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The secret of our origins appears to be one of the greatest unsolved mysteries of all time. It has been explored since antiquity, but several questions remain unanswered. An important step in addressing this problem is to go back in time and retrace the chemical and physical history of Solar System formation through the study of currently emerging planetary systems. The hot corino stage, in particular, is regarded as a critical tool for understanding the evolution of organic chemistry and, possibly, the advent of life on Earth. However, the question is: how close are we to reality?

In fact, the hot corinos studied so far are located in loose protostellar clusters. On the other hand, our Sun was born in a densely packed star cluster, near massive stars. The energetic radiation of the latter must have contributed to shaping the evolution of the surrounding environment. In addition, internal irradiation from protostellar energetic particles (≥ 10 MeV), is also known to have occurred during Solar System formation. How all of this could affect the chemistry of the proto-Sun and similar protostars remains an open question.

In this light, I addressed two major objectives in my thesis. The first was to study the impact of the physical conditions on hot corino chemistry. The second was to understand how the material within protostellar clusters can be shaped and altered by external and internal processes. To achieve the objectives, I investigated the protostellar cluster OMC-2 FIR 4 which is the nearest representative of the solar birth environment. The system is a hub located along the Integral Shape Filament in Orion, near the high-mass stars of the Trapezium cluster. It harbours at least five protostars, including the hot corino candidate HOPS-108, which was thoroughly studied in this thesis together with its surrounding material. Using interferometric data, I characterised the chemical content of the hot corino, and explored the morphology and dynamics of the gas within OMC-2 FIR 4.

There is no exact blueprint to follow when it comes to achieving success and ambitions. Many circumstances can intervene, and they frequently depend not only on the individual himself, but also on those around him and those he will meet along the way. Fortunately, I have always been surrounded by loving family and friends. And, during my PhD, I was fortunate to collaborate with a wonderful team, without whom this thesis would not have been feasible. In reality, great scientists can always be found, but it is rare to find great scientists who are also great people. To the great persons who have supported me, to the great persons I learnt from and worked with, I am dedicating these words.
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Chapter 1 Introduction

Since antiquity, countless generations have gazed up at the night sky, marvelling at the twinkling stars and wondering about the distant heavens. Our forefathers had many questions about the sky and the objects they saw in it, and they attempted to answer them in various ways. They were successful in solving some mysteries, but many were left unsolved, giving us the opportunity to try to answer them and enjoy the charm of our world. The persistent mystery that has infiltrated the human brain regardless of generation is the mystery of life or origins: What is our origin? How did life begin? This mystery is made up of innumerable questions, and when one is answered, another one is raised. Thanks to the collaboration of numerous fields, we know that we live on Earth, the special pale blue dot revolving around the Sun among seven other planets. The Solar System formed approximately 4.5 billion years ago in a clump of a molecular cloud, and life on Earth began at least 3.5 billion years ago. However, many mysteries remain, and scientists are still trying to unravel the labyrinth of the Solar System, how it formed step by step, what could be the link between its formation steps and life on Earth, and what role the environment plays in shaping the chemistry of the young stars and vice versa. One of the various tools used to answer some parts of this mystery is astrochemistry, where researchers study the chemistry of the solar system bodies as well as nascent planetary systems and try to investigate the possible links. In this thesis, we attempt to solve some parts of the mystery by utilising astrochemistry as a fundamental tool.

1.1 The interstellar medium: Where the story begins Our Solar System did not emerge from nowhere but rather from the gas and dust filling our Galaxy, also called Interstellar Medium (ISM), when the latter was in the molecular cloud phase. Hence, to understand how the story of planetary systems like ours begins, it is crucial to have a good comprehension of the physics and chemistry of their host environment, the ISM, which is the subject of this section.

The ISM: an Overview

The interstellar medium, or ISM, refers to the baryonic matter and electrons that exist between stellar systems in galaxies. Its mass consists of ∼ 99% of gas (ions, atoms, molecules) and ∼ 1% dust (small solid grains). The ISM is one of the most important components of galaxies. Aside Notes: Temperatures and densities were adopted from [START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium Tielens[END_REF] and [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium Drozdovskaya[END_REF], while ionisation fractions were adapted from Caselli et al. (1998); Wolfire et al. (2003); Jenkins (2013).

from its importance in galaxy evolution, the ISM and stellar formation are tightly coupled. As the galaxies evolve, the ISM serves as a reservoir, and it is slowly converted into new stars.

When stars die, their nucleosynthesis product, enriched with heavy elements, is returned to the ISM via stellar winds or supernovae explosions, where it condenses to form new generations of stars. The latter also contribute in changing the physical conditions of the ISM.

Indeed, the ISM is subject to a number of physical processes that influence its status, such as cosmic rays, electromagnetic radiation, interstellar magnetic field, and gravitational field (Spitzer 1978;[START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium Tielens[END_REF][START_REF] Draine | Physics of the Interstellar and Intergalactic Medium Drozdovskaya[END_REF]Klessen & Glover 2016). The electromagnetic radiation, refers to the different energy photons that permeate the ISM. It is mainly dominated by the cosmic microwave background radiation, the Far-infrared (FIR) and infrared emission (IR) from dust grains heated by starlight, the optical and ultraviolet (UV) radiation from stellar photospheres, the free-free and X-ray emission from interstellar plasma and the galactic synchrotron radiation [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium Drozdovskaya[END_REF]. The UV photons emitted by the stars ionise and heat the ISM by photodissociating the H 2 and other molecules, photoionising the heavy elements and ejecting photoelectrons from dust grains. Their role is limited to the low density regions, as they could be absorbed by the dust in denser clouds and reradiated at longer wavelengths. Cosmic rays (CRs) are high-energy particles composed of relativistic protons (∼ 89%), helium nuclei (∼ 10%), heavier nuclei and electrons (∼ 1%), that are presumably accelerated by shock waves from supernovae explosions. They are responsible for the gas ionisation in the dense regions of the ISM. The interstellar magnetic field results from electric currents in the ISM. It controls the gas dynamics by guiding the charged particles, including cosmic rays. Finally, the gravitational field plays an important role in shaping the formation and evolution of galaxies and the various objects within them. The interplay between the magnetic and gravitational fields is fundamental in shaping the gas within the ISM and constraining the collapse of the clouds and hence the star formation rate.

The Interstellar Gas

The interstellar gas is the dominant component of the ISM, accounting for 99% of the total mass. The interstellar gas in the Milky Way is mostly composed of hydrogen (∼ 70% in mass), helium (∼ 28% in mass) and heavier atoms (∼ 2% in mass), also called metals in the context of astronomy, such as carbon, oxygen, and nitrogen. Hydrogen can have different states. In fact, about 60% of the hydrogen is in the form of H atoms, ∼ 20% is in the form of molecular H 2 and ∼ 20% is ionised [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium Drozdovskaya[END_REF]. As a consequence of the different physical processes within the ISM (e.g. ionising photons, recombination, cosmic rays, cooling and heating, gravitational and magnetic fields, etc) the gas is found within a wide range of temperatures, densities, and ionisation fractions. This creates various characteristic states, also called phases, in the ISM gas. Indeed, when the gas of the ISM is observed, every wavelength will trace a different component of the ISM and a different emission process. Depending on the state of hydrogen, the components can be classified into 3 main groups (ionised, neutral atomic and molecular) that include different phases, albeit not strictly separated. The ISM phases and their main characteristics are summarised in Table 1.1: I. The ionised medium corresponds to the regions dominated by ionised hydrogen. It is mainly traced by UV and optical forbidden line transitions, and by fine structure lines in mid-far infrared. Based on the densities and temperatures, this component can be divided into three phases, the hot ionised medium (HIM), also called hot intercloud or coronal gas, the Hii regions referring to the hot (∼ 10 4 K) ionised gas surrounding a massive O/B star or a cluster of massive stars, and the warm ionised medium (WIM).

II. The atomic neutral medium corresponds to the regions where hydrogen is predominately atomic. This gas is mainly traced through the atomic H 21-cm line, as well as optical and UV interstellar absorption lines of various elements towards bright background stars.

Based on the gas temperature and density, the neutral atomic gas can be divided into two phases, the warm intercloud gas known as the warm neutral medium (WNM), and the cold diffuse clouds also known as cold neutral medium (CNM).

III. The molecular component of the ISM, which is the most relevant for this thesis, is also called molecular clouds, and it corresponds to the regions dominated by molecular hydrogen H 2 . As the latter can not be easily detected due to the lack of permanent electric dipole moment, these clouds are mainly traced by the CO (J=1-0) transition at 2.6 mm. It can also be observed through the dust FIR emission.

Molecular clouds are abundant in star-forming galaxies like ours, and they have a wide range of sizes and densities. Based on their optical appearances and hence on their visual extinction A V , individual clouds are separated into the following categories: diffuse (A V ∼ 0.2), translucent (A V ∼ 1-2) and dense (or dark; A V ∼ 5-10) (Snow & McCall 2006). Each of these can be distinguished by the main state of elemental carbon, which is C + , C, and CO, respectively. The first two have a temperature of ∼ 50 K and densities of ∼ 100 cm -3 . They are mainly heated by the ionisation of C, cosmic rays and the photoelectrons from dust, and cooled by the fine structure line emission. Dark clouds, on the other hand, are colder (∼ 10-50 K) and denser (> 200 cm -3 ). The main heating sources are the cosmic rays that can ionise H and He, while the main coolant is CO line emission. Thanks to their high densities, complex chemistry is possible within these clouds. Indeed, in addition to H 2 and CO, several molecules can be found, including CH, CH 1937; Weinreb et al. 1963;Hollis et al. 1989;[START_REF] Cheung | [END_REF][START_REF] Cheung | [END_REF]. Dense molecular clouds are filamentary, with self-gravitating substructures called clumps where material accumulates and fragments into cores. Under certain conditions, these cores can collapse to form new stars. The story of star formation will be described in Section 1.2.

The Interstellar Dust

The interstellar dust refers to the small solid particles, with sizes ranging from nanometres to micrometres, that are often mixed with the interstellar gas. Despite accounting for only 1% of the ISM mass, this component plays a very important role in the physics and chemistry of the ISM and in the processes that determine clouds' evolution and star formation. It is also responsible for starlight extinction, given that it absorbs photons more efficiently than the gas [START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium Tielens[END_REF][START_REF] Draine | Physics of the Interstellar and Intergalactic Medium Drozdovskaya[END_REF]). Due to this, our galaxy appears to be dominated by dark regions, or dark lanes, especially towards its centre (e.g. Figure 1.1).

The dust properties (size distribution, structure, and composition) can be revealed indirectly from astronomical observations. Starlight extinction is considered as a key tool for this aim, thanks to its dependence on the dust properties as well as the wavelength. Another important tool is the thermal emission of the dust. The optical and UV photons absorbed by dust are re-emitted in the infrared to mm wavelengths. The spectral energy distribution (SED) consists of two different components depending on the grain sizes and composition. The large grains (∼ 0.1 µm) in radiative equilibrium with the interstellar radiation field are responsible for the cold component (15-20 K) of the SED emitting in far-IR. While the hot component (∼ 500 K), dominating the near-and mid-IR, is due to the very small grains, and Poly-Aromatic-Hydrocarbons (PAHs), which are large carbon-chain molecules formed by more than 50 carbon atoms (Tielens 2008, and references therein).

The dust grain composition can be inferred through the study of the ISM abundances. These studies have shown that: Mg, Si and Fe are thought to be completely depleted into dust grains, while almost half of C and O as well as a small fraction of N are believed to be trapped in dust grains. As a result, it was discovered that these elements are the primary constituents of dust grains. They exist in the form of silicates, graphite, and amorphous carbon. These components form the refractory core of dust grains. An additional component, that can only be found in the dust grains of molecular clouds, is called the grain mantle, which consists of layers of icy molecules covering the dust grains. Several molecules have been found in these mantles, with the main ones being water (H 2 O), carbon monoxide (CO), carbon dioxide (CO 2 ) along with methane (CH 4 ), ammonia (NH 3 ) and methanol (CH 3 OH). The structure of a dust grain is represented in Figure 1.2.

In addition, it is worth mentioning that interstellar dust plays a crucial role in the ISM chemistry. The dust grains act as catalysts and provide a surface where chemical reactions can occur. They are the site where the most abundant molecule in the Universe, H 2 , forms. Finally, it is thought that the formation of planetary systems starts when dust grains in a protostellar disc begin to coagulate into larger grains, eventually leading to planetesimals and, ultimately to planets, carrying their complex organic molecules with them. Dust is not only the primary molecule builder; it is also one of the key components in the development of planets and life. 

Low-mass Star Formation

The star formation process is one of the most beautiful stories that the universe has offered us. It is both a long story with many protagonists and a very challenging riddle that has yet to be fully answered. One could summarise it by saying that low-mass star 1 birth is thought to take place in low overdensities of gas within cold, dense molecular clouds. However, the problem is far more complex as it entails connecting the physical processes associated with the large-scale molecular clouds (∼ tens of pc) down to the newborn individual stars (Rosen et al. 2020). It was previously assumed that the connection was simply due to gravitational collapse. However, high-resolution observations have revealed many details demonstrating that other physical processes, such as turbulence, magnetic fields and stellar feedback (e.g. outflows, radiation pressure, winds, supernova explosions and expanding bubbles) cannot be ignored, and their importance varies with size scale (e.g. Rosen et al. 2020;Bracco et al. 2020;[START_REF] Zhang | sein d'OMC-2 FIR 4. Nous suggérons que la cinématique des structures filamentaires pourrait être modifiée par des mécanismes externes et/ou internes tels que la rétroaction protostellaire, le vent provenant des régions Hii proches, le jet précurseur de la source protostellaire HOPS-370[END_REF]Hacar et al. 2022;Pattle et al. 2022;Pineda et al. 2022). In this section, I attempt to present the overall picture as it is currently understood, from core formation to planet formation, with a focus on the evolution of chemical complexity.

From filamentary molecular clouds to dense cores

The story begins from molecular clouds, and its first chapters are summarised with a scheme in Figure 1.3. Since 1979, molecular clouds have been noted to host parsec-scale filamentary structures (e.g. Schneider & Elmegreen 1979;Falgarone et al. 2001;McClure-Griffiths et al. 2006;Hily-Blant & Falgarone 2007) that were observed in the Orion A (e.g. Bally et al. 1987;Chini et al. 1997;Johnstone & Bally 1999) and Taurus clouds (e.g. [START_REF] Abergel | [END_REF]Mizuno et al. 1995;Hartmann 2002;Goldsmith et al. 2008) among other regions. The arrival of the Herschel satellite marked a watershed moment in the study of star formation and cloud evolution. In reality, Herschel observations (spanning scales ranging from 0.1 pc to more than 10 pc) revealed that filaments were present in every cloud observed by this satellite, regardless of star-forming content (e.g. André et al. 2014;Molinari et al. 2014). These findings suggested that filaments may play a role in star formation, and they opened the door to further research in this field. So far, the origin of the filaments, as well as their role in star formation, are still being debated (e.g. Hennebelle & Inutsuka 2019). Filaments were thought to be the result of either direct compression by interstellar turbulence or gravitational fragmentation at the cloud scale (André et al. 2014). Recent simulations, on the other hand, favour a direct link between filament formation and shock compression. In this scenario, the gas within molecular clouds is compressed due to supersonic turbulent flow or shocks (likely by expanding bubbles), forming a dense layer from which the filament later forms via gas accretion (Inoue et al. 2018;[START_REF] Chen | [END_REF]. Magnetic fields are also thought to aid in the formation of filaments in various ways (e.g. Inoue et al. 2018;[START_REF] Abe | [END_REF]Hacar et al. 2022;Pattle et al. 2022), and filaments can be shaped by the pressure effects of mechanical and radiation feedback (Suri et al. 2019;Pabst et al. 2020).

The dense star-forming filaments continuously grow through accretion or inflow from flattened cloud layers (Pineda et al. 2022). They can converge, forming complex associations, called hub-filament structures, or simply hubs, that are associated with young stellar clusters (Myers 2009). Filaments feed their central hubs, via accretion flows mainly driven by gravity. The turbulent fragmentation of filaments is thought to produce overdensity regions, leading to clumps and/or dense cores [START_REF] Zhang | [END_REF][START_REF] Men'shchikov | [END_REF]André et al. 2014;Lu et al. 2015). These are the immediate precursors of stars, and they are usually embedded along filaments or within hubs. It is worth noting that molecular clouds and filaments are supersonic, while cores are quiescent (subsonic), or coherent (Goodman et al. 1998;Caselli et al. 2002). The transition between the two is thought to be regulated by (tran-)sonic 2 sub-filaments, also called fibres, that form at the end of the turbulent cascade and transmit their sonic properties to the embedded cores (Hacar & Tafalla 2011;Smith et al. 2014;Tafalla & Hacar 2015;Hacar et al. 2022) 3 .

Firstly reported by Hacar et al. (2013), fibres correspond to the dense molecular filamentary structures observed at small scales. They are known to be velocity coherent structures with (tran-)sonic velocity dispersion. Fibres are generally observed in diffuse (e.g. C 18 O) and dense (e.g. N 2 H + ) molecular tracers (Hacar et al. 2022) and they were seen in several nearby clouds such as B213-L1495 (Mizuno et al. 1995) in Taurus, or the Integral Shape Filament (ISF) in Orion (Hacar et al. 2018;see Figure 1.4). At sub-parsec scales, densely populated fibre networks are also observed within hubs such as OMC-1 (Hacar et al. 2018), Serpens (Fernández-López et al. 2014) and NGC 6334 [START_REF] Arzoumanian | [END_REF]. The discovery of fibres is consistent with the results of simulations with high levels of refinement, which show filament bundles with a rich substructure of fibres (Smith et al. 2014;Moeckel & Burkert 2015;Kirk et al. 2015;Li & Klein 2019). Their presence is most likely related to accretion flows onto the main filament, however, their forming mechanisms are still unclear.

From dense cores to planetary systems

When a core becomes gravitationally unstable, or a prestellar core, it collapses to form one or a few young stellar objects. The collapse is at first isothermal, then it is followed by a contraction phase, also called inside-out collapse, during which a stellar embryo (protostar) begins to accrete material from the infalling envelope. In this phase, to conserve angular momentum, the infalling material forms a circumstellar disc around the accreting protostar (e.g. Terebey et al. 1984), that is embedded within an infalling ∼ 1000 au envelope of dust and gas (e.g. Evans et al. 2015;Tobin et al. 2018;Pokhrel et al. 2018). To remove the excess of angular momentum, stellar winds start to develop, resulting in collimated protostellar jets and wide opening angle outflows, that eventually clear the material surrounding the protostar.

The evolution of the young stellar object from an embedded protostar to a visible pre-main sequence star is characterised by different stages, also called early stages of star formation. They are classified based on the slope (α IR ) of the spectral energy distribution (SED) [START_REF] André | EAS Publications Series[END_REF]; see Figure 1.5) or through other means, such as the presence of outflows [START_REF] André | [END_REF].

The first stage, also called Class 0 stage, refers to the central object deeply embedded within the envelope, from which it accretes material via the accretion disc. Recently, some studies have shown that extra material could be funnelled to the central region via accretion streamers (e.g. Le Gouellec et al. 2019;Pineda et al. 2020;Cabedo et al. 2021;Garufi et al. 2022). The Class 0 sources are characterised by compact radio continuum emission, as well as extended sub-millimetre continuum emission from the infalling envelope [START_REF] André | EAS Publications Series[END_REF]. As they remove the excess of angular momentum via jets and outflows, they can also be observed through the presence of the latter in high-velocity CO or SiO emission, for example. These sources have a significant sub-millimetre luminosity but are very faint in near-IR. The typical duration of Class 0 phase is about 10 4 -10 5 yr. After that, the material accretion onto the disc continues, the envelope starts to partially dissipate and the protostar reaches the so-called Class I stage. Observationally, the transition between the two stages occurs at a bolometric temperature of T bol ∼70 K or when L bol / L sub-mm < 0.005 (Myers & Ladd 1993;[START_REF] André | [END_REF][START_REF] André | Protostars and Planets IV[END_REF][START_REF] Dunham | Protostars and Planets VI[END_REF]Tobin et al. 2020). Class I sources are characterised by an excess in their infrared emission and have a SED slope of α IR ≥ 0.3 [START_REF] Dunham | Protostars and Planets VI[END_REF].

When the envelope dissipates, the Class II object, or classical T Tauri star, emerges. It consists of a pre-main sequence star surrounded by a circumstellar disc, also called a protoplanetary disc. These stars are observable with optical and IR wavelengths, and they have a SED slope of -1.6 ≤ α IR < -0.3 [START_REF] Dunham | Protostars and Planets VI[END_REF]. Until recently, it was believed that the Class II disc was the site for planet formation, however, now it is suggested that planet formation occurs earlier, in the young (less than 1 Myr) Class 0/I discs (e.g. Harsono et al. 2018;Sheehan et al. 2020;Segura-Cox et al. 2020;Tychoniec et al. 2020;Podio et al. 2020b).

This happens through the coagulation of dust grains into planetesimals, which will in turn become planets, comets or asteroids. The protostar continues its contraction and the disc becomes optically thin (debris disc), reaching the most evolved stage, also called Class III. After this stage, if it has accreted enough material throughout its evolution, the star reaches the hydrogen-burning temperature and becomes a main sequence star.

What did we chemically inherit from our ancestors?

As we have seen in the previous section, several steps are involved until a planetary system forms. The physical evolution is coupled with an increase in chemical complexity, but the question is: what and how much does a planet chemically inherit from the early stages of star formation? In this section, we concentrate on each phase's chemistry.

Prestellar core phase: In this phase, the core collapse begins. As the material accumulates towards the centre of the core, the density rises to more than 10 5 cm -3 (Keto & Caselli 2010) and the temperature drops below ∼ 10 K (Bergin & Tafalla 2007). As a consequence, species heavier than Helium (He), including atoms (e.g. C, O, N) and molecules (e.g. CO, HCO, H 2 O, CS, N 2 ), start to adsorb onto dust grain surfaces (freeze-out; Caselli et al. 1999;Ceccarelli et al. 2007;Bergin & Tafalla 2007) building up the icy grains mantles (e.g. Tielens & Hagen 1982;Hasegawa et al. 1992;Caselli et al. 1999;Bergin et al. 2002;Bacmann et al. 2002;Tafalla et al. 2002Tafalla et al. , 2006)). Thanks to the high mobility of H on the grain surface, the adsorbed species are hydrogenated resulting in the production of mainly water ices, as well as trace amounts of CH 4 , NH 3 , CO 2 , H 2 CO and CH 3 OH ices (Boogert et al. 2015;van Dishoeck & Bergin 2020).

An important consequence of the freeze-out process is the depletion of CO and other neutrals like oxygen from the gas phase, which plays an important role in enhancing the deuterium fractionation. In fact, the high abundance of deuterated molecules is one of the main characteristics of prestellar cores (e.g. Bacmann et al. 2002Bacmann et al. , 2003;;Caselli et al. 2003Caselli et al. , 2008)), where singly, doubly and triply deuterated molecules have been detected (e.g. Vastel et al. 2006;Jensen et al. 2021;Giers et al. 2022). The deuteration begins with the exothermic reaction between H + 3 and HD which produces H 2 D + and H 2 (Watson 1974). Given the low temperatures in prestellar cores, the inverse reaction is less likely to happen, hence the abundance ratio H 2 D + /H + 3 becomes larger than the D elemental abundance with respect to H (∼ 1.5 × 10 5 ; Linsky et al. 1995). When the freeze-out of CO and O, the main destruction partners of H 2 D + , becomes important, the deuterium fractionation is enhanced (Dalgarno & Lepp 1984;Caselli et al. 1998). The increase of the D/H ratio in the gas phase results in efficient deuteration of the surface species (e.g. Tielens 1983;Charnley et al. 1997;Caselli et al. 2002;Taquet et al. 2012), producing singly, doubly and triply deuterated molecules.

Finally, in addition to the detection of simple molecules in prestellar cores, interstellar complex organics molecules, or iCOMs, that is, C-bearing molecules containing at least six atoms (Herbst & van Dishoeck 2009;Ceccarelli et al. 2017), have also been detected (e.g. Bacmann et al. 2012;Cernicharo et al. 2012;Vastel et al. 2014;Jiménez-Serra et al. 2016, 2021;Punanova et al. 2018). The origin of these molecules in such an environment is still a matter of debate.

Protostellar phase (Class 0/I): As the collapse of the prestellar core proceeds, the gravitational energy is converted into radiation warming up the envelope around the central object. The latter continues to accrete material from its surrounding, resulting in a gradual increase in density and temperature. When the temperature reaches ∼ 30 K, some radicals on the icy mantles become mobile and may combine to form more complex molecules. In addition, the increase of the UV and X-rays emission due to the accretion on the protostar-disc system triggers further chemistry. Towards the centre, the density exceeds 10 7 cm -3 and the dust temperature warms up above 100 K. At this temperature, the icy grain mantles sublimate, releasing the species locked in them into the gas phase. These are known as mother or first generation species, that react with each other thanks to the high gas temperature, and synthesise more complex species, known as daughter or second generation species (Caselli & Ceccarelli 2012).

According to their chemistry, two main chemical classes of protostars can be distinguished: the protostars dominated by iCOMs, known as Hot Corinos (Ceccarelli 2004;Ceccarelli et al. 2007) and the protostars dominated by unsaturated carbon-chains, known as Warm Carbon Chain Chemistry (WCCC) sources (Sakai et al. 2008;Sakai & Yamamoto 2013). Hot corinos are hot (≥ 100 K), compact (≤ 100 au) and dense (≥ 10 7 cm -3 ) regions around the central object in which water ice sublimation occurs, releasing the molecules trapped into the ice mantles. They are noted for their rich iCOM chemistry (e.g. CH 3 OH, HCOOCH 3 , CH 3 OCH 3 ) within 150 au of the central object and deficiency in carbon chains in the 2000 au region. Unlike hot corinos, WCCC sources are more extended (∼ 2000 au) with lower envelope temperatures (∼ 25-60 K), where CH 4 sublimation occurs. These regions are rich in small and long carbon chains molecules (e.g. C 7 H, C 6 H 2 , HC 9 N) located up to ∼ 2000 au around the central object, and deficient in iCOMs in the inner zone of the protostellar envelope compared to hot corinos (Figure 1.7). The number of hot corinos has steadily increased in recent years thanks to the interferometric surveys such as CALYPSO (Belloche et al. 2020), PEACHES (Yang et al. 2021) and ORANGES [START_REF] Bouvier | [END_REF]. At the moment, roughly two dozen hot corinos with more than three iCOMs identified have been confirmed [START_REF] Ceccarelli | Protostars and Planets V[END_REF]. On the other hand, the number of WCCC objects remains very low, likely due to the lack of dedicated searches. Finally, a few hybrid sources showing both hot corino and WCCC chemistry can also be found (e.g. Imai et al. 2016;Oya et al. 2017;Bouvier et al. 2020).

During the protostellar phase, another ingredient is added up to the rich chemistry recipe. Indeed, to remove the excess of angular momentum, protostars eject material in the form of winds, outflows and collimated jets. These interact with the remnant envelope, producing shocks that can sputter and vaporise dust grains (e.g. Flower & Pineau des Forets 1994;Caselli et al. 1997;Schilke et al. 1997;Gusdorf et al. 2008;Guillet et al. 2011). They also heat the gas, allowing hot gas phase chemistry to occur. The formation of iCOMs will be examined thoroughly in the next section, since it is one of the main topics of my thesis work. onto the central protostar, a circumstellar disc is formed. The young discs are initially embedded in the envelope of Class 0/I objects, and they start to emerge in the following stages when the envelope is dispersed. Nevertheless, even the "naked discs" are challenging to study, as their molecular lines are weak due to their small sizes.

Discs cover a huge range of densities and temperatures, resulting in different chemical regions. The chemistry is thought to be "reset" within the hot inner region of the disc, close to the protostar (Öberg & Bergin 2021). In this region, new complex molecules are produced by the reactions between the ones from the protostellar phase and the byproducts will eventually migrate to the outer cold disc. The latter contains the vast majority of matter, including the molecules formed during the protostellar phase, frozen out again onto the grain mantles. It is also thought that part of the ice from the prestellar phase may still be present. Indeed, the comparison of molecular abundance ratios in protostars with comets suggests an inheritance (Drozdovskaya et al. 2019;Bianchi et al. 2019a), but some indications of the discs suggest that there is at least in part reprocessing (Podio et al. 2020a).

Due to their complicated physics, which makes the observations challenging, little is known about the molecular composition of the protoplanetary discs (PPDs). Until today, about 30 molecules have been observed. The majority are simple molecules with no more than four atoms (e.g. CO, CS, CN, SO, H 2 O, NH 3 , H 2 CS, H 2 CO; e.g. Thi et al. 2001;Dutrey et al. 1997;Podio et al. 2020a;Guilloteau et al. 2013;Hogerheijde et al. 2011;Salinas et al. 2016;Le Gal et al. 2019;Codella et al. 2020b;Öberg et al. 2017). Molecular ions (e.g. HCO + , N 2 H + , DCO + ; e.g. Dutrey et al. 1997;van Dishoeck et al. 2003) as well as carbon chains (CCH, CCS, HC 3 N; e.g. Henning et al. 2010;Phuong et al. 2021;Chapillon et al. 2012) have also been discovered. In recent years, few iCOMs have also been detected (CH 3 OH, CH 3 CN, t-HCOOH, CH 3 OCH 3 ; e.g. [START_REF] Walsh | [END_REF]Podio et al. 2020a;Öberg et al. 2015;Favre et al. 2018b;Brunken et al. 2022). Due to the small angular sizes of the discs (≤ few arcsec) and their relatively weak iCOM emission, high angular resolution and high sensitivity are needed to increase the number of iCOM detections within PPDs (Walsh et al. 2014). In addition, the mid-IR facilities such as JWST will help to better characterise the ice composition in the middle layers of edge-on discs.

Planetary system: Dust grains start to coagulate and form planetesimals, which will later build the planetary system's bodies. The grain mantles are thought to preserve part of the chemical heritage from the previous stages, that later will be passed to asteroids, comets and to planets afterwards (Caselli & Ceccarelli 2012). In fact, comets and asteroids contain a rich complement of molecules, that are also found in star-forming regions albeit in varying abundances, and the volatile component of comets is thought to be transmitted from pre-and protostellar phases (Drozdovskaya et al. 2019;Bianchi et al. 2019a). Furthermore, the enhanced abundance of deuterated molecules observed in early star formation stages is also present in comets and carbonaceous chondrites. This process also referred to as Ariadne's thread (Ceccarelli et al. 2014), is considered a key tool to link the chemistry and physics of the different phases. Nonetheless, the overall picture regarding the chemical link between different stages is not completely clear yet. This is being investigated with astronomical observations, computational and experimental chemistry as well as chemical modelling. In this thesis, we focus on the chemistry of the protostellar Class 0 phase.

The Formation of iCOMs

The first time an iCOM was discovered within the ISM dates back to 1971 [START_REF] Rubin | [END_REF]). Since then, iCOMs have been observed in various environments within the ISM including star forming regions, shocked regions and outflows. However, so far, there is no reliable theory that can account for their abundances in the different environments. In this section, we address iCOM formation as it is understood today.

The first step of iCOM formation begins with the formation of icy mantles on the dust grains during the cold prestellar core phase (∼ 10 K). As explained in the previous section, the atoms and molecules that constitute the mantles are hydrogenated and oxidised leading to the production of water (H 2 O), carbon monoxide (CO), carbon dioxide (CO 2 ) along with methane (CH 4 ), ammonia (NH 3 ) and methanol (CH 3 OH). After this step, two different paths (corresponding to two different paradigms) are possible: gas-phase chemistry and grain surface chemistry (Figure 1.8).

In the gas phase paradigm, when the temperature rises above 100 K in the warm region, the grain mantles sublimate and the molecules are released into the gas. These molecules will react, via hot gas-phase reactions, and will form iCOMs (e.g. Millar et al. 1991;Charnley et al. 1997;Vasyunin & Herbst 2013;Balucani et al. 2015;Skouteris et al. 2018). On the other hand, in the grain surface paradigm, it is assumed that there is a warm-up phase during which the temperature gradually rises from 10 K to 100 K. When the temperature increases to about 20-30 K, the radicals, formed by UV and CRs irradiation of the grain mantle, will acquire mobility, and possibly meet and react to form iCOMs (e.g. Garrod & Herbst 2006;Garrod 2008;Öberg et al. 2009;Aikawa et al. 2020). The latter, will be released into the gas phase, when the sublimation temperature is reached.

The gas-phase formation route was the most widely accepted paradigm explaining iCOM formation in hot corinos and hot cores (T ∼ 100-300 K), before being challenged by laboratory experiments and theoretical computations (e.g. Horn et al. 2004;[START_REF] Geppert | Astrochemistry: Recent Successes and Current Challenges[END_REF]Geppert et al. , 2006)). This led to the "arrival" of the grain-surface paradigm that was based on several laboratory experiments showing that iCOMs can result from radicals recombination (e.g. Allamandola Figure 1.8: Sketch of the two main paradigms of iCOM formation following the formation of icy mantles: gas-phase chemistry (left) and grain-surface chemistry (right). The sketch is adapted from [START_REF] Ceccarelli | Protostars and Planets V[END_REF]Ceccarelli et al. ( ). et al. 1999;;Bernstein et al. 1999;Strazzulla & Palumbo 2001;Muñoz Caro et al. 2002;Fedoseev et al. 2015Fedoseev et al. , 2017)). Nevertheless, this paradigm has also some caveats. Indeed, astrochemical models based solely on this route can not reproduce the observations of iCOMs in hot corinos and shocks (e.g. Occhiogrosso et al. 2011;Codella et al. 2015;Taquet et al. 2015;Coutens et al. 2016;Müller et al. 2016;Ligterink et al. 2018). Furthermore, quantum chemistry computation has called into question the grain-surface route, demonstrating that radical-radical reactions on the grain icy mantles are not as barrierless as previously thought and that they can result in species other than iCOMs (e.g. Enrique-Romero et al. 2016;Rimola et al. 2018;Enrique-Romero et al. 2019, 2020, 2021, 2022). The detection of iCOMs in prestellar cores and cold environments, in which radicals are not able to move, has added another challenge to this theory (e.g. Öberg et al. 2010;Cernicharo et al. 2012;Jaber et al. 2014;Jiménez-Serra et al. 2016).

In a nutshell, both gas-phase and grain-surface chemistry are likely to be important in the formation of iCOMs, though different processes may be involved depending on the environment. A lot of work is ongoing to understand the physics and chemistry of the formation of low-mass stars and planetary systems. But, do we have any hints or constraints from our Solar System? This will be the topic of the following section.

Our young Solar System and its nearest analogue OMC-2 FIR 4

We live on a beautiful planet, surrounded by others within the Solar System, where everything revolves around a single low-mass star, our Sun, in a calm and peaceful environment, as if we reside in relative isolation. But one could wonder, was it the same during the birth of our Sun? Was our young Sun an isolated star in a quiescent environment? What characterised our Solar System's youth, and what hint or clues do we have to retrace its history?

Fortunately, there are several traits in our current Solar System that can help us to go back in time and understand the early stages of its genesis. The three main characteristics providing constraints on the history and properties of the solar birth environment are the following (Pfalzner 2013):

1. The presence of daughters of the short-lived radioactive isotopes 7 Be, 10 Be, 26 Al and 60 Fe in meteorites.

2. The outer boundary of the planetary system at 30 au and inner boundary of the Kuiper belt at ∼ 45 au.

3. The much higher eccentricities and inclination angles of the Kuiper belt objects, as a group, compared to the planetary orbits.

All of these traits point to our Sun being born in a crowded active environment (e.g. Adams 2010; Pfalzner et al. 2015;Pfalzner & Vincke 2020) that underwent a phase of internal irradiation by stellar energetic particles (energetic protons and He nuclei, accelerated by gradual or impulsive events near an active young star; e.g. Gounelle et al. 2006), rather than in isolation. In this section, I delve into these characteristics and how they were used to retrace the history of our Sun's birth. Then, as a target for this thesis, I present the nearest analogue of our young Solar System, OMC-2 FIR 4.

Short-lived radioactive nuclei and Cosmic-ray-like particles

Short-lived radioactive nuclei (SLRs) are radioactive species with half-lives shorter than about 10 Myr. Since they decay rapidly, they must have been incorporated into the early solar system very soon after they were created (∼ 1 Myr). Thus, SLRs are key to constrain the properties of our young Sun and its birth environment. Indeed, they are used to estimate the number and type of stars within the solar birth ambient; Meyer & Clayton 2000;[START_REF] Chevalier | [END_REF]Busso et al. 2003;Gounelle et al. 2009;Gounelle & Meynet 2012;Parker et al. 2014;Dwarkadas et al. 2017;Portegies Zwart 2019), to characterise the irradiation processes around young stellar objects (e.g. McKeegan et al. 2000;Gounelle et al. 2001;Gounelle & Russell 2005;Gounelle et al. 2013;[START_REF] Duprat | [END_REF]Chaussidon & Gounelle 2007;Liu et al. 2010;Bricker & Caffee 2010), and to provide insight on the early solar system chronology (e.g. [START_REF] Mckeegan | Early Solar System Chronology[END_REF]Gounelle & Russell 2005;[START_REF] Davis | Short-Lived Radionuclides and Early Solar System Chronology[END_REF]. Due to their relatively short mean lives, these nuclides can be considered extinct. However, their erstwhile presence in the early Solar System is inferred from the observed excess of their daughter isotopes in primitive meteoritic material such as 7 Li for 7 Be, 26 Mg for 26 Al and 60 Ni for 60 Fe. The relation between SLRs and their daughter isotopes can be theoretically used as precise chronometers that constrain the formation time of SLRs with a resolution of ∼ 1 Myr (e.g. [START_REF] Wadhwa | Protostars and Planets IV[END_REF]Gounelle & Russell 2005;[START_REF] Davis | Short-Lived Radionuclides and Early Solar System Chronology[END_REF].

While some SLRs (i.e. 26 Al) can be produced by stellar processes, others cannot (i.e. 10 Be; Reeves 1994, 7 Be Chaussidon et al. 2002, 2004, 2006, 36 Cl Hsu et al. 2006). This fact has led to two different explanations for the origin of SLRs: [START_REF] De Plus | HOPS-108 présente une plus faible deutération du méthanol que les corinos chauds d'Ophiuchus et de Perseus[END_REF] an external origin from Wolf-Rayet (WR) stars or nearby Supernovae (SN), [START_REF]Résoudre la cinématique du gaz, pour évaluer la présence de différences dans les champs de vitesse entre les deux lobes d'écoulement (par exemple[END_REF] an internal origin from irradiation of the solar environment by protostellar energetic particles, also referred to as cosmic-ray-like particles. The first scenario is the consequence of the 26 Al and 60 Fe peculiar abundances inferred from meteoritic material. The first is highly abundant with respect to the Galactic background, while the second is less abundant. To account for this, several models have been suggested, in which the main players could be the wind from WR stars and/or nearby SN explosions (e.g. Gounelle et al. 2009;Gounelle 2015;Dwarkadas et al. 2017;Portegies Zwart 2019). Having a Wolf-Rayet star and a succession of SN explosions in the same birth environment appears to be very unlikely unless we consider that our Sun is born in a large cluster (of N = 2500 ± 300 stars (∼ 900 M ⊙ ); Portegies Zwart 2019). The discovery of 7 Be [START_REF] Chaussidon | Lunar and Planetary Science Conference, Lunar and Planetary Science Conference[END_REF], which has a half-life of 53 days, led to the second explanation, namely that irradiation occurred at an early stage of the Solar System's formation (e.g. [START_REF] Chaussidon | Lunar and Planetary Science Conference, Lunar and Planetary Science Conference[END_REF][START_REF] Chaussidon | Lunar and Planetary Science Conference[END_REF][START_REF] Chaussidon | [END_REF]Gounelle et al. 2006). The irradiation requires high-energy particles (E ≥10 MeV) accelerated by the proto-Sun and nearby protostars with a flux of ∼ 2 × 10 10 cm 2 s -1 . Gounelle et al. (2006) suggested short irradiation times of a few years to a few tens of years. In this context, to account for the SLRs peculiar abundances during its early formation phases, our young Solar System must have been in a clustered environment, near high-mass stars, that was later irradiated by protostellar energetic particles. More hints on the solar birth environment were provided by the dynamical constraints, and they will be presented in the next section.

Dynamical constraints

Our current Solar System has a sharp cut-off in its mass distribution at 30-50 au (e.g. [START_REF] Morbidelli | [END_REF]Bernstein et al. 2004) where the outer boundary for planets is located at ∼ 30 au and the inner boundary of the Kuiper belt is at ∼ 45 au. This cut-off is not observed in most protoplanetary discs, that range between ∼ 10 and 200 au in radius, with the bulk of discs falling between 100 and 200 au4 (e.g. [START_REF] Andrews | [END_REF][START_REF] Andrews | [END_REF][START_REF] Andrews | [END_REF]Williams & Cieza 2011;[START_REF] Ansdell | [END_REF]Najita & Bergin 2018;Garufi et al. 2020). The different boundaries of our Solar System suggest that the protoplanetary disc was, probably, much larger at the time of planet formation, but it was truncated at some time. The disc truncation could be the result of close encounters (e.g. Kobayashi & Ida 2001;Pfalzner et al. 2005Pfalzner et al. , 2018;;[START_REF] Spurzem | [END_REF]Breslau et al. 2014;Rosotti et al. 2014;Vincke et al. 2015), photo-evaporation by nearby-massive stars (e.g. Adams et al. 2006;Owen et al. 2010;Mitchell & Stewart 2011;Mann et al. 2014;Haworth et al. 2017;Parker 2020), or SN explosion (e.g. Chevalier 2000;Close & Pittard 2017;Portegies Zwart et al. 2018). These scenarios are only possible if our young Solar System was part of a massive dense cluster.

An additional dynamical constraint that can help us to understand the history of our Solar System is the high eccentricities and inclination angles observed in the Kuiper Belt objects. The first observed object of this kind is Sedna, a planetoid with an eccentricity of 0.84 ± 0.01 (Brown et al. 2004). By then, about 20 Sedna-like objects were discovered (Trujillo & Sheppard 2014;[START_REF] De La Fuente Marcos | [END_REF]Sheppard & Trujillo 2016;[START_REF] Gerdes | [END_REF]Schwamb et al. 2019). The most plausible explanation of these objects' properties ("or orbits") are close encounters (fly-bys) (e.g. Kenyon & Bromley 2004;Morbidelli & Levison 2004;Jiménez-Torres et al. 2011;Pfalzner et al. 2018;Jiménez-Torres 2020) indicating once more that our young Solar System must have formed in a densely packed cluster.

But one might wonder, how dense and massive was our early Solar environment? In the Milky Way, dense clusters form in two modes: starburst clusters or leaky clusters (also called OB associations), which show different expansion histories during the first 10 Myr of their development (Pfalzner 2009;Kuhn et al. 2019). The first develop from a radius of ∼ 0.1 pc and a density ≥ 10 5 M ⊙ pc -3 at 1 Myr, and they diffuse reaching a radius of ∼ 1-3 pc and a density of ∼ 10 M ⊙ pc -3 at 20 Myr, without additional mass loss (Pfalzner 2009(Pfalzner , 2013)). The second develops from a radius of ∼ 2 pc and a density ≤ 1-10 3 M ⊙ pc -3 at 1 Myr, they expand faster and lose mass, reaching a radius of ∼ 25 pc at 20 Myr. What we need to know is whether our Solar System environment was a starburst cluster or a leaky cluster. In 2013, Pfalzner demonstrated that the high initial stellar densities in starburst clusters can lead to an early disc truncation resulting in very small discs compared to that of our current Solar System. Furthermore, Pfalzner (2013) showed that the high concentration of massive and luminous stars would drive additional disc destruction. As a consequence, it is unlikely that the Solar System formed in a starburst cluster. It was rather formed in a leaky cluster that dispersed to a higher degree over timescales of ∼ 20 Myr leaving behind a cluster that only has 10-20% at most of its initial mass (Pfalzner 2013). More recently, using numerical simulations, Pfalzner & Vincke (2020) suggested that this leaky cluster could be either a massive association (M c ≈ 1-2 × 10 4 M ⊙ ) or an intermediate-mass cluster (M c ≈ 1-2 × 10 3 M ⊙ ). The nearest young Solar System analogue, full of surprises

In contrast to our young Sun, the vast majority of the studied Sun-like protostars are born in loose protoclusters located in low-mass star-forming regions like Perseus, Serpens, Taurus, and others. In order to understand if the chemistry of our young Sun and its surroundings was impacted by the proximity of high-mass stars and the internal irradiation of high energetic particles, we need to target an analogue of its birth environment.

So far, the nearest analogue is the protostellar cluster OMC-2 FIR 4, located at a distance of ∼ 393 ± 25 pc (Grossschedl et al. 2018) along the famous Integral Shape Filament (ISF; Bally et al. 1987) (see Figure 1.9). FIR 4 lies to the north of the Trapezium cluster, which contains high-mass O-and B-type stars. OMC-2 FIR 4 was identified for the first time by Mezger et al. (1990) as a bright continuum source at 1.3 mm. It was later studied at different wavelengths and classified as an intermediatemass protostar (Johnstone et al. 2003). The first surprise came out when Shimajiri et al. (2008) found that OMC-2 FIR 4 is actually a protocluster harbouring several dusty cores. This property, together with the fact that FIR 4 is located near high-mass stars, drew more attention towards this protocluster as an analogue of the Solar birth environment. With time, another similarity was revealed. It was found that the interior envelope of FIR 4 is subject to irradiation and ionisation by local stellar energetic particles (local CR-like particles) with an ionisation rate of ζ ∼ 4 × 10 -14 s -1 (Ceccarelli et al. 2014;Fontani et al. 2017;Favre et al. 2018a). At 1 au, this number corresponds to a flux higher than 3 × 10 19 protons cm -2 yr -1 (Ceccarelli et al. 2014), which is of the same order of magnitude as that experienced by the young Sun, as inferred from meteoritic material (See Section 1.3.1). Hence, thanks to the analogies mentioned above, OMC-2 FIR 4 has been identified as the perfect representative in pursuing a chemistry similar to that of our Solar System's early days.

Aside from being the nearest representative of our solar birth environment, OMC-2 FIR 4 shows two other particularities that are relevant to the context of this thesis. The first consists in its presence within a filamentary environment. As previously mentioned, OMC-2 FIR 4 is located along the ISF. Several studies have found that the ISF consists of substructures of small-scale (<1 pc) sub-filaments, or fibres (e.g. Martin-Pintado et al. 1990;Rodriguez-Franco et al. 1992;Shimajiri et al. 2011;Li et al. 2013;Hacar et al. 2017aHacar et al. , 2018) ) and condensations or hub-like associations (hubs) (Mezger et al. 1990;Chini et al. 1997;Myers 2009;Shimajiri et al. 2011;Hacar et al. 2018). Indeed, at ∼ 1 pc scale, and ∼ 1800 au angular resolution, Hacar et al. (2018) have found that OMC-2 FIR 4 is one of these hubs. They suggested that these structures might contain complex nets of fibres. Nonetheless, within OMC-2 FIR 4, the algorithm they used could identify only one fibre (fibre 43) and was not able to decompose the rest due to the complexity of the region. Hence, whether intra-hub filaments are present within OMC-2 FIR 4 was still a mystery prior to the start of this thesis work.

The second particularity that makes FIR 4 an interesting target for this thesis is the presence of jets and outflows. This protostellar cluster is located to the south of the intermediate-mass protostar HOPS-370. This source has a rotating disc with an east-west velocity gradient (Tobin et al. 2019). It also drives a high-velocity outflow, going from -56 km s -1 to +66 km s -1 with respect to its systemic velocity Tobin et al. (2019). The outflow extends from the northeast (NE) to the southwest (SW) of HOPS-370, and its southern lobe overlaps, at least in projection, with OMC-2 FIR 4 (Shimajiri et al. 2008). The impact of the outflow on OMC-2 FIR 4 is still controversial. Based on CO (1-0) and CO observations, Shimajiri et al. (2008) have found that the SW lobe of the outflow from HOPS-370 (∼ 0.09 pc) is shorter than the NE lobe (∼ 0.19 pc) and they suggested that the first has been dammed by the interaction with FIR 4 clump. In this context, they proposed that the star formation in OMC-2 FIR 4 was actually triggered by the HOPS-370 outflow. Nonetheless, the angular resolution of the observations (∼ 3 ′′ -7 ′′ ) was not sufficient to confirm the results. The VLA 5 cm observations by Osorio et al. (2017) coincide with the previously mentioned scenario. Furthermore, Tobin et al. (2019) have claimed that the morphology of their CO emission is compatible with the jet passing through and interacting with the medium. Nonetheless, they suggested that the impact can not be direct but oblique (tangential). On the other hand, using NOEMA observations of c-C 3 H 2 , Favre et al. (2018a) did not find any sign of excitation temperature gradients within OMC-2 FIR 4, and consequently excluded the presence of an interaction and suggested that spatial coincidence between the outflow from HOPS-370 and the FIR 4 clump is a projection effect. As a result, it remains unknown whether the jet from HOPS-370 has an impact on the evolution of FIR 4.

Context and Objectives 1.4.1 The ACO (AstroChemical Origins) project

This thesis is part of the ACO (AstroChemical Origins5 ) project (P.I. Cecilia Ceccarelli), funded by the European Union's Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 811312. The project's goal is to investigate the chemical composition of nascent planetary systems as a function of evolution and environment, as well as to interpret chemical proxies associated with primitive Solar System objects. The primary goal of ACO is to reconstruct the early stages of Solar System formation using chemistry as a tool.

The ACO project consists of seven Work Packages (WP), the first four of which are dedicated to scientific goals: receiver development, astrochemical observations, theoretical and experimental chemistry, and astrochemical modelling. The first Work Package (WP1) is concerned with the development of receivers with the goal of improving the efficiency of detecting weak sources and lines. The second Work Package (WP2) is concerned with astrochemical observations. It intends to create a large and homogeneous database of astronomical spectral observations in order to extract the molecular composition of a large sample of prestellar cores, hot corinos, and outflow shocks. The third Work Package (WP3) includes chemical computation and laboratory experiments to better understand the processes in the gas phase and on grain surfaces that are involved in the formation and destruction of the observed interstellar molecules used as proxies by ACO. The fourth Work Package (WP4) is concerned with models and tools. It aims to improve and develop astrochemical models in order to interpret the results of WP2 observations while taking into account the findings of WP3. The four scientific Work Packages are complementary and must collaborate to achieve the project's objectives. ACO also has three non-scientific Work Packages focused on scientific dissemination and outreach, training, and project management. This thesis belongs to the WP2, hence, it is based on astronomical observations of a protostellar cluster containing hot corinos, filamentary structures and shocked regions, using the (sub-)mm facilities IRAM-NOEMA and ALMA. The main scientific objectives of the thesis will be described in the next section. In addition, a part of the thesis was dedicated to outreach activities, including the creation and update of the ACO Facebook page and the development of a virtual reality project about astrochemistry and the journey of water to Earth (See Appendix A).

Thesis objectives:

A study of the chemical and physical interplay between solar-like protostars and their immediate environment using OMC-2 FIR 4.

The journey from clouds to stars and planets involves various scales, and it is challenging to understand physically and chemically (Section 1.2). Each phase, each step, raises more questions that have yet to be answered. And if we add the question of life and origins to the mix, the problem will be as difficult to solve as the legendary question six in mathematics. Hence, to reveal the secrets of life on Earth, it is important to turn back the clock and investigate each of the early formation stages of a star and a planetary system.

As shown in Section 1.3, our young Sun was not isolated, but rather born in a densely packed star cluster. This protocluster was once located near high-mass stars that irradiated it with a strong UV-field. Furthermore, it is thought that our young Sun's hosting protocluster was subject to internal irradiation from protostellar energetic particles (≥10 MeV), whose imprint is seen today in the products of short-lived radionuclides in meteoritic material. This naturally raises the following question: Are all these conditions responsible for the unique chemistry that gives rise to life? Nonetheless, many other questions must be answered first in order to have an answer to this one. In this thesis, I primarily focus on two of them:

1. Is the chemistry of hot corinos impacted by the physical conditions of their surroundings? 2. How do the environmental physical conditions (internal and/or external processes) shape and modify the material within a star-forming protocluster?

Question 1 (Objective 1): The impact of physical conditions on hot corino chemistry Before the start of this thesis, the studied hot corinos were either isolated or born in loose protoclusters (e.g. Ceccarelli 2004;Jørgensen et al. 2016;Belloche et al. 2020;van Gelder et al. 2020;Bianchi et al. 2020;Yang et al. 2021). However, our young Sun was born in completely different conditions, and it remains unknown whether these conditions have shaped the chemistry of its early formation stages.

From this standpoint, the first objective of this thesis was to understand the impact of the physical conditions on hot corino chemistry by studying a hot corino born in a protoSolarlike environment. To address this goal, I investigated the chemistry of the hot corino HOPS-108 located in OMC-2 FIR 4, the nearest representative of our solar birth environment. If this source differs from the "isolated" hot corinos in terms of chemical abundance ratios, it may provide a first indication of the physical impact on hot corino chemistry. Chemical modelling could then be used to characterize the impact and identify the process responsible for it.

Question 2 (Objective 2): The impact of physical conditions on the material within starforming protoclusters

The second objective of this thesis concerns the immediate environment of the protostars and the shape of material within protoclusters. As illustrated in Section 1.2, young protostellar clusters are associated with hubs, which are thought to contain filamentary structures. In other words, it is suggested that the material within protoclusters might be shaped into filamentary structures, but whether these structures exist and how the material may be altered by both internal stellar feedback and external processes is unknown. This subject is addressed in this thesis by investigating OMC-2 FIR 4. As already mentioned, it is a protostellar cluster and a hub that is located in a filamentary environment, and which is subject to internal and external processes that might impact and alter the material within it. I analysed the emission of dust and several molecular tracers at an unprecedented spatial resolution of ∼ 100 au, probing extended structures and shocks. I investigated the gas kinematics as well, and I compared it to that of the filamentary structures observed at large scales. The morphology and kinematics of the dust and gas within OMC-2 FIR 4 may provide hints on the evolution of cluster-forming regions and on the processes that can alter and shape star formation within them.

Thesis structure

This thesis is structured as follows. First, the present introductory section (Chapter 1) has described the scientific background, the context, as well as the objectives of the thesis. The second chapter (Chapter 2) introduces the observational tools and methodology used to achieve the goals of the thesis. In particular, Section 2.1 gives an overview on radio astronomy, Section 2.2 describes the interferometric and data reduction techniques, Section 2.3 describes the interferometric facilities used in this thesis, and Section 2.4 gives an overview of the molecular line analysis techniques employed. The scientific results of the thesis are divided into two chapters: Chapter 3 and 4. Chapter 3, aiming to answer the first question described above, presents the results of the extensive chemical study of the hot corino HOPS-108 within OMC-2 FIR 4. On the other hand, Chapter 4, aiming to answer the second question, presents the results of the ALMA observations towards the material and protostars of OMC-2 FIR 4. Finally, the conclusions and future prospects of the thesis are given in Chapter 5.

Chapter 2 Observational tools and methodology

The data I used during my thesis was observed with interferometers operating in the (sub)millimetre range. The study was based on spectral line analyses as well as on the spatial morphology and dynamics of the molecular lines and continuum emitting regions.

Radio Astronomy

In many ways, the Earth's atmosphere makes it the ideal place for life to thrive. It is more than just the air we breathe; it is also a protector. The atmosphere shields the Earth from most of the harmful radiation such as the UV-radiation, X-rays and gamma-rays. It is almost opaque to electromagnetic radiation at many wavelengths, except for two windows: the optical/nearinfrared and the radio windows (Figure 2.1). Even though, these two can be observed from Earth using ground-based telescopes, the astronomical observations have long been limited to the visible light. In the early 1930s, Karl Jansky discovered the first extraterrestrial radio emission, which was later associated with Sagittarius A in the Milky Way (Jansky 1933a,b). This was a watershed moment in radio astronomy. Since, the radio window is of particular interest within the context of the thesis, I will describe it in the following.

The ground-based radio window covers frequencies between ν ∼ 10 MHz (λ ∼ 30 m) and ν ∼ 1.5 THz (λ ∼ 0.2 mm). In this vast window, the atmosphere is relatively transparent, even if the absorption and the emission by the molecules present in the atmosphere, complicate the reception of radiation by radio telescopes in some section of the radio window, also called bands. Above all, the important contribution comes from water vapour H 2 O and dioxygen O 2 . H 2 O has many transitions, including a band at 22 GHz (λ ≃ 1.35 cm) and 183 GHz (λ ≃ 1.63 mm), while O 2 has an intense band at 60 GHz (λ ≃ 5 mm) and a line near 119 GHz (λ ≃ 2.52 mm). The other abundant molecules in the atmosphere, N 2 and CO 2 , have absorption lines at frequencies greater than 300 GHz. It is possible to reduce the atmospheric emission by observing at a high altitude, from a dry location.

Radio observations are performed today using parabolic antennas, also called single dishes. The quest for high angular resolution has led to the introduction of interferometric observation techniques, which I will describe in the following section. 

Interferometry

The concept of angular resolution

One of the major challenges for astronomers is to gain enough information about the observed sources to understand their physical and chemical properties and evolution. These are usually so distant that sensitive instruments providing high spatial resolution information are needed. The theoretical resolution of a perfect circular optical system depends on the system aperture and the observed wavelength. Indeed, when an astronomical object is observed through an aperture, diffraction occurs. The resulting diffraction pattern for uniform illumination, consists of a bright disc in the centre surrounded by a series of concentric rings of decreasing intensity (Figure 2.2). The central disc is also called the Airy disc, and it defines the resolving power of the aperture. Theoretically, it can be estimated according to the Rayleigh criterion (F.R.S. 1879; [START_REF] Born | Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light[END_REF] as follows:

θ ∼ 1.22 λ D (2.1)
where θ is the smallest angle at which two different sources can be recognized, λ is the observed wavelength, and D is the aperture diameter. Two point sources cannot be visually resolved if their separation is less than the radius of the Airy disc.

Based on the Rayleigh criterion, the angular resolution of a single dish antenna is defined by the diameter of the antenna, as follows

θ ∼ λ D antenna (2.2)
Hence, to achieve high angular resolution, it is possible to either decrease the observing wavelength or increase the diameter of the aperture of the telescope. Within the thesis framework, we are interested in the radio window, in which, the wavelength ranges between 0.2 mm Figure 2.2: Diffraction pattern model from a uniformly illuminated circular aperture. The first three pattern models correspond to a single source (with decreasing intensity from left to right) observed with three circular apertures of different sizes, with the first aperture being the largest. The fourth pattern model corresponds to the observation of two sources that are distant enough to be individually resolved, while the fifth corresponds to an observation where the two sources are resolved at the limit of the Rayleigh criterion. The figure is adapted from https: //zeiss-campus.magnet.fsu.edu/print/basics/imageformation-print.html . and 30 m. In addition, the objects of interest of this thesis are solar-mass protostars, that have a typical size of 100 au. Hence, to observe a solar-mass protostar, located at 200 pc, for example, the needed angular resolution is 0.5 ′′ (for λ ∼ 1 mm), thus the telescope should have an aperture of 400 m. Building such telescopes is not practical. Fortunately, there is an alternative solution to solve the angular resolution problem.

Instead of building very large telescopes, it is possible to use arrays of smaller dishes applying the principle of interferometry or aperture synthesis. An interferometer, similar to the Young double-slit experiment, measures the interference pattern produced by multiple apertures. It combines the signals collected by pairs of antennas. In this case, the maximum angular detail that the telescope can resolve is

θ = λ b max (2.3)
where b max is the largest distance between two antennas, also called maximum baseline. The field of view (FoV) is defined by the diameter of a single antenna, as in Eq. 2.3, and, is close to the largest angular scale of an extended source that the interferometer can sample, also called Maximum Recoverable Scale (MRS), is determined by the smallest distances between the antennas as follows θ ∼ λ b min (2.4) where b min is often the diameter of the antenna in an interferometer. 

The two-element monochromatic interferometer

The simplest radio interferometer consists of two identical antennas A1 and A2 whose focal points are separated by the baseline vector ⃗ b of length b (Figure 2.3). The two antennas are pointing towards the same source, whose direction is specified by the unit vector ŝ = ⃗ s |⃗ s| , and θ is the angle between ⃗ b and ŝ. The light reaches the antenna A2 before A1, due to the difference of the optical path, given as ⃗ b• ŝ. This causes the geometrical delay τ g = ⃗ b• ŝ/c = b cos(θ)/c, (where c is the speed of light) that depends on the baseline's orientation with respect to the source. For a quasi monochromatic radiation with a very narrowband ∆ν ≪ 2π/τ g , centred on a frequency ν = ω/(2π), the output voltage of the antenna A1 will be V1 = V cos[ω(tτ g )], while that of the antenna 2 will be V2 = V cos(ωt). The mutual coherence function will be measured by correlating the outputs from the two antennas. Hence, the correlator will multiply the signals from the antennas and then average it in time, and the response R(τ g ) will be

R(τ g ) = V 2 2 cos(2ωt -ωτ g ) + cos(ωτ g ) T (2.5)
the first cosine term varies rapidly in time (as the radio signals have frequencies between ∼ 10 MHz and 1.5 THz), then if the time average T is much longer than the time of a single full oscillation (T ≫ 2π/ω), the first cosine term will have an average = 0. Hence, as long as ∆τ g << T the response will be

R(τ g ) = V 2 2 cos(ωτ g ) T = V 2 2 cos(ωτ g ) (2.6)
The correlator response depends on the geometrical delay τ g . Hence, it varies sinusoidally with time as the antennas track the source on the sky ( ŝ is slowly changing due to the rotation of the Earth). These sinusoids are called fringes, thus, the telescope will measure the interference fringes as a function of time. The fringe phase is defined as

ϕ = ωτ g = ω c b cosθ (2.7) It varies with θ as dϕ dθ = 2π λ b sinθ (2.8)
Since λ ≪ b sinθ, the fringe phase is very sensitive to the source position. If the source is slightly extended, with sky brightness distribution I ν ( ŝ), near frequency ν = ω/(2π), the response is obtained by treating the extended source as the sum of independent point sources.

The power received per bandwidth dν from the source element dΩ is A( ŝ) I ν ( ŝ) dν dΩ, where A( ŝ) is the effective collecting area in the direction ŝ. The response of the interferometer will be

R( ⃗ b) = Ω A( ŝ) I ν ( ŝ) cos(2π b • ŝ/λ) dν dΩ (2.9)
Mathematically, it is more convenient to treat the cosines and sines as complex exponentials using Euler's formula. Hence, the response to an extended source with brightness distribution I ν ( ŝ) of the two-element interferometer with a complex correlator is the complex visibility function:

R( ⃗ b) = Ω A( ŝ) I ν ( ŝ) e i(2π ⃗ b• ŝ/λ) dν dΩ = Ω A( ŝ) I ν ( ŝ) e iωτ g dν dΩ (2.10)
In interferometry, the obtained response is the visibility function R( ⃗ b), from which it is needed to retrieve the sky brightness I ν ( ŝ).

The coordinate system and the uv plane

In the previous section, the interferometer response is defined as a function of the scalar product between the baseline vector ⃗ b and the unit vector ŝ. To be able to determine the source brightness I ν ( ŝ) from the visibility function R( ⃗ b), a convenient coordinate system should be introduced for ⃗ b and ŝ. For an incoherent and extended source, if we define the direction to the source centre (phase centre) by ŝ0 , we can write ŝ as ŝ = ŝ0 + ⃗ σ with |σ| = 1. The coordinate system (x, y, z) for σ can be defined such that the xy plane is the projection of the celestial sphere onto a plane with a tangent point and origin defined by ŝ0 (Figure 2.4). As a result:

R( ⃗ b) = Ω A( ŝ) I ν ( ŝ) e i(2π ⃗ b• ŝ/λ) dν dΩ = e i(2π ⃗ b• ŝ0 /λ) dν S A(σ) I ν (σ) e i(2π ⃗ b•⃗ σ/λ) dσ (2.11)
The exponential factor extracted from the integral defines the phase at the image centre, while the integral of the source brightness defines the so-called Visibility as

V( ⃗ b) = S A(σ) I(σ) e i(2π ⃗ b•⃗ σ/λ) dσ
(2.12) Now a coordinate system of ⃗ b must be defined. The baseline vector is specified in the Cartesian coordinate system (u, v, w) where w is chosen to be in the direction of the source centre ŝ0 . Thus, the (u, v) plane is the projection of the baseline plane onto the sky. The coordinate system is chosen such that ⃗ b/λ = (u, v, w), hence u, v, w are measured in units of the wavelength λ.

In this way, the term

⃗ b•⃗ σ λ
will be expressed as

⃗ b•⃗ σ λ = ux + vy + wz, therefore: V(u, v, w) = +∞ -∞ +∞ -∞
A(x, y) I(x, y) e i2π(ux+vy+wz) dx dy dz (2.13)

The integration limits have been formally extended to ±∞ by requiring that A(x, y) = 0 when x 2 + y 2 is outside the FoV of the antennas. Having |σ| = 1, z can be expressed as z = 1 -x 2 -y 2 . Assuming the interferometer is mapping a small region in the sky, we get z = 1 -x 2 -y 2 ∼ const ∼ 1, hence Eq. 2.13 becomes

V(u, v, w) = e i2πw +∞ -∞ +∞ -∞
A(x, y) I(x, y) e i2π(ux+vy) dx dy (2.14) that can be expressed as

V(u, v, w) e -i2πw = +∞ -∞ +∞ -∞ A(x, y) I(x, y) e i2π(ux+vy) dx dy (2.15)
where e -i2πw is the factor required to correct the phase of V and project V to the uv plane (V(u,v,0)).

From the equation, it is noted that the visibility is related to the source brightness via the Fourier transform of the latter multiplied by A(x, y). Hence, to derive I ′ (x, y) = A(x, y) I(x, y), which is the intensity modified by the primary beam shape A(x, y), the inverse Fourier transform is performed, and the results will be: ux+vy) du dv (2.16) A single interferometric observation gives one visibility value, thus, to have a better representation of I(x, y) it is important to measure the visibility values, at as many points as possible in the (u, v) plane.

I ′ (x, y) = A(x, y) I(x, y) = +∞ -∞ V(u, v, 0) e -i2π(

uv coverage

As mentioned in the previous section, two antennas (one baseline) represents one point in the (u, v) plane, while to obtain a good quality image, one needs to have a good sampling of the (u, v) plane and hence a good uv coverage. More antennas could be added to improve the instantaneous coverage, however this solution is not sufficient as the number of antennas that could be added is limited. Luckily, it is possible to benefit from the Earth rotation. While the antennas are tracking the source on the sky, the Earth's rotation varies the projected baseline coverage of interferometer elements, hence the coordinates of the baseline change, and they will be represented by a new point on the (u, v) plane. If the interferometer has more than two elements, the (u, v) plane will be better sampled, and the coverage will be improved. An example is shown in Figure 2.5.

Despite the advantage of this method, it is worth noting that the image obtained from the inverse Fourier transform of the visibilities will not be perfect due to some interferometric limitations. First, it is impossible to sample the whole (u, v) plane, and a discrete sampling is rather obtained. Further, the angular resolution is limited by the maximum u, v distance, while the largest scale that could be recovered is limited by the minimum u, v distance set by the minimum spacing between antennas. However, in some cases, it is possible to retrieve some information on the flux at the centre of the (u, v) plane and at distances shorter than the diameter of the antenna with the use of additional data from either single dishes or groups of smaller antennas.

Calibration

The visibilities are affected by the atmospheric variation and instrumental noise, and they must be calibrated before performing the inverse Fourier transform. The need for an articulated calibration procedure is due to the fact that the signal emitted by the source of interest first passes through the Earth's atmosphere and then through the instrumentation used to detect it, which generates a series of distortions that must be corrected before arriving to a scientific datum. The calibration is the process to determine the so-called complex gains, i.e. complex correction factors (amplitude, phase), required to change the measured visibility function to the true visibility function, that would have been obtained without instrumental and atmospheric contribution. The complex gains are determined using well known sources, also called calibrators as a reference.

Phase Calibrators (or time gain): Instrumental variations and atmospheric variations in emission and phase make it necessary to observe one or more so-called phase calibrators: the instrumental variations in fact alter the phase and amplitude of the wave front produced by the source of interest over time, modifying the measured visibilities. This is why the observation of the source must be interspersed with observations of the calibrator. To allow the primary wavefront to be correctly reconstructed over time, the phase calibrators must be close to the source, bright and point-like to minimise astrometric, and amplitude and phase calibration errors.

Bandpass Calibrators: Due to various factors, mostly instrumental, the spectral response is not uniform over the band. To take this factor into account and to be able to correct the visibilities, it is therefore necessary to observe a second type of objects, called bandpass calibrators. The goal is to measure with high signal-to-noise (S/N) ratio the instrumental response, which affects calibrators and sources alike, to ultimately correct the source spectral data over the whole observed band without adding noise and without altering the spectral index of the sources. For this purpose, bright quasars are used, which, however, do not necessarily have to be in the same region of the sky as the source and can be observed at least once, typically at the beginning of an observing session. The observation time depends on the brightness of the calibrator and of the source.

Flux Calibrators: Visibilities require a final calibration before being processed, a calibration that brings the scale in amplitudes to physical values of the flux. For this purpose it is necessary to observe so-called flux calibrators, for which it is necessary to have an accurate model. Calibrators of this type can be solar system objects, stars and quasars with high and stable millimetre brightness. Flux calibrators, which are available for any local sidereal time (LST) range, are observed only once, often at the beginning of an observing session.

In addition, astronomical observations at sub-millimetre wavelengths are affected by the presence of water vapour in the troposphere. The amount of water vapour not only affects the transmittance of the atmosphere but also causes delays in the incident radiation, which manifest themselves in the phases of the visibilities. These phase fluctuations are to first order proportional to the observing frequency and increase asymptotically with the length of the baselines on which the astronomical source of interest is observed. There are different techniques to measure the amount of water vapour along the line of sight to a source, and one of them relies on the use of radiometers that monitor the water vapour transition at 22 GHz. The NOEMA interferometer antennas, for example, are equipped with such radiometers. By converting variations in the brightness of the 22 GHz line to variations in the phase of the incident radiation, each antenna of the NOEMA interferometer provides appropriate phase correction terms, which the correlator applies to the visibilities in a frequency-dependent manner to compensate for the atmospheric fluctuations and thus significantly improve the quality of the scientific data obtained. The same concept applies for the ALMA interferometer, whose antennas are equipped with radiometers that monitor the water vapour transition at 183 GHz.

Self-calibration

In some cases, when we have very bright sources, we can correct data from amplitude and phase errors related to individual antennas to obtain images with much higher fidelity. This method is called self-calibration and is used to improve the calibration of the visibilities on the source itself. It is an iterative procedure performed in the (u, v) plane, that can be used to either improve the phases alone, or both the phases and amplitudes. First, it creates a model of the used source, then, from it, it determines the complex (amplitudes and phases) gains as a function of time. Once obtained, the gain solutions are applied to the visibilities, then a new model is created from the corrected data. These iterations are usually repeated until a satisfactory model is found. When used correctly, this approach significantly improves interferometer images of compact and bright sources.

Imaging

Once the visibilities are properly calibrated, the goal is to obtain an image of the source. As described in the section 2.2.4, the projections of the baselines can never entirely cover the (u, v) plane, but partially sample it as a function of the array geometry, bandwidth, and integration time. The coverage of the (u, v) plane is therefore described by the so-called sampling function S (u, v) that is equal to 1 when the (u, v) plane is sampled, and 0 elsewhere. While the observed visibilities are called sampled visibilities V samp (u, v) and are related to the real visibilities by the following expression:

V samp (u, v) = S (u, v) • V real (u, v) (2.17)
Hence, the equation 2.16 becomes:

I(x, y) A(x, y) = +∞ -∞ S (u, v)V real (u, v) e -i2π(ux+vy) du dv (2.18)
Therefore, to pass from the (u, v) plane to the image plane it is necessary to calculate the inverse Fourier transform of the sampling function, i.e. the dirty beam, which in fact represents the spatial response of the interferometer to a point source and consists of a primary lobe and multiple secondary lobes. The dirty beam is given by

P D (x, y) = S (u, v) e -i2π(ux+vy) du dv (2.19)
Performing the inverse Fourier transform of the sampled visibilities and applying the convolution theorem, the so-called dirty image I D (x, y) is obtained, such that

I D (x, y)A(x, y) = I(x, y)A(x, y) * P D (x, y) (2.20)
To obtain the real image (the brightness I(x, y)) it is therefore necessary to deconvolve the dirty map for the dirty beam, and correct the obtained image from the attenuation by the primary beam of the antenna (A(s, y)). This deconvolution method is implemented by a suite of algorithms, called CLEAN. The operation of one of the commonly used algorithms is described in detail in Section 2.2.8.

To calculate the inverse Fourier transform, the imaging software uses an FFT (Fast Fourier Transform) method. To apply the FFT, the (u, v) plane is rearranged into a regular grid where each cell contains a number of visibilities. While each visibility has its own weight, the algorithm allows for various additional weighting schemes. The natural scheme assigns to the single cell a weight directly proportional to the weight of visibilities contained within it. The uniform scheme weighs the cells inversely proportional to the weight of visibilities present in it. Then there is the weighting Briggs, which through the robust parameter allows for continuous variation between natural and uni f orm. The choice of the weighting scheme affects the angular resolution and the sensitivity of the obtained image. The first gives higher S/N ratio but poorer angular resolution, while the second gives better angular resolution and lower S/N ratio. The third allows having intermediate results between the two cases.

The Deconvolution or CLEAN procedure

As mentioned in the previous section, due to the incomplete sampling of the (u, v) plane, the reconstruction of the sky brightness is imperfect. For this, the deconvolution of the dirty map from the dirty beam is needed, via the CLEAN algorithms. Several algorithms exist for this aim, such as: Högbom (Högbom 1974), Schwarz (Schwarz 1978), Clark (Clark 1980), Cotton-Schwab (Schwab & Cotton 1983), SDI [START_REF] Steer | [END_REF], Multi-Resolution [START_REF] Wakker | [END_REF]), Multi-Scale (Cornwell 2008), Multi-beam [START_REF] Stewart | [END_REF]. They are nonlinear iterative procedures, that deconvolve the instrumental point source response from the observed data. The commonly used CLEAN algorithm is Högbom. It is based on the assumption that an extended source can be treated as a set of finite point sources; this is not an exact assumption, but it is functional. Iteratively, the procedure finds the positions and intensities of these point sources. The final clean image consists of the sum of the point sources, called clean components, re-convolved with a clean beam, usually an elliptical Gaussian fitted to the main lobe of the dirty beam and then added to the residual noise. The Högbom algorithm consists of the following steps (Figure 2.6):

1. Locate the peak in the dirty map and find its position and intensity; 2. Subtract from the dirty image, at the peak position, the dirty beam multiplied by a fraction of the peak intensity;

3. Save the obtained clean component in a model; 4. Locate the next peak in the residual map and find its position and intensity as long as the peak intensity is higher than the limit given by the user; 5. Repeat 2-4 until reaching an intensity limit, the noise limit or the number of iterations specified by the user;

6. Convolve the clean components in the model, with the clean beam and add the residual noise from the residual map.

Another CLEAN algorithm that was used in this thesis is the Clark algorithm. This algorithm has reduced the computation effort of the Högbom algorithm, by selecting many components in one iteration and subtracting them at the same time. Despite the concerns about the nonuniqueness and instabilities of solutions, the CLEAN procedure remains very important and widely used in radio astronomy. 

Interferometers

The two interferometric facilities relevant to the work and proposals done during this thesis are ALMA and NOEMA. I will describe them in the following.

ALMA

The Atacama Large Millimetre/Sub-millimetre Array (ALMA, Figure 2.7) is a radio interferometer located at 5000 meters above sea level on the Chajnantor plateau in Chile's Atacama Desert. It is operated by the Joint ALMA Observatory (JAO) and is the result of a collaboration between Europe, North America, East Asia, and the Republic of Chile.

ALMA consists of 66 high-precision antennas. The main array is composed of 50 antennas of 12 m in diameter. It is complemented by 4 antennas of 12 m used as single dishes and 12 antennas of 7 m that form the Atacama Compact Array (ACA). The antennas can be moved to obtain baselines that can range from 150 m to 16 km, depending on the scientific purpose of the observation. As of today, ALMA is equipped with eight receiver bands, from to Band 10 (787-950 GHz). The Band 1 (35-50 GHz), was recently added and should become available for Cycle 10 (April 2023), while Band 2 (67-116 GHz) is currently in development.

For the 12 m interferometric antennas, the spatial resolution of ALMA in the most compact configuration ranges from 0.5 ′′ at 950 GHz to 4.8 ′′ at 110 GHz; while, in the more extended configuration, the resolution goes from 20 mas at 230 GHz up to 43 mas at 110 GHz. The ALMA correlator can manage up to 7680 channels, whose width ranges from 3.8 kHz to 15.6 MHz. The total available correlation bandwidth is ∼8 GHz.

NOEMA

The Northern Extended Millimetre Array (NOEMA, Figure 2.8) is a radio interferometer located on the Plateau de Bure at 2550 meters altitude in the French Alps. It is the successor of the Plateau de Bure Interferometer and is operated by the Institut de Radioastronomie Millimétrique (IRAM).

In 1988, the Plateau de Bure Interferometer (PdBI) consisted of 3 antennas with 15 m diameter each. More antennas were added later, and the interferometer reached 6 antennas in 2001. In 2014, the upgrade of the PdBI to NOEMA started with the addition of the seventh antenna. Today, NOEMA consists of 12 antennas that can move to obtain a maximum baseline of 1.7 Km. It is equipped with 3 receiver bands, Band 1 (70-119 GHz), and . Band 4 is planned for the future for observations up to 376 GHz. The spatial resolution of NOEMA in the most compact configuration ranges from 2.5 ′′ at 100 GHz to 1 ′′ at 230 GHz; while, in the most extended configuration, the resolution goes from 0.5 ′′ at 100 GHz down to 0.2 ′′ at 230 GHz. The NOEMA correlator processes a total instantaneous bandwidth of ∼ 32 GHz, and in parallel provides spectral data with a resolution of 2 MHz, 250 kHz and 62.5 kHz. Additional spectral modes will become available in the future.

Molecular line analysis

One of the main analytical tools used in this thesis is molecular line analysis. It is thus important to present its basics and how physical numbers can be extracted through it.

Black-body radiation and Brightness temperature

Two useful concepts for molecular analysis are the black-body radiation and brightness temperature. Actually, in radio astronomy, the observed signal is measured in units of temperatures and is derived by comparing a reference black-body of a given temperature with the source in the sky. Here we introduce the concepts of black-body radiation and brightness temperature.

Black-body radiation:

A black body is a fully opaque idealised entity that absorbs all incident radiation. If the radiation is in thermodynamic equilibrium with its surroundings, the specific intensity of the black-body's radiation is described by the Planck function:

B ν (T ) = 2hν 3 c 2 1 e hν/k B T -1 (2.21)
where h is the Planck constants and k B is the Boltzmann constant. The Planck function depends only on the temperature and frequency, and we can differentiate two limiting cases:

1. The Rayleigh-Jeans (R-J) approximation, when hν ≪ k B T

2. The Wien's law, when hν ≫ k B T Generally, at the radio frequencies, only the (R-J) approximation applies, and in this case, the Planck function (Eq. 2.21) becomes:

B ν RJ (T ) ≈ 2k B ν 2 c 2 T (2.22)
This indicates that the brightness and temperature T are directly related. That is why it is so useful in radio astronomy to measure the brightness of an extended source by its brightness temperature T B .

Brightness temperature: In the R-J limit, the brightness temperature, T B , is the temperature of a black body, in thermal equilibrium with its surroundings, producing the same specific intensity as the emitting source, I ν . Hence, for any value of I ν , T B is defined as:

I ν = B ν (T B ) (2.23)
Indeed, the radiation of a source can be measured using several quantities including the luminosity, the flux, the flux density, F ν , or the specific intensity (or brightness), I ν . The flux is the amount of radiation energy per unit time per unit area, while the flux density is the flux per unit frequency in the observed spectral range. In radio astronomy, the observed flux densities are very small, thus they are often expressed in units of the Jansky (Jy), where 1 Jy = 10 -23 erg s -1 cm -2 Hz -1 . The flux density is given by:

F ν = F ∆ ν (2.24)
with F being the flux. The specific intensity, I ν , is the amount of radiation energy per unit time per unit area per unit frequency, per unit solid angle, i.e. it is the flux density per unit solid angle:

I ν = F ν Ω F ν = I ν dΩ (2.25)
If we assume that the radiating source is a Gaussian source, Ω = π θ min ×θ max 4 ln [START_REF]Résoudre la cinématique du gaz, pour évaluer la présence de différences dans les champs de vitesse entre les deux lobes d'écoulement (par exemple[END_REF] . Thus, in the R-J limit (taking into account the relation 2.23) the flux density can be expressed in units of Jy as:

F ν mJy = 73.6 T B θ min × θ max arcsec 2 λ mm -2
(2.26)

Radiative transfer

Radiative transfer is the theory describing how electromagnetic radiation is transmitted through a medium, such as a planetary atmosphere or a stellar photosphere [START_REF] Rouan | Radiative Transfer[END_REF]). If we consider an observer, an illuminating source emitting photons at a frequency ν, and in between a cloud of gas and dust at a temperature T and density n, the photons emitted by the illuminating source can be either absorbed by the dust and gas of the cloud, or emitted, absorbed, and scattered by both dust and gas at each position in the cloud. Hence, to estimate the energy flux at a frequency ν that reaches an observer, we need to use the radiative transfer theory, that is, understanding how a photon travels through a medium up to its border. This situation is represented with a scheme in Figure 2.9. When propagating through an emitting or absorbing medium, the line intensity will generally change. The intensity change due to spontaneous emission is given as:

dI ν = j ν ds (2.27)
where j ν is the spontaneous emission coefficient also called emissivity and ds is the length travelled by the photons. The intensity change due to the absorption is defined by the following equation:

dI ν = -α v I ν ds (2.28)
where α ν is absorption coefficient. The light scattering can be neglected, as it is not a dominant source of radiation in the FIR to radio wavelength range. Hence, if we incorporate the emission and absorption effects, the intensity variation will be described by the "radiative transfer equation" as follows:

dI ν ds = -α v I ν + j ν (2.29)
The variable ds is linked to an important variable, the optical depth, dτ ν , defined as:

dτ ν = α v ds (2.30)
When τ ν ≫1 the medium is optically thick or opaque at the frequency ν, while when τ ν ≪1 the medium is optically thin or transparent. If we replace ds by dτ ν the radiative transfer equation (Eq. 2.29), can be written as follows:

dI ν dτ ν = -I ν + S ν (2.31)
where S ν is the source function defined as the ratio of the emission coefficient to the absorption coefficient:

S ν = j ν α v (2.32)
Hence, the general solution of the equation 2.31 is:

I ν (τ ν ) = I ν (0) e -τ ν + τ ν 0 S ν e (τ ′ ν -τ ν ) dτ ′ ν (2.33)
This equation is simply the sum of two terms: the external (or background) source intensity attenuated by absorption, plus the integrated source function attenuated by the absorption along the pathway.

If for simplicity, we assume that S ν is constant inside the cloud, the solution of the equation 2.33 becomes:

I ν (τ ν ) = I ν (0) e -τ ν + S ν (1 -e -τ ν ) (2.34)
In a highly opaque medium (very optically thick regime), τ ν goes to infinity, and the solution of equation 2.34 is:

I ν = S ν (2.35)
hence, I ν goes to the source function S ν . This means that only a fraction of the photons emitted by a highly opaque medium can reach the edge of the cloud. In the optically thin case, the solution is:

I ν (τ ν ) = I ν (0) + τ ν (S ν -I ν (0)) (2.36)
In this case, most of the photons emitted within an optically thin medium can reach the edge of the cloud.

In the case of a spectral line, the source function S ν is determined by the populations of the levels in the upper and lower states of the species. If the levels are thermalized, the system is in Local Thermodynamic Equilibrium (LTE, see Section 2.4.3), the levels follow the Boltzmann distribution, hence S ν = B ν (T ) (Kirchhoff's law). This means that S ν depends on the gas kinetic temperature T through the Planck function. Thus, the equation 2.34 can be written as:

I ν (τ ν ) = I ν (0) e -τ ν + B ν (T )(1 -e -τ ν ) (2.37)
Under LTE and at long wavelengths, when the R-J limit often holds (see Eq. 2.22), the specific intensity I ν of the source can be expressed as a function of its brightness temperature T B (see Eq. 2.23) as follows:

I ν = 2k B ν 2 c 2 T B (2.38)
Thus the equation 2.37 becomes:

T B = T bg e -τ ν + T (1 -e -τ ν ) (2.39)
where T bg corresponds to the temperature of the background emission when it is a black body and T is the temperature of the cloud.

Level population

Photon emission and absorption in a gas can only occur at specific frequencies equal to the energy difference between the system's final and initial state (atom or molecule). As a result, the line spectrum shows the energy level of the system prior to the transition and its energy level after it. Furthermore, because the gas comprises multiple species (atoms/molecules), the line spectrum is the consequence of all the transitions of all species in all the various energy levels. To interpret the line spectrum, one must first know how many atoms/molecules are in each potential energy level, i.e. the statistical distribution of the species in each energy level. Each species has a unique/specific equilibrium distribution that is also dependent on the environment in which the molecule is located.

Statistical equilibrium equation

For simplicity, let us consider a two-level system, that is a single species with only two levels of energy, with l the lower energy level and u the upper energy level. The system can move from the lower level l to the upper level u (excitation) and vice versa (de-excitation) through various processes, such as the collision with other more/less energetic species (colliders), or the absorption/emission of a photon at the frequency ν ul . If the system is in a stationary state, the rate of excitation of the lower level l is equal to the rate of the de-excitation of the upper level u. This is formulated by the statistical equilibrium equation:

n l n coll γ lu + n l B lu J ν = n u n coll γ ul + n u A ul + n u B ul J ν (2.40)
where γ lu and γ ul are respectively the excitation and de-excitation collisional coefficients, n coll is the number density of the colliders, B lu , B ul and A ul are the Einstein coefficients, J ν is the specific intensity of the radiation field at frequency ν ul , and n l and n u are the number density of the levels l and u, respectively. The Einstein coefficients are related as:

B lu = g u g l B ul B ul = c 2 2hν 3 A ul (2.41)
where g l and g u are the statistical weight of the levels l and u, respectively. The equation 2.40 can be generalised to a multi-level system, and it entails adding all excitation and de-excitation to and from a level. This results in a system of N lev (N number of levels) equations:

u-1 l=1 (n l n coll γ lu + n l B lu J ν ul ) = n u N lev l=u+1 (n coll γ ul + A ul + B ul J ν ul ) (2.42)
However, solving the statistical equilibrium equation can be challenging. The following are some limiting cases that can be considered:

1. LTE level distribution: Let us assume that Local Thermal Equilibrium (LTE) applies. LTE means that the x-atoms collide so frequently with the colliders that the level populations are thermalized and, therefore, follow the Boltzmann distribution, which only depends on the gas temperature T . If n x is the total number density of the species x, the Boltzmann distribution is:

n i = g i n x Q(T ) e -E i k B T (2.43)
where g i is the statistical weight of level i, n x = N lev i=1 n i , and Q(T ) is the partition function, defined as:

Q(T ) = N lev i=1 g i e -E i k B T (2.44)
2. Detailed Balance: If we consider again a two-level system, and suppose that excitations/deexcitations from the radiation are negligible (collisions dominate both), and LTE holds, the statistical equilibrium equation 2.40 becomes:

n u γ ul = n l γ lu (2.45)
Since the levels are thermalized they follow the Boltzmann distribution, therefore:

γ ul = γ lu g l g u e -Eu-E l k B T (2.46)
that is called the detailed balance of the collision rate coefficients.

3. Critical Density: If the collisions between atoms/molecules are not frequent enough to reach LTE, their energy level population will depend on the number of collisions and on the collisional coefficients. If we consider a two-level system and neglect the radiation field J ν for simplicity, Eq. 2.40 becomes:

n l n coll γ lu = n u n coll γ ul + n u A ul (2.47)
Thus, using the equation of the detailed balance (Eq. 2.46), it follows:

n u n l = g u g l e -Eu-E l k B T 1 + n cr n coll -1 (2.48)
where n cr is the critical density defined as:

n cr = A ul γ ul (2.49)
If the gas density is larger than the critical density (n ≫ n cr ), the emission is dominated by collision rather than photon emission. Hence, the collisions totally govern the level population, which means that LTE holds and that the population of the levels follows the Boltzmann distribution. In this case, the gas is said to be thermalised. On the contrary, if the gas density is smaller than the critical density (n ≪ n cr ), the photon emission dominates the collisions. In this case, the populations of the lower and upper levels depend on the gas temperature as well as the density of the colliding particles (colliders, mainly H and H 2 ). The levels are said to be sub-thermally populated.

Excitation Temperature

In general, the levels are not in LTE in the ISM. It is useful to define the excitation temperature, T ex , as:

T ex = -E ul k B ln n u g l n l g u -1
(2.50)

where

E ul = E u -E l .
Using the definition of the critical density (Eq. 2.48), and therefore, assuming that the radiation field is negligible, it holds:

T ex = T k B T E ul ln 1 + n cr n coll + 1 -1 (2.51)
where T is the gas kinetic temperature. Hence, when the gas density is larger than the critical density (LTE conditions), T ex ∼ T . While when the gas density is smaller than the critical density T ex < T .

In effect, the excitation temperature T ex is the gas kinetic temperature T if the two levels are thermally populated. However, the definition of T ex only holds for a two-level system. In the case of a multi-level system, analogously to the T ex , one can define the rotation temperature, T rot , which is the temperature if all the levels were thermally populated (i.e. in LTE). In this case, the excitation temperature (T ex ) and the rotational temperature (T rot ) are the same and equal to the gas temperature (T ).

Line formation and broadening mechanisms

Let us consider a two-level system. The levels will be populated based on the statistical equilibrium equation (Eq. 2.40). Independently of the mechanism that governs the population of the levels, a fraction of the species in the upper energy level u will decay to the lower energy level l, resulting in the spontaneous emission of a photon with frequency ν ul . If the gas is illuminated by a strong radiation field at the same frequency as the transition frequency, a stimulated emission will also occur. The emitted photons will form an emission line at the frequency of the transition. If the radiation field at the frequency ν ul is strong enough, the line will be in absorption. This occurs when the excitation of the upper level is dominated by the absorption of the radiation field photons rather than collisions. Quantitively, there is absorption when the excitation temperature of the transition is lower than the radiation temperature, as in the case of a strong radiation background and a tenuous gas.

The produced line, whether in emission or absorption, is not infinitely thin since the energy levels are not infinitely sharp. Indeed, the line shape is determined by various physical mechanisms. The optical depth can influence the line shape as well, but here we focus on the natural, thermal (Doppler), and pressure (Collisional) broadening.

• Natural Broadening: The natural, or intrinsic, width of the atomic/molecular levels is implied by the Heisenberg uncertainty principle. Thus, the uncertainty in the energy state of a system, ∆E, and that in the lifetime of the state, ∆t, must satisfy ∆E ∆t ∼ h/2π. The resulting line profile, called Lorentz (or natural) profile, is defined as:

ϕ(ν) = γ/4π 2 (ν -ν 0 ) 2 + (γ/4π) 2 (2.52)
where γ is the rate of spontaneous decay, and ν 0 is the central frequency.

• Thermal or Doppler Broadening: In the gas, the species (atoms/molecules) have a thermal motion, hence, due to the Doppler shift, the frequency of emission or absorption in the species frame corresponds to a different frequency for an observer. Since the atoms/molecules follow the Maxwell distribution, the line is spread over a range in frequency. Considering a species moving with a velocity v z along the line of sight of the observer, the Doppler shift can be expressed as:

ν -ν 0 ν 0 = v z c (2.53)
where ν 0 is the rest-frame frequency of the line. In this case, the line profile is a Gaussian:

ϕ(ν) = 1 ∆ν D √ π e - (ν-ν 0 ) 2 ∆ν 2 D (2.54)
where ∆ν D is the Doppler width defined as ∆ν D = ν 0 c b with b being the Doppler parameter (km/s). This parameter is linked to the temperature of the gas as:

b = 2k B T m x = 0.129 T A x km/s (2.55)
where m x is the mass of the species x and A x is its atomic number. Hence, b depends on the species' mass and the gas temperature. The full width at half maximum (FWHM) of the line is defined as:

∆ν th = 2 ln(2) ∆ν D = ν 0 c 8 ln(2) k B T m x (2.56)
If the observed line width is greater than the thermal one, non-thermal line broadening effects are present.

• Pressure (Collisional) Broadening: In a high-density, and hence high-pressure gas, atoms and molecules collide frequently, reducing the lifetime of states and increasing the uncertainty in the energy state of the system. This results in broader lines in highdensity regions compared to low-density ones. The broadening effect is also described by a Lorentzian profile in this case.

Solving the radiative transfer equation

To derive, the intensity of a line, the column density of a species, and/or the physical properties of the gas in which the species emits, one needs to solve the radiative transfer equation simultaneously with the statistical equilibrium equation at each point of the medium. In general, a complete solution to this problem demands powerful numerical algorithms, and even a powerful computer could fail to achieve the goal. When the problem includes a multi-level system, the problem complexities are inescapable, if not prohibitive. Nonetheless, some assumptions can be made to simplify the problem and find a solution. One of them, is the assumption that the background emission is negligible. This assumption is generally valid in the (sub)-millimetre and radio wavelength ranges because the background emission, which is primarily caused by an illuminating external source or by the dust itself, is weak at these wavelengths. Nonetheless, this is not always the case, particularly when it comes to young protostars, which are, by definition, surrounded by large column densities of warm dust. In such circumstances, the background emission may not be negligible, and, as a result, the FIR/mm photons could alter the population of the levels and the dust could contribute to the line emission absorption (inside the medium).

For the molecules that have transitions in the millimetre range, the first case can be important if the transitions have a large Einstein spontaneous emission coefficient A ul (B lu is proportional to A ul ). This is true for water lines, for example (e.g. Takahashi et al. 1983Takahashi et al. , 1985;;Poelman et al. 2007), for which the coefficient A ul can be as large as 0.1 s -1 . However, this effect is very likely negligible for the iCOMs transitions, which are the main focus of this study, as their A ul rarely exceed 10 -5 s -1 (e.g. Takahashi et al. 1985). A possible exception may be represented by some of the methanol's excitation transitions, whose A ul could reach a value slightly higher than 10 -5 s -1 .

In the following, I present the two main methods for solving this problem, both of which were employed in this thesis, the Rotational Diagram (RD) and the Large Velocity Gradient (LVG). In the first method, it is practically and theoretically challenging if not impossible to include the effect of the background on the levels' population. To make this point clear, the other extreme situation where one could use the RD method is when all the observed lines are radiatively populated (e.g. Ceccarelli et al. 2002). In the LVG method, on the other hand, it is possible to take into account the dust background contribution and line absorption (e.g. Takahashi et al. 1983). In this thesis work, we adopted the simplified assumption that the background emission is negligible. As previously mentioned, given that the molecular line analysis in the thesis was done on iCOMs, the impact of the background emission on the level population can be neglected. However, the dust can still contribute to the line emission absorption. This effect is likely common among hot corinos (De Simone et al. 2020a), but one can compare molecular abundance ratios (for molecules studied in the same frequency range and emitting from the same region) to minimise the impact.

Rotational Diagram

The rotational diagram approach is considered as the "step 0" of the molecular line analysis, and it can be used if enough transition lines from a species are detected. The method is based on three assumptions: The levels are LTE populated, the transitions are optically thin, and the background temperature is negligible. The RD provides a first and rough estimate of the average temperature of the emitting gas (through T rot ; See Section 2.4.3) as well as the column density of the species emitting the lines. To build the RD, we begin with the equation for the intensity at a particular frequency in the case of a constant source, which is recalled here:

I ν (τ ν ) = I ν (0) e -τ ν + S ν (1 -e -τ ν ) (2.57)
Since, LTE is assumed, S ν = B ν (T ) with T is the gas kinetic temperature. If we also suppose that there is no external source I ν (0), the equation becomes:

I ν (τ ν ) = B ν (T ) (1 -e -τ ν ) (2.58)
The optical depth τ ν is defined as a function of the absorption coefficient α ν (See Eq. 2.30), which, in turns, can be expressed in terms of Einstein coefficients and the line profile ϕ(ν) as:

α ν = hν 4π n l B lu -n u B ul ϕ(ν) (2.59)
using the relation between the Einstein coefficients (Eq. 2.41), α ν can be written as:

α ν = c 2 8πν 2 g u g l n l A ul 1 - g l n u g u n l ϕ(ν) (2.60)
Hence the optical depth can be expressed as:

τ ν dν = ϕ(ν) dν c 2 8πν 2 g u g l n l A ul 1 - g l n u g u n l ds (2.61)
By definition, the line profile functions are normalised to 1, thus ϕ(ν)dν = 1, and the equation 2.61 becomes:

τ ν dν = c 2 8πν 2 g u g l n l A ul 1 - g l n u g u n l ds = c 2 8πν 2 g u g l A ul 1 - g l N u g u N l (2.62)
having considered that N u = n u ds, with N u being the number of molecules in the upper energy state (column density of the upper energy level).

Given that LTE conditions are assumed, we can use the Boltzmann level distribution, so we obtain:

τ ν dν = c 2 8πν 2 A ul N u e hν/k B T -1 (2.63)
Using the Rayleigh-Jeans approximation for the blackbody emission (Eq. 2.22) and the definition of the Brightness temperature T B (Eq. 2.23), we obtain:

T B = c 2 8πν 2 A ul N u 1 -e -τ τ (2.64)
T B is the quantity measured with the observations. Hence, to obtain N u we can invert the previous equation. Further, defining the velocity-integrated intensity W as W = T B dv we have:

N u = 8πk B ν 2 hc 3 W A ul τ 1 -e -τ
(2.65) that can be written as an optically thin contribute, N thin u , times a correction factor

C τ = τ/(1 - e -τ ), so that N u = N thin u × C τ with N thin u = 8πk B ν 2 hc 3 W A ul (2.66)
As long as the emission is optically thin, the RD method can be used (N u = N thin u ). If the emission is not optically thin, a correction for opacity using C τ is possible with the Population Diagram method (Goldsmith & Langer 1999). This is the equation for the number of molecules in the upper energy state u. To obtain the total column density of the species N tot (the total population of all energy levels in the molecule), we can use the Boltzmann distribution, where it holds:

N u g u = N tot Q(T ) e -E u /k B T (2.67)
where Q(T ) is the partition function (Eq. 2.44). By applying the natural logarithm to both terms, we obtain:

ln N u g u = ln N tot Q(T ) - E u k B T (2.68)
We can thus construct the rotational diagram by plotting ln( N u g u ) as a function of E u as shown in Figure 2.10. From the best linear fit of the data, we can derive the rotational temperature T rot that corresponds to the inverse of the fitted line's slope, and the total column density of the molecule N tot , from the intercept (y = ln(N tot /Q(T ))). If all the levels are under LTE conditions and the all the lines are optically thin, the derived T rot gives a good estimate of the kinetic gas temperature, and the obtained N tot is correct. However, it is important to note that this is not always the case, and the RD approach has some limitations. For instance, each line (from the same species) has its own T ex , meaning that some lines may be LTE populated while others are not, and T rot hence should only be used as a rough indication. In addition to the non-LTE effects, some optically thick lines could be present, and the derived value of N tot would be underestimated. Another limitation, is that the column density of the upper energy level u, N u , derived by the velocity-integrated intensity, is averaged over the telescope beam. If the emitting source size (θ source ) is smaller than the telescope beam, in order to obtain an accurate value of the column density N tot , it is necessary to correct for beam dilution using the so-called filling factor, ff :

f f = θ 2 source θ 2 beam + θ 2 source (2.69)
The filling factor varies with frequency, just as the size of the telescope beam does. If the lines used in the RD fall in a narrow range of frequencies, this translates to a factor that we solely apply to N tot . When we have a large range of frequencies in the RD, we must apply the filling factor to the various lines. The description of the RD analysis carried out in this thesis is detailed in paper 1 (Chapter 3). 

The large velocity gradient (LVG) method

Another method that gives a more detailed and accurate treatment of radiative transfer compared to the RD is the Large Velocity Gradient (LVG) method. It is the application of the escape probability method to the problem of a gas with a systematic large velocity gradient, as for example in an expanding homogeneous slab. This method is frequently used in interpreting molecular spectra. Here, I will first give a brief overview of the escape probability method, then I will show its application to the LVG method.

Escape probability method: The escape probability method is based on the simplification that the different regions of the medium are not coupled radiatively, or, in other words, the absorption of the photons is local. This occurs when the emitted photon is either absorbed near the point of emission or escapes the medium. When there is a large velocity gradient, in the medium, the Doppler shift moves the frequency of the photons emitted at a point outside the line profile. In this scenario, the statistical equilibrium equations can be decoupled from the radiative transfer ones, considerably simplifying the problem. This method was initially developed by Sobolev (1957[START_REF] Sobolev | Moving envelopes of stars Spitzer[END_REF], for stellar atmospheres, before being expanded to other physical problems. The main idea behind this method is to establish a local multiplicative factor that reflects the probability that a photon will escape the medium after it is emitted. Indeed, the radiative transfer problem is complicated by the radiation produced within the medium, i.e. the coupling between the averaged field intensity J ν , and the level populations. If we assume that J ν is totally due to internally-generated radiation and that the medium is completely opaque to its own radiation, J ν would approach the local value of the source function S ν . Deviations of J ν from the local source function thus indicate photon escape from the medium, and the fraction of photons locally trapped is represented by the ratio J ν /S ν . If we define β esc as the escape probability factor, that is the probability for a photon formed at optical depth τ escapes through the front surface, then, the fraction of non-escaped (trapped) photons is (1β esc ). With the escape probability method, J ν and β esc can be expressed as: 

J ν = S ν (1 -β esc ) (2.70)
β esc = 1 4π e -τ ν ϕ(ν) dν dΩ (2.71)
If we consider a two-level system, from its definition, the source function S ν can be expressed in terms of Einstein coefficients as:

S ν = n u A ul n l B lu -n u B ul (2.72)
Using Eq. 2.70 for J ν and substituting it in the statistical equilibrium equation (Eq. 2.40) for a two-level system, we obtain:

n u n l = g u g l e -hν/k B T 1 + β n cr n coll -1
(2.73)

As intended, the radiative intensity is decoupled from the statistical equilibrium equation. Further, comparing this solution with the eq. 2.48 it is noteworthy that the trapping of the photons reduces the critical density. Hence, photon trapping has the effect of reducing the spontaneous emission rate, which physically corresponds to the fact that a photon is emitted only if it escapes absorption.

The probability β esc only depends on the source geometry and on the optical depth. For a semiinfinite and homogenous slab (Scoville & Solomon 1974;[START_REF] De Jong | H II regions and related topics[END_REF], namely, the density and temperature are constant across the slab, β esc is given by:

β esc = 1 -e -3τ 3τ (2.74)
For a uniform sphere [START_REF] Osterbrock | Astrophysics of gaseous nebulae Owen[END_REF]) on the other hand, β esc is defined as:

β esc = 3 4τ 1 - 1 2τ 2 + 1 τ + 1 2τ 2 e -2τ
(2.75)

These forms and others can be used in the application of the escape probability method.

Large velocity gradient: The application of the escape probability method to the problem of a gas with a systematic large velocity gradient was first introduced by [START_REF] Sobolev | Moving envelopes of stars Spitzer[END_REF] for an expanding stellar atmosphere and it is called Sobolev or Large Velocity Gradient (LVG) method. The basic idea is that a photon emitted at a point P with velocity v P cannot be absorbed at the point P' with velocity v P ′ because the photon frequency is Doppler shifted outside the hν + ∆ν D interval, where ∆ν D is the thermal width of the line (Figure 2.11). Therefore, either the photon is absorbed close to where it is emitted, or it escapes. As previously mentioned, the probability of the photon to escape, β esc , depends on the source geometry and the optical depth. The optical depth is related to the photon's radiative mean free path, hence it decreases with increasing medium density because the photon travels less distance, and, it, therefore has less probability to escape. An LVG code allows calculating the line flux from a cloud of gas with a systematic gradient of velocity, constant density and constant temperature, for a given geometry (e.g. semi-infinite, slab, uniform sphere). Using the escape probability formalism, the flux F of a line emitted by a source at a distance d can be expressed as:

F = 1 4πd 2 volume hν A ul n u β esc dV (2.76)
where the integral is on the volume of the emitting source. Thus, the flux computed by the LVG codes depends on the gas density and temperature, the column density of the molecule (for the line opacity), the velocity gradient (calculated from the linewidth), and the size of the emitting region. From the data and the model produced by the LVG code, one can derive the H 2 density, n H 2 , the species column density, the gas temperature and the source size. Despite being useful, the LVG method can not be applied to molecules more complex than CH 3 OH, as the collisional rate coefficients (needed to compute the critical density (Eq. 2.49)) are available for simpler molecules (several diatomic and triatomic molecules, as well as, C 3 H 2 , HC 3 N, H 2 CO, H 2 CS, HNCO, NH 3 , CH 3 OH, and CH 3 CN). The calculated collisional rate coefficients can be found in spectroscopic catalogues such as BASECOL (https://basecol.vamdc.eu/) and LAMDA (https://home.strw.leidenuniv.nl/~moldata/). In this thesis, we used the LVG code developed by Ceccarelli et al. (2003). The description of the modelling carried out in this thesis is detailed in paper 1 (Chapter 3)

Chapter 3

Can physical conditions influence hot corino chemistry?

The first project I carried out in my thesis consisted of identifying a hot corino within OMC-2 FIR 4, the nearest representative of our solar birth environment, and investigating whether the abundance ratios of its emitting molecules are affected by the environmental physical conditions. At the time of this work, the previously studied hot corinos were either isolated or born in loose protoclusters. The effect of the physical conditions on hot corino chemistry was not considered or investigated.

Since their first discovery in 2003 (Cazaux et al. 2003), hot corinos piqued the interest of astrochemists thanks to their chemical richness. Several studies have been performed in order to identify the different iCOMs present in hot corinos, compare them and constrain their formation routes. The high sensitivity and resolution of interferometric facilities have allowed for a more in-depth understanding of hot corinos, as well as the possibility to conduct astrochemical surveys of several objects for comparison purposes. Large differences in the iCOM abundance ratios across different hot corinos have been reported in several studies (Bergner et al. 2019;Bianchi et al. 2019b;Belloche et al. 2020;Nazari et al. 2021). Nonetheless, the observations have shown the presence of correlations between some molecules. For example, the abundance ratio of dimethyl ether (CH 3 OCH 3 ) over methyl formate (HCOOCH 3 ) in the Class 0/I hot corinos known before this study is close to unity (e.g. Jaber et al. 2014;Yang et al. 2021). Other correlations are found between the column densities of glycolaldehyde (HCOCH 2 OH) and acetaldehyde (CH 3 CHO) (Vazart et al. 2020), as well as that of methanol (CH 3 OH) and methyl cyanide (CH 3 CN) (e.g. Belloche et al. 2020;Yang et al. 2021). Some of these results led to several chemical studies that suggested a possible mother-daughter or sister relation between CH 3 OCH 3 and HCOOCH 3 on one side (Balucani et al. 2015) and acetaldehyde and glycolaldehyde on the other side (Vazart et al. 2020). The chemical relation between CH 3 OH and CH 3 CN is still being investigated. The study of the abundance ratios between molecules remains crucial to comprehend hot corinos. So far, the effect of the physical environment on the chemistry is still poorly understood. Some observations indicated that some star-forming regions are located near massive stars that heat their surroundings and irradiate them by strong UV photons, while others suggested the presence of cosmic-ray-like particles within a stellar protocluster. Astrochemical models suggested that, for a fixed volume density, an increase in the cloud temperature would cause a decrease in the deuteration (Taquet et al. 2012(Taquet et al. , 2014(Taquet et al. , 2019)), which is in agreement with the low deuteration ratio found in HH212 (Bianchi et al. 2017), a hot corino located at the Orion B molecular cloud. However, the studies of the impact of environmental conditions on other molecular ratios are few, despite their importance in understanding the chemistry of our young Solar System.

A good target to study the impact of the physical conditions on hot corino chemistry is OMC-2 FIR 4, which is a protostellar cluster permeated by internal irradiation of cosmic-raylike particles and located near high-mass stars. This protocluster hosts the Class 0 protostar HOPS-108, a hot corino candidate (Tobin et al. 2019), which has not been chemically characterised. Hence, in our first study, we observed OMC-2 FIR 4 using the Band 6 of the Atacama Large (sub-)Millimetre Array in Cycle 4 (PI: Ana López-Sepulcre). To achieve the goals of the study, I have searched for the hot corino among the different protostars within OMC-2 FIR 4, and determined the abundances and temperature of the species using local thermodynamic equilibrium (LTE) and non-LTE analysis, and finally, I compared the obtained abundance ratios with those found in other hot corinos taking into account the 3σ uncertainty for each value. To minimise the effects of optical depth, I have derived the column density of the molecules from their secondary isotopologues when available (i.e. CH 18 3 OH (τ ∼ 0.1) and 13 CH 3 CN (τ ∼ 0.2)), while for the other molecules, the optically thick transitions were not included in the analysis.

With this interferometric data, I have detected the presence of 11 iCOMs within the protostar HOPS-108. The estimated physical parameters, derived with non-LTE analysis from methanol emission, showed that the source is hot (≥ 120 K), compact (40 -50 au) and dense (≥ 10 6 cm -3 ) in agreement with the definition of a hot corino. HOPS-108 shows an enhancement in the abundance of methyl formate, HCOOCH 3 , with respect to other known hot corinos, with the [HCOOCH 3 ]/[CH 3 OH] abundance ratio being 3-5 times larger within the errors. Although the effects of optical depth were minimised in the analysis, this ratio could be underestimated if the emission of HCOOCH 3 is optically thick; hence, the ratio for optically thin emission would be higher, making the enhancement of this molecule even more important. The HCOOCH 3 enhancement in HOPS-108 led to a deviation from the correlation between methyl formate and dimethyl ether abundance ratios. Furthermore, the deuteration ratio [CH 2 DOH]/[CH 3 OH] is relatively low in HOPS-108 (∼ 0.02) and similar to that found in another Orion source, HH212. These results might be the consequence of the different physical conditions with OMC-2 FIR 4 compared to other star-forming regions. Nonetheless, the first result could not be reproduced with the current chemical models. The second may be due to the higher gas temperature in Orion during the early phases of ice mantle formation. Nevertheless, we stress that the column density of CH 2 DOH in our work was derived using a single line and is thus subject to uncertainty. Therefore, more transitions are needed to constrain error bars.

We concluded that the physical conditions could affect the hot corino chemistry, but more sources should be targeted to confirm this hypothesis. In addition, we suggest that the chemical networks should be improved with theoretical calculations in order to take into account the different formation and destruction routes of molecules and reproduce their observed abundances. Given the interesting environment of HOPS-108, the next step is to better characterise it at a larger scale.

The hereafter paper has been published in the Astronomy & Astrophysics 2022, 657, A78.

Introduction

The first stages of solar-mass star formation are known for their molecular richness. Indeed, at the centre of the protostellar envelopes, some protostars may host compact (≤100 au), hot (≥100 K) and dense (≥10 7 cm -3 ) regions called hot corinos (Ceccarelli 2004;Ceccarelli et al. 2007;Caselli & Ceccarelli 2012). These are very rich in interstellar Complex Organic Molecules (iCOMs), that is, C-bearing molecules containing at least six atoms (Herbst & van Dishoeck 2009;Ceccarelli et al. 2017;Jørgensen et al. 2020). Their large molecular complexity is probably inherited and reprocessed in the subsequent stages throughout the formation of a Sun-like star (Caselli & Ceccarelli 2012). Hence, understanding the chemistry of hot corinos is a crucial key to shed light on the conditions that favoured the emergence of life on our planet.

So far, most of the studied hot corinos are either isolated or were born in loose protoclusters. In contrast, our Sun was born in a crowded cluster in the vicinity of massive stars rather than in isolation (Adams 2010;Pfalzner et al. 2015). It is also known that the Sun was subject to internal irradiation from energetic particles (>10 MeV), whose imprint is seen in the products of short-lived radionuclides in meteoritic material today (Gounelle et al. 2013). However, it is not yet understood whether these ). Finally, a stream of high-energy cosmic-ray-like particles pervades the protocluster, ionising the surrounding envelope at a pace of 4000 times higher than cosmic rays (CRs) in our Galaxy (Ceccarelli et al. 2014(Ceccarelli et al. , 2019;;Fontani et al. 2017;Favre et al. 2018). On that premise, OMC-2 FIR 4 is the perfect analogue in pursuing a chemistry similar to that of our Solar System's early days. Particularly, the hot corino candidate HOPS-108 (Tobin et al. 2019) located within this protocluster can provide us with important hints about the chemistry of the gas and dust envelope surrounding our proto-Sun.

In this work, we present the first dedicated chemical study on the iCOMs of HOPS-108. This was performed using high-resolution (110 au) Atacama Large (sub-)Millimetre Array (ALMA) data at 1.2 mm.

The article is structured as follows: in Sect. 2 we describe the observations. In Sect. 3, we present the continuum and molecular line maps, together with the line identification and the main results of the analysis. In Sect. 4, we discuss the results, and, finally, in Sect. 5 we summarise the conclusions.

Observations

OMC-2 FIR 4 was observed with ALMA during its Cycle 4 operations, between 25 October 2016 and 5 May 2017, as part of the project 2016.1.00376.S (PI: Ana López-Sepulcre). The observations were taken with Band 6 in the ranges 218-234 GHz and 243-262 GHz. The phase-tracking centre was α ICRS = 05 h 35 m 26 s .97, δ ICRS = -05 • 09 54 .50 and the systemic velocity was set to V LSR = 11.4 km s -1 . For the lower-frequency, 45 antennas of 12 m were used in the C-5 configuration of the array, probing angular scales from 0. 19 to 11. 2. The integration time on source was ∼9 min, and the primary beam size is ∼27. 1. For the higher-frequency spectral configuration, 42 antennas of 12 m were used in the C-5 configuration of the array, probing angular scales from 0. 21 to 8. 2. The integration time on source was ∼19 min and the primary beam size is ∼25. 6. For both spectral configurations, J0510+1800 and J0522-3627 were used for bandpass and flux calibration, and J0607-0834 and J0501-0159 were used for phase calibration. The absolute flux calibration uncertainty is estimated to be <10%. In the present work, focussed on iCOMs, we have used the five spectral windows (spws) listed in Table 1.

The data calibration was performed using the standard ALMA calibration pipeline with the Common Astronomy Software Applications package (CASA 1 , McMullin et al. 2007), while self-calibration, imaging, and data analysis were performed using the IRAM-GILDAS software package2 . The continuum images were produced by averaging line-free channels from the 1.875 GHz spectral windows at 232 GHz and 246 GHz in the visibility plane. The remaining effective bandwidths are 458.9 MHz and 218.8 MHz, respectively. Phase self-calibration was then performed on the continuum emission and the gain solutions were applied to the line cubes. Continuum subtraction was performed on the cubes in the visibility plane, before line imaging. The resulting synthesised clean beam and channel root-mean-square (rms) noise level for each spectral window are summarised in Table 1.

Analysis and results

Continuum emission

Figure 1 shows the map of continuum emission at 246.2 GHz (1.2 mm). This map is not corrected for the primary beam attenuation, but all the flux densities used in the analysis have been corrected accordingly. We detected seven compact cores that are labelled as follows: the sources names HOPS-370, HOPS-64, and HOPS-108 refer to the sources identified in the Herschel Orion Protostar Survey (HOPS, Furlan et al. 2016); VLA16 and VLA15 refer to the sources identified in Osorio et al. (2017); MGM-2297 refers to Megeath et al. (2012); and ALMA1 refers to the source recently identified in Tobin et al. (2019). In addition, we detected some extended emission tracing the envelope of the protocluster. The source HOPS-370 is associated with the OMC-2 FIR 3 region, MGM-2297 is probably a foreground source and has no direct association with OMC-2 FIR 3 (Tobin et al. 2019), while the other five cores belong to the OMC-2 FIR 4 region. As we report in the next section, among the five cores in OMC-2 FIR 4, only HOPS-108 displays rich iCOM emission at these wavelengths, making it the only clear hot corino present in the protocluster. In this context, our work is only focussed on this source. As shown in the map, the emission of HOPS-108 is compact at the resolution of our observations. We fitted it with a circular Gaussian function in the uv plane, and we obtained coordinates of RA (J2000) = 05 h 35 m 27 s .084 and A78, page 2 of 18 L. Chahine et al.: Organic chemistry in the protosolar analogue HOPS-108: Environment matters Table 2. Detected molecules towards HOPS-108 in this work and their derived parameters.
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Line identification and molecular maps

The line identification and analysis was performed using the extension WEEDS in the CLASS software of the GILDAS package (Maret et al. 2011) using the Jet Propulsion Laboratory (JPL 3 , Pickett et al. 1998) and the Cologne Database for Molecular Spectroscopy (CDMS 4 , Müller et al. 2001Müller et al. , 2005) ) databases.

The spectra were extracted from the central pixel corresponding to the position of the continuum emission peak. The line detection limit is set to 3σ at the intensity peak.

In terms of the line number, our spectra are dominated by HCOOCH 3 , with more than 80 lines detected. We also detect between two and nine lines of CH 3 OH, CH 3 OCH 3 , CH 18 3 OH, CH 2 DOH, CH 3 COCH 3 , CH 3 CHO, CH 3 CN, 13 CH 3 CN, C 2 H 5 CN, and NH 2 CHO. The detected transitions span over a large upper energy range (E up = 39-537 K). The molecules are listed in Table 2 The source size θ s was obtained by stacking the uv tables of three HCOOCH 3 bright lines with the same velocity and full width at half-maximum (FWHM) in order to get a high signal-tonoise ratio (S/N) and then by fitting the emission in the stacked file with a circular Gaussian function in the visibility plane. The obtained value is θ s = 0. 12 ± 0. 02 (∼45 au), which is compatible with the value measured from continuum emission. The derived size was fixed to this value for the other molecules.

Non-LTE analysis

The collisional rates of CH 3 OH and CH 3 CN are available in the literature (Rabli & Flower 2010;Green 1986). To derive the physical properties of the gas emitting them, we performed a 3 https://spec.jpl.nasa.gov 4 https://cdms.astro.uni-koeln.de A78, page 3 of 18 A&A 657, A78 (2022) Fig. 2. Moment 0 maps of each detected molecule and of continuum emission towards HOPS-108. For CH 3 OH and CH 3 CN, contours start at 5σ and increase by steps of 5σ with σ = 0.6 mJy km s -1 beam -1 . For the other molecules, contours start at 3σ and increase by steps of 3σ with σ = 0.6-1.1 mJy km s -1 beam -1 . For the continuum emission, contours start at 5σ and increase by steps of 15σ with σ = 95.7 µJy km s -1 beam -1 . The synthesised beam is depicted in white in the lower left corner. The position of the continuum emission peak is depicted with a blue star. non-local thermodynamic equilibrium (non-LTE) analysis using the large velocity gradient (LVG) code grelvg (Ceccarelli et al. 2003).

For CH 3 CN and 13 CH 3 CN, we used the collisional coefficients with H 2 computed between 20 and 140 K by Green (1986) and provided by the LAMDA database (Schöier et al. 2005), which includes an extrapolation of the values for T > 140 K. We assumed the 12 C/ 13 C ratio equal to 50 as obtained in the Orion OMC-2 region by Kahane et al. (2018). In our analysis, we included two CH 3 CN lines, as the third is strongly blended with a HCOOCH 3 line, and three 13 CH 3 CN lines, as the remaining two are also strongly blended with HCOOCH 3 lines.

We ran a large grid of models (≥10 000) for both CH 3 CN and 13 CH 3 CN, covering a range in column density N CH 3 CN from 5 × 10 15 to 3 × 10 17 cm -2 , which corresponds to a range of column density N13 CH 3 CN from 1 × 10 14 to 6 × 10 15 cm -2 , a H 2 density n H 2 from 3 × 10 5 to 6 × 10 8 cm -3 , and a kinetic temperature T kin from 50 to 200 K. Then, we fitted the 13 CH 3 CN and CH 3 CN lines simultaneously, leaving N CH 3 CN , N13 CH 3 CN , n H 2 , T kin and the emitting size θ as free parameters. We assumed the line width equal to 2.5 km s -1 as measured (see Table A.1), and we included the calibration uncertainty (10%) and the rms errors in the uncertainty of the observed line intensities.

The best fit is obtained for N CH 3 CN = 2 × 10 16 cm -2 (N13 CH 3 CN = 4 × 10 14 cm -2 ) with a reduced chi-square χ 2 R = 0.3. The 13 CH 3 CN lines are found to be optically thin (τ ∼ 0.2) while the CH 3 CN lines are found to be optically thick (τ ∼ 9). The lines of the two isotopologues are emitted by a source of 0. 18 in diameter. Their emitting size is more extended than that of HCOOCH 3 . Solutions with 1 × 10 16 ≤ N CH 3 CN ≤ 3 × 10 16 cm -2 (2 × 10 14 ≤ N13 CH 3 CN ≤ 6 × 10 14 cm -2 ) are within 1σ of confidence level. Within the errors, the temperature is (120 ± 30) K and the H 2 density is larger than 3×10 7 cm -3 at the 1σ confidence level.

For CH 3 OH and CH 18 3 OH, we used the collisional coefficients with H 2 computed between 10 and 200 K for the first 256 levels by Rabli & Flower (2010) and provided by the BASECOL database (Dubernet et al. 2013). We assumed the 18 O/ 16 O ratio equal to 560 (Wilson & Rood 1994). To fit the LVG predictions, we included four CH 18 3 OH-e lines, two CH 18 3 OH-a lines, and one CH 3 OH-e line. Among the other available eight CH 3 OH lines, three have high upper level energies (E up ≥ 400 K) and they were excluded from the analysis as the collisional coefficients are not computed at these energies. The other five lines have low excitation energies; they trace extended emission and hence they were excluded to avoid contamination. Among the available CH 18 3 OH A78, page 4 of 18 18 3 OH, in addition to the rms error, we included the uncertainty of baseline imperfection due to rich spectra of iCOMs. We added an extra 20% in the flux error to account for the uncertainty linked to possible non-LTE effects.

As in the case of CH 3 CN, we ran a large grid of models (≥ 10 000) for both CH 3 OH and CH 18 3 OH, covering a range in column density N CH 3 OH from 1×10 16 to 7×10 19 cm -2 that corresponds to a range in column density N CH 18 3 OH , from 2 × 10 13 to 1.3 × 10 17 cm -2 , a H 2 density n H 2 from 8 × 10 6 to 2 × 10 9 cm -3 , and a temperature T from 90 to 250 K. Then, we found the solution by simultaneously fitting the CH 18 3 OH-e and CH 18 3 OHa lines as well as the CH 3 OH-e line, leaving N CH 3 OH , N CH 18 3 OH , n H 2 , T kin and the emitting size θ as free parameters. We assumed the CH 18 3 OH-e/ CH 18 3 OH-a ratio equal to 1, the line width equal to 3.6 km s -1 as measured (see Table A.1), and we included the uncertainties described in the previous paragraph in the observed intensities. While the comparison between the observations and model predictions constrain the CH 3 OH and CH 18 3 OH column densities quite well (0.5 × 10 19 -1.4 × 10 19 cm -2 and 0.9 × 10 16 -2.5 × 10 16 cm -2 , respectively), it does not allow one to put stringent limits on the density and temperature, other than the emitting gas temperature being larger than about 120 K and the density larger than about 10 6 cm -3 . The upper limits are even less constrained because the collisional coefficients are only available for T ≤ 200 K and the levels become LTE-populated at about 10 6 cm -3 . The emitting size of CH 3 OH and CH 18 3 OH is well constrained (0. 10-0. 12) and it is consistent with that obtained from the analysis of the HCOOCH 3 lines. The CH 18 3 OH lines are found to be optically thin (τ ∼ 0.1) while the CH 3 OH lines are found to be very optically thick (τ ∼ 21).

LTE analysis

For the iCOMs where collisional rates are not calculated, we assumed local thermodynamic equilibrium (LTE) conditions. Among these molecules, only two (HCOOCH 3 and C 2 H 5 CN) have a sufficiently large number of detected transitions spanning a large range of upper state energies, for which we could therefore build a rotational diagram (RD). In addition to the LTE assumption, to derive the column density and rotational temperature (T rot ) of these two molecules, we assumed optically thin emission. The upper level column density here is N u = (8πkν 2 /hc 3 A ul )W, where W = T B dV is the line integrated intensity and T B is the brightness temperature.

To build the RD, we included the isolated lines, and the lines that consist of several transitions with the same upper level energy, but different Einstein coefficients and statistical weights as done by Bianchi et al. (2019). The blended lines were excluded from the analysis. The rms and calibration errors in the line fluxes were taken into account. The resulting rotational diagrams are shown in Fig. 3.

For HCOOCH 3 , we obtained a rotational temperature of (96 ± 3) K and a column density of (6.7 ± 0.5) × 10 17 cm -2 . The lines with a high optical depth (>1) were excluded from the fit but are shown in the RD plot as lower limits, as a consistency check. For C 2 H 5 CN we obtained a rotational temperature of (145 ± 44) K and a column density of (4.0 ± 1.9) × 10 15 cm -2 . For the other molecules, there are a few lines that cover a narrow E up range, hence we calculated the column densities at an excitation temperature range T ex = 100-150 K based on the derived rotational temperature for HCOOCH 3 and the kinetic temperature for CH 3 OH (see Sect. 3.3). Also, here, we assumed LTE and optically thin line emission, and we took rms and calibration errors in the line fluxes into account. In our analysis, we included the unblended lines. We also included the lines that are slightly blended with HCOOCH 3 and/or C 2 H 5 CN after subtracting the flux of the contaminant when it was estimated to be <20% of the total line flux (see Appendix B). Finally, we excluded the lines that are blended by other molecular species or strongly blended by either HCOOCH 3 or C 2 H 5 CN (>20% of the total line flux).

More explicitly, for CH 2 DOH, we included only one line as the other two are blended with CH 18 3 OH and CH 3 COCH 3 . For CH 3 COCH 3 , we included three lines as the others were either strongly blended with HCOOCH 3 , or with other molecular species. For NH 2 CHO, we detected two isolated lines, which were both included in the analysis.

For CH 3 OCH 3 , we detected four lines with emission higher than 5σ. One of them is likely blended with CH 2 DCN, and it was excluded from the analysis. Another is very slightly contaminated with two weaker lines of HCOOCH 3 and C 2 H 5 CN, thus its line intensity was estimated after removing the expected A78, page 5 of 18 A&A 657, A78 (2022) intensities of the contaminating lines (see Appendix B). The three available lines were not sufficient to build a RD, hence we derived the column density following the previously mentioned assumptions.

For CH 3 CHO, we detected three lines, one of which is strongly blended with both CH 2 DOH and HCOOCH 3 , and two others are slightly blended with HCOOCH 3 . We derived a column density value using the latter lines after removing the expected intensities of the contaminating HCOOCH 3 .

The derived column densities of these iCOMs are summarised in Table 2.

Discussion

The hot corino in OMC-2 FIR 4

The OMC-2 FIR 4 region was extensively studied at large scales with the Herschel Space Observatory (López-Sepulcre et al. 2013a; Kama et al. 2013Kama et al. , 2015;;Furlan et al. 2014;Ceccarelli et al. 2014;González-García et al. 2016;Fontani et al. 2017;Favre et al. 2017). At scales of ∼5 , these studies provided a rather complete overview on FIR 4 and the surroundings. For example, it was found that the outer shell of OMC-2 FIR 4 is strongly irradiated by a FUV field (∼1500 G 0 ), arising from the high-mass stars located in the nearby Trapezium OB association (López-Sepulcre et al. 2013a). In addition, it was discovered that the interior envelope of FIR 4 is subject to irradiation and ionisation by local CR-like particles with an ionisation rate of ζ = 4 × 10 -14 s -1 (Ceccarelli et al. 2014). Further interferometric studies at millimetre and sub-millimetre wavelengths with ∼1 -3 angular resolution revealed that OMC-2 FIR 4 is a protocluster harbouring several cores (Shimajiri et al. 2008;López-Sepulcre et al. 2013b;Kainulainen et al. 2017). They also confirmed the presence of FUV irradiation (López-Sepulcre et al. 2013b;Favre et al. 2018) and that of CR-like particles (Fontani et al. 2017;Favre et al. 2018). At sub-arcsecond resolution, in addition to the present work, the only available study to our knowledge was performed by Tobin et al. (2019). These authors characterised the protostellar content in OMC-2 FIR 4 by studying the dust continuum and methanol emission. In HOPS-108, they detected compact emission in CH 3 OH, CH 3 CN, and HCOOCH 3 . From their three detected CH 3 OH lines, they derived a rotational temperature of 140 K. While they reported that HOPS-108 is likely a hot corino, an extensive characterisation of its organic molecular content was out of their scope. In this context, our study is the most comprehensive one on iCOMs in this object. We detected a relatively large number of molecules that are typical tracers of hot corinos, including some that are more rarely detected even in such environments, such as CH 3 COCH 3 and C 2 H 5 CN. All the detected molecules have compact emission centred on the continuum source (see Fig. 2). In addition, the majority of CH 3 OH, HCOOCH 3 , and C 2 H 5 CN lines we detected are highly excited (E up ≥ 160 K with a kinetic temperature of ∼150 K and rotational temperature of ∼96 K and 145 K, respectively), indicating that the emission originates from hot gas. This confirms that HOPS-108 is indeed a hot corino. From the HCOOCH 3 lines, we found that the systemic velocity of HOPS-108 is ∼+12.3 km s -1 . From CH 3 OH lines we found a systemic velocity of ∼+12.6 km s -1 which is equal to that obtained by Tobin et al. (2019), implying a redshift of ∼1.2 km s -1 with respect to the 'bulk' velocity of the FIR 4 protocluster. It is worth noting that Kama et al. (2013) obtained an equal velocity from highly excited CH 3 OH lines (E up = 450 K) at large scales with Herschel suggesting that also those lines primarily originated in HOPS-108.

Comparison with other hot corinos

The detection of a hot corino in what is currently considered to be the closest analogue of the Solar System birth environment naturally raises the question of how the chemistry of the hot corino is affected by the nearby massive stars and the internal source of high-energy particles. To this end, we compared iCOM abundances in HOPS-108 to those in other known hot corinos that are either isolated or located in loose protoclusters. In this comparison, we used the abundance ratios with respect to CH 3 OH and HCOOCH 3 , which are the most abundant molecules in hot corinos, and included data from low-mass Class 0 and Class I hot corinos obtained with (sub-)millimetre interferometers. We report the obtained abundance ratios in Table 2. Figure B.8 shows the column densities of the detected iCOMs normalised to that of CH 3 OH where the sources are separated into Class 0 and I, and colour-coded according to the cloud where they are forming. For most of the molecules, a scatter of one order of magnitude is observed in the different abundance ratios. A larger scatter of almost two orders of magnitude is observed in the case of NH 2 CHO and CH 3 CHO. It is worth noting that similarly large differences in the iCOM abundance ratios across different hot corinos have been recently reported in several previous studies (Bergner et al. 2019;Bianchi et al. 2019;Belloche et al. 2020;Nazari et al. 2021). While these differences induce more complexities in the comparison of hot corinos, we can conclude that, within one order of magnitude, for most of the molecules, the abundance ratios in HOPS-108 are consistent with those found in other hot corinos, located in Perseus, Ophiuchus, and Serpens. They are also consistent with the ratios found in HH212, the other hot corino reported in Orion thus far. A different behaviour is shown by HCOOCH 3 and CH 2 DOH, and they are described in the following subsections.

Abundance of methyl formate

Among all the iCOMs detected in HOPS-108, there is one that clearly stands out relative to other hot corinos, both in terms of line richness and column density: HCOOCH 3 . Figure 4 shows the abundance ratios of HCOOCH 3 normalised to those of CH 3 OH. The sources are separated according to their class and colour-coded depending on the star-forming region to which they belong. At first sight, the [HCOOCH 3 ]/[CH 3 OH] ratio in HOPS-108 seems consistent with those found in other hot corinos. However, it is worth mentioning that the CH 3 OH lines can be very optically thick towards hot corinos (Bianchi et al. 2020) and, therefore, in the majority of them, the column density of CH 3 OH is underestimated unless it is derived from CH 18 3 OH or the 13 CH 3 OH isotopologue when the latter is optically thin. If we compare the [HCOOCH 3 ]/[CH 3 OH] ratio for the sources where the CH 3 OH column density is derived using one of the secondary isotopologues (filled symbols in Fig. 4), we can notice that the HCOOCH 3 is almost a factor of 3-5 more abundant in HOPS-108 with respect to other sources, pointing to a possible enhancement of HCOOCH 3 in this source. From the comparison of iCOM abundance ratios with respect to HCOOCH 3 in all of the sources (Fig. B.9), we can notice that within the errors, the N-bearing molecules ratios in HOPS-108 are lower than in other hot corinos, and those of O-bearing molecules are among the lowest, even though they are comparable to the values measured towards the IRAS 16293-2422 A and B sources. However, as A78, page 6 of 18 previously mentioned, the large scatters in the iCOM abundance ratios across the different hot corinos make the assessment challenging (Bergner et al. 2019;Bianchi et al. 2019;Belloche et al. 2020;Nazari et al. 2021).

An interesting result comes from the [CH 3 OCH 3 ]/[HCOOCH 3 ] abundance ratio which is lower in our source than in the other hot corinos, implying an enhancement in HCOOCH 3 . Intriguingly enough, the hot corino of OMC-2 FIR 4 is the only source that is marginally deviating within the errors from the well-known linear correlation between methyl formate (MF, HCOOCH 3 ) and dimethyl ether (DME, CH 3 OCH 3 ), where [CH 3 OCH 3 ]/[HCOOCH 3 ]∼1 (Fig. 5). This correlation was observed by Jaber et al. ( 2014) over a range of almost five orders of magnitude, with a Pearson correlation 2015), using gas-phase reactions in cold environments. In A78, page 7 of 18 A&A 657, A78 (2022) this model, MF is formed from DME via the oxidation of CH 3 OCH 2 , while DME itself forms via the effective radiative association of the radicals CH 3 and CH 3 O in the gas phase (see their Fig. 1). In what follows, we discuss two possibilities to explain the DME/MF abundance ratio found in HOPS-108: (i) an enhancement of CR ionisation in the gas phase, producing more MF and destroying DME, or (ii) a formation on the grain surface 'through non-diffusive mechanisms'.

We tested the first possibility using a toy model by Balucani et al. (2015) at three values of the CR ionisation rate, ζ, using the kinetic temperature, the gas density, and the emitting size obtained from the non-LTE analysis of methanol. The results are shown in Fig. B.10. It can be seen that the formation and destruction of MF and DME still go almost hand in hand for the three ζ values. The model actually predicts a DME/MF ratio larger than unity for CRs enhanced regions (top panel) as well as an overall lower abundance of both molecules, while our results show a relatively low ratio and a large column density of both molecules. Thus, even with an enhancement of the CR ionisation rate, if we assume formation in the gas-phase, with the present gasphase network, the model does not yield more MF than DME. This suggests that CR-like particles do not play a role in shaping the abundance of DME relative to that of MF. Alternatively, the chemical network may not be complete concerning the destruction routes of MF and DME, where the destruction of DME is supposed to be higher to match our observations. To clarify this point, we need new theoretical and experimental chemical calculations on these pathways. For example, by studying new experimental and theoretical calculations on the destruction of MF and DME by He + , Ascenzi et al. ( 2019) obtained reaction rate coefficients that are very different from those given by KIDA and UDfA databases, showing that this could impact the predicted abundances by 40% or even more depending on the physical conditions. This shows that the inclusion of correct reactions and rate coefficients in the astrochemical networks can have a crucial role in modelling and abundance predictions.

Regarding the second possibility, the model by Jin & Garrod (2020) is currently the one that approaches most of our observed MF column density value, but not that of DME. This model introduces new non-diffusive mechanisms for iCOM formation on grain surfaces. The one that comes closer to our MF value is called the three-body excited formation process , where radicals are formed in an excited state, allowing them to overcome activation barriers to react with nearby stable molecules. In this mechanism, MF is formed through the reaction of an excited CH 3 O radical with CO on the grain surface producing CH 3 OCO, which is converted to HCOOCH 3 by hydrogenation. This mechanism enhances the grain-surface production of MF which results in an abundance almost two orders of magnitude higher than that of DME. Nonetheless, it is unclear why this mechanism would affect the HOPS-108 hot corino and not other sources. In addition, the model underestimates the column density of DME and over-estimates that of acetaldehyde (AA, CH 3 CHO) which we measured in HOPS-108. This can be seen in our observational results, where the AA column density is almost an order of magnitude lower than that of DME.

It is worth noting that a low DME/MF ratio was recently observed in two hot cores by Law et al. (2021). While it was not clear if the different trend is due to a higher gas temperature or if it is specific to hot core-like environments, these authors have suggested that an additional formation pathway of HCOOCH 3 can explain their results (see their Sect. 5.2.1). Supposing that the CH 3 OCH 3 is forming via ice conversion independently of the temperature, they suggested that sufficiently efficient gas-phase reactions driving the extra production of HCOOCH 3 can explain the different ratios seen in hot cores. A similar result was also observed in the hot corino BHR 71 by Yang et al. (2020), but no discussion on iCOM column density ratios is reported.
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In a nutshell, our DME/MF abundance ratio cannot be explained by either grain-surface or by gas-phase routes with our current knowledge. This highlights the need to theoretically revise the reaction network leading to or destroying MF and DME, and more generally iCOMs, including their rate coefficients. In addition, so far, the DME/MF ratio in hot corinos located in massive star-forming environments such as Orion have only been measured towards HOPS-108. Thus, further observations towards Orion hot corinos are needed to understand whether this low ratio is a consequence of the environmental conditions or a unique property of HOPS-108.

Methanol deuteration

The other noteworthy result obtained is for CH 2 DOH. Figure 6 shows the abundance ratios of CH 2 DOH with respect to CH 3 OH. In this plot, all the data belong to Class 0 sources for which the CH 3 OH column density was derived using CH 18 3 OH or 13 CH 3 OH. The deuteration ratios vary between ∼ 2% and 9%. The lowest percentages (∼2%) belong to HH212, HOPS-108, and L483. HH212 and HOPS-108 are both located in the Orion molecular complex. On the other hand, L483 is a hybrid source (Oya et al. 2017), that is with features from both a hot corino and warm carbon chain chemistry object (WCCC; Sakai & Yamamoto 2013), the latter being characterised by a lower deuteration compared to hot corinos. The highest percentages are seen in IRAS 16293 A, as well as IRAS 16293 B located in the Ophiuchus star-forming region and in B1-c located in Perseus. Arguably, the [CH 2 DOH]/[CH 3 OH] ratio in HOPS-108 is within the typical hot corino values, even though it is at the lower end. Given that the majority of the molecules we observed in hot corinos are the result of ice mantle sublimation, the lower deuteration in HOPS-108 could be due to different physical conditions in the gas at the time when ice mantles were forming. Indeed, A78, page 8 of 18 methanol deuteration is strongly dependent on density, temperature, and time, and on the atomic D/H ratio in the gas phase during ice formation. Hence, as for HH212, the low deuteration ratio in HOPS-108 can provide us with a hint on the past physical conditions in the gas of the parental cloud during ice formation. Being in a more active star-forming region near high-mass stars that heat the gas, the lower deuteration in HOPS-108 can be due to a higher gas temperature in the early stages that decreases the atomic D/H ratio and consequently diminishes the methanol deuteration (Bianchi et al. 2017;Taquet et al. 2012Taquet et al. , 2014Taquet et al. , 2019)).

Nevertheless, we stress that the column density of CH 2 DOH in our work was derived using a single line and is thus subject to uncertainty. Therefore, more observations are needed to constrain the value we obtained.

Conclusions

In this work we studied iCOMs in HOPS-108, a Class 0 protostar located in the protocluster OMC-2 FIR 4, using ALMA at 1.2 mm and an angular resolution of ∼0. 28 (∼110 au). Our main conclusions are summarised as follows:

1. We detected 11 iCOMs with compact emission and high upper level energies (39 K-537 K). The molecular and continuum emission in this source are coincident and it originates from ∼50 au scale and the kinetic temperature is found to be ≥120 K, confirming that HOPS-108 is a hot corino; 2. The kinetic temperature was derived using non-LTE analysis of CH 18 3 OH and CH 3 OH lines. From this analysis, we found that CH 3 OH lines are very optically thick (τ ∼21), which is probably also the case in other hot corinos. Hence, in similar studies of these sources, the column densities obtained from the main CH 3 OH isotopologue are likely underestimated; 3. The HCOOCH 3 abundance relative to CH 3 OH in HOPS-108 is ∼3-5 times higher compared to that in other hot corinos where the CH 3 OH column density was derived using one of its isotopologues. This indicates that HCOOCH 3 is likely enhanced in our source; 4. The N-bearing molecules abundance ratio with respect to HCOOCH 3 in HOPS-108 are lower than in other hot corinos, suggesting that HCOOCH 3 might be marginally enhanced relative to this family of molecules in this source; 5. The noticeable result in our study is the [CH 3 OCH 3 ]/[HCOOCH 3 ] abundance ratio of ∼20% which is lower in HOPS-108 than in other hot corinos, marginally deviating from the well-known correlation between the two molecules. Interestingly, this low ratio has also been recently observed in two hot cores. This might be due to local environmental effects; however, with the current chemical network, there is no suitable model that can explain this ratio; 6. We obtained a [CH 2 DOH]/[CH 3 OH] abundance ratio of ∼2%, which is relatively low with respect to the measured values in Perseus and Ophiuchus. This might result from higher temperatures of the parental molecular cloud at its early evolutionary stages due to high-mass star formation activity in the vicinity. Our study highlights the importance of improving the chemical networks using theoretical calculations. It also suggests that more observations of CH 2 DOH are needed to better constrain the deuteration in HOPS-108, and that more hot corinos located in dense clusters should be targeted to assess whether the observed abundance ratios are an environmental product or if HOPS-108 is an exceptional hot corino overall. 

a g up a A ij a FWHM b T peak b Line flux b V peak b (GHz) (K) (10 -5 s -1 ) (km s -1 ) (K) (K km s -1 ) (km
A ij a FWHM b T peak b Line flux b V peak b (GHz) (K) (10 -5 s -1 ) (km s -1 ) (K) (K km s -1 ) (km s -1 ) CH 3 COCH 3 c 22

Notes:

a The frequencies and spectroscopic parameters of HCOOCH 3 , CH 2 DOH, CH 3 COCH 3 , and CH 3 CHO have been extracted from the JPL catalogue (Pickett et al. 1998). The frequencies and spectroscopic parameters of CH 3 OH, CH 18 3 OH, CH 3 OCH 3 , CH 3 CN, 13 CH 3 CN, C 2 H 5 CN, and NH 2 CHO have been extracted from the CDMS catalogue (Müller et al. 2001(Müller et al. , 2005)). b Parameters and uncertainties determined by Gaussian fit. c The lines cannot be distinguished. d Estimated after subtracting the small contribution from HCOOCH 3 . e Estimated after subtracting the small contribution from C 2 H 5 CN. f Lines from narrow spws (58.59 MHz) and different channel width (∼ 0.15 km s -1 ) (see Table . 1). * The collisional coefficients have not been calculated for the E transition so we used only the A transition in the LVG. We assumed a flux value equal to 40% of the total line flux because the A transition would be less populated with respect to the E one given that it has lower E up and Aij. However, the result does not change much if we assume a value between 30% and 60% of the total flux. A78, page 12 of 18 The previous study suggested that the chemistry of the hot corino HOPS-108 might be impacted by the physical conditions of its formation site. As a result, I sought to characterise the immediate environment (within ∼ 8000 au) in which this hot corino and its neighbouring protostars formed. Using OMC-2 FIR 4 as an example, my goal was to understand how the material within star-forming clustered regions is shaped and whether it is altered by internal and/or external processes.

At the time of this study, it was known that the material within molecular clouds is shaped in filaments (e.g. André et al. 2014;Hacar et al. 2022 and references therein), that split into sonic fibres (e.g. Martin-Pintado et al. 1990;Hacar et al. 2013Hacar et al. , 2017b) ) and hubs (e.g. Chini et al. 1997;Myers 2009), with hubs being the locations where filaments converge. The hubs are associated with the young stellar clusters (Myers 2009) and are thought to contain complex nets of fibres (Hacar et al. 2018) or filamentary structures. Nonetheless, before this work, filamentary structures within a hub were only observed towards IRAS 4A at 300 pc (De Simone et al. 2022). However, instead of a net of filaments/fibres, only three parallel structures likely caused by shocks were observed with SiO. Therefore, the question of how the material can be shaped and altered in protostellar clusters or hubs remains unanswered. Several factors made OMC-2 FIR 4 an interesting target to tackle this question. First, it is an intermediate-mass hub located along the ISF filament. It is noted for harbouring at least five protostars, including the hot corino HOPS-108 which drives a monopolar southeast jet (Lattanzi et al. submitted). Furthermore, it is located to the south of the protostar HOPS-370, that drives an outflow whose southern lobe overlaps, at least in projection, with OMC-2 FIR 4 (Shimajiri et al. 2008). The possibility that the jet impacts on OMC-2 FIR 4 is still being contested (e.g. Shimajiri et al. 2008;Favre et al. 2018a;Osorio et al. 2017;Tobin et al. 2019) and needs to be better characterised.

From this standpoint, using the same data from the previous project, I analysed the spatial distribution of dust and eight different molecular tracers (SiO, CH 3 OH, C 18 O, CS, CH 3 CN, H 13 CN, HC 3 N, and CCH) towards OMC-2 FIR 4 probing extended high-density structures and shocks. I also studied the gas kinematics using SiO and CH 3 OH maps. The observations for the first time reveal interwoven filamentary structures within OMC-2 FIR 4 that are probed by several tracers. From the CH 3 OH velocity maps, I found that each filamentary structure is characterised by a distinct velocity. The motions along the filamentary structures are transonic and supersonic, indicating a possible impact due to protostellar feedback. This is also supported by the SiO imprints on some filamentary structures, suggesting that they trace compressed and/or shocked gas. With SiO, I also revealed multiple bow-shock features with sizes between ∼ 500 and ∼ 2700 au that are likely produced by the outflow from HOPS-370. The spatial dichotomy between SiO and CH 3 OH emission indicates that this outflow has a tangential impact on OMC-2 FIR 4 rather than a direct one, in agreement with what was suggested by Tobin et al. (2019). Finally, I detected a highly collimated (∼ 1 • ) wiggling SiO jet with a projected length of ∼ 5200 au, driven by the embedded protostar VLA15.

We concluded that our study at high-angular resolution and sub-parsec scales complements the studies performed at larger scales (∼ 1 pc) and unveil the previously unresolved hub filamentary structures within OMC-2 FIR 4. We suggest that the kinematics of the filamentary structures might be altered by external and/or internal mechanisms such as protostellar feedback, the wind from nearby Hii regions, the precessing jet from the protostellar source HOPS-370, or the jet from VLA15. This study indicates that the formation of such complex structures has the potential to show how cluster-forming regions evolve, with the material being compressed within narrow filaments. Multi-scale and multi-line observations are crucial for understanding the accretion processes and flow of material that shape star formation within OMC-2 FIR 4 and other protoclusters. In addition, this study has led to a new ongoing project aiming to investigate the impact of the outflow driven by HOPS-370. This project will be described in Section 5.2.

Introduction

The interstellar medium (ISM) is highly filamentary on all scales. Networks of intricate filaments are seen in low-and highmass star-forming regions, and even in clouds where no star formation is yet ongoing (e.g. Goldsmith et al. 2008;André et al. 2014;Molinari et al. 2014;Orkisz et al. 2019;Chung et al. 2021). In recent years, high angular resolution studies have shown that the filaments split into small-scale and velocity-coherent elongated structures, called fibres, which in turn fragment into the dense cores we observe today (e.g. Hacar et al. 2013Hacar et al. , 2017b;;Tafalla & Hacar 2015;Henshaw et al. 2017;[START_REF] Sokolov | [END_REF]). Among star-forming regions, the Orion A cloud is noted for its prominent filamentary structures in both CO and dust maps (e.g. Bally et al. 1987;Chini et al. 1997;Johnstone & Bally 1999;Shimajiri et al. 2011;Polychroni et al. 2013;André et al. 2014;Suri et al. 2019). Within this cloud lies the well-known integral shaped filament (ISF; Bally et al. 1987) A&A 667, A6 (2022) filament in the solar neighbourhood with a total mass per unit length (M lin ∼ 500 M pc -1 ; Bally et al. 1987). The ISF is located at a distance of ∼393±25 pc (Grossschedl et al. 2018). Several studies have found that the ISF consists of substructures of smallscale (<1 pc) sub-filaments or fibres (e.g. Martin-Pintado et al. 1990;Rodriguez-Franco et al. 1992;Shimajiri et al. 2011;Li et al. 2013;Hacar et al. 2017aHacar et al. , 2018;;Zhang et al. 2020) and condensations or hub-filament structures (hubs) (Mezger et al. 1990;Chini et al. 1997;Myers 2009;Shimajiri et al. 2011;Hacar et al. 2018). In turn, the latter are thought to contain complex nets of fibres (Hacar et al. 2018) or of filamentary structures. However, the filamentary structures within the hubs along the ISF were not resolved at 4. 5 resolution (∼2000 au; Hacar et al. 2018). To our knowledge, filamentary structures within a hub were only observed within IRAS4A at 300 pc. They have sizes ≤450 au (De Simone et al. 2022). To observe similar structures within the hubs of the ISF, an angular resolution of about 2 or smaller (<600 au) is therefore required. Because the filament and fibre nomenclature refers to structures at larger scales, we decided to adopt the name "filamentary structures" for those at <1000 au scales.

In this work, we focus on the intermediate-mass hub OMC-2 FIR 4, an archetypical Sun-like star-forming region along the ISF. This region was identified for the first time as a bright continuum source at 1.3 mm by Mezger et al. (1990). Later, it was observed, studied, and characterised at several wavelengths. Based on its envelope mass and luminosity (∼30 M and ∼400 L ; Mezger et al. 1990), OMC-2 FIR 4 was considered as an intermediate-mass protostar (Johnstone et al. 2003). However, Shimajiri et al. (2008) discovered that OMC-2 FIR 4 is actually a protostellar cluster hosting several dusty cores and not a single protostar. Since then, OMC-2 FIR 4 was thoroughly studied with different telescopes and at different wavelengths (e.g. Takahashi et al. 2008;Kama et al. 2013Kama et al. , 2015;;Furlan et al. 2014;López-Sepulcre et al. 2017;Evans et al. 2022). Its envelope size and luminosity were estimated to be ∼10 4 au and ≤1000 L (Crimier et al. 2009;Furlan et al. 2014). Its systemic velocity is ∼11.4 km s -1 (Shimajiri et al. 2008;Favre et al. 2018). The clustered nature of OMC-2 FIR 4 was further confirmed by several studies (López-Sepulcre et al. 2013b;Kainulainen et al. 2017;Tobin et al. 2019;Chahine et al. 2022). In addition, more of its physical properties have been revealed. Its outer shell is strongly irradiated by a far-ultraviolet (FUV) field (∼1500 G 0 , where G 0 is the FUV radiation field in Habing units), arising from the high-mass stars located in the nearby Trapezium OB association (López-Sepulcre et al. 2013a;Favre et al. 2018), and its interior envelope is subject to high irradiation and ionisation by local cosmic ray-like particles with an ionisation rate of ζ ∼ 4 × 10 -14 s -1 (Ceccarelli et al. 2014;Fontani et al. 2017;Favre et al. 2018). Due to these characteristics, OMC-2 FIR 4 is considered as the nearest analogue of our solar birth environment, which is thought to be a clustered dense environment (Adams 2010;Pfalzner et al. 2015) that was subject to internal irradiation from energetic particles (>10 MeV; Gounelle et al. 2013).

Despite all this progress, several questions still swirl around OMC-2 FIR 4. The observations at parsec and sub-parsec scales using quiescent gas tracers (e.g. N 2 H + ; Hacar et al. 2018;Fontani et al. 2020, NH 3 ;Wu et al. 2018, HC 3 N;Tatematsu et al. 2008) have shown that OMC-2 FIR 4 is a hub-filament structure. In this context, the open questions are whether filamentary structures exist within this hub, and if they might be observed at protocluster scale (≤0.1 pc) using dynamic gas tracers (such as SiO and CH 3 OH), as in the case of NGC 1333 IRAS 4A (De Simone et al. 2022). The differences that might arise from this type of observations compared to the studies performed at large scales are unclear. The same applies to the differences between the dynamic gas (traced by, e.g., SiO and CH 3 OH) and the quiescent gas (traced by, e.g., N 2 H + and NH 3 ). Another important question we also address is the presence of jets and outflows. It is known that within the protocluster, the hot corino HOPS-108 drives a jet towards the south-east (Lattanzi et al. 2021). In addition, OMC-2 FIR 4 is located to the south of the intermediate-mass protostar HOPS-370 that drives an outflow whose southern lobe overlaps, at least in projection, with OMC-2 FIR 4 (Shimajiri et al. 2008). The outflow was detected in several tracers such as CO and [O I] (e.g. Williams et al. 2003;Shimajiri et al. 2008;Takahashi et al. 2008;González-García et al. 2016;Tobin et al. 2019), and several non-thermal jet knots were also discovered (Osorio et al. 2017). However, whether it has triggered the star formation in OMC-2 FIR 4 is still an open question.

Two key molecules that can help to answer these questions and to study the diverse processes that occur in molecular clouds and stellar protoclusters are SiO and CH 3 OH. First, SiO is a useful tracer of shocked gas and outflows. During shock processes, gas-grain collisions (sputtering) and grain-grain collisions (shattering) release Si from the grains into the gas phase (Draine et al. 1983;Flower & Pineau des Forets 1994;Schilke et al. 1997;Caselli et al. 1997). Si is oxidised rapidly in SiO, resulting in an increase of SiO abundance in the shocks by several orders of magnitude (Gusdorf et al. 2008a,b;Guillet et al. 2011). On the other hand, CH 3 OH is present in different environments such as molecular clouds, photo-dissociation regions (PDR), and hot corinos (e.g. Leurini et al. 2004Leurini et al. , 2010;;Cuadrado et al. 2017;Maret et al. 2005;Bouvier et al. 2020). It is prevalently formed on dust grains (e.g. Tielens & Hagen 1982;Watanabe & Kouchi 2002;Rimola et al. 2014) and is released into the gas phase via thermal and/or non-thermal processes (e.g. Duley & Williams 1993;Flower & Pineau des Forets 1994;Minissale et al. 2016;Dartois et al. 2019). Hence, CH 3 OH can probe different mechanisms that can inject it into the gas phase, such as thermal desorption, shocks, irradiation by UV photons, and cosmic ray bombardment. In this vein, we present the first study of the filamentary structures and shocks within the protostellar cluster OMC-2 FIR 4 at an unprecedented angular resolution of ∼100 au, where we targeted eight different molecular tracers, including SiO and CH 3 OH, with the Atacama Large (sub-)Millimetre Array (ALMA) at 1.2 mm.

The paper is structured as follows: in Sect. 2 we describe the observations. In Sect. 3, we present the molecular line maps, together with the main results of the analysis. In Sect. 4, we discuss the results, and, finally, in Sect. 5, we summarise the conclusions.

Observations

OMC-2 FIR 4 was observed with ALMA during its Cycle 4 operations, between 25 October 2016 and 5 May 2017, as part of the project 2016.1.00376.S (PI: Ana López-Sepulcre). The observations were performed using the ALMA main array in its C-5 configuration, probing angular scales from 0. 19 to 11. 2. Several spectral windows (spw) were placed within the spectral range (218-234 GHz and 243-262 GHz). They were observed using spectral channels of 122.070 kHz (∼0.14-0.17 km s -1 ). A subsequent spectral smoothing by a factor 3 was applied for some spws. The phase-tracking centre was A6, page 2 of 18 L. Chahine et al.: OMC-2 FIR 4 under the microscope: Shocks, filaments, and a highly collimated jet at 100 au scales Table 1. Transitions, their parameters, and spectral window parameters.

Molecule Transition

ν (a) E up (a) S ij µ 2 (a) n cr (b) dV Beam (PA) Chan. rms (MHz) (K) (D 2 ) (10 4 cm -3 ) (km s -1 ) ( × , • ) (mJy beam -1 )
HC (d) N = 3-2, J = 5/2-3/2, F = 3-2 262 064.99 25 4.3 6.5 0.42 (c) 0.30 × 0.26 (-73) 2.5

Notes. (a) Frequencies and spectroscopic parameters have been extracted from the CDMS catalogue (Müller et al. 2001(Müller et al. , 2005)). (b) The critical densities of CS and H 13 CN were obtained from Shirley (2015) at 50 K, and those of the other tracers were estimated at 50 K using the LAMDA database (Schöier et al. 2005). (c) The spectral channels of these spws were smoothed by a factor of 3 to gain in signal-to-noise ratio. (d) H 13 CN and CCH consist of two hyperfine components in 0.4 MHz interval. Those with the higher S i j µ 2 are reported here.

RA (J2000) = 05 h 35 m 26. s 97, Dec (J2000) = -05 • 09 54. 50, and the systemic velocity was set to V LSR = 11.4 km s -1 . The quasars J0510+1800 and J0522-3627 were used for bandpass and flux calibration, while J0607-0834 and J0501-0159 were used for phase calibration. The absolute flux calibration uncertainty is estimated to be <10%.

The data calibration was performed using the standard ALMA calibration pipeline with the Common Astronomy Software Applications package (CASA 1 ; McMullin et al. 2007), while self-calibration, imaging, cleaning, and data analysis were performed using the IRAM-GILDAS software package 2 . The continuum images were produced by averaging line-free channels from the wide spectral windows at 232 GHz and 246 GHz in the visibility plane. The resulting beam size and rms are (0. 28 × 0. 23 and 95.7 µJy beam -1 ) and (0. 50 × 0. 27 and 91.7 µJy beam -1 ). Phase self-calibration was performed on the continuum emission, and the gain solutions were applied to the line cubes. Continuum subtraction was performed on the cubes in the visibility plane before line imaging. The data were cleaned in GILDAS MAPPING using the Clark algorithm (Clark 1980). The resulting synthesised clean beam, velocity resolution, and channel rms for each spectral window are summarised in Table 1. The line identification was performed using the Cologne Database for Molecular Spectroscopy (CDMS 3 ; Müller et al. 2001, 2005). The maps shown in the paper are not corrected for the primary beam attenuation because we are more interested in the structure morphology (rather than the flux) that was not affected by the primary beam attenuation. However, we took the correction into account in the spectra.

Results

We have imaged the emission from eight different molecules: SiO, CH 3 OH, C 18 O, CS, CH 3 CN, H 13 CN, HC 3 N, and CCH at a high angular and spectral resolution (∼0. 33 and ∼0.16 km s -1 ). We mapped three different transitions of CH 3 OH and one transition for the other molecules (see Table 1).

1 https://casa.nrao.edu/ 2 http://www.iram.fr/IRAMFR/GILDAS/ 3 https://cdms.astro.uni-koeln.de In Fig. 1, we show the velocity-integrated maps4 of the observed molecular tracers in colours, on which we overlaid CH 3 OH (5 1,4 -4 1,3 A) contours. CS, a typical high-density tracer (n cr = 1.3 × 10 6 cm -3 for the 5-4 transition, see Table 1), shows the brightest and most extended emission in our maps. It probes the overall structures of the gas in the FIR 4 protocluster, a ridge in the east side extending from the north-east (NE) to the southwest (SW, hereafter called eastern ridge), and several filamentary structures. The eastern ridge has a length of ∼20 (∼7900 au) and extends over ∼3300 au. The other filamentary structures are relatively shorter, with a length ranging between ∼4 and 10 (∼1500-4000 au). C 18 O traces the eastern ridge, but its emission is less extended (see Sect. 3.2). All the other molecules are emitting from the region covered by CS, except for SiO.

SiO

SiO traces the shocked regions within the FIR 4 protocluster. From the overlap of its velocity-integrated map with the CH 3 OH contours, we can notice a different morphology and a shift in the emission. More specifically, two regions of the cloud can be distinguished: a region dominated by SiO located to the west, and another dominated by CH 3 OH to the east. Furthermore, SiO reveals multiple bow-shock features: an arc-like extended bow shock to the west of the cluster (hereafter called Arc 1) and a smaller bow shock located south-west of the cluster (hereafter called arc 2). Arc 1 extends over ∼2700 au, while arc 2 extends over ∼500 au. SiO emission had already been reported towards the west of FIR 4 region, but at lower angular resolution (∼3 -7 ; Shimajiri et al. 2008). In addition, we report a collimated monopolar molecular jet from the protostar VLA15. The jet extends along the S-N direction, with a length of 13.3 A6, page 3 of 18 A&A 667, A6 (2022) For the CH 3 OH (4 -2,3 -3 -1,2 E) transition, known to be a class I-type CH 3 OH maser (Hunter et al. 2014;Chen et al. 2019), we noted that in three positions (P1, P2, and P3) along the eastern ridge (see panel (d) in Fig. 1), the line intensities were >300 K km s -1 . This suggests the presence of maser spots at these positions. Maser spots were previously identified at the same position, with different CH 3 OH maser transitions (e.g. Kogan & Slysh 1998;Kang et al. 2013;Fontani et al., in prep.). The maser at P2 was observed at 7 mm, 3 mm, and 2 mm (Kang et al. 2013), while those at P1 and P3 were observed at 3 mm (Fontani et al. in prep.). Hence, we report the detection of these masers at 1 mm. The locations of the maser spots we detect along the eastern ridge are reported in Table 2. The narrow spectra extracted at the peak of the above-mentioned spots are shown in Fig. A.1. It is worth noting that on one hand, the class I-type CH 3 OH masers result from collisional pumping (e.g. [START_REF] Sobolev | Astrophysical Masers and their Environments[END_REF]Ladeyschikov et al. 2020;Nesterenok 2022), which can be associated with young stellar object outflows (Voronkov et al. 2006;Chen et al. 2011;Ladeyschikov et al. 2020), expanding H II regions (Voronkov et al. 2014), expanding supernova remnants (Pihlström et al. 2014), and rapidly moving cloudlets (Voronkov et al. 2010). Hence, they indicate the presence of compressed gas. On the other hand, Kang et al. (2013) suggested that the exciting source of the maser at P2 could be one of the protostars in the OMC-2 FIR 3/4 clusters, and Osorio et al. ( 2017) have reported radio emission associated with the jet from the protostar HOPS-370 close to the maser at P3.

We detected three CH 3 OH lines with close upper state energies. Therefore, we were not able to perform a non-local thermodynamic equilibrium analysis (non-LTE).

H 13 CN, CH 3 CN, HC 3 N, CCH, and dust

The emission of H 13 CN, CH 3 CN, HC 3 N, and CCH is fainter, but agrees reasonably well with the CS and CH 3 OH morphology. The eastern ridge is detected in all the tracers. The hot corino HOPS-108 (Tobin et al. 2019;Chahine et al. 2022) is also observed in all the molecules except for CCH, which is a traditional probe of UV illuminated regions (e.g. Gratier et al. 2017;Bouvier et al. 2020). Moreover, the bright central filament (∼4 in length) probed by CS is very well detected in H 13 CN, the other tracer of high-density gas (n cr = 4.1×10 6 cm -3 for the 3-2 transition, see Table 1), suggesting that this filament might be one of the densest within the protocluster.

Finally, in addition to probing the protostars within OMC-2 FIR 4, the continuum emission also traces some filamentary structures. The overall distribution of CH 3 OH emission follows the filament morphology observed in the continuum (see Fig. 2). The eastern ridge is well probed by dust emission, suggesting that it is in high-density conditions.

Kinematics of molecular emission

We provide velocity maps (moment 1) and velocity-dispersion maps (moment 2) for CH 3 OH and SiO (Figs. 3 and4). We also show the velocity channel maps for CH 3 OH, C 18 O, HC 3 N, CS, and SiO (see Figs. C.2-C.6). C 18 O and CS are plausibly affected by missing flux due to structures larger than the maximum recoverable scale (MRS∼11. 2). Therefore, we did not analyse the kinematics using these tracers. The remaining molecular tracers are either faint or have a hyperfine structure, hence the study of their kinematics would not be reliable.

The average systemic velocity of the FIR 4 protocluster is V sys = 11.4 km s -1 (Shimajiri et al. 2008;Favre et al. 2018). Remarkably, from the velocity maps and channel maps of CH 3 OH, we can clearly see that each filament has a different velocity and that the filaments at the centre of the cloud have higher velocities (>2 km s -1 ) than the external filaments in both red-and blueshifted emission. The velocity gradient in CH 3 OH between the east and the west of the FIR 4 protocluster is about ±4 km s -1 with respect to the systemic velocity. From the velocity-dispersion maps of CH 3 OH in Fig. 4, it seems that we have three distinct spatial distributions of the velocity dispersion:

1. The external filamentary structures that have the lowest velocity dispersion, <2 km s -1 .

The intermediate filaments around the central region that

have a velocity dispersion of 2-4 km s -1 .

A6, page 5 of 18 A completely different velocity distribution is observed in SiO. Its emission extends up to much higher blueshifted velocities than the other tracers, covering a wide velocity range of -17.6 < V-V sys < +8 km s -1 . From the SiO velocity and channel maps, three velocity regimes with different spatial distribution can be identified:

1. Blueshifted high-velocity (HV) regime in the range -17.6 < V-V sys < -8.1 km s -1 , where SiO reveals the decelerating jet from VLA15, the south-west bow-shock (arc 2) and the elongated eastern ridge. 2. Blueshifted low-velocity (LV) regime in the range -8 < V-V sys < 0 km s -1 , where SiO probes the extended arc-like bow (arc 1) west of the cluster.

A6, page 6 of 18 3. Redshifted low-velocity (LV) regime in the range +0.1 < V-V sys < +8 km s -1 , where SiO probes more compact filaments than the blueshifted parts. It is worth noting that the redshifted counterpart of the jet from VLA15 is not detected in our data as it is ∼3 out of our primary beam. However, the possibility of having a monopolar jet cannot be excluded (e.g. Codella et al. 2014). Interestingly, the jet can also be observed in CS at high blueshifted velocities in the range -0.2 < V < +3.3 km s -1 (see the bottom left panel in Fig. C.5).

We overlaid the integrated contours of each velocity regime on the velocity-integrated maps of CH 3 OH, CS, and H 13 CN (see Fig. 5). We note that the bow shocks in SiO are spatially unrelated to the bulk emission that is traced by the other molecules, but SiO traces some filamentary structures within OMC-2 FIR 4 at certain velocities. At higher blueshifted velocities (HV) SiO traces the eastern ridge, which is probed by all the other molecular tracers and by the dust emission. It also traces the filamentary structure located west of the protostar HOPS-64 and the cavity located west of the source HOPS-108. While in the red LV regime, SiO probes the central collimated filament, which is also observed in CS and H 13 CN. The detection of SiO in some filamentary structures indicates that these filaments contain shocked gas, where the gas is compressed and warmed up. This is also confirmed by the detection of the class-I CH 3 OH maser spots along the eastern ridge.

Discussion

Origin of the filaments

At ∼1 pc scale and ∼1800 au angular resolution, Hacar et al. (2018) identified 55 fibres along the OMC-1 and OMC-2 clouds of the ISF using the quiescent gas tracer N 2 H + . They have suggested that the fibres towards the OMC-1 south region, the OMC-1 ridge, and towards the centres of OMC-2 FIR 4 and OMC-2 FIR 6 are distributed in fan-like arrangements, while they are sparse outside these regions (see their Sect. 3.5). Furthermore, they noted that the fibre hubs coincide with the positions of different (stars plus gas) mass concentrations along the ISF. The algorithm HiFive used in their study was not able to decompose the most complex structures, such as OMC-2 FIR 4, which consists of multiple sub-branches. However, one main fibre within this region was clearly identified in their study, and it is fibre number 43 (see their Fig. 4).

Our observations of the OMC-2 FIR 4 protocluster at a spatial resolution of ∼100 au reveal a collection of intertwined filamentary structures within a field of view of ∼10 000 au. To assess whether these structures are associated with the fibres observed with N 2 H + at larger scales, we superimposed the CH 3 OH (5 1,4 -4 1,3 A) and CS contours emission from our work on the N 2 H + (1-0) emission map from Hacar et al. (2018) (see Fig. 6). This figure shows that N 2 H + emission surrounds that of CH 3 OH and CS. Our eastern ridge is aligned with fibre 43 iden-A6, page 7 of 18 tified by Hacar et al. (2018). The other shorter filaments could be connected to the multiple sub-branches of the fibres' hub that were not recovered by HiFive. Taking into account the differences in scales, angular resolution, and tracers, we can say that the two works are complementary. Whereas at 4.5 , Hacar et al. (2018) observed the dense fibres, the higher angular resolution have allowed us to resolve the filamentary structures within the hub. In addition, CH 3 OH has offered us a probe of the dynamics. While with N 2 H + the centroid velocities V LSR (N 2 H + ) of the fitted components in OMC-2 FIR 4 region range from ∼10 to 12.5 km s -1 from east to west with a velocity dispersion between 0.2 and 2.2 km s -1 (see their Fig. B.3), our CH 3 OH filamentary structures show a higher velocity dispersion, ranging between 0.9 and 3.2 km s -1 (excluding the line width of maser spots). Each of the CH 3 OH filaments has a different velocity, with those at the centre being higher (V ∼ 7.4 km s -1 for the most blueshifted filament and V ∼ 17.4 km s -1 for the most redshifted one). The velocity range and dispersion are indicative of supersonic motions within the protocluster. To verify this point, we compared the magnitude of the line-of-sight non-thermal velocity dispersion σ NT with the local thermal sound speed of H 2 , c s (T K ) (e.g. Hacar & Tafalla 2011;Hacar et al. 2018). We used the ratio σ NT /c s (T K ) to identify whether the observed gas motions are subsonic (σ NT /c s (T K ) ≤ 1), transonic (1 < σ NT /c s (T K ) ≤ 2), or supersonic (σ NT /c s (T K ) > 2) (Hacar et al. 2018(Hacar et al. , 2022)). The line width of a spectrum combines contributions from both thermal and non-thermal gas motions. Consequently, to estimate the non-thermal component σ NT , we subtracted the thermal component from the measured line width of the spectra, assuming that the two contributions are independent of one another (Myers 1983),

σ NT = ∆V 2 8 ln 2 - k B T K µ (CH 3 OH) m p . (1) 
Thus, for line widths of [0.9-3.2 km s -1 ] as obtained from our spectra, σ NT will range between ∼0.4 and 1.4 km s -1 . On the other hand, for an isothermal medium, c s (T K ) is given as

c s (T K ) = k B T K µ (H 2 ) m p . (2) 
The kinetic temperature of the gas within OMC-2 FIR 4 was estimated to be ∼40 K (Favre et al. 2018), so c s (T K ) is ∼0.4 km s -1 . Hence, the ratio σ NT /c s (T K ) of the filamentary structures ranges between ∼1 and 3.3, implying the presence of transonic and supersonic motions. As proposed by Henshaw et al. (2014) for the infrared dark cloud (IRDC) G035.39-00.33, we suggest that the kinematics of the filamentary structures could be affected by the outflows from the forming stars within the protocluster. Gaseous CH 3 OH and CS would testify to a recent injection or formation of these species into the gas-phase, which have not yet had the time to accrete onto the grain mantles. For a density of about 10 5 cm -3 , the timescale for methanol accretion is about 10 4 yr, and this timescale is slightly longer for CS. This supports the idea that what we see within OMC-2 FIR 4 could be the result of the protostellar feedback (i.e. outflows, winds, and radiation) that shaped the material in filament-like structures. Hence, the results highlight the importance of stellar feedback on the evolution of molecular hubs, where the material can be shaped and compressed within narrow filaments.

SiO fingerprint in filaments

Another key molecule we detect along some of the filamentary structures is SiO (see Fig. 5). Figure 5 shows the detection of SiO along three filamentary structures: the eastern ridge, the filament located west of the protostar HOPS-64, and the central collimated filament. Its detection in the filamentary structures A6, page 8 of 18 indicates that the gas is compressed and possibly shocked. The shocks could be induced by internal or external feedback processes. For example, the detection of narrow widespread SiO emission at parsec scale in high-mass star-forming filaments was thought to be caused by either gentle filament merging, that is, merging occurring at relatively low velocity (Jiménez-Serra et al. 2010;Henshaw et al. 2013), or by a decelerated shocked gas associated with large-scale outflows driven by the protostellar sources (Jiménez-Serra et al. 2010;López-Sepulcre et al. 2016). Higher-resolution studies have added a new possibility, which is the collision between the star-forming cloud and the molecular gas pushed by H II regions or supernova remnants (e.g. Cosentino et al. 2019Cosentino et al. , 2020)). Recently, both SiO and CH 3 OH emission were observed at sub-parsec scales and ∼2 angular resolution in the filamentary structures of IRAS 4, a low-mass protostellar system located in the NGC 1333 star-forming region (De Simone et al. 2022). The authors suggested that the emission arises from shock trains due to an expanding gas bubble, coming from behind NGC 1333 and clashing against the filament, where IRAS 4A lies. The narrow (<2 km s -1 ) SiO HV imprint along the eastern ridge (see Fig. A.3) suggests that a similar scenario cannot be excluded in our case. Several molecular CO shells from B stars were observed in the surroundings of OMC-2 FIR 4 (Feddersen et al. 2018), in addition to an increase of CO emission at the eastern edge of the ISF (Shimajiri et al. 2011). Hence, the shocks in the filamentary structures of OMC-2 FIR 4 may be induced by the compression of the cloud due to some external mechanisms such as an expanding bubble that impact the protocluster or external winds from the OB stars located nearby. Alternatively, the SiO signature along the filamentary structures can be produced by the feedback of the protostars within the cluster, as discussed in the previous section. The coincidence of SiO with dust emission (see Fig. C.1) could be indicative of dense or compressed gas that is not necessarily shocked. This is also consistent with the detection of the class I type CH 3 OH masers along the eastern ridge. To comprehend which feedback process might be compressing the cluster and producing the SiO along the filamentary structures, we need to observe more molecular line transitions to derive the SiO abundance and the gas physical properties. An alternative interpretation of the SiO blueshifted emission along the eastern ridge is discussed in Sect. 4.4.

SiO jet from VLA15

Figure 7 presents the SiO(6-5) clumpy elongated jet from VLA15. The jet is very narrow and shows a wiggle, similarly to what has been reported in HH212, another protostar located in Orion (Lee et al. 2015(Lee et al. , 2017)). To investigate the jet collimation, we measured the width along several cuts perpendicular to the jet axis where the SiO emission is >10σ. The widths were measured by fitting the spatial profile of each cut with a Gaussian profile. Then the deconvolved widths were derived by correcting the full width at half maximum (FWHM) of the observed emission for the size of the beam perpendicular to the jet axis employing the same equation as was used by Podio et al. (2021). We plot the deconvolved sizes as a function of the distance from VLA15 in Fig. 8. The width increases slightly with the distance. At 600-800 au from the source, the widths were estimated to be ∼35-60 au, slightly lower than the width of HH212 jet estimated at the same distances (∼80 au; Cabrit et al. 2007). We derived the average collimation angle of the VLA15 jet by fitting the measured cut widths with a straight line, taking the measurement errors into account. We performed the fit using the Python function curve_fit, according to the following equation:

2R jet = 2 tan(α/2)z + 2R 0 , (3) 
where 2R jet is the deconvolved width, z is the distance from the source VLA15, α is the apparent full opening angle of the flow 5 , and R 0 is a constant offset. For reference, we drew a dashed green line that represents a collimation with a full opening angle of α = 3 • and initial width of 30 au, as was done by Podio et al. (2021). Our estimated widths fall below this line. We derived an apparent full opening angle α = 0.9 • ± 0.5 • from the fit, indicating that the jet of VLA15 is highly collimated (<2 • ).

The jet collimation agrees with the values derived for atomic jets from class II sources (∼3 • ), while it is smaller than those inferred for the class 0 SiO jets of the CALYPSO survey (4 • -12 • at >300 au distances; Podio et al. 2021). Our value is also lower than the value inferred for HH212 IRAM-PdBI observations (Codella et al. 2007;Cabrit et al. 2007), possibly due to the lower spatial resolution (∼150 au). The very small opening angle that we derive (∼1 • ) indicates that at the distance of the closest detected knot (∼600 au) the jet is already collimated. Hence, our results suggest the VLA15 SiO jet is one of the 5 Due to projection effects, the true opening angle is smaller: tan(α true ) = tan(α) × sin(i), where i is the inclination with respect to the line of sight.

A6, page 9 of 18 most highly collimated jets observed so far. This is consistent with theoretical predictions that jets of young stellar objects are driven by magnetohydrodynamic (MHD) mechanisms (Ray & Ferreira 2021). We verified that the narrow opening angle of the jet is not the result of interferometric filtering by modelling the interferometer response to simulated structures with widths ranging from 1/6 to 10 times the size of the synthesised beam.

The widths of the structures were not narrowed, but rather conserved, indicating that they were not resolved out by the interferometer (see Appendix B). Hence, the jet width we observe is real, as is the narrow opening angle we derived. We estimated the dynamical age of three knots (A, B, and C; see Fig. 7) along the jet assuming again a jet velocity V jet = 100 km s -1 (Podio et al. 2021). The disk associated with VLA15 appears to be nearly edge-on (Osorio et al. 2017;Tobin et al. 2019), hence its jet likely lies close to the plane of sky (i = 0 • ). In this case, the distances between VLA15 and knots A, B, and C would be d (A) ∼ 420 au, d (B) ∼ 2260 au, and d (C) ∼ 4795 au, respectively. Therefore, the dynamical ages would be τ (A) ∼ 20 yr, τ (B) ∼ 107 yr, and τ (C) ∼ 227 yr. If the jet is inclined with respect to the plane of sky by 30 • at most, the dynamical ages of the knots may be older than what was estimated assuming i = 0 • by 16% at most.

We note that the radial velocity of the jet goes from V ∼ -6.2 km s -1 to V ∼ +5.4 km s -1 (see Fig. 3). This might be due either to deceleration from an interaction with the material within the FIR 4 cloud and/or to a change in jet direction with respect to the line of sight. The high-velocity dispersion, observed to the south of arc 1 along the direction of the jet from VLA15, suggests that it could be interacting with this bow-shock.

Possible role of the outflow from HOPS-370

To the north of the OMC-2 FIR 4 region lies the intermediatemass protostar HOPS-370. This source has a rotating disk with an east-west velocity gradient. It also drives a high-velocity outflow going from -56 km s -1 to 66 km s -1 with respect to the HOPS-370 systemic velocity (Tobin et al. 2019). The outflow extends from the north-east (NE) to the south-west (SW) of HOPS-370, and it was observed down to ∼0.09 pc south of HOPS-370 (Shimajiri et al. 2008). It was identified through many outflow tracers such as CO [START_REF] Aso | [END_REF]Williams et al. 2003;Shimajiri et al. 2008Shimajiri et al. , 2015;;Wu et al. 2005;Takahashi et al. 2008;González-García et al. 2016;Tobin et al. 2019), HCO + [START_REF] Aso | [END_REF]Shimajiri et al. 2015), CS, HCN (Shimajiri et al. 2015), and[O I] (González-García et al. 2016). It was also observed with VLA at 9 mm and 5 cm by Tobin et al. (2019) and Osorio et al. (2017), respectively. The blue-and redshifted components of the outflow are observed in both directions [START_REF] Aso | [END_REF]Takahashi et al. 2008;Shimajiri et al. 2008;Tobin et al. 2019). Some authors argued that the outflow directly interacts with clump FIR 4 and triggers the star formation within it (e.g. Shimajiri et al. 2008Shimajiri et al. , 2015;;Manoj et al. 2013;González-García et al. 2016;Osorio et al. 2017), while others excluded interaction and suggested that spatial coincidence between the outflow from HOPS-370 and clump FIR 4 is a projection effect (Favre et al. 2018).

The jet driven by HOPS-370 is likely precessing because the direction of the jet detected in [O I] by González-García et al. ( 2016) is not coincident with that of the 9 mm jet, nor with the axis of outflow cavities detected in CO, which are perpendicular to the disk of HOPS-370 (Tobin et al. 2019). This precession pattern is also supported in our work by the detection of two bright arcs seen in SiO emission, called arc 1 and arc 2. In Fig. 3, we draw arrows along the directions of the [O I] jet, the axis of the outflow cavities seen in CO, and the SiO peaks on the bow-shock features revealed by our observations. The SiO moment 0 and 1 maps show multiple bow-shock features at different velocities, whose emission is not associated with that of the continuum, nor with that of the other tracers (see Figs. 1 and C.1). The geometry of the bow shocks suggests that this is due to a jet activity from HOPS-370. More precisely, the bow shocks might be the signature of a precessing jet that extends from east to west. Hence, the western part of the protocluster is affected by the mass loss arriving from the north. Furthermore, SiO leaves a narrow-line imprint along the eastern ridge. This may be induced by one of the processes discussed in the previous section (i.e. gentle filament merging, winds from nearby H II regions, expanding shells, or stellar feedback). Alternatively, the jet from HOPS-370 may have also contributed to compress and shock the filamentary structures in the protocluster. Nonetheless, due to the limited number of molecular lines in our dataset, we were not able to prefer one of the two different scenarios.

In this paragraph, we estimate the dynamical ages of the arc 1 and arc 2 bow-shocks. The jet is thought to lie close to the plane of the sky (González-García et al. 2016;Tobin et al. 2019). When we consider the CO jet radial velocity (∼50-60 km s -1 ) derived by Tobin et al. (2019) and assume a typical jet velocity V jet = 100 km s -1 (Podio et al. 2021), the inclination angle would be i < 30 • with respect to the plane of the sky. If the jet lies on the plane of the sky (i = 0 • ), the distance between HOPS-370 and the SiO peak in arc 1 and arc 2 would be d (Arc 1) ∼10330 au and d (Arc 2) ∼14150 au. Hence, the dynamical ages would be τ (Arc 1) = d (Arc 1) /V jet ∼ 490 yr and τ (Arc 2) ∼ 670 yr, respectively. The jet may be inclined with respect to the plane of the sky by 30 • at most, which implies that the shock dynamical ages may be older than what was estimated assuming i = 0 • by 15% at most. The fact that arc 2 is older than arc 1 suggests that the jet of HOPS-370 is precessing from east to west and then proceeds away.

Interestingly, the outflow of HOPS-370 (producing arc 2) does not appear to affect the highly collimated jet from VLA15. This indicates that the outflow and the jet are spatially separated, hence the proximity of arc 2 to the VLA15 jet is merely a projection effect. This result, as well as the spatial dichotomy between the material traced in SiO and that traced by the other A6, page 10 of 18 L. under the microscope: Shocks, filaments, and a highly collimated jet at 100 au scales molecular tracers, confirms that the outflow from HOPS-370 has a tangential impact on OMC-2 FIR 4 rather than a direct one, as previously suggested by Tobin et al. (2019).

Conclusions

We have investigated the internal structures of the protostellar cluster OMC-2 FIR 4 with ALMA observations at 0.04 pc scale and ∼100 au angular resolution. We mapped the emission of eight different molecular tracers: SiO, CH 3 OH, C 18 O, CS, CH 3 CN, H 13 CN, HC 3 N, and CCH, probing high-density gas and shocks. The analysis was mainly focused on SiO and CH 3 OH, and our main conclusions are summarised below.

1. A net of intricate filamentary structures was revealed in all the tracers probing extended structures. One of the filamentary structures is aligned with one of the fibres observed in N 2 H + by Hacar et al. (2018), and the other short filamentary structures could be connected to the intra-hub fibres that are not resolved at parsec scales. 2. From the analysis of CH 3 OH kinematics, we showed that each filament moves at a different velocity. The filamentary structures show supersonic motions likely due to protostellar feedback. 3. We observed SiO imprints on some filamentary structures suggesting that they trace compressed and/or shocked gas. 4. SiO emission unveiled multiple bow-shock features with sizes between ∼500 and 2700 au. Their geometry and age suggest that they are likely caused by a precessing jet from HOPS-370 that extends from east to west. Their dynamical ages are <800 yr. 5. We observed a spatial dichotomy between SiO and CH 3 OH emission within the protocluster, where SiO dominates the western region and CH 3 OH dominates the eastern region, suggesting that the jet from HOPS-370 does not directly impact OMC-2 FIR 4. 6. We detected a highly collimated (∼1 • ) SiO jet extending along the S-N direction with a projected length of ∼5200 au from the embedded protostar VLA15. In a nutshell, the observations at high-angular resolutions and sub-parsec scales have allowed us to reveal the previously unresolved hub filamentary structures within OMC-2 FIR 4. Our study complements the studies performed at ∼1 pc scales using N 2 H + , and indicates that the formation of such complex structures could show how cluster-forming regions evolve, with the material being compressed within narrow filaments due to protostellar feedback. Imaging multiple molecular lines is hence important to characterise the gas properties and the processes at play within OMC-2 FIR 4 and other protoclusters. Chapter 5

Conclusions and Prospects

Conclusions

The ultimate goal of this thesis was to characterise, observationally, the impact of the environmental conditions on the chemistry of hot corino and the evolution of protostellar clusters. In particular, I specifically sought to answer the two major questions raised in Section 1.4.2:

1. Is the chemistry of the hot corino impacted by the physical conditions of its surroundings?

2. How do the environmental physical conditions shape and modify the material within a star-forming protocluster?

To address the above questions, I have studied the protostellar cluster OMC-2 FIR 4, the nearest representative of the Sun's birth environment, at different spatial scales (∼ 100-8000 au) and in multiple molecular tracers. I used high-resolution (∼ 100 au) ALMA observations at 1.3 mm, and performed the molecular line analysis. The main results of the thesis are summarised below.

Hot corino chemistry and the actor behind the scenes

This study aimed to answer the first question of the thesis, by determining the abundance ratios of iCOMs in the hot corino candidate HOPS-108 and comparing them to those found in other hot corinos. This protostar was chosen in particular because it is located in the nearest representative of the solar birth environment, the protocluster OMC-2 FIR 4. To achieve the first goal, I targeted various iCOMs towards OMC-2 FIR 4, and derived their column densities using LTE and non-LTE analysis.

The data showed the chemical richness of HOPS-108, where 11 iCOMs including CH 3 OH, CH 2 DOH, HCOOCH 3 and CH 3 OCH 3 were detected. Except for the lower excitation CH 3 OH transitions, the iCOMs emission around the HOPS-108 is very compact. Luckily, several lines from the optically thin methanol isotopologue CH 18 3 OH were also detected, allowing us to derive more accurate column density values. The non-LTE analysis confirmed that HOPS-108 is a hot corino. I compared the abundance ratios I derived in HOPS-108 to those found in "isolated" hot corinos. Remarkably, I noticed an enhancement of the HCOOCH 3 abundance with respect to other hot corinos, and a [CH 2 DOH]/[CH 3 OH] ratio of ∼ 2.5% which is lower than what is seen in Perseus and Ophiuchus hot corinos (∼ 7%-9%).

I tried to investigate the process leading to the enhancement of the HCOOCH 3 abundance. I tested two possible scenarios, an enhancement of cosmic ray ionisation in the gas phase, producing more HCOOCH 3 , or a formation on the grain surface through "non-diffusive" mechanisms. I found that there is no suitable model that can explain the enhancement, with the current chemical network. While a recent chemical experiment suggests that the formation of HCOOCH 3 can be enhanced on the grain surface as a result of the photolysis of the water mantle (Ishibashi et al. 2021), hot cores' observations suggest that the enhancement of HCOOCH 3 can be due to an additional warm gas phase pathway (Law et al. 2021). However, to test the efficiency of these scenarios, it is crucial to couple them with theoretical chemical calculations. Concerning the obtained [CH 2 DOH]/[CH 3 OH] abundance ratio, I concluded that this might result from higher temperatures of the parental molecular cloud at its early evolutionary stages due to high-mass star formation activity in the vicinity, but this result is subject to uncertainty and needs further observations to be constrained. This work indicates that the environmental conditions could impact the hot corino chemistry and suggests the need for statistical chemical surveys to better assess the role of these physical conditions. It also highlights the importance of improving the chemical reaction networks through theoretical calculations in order to accurately represent abundance ratios found with observations.

Unveiling the filamentary structures and shocks in OMC-2 FIR 4

While examining the iCOMs emission in HOPS-108, I realised that the emission of the CH 3 OH transitions at low excitation temperature (∼ 45 K) is very extended, tracing interwoven filamentary structures in OMC-2 FIR 4. The presence of these structures in FIR 4 piqued my interest, and given the unique physical circumstances of this protocluster, I opted to investigate the material structure within it. A recent parsec scale study (Hacar et al. 2018) suggested that FIR 4 is a hub that likely comprises filamentary structures, which could not be decomposed or observed due to the complexity of the region. In addition, it has been claimed that OMC-2 FIR 4 is subject to the impact of a jet from the protostar HOPS-370 located to its north, as well as winds of the nearby Hii regions. Taking this into consideration, I noted that it is critical to investigate several tracers exploring various processes in order to comprehend the nature of these structures.

Thanks to the high-resolution ALMA observations, I analysed the spatial distribution of dust and eight different molecular tracers probing extended high-density structures (e.g. CH 3 OH, CS) and shocks (SiO) within ∼ 8000 au. The intertwined filamentary structures were detected with all the high-density tracers, and some of them were also seen with SiO. The analysis of gas dynamics showed that each filamentary structure has a distinct velocity, showing transonic and supersonic motions as well. The SiO emission highlighted the presence of several bow shock features to the west of the protocluster and revealed for the first time a wiggling collimated jet from the protostar VLA15. Furthermore, a spatial dichotomy between SiO and CH 3 OH emission was also observed within the protocluster, where SiO dominates the western region and CH 3 OH dominates the eastern region. I looked into the processes that could explain how the material was shaped, and the filamentary structures formed and how they were transformed. I concluded that these structures are most likely connected to those seen at larger scales, but that protostellar feedback altered their kinematics. Concerning the HOPS-370 jet, I proposed that it had just a tangential impact on FIR 4, which caused the observed bow-shocks but did not significantly affect the material within the protocluster.

It is worth noting that hubs have been previously observed in high-mass star-forming regions (e.g. Myers 2009;Liu et al. 2012;Peretto et al. 2014;Henshaw et al. 2017;Kumar et al. 2020), but given that OMC-2 FIR 4 is closer compared to the other hubs studied so far, our ALMA data were able to resolve better the intricacy of filamentary structures within the hub. Hence, if a similar resolution was available in other hubs, we would expect to see similar results. Indeed, Henshaw et al. (2017), have found narrow filaments in the hub H6 within an Infrared Dark Cloud (IRDC) G035.39-00.33, and what we observed in FIR 4 is even a closer look, revealing a close connection between filaments/fibres and protostellar feedback in a cluster-forming region.

To conclude, this study highlighted the importance of multi-scale observations for understanding the accretion processes and flow of material that shape star formation within protostellar clusters as OMC-2 FIR 4.

Concluding remarks

What really matters, in the end, is to add at least one piece to the "origins puzzle" by addressing the questions I set out to answer.

Regarding the first question of the thesis, I showed that the environmental physical conditions could play a role in changing hot corino chemistry. This can be seen from the enhancement of certain molecules and through the deuteration ratio, which depends on the temperatures of the parental molecular cloud at its early evolutionary stages. I also highlighted the importance of theoretical chemical calculations to improve the available reaction network, which is crucial to better interpret the observation results and understand the processes leading to the change in molecular abundances.

Concerning the second question of the thesis, I revealed the previously unresolved filamentary structures within an intermediate-mass protocluster. I showed that the dynamics of these structures could be altered by internal and/or external processes, such as protostellar feedback, jets and winds from Hii regions. I also highlighted the importance of high-resolution and subparsec scale studies to understand how star-forming clustered regions could evolve.

To conclude, the environmental physical conditions are likely to have an impact on the protostellar chemistry, stellar formation, and the shape of material within protostellar clusters. This is a pilot study, and it is, therefore, crucial to increase the statistical studies on protostars and filamentary structures at Solar System scales, in other representatives of the Sun's birth environment, to draw firm conclusions.

Prospects

This thesis added some ingredients to the recipe of the environmental impact on hot corino chemistry and the evolution of protostellar clusters. Nevertheless, many secrets remain hidden, and a long journey lies ahead. In the following, I present some ideas to pursue following the traces of evidence, in the long astrochemical investigations.

Is the north of HOPS-370 similar to its south?

The study on filamentary structures and shocks suggested that the outflow from HOPS-370 has a tangential impact on OMC-2 FIR 4 located to its south. An important question arises as to how the outflow spreads into the northern region (OMC-2 FIR 3) and what type of impact it does have. This outflow was firstly observed with CO (J = 3-2) by Shimajiri et al. (2008) at an angular resolution of ∼ 3 ′′ -7 ′′ . The emission contours from this work are shown in Figure 5.1. Previous observations by Takahashi et al. (2008) suggest that the upper regions are structurally distinct and that the outflow may have created a near-parabolic cavity in the northern environment. Furthermore, in a more recent study, Shimajiri et al. (2015) have detected more shock tracers to the south of HOPS-370 compared to the north. They also noticed that the detected lines are wider towards the south, suggesting that shocks only occur in this region. Nevertheless, the angular resolution (∼ 15 ′′ ) was well suited to probe the envelope of FIR 3 and FIR 4 instead of the ambient gas. In addition, the non-detection of shock tracers towards the north of HOPS-370 could be due to sensitivity issues (∼ 0.47 K). From this standpoint, during my thesis, I submitted a NOEMA proposal as a PI (September 2021) to obtain a mosaic covering both the northern and southern lobes of the outflow driven by HOPS-370, at ∼ 2 ′′ angular resolution, in order to perform a chemical, kinematical, and morphological comparative analysis of the two lobes. With this study, I aim to:

1. Investigate how different the northern counterpart appears with respect to the southern one in various selected outflow/shock tracers such as SiO, H 13 CO + , SO, SO 2 , HSC + , CCS and OCS and their isotopologues. An impact on FIR 4 should enhance the abundance in the gas phase of many of these molecules with respect to that in the Northern lobe.

2. Resolve the kinematics of the gas, to evaluate the presence of differences in the velocity fields between the two outflow lobes (e.g. gas acceleration/deceleration) 3. Investigate the morphology of the outflowing gas in the Northern part relative to the Southern one, not only in terms of outflow lobe length but also of small-scale structure (e.g. filaments, cavities).

The proposal was accepted, and the observations were performed between February and March 2022. The data are now calibrated, and the cleaning process is ongoing. The first results will be obtained by the end of January.

Is HOPS-108 really exceptional?

During my thesis work, the OMC-2 FIR 4 hot corino HOPS-108 showed an enhancement in HCOOCH 3 making it the first low-mass protostar to deviate from the well-known correlation [CH 3 OCH 3 ]/[HCOOCH 3 ] ∼ 1. Moreover, HOPS-108 exhibits a lower methanol deuteration than the hot corinos of Ophiuchus and Perseus. One could reasonably wonder if the HOPS-108 example is unique, or if what was obtained for this source could be also seen in others, mainly the ones located in dense protoclusters, or even the other Orion hot corinos.

From this standpoint, I plan to study the molecular deuteration ratios and the correlation between CH 3 OCH 3 and HCOOCH 3 in the hot corinos of Orion, and in other hot corinos located in dense protoclusters. This study will help to mainly understand the following points: et al. (2008). The continuum emission is represented in colour scales and its 5σ contours (σ = 25.8 µJy beam -1 ) are shown in black. The cyan and red contours correspond to the blueshifted and redshifted CO outflow emission, respectively. Both contours start at 3σ and increase by 3σ (σ = 0.45 Jy beam -1 km s -1 and 0.7 Jy beam -1 km s -1 , respectively). The different cores are depicted with magenta stars and are labelled in white. The synthesised beams of the continuum and CO emission are depicted in the lower left corner in black and cyan, respectively.

• If the low deuteration ratio is a trend among the Orion sources due to the higher temperature at the early stages of this cloud compared to others;

• And, if the lower [CH 3 OCH 3 ]/[HCOOCH 3 ] abundance ratio in HOPS-108 is an environmental product.

Thus, I will write and submit an ALMA proposal to achieve the goals above. I will mainly observe CH 3 OH, HCOOCH 3 , CH 3 OCH 3 , their singly and doubly deuterated isotopologues, as well as the CH 18 3 OH isotopologue to be able to derive accurate column density values. Then I will compare the obtained values and run chemical modelling to interpret the results.

Can formic acid contribute to the formation of methyl formate?

Many questions remain unanswered regarding the iCOMs formation routes. In the cold gas phase, methyl formate HCOOCH 3 , for example, is thought to be the gas phase product of the oxidation of CH 3 OCH 2 (Balucani et al. 2015). The other possibility is that HCOOCH 3 forms through the reaction of an excited CH 3 O radical with CO on the grain surface, producing CH 3 OCO, which is converted to HCOOCH 3 by hydrogenation (Jin & Garrod 2020). While the HCOOCH 3 abundance is well explained with the cold gas phase path, the enhancement of this molecule in HOPS-108 could not be explained with the cold gas phase nor with the grain surface scenario. Interestingly, at the same time as our first study, an enhancement of HCOOCH 3 was found in two high-mass protostars (hot cores; Law et al. 2021). The authors suggested that an additional pathway in the warm gas phase is driving extra production of HCOOCH 3 . This pathway consists of the formation of HCOOCH 3 thanks to the reaction between protonated methanol (CH 3 OH + 2 ) and neutral formic acid (HCOOH) (Neill et al. 2011). If this pathway is efficient, then, one would expect an enhancement of HCOOCH 3 abundance and a decrease in that of HCOOH. We looked at our data, and we found that actually the column density of HCOOH is low and only an upper limit can be derived. This gave us the idea that the warm gas phase pathway was likely efficient in the case of HOPS-108. Nevertheless, this hypothesis could not be tested with chemical modelling because there are no available chemical computations on the energetics, kinetics, and rate constants of this pathway.

Hence, taking advantage of the experience I acquired in the context of the interdisciplinary ACO working environment, I aim to collaborate with theoretical chemists and modellers to constrain the efficiency of this formation pathway. With the help of chemists, the pre-factor and the rate constants needed for the modelling can be computed, and then taking into account the temperature, density, and the other physical conditions around HOPS-108, predicted abundances can be derived by chemical modelling. These can be compared to the abundances derived from observations to provide an initial constraint on this production mechanism. A follow-up investigation would target further hot corinos and hot cores in warm environments to derive the abundances of HCOOCH 3 and HCOOH and determine under what conditions and to what extent the warm gas phase formation route is efficient.

SiO, CH 3 OH and CS as a diagnostic tool for the physics of filamentary structures

In the second work of this thesis, the SiO signature along the filamentary structures of OMC-2 FIR 4 indicated that the material is likely compressed due to the local protostellar feedback. Nevertheless, the impact from external processes (i.e. the jet from HOPS-370 and the winds from the Hii regions) could not be excluded. To be able to distinguish the process responsible for the SiO fingerprints along the filamentary structures, there is no better tool than chemistry. To do so, we need to have an estimate of the gas temperature and density, as well as SiO column density along these features. These values can be compared to those obtained from the tracers probing the overall structure of the gas (i.e. CH 3 OH and CS) as done by De Simone et al. ( 2022). The differences or similarities in the temperature and density between the SiO-rich and SiO-deprived spots can help to constrain the process producing SiO along the filamentary structures. This type of work requires the observation of several SiO, CH 3 OH and CS transitions to be able to perform an accurate radiative transfer analysis. In this context, I plan to submit a NOEMA or ALMA proposal to target the filamentary structures within FIR 4 at ∼ 0.5" angular resolution with several transition lines from SiO, CH 3 OH and CS. This work can be further extended to study the material structure within another Orion hub, OMC-2 FIR 6, and study its chemistry and physics.

Using FAUST protostellar jets to constrain iCOMs formation routes

As seen in Section 1.2.4, the iCOM formation routes are far from being well constrained. Several approaches have been suggested, including the comparison of the observed iCOM abundances in hot corinos with model predictions or even using the secondary isotopologues. An effective approach is the comparison between the observations toward low-mass outflow shocks and model predictions (Codella et al. 2017), which includes the time dependence as an additional constraint. Indeed, at the passage of the shock, molecules from the grain mantles are pumped into the gas phase (e.g. Caselli et al. 1997;Schilke et al. 1997;Gusdorf et al. 2008). The injected species will later undergo reactions that destroy and/or form iCOMs. Thus, the chemical evolution of a shocked region depends on time. This approach was successfully used to constrain the formation route of formamide (NH 2 CHO; Codella et al. 2017) in the L1157-B1 outflow shock and that of acetaldehyde (CH 3 CHO;De Simone et al. 2020b;Codella et al. 2020a) in the IRAS 4A1 and 4A2 outflow shocks.

From this standpoint, and in the context of the ALMA large programme FAUST (Fifty AU STudy of the inner envelope/disc system of Solar-type protostars; P.Is.: S. Yamamoto, C. Ceccarelli, C. Chandler, C. Codella, and N. Sakai) which investigates the 50 au scale chemical content of a sample of 13 Class 0 and I protostars, I will study the chemical complexity of two outflow shocked regions in Perseus. The derived abundances will be compared with chemical model predictions and theoretical calculations in order to constrain the formation pathway of new iCOMs.

To conclude, there are still lots of secrets to be uncovered in astrochemistry. Indeed, the outstanding improvement of observational facilities promises a brilliant future for this field, of which I hope to be part.

Context

Astrochemistry is a relatively new science, characterized by its highly interdisciplinary nature. Sciences that are often perceived to be separate from one another collaborate in order to achieve a common goal: understanding the formation of the Universe using chemistry.

The public does not really know about the existence of this science; it cannot be part of the school curriculum due to its cutting edge nature. Our goal as ACO students is to shed light on astrochemistry and to fill the gap between society and this science. Science festivals and similar events need more modern content and methods of outreach.

Virtual Reality is one of the most powerful and recent outreach tools that is growing in interest around the world. As part of the ACO work agreement, it had been decided to conceive and develop an astrochemical VR experience.

Among the astronomical fields, astrochemistry is among the newest. Thus, VR outreach projects like the one proposed here are very rare. In this way, we aim to enlighten the public about astrochemistry, its importance and its goals.

Goals

• Make people aware of the existence of the ACO project.

• Introduce the audience to our scientific field: astrochemistry.

• Explain, simply and effectively, the cosmic history of water. 

Objectives and Impact

The main target audience will be: young people (for Europe) 15-34 years old that we can interact with at big science festivals, during proposed school activities and other public occasions.

A second level target audience will be scientists -peers -that will be targeted during science congresses.

Our qualitative impact studies will focus on our major actions, namely participating in science festivals, European Researchers' Night (ERN) and presenting the final product in conferences and congresses, as well as in secondary schools. These fields represent a range of event types and groups of people and as such need to be treated differently in terms of impact measuring.

The events are divided in two categories: firstly, the "drop-in'' events gathering an important number of people, like science festivals and ERN; secondly, the presentation of the project to a limited number of people (a few dozen) in specific environments such as congresses, conferences and secondary schools. For the second event type, the groups of people targeted is also important, since we expect the impact made those with high school-level education to be different compared to those at a higher education level.

As data collection and analysis is highly time consuming, the type of events and people are not the only elements to take into account when choosing impact measuring tools. This is why we will focus mainly on tools where data is gathered digitally or where data can be digitally transferred quickly.

For presentations in congresses, conferences and secondary schools, we will do ad-hoc surveys tailored to the specific audience of the event and based on the content of the VR experience. For secondary schools we will focus on knowledge learned during the experience by providing the survey/quiz before and after the event. For higher education events the survey will be focused, for students, on astrochemistry as a possible future course choice. For PhD and beyond, it will be based on whether they knew the field beforehand or if they would recommend the experience to someone else.

We expect to use tools such as a mentimeter or similar ones to gather the data [https://www.mentimeter.com/].

For "drop-in" events the number of people expected is dramatically more important (in the hundreds) and there is more competition for the public's attention. Therefore we cannot use traditional surveys or quizzes and will instead focus on very simple ways of measuring the impact of the event through a graffiti wall asking them whether or not they liked the experience and if they have comments (for those that want to share them). We could also ask if they feel that they learned something from
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6. Presentation in at least one big congress (IAU, EAS? EPSC? Or more focused…) The selection of one of the previously mentioned congresses will be evaluated in the next future.

Description of the final product and deliverables

The participant will arrive at the ACO corner at the ERN or at a scientific festival. She/he will find a desk with ACO flyers and gadgets required for the VR experience. The participant will be welcomed by one of the ESRs. The ESRs will explain the experience and will help the participant to put on the Oculus and to start the VR journey. At the same time, while the participant is playing, other members of the audience will be able to see the experience on a big monitor (also in the ACO corner). The VR experience consists of three different activities with short explanatory videos. It will be in English, with the possibility to have subtitles in other languages (definitely Spanish; other additional languages will be decided later). The storyboard will be written and circulated by the end of March, but the different steps of the VR experience will be as follows:

1. When the participant puts on the Oculus, she/he will choose one of the available languages in subtitles. An introductory video will explain the context of the upcoming experience via an avatar. Estimated duration of the video: maximum 1,5 minutes. Estimated duration of the experience: maximum 3 minutes.

3. Then, an intermediate video plays, showing how the water molecules are accreted into the ices, along with the evolution of the star. This second video will be focused on the build-up of amorphous water ices. This will range in time from the collapse of the prestellar core until the formation of a protoplanetary disk. Estimated duration of the video: 30-60 seconds.

4. Second activity: In this activity, the user will build the "small rocky bodies" together. Here, gravitational forces start to play an important role, with this part of the experience dedicated to emphasizing this concept and bringing the experience closer to reality. Estimated duration of the experience: maximum 3 minutes.

5. After this, a third video will show a zoomed-out view of the grains with the ice mantles formed on them (another minute or so), plus a time-lapse of the evolution of the stellar system with the bodies formed, from the protoplanetary disk phase until the formation of a young version of a Sun-like stellar system. Estimated duration of the video: maximum 1 minute.
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aco-info@univ-grenoble-alpes.fr Call: H2020-MSCA-ITN-2018 Type of action: MSCA-ITN-ETN ○ This YouTube channel will only be used for posting trailers for the project. Video trailers can be created by Ross while he is making the videos for the main project. Any trailers posted here are also posted on the social media platforms with a dedicated post and also linked on the VR section of the ACO website. ○ This role will not require much effort as it just requires posting the trailer and making a social media post. These will likely be infrequent posts.

• Social Media

○ Using the existing social media presence, post a new series about the VR project, detailing the background of the project, linking the VR section of the webpage. ○ All trailers created will have a dedicated post sharing the trailer ○ Any VR progress updates or upcoming presentations of the experience can be also advertised here ○ This can all be done with the help of the ESR's who are already in charge of ACO social media

Local Actions

These local actions are events or activities that take place in an ESR's institution and ESR's should be taking note of applicable occasions. similaire à celui proto-Solaire. Pour atteindre cet objectif, j'ai étudié la chimie du hot corino HOPS-108 situé dans OMC-2 FIR 4, le représentant le plus proche de l'environnement de naissance solaire. Si cette source diffère des hot corinos "isolés" en termes de rapports d'abondance chimique, elle pourrait fournir une première indication de l'impact physique sur la chimie des hot corinos. La modélisation chimique pourrait alors être utilisée pour caractériser l'impact et identifier le processus qui en est responsable.

Question 2 (Objectif 2) : L'impact des conditions physiques sur la matière au sein des protoclusters de formation d'étoiles

Le deuxième objectif de cette thèse concerne l'environnement immédiat des proto-étoiles et la forme de la matière au sein des protoclusters. Comme illustré dans la section 1.2, les jeunes amas protostellaires sont associés à des hubs, qui sont supposés contenir des structures filamentaires. En d'autres termes, il est suggéré que le matériau à l'intérieur des amas protostellaires pourrait être façonné en structures filamentaires, mais on ne sait pas si ces structures existent et comment le matériau peut être modifié par des rétroactions stellaires internes et des processus externes.

Ce sujet est abordé dans cette thèse par l'étude de l'OMC-2 FIR 4. Comme déjà mentionné, il s'agit d'un amas protostellaire et d'un hub qui est situé dans un environnement filamentaire, et qui est soumis à des processus internes et externes qui pourraient avoir un impact et altérer la matière en son sein. J'ai analysé l'émission de la poussière et de plusieurs traceurs moléculaires à une résolution spatiale sans précédent de ∼ 100 au, en sondant les structures étendues et les chocs. J'ai également étudié la cinématique du gaz et l'ai comparée à celle des structures filamentaires observées à grande échelle. La morphologie et la cinématique de la poussière et du gaz au sein de l'OMC-2 FIR 4 peuvent fournir des indications sur l'évolution des régions de formation d'amas et sur les processus qui peuvent modifier et façonner la formation d'étoiles en leur sein.

II. La physique peut-elle influencer la chimie du hot corino?

Le premier projet que j'ai réalisé dans le cadre de ma thèse consistait à identifier un hot corino au sein d'OMC-2 FIR 4, le représentant le plus proche de l'environnement de naissance solaire, et à étudier si les rapports d'abondance de ses molécules émettrices sont affectés par les conditions physiques de l'environnement. Au moment de ce travail, les hot corinos étudiés précédemment étaient soit isolés, soit nés dans des protoclusters peu denses. Par conséquent, l'effet des conditions physiques sur la chimie des hot corinos n'a pas été pris en compte ou étudié.

Depuis leur première découverte en 2003 (Cazaux et al. 2003), les hot corinos ont suscité l'intérêt des astrochimistes grâce à leur richesse chimique. Plusieurs études ont été réalisées afin d'identifier les différents iCOMs présents dans les hot corinos, de les comparer et de contraindre leurs voies de formation. La haute sensibilité et la résolution des installations interférométriques ont permis une compréhension plus approfondie des hot corinos, ainsi que la possibilité de mener des études astrochimiques de plusieurs objets à des fins de comparaison. De grandes différences dans les rapports d'abondance iCOM à travers différents hot corinos ont été rapportées dans plusieurs études (Bergner et al. 2019;Bianchi et al. 2019b;Belloche et al. 2020;Nazari et al. 2021). Néanmoins, les observations ont montré la présence de corrélations entre certaines molécules. Par exemple, le rapport d'abondance de l'éther diméthylique (CH 3 OCH 3 ) sur le formiate de méthyle (HCOOCH 3 ) dans les hot corinos de classe 0/I connus avant cette étude est proche de l'unité (par exemple Jaber et al. 2014;Yang et al. 2021). D'autres corrélations sont trouvées entre les densités de colonne de glycolaldéhyde (HCOCH 2 OH) et d'acétaldéhyde (CH 3 CHO) (Vazart et al. 2020), ainsi que celle du méthanol (CH 3 OH) et du cyanure de méthyle (CH 3 CN) (e.g. Belloche et al. 2020;Yang et al. 2021). Certains de ces résultats ont conduit à plusieurs études chimiques qui ont suggéré une possible relation mère-fille ou soeur entre CH 3 OCH 3 et HCOOCH 3 d'une part (Balucani et al. 2015) et l'acétaldéhyde et le glycolaldéhyde d'autre part (Vazart et al. 2020). La relation chimique entre CH 3 OH et CH 3 CN est encore à l'étude. L'étude des rapports d'abondance entre les molécules reste cruciale pour comprendre les hot corinos. Jusqu'à présent, l'effet de l'environnement physique sur la chimie est encore mal compris. Certaines observations ont indiqué que certaines régions de formation d'étoiles sont situées près d'étoiles massives qui chauffent leur environnement et les irradient par de puissants photons UV, tandis que d'autres ont suggéré la présence de particules de type rayons cosmiques au sein d'un protocluster stellaire. Les modèles astrochimiques ont suggéré que, pour une densité volumique fixe, une augmentation de la température du nuage entraînerait une diminution du rapport de deutération (Taquet et al. 2012(Taquet et al. , 2014(Taquet et al. , 2019)), ce qui est en accord avec le faible rapport de deutération trouvé dans HH212 (Bianchi et al. 2017), un hot corino situé au niveau du nuage moléculaire d'Orion B. Cependant, les études de l'impact des conditions environnementales sur d'autres rapports moléculaires sont peu nombreuses, malgré leur importance pour comprendre la chimie de notre jeune système solaire, qui est né dans un environnement violent.

Une bonne cible pour étudier l'impact des conditions physiques sur la chimie des hot corino est OMC-2 FIR 4, qui est un amas protostellaire imprégné par l'irradiation interne de particules de type rayons cosmiques et situé près d'étoiles de grande masse. Ce protocluster abrite la protoétoile de classe 0 HOPS-108, un candidat hot corino (Tobin et al. 2019), qui n'avait pas été caractérisé chimiquement. Ainsi, dans notre première étude, nous avons observé OMC-2 FIR 4 en utilisant la bande 6 du grand réseau (sub)millimétrique d'Atacama au cycle 4 (PI : Ana López-Sepulcre). Pour atteindre les objectifs de l'étude, j'ai cherché le hot corino parmi les différentes proto-étoiles au sein d'OMC-2 FIR 4, déterminé les abondances et la température des espèces en utilisant l'équilibre thermodynamique local (LTE) et l'analyse non-LTE, et enfin, j'ai comparé les rapports d'abondance obtenus avec ceux trouvés dans d'autres hot corinos.

Avec ces données interférométriques, j'ai détecté la présence de 11 iCOMs au sein de la proto-étoile HOPS-108. Les paramètres physiques estimés, dérivés d'une analyse non-LTE de l'émission de méthanol, montrent que la source est chaude (≥ 120 K), compacte (40 -50 au) et dense (≥ 10 6 cm -3 ) en accord avec la définition d'un hot corino. HOPS-108 présente une augmentation de l'abondance du formiate de méthyle, HCOOCH 3 , par rapport aux autres hot corinos connus, ce qui entraîne une déviation de la corrélation entre les rapports d'abondance du formiate de méthyle et de l'éther diméthylique. De plus, le rapport de deutération [CH 2 DOH]/ [CH 3 OH] est relativement faible dans HOPS-108 (∼ 0.02) et similaire à celui trouvé dans une autre source d'Orion, HH212. Ces résultats pourraient être la conséquence des conditions physiques différentes d'OMC-FIR 4 par rapport aux autres régions de formation d'étoiles. Néanmoins, le premier résultat n'a pas pu être reproduit avec les modèles chimiques actuels. Le second résultat peut être dû à la température plus élevée du gaz dans Orion pendant les premières phases de formation du manteau de glace.

Nous avons conclu que les conditions physiques pourraient affecter la chimie du hot corino, mais il faudrait cibler davantage de sources pour confirmer cette hypothèse. En outre, nous suggérons que les réseaux chimiques devraient être améliorés par des calculs théoriques afin de prendre en compte les différentes voies de formation et de destruction des molécules et de reproduire leurs abondances observées. Étant donné l'environnement intéressant de HOPS-108, la prochaine étape est de mieux le caractériser à une plus grande échelle.

L'article correspondant a été publié dans la revue Astronomy & Astrophysics 2022, 657, A78.

III. Environnement filamentaire et chocs au sein de l'OMC-2 FIR 4 L'étude précédente a suggéré que la chimie du hot corino HOPS-108 pourrait être influencée par les conditions physiques de son site de formation. En conséquence, j'ai cherché à caractériser l'environnement immédiat (within ∼ 8000 au) dans lequel ce hot corino et ses protoétoiles voisines se sont formés. En utilisant l'exemple d'OMC-2 FIR 4, mon objectif était de comprendre comment la matière au sein des régions amassées de formation d'étoiles est façonnée et si elle est altérée par des processus internes et/ou externes.

Au moment de cette étude, on savait que la matière au sein des nuages moléculaires est façonnée en filaments (par exemple, André et al. 2014;Hacar et al. 2022 et leurs références), qui se divisent en fibres soniques (par ex. Martin-Pintado et al. 1990;Hacar et al. 2013Hacar et al. , 2017b) ) et en noeuds (Chini et al. 1997;Myers 2009), les noeuds étant les endroits où les filaments convergent. Les hubs sont associés aux jeunes amas stellaires (Myers 2009) et on pense qu'ils contiennent des réseaux complexes de fibres (Hacar et al. 2018) ou des structures filamentaires. Néanmoins, avant ce travail, les structures filamentaires au sein d'un hub n'ont été observées que vers IRAS4A à 300 pc (De Simone et al. 2022). Cependant, au lieu d'un réseau de filaments/fibres, seules trois structures parallèles probablement causées par des chocs ont été observées avec SiO. Par conséquent, la question de savoir comment le matériau peut être façonné et modifié dans les amas ou les hubs protostellaires reste sans réponse. Plusieurs facteurs ont fait d'OMC-2 FIR 4 une cible intéressante pour aborder cette question. Tout d'abord, il s'agit d'un hub de masse intermédiaire situé le long du filament de l'ISF. Il est connu pour abriter au moins cinq protoétoiles, dont le hot corino HOPS-108 qui entraîne un jet sud-est monopolaire (Lattanzi et al., soumis). De plus, il est situé au sud de la protoétoile HOPS-370, qui entraîne un flux sortant dont le lobe sud chevauche, au moins en projection, OMC-2 FIR 4 (Shimajiri et al. 2008). La possibilité que le jet ait un impact sur OMC-2 FIR,4 est encore contestée (par exemple Shimajiri et al. 2008;Favre et al. 2018a;Osorio et al. 2017;Tobin et al. 2019) et doit être mieux caractérisée.

Dans ce contexte, en utilisant les mêmes données du projet précédent, j'ai analysé la distribution spatiale de la poussière et de huit traceurs moléculaires différents (SiO, CH 3 OH, C 18 O, CS, CH 3 CN, H 13 CN, HC 3 N, et CCH) vers OMC-2 FIR 4 en sondant les structures étendues de haute densité et les chocs. J'ai également étudié la cinématique du gaz en utilisant des cartes de SiO et CH 3 OH. Les observations révèlent pour la première fois des structures filamentaires entrelacées au sein d'OMC-2 FIR 4 qui sont sondées par plusieurs traceurs. À partir des cartes de vitesse CH 3 OH, j'ai constaté que chaque structure filamentaire est caractérisée par une vitesse distincte. Les mouvements le long des structures filamentaires sont transsoniques et supersoniques, indiquant un possible impact dû à une rétroaction protostellaire. Ceci est également soutenu par les empreintes de SiO sur certaines structures filamentaires, suggérant qu'elles tracent du gaz comprimé et/ou choqué. Grâce au SiO, j'ai également mis en évidence de multiples • Si le faible rapport de deutération est une tendance parmi les sources d'Orion en raison de la température plus élevée aux premiers stades de ce nuage par rapport aux autres ;

• Et, si le faible rapport d'abondance [CH 3 OCH 3 ]/[HCOOCH 3 ] dans HOPS-108 est un produit environnemental.

Ainsi, je vais écrire et soumettre une proposition ALMA pour atteindre les objectifs cidessus. J'observerai principalement CH 3 OH, HCOOCH 3 , CH 3 OCH 3 , leurs isotopologues singulièrement et doublement deutérés, ainsi que l'isotopologue CH 18 3 OH pour pouvoir dériver des valeurs précises de densité de colonne. Ensuite, je comparerai les valeurs obtenues et j'effectuerai une modélisation chimique pour interpréter les résultats.

L'acide formique peut-il contribuer à la formation du formiate de méthyle ?

De nombreuses questions restent sans réponse concernant les voies de formation des iCOMs. En phase gazeuse froide, on pense que le formiate de méthyle HCOOCH 3 , par exemple, est le produit en phase gazeuse de l'oxydation de CH 3 OCH 2 (Balucani et al. 2015). L'autre possibilité est que le HCOOCH 3 se forme par la réaction d'un radical CH 3 O excité avec du CO à la surface du grain, produisant du CH 3 OCO, qui est converti en HCOOCH 3 par hydrogénation (Jin & Garrod 2020). Alors que l'abondance de HCOOCH 3 est bien expliquée par le scénario de la phase gazeuse froide, l'augmentation de cette molécule dans HOPS-108 ne peut être expliquée ni par la phase gazeuse froide ni par le scénario de la surface des grains. Il est intéressant de noter qu'au même moment que notre première étude, une augmentation de HCOOCH 3 a été trouvée dans deux proto-étoiles de masse élevée (noyaux chauds ; Law et al. 2021). Les auteurs ont suggéré qu'une voie supplémentaire dans la phase gazeuse chaude est à l'origine de la production supplémentaire de HCOOCH 3 . Cette voie consiste en la formation de HCOOCH 3 grâce à la réaction entre le méthanol protoné (CH 3 OH +

2 ) et l'acide formique neutre (HCOOH) (Neill et al. 2011). Si cette voie est efficace, on s'attendrait donc à une augmentation de l'abondance de HCOOCH 3 et à une diminution de celle de HCOOH. Nous avons examiné nos données, et nous avons constaté qu'en fait la densité de colonne de HCOOH est faible et que seule une limite supérieure peut être dérivée. Cela nous a donné l'idée que la voie de la phase gazeuse chaude était probablement efficace dans le cas de HOPS-108. Néanmoins, cette hypothèse n'a pas pu être testée avec la modélisation chimique, car il n'y a pas de calculs chimiques disponibles sur l'énergétique, la cinétique et les constantes de vitesse de cette voie.

Par conséquent, profitant de l'expérience que j'ai acquise dans le contexte de l'environnement de travail interdisciplinaire de l'ACO, j'ai l'intention de collaborer avec des chimistes théoriciens et des modélisateurs pour contraindre l'efficacité de cette voie de formation. Avec l'aide des chimistes, le pré-facteur et les constantes de vitesse nécessaires à la modélisation peuvent être calculés, puis en tenant compte de la température, de la densité et des autres conditions physiques autour de HOPS-108, des abondances prédites peuvent être dérivées par modélisation chimique. Celles-ci peuvent être comparées aux abondances dérivées des observations afin de fournir une contrainte initiale sur ce mécanisme de production. Une enquête de suivi ciblerait d'autres corinos et noyaux chauds dans des environnements chauds pour dériver les abondances de HCOOCH 3 et HCOOH et déterminer dans quelles conditions et dans quelle mesure la voie de formation en phase gazeuse chaude est efficace.

SiO, CH 3 OH et CS comme outil de diagnostic de la physique des structures filamentaires Dans le deuxième travail de cette thèse, la signature SiO le long des structures filamentaires de OMC-2 FIR 4 a indiqué que le matériau est probablement compressé en raison de la rétroaction protostellaire locale. Néanmoins, l'impact de processus externes (i.e. le jet de HOPS-370 et les vents des régions Hii) ne peut être exclu. Pour pouvoir distinguer le processus responsable des empreintes de SiO le long des structures filamentaires, il n'y a pas de meilleur outil que la chimie. Pour ce faire, nous devons avoir une estimation de la température et de la densité du gaz, ainsi que de la densité de la colonne de SiO le long de ces caractéristiques. Ces valeurs peuvent être comparées à celles obtenues à partir des traceurs sondant la structure globale du gaz (i.e. CH 3 OH et CS) comme l'a fait De Simone et al. (2022). Les différences ou similitudes de température et de densité entre les spots riches en SiO et les spots dépourvus de SiO peuvent aider à contraindre le processus de production de SiO le long des structures filamentaires. Ce type de travail nécessite l'observation de plusieurs transitions SiO, CH 3 OH et CS pour pouvoir effectuer une analyse précise du transfert radiatif. Dans ce contexte, je prévois de soumettre une proposition NOEMA ou ALMA pour cibler les structures filamentaires dans FIR 4 at ∼ 0.5" de résolution angulaire avec plusieurs lignes de transition de SiO, CH 3 OH et CS. Ce travail peut être étendu à l'étude de la structure matérielle d'un autre hub d'Orion, OMC-2 FIR 6, et à l'étude de sa chimie et de sa physique.

Utilisation des jets protostellaires FAUST pour contraindre les routes de formation des iCOMs

Comme nous l'avons vu dans la section 1.2.4, les routes de formation des iCOMs sont loin d'être bien contraintes. Plusieurs approches ont été suggérées, y compris la comparaison des abondances observées des iCOMs dans les corinos chauds avec les prédictions des modèles ou même en utilisant les isotopologues secondaires. Une approche efficace est la comparaison entre les observations vers les chocs d'écoulement de faible masse et les prédictions du modèle (Codella et al. 2017), qui inclut la dépendance temporelle comme une contrainte supplémentaire. En effet, au passage du choc, les molécules des manteaux de grains sont pompées dans la phase gazeuse (par exemple, Caselli et al. 1997;Schilke et al. 1997;Gusdorf et al. 2008). Les espèces injectées subiront plus tard des réactions qui détruisent et/ou forment des iCOMs. Ainsi, l'évolution chimique d'une région choquée dépend du temps. Cette approche a été utilisée avec succès pour contraindre la voie de formation du formamide (NH 2 CHO ; Codella et al. 2017) dans le choc de sortie L1157-B1 et celle de l'acétaldéhyde (CH 3 CHO ;De Simone et al. 2020b;Codella et al. 2020a) dans les chocs de sortie IRAS 4A1 et 4A2.

De ce point de vue, et dans le contexte du grand programme ALMA FAUST (Fifty AU STudy of the inner envelope/disc system of Solar-type protostars ; P.Is. : S. Yamamoto, C. Ceccarelli, C. Chandler, C. Codella, et N. Sakai) qui étudie le contenu chimique à l'échelle de 50 au d'un échantillon de 13 proto-étoiles de classe 0 et I, j'étudierai la complexité chimique de deux régions choquées par un écoulement dans Persée. Les abondances dérivées seront comparées aux prédictions des modèles chimiques et aux calculs théoriques afin de contraindre la voie de formation des nouveaux iCOMs.

Pour conclure, il y a encore beaucoup de secrets à découvrir en astrochimie. En effet, l'amélioration remarquable des installations d'observation promet un avenir brillant pour ce domaine, dont j'espère faire partie.
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 11 Figure 1.1: Gaia's all-sky view of our Milky Way Galaxy and the two neighbouring galaxies (the Magellanic clouds). The map shows the total brightness and colour of stars observed by the ESA satellite in each portion of the sky between July 2014 and May 2016. Brighter regions indicate denser concentrations of bright stars, while darker regions indicate the presence of foreground clouds of interstellar gas and dust, which absorb the light of background stars. Credit: ESA/Gaia/DPAC.
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 12 Figure 1.2: Representation of an interstellar dust grain. The figure is not at scale.

Figure 1 . 3 :

 13 Figure 1.3: Scheme representing the physical evolution from clouds to cores.

Figure 1

 1 Figure 1.4: Left panel: The Orion A filamentary molecular cloud observed in infrared with NASA Spitzer Space Telescope (Credit: NASA/JPL-Caltech/T. Megeath). Right panel: A zoom-in on the Orion ISF, showing the fibres and hubs observed with N 2 H + by Hacar et al. (2018).

Formation

  Figure 1.5: Classification of the young stellar objects based on their Spectral Energy Distribution (left; adapted from André 2002; Burton et al. 2005) with a schematic structure of the objects in each phase (middle). The grey arrow shows the temporal direction, with the typical expected time for each stage and the corresponding bolometric temperature and mass of the circumstellar material (right; adapted from André 2002).

Figure 1

 1 Figure 1.6: Schematic representation of the chemical and physical evolution from a prestellar core to a planetary system. The scheme is inspired by Caselli & Ceccarelli (2012); Ceccarelli et al. (2014).19

Figure 1 .

 1 Figure 1.7: Schematic illustration of a hot corino (left), rich in iCOMs and relatively poor in carbon chains, and a WCCC protostar (right), rich in carbon chains but poor in iCOMs (courtesy of M. Bouvier).

Figure 1

 1 Figure 1.9: Left panel: The ISF and the Trapezium cluster within the Orion A molecular cloud observed in infrared with NASA Spitzer Space Telescope (Credit: NASA/JPL-Caltech/T. Megeath). Middle panel: The northern portion of the ISF observed at 3.3 mm with MUSTANG-2 (Mason et al. 2020). Right Panel: OMC-2 FIR 4 protocluster observed at 3 mm with NOEMA (Neri et al. in prep).
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 21 Figure 2.1: Schematic representation of the electromagnetic spectrum and its absorption by the Earth's atmosphere (Credit: NASA).

Figure 2 . 3 :

 23 Figure 2.3: Block diagram of a two-elements interferometer. The geometrical delay is τ g , the output voltages of the antennas are V1 and V2 (Credits: NRAO).

Figure 2 . 4 :

 24 Figure 2.4: Left panel: Diagram representation of the baseline and position vectors that specify the interferometer and the source (Thompson et al. 2017). Right panel: Schematic representation of the geometry and coordinates for interferometric observations (Wilson et al. 2009).

Figure 2 . 5 :

 25 Figure 2.5: uv coverage of an interferometer of 2,5,10 and 50 antennas (top to bottom), and observing for 10 s, 2 hr, 4 hr, 6 hr (left to right; Avison & George 2013).

Figure 2 . 6 :

 26 Figure 2.6: Schematic representation of the steps of the Högbom CLEAN procedure to deconvolve a dirty image. Please note that only a fraction of the peak intensity multiplied by the dirty beam is subtracted from the dirty image. The figure is adapted from A. López-Sepulcre's presentation in the context of the first ITN/ACO Network School (Perugia, Italy, 2019).

Figure 2 . 7 :

 27 Figure 2.7: Panoramic view of the ALMA antennas on the Chajnantor plateau (Credits: ESO).

Figure 2 .

 2 Figure 2.8: The NOEMA Observatory, with its 12-antenna array (Credits: Jérémie BOISSIER/IRAM/CNRS PHOTOTHÉQUE).

Figure 2

 2 Figure 2.9: Schematic representation of the radiative transfer problem. The figure is adapted from C. Ceccarelli's presentation in the context of the first ITN/ACO Network School (Perugia, Italy, 2019).

N 3 Figure 2 .

 32 Figure 2.10: Example of a Rotational Diagram of HCOOCH 3 . The rotational temperature is the inverse of the slope of the best-fit line, and the total column density can be derived from the intercept. The deviation of the observed points from the best-fit line is due to non-LTE and/or opacity effects.

Figure 2 .

 2 Figure 2.11: Schematic representation of the LVG method. The figure is adapted from C. Ceccarelli's presentation in the context of the first ITN/ACO Network School (Perugia, Italy, 2019).

  .(a) Number of lines used in the analysis. The total number of detected transitions (i.e. including blends) is reported in brackets (see text).(b) T is the rotational temperature T rot for HCOOCH 3 and C 2 H 5 CN, T ex is that for the rest of molecules analysed using LTE, and T kin is that for molecules analysed using non-LTE. (c) Adopted range of excitation temperatures (see Sect. 3.4).(d) Line flux measured after subtracting the small contribution from HCOOCH 3 and/or C 2 H 5 CN (seeSects. 3.3 and 3.4).(e) Abundance ratios of molecules marked as '/' yield no meaningful information.

Fig. 1 .

 1 Fig. 1. Dust continuum emission map of OMC-2 FIR 4 at 1.2 mm. Contours at 5σ are shown with σ = 95.7 µJy beam -1 . The different cores are labelled. The synthesised beam is depicted in white in the lower left corner. The primary beam at full width half maximum (25. 6) is depicted with a white circle.

  . The line profiles were fitted with a Gaussian function with CLASS. The derived line parameters are summarised in Appendix A, and a sample of the observed lines for each detected molecule are shown in Figs. B.1-B.7. Moment 0 maps of the detected molecules are shown in Fig. 2. The emission is spatially compact. For all iCOMs, it peaks at the same position of the continuum peak (See Sect. 3.1).

Fig. 3 .

 3 Fig.3. Rotational diagrams for HCOOCH 3 (top) and C 2 H 5 CN (bottom). Data points are presented in black. The HCOOCH 3 v t = 1 transitions are depicted in blue. The arrow symbols represent the lower limits that are excluded from the analysis (seeSect. 3.4). The red lines correspond to the best fit to the data points.

Fig. 4 .

 4 Fig. 4. Abundance ratio of HCOOCH 3 with respect to CH 3 OH in HOPS-108 compared to other isolated hot corinos as a function of the class in no particular order within a given class (top) and HCOOCH 3 column density (bottom). The open symbols correspond to the sources where CH 3 OH column density is most likely underestimated (see Sect. 4.2.1). The Class 0 sources are: IRAS 2A, IRAS 4A2 (Taquet et al. 2015; López-Sepulcre et al. 2017), B1-c, S68N (van Gelder et al. 2020), HH212 (Bianchi et al. 2017; Lee et al. 2019), L483 (Jacobsen et al. 2019), Ser-emb 1 (Bergner et al. 2019), IRAS 16293 A (Manigand et al. 2020), IRAS 16293 B (Jørgensen et al. 2016, 2018), HOPS-108 in OMC-2 FIR 4 (this work), and the sources from the PEACHES survey (Yang et al. 2021). The Class I sources are: Ser-emb 17 (Bergner et al. 2019), L1551 (Bianchi et al. 2020), and also sources from the PEACHES survey (Yang et al. 2021).

Fig. 5 .

 5 Fig. 5. Abundance ratio of CH 3 OCH 3 with respect to HCOOCH 3 in HOPS-108 compared to other isolated hot corinos. In the top plot, the sources are separated according to their class, with no particular order within a given class. In the middle and bottom plots, the abundances are as a function of HCOOCH 3 and CH 3 OCH 3 column densities, respectively. The same sources from Fig. 4 are used, including B1-bS (Marcelino et al. 2018). coefficient equal to 0.95. It was also previously observed by Brouillet et al. (2013) over a smaller range. The MF-DME relation is well reproduced with the model by Balucani et al. (2015), using gas-phase reactions in cold environments. In

Fig. B. 1 .

 1 Fig. B.1. Sample of some observed HCOOCH 3 spectral lines towards HOPS-108 (black). The spectra predicted by the best-fit LTE model are depicted in red. The blue spectrum corresponds to the best-fit model prediction of an optically thick line, which was excluded from the analysis (see Sect. 3.4).

VFig

  Fig. B.3. CH 3 COCH 3 , NH 2 CHO, and CH 2 DOH observed spectral lines (black) towards HOPS-108. The spectra predicted by the best-fit LTE model are depicted in red.
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3. 1 .

 1 Spatial distribution of molecular emission 3.1.1. CS and C 18 O

Fig. 1 .Table 2 .

 12 Fig. 1. Velocity-integrated maps of the different tracers used to probe the emission towards OMC-2 FIR 4. Upper panels: velocity-integrated maps of C 18 O, CS and SiO in colours, with superimposed contours of the velocity-integrated emission of CH 3 OH (5 1,4 -4 1,3 A) line (white). The colour scale wedges are shown at the top of each panel. The different cores are depicted with magenta stars and are labelled in white. The synthesised beam of CH 3 OH and the other molecules are depicted in the lower left corner in white and yellow, respectively. In the SiO panel, the positions of the SiO peaks from this study are depicted with filled grey triangles. The primary beam at the full width at half maximum is depicted in white. Middle panels: velocity-integrated maps of CH 3 OH lines at E u = 45 K and E u = 50 K and of CH 3 CN. On the latter, we superimposed the contours of the velocity-integrated emission of CH 3 OH (5 1,4 -4 1,3 A) line (white). The colour scale wedges are shown at the top of each panel. The positions of the three masers detected in CH 3 OH (4 -2,3 -3 -1,2 E) are depicted with filled blue squares. Lower panels: velocity-integrated maps of H 13 CN, HC 3 N and CCH in colours with superimposed contours of the velocity-integrated emission of CH 3 OH (5 1,4 -4 1,3 A) line (white). The colour scale wedges are shown at the top of each panel. The methanol contours start at 10σ with σ = 12.3 mJy beam -1 km s -1 . A6, page 4 of 18

Fig. 2 .

 2 Fig. 2. Continuum emission towards OMC-2 FIR 4 at 232 GHz in colours, with superimposed contours of the velocity-integrated emission of CH 3 OH (4 -2,3 -3 -1,2 E) at 15σ with σ = 20.6 mJy beam -1 km s -1 . The different cores are depicted with magenta stars and are labelled in white. The synthesised beam of CH 3 OH and continuum are depicted in the lower left corner in white and green, respectively.

Fig. 3 .

 3 Fig.3. Velocity maps of CH 3 OH and SiO towards OMC-2 FIR 4. Left panel: velocity maps (integrated between 9.9 and 12.9 km s -1 ; colour scale in km s -1 ) of CH 3 OH (4-2,3 -3 -1,2 E) (left) and CH 3 OH (5 1,4 -4 1,3A) (right). Right panel: velocity map (integrated between -6.2 and 24.4 km s -1 ; colour scale in km s -1 ) of SiO(6-5). The different cores are depicted with magenta stars and are labelled in black. The positions of the SiO peaks from this study are depicted with filled magenta triangles. We draw four arrows from HOPS-370, one perpendicular to the disk, two towards the SiO peaks, and one similar to the direction of the jet in [O I] byGonzález-García et al. (2016).

Fig. 4 .

 4 Fig. 4. Velocity-dispersion maps (integrated between 7.4 and 15.4 km s -1 ; colour scale in km s -1 ) of CH 3 OH (4 -2,3 -3 -1,2 E) (left) and CH 3 OH (5 1,4 -4 1,3 A) (right). The positions (A, B, and C) from which we extracted the spectra in Fig. A.2 are labelled with filled magenta triangles.

3 .

 3 The central region showing (in the moment 2 map) a velocity dispersion of 4-7 km s -1 . However, the high dispersion in the central region is actually due to the presence of multiple structures along the line of sight (see Fig. A.2). In Fig. A.2, we show the spectra extracted from three different positions that are marked by magenta triangles in the moment2 map.

Fig. 5 .

 5 Fig. 5. Velocity-integrated maps of CH 3 OH and CS reported in Fig. 1 with superimposed contours of the velocity-integrated emission of SiO at different velocity regimes. The colour images are as in Fig. 1. The SiO contours are at 5σ with σ = 5.8 mJy beam -1 km s -1 . They correspond to the blueshifted high-velocity regime (blue), the blueshifted low-velocity regime (white), and the redshifted low-velocity regime (red) (see Sect. 3.2). The different cores are depicted with magenta stars and are labelled in black. The positions of the SiO peaks from this study are depicted with filled magenta triangles.

  Fig. 6. N 2 H + (1-0) integrated intensity emission from Hacar et al. (2018) in colour scale and black contours, with superimposed 5σ contours of the velocity-integrated emission of CH 3 OH (5 1,4 -4 1,3 A) (left) and CS (right) from this work. N 2 H + contours are equally spaced every 1 Jy beam -1 km s -1 . The CH 3 OH and CS contours are shown at 5σ with σ = 12.3 mJy beam -1 km s -1 and 23.2 mJy beam -1 km s -1 , respectively. The different cores are depicted with magenta stars and are labelled in white. The direction of Fibre 43 is shown with a green line. The synthesised beams of N 2 H + , CH 3 OH (left), and CS (right) are depicted in the lower left corner in green and white, respectively.

Fig. 7 .

 7 Fig. 7. Velocity-integrated emission of the SiO jet driven by VLA15. The colour images are for intensities higher than 3σ with σ = 4.8 mJy beam -1 km s -1 . The cut positions at which the widths were measured are shown with white horizontal lines. The knot positions at which the dynamical ages are estimated are shown with arrows and are labelled in white. VLA15 is depicted with a magenta star and labelled in white. The synthesised beam is depicted in the lower left corner.

Fig. 8 .

 8 Fig. 8. Deconvolved widths (2R jet ) of the SiO(6-5) emission along the jet axis as a function of the distance from VLA15. The solid red line corresponds to the best fit of the data points. The dashed green line corresponds to an opening angle of α = 3 • and an initial width of 30 au.

Fig. A. 1 . 2 .

 12 Fig. A.1. Spectra of the masers detected in CH 3 OH(4 -2,3 -3 -1,2 E) at the P1-P3 positions. The vertical dashed line stands for the systemic velocity of OMC-2 FIR 4

Fig. A. 3 .

 3 Fig. A.3. SiO emission representative of the eastern ridge extracted at the position (6.5 ,2.1 )

Fig. C. 3 .

 3 Fig. C.3. Channel maps of HC 3 N. Contours start at 3σ and increase by 5σ with σ= 4 mJy beam -1 km s -1 . The cores are depicted with magenta stars and are labelled in black. The synthesised beam is depicted in the lower left corner. We draw one arrow from HOPS-370 perpendicular to its disk. The beam, MRS, and velocity resolution values are reported in the bottom right panel.

Fig. C. 4 .

 4 Fig. C.4. Channel maps of C 18 O (left) and CH 3 OH at 61 K (right). Contours start at 5σ for C18 O, and 3σ for CH 3 OH and increase by 5σ with σ= (4 mJy beam -1 km s -1 left, and 6 mJy beam -1 km s -1 right). The cores are depicted with magenta stars and are labelled in black. The synthesised beam is depicted in the lower left corner. We draw one arrow from HOPS-370 perpendicular to its disk. The beam, MRS, and velocity resolution values are reported in the bottom right panel.

Fig. C. 6 .

 6 Fig. C.6. Channel maps of SiO. The contours are at[5, 20, 40]σ with σ= 2.5 mJy beam -1 km s -1 . The cores are depicted with magenta stars and are labelled in black. The synthesised beam is depicted in the lower left corner. We draw one arrow from HOPS-370 perpendicular to its disk. The beam, MRS, and velocity resolution values are reported in the bottom right panel.

Figure 5 . 1 :

 51 Figure 5.1: Continuum emission at 3 mm towards OMC-2 FIR 3/4 region (Neri et al. in prep) with superimposed CO (J = 3-2) outflow emission contours observed byShimajiri et al. (2008). The continuum emission is represented in colour scales and its 5σ contours (σ = 25.8 µJy beam -1 ) are shown in black. The cyan and red contours correspond to the blueshifted and redshifted CO outflow emission, respectively. Both contours start at 3σ and increase by 3σ (σ = 0.45 Jy beam -1 km s -1 and 0.7 Jy beam -1 km s -1 , respectively). The different cores are depicted with magenta stars and are labelled in white. The synthesised beams of the continuum and CO emission are depicted in the lower left corner in black and cyan, respectively.
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Table 1 . 1 :

 11 Phases of the Interstellar Gas, and their main characteristics.

	ISM Phase	Temperature Density Ionisation Fraction (K) (cm -3 )
	Hot Ionised Medium Hii regions	Ionised Gas Medium 10 6 0.003 10 4 0.3-10 4	1 1
	Warm Ionised Medium	8000	0.1	1
	Atomic Neutral Medium	
	Warm Neutral Medium Cold Neutral Medium	8000 80 Molecular Medium 0.5 50	∼ 0.1 ∼ 10 -4
	Diffuse Molecular Clouds Dense Molecular Clouds	∼ 50 10-50	∼ 100 ≥ 200	/ ≤ 10 -6

Table 1 .

 1 Analysed ALMA spectral windows. conditions affected the early chemistry of the proto-Sun and its surroundings. From this standpoint, delving into the wide diversity of iCOMs in Solar-System-like environments is therefore fundamental to decipher the secret of our own origins. One of the best targets for this aim is OMC-2 FIR 4, a protostellar cluster located in the Orion Molecular Cloud 2, at a distance of 393±25 pc(Grossschedl et al. 2018). It has a total mass of 30 M approximately(Mezger et al. 1990; Crimier et al. 2009) and a bolometric luminosity ≤1000 L(Crimier et al. 2009; Furlan et al. 2014). Due to various properties, it is thought to be the closest analogue to the environment in which the Sun may have been born. To begin with, OMC-2 FIR 4 is a young protocluster in which both low-and intermediate-mass protostars are forming

	Spectral window label	Central frequency Bandwidth Velocity resolution (GHz) (MHz) (km s -1 )	Beam (")	Beam PA ( • )	Chan. rms (mJy beam -1 )
	Continuum high frequency Continuum low frequency NH 2 CHO 12 1,12 -11 1,11 CH 3 CN 14 0 -13 0 HCOOCH 3 24 1,24 -23 1,23	246.2 232.2 243.5 257.5 259.3	1875 1875 58.59 58.59 58.59	1.2 1.3 0.15 0.14 0.14	0.32 × 0.27 0.51 × 0.27 0.32 × 0.28 0.31 × 0.26 0.31 × 0.26	107 109 106 109 106	1.3 2.0 4.5 4.9 3.7

(Shimajiri et al. 2008; López-Sepulcre et al. 2013b; Kainulainen et al. 2017; Tobin et al. 2019)

. It is located near the Trapezium OB star cluster, which bathes it in far ultraviolet (FUV) radiation (∼1500 G 0 where G 0 is the FUV radiation field in Habing units;

López-Sepulcre et al. 2013a

  L.Chahine et al.: Organic chemistry in the protosolar analogue HOPS-108: Environment matters lines, one is strongly blended with CH 2 DOH and was excluded from the analysis, two are contaminated by a weaker line of HCOOCH 3 , and one is contaminated by C 2 H 5 CN, thus their integrated intensities were estimated after removing the expected intensity of the contaminating lines (see Appendix B). The spectrum is shown in Fig.B.6. For the CH 3 OH line, the rms error was taken into account in the line flux. For CH

  Fig.6. Abundance ratio of CH 2 DOH with respect to CH 3 OH in HOPS-108 compared to isolated hot corinos where the CH 3 OH column density was derived using one of its secondary isotopologues (see Sect. 4.2.2).

	Perseus Sources
	Serpens Sources
	IRAS 16293
	Other Sources
	OMC-2 FIR 4
	All the sources are Class 0: IRAS 2A, IRAS 4A2 (Taquet et al. 2015, 2019), B1-c, S68N (van Gelder et al. 2020), HH212 (Bianchi et al. 2017), L483 (Jacobsen et al. 2019), IRAS 16293 A (Manigand et al. 2020), IRAS 16293 B (Jørgensen et al. 2016, 2018), and HOPS-108 in OMC-2 FIR 4 (this work).

Table A .

 A  

	Molecule	Transition	ν a	E up	a	g up	a

  3,19 -21 4,18 EE 246.4504 149.

	CH 3 COCH 3 CH 3 COCH 3 CH 3 COCH 3 CH 3 CHO d CH 3 CHO d CH 3 CN f CH 3 CN f 13 CH 3 CN 13 CH 3 CN 13 CH 3 CN C 2 H 5 CN	c c c	6 720 22 4,19 -21 4,18 EE 246.4504 149.6 720 22 3,19 -21 3,18 EE 246.4504 149.6 720 22 4,19 -21 3,18 EE 246.4504 149.6 720 12 3,10 -11 3,9 E 231.7487 92.5 50 12 3,9 -11 3,8 E 231.8475 92.6 50 14 1 -13 1 257.5224 99.8 58 14 0 -13 0 257.5274 92.7 58 13 3 -12 3 232.1949 142.4 108 13 1 -12 1 232.2298 85.2 54 13 0 -12 0 232.2341 78.0 54 26 3,24 -25 3,23 232.7900 161.0 53	58.2 1.2 0.81 58.6 39.4 39.4 147 148 102 107 108 105	2.6 ± 0.1 3.9 ± 0.8 3.1 ± 0.4 4.6 ± 0.1 3.9 ± 0.1 2.5 ± 0.3 2.4± 0.3 2.4 ± 0.4 3.3 ± 0.8	3.64 1.46 2.26 18.2 19.05 3.51 3.34 3.35 1.44	10.3 ± 0.5 12.2 ± 0.1 5.7 ± 0.9 12.4 ± 0.4 7.5 ± 1.0 13.1 ± 0.2 89.2 ± 2.1 12.3 ± 0.1 81.8 ± 2.7 12.3 ± 0.1 9.4 ± 1.1 12.5 ± 0.1 8.4 ± 1.1 12.2 ± 0.2 8.5 ± 1.3 12.3 ± 0.2 5.0 ± 1.1 12.3 ± 0.4
	C 2 H 5 CN c C 2 H 5 CN c		26 10,16 -25 10,15 26 10,17 -25 10,16	232.9623 262.0 232.9623 262.0	53 53	91.2 91.2	2.3 ± 0.6	1.98	4.8 ± 1.0	12.4 ± 0.2
	C 2 H 5 CN c C 2 H 5 CN c		26 9,17 -25 9,16 26 9,18 -25 9,17	232.9675 240.9 232.9675 240.9	53 53	94.2 94.2	2.8 ± 0.7	1.61	4.8 ± 1.0	12.4 ± 0.3
	C 2 H 5 CN c C 2 H 5 CN c		26 11,15 -25 11,14 26 11,16 -25 11,15	232.9755 285.2 232.9755 285.2	53 53	87.9 87.9	1.6 ± 1.0	2.15	3.7 ± 0.8	12.3 ± 0.1
	C 2 H 5 CN c C 2 H 5 CN c		26 8,19 -25 8,18 26 8,18 -25 8,17	232.9987 222.0 232.9987 222.0	53 53	96.9 96.9	2.7 ± 0.4	2.29	6.7 ± 0.9	12.7 ± 0.2
	C 2 H 5 CN c C 2 H 5 CN c		26 7,20 -25 7,19 26 7,19 -25 7,18	233.0693 205.4 233.0693 205.4	53 53	99.4 99.4	2.7 ± 0.5	2.73	7.8 ± 1.2	12.5 ± 0.3
	NH 2 CHO NH 2 CHO f		11 2,10 -10 2,9 12 1,12 -11 1,11	232.2736 243.5210	78.9 79.2	23 25	88.2 105	3.5 ± 0.4 1.7 ± 0.2	2.56 5.71	9.6 ± 1.0 10.1 ± 0.9	12.0 ± 0.2 13.0 ± 0.1

  • Institution Newsletters ○ If the local institution has a regular newsletter, ESR's can contact the organisers to advertise the completed VR project, including links to the VR webpage. We can create universal press releases (translated by ESR's if needed) in order to reduce workload demand.

__________________________________________________

Innovative Training Networks (ITN) Astro-Chemical Origins (ACO)

Star with mass M ≤ 8 M ⊙ .

The non-thermal motions inside filaments are defined as follows: subsonic (σ NT /c s (T K ) ≤1), transonic (1< σ NT /c s (T K ) ≤ 2) and supersonic (σ NT /c s (T K ) > 2), where σ NT is the line-of-sight non-thermal velocity dispersion and c s (T K ) is the local thermal sound speed of H 2 , given as c s (T K ) = k B T K µ (H 2 ) m p for an isothermal medium(Hacar 

et al. 2018, 2022).3 Nevertheless, it has been proposed that molecular clouds may be in a regime of global hierarchical collapse (GHC). In this regime, all size scales are contracting gravitationally, and accreting from their parent structure(Vázquez-Semadeni et al. 2019).

These values have some caveats: 1. they might be due to observational bias, as the larger discs are easier to detect than smaller ones, 2. it has been suggested that sub-millimetre continuum measurements may underestimate the true disc size (e.g.[START_REF] Ansdell | [END_REF]Najita & Bergin 2018) 

https://aco-itn.oapd.inaf.it/home
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http://www.iram.fr/IRAMFR/GILDAS/

The maps were integrated between the following ranges: 7.4 and 15.4 km s -1 for C 18 O, -0.2 and 24.4 km s -1 for CS, -6.2 and 24.4 km s -1 for SiO, 3.4 and 19.4 km s -1 for CH 3 OH, 7.6 and 23.6 km s -1 for CH 3 CN, 1.5 and 21.8 km s -1 for H 13 CN,

and 21.4 km s -1 for HC 3 N, and 2.1 and 20.6 km s -1 for CCH.

aco-info@univ-grenoble-alpes.frCall: H2020-MSCA-ITN-2018 Type of action: MSCA-ITN-ETN

Grâce aux observations ALMA à haute résolution, j'ai analysé la distribution spatiale de la poussière et de huit traceurs moléculaires différents sondant des structures étendues à haute densité (par exemple CH 3 OH, CS) et des chocs (SiO) à l'intérieur d'un rayon de 8000 au. Les structures filamentaires entrelacées ont été détectées avec tous les traceurs de haute densité, et certaines d'entre elles ont également été vues avec SiO. L'analyse de la dynamique du gaz a montré que chaque structure filamentaire a une vitesse distincte, montrant également des mouvements transsoniques et supersoniques. L'émission SiO a mis en évidence la présence de
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Appendix A: Line Parameters

Appendix B: Figures

For each studied molecule, we provide a sample of spectra of the detected lines. The transitions of CH 3 CHO, CH 3 OCH 3 , and CH 18 3 OH that were slightly contaminated by either HCOOCH 3 or C 2 H 5 CN (by <20% of the total line flux) are reported together with the expected intensities of the contaminating lines. The corresponding intensities were obtained with the LTE model of the CLASS software using the column densities and rotational temperatures obtained in our analysis, and they were removed after from the CH 3 CHO, CH 3 OCH 3 , and CH 18 3 OH lines using the 'subtract' command in CLASS.

Appendix A: Spectra

We report in 

Appendix B: Jet simulation

In this section, we describe the simulation that we have performed to verify that the narrow opening angle of the jet is not the result of interferometric filtering. We first created rectangular structures with a fixed length and different widths between 1/6 and 10 times the size of the synthesised beam (∼0. 05-3. 2). The interferometric response to each structure was determined by entering the visibilities corresponding to each structure into the SiO jet uv-table. The visibility weights were kept unchanged. To investigate the influence of thermal noise on the image reconstruction, Gaussian noise was added to the visibilities according to their weights. Finally, the uv-table of each structure was Fourier-transformed to produce a dirty map, and was then cleaned (5 mJy beam -1 km s -1 top, and 8 mJy beam -1 km s -1 bottom). The cores are depicted with magenta stars and are labelled in black. The synthesised beam is depicted in the lower left corner. We draw one arrow from HOPS-370 perpendicular to its disk. The beam, maximum recoverable angular scale (MRS), and velocity resolution values are reported in the bottom right panel.

A6, page 16 of 18 2022), and the Genoa Science Festival (October 2022). The project will also be presented at the ACO Congress in Toulouse (June 2023). In the next pages, I present the project document, which includes the goals, objectives, and the different steps of the virtual reality experience. The latter will be offered for free download on the Oculus AppLab store under the name "ACO Water Experience". _________________________________________________________________________________ the experience by using a quick "yes or no" digital survey made available on a mobile phone or a tablet after the end of the experience.

We think that this plan will allow us to provide an impact study of the ACO VR experience that will be both economical in terms of time invested and meaningful in terms of knowledge derived from it.

Specific actions

1. Annual participation in at least one science festival, one in Italy (Genova Science Festival) and possibly another one in the UK.

Quantitative measurable impact:

We aim to reach at least 1000 young people (15 -34 years old) in at least one of these countries. 2. Participation in two European Researchers' Night (ERN): One in Italy (Perugia or Padova) and another one in a country belonging to the ACO consortium.

Quantitative measurable impact:

Considering the number of people attending the different ERNs, we again aim to reach at least 1000 young people). 3. Presentation in our Institutes during "open day"occasions with the help of responsible local public engagement. The VR experience will be in English, while the project's presentation to the public (for example in INAF open day) will be done in the local language. 4. We would also build an educational activity for secondary school students -in the UK and/or in international schools in other countries -with the VR experience at its core (for a WOW effect) 5. Presentation during the ACO 2023 Conference in Toulouse _________________________________________________________________________________ 6. A final interactive VR activity will focus on throwing the assembled bodies towards a dry-looking Earth, to create the oceans and explain the context. Estimated duration of the experience: 2-3 minutes.

7. An Outro video will play to show Earth as it is today and end the experience.

Estimated duration of the video: maximum 0,5 or 1 minute.

TOTAL DURATION OF THE WHOLE EXPERIENCE: from 9 to 13,5 minutes

Deliverables

The main parts of the product are:

1. Presentation of the experience 2. The VR experience (three different activities).

3. The videos in the whole VR experiment (four different videos). We will have also -Promotional material such as flyers or gadgets (to be implemented by the ESRs in charge of this task) -Educational material Tasks: The tasks table (with precise assignments) and timeline are provided in separate documents Languages : English and Spanish. For the introductory video, subtitles in several languages will be provided ○ These newsletters can also be used to advertise any locations/events where the project will be presented, with emphasis on any local presentations.

• Institute Events

○ Any local science or space related events (e.g. space week/institute open days) should be targeted for a "light" presentation. This could be a poster about the project. Again, we can create a universal poster that individual ESR's can edit to fit their institution (logos/language). ○ Some universities have podcasts (e.e Jodcast, University of Manchester) which local ESR's can contact regarding the project. Le voyage des nuages aux étoiles et aux planètes se fait à différentes échelles, et la compréhension de sa physique et sa chimique est difficile (section 1.2). Chaque phase, chaque étape, soulève de nouvelles questions qui n'ont pas encore trouvé de réponse. Et si l'on ajoute à cela la question de la vie et des origines, le problème sera aussi difficile à résoudre que la légendaire question six en mathématiques. Par conséquent, pour révéler les secrets de la vie sur Terre, il est important de remonter le temps et d'étudier chacune des premières étapes de la formation d'une étoile et d'un système planétaire.

International Actions

Comme le montre la section 1.3, notre jeune Soleil n'était pas isolé, mais plutôt né dans un amas d'étoiles très dense. Ce protocluster est situé à proximité d'étoiles massive qui l'ont irradié avec un fort champ UV. De plus, on pense que le protocluster hôte de notre jeune Soleil a été soumis à une irradiation interne de particules énergétiques protostellaires (≥10 MeV), dont l'empreinte est visible aujourd'hui dans les produits de radionucléides à courte durée de vie dans le matériel météoritique. Cela soulève naturellement la question suivante : Toutes ces conditions sont-elles responsables de la chimie unique qui donne naissance à la vie ? Néanmoins, il faut d'abord répondre à de nombreuses autres questions pour avoir une réponse à celle-ci. Dans cette thèse, je me concentre principalement sur deux d'entre elles :

1. La chimie des hot corinos est-elle influencée par les conditions physiques de leur environnement ?

2. Comment les conditions physiques de l'environnement (processus internes et/ou externes) façonnent et modifient la matière au sein d'un protocluster de formation d'étoiles ?

Question 1 (Objectif 1) : L'impact de la physique sur la chimie des hot corinos Avant le début de cette thèse, les hot corinos étudiés étaient soit isolés, soit nés dans des protoclusters peu denses. Cependant, notre jeune Soleil est né dans des conditions complètement différentes, et on ne sait toujours pas si ces conditions ont façonné la chimie de ses premiers stades de formation. Cette question ne peut être résolue que si les hot corinos situés dans un environnement de naissance similaire à celui du Soleil sont étudiés.

Dans ce contexte, le premier objectif de cette thèse était de comprendre l'impact des conditions physiques sur la chimie des hot corinos en étudiant un hot corino né dans un environnement plusieurs caractéristiques de chocs en arc à l'ouest du protocluster et a révélé pour la première fois un jet collimaté ondulant provenant de la proto-étoile VLA15. De plus, une dichotomie spatiale entre l'émission SiO et CH 3 OH a également été observée au sein du protocluster, où SiO domine la région occidentale et CH 3 OH domine la région orientale. J'ai étudié les processus qui pourraient expliquer la mise en forme de la matière, les structures filamentaires formées et leur transformation. J'ai conclu que ces structures sont très probablement liées à celles observées à plus grande échelle, mais que la rétroaction protostellaire a modifié leur cinématique. En ce qui concerne le jet d'HOPS-370, j'ai proposé qu'il n'ait eu qu'un impact tangentiel sur FIR4, ce qui a provoqué les chocs d'arc observés, mais n'a pas affecté de manière significative la matière au sein du protocluster.

Cette étude a mis en évidence l'importance des observations multi-échelles pour comprendre les processus d'accrétion et le flux de matière qui façonnent la formation des étoiles au sein des amas protostellaires comme OMC-2 FIR 4.

Remarques finales

Ce qui compte vraiment au final, c'est d'ajouter au moins une pièce au "puzzle des origines" en répondant aux questions auxquelles j'ai entrepris de répondre.

En ce qui concerne la première question de la thèse, j'ai montré que les conditions physiques de l'environnement pouvaient jouer un rôle dans la modification de la chimie des hot corinos. Cela se traduit par l'augmentation de certaines molécules et par le rapport de deutération, qui dépend des températures du nuage moléculaire parental aux premiers stades de son évolution. J'ai également souligné l'importance des calculs chimiques théoriques pour améliorer le réseau réactionnel disponible, ce qui est crucial pour mieux interpréter les résultats d'observation et comprendre les processus conduisant au changement des abondances moléculaires.

Concernant la deuxième question de la thèse, j'ai révélé les structures filamentaires non résolues auparavant au sein d'un protocluster de masse intermédiaire. J'ai montré que la dynamique de ces structures pouvait être modifiée par des processus internes et/ou externes, tels que la rétroaction protostellaire, les jets et les vents des régions Hii. J'ai également souligné l'importance des études à haute résolution et à l'échelle sub-parsec pour comprendre comment les régions en amas de formation d'étoiles pourraient évoluer.

Pour conclure, les conditions physiques environnementales peuvent avoir un impact important sur la chimie protostellaire, la formation stellaire et la forme de la matière au sein des amas protostellaires. Il est cependant crucial de multiplier les études statistiques sur les proto-étoiles et les structures filamentaires à l'échelle du système solaire, dans d'autres représentants de l'environnement de naissance du Soleil, pour tirer des conclusions définitives.

V. Perspectives

Cette thèse a ajouté quelques ingrédients à la recette de l'impact environnemental sur la chimie des hot corinos et l'évolution des amas protostellaires. Néanmoins, de nombreux secrets restent cachés, et un long voyage nous attend. Dans ce qui suit, je présente quelques idées pour continuer à suivre les traces de l'évidence, dans les longues investigations astrochimiques.