TMC 1-CP.

Conclusions: Observational diagnostics seem to indicate that TMC 1-C is in a later evo-
lutionary stage than TMC 1-CP, with a chemical age ∼1 Myr. TMC 1-C shows signs of being
an evolved core at the onset of star formation, while TMC 1-CP appears to be in an earlier
evolutionary stage due to a more recent formation or, alternatively, a collapse slowed down
by a magnetic support.
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6.1 Introduction

Starless cores are the seeds of star formation, and are the result of fragmentation and con-
traction of molecular clouds. A detailed knowledge of the physical and chemical conditions
in a starless core is then crucial to understand the subsequent stellar evolution. Starless cores
are characterized by densities of around nH = 105 cm−3, and cold (T ≤ 10 K) temperatures
(Ward-Thompson 1996; Tafalla et al. 2004; Crapsi et al. 2005; Keto & Caselli 2008). In these
particular physical conditions, species like CO, are expected to be heavily depleted from the
gas, being frozen out onto dust grain surfaces (Leger 1983), and thus becoming inadequate
tracers of mass, hydrogen number density nH, and kinetic temperature Tkin. Fortunately,
some species remain abundant even in the dense and cold inner regions of starless cores.
One of these cases is molecular ion N2H+, rapidly destroyed through reactions with CO in
molecular clouds. Once CO is depleted, the N2H+ abundance increases, remaining in the
gas phase even at high densities. The anti-correlation between N2H+ and CO line emissions
(see, e.g., Pagani et al. 2007; Caselli et al. 1999), and the high critical density of N2H+ 1 → 0
line (ncrit ∼ 1.5× 105 cm−3 at 10 K, Lin et al. 2020), make this molecule suitable to probe
inside dense cores.

Deuterated compounds are also thought to be good tracers of the cold gas inside dense
starless cores (Millar et al. 1989). At the low temperatures prevailing in these environments,
the exothermicity of the reaction

H3
++HD�H2D++H2 (6.1)

in the forward direction (of ∼ 232 K, see Gerlich & Schlemmer 2002) promotes the formation
of H2D+ and inhibits the reverse reaction. The deuteration proceeds further via formation of
D2H+ and D+

3 in reactions with HD and D2. These deuterated ions react with a variety of neu-
tral molecules, such as CO and N2, leading to high abundances of other deuterated species
(see, e.g., Ceccarelli et al. 2014; Roueff et al. 2014). As a result, the deuteration fraction, which
is the abundance of a given deuterated compound relative to its hydrogenated counterpart,
can be enhanced by more than three orders of magnitude (see, e.g., Turner 2001; Bacmann
et al. 2003; Crapsi et al. 2005; Pagani et al. 2007; Spezzano et al. 2013) compared to the solar
elemental D/H ratio (1.51+0.39

−0.33 ×10−5, see, e.g., Linsky 2003; Oliveira et al. 2003). Deuterated
molecules thus become important diagnostic tools of dense and cold interstellar clouds.

The N2H+ deuteration fraction (the ratio of the column density of N2D+ to its non-deuterated
counterpart N2H+) has been found in moderate anti-correlation with the gas temperature
(Emprechtinger et al. 2009; Chen et al. 2011; Fontani et al. 2015) and in correlation with the
density (Daniel et al. 2007). These dependencies are also tightly related to the evolutionary
stage of the object. Using a chemical model, Caselli (2002) concluded that the N2D+/N2H+

column density ratio is a chemical clock, working as an indicator for the evolutionary stage
in low-mass star formation sites. Increasing attention is being paid to the accurate model-
ing of the deuterium chemistry as a tool to probe the evolution of the dense gas during the
starless core phase (see, e.g., Sipilä et al. 2010, 2015; Roueff et al. 2015; Majumdar et al. 2017).
One key aspect is the realization of the importance of the spin state in deuterium chem-
istry (Sipilä et al. 2019), since multiply-hydrogenated or deuterated molecules can exist in
several forms due to the different nuclear spin states. Majumdar et al. (2017) presented the



6.2 - Observational strategy 157

first publicly available chemical network for NAUTILUS (Ruaud et al. 2016) with deuterated
species and spin chemistry in its two-phase implementation where the gas phase and grain
phase interact.

The chemical properties of star-forming regions are best constrained with chemical mod-
els of well-known objects. The Taurus molecular cloud (TMC), at a distance of 141.8± 0.2
pc (Galli et al. 2018), is one of the closest molecular cloud complexes and is considered an
archetypal low-mass star-forming region. The most massive molecular cloud in Taurus is the
Heiles cloud 2 (HCL 2), which hosts the well-known region TMC 1. TMC 1-C and TMC 1-CP
are two starless dense cores embedded in the translucent filament TMC 1 (see Figure 6.1).
These two nearby cores have similar masses (∼ 1 M¯), gas kinetic temperatures of 8−10 K
(Kirk et al., in prep.), and share similar initial conditions. Moreover, Navarro-Almaida et al.
(2020) obtained a similar density profile for the two cores from a multi-transition analysis of
CS and its isotopologs. In spite of these similarities, several spectroscopic studies points to
significant chemical and dynamical differences between them. TMC 1-CP has been the tar-
get of numerous chemical studies and is considered as prototype of a C-rich (C/O∼1) star-
less core (Fehér et al. 2016; Gratier et al. 2016; Agúndez & Wakelam 2013). With a rich carbon
chemistry, it is the preferred site for hunting new organic molecules (McGuire et al. 2020; Lee
et al. 2021). Less studied from the chemical point of view, TMC 1-C has been identified as
an accreting starless core with high depletion of CO (Schnee et al. 2007, 2010). In addition
to CO, other dense gas tracers like CS are expected to be depleted in dense cores (Kim et al.
2020). In line with this statement, Fuente et al. (2019) measured a higher depletion of CS
towards TMC 1-C, based on data from the Gas phase Elemental abundances in Molecular
CloudS (GEMS) IRAM 30m Large Program. One compelling explanation of these measure-
ments is that the differences are due to different evolutionary stages of the two cores (e.g.,
Sipilä & Caselli 2018). If confirmed, these nearby cores would constitute a valuable site to in-
vestigate the evolution of gas and dust during the pre-stellar phase, avoiding the confusion
due to possible differences in the initial conditions or environment when using cores placed
in different molecular clouds.

In this paper we investigate the evolutionary stage of TMC 1-C and TMC 1-CP based on
spectroscopic observations. Several observational diagnostics have been proposed to de-
termine the evolutionary stage of starless and pre-stellar cores (Crapsi et al. 2005), among
which the volume density at the core center, the N2H+ column density at the visual extinc-
tion peak, the depletion of CO and CS, and the deuterium fraction of N2H+. We mapped the
two cores in several lines of CS, N2H+, N2D+, DCN, and DNC to derive an accurate estimate
of the central density. Moreover, we used the CS/N2H+ and N2D+/N2H+, and DCN/DNC col-
umn density ratios as chemical clocks for the core evolution. Finally, we performed pseudo-
dynamical modeling and 3D radiative transfer to synthesize the spectra towards TMC 1-C to
compare with observations.

6.2 Observational strategy

In order to determine the morphology of the dense gas and the peak hydrogen densities in
TMC 1-C and TMC 1-CP, we mapped these starless cores in a selection of molecular lines
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(see Table 6.1) using the IRAM 30m telescope (Pico Veleta, Spain). The observations were
carried out during May 2019 using the on-the-fly (OTF) technique to cover a field of view
of 9 and 6.8 arcmin2 towards TMC 1-C and TMC 1-CP, respectively. We used 2 mm and 3
mm bands in dual polarization mode using the EMIR receivers (Carter et al. 2012) with the
Fast Fourier Transform Spectrometer (FFTS) at 50 kHz resolution. The emission from the
sky was subtracted using reference positions located at offsets (600”, 0”) relative to the map
centers (α = 04h41m37s58, δ= 26◦00’31”.10 for TMC 1-C; α = 04h41m40s .10, δ = 26◦00′05′′.00
for TMC 1-CP, see Table 6.2). In addition to the maps, long integration spectra were taken
towards the map centers to improve the S/N of the 2 mm lines. In this paper we use the
main beam brightness temperature TMB as intensity scale, while the output of the telescope
is calibrated in antenna temperature TA. The conversion between TMB and TA is done using
the Ruze equation utility provided in the data reduction and line analysis package GILDAS-
CLASS1.

Table 6.1: Observed lines, beam sizes, and efficiencies

Line Frequency (MHz)a θbeam(")b Feff/Beff

13CS 2 → 1 92494.28 27 0.95/0.81
C34S 3 → 2 144617.10 17 0.93/0.74

CS 3 → 2 146969.03 17 0.93/0.73
DN13C 1 → 0 73367.75 34 0.95/0.83
DN13C 2 → 1 146734.00 17 0.93/0.73

DNC 1 → 0 76305.68 32 0.95/0.83
DNC 2 → 1 152609.74 16 0.93/0.72
DCN 1 → 0 72414.93 34 0.95/0.83
DCN 2 → 1 144828.11 17 0.93/0.74

N2H+ 1 → 0 93173.38 26 0.95/0.81
N2D+ 1 → 0 77109.61 32 0.95/0.83

(a) When hyperfine splitting is present, the frequency
shown here is that of the main component. The frequen-
cies are taken from the CDMS catalog except those of the
DN13C lines, taken from SLAIM catalog.

(b) The HPBW(") is computed as 2460/Freq(GHz), see
IRAM 30m Efficiencies

6.3 Results

Figure 6.1 shows the visual extinction maps towards the starless cores TMC 1-C and TMC 1-
CP as derived from Herschel maps (J. Kirk, private communication). The overplotted black

1GILDAS home page: www.iram.fr/IRAMFR/GILDAS/

https://publicwiki.iram.es/Iram30mEfficiencies
https://www.iram.fr/IRAMFR/GILDAS/
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Figure 6.1: Top left and third row, left: Visual extinction maps from Herschel data (Jason Kirk,
private communication) of the TMC 1-C and TMC 1-CP cores, respectively, with the areas
mapped in the transitions presented in Table 6.1. Contour lines show levels of extinction of
6, 10, 15, and 20 mag. The blue and red spectra show the observed molecular lines in TMC 1-
C and TMC 1-CP, respectively. The solid lines show synthetic spectra created with the model
parameters present in Table 6.3.
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Table 6.2: Target positions

Source RA (2000) Dec (2000) vLSR (km s−1)

TMC 1-C 04:41:37.58 26:00:31.10 5.2
TMC 1-C (P) 04:41:40.10 26:00:05.00 5.2
TMC 1-CP 04:41:41.90 25:41:27.10 5.8
TMC 1-CP (P1) 04:41:42.56 25:42:02.40 5.8
TMC 1-CP (P2) 04:41:44.07 25:41:42.43 5.8

rectangles indicate the areas mapped in molecular lines with the 30m telescope. The spectra
from the positions in Table 6.2 are also shown. The map center positions of TMC 1-C and
TMC 1-CP correspond to the Herschel extinction peaks of each core (see extinction maps in
Figure 6.1). We also included the spectra towards the DNC 1 → 0 emission peak positions
TMC 1-C (P), TMC 1-CP (P1), and TMC 1-CP (P2) to compare with the map centers (see
Figure 6.2). It should be noted that the N2D+ 1 → 0, DN13C 1 → 0, and DN13C 2 → 1 lines
were only detected towards TMC 1-C. The integrated areas and main-beam temperatures of
the observed lines are shown in Table 6.6 to 6.10.

The integrated intensity maps of the DNC 1 → 0, N2H+ 1 → 0, and the CS 3 → 2 lines to-
wards the studied cores are shown in Figure 6.2. Integration was performed over the whole
hyperfine structure for those lines that present it. The DNC 2 → 1, DCN 2 → 1, N2D+ 1 → 0,
DN13C 1 → 0, and DN13C 2 → 1 lines were too weak to produce maps. In Figure 6.2, we
present maps of integrated intensity of different lines to analyze their morphology. Although
the discussion of emission morphology from optically thick lines is, in general, uncertain,
the morphologies of the integrated intensity maps shown in Figure 6.2, which include in-
tegration over all hyperfine components, are similar to those that only include integration
over the weakest optically thin hyperfine component, and thus the following analysis is not
affected by opacity. The emission of the CS 3 → 2 line is quite uniform near the position
TMC 1-C. This flat map is expected because the CS 3 → 2 line is optically thick in this dense
core. Moreover, Fuente et al. (2019) found that the CS abundance is depleted towards the
visual extinction peak. The N2H+ 1 → 0 emission presents an elongated structure following
the direction of the molecular filament. The bright area in the N2H+ 1 → 0 emission is not
coincident with the location of the the visual extinction peak, but shifted ∼10" SW (see visual
extinction maps in Figure 6.1). Contrary to CS and N2H+, the morphology of the DNC 1 → 0
map resembles that observed in the visual extinction maps (Figure 6.1). In spite of this, the
position of the emission peak of the DNC 1 → 0 line in TMC 1-C, called TMC 1-C (P), is not lo-
cated towards the position of the extinction peak, as measured with the Herschel extinction
maps at an angular resolution of ∼ 30", but to the south. Interestingly, this position is ∼ 19"
SW away (within the DNC 1 → 0 line beam size) from the visual extinction peak derived by
Schnee & Goodman (2005) based on SCUBA observations of the dust continuum emission
at 450 µm (half power beam width HPBW ∼7.5") and 850 µm (HPBW∼14"), and therefore the
effective core center.

In TMC 1-CP, the emission of the CS 3 → 2 presents a featureless structure, wide and flat
on the top, consistent with the emission of this line being optically thick. Similarly to DNC,
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Table 6.3: Kinetic temperatures, hydrogen nuclei number densities, and column densities of
the species resulting from the multi-transition analysis described in Section 4.

TMC 1-C TMC 1-C (P) TMC 1-CP TMC 1-CP (P1) TMC 1-CP (P2)

Tk(K) (a) 7.4±±±2.1 8.7±±±1.9 9.0±±±2.1 9.3±±±1.8 9.1±±±1.6
CS nH (cm−3) (1.4±0.8)×105 (8.8±6.0)×104 (6.2±2.0)×104 (6.7±2.5)×104 (7.0±4.6)×104

N (cm−2) (1.0±0.5)×1014 (1.2±0.9)×1014 (2.9±1.8)×1014 (1.6±1.2)×1014 (2.5±0.9)×1014

DNC
nH (cm−3) (1.8±0.5)×105 (2.4±±±0.5)×××105 (4.0±±±1.0)×××105 (3.0±±±0.6)×××105 (4.0±±±0.8)×××105

N (cm−2) (3.0±0.9)×1012 (3.2±0.7)×1012 (2.0±0.5)×1012 (2.8±0.5)×1012 (2.5±0.4)×1012

DN13C
nH (cm−3) (4.1±±±1.2)×××105

− − − −
N (cm−2) (8.5±2.4)×1010

DCN N (cm−2) (2.5±0.7)×1012 (5.0±1.1)×1012 (2.3±0.5)×1012 (3.5±0.7)×1012 (3.5±0.6)×1012

N2H+ Nupp (cm−2) (b) (1.2±0.3)×1013 (1.0±0.2)×1013 (6.0±1.4)×1012 (6.0±1.2)×1012 (5.0±0.9)×1012

Nlow (cm−2) (c) (8.0±2.0)×1012 (5.0±1.0)×1012 (3.5±0.8)×1012 (4.2±0.8)×1012 (3.0±0.6)×1012

N2D+ N (cm−2) (1.8±0.5)×1012 (1.5±0.3)×1012 < 3.5×1011 < 3.0×1011 < 3.0×1011

N (DNC)/N (DCN) 2.04±0.82 0.64±0.20 0.87±0.29 0.80±0.22 0.71±0.18

N (N2D+)/N (N2H+)upp 0.15±0.06 0.15±0.04 < 0.06 < 0.05 < 0.06

N (N2D+)/N (N2H+)low 0.23±0.08 0.30±0.08 < 0.10 < 0.07 < 0.10

N (N2H+)upp/N (CS) 0.09±0.05 0.08±0.06 0.02±0.01 0.04±0.03 0.02±0.01

(a) We assume the kinetic temperature Tk and the hydrogen nuclei number densities nH obtained
from CS and DNC multi-transition fitting (in bold) to derive the DCN, N2H+, and N2D+ column
densities.

(b) Upper bound value for the column density obtained assuming the Tk and n(H2) values in bold
and fitting the opacity of the main component and the brightness of the weakest hyperfine
component as explained in Section 4.1.

(c) Lower bound value for the column density obtained in the low excitation temperature scenario
discussed in Section 6.

the N2H+ emission is more intense in an elongated structure parallel to the dust filament.
The DNC filament is farther from the visual extinction filament than N2H+, forming some
kind of DNC–N2H+ layered structure. In addition to the map center, we selected two posi-
tions, TMC 1-CP (P1) and TMC 1-CP (P2), for their detailed study.

In the two cores the morphologies observed in the DNC 1 → 0 line are more similar to
those observed in the visual extinction maps. In TMC 1-C, the emission of DNC shows a
rounded core, with an intense peak in the southwest part of the core. In TMC 1-CP, the
DNC 1 → 0 emission is elongated, following the filament similarly to N2H+, but shifted as
a function of radius with respect to the main axis of the core. Assuming that DNC is coming
from the denser gas, the DNC 1 → 0 images point to a difference in the dense gas morphology
between the TMC 1-C and TMC 1-CP cores. The more compact distribution of the dense gas
in TMC 1-C argues in favor of this core being in a more evolved stage.
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Figure 6.2: Velocity-integrated intensity maps of TMC 1-C (left) and TMC 1-CP (right) molec-
ular emission of DNC 1 → 0, N2H+ 1 → 0, and CS 3 → 2. The integration was performed from
4 to 8 km s−1 when no hyperfine structure is present. Otherwise, the emission is integrated
to cover all hyperfine components. Also shown are the selected positions from Table 6.2 and
the beam sizes from Table 6.1 in each map.
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6.4 Molecular column densities

As discussed previously, deuterated molecules are suitable for tracing dense and cold regions
inside dark molecular clouds. Given the necessity to characterize these regions for future
modeling, we estimated the temperature, density, and column densities across our targets.
We derived the column density of CS by fitting the emission of the 13CS 2 → 1, C34S 3 → 2, and
CS 3 → 2 lines following the procedure already described in Fuente et al. (2019) and Navarro-
Almaida et al. (2020). Briefly, this method explores a parameter space consisting in kinetic
temperatures (Tk ), molecular hydrogen densities (nH2 ), and column densities of the species
following the Markov Chain Monte Carlo (MCMC) methodology with a Bayesian inference
approach, described in Rivière-Marichalar et al. (2019). To be consistent, we smoothed the
maps of the C34S 3 → 2 and CS 3 → 2 lines to the angular resolution of those of the 13CS 2 → 1
line. This method uses the radiative transfer code RADEX (van der Tak et al. 2007) to repro-
duce all the line temperatures. Since our observations include different isotopologs, for this
method to work we need to reduce the degrees of freedom that these different species intro-
duce. To do so we assume the isotopic ratios N(C34S)/N(13CS) = 8/3 and N(CS)/N(13CS) = 60
(Gratier et al. 2016). For consistency in the radiative transfer calculations presented in this
paper, we only considered H2 as the collisional partner for CS and isotopologs, with the col-
lisional coefficients described in Denis-Alpizar et al. (2013). The effect of ignoring collisions
with helium would translate in densities that are ∼20% higher (He/H2=0.20), which is within
the uncertainties of our calculations. The resulting kinetic temperatures, hydrogen nuclei
densities, and CS column densities are shown in Table 6.3. The synthetic 13CS 2 → 1, C34S
3 → 2, and CS 3 → 2 line profiles resulting from these parameters are shown in Figure 6.7,
together with the observations.

Since our setup only considers up to two lines of DCN and DNC, it is necessary to as-
sume the kinetic temperature at each position to derive reliable hydrogen nuclei densities
and molecular column densities. We assumed the kinetic temperatures at these positions as
those given by the multi-transition analysis of the CS (and isotopologs) lines, as they are in
agreement with those calculated in Fuente et al. (2019) and Navarro-Almaida et al. (2020).
The observation of two lines of DNC and DN13C allows for an independent estimate of the
hydrogen nuclei density. We derived the hydrogen nuclei density and DNC (DN13C) column
density at each region using the radiative transfer code RADEX and the HNC collisional coef-
ficients by Dumouchel et al. (2010). As mentioned in the previous section, the DNC 1 → 0 line
is expected to be optically thick towards the position TMC 1-C. In this position, the multi-
transition study of the rarer isotopolog DN13C provides more accurate values. To calculate
the DNC column density, it is assumed that DNC/DN13C ∼ 60, a value commonly accepted
for TMC1. We recall however that the DNC/DN13C ratio itself is uncertain to a factor of 1.3
(Liszt & Ziurys 2012; Roueff et al. 2015). The densities derived from CS are a factor ∼ 3 to
∼ 6 lower than those derived from DNC and DN13C (see Table 6.3). This discrepancy could
be due to different radial distributions with the deuterated compounds coming mainly from
the densest regions where CS is expected to be depleted. Since DCN and DNC are expected
to trace the innermost regions of our targets, we take the densities we derived from these
molecules as more appropriate to describe the cores. The volume densities in TMC 1-CP
and TMC 1-C differ by a factor of 2. This difference is within the uncertainties of our calcu-
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lations, and we cannot conclude that TMC 1-C is more evolved than TMC 1-CP only on the
basis of the density estimations. Interestingly, we do not find any significant difference in
volume density between the different positions within the same core, indicating a uniform
density distribution for R < 6000 au. We recall that our beam is ∼5000 au at frequencies of
the deuterated species lines.

We adopted the densities derived from DNC and estimate the DCN column density by
fitting the weakest hyperfine component of the J=1 → 0 line. This is a good approximation
as long as the opacity of this line is moderate. Assuming that the excitation temperature is
the same for all the hyperfine components, we can estimate the opacity of the DCN 1 → 0
line using the HFS method of GILDAS-CLASS (see Table 6.11). In the case of TMC 1-C, the
opacities are so high that we might be still underestimating the DCN column density. The
opacity of the main lines is τm & 4, implying that the opacity of the weakest line would be ∼1.
Thus, our fitting could underestimate the DCN column density by a factor of ∼2. Therefore,
we consider the derived DCN column density towards TMC 1-C as a lower limit to the real
value. Synthetic spectra are created using the values in Table 6.3, which are compared with
observations in Figure 6.1.

6.4.1 N2H+ and N2D+

In the cases of N2H+ and N2D+, we observed one transition and therefore we cannot carry
out a multi-transition study. We can however take advantage of the hyperfine splitting to
quantify the opacities. As explained above, we can use the GILDAS-CLASS HFS method to
estimate the line opacities and calculate accurate column densities (Figure 6.1). This method
computes the line profiles of a species and the opacity of the main component given the rel-
ative velocities and intensities of the components to the most intense component. In our
analysis the relative intensities and velocities are fixed to laboratory values. This method
assumes a Gaussian velocity distribution and the same line width and excitation tempera-
ture for each component. However, the N2H+ 1 → 0 spectra towards TMC 1-C and TMC 1-CP
cannot be reproduced using this technique, which suggests that we need more sophisticated
modeling with at least two gas layers to account for the N2H+ observations. Nevertheless, we
can obtain a first estimate of the N2H+ column density by exploring two different scenarios
that can be considered as limit cases. First, assuming the values of Tk and nH derived from
the CS and DNC fitting, we estimate the N2H+ column density in such a way that the bright-
ness of the weakest hyperfine component matches the observations. We fit the intensity of
the weakest hyperfine component N2H+ JF1,F = 11,0 → 01,1 because it is the least affected
by opacity effects. This can be considered as a high excitation temperature scenario, where
the N2H+ column density is an upper bound value (see Table 6.3). The resulting spectrum
of N2H+ 1 → 0 is plotted in Figure 6.1, and overestimates the temperatures of the rest of
components. For these to be fitted, a second scenario of low excitation temperatures should
be considered. The appropriate excitation temperatures are obtained solving the radiative
transfer equation for spectral lines with RADEX. These low temperatures, of around Tex ∼ 4 K
in TMC 1-C and Tex ∼ 5 K in TMC 1-CP, correspond to environments with either low kinetic
temperatures (∼ 5 K in TMC 1-C and ∼ 6−7 K in TMC 1-CP) or relative low densities (nH ∼ 104

cm−3). Thus, the N2H+ emission would be linked to dense regions at extremely low temper-
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atures, lower than the temperatures derived from our observations (see Table 6.3). Alterna-
tively, the emission could originate in an optically thick envelope at low density. Proceeding
as before, we obtain a lower bound for the N2H+ column density such that both the bright-
ness temperature and the opacity of the main component match the observations. In this
case, the intensity of the weakest hyperfine line is underestimated, especially for TMC 1-C.
The column densities obtained in the two scenarios are found to agree within a factor of two
and are summarized in Table 6.3. To better interpret our results we must take into account
that self-absorption features are present in the spectra of other transitions in our setup, such
as DCN 1 → 0. These features point towards the presence of an absorbing envelope around
TMC 1-C. This possibility has been already discussed in Fuente et al. (2019), and its effect
on the observations is explored in Section 10. We propose that the low brightness temper-
atures of the optically thick N2H+ hyperfine lines is the consequence of self-absorption by
the optically thick low-density envelope. Self-absorption has less affect on the optically thin
emission of the weakest hyperfine line. If our interpretation is correct, the high excitation
temperature scenario is more representative of the TMC 1-C and TMC 1-CP environments.
Thus, we adopt the upper bound values for the N2H+ column density as the ones that best
describe the observations with an uncertainty of a factor of 2.

In addition to N2H+ 1 → 0, we also include the N2D+ 1 → 0 line in our setup. This time,
however, the spectra have the appropriate line intensity ratios. As before, we obtain the
N2D+ column density in TMC1-C by matching the opacity of the main component and the
brightness of the hyperfine components, assuming the values of Tk and nH derived from
the CS and DNC fitting. We obtain N(N2D+)/N(N2H+) ∼ 0.15± 0.06 in TMC 1-C assuming
the high value of N(N2H+) (see Table 6.3). We did not detect N2D+ towards TMC 1-CP with
N(N2D+)/N(N2H+) < 0.06. Crapsi et al. (2005) analyzed the N2H+ and N2D+ abundances in
a large sample of starless cores. They calculated the N2H+ deuteration fraction in TMC 1-
C, obtaining a N2D+/N2H+ ratio of 0.07± 0.02, consistent with our results. Their estima-
tion in their position named TMC 1, which is near the cyanopolyyne peak, yields a lower
N2D+/N2H+ ratio 0.04± 0.01, compatible with our estimated upper bound in the position
TMC 1-CP.

As noted before, the N2H+ column density and the N(N2D+)/N(N2H+) ratio are consid-
ered evolutionary diagnostics for starless cores. Regardless of the different scenarios pro-
posed to estimate the N2H+ column density, N(N2H+) is higher in TMC 1-C than in TMC 1-
CP, suggesting that the former is in a more evolved stage, although the difference is within the
uncertainties. Similarly, the higher value of N(N2D+)/N(N2H+) estimated towards TMC 1-C,
taking into account all possible values of N(N2H+), does confirm the more evolved stage of
this core.

6.5 Physical and chemical modeling of starless cores

The physical and chemical diagnostics used in the previous section (i.e., the volume density
at the center of the core), the N2H+ column density, and the N2D+/N2H+ column density
ratio indicate that TMC 1-C is in a later evolutionary stage. We test and develop this idea
with the help of chemical models in the following sections.
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Table 6.4: Model parameters and initial fractional abundances with respect to total hydrogen
nuclei.

Parameter Model A Model B Model C Model D

Tk (K) Temperature 9
Av (mag) Visual extinction 20 mag
HD Hydrogen deuteride abundance 1.60×10−5

He Helium abundance 9.00×10−2

N Nitrogen abundance 6.20×10−5

O Oxygen abundance 2.40×10−4

C+ Carbon abundance 1.70×10−4

S+ Sulfur abundance 1.50×10−5

Si+ Silicon abundance 8.00×10−9

Fe+ Iron abundance 3.00×10−9

Na+ Sodium abundance 2.00×10−9

Mg+ Magnesium abundance 7.00×10−9

P+ Phosphorus abundance 2.00×10−10

Cl+ Chlorine abundance 1.00×10−9

F Fluorine abundance 6.68×10−9

χUV UV field strength (Draine units) 5

o-H2/p-H2 Initial ortho-to-para ratio of H2 3 3 10−3 10−3

ζ(H2) (s−1) Cosmic-ray ionization rate 1.3×10−17 1×10−16 1.3×10−17 1×10−16

6.5.1 Chemical network and general considerations

We modeled the chemistry of TMC 1-CP and TMC 1-C using the NAUTILUS gas-grain chem-
ical code (Ruaud et al. 2016). NAUTILUS is a three-phase model in which gas, grain surface,
and grain mantle phases, and their interactions, are considered. NAUTILUS solves the kinetic
equations for both the gas-phase and the surface of interstellar dust grains and computes
the evolution with time of chemical abundances for a given physical structure. We use the
chemical network presented by Majumdar et al. (2017), which considers multiple deuterated
molecules and includes the spin chemistry in NAUTILUS. In all models, we adopted the ini-
tial abundances and the ambient UV field strength χUV =5 (in Draine units), determined by
Fuente et al. (2019), and shown in Table 6.4. In the next section we use zero-dimensional
(0D) chemical models to explore the influence of each parameter in the deuterium chem-
istry. In Section 6.5.3 we carry out one-dimensional (1D) pseudo-dynamical calculations to
constrain the evolutionary stage of these cores.

Modeling CS observations with chemical models is challenging due to well-known un-
certainties in the chemistry of CS (see, e.g., Vidal et al. 2017; Laas & Caselli 2019; Navarro-
Almaida et al. 2020; Bulut et al. 2021). Based on H2S, SO, and CS observations, Navarro-
Almaida et al. (2020) conclude that sulfur elemental abundance in TMC 1 is equal to the
solar value within a factor of 10. Recent calculations by Bulut et al. (2021) concluded that CS
abundance in TMC 1 is overestimated when assuming the solar sulfur abundance; in order to
reproduce observations of CO, CS, and HCS+ consistently, a sulfur depletion by a factor of 20
is needed. In this section we assume undepleted sulfur abundances as in Navarro-Almaida
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et al. (2020), and we discuss the effect of possible sulfur depletion in Sect 6.6. Taking into
account the uncertainties in the chemical modeling of CS, we base our discussion of the
best model mainly on the abundances of N2H+ and the deuterated species N2D+, DCN, and
DNC. The abundances of these molecules remain essentially unaffected by a variation of the
sulfur elemental abundance of a factor of 20.

6.5.2 Zero-dimensional models

Chemistry has become an essential tool in determining the physical conditions along star-
less cores. However, pseudo-time dependent and time-dependent chemical models show
that chemical abundances depend on parameters that are usually not well constrained, such
as the cosmic-ray ionization rate ζ(H2) and the ortho-to-para ratio (OPR) of H2 (Roueff et al.
2007, 2015; Majumdar et al. 2017; Sipilä & Caselli 2018). In the following, we use 0D models to
explore the parameter space and determine suitable parameters for our pseudo-dynamical
calculations.

Table 6.4 summarizes the grid of models considered in our exploratory study. In dense
cores where most of the hydrogen is expected to be in molecular form, cosmic rays ionize
H2 to yield H3

+ ions (Herbst & Klemperer 1973; Dalgarno 2006), enhancing the deuteration
through Eq. (6.1). Fuente et al. (2019) estimated ζ(H2)= (0.5-1.8) × 10−16 s−1 in TMC 1 based
on the chemical modeling of the moderate density gas (nH∼2×104 cm−3). This value, how-
ever, is not representative of the central regions of TMC 1-CP and TMC 1-C where we esti-
mate densities one order of magnitude higher and the visual extinction is higher (Padovani
et al. 2013; Galli & Padovani 2015; Ivlev et al. 2015; Padovani et al. 2020). Consequently, in our
grid of models we considered two values of ζ(H2), the average interstellar value 1.3×10−17

s−1 and 1×10−16 s−1. The reverse of Eq. (6.1) is more efficient when involving the ortho-H2

species than the para-H2 analogs (see, e.g., Gerlich & Schlemmer 2002; Flower et al. 2006).
Thus, the ortho-H2 abundance sets the availability of H2D+, the main parent species of
deuterated molecules, at low temperatures. Although ortho- and para-H2 are formed on the
surfaces of interstellar grains with a statistical ratio of 3:1 (Watanabe et al. 2010), under the
physical conditions prevailing in dark clouds (Tk < 10 K) the OPR decreases to values ∼10−3

after 0.1 Myr (Majumdar et al. 2017). In the case of a static pre-phase before collapse, the ini-
tial OPR would be closer to ∼10−3 than to 3. In order to explore the impact of this parameter
in our modeling, we considered two values of initial OPR, 3 and 10−3 in the 0D calculations.

Using the models in Table 6.4, we ran NAUTILUS to predict the chemical evolution of the
DNC, DCN, N2H+, N2D+ for two densities, nH = 105 cm−3 and nH = 4×105 cm−3, which are
the values estimated for TMC 1-CP and TMC 1-C. The predicted abundances for each model
up to t = 10 Myr are shown in Figure 6.3. In addition, we indicate the abundances observed
towards TMC 1-C and TMC 1-CP with colored horizontal bands. The comparison of mod-
els A and B (C and D) inform us about the influence of ζ(H2) on the molecular abundances.
Once the chemistry has reached a steady state, the abundances of the deuterated molecules
DCN and DNC are enhanced in Models B and D, relative to A and C. However, the reverse
stands for the ionized species N2H+ and N2D+ that are rapidly destroyed via dissociative re-
combination with electrons (Dalgarno 2006). Navarro-Almaida et al. (2020) estimated t ∼ 1
Myr for these cores based on the abundances of the S-bearing species. Assuming that the
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Figure 6.3: Abundances and abundance ratios of the different molecules, as predicted by the
models described in Table 6.4. The predicted values are shown in solid (model with nH = 105

cm−3) and dashed lines (model with nH = 4× 105 cm−3). The blue and red areas show the
observed abundances in TMC 1-C and TMC 1-CP, respectively. The arrows indicate upper
bound values.
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Figure 6.4: Grids of NAUTILUS models with varying temperature and hydrogen nuclei density.
Each plot shows the contour levels of the N2H+ (top left), N2D+ (top middle), DNC (bottom
left), and DCN (bottom middle) abundances; the N2H+ deuterium fraction (top right); and
the DNC/DCN ratio (bottom right) at time t ≈ 106 yr. Additionally, we show the contours that
correspond to the abundances derived from the N2H+, N2D+, DNC, and DCN column den-
sities in TMC 1-C (black) and TMC 1-CP (white), their uncertainties (dashed lines), and the
upper bound values if present (white arrows). The model does not reproduce our estimated
DNC/DCN ratio towards TMC 1-C, and thus the black contours are missing from that panel.
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chemical age of TMC 1-CP and TMC 1-C is ∼ 1 Myr, the abundances of DCN, DNC, N2H+,
and N2D+ are better reproduced with ζ(H2) = 1.3× 10−17 s−1, which is a factor of ∼ 5− 10
lower than that estimated by Fuente et al. (2019) in the TMC 1 translucent filament. Sev-
eral works have investigated the attenuation of ζ(H2) with the H2 column density into the
cloud (Galli & Padovani 2015; Ivlev et al. 2015; Padovani et al. 2020). Galli & Padovani (2015),
based on observations ranging from diffuse clouds to molecular cloud cores, concluded that
the cosmic-ray ionization rate decreases towards higher column density objects. Neufeld &
Wolfire (2017) also established a dependence of the cosmic-ray ionization rate with the vi-
sual extinction, allowing a change of a factor of 5−10 of this rate in the extinction gradients
found in our targets.

We selected a high ortho-to-para ratio of H2 of 3 (models A and B) and a low value of
∼ 10−3 (models C and D) to estimate the influence of this parameter in the predicted chem-
ical abundances. In Figure 6.3 we see that the abundances of the deuterated molecules in
all models reach similar values beyond 0.1 Myr. This result was already found by Majumdar
et al. (2017) who concluded that the OPR decreases to values <10−3 for t > 0.1 Myr, regard-
less of its initial value. For times t < 0.1 Myr there is an enhancement in the abundance of
deuterated molecules of the models C and D compared to models A and B. Our cores are
expected to be older than 0.1 Myr (Navarro-Almaida et al. 2020; Bulut et al. 2021); therefore,
an OPR=10−3 is adopted in the following calculations.

One crucial point for our study is to check the ability of the observed deuterated species
to constrain the chemical age. Figure 6.3 shows that the abundances of DCN, DNC, and
N2D+, as well as the DNC/DCN and N2D+/N2H+ ratios, are strongly dependent on the time
evolution. Interestingly, the DNC/DCN ratio reaches its equilibrium value at earlier times
than N2D+/N2H+. The combination of the two ratios therefore provides a useful tool for
constraining the value of ζ(H2) and the chemical age of the cores with t ∼ 0.1−1 Myr.

Once the values of key parameters such as the cosmic-ray ionization rate and the initial
ortho-to-para ratio of H2 are constrained, we can proceed to investigate the behavior of the
N2H+, N2D+, DNC, and DCN with variations in density and temperature. We carry out an
exploration of the nH-T parameter space considering 0D models with varying densities and
temperatures, a cosmic-ray ionization rate of ζ(H2) = 1.3×10−17 s−1, an OPR of 10−3, and a
chemical age of ∼ 1 Myr. In Figure 6.4, we show the abundances of N2H+, N2D+, DCN, DNC,
as well as the N2D+/N2H+ and DNC/DCN abundance ratios, as a function of the gas kinetic
temperature and density. The abundances of N2D+, DCN, and DNC depend on the gas ki-
netic temperature. In particular, the abundances derived towards TMC 1-CP and TMC 1-C
are consistent with model predictions in the range of Tk∼6−9 K, in agreement with the tem-
peratures derived in our CS multi-transition study. Interestingly, the abundance of N2H+ and
the DNC/DCN ratio have a very weak dependence with the temperature. The abundances
of the deuterated isomers DCN and DNC, and mainly the DNC/DCN ratio, increase with the
number density of total hydrogen nuclei. According to our modeling, these abundances are
expected for gas densities, nH ∼ 2×105 cm−3, a factor of 2 lower than those calculated from
our multi-transition study of DCN and DNC. The deuterated compound N2D+ has only been
detected towards TMC 1-C, and its abundance is consistent with a density, nH ∼ 5×105 cm−3,
compatible with our density estimate using the DN13C isotopolog. N2D+ was not detected
in TMC 1-CP, with an upper limit to the N2D+/N2H+ ratio that would correspond to nH <
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Table 6.5: Model parameters, including the collapse time t , the central hydrogen nuclei num-
ber density n0, the flat radius r0, and the asymptotic power index a.

Model n0 = 5×104 cm−3 n0 = 1×105 cm−3 n0 = 4×105 cm−3 n0 = 1×106 cm−3

BES1
t = 5.73×105 yr t = 8.29×105 yr t = 1.06×106 yr t = 1.12×106 yr
r = 9.58×103 au r = 6.96×103 au r = 3.67×103 au r = 2.41×103 au

a = 2.40 a = 2.40 a = 2.40 a = 2.40

BES4
t = 3.18×104 yr t = 1.28×105 yr t = 1.56×105 yr

− r = 1.23×104 au r = 5.59×103 au r = 3.31×103 au
a = 2.26 a = 2.04 a = 2.00

AD
t = 1.57×107 yr t = 1.58×107 yr t = 1.60×107 yr t = 1.61×107 yr
r = 1.89×104 au r = 1.35×104 au r = 6.88×103 r = 4.13×103 au

a = 2.34 a = 2.30 a = 2.25 a = 2.23

2×105 cm−3, slightly lower than our density estimate.

6.5.3 One-dimensional pseudo-dynamical modeling

Several works have simulated the chemical evolution of a core undergoing collapse with dif-
ferent hydrodynamical models and with different treatments for the coupling between dy-
namics and chemistry (Rawlings et al. 1992; Bergin & Langer 1997; Aikawa et al. 2001, 2005;
Sipilä & Caselli 2018; Priestley et al. 2018). In some cases the simulations were continued
until the formation of the Larson core, describing the evolution from the pre-stellar to the
proto-stellar phase (Aikawa et al. 2008; Hincelin et al. 2016). The large chemical network
used in our modeling, with 7700 reactions on grain surfaces linked with the 111000 reactions
in gas phase, precludes its usage in chemo-hydrodynamical calculations. Instead, we used
the parametric expression derived by Priestley et al. (2018) to reproduce the results of 1D
simulations of collapsing cores. In particular, they adopted the gravitational collapse of a
spherical cloud described by Aikawa et al. (2005). In this model, the collapse is induced by a
density increase by a factor of either 1.1 (BES1 model) or 4 (BES4 model) to produce a gravi-
tational free-fall (t∼1 Myr) in model BES1 or a rapid collapse induced by cloud compression
(t∼0.1 Myr) in model BES4. A similar study was carried out by Fiedler & Mouschovias (1993),
but adding ambipolar diffusion to a magnetically supported core (AD model), which trans-
lated into a larger timescale t∼10 Myr. These models were parameterized as a sequence of
progressively dense Plummer-like spheres whose peak densities depend on the time elapsed
since the onset of the collapse (Priestley et al. 2018). Plummer-like profiles have been suc-
cessfully used to model the density of the TMC 1 cores (see, e.g., Schnee et al. 2010; Navarro-
Almaida et al. 2020) which makes it plausible to assume this model.

In the parameterization proposed by Priestley et al. (2018), the density in the core cen-
ter and the radial density profile is determined by the time since the onset of collapse. In
Table 6.5 we show the models considered to compare with the molecular abundances ob-
served in TMC 1-C and TMC 1-CP. Given the central density (n0) and the type of collapse
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(BES1, BES4, AD), the density profile is described by the parameters a and r0 by the expres-
sion

n(r ) = n0/(1+ r /r0)a , (6.2)

where n0 is the central density, r0 is the flat radius, and a is the asymptotic power index. The
gas temperature across the core is assumed equal to the dust temperature that is described
by

Td (r ) = T0(1+ r /r1), (6.3)

with T0 = 8.5 K and r1 = 3.66×104 au, representative central temperature and size of the cores
(Navarro-Almaida et al. 2020). These density and temperature profiles are used as the phys-
ical structure for our 1D chemical modeling. Our simulations start with the gas in atomic
form and the chemistry is allowed to evolve during the collapse time shown in Table 6.5. Fol-
lowing our findings, we adopt ζ(H2) = 1.3×10−17 s−1 and OPR = 10−3 in our 1D calculations.
The initial elemental abundances are the same as in Navarro-Almaida et al. (2020). As output
of our simulations we obtain the molecular abundances as a function of the radius for the
eight models shown in Table 6.5. In order to compare models with observations, we assume
a spherical geometry and calculate weight-average column densities along the line of sight
as

[X]ac(r ) =
∑

i ∆li (nH(si )[X](si )+nH(si+1)[X](si+1))∑
j ∆l j

(
nH(s j )+nH(s j+1)

) ,

where r is the impact parameter; ∆li = li+1 − li ; si =
√

r 2 + l 2
i ; and li is a discretization of the

segment along the line of sight lmax > ·· · > li+1 > li > ·· · > 0, with lmax =
√

r 2
max − r 2, and rmax

the radius of the density profile. The obtained abundance ratios as a function of the impact
parameter are shown in Figures 6.8, 6.9, and 6.10.

To assess how well models reproduce the observations, we compute the relative differ-
ence ∆ between the modeled weight-average column densities and those observed towards
TMC 1-C and TMC 1-CP. For convenience, we define this quantity to be in the [0,1] inter-
val ∆= |model − measurement|

model + measurement such that differences closer to zero indicate well-fitted empirical
data while those closer to one mean a poor agreement between the model and the obser-
vations. The values of ∆ for each target are shown in Figure 6.5. The results show the poor
performance of the fast collapse model BES4 compared to the BES1 and AD models. This
is not surprising since the time since collapse in BES4 are < 1 Myr (i.e., the timescale for
deuteration). This lack of compatibility favors the scenario of a slower collapse in TMC 1.

For TMC 1-C the best model is found to be BES1 with a density of nH ∼ 1×106 cm−3, con-
sistent with the results obtained in the 0D modeling. The AD models with nH > 4×105 cm−3

underestimate the N2D+ abundance. However, we also find a good match with observations
for AD with density of nH = 1×105 cm−3. Since the density of this model is lower than that
estimated from our observations, we are prone to favor the BES1 model with higher den-
sity. Due to the increasing depletion of molecules with density and projection effects along
the line of sight, we would expect the density at the center to be higher than the estimated
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Figure 6.5: Heat maps of relative differences ∆= |model − measurement|
model + measurement (dark blue means better

agreement) and their averages between the predictions of each model (BES1, BES4, and AD,
upper x-axis) and the observed abundances and ratios. Each column corresponds to a model
with density nH = a×10b , displayed as a(b). Top: heat map of relative differences in TMC 1-C.
The best-fitting model is shown in bold. Bottom: heat map of relative differences in TMC 1-
CP. The green and red models are those in agreement and disagreement, respectively, with
the observed N2D+ and N2D+/N2H+ upper bounds.
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from our multi-transition study. Moreover, Schnee et al. (2010) proposed that the peak den-
sity could be as large as nH ∼ 2× 106 cm−3 based on the modeling of the dust continuum
emission. Furthermore, the evolutionary time corresponding to this model, t ∼ 1 Myr (see
Table 6.5), is in better agreement with the previous estimation by Bulut et al. (2021) based on
CO, CS, and HCS+ observations. In order to test this hypothesis, in Section 6.6 we perform 3D
radiative transfer calculations to produce synthetic lines to compare with our observations.

In TMC 1-CP we need to take into account the upper bound values of the N2D+ abun-
dance and N2D+/N2H+ ratio in order to constrain the central density and the chemical age.
Assuming the BES1 model, we derive an upper bound to the density of nH < 4×105 cm−3 and
t < 1 Myr. We also find good agreement with the AD models with nH ∼ 4×105−1×106 cm−3,
which provide a better fit of the DCN, DNC, and N2H+ abundances. The AD models, how-
ever, do a poor job of predicting the CS abundances. One may think that this disagreement
is due to our assumption of undepleted sulfur abundance, but this is not the case because
assuming sulfur depletion would produce smaller CS abundances and larger discrepancies
with observations. Recent fitting of the CS column densities by Bulut et al. (2021) concluded
that we need to assume a sulfur depletion of a factor of 20 and chemical ages ≤ 1 Myr to
account for the observed CS abundance.

6.6 Mock observations: TMC 1-C

TMC 1-C has been revealed to be an evolved collapsing core on the verge of forming a star,
similar to the well-known L1544 (Caselli et al. 2002a,b; Caselli & Ceccarelli 2012). Given its
relevance in the study of low-mass star formation processes, in this section we carry out
a deeper characterization of this core. In Figure 6.5 we found that the BES1 model with a
central density of nH = 106 cm−3 fits best the observed molecular abundances in TMC 1-
C. AD models with moderate densities nH = 105 cm−3 also provide good approximations to
the obtained chemical abundances of the species. It is therefore worth investigating how
they perform in the radiative transfer of the observed lines. To further test the adequacy
of the collapse models presented in the previous section, we post-processed our models to
generate the synthetic spectra of a subset of the molecular lines from Table 6.1. In order to
fully account for the physical structure and the abundance profiles of the different models,
we used the radiative transfer code RADMC-3D (Dullemond et al. 2012).

For each density profile we created a spherically symmetric model consisting of a spher-
ical grid divided by spherical shells in an onion-like structure. The spherical shells are en-
dowed with a velocity field following the law v ∼ α× r−0.5, where α is chosen to yield line
widths similar to those of the observed lines once we take into account the thermal and
non-thermal line widths. The thickness of each shell follows a logarithmic law, with thinner
layers near the origin and coarser layers towards the edge of the grid. The number of shells
was chosen so that the Doppler shift between a layer and its closest neighbors is smaller than
the total width of the lines, preventing abnormal ray-tracing (see “Doppler catching” in the
RADMC-3D documentation). The adopted non-thermal dispersion isσNT = 0.1 km s−1, which
fits the line widths of our observations and is in agreement with the results in Schnee et al.
(2007). Finally, the temperature, density, and chemical abundance profiles are interpolated
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Figure 6.6: Observed spectra (blue), and the synthetic spectra of different transitions for the
AD (red) and BES1 models (black, solid and dashed lines), as results from RADMC-3D. The
BES1 model is highlighted as it is the one that, in general, fits the observations better.

to assign each cell the corresponding value.

To estimate the level populations, we used the RADMC-3D Large Velocity Gradient ap-
proximation (LVG) implementation (Shetty et al. 2011a,b) with the same collision coeffi-
cients as in the multi-transition study of Section 5. In Figure 6.6 we show the results of
the line radiative transfer of different models following the LVG mode of RADMC-3D after
convolving them with the appropriate beam sizes (Table 6.1). We first compared the per-
formance of pure BES1 model with central density nH = 106 cm−3 and the AD model with
nH = 105 cm−3. While the BES1 and AD model overestimate the temperatures of the ob-
served CS and isotopolog line temperatures, the AD model performs worse at describing the
majority of deuterated lines except N2D+, where both show good agreement with the obser-
vations. It is worth noting that the difference between the synthesized and observed pro-
files of the DNC 1 → 0 line, the observed profile being wider with a secondary component,
arises because the hyperfine splitting is not considered in the calculations. We are unable
to reproduce these features, due to the absence of collisional coefficient files with hyperfine
splitting. In the case of the N2H+ 1 → 0 line, both BES1 and AD models perform poorly. This
poor performance suggests uncertainties in the dynamics of the core or in its physical struc-
ture. The low observed intensities of the optically thick N2H+ and DCN lines might be due
to the existence of a thick absorbing layer that is not accounted for by our profiles. The ex-
istence of this thick absorbing layer would also be consistent with the deep self-absorption
features detected by Fuente et al. (2019) in the HCN 1 → 0 line. To test this idea we added an
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envelope to the BES1 profile by setting the density, temperature, and chemical abundances
constant beyond the point where the density reaches nH2 = 104 cm−3. The thickness of this
envelope was chosen so that the N2H+ column density would yield the observed opacity of
the N2H+ 1 → 0 line. The resulting spectra is shown against the observations in Figure 6.6.
From the results we conclude that the presence of an envelope provides a better agreement
to the observations, but still overestimates the N2H+ line temperatures by a factor of ∼ 1.5.

Thus far, the models do a poor job of reproducing the spectra of CS and isotopologs. As
noted above, there is a large uncertainty on the value of the initial sulfur abundance. Follow-
ing the most recent results in Bulut et al. (2021), we introduced a sulfur depletion of a factor
of 20 in the BES1 model with envelope. The resulting line profiles are found to provide the
best agreement to the CS 3 → 2 line and excellent agreement to the J=3 → 2 line of C34S and
the J=2 → 1 line of 13CS. Thus, we adopt the BES1 model with a density of nH = 106 cm−3 and
sulfur depletion as the one that best describes the chemical abundances and spectra of the
TMC 1-C starless core.

Although our model is successful at reproducing the observed spectra, we should use
caution before concluding about the collapse timescale in TMC 1-C because there are still
some uncertainties that should be considered. On the one hand, our single-dish observa-
tions provide beam-averaged (∼4000−5000 au) physical and chemical properties, hindering
the variations in the density profile and chemical signatures within the core. Higher an-
gular resolution dust continuum emission maps of TMC 1-C show an elongated structure
and inhomogeneities within the core that are taken into account in our model (Schnee &
Goodman 2005; Schnee et al. 2010). Clumpiness of the densest gas (nH > 105 cm−3) within
the 30m telescope beam would produce lower brightness temperatures and help reconcile
N2H+ predictions and observations. There is still room for improvement. As suggested by
Sipilä & Caselli (2018), it is necessary to couple the chemistry with the dynamics to repro-
duce the molecular abundances in dense and small regions formed at the latest stages of the
core evolution. Finally, our analysis helped constrain several parameters that are generally
poorly known such as ζ(H2), the initial OPR of H2, or the initial S abundance. The influ-
ence of other initial abundances and quantities, such as the initial C/O ratio, was not taken
into account in our study, and could be further constrained with the observation of a larger
number of species.

6.7 Discussion

The classification of starless cores according to their evolutionary stage has been revealed to
be a formidable problem. An accurate measurement of the gas density at the core center is
challenging since the abundances of all molecules are depleted and the emerging line inten-
sities are weak due to the low kinetic temperature. Moreover, the emission from the center
can be absorbed by the outer lower density layers of the envelope. Chemistry has become an
essential tool in determining the physical conditions along these dense cores, and chemical
diagnostics such as the N2D+/N2H+ have been successfully used to classify pre-stellar cores.
Although extremely useful, chemical models show that all these diagnostics depend on pa-
rameters that are usually not well constrained, such as ζ(H2), the initial OPR of H2, and the
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initial elemental abundances.

We used spectroscopic observations to investigate the evolutionary stage of the cores
TMC 1-C and TMC 1-CP, located in the nearby region of Taurus. These cores are located in
the same molecular cloud at a separation of ∼ 19′, and are expected to share the same initial
conditions. Furthermore, the acquired knowledge of the initial gas ionization degree and
chemical composition by Fuente et al. (2019) and Navarro-Almaida et al. (2020) allowed us to
carry out a more precise modeling of their chemistry. In addition to species commonly used
to probe the evolutionary stage of starless cores such as CS, N2H+, and N2D+, we mapped the
deuterated isomers DCN and DNC to further constrain the physical and chemical conditions
of the dense gas. The inclusion of these two isomers provided valuable information for the
modeling. First, the comparison of the abundances of deuterated neutral and ionic species
allowed us to have an estimate of ζ(H2) in the dense gas. Interestingly, the value derived from
these species, ζ(H2) = 1.3×10−17 s−1, is a factor of 5−10 lower than that derived by Fuente
et al. (2019) in the translucent cloud. Moreover, the chemistry of these deuterated isomers is
very sensitive to the physical conditions of starless cores. At low temperatures Tk < 10 K, the
DNC/DCN abundance ratio is a good tracer of the gas density, which itself is an indicator of
the starless core evolutionary stage. The abundances of DNC and DCN reach the steady state
at earlier times than N2D+. Combining the three species, we are able to distinguish chemical
ages ranging from ∼0.1 to ∼1 Myr.

In an attempt to characterize the contraction of starless cores in TMC 1, we used an-
alytic approximations to the density evolution of starless cores to predict the evolution of
the gas chemistry during the collapse. In particular we considered three collapse models:
i) the BES1 model, which describes a gravitational collapse with a characteristic time, t ∼ 1
Myr; ii) the BES4 model, which describes a rapid collapse, t ∼ 0.1 Myr, induced by the cloud
compression; and iii) the AD model, which describes a collapse slowed down by a magnetic
support, with t ∼ 10 Myr. We find that the BES4 model is not compatible with the observa-
tions. The abundances measured towards TMC 1-C and TMC 1-CP can only be explained
with the BES1 and AD models. Although the BES1 and AD models provide a reasonable fit to
the observed chemical abundances, in the case of TMC 1-C our results are best explained by
the BES1 model, which simulates the contraction of a near-equilibrium core with a typical
time of collapse of ∼1 Myr.

Thus far, only a few starless cores have been studied in detailed using dust continuum
emission and molecular spectroscopy. Of these targets, the pre-stellar core L1544, stands
out as the prototype of low-mass evolved core on the verge of collapse (Caselli et al. 2002a;
Caselli & Ceccarelli 2012); L1544 is a prototypical low-mass pre-stellar core in Taurus. It
shows signs of contraction (Caselli et al. 2002a; Caselli & Ceccarelli 2012) that would eventu-
ally evolve into gravitational collapse, making it an ideal target to study the earliest phases of
low-mass star formation. There are many studies that analyze the deuteration in this pre-
stellar core (see, e.g., Caselli et al. 2002b; Crapsi et al. 2005; Chacón-Tanarro et al. 2019;
Redaelli et al. 2019). L1544 was also a subject of study in Crapsi et al. (2005), where they
estimate a N2H+ deuteration fraction of 0.23±0.04, in accordance with other works. More
recently, Redaelli et al. (2019) estimated the N2H+ and N2D+ column densities at the dust
peak, yielding N2D+/N2H+ ≈ 0.19+0.16

−0.19. This value is consistent with that measured towards
TMC 1-C, suggesting that L1544 and TMC1-C are at a similar evolutionary stage. Crapsi et al.
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(2005) carried out a N2H+ and N2D+ survey towards 31 low-mass stars using the 30m tele-
scope. Out of this large sample, only five targets presents N2H+ deuterium fractions similar
to L1544 and TMC 1-C, which testifies to the exceptionality of this evolved object that de-
serves further study.

The observation of several deuterated species together with N2H+ and CS allowed us to
constrain the chemistry of the TMC 1-C. However, there are uncertainties in the physical
structure of this core that must be solved for a more accurate description. First of all, the
moderate spatial resolution of our observations (∼4000−5000 au) hinders the detection of
the density and chemical gradients expected within the cores. High spatial resolution molec-
ular observations are mandatory to reveal their complex morphology, density, and chemical
structure. At the scales probed by interferometric observations (<4000−5000 au), the abun-
dances predicted by our pseudo-dynamic model would not be reliable, and a dynamical
model is necessary to describe the gas chemical evolution. The comparison of high spatial
resolution molecular observations with state-of-the-art 3D chemo-magnetohydrodynamical
simulations is necessary to progress in our understanding of the formation and evolution of
starless cores.

6.8 Summary and conclusions

Our goal was to investigate the evolution of starless cores based on observations towards the
prototypical dense cores TMC 1-C and TMC 1-CP. These two cores are located in the same
molecular cloud and share similar initial conditions. Located at a distance of 141.8 pc, these
cores provide an excellent opportunity to understand the physical and chemical evolution
in this phase. Our results can be summarized as follows:

• We mapped the prototypical dense cores TMC 1-C and TMC 1-CP in the J=2 → 1 and
3 → 2 lines of CS (and its isotopologs); the J=1 → 0 and 2 → 1 lines of DCN, DNC,
and DN13C; and the J= 1 → 0 line of N2H+ and N2D+. The emission of DNC 1 → 0
has revealed to be an excellent probe to identify the densest region within these cores.
Moreover, we detected DN13C 1 → 0 and 2 → 1 lines towards TMC 1-C. Based on these
observations, we selected five positions for a detailed study.

• A multi-transitional study of CS (and isotopologs), DCN, and DNC allowed us to esti-
mate the density and molecular abundances towards the selected positions. The den-
sities derived from CS (and isotopologs) range from nH=6×104 cm−3 in TMC 1-CP to
nH=1×105 cm−3. Based on DNC and DCN observations, we derive nH=(4±1)×104 cm−3

towards all positions. The abundances of deuterated compounds are higher in TMC 1-
C. In particular, the N2D+/N2H+ ratio is ∼ 0.14 in TMC 1-C and < 0.06 in TMC 1-CP.

• We modeled the chemistry using a gas-grain network that includes deuterium with
implemented spin chemistry. As a first step, we explored the parameter space using in
a 0D modeling. Our model is able to reproduce the observed abundances, assuming
ζ(H2)=1.3×10−17 s−1 and a time of ∼0.8 Myr for TMC 1-CP and ∼2 Myr for TMC 1-C.
The initial OPR ratio does not have a strong impact on our calculations since we only
consider evolution times higher than 0.1 Myr, for which the OPR evolves to 10−3.
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• By using analytic approximations to describe density evolution starless cores as a phys-
ical basis for our chemical modeling, we conclude that the TMC 1 filament is not un-
dergoing a rapid collapse. Our results are more consistent with the model BES1 of
Aikawa et al. (2005), which simulates the contraction of a near-equilibrium core with
a typical time of collapse of ∼1 Myr. TMC 1-CP is in an earlier evolutionary stage due
to a shorter time since formation or, alternatively, due to a collapse led by ambipolar
diffusion in a magnetically supported core.

• The 3D radiative transfer of the chemo-dynamical profiles presented in this work sup-
ports our conclusions about TMC 1-C. The comparison of the observed spectra with
the radiative transfer of the chemo-dynamical profiles from Aikawa et al. (2005) points
to a dynamical behavior best described by the BES1 model. This analysis also allowed
us to conclude that sulfur-bearing molecular lines are best reproduced with a factor
20 of initial sulfur depletion, in agreement with the most recent results on the subject
(Bulut et al. 2021). Finally, the radiative transfer modeling of the N2H+ 1 → 0 line sug-
gests the possible existence of an absorbing envelope in front of this core, which could
explain why the observed peak temperatures are lower than expected.

We investigated the chemistry of the starless cores TMC 1-C and TMC 1-CP, which are thought
to be in a different evolutionary stage, using CS, N2H+, and the deuterated compounds
N2D+, DCN, and DNC as chemical diagnostics. Our data allowed us to reject the possi-
bility that these cores are undergoing a rapid collapse. Moreover, the 3D radiative trans-
fer of pseudo time-dependent collapse models allowed us to discard a collapse timescale
longer than ∼ 1 Myr for TMC 1-C. However, this analysis does not allow us to definitely
differentiate between a nearly equilibrium contraction with a timescale shorter than ∼ 1
Myr or a longer collapse slowed down by a magnetic support in TMC 1-CP. A full chemo-
magnetohydrodynamical modeling, high angular resolution observations, and an accurate
estimate of the magnetic flux could help us figure out a more accurate picture of the collapse
history in these regions.

6.9 Tabulated and complementary data

6.9.1 Line properties

In this section we show the obtained integrated areas and main-beam temperatures of the
DCN 1 → 0, DCN 2 → 1, DNC 1 → 0, DNC 2 → 1, DN13C 1 → 0, DN13C 2 → 1, N2D+ 1 →
0, and N2H+ 1 → 0 lines at the different positions listed in Table 6.2. The frequencies and
line properties are from the CDMS catalog, except those of the DN13C lines, which are from
SLAIM catalogue. We also show the results of the HFS-CLASS method applied to the DCN,
N2H+, and N2D+.
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Table 6.6: Properties, main beam temperatures, and integrated intensities of the detected
spectral lines in TMC 1-C

Species Transition
Frequency

Eup (K) log(Aij) θMB (") gup TMB (K)

∫
TMB dv

(MHz) (K km s−1)

DCN
11 → 01 72413.50

3.5
-4.88

34
3 0.289±0.015 0.164±0.008

12 → 01 72414.93 -4.88 5 0.249±0.015 0.166±0.008
10 → 01 72417.03 -4.88 1 0.170±0.015 0.073±0.006

DCN

22 → 12 144826.58

10.4

-4.50

17

5


0.085±0.019 0.056±0.009

21 → 10 144826.82 -4.15 3
22 → 11 144828.00 -4.02 5
23 → 12 144828.11 -3.90 7
21 → 12 144828.91 -5.45 3
21 → 11 144830.33 -4.28 3

DNC 1 → 0 76305.70 3.7 -4.80 34 3 0.870±0.010 1.009±0.007
DNC 2 → 1 152609.74 11.0 -3.81 17 5 0.382±0.048 0.365±0.029

DN13C 1 → 0 73367.7540 3.4. -4.90 34 3 0.068±0.013 0.098±0.022
DN13C 2 → 1 146734.0020 10.25 -3.92 27 5 0.022±0.005 0.063±0.021

N2D+

11,0 → 01,1 77107.46

3.7

-4.69

34

1


0.199±0.027 0.152±0.014

11,2 → 01,1 77107.76 -5.50 5
11,2 → 01,2 77107.76 -4.76 5
11,1 → 01,0 77107.90 -4.98 3
11,1 → 01,1 77107.90 -5.45 3
11,1 → 01,2 77107.90 -5.61 3
12,2 → 01,1 77109.32 -5.11 5

}
0.302±0.027 0.126±0.009

12,2 → 01,2 77109.32 -5.50 5
12,3 → 01,2 77109.61 -4.69 7

 0.352±0.026 0.151±0.014
12,1 → 01,0 77109.81 -5.19 3
12,1 → 01,1 77109.81 -4.87 3
12,1 → 01,2 77109.81 -6.09 3
10,1 → 01,1 77112.11 -5.32 3

 0.181±0.026 0.072±0.01410,1 → 01,2 77112.11 -4.92 3
10,1 → 01,0 77112.11 -5.44 3

N2H+

11,0 → 01,1 93171.62

4.5

-4.44

26

1 0.640±0.025 0.219±0.035
11,2 → 01,1 93171.91 -5.25 5


0.734±0.025 0.582±0.035

11,2 → 01,2 93171.91 -4.51 5
11,1 → 01,0 93172.05 -4.73 3
11,1 → 01,1 93172.05 -5.36 3
11,1 → 01,2 93172.05 -4.87 3
12,2 → 01,1 93173.47 -4.51 5

}
0.759±0.025 0.293±0.035

12,2 → 01,2 93173.47 -5.25 5
12,3 → 01,2 93173.77 -4.44 7

 0.610±0.025 0.658±0.035
12,1 → 01,0 93173.96 -4.95 3
12,1 → 01,1 93173.96 -4.63 3
12,1 → 01,2 93173.96 -5.84 3
10,1 → 01,0 93176.26 -5.19 3

 0.811±0.025 0.282±0.03510,1 → 01,1 93176.26 -5.07 3
10,1 → 01,2 93176.26 -4.67 3
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Table 6.7: Properties, main beam temperatures, and integrated intensities of the detected
spectral lines in TMC 1-C (P)

Species Transition
Frequency

Eup (K) log(Aij) θMB (") gup TMB (K)

∫
TMB dv

(MHz) (K km s−1)

DCN
11 → 01 72413.50

3.5
-4.88

34
3 0.408±0.012 0.185±0.007

12 → 01 72414.93 -4.88 5 0.484±0.012 0.243±0.007
10 → 01 72417.03 -4.88 1 0.271±0.012 0.091±0.006

DCN

22 → 12 144826.58

10.4

-4.50

17

5
}

0.091±0.026 0.045±0.015
21 → 10 144826.82 -4.15 3
22 → 11 144828.00 -4.02 5

 0.130±0.026 0.079±0.01023 → 12 144828.11 -3.90 7
21 → 12 144828.91 -5.45 3
21 → 11 144830.33 -4.28 3 0.064±0.026 0.058±0.013

DCN 3 → 2 217237.00 20.9 -3.34 11 21 0.071±0.022 0.027±0.009

DNC 1 → 0 76305.70 3.7 -4.80 34 3 1.387±0.120 1.299±0.009
DNC 2 → 1 152609.74 11.0 -3.81 17 5 0.726±0.089 0.557±0.018

N2D+

11,0 → 01,1 77107.46

3.7

-4.69

34

1


0.249±0.033 0.098±0.011

11,2 → 01,1 77107.76 -5.50 5
11,2 → 01,2 77107.76 -4.76 5
11,1 → 01,0 77107.90 -4.98 3
11,1 → 01,1 77107.90 -5.45 3
11,1 → 01,2 77107.90 -5.61 3
12,2 → 01,1 77109.32 -5.11 5

}
0.271±0.033 0.096±0.012

12,2 → 01,2 77109.32 -5.50 5
12,3 → 01,2 77109.61 -4.69 7

 0.361±0.033 0.136±0.012
12,1 → 01,0 77109.81 -5.19 3
12,1 → 01,1 77109.81 -4.87 3
12,1 → 01,2 77109.81 -6.09 3
10,1 → 01,1 77112.11 -5.32 3

 0.152±0.033 0.048±0.01110,1 → 01,2 77112.11 -4.92 3
10,1 → 01,0 77112.11 -5.44 3

N2H+

11,0 → 01,1 93171.62

4.5

-4.44

26

1 0.670±0.023 0.198±0.009
11,2 → 01,1 93171.91 -5.25 5


0.803±0.023 0.623±0.052

11,2 → 01,2 93171.91 -4.51 5
11,1 → 01,0 93172.05 -4.73 3
11,1 → 01,1 93172.05 -5.36 3
11,1 → 01,2 93172.05 -4.87 3
12,2 → 01,1 93173.47 -4.51 5

}
1.050±0.023 0.323±0.010

12,2 → 01,2 93173.47 -5.25 5
12,3 → 01,2 93173.77 -4.44 7

 0.711±0.023 0.708±0.015
12,1 → 01,0 93173.96 -4.95 3
12,1 → 01,1 93173.96 -4.63 3
12,1 → 01,2 93173.96 -5.84 3
10,1 → 01,0 93176.26 -5.19 3

 0.946±0.023 0.320±0.01010,1 → 01,1 93176.26 -5.07 3
10,1 → 01,2 93176.26 -4.67 3
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Table 6.8: Properties, main beam temperatures, and integrated intensities of the detected
spectral lines in TMC 1-CP

Species Transition
Frequency

Eup (K) log(Aij) θMB (") gup TMB (K)

∫
TMB dv

(MHz) (K km s−1)

DCN
11 → 01 72413.50

3.5
-4.88

34
3 0.287±0.020 0.192±0.012

12 → 01 72414.93 -4.88 5 0.461±0.020 0.320±0.011
10 → 01 72417.03 -4.88 1 0.145±0.020 0.074±0.010

DCN

22 → 12 144826.58

10.4

-4.50

17

5


0.177±0.014 0.093±0.007

21 → 10 144826.82 -4.15 3
22 → 11 144828.00 -4.02 5
23 → 12 144828.11 -3.90 7
21 → 12 144828.91 -5.45 3
21 → 11 144830.33 -4.28 3

DNC 1 → 0 76305.70 3.7 -4.80 34 3 0.964±0.012 1.051±0.008
DNC 2 → 1 152609.74 11.0 -3.81 17 5 0.722±0.058 0.535±0.031

N2D+

11,0 → 01,1 77107.46

3.7

-4.69

34

1


rms: 1.66×10−2 K

11,2 → 01,1 77107.76 -5.50 5
11,2 → 01,2 77107.76 -4.76 5
11,1 → 01,0 77107.90 -4.98 3
11,1 → 01,1 77107.90 -5.45 3
11,1 → 01,2 77107.90 -5.61 3
12,2 → 01,1 77109.32 -5.11 5
12,2 → 01,2 77109.32 -5.50 5
12,3 → 01,2 77109.61 -4.69 7
12,1 → 01,0 77109.81 -5.19 3
12,1 → 01,1 77109.81 -4.87 3
12,1 → 01,2 77109.81 -6.09 3
10,1 → 01,1 77112.11 -5.32 3
10,1 → 01,2 77112.11 -4.92 3
10,1 → 01,0 77112.11 -5.44 3

N2H+

11,0 → 01,1 93171.62

4.5

-4.44

26

1 0.427±0.007 0.170±0.053
11,2 → 01,1 93171.91 -5.25 5


0.955±0.007 0.835±0.043

11,2 → 01,2 93171.91 -4.51 5
11,1 → 01,0 93172.05 -4.73 3
11,1 → 01,1 93172.05 -5.36 3
11,1 → 01,2 93172.05 -4.87 3
12,2 → 01,1 93173.47 -4.51 5

}
1.046±0.007 0.509±0.043

12,2 → 01,2 93173.47 -5.25 5
12,3 → 01,2 93173.77 -4.44 7

 1.191±0.007 1.071±0.043
12,1 → 01,0 93173.96 -4.95 3
12,1 → 01,1 93173.96 -4.63 3
12,1 → 01,2 93173.96 -5.84 3
10,1 → 01,0 93176.26 -5.19 3

 0.808±0.007 0.423±0.04310,1 → 01,1 93176.26 -5.07 3
10,1 → 01,2 93176.26 -4.67 3
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Table 6.9: Properties, main beam temperatures, and integrated intensities of the detected
spectral lines in TMC 1-CP (P1)

Species Transition
Frequency

Eup (K) log(Aij) θMB (") gup TMB (K)

∫
TMB dv

(MHz) (K km s−1)

DCN
11 → 01 72413.50

3.5
-4.88

34
3 0.358±0.008 0.190±0.013

12 → 01 72414.93 -4.88 5 0.530±0.008 0.330±0.011
10 → 01 72417.03 -4.88 1 0.222±0.008 0.083±0.014

DCN

22 → 12 144826.58

10.4

-4.50

17

5


0.282±0.016 0.110±0.015

21 → 10 144826.82 -4.15 3
22 → 11 144828.00 -4.02 5
23 → 12 144828.11 -3.90 7
21 → 12 144828.91 -5.45 3
21 → 11 144830.33 -4.28 3

DNC 1 → 0 76305.70 3.7 -4.80 34 3 1.227±0.080 1.215±0.013
DNC 2 → 1 152609.74 11.0 -3.81 17 5 0.732±0.059 0.477±0.027

N2D+

11,0 → 01,1 77107.46

3.7

-4.69

34

1


rms: 2.00×10−2 K

11,2 → 01,1 77107.76 -5.50 5
11,2 → 01,2 77107.76 -4.76 5
11,1 → 01,0 77107.90 -4.98 3
11,1 → 01,1 77107.90 -5.45 3
11,1 → 01,2 77107.90 -5.61 3
12,2 → 01,1 77109.32 -5.11 5
12,2 → 01,2 77109.32 -5.50 5
12,3 → 01,2 77109.61 -4.69 7
12,1 → 01,0 77109.81 -5.19 3
12,1 → 01,1 77109.81 -4.87 3
12,1 → 01,2 77109.81 -6.09 3
10,1 → 01,1 77112.11 -5.32 3
10,1 → 01,2 77112.11 -4.92 3
10,1 → 01,0 77112.11 -5.44 3

N2H+

11,0 → 01,1 93171.62

4.5

-4.44

26

1 0.379±0.022 0.167±0.008
11,2 → 01,1 93171.91 -5.25 5


1.061±0.022 0.904±0.013

11,2 → 01,2 93171.91 -4.51 5
11,1 → 01,0 93172.05 -4.73 3
11,1 → 01,1 93172.05 -5.36 3
11,1 → 01,2 93172.05 -4.87 3
12,2 → 01,1 93173.47 -4.51 5

}
1.208±0.022 0.542±0.009

12,2 → 01,2 93173.47 -5.25 5
12,3 → 01,2 93173.77 -4.44 7

 1.263±0.022 1.102±0.015
12,1 → 01,0 93173.96 -4.95 3
12,1 → 01,1 93173.96 -4.63 3
12,1 → 01,2 93173.96 -5.84 3
10,1 → 01,0 93176.26 -5.19 3

 0.889±0.022 0.430±0.01010,1 → 01,1 93176.26 -5.07 3
10,1 → 01,2 93176.26 -4.67 3
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Table 6.10: Properties, main beam temperatures, and integrated intensities of the detected
spectral lines in TMC 1-CP (P2)

Species Transition
Frequency

Eup (K) log(Aij) θMB (") gup TMB (K)

∫
TMB dv

(MHz) (K km s−1)

DCN
11 → 01 72413.50

3.5
-4.88

34
3 0.363±0.033 0.220±0.015

12 → 01 72414.93 -4.88 5 0.542±0.033 0.357±0.018
10 → 01 72417.03 -4.88 1 0.219±0.033 0.090±0.014

DCN

22 → 12 144826.58

10.4

-4.50

17

5


0.227±0.021 0.182±0.022

21 → 10 144826.82 -4.15 3
22 → 11 144828.00 -4.02 5
23 → 12 144828.11 -3.90 7
21 → 12 144828.91 -5.45 3
21 → 11 144830.33 -4.28 3

DNC 1 → 0 76305.70 3.7 -4.80 34 3 1.166±0.016 1.179±0.011
DNC 2 → 1 152609.74 11.0 -3.81 17 5 0.778±0.048 0.583±0.032

N2D+

11,0 → 01,1 77107.46

3.7

-4.69

34

1


rms: 2.20×10−2 K

11,2 → 01,1 77107.76 -5.50 5
11,2 → 01,2 77107.76 -4.76 5
11,1 → 01,0 77107.90 -4.98 3
11,1 → 01,1 77107.90 -5.45 3
11,1 → 01,2 77107.90 -5.61 3
12,2 → 01,1 77109.32 -5.11 5
12,2 → 01,2 77109.32 -5.50 5
12,3 → 01,2 77109.61 -4.69 7
12,1 → 01,0 77109.81 -5.19 3
12,1 → 01,1 77109.81 -4.87 3
12,1 → 01,2 77109.81 -6.09 3
10,1 → 01,1 77112.11 -5.32 3
10,1 → 01,2 77112.11 -4.92 3
10,1 → 01,0 77112.11 -5.44 3

N2H+

11,0 → 01,1 93171.62

4.5

-4.44

26

1 0.347±0.019 0.133±0.052
11,2 → 01,1 93171.91 -5.25 5


1.005±0.019 0.885±0.051

11,2 → 01,2 93171.91 -4.51 5
11,1 → 01,0 93172.05 -4.73 3
11,1 → 01,1 93172.05 -5.36 3
11,1 → 01,2 93172.05 -4.87 3
12,2 → 01,1 93173.47 -4.51 5

}
1.151±0.022 0.502±0.051

12,2 → 01,2 93173.47 -5.25 5
12,3 → 01,2 93173.77 -4.44 7

 1.183±0.022 1.106±0.052
12,1 → 01,0 93173.96 -4.95 3
12,1 → 01,1 93173.96 -4.63 3
12,1 → 01,2 93173.96 -5.84 3
10,1 → 01,0 93176.26 -5.19 3

 0.827±0.022 0.461±0.05210,1 → 01,1 93176.26 -5.07 3
10,1 → 01,2 93176.26 -4.67 3
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6.9.2 CS spectra and line fitting with RADEX.

Here we show the observed CS lines (see Table 6.1) and the synthetic spectra obtained with
the radiative transfer code RADEX and the parameters shown in Table 6.3.
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Figure 6.7: Observed 13CS 2 → 1, C34S 3 → 2, and CS 3 → 2 lines towards the positions listed
in Table 6.2 (TMC 1-C in blue and TMC 1-CP in red), with the synthetic spectra created with
RADEX and the parameters in Table 6.3.
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6.9.3 HFS-CLASS results.

The HFS-CLASS method is used to derive the opacities of the DCN, N2H+, and N2D+ lines
from their hyperfine structure. We list here the results of this method applied at the observed
lines of our setup.

Table 6.11: HFS-CLASS method results for the DCN, N2H+, and N2D+ lines at the observed
positions. TA is the line temperature of the main component, ∆V is the line width, and τm is
the optical depth of the main component.

Position Species Transition TA ×τm (K) ∆V (km s−1) τm

TMC 1-C
DCN

1 → 0 1.36±0.17 0.40±0.02 5.72±0.84
2 → 1 0.25±0.09 0.37±0.07 3.24±1.53

N2H+ 1 → 0 2.70±0.08 0.33±0.02 3.31±0.17
N2D+ 1 → 0 0.33±0.01 0.50±0.01 0.10±0.04

TMC 1-C (P)
DCN

1 → 0 1.57±0.13 0.34±0.01 3.45±0.32
2 → 1 0.35±0.15 0.43±0.09 3.19±2.05

N2H+ 1 → 0 2.67±0.07 0.33±0.01 2.64±0.14
N2D+ 1 → 0 0.25±0.01 0.50±0.01 0.10±0.02

TMC 1-CP
DCN

1 → 0 0.62±0.08 0.59±0.03 0.69±0.35
2 → 1 0.18±0.07 0.38±0.08 0.41±0.51

N2H+ 1 → 0 2.49±0.07 0.44±0.05 1.65±0.10

TMC 1-CP (P1)
DCN

1 → 0 0.85±0.13 0.49±0.03 1.14±0.44
2 → 1 0.23±0.04 0.33±0.12 0.10±0.73

N2H+ 1 → 0 2.48±0.09 0.42±0.06 1.27±0.11

TMC 1-CP (P2)
DCN

1 → 0 0.86±0.14 0.52±0.04 1.07±0.49
2 → 1 0.50±0.20 0.50±0.04 2.22±1.28

N2H+ 1 → 0 2.38±0.01 0.42±0.03 1.34±0.06
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6.9.4 Collapse models, abundance predictions, and observations.

In this section we show the observed abundances of DNC, DCN, CS, N2H+, and N2D+ at
the positions in Table 6.2, and their predicted values according to the collapse models BES1,
BES4, and AD presented in Section 9.
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Figure 6.8: Predicted abundances along the line of sight (black) of the different BES1 collapse
models with densities 5× 104 (solid), 105 (dashed), 4× 105 (dot-dashed), and 1× 106 cm−3

(dotted). The observational data at the center of the starless cores are plotted in blue (TMC 1-
C) and red (TMC 1-CP). The arrows indicate upper bounds.



188 Chapter 6 - Evolutionary view through the starless cores in Taurus: deuteration in TMC 1

101 102 103 104

Offset (au)

104

105

106

n H
 (c

m
3 )

101 102 103 104

Offset (au)

10

12

14

16

Te
m

pe
ra

tu
re

 (K
)

101 102 103 104

Offset (au)

19.0

19.5

20.0

20.5

21.0

Vi
su

al
 e

xt
. (

m
ag

)
101 102 103 104

Offset (au)

10 11

10 10

N(
DN

C)
/N

(H
)

101 102 103 104

Offset (au)

10 10

10 9

N(
DC

N)
/N

(H
)

101 102 103 104

Offset (au)

10 2

10 1

100

N(
DN

C)
/N

(D
CN

)

101 102 103 104

Offset (au)

10 12

10 11

10 10

N(
N 2

H+
)/N

(H
)

101 102 103 104

Offset (au)

10 14

10 13

10 12

10 11

N(
N 2

D+
)/N

(H
)

101 102 103 104

Offset (au)

0.00

0.05

0.10

0.15

0.20

N(
N 2

D+
)/N

(N
2H

+
)

101 102 103 104

Offset (au)

10 9

10 8

10 7

10 6

N(
CS

)/N
(H

)

101 102 103 104

Offset (au)

10 6

10 5

10 4

10 3

10 2

10 1

N(
N 2

H+
)/N

(C
S) nH = 1 × 105 cm 3

nH = 4 × 105 cm 3

nH = 1 × 106 cm 3

TMC1-C data
TMC1-CP data

Figure 6.9: Predicted abundances (black) of the different BES4 collapse models with densities
105 (solid), 4×105 (dashed), and 1×106 cm−3 (dotted). The observational data at the center
of the starless cores are plotted in blue (TMC 1-C) and red (TMC 1-CP). The arrows indicate
upper bounds.



6.9 - Tabulated and complementary data 189

101 102 103 104

Offset (au)

104

105

106

n H
 (c

m
3 )

101 102 103 104

Offset (au)

10

12

14

16

Te
m

pe
ra

tu
re

 (K
)

101 102 103 104

Offset (au)

19.0

19.5

20.0

20.5

21.0

Vi
su

al
 e

xt
. (

m
ag

)
101 102 103 104

Offset (au)

10 10

N(
DN

C)
/N

(H
)

101 102 103 104

Offset (au)

10 10

N(
DC

N)
/N

(H
)

101 102 103 104

Offset (au)

100

6 × 10 1

2 × 100

3 × 100

N(
DN

C)
/N

(D
CN

)

101 102 103 104

Offset (au)

10 10

10 9

N(
N 2

H+
)/N

(H
)

101 102 103 104

Offset (au)

10 11

10 10

N(
N 2

D+
)/N

(H
)

101 102 103 104

Offset (au)

0.05

0.10

0.15

0.20

N(
N 2

D+
)/N

(N
2H

+
)

101 102 103 104

Offset (au)

10 9

10 8

N(
CS

)/N
(H

)

101 102 103 104

Offset (au)

10 2

10 1

N(
N 2

H+
)/N

(C
S)

nH = 5 × 104 cm 3

nH = 1 × 105 cm 3

nH = 4 × 105 cm 3

nH = 1 × 106 cm 3

TMC1-C data
TMC1-CP data
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Conclusions and future prospects

In this thesis we have explored the relationship between the chemistry of star-forming re-
gions and their dynamics and evolution. In this relationship, the elemental depletions play
a crucial role. The estimation of these quantities is not, however, straightforward, and could
reveal pitfalls in our understanding of the chemistry in these regions. Sulfur chemistry is
a primary example of this, with surface reactions playing an important role in the sulfur-
bearing molecular make up of gas and ices. With a constrained chemistry, deuteration offers
the possibility of exploring the evolutionary stage of pre-stellar cores and study their chemi-
cal evolution through time. This is key to understanding the chemical composition of young
stellar objects and, ultimately, planetary systems.

We have concluded that:

• Sulphur depletion in Taurus: the estimation of fractional abundances and their com-
parison with chemical models provides insight about the elemental depletion factors
and, consequently, about the ionization degree of the gas. Our chemical study of the
prototypical TMC 1 filament shows that sulfur is depleted by factor of 10 even in the
translucent region. This means that 90% of Sulphur is incorporated to grains during
the transition between the diffuse gas and the translucent cloud, more likely due to
electrostatic forces between grains (negatively charged) and S+ ion.

• We analyze the emission of the H2S molecule, a molecule only formed on dust sur-
faces through association of Sulfur with H atoms. The chemical modeling of TMC 1
and Barnard 1b filaments allows us to conclude that H2S is the main sulfur reservoir
on ices and is released to the gas-phase via chemical desorption. The gas-phase abun-
dances of this molecule are sensitive to the changes in chemical desorption efficiency
expected to happen when ice mantles build up. This is of great interest for the study
of the grain properties since the H2S abundance would trace the formation of thick ice
mantles in molecular clouds.

• The chemical composition of pre-stellar cores is influenced by their evolutionary stage.
The paradigmatic example of this is the enhancement of deuterated compounds. The
emission of deuterated molecules is used to trace the inner, dense gas expected in the
pre-stellar cores TMC 1-C and TMC 1-CP. The estimation of fractional abundances and
the deuteration fraction, and the comparison with collapse models let us conclude that
TMC 1-C is more evolved than TMC 1-CP. Moreover, we derived a cosmic ray ionization
rate of ζ= 10−17 s−1, which is one order of magnitude lower than that estimated in the
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translucent part of TMC1, thus demonstrating the decrease of the cosmic ray flux with
the visual extinction.

These results offer answers to some important questions in the current picture of the
chemistry of star-forming regions. While doing so, they open new lines of research.

Chemical desorption efficiency and correlations

The data presented in Chapter 5, while covering a wide range of visual extinctions, is sparsely
distributed near the transition zone where ices would start building up and, consequently,
the desorption efficiency starts to drop. An accepted proposal for the IRAM 30m telescope is
intended to deal with this issue, providing more data towards this zone.

At the same time, it would be interesting to look for more evidence to the ability of gas-
phase abundances of H2S to trace changes in the surface composition. Spectroscopic obser-
vations of methanol, a molecule that, like H2S, is only formed efficiently over grain surfaces
by hydrogenation of the frozen CO would be also useful. Comparing the evolution of the
abundances of these two molecules at different extinctions with chemical models and dif-
ferent chemical desorption schemes would provide a more precise location of the transition
zone where ice layers begin to deposit over grain surfaces. Furthermore, we could quantify
the variation in the efficiency of desorption as a function of the extinction, a parameteriza-
tion of great interest in future chemical studies.

High angular resolution study of pre-stellar cores

The treatment of the physical structure of pre-stellar cores has been simple, assuming spher-
ical symmetry and a Bonnor-Ebert-like density profile. Aimed at a more realistic modeling
of the pre-stellar cores in TMC 1, we submitted proposals to study the continuum emission
of the cores with the 3mm MUSTANG2 camera in the Green Bank Telescope (USA). Such
maps of TMC 1-C and TMC 1-CP are shown in Figure 6.11 and, as it can be readily seen, the
TMC 1-C and TMC 1-CP presents different morphologies more likely related to their different
evolutionary stages.

A recently accepted proposal for NOEMA is aimed at performing interferometric obser-
vations of the molecular emission coming from TMC 1-C and TMC 1-CP to determine their
morphology, kinematics, and chemistry, as they show significant chemical differences com-
ing from different evolutionary stages, as presented in this thesis. In the near future, our goal
is improving our understanding of the chemistry at the earliest stages in the formation of a
star with observations towards TMC 1 and new high angular resolution observations towards
pre-stellar cores in different star-forming regions.

Observations at 1mm and 2mm using NIKA2 in the 30m telescope have already been
carried out. The combination of these images with those at 3mm, will provide information
on the grain sizes to investigate possible grain growth in pre-stellar cores. The combina-
tion of these results with NOEMA images will be eventually used to investigate the interplay
between grain growth and the gas-phase chemical composition.
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Figure 6.11: Continuum maps at 3 mm of the pre-stellar cores TMC 1-C (right) and TMC 1-
CP (left) obtained with the MUSTANG-2 instrument (white contours). Herschel contours (in
red) are overplotted. Note the presence of substructure in the TMC 1-C core.

Chemical evolution and magnetohydrodynamical simulations

The treatment of collapse in this thesis has been very simple, disregarding some of the effects
the magnetic fields have in this process. Current models of interaction between magnetic
fields and matter even include non-ideal magnetohydrodynamical features, believed to be
of fundamental importance in the formation of young stellar objects.

MHD simulations offer an immediate improvement over the collapse models used here.
These simulations allow leaving out commonly used assumptions like Bonnor-Ebert density
profiles or sphericity of the core under collapse. So far, I have developed an interface be-
tween the chemical model Nautilus and the RAMSES MHD code (Fromang et al. 2005) that
takes advantage of parallel computing in computer grids. From the RAMSES code I have ex-
tracted the physical and dynamical information in trajectories of time, density, extinction,
and temperature of each one of the 106 particles inside the simulation. These trajectories
yield a chemical evolution using the Nautilus code.

Our next goal is to classify particles in the different regions of a young stellar object: core,
envelope, disk, pseudo-disk, and outflow, to perform a study of chemical differentiation be-
tween regions. Finally, these chemical abundances will be post-processed using RADMC-3D
code to obtain maps and spectra of the different regions, offering an excellent tool to under-
stand the chemistry of young stellar objects and better interpret observations.
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Conclusiones y perspectivas futuras

En esta tesis hemos explorado la relación entre la química, dinámica y evolución de regiones
de formación estelar. En esta relación las depleciones elementales juegan un importante
papel. Sin embargo, la determinación de estas cantidades no es evidente y puede revelar
limitaciones en nuestro conocimiento de estas regiones. La química del azufre es un claro
ejemplo de esto, donde las reacciones sobre la superficie de los granos son responsables de
la composición sólida y gaseosa de compuestos azufrados. Una vez entendidos los procesos
químicos que tienen lugar en las regiones de formación estelar, la deuteración de moléculas
ofrece la posibilidad de explorar el estado evolutivo de las zonas de interés y así establecer
la evolución química de objetos pre-estelares. Esto es clave para entender la composición
química de los futuros objetos protoestelares y sistemas planetarios.

A lo largo de la tesis hemos concluido:

• Depleción de azufre en la nube molecular de Tauro: la estimación de abundancias
químicas de diferentes compuestos y su comparación con modelos químicos propor-
ciona información sobre las depleciones elementales y, por tanto, sobre el grado de
ionización del gas. El estudio de la región de formación estelar TMC 1 muestra que el
azufre está depletado en un factor 10 incluso en la región traslúcida de la nube. Esto
significa que el 90% del azufre se deposita sobre la superficie de los granos en la tran-
sición entre el gas difuso y el régimen traslúcido. Esto puede ser el resultado de la
atracción electrostática entre iones de azufre S+ y los granos de polvo (negativamente
cargados).

• Analizamos la emisión de la molécula H2S, una molécula que sólo se forma sobre la
superficie de los granos mediante la asociación del azufre con átomos de hidrógeno.
El modelado químico de los filamentos moleculares TMC 1 y Barnard 1b permite con-
cluir que H2S es el principal reservorio de azufre en los hielos y es liberado al gas prin-
cipalmente mediante desorción química. La abundancia gaseosa de esta molécula
parece ser sensible a los cambios en la eficiencia de desorción que se espera que ocur-
ran cuando la superficie de los granos se empieza a cubrir de hielo. Esto es de gran
interés para el estudio de las propiedades de los granos ya que H2S estaría por tanto
trazando la formación de hielo en nubes moleculares.

• La composición química de núcleos pre-estelares está influenciada por su estado evo-
lutivo. El ejemplo paradigmático de esta afirmación se encuentra en el incremento de
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compuestos deuterados. La emisión de moléculas deuteradas se emplea para carac-
terizar el gas denso que se espera en el interior de las condensaciones pre-estelares
TMC 1-C y TMC 1-CP. La estimación de abundancias, la fracción de deuteración, y su
comparación con modelos químicos nos permite concluir que TMC 1-C es más evolu-
cionado que TMC 1-CP. Además, este estudio confirma el decrecimiento de la tasa de
ionización por rayos cósmicos con la extinción en el interior de los núcleos a ζ= 10−17

s−1, un orden de magnitud inferior a lo que se estima en las zonas difusas de TMC 1.

Estos resultados ofrecen respuestas a algunos problemas importantes en el conocimiento
de la química en regiones de formación estelar. Además abren nuevas líneas de investigación

La eficiencia de desorción química y correlaciones

Los datos presentados en el Capítulo 5, si bien cubren un rango amplio de extinciones vi-
suales, estos están dispersamente distribuidos cerca de la zona de transición, donde se em-
piezan a depositar hielos y por tanto, la eficiencia de desorción química disminuye. Una
propuesta aceptada para el telescopio IRAM 30m busca solucionar esta problemática apor-
tando más datos en la zona de transición.

A la vez, estos datos persiguen proporcionar más evidencia sobre la capacidad de la
abundancia gaseosa de H2S de trazar los cambios que se producen en la superficie de los gra-
nos. Observaciones espectroscópicas de metanol, una molécula que, al igual que H2S, sólo
se forma eficientemente mediante reacciones químicas de superficie al hidrogenar hielo de
CO, serían útiles para este propósito. Comparando las abundancias de las dos moléculas a
diferentes extinciones con modelos químicos ayudaría a restringir la localización de la zona
de transición. Además, se podría cuantificar la variación de las eficiencias de desorción con
la extinción, una parametrización de gran interés para futuros estudios químicos.

Estudios en alta resolución de núcleos pre-estelares

El tratamiento de la estructura física de las condensaciones pre-estelares que se ha hecho a
lo largo de la tesis ha sido simple, asumiendo siempre simetría esférica y perfiles de densi-
dad tipo Bonnor-Ebert. Con el objetivo de una modelización más realista de estas regiones,
preparamos propuestas de observación para la emisión de contínuo a 3 mm con la cámara
MUSTANG2 del telescopio de Green Bank (Virginia Occidental - EEUU). Los mapas corre-
spondientes a los núcleos TMC 1-C and TMC 1-CP se muestran en la Figura 6.12 y, como se
puede observar, presentan diferentes morfologías que pueden relacionarse con su diferente
estado evolutivo.

Una propuesta recientemente aprobada para el interferómetro NOEMA está dedicada a
la observación en alta resolución de la emisión molecular de TMC 1-C and TMC 1-CP para
así determinar su morfología, cinemática y química, ya que presentan diferencias químicas
significativas, como se ha mostrado aquí. En el futuro próximo, nuestro objetivo es mejorar
nuestro entendimiento de la química en los primeros momentos de la formación de una
estrella con observaciones de TMC 1 y nuevas observaciones en alta resolución de núcleos
pre-estelares en otras regiones de formación estelar.
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Figure 6.12: Mapas de continuo a 3 mm de los núcleos pre-estelares TMC 1-C (derecha) y
TMC 1-CP (izquierda) obtenidos con el instrumento MUSTANG-2 (curvas de nivel blancas).
Superpuestos se representan además los contornos del telescopio Herschel en rojo.

Adicionalmente se tienen observaciones de contínuo a 1 y 2 mm utilizando la cámara
NIKA2 del telescopio IRAM 30m. La combinación de estas imágenes con las de 3 mm pro-
porcionarán información sobre el tamaño de los granos de polvo para investigar su posible
crecimiento hacia el interior de los núcleos pre-estelares. La combinación de estos resulta-
dos con las imágenes de NOEMA se utilizarán para investigar la relación entre crecimiento
del polvo y la composición química.

Evolución química y simulaciones magneto-hidrodinámicas

El tratamiento del colapso en esta tesis ha sido sencillo, ignorando algunos de los efectos
que los campos magnéticos tienen en el proceso. Modelos actuales de interacción entre
campos magnéticos y materia incluyen fenómenos de magnetohidrodinámica (MHD) no
ideales, que se cree que juegan un papel fundamental en la formación de estructuras en
objetos estelares jóvenes.

Simulaciones MHD ofrecen ventajas inmediatas frente a los modelos de colapso utiliza-
dos aquí. Estas simulaciones permiten dejar fuera asunciones como la esfericidad del objeto
o la presencia de un perfil de densidad tipo Bonnor-Ebert. Por el momento, he desarrollado
una interfaz que permite utilizar el modelo químico Nautilus con los datos resultantes de
una simulación con el código RAMSES (Fromang et al. 2005), que aprovecha la computación
paralela de las redes de supercomputadores. A partir de los resultados de RAMSES, he ex-
traído la información física y dinámica en trayectorias de tiempo, densidad, extinción y tem-
peratura de cada una de las 106 partículas trazadoras que componen la simulación. Cada
trayectoria produce una evolución química utilizando el modelo químico Nautilus.

Nuestro siguiente objetivo es el de la clasificación de partículas trazadoras en las difer-
entes regiones en las que se compone un objeto estelar joven: núcleo, envoltura, disco,
pseudo-disco y outflows. Así, se podrá hacer un estudio de diferenciación química entre
regiones. Finalmente, estas abundancias químicas y su distribución espacial serán post-
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procesadas mediante transferencia radiativa para obtener mapas sintéticos. Estos mapas
serán una excelente herramienta para entender mejor la química de estos objetos e inter-
pretar observaciones.
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