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Black holes ain't as black as they are painted. They are not the eternal prisons they were once thought. Things can get out of a black hole both on the outside and possibly to another Universe. So if you feel you are in a black hole, don't give up. There's a way out.

The study of fractionation, which, as we will explore, focuses on the investigation of ratios between the abundances of different isotopologues, is one that can bring together scientists from multiple fields in order to answer big questions. Fractionation can be used to detect telltale fingerprints of specific chemical processes occurring throughout star formation. By linking together these stages, fractionation is key to unveiling the origins of life by uncovering the chemical history of important vital molecules and their precursors.

In this thesis, I will present the results of two studies focusing on measuring the fractionation ratios of two of the most abundant and important elements in the star formation process: hydrogen (deuteration) and nitrogen. The research presented here also details my contributions towards two Large Project collaborations using interferometric data. To this end, I analysed NOEMA observations of OMC-2 FIR4, believed to represent one of the best analogues of the star-forming environment of our young proto-Sun. Using radiative transfer techniques, I measured the nitrogen fractionation of multiple N-bearing species at an unprecendented small scale towards this source, enabling the first comparison between species that are believed to exhibit differing fractionation behaviour and, along with this, search for evidence of fractionation mechanisms occurring in this source. The results showed that, as would be expected in such an embedded source, fractionation is not occurring at the scales probed, therefore reinforcing the current picture of nitrogen fractionation and gives an idea of the chemistry that may have occurred in a young proto-Solar environment [START_REF] Evans | SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4[END_REF]).

In addition, I led analysis of H 2 CO ALMA observations towards the protobinary [BHB2007] 11, obtaining the first ever measurement of the deuteration ratio in this source. My results suggest that the dynamic nature of this source is affecting the deuteration mechanism at play for organic molecules representing the precursors to complex species vital for life, reinforcing suggestions that the local heating effect resulting from dynamic interactions involving the quiescent local gas is contributing to dust grain sublimation of organics along with their deuterated isotopologues.
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Abstract[FR]

L'étude du fractionnement qui, comme nous le verrons, se concentre sur l'étude des rapports entre les abondances des différents isotopologues, peut rassembler de manière unique des scientifiques de plusieurs domaines afin de répondre à de grandes questions. Fractionnement peut être utilisé pour détecter les empreintes révélatrices de processus chimiques spécifiques qui se produisent tout au long du processus de formation des étoiles. En reliant ces étapes entre elles, le fractionnement est essentiel pour dévoiler les origines de la vie en découvrant l'histoire chimique d'importantes molécules vitales et de leurs précurseurs.

Dans cette thèse, je présenterai les résultats de deux études axées sur la mesure des rapports de fractionnement de deux des éléments les plus abondants et les plus importants dans le processus de formation des étoiles : l'hydrogène (deutération) et l'azote. La recherche présentée ici détaille également mes contributions à deux collaborations du Grand Projet en utilisant les données interférométriques. À cette fin, j'ai analysé les observations NOEMA de l'OMC-2 FIR4, censé représenter l'un des meilleurs analogues de l'environnement de formation d'étoiles de notre jeune proto-Soleil. En utilisant des techniques de transfert radiatif, j'ai mesuré le fractionnement de l'azote de plusieurs espèces contenant de l'azote à une petite échelle sans précédent vers cette source, permettant la première comparaison entre des espèces qui sont censées présenter un comportement de fractionnement différent et, parallèlement, la recherche de preuves de mécanismes de fractionnement se produisant dans cette source. Les résultats ont montré que, comme on pourrait s'y attendre dans une telle source intégrée, le fractionnement ne se produit pas aux échelles étudiées, ce qui renforce l'image actuelle du fractionnement de l'azote. et donne une idée de la chimie qui a pu se produire dans un jeune environnement protosolaire [START_REF] Evans | SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4[END_REF].

En outre, j'ai dirigé l'analyse des observations H 2 CO Observations ALMA vers la protobinaire [BHB2007] 11, obtenant la toute première mesure du rapport de deutération dans cette source. Mes résultats suggèrent que la nature dynamique de cette source affecte le mécanisme de deutération en jeu pour les molécules organiques représentant les précurseurs d'espèces complexes vitales pour la vie, renforçant les suggestions selon lesquelles l'effet de chauffage local résultant d'interactions dynamiques impliquant le gaz local au repos contribue à la sublimation des grains de poussière des matières organiques ainsi que de leurs isotopologues deutérés.
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Introduction [FR]

Le fractionnement moléculaire est largement utilisé pour suivre et comparer les différentes étapes de la formation des étoiles. Dans cette thèse, nous nous concentrerons plus spécifiquement sur les noyaux protostellaires, qui représentent des objets composés d'une proto-étoile centrale récemment allumée, d'un disque d'accrétion environnant et d'une enveloppe diffuse et, comme nous le verrons, d'une variété d'autres caractéristiques dynamiques. Cette étape présente une grande diversité en fonction des sources qui ont été identifiées et étudiées dans le passé, cette diversité étant souvent mise en évidence (et même découverte) par le large éventail de processus chimiques impliqués ; le fractionnement isotopique en est un bon exemple. Les observations par antenne unique qui ont été obtenues jusqu'à présent à une résolution angulaire inférieure à celle des observations interférométriques constituent une bonne base, mais des paramètres tels que la température et la densité peuvent être mal représentés. Ceci est dû au fait que ces observations ne peuvent mesurer ces paramètres qu'en tant que valeurs moyennes sur la zone qui est résolue ; en raison de la résolution angulaire limitée des observations à antenne unique, cette zone est grande (par exemple, pour des observations de 1,3 mm à l'aide d'un télescope à un seul plat de 30 m de diamètre, le faisceau aurait une résolution angulaire de 10,9" et donc, pour un nuage situé à une distance typique de 100 pc, les observations permettraient de résoudre une distance de l'ordre de 1000 au) et peut donc cacher des gradients dans ces paramètres qui se produisent et peuvent affecter le processus de fractionnement et la chimie qui en résulte à l'échelle du disque (de l'ordre de 10 au). Les observations interférométriques peuvent fournir une résolution angulaire beaucoup plus élevée que les observations paraboliques (sub-arcsec par rapport à arcsec, respectivement). Toutes les données présentées dans cette thèse ont été obtenues à l'aide d'interféromètres à haute résolution spatiales (∼ 50 au), permettant l'exploration des objets cibles révélant potentiellement pour la première fois de nouveaux aspects de la chimie du fractionnement en cours. Ainsi, nous avons étudié au cours de cette thèse les processus de fractionnement se produisant dans deux sources protostellaires qui illustrent et représentent la diversité caractéristique de ce stade évolutif, l'une étant un système protobinaire et l'autre un proto-amas qui peut être comparé à notre propre système solaire dans son environnement primordiale. En tant que telle, cette diversité permet d'étudier de nombreuses questions ouvertes liées à la deutération et au fractionnement de l'azote, notamment les effets de réservoirs chimiques multiples et de la sublimation des grains de poussière sur les rapports de fractionnement des espèces abondantes dans l'environnement de formation des étoiles.

Cette thèse fait partie intégrante de l'Innovative Training Network (ITN) "AstroChemical Origins" (ACO ; PI : C. Ceccarelli), financé dans le cadre de l'Action Marie Sk lodowska Curie (ASCM), convention de subvention n°811312, dans le cadre d'Horizon 2020. La synergie est une collaboration entre treize bénéficiaires et huit organisations partenaires dans quatre pays (France, Italie, Royaume-Uni, Espagne). Le projet ACO a deux objectifs primordiaux :

1. Dévoiler l'histoire ancienne du système solaire, en utilisant la composition chimique des systèmes planétaires de type solaire actuellement en formation et en la comparant à celle des corps primitifs du système solaire, 2. Former une nouvelle génération de chercheurs capables de s'attaquer à ce problème hautement interdisciplinaire, en leur fournissant un large éventail de compétences transférables, y compris la capacité à communiquer la science à un large public.

Dans le cadre du deuxième objectif, 17 chercheurs en début de carrière (ESR) ont été recrutés pour lesquels la recherche vers le projet ACO constitue la base de leur thèse de doctorat. Les ESR sont répartis en quatre "Work Packages" (WP) interconnectés, qui forment une synergie collaborative et illustrent l'approche interdisciplinaire adoptée par ACO pour atteindre son objectif scientifique global. Ces quatre WPs travaillent globalement vers les objectifs suivants :

• Améliorer les capacités de détection des récepteurs radio/millimétriques, afin d'observer les sources faibles et les molécules de faible abondance,

• Constituer une base de données importante et homogène d'observations spectrales astronomiques, afin de déduire la composition chimique des systèmes de type solaire en formation en fonction de l'évolution et de l'environnement,

• Comprendre les processus chimiques dans les conditions interstellaires exotiques par le biais de calculs de chimie quantique ad hoc et d'expériences en laboratoire, afin d'établir un réseau fiable de réactions se produisant dans les systèmes de type solaire en formation,

• Développer des modèles et des outils astrochimiques sophistiqués, en utilisant des techniques modernes afin de prédire la composition chimique des systèmes planétaires de type solaire en formation et de la comparer aux observations, pour finalement construire un nouveau modèle pour la nébuleuse proto-solaire.

Ma thèse fait partie du second groupe, qui se concentre sur les observations astrochimiques de plusieurs programmes d'observation pour en extraire la composition moléculaire des noyaux préstellaires, des corinos chauds, des jeunes disques protoplanétaires et des chocs moléculaires, afin de construire une base de données observationnelle unifiée.

Chapitre 1 fournira le contexte en présentant le contexte astronomique et chimique du fractionnement, Chapitre 2 présentera le contexte de nos méthodes observationnelles et analytiques, tandis que les chapitres 3 et 4 détailleront deux nouvelles études de fractionnement entreprises vers nos deux sources protostellaires. Les questions fondamentales auxquelles cette thèse tente de répondre dans les Chapitres 3 et 4 sont présentées cidessous :

1. Comment se compare le comportement de fractionnement entre deux des espèces azotées les plus abondantes censées représenter les deux réservoirs d'azote distincts dans un analogue proto-solaire ?

2. Un système intégré représentant l'un des analogues les plus proches de l'environnement protosolaire présente-t-il des signes de photodissociation sélective à petite échelle ?

3. Comment le rapport de deutération d'un système protobinaire dynamique se comparet-il à ceux mesurés dans des sources similaires ?

Nous allons maintenant présenter les deux sources protostellaires qui ont fait l'objet des deux études de fractionnement présentées dans cette thèse.

OMC-2 FIR4 est un objet de classe I situé dans le nuage moléculaire d'Orion : six sources de continuum ont été observées dans ce proto-amas (Tobin et al. 2019). Un niveau accru de rayonnement dû aux particules énergétiques incidentes a été mis en évidence par de multiples mesures remarquablement cohérentes du taux d'ionisation local des rayons cosmiques [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Fontani et al. 2017, Favre et al. 2018). On pense que OMC-2 FIR4 a en commun avec le système solaire primitif sa nature de protocluster et son niveau d'irradiation, car le jeune Soleil est probablement né dans un (proto-)amas riche (par exemple Adams 2010) et a probablement été irradié par des niveaux accrus de particules de haute énergie (par exemple Gounelle et al. 2013). Cela fait de OMC-2 FIR4 l'un des analogues proto-solaires les plus proches actuellement connus et donc une cible idéale pour relier l'étude du fractionnement à notre propre histoire astrochimique. L'un des ensembles de données utilisés pour cette étude fait partie du grand projet NOEMA Seeds of Life In Space (SOLIS; PI : C. Ceccarelli et P. Caselli). Nous utilisons également des données d'archives (PI : F. Fontani) consistant en des observations ALMA vers OMC-2 FIR4 ciblant N 2 H + , l'une des espèces les plus abondantes contenant de l'azote dans cet environnement, ainsi que ses 15 N-et D-isotopologues. Ces données ont été publiées pour la première fois dans Fontani et al. 2020 et représentent la première étude interférométrique du fractionnement 14 N/ 15 N vers cet objet. Notre travail à l'aide de ces ensembles de données est présenté dans Chapitre 3 et représente la première étude interférométrique du fractionnement 14 N/ 15 N de deux des espèces azotées les plus abondantes dans cet environnement, s'appuyant sur les études précédentes du fractionnement de l'azote vers OMC-2 FIR4. En particulier, Kahane et al. (2018) a mesuré les rapports 14 N/ 15 N et 12 C/ 13 C pour la première fois dans cette source, tandis que Fontani et al.

(2020) a publié les premiers résultats de 14 N/ 15 N et D/H pour cette source en utilisant des données interférométriques à haute résolution spatiale. Nous étudions l'ampleur de l'effet de la photodissociation localement sélective sur le fractionnement de deux espèces abondantes contenant de l'azote, considérées comme des pools chimiques distincts. Nos observations sont cruciales à cet égard car seuls les interféromètres peuvent atteindre la résolution angulaire requise pour étudier ces processus à l'échelle de la formation des étoiles (de l'ordre de 10 au).

[BHB2007] 11 fait partie d'un groupe de jeunes objets stellaires situés dans le nuage moléculaire Barnard 59. Comparé à OMC-2 FIR4, [BHB2007] 11 est un objet encore peu étudié. Cependant, il a été déterminé que la source consiste en un disque entouré d'une enveloppe diffuse avec un écoulement bipolaire symétrique lancé loin du centre du disque [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]. Plus tard, des observations à plus haute résolution spatiales ont révélé que le disque contenait un système protobinaire. Chaque proto-étoile est entourée d'un disque circumstellaire, avec un disque circumbinaire entourant l'ensemble du système. À plus petite échelle (de l'ordre de 10 au), des observations dans le continuum à 1,3 mm ont révélé la présence d'un matériau filamentaire entourant le système protobinaire [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]. Les proto-étoiles sont séparées de 0,2" (∼ 28 au), ce qui souligne le besoin d'observations interférométriques afin d'obtenir une résolution suffisante pour des investigations à de si petites échelles. Pour cette étude, les observations du programme ALMA Fifty AU STudy of the chemistry in the disk/envelope system of Solar-like protostars (FAUST; PI : S. Yamamoto) ont été utilisées. Dans Chapitre 4, nous présentons la première étude de la deutération dans [BHB2007] 11, en nous appuyant sur les travaux publiés dans [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], dans lesquels il a été montré que les points chauds et denses de cet objet sont fortement enrichis en méthanol. Le chauffage local ayant des ramifications pour la sublimation des grains de poussière, qui est le lieu de la formation et de la deutération du formaldéhyde et du méthanol, cela pourrait potentiellement affecter les rapports D/H dans cette source vers des molécules organiques qui forment la base d'espèces vitales plus complexes. Dans ce travail, nous présentons également la première analyse cinématique du matériau du streamer en direction de cet objet, tel qu'il a été tracé à l'aide de nos observations de formaldéhyde, ce qui, en fonction des résultats, pourrait nous permettre de déduire des liens entre la cinématique du système dynamique [BHB2007] 11 et la chimie de fractionnement observée. Ce travail en cours pourra servir de base pour poser d'autres questions dans le futur.

Chapter 1 Introduction [EN]

The field of astrochemistry is, by its very nature, an interdisciplinary one. One can see this just by the name: astro -relating to the stars; chemistry -relating to matter. By combining these two, astrochemistry is simultaneously the study of the very large and the very small and, as we will see, it has the power to unlock the secrets of the Universe. In this thesis, we will explore this in detail through the study of fractionation. This important topic within astrochemistry is one of the best examples of how multiple disciplinesastronomy, chemistry, computer modelling -can come together to answer big questions.

Perhaps even the biggest question of all -what is the origin story of all life on Earth? Indeed, what are our astrochemical origins?

In the following sections we will explore both the astronomical and chemical background of this thesis in order to provide context and explain important and relevant concepts.

The Formation of a Solar-type Star: A Point of Light in the Big Empty

The journey of our evolution from the very beginning in the Big Empty to the present day on Earth can be traced back through multiple stages. Figure 1.1 illustrates the five main stages of the formation of a star like our Sun and in this Section we will explore each of these in detail (refer to [START_REF] Shu | The Formation of Cool Stars from Cloud Cores[END_REF]. Through astronomical and chemical research, we can identify molecules and associate their formation with one of these stages, as well as follow their evolution throughout the entire star formation process. In this thesis, we will be placing a particular spotlight on astrochemical fractionation, which will be introduced in detail in Sect. 1.2.

Figure 1.1:

Illustration of the main stages of star formation from prestellar core to planetary system, including the increasingly complex associated chemistry. Taken from [START_REF] Caselli | Our astrochemical heritage[END_REF].

Prestellar Cores: Icy Evolution

The Interstellar Medium (ISM), is primarily composed of hydrogen and, in regions where this is in molecular form (H 2 ), this can accumulate to form molecular clouds. These environments are also known as stellar nurseries as they represent the birthplace of low mass, Sun-like stars -and the beginning of our evolutionary journey.

Prestellar cores represent the first stage of star formation. These starless objects form due to the slow accretion of gas under gravity, leading to very high densities (ρ ∼ 10 5 cm -3 -Keto and Caselli 2008). Due to radiative cooling, prestellar cores are very cold (T ∼ 10 K - [START_REF] Pagani | Depletion and low gas temperature in the L183 (=L134N) prestellar core: the N 2 H + -N 2 D + tool[END_REF] objects and as such this environment provides a very unique laboratory for the formation of simple molecules both in the gas phase and on the surface of dust grains, which we will explore further in Sect. 1.2.

A prestellar core will remain in hydrostatic equilibrium as long as its gravity is balanced by outwards pressure; in this environment, the pressure is made up of magnetic, thermal and turbulent contributions. However, as the gas continues to accrete towards the centre of the prestellar core, the mass will increase until the gravity can no longer be balanced by the outward pressure; ignoring magnetic and turbulent contributions to the pressure, we can define this limit as the Jeans Mass and, once exceeded, the core will begin to collapse under gravity. The formula for the Jeans Mass (M J ) is shown in Eq. 1.1 and demonstrates the dependence of M J on temperature (T ) and density (ρ); additionally, k represents the Boltzmann constant, G is the gravitational constant and m is the mass of the gas particle.

M J =   5kT Gm   3 2   3 4πρ   1 2
(1.1)

The molecular hydrogen at the centre of the collapsing core will eventually regain hydrostatic equilibrium, forming an object extending for a few astronomical units (au -where one au represents the distance between the Earth and the Sun: 1.5×10 11 m) known as the First Hydrostatic Core (FHSC). Initially cool (T ∼ 100 K), this central object will increase in temperature due to the influx of material, eventually leading to ignition, marking the birth of a stellar object -known as a protostar. This marks the transition to the second evolutionary stage of star formation: the protostellar core.

Protostellar Cores: Let the Flames Begin

The protostellar core stage can be divided broadly into two intermediate phases, with less evolved objects known as Class 0 protostellar cores and more evolved objects known as Class I protostellar cores (see Figure 1.2). Class 0 protostellar cores are highly embedded within the surrounding envelope, which contains material inherited from the prestellar core stage and, as such, stretches to approximately 10 4 au. The cold, outer regions dominate the Spectral Energy Distribution (SED; see Figure 1.2). Accretion of this material onto the central object over approximately 10 5 years [START_REF] Evans | The Spitzer c2d Legacy Results: Star-Formation Rates and Efficiencies; Evolution and Lifetimes[END_REF]) eventually forms a flattened circumstellar disk immediately surrounding the protostar. In addition, at this point, the bulk of the material is now in the protostar rather than the envelope, increasing the ability of the light from this protostar to penetrate the envelope. These changes mark the transition to a Class I object as the central protostar is revealed. Excess momentum from this accretion is carried away by high velocity collimated jets and lower velocity diffuse outflows [START_REF] Frank | Jets and Outflows from Star to Cloud: Observations Confront Theory[END_REF]. These can in turn lead to related phenomena such as shocked regions and outflow cavities, leading to complex structures in many cases. As such, the structure of a protostellar core varies widely between individual objects. One example of the diversity that can be exhibited by protostellar cores is the hot corino (HC; [START_REF] Ceccarelli | Extreme Deuteration and Hot Corinos: The Earliest Chemical Signatures of Low-Mass Star Formation[END_REF]) vs warm carbon chain chemistry (WCCC; [START_REF] Sakai | Abundant Carbon-Chain Molecules toward the Low-Mass Protostar IRAS 04368+2557 in L1527[END_REF] structure found in the inner regions (< 10-100 au; [START_REF] Maret | The H 2 CO abundance in the inner warm regions of low mass protostellar envelopes[END_REF][START_REF] Maret | CH3OH abundance in low mass protostars[END_REF]. HCs can be described as a hot region immediately surrounding the protostar and therefore directly heated by it; WCCC refers to objects where carbon chains survive the prestellar collapse and are present in protostellar objects, supported by the sublimation of species such as methane from the dust grains due to heating from the central object. Multiple examples of HC-and WCCC-exhibiting objects have been observed, as well as objects that show evidence of both phenomena [START_REF] Oya | L483: Warm Carbon-chain Chemistry Source Harboring Hot Corino Activity[END_REF]). As will be explored in Sects. 1.2.1.2 and 1.2.2.3, these different phenomena can have profound impacts on the chemistry of the protostellar disk and eventual low mass stellar object.

Accretion in the protostellar core stage continues for approximately half a million years [START_REF] Evans | The Spitzer c2d Legacy Results: Star-Formation Rates and Efficiencies; Evolution and Lifetimes[END_REF]), towards the end of which the outer envelope is completely dissipated by the outflow, jet and protostellar wind activity and accretion slows down. What is left is the protostar and a surrounding protoplanetary disk out to approximately 200 au; the object has now evolved into Class II.

Protoplanetary Disks: Beyond the Invisible

Protoplanetary disks (also referred to as planetary disks), can be subdivided into T Tauri and Herbig Ae/Be disks, with the former representing the Solar-type scenario. The structure of a T Tauri protoplanetary disk has both radial and vertical aspects, with vertical stratification seen going away from the midplane. Protoplanetary disks are also characterised by their distinct temperature profile (see Fig. 1.3): the temperature increases in the plane of the system with proximity to the central object and increases perpendicular to the plane of the system with distance from the central object [START_REF] Dutrey | Physical and Chemical Structure of Planet-Forming Disks Probed by Millimeter Observations and Modeling[END_REF] and references therein). Taken from [START_REF] Kamp | The physical and chemical properties of planet forming disks[END_REF].

Immediately surrounding the central object, the temperature is hot enough to sublimate dust grains, giving rise to a small but completely gaseous disk. Remaining within the plane of the system, as distance from the object increases, the temperature decreases and, as a result, past a point known as the snowline (representing the point where dust grain ice mantles sublimate into the gas phase), the dust grains are coated in ices and the temperature can be as low as 10 K. With increasing distance from the object perpendicular to the midplane, however, the temperature increases due to x-ray and UV radiation originating from the central object and the interstellar region. This gives rise to a warm layer immediately surrounding the midplane where temperatures are between approximately 25 and 100 K, while further still we reach the so-called hot ionised atmosphere which exhibits temperatures of over 100 K and ionised species due to dissociation from the energetic radiation.

The protoplanetary disk phase lasts approximately 10 6 years. Towards the end of this evolutionary stage, the disk surrounding the central object completely dissipates due to gas accretion and dust coagulation [START_REF] Dullemond | Models of the Structure and Evolution of Protoplanetary Disks[END_REF]). The system is now known as a Class III object, where the formation of planetesimals is seen.

Planetary Systems: Towards the Cosmic Dance of Life

The formation of planets begins with the coagulation of small, micrometer-scale dust grains. Evidence of planetary formation during the protoplanetary disk stage has been observed, manifesting as the appearance of rings or "gaps" in the disk surrounding the central object (e.g. ALMA Partnership et al. 2015). These gaps form due to the presence of planetesimal objects which have grown to the point that they can accrete surrounding material from the protoplanetary disk, leading to the gap seen. Planet formation is a very chaotic process, with many planetesimals colliding due to the high density of material [START_REF] Banzatti | Direct Imaging of the Water Snow Line at the Time of Planet Formation using Two ALMA Continuum Bands[END_REF]. Sometimes these collisions lead to the breaking apart of planetesimals, such as the theorised collision between the proto-Earth and the Mars-sized protoplanet Theia, the remnants of which, according to one theory -the Giant Impact Hypothesis -can be seen today in the form of Earth's Moon [START_REF] Cameron | The Origin of the Moon[END_REF]Ward 1976, Canup and[START_REF] Canup | Origin of the Moon in a giant impact near the end of the Earth's formation[END_REF]. However, when these bodies stick together under gravity, they grow in size to form rocky planets (equivalent to Mercury, Venus, Earth and Mars) which may further attract surrounding gas to form primordial atmospheres [START_REF] Wetherill | Accumulation of a swarm of small planetesimals[END_REF][START_REF] Dauphas | The dual origin of the terrestrial atmosphere[END_REF][START_REF] Lammer | Formation of Venus, Earth and Mars: Constrained by Isotopes[END_REF].

Coagulation is much more efficient in the outer regions of the system, past the snowline, as the ice covering the dust grains encourages them to stick upon impact, leading to larger bodies being formed compared to within the snowline (Banzatti et al. 2015, Gundlach and[START_REF] Gundlach | The Stickiness of Micrometer-sized Water-ice Particles[END_REF]. These larger bodies cast a greater gravitational influence over the surrounding material causing more accretion to occur, leading to the formation of gas giants (akin to Jupiter and Saturn) and, in the further reaches, ice giants (similar to Uranus and Neptune); see review by [START_REF] Helled | Giant Planet Formation, Evolution, and Internal Structure[END_REF].

What we are left with in the Solar-like scenario is the formation of a planetary system, consisting of rocky, gaseous and icy bodies, some accompanied by moons of various origins (such as collisions or gravitational capture), some small enough to be known as dwarf planets, all orbiting the stellar object at the centre of the system. In addition to this there are smaller objects, which in our Solar System are collectively known as small bodies.

Small Bodies: A Window to the Past

There are many objects in our Solar System that are left over from the planet formation process and do not form planets, moons or dwarf planets. These are defined as Solar System small bodies. Some are grouped together and orbit the Sun within the plane of the Solar System, such as the bodies of the Asteroid Belt between Mars and Jupiter or the Kuiper Belt beyond Neptune. Others follow more eccentric orbits, such as comets, which carry ice from the outer Solar System in towards the Sun, the heat sublimating the ice to form the distinct cometary tail, before returning to the outer reaches of the system. Comet dust joins other dust particles of a few micrometers in size that are present throughout the system and are collectively known as Interplanetary Dust Particles (IDPs). Further still, there is a cloud of material completely encircling the Solar System, known as the Oort Cloud.

We can divide the cometary population of the Solar System into two families: those in the Kuiper Belt are known as Jupiter Family Comets (JFCs) and have relatively short orbital periods of approximately 20 years; on the other hand, we have the longer period Oort Cloud Comets (OCCs). The origin of these families is still a debated topic. The well-known Nice model for the formation of the Solar System [START_REF] Gomes | Origin of the cataclysmic Late Heavy Bombardment period of the terrestrial planets[END_REF][START_REF] Morbidelli | Chaotic capture of Jupiter's Trojan asteroids in the early Solar System[END_REF][START_REF] Tsiganis | Origin of the orbital architecture of the giant planets of the Solar System[END_REF] postulates that the OCCs were scattered outwards from the inner reaches of the Solar System by the giant planets, particularly Uranus and Neptune, due to a resonance in the orbits of Jupiter and Saturn. Meanwhile, this model predicts that the scattered disk of small bodies known as the Kuiper Belt originated from the migration of Neptune through this area during the formation of the planetary disk. This would mean OCCs formed on average closer to the Sun than JFCs. While this theory has seen agreement with some studies (e.g. [START_REF] Brasser | A two-stage formation process for the Oort comet cloud and its implications[END_REF]), alternative scenarios have also been proposed: e.g. that the members of both families formed from the same population at the same time [START_REF] Brasser | Oort cloud and Scattered Disc formation during a late dynamical instability in the Solar System[END_REF] or that OCCs may have even formed outside the Solar System and were subsequently captured during the formation process [START_REF] Levison | Capture of the Sun's Oort Cloud from Stars in Its Birth Cluster[END_REF]). As we shall see, fractionation studies can provide clues to the origins of comets, which we will explore in Sects. 1.2.1.2 and 1.2.2.3. Meteorites are also classified under the term small bodies in our Solar System. They are defined as debris from Solar System objects which have fallen to Earth. It is believed that most meteorites originate from the Asteroid Belt [START_REF] Morbidelli | Source regions and time scales for the delivery of water to Earth[END_REF], hence representing a different neighbourhood compared to comets. A meteoric subtype that is of particular interest to fractionation study is the carbonaceous chondrite. This is because these are, by definition, believed to have been relatively unaffected by heating processes during the formation of the Solar System -a true window to the past that may still hold chemical footprints made during the formation process (Alexander 2011, Ceccarelli et al. 2014a[START_REF] Cobb | Nature's Starships. I. Observed Abundances and Relative Frequencies of Amino Acids in Meteorites[END_REF]. The material contained within carbonaceous chondrites is divided into insoluble organic matter (IOM) and soluble organic compounds (SOC) and exhibits some of the strongest fractionation enrichments ever measured. IOM, believed to represent the most pristine component, has been shown to exhibit similar properties to those seen in comets, suggesting links in the chemical history of both (Alexander 2011, [START_REF] Cody | Cosmochemistry Special Feature: Establishing a molecular relationship between chondritic and cometary organic solids[END_REF]). We will explore the study of fractionation in these objects in Sects. 1.2.1.2 and 1.2.2.3.

Much like the Moon still bearing the footprints of the Apollo astronauts made over half a century ago, small bodies retain chemical footprints that are imperative to the study of our astrochemical origins, as they are chemically pristine and untouched since the beginning of the planetary system formation (Mumma and Charnley 2011). As such, not only can we study their origins directly through their observation, they also act as a time capsule of the chemistry of our proto-Sun and potentially even further back in time [START_REF] Altwegg | Cometary Chemistry and the Origin of Icy Solar System Bodies: The View After Rosetta[END_REF][START_REF] Drozdovskaya | Prestellar grain-surface origins of deuterated methanol in comet 67P/Churyumov-Gerasimenko[END_REF]. This fact has been exploited in past scientific research: measurements of the deuterium fractionation ratio in small bodies have yielded values that showed close similarities to that of water in our oceans (e.g. [START_REF] Hartogh | Ocean-like water in the Jupiter-family comet 103P/Hartley 2[END_REF]. This has led to the theory that water on Earth was delivered through the impacts of small bodies during the early history of our planet. In this way and many others, using small bodies and fractionation to study our astrochemical origins may unlock clues to answering the biggest question of all: how did life form on Earth?

1.2 Chemical Fractionation:

Leaving Footprints throughout Star Formation

Atomic nuclei consist of protons and neutrons, bound together by the strong nuclear force. The number of protons present in an atomic nucleus defines the chemical element. However, the number of neutrons in a stable nucleus can vary. Atoms that have the same number of protons (i.e. are the same element) but differing numbers of neutrons are known as isotopes. By extension, molecules that differ only in the isotopes of their constituent atoms are known as isotopologues. Fractionation describes the enrichment (i.e. increased relative abundance) of certain isotopologues with respect to others. When expressed as a ratio of isotopic abundances, this is known as the isotopic ratio. The most relevant isotopic ratios to astrochemistry are those that are measured from the isotopologues containing the stable isotopes of the most abundant elements. Namely, these are:

• D/H • 14 N/ 15 N • 12 C/ 13 C • 16 O/ 18 O and 17 O/ 18 O
In this work, we will be focusing on deuteration and nitrogen fractionation (D/H and 14 N/ 15 N, respectively). By studying isotopic ratios, we can get a sense of the chemical processes occurring in an environment. In some cases, isotopic ratios can give us clues about the nature of the source, for example its evolutionary stage. This makes fractionation study an integral part of the astrochemical analysis of an object. In this section, we will introduce the relevant chemistry of both deuteration and nitrogen fractionation as well as their links to the star formation process.

Deuteration:

More than an Astrochemical Clock?

The Origins of Deuteration

Deuterium (denoted D) nuclei have, by definition, a single proton and a single neutron, making this an isotope of the more stable and abundant protium (more commonly referred to simply as hydrogen (H)), which has a single proton and no neutrons.

The only known natural process that could create deuterium in its observed abundance is Big Bang nucleosynthesis. In this process, deuterium was created through nuclear fusion in the first minutes after the Big Bang itself and, while a significant fraction was converted to the much more stable Helium-4 isotope, the expansion of the Universe caused the temperature and density to decrease, preventing any more D from being converted. The abundance of this remaining D is the natural abundance that we observe. This cosmic D/H value has been measured as (2.53 ± 0.03)×10 -5 [START_REF] Cooke | One Percent Determination of the Primordial Deuterium Abundance[END_REF]. Intriguingly, the D/H ratio of water measured in the oceans on Earth is 1.5×10 -4 [START_REF] Lécuyer | The hydrogen isotope composition of seawater and the global water cycle[END_REF], showing a very significant D enrichment of approximately one order of magnitude. Even more intriguingly, this oceanic D/H ratio shows striking similarity to those measured in some small bodies of our Solar System (see Fig. 1.4). This therefore leads to the question, did the life-sustaining water on Earth have its origins elsewhere in the Solar System? This is just one example of the big questions that fractionation studies can raise. 

From Beginning to Now: Deuteration in Star Formation

During the early prestellar core stage (see Sect. 1.1.1) of star formation, the temperature is very low (10 K) and the density is very high (larger than 10 5 cm -3 in the central region). Not only does this cold environment encourage the formation of the deuterated species H 2 D + (first detected by [START_REF] Stark | Detection of Interstellar H 2 D + Emission[END_REF]) through the exothermic isotope exchange reaction [START_REF] Dalgarno | Deuterium fractionation mechanisms in interstellar clouds[END_REF]Lepp 1984, Hugo et al. 2009):

H + 3 + HD ⇀ ↽ H 2 D + + H 2 + ∆E (1.2)
but also these low temperatures and high densities give rise to the depletion of CO due to carbon, oxygen and nitrogen-bearing species as they are frozen out onto the dust grains [START_REF] Caselli | CO Depletion in the Starless Cloud Core L1544[END_REF](Caselli et al. , 2002)). Preferential reaction of the H + 3 ion with CO (Eq. 1.

3) instead of with HD forms HCO + instead of H 2 D + , while the main chemical process through which H 2 D + is destroyed is through reaction with CO (Eq. 1.4) to form DCO + :

H + 3 + CO → HCO + + H 2 , (1.3) H 2 D + + CO → DCO + + H 2 . (1.4)
Therefore, the absence of CO in these environments prevents these reactions from occurring, enabling H 2 D + to react with other non-depleted neutrals and thus encouraging the production of deuterated species via H 2 D + . In fact, we can go even further with the production of D 2 H + (first detected by [START_REF] Vastel | Detection of D 2 H + in the Dense Interstellar Medium[END_REF]) and D + 3 :

H 2 D + + HD → D 2 H + + H 2 + ∆E, (1.5) D 2 H + + HD → D + 3 + H 2 + ∆E. (1.6)
Recombination of any of these deuterated ions with electrons leads to the formation of atomic deuterium, which freezes out onto the dust grains to form part of the ice mantles. Deuteration can also occur on the grain surface through addition reactions.

CO + 2H → H 2 CO (1.7) CO + HD → HDCO (1.8) H 2 CO + 2H → CH 3 OH (1.9) HDCO + HD → CHD 2 OH (1.10) OH + H 2 → H 2 O + H (1.11) OH + D 2 → HDO + D (1.12)
In fact, addition reactions represent the favoured mechanism for the formation (Eq. 1.7; [START_REF] Watanabe | Formation and Deuterium Fractionation of Organic Molecules on Grain Surfaces[END_REF][START_REF] Roberts | A survey of [D 2 CO[END_REF][START_REF] Bergman | Deuterated formaldehyde in ρ Ophiuchi A[END_REF]) and deuteration (Eq. 1.8; [START_REF] Rodgers | Multiply deuterated molecules and constraints on interstellar chemistry[END_REF][START_REF] Taquet | Formaldehyde and Methanol Deuteration in Protostars: Fossils from a Past Fast High-density Pre-collapse Phase[END_REF], Ceccarelli et al. 2014a[START_REF] Fontani | The L1157-B1 Astrochemical Laboratory: Measuring the True Formaldehyde Deuteration on Grain Mantles[END_REF][START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF][START_REF] Manigand | The ALMA-PILS survey: inventory of complex organic molecules towards IRAS 16293-2422 A[END_REF][START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF] of organic molecules such as formaldehyde (H 2 CO). The formation pathway for methanol (CH 3 OH) is believed to be intrinsically linked to the grain surface addition reactions responsible for formaldehyde formation (Eq. 1.9; [START_REF] Menten | Methanol in the Orion region. I. Millimeter-wave observations[END_REF]) and thus it follows that the deuteration pathways are also linked (e.g. Eq. 1.10). These are important molecules; as the simplest interstellar Complex Organic Molecule (iCOM; Ceccarelli et al. 2017), methanol is a chemical precursor to many more complex species that are vital for eventual life. Furthermore, addition reactions are also believed to be responsible for the formation (Eq. 1.11;[START_REF] Hiraoka | Gas-Grain Processes for the Formation of CH 4 and H 2 O: Reactions of H Atoms with C, O, and CO in the Solid Phase at 12 K[END_REF][START_REF] Dulieu | Experimental evidence for water formation on interstellar dust grains by hydrogen and oxygen atoms[END_REF], Oba et al. 2012) and deuteration (Eq. 1.12;[START_REF] Jacq | Deuterated water and ammonia in hot cores[END_REF][START_REF] Furuya | Reconstructing the history of water ice formation from HDO/H 2 O and D 2 O/HDO ratios in protostellar cores[END_REF] of water, another life-sustaining molecule.

All of the introduced deuteration processes associated with the cold prestellar environment are illustrated in Fig. 1.5. The very favourable conditions associated with this stage therefore manifest in extreme deuteration enrichments [START_REF] Dalgarno | Deuterium fractionation mechanisms in interstellar clouds[END_REF]Lepp 1984, Roberts et al. 2003), with up to 13 orders of magnitude previously observed [START_REF] Loinard | Doubly deuterated formaldehyde in star-forming regions: an observational approach[END_REF][START_REF] Parise | First detection of triply-deuterated methanol[END_REF][START_REF] Ceccarelli | Extreme Deuteration and Hot Corinos: The Earliest Chemical Signatures of Low-Mass Star Formation[END_REF]). In fact, the strong association between the cold, early evolutionary stages of star formation and strong deuteration ratios has led to the D/H ratio being useful as an "astrochemical clock". Multiple works support and use this: [START_REF] Crapsi | Observations of L1521F: A highly evolved starless core[END_REF] found a trend between D/H ratio and CO depletion and concluded that starless cores closer to collapse have a higher D/H ratio, [START_REF] Emprechtinger | The N{2}D +/N{2}H + ratio as an evolutionary tracer of Class 0 protostars[END_REF] found a clear anticorrelation between D/H and star formation activity, while Fontani et al. (2020) found a variation in D/H ratio in the protocluster OMC-2 FIR4 and concluded that a range of evolutionary ages is present. As we shall see, deuteration that has occurred during the prestellar core may even survive until the present day, with footprints seen in present Solar System small bodies [START_REF] Drozdovskaya | Prestellar grain-surface origins of deuterated methanol in comet 67P/Churyumov-Gerasimenko[END_REF]. While the inner layers collapse and the object evolves into a protostellar core (see Sect. 1.1.2), the outer layers outside the heating influence of the newly formed protostar remain at approximately 10 K. Therefore, the prestellar core chemistry is inherited and D-enrichments remain very high. Meanwhile, in the inner layers of the core close to the protostar, the temperature increases and the chemistry changes. CO is released back into the gas phase from the dust grains when the temperature surpasses the critical value of approximately 25 K, causing the destruction of H 2 D + , D 2 H + and D + 3 through Eq. 1.3. As a result of this destruction, deuteration through Eqs. 1.2, 1.5 and 1.6 can no longer occur; instead, these deuterated ions collide with neutral species, which have now been released into the gas phase, to form deuterated ionic species such as DCO + (refer to Eq. 1.4) and N 2 D + :

H 2 D + + N 2 → N 2 D + + H 2 .
(1.13)

These eventually recombine with electrons or negative dust grains to form neutral deuterated species, enriching both the gas and grain phases. The sublimation of HDO at this stage has also been shown to provide clues to the temperature and lifetime of the prestellar core stage, with lower temperatures and longer lifetimes inferrable from higher HDO/H 2 O ratios [START_REF] Jensen | ALMA observations of doubly deuterated water: inheritance of water from the prestellar environment[END_REF].

Additionally, other gas phase deuteration pathways exist and become important at the temperatures seen in this protostellar environment. For example, in warm conditions with temperatures above 25 K up to approximately 100 K, the following deuteration mechanism becomes important [START_REF] Millar | Deuterium Fractionation in Dense Interstellar Clouds[END_REF], Roueff et al. 2013[START_REF] Nyman | Infrared vibrational spectra of C 3+ H and its deuterated isotopologues[END_REF]: (1.14) while in colder environments this is prevented by an activation barrier [START_REF] Roberts | Modelling of deuterium chemistry and its application to molecular clouds[END_REF], meaning there is insufficient energy for the reaction to occur. Eq. 1.14 therefore drives water deuteration in warm temperatures. Meanwhile, in environments where the temperature increases past 100 K, iCOMs such as formaldehyde and methanol, heretofore frozen to the dust grain surface, are released into the gas phase with the sublimation of the ice mantles [START_REF] Parise | Detection of doubly-deuterated methanol in the solar-type protostar IRAS 16293-2422[END_REF][START_REF] Parise | First detection of triply-deuterated methanol[END_REF][START_REF] Parise | Testing grain surface chemistry: a survey of deuterated formaldehyde and methanol in low-mass class 0 protostars[END_REF]. This can lead to a very hot, chemically rich environment immediately surrounding the protostar -previously introduced as a hot corino [START_REF] Ceccarelli | Extreme Deuteration and Hot Corinos: The Earliest Chemical Signatures of Low-Mass Star Formation[END_REF], the low mass equivalent of a hot core [START_REF] Kurtz | Hot Molecular Cores and the Earliest Phases of High-Mass Star Formation[END_REF] with iCOMs [START_REF] Cazaux | The Hot Core around the Low-mass Protostar IRAS 16293-2422: Scoundrels Rule![END_REF][START_REF] Bottinelli | Near-Arcsecond Resolution Observations of the Hot Corino of the Solar-Type Protostar IRAS 16293-2422[END_REF][START_REF] Jørgensen | The ALMA Protostellar Interferometric Line Survey (PILS). First results from an unbiased submillimeter wavelength line survey of the Class 0 protostellar binary IRAS 16293-2422 with ALMA[END_REF][START_REF]The Perseus ALMA Chemistry Survey (PEACHES). I. The Complex Organic Molecules in Perseus Embedded Protostars[END_REF][START_REF] Chahine | Organic chemistry in the protosolar analogue HOPS-108: Environment matters[END_REF]) and deuterated organics [START_REF] Parise | Testing grain surface chemistry: a survey of deuterated formaldehyde and methanol in low-mass class 0 protostars[END_REF][START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF] among the species observed. iCOM sublimation can also occur due to non-thermal heating processes which may be triggered by dynamic interactions involving phenomena such as shocks and outflows (e.g. Vastel et al. 2022, Evans et al. in prep.); deuterated species, including iCOMs, have been observed in such environments (Codella et al. 2012, Evans et al. in prep.).

H 2 O + CH 2 D + → HDO + CH + 3 ,
These temperature-dependent deuteration mechanisms are also predicted by models to also occur in protoplanetary disks [START_REF]Warm non-equilibrium gas phase chemistry as a possible origin of high HDO/H 2 O ratios in hot and dense gases: application to inner protoplanetary discs[END_REF]; this has been confirmed by observations towards both T Tauri [START_REF] Huang | H + 3 +H 2 isotopic system at low temperatures: Microcanonical model and experimental study[END_REF][START_REF] Cataldi | Molecules with ALMA at Planet-forming Scales (MAPS). X. Studying Deuteration at High Angular Resolution toward Protoplanetary Disks[END_REF]) and Herbig Ae [START_REF] Salinas | DCO + , DCN, and N 2 D + reveal three different deuteration regimes in the disk around the Herbig Ae star HD 163296[END_REF][START_REF] Cataldi | Molecules with ALMA at Planet-forming Scales (MAPS). X. Studying Deuteration at High Angular Resolution toward Protoplanetary Disks[END_REF] disks. Fractionation studies of protoplanetary disks (see Sect. 1.1.3) are more difficult due to the smaller scales involved; the dissipation of the outer envelope of the protostellar system transforms what was protostellar object stretching out to approximately 8000 au [START_REF] Van Zadelhoff | Numerical methods for non-LTE line radiative transfer: Performance and convergence characteristics[END_REF]) to a protoplanetary system spanning only approximately 200 au. Furthermore, as illustrated in Fig. 1.6, within this small-scale disk lies a characteristic disk structure (refer to Sect. 1.1.3) consisting of both radial and vertical aspects, both of which are associated with distinct temperature profiles. This makes protoplanetary disks much more difficult to observe in the same level of detail as more advanced observational equipment is required. As a result, the state of research into these evolved objects has only been enabled to take off in recent years, with much still to be studied. Indeed, the first deuterated species detected in a protoplanetary disk (DCO + towards the T Tauri disk TW Hya) was found only within the last 20 years [START_REF] Van Dishoeck | Detection of DCO + in a circumstellar disk[END_REF]. Early D/H measurements in the same disk returned values of between 10 -2 increasing outwards to 10 -1 in DCO + and approximately 2×10 -2 in DCN [START_REF] Qi | Resolving the Chemistry in the Disk of TW Hydrae. I. Deuterated Species[END_REF]. Fig. 1.6 represents a snapshot of the rather dynamic protoplanetary disk system. As can be seen, the deuteration of a protoplanetary disk is heavily affected by the temperature profiles described in Sect. 1.1.3. We can subdivide these environments into cold (T < 25 K), warm (25 K < T < 100 K) and hot (T > 100 K), each with their own dominant deuteration mechanism (Aikawa and Herbst 1999b, [START_REF] Willacy | The Importance of Photoprocessing in Protoplanetary Disks[END_REF], Aikawa et al. 2002[START_REF] Van Zadelhoff | Axi-symmetric models of ultraviolet radiative transfer with applications to circumstellar disk chemistry[END_REF]).

In the cold midplane, located outside the snowline in the plane of the disk, the conditions resemble temperatures seen in prestellar cores and outer protostellar envelopes. Therefore, we see the same deuteration processes occurring with H 2 D + driving D-enrichments in the gas phase (Aikawa and Herbst 1999a, 2001[START_REF] Qi | Resolving the Chemistry in the Disk of TW Hydrae. I. Deuterated Species[END_REF], resulting in singly, doubly and triply deuterated H + 3 ions; in fact, the higher density of the protoplanetary disk phase (10 11 cm -3 ) means that deuteration here proceeds more efficiently than in earlier evolutionary stages [START_REF] Ceccarelli | Deuterated H + 3 in proto-planetary disks[END_REF]. Meanwhile, similarly to the prestellar core stage, addition reactions are believed to occur on the icy surface of coagulated grains in protoplanetary disks to form deuterated ices [START_REF] Willacy | Deuterium Chemistry in Protoplanetary Disks. II. The Inner 30 AU[END_REF].

As previously introduced, the temperature profile of a protoplanetary disk shows an increase with perpendicular distance from the midplane. The warm environment immediately above and below the midplane has been shown to harbour deuterated water [START_REF] Dominik | Gas-Phase Water in the Surface Layer of Protoplanetary Disks[END_REF], driven by Eq. 1.14. However, this environment is partially affected by incident x-ray radiation from the central source as well as interstellar UV photons [START_REF] Henning | Chemistry in Disks. III. Photochemistry and X-ray Driven Chemistry Probed by the Ethynyl Radical (CCH) in DM Tau, LkCa 15, and MWC 480[END_REF]. Further still, temperatures reach and surpass 100 K in the socalled hot ionised atmosphere, where the radiation from stellar x-rays and interstellar UV photons dissociate deuterated species, producing deuterium atoms and ions [START_REF]Warm non-equilibrium gas phase chemistry as a possible origin of high HDO/H 2 O ratios in hot and dense gases: application to inner protoplanetary discs[END_REF][START_REF] Aresu | Far-ultraviolet and X-ray irradiated protoplanetary disks: a grid of models. II. Gas diagnostic line emission[END_REF]. Another deuteration mechanism becomes important in this high temperature regime as another activation barrier is overcome, specifically the neutralneutral reaction which replaces Eq. 1.14 as the driving force behind water deuteration [START_REF]Warm non-equilibrium gas phase chemistry as a possible origin of high HDO/H 2 O ratios in hot and dense gases: application to inner protoplanetary discs[END_REF]:

HD + O → OD + H, (1.15) OD + H 2 → HDO + H. (1.16)
Incidentally, the D/H ratio of water at around the Earth-forming region (within 3 au of the star) has been calculated to have an upper limit of 10 -2 (Thi et al. 2010), representing a significant enrichment of two orders of magnitude compared to the present-day oceanic value and three orders of magnitude compared to the cosmic value. Similarly, modelling predictions have shown that the D-enrichment of ices in protoplanetary disks exceeds that of the small bodies of our Solar System [START_REF] Willacy | Deuterium Chemistry in Protoplanetary Disks. II. The Inner 30 AU[END_REF].

As previously introduced, a much closer D-enrichment value to that measured in Earth's oceans is found in the small bodies of the present-day Solar System (see Sect. 1.1.5).

For example, the D/H ratio of water found in the JFC 103P/Hartley is approximately the same as the oceanic value of 1.5×10 -4 [START_REF] Hartogh | Ocean-like water in the Jupiter-family comet 103P/Hartley 2[END_REF], while an upper limit of 2.0×10 -4 was found in the JFC 45P/Honda-Mrkos-Pajdusáková [START_REF] Lis | A Herschel Study of D/H in Water in the Jupiter-family Comet 45P/Honda-Mrkos-Pajdušáková and Prospects for D/H Measurements with CCAT[END_REF]). Conversely, ground-and space-based observations have found cometary water to be enriched in deuterium with respect to the oceanic value in multiple OCCs [START_REF] Bockelée-Morvan | Deuterated Water in Comet C/1996 B2 (Hyakutake) and Its Implications for the Origin of Comets[END_REF][START_REF] Meier | A Determination of the HDO/H2O Ratio in Comet C/1995 O1 (Hale-Bopp)[END_REF][START_REF] Biver | Radio wavelength molecular observations of comets C/1999 T1 (McNaught-Hartley), C/2001 A2 (LINEAR), C/2000 WM 1 (LINEAR) and 153P/Ikeya-Zhang[END_REF][START_REF] Villanueva | A Sensitive Search for Deuterated Water in Comet 8p/Tuttle[END_REF][START_REF] Hutsemékers | The 16 OH/ 18 OH and OD/OH isotope ratios in comet C/2002 T7 (LINEAR)[END_REF][START_REF] Weaver | Atomic Deuterium Emission and the D/H Ratio in Comets[END_REF][START_REF] Brown | Experimental and theoretical simulations of ice sublimation with implications for the chemical, isotopic, and physical evolution of icy objects[END_REF][START_REF] Biver | Isotopic ratios of H, C, N, O, and S in comets C/2012 F6 (Lemmon) and C/2014 Q2 (Lovejoy)[END_REF], with ratios up to approximately four times those measured on Earth. This could be seen as supporting the theory of separate formation environments for JFCs and OCCs, however, this is far from conclusive. Indeed, more recently, the Rosetta mission measured the D/H ratio of cometary water sampled from the JFC 67P/Churyumov-Gerasimenko; singly deuterated water shows a D/H ratio that is more than three times that of oceanic water [START_REF] Altwegg | 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio[END_REF][START_REF] Altwegg | D 2 O and HDS in the coma of 67P/Churyumov-Gerasimenko[END_REF] while doubly deuterated water is enriched by two orders of magnitude [START_REF] Altwegg | Cometary Chemistry and the Origin of Icy Solar System Bodies: The View After Rosetta[END_REF]. Meanwhile an OCC, C/2014 Q2 (Lovejoy), has shown the first measured D/H ratio below that of Earth's oceans [START_REF] Biver | Isotopic ratios of H, C, N, O, and S in comets C/2012 F6 (Lemmon) and C/2014 Q2 (Lovejoy)[END_REF]. Recently, [START_REF] Nomura | The Isotopic Links from Planet Forming Regions to the Solar System[END_REF] calculated a weighted average for the D/H ratio of cometary water across 11 comets; this value is (2.1 ± 0.1)×10 -4 , a full order of magnitude higher than the Earth value. In fact, the inconsistency seen between oceanic and cometary D/H ratios in water, particularly in 67P/Churyumov-Gerasimenko, has led some to conclude that cometary delivery was not a major contributor to terrestrial water [START_REF] Altwegg | 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio[END_REF][START_REF]Origins of volatile elements (H, C, N, noble gases) on Earth and Mars in light of recent results from the ROSETTA cometary mission[END_REF]). However, the debate is ongoing; it has since been shown that the water D/H ratio in comets is consistent with those measured in protoclusters but higher than in isolated protostellar systems [START_REF] Persson | The deuterium fractionation of water on solar-system scales in deeply-embedded low-mass protostars[END_REF][START_REF] Jensen | ALMA observations of water deuteration: a physical diagnostic of the formation of protostars[END_REF], 2021). This point may be of particular relevance in the case of the Solar System given evidence that our Sun originated in a protocluster (Adams 2010) and that the eventual D/H ratio may be inherited from earlier stages [START_REF] Jensen | ALMA observations of doubly deuterated water: inheritance of water from the prestellar environment[END_REF]. This is supported by the very strong D/H enrichment of D 2 O in 67P/Churyumov-Gerasimenko which suggests that deuteration occurred prior to the star formation process in the cold interstellar medium [START_REF] Altwegg | Cometary Chemistry and the Origin of Icy Solar System Bodies: The View After Rosetta[END_REF].

The measurement of deuteration ratios in Solar System small bodies is not just important to the study of comet family origins but also the origins of the Solar System itself. As chemically pristine objects, small bodies still show the footprints of the chemistry that took place there in the earliest stages of the star formation process and their isotopic ratios can be used to test theories of the formation pathways of vital chemical species. For example, low D/H ratios found in cometary HDS, NH 2 D and DCN [START_REF] Altwegg | Cometary Chemistry and the Origin of Icy Solar System Bodies: The View After Rosetta[END_REF][START_REF] Drozdovskaya | Prestellar grain-surface origins of deuterated methanol in comet 67P/Churyumov-Gerasimenko[END_REF]) imply that their deuteration occurred at a stage when atomic D was depleted. Therefore, this suggests that these molecules were deuterated as early as the prestellar core stage. Meanwhile, similarly to water, high D/H ratios were also observed in cometary CH 2 DOH, suggesting that deuteration occurred at a time of higher atomic D abundance, most likely just prior to the prestellar core collapse [START_REF] Drozdovskaya | Prestellar grain-surface origins of deuterated methanol in comet 67P/Churyumov-Gerasimenko[END_REF].

Meanwhile, deuteration studies focusing on carbonaceous chondrites (refer to Sect. 1.1.5) have also been undertaken (e.g. Yang and [START_REF]Interstellar organic matter in meteorites[END_REF]. SOC represent the less abundant of the two components, as well as the less pristine [START_REF] Danger | Exploring the link between molecular cloud ices and chondritic organic matter in laboratory[END_REF]. However, studies have measured the D/H ratio in amino acids in these objects to range from approximately (1.7-12.6)×10 -4 ; a correlation is seen between type of amino acid and level of enrichment, suggesting that different parent chemistry is at play, with the more enriched components thought to represent formation in the cold interstellar environment [START_REF] Elsila | Compound-specific carbon, nitrogen, and hydrogen isotopic ratios for amino acids in CM and CR chondrites and their use in evaluating potential formation pathways[END_REF]. Meanwhile, IOM values for the D/H of water have ranged between (1.5-3.7)×10 -4 , hence exhibiting similarities (and slight depletions) relative to the terrestrial value (Alexander 2011). IOM within carbonaceous chondrites also represents the location of the highest measured D-enrichment among primitive Solar System objects: a value of (1.5 ± 0.2)×10 -2 [START_REF] Gourier | Extreme deuterium enrichment of organic radicals in the Orgueil meteorite: Revisiting the interstellar interpretation?[END_REF], which is two orders of magnitude higher than the terrestrial value. As this value was measured in polyaromatic radicals (highly reactive species containing an unpaired electron), this is interpreted as evidence for the deuteration of radicals after the formation of the initial grain (thought to have D/H closer to that of the PSN) triggered by UV illumination from the Sun. This, along with the SOC study, therefore represents yet another example of Solar System formation history that can be uncovered through fractionation study and comparison with small bodies. The variety in the 14 N/ 15 N ratios found across the Solar System and beyond represents one of the biggest mysteries in astrochemistry. The 14 N/ 15 N ratio varies broadly among the objects of the Solar System itself (see Fig. 1.7), from approximately 140 in comets (Manfroid et al. 2009;Mumma and Charnley 2011;Shinnaka et al. 2014), to 50-300 in meteorites (Bonal et al. 2010;Aléon 2010), up to approximately 450 for the solar wind and Jupiter (Marty et al. 2011). This last value is believed to represent the PSN value (Füri and Marty 2015), indicating that comets and other pristine Solar System small bodies are enriched in 15 N. However, the causes of this enrichment and, in particular, their relation to the chemical evolution of the PSN are not yet understood, especially given that, unlike hydrogen isotopes such as deuterium, nitrogen isotopes are not solely produced by Big Bang nucleosynthesis. Rather, the nitrogen isotopic ratio of the local ISM can also be affected by the distance from the Galactic centre (Adande andZiurys 2012, Colzi et al. 2018b), as well as the production of nitrogen in stellar interiors (Romano et al. 2019). From the theoretical point of view, a former, popular explanation for the possible 15 N enrichment at low temperatures (10 K) and high densities (10 7 cm -3 ) was the isotope exchange reactions shown in Eqs. 1.17 and 1.18 [START_REF] Terzieva | The possibility of nitrogen isotopic fractionation in interstellar clouds[END_REF]Herbst 2000, Rodgers and[START_REF] Rodgers | Multiply deuterated molecules and constraints on interstellar chemistry[END_REF], similar to those at the origin of molecular deuterium enrichment in cold dense cores (see Sect. 1.2.1.2):

N 2 H + + 15 N ⇀ ↽ 15 NNH + + N, (1.17) N 2 H + + 15 N ⇀ ↽ N 15 NH + + N. (1.18)
In a great example of the multidisciplinary nature of astrochemistry, the nitrogen fractionation chemical network resulting from these initial exchange reactions was revised due to subsequent experimental [START_REF] Molek | A Remeasurement of the Products for Electron Recombination of N2H+Using a New Technique: No Significant NH + N Production †[END_REF]) and observational [START_REF] Hily-Blant | CN in prestellar cores[END_REF] findings, resulting in the network seen in Fig. 1.8: Subsequently, [START_REF] Wirström | Isotopic Anomalies in Primitive Solar System Matter: Spinstate-dependent Fractionation of Nitrogen and Deuterium in Interstellar Clouds[END_REF] proposed a chemical network that also took into account the different spin states of molecular hydrogen and associated ions. This refers to the differing energies of the molecule when its two protons have parallel (ortho) or antiparallel (para) nuclear spin and can therefore affect nitrogen fractionation pathways involving such species, notably the formation of ammonia (Eqs. 1.19 and 1.20):

N + + 3H 2 → NH + 3 + 3H, (1.19) NH + 3 + e -→ NH 3 .
(1.20) However, recent chemical models have challenged earlier proposed scenarios due to the discovery of activation barriers, which make exchange reactions unlikely to occur at low temperatures (Roueff et al. 2015, Wirström and Charnley 2018, Loison et al. 2019). Notably, even though nitrogen can exist in either atomic or molecular form, exchange between these two forms is predicted to be prevented by an activation barrier at low temperatures (Hily-Blant et al. 2013). It follows that the molecules that originate from each are also distinct and thus representative of their reservoir. We can split these molecules into nitriles (e.g. CN, HCN and HNC) and amines (e.g. NH, NH 2 , NH 3 ), representing the atomic and molecular reservoirs respectively. N 2 H + is also a representative of the molecular reservoir. By extension, this makes it possible for fractionation to propagate differently for species on opposite sides of this division. This, along with other aforementioned modifications, is illustrated in Fig. 1.9: This network, however, cannot explain the depletion observed in N 2 H + (e.g. Bizzocchi et al. 2013; see also Sect. 1.2.2.3). To account for this, it has been proposed that there is an isotopic variation in the reaction rate for the dissociative recombination of N 2 H + to form N 2 and H (Hily-Blant et al. 2020). However, at the time of writing this thesis these reaction rates have yet to be experimentally measured and so this hypothesis remains unconfirmed.

The newer models also rule out significant nitrogen fractionation processes in the most abundant molecules during the chemical evolution of a star-forming core. In fact, significant variations in nitrogen fractionation are theoretically predicted only in extragalactic environments strongly affected by very high fluxes of cosmic rays [START_REF] Viti | [END_REF]. Those predictions are at odds with the large variations in 14 N/ 15 N measured in star-forming cores. In fact, the bulk 14 N/ 15 N ratio in the present-day local interstellar medium has been calculated to be approximately 300 (Adande and Ziurys 2012, Romano et al. 2017, Colzi et al. 2018a), but large differences from the local interstellar value have been measured towards nearby prestellar and protostellar objects, which seems to depend even on the molecule used (e.g. Womack et al. 1992, Bizzocchi et al. 2013, Hily-Blant et al. 2013, 2017, 2020, Daniel et al. 2013, 2016, Guzmán et al. 2017, Redaelli et al. 2018, De Simone et al. 2018). The spread in values becomes even larger when measured towards high-mass star-forming cores (e.g. Fontani et al. 2015, Zeng et al. 2017, Colzi et al. 2018a[START_REF] Colzi | Nitrogen fractionation in high-mass star-forming cores across the Galaxy[END_REF]. These are located in different parts of the Galaxy and hence, in principle, are associated with elementary 14 N/ 15 N ratios that are different from the local one due to the nitrogen isotopic galactocentric trend (Adande andZiurys 2012, Colzi et al. 2018b) expected from nucleosynthesis models (Romano et al. 2017(Romano et al. , 2019)). Indeed, it has been found that the local 14 N/ 15 N ratio measured in HCN increases from approximately 200 towards the Galactic centre to above 400 at a distance of 8 kpc, beyond which the trend becomes flat [START_REF] Colzi | Nitrogen fractionation in high-mass star-forming cores across the Galaxy[END_REF]). However, the measured isotopic fractions cannot be explained solely on the basis of the galactocentric trend [START_REF] Colzi | Nitrogen fractionation in high-mass star-forming cores across the Galaxy[END_REF], Fontani et al. 2021), indicating that local fractionation processes not yet included in the models may be at work.

Moreover, most of the observations performed so far have been obtained with singledish telescopes, thus providing average values of the 14 N/ 15 N ratio over angular scales that can contain relevant variations in gas temperature and density. All of this makes it challenging to identify whether the portions of the sources responsible for local enrichments (or depletions) in 15 N correspond to particular ranges of physical conditions (in particular, density, temperature and extinction). In fact, the few follow-up observations performed at high angular resolution have suggested local gradients in the 14 N/ 15 N ratio going from the inner dense core region to the diffuse, parsec-scale envelope (Colzi et al. 2019), emphasising the need for high resolution interferometric observations. Incidentally, the explanation for these results was proposed as the effect of selective photodissociation (Heays et al. 2014, Furuya and Aikawa 2018, Lee et al. 2021), which represents an alternative fractionation mechanism to what has been presented thus far.

Selective Photodissociation

Selective photodissociation represents an additional fractionation mechanism which, thus far, seems to be the only one able to explain significant 14 N/ 15 N variations. An illustration of how this process affects 15 N-fractionation is shown in Fig. 1.10.

Object Object

15 N 14 N 14 N 14 N Figure 1.10: Left: 14 N 2 exhibits self-shielding enabling embedded molecules to remain intact while those in outer layers are photodissociated. Right: Lower column density of 14 N 15 N enables photodissociation of inner layers.

Photodissociation due to environmental UV photons can occur only in the outer layers of a protostellar core because these are exposed to the external radiation which drives the process. In the outer layers, external radiation can photodissociate the N 2 molecules into individual N and, in the case of N 15 N or 15 NN (hereafter denoted collectively as N 15 N), also 15 N atoms. These atoms then react to form N and/or 15 N-bearing species. Due to the high column density of the N 2 molecules that are present in the protostellar core, there is a self-shielding effect present for this molecule. In essence, some of the N 2 molecules are protected from the UV photons that drive photodissociation by other N 2 molecules. Therefore, these N 2 molecules are not dissociated to form other N-bearing species.

Contrary to N 2 , N 15 N is not self-shielded because it has a much lower column density. This means that energetic particles can cause photodissociation of N 15 N in deeper layers of the protostellar core (compared to N 2 ) with respect to those in which photodissociation of N 2 occurs, which are only the most superficial ones. As a result of this phenomenon of selective photodissociation of N 2 and N 15 N, we find relative enhancements and depletions in the 14 N/ 15 N isotopic ratios of certain N-bearing species in the external layers in which N 15 N is photodissociated while N 2 is not. For example, HCN, which is formed from atomic N (refer to network introduced in Fig. 1.9); see also Wirström and Charnley 2018), will theoretically see an enhancement of its 15 N isotopologues in the external layers compared to the inner layers of a protostellar core, giving rise to a lower 14 N/ 15 N ratio. This is because the increased exposure to energetic particles in the outer region and the lack of self-shielding of the less abundant N 15 N gives rise to an increase in the photodissociation of N 15 N here. Meanwhile, in the inner layers, there is much less exposure to energetic particles which means the rate of photodissociation is much slower and so the abundance of 15 N isotopologues is much lower.

On the contrary, N 2 H + , which is formed directly from the N 2 molecule, shows a relative depletion in its 15 N isotopologues in the external layers of the protostellar core. These molecules remain intact while the N 15 N molecules (which are not present in a high enough column density to self-shield) are photodissociated by the energetic particles. Therefore, the N 15 NH + and 15 NNH + isotopologues cannot form in as high an abundance compared to N 2 H + in these radiation-exposed regions and so we should expect a decrease in the abundance of the 15 N isotopologues of N 2 H + in the external layers of the protostellar core, giving rise to a higher 14 N/ 15 N ratio in this case. This mechanism, which is due to the self-shielding of N 2 , predicts an increase in the 14 N/ 15 N ratio in N 2 H + in regions exposed to external UV irradiation, as indeed found by Colzi et al. (2019). This finding has been confirmed in a sample of infrared-dark cloud cores by Fontani et al. (2021), in which, again, the 14 N/ 15 N ratio measured from N 2 H + increases in the external envelope of the dense cores. Deviations from these predictions have been proposed by Furuya and Aikawa 2018, who claim the 15 N fractionation of N 2 H + to be as low in the dense regions of prestellar cores as in the outer parts of the core, albeit for different reasons; in the dense regions it is because 15 N atoms are transformed into 15 NH 3 on the surface of dust grains and lost to the gas phase, so fewer 15 N atoms will be available in the inner regions to form N 15 NH + and 15 NNH + , while in outer parts this low fractionation is due to exposure to UV photons.

On the other hand, in very embedded, non-irradiated regions, the 14 N/ 15 N ratio should not change significantly, something that has been confirmed by observations with a high angular resolution (i.e. at core scales) obtained with the Atacama Large Millimeter Array (ALMA) of the protocluster OMC-2 FIR4, which have revealed negligible variations in the 14 N/ 15 N ratio in the embedded protocluster cores (Fontani et al. 2020[START_REF] Evans | SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4[END_REF]).

A Nitrogen Fractionation Journey Through Star Formation

The cold environment associated with the earliest stages of star formation would support the theory that, in the context of fractionation, nitrogen-bearing species would be split into those originating from the molecular reservoir (namely N 2 H + and amines) and those representing the atomic reservoir (namely nitriles), due to the revelation that exchange reactions between these two reservoirs at such low temperatures (∼ 10 K) are inefficient (Roueff et al. 2015, Wirström and Charnley 2018, Loison et al. 2019). However, this is far from confirmed, therefore, in order to test the models, observations involving representative species from both reservoirs are required.

To this end, 14 N/ 15 N ratios across multiple N-bearing species have been measured towards multiple starless cores. In nitriles, which represent the atomic nitrogen reservoir, [START_REF] Spezzano | Nitrogen fractionation towards a pre-stellar core traces isotope-selective photodissociation[END_REF].

There has been observational evidence to suggest that nitrogen isotopic ratios in protostellar cores are inherited from previous stages [START_REF] Wampfler | Observations of nitrogen isotope fractionation in deeply embedded protostars[END_REF], Fontani et al. 2020). However, given the large variation in ratios measured towards prestellar cores, our picture is still far from clear; in particular, one thing that is still not certain is the extent of the effect of selective photodissociation on nitrogen fractionation in protostellar objects. Even just among Class 0 sources, HCN and HNC nitrogen isotopic ratios that vary from 160 (prestellar core-like) to 460 (Solar-like) have been measured [START_REF] Wampfler | Observations of nitrogen isotope fractionation in deeply embedded protostars[END_REF]. In this particular case, different levels of irradiation were proposed to account for the variation, however, it should be noted that these low angular resolution observations may not take into account local scale gradients that may affect isotopic ratios and, as such, represent only an average value over a large region. Therefore, with the availability of high resolution observations, this is an area of potential future study. Similarly, the 14 N/ 15 N ratio towards the hot region within protostellar cores has never been directly measured [START_REF] Nomura | The Isotopic Links from Planet Forming Regions to the Solar System[END_REF], despite the richness of the chemistry due to sublimation of ice mantles from the dust grain surface. Future observations here would go towards constraining ratios and determining the chemical mechanisms occurring in the nitrogen regime; these gas phase ratios would act as a proxy to study the 14 N/ 15 N ratios of the ice mantles themselves, which would enable comparison with the values measured in Solar System cometary ices (explored in detail later in this Section) and possibly go towards an explanation for the enrichments seen.

More specifically, the fractionation study of protocluster objects is ongoing and particularly intriguing given that, as previously mentioned, it is believed that the Sun may have originated from a protocluster environment (Adams 2010). For example, Colzi et al. (2019) observed the high-mass protocluster IRAS 05358+3543 with a linear resolution of ∼ 0.05 pc, or ∼ 10000 au, finding that the 14 N/ 15 N ratio in N 2 H + shows an enhancement of a factor of ∼ 2 (from ∼ 100 -220 to ≥ 200) towards the cores of the cluster. This gradient corresponds to the relative amount of UV exposure and so selective photodissociation is most likely at play here. On the other hand, high angular resolution observations towards the intermediate-mass protocluster OMC-2 FIR4 found that nitrogen fractionation in N 2 H + did not vary spatially despite variations in the D/H ratio (and, therefore, the age) across the regions probed (Fontani et al. 2020), as well as a previously identified gradient in the cosmic-ray ionisation rate (Fontani et al. 2017). This result, combined with the similarity between the obtained 14 N/ 15 N ratio and that of the local ISM, led to the conclusion that nitrogen fractionation is yet to occur for this object. This also implies that selective photodissociation is not at work in this case, most likely due to the embedded nature of the object. Chapter 3 will explore details of a follow-up nitrogen fractionation study towards OMC-2 FIR4 building on this work (see also [START_REF] Evans | SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4[END_REF].

Nitrogen isotopic ratios in HCN have been shown to decrease from Class 0/I protostellar objects to Class II protoplanetary disks, which could reflect increased selective photodissociation efficiency as the object becomes less embedded by the dissipating envelope [START_REF] Bergner | An Evolutionary Study of Volatile Chemistry in Protoplanetary Disks[END_REF], with potential ramifications for the chemistry of the planet-forming environment. One study to highlight is that of Guzmán et al. (2017) who compared the 14 N/ 15 N ratio measured in HCN towards six protoplanetary disks, with T Tauri and Herbig Ae disks equally represented. The ratios measured ranged from 80-160 with no correlation seen between these and the disk type. Intriguingly, this work also found a gradient in the 14 N/ 15 N ratio with an increase seen from the inner to outer parts of the disk. As the inner disk is irradiated by the central source, this result would suggest that selective photodissociation is indeed driving nitrogen fractionation during this later star formation stage; the study concluded therefore that it is possible that the 14 N/ 15 N ratio of the planet-forming environment may have been influenced by selective photodissociation.

Modelling results also suggest that fractionation becomes significant in systems with abundant small dust grains (Lee et al. 2021). This would also provide an explanation for the fall-off in HCN 15 N-enrichment seen in the outer layers of protoplanetary disks as small dust grains are also depleted here [START_REF] Birnstiel | A simple model for the evolution of the dust population in protoplanetary disks[END_REF]. The observed 14 N/ 15 N values themselves represent strong 15 N-enrichment with similarly low ratios comparable to those measured in comets; this point is illustrated in Fig. 1.11 (Guzmán et al. 2017).

Interestingly, this work also finds no correlation between deuteration and nitrogen fractionation, which is consistent with them having different driving mechanisms (isotope exchange reactions and selective photodissociation, respectively). Additional support for this is seen in the differing fractionation behaviour seen in comets; conversely to deuteration, nitrogen fractionation shows little variation in Solar System small bodies. For instance, the 14 N/ 15 N ratio in CN was measured in 18 comets representing both JFC and OCC families, producing an average value of 148 ± 6 (Manfroid et al. 2009) ) and across both JFC and OCC families and found an average value of 144 ± 3. The ratios obtained subsequently from 67P/Churyumov-Gerasimenko are also in agreement with these values, not just from species tracing the atomic nitrogen reservoir but also in molecular nitrogen, which yielded a value of 130 ± 30 [START_REF] Altwegg | Cometary Chemistry and the Origin of Icy Solar System Bodies: The View After Rosetta[END_REF]. This consistency implies that the fractionation processes in the comet-forming regions in the outer protoplanetary disks are homogeneous, while the molecular nitrogen cannot have been directly inherited from the disk. This is in contrast to the atmospheric N 2 of the giant planets, thought to be inherited from the N 2 reservoir in the disk [START_REF] Walsh | The molecular composition of the planet-forming regions of protoplanetary disks across the luminosity regime[END_REF], which shows little 15 N-enrichment (Marty et al. 2011). Despite the consistency seen in the 14 N/ 15 N ratios, the values are consistently lower than those obtained for both Earth's atmosphere (272 from N 2 ; Junk and Svec 1958) and the local interstellar medium (290 ± 40 from HCN and CN; Adande and Ziurys 2012), although it should be noted that a study based on the abundance of N-bearing species in comet 67P/Churyumov-Gerasimenko concluded that no more than a few % of the atmospheric nitrogen on Earth originated from comet delivery [START_REF]Origins of volatile elements (H, C, N, noble gases) on Earth and Mars in light of recent results from the ROSETTA cometary mission[END_REF]).

However, a potential link has been detected between cometary ice and carbonaceous chondrites, with the detection of NH 3 and HCN in the SOC of these objects; this provides an explanation for the formation pathway of the amino acids also seen (addition reactions via H 2 CO). These amino acids have shown 14 N/ 15 N values that range between 205-269, hence exhibiting significant 15 N-enrichment with respect to the local ISM [START_REF] Elsila | Compound-specific carbon, nitrogen, and hydrogen isotopic ratios for amino acids in CM and CR chondrites and their use in evaluating potential formation pathways[END_REF]). These values are, however, rather less enriched than the NH 3 and HCN detected in comets (∼ 140;Hily-Blant et al. 2017), suggesting that these objects accreted these ices from different sources. Meanwhile, the nitrogen isotopic ratio towards IOM in carbonaceous chondrites shows very strong enrichment compared to the value seen in the local ISM; 14 N/ 15 N ratios as low as 68 have been measured [START_REF] Busemann | Interstellar Chemistry Recorded in Organic Matter from Primitive Meteorites[END_REF]). Hence, like deuteration, carbonaceous chondrites exhibit the most extreme nitrogen fractionation measurements in the Solar System. At a first glance, this would possibly be in opposition to the previously discussed differences between the fractionation behaviour of deuterium and nitrogen, however, no correlation has been observed between the D and 15 N hotspots seen in carbonaceous chondrites [START_REF] Hashiguchi | Deuterium-and 15 N-signatures of organic globules in Murchison and Northwest Africa 801 meteorites[END_REF]. Once again, these studies demonstrate the intrinsic link between measuring isotopic ratios and obtaining clues to our astrochemical origins.

ACO: AstroChemical Origins

This thesis forms an integral part of the Innovative Training Network (ITN) "Astro-Chemical Origins" (ACO; PI: C. Ceccarelli), funded as a Marie Sk lodowska Curie Action (MSCA), grant agreement no. 811312, under the Horizon 2020 framework. The synergy is a collaboration between thirteen beneficiaries and eight partner organisations across four countries (France, Italy, United Kingdom, Spain).

The ACO project has two overarching objectives:

1. To unveil the early history of the Solar System, using the chemical composition of currently forming Solar-like planetary systems and comparing it with that of the Solar System primitive bodies, 2. To train a new generation of researchers able to tackle this highly interdisciplinary problem, providing them with a wide-range of transferable skills, including the ability to communicate science to a large audience.

Within the context of the second objective, 17 Early Stage Researchers (ESRs) have been recruited for whom research towards the ACO project forms the basis of their PhD theses. These researchers participated in multiple and widely varied schools, conferences and training events organised by the various organisations of the ACO project. Annual schools took place in Perugia (IT), Padua (IT) and Sitges (ES) which focussed on improving the knowledge and teaching skills of the researchers, workshops in Grenoble (FR) and online enabled ESRs to obtain practical skills both inside and outside science, while conferences have been organised by the ACO project in Torino (IT) in 2021, with another in Toulouse (FR) scheduled for 2023, in order to give ESRs the opportunity to present their research to the wider community. Outreach was another focus, with a dedicated school in Padua (IT) enabling the researchers to create an outreach tool using Virtual Reality (VR).

The ESRs are split into four interconnected "Work Packages" (WPs; see Fig. 1.12), which form a collaborative synergy and illustrate the interdisciplinary approach that ACO takes to achieving its scientific overarching objective. These four WPs broadly work towards the following goals:

• To improve the detection capabilities of radio/millimetre receivers, in order to observe weak sources and low abundance molecules (WP 1 led by Prof. Lucio Piccirillo),

• To build up a large and homogeneous database of astronomical spectral observations, in order to derive the chemical composition of forming Solar-like systems as a function of evolution and environment (WP 2 led by Prof. Charlotte Vastel),

• To understand the chemical processes in the exotic interstellar conditions via ad hoc quantum chemistry computations and laboratory experiments, in order to establish a reliable network of reactions occurring in the forming Solar-like systems (WP 3 led by Dr. Albert Rimola),

• To develop sophisticated astrochemical models and tools, using modern techniques in order to predict the chemical composition of forming Solar-like planetary systems and compare it with observations, to finally build up a new model for the Proto Solar Nebula (WP 4 led by Prof. Serena Viti). As ESR 7, my thesis belongs to WP 2, which focuses on astrochemical observations. In the last ten years, the team members who set up ACO have led four Large Programs (LPs) using the Herschel observatory (Chemical HErschel Surveys of Star forming regions (CHESS): 250 hours), the IRAM-30m telescope (Astrochemical Surveys At IRAM (ASAI): 400 hours), the IRAM NOEMA interferometer (Seeds Of Life In Space (SO-LIS): 250 hours) as well as ALMA (Fifty AU Studies of solar type star forming regions (FAUST): 110 hours). One of the declared goals of ACO for WP 2 (ESRs 3 to 7) was to gather, reduce and analyse the observational data from the acquired observations to extract the molecular composition of prestellar cores, hot corinos, young protoplanetary disks and molecular shocks, as well as to build up the ACO observational database.

Within these three years, 18 months of my project were spent at the Institut de Recherche en Astrophysique et Planétologie (IRAP) in Toulouse (FR), working in tandem with ESR 3 (Chenlin Zhou), while the other 18 months were spent at the Istituto Nazionale di AstroFisica (INAF) in Arcetri (IT), working in tandem with ESRs 3 (Chenlin Zhou), 4 (Layal Chahine) and 5 (Seyma Mercimek).

This thesis

We have introduced many questions that can be postulated based on fractionation study and also presented many examples of fractionation being utilised as a tool for providing answers to these questions. We have seen how fractionation goes on a journey through the process of star formation and, in this thesis, we will place particular focus on the protostellar core stage. As we have seen, this stage displays a lot of diversity according to the sources that have been identified and studied in the past, with this diversity often highlighted (and even discovered) by the wide range of chemical processes involved; fractionation is a good example of this. To this end, in this thesis we will focus on the fractionation processes occurring in two protostellar sources that illustrate and represent this diversity, with one being a protobinary system and the other a protocluster that can provide us with clues to the environment in which the Solar System formed. As such, this diversity enables this work to investigate multiple open questions associated with deuteration and nitrogen fractionation, including the effects of multiple chemical reservoirs and dust grain sublimation. We will now introduce both of them for the first time.

Sources in the Spotlight

OMC-2 FIR4

OMC-2 FIR4 is a Class I object located at a distance of approximately 393 ± 25 pc (Großschedl et al. 2018) in the Orion Molecular Cloud, a major star forming region; as such, FIR4 has neighbouring protostars to its northwest and southeast (Adams et al. 2012[START_REF] Mezger | Lambda 1.3 MM dust emission from the star-forming cloud cores OMC 1 and 2[END_REF]). FIR4 represents a protocluster environment containing multiple embedded protostars (Shimajiri et al. 2008); six continuum sources have been observed (Fig. 1.13;Tobin et al. 2019), with at least one showing evidence of being a hot corino (Neri et al. in prep.). 2019).

An enhanced level of radiation due to incident cosmic rays has been evidenced by multiple remarkably consistent measurements of the local cosmic-ray ionisation rate [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Fontani et al. 2017, Favre et al. 2018). It is believed that OMC-2 FIR4 has both its protocluster nature and level of irradiation in common with the early Solar System because the young Sun was likely born in a rich (proto-)cluster (e.g. Adams 2010) and likely irradiated by enhanced levels of high-energy particles (e.g. Gounelle et al. 2013).

According to the review by Adams (2010), three factors provide support to the Solar protocluster theory: 1) dynamical interactions may explain the orbits of some outer Solar System objects; 2) background radiation (cosmic-ray and UV) may have affected the evolution of our planetary system; 3) nearby supernovae may explain radioactive nuclei seen in primitive Solar System meteorites, as seen in Gounelle et al. (2013). This makes OMC-2 FIR4 one of the closest proto-Solar analogues that is currently known and thus an ideal target to link fractionation study to our own astrochemical history.

[BHB2007] 11

[BHB2007] 11 (also written BHB07 11) is located at a distance of approximately 163 ± 5 pc [START_REF] Dzib | Distances and Kinematics of Gould Belt Star-forming Regions with Gaia DR2 Results[END_REF]) within a group of 20 other young stellar objects (YSOs) within the Barnard 59 core. It has been determined that [BHB2007] 11 is a Class 0/I protostellar system and is believed to represent the youngest member of its local group [START_REF] Brooke | The Spitzer c2d Survey of Nearby Dense Cores. IV. Revealing the Embedded Cluster in B59[END_REF]). Compared to OMC-2 FIR4, [BHB2007] 11 is an understudied object. However, it has been determined that the source consists of a disk surrounded by a diffuse envelope with a symmetric bipolar outflow launched away from the disk centre [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]). Later, higher resolution observations revealed the disk to contain a protobinary system, with the northern source being the higher mass and the southern source having the faster accretion rate. Each protostar is surrounded by a circumstellar disk, with a circumbinary disk surrounding the whole system. Gaseous streamer material has been observed connecting the circumbinary disk to the circumstellar disk of the southern source, which is believed to have a heating effect due to impact with local quiescent gas (see Fig. 1.14). At smaller scales, 1.3 mm continuum observations have revealed filamentary material surrounding the protobinary system [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]. The constituent protostars have a separation of 0.2", emphasising the need for interferometric observations in order to achieve sufficient resolution for investigations on such small scales (as explored further in Sect. 2.2). 

Collecting Data

Chapter 2 of this work serves to explore and introduce relevant concepts to explain how we can truly build upon previous fractionation studies. For example, the observations that we obtain towards complex sources such as [BHB2007] 11 and OMC-2 FIR4 must have high angular resolution. This refers to the size of the area which can be resolved, or seen clearly, by the observing instrument and can be compared to extent to which one can "zoom in" on a camera and still see a clear picture. Observations that have been obtained thus far with lower angular resolution (i.e. less "zoomed in") provide a good foundation, however, parameters such as temperature and density may be misrepresented by such observations. This is because the observations can only measure temperature and density as average values over the area that is resolved; in the case of lower angular resolution these areas are large and may be hiding gradients, hotspots or other features which may affect the fractionation processes and therefore the chemistry. As we will explore in Sect. 2.2, interferometric observations can provide much higher angular resolution compared to single-dish observations. All of the data presented in this thesis have been obtained using high resolution interferometers, enabling the exploration of the target objects in much finer detail and potentially revealing new aspects of the ongoing fractionation chemistry for the first time.

We will now introduce the observational data that forms the basis of the work described in this thesis (refer specifically to Chapters 3 and 4).

SOLIS

One of the datasets used in this thesis forms part of the Seeds of Life In Space (SOLIS) NOEMA Large Project (PI: C. Ceccarelli and P. Caselli;Ceccarelli et al. 2017). This project has the goal of studying the emission of organic molecules believed to have been pivotal to the emergence of life through the interferometric observations of a sample of 7 Class 0 and Class I star forming regions with diverse evolutionary stages and environments but the mutual characteristic of being Solar-like. One of the key targets for SOLIS is OMC-2 FIR4, which represents the only protocluster in this SOLIS source sample. The work presented in Chapter 3 using this data represents the first interferometric 14 N/ 15 N fractionation study of two of the most abundant N-bearing species in this environment. Therefore, this is the first time that the fractionation ratios are studied at sufficient angular resolution to reveal potential gradients in parameters such as temperature and density that may influence the fractionation ratios at these small scales.

Additional Archival Data

The work presented in Chapter 3 of this thesis also makes use of archival data (PI: F. Fontani) consisting of ALMA observations towards OMC-2 FIR4 targeting N 2 H + , one of the most abundant N-bearing species in this environment, along with its 15 N-and Disotopologues. This data was first published in Fontani et al. 2020 and represents the first interferometric 14 N/ 15 N fractionation study towards this object.

FAUST

Within the context of this thesis, observations from the Fifty AU STudy of the chemistry in the disk/envelope system of Solar-like protostars (FAUST1 ) ALMA Large Project (PI: S. Yamamoto; see also [START_REF] Codella | Enlightening the chemistry of infalling envelopes and accretion disks around Sun-like protostars: the ALMA FAUST project[END_REF] were used. FAUST represents a large international collaboration of scientists with the shared goal of unveiling Solar-like protostars at planetforming scales and studying their chemical diversity; to achieve this, the high spatial resolution of ALMA was employed to observe 13 Class 0 and Class I sources at 50 au scales. For each source, the objectives were:

• to disentangle the envelope and disk at these scales,

• to detect and map organic molecules and study their diversity,

• to measure their characteristic ionisation degree,

• to evaluate their deuteration level.

The latter goal forms part of this thesis as we detail a study of deuteration towards [BHB2007] 11, one of the key FAUST targets (see Chapter 4).

Posing Questions; Towards Answers

The fundamental questions that this thesis attempts to tackle can be seen below:

1. How does the fractionation behaviour compare between two of the most abundant N-bearing species believed to represent the two separate nitrogen reservoirs in a proto-Solar analogue?

2. Does an embedded system representing one of the closest analogues to the proto-Solar environment exhibit evidence of selective photodissociation at small scales?

3. How does the deuteration ratio of a dynamic protobinary system compare to those measured in similar sources?

In Chapter 3 of this work, we build upon previous nitrogen fractionation studies towards OMC-2 FIR4. In particular, Kahane et al. (2018) measured the 14 N/ 15 N and 12 C/ 13 C ratios for the first time in this source, while Fontani et al. (2020) published the first 14 N/ 15 N and D/H results for this source using high resolution interferometric data. As previously introduced in Sect. 1.2, nitrogen fractionation is believed to behave differently depending on the nitrogen reservoir that is involved. In this work, for the first time, we present an interferometric study of the 14 N/ 15 N fractionation of HCN (representing the atomic nitrogen reservoir) and N 2 H + (representing the molecular nitrogen reservoir), enabling their comparison (thus tackling Question 1). In this way we can infer whether HCN indeed behaves similarly or differently compared to N 2 H + , which showed little regional variation in 14 N/ 15 N ratio (Fontani et al. 2020). Additionally, the high angular resolution achieved in this study enabled the measurement and subsequent comparison of the 14 N/ 15 N isotopic ratio across multiple regions within OMC-2 FIR4, enabling us to measure any potential fractionation gradients that may exist on core scales or, should these gradients not exist, confirm that the environment is too embedded for selective photodissociation to be present (thus tackling Question 2).

In Chapter 4 of this work, we present the first measurement of the D/H ratio towards [BHB2007] 11 using observations of the organic molecule formaldehyde along with its singly and doubly deuterated isotopologues (Question 3). These results build upon the work published in [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], in which it was shown that methanol traces hot gas in this object. With the local heating having ramifications for dust grain sublimation, which, as previously introduced, is the location of both formaldehyde and methanol formation and deuteration, this could potentially affect D/H ratios in this source towards organic molecules that form the basis for more complex, vital species. Also in this work, we introduce the first kinematic analysis of the streamer material towards this object, as traced using our formaldehyde observations, which, depending on results, may enable us to infer links between the kinematics of the dynamic [BHB2007] 11 system and the fractionation chemistry seen. This ongoing work may serve as the basis for posing further questions in the future.

Chapter 2

Observations and Methodology

The Principles of Radio Astronomy

The Radio Regime

In radio astronomy, we are concerned with detecting radiation which falls in the frequency range of the radio regime of the electromagnetic spectrum -approximately 15 MHz to 1.5 THz. There are two main caveats to radio observations, both linked to its frequency range.

One is that the long wavelength has a limiting effect on the angular resolution (this point will be explored in Sect. 2.2.1). The other is that although the Earth's atmosphere does not absorb radio wavelengths, enabling ground-based observations, there are atmospheric molecular lines that dominate at wavelengths lower than approximately 2 cm and may interfere with ground-based observations (namely water vapour, molecular oxygen and ozone). In addition, ionospheric effects in the atmosphere can also impact ground-based observations and so wavelengths longer than 1 m are also avoided (see Fig. In order to mitigate the aforementioned effects, radio instruments working at wavelengths in the millimetre and submillimetre regime are usually located in high and dry locations (see Sect. 2.2.3).

We will now introduce and explain the quantities and concepts that are relevant to the radio observations used in this thesis.

Defining Quantities

Intensities

Radio astronomers detect incoming radiation from an emitting radio source. In this thesis, as is true in astrochemistry in general, we are also interested in the densities, temperatures and chemical abundances of our emitting source, which requires radiative transfer analysis (see Sect. 2.3). We can define the brightness, or specific intensity, as the amount of energy (dE) received per unit frequency (dν), unit solid angle (dΩ), unit time (dt) and unit collecting area (dA). Therefore, it is useful to also define the specific intensity (I ν ) as the flux at a frequency ν detected in a single direction per unit area, solid angle and frequency:

I ν = dE dν dA dt dΩ cosθ , ( 2.1) 
where θ is the angle between the direction of the incoming radiation and the normal to the surface. If the radio source can be described as a black body, its specific intensity is given by:

B ν (T ) = 2hν 3 c 2 1 e hν k B T -1 , ( 2.2) 
with h as the Planck constant, k B as the Boltzmann constant, c as the speed of light, T as temperature of the black body and ν as frequency. If the source is not emitting as a black body, the analytical expression of I ν is unknown (although approximations can exist). However, one can also define an "equivalent brightness temperature", T B , as the temperature of a black body that, at the considered frequency ν, would emit the same specific intensity as the source, such that:

I ν = B ν (T B ). (2.3)
In the Rayleigh-Jeans limit (hν <<kT B ), this is convenient because the temperature of the emitting black body is proportional to the brightness; using Eq. 2.2:

B ν (T B ) = 2ν 2 c 2 k B T (2.4)
Therefore, combining Eqs. 2.3 and 2.4, we obtain:

I ν (T ) = 2k B ν 2 c 2 T B , (2.5)
It should be noted that the Rayleigh-Jeans limit is not always valid in the radio regime. More specifically, the limit is invalid in cases of high frequency and low temperature, which particularly affects observations of cold prestellar cores (where T B can reach < 10 K) at certain radio frequencies (e.g. ν >200 GHz). However, at the frequencies observed and physical conditions analysed in this thesis, the Rayleigh-Jeans limit is valid. We can define a new quantity, the flux density, as the integral of the specific intensity over the source solid angle, Ω:

F ν = I ν dΩ. (2.6)
Similarly, we can obtain the flux by integrating the flux density over the frequency:

F = F ν dν. (2.7)
This is intrinsically linked to the luminosity, which is the flux F integrated over the surface, by the relation:

L = F dA, ( 2.8) 
hence implying (assuming isotropic emission):

F = L 4πD 2 ,
(2.9)

with D as the distance to the source.

The fluxes obtained in radio astronomy are miniscule when measured using cgs units (erg s -1 cm -2 Hz -1 ). Thus, for convenience, a different unit, the Jansky (Jy), has been defined as 1 Jy = 10 -23 erg s -1 cm -2 Hz -1 and is the unit that is most commonly used in radio astronomy for flux density.

Beam-Related Quantities

Incident radiation received by a telescope antenna intrinsically results in a characteristic antenna pattern that can be seen in Fig. 2.2; this represents the power received as a function of the distance from the pointing direction (parametrised through the angular coordinates θ and ϕ). As illustrated, due to the diffraction laws, this is not point-like but consists of a sharp maximum at the centre, known as the main lobe (or main beam), along with multiple secondary maxima. We can define the antenna beam solid angle (Ω A ) as: (2.10) where P n (θ, ϕ) is the antenna power pattern. Similarly, we can define the solid angle of the main beam (Ω MB ) as: .11) We can define the efficiency of the main beam as the ratio between these two solid angles:

Ω A = 4π P n (θ, ϕ) dΩ,
Ω M B = M B P n (θ, ϕ) dΩ. ( 2 
µ B = Ω M B Ω A .
(2.12) Taken from Radio Astronomy, Planetary [START_REF] Gulkis | Radio Astronomy, Planetary[END_REF].

Temperatures

When discussing observations, there are multiple temperature quantities that are considered. The first one to mention is the antenna temperature (T A ), which is defined as the temperature at which a resistor would emit the same power per unit bandwidth as that extracted by the antenna (P ν ), where:

T A = P ν k B (2.13)
and: (2.14) with A e as the effective aperture size (also known as the effective area; see Fig. 2.

P ν = 1 2 A e F ν ,

2).

Another temperature that is relevant to this discussion is the main beam temperature (T MB ), which is defined as the mean brightness temperature of the source over the main beam (see Eq. 2.15).

T M B (θ, ϕ) = Ω M B T B (θ, ϕ)P n (θ, ϕ)dΩ Ω M B P n (θ, ϕ)dΩ (2.15)
T MB can also be defined as the antenna temperature corrected for instrument-related losses. Thus:

T M B = T A µ B . (2.16)
If the source and the beam are Gaussian functions, one can demonstrate that T MB and T B (refer to Eq. 2.3) are related using the following equation: (2.17) where θ beam represents the beam size and θ source represents the source size, both in angular units. The factor

T M B = θ 2 source (θ 2 beam + θ 2 source ) T B ,
θ 2 source (θ 2 beam +θ 2 
source ) is known as the filling factor and this describes the extent to which the source "fills" the main beam. In the case where our source is smaller than the solid angle of the beam (i.e. the beam is not being "filled" and therefore the source is not "resolved"), then our measured flux is affected by "beam dilution" -meaning that the brightness temperature is diluted by the filling factor. Therefore, the measured T MB must be divided by the filling factor in order to obtain the brightness temperature of an unresolved source.

Interferometry

Introduction to Interferometry

In order to expand our knowledge of the Universe and study the chemistry within it, astronomers must make detailed observations of spectral lines resulting from molecular transitions. As has been mentioned in Sect. 2.1.1, in this work we are dealing with observations in the radio wavelength regime. This long radio wavelength presents somewhat of a challenge when we need to achieve angular resolutions smaller than, or comparable to, 10" or so: it is well known from diffraction theory that the angular resolution (θ, arcseconds) of an instrument is given by Eq. 2.18: .18) where λ represents the wavelength of the observed radiation and D represents the diameter of the telescope. Given observations with large λ, such as radio waves, it therefore follows that a large diameter is required for a telescope to attain angular resolutions that are sufficient to resolve arcsec or sub-arcsec scales. For example, at λ = 3 mm, one needs an antenna of diameter 75 m to achieve an angular resolution of 10"; to match the angular resolution of an optical instrument such as the Hubble Space Telescope, a single radio telescope would need to have a diameter on the order of kilometers, which clearly would raise further practical issues such as cost and the potential for mechanical deformations.

θ ∼ λ D , ( 2 
Fortunately, Fourier theory states that any well-behaved image can be expressed as the sum of sinusoids. Therefore, in other words, one can combine multiple individual signals into one image, thus radio images can be observed using multiple individual telescopes, known as an array. This solves the above long wavelength issue, since the "diameter" of an array is equal to the distance between the individual telescopes (known as the "baseline"). As a result, by constructing large arrays of well-separated radio antennas, astronomers can construct radio images of high angular resolution, a technique known as "interferometry". Interferometers enable radioastronomers to observe sources with higher angular resolution than single-dish telescopes. This may reveal significant spatial variations in, for example, temperature, density, cosmic-ray ionisation rate, or any other parameter that may affect the astrochemical structure of such a source that would be hidden in single-dish observations due to their averaging over a larger area. This has advantages and disadvantages: the advantages are an improved dynamic range and signal-to-noise ratio (S/N), while the main disadvantage is that the full structure is only obtained if this structure is smaller than the size of a single fringe. Therefore, in order to resolve smaller structures it is necessary to increase the baseline. It is also possible to combine multiple individual datasets with differing baselines in order to simultaneously resolve both large and small scale structure within the same source (e.g. combining images obtained from the interferometers that produced patterns (b) and (c) in Fig. 2.

3).

More specifically, the process of obtaining a single high quality radio image by combining measurements from multiple antennas which have baselines equivalent to the coverage of a single aperture is known as "aperture synthesis".

Aperture Synthesis

Intensity Distribution and Visibility Function

In aperture synthesis, the intensity distribution (I ν ) of the observed radio source is derived from the visibility function (V ( ⃗ b)), with ⃗ b as the baseline. We will now derive the visibility function of a two-element interferometer, that is, one that consists of two antennas (A 1 and A 2 ), separated by a baseline ⃗ b, that are sensitive to a single polarisation state. Fig. 2.4 shows a schematic of a two-element interferometer. Assuming no receiver noise or instrumental effects, an incident radio wave of amplitude V will induce a voltage of V 1 and V 2 at antennas A 1 and A 2 , respectively, where: .20) with τ as the geometrical delay due to orientation of ⃗ b relative to the direction of the propagation of the wave.

V 1 α V e iωt , (2.19) V 2 α V e iω(t-τ ) , ( 2 
The output voltages V 1 and V 2 are then input to a correlator, which consists of a device which multiplies and then integrates the signals. The resultant single output of a single baseline (R τ ) can therefore be written as:

R(τ ) α V 2 T T 0 e -iωt e -iω(t-τ ) dt, (2.21)
with T as the time. If we assume that T >> 2π ω , then the average over T will be approximately equal to that over a single full period. Therefore, we can rewrite Eq. 2.21 as:

R(τ ) α 1 2 V 2 e iωτ . (2.22)
Using Eq. 2.1, we can write the power ( dE dt ) received per bandwidth (dν) from a wave propagating in direction ⃗ s as:

dE dt = A(⃗ s) I ν (⃗ s) dΩ dν, (2.23)
with A(⃗ s) as the collecting area (assumed to be equal for both antennas). Therefore, the correlator output will be given by:

R(τ ) = A(⃗ s) I ν (⃗ s) e iωτ dΩ dν, (2.24)
where τ is given by:

τ = τ g -τ i = 1 c ⃗ b • ⃗ s -τ i , (2.25) 
in which τ g and τ i are the geometrical and instrumental delays, respectively.

Geometrical delay refers to the time delay caused by the difference in the orientations of the interferometer baseline and the direction of wave propagation. This delay is an oscillatory function due to the rotation of the Earth and results in the fringes. These fringes can be removed by correcting the delay for the phase centre. Instrumental delays collectively refer to delays due to the radio propagation in the antenna structures, feeds and electronics.

Plugging Eq. 2.25 into Eq. 2.24 and considering an extended source of size Ω, one can now write the correlator output as the visibility function, V ( ⃗ b), given by:

V ( ⃗ b) = Ω A(⃗ s) I ν (⃗ s) e i2πν( 1 c ⃗ b•⃗ s-τ i ) dΩ dν.
(2.26)

The (⃗ u,⃗ v) plane

The inclusion of vector quantities ⃗ b and ⃗ s in Eq. 2.26 requires the definition of an appropriate coordinate system. For a generic direction s, one can define s 0 as the vector identifying the pointing direction, so that the direction of radiation coming from a source element off the pointing direction is described by: (2.27) where sigma are the coordinates of the tangent plane in the sky centred on the phase centre. Therefore, we define the coordinate system (⃗ u,⃗ v, ⃗ w) in units of wavelength λ, where λ= 2πc ω , such that (0,0,1) is parallel to ⃗ s, ⃗ u points to the local east and ⃗ v points to the local north. The vector σ = (⃗ x, ⃗ y, ⃗ z) is defined such that (⃗ x,⃗ y) are the direction cosines of (⃗ u,⃗ v), respectively. We can rewrite the visibility function in terms of our newly introduced coordinate system:

⃗ s = ⃗ s 0 + ⃗ σ,
V (⃗ u, ⃗ v, ⃗ w) = ∞ -∞ ∞ -∞ T (⃗ x, ⃗ y)e i2π(⃗ u⃗ x+⃗ v⃗ y+ ⃗ w √ 1-⃗ x 2 -⃗ y 2 ) d⃗ x d⃗ y √ 1 -⃗ x 2 -⃗ y 2 , (2.28)
where T (⃗ x, ⃗ y) = A(⃗ x, ⃗ y)I(⃗ x, ⃗ y). We can simplify Eq. 2.28 by taking the assumption that in a small region of the sky √ 1 -⃗ x 2 -⃗ y 2 ∼ 1 and so:

V (⃗ u, ⃗ v) = ∞ -∞ ∞ -∞ T (⃗ x, ⃗ y)e i2π(⃗ u⃗ x+⃗ v⃗ y) d⃗ x d⃗ y, (2.29)
which is approximately equal to the value measured by antennas in the (⃗ u,⃗ v) plane. This complex visibility is the 2D Fourier transform of the brightness on the sky, T(⃗ x,⃗ y): Before any observations can take place, however, we must first consider and explore the important process of calibration.

T (⃗ x, ⃗ y) = V (⃗ u, ⃗ v)e -i2π(⃗ u⃗ x+⃗ v⃗ y) d⃗ u d⃗ v. ( 2 

Calibration

When measuring the visibility using an interferometer, there are multiple factors that must be taken into consideration. The calibration formula (Eq. 2.31) is used to calculate the total effect of these factors on the visibility measurements.

V v (⃗ u, ⃗ v) = G v (⃗ u, ⃗ v)V v (⃗ u, ⃗ v) + ϵ v (⃗ u, ⃗ v) + η v (⃗ u, ⃗ v) (2.31)
In Eq. 2.31, G v (⃗ u, ⃗ v) represents the complex gain, which is comprised of gain contributions from the amplitude and phase, ϵ v (⃗ u, ⃗ v) represents the complex offset, which is comprised of offset contributions due to amplitude and phase, while η v (⃗ u, ⃗ v) represents the random complex noise. While engineering can minimise

ϵ v (⃗ u, ⃗ v), G v (⃗ u, ⃗ v
) can be mitigated by the observers themselves. This is done through observing sources with well known flux, shape and spectrum such that the instrument response can be calibrated and the calibrated solutions can be applied to the data of the target source. There are four aspects that contribute to this data calibration process and we will introduce them here.

Bandpass Calibration consists of correcting for the gain and phase errors over the bandpass itself. Since these are frequency-dependent, bandpass calibration can also be described as mitigating the effect of frequency on the gain. A good bandpass calibrator must have a flat spectrum. This calibration only needs to be completed once before observing the source of interest as the instrument response will remain constant throughout the observations.

Phase Calibration is required due to the possibility that the correlated signal phase will change over time across different baselines. Phase calibrators should be point-like and possibly strong sources and they must be observed repeatedly to calibrate phase changes over time. In the mm regime, phase variations are expected to occur typically on scales of several minutes.

Flux Calibration allows for any loss of signal and/or atmospheric opacity that may affect the measured amplitude of observations. Planets are good flux calibrators as their flux is very well known, while calibrated stable radio sources may also be used.

Amplitude Calibration is performed using the phase calibrator once the phase and flux calibration have been applied to its amplitudes at the end of the calibration process.

Weighting

We can define the weighting function W(u,v) to describe the visibility sampling such that W (u, v) = 0 at points where V(u,v) is not measured. We can therefore use this to define a synthesised beam, B(x,y), as: ux+vy) du dv.

B(x, y) = W (u, v)e i2π(
(2.32)

The weighting function can also be used to adjust the angular resolution and sensitivity of the final image. The three main variations of the weighting function are known as "natural", "uniform" and "robust" (or "Briggs") weighting. A comparison between the three weighting functions is detailed in Table 2.1. For discrete sampling, we can define T'(x,y) as the Fourier transform of the product of the weighting function (W(u,v)) and the visibility function (V(u,v)): ux+vy) du dv.

T ′ (x, y) = W (u, v)V (u, v)e i2π(
(2.33)

Therefore, using Eqs. 2.32 and 2.33, we can obtain the sky brightness T(x,y) by deconvolving B(x,y) from T'(x,y). If the uv coverage is insufficient, the synthesised beam that is obtained will have many sidelobes and is known as a "dirty beam"; an image produced from a dirty beam will also contain a lot of sidelobes and is thus known as a "dirty image". Therefore, the visibility in the unmeasured areas of the (u,v) plane must be given reasonable values such that the main beam Gaussian is retained but the sidelobes are removed.

There are algorithms that exist for the deconvolution procedure, the most widely used being CLEAN [START_REF] Högbom | Aperture Synthesis with a Non-Regular Distribution of Interferometer Baselines[END_REF]).

CLEANing

The CLEAN algorithm assumes that the sky brightness T(x,y) represents the signal using a collection of point sources. The algorithm begins by initialising a residual map to the dirty map and identifying the strongest feature in the former as a point source. Then, a fraction (known as the loop gain, g, where 0 < g < 1) of this point source is added to a generated list of CLEAN components and multiplied by B(x,y), with the result subtracted from the residual map. Another iteration of this is initiated if the stopping criteria is not reached. Otherwise, the CLEAN component list is convolved with an estimate of the main lobe of the dirty beam and the residual map is added to generate the final "clean" image. Fig. 2.6 shows an example of this process at work. 

Instruments

We will now present the specific instruments utilised in obtaining the datasets explored in this thesis.

The NOrthern Extended Millimeter Array (NOEMA)

The NOrthern Extended Millimeter Array (NOEMA; see Fig. 2.8) is an interferometer developed and maintained by the Institut de RadioAstronomie Millimétrique (IRAM). Located high in the French Alps at an elevation of 2550 m on the isolated Plateau de Bure, this is the most powerful and advanced millimeter array in the Northern Hemisphere.

NOEMA serves as a replacement to the Plateau de Bure Interferometer (PdBI), upgrading the number of 15 m diameter antennas from six to 12, improving the sensitivity and spatial resolution to ten and six times that of the PdBI, respectively, while the maximum achievable baseline is increased to almost 1700 m. Along with the other IRAM facility, the single-dish 30 m telescope, the NOEMA interferometer can be combined with other interferometers, as well as single-dish antennas to create baselines of intercontinental length.

Each antenna can observe in three receiver bands in two side-bands (heterodyne observations -upper and lower side-band; USB and LSB, respectively), at 3 mm (covering 71-119 GHz observations), 2 mm (covering 127-182 GHz observations) and . Each side-band is composed of two base-bands (inner and outer) each of 3.9 GHz in width (see Fig. The antennas can be arranged into three configurations, denoted A, C and D (from most extended to most compact). C can also be combined with A or D to obtain higher or lower angular resolution observations, respectively. Table 2.2 summarises the angular resolution at 100 and 230 GHz for each of these configurations.

Table 2.2: Summary of the antenna configurations for the NOEMA interferometer (assuming a source at 20 • declination).

Configuration D C+D C A+C A

Resolution (100 GHz) 3.9" 2.6" 2.0" 1.4" 1.0" Resolution (230 GHz) 1.7" 1.1" 0.6" 0.9" 0.4"

The D configuration represents the highest sensitivity and lowest phase noise, good for experimental detections or coarse mapping; the C configuration provides a very good u,v coverage (refer to Sect. 2.2.2.2) with the added versatility of the ability to combine with A or D configurations to adjust sensitivity and angular resolution and provide extra u,v coverage as needed. Meanwhile, the A configuration, as the most extended, provides the highest angular resolution and, as such, is ideal for the observation of strong, compact sources. 

Atacama Large Millimeter/Submillimeter Array (ALMA)

The Atacama Large Millimeter/Submillimeter Array (ALMA; see Fig. 2.10) is an interferometer operated by the European Southern Observatory (ESO). ALMA consists of 66 antennas, which can be arranged in multiple configurations to study extended or compact emission from astronomical sources; the former using a collection of 50 12 m-diameter antennas and the latter (known as the Atacama Compact Array (ACA)) using an array of four 12 m-and twelve 7 m-diameter antennas. Ten configurations are possible with 12 m antennas; these are denoted C-1 through C-10 with higher numbers representing more extended configurations (and thus higher angular resolutions). Additionally, it is possible to observe using only the array of 7 m antennas. Images from these variable array configurations can also be combined to study the large-and small-scale structure of a source simultaneously (see Sect. 2.2.1). For each configuration, six frequency bands are available. Each of these operate using two side-band receivers, which are provided simultaneously for dual polarisation and have a bandwidth of 3.75 GHz. Meanwhile, two further bands, 9 and 10, use one double side-band with one output for each polarisation, leading to a bandwidth of 7.5 GHz per output and 15 GHz for the whole system. Bands 9 and 10 are not currently available for all configurations, as detailed in Fig. 2.9. The maximum total bandwidth is 8 GHz with datacubes split into 7680 channels of width 3.8 kHz to 15.6 MHz.

Fig. 2.9 details the angular resolution and maximum recoverable scale (MRS) values for each configuration in each of the achievable bands, along with the minimum and maximum baseline lengths; MRS refers to the largest scale that can be successfully imaged by the interferometer and can be calculated using the equation:

M RS ∼ 0.6λ Lmin , (2.34)
with Lmin as the minimum baseline in the configuration. 

Radiative Transfer: Molecular Line Analysis

Following the collection and reduction of observational astrochemical data, we can obtain estimates of molecular abundances using radiative transfer calculations. These calculations yield information about the physical parameters of the subject of the astrochemical observations.

Spectroscopic Mechanism

The electrons that are contained within the atoms that make up molecules are always situated in quantifiable energy levels. Internal movements of the molecules lead to excitation and de-excitation, representing the transition to a higher or lower energy level, respectively. The conservation of energy dictates that the energy difference between these levels is compensated by emission or absorption at a frequency determined by Eq. 2.35:

hν = ∆E = E u -E l = k B T , (2.35)
where h is the Planck constant, k B is the Boltzmann constant, ν represents the frequency of the emission and T represents the energy in temperature units, while E u and E l represent the upper and lower energy levels, respectively. The internal molecular movements, which may be broken down into electronic, vibrational and rotational contributions, cause radiative emission and absorption. As illustrated in Figure 2.11, multiple rotational states are contained within a single vibrational state, while multiple vibrational states are contained within a single electronic state. As a result of this, the energy changes corresponding to each type of internal movement can be compared as follows: (2.36) where e, v and r stand for "electronic", "vibrational" and "rotational" respectively. Using Eq. 2.35, it follows that:

E e >> E v >> E r ,
ν e >> ν v >> ν r . (2.37)
Due to the large differences, these frequency values fall into different regimes of the electromagnetic spectrum: electronic transitions in the UV or visible regimes, vibrational transitions in the infrared regime and rotational transitions in the microwave regime. 

Radiative Transfer Fundamentals

We will now derive the equations used for radiative transfer. To begin, consider a source that is emitting radiation along a line of sight due to the mechanism discussed in Sect. 2.3.1, representing a change of intensity (see Eq. 2.1). If we consider this change to occur through a slab of material with thickness s, then we can write an equation to describe this change of intensity through this material, which we can refer to as the equation of transfer: (2.38) where α ν and j ν represent the absorption coefficient (in units of cm -1 ) and emissivity (in units of erg s -1 cm -3 Hz -1 ster -1 ), respectively. Fig. 2.12 gives a visualisation of such a system. We can rewrite Eq. 2.38 as:

dI ν ds = -α ν I ν + j ν ,
dI ν dτ ν = -I ν + S ν , (2.39)
where τ is the optical depth or opacity (defined as dτ = α ν ds) and S ν is the source function (defined as the ratio between emissivity and the absorption coefficient:

S ν = jν αν ). ds I1 I2 dI = I2 -I1 Figure 2
.12: Visualisation of simplified system undergoing radiative transfer, where ds is the length of the slab being considered, I 1 is the intensity of the radiation incident on the system, I 2 is the intensity of the radiation coming out of the system (where I 1 and I 2 are length ds apart) and dI represents the difference between I 2 and I 1 .

As discussed in Sect. 2.3.1, molecular species have quantifiable energy levels between which transitions can occur, leading to emission or absorption according to Eq. 2.35. There are multiple possible mechanisms of electron transfer from an excited state to a less excited state (from an upper to lower energy level) -spontaneously or through stimulation from the radiation field. The resultant emission is thus known as spontaneous emission and stimulated emission, respectively. It is also possible for stimulated absorption to occur causing the transfer from a lower energy level to an upper energy level.

In addition to these radiative processes, excitation and de-excitation can occur due to collisions with other molecules, atoms, ions or electrons. Therefore, assuming that the system is stationary, it is possible to derive an equation to fully describe the number densities of the upper and lower energy levels (n u and n l , respectively), taking into account both radiative and collisional processes. This is known as the equation of statistical equilibrium in a two-level system: (in units of erg cm -3 Hz -1 ), then the probabilities of spontaneous de-excitation, stimulated de-excitation and stimulated excitation become A ul , B ul U ν and B lu U ν , respectively. Finally, C ul and C lu represent the probabilities of collisional de-excitation and excitation, respectively. These rates are the collision rates per second per molecule of the species of interest and they depend on the density of the collision partner. They can be expressed as:

n u (A ul + B ul U ν + C ul ) = n l (B lu U ν + C lu ) . ( 2 
C ij = γ ij × n collider , (2.41)
where n collider is the density of the collision partner which can be H 2 , Helium or electrons, depending on the observed medium and participates to the level population. The collisional rate coefficients γ ij (in cm 3 s -1 ) are the velocity-integrated collision cross sections and depend on temperature through the relative velocity of the colliding particles and possibly also through the collision cross sections directly. The downward collisional rate coefficients are tabulated in various databases such as LAMDA 3 and BASECOL4 . Fig. 2.13 illustrates all of these radiative and collisional process. The upward and downward rates are related through the following equation:

γ lu = γ ul g u g l e -hν/kT k , (2.42)
where g i is the statistical weight of the level i and T k is the kinetic temperature. In order to go further with our derivations, we must specify whether or not our system is in Local Thermodynamic Equilibrium.

Local Thermodynamic Equilibrium (LTE)

Eq. 2.43 represents the Boltzmann equation:

n u n l = g u g l e -hν k B Tex , (2.43)
where T ex represents the excitation temperature. A system in Local Thermodynamic Equilibrium (LTE) has only a single temperature, thus, as a consequence, T ex is equal to that temperature and the ratio of the upper and lower energy levels is described by the Boltzmann equation at that temperature. These populations are said to be "thermalised".

In such a system, collisions dominate the excitations and de-excitations such that the radiative absorption and emission terms of Eq. 2.40 become negligible; this enables us to write a simplified statistical equilibrium equation:

n u C ul = n l C lu . (2.44)
Hence, in such a system, C ul >> A ul . From 2.42 we can write:

g u C ul = g l C lu e E ul k B T k , (2.45)
where T k is defined as the kinetic temperature of the medium. Therefore, using Eqs. 2.44 and 2.45, we can write:

n u n l = g u g l e -hν k B T k . (2.46)
Thus, through comparison of Eqs. 2.43 and 2.46, for a system in LTE, the excitation temperature and kinetic temperature are equal.

The LTE assumption breaks down in environments with low enough densities and is therefore often not true in the interstellar medium. It is therefore essential to check whether an LTE assumption is valid before commencing radiative transfer analysis. This can be achieved using the critical density (n CRIT ) in a two-level system, which is defined as:

n CRIT = A ul γ ul , (2.47)
n CRIT can be generalised to multi-level systems where the critical density compares radiative transitions to all lower levels with the collisional rates to all levels: .48) (most of the time -this may not be true in cases of radiative pumping). This is because for thermalised populations the collision timescale is much shorter than that of spontaneous emission:

n CRIT = l<u A ul l̸ =u γ ul . ( 2 
1 C ul << 1 A ul . (2.49)
For example, a transition such as CO (1-0), which is seen ubiquitously in more and less dense regions, has a critical density of approximately 2000 cm -3 , while CS , which only traces high density regions, has a critical density of 1.0×10 6 cm -3 .

It is also possible to rewrite the equation of transfer (2.38) in terms of n u A ul , n u B lu U ν and n l B lu U ν , since we can use these to describe the change in intensity:

dI ν ds = -I ν   hν c (n l B lu -n u B ul )ϕ(ν)   + hν 4π (n u A ul )ϕ(ν).
(2.50) Therefore, using Eq. 2.38, α ν and j ν can be written as:

α ν = hν c (n l B lu -n u B ul )ϕ(ν) , (2.51) j ν = hν 4π n u A ul ϕ(ν) , (2.52)
where ϕ(ν) represents the line profile function of the absorption or emission line. We can therefore rewrite the source function as:

S ν = n u A ul c 4π 1 (n l B lu -n u B ul ) . ( 2 

.53)

As we discussed, in LTE the population densities are described by the Boltzmann equation (see Eq 2.43). Therefore, incidentally, we can rewrite Eq. 2.53 as:

S ν = A ul c 4π 1 g l gu e E ul k B Tex B lu -B ul . (2.54)
LTE also dictates that the Planck function at T ex describes the source function:

S ν (T ) = 2hν 3 c 2 1 e hν k B T -1 . (2.55)
This depends on the temperature of the surroundings, which can be described as black body radiation, therefore:

I ν (0) = 2hν 3 c 2 1 e hν k B T bg -1 , (2.56)
with T bg as the background radiation temperature. Assuming that S ν is constant, then Eq. 2.39 can be solved to generate:

I ν (τ ν ) = I ν (0)e -τν + S ν (1 -e τν ) .
(2.57)

We can define the source emission, I source ν , as:

I source ν = I ν (τ ν ) -I ν (0) . (2.58)
Therefore, using Eqs. 2.55, 2.56 and 2.57 in Eq. 2.58, we can write:

I source ν (τ ν ) = 2hν 3 c 2   1 e hν k B Tex -1 - 1 e hν k B T bg -1   (1 -e -τν
) .

(2.59)

Using Eq. 2.5, which defines brightness temperature:

I source ν = 2k B ν 2 c 2 T B , (2.60) 
which we can rearrange for T B , enabling us to write Eq. 2.59 as:

T B (ν) = hν k B   1 e hν k B Tex -1 - 1 e hν k B T bg -1   (1 -e -τν ) . (2.61) With J ν (T ex,bg ) = hν k B 1 e hν k B T ex,bg -1 , (2.62)
then we can simplify Eq. 2.63 as:

T B (ν) = (J ν (T ex ) -J ν (T bg ))(1 -e -τν ) . (2.63)
We can conclude from Eq. 2.54 that A ul , B ul and B lu must be co-dependent. Therefore, considering the Planck equation: [START_REF] Pickett | Submillimeter, millimeter and microwave spectral line catalog[END_REF]. In order to derive the equation for total column density (N TOT ) in LTE, we must begin by obtaining the opacity, which, by definition, is the integral of the absorption coefficient along the slab of thickness s: 

g l B lu = g u B ul , ( 2 
τ dν = hν c (n l B lu -n u B ul )ϕ(ν)ds . ( 2 
τ dν = g u g l A ul c 3 n l 8πν 3 (1 -e -hν k B Tex ) . (2.67)
It should be noted that we are assuming a constant T ex along the line of sight and that the line profile ϕ ν has ϕ(ν)dv=1 for the derivation of these equations.

In order to apply this to a Gaussian shape, we require τ to take the form:

τ ν = τ 0 e (v-v 0 ) 2 2σ 2 ν , (2.68)
where τ 0 is the central opacity and σ= ∆v 2 √ 2ln2 , with ∆v as the full width at half maximum (FWHM) in velocity units. Therefore, using dv = c ν dν:

τ = τ 0 e (v-v 0 ) 2 2σ 2 ν dν = τ 0 √ π∆v 2 √ ln2 , (2.69)
while Eq. 2.67 becomes:

τ ul (z) = A ul c 3 8πν 3 ul ∆v √ π 2 √ ln2 z 0 n u n l g u n u g l -1 dz ′ , (2.70)
with z as the depth of the emitting source. Therefore, the central opacity is obtained as:

τ 0 = c 3 8πν 3 ∆v √ π 2 √ ln2 A ul N u (e hν k B Tex -1) . (2.71)
In this PhD study, we are interested in obtaining values for the fractionation ratio towards protostellar stage objects (refer to Sect. 1.4). In order to achieve this, we must, by definition, obtain the relative abundances of the isotopologues of interest. We can introduce a parameter known as the column density (N i ; cm -2 ) as the total number of particles per unit area of energy level i along the line of sight. Thus, the column density can be defined as:

N i = L 0 n i ds , (2.72)
where n i is the number density of energy level i, L is the source size along the line of sight and ds is an infinitesimal length along the line of sight. Therefore, the total column density (N TOT ) can be expressed as:

N T OT = Σ i N i . (2.73)
We can also define the partition function, Q(T ex ) as: 

Q(T ex ) = i g i e -E i k B Tex . ( 2 
N TOT = 8πν 3 (∆v)τ 0 Q(T ex ) √ π 2 √ ln2 e Eu k B Tex c 3 A ul g u (e hν k B Tex -1)
.

(2.76)

We can also express this in terms of the integrated intensity, W, defined as:

W = T B (ν)dν = T B (ν 0 ) ∆v √ π 2 √ ln2 , (2.77)
again assuming Gaussian lines. Thus:

N TOT = 8πW ν 3 A ul c 3 g u Q(T ex )e Eu k B Tex e hν k B Tex -1 1 J ν (T ex ) -J ν (T bg )
.

(2.78)

We will see these equations put to use in obtaining fractionation ratios in Chapters 3 and 4.

Non-LTE

As mentioned in Sect. 2.3.2.1, the LTE assumption often breaks down in the sparse environments of the interstellar medium. Therefore, there are often situations where the Boltzmann equation does not hold for the energy level populations (i.e. they are not "thermalised"), collisions do not dominate over the radiative processes and T ex goes between the radiation field temperature and T k . Since the LTE radiative transfer equation in Sect. 2.3.2.1 was derived using the inherent assumption that the level populations are described using the Boltzmann equation, it follows that in this case, the radiative transfer calculations and level population calculations are coupled. However, as discussed, the assumption that T ex =T k is not true in the case of non-LTE and thus a different method must be used to complete the calculations. The most popular method to achieve this is known as the "escape probability method" [START_REF] Sobolev | Moving envelopes of stars[END_REF]).

An example of an escape probability method is the Large Velocity Gradient (LVG) approximation, which assumes that all points within a star forming cloud emit at different frequencies and thus have different velocities, hence the term Large Velocity Gradient. It is therefore most useful in cases of infalling or expanding clouds. Using this assumption, all of the emission in a frequency range ∆ν has a Doppler shift (∆v) given by:

∆v = c ∆ν ν 0 , ( 2.79) 
with c as the speed of light and ν 0 as the rest frequency. Thus, when using this approximation, the expression for the escape probability is a result of the assumed velocity gradient.

The escape probability method is the one utilised by multiple non-LTE radiative transfer analysis software codes, such as grelvg [START_REF] Ceccarelli | Theoretical H 2 CO emission from protostellar envelopes[END_REF] and the widely-used RADEX 7 (van der [START_REF] Van Der | A computer program for fast non-LTE analysis of interstellar line spectra. With diagnostic plots to interpret observed line intensity ratios[END_REF]). In both cases, the user is required to provide input values for T k , n and N TOT and the software outputs values for W , T ex or τ 0 . Spectroscopic parameters such as A ul , g u , g l and E 0 along with collision rates are provided via molecular data files from the LAMDA database.

Let us consider a cloud as our non-LTE system; the escape probability method dictates that β represents the probability that a newly-created photon somewhere within this cloud can escape this system. If J represents the amount of radiation contained within the cloud, then it follows that:

J = S(1 -β) + βI bg , (2.80)
7 https://home.strw.leidenuniv.nl/ moldata/radex.html with S as the source function and I bg as the intensity of the external field. Therefore, we can rewrite the statistical equilibrium equation in the following form:

dn u dt = n l C lu -n u Cul -βn u A ul . (2.81)
β can be estimated depending on the geometry and optical depth of the system. For example, for a radially expanding sphere with a constant velocity gradient, one can derive: 

β = 1 -e -τ τ . ( 2 
β = 1 τ πln( τ 2 )
, (2.84)

β = 1.5 τ   1 - 2 τ 2 +   2 τ + 2 τ 2   e -τ   .
(2.85) Eq. 2.85 is used by RADEX to estimate excitation and radiation field. The software guesses the level populations assuming LTE and the optically thin (τ <1) regime, yielding a value for τ . From this, the software can obtain β and consequently can directly calculate the new level populations. In the case of high opacity, the first term of Eq. 2.85 is used; for low opacity, a power series is utilised. This process is repeated until consistent values are obtained for τ and the level populations, at which point these are used to obtain line strengths.

One reason that this method is the most popular one for the non-LTE case is because of its satisfactory handling of photon transport in the case of optically thick lines. As is clear from Eqs. 2.82, 2.83, 2.84 and 2.85, the probability parameter β is dependent on the optical depth, τ . This is logical, since a photon would have a lower probability of escaping a medium in the case of optically thick gas compared to the optically thin case. Therefore, the effective rate of spontaneous emission (A eff ul ) is reduced by the number of spontaneously emitted photons and we can write this as:

A ef f ul = A ul β(τ ). (2.86)
From this, we can redefine the effective critical density (n eff cr ) as:

n ef f cr = A ul β(τ ) γ ul . (2.

87)

Similarly to A eff ul , n eff cr is reduced due to the inclusion of β; therefore, thermalisation is more easily achieved. We can resolve this escape probability method using a similar method to that previously described for the LTE case, with the differences being the replacement of A ul and U ν with A eff ul β(τ ) and (1-β)S ν , respectively, in the relevant equations.

Beginning with Eq. 2.81, which yields a value of zero in the case of equilibrium, we can write: 

n l nγ ul = n u (nγ ul + β A ul ) . ( 2 
n l nγ ul e - E 0 k B T k = n u (nγ ul + β A ul ) , (2.89)
which can be rearranged and combined with Eq. 2.87 to obtain:

n u n l = gu g l e - E 0 k B T k n ef f cr n + 1 .
(2.90) Using Eq. 2.43 and rearranging for T ex , we can finally obtain:

T ex = T kin 1 + k B T k E 0 ln   n ef f cr n + 1   .
(2.91)

Clearly, from Eq. 2.91, we once again prove that if n is much greater than n eff cr , then T ex = T k , hence the system would be in LTE.

CASSIS

CASSIS 8 (Centre d'Analyse Scientifique de Spectres Instrumentaux et Synthétiques; [START_REF] Vastel | Proceedings of the Annual meeting of the French Society of Astronomy and Astrophysics[END_REF] is astronomical analysis software developed by l'Institut de Recherche en Astrophysique et Planétologie (IRAP). With the wealth of high-resolution, wide-band astronomical spectra that can be and have now been obtained with new generation receivers on ground-based telescopes and with space-based observatories (Herschel and, more recently, the James Webb Space Telescope), the need for an efficient and user-friendly software for line analysis has become crucial. Moreover, in order to better understand the physics, dynamics, and chemistry of the observed astronomical objects, it is necessary to 8 http://cassis.irap.omp.eu develop theoretical models that can be compared with the observations. The goal of the CASSIS software is to provide a set of tools to make such a comparison easier in order to find the best set of parameters that reproduce the observations. CASSIS can be used to extensively search and identify lines and analyse them, as well as to obtain optimal parameters (e.g. T k , FWHM, N TOT ) to reproduce astronomical observations through comparison with existing theoretical models. It is able to do this through its intrinsic links to existing atomic and molecular spectroscopic databases JPL, CDMS and National Institute of Standards and Technology (NIST9 )), as well as collisional databases (BASECOL and LAMDA). This synthesis is illustrated in Fig. 2.14. In this way, CASSIS is therefore useful in both LTE and non-LTE (see Sect. 

Line Fitting

CASSIS can be used to generate a line profile that can be directly compared to observations, enabling the user to obtain best fit values for FWHM, T B , v LSR and N TOT . This can be done for simple single component emission lines or to fit multiple components simultaneously. CASSIS also features the option to fit absorption lines by defining a temperature value for the continuum, either as a constant or as a function of the velocity and is capable of applying this comprehensive line fitting to both LTE and non-LTE analyses.

For an LTE analysis, the software accomplishes this by using Eq. 2.67 along with T ex , FWHM and N TOT values to obtain τ (ν) as a function of the velocity in the form of a Gaussian profile (see Eq. 2.68). This can then be used along with Eq. 2.61 to obtain T B as the intensity of the observed radiation.

Meanwhile, non-LTE analysis can also be handled in CASSIS. This uses the aforementioned non-LTE radiative transfer software RADEX (refer to Sect. 2.3.2.2), which is integrated within the CASSIS user interface. RADEX calculates τ , T ex , peak intensity and line flux (the latter obtained by integrating the Gaussian profile) to produce an integrated line profile that can once again be directly compared to the observed data, enabling best fit values to be obtained for N TOT , v LSR and FWHM in the non-LTE case.

MCMC

One of the capabilities of CASSIS is the ability to simulate astronomical data using the Markov Chain Monte Carlo (MCMC) method [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF]. This method is used to estimate complex distributions of variable parameter values and obtain the most likely values in each case. MCMC takes a random walk through the data distribution taking a chain of random steps through all possible models. These models are known as "walkers"; the more walkers, the wider the area within the data distribution visited by the walkers, enabling a better sample of the parameter space to be obtained (albeit at the cost of a longer completion time). According to the Metropolis-Hastings algorithm, if the next proposed model is more likely than the current model, the step is taken. However, if the next proposed model is less likely than the current model, the model is proposed again; if this model is more likely than the current model, then no step is taken, however if this second proposed model is also less likely than the current model, then the step is taken. In this way, the acceptance of unfavourable models is directly proportional to their unfavourability. Therefore, a more favourable model is always accepted, a slightly less favourable model is sometimes accepted and a very unfavourable model is accepted only rarely.

In this way, more time is spent among the more likely models. The fraction of proposed steps that are taken is called the acceptance fraction, which should ideally be between 0.2 and 0.5 [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF]. Too low an acceptance fraction and the large amount of rejected steps means the sampling is not representative of the data distribution; too high and the large amount of accepted steps means a walk is being performed regardless of the data distribution, again producing unrepresentative sampling.

Once complete, a histogram can be drawn of the steps (neglecting the first few steps as a warm-up period to improve accuracy) to illustrate the posterior distribution of the values.

Within CASSIS, there is a Python library (LineAnalysisScripting.py) that allows users to create Jython scripts to model sources in LTE (see Sect. 2.3.2.1) or non-LTE (see Sect. 2.3.2.2) using the MCMC method. As part of the script, we can define a number of parameters that will be varied and give upper and lower limits for the variation range.

In order to obtain the best fit values, LineAnalysisScripting.py uses Eq. 2.92 to calculate the value of χ 2 between the model and the observations:

χ 2 i = N i j=1 (I obs,i,j -I model,i,j ) 2 rms 2 i + (cal i × I obs,i,j ) 2 .
(2.92) I obs,ij and I model,ij represent the intensity of the observations and model (respectively) in the channel j of the transition i. rms i represents the root mean square of the spectrum, cal i is the calibration error and N i is the total number of modelled transitions. The best fit values are produced as the parameter values that yield the smallest (minimal) value of χ 2 i.e., those that are the most likely, while the standard deviation is obtained as the standard deviation of the posterior distribution; CASSIS then calculates the value of the reduced χ 2 using Eq. 2.93:

χ 2 red = 1 N spec i N i Nspec i=1 χ 2 i , (2.93)
with N spec as the total number of spectra for which χ 2 has been computed. In this way, CASSIS can successfully obtain best fit parameters using the MCMC method.

The Effect of Hyperfine Structure (HFS)

Hyperfine structure (HFS) is caused by the splitting of a molecular spectrum due to one or more of the nuclei of the molecule having non-zero nuclear spin. An example is the 14 N nucleus, which has a spin of 1. This is of particular relevance to this thesis as we present the analysis of observed nitrogen-bearing species towards OMC-2 FIR4 in Chapter 3. Let us denote this nuclear spin as I = 1. If we define J as the rotational angular momentum of the N-bearing molecule and F as the quantum number of the hyperfine level, then we can construct a formula to calculate F using J and I. Assuming there is one 14 N nucleus in the molecule in question (e.g. 15 NNH + or N 15 NH + ), then we calculate the vector form of F as the vector addition of J and I. Therefore, we can obtain the scalar values of F as

F = J + I, F = J + I -1, etc.
until F reaches the absolute value of J -I. If we take the 1 -0 transition of 15 NNH + and N 15 NH + (i.e. molecules with a single 14 N atom; the 15 N nucleus has zero spin and so does not contribute to HFS), then the J = 0 level has F = 0 + 1 = 1 only (i.e. this level is unsplit), while the J = 1 level has F = 1 + 1 = 2 as well as F = 1 + 1 -1 = 1 and F = 1 + 1 -2 = 0. Therefore, this level is split into a triplet, with F = 2, 1, 0.

In the case where we have more than one 14 N nucleus present in the molecule, e.g. N 2 H + , then we must take into account the splitting effects of both 14 N nuclei. Since the two 14 N nuclei of N 2 H + have unequal coupling strength, we denote their nuclear spin as I 1 and I 2 , representing the outer and inner 14 N nuclei of N 2 H + respectively. When calculating the HF quantum numbers, we must therefore use a nested coupling scheme: F 1 = J + I 1 (representing the quantum number due to the splitting caused by the outer 14 N nucleus) and F 2 = F 1 +I 2 (representing the quantum number due to the additional splitting caused by the inner 14 N nucleus).

The sum of the relative strengths for all transitions on the F quantum number level for any given J transition is equal to 1. Eq. 2.94 (taken from Mangum and Shirley 2015) is used to calculate the relative strengths in the case of a single 14 N nucleus:

R i (J ′ F ′ → JF ) = (2F + 1)(2F ′ + 1) (2I + 1)    I F ′ J ′ 1 J F.    2 (2.94)
Meanwhile, for multiple 14 N nuclei, Eq. 2.95 (also from Mangum and Shirley 2015) is used:

R i (J ′ F ′ 1 F ′ → JF 1 F ) = (2F ′ 1 + 1)(2F 1 + 1)(2F ′ + 1)(2F + 1) (2I 1 + 1)(2I 2 + 1) ×    I 1 F ′ 1 J ′ 1 J F 1    2    I 2 F ′ F ′ 1 1 F 1 F.    (2.95) EXAMPLE 1: R i (1, 0 → 0, 1)
J ′ = 1, F ′ = 0, J = 0, F = 1, I = 1; therefore Eq. 2.94 becomes: Comparing Eq. 2.96 to the appropriate 6 -j symbols (see Fig. 2.15; Mangum and Shirley 2015), we can see that we require Eq. 2.97.

R i (1, 0 → 0, 1) = 3 × 1 3    1 0 1 1 0 1    2 =    1 0 1 1 0 1    2 (2.96) if we let a = I = 1, b = F ′ = 0, c = J ′ = 1, s = a + b + c = 2.
   a b c 1 c -1 b + 1    2 = (s -2b -1)(s -2b)(s -2c + 1)(s -2c + 2) (2b + 1)(2b + 2)(2b + 3)(2c -1)2c(2c + 1) (2.97)
Therefore, we obtain, in this example, a value of 1 9 (see Eq. 2.98).

R i (1, 0 → 0, 1) = 1 × 2 × 1 × 2 1 × 2 × 3 × 1 × 2 × 3 = 4 36 = 1 9 (2.98)
Taking the formulae for quantum numbers and relative line intensities into account, we obtain, for a single 14 N nucleus ( 15 NNH + , N 15 NH + ), the quantum numbers and relative strengths as described in Table 2.3. 

F ′ 1 → F 1 J ′ -J R i (F 1 , J) (0,1) (1,0) 1 9 (1,1) (1,0) 1 3 
(2,1) (1,0)

5 9
EXAMPLE 2: R i (1, 1, 1 → 0, 1, 1)

J ′ = 1, F 1 = 1, J = 0, F 1 = 1, F = 1; therefore Eq. 2.
95 becomes:

R i (1, 1, 1 → 0, 1, 1) = 3 × 3 × 3 × 3 3 × 3    1 1 1 1 0 1    2    1 1 1 1 1 1    2 .
(2.99)

Again, by comparing Eq. 2.99 to the appropriate 6 -j symbols (see Fig. 2.15; Mangum and Shirley 2015), we can see that for the first matrix, representing the outer nitrogen nucleus, we need to use Eq. 2.100, while for the second matrix, representing the inner nitrogen nucleus, we need to use Eq. 2.101 (both taken from [START_REF] Mangum | How to Calculate Molecular Column Density[END_REF].

For the outer nucleus, let

a = I 1 = 1, b = F ′ 1 = 1, c = J ′ = 1 and therefore s = a+b+c = 3; for the inner nucleus, let a = I 2 = 1, b = F ′ = 1, c = F ′ 1 = 1 and therefore s = a+b+c = 3.    a b c 1 c -1 b    2 = 2(s + 1)(s -2a)(s -2b)(s -2c + 1) 2b(2b + 1)(2b + 2)(2c -1)2c(2c + 1) (2.100)    a b c 1 c b    2 = [2b(b + 1) + 2c(c + 1) -2a(a + 1)] 2 2b(2b + 1)(2b + 2)2c(2c + 1)(2c + 2) (2.101)
Therefore, we obtain in this case:

R i (1, 1, 1 → 0, 1, 1) = 9 × 2 × 4 × 1 × 1 × 2 2 × 3 × 4 × 1 × 2 × 3 [(2 × 2) + (2 × 2) -(2 × 2)] 2 2 × 3 × 4 × 2 × 3 × 4 = 1 36 . 
(2.102)

Therefore, in the case of multiple nuclei, the J = 0 level is split into 3 and the J = 1 level is split into 7 (see Figure 2.16). And so, for two 14 N nuclei of unequal strength (N 2 H + ), we obtain the quantum numbers and relative intensities as described in Table 2.4. Note that in both Tables 2.3 and 2.4 the relative intensities (R i ) sum to 1. The sum of the statistical weights (denoted as S ) is 9 for the 15 N-isotopologues and 27 for the main isotopologue. This is the denominator of the equations for R i (see Eqs. 2.94 and 2.95). 

F ′ → F F ′ 1 → F 1 J ′ → J R i (F 1 , J)R i (F, F 1 ) ν (kHz) R i (obs) (0,1) (1,1) (1,0) 1 27 -2155.7 27 (2,2) (1,1) (1,0) 5 36 
-1859.9 27

(2,1) (1,1) (1,0)

5 108 (1,2) (1,1) (1,0) 5 108 -1723.4 (1,1) (1,1) (1,0) 1 36 (1,0) (1,1) (1,0) 1 27 (2,1) (2,1) (1,0) 5 36 -297.1 27 (2,2) (2,1) (1,0) 5 108 (3,2) (2,1) (1,0) 7 27 
+0.0 27

(1,1) (2,1) (1,0)

5 108
+189.9

(1,2) (2,1) (1,0)

1 324 (1,0) (2,1) (1,0) 5 81 (1,2) (0,1) (1,0) 5 81 +2488.3 (1,1) (0,1) (1,0) 1 27 (1,0) (0,1) (1,0) 1 81
In the case of N 2 H + HF splitting, the line widths of the splitting caused by the internal 14 N nucleus (i.e. F level) are small, which means that, in a lot of cases, the resultant HF components are blended together in observational spectra due to insufficient velocity resolution to separate them in frequency.

CLASS HFS

In the specific case that we have observations featuring species that are split into multiple HF components, we may use a feature of the GILDAS package CLASS (see 2.2.4.2) called CLASS HFS to model our spectra. The HFS method assumes:

• All multiplet components have the same T ex ,

• Gaussian profiles for opacity,

• All components have the same FWHM,

• No overlap of multiplet components (in the analysis presented in Chapter 3 there is partial overlap; CLASS still gives an output in this case but the accuracy is affected),

This routine requires an input file for each isotopologue that contains the relative intensity r i and velocity separation v i (km s -1 ) from the reference component (computed from the Doppler law based on the frequency differences obtained in the lab) for each HF component. We can also define the number of components as N and the total intensity as S = r i . Note that r i in the input files is not equal to R i in Section 2.3.4 but that R i = r i /S such that r i is the intensity relative to the weakest component (such that r i = 1 and all stronger components are multiples of this) and R i is the intensity relative to the total (although normalisation is not a requirement). For example, in the case of N 2 H + , N = 15 and S = 27 (refer to Section 2.3.4). During the fitting process, the CLASS HFS routine gives four output parameters:

• p 1 = T ANT .τ -product of antenna temperature with opacity referring to a hypothetical line where all HFS is regrouped (K),

• p 2 = v peak -velocity at peak intensity (km s -1 ) of the HF component that is considered as the reference component in the input file,

• p 3 = FWHM -full width at half maximum (km s -1 ),

• p 4 = τ -opacity of the sum of the components (of line where all HFS is regrouped).

An example output of a CLASS HFS fitting routine is shown in the upper panel of Fig. 2.17, displaying p 1 , p 2 , p 3 and p 4 , along with their associated uncertainties in brackets.

The resultant fit superimposed onto the observational spectrum is shown in the lower panel of Fig. 2.17. If we define the central velocity of the ith component as v 0,i = v i + p 2 , then according to assumptions 3) and 4), we can calculate the opacity of our lines, τ , using Eq. 2.103: .103) In this equation, τ represents the opacity as a function of frequency (ν), N represents the number of HF components, r i is the relative intensity of the ith HF component and v i is the velocity separation of the ith HF component from the reference component, (km s -1 ).

τ (ν) = p 4 N i=1 r i e -4ln2( v-v i -p 2 p 3 ) 2 . ( 2 
If a line is optically thick (i.e. τ > 1), it will affect the accuracy of our results as the shape of the line profile will become non-Gaussian. Therefore, to ensure that our approach will produce accurate results for N TOT , we must check that the lines are optically thin.

Using the approximation of optically thin lines, we can use Eq. 2.78 in order to obtain an estimate for N TOT (see also Caselli et al. 2002). Since we have HFS, then, assuming optically thin lines, we can calculate the total integrated intensity by measuring the integrated intensity of a single component and using the known ratio of relative intensities. This is achieved as follows.

The equivalent Rayleigh-Jeans temperature, J ν (T ), is obtained using Eq. 2.62. In order to obtain the uncertainty associated with N TOT , Eq. 2.104 is utilised:

∆N T OT = N T OT ∆W W , (2.104) in which: ∆W = (cal/100 × W ) 2 + (rms √ 2 × F W HM × ∆v) 2 , (2.105)
where cal, in units of %, represents the calibration error (assumed in this case to be 10%) and ∆v represents the velocity resolution. In order to calculate the uncertainties for our ratios, which are calculated using the form C = A/B with A and B having symmetric uncertainties themselves, error propagation leads us to the following equation:

dC = C   dA A   2 +   dB B   2 .
(2.106)

HFS in CASSIS

CASSIS analysis as described in Sect. 2.3.3 can also be used in the case of HFS. Since the spectroscopic values are specific to each HF component, designated HFS spectroscopic data files distinct from those used in non-HFS cases are required for this analysis.

The aforementioned built-in databases cover HFS for some, although not all, molecular species. In particular, isotopologue-specific HFS datafiles are often not included. Thankfully, CASSIS features the option to import user-created databases as textfiles. These can be selected during a simple line fitting analysis (see Sect. 2.3.3.1) or for use in complex MCMC scripts (see Sect. 2.3.3.2), something that the analysis in Chapter 3 took advantage of. This enables CASSIS to run an HFS analysis in much the same way as for a more simple non-HFS analysis.

The HFS transitions are unfortunately not included in the general CDMS database (which is included in the CASSIS database) and one has to find them on the CDMS website10 and include them manually. This information, in the form of a .cat file, is added to a user-created directory. Next, the partition function values are obtained from the same online database and saved in the same directory in a separate .html file. Finally, within CASSIS, the module "Line Analysis" allows the user to insert the directory into the new database and select this to model the HFS transitions.

Chapter 3

N-Fractionation in the Protocluster OMC-2 FIR4

The research presented in this Chapter has been published as: L. 

Abstract

Isotopic fractionation is an important tool for investigating the chemical history of our Solar System. In particular, the isotopic fraction of nitrogen ( 14 N/ 15 N) is lower in comets and other pristine Solar System bodies with respect to the value measured for the PSN, suggesting a local chemical enrichment of 15 N during the formation of the Solar System. Therefore, interferometric studies of nitrogen fractionation in proto-Solar analogues are needed for us to obtain clues about our astrochemical origins. In this work we have investigated the variation in the 14 N/ 15 N ratio in one of the closest analogues of the environment in which the Solar System was born: the protocluster OMC-2 FIR4. We present the first comparison of the 14 N/ 15 N ratio at high angular resolution between HCN and N 2 H + using interferometric data. We analysed observations of the HCN isotopologues H 13 CN and HC 15 N in the OMC-2 FIR4 protocluster. Specifically, we observed the transitions H 13 CN (1 -0) and HC 15 N (1 -0) with NOEMA within the context of the IRAM SOLIS Large Program. We combined our results with analysis of archival data obtained with ALMA of N 2 H + and its 15 N isotopologues. Our results show a small regional variation in the 14 N/ 15 N ratio for HCN, from ∼ 250 to 500. The ratios in the central regions of FIR4,

where the candidate protostars are located, are largely consistent with one another, as well as with that of the local ISM (∼ 300). They also show little variation from the part of the protocluster known to harbour a high cosmic-ray ionisation rate to the portion with a lower rate. We also found a small variation in the 14 N/ 15 N ratio of N 2 H + across different regions, from ∼ 200 to ∼ 400. These results suggest that local changes in the physical parameters occurring on the small linear scales probed by our observations in the protocluster do not seem to affect the 14 N/ 15 N ratio in either HCN or N 2 H + and hence that this is independent of the molecule used. Moreover, the high level of irradiation due to cosmic rays does not affect the N-fractionation either.

Source Background

OMC-2 FIR4 is a protocluster located in the Orion Molecular Cloud 2 (OMC-2), at a distance of approximately 393 ± 25 pc (Großschedl et al. 2018). The source consists of several continuum sources embedded in an extended, diffuse envelope (Shimajiri et al. 2008, López-Sepulcre et al. 2013, Kainulainen et al. 2017, Tobin et al. 2019, Neri et al. in prep.) and is part of a long, pc-scale filament containing several young stellar objects (YSOs) and star-forming regions (e.g. Furlan et al. 2016, Hacar et al. 2018). FIR4 has a mass of approximately 30 M ⊙ [START_REF] Mezger | Lambda 1.3 MM dust emission from the star-forming cloud cores OMC 1 and 2[END_REF][START_REF] Crimier | Physical structure and water line spectrum predictions of the intermediate mass protostar OMC2-FIR4[END_REF]) and a luminosity of less than 1000 L ⊙ [START_REF] Crimier | Physical structure and water line spectrum predictions of the intermediate mass protostar OMC2-FIR4[END_REF][START_REF] Furlan | On the Nature of the Deeply Embedded Protostar OMC-2 FIR 4[END_REF]. There are two neighbouring far-infrared (FIR) sources: one to the south-east (FIR5), which is not included in our observations; along with one to the north-west (FIR3), which is included in our observations. FIR3 itself is a Class I YSO (Tobin et al. 2019). The envelope of OMC-2 FIR4, which has an angular size of ∼ 10-15" or ∼ 4000-6000 au (e.g. Fontani et al. 2017;Fontani et al. 2020), is believed to have a temperature of 35-45 K and an average H 2 volume density of 1.2×10 6 cm -3 [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], while FIR3, which is more compact (∼ 5" or ∼ 2000 au), is believed to have a higher temperature because it is likely associated with a hot corino (Tobin et al. 2019, Ceccarelli et al. in prep.). OMC-2 FIR4 is believed to be one of the closest analogues to the early Solar System, due to its protocluster nature and evidence of external irradiation by an enhanced amount of energetic particles (Chaussidon et al. 2006[START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], probably accelerated by YSOs (Padovani et al. 2016). Increasing evidence has been found to suggest that the Sun was born in a similar protocluster environment (Adams 2010) that was subject to irradiation of a very similar dose of energetic particles (Gounelle et al. 2013[START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF]). As such, it is an important object to study as direct comparisons can be made with what we know of the early stages of our own Solar System in order to learn more about our astrochemical origins.

Multiple previous works studying OMC-2 FIR4 [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Fontani et al. 2017, Favre et al. 2018) have concluded with remarkable agreement that the cosmic-ray ionisation rate is enhanced in this source. In particular, Fontani et al. (2017) concluded from studying cyanopolyynes that a gradient in the cosmic-ray ionisation rate exists across the source, with the eastern portion of the protocluster having an enhanced cosmic-ray ionisation rate of ζ ∼ 10 -14 s -1 . Moreover, that portion of the source seems to be more exposed to energetic phenomena such as outflows from FIR3 and the interior of FIR4 (e.g. Osorio et al. 2017, Lattanzi et al. in prep.).

Observations

We obtained observations of isotopologues of HCN towards OMC-2 FIR4 in order to provide the first high angular resolution comparison of the 14 N/ 15 N ratio between HCN and N 2 H + using interferometric data in one of the closest analogues of the environment in which our Solar System was born. The 14 N/ 15 N ratio has already been investigated in our target at low angular resolution in multiple molecular species (Kahane et al. 2018). This work will prepare the observational ground for direct comparisons with both objects of the Solar System (in particular with pristine small bodies as proxies of the early Solar System) and with chemical models.

Our The lines were all observed with the Widex band correlator, providing a velocity resolution of 6.9 km s -1 . The continuum was imaged by averaging the line-free channels of the Widex and Narrow correlator units and subtracting from the spectrum in the (u,v)-domain. Calibration and imaging were performed using the CLIC and MAPPING packages of the GILDAS software (see Sect. 2.2.4.2) using standard procedures. The continuum image was self-calibrated and the solutions were applied to the lines.

In order to estimate the amount of flux that is filtered out by the interferometer, we compare our spectra of HCN isotopologues to the single-dish spectra of the same lines; we used publicly available IRAM 30 m observations of OMC-2 FIR4 to achieve this (Kahane et al. 2018). To this end, we extracted the HCN lines from the NOEMA cube within a polygon corresponding to the beam size of the single-dish observations (i.e. ∼ 28"); this was compared to the IRAM 30 m spectrum that had been resampled in velocity to match the resolution of our NOEMA observations (i.e. ∼ 6.9 km s -1 ). The resulting comparison can be seen in Fig. 3.1 and shows that we recovered approximately 20% of the flux from both the H 13 CN and HC 15 N observations. As a result of the homogeneous effect of flux filtering on both lines, this caveat will have negligible impact on the calculated 14 N/ 15 N ratios, assuming that their distribution is similar. Moreover, this missing flux likely affects mostly the emission from the envelope rather than that from the dense cores, where the emission of H 13 CN and HC 15 N is concentrated, as we show later in this chapter. For the purpose of comparison, we also utilised archival data consisting of N 2 H + (1 -0) emission along with emission of both of its 15 N isotopologues ( 15 NNH + (1-0) and N 15 NH + (1 -0)) towards OMC-2 FIR4 (ALMA project 2016.0.00681.S; PI: F. Fontani). These lines were observed using ALMA in Band 3 (3 mm) with a velocity resolution of 0.2 km s -1 and a spatial resolution of about 600 au. Technical details of these observations (e.g. calibration, configurations used, weather conditions, sensitivity achieved) are given in Fontani et al. 2020. In the same way as for the HCN observations, the effect of flux filtering is the same for all isotopologues of N 2 H + , meaning that the effect on the 14 N/ 15 N ratios is minimal if 14 N/ 15 N is spatially consistent. 93.1739640 a) The quantum numbers represent the J (H 13 CN and HC 15 N), J and F 1 ( 15 NNH + and N 15 NH + ) and J, F 1 and F (N 2 H + ) levels. (b) The statistical weight represents that of the upper level.

1 2 1 → 0 1 1 9 3.63×10 -5 93.1762595 1 0 1 → 0 1 2 9 3.63×10 -5 ( 
Table 3.1 shows the spectral parameters of the observed lines, including the parameters for the hyperfine (HF) components of N 2 H + and its isotopologues. Fig. 3.2 shows maps of the emission of both the H 13 CN and HC 15 N (1 -0) lines averaged over the channels with S/N larger than 3, corresponding to an approximate velocity range of -1 to 18 km s -1 for H 13 CN and 5 to 15 km s -1 for HC 15 N. For comparison, Fig. 3.3 shows the continuum emission obtained from the NOEMA data at 3 mm published in Fontani et al. 2017. It can be seen from these maps that the H 13 CN (1-0) emission is ubiquitously stronger than the HC 15 N (1 -0) emission across all regions of both FIR4 and FIR3. H 13 CN and HC 15 N show similar peak locations, with both having a peak in FIR3 and the north-western and north-eastern regions of the central part of FIR4. Three peaks in the southern inner region appear in HC 15 N and are faintly seen in H 13 CN among generally stronger surrounding emission. The most notable difference between the two maps is the presence of an eastern peak in the outer region of FIR4 in the H 13 CN map while this is absent in the HC 15 N map. It should also be noted that there is a hole in the H 13 CN (and possibly HC 15 N) emission towards the central region of FIR4 that is absent from the continuum emission and from any molecular line studied so far (e.g. Fontani et al. 2017;Fontani et al. 2020, Favre et al. 2018). The H 13 CN (1 -0) emission map suggests the presence of five gaseous cores in which the average emission is above 3σ rms (see Fig. 3.4). One is peaked on FIR3, the rest throughout FIR4. These sub-structures were chosen as the regions from which the spectra will be extracted and the isotopic 14 N/ 15 N ratio for HCN will be calculated. We extracted spectra of N 2 H + , 15 NNH + and N 15 NH + (1 -0), observed with ALMA, from the dataset published in Fontani et al. 2020. The analysis of these spectra will allow us to compare, for the first time at high angular resolution, the 14 N/ 15 N ratio simultaneously in HCN and N 2 H + (i.e. two molecules in which nitrogen fractionation should behave in opposite ways if both are regulated by selective photodissociation; see Sect. 1.2.2.2). Fig. 3.5 shows the spectra that resulted from our extraction from the chosen regions. In the case of FIR3, the spectrum shows no detection of N 2 H + emission. This could be due to the destruction of this molecule by CO or it could be that the emission is so faint and extended that it has been resolved out by the interferometer. In the case of the 15 N isotopologues, 15 NNH + also shows no emission towards FIR3, however there does appear to be a detection of N 15 NH + as a clear peak is present in this spectrum. This suggests that the reason that the main N 2 H + isotopologue is undetected is because the emission is resolved out by our interferometer as it is too extended; the presence of N 15 NH + is explainable by the fact that this emission is likely to be more compact than the main isotopologue and so is not resolved out. For this reason, the 14 N/ 15 N ratio in FIR3 from N 2 H + cannot be derived and will not be discussed further.

As described in Sect. 2.3.4, the N atom has a non-zero nuclear spin, which gives rise to HFS splitting in spectra of N-bearing species, including HCN and N 2 H + , as well as the 15 N isotopologues of the latter. In the case of HCN, the HFS is not resolved in our spectra due to the velocity resolution of these observations being insufficient to see the separate HFS components. However, in the spectra of N 2 H + and its 15 N isotopologues, the velocity resolution is sufficient to resolve the HFS (see Fig. 3.5). In the case of the 15 N isotopologues, we can resolve all three HF components, while in the case of the main isotopologue, we can observe seven HF components. 

Methods

Extraction of the spectra and analysis

Using the MAPPING package of GILDAS, the spectra were extracted in flux density units (Jy) from the five regions illustrated in Fig. 3.4, which have been labelled depending on the position of the peak with respect to the phase centre, as: north-west (NW), north-east (NE), south (S), east (E), as well as one region encompassing FIR3. Due to the complexity of the emission and the partial overlap of some sub-structures, we decomposed the average emission map of H 13 CN by eye into the polygons shown in Fig. 3.4, which do not overlap and pick up the intensity peak of each sub-region. The CLASS package of GILDAS was employed to convert our spectra from flux density units (mJy beam -1 ) into temperature units (K) before they were imported into CASSIS (see Sect. 2.3.3).

In order to derive the equation to convert from flux density units to temperature units, one must start with the Rayleigh-Jeans law:

T = λ 2 2k B Ω S . (3.1)
In Eq. 3.1, T represents the temperature (K), λ is the wavelength (m), Ω is the solid angle of the beam in steradians and S is the flux density in mks units. In order to convert flux density to intensity, one must divide by the beam solid angle, which, assuming a Gaussian beam, has an area given by Eq. 3.2:

Ω = πθ maj θ min 4ln2 , ( 3.2) 
with θ maj and θ min as the half-power beam widths along the major and minor axes, respectively. Substituting Eq. 3.2 into Eq. 3.1 and collecting all constants into a single value yields Eq. 3.3:

T = 0.32 × 10 23 λ 2 θ maj θ min I , ( 3.3) 
with I in units of Jy beam -1 . Finally, converting the wavelength to frequency in GHz and the units of the half power beam widths and intensity into arcseconds and mJy beam -1 , respectively, gives Eq. 3.4, which was used to convert our spectra:

T = 1.222 × 10 3 I ν 2 θ maj θ min . (3.4)
As can be seen in Fig. 3.5, the lines of H 13 CN and HC 15 N show a generally Gaussian shape; hence, each line was fitted with a single Gaussian in CASSIS using Levenberg-Marquardt (L-M) fitting. The fit provides several line parameters, among which is FWHM, which was then used as one of the input parameters for LTE analysis (see Sect. 2.3.2.1) using CASSIS. In order to check our LTE assumption, which is satisfied if the H 2 density is larger than the critical density of the analysed transition, we computed the critical density of each of our lines using Eq. 2.49 (Sect. 2.3). We use collisional coefficients taken from the CASSIS collision database and calculated by Hernandez-Vera et al. ( 2014) for HCN and by Daniel et al. (2005) and Lique (2015) for N 2 H + . For the 1 -0 transition we can assume that the 15 N isotopologues (and 13 C isotopologues) have the same collisional coefficients as their respective main isotopologues. The critical density at 40 K was calculated to be 1.62×10 6 cm -3 for H 13 CN, 1.59×10 6 cm -3 for HC 15 N, 1.61×10 5 cm -3 for 15 NNH + , 1.66×10 5 cm -3 for N 15 NH + and 1.77×10 5 cm -3 for N 2 H + . In the case of N 2 H + and its isotopologues, we can safely assume LTE as these values for critical density are smaller than the average H 2 volume density of OMC-2 FIR4 (1.2×10 6 cm -3 ; Ceccarelli et al. 2014b); for H 13 CN and HC 15 N, the calculated critical density values are the same order of magnitude as the volume density and so the approximation of LTE conditions is reasonable. It should be noted that we used the density value from Ceccarelli et al.

(2014b) because it is an average value calculated over the whole system, making it the best comparison that we can make with available data.

As explained in Sect. 2.3, radiative transfer through gas with a constant excitation tem-perature (T ex ) yields Eqs. 2.61 and 2.76 for T B and N TOT , respectively, in the optically thin regime. We take the background temperature (T bg ) as that of the cosmic microwave background (CMB; i.e. 2.73 K).

HCN

Due to the fact that we only observed one transition for both H 13 CN and HC 15 N, the excitation temperature (T ex ) cannot be derived directly from the data and it has to be assumed. Therefore, within CASSIS, the spectra were modelled using LTE radiative transfer fitting for two fixed temperatures, corresponding to the range of temperatures found for FIR4 using previous data: an upper temperature of 45 K and a lower temperature of 35 K (taken from [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Favre et al. 2018). For FIR3, the upper temperature was fixed at 150 K and the lower temperature was fixed at 100 K (assuming that FIR3 is a hot corino; Tobin et al. 2019, Ceccarelli et al. in prep.). We applied these constraints to LTE line fitting within the CASSIS software and varied the column density until a best fit was obtained, taking into account a 10% calibration error in the latter.

Using this method, we obtained values (along with upper and lower limits) for the column densities of H 13 CN and HC 15 N in each region. We will show these column densities in Sect. 3.5. The obtained opacity values, which will also be shown in Sect. 3.5, confirm our assumption of optically thin lines; it should be noted that H 13 CN is therefore potentially better than HCN for computing the 14 N/ 15 N ratio because HCN is expected to be optically thick. However, the column density ratio N TOT (H 13 CN)/N TOT (HC 15 N) has to be corrected by the 12 C/ 13 C ratio, which was assumed to be 50 ± 5 as measured by Kahane et al. (2018) using CN, HCN and HC 3 N lines observed with the IRAM-30m telescope.

The 12 C/ 13 C ratio measured from HCN specifically in this paper is tentative; the authors calculated their HCN-specific value of 36 ± 15 by comparing HC 15 N to H 13 C 15 N. They point out in this paper that due to the weakness (2.5σ) of the H 13 C 15 N detection, it is possible that the obtained 12 C/ 13 C ratio is underestimated (see Kahane et al. 2018 for further discussion). Taking this into account, we decided to use the average value of 50 ± 5. We also note that the uncertainty associated with the average 12 C/ 13 C ratio calculated in Kahane et al. (2018) is included in our calculated uncertainties associated with 14 N/ 15 N ratios of HCN.

N 2 H +

CLASS HFS

For the N 2 H + analysis, due to the aforementioned presence of HFS, we use the method described in Sect. 2.2.4.2. The method uses a routine that requires two inputs for each isotopologue: relative intensity, r i (with sum normalised to 1) and velocity separation v i (km s -1 ) of each HF component from the reference component (computed from the Doppler law based on the frequency differences obtained in the lab). Both inputs were in this case obtained from CDMS for each isotopologue. For the 15 N isotopologues, the opacity derived from the fit (p 4 of the CLASS HFS fitting routine; refer to Sect. 2.3.4.1 and in particular Eq. 2.103) confirms that we have optically thin lines (τ ≤ 0.1) in all but one case: N 15 NH + towards the NW region. In this line, the opacity of the sum of the components is ∼ 1.4 but this is still enough to obtain an estimate for N TOT since it is likely that the individual HF components (even the strongest one) are optically thin (the opacity is divided among the HF components according to their relative intensity ratio).

For the lines for which only the strongest HF component is detected, we know that this component has a relative intensity of 5 9 compared to the total; therefore, we divided its integrated intensity by 5 9 in order to obtain the total integrated intensity, W , for the 15 N isotopologues.

On the other hand, the output p 4 of the CLASS HFS fitting routine tells us that the opacity of the sum of the components for the main isotopologue (N 2 H + ) is larger than 1, meaning that in all cases we have optically thick lines. It should also be noted that due to our velocity resolution only 7 of the 27 components are separated in frequency. However, the faintest component, J ′ F ′ -JF = 01 → 12, has, according to the relative intensity ratio, an opacity that is 3 27 of the total, providing opacities lower than 1 in all spectra (in reality, there are 3 components here, however since they all have the same F quantum number and rest frequency, they appear as a single line -see Sect. 2.3.4). In addition, this component is well separated from the others in the spectrum, therefore its integrated intensity is not contaminated by emission from any other component. We measured its integrated intensity and divided it by the factor 3 27 to derive the total one.

From the HFS fit results and the optically thin assumption, we can calculate the total integrated intensity in two ways: when all HF components are detected, we sum the integrated intensity of all of them; when only the strongest HF component is detected, we multiply its integrated intensity by the known relative ratio with respect to the total in optically thin conditions. We can estimate N TOT using Eq. 2.76, in which we use Eq. 2.62 to obtain the equivalent Rayleigh-Jeans temperature. All spectroscopic parameters used in this equation are taken from the CDMS database. The CMB temperature (T bg ) is assumed to be 2.73 K.

For the excitation temperature (T ex ), we cannot constrain this using our analysis alone because, despite resolving the HFS in our spectra, the opacity of the N 2 H + spectra is not well constrained and the 15 N isotopologue lines are optically thin. Therefore, we must assume an excitation temperature. As for HCN, we fixed T ex to a lower temperature of 35 K and an upper one of 45 K based on previous measurements [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Favre et al. 2018). Radiation temperature (J ν (T )) is obtained using Eq. 2.62.

For the E hotspot, which has the lowest S/N, only the main HF component of the 15 N isotopologues is visible in the spectra. Therefore, in this case, instead of using the HFS fitting routine, CLASS was instead utilised to fit the main component using a single Gaussian fitting routine. The brightness temperature resulting from this fit (T B ) is used to calculate the opacity (τ ) using Eq. 2.61. Using this value for τ , N TOT is obtained using Eq. 2.76, with all other values in this equation obtained as before.

CASSIS MCMC

We use the MCMC method as described in Sect. 2.3.3 to analyse our data. In most cases, we have sufficient S/N to have four free parameters in our Jython MCMC script (refer to Sect. 2.3.3.2): N TOT , T ex , FWHM and v LSR . From L-M fitting, we know the order of magnitude for N TOT in each case as well as the FWHM for all of the components (∼ 0.8 km s -1 ), thus we vary these parameters in the MCMC fitting around these initial values.

For T ex , once again we use previous research of this source to determine our upper and lower limits: 50 K and 30 K, respectively (5 K above and below the upper and lower limits used to model the spectra and calculate N TOT from the CLASS method). Also from previous research, the accepted value for the v LSR of OMC-2 FIR4 is 11.4 km s -1 (e.g. Kahane et al. 2018, Ceccarelli et al. 2017); therefore, this parameter is varied around this value.

In the case of the 15 N isotopologues, since we have lower S/N in general, we must constrain at least one of the parameters (in cases where we have higher S/N, we obtain good fits by leaving the parameters unfixed and allowing the software to find the best fit; if we have low S/N we cannot do this). Therefore, in these cases, we constrain the range for T ex to just 3σ above and below the T ex value obtained for the main isotopologue in the corresponding position. Meanwhile, three of the spectra show very low S/N: the E Region of both 15 N isotopologues as well as the S Region of N 15 NH + . For these cases, we also constrain the v LSR , fixing this parameter to the value obtained in the corresponding position in the main isotopologue. In order to obtain the best fit values, LineAnalysisScripting.py uses Eq. 2.92 to calculate the value of χ 2 between the model and the observations. We use a calibration error (cal i ) of 15% and rms values (rms i ) of 10.1 mK, 10.3 mK and 31 mK for 15 NNH + , N 15 NH + and N 2 H + , respectively.

For the E Region in both 15 N isotopologues and S Region in N 15 NH + , the fit obtained using MCMC could not be optimised as the N TOT was constantly being underestimated with respect to the observations, causing overestimations of the 14 N/ 15 N ratio. Therefore, we concluded that these three spectra had insufficient S/N to be analysed using MCMC; as a consequence, to analyse these spectra, first we fitted a single Gaussian to the strongest HF component using L-M fitting in order to obtain a value of v LSR for each spectrum.

We used this value to fix v LSR in a line analysis fitting routine while fixing T ex to 35 K and 45 K to give upper and lower limits. The N TOT was then varied until good fits were obtained, taking into account a 15% calibration error.

Results

Table 3.2 shows the best fit FWHM and W values of our lines with uncertainties in W given by Eq. 2.105. We take the calibration error (cal) to be 10%, while the velocity resolution (∆v res ) is 0.2 km s -1 and rms error is 10.1 mK for 15 NNH + , 10.3 mK for N 15 NH + and 31 mK for N 2 H + . From fitting our spectra using L-M fitting in CASSIS, FWHM is obtained as 0.8 km s -1 . It should be noted that the values for W obtained using the method described previously are given in K km s -1 ; therefore, for Eq. 2.76, these are converted to K cm s -1 as everything else is in cgs units. Table 3 37.9 +7.0 -2.0 33 ± 3 5.550 ± 0.004 (a) Note that, due to the low spectral resolution, the HFS structure cannot be constrained for HCN isotopologues and so the spectra are fit with one transition only, the FWHM of which is included in this table for each region. (b) For the same reason as (a), v LSR is fixed to the accepted source value of 11.4 km s -1 . (c) Due to low S/N, v LSR is fixed to the value found from a single Gaussian fit of the strongest HF component using L-M fitting.

HCN

The column density values for H 13 CN and HC 15 N and the calculated 14 N/ 15 N ratios can be found in Table 3.3.

Table 3.3:

Values of column density obtained using CASSIS for H 13 CN and HC 15 N along with results of analysis using CASSIS for 14 N/ 15 N in HCN, calculated using average values of column densities taken at 35 K and 45 K (100 K and 150 K for FIR3).

Region

N TOT 14 N/ It is clear from the values that there is an agreement in the 14 N/ 15 N ratio in the NE, NW and S Regions but a higher value is obtained from the E Region. Meanwhile, FIR3 shows the lowest ratio. In fact, the derived 14 N/ 15 N ratios are consistent with each other (within the uncertainties) as well as with the value obtained at low angular resolution by Kahane et al. (2018): 270 ± 50. Overall, these results indicate that no enrichment or depletion in 15 N is apparent in the inner sub-regions of FIR4 (i.e. the NW, NE and S Regions) analysed in this work. The E Region shows the highest 14 N/ 15 N ratio in HCN; however, it is not straightforward to justify this because, even though the region is the most external one and hence potentially most exposed to external UV photons, a variation due to selective photodissociation would produce a lower 14 N/ 15 N ratio, which is at odds with our findings.

As for the uncertainties, we have asymmetric error bars to our values for N TOT , i.e. of the form:

A +σAup -σA low , B +σAup -σA low . (3.5)
where A is the value for N TOT of the less abundant isotopologue, B is the value for N TOT of the main isotopologue and σ represents the associated standard deviation. To obtain the standard deviation values (σ) required for Eqs. 3.5 and 3.6, the outputted uncertainties from the MCMC model (see Fig. 2.103) are multiplied by (δχ 2 ), with δ as the number of standard deviations and χ 2 as a function of the number of degrees of freedom; since we have 4 varied parameters (N TOT , FWHM, T ex and v LSR ), we must multiply our uncertainties by √ 4.72 to obtain the σ uncertainty. Since no "official" equation for the propagation of asymmetric uncertainties exists, we use one that is accepted for a value C calculated as

C = A/B: σC low = A B σA low A 2 + σB up B 2 , σC up = A B σA up A 2 + σB low B 2 . (3.6)
In order to check what the accepted equation for the propagation of symmetrical errors would lead us to obtain, we took the average value of σA low and σA up as well as the average of σB up and σB low to be the symmetric values of dA and dB; in comparison to the values for uncertainty found using the asymmetric equations above, the results were the same. Therefore, we accept the uncertainties given by this unofficial equation for the propagation of asymmetric errors as the uncertainties of the ratios obtained using the CASSIS method.

N 2 H +

The spectra of N 2 H + and its 15 N isotopologues have been fit according to the methods described in Sect. The resultant values for N TOT (with uncertainties calculated as described in Sect. 3.5.1) and the calculated 14 N/ 15 N ratios are listed in Tables 3.4 and3.5, respectively. The range of 14 N/ 15 N that we obtain is 200-450. The resulting values for N TOT using all variations of the CLASS method described in Sect. 3.4.3.1 are in Table 3.4. Eq. 2.106 was employed to calculate the uncertainties in our obtained ratios. a) In the E Region, a different second method was used instead of CLASS HFS due to the HFS structure being invisible (see Sect. 3.5.2). As one can see, in a similar fashion to the 14 N/ 15 N ratios obtained from HCN, the ratios that we obtain from N 2 H + show broad homogeneity across the three central regions. However, while our HCN results show the E Region to have a slightly higher 14 N/ 15 N ratio, our results for N 2 H + show the E Region to have a ratio that is still a little lower than most other regions but within error of the ratio found in at least one other region. There is therefore some agreement with previous research (in particular Fontani et al. (2020), who analysed the same N 2 H + data), which concluded that the 14 N/ 15 N ratio showed little regional variation across the central regions of FIR4. There are, however, a few regionspecific caveats in our analysis that should be highlighted. We now discuss these in more detail.

Regarding the S Region, as can be clearly seen in Fig. 3.5, in most regions the F 1 = 0 -1 component of N 2 H + is not blended with the nearby HF components and shows a profile that can be well fitted with a single Gaussian, which also indicates that this particular HF component is likely optically thin, as assumed in Sect. 2.2.4.2 and 2.3.3. However, in the spectrum of the S Region this component shows two peaks. Interestingly, the N 15 NH + line also shows two peaks in its main HF component. In both cases, this profile can be due to two partly overlapping velocity features. The 15 NNH + line, instead, shows a single peak in the main component. To probe whether the profile observed in the F 1 = 0 -1 component of N 2 H + and in N 15 NH + is due to multiple velocity features or self-absorption, we compared the velocities of the two peaks in the

F 1 = 0 -1 component of N 2 H + (1 -0)
with those of N 15 NH + and 15 NNH + . In both cases, the velocities of the peak(s) of the emission in the 15 N isotopologues coincide with one (or both) of those seen in the isolated component of the N 2 H + emission. Therefore, we can conclude that the double peak seen both in N 15 NH + and in the isolated HF component of N 2 H + is likely due to two velocity features along the line of sight.

In the NW Region, as stated before, the opacity derived in CLASS that resulted from using the HFS fitting routine is 1.4 ± 1.4. With such a large error associated with a faint line, the opacity cannot be well constrained and this may be causing inaccuracies in our estimates performed assuming optically thin conditions. The slightly larger discrepancy between the ratios obtained using the two analysis methods (CASSIS MCMC and CLASS HFS) in the NW Region (see Table 3.5) can possibly be explained due to these potential inaccuracies.

In the case of the E Region, the line is so faint that only the main component of the HFS is visible in the 15 NNH + and N 15 NH + spectra. For this reason, the fit to the whole HFS cannot be performed. Therefore, we fitted the main HF component (the only one detected) with a single Gaussian with the resultant brightness temperature (T B ) used to calculate the opacity (τ ) . This opacity was in turn used to calculate N TOT (see Sect. 2.3 for equations).

Discussion

Fig. 3.7 shows a visual comparison between all of the 14 N/ 15 N ratios obtained during the course of our analysis, while Fig. 3.8 shows how the 14 N/ 15 N ratios from our dataset and that described in Fontani et al. (2020) vary across the regions defined in each paper across OMC-2 FIR4. We will now discuss the results of our analysis of both the HCN and N 2 H + datasets in detail. From our HCN results, we can see that there is a homogeneity in the 14 N/ 15 N ratio across the central portion of FIR4, from which we extracted the NW, NE and S spectra but not in the ratio of the E region. The difference in 14 N/ 15 N ratio between the central three regions and the E region is possibly due to the E region being much further from the centre of FIR4, where conditions affecting 15 N production may differ, including any possible outflow influence. A recent paper (Benedettini et al. 2021) found that no nitrogen fractionation was occurring due to the shock in the bow shock of L1157; therefore we cannot and are not confirming that the different result in the E region is definitely due to an external outflow, especially given the lack of evidence. Rather, we are suggesting that this is a potential topic for future research using more sensitive observations.

The ratios obtained from N 2 H + towards the central part of the source are also largely consistent with those obtained from HCN (as explained previously, it is believed that small discrepancies seen in the results obtained from the two methods are more likely to be due to opacity effects than any true difference in the ratio; see Sect. 3.5.2). However, in contrast to our HCN results for this region, which show the E Region to differ but not in the way that would be expected if photo-processes were important, our N 2 H + ratio in the E region shows very little contrast with the ratios of the central regions, being the lowest of the four but still within uncertainty of at least one other region. Fig. 3.9 shows two polygons first defined in Fontani et al. (2017) across which an inconsistency in the local cosmic-ray ionisation rate was measured. In order to investigate any possible effect of this on the fractionation ratio, we measured the ratio in HCN in the regions defined by these two polygons and found these values to be within uncertainty of one another (see Fig. 3.9): 220 +80 -50 in the low ionisation region and 250 +80 -60 in the high ionisation region. Thus, in this work we have investigated for the first time the influence of an enhanced cosmic-ray ionisation rate across OMC-2 FIR4 and found that this has no effect on the 14 N/ 15 N ratio, a conclusion that confirms that of Fontani et al. (2020) and also of Benedettini et al. (2021) towards the protostellar bow-shock L1157-B1. The homogeneity that is present particularly across the central regions of FIR4 (NE, NW and S) in both HCN and N 2 H + also goes towards the current theory that OMC-2 FIR4 is sufficiently embedded that selective photodissociation, which is expected to take place only on the external layers of dense cores exposed to external UV photons, is not present due to the high visual extinction of the source and hence does not affect the fractionation here.

The absence of significant variations in both species also indicates that selective photodissociation has no effect at the linear scales probed by our observations. Colzi et al. (2019), who studied the high-mass star-forming protocluster IRAS 05358+3543, measured a higher 14 N/ 15 N ratio in N 2 H + towards the diffuse region of the protocluster than towards the star-forming cores. Therefore, it was concluded that an enhanced 14 N/ 15 N ratio in N 2 H + occurs locally in the diffuse gas of star-forming regions. Despite the larger distance to the source compared to OMC-2 FIR4 (2 kpc vs. 393 pc) and thus the different linear scale, we can compare these results with our own by utilising the fact that the high ionisation rate extraction region (the blue polygon in Fig. 3.9) overlaps with both the compact E and NE Regions as well as including the more diffuse regions. The consistency in the 14 N/ 15 N ratio of N 2 H + between our larger polygon and our more compact NE Region (both ∼ 400) suggests that, in this region, enrichment due to selective photodissociation caused by external UV photons is not occurring. This result could either be because there is an insufficient external UV field or because the emitting region is too embedded for external UV photons to penetrate and produce this effect. The same 'non-variation' effect appears to be present also in the 14 N/ 15 N ratios of HCN in OMC-2 FIR4 between the larger, more diffuse extraction region and the more compact NE Region (both ∼ 250).

Conclusions

In this work, within the framework of the Large Program SOLIS, we have mapped the H 13 CN (1 -0) and HC 15 N (1 -0) lines towards the protocluster OMC-2 FIR4 with the NOEMA interferometer. We have also analysed archival data obtained with the ALMA interferometer of the 1 -0 lines of N 2 H + and both its 15 N isotopologues. For the first time, we compare at high angular resolution the 14 N/ 15 N isotopic ratios in HCN and N 2 H + , two important N-bearing species that are expected to possibly behave differently in the enrichment or depletion of 15 N. The results can be summarised as follows:

1. H 13 CN (1 -0) and HC 15 N (1 -0) show spatial similarities in their emission, with H 13 CN showing systematically stronger emission across all regions of the source. There are obvious peaks to both the H 13 CN (1 -0) and HC 15 N (1 -0) emission in the north-west, north-east and (to a lesser extent in HC 15 N) south of the central area of emission, plus a peak farther to the east in an outer region that appears in H 13 CN only. A noticeable absence of emission is also present in both species towards the centre of FIR4. There is also a peak in FIR3 in both H 13 CN (1 -0) and HC 15 N (1 -0) emission.

2. The 14 N/ 15 N ratio in HCN shows consistency across the different regions in which we have decomposed the emission, especially in the central part of FIR4 traced by regions NE, NW and S, while a higher isotopic ratio is found in the E region. This indicates that the main mechanism accepted as being behind enrichments of 15 N in HCN (i.e. selective photodissociation) does not seem to play a role in these regions of the protocluster.

3. The 14 N/ 15 N ratios in N 2 H + in the same regions as those selected for our HCN analysis are also obtained; these results show agreement with the HCN ratios in that there is consistency across the central regions while in the E region the 14 N/ 15 N ratio from N 2 H + slightly varies in the opposite direction compared to the ratio in HCN, although the errors are large. The ratios also show consistency across the central region of FIR4, in agreement with previous findings (Fontani et al. 2020).

4. To further investigate our results, the 14 N/ 15 N ratio in HCN in regions that have previously shown a different cosmic-ray ionisation rate are analysed and found to be consistent with each other, further cementing our conclusion that the 14 N/ 15 N ratio is not influenced by local changes in the physical properties across the centre of FIR4.

5. Measuring the 14 N/ 15 N ratio of N 2 H + in a region encompassing the diffuse envelope and the E and NE Regions, as well as regions external to both suggests consistency between the diffuse envelope and the NE Region, seemingly confirming a 'nonvariation' effect and once again indicating that selective photodissociation seems to be irrelevant in these regions.

It is clear from our results and conclusions that our picture of the evolution of the 14 N/ 15 N ratio in protostellar environments, as well as on the origin of 15 N enrichments in Solar System small bodies, is still incomplete. More collaboration between theory and observations is needed here in order to resolve these questions. More specifically, in the case of FIR4, the observation of higher transitions will allow us to better constrain parameters such as T ex and N TOT in order to create more accurate models to compare with our observations.

Chapter 4

Deuteration towards the Protobinary [BHB2007] 11

Abstract

Deuterium in H-bearing species is enhanced during the early stages of star formation, however, only a small number of high spatial resolution deuteration studies exist towards protostellar objects, leaving the small-scale structures of these objects unrevealed and understudied. We aim to constrain the deuterium fractionation ratios in a Class 0/I protostellar object in formaldehyde (H 2 CO), which has abundant deuterated isotopologues in this environment. We also aim to investigate the kinematic properties of the streamer material traced by our H 2 CO emission for the first time. We observed the Class 0/I protobinary system [BHB2007] 11, whose emission components are embedded in circumstellar disks that have radii of 2 to 3 au, using the Atacama Large Millimeter Array (ALMA) within the context of the Large Program Fifty AU STudy of the chemistry in the disk/envelope system of Solar-like protostars (FAUST). The system is surrounded by a complex filamentary structure (the so-called streamers) connecting to the larger circumbinary disk. In this work we present the first study of formaldehyde D-fractionation towards this source with detections of H 2 CO 3(0,3)-2(0,2), combined with HDCO 4(2,2)-3(2,1), HDCO 4(1,4)-3(1,3) and D 2 CO 4(0,4)-3(0,3). These observations probe the structures of the protobinary system, enabling us to resolve multiple velocity components associated with the methanol hot spots also uncovered by FAUST data, as well as the colder external envelope. We also present the first modelling results of the previously detected streamers in this source. From our ALMA observations, our results agree with current literature in only finding the deuterated species HDCO and D 2 CO in the central regions of the core, while undeuterated H 2 CO is found more ubiquitously. From the radiative transfer modelling, the column density of H 2 CO ranges between (2.4-6.0)×10 14 cm -2 and that of HDCO ranges between (4.6-8.1)×10 13 cm -2 . N TOT for the detected single velocity component of D 2 CO ranges between (3.1-3.7)×10 13 cm -2 . This yields an average D/H ratio for formaldehyde in [BHB2007] 11 of 0.09 +0.02 -0.04 from HDCO and 0.24±0.01 from D 2 CO. We also include details of the first kinematic study towards this object through the investigation of large-scale streamer features.

Formaldehyde Formation

Formaldehyde (H 2 CO) is already present in the core by this stage, therefore in theory, deuterium in its increased abundance will form deuterated formaldehyde.

Multiple observations have confirmed the presence of both HDCO and D 2 CO in protostellar cores (e.g. [START_REF] Loinard | Doubly deuterated formaldehyde in star-forming regions: an observational approach[END_REF][START_REF] Parise | Testing grain surface chemistry: a survey of deuterated formaldehyde and methanol in low-mass class 0 protostars[END_REF][START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF][START_REF] Sahu | Deuterated formaldehyde in the low-mass protostar HH212[END_REF]. The D/H ratio of protostellar cores varies by species but molecular D/H enhancements of up to 13 orders of magnitude compared to the cosmic value of 10 -5 have been observed [START_REF] Loinard | Doubly deuterated formaldehyde in star-forming regions: an observational approach[END_REF][START_REF] Parise | First detection of triply-deuterated methanol[END_REF][START_REF] Ceccarelli | Extreme Deuteration and Hot Corinos: The Earliest Chemical Signatures of Low-Mass Star Formation[END_REF]), including D/H ratios of up to 30% in D 2 CO [START_REF] Loinard | Doubly deuterated formaldehyde in star-forming regions: an observational approach[END_REF]. More recently, [START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF] found the formaldehyde D/H ratio in the low mass protostar IRAS 16293-2422 B to be 0.03 for HDCO and 0.08 for D 2 CO.

The exact deuteration pathway for formaldehyde is not conclusively known. Two scenarios have been presented because undeuterated H 2 CO can be formed both in the gas phase [START_REF] Parise | Deuterium chemistry in the Orion Bar PDR[END_REF][START_REF] Yamamoto | Introduction to Astrochemistry: Chemical Evolution from Interstellar Clouds to Star and Planet Formation[END_REF]) and on grain surfaces [START_REF] Watanabe | Formation and Deuterium Fractionation of Organic Molecules on Grain Surfaces[END_REF][START_REF] Roberts | A survey of [D 2 CO[END_REF][START_REF] Bergman | Deuterated formaldehyde in ρ Ophiuchi A[END_REF]. Therefore, deuteration pathways in both phases have been explored. The grain surface pathway, proposed by [START_REF] Rodgers | Multiply deuterated molecules and constraints on interstellar chemistry[END_REF], suggests that (deuterated) formaldehyde is formed in intermediate steps of the (deuterated) CH 3 OH formation pathway involving D-addition and hydrogenation. Meanwhile, the gas phase pathway has been proposed to involve formaldehyde deuteration either directly from reaction with H 2 D + or via the deuteration of CH + 3 (Roberts and Millar 2007, Roueff et al. 2007), which showed consistency with subsequent modelling predictions [START_REF] Bergman | Deuterated formaldehyde in ρ Ophiuchi A[END_REF]. However, observational analyses [START_REF] Taquet | Formaldehyde and Methanol Deuteration in Protostars: Fossils from a Past Fast High-density Pre-collapse Phase[END_REF], Ceccarelli et al. 2014a[START_REF] Fontani | The L1157-B1 Astrochemical Laboratory: Measuring the True Formaldehyde Deuteration on Grain Mantles[END_REF][START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF][START_REF] Manigand | The ALMA-PILS survey: inventory of complex organic molecules towards IRAS 16293-2422 A[END_REF][START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF], as well as chemical modelling [START_REF] Rodgers | Multiply deuterated molecules and constraints on interstellar chemistry[END_REF], favour the grain surface deuteration pathway as the most likely for formaldehyde. Despite all of this previous research, our knowledge of the fractionation processes in H 2 CO is not yet clear especially at small linear scales, since previous results have been mostly obtained through single-dish observations and represent, therefore, the average values of regions known to have density and temperature variations at small scales. Interferometric observations are therefore required to probe deeper into protostellar objects and reveal the chemistry within. In particular, the object of this study, [BHB2007] 11, is very understudied compared to other similar sources, for example, IRAS 16293-2422 B (C. [START_REF] Ceccarelli | Extended D 2 CO emission: The smoking gun of grain surface-chemistry[END_REF][START_REF] Bottinelli | Near-Arcsecond Resolution Observations of the Hot Corino of the Solar-Type Protostar IRAS 16293-2422[END_REF][START_REF] Crimier | The solar type protostar IRAS16293-2422: new constraints on the physical structure[END_REF][START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF]. With this in mind, [BHB2007] 11 was chosen as one of 13 Class 0 and Class I sources to be observed with the Atacama Millimeter/Submillimeter Array (ALMA) within the context of the Large Program Fifty AU STudy of the chemistry in the disk/envelope system of Solar-like protostars (FAUST 1 ; PI: Satoshi Yamamoto; see also [START_REF] Codella | Enlightening the chemistry of infalling envelopes and accretion disks around Sun-like protostars: the ALMA FAUST project[END_REF], with setups chosen, in part, with the goal of observing multiple deuterated species. Additionally, observing the core with multiple configurations enables both large-and small-scale analysis of our source. These observations will provide a new perspective to the chemical analysis of a protostellar core. In fact, the present work represents the first deuteration study towards [BHB2007] 11.

Source Background and Objectives

[BHB2007] 11 is a Class 0/I protostellar core [START_REF] Brooke | The Spitzer c2d Survey of Nearby Dense Cores. IV. Revealing the Embedded Cluster in B59[END_REF][START_REF] Forbrich | A Spitzer Census of Star Formation Activity in the Pipe Nebula[END_REF][START_REF] Sandell | FORCAST Imaging of Two Small Nearby Clusters: The Coronet and B 59[END_REF]) located 163 ± 5 pc away [START_REF] Dzib | Distances and Kinematics of Gould Belt Star-forming Regions with Gaia DR2 Results[END_REF] in the Barnard 59 (B59) core. The source is among at least 20 low mass Young Stellar Objects (YSOs) forming a protocluster within B59. While the members of this protocluster have been shown to exhibit diversity in evolutionary stage [START_REF] Onishi | NANTEN Observations of the Pipe Nebula; A Filamentary Massive Dark Cloud with Very Low Star-Formation Activity[END_REF], the YSO [BHB2007] 11 is believed to be the youngest among the cluster at approximately 0.1-0.2 Myr old [START_REF] Brooke | The Spitzer c2d Survey of Nearby Dense Cores. IV. Revealing the Embedded Cluster in B59[END_REF][START_REF] Riaz | 2MASS J17112318-2724315: A Deeply Embedded Low-mass Protostellar System in the B59 Molecular Cloud[END_REF]. This object has a bolometric temperature of 60-70 K and luminosity of 2.2-4.5 L ⊙ [START_REF] Brooke | The Spitzer c2d Survey of Nearby Dense Cores. IV. Revealing the Embedded Cluster in B59[END_REF][START_REF] Forbrich | A Spitzer Census of Star Formation Activity in the Pipe Nebula[END_REF][START_REF] Sandell | FORCAST Imaging of Two Small Nearby Clusters: The Coronet and B 59[END_REF]). Previous observations have revealed [BHB2007] 11 as a protobinary system with two central objects (hereafter denoted A (α(2000)=17h11m23.097s, δ(2000)=-27 • 24'32.85") and B (α(2000)=17h11m23.09s, δ(2000)=-27 • 24'33"), respectively, located approximately 28 au apart (in projection) with A to the north of B [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]. Source B has been shown to exhibit preferential accretion from the circumbinary disk, traced by infalling gas within filaments [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF], while source A is the more massive of the two protostars. Preferential accretion into the less massive companion of a protobinary system has been predicted by simulations [START_REF] Bate | Accretion during binary star formation -II. Gaseous accretion and disc formation[END_REF][START_REF] Bate | The formation of close binary systems by dynamical interactions and orbital decay[END_REF][START_REF] Matsumoto | Structure of a Protobinary System: An Asymmetric Circumbinary Disk and Spiral Arms[END_REF] and, in the case of source B, is also evidenced by its position between high velocity CO emission components [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]; see also Fig. 4.1). In addition, recent observations have shown the presence of narrow structures from beyond the core down to disk scales in free-fall, which are named streamers (see showed a more fragmented profile consistent with multiple velocity components [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF][START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. This CH 3 OH emission has been detected in three identified positions within 30 au of A and B in the circumstellar region (in contrast to the more ubiquitously detected H 2 CO) and is believed to originate from the sublimation of dust grains due to non-thermal processes, such as the existence of a shocked region. These shocks would most likely be caused by the interaction between quiescent gas and previously detected streamers connecting the circumbinary disk to the circumstellar region [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF][START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF].

More recently, within the context of the FAUST (see Sect. 1.4.2.3) collaboration, Vastel et al. (2022) traced the hot gas in this source using ALMA observations of methanol and derived the column density and temperature. Unlike the smooth Keplerian positionvelocity (PV) plot profile obtained from previous H 2 CO observations, CH 3 OH shows a more fragmented PV profile with multiple velocity components, while the overall emission peak is originating from the circumbinary disk. Also unlike H 2 CO, which is ubiquitous [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]), CH 3 OH has been detected in three identified positions within 30 au of sources A and B in the circumstellar region. The temperature measurements obtained for each velocity component using non-LTE (Local Thermal Equilibrium) analysis ranged from 100-140 K while the column density values were obtained on the order of 10 18 cm -2 . The proposed origin of the observed methanol is via dust grain sublimation due to nonthermal processes, possibly due to hot shocked gas caused by the interaction between the infalling accretion streamers on quiescent gas. A thermal desorption mechanism via hot corino(s) is not favoured due to the high dust optical depth towards both protostars as well as the location of the methanol emission itself. This particular point has farreaching ramifications -dust opacity can hinder, hide or even absorb methanol emission, as demonstrated in [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], suggesting that methanol richness alone may not be sufficient evidence for hot corino class separation as has been previously thought and, in fact, methanol studies in general should take care regarding this.

Due to the high temperatures, deuterated methanol is not present and thus no D/H ratio has been obtained from these lines. However, both deuterated and undeuterated formaldehyde is present in the ALMA observations taken towards this source as part of the FAUST project and, in fact, H 2 CO clearly traces streamer activity. We present the results of the radiative transfer analysis of these observations towards [BHB2007] 11, enabling the measurement of the D/H ratio in this object for the first time (Sect. 4.6). We will also introduce preliminary results from a kinematical analysis of the streamer activity being traced by H 2 CO using a model first published in Pineda et al. (2020) (Sect. 4.7). Within the context of the Large Program FAUST, the Class 0/I protostellar core [BHB2007] 11, was observed in the ALMA large project 2018.1.01205.L between 2018 and 2020 with spectral resolution 0.141 MHz (equivalent to a velocity resolution of 0.1677 km s -1 ) in setup 1 and 1.182 MHz (equivalent to a velocity resolution of (refer to Table 4.1) and angular resolution 0.25" (equivalent to a spatial resolution of ∼ 40 au) across the setups. This source was observed with the antennas configured in three different ways: two configurations with the main array (12 m) and one configuration with the Atacama Compact Array (ACA, 7 m antennas). The FAUST program provides observations in Bands 3 and 6 divided in three spectral setups, for a total of 13 spectral windows (spws). In this paper we analyse lines from Band 6 only, since the frequency range covers the formaldehyde isotopologues that we are targeting. Thus in Table 4.1 we list the frequency ranges only of the windows included in these setups. Table 4.1 also contains useful observational information, such as the angular resolution and the maximum recoverable scale achieved in each configuration and setup, as well as water vapour conditions. The system temperature ranged from 50-160 K. For 12 m observations in setups 1 and 2 the quasars J1427-4206 and J2056-4714 were used as bandpass calibrators, while J1700-2610 was used to calibrate phase and flux. The 1.3 mm continuum was observed with spectral resolution 0.977 MHz (setup 1) and 1.129 MHz (setup 2). 910 4(2,23123434.2 shows the spectroscopic parameters of all of the formaldehyde transitions, including singly (HDCO) and doubly (D 2 CO) deuterated transitions, that were identified within the FAUST dataset using CASSIS2 software.

Observations

The data were reduced, calibrated and cleaned using the Common Astronomy Software Application (CASA3 , version 5.6.2.2) with a pipeline developed by the FAUST data reduction team (see [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF] for more details), with a Briggs robust uv-weighting of 0.5.

Emission Morphology

The clean maps were analysed with the GILDAS4 software. The line channels were identified and used to create moment 0 maps for each of the transitions. In order to investigate both large-and small-scale structure, we combine observations performed using both 12 m and 7 m ALMA configurations in all moment 0 maps shown in this section. For the analysis of all lines in our sample, the 4σ contour (the minimum to define a detection) of the map of the HDCO transition at 259 GHz was used to define a polygon for extraction. This transition was chosen to estimate the D/H ratio because it is detected at a signalto-noise ratio (s/n) of 8σ and because the HDCO transition at 246 GHz shows possible signs of blending with the CH 3 OCHO (19-18) transition.

The spectra of the four transitions were extracted in flux density units (S ν ) within the aforementioned polygon; these were converted to synthesised beam temperature units (K) in CLASS using conversion factors calculated using Eq. 4.1, which was taken from the ALMA handbook [START_REF] Warmels | ALMA Technical Handbook[END_REF]:

  T 1K   =   S ν 1Jy     13.6   300GHz ν   2   1 ′′ θ max     1 ′′ θ min     , (4.1)
where θ min and θ max represent the half power beam widths along the minor and major axes, respectively (see Table 4.1). 2 CO 3(0,2) Figure 4.2: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between -5 and 15 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen as this represents the full range of emission detected at or above 4σ. Contours start at 4σ and end at 44σ in 8σ increments (σ=17.6 mJy beam -1 km s -1 ). The pink contour illustrates the polygon within which the spectrum in the upper left panel of Fig. The emission morphology of H 2 CO 3(0,3)-2(0,2) can be seen in the moment 0 map shown in Fig. 4.2. Kinematic analysis performed in previous studies [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF] and also later in this paper shows that this is a disk/outflow system. The peak of the H 2 CO emission clearly coincides with the peak of the dust emission (see Fig. 4.3). The axis of the extension seems to be aligned with that seen in the continuum, which has been measured as a position angle of 138 • [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]; this is illustrated in Fig. 4.3, which overlays the H 2 CO 3(0,3)-2(0,2) emission morphology onto the 1.3 mm dust emission. Fig. 4.4 shows the centroid velocity maps obtained from a pixel-by-pixel Gaussian analysis using the pyspeckit package [START_REF] Ginsburg | Pyspeckit: A Spectroscopic Analysis and Plotting Package[END_REF]) overlaid with contours from 1.3 mm emission from the FAUST data. For this Gaussian fitting we include pixels with velocities between 3.5 and 5 km s -1 (redshifted lobe; upper panel of Fig. 4.4) and between 2 and 3.6 km s -1 (blueshifted lobe; lower panel of Fig. 4.4) and a minimum intensity of 5σ. 5σ was chosen as the threshold because, as will be investigated in Sect. 4.7, this is the optimal s/n to model streamer emission without dilution from surrounding noise. The redshifted (upper panel) and blueshifted (lower panel) high velocity extensions of the disk emission are clearly visible to the NW and SE, along with lower velocity extensions seen closer to the E/W axis. As can be seen in Fig. 4.4, the high velocity emission coincides with the morphology of the continuum emission and thus appears to be originating from the disk, while the lower velocity emission is believed to be tracing streamer material extending beyond the circumbinary disk. To obtain the maps in Fig. 4.4, the velocity limits for integration were chosen as 0 and 6 km s -1 because the extended structure is not seen outside these velocities and therefore this velocity range is optimal for detecting and discerning both compact (disk) and extended (streamer) emission simultaneously. It should be noted that, despite observing the same transition, the higher spatial resolution H 2 CO observations published in [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF] only appear to trace the disk emission aligned with the continuum emission and not the circumbinary streamer. The accretion filaments surrounding the binary system itself are a distinct feature at a much smaller scale. The reason for this is that our shortest baseline and overall uv coverage are more sensitive to extended emission than those in [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]. Notably, as illustrated in Fig. 4.4, the velocity structure does not show alignment with the outflow seen in CO 2-1 [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF].

H

Figure 4.5:

Upper left: H 2 CO 3(0,3)-2(0,2) spectrum (black) with velocity resolution 0.17 km s -1 extracted from within the 4σ contour of the HDCO 4(2,2)-3(2,1) emission overlaid with the best fit (pink) obtained using four Gaussian fits with FWHM, V LSR and T ex constrained using values obtained from fitting the HDCO transitions. A continuum value of 10.3 K has been added to this spectrum in order to model the absorption feature. Upper right: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between -5 and 0 km s -1 . Lower left: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between 1 and 8 km s -1 . Lower right: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between 8 and 15 km s -1 . Each moment 0 shows an individual velocity component of emission shown in the upper left panel, combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. Contours begin at 4σ and are in increments of 8σ (σ = 17.6 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in the upper left panel was extracted, defined as the 4σ contour of the HDCO 4(2,2)-3(2,1) emission (see Fig. 4.6).

The ALMA synthesised beam is in the lower left corner of all three maps.

As can be seen in Fig. 4.5, the H 2 CO spectrum shows three clear emission components at ∼ -5 to 0 km s -1 , ∼ 1 to 8 km s -1 and ∼ 8 to 15 km s -1 . In order to further illustrate this and show the origin of each component, Fig. 4.5 also shows individual moment 0 maps for each of the three emission components (integrated between -5 and 0 km s -1 , 1 and 8 km s -1 and between 8 and 15 km s -1 ). The three emission components are broadly consistent with those seen in CH 3 OH towards this object, which were seen at approximately -2, 2.8 and 9.9 km s -1 [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. Evidently, as seen in CH 3 OH, the two H 2 CO emission components at more extreme velocities are originating from the rotating disk as emission from material moving towards source B (previously observed at high velocities by [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]), while the central component originates from source

A and the surrounding envelope. Sect. 4.5.5 will explore and compare the origins of CH 3 OH and H 2 CO emission in this source in more detail. Additionally, H 2 CO exhibits an absorption feature (∼ 2 to 5 km s -1 ) due to absorption in the cold envelope of emission originating from warm inner regions, which, according to pixel-by-pixel analysis, is seen in a region that extends to approximately 500 au and is centred on the dust peak. 4(2,231) Figure 4.6: HDCO 4(2,2)-3(2,1) moment 0 map integrated between -1 and 7 km s -1 that peaks at the position of the dust emission, combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. Contours start at 4σ and end at 10σ in 3σ increments (σ=4.1 mJy beam -1 km s -1 ). The 4σ contour is highlighted in cyan as this is the contour that served as the extraction polygon for all spectra shown in this work. The positions of protostars A and B are shown by black stars. The ALMA synthesised beam is shown in the lower left corner.

HDCO

The emission morphology for HDCO 4(2,2)-3(2,1) at 259 GHz is shown in Fig. 4.6. The compact disk emission is clearly seen. However, in contrast to the H 2 CO emission in Fig. 4.2, the full extended structure is not visible in this map. Fig. 4.7, which shows a moment 1 map integrated between the same velocity range as Fig. 4.4, confirms that of the two velocity structures seen in H 2 CO (see Fig. 4.4), only the more compact velocity structure representing disk emission is fully present in HDCO. However, there is some asymmetry present in the morphology of this transition that would not be expected from the disk. Through comparison with Fig. 4.4, it is possible that this is arising at the base of the streamer in the redshifted regime. However, as shown by the contours of Fig. 4.6, this falls outside the 4σ detection threshold denoted by the cyan contour and so it is likely that only disk emission is included in the extracted spectrum seen in Fig. 4.8. ∼ -5 to 0 km s -1 and the HDCO component with a lower limit of 6 km s -1 are likely originating from source B while the HDCO component between ∼ 1 to 6 km s -1 is likely from source A, similarly to the H 2 CO emission. However, the elevated baseline visible in this spw makes defining the upper limit of the velocity range of the emission difficult.

The spectrum is flat between ∼ 12 to 20 km s -1 but is consistently at an intensity of approximately 0.1 K. The flatness of the spectrum seemed to be too consistent for any lines to be present, therefore, we postulated that this may be an effect of the wing emission of the nearby strong H 13 CN transition. In order to check this, the spw was re-cleaned using the same method (the FAUST pipeline) but with a reduced velocity window of 40 km s -1 . In this way we can see whether this elevated baseline is still present when the H 13 CN transition is disregarded, by only considering velocities ∼15 km s -1 either side of the centre. When comparing this spectrum to the full spw, the baseline around 12 to 20 km s -1 is still at a consistent intensity of 0.1 K. Additionally, not only does the frequency range of continuum subtraction cover this spw but also there was no evidence of issues of bandpass calibration which could have caused such an artefact to appear. Thus, we conclude that the cause of the elevated baseline is line emission of HDCO. As a result of this, Fig. 4.6 is integrated between a velocity range that excludes the affected component so that it is certain that only HDCO 4(2,2)-3(2,1) emission is included.

HDCO 4(1,4)-3(1,3)

Figure 4.9: HDCO spectrum (black) with velocity resolution 1.18 km s -1 for the 4(1,4)-3(1,3) transition overlaid with the best fit (pink) from our radiative transfer analysis, extracted within the 4σ contour shown in Fig. 4.6. Note that the third component is not included in the fit due to blending with a transition of CH 3 OCHO 19(4,15)-18(4,14) A. Dashed lines denote the previously identified velocity components at -2, 2.8 and 9.9 km s -1 .

As illustrated in Fig. 4.9, the HDCO 4(1,4)-3 [START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] spectrum is also consistent with three emission components at ∼ -5 to 0 km s -1 , ∼ 1 to 6 km s -1 and a third component with v LSR ≥ 6 km s -1 that is affected by blending. The line identification software in CASSIS was used to check the transitions that could potentially cause this blending; based on the Einstein coefficients and E u (upper energy level -using a maximum value of 150 K), the most likely culprit is CH 3 OCHO 19(4,15)-18(4,14) A, as illustrated in Fig. 4.15. With the HDCO components showing similar velocity values as those seen in H 2 CO (see Fig. 4.5), CO [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]) and CH 3 OH [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], we conclude that, similar to these species, the high velocity HDCO emission components are most likely originating from protostar B while the central component likely arises from protostar A. 1,3) integrated between -5 and 8 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen to include the two unblended HDCO emission components shown in Fig. 4.9. Contours start at 4σ and end at 16σ in 4σ increments (σ=8.5 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in Fig. 4.9 was extracted, defined as the 4σ contour shown in Fig. As can be seen in Fig. 4.11, a single peak is seen in D 2 CO 4(0,4)-4(0,3). The emission is seen between approximately 1 to 4 km s -1 , suggesting that, as with HDCO, it is originating from the disk. Therefore, in general, the deuterated species are originating from the disk of [BHB2007] 11 but not the outflows or streamers.

Since this peak is visibly weak, we use Eq. 4.2 to calculate the integrated intensity (W ; K km s -1 ) value for the 3σ upper limit and compare this to the strength of our observations.

W = (3 × rms × F W HM ) (2 × cal) 2 +   2 × ∆v F W HM   (4.2)
In this equation, cal represents the calibration error (taken in this case to be 10%), ∆v is the velocity resolution (which is 0.2 km s -1 ) and rms is 0.15 K. Therefore, using a measured FWHM obtained using Gaussian fitting within CASSIS as 1.4 km s -1 , we obtain a 3σ upper limit value of 0.36 K km s -1 . The integrated intensity of our D 2 CO line is 0.826 K km s -1 , therefore yielding a ratio of 2.3 compared to the 3σ threshold. Thus, our D 2 CO observations have a s/n ratio of approximately 7σ as measured using integrated intensity.

Emission Origin

As introduced in Sect. 1.2.1.2 (see also [START_REF] Rodgers | Multiply deuterated molecules and constraints on interstellar chemistry[END_REF], the grain surface formation pathways for methanol and formaldehyde are intrinsically linked in that both form through hydrogenation reactions on the surface itself:

CO + H → HCO, (4.3) 
HCO + H → H 2 CO, (4.4) 
H 2 CO + H → CH 3 O, (4.5) 
CH 3 + H → CH 3 OH. (4.6)
During any of these stages, it is possible for a D-addition reaction to occur rather than Haddition, creating a grain surface deuteration pathway. It is widely understood (Watanabe andKouchi 2002, Rimola et al. 2014) that these grain surface formation processes occur at low temperatures during the cold prestellar phase during which the atoms and molecules are frozen in the icy mantles of dust grains. This is followed by subsequent injection of the particles into the gas phase due to the increase in temperature associated with the protostellar phase. More specifically, this temperature rise can be the result of thermal (e.g. the presence of hot corinos - [START_REF] Taquet | Formation and Recondensation of Complex Organic Molecules during Protostellar Luminosity Outbursts[END_REF] or non-thermal (e.g. shocks caused by interaction of material with quiescent gas -Jiménez-Serra et al. 2008) processes. Previous analysis of methanol [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]) and formaldehyde [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF] emission towards [BHB2007] 11 has shown that the dust is optically thick towards the protobinary system and that the emission of both formaldehyde and methanol shows an increasing velocity gradient towards protostar B. This evidence strongly favours the scenario in which the injection of formaldehyde and methanol into the gas phase has occurred due to a shock as the observations appear to rule out the suggestion that A and/or B are hot corinos; indeed, [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF] found that the CH 3 OH emission peak appears spatially shifted with respect to both sources. In addition, streamer material, which may be involved in causing such a shock, has been observed in this source previously [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF], as well as in the present work. Fig. 4.12, which overlaps our four spectra on a single plot, also shows dashed lines denoting the three velocity components first identified in CH 3 OH emission towards [BHB2007] 11 as described in [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF] at -2, 2.8 and 9.9 km s -1 . Notably, this previous research suggests that the -2 and 9.9 km s -1 components are originating from higher velocity warm gas streaming towards source B (see also [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF], who resolved these components for the first time), while the 2.8 km s -1 CH 3 OH component is believed to originate from source A. Fig. 4.12 also shows multiple velocity components in H 2 CO and HDCO, which show consistency with the three components first identified in CH 3 OH emission by [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. Meanwhile, D 2 CO shows a single peak with a velocity consistent with an emission origin of source A.

Comparing our H 2 CO observations with the high resolution CH 3 OH observations presented in [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], clear differences are apparent in the morphology of the emission of these species. Notably, it is very clear that CH 3 OH is very compact compared to the more extended H 2 CO seen in the present observations. This is despite the fact that both species are injected into the gas phase from the frozen surfaces of dust grains due to the rising temperature of the system under similar conditions. The T ex values obtained from non-LTE analysis of the CH 3 OH emission ranged from 110-130 K, suggesting that this is tracing hot gas in this object [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. Infall motions suggest the presence of a shocked region which is likely to be enhancing the production of CH 3 OH on small scales, while the low population of the upper states of the observed CH 3 OH lines makes this species harder to detect in the cold envelope region. All of these factors may explain why CH 3 OH and H 2 CO appear to be tracing different regions of [BHB2007] 11. Fig. 4.13 shows the moment 1 map for H 2 CO emission in colour scale overlaid with five pixel positions from which we extract individual spectra. As previously discussed, there appears to be separate velocity components along two different axes in this moment 1 map, with the more east-west aligned components showing lower velocities than the components aligned with the continuum emission extension. Four of the pixels shown represent the blue-and redshifted velocity components along both axes, while the fifth represents the central position and the peak of the emission. Each pixel outside the centre was chosen as the most intense within four velocity ranges: 0-2.5 km s -1 , 2.5-3.5 km s -1 , 3.5-4 km s -1 and 4-6 km s -1 . The H 2 CO spectra extracted from these five pixels are shown in the upper panel of Fig. 4.14 while the HDCO spectra are shown in the middle panel and the D 2 CO spectra are shown in the lower panel. It is clear from these spectra that, while the H 2 CO emission is extended, the HDCO emission is compact and not seen in any of the spectra outside that extracted from the central pixel; indeed, HDCO is only seen within ∼ 300 au of the centre. From this, we postulate that HDCO likely originates from the shocked regions first identified in [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF] located to both sides of protostar B and also near protostar A. Moreover, the absorption feature is only seen in the H 2 CO spectrum extracted from the central pixel, further illustrating that this feature is not seen outside ∼ 500 au. Meanwhile, the low s/n of the D 2 CO spectra in these particular pixels prevents any conclusions from being drawn. The letters in the legend correspond to the those illustrated in Fig. 4.13.

Radiative Transfer Analysis

Eq. 2.76 (refer to Sect. 2.3 for derivation) is used to compute the total column density (N TOT ) of our observed emission assuming LTE; for this calculation, we obtain the FWHM (cm s -1 ) through Gaussian line fitting of the spectra (as described in Sect. Since there are two HDCO transitions in this sample, simultaneous Levenberg-Marquardt fitting (an algorithm to solve the nonlinear least squares problem) within CASSIS of both transitions was employed in order to obtain the initial Gaussian fit of the extracted spectra, yielding best fit values for V LSR , FWHM and intensity for each visible component. However, as previously mentioned, one of the components in HDCO 4(1,4)-3 [START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] shows blending with one of the components of CH 3 OCHO 19(4,15)-18(4,14) A, as predicted in Fig. 4.15. Due to this, the two unblended components were fitted simultaneously with the corresponding components in HDCO 4(2,2)-3 (2,[START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF] in order to constrain FWHM and V LSR ; the FWHM and V LSR values for the blended component were thus fixed by fitting the 4(2,2)-3(2,1) transition alone; we apply the same FWHM and V LSR values to the same component of both transitions in order to calculate N TOT for this component. We also use the assumption that the HDCO emission is of a similar origin to that of CH 3 OH to constrain our FWHM and V LSR values. We therefore also assume that the size of the emitting area for HDCO is the same as that derived for CH 3 OH (0.15") -and thus all values are corrected for beam dilution accordingly.

Figs. 4.8 and 4.9 in Sect. 4.5 show the Gaussian fitting for the HDCO transitions.

Within CASSIS, we used constraints provided by our initial Gaussian fitting in order to obtain best fit values for FWHM, V LSR , T ex and N TOT of our two unblended components at ∼ -1 and ∼ 3 km s -1 using MCMC fitting, assuming a 10% calibration error. As we assume a common origin of the disk emission, V LSR , FWHM and T ex are also applicable to our H 2 CO transition, enabling us to also obtain N TOT values for this, which are reported in Table 4.3. Since we are assuming LTE, all excitation temperatures for one molecule are the same; therefore, these best fit parameters were then used to obtain an initial constraint for excitation temperature (T ex ) for the HDCO component at ∼ -1 km s -1 , which was found to be approximately 90 +3 -8 K.

Following our analysis, we also obtained an upper limit column density for absorption in HDCO of 6.6×10 10 cm -2 . We obtained this by noting the maximum T ex for which absorption is observed after adding a continuum value of 10.3 K -obtained by measuring the peak intensity of the continuum observations of our dataset (see Fig. 4.3) -and running an LTE analysis at this temperature.

H 2 CO

As we are assuming LTE conditions, we can also apply our best fit T ex value obtained via our HDCO analysis to fit our single H 2 CO transition. Therefore, using a fixed T ex of 90 K and using our best fit V LSR and FWHM values from HDCO, we constrained Gaussian fits for each of the three emission components visible in the H 2 CO spectrum. In addition to this, the absorption feature also required its own Gaussian fitting. To achieve this, we added a value for the continuum of 10.3 K from our observations and assumed an excitation temperature of 13 K to simulate the temperature of the cold envelope in which the absorption was occurring. This excitation temperature is the upper limit obtained for absorption in HDCO and, as such, the obtained column density for H 2 CO in the absorption component is also an upper limit. We use this temperature in order to facilitate calculation of upper limits for the column density and D/H ratios in this component, which are shown in Table 4.3. We also note that the V LSR value associated with the absorption component corresponds with the systemic velocity of the source (3.6 km s -1 ). The resultant fitting of H 2 CO can be seen in Fig. 4.5 in Sect. 4.5.1.

D 2 CO

Assuming LTE, as for H 2 CO we take T ex as 90 K and also assume that the area of emission is, like HDCO, approximately 0.15" in size (and thus, once again, we account for beam dilution). Levenberg-Marquardt fitting yields a FWHM of 1.4 ± 0.3 km s -1 and a V LSR of 1.80 ± 0.09 km s -1 . Using the aforementioned assumptions, we therefore derive an upper limit for N TOT of D 2 CO of (3.4 ± 0.3)×10 13 cm -2 for the single visible component.

D/H Ratio Derivation

Table 4.3 shows the best fit parameters, constrained using Levenberg-Marquardt fitting and MCMC modelling, for FWHM, V LSR and intensity, along with the resultant values for N TOT , all with their relative uncertainties, for all transitions in our sample.

Table 4.3: Best fit parameters for the Gaussian fits of each component in each spectrum, along with the resultant N TOT and calculated N TOT and D/H ratios.

Species Tex V LSR FWHM N TOT N TOT /N TOT (H 2 CO) D/H ratio K km s -1 km s -1 cm -2 % 90 +3 -6 -1.2±0.2 3.4 +0.5 -0.4 (4.6 ± 0.4)×10 13 19 +4 -3 (9 ± 2)×10 -2 HDCO (b) 85 +6 -3 3.3±0.3 3.9±0.1 (8.1 ± 0.9)×10 13 14 ± 2 (7 ± 1)×10 -2 89 ± 3 9.2 +0.2 -0.1 5.1±0.1 (7±1)×10 13 21 ± 5 (1.1 ± 0.3)×10 -1 < 13 3.6 0.40 < 6.6×10 10 (a) < 0.13 < 7×10 -4 90 -1.2 3.4 (2.4 ± 0.2)×10 14 H 2 CO (c)(d) 90 3.3 3.9 (6.0 ± 0.1)×10 14 90 9.2 5.1 (3.3 ± 0.3)×10 14 13 (e) 3.6 ± 0.4 0.40 ± 0.01 < 5×10 13 D 2 CO (b)(c) 90 1.80 ± 0.09 1.4 ± 0.3 (3.4 ± 0.
3)×10 13 5.7 ± 0.6 (2.4 ± 0.1)×10 -1

(a) Upper limit N TOT for absorption in HDCO was obtained by fixing V LSR and FWHM using H 2 CO absorption component and noting maximum T ex . (b) T ex was fixed to 90 K to model the emission components of H 2 CO and D 2 CO using the T ex obtained for HDCO. (c) The HDCO and D 2 CO values have been corrected for beam dilution. (d) The FWHM and V LSR values for H 2 CO were fixed using the values obtained for HDCO. (e) An excitation temperature of 13 K for the envelope was used to model the absorption feature in H 2 CO, using the results of the HDCO absorption analysis.

Notably from our results, the FWHM of the components seen in the formaldehyde spectra show similarities with those of methanol [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], again providing support for the theory that these have a common origin (refer to Sect. 4.5.5). It should be noted, however, that the number of higher s/n CH 3 OH transitions analysed means the FWHM values for these emission components are better constrained than for the formaldehyde emission presented in this work.

Due to the presence of two H atoms in H 2 CO, either of which may be deuterated to form HDCO, we calculate the D/H ratios using the following equation:

D H = N(HDCO) N(H 2 CO) × 0.5, (4.7) 
where N(HDCO) and N(H 2 CO) represent the column densities (N TOT ) of HDCO and H 2 CO, respectively. Using the N(HDCO) results shown in Table 4.3, we calculate D/H ratios of 0.09 +0.02 -0.02 for the component at approximately -1 km s -1 , 0.07 ± 0.01 for the component at approximately 3.5 km s -1 and 0.11 ± 0.03 for the component at approximately 9 km s -1 (the latter computed using only the unblended transition). This gives an average D/H ratio for HDCO in this source of 0.09 +0.02 -0.04 calculated using Eq. 4.7. For D 2 CO, as previously discussed in Sect. 4.5.5, it is believed that the single peak seen is originating near source A, as is the case of methanol. Using this assumption, we can calculate an upper limit for the D/H ratio in this component from N(D 2 CO)/N(H 2 CO), where N(D 2 CO) is the column density of D 2 CO, using Eq. 4.8, which, similarly to Eq. 4.7, accounts for the deuteration possibilities of both H atoms in formaldehyde: It should be noted, however, that IRAS 16293-2422 B harbours a hot corino as interstellar Complex Organic Molecules (iCOMs) have been observed towards the centre of the hot core [START_REF] Bottinelli | Near-Arcsecond Resolution Observations of the Hot Corino of the Solar-Type Protostar IRAS 16293-2422[END_REF][START_REF] Jørgensen | The ALMA Protostellar Interferometric Line Survey (PILS). First results from an unbiased submillimeter wavelength line survey of the Class 0 protostellar binary IRAS 16293-2422 with ALMA[END_REF]. It has been shown that emission of methanol, the simplest iCOM, originating from the protostars of [BHB2007] 11 is optically thick and is therefore not centred on the hot core as one would expect for a hot corino [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. Meanwhile, [START_REF] Bianchi | Decrease of the organic deuteration during the evolution of Sun-like protostars: the case of SVS13-A[END_REF] found D/H for HDCO towards the Class I source SVS13-A to be 0.086, which is similar to the average value obtained for [BHB2007] 11. Conversely, the D 2 CO value obtained for SVS13-A was significantly lower than the value we obtained for [BHB2007] 11: 0.0038 vs 0.24, respectively. However, this paper also found that the D/H ratio of D 2 CO increases from the prestellar core stage to Class 0 objects before then decreasing in the Class I stage. As a Class 0/I object, one would expect from this to indeed see a higher D/H ratio in D 2 CO towards [BHB2007] 11, albeit the difference is two orders of magnitude while [START_REF] Bianchi | Decrease of the organic deuteration during the evolution of Sun-like protostars: the case of SVS13-A[END_REF] reports a difference of one order of magnitude. Furthermore, [START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF] obtained D/H ratios of 0.065 in HDCO towards a sample of high-mass star-forming regions, which is within uncertainty of the average value obtained for [BHB2007] 11. For D 2 CO, [START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF] found an average D/H value of 0.12, which, unlike [START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF] and [START_REF] Bianchi | Decrease of the organic deuteration during the evolution of Sun-like protostars: the case of SVS13-A[END_REF], is of the same order of magnitude as that obtained in the present work.

D H = N(D 2 CO) N(H 2 CO) . ( 4 
In summary, the D/H ratio in HDCO obtained in this work is broadly consistent, if a little higher than, values obtained from similar studies, while the D/H ratio in D 2 CO is at least an order of magnitude higher than all but those obtained by [START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF]. However, our D/H calculation assumes that the H 2 CO emission is flat across our extraction region where HDCO and D 2 CO are emitting. However, as previously discussed, the H 2 CO emission shows similarity to that of CH 3 OH, which would not show a flat spectrum as compact emission regions have been detected (see [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. This means that compact H 2 CO emission regions are also likely to exist, however our current resolution is insufficient to confirm this through direct observation. Therefore, to account for this, the D/H ratios for [BHB2007] 11 presented in this work are to be taken as upper limit values. This could also possibly explain the discrepancies seen when comparing to other sources, particularly regarding the D/H ratio of D 2 CO, which is at least an order of magnitude higher than those obtained in all of the works mentioned apart from [START_REF] Zahorecz | Singly and doubly deuterated formaldehyde in massive starforming regions[END_REF], which, notably, also calculated these ratios as upper limit values.

Kinematic Modelling

As mentioned in Sect. 4.5.1, our H 2 CO emission clearly traces streamer material extending along the NW-SE axis. Streamers have previously been detected in this source within the circumbinary disk [START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF] and it is possible that interaction between these streamers and quiescent gas in the circumstellar region is producing a shocked region, causing the non-thermal sublimation of organic material (e.g. CH 3 OH and H 2 CO) from the dust grain surface [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF].

In order to investigate the kinematics of these streamers for the first time in this source, we use the same model that was previously used to investigate the streamer detected in the protobinary system Per-emb-2 in [START_REF] Pineda | A protostellar system fed by a streamer of 10,500 au length[END_REF]. We focus on the region with clear streamer detection, therefore we require a minimum intensity threshold of 5σ for a pixel to be included in our streamer modelling. To this end, prior to the modelling, we ran a pixel-by-pixel Gaussian fitting analysis on the redshifted and blueshifted features (individually) in order to identify these pixels for the model; the resultant maps can be seen in Fig. 4.17. As can be seen from these pixel maps, we are clearly tracing two distinct velocity features in both the redshifted and blueshifted regime. The location and alignment of the high-velocity component suggest that this is originating from the disk. As confirmed in Sect. 4.5.1, this coincides with the high-velocity component of H 2 CO emission (see also Fig. 4.4). Using this, we define polygons that exclude the high-velocity disk emission and focus on the region with a clear and cohesive streamer component. These are the polygons that are used in the streamer modelling. The velocity and distance relations do not match the typical outflow relations, enabling us to rule out an outflow as the nature of the features seen.

This model generates streamlines assuming that material is moving from a rotating fi-nite cloud to a central object and uses analytic solutions from [START_REF] Mendoza | Analytic solutions to the accretion of a rotating finite cloud towards a central object -I. Newtonian approach[END_REF] to generate Cartesian co-ordinates for the position and velocity of a parcel of mass within a streamline, where the xy plane is defined as the disk plane and the z axis is along the angular momentum vector. Along with the central mass of the system (taken from [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], the input parameters for the model are the spherical co-ordinates of the initial position and radial velocity of this parcel of mass within a cloud: r 0 (initial distance), v r,0 (radial velocity), θ 0 (position angle with respect to the z axis) and ϕ 0 (initial angle within the disk plane), along with Ω 0 (initial angular velocity of the cloud itself). In order to obtain the position and velocity values with respect to the observer, two rotations are applied due to the inclination angle i and the disk position angle (both taken from [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]). r 0 is obtained by comparing the extent of the generated streamline to that seen in the integrated intensity maps shown in the upper panels of Figs. 4.18 and 4.19.

ϕ 0 and θ 0 are obtained by comparing the trajectory of the generated streamlines to the data both in the plane of the sky (again, using the integrated intensity maps shown in the upper panels of Figs. 4.18 and 4.19), as well as through comparison between the velocity-distance relation of the generated streamline to the raw data (see the lower panels of Figs. 4.18 and 4.19. Meanwhile, v r,0 is obtained by matching the propagation of velocity values along the length of the streamer, again using the velocity-distance maps shown in the lower panels of Figs. 4.18 and 4.19. Fig. 4.16 shows a sketch to illustrate these initial parameters. In order to maximise the accuracy, we defined a minimum intensity threshold of 5σ for a pixel to be included in our streamer modelling. To this end, prior to the modelling, we ran a pixel-by-pixel Gaussian fitting analysis on the redshifted and blueshifted features (individually) in order to identify these pixels for the model; the resultant maps can be seen in Fig. 4.17. As can be seen from these pixel maps, we are clearly tracing two distinct velocity features in both the redshifted and blueshifted regime. The location and alignment of the high-velocity component suggests that this is originating from the disk. As confirmed in Sect. 4.5.1, this coincides with the high-velocity component of H 2 CO emission (see also Fig. 4.4). Using this, we define polygons that exclude the high-velocity disk emission. These are the polygons that are used in the streamer modelling. The ALMA synthesised beam is shown in the lower left corner.

Figs. 4.18 and 4.19 show the results of the streamer modelling with the initial parameters optimised to the data shown in Fig. 4.17. The upper panel of each figure shows the modelled streamer superimposed onto the moment 0 map for H 2 CO 3(0,3)-2(0,2) while the lower panel shows the streamer velocity as a function of distance from the source.

Note that the modelled trajectory on the plane of the sky is reasonable, however, the velocity relation is not. The velocity relation is very hard to reproduce and it is possible that either a problem with the assumption of conservation of angular momentum or, more likely, the streamer being located too close to the plane of the sky could be the reason behind the limited ability to constrain the model in this case. We extract H 2 CO spectra using the polygons shown in Figs. 4.18 and 4.19 in order to obtain values for the H 2 CO column density within each modelled streamer. We use this to obtain a value for the column density of H 2 (N(H 2 ) in cm -2 ) in each streamer, from which, we can use Eqs. 4.9, 4.10 and 4.11 to obtain the free-fall timescale (t ff ) and infall rate ( Ṁ⋆ ), respectively:

M T OT = µ m H d 2 δ xδ y N (H 2 ), (4.9 
)

t f f = R 3 GM , (4.10) Ṁ⋆ = M T OT t f f , (4.11)
where µ is the molecular weight (2.7, taking into account H 2 , He and heavy element contributions), m H is the atomic weight of hydrogen (1.67 × 10 -24 g), d is the distance to the star (163 pc - [START_REF] Dzib | Distances and Kinematics of Gould Belt Star-forming Regions with Gaia DR2 Results[END_REF], δ xδ y is the pixel size, M represents the mass enclosed by radius R (for which we use R = r 0 as found by the streamer model, G is the gravitational constant (6.6743 × 10 -8 cm 3 g -1 s -2 ) and L bol represents the bolometric luminosity of the source (taken as 1.68 × 10 27 W - [START_REF] Sandell | FORCAST Imaging of Two Small Nearby Clusters: The Coronet and B 59[END_REF]), all in cgs units. We can then compare our estimate for the accretion rate to the value of approximately 10 -5 M ⊙ year -1 previously obtained for this source by Alves et al. ( 2019) using a similar method. Therefore, material delivered via streamers is comparable to the value delivered to the protostar. This is similar to what is seen in other objects [START_REF] Pineda | A protostellar system fed by a streamer of 10,500 au length[END_REF][START_REF] Valdivia-Mena | PRODIGE -envelope to disk with NOEMA. I. A 3000 au streamer feeding a Class I protostar[END_REF].

We note that this Section represents ongoing work, the full results of which will be published in an upcoming paper (Evans et al. in prep.).

Conclusions

We present detections of formaldehyde and its deuterated isotopologues towards the protobinary system [BHB2007] 11, observed using the ALMA interferometer within the context of the FAUST Large Program. From this data, we present column density measurements of all species obtained using radiative transfer analysis along with D/H ratios calculated using both HDCO and D 2 CO for the first time. We also present the first results of kinematic modelling of the recently found streamers in this source. The conclusions of this work can be summarised as follows:

• There are one H 2 CO transition -3(0,3)-2(0,2) at 218.222192 GHz -two HDCO transitions -4(1,4)-3(1,3) at 246.9246 GHz and 4(2,2)-3(2,1) at 259.03491 GHz -and one D 2 CO transition -4(0,4)-3(0,3) at 231.410234 GHz -detected in this sample.

The undeuterated H 2 CO isotopologue seems to be ubiquitous, with clear presence in both the disk and extended envelope of the source. There is also some absorption associated with this transition due to the cold envelope oriented along the line of sight. The emission also traces extended velocity components oriented along the NW-SE axis perpendicular to the previously detected outflow feature. The morphology of the deuterated isotopologue transitions are consistent with each other and show much more compact emission only originating from within the circumstellar disk.

• Radiative transfer analysis has shown that there are three velocity components associated with both deuterated and undeuterated formaldehyde in this source, consistent with other FAUST observations. The velocity values of these components are consistent with the conclusion that the two components showing strong redshift and blueshift are originating from the southern source B and the low velocity component is originating from the northern source A, again consistent with other organic species. This is also consistent with the theory that the source B is associated with high velocity streamer material and a preferential accretion given that it is believed to be the less massive of the two protostars.

• Radiative transfer analysis has also enabled the column densities of H 2 CO -(2.4-6.0)×10 14 cm -2 -as well as both HDCO isotopologues -(4.6-8.1)×10 13 cm -2 -and the single D 2 CO isotopologue -(3.1-3.7)×10 13 cm -2 -to be obtained, enabling the measurement of D/H ratios towards this source for the first time. These were found to be 0.09 +0.02 -0.04 averaged across the multiple HDCO velocity components and 0.24 ± 0.01 for the single D 2 CO component thought to be associated with source A.

Compared to what has been previously observed in similar objects, the D/H ratio in HDCO is consistent while the D 2 CO ratio is up to two orders of magnitude higher. As discussed, this is possibly due to the discussed limitations of our observations.

• We have modelled the streamer material traced by our H 2 CO observations in both the redshifted and blueshifted regime for the first time in this source.

An upcoming article will be published showing the results of the radiative transfer analysis described in this Chapter, along with the full results from our streamer modelling (Evans et al. in prep.).

Chapter 5

Conclusions [EN]

In Sect. 1.4, we introduced the main questions that form the basis of this thesis. Specifically, these questions were:

1. How does the nitrogen fractionation behaviour compare between two of the most abundant N-bearing species claimed by some studies to represent the two separate nitrogen reservoirs in an analogue of the proto-Solar environment?

2. Does an embedded system representing one of the closest analogues to the proto-Solar environment exhibit evidence of selective photodissociation at small scales?

3. How does the deuteration ratio of a dynamic protobinary system compare to those measured in similar sources?

As is so often the case in astrochemistry, such questions require very small scale investigations, especially because chemical reactions, including fractionation reactions, are largely influenced by parameters such as temperature and density, both of which can vary on linear scales that cannot be resolved by single-dish observations. To this end, in this thesis we present two high spatial resolution interferometric studies designed to investigate these questions, with the resultant work detailed in Chapters 3 and 4. Chapter 3 tackles Questions 1 and 2 while Chapter 4 handles Question 3. In this concluding chapter, we will summarise the major contributions of this thesis within the context of answering each of these questions.

Nitrogen Reservoirs in a Proto-Solar Analogue

In Sect. 1.2.2.1, we introduced the concept of multiple nitrogen reservoirs existing in the same star forming environment, with an activation barrier separating them due to the characteristic low temperature conditions. This has many ramifications for nitrogen chemistry, with the fractionation behaviour being no exception. How this effect in particular propagates through the star formation process is still not completely clear. In particular, as this thesis focuses on the nature of our astrochemical origins, we are interested in how this may have affected the chemistry of our home Solar System. In order to investigate this, we turned our attention to one of the closest known proto-Solar analogues: OMC-2 FIR4. We compared, for the first time, interferometric observations of N-bearing species representing different nitrogen reservoirs; indeed, by comparing HCN with N 2 H + , we are investigating two of the most abundant N-bearing species seen in the star formation environment. Furthermore, with such high angular resolution, we can see for the first time how small scale gradients in temperature, density and cosmic-ray ionisation rate, all of which have been found (by previous studies) to vary on small angular scales in OMC-2 FIR4, affect fractionation reactions.

The interferometric nature of our data enabled us to not only compare between the nitrogen reservoirs for the first time at high resolution, but also investigate the small scale fractionation behaviour within HCN and N 2 H + individually within this source. Moreover, to go towards an answer to Question 1, we performed a column density analysis on the observations of HCN, N 2 H + and their 15 N-isotopologues, from which we obtained directly comparable 14 N/ 15 N fractionation ratios for HCN and N 2 H + . Our results showed consistency across the central FIR4 extraction regions in both HCN and N 2 H + . However, the eastern part of the source showed some possible variation, with a higher 14 N/ 15 N ratio seen in N 2 H + while a lower ratio is seen in HCN. This may suggest that this region of the source, as a more outlying area, could be influenced by external factors, however, measurements in the diffuse envelope seem to favour a non-variation. Therefore, overall, the 14 N/ 15 N ratio in this proto-Solar analogue is spatially consistent. Furthermore, the fact that this non-variation is seen in both HCN and N 2 H + leads to the conclusion that in this proto-Solar analogue, the fractionation behaviour in nitrogen is consistent across the two reservoirs.

Small Scale Selective Photodissociation

In Sect. 1.2.2.2, we introduced the concept of selective photodissociation as a proposed explanation for the nitrogen fractionation behaviour seen in previous studies and its supposed variation across the aforementioned nitrogen reservoirs. The first evidence of selective photodissociation at high angular resolution has already been found in one protostellar region forming intermediate-and/or high-mass stars (Colzi et al. 2019), as well as in some protoplanetary disks (e.g. Guzmán et al. 2017). However, the protostellar stage of Solar-like analogues is yet to be investigated at high angular resolution, while, in addition, no comparative high angular resolution studies between HCN and N 2 H +believed to behave in opposite ways under the influence of selective photodissociationhad been performed yet in any star forming environment.

One of the reasons that OMC-2 FIR4 is thought to be similar to our own proto-Solar System is that it is subject to an enhanced level of irradiation; radionucleide analysis of small bodies of our Solar System reveal evidence that our native system was also sub-ject to enhanced irradiation during its formation process. The cosmic-ray ionisation rate towards OMC-2 FIR4 has been measured with remarkable consistency [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Fontani et al. 2017, Favre et al. 2018), while an enhancement in this parameter (ζ ∼ 10 -14 s -1 ) has also been measured in the eastern part of the source (Fontani et al. 2017). If this ionisation rate gradient is affecting the chemistry of this source, we would see a characteristic trend in the fractionation ratios of this source, with opposite trends seen towards molecules representing different nitrogen reservoirs. Thus, by obtaining such small scale measurements of the 14 N/ 15 N ratio of HCN and N 2 H + towards this source, we can investigate for the first time the extent (if any) of the effect of selective photodissociation as a fractionation mechanism in this source.

As detailed in Chapter 3, the 14 N/ 15 N ratios towards FIR4 measured in both HCN and N 2 H + showed complete consistency across our small scale extraction regions. Furthermore, our high resolution also enabled us to specifically measure the fractionation ratios across the aforementioned cosmic-ray ionisation rate gradient -this also showed consistency. Therefore, our results led to the conclusion that selective photodissociation is not present in OMC-2 FIR4 and that the reason for this is the embedded nature of the protocluster. Rather, assuming OMC-2 FIR4 does truly represent the proto-Solar environment, our results suggest that the enhanced 15 N levels seen in the small bodies of our Solar System must have originated after this protocluster stage. Thus, our study has enabled us to clearly answer Question 2.

Deuteration in a dynamic protobinary system

Despite being a rather understudied source, one thing that we do know about [BHB2007] 11 is that it harbours a protobinary system. We also know that it has some very interesting dynamic structures, including an outflow, small-scale dust filamentary structures and dynamic streamers [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF][START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]. One thing that was yet to be investigated was the effect of these dynamics on the chemistry of the source. To this end, we present in Chapter 4 of this thesis a study of the deuteration of formaldehyde towards [BHB2007] 11 using high resolution ALMA data, enabling us to probe the emsision on the large and small scale. These observations have revealed the existence of three velocity components in both the deuterated and undeuterated isotopologues, with these seemingly coincident with those previously identified in high resolution methanol observations [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], suggesting a common origin. This origin is thought to be a result of non-thermal desorption related to the dynamic nature of the system: the streamer material impacting the quiescent gas, causing a shock which leads to the sublimation of organics from the dust grain surface. Furthermore, these velocity components appear to be separately tracing emission associated with the two protostars of this source, with the low velocity component associated with Source A and the two higher velocity components associated with Source B, reinforcing conclusions that Source B has preferential accretion and is associated with higher velocity streamer material.

Radiative transfer analysis towards this object enabled us to obtain a value for the excitation temperature of formaldehyde in this source for the first time (∼ 90 K), while the column density values obtained yielded an average D/H ratio of 0.09 across the three velocity components seen in HDCO and 0.24 from the single visible component of D 2 CO. Within the context of Question 3, we can compare our values to the D/H ratio measured in formaldehyde towards fellow protobinary IRAS 16293-2422. This value was obtained as 0.07 [START_REF] Persson | The ALMA-PILS Survey: Formaldehyde deuteration in warm gas on small scales toward IRAS 16293-2422 B[END_REF], hence exhibiting an order of magnitude lower D-enrichment compared to [BHB2007] 11. It should be noted, however, that, unlike IRAS 16293-2422, [BHB2007] 11 does not show evidence of a hot corino nature, according to the behaviour seen in methanol [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF]. This leads to the possibility that the desorption mechanisms seen in [BHB2007] 11 and IRAS 16293-2422 are different, with the former driven by non-thermal desorption due to the dynamic streamer activity and the latter a result of thermal desorption due to the hot corino. The kinematic effect of the streamers in [BHB2007] 11 is the topic of ongoing study, with initial results showing that the structure is even more complicated than previously thought. An upcoming paper will publish the results of a detailed investigation into this piece of the puzzle.

Final Remarks

To determine an overall conclusion of this thesis, we must go back to its title: "Molecular Fractionation in the Interstellar Medium: the High Spatial Resolution Approach in Complex Protostellar Environments". As demonstrated in the previous sections, our chosen objects of study certainly show complexity, as well as demonstrating the diversity often associated with the protostellar stage of star formation. This complexity is what drives the requirement for high spatial resolutions, motivating the approach taken in this thesis to utilise solely interferometric observations in order to tackle our questions. Not only that, it has enabled us to explore our astrochemical origins. In this thesis, it has been shown that nitrogen fractionation in the OMC-2 FIR4 protocluster is being hampered by the embedded nature of the environment; with our Sun having a similar birth environment, this study in particular represents the opportunity to look back in time to our Sun's chemical beginnings. Meanwhile, while [BHB2007] 11 shows very different and very complex features, we have still been able to show that the origins of organic species that form the precursors to life-sustaining molecules can vary between sources, with different mechanisms dominating depending on the very variable nature of the source itself.

In addition, this thesis has demonstrated how fractionation is, by its very nature, a multidisciplinary area of research, requiring scientists to come together from a range of fields of expertise, including chemists, modellers and astronomers specialising in a range of techniques including observation, laboratory experiments and computational calcula- 

Réservoirs d'azote dans un analogue proto-solaire

Photodissociation sélective à petite échelle

Dans la Sect. 1.2.2.2, nous avons présenté le concept de photodissociation sélective comme une explication proposée pour le comportement de fractionnement de l'azote observé dans les études précédentes et sa variation supposée à travers les réservoirs d'azote susmentionnés. Les premières preuves de photodissociation sélective à haute résolution angulaire ont déjà été trouvées dans une région protostellaire formant des étoiles de masse intermédiaire et/ou élevée (Colzi et al. 2019), ainsi que dans certains disques protoplanétaires (par exemple Guzmán et al. 2017). Cependant, le stade protostellaire des analogues de type solaire doit encore être étudié à haute résolution angulaire, tandis que, de plus, aucune étude comparative à haute résolution angulaire entre HCN et N 2 H + -dont on pense qu'ils se comportent de manière opposée sous l'influence de la photodissociation sélective -n'a encore été réalisée dans un environnement de formation d'étoiles.

L'une des raisons pour lesquelles on pense que OMC-2 FIR4 est similaire à notre propre proto-système solaire est qu'il est soumis à un niveau d'irradiation accru ; l'analyse des radionucléides des petits corps de notre système solaire révèle des preuves que notre système d'origine a également été soumis à une irradiation accrue au cours de son processus de formation. Le taux d'ionisation des rayons cosmiques vers OMC-2 FIR4 a été mesuré avec une cohérence remarquable [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], Fontani et al. 2017, Favre et al. 2018), tandis qu'une augmentation de ce paramètre (ζ ∼ 10 -14 s -1 ) a également été mesurée dans la partie orientale de la source (Fontani et al. 2017) 

Deutération dans un système protobinaire dynamique

Bien qu'il s'agisse d'une source peu étudiée, nous savons une chose sur [BHB2007] 11 : elle abrite un système protobinaire. Nous savons également qu'elle présente des structures dynamiques très intéressantes, notamment un écoulement, des structures filamentaires de poussière à petite échelle et des streamers dynamiques [START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF][START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF]. Une chose qui restait à étudier était l'effet de cette dynamique sur la chimie de la source. A cette fin, nous présentons dans Chapitre 4 de cette thèse une étude de la deutération du formaldéhyde vers [BHB2007] 11 en utilisant des données ALMA à haute résolution, nous permettant de sonder l'emsision à grande et petite échelle. Ces observations ont révélé l'existence de trois composantes de vitesse dans les isotopologues deutérés et non deutérés, qui semblent coïncider avec celles précédemment identifiées dans les observations à haute résolution du méthanol [START_REF] Vastel | FAUST. V. Hot methanol in the [BHB2007] 11 protobinary system; hot corino versus shock origin[END_REF], suggérant une origine commune. On pense que cette origine est le résultat d'une désorption non-thermique liée à la nature dynamique du système : le matériau du streamer impactant le gaz quiescent, provoquant un choc qui conduit à la sublimation des organiques de la surface du grain de poussière.

De plus, ces composantes de vitesse semblent tracer séparément l'émission associée aux deux proto-étoiles de cette source, avec la composante de faible vitesse associée à la source A et les deux composantes de vitesse plus élevée associées à la source B, ce qui renforce les conclusions selon lesquelles la source B a une accrétion préférentielle et est associée au matériau de streamer de vitesse plus élevée.

L'analyse du transfert radiatif vers cet objet nous a permis d'obtenir une valeur pour la température d'excitation du formaldéhyde dans cette source pour la première fois (∼ 90 K), tandis que les valeurs de densité de colonne obtenues ont donné un rapport D/H de 0,09 sur les trois composantes de vitesse vues dans HDCO et 0,24 à partir de la seule composante visible de D 

Remarques finales

Pour déterminer une conclusion générale de cette thèse, nous devons revenir à son titre : "Fractionnement moléculaire dans le milieu interstellaire : l'approche à haute résolution spatiale dans les environnements protostellaires complexes". Comme nous l'avons démontré dans les sections précédentes, les objets d'étude que nous avons choisis sont complexes et présentent la diversité souvent associée à l'étape protostellaire de la formation des étoiles. Cette complexité est à l'origine de l'exigence de hautes résolutions spatiales, ce qui motive l'approche adoptée dans cette thèse qui consiste à utiliser uniquement des observations interférométriques afin d'aborder nos questions. De plus, cela nous a permis d'explorer nos origines astrochimiques. Dans cette thèse, il a été démontré que le fractionnement de l'azote dans le protocluster OMC-2 FIR4 est entravé par la nature encastrée de l'environnement ; notre Soleil ayant un environnement de naissance similaire, cette étude en particulier représente l'opportunité de remonter dans le temps jusqu'aux débuts chimiques de notre Soleil. En attendant, si [BHB2007] 11 présente des caractéristiques très différentes et très complexes, nous avons quand même pu montrer que les origines des espèces organiques qui forment les précurseurs des molécules nécessaires à la vie peuvent

Introduction

The variety in the 14 N/ 15 N ratios found across the Solar System (SS) and beyond represents one of the biggest mysteries in astrochemistry. The 14 N/ 15 N ratio varies broadly among the objects of the SS itself, from approximately 140 in comets (Manfroid et al. 2009;[START_REF] Mumma | The Chemical Composition of Comets-Emerging Taxonomies and Natal Heritage[END_REF]Shinnaka et al. 2014), to 50-300 in meteorites (Bonal et al. 2010;Aléon 2010), up to approximately 450 for the solar wind and Jupiter (Marty et al. 2011). This last value is believed to represent the protosolar nebula (PSN) value [START_REF] Füri | Nitrogen isotope variations in the Solar System[END_REF], indicating that comets and other pristine SS small bodies are enriched in 15 N. However, the causes of this enrichment and, in particular, its relation to the chemical evolution of the PSN are not yet understood.

NOEMA images are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc. u-strasbg.fr/viz-bin/cat/J/A+A/657/A136 SOLIS images will be provided by the Innovative Training Network (ITN) Astro-Chemical Origins (ACO) project as a deliverable.

From the theoretical point of view, a former, popular explanation for the possible 15 N enrichment was the low temperature isotope exchange reactions [START_REF] Terzieva | The possibility of nitrogen isotopic fractionation in interstellar clouds[END_REF][START_REF] Rodgers | Nitrogen Isotopic Fractionation of Interstellar Nitriles[END_REF], similar to those at the origin of molecular deuterium enrichment in cold dense cores (e.g. Ceccarelli et al. 2014a and references therein). However, recent chemical models have challenged this scenario due to the discovery of entrance barriers, which make these reactions unlikely to occur at low temperatures (Roueff et al. 2015;[START_REF] Wirström | Revised models of interstellar nitrogen isotopic fractionation[END_REF]Loison et al. 2019). The new models also rule out significant nitrogen fractionation processes in the most abundant molecules during the chemical evolution of a star-forming core. In fact, significant variations in nitrogen fractionation are theoretically predicted only in extragalactic environments strongly affected by very high fluxes of cosmic rays [START_REF] Viti | [END_REF].

Those predictions are at odds with the large variations in 14 N/ 15 N measured in star-forming cores. In fact, the bulk 14 N/ 15 N ratio in the present-day local interstellar medium has been calculated to be approximately 300 (Romano et al. 2017 A&A 657, A136 (2022) Adande & Ziurys 2012;Colzi et al. 2018a), but large differences from the local interstellar value have been measured towards nearby pre-and proto-stellar objects, which seems to depend even on the molecule used (e.g. Womack et al. 1992;Bizzocchi et al. 2013;Hily-Blant et al. 2013, 2017, 2020;Daniel et al. 2013Daniel et al. , 2016;;Guzmán et al. 2017;Redaelli et al. 2018;De Simone et al. 2018). The spread in values becomes even larger when measured towards high-mass star-forming cores (e.g. Fontani et al. 2015;[START_REF] Zeng | Comparison of 14 N/ 15 N ratios from HCN measured towards six protoplane[END_REF]Colzi et al. 2018a,b). These are located in different parts of the Galaxy and hence, in principle, are associated with elementary 14 N/ 15 N ratios that are different from the local one due to the nitrogen isotopic galactocentric trend (Adande & Ziurys 2012;[START_REF] Colzi | Nitrogen fractionation in high-mass star-forming cores across the Galaxy[END_REF]) expected from nucleosynthesis models (Romano et al. 2017(Romano et al. , 2019)). However, the measured isotopic fractions cannot be explained only on the basis of the galactocentric trend [START_REF] Colzi | Nitrogen fractionation in high-mass star-forming cores across the Galaxy[END_REF]Fontani et al. 2021), indicating that local fractionation processes not yet included in the models may be at work. Moreover, most of the observations performed so far have been obtained with single-dish telescopes, thus providing average values of the 14 N/ 15 N ratio over angular scales that can contain relevant variations in gas temperature and density. All this makes it challenging to identify whether the portions of the sources responsible for local enrichments (or depletions) in 15 N correspond to particular ranges of physical conditions (in particular, density, temperature and extinction).

In fact, the few follow-up observations performed at high angular resolution have suggested local gradients in the 14 N/ 15 N ratio. For example, Colzi et al. (2019) observed the highmass protocluster IRAS 05358+3543 with a linear resolution of ∼0.05 pc, or ∼10 000 au, finding that the 14 N/ 15 N ratio in N 2 H + shows an enhancement of a factor of ∼2 (from ∼100-220 to ≥200) going from the inner dense core region to the diffuse, parsec-scale envelope; these results were interpreted as being a consequence of selective photodissociation (Heays et al. 2014;Lee et al. 2021). This mechanism, which is due to the selfshielding of 14 N 2 , predicts an increase in the 14 N/ 15 N ratio in N 2 H + in regions exposed to external UV irradiation, as indeed found by Colzi et al. (2019). This finding has been confirmed in a sample of infrared-dark cloud cores by Fontani et al. (2021), in which, again, the 14 N/ 15 N ratio measured from N 2 H + increases in the external envelope of the dense cores.

Local changes in the 14 N/ 15 N ratio explainable by selective photodissociation have also been revealed in protoplanetary disks (Guzmán et al. 2017). In this case, the tracer used is HCN and a decrease in the 14 N/ 15 N ratio has been found in the external layers directly illuminated by the radiation field of the central star. This different behaviour between N 2 H + and HCN with respect to selective photodissociation is expected since the 15 Nbearing species of N 2 H + are formed from the molecular form of 15 N, 14 N 15 N (dissociated at low extinctions), while those of HCN are formed from atomic 15 N (enhanced at low extinctions). Deviations from these predictions have been proposed by [START_REF] Furuya | Depletion of Heavy Nitrogen in the Cold Gas of Starforming Regions[END_REF], who claim the 15 N fractionation of N 2 H + to be as low in the dense regions of pre-stellar cores as it is in the outer parts of the core, albeit for different reasons; in the dense regions it is because 15 N atoms are transformed into 15 NH 3 on the surface of dust grains and lost to the gas phase, so fewer 15 N atoms will be available in the inner regions to form N 15 NH + and 15 NNH + , while in outer parts this low fractionation is due to exposure to UV photons.

On the other hand, in very embedded, non-irradiated regions, the 14 N/ 15 N ratio should not change significantly, something that has been recently confirmed by observations with a linear resolution of ∼600 au (i.e. at core scales) obtained with the Atacama Large Millimeter Array (ALMA) of the protocluster OMC-2 FIR4, which have revealed negligible variations in the 14 N/ 15 N ratio in the embedded protocluster cores (Fontani et al. 2020). However, N 2 H + is the only species investigated so far in 14 N/ 15 N at core scales, therefore more observational results are needed to shed light onto the 15 N fractionation process in cluster-forming environments.

In order to better investigate this, we obtained observations of isotopologues of HCN towards OMC-2 FIR4 in order to provide the first high angular resolution comparison of the 14 N/ 15 N ratio between HCN and N 2 H + using interferometric data in one of the best analogues of the environment in which our SS was born. The 14 N/ 15 N ratio has already been investigated in our target at low angular resolution in multiple molecular species (Kahane et al. 2018). This work will prepare the observational ground for direct comparisons with both objects of the SS (in particular with pristine small bodies as proxies of the early SS) and with chemical models. In Sect. 2 we describe our target, the protocluster OMC-2 FIR4. The observations are presented in Sect. 3, the methods are described in Sect. 4 and the results are introduced in Sect. 5 and discussed further in Sect. 6. The main conclusions are given in Sect. 7.

Source background

OMC-2 FIR4 is a protocluster located in the Orion Molecular Cloud 2 (OMC-2), at a distance of approximately 393 ± 25 pc (Großschedl et al. 2018). The source consists of several continuum sources embedded in an extended, diffuse envelope (Shimajiri et al. 2008;López-Sepulcre et al. 2013;Kainulainen et al. 2017;Tobin et al. 2019;Neri et al., in prep.) and it is part of a long, pc-scale filament containing several young stellar objects (YSOs) and star-forming regions (e.g. Furlan et al. 2016;Hacar et al. 2018). There are two neighbouring far-infrared (FIR) sources: one to the south-east (FIR5), which is not included in our observations; and one to the north-west (FIR3), which is included in our observations. FIR3 itself is a Class I YSO (Tobin et al. 2019). The envelope of OMC-2 FIR4, having an angular size of ∼10-15 or ∼4000-6000 au (e.g. Fontani et al. 2017;Fontani et al. 2020), is believed to have a temperature of 35-45 K and an average H 2 volume density of 1.2 × 10 6 cm -3 [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], while FIR3, more compact (∼5 or ∼2000 au), is believed to have a higher temperature because it is likely associated with a hot corino (Tobin et al. 2019;Ceccarelli et al., in prep.). OMC-2 FIR4 is believed to be one of the closest analogues to the early SS, due to its protocluster nature and evidence of external irradiation by an enhanced amount of energetic particles (Chaussidon et al. 2006;[START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF], probably accelerated by YSOs (Padovani et al. 2016). Increasing evidence has been found to suggest that the Sun was born in a similar protocluster environment (Adams 2010) that was subject to irradiation of a very similar dose of energetic particles (Gounelle et al. 2013;[START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF]. As such, it is an important object to study as direct comparisons can be made with what we know of the early stages of our own SS in order to learn more about our astrochemical origins.

Multiple previous works studying OMC-2 FIR4 [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF]Fontani et al. 2017;Favre et al. 2018) have concluded with remarkable agreement that the cosmic-ray ionisation rate is enhanced in this source. In particular, Fontani et al. (2017) concluded from studying cyanopolyynes that a gradient in the cosmic-ray ionisation rate exists across the source, with the A136, page 2 of 12 eastern portion of the protocluster having an enhanced cosmicray ionisation rate of ζ ∼ 10 -14 s -1 . Moreover, that portion of the source seems to be more exposed to energetic phenomena such as outflows from FIR3 and the interior of FIR4 (e.g. Osorio et al. 2017;Lattanzi et al., in prep.).

Observations

Our observations were obtained using the IRAM NOrthern Extended Millimeter Array (NOEMA) Interferometer as part of the Seeds Of Life In Space (SOLIS) Large Program (Ceccarelli et al. 2017) with eight antennas on three days: April 29 and October 26, 2016 (both in C configuration) and January 16, 2017 (in A configuration). The phase centre was RA(J2000) = 05 h 35 m 26 s 97, Dec(J2000) = -05 • 09 56 8 and the local standard of rest velocity was set to 11.4 km s -1 . Baselines range from 20 to 760 m, providing an angular resolution of ∼4.1 × 2.2 (A+C configuration), corresponding to a linear scale of ∼860 au. The primary beam is ∼59.3 at the representative frequency of 85 GHz. The system temperature, T sys , was typically in between ∼60 and ∼100 K in all tracks and the amount of precipitable water vapour was generally ≤5 mm. The calibration of the bandpass and absolute flux scale was performed on 3C454.3 and MWC349 (∼1.05 Jy at 85.0 GHz), while 0524+034 and 0539-057 were used for calibration of the gains in phase and amplitude.

The lines were all observed with the Widex band correlator, providing a velocity resolution of 6.9 km s -1 . The continuum was imaged by averaging the line-free channels of the Widex and Narrow correlator units and subtracted from the spectrum in the (u,v)-domain. Calibration and imaging were performed using the CLIC and MAPPING softwares of the GILDAS 1 package using standard procedures. The continuum image was self-calibrated and the solutions were applied to the lines.

In order to estimate the amount of flux that is filtered out by the interferometer, we compare our spectra of HCN isotopologues to the single-dish spectra of the same lines; we used publicly available IRAM 30m observations of OMC-2 FIR4 to achieve this (Kahane et al. 2018). To this end, we extracted the HCN lines from the NOEMA cube within a polygon corresponding to the beam size of the single-dish observations (i.e. ∼28 ); this was compared to the IRAM 30 m spectrum that had been resampled in velocity to match the resolution of our NOEMA observations (i.e. ∼6.9 km s -1 ). The resulting comparison can be seen in Fig. 1 and showed that we recovered approximately 20% of the flux from both the H 13 CN and HC 15 N observations. As a result of the homogeneous effect of flux filtering on both lines, this caveat will have negligible impact on the calculated 14 N/ 15 N ratios, assuming that their distribution is similar. Moreover, this missing flux likely affects mostly the emission from the envelope rather than that from the dense cores, where the emission of H 13 CN and HC 15 N is concentrated, as we show later in this section.

For the purpose of comparison, we also utilised archival data consisting of N 2 H + (1-0) emission along with emission of both of its 15 N isotopologues ( 15 NNH + (1-0) and N 15 NH + (1-0)) towards OMC-2 FIR4 (ALMA project 2016.0.00681.S PI: F. Fontani). These lines were observed using ALMA in Band 3 (3 mm) with a velocity resolution of 0.2 km s -1 and a spatial resolution of about 600 au. Technical details of these observations (e.g. calibration, configurations used, weather conditions, sensitivity achieved) are given in Fontani et al. (2020). In the same way as for the HCN observations, the effect of flux filtering is the same for all isotopologues of N 2 H + , meaning that the effect on the 14 N/ 15 N ratios is minimal.

Table 1 shows the spectral parameters of the observed lines, including the parameters for the hyperfine (HF) components of N 2 H + and its isotopologues. Figure 2 shows maps of the emission of both the H 13 CN and HC 15 N (1-0) lines averaged over the channels with signal-to-noise ratio (S/N) larger than 3, corresponding to an approximate velocity range of -1 to 18 km s -1 for H 13 CN and 5 to 15 km s -1 for HC 15 N. For comparison, Fig. 3 shows the continuum emission obtained from the NOEMA data at 3 mm published in Fontani et al. (2017). It can be seen from these maps that the H 13 CN (1-0) emission is ubiquitously stronger than the HC 15 N (1-0) emission across all regions of both FIR4 and FIR3. H 13 CN and HC 15 N show similar peak locations, with both having a peak in FIR3 and the north-western and north-eastern regions of the central part of FIR4. Three peaks in the southern inner region appear in HC 15 N and are faintly seen in H 13 CN among generally stronger surrounding emission. The most notable difference between the two maps is the presence of an eastern peak in the outer region of FIR4 in the H 13 CN map while this is absent in the HC 15 N map. It should also be noted that there is a hole in the H 13 CN (and possibly HC 15 N) emission towards the central region of FIR4 that is absent from the continuum emission and from any molecular line studied so far (e.g. Fontani et al. 2017Fontani et al. , 2020;;Favre et al. 2018).

The H 13 CN (1-0) emission map suggests the presence of five gaseous cores in which the average emission is above 3σ rms (see Fig. 4). One is peaked on FIR3, the rest throughout FIR4. These sub-structures were chosen as the regions from which the spectra will be extracted and the isotopic 14 N/ 15 N ratio for HCN will be calculated.

As stated above, we extracted spectra of N 2 H + , 15 NNH + and N 15 NH + (1-0), observed with ALMA, from the dataset published in Fontani et al. (2020). The analysis of these spectra will allow us to compare, for the first time at high angular resolution, the 14 N/ 15 N ratio simultaneously in HCN and N 2 H + (i.e. the two molecules in which nitrogen fractionation should behave in an opposite way) if both are regulated by selective photodissociation. Notes. All spectroscopic parameters have been taken from the CDMS (Endres et al. 2016). (a) The quantum numbers represent the J (H 13 CN and HC 15 CN), J and F 1 ( 15 NNH + and N 15 NH + ) and J, F 1 and F (N 2 H + ) levels.

extraction from the chosen regions. In the case of FIR3, the spectrum shows no detection of N 2 H + emission. This could be due to the destruction of this molecule by CO or it could be that the emission is so faint and extended that it has been resolved out by the interferometer. In the case of the 15 N isotopologues, 15 NNH + also shows no emission towards FIR3, but there does appear to be a detection of N 15 NH + as a clear peak is present in this spectrum. This suggests that the reason that the main N 2 H + isotopologue is undetected is because the emission is resolved out by our interferometer as it is too extended; the presence of N 15 NH + is explainable by the fact that this emission is likely to be more compact than the main isotopologue and so is not resolved out. For this reason, the 14 N/ 15 N ratio in FIR3 from N 2 H + cannot be derived and will not be discussed further.

The N atom has a non-zero nuclear spin, which gives rise to hyperfine structure (HFS) splitting in spectra of N-bearing species, including HCN and N 2 H + , as well as the 15 N isotopologues of the latter. In the case of H 13 CN and HC 15 N, the HFS is not resolved in our spectra due to the velocity resolution of these observations being insufficient to see the separate HFS components. However, in the spectra of N 2 H + and its 15 N isotopologues, the velocity resolution is sufficient to resolve the HFS (see Fig. A.1). In the case of the 15 N isotopologues, we can resolve all three HF components, while in the case of the main isotopologue, we can observe seven HF components.

Methods

Extraction of the spectra and analysis

Using the MAPPING package of GILDAS (see Sect. 3), the spectra were extracted in flux density units (Jy) from the five regions illustrated in Fig. 4, which have been labelled depending on the position of the peak with respect to the phase centre, as: north-west (NW), north-east (NE), south (S), east (E) and FIR3. Due to the complexity of the emission and the partial overlap of some sub-structures, we decomposed the average emission map of H 13 CN by eye into the polygons shown in Fig. 4, which do not overlap and pick up the intensity peak of each sub-region. The CLASS package of GILDAS was employed to convert our spectra into temperature units (K) before they were imported into CASSIS 2 .

As can be seen in Fig.

A.1, the lines of H 13 CN and HC 15 N show generally a Gaussian shape; hence, each line was fitted with a single Gaussian in CASSIS using Levenberg-Marquardt (L-M) fitting. The fit provides several line parameters, among which is the full width at half maximum (FWHM), which was then used as one of the input parameters for local thermal equilibrium (LTE) analysis using CASSIS. In order to check our LTE assumption, which is satisfied if the H 2 density is larger than the critical density of the analysed transition, we computed the critical density of each of our lines from the equation:

n CRIT = A ul C ul . (1) 
In Eq [START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF], n CRIT represents the critical density (cm -3 ) while A ul (s -1 ) represents the Einstein coefficient and C ul (cm -3 s -1 ) represents the collisional coefficient. We use collisional coefficients taken from the CASSIS collision database and calculated by Hernandez-Vera et al. (2014) for HCN and by Daniel et al. (2005); Lique (2015) for N 2 H + . For the 1-0 transition we can assume that the 15 N isotopologues (and 13 C-isotopologues) have the same collisional coefficients as their respective main isotopologues. The critical density at 40 K was calculated to be 1.62 × 10 6 cm -3 for H 13 CN, 1.59 × 10 6 cm -3 for HC 15 N, 1.61 × 10 5 cm -3 for 15 NNH + , 1.66 × 10 5 cm -3 for N 15 NH + and 1.77 × 10 5 cm -3 for N 2 H + . In the case of N 2 H + and its isotopologues, we can safely assume LTE as these values for critical density are smaller than the average H 2 volume density of OMC-2 FIR4 (1.2 × 10 6 cm -3 ; Ceccarelli et al. 2014b); for H 13 CN and HC 15 N, the calculated critical density values are the same order of magnitude as the volume density and so the approximation of LTE conditions is reasonable. It should be noted that we used the density value from [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF] because it is an average value calculated over the whole system, making it the best comparison that we can make with available data.

Radiative transfer through gas with a constant excitation temperature (T ex ) leads to the following expression for the resulting intensity as synthesised beam temperature T b (ν):

T b (ν) = hν k 1 e hν kTex -1 - 1 e hν kT bg -1 (1 -e -τ(ν) ), (2) 
where c, h and k represent the speed of light, Boltzmann constant and Planck constant, respectively, in cgs units, while τ(ν) is the opacity of the line. We take the background temperature (T bg ) as that of the cosmic microwave background (CMB; i.e. 2.73 K).

The column density N TOT (cm -2 ) is then obtained directly from the measure of the opacity in the line centre computed in Eq. ( 2) (τ 0 ), for which T b is a maximum:

N TOT = 8πν 3 (∆v)τ 0 Q(T ex ) √ π 2 √ ln2 e Eu kTex c 3 A ul g u (e hν kTex -1) , ( 3 
)
where ν is frequency (Hz), ∆v represents the line width (cm s -1 ), Q(T ex ) is the partition function at excitation temperature T ex , E u is the energy of the upper level (K), A ul is the Einstein coefficient (s -1 ) and g u is the upper state degeneracy. Equations ( 3) and ( 2), which can be found in the Formalism for the CASSIS software 3 (author: C. Vastel), describe how to compute the total column density (and opacity) from our spectroscopic and observational parameters under the conditions of LTE and optically thin lines. We justify our use of the optically thin assumption in Sects. 4.2 and 4.3 for HCN and N 2 H + , respectively.

HCN isotopologues

Our analysis obtained opacities ranging from 8.1 × 10 -4 to 1.6 × 10 -2 , enabling us to assume that the lines are optically thin and use the method described in Sect. 4.1. Due to the fact that we only observed one transition for both H 13 CN and HC 15 N, the excitation temperature (T ex ) cannot be derived directly from the data and it has to be assumed. Therefore, the spectra were modelled for two fixed temperatures, corresponding to the range of temperatures found for FIR4 using previous data: an upper temperature of 45 K and a lower temperature of 35 K (taken from [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF]Favre et al. 2018). For FIR3, the upper temperature was fixed at 150 K and the lower temperature was fixed at 100 K (assuming that FIR3 is a hot corino; Tobin et al. 2019;Ceccarelli et al., in prep.). The column density was repeatedly varied until the model matched the observations, taking into account a 10% calibration error in the latter. Using this method, we obtained best-fit values (along with upper and lower limits) for the column densities of H 13 CN and HC 15 N in each region. It should be noted that H 13 CN is potentially better than HCN for computing the 14 N/ 15 N ratio because HCN is expected to be optically thick. However, the column density ratio N TOT (H 13 CN)/N TOT (HC 15 N) has to be corrected by the 12 C/ 13 C ratio, which was assumed to be 50 ± 5 as measured by Kahane et al. (2018) using CN, HCN and HC 3 N lines. The 12 C/ 13 C ratio measured from HCN specifically in this paper is tentative; the authors calculated their HCN-specific value of 36 ± 15 by comparing HC 15 N to H 13 C 15 N. They point out in this paper that due to the weakness (2.5σ) of the H 13 C 15 N detection, it is possible that the obtained 12 C/ 13 C ratio is underestimated (see Kahane et al. 2018 for further discussion). Taking this into account, we decided to use the average value of 50 ± 5. We also note that the uncertainty associated with the average 12 C/ 13 C ratio calculated in Kahane et al. (2018) is included in our calculated uncertainties associated with 14 N/ 15 N ratios of HCN. Due to the aforementioned presence of HFS, we first used the specific HFS fitting routine that is provided within CLASS to model our spectra. This routine requires the following inputs for each isotopologue: relative intensity, r i (with sum normalised to 1) and velocity separation from the reference component (computed from the Doppler law based on the frequency differences obtained in the lab), v i (km s -1 ) for each HF component. Both inputs were in this case obtained from the Cologne Molecular Database for Spectroscopy (CDMS) for each isotopologue. If we define the central velocity of the ith component as v 0,i = v i + p 2 , then we can calculate the opacity of our lines, τ, using Eq. ( 4):

τ(ν) = p 4 Σ N i=1 r i e -4ln2( v-v i -p 2 p 3 ) 2 . ( 4 
)
In this equation, τ represents the opacity as a function of frequency (ν), N represents the number of HF components, r i is the relative intensity of the ith HF component and v i is the velocity separation of the ith HF component from the reference component, (km s -1 ). The fitting procedure described above provides optically thin lines (see Table 2 for the opacity values obtained by CLASS HFS), and hence we can estimate N TOT from the relation:

N TOT = 8πWν 3 A ul c 3 g u Q(T ex )e Eu kTex e hν kTex -1 1 J ν (T ex ) -J ν (T bg ) . (5) 
Equation ( 5) provides N TOT from the total integrated intensity of the line (W) in the case of optically thin transitions and all rotational levels being characterised by a single T ex . The equivalent Rayleigh-Jeans temperature, J ν (T ), is defined as

J ν (T ex,bg ) = hν k 1 e hν kT ex,bg -1 . (6) 
Since we have HFS and optically thin lines, we can calculate the total integrated intensity in two ways: when all HF components are detected, we sum the integrated intensity of all of them; when only the strongest HF component is detected, we multiply its integrated intensity by the known relative ratio with respect to the total. 37.9 +7.0 -2.0 33 ± 3 5.550 ± 0.004

Notes. Calibration errors of 10 and 15% were used in calculations involving the CLASS and MCMC models, respectively. We note that, due to the low spectral resolution, the HFS structure cannot be constrained for HCN isotopologues and so the spectra are fit with one transition only, the FWHM of which is included in this table for each region. Also, for this reason, V LSR is fixed to the accepted source value of 11.4 km s -1 . The RMS was 5.1 mK for H 13 CN, 4.4 mK for HC 15 N, 10.1 mK for 15 NNH + , 10.3 mK for N 15 NH + and 31 mK for N 2 H + . (a) Due to low S/N, V LSR is fixed to the value found from a single Gaussian fit of the strongest HF component using L-M fitting.

For the 15 N isotopologues, the opacity derived from the fit confirms that we have optically thin lines (τ ≤ 0.1) in all but one case: N 15 NH + towards the NW region. In this line, the opacity of the sum of the components is ∼1.4, but the error is so large (1.4 ± 1.4) that we can assume optically thin conditions also in this case, following Caselli et al. (2002). For the lines for which only the strongest HF component is detected, we know that this component has a relative intensity of 5 9 compared to the total; therefore, we divided its integrated intensity by 5 9 in order to obtain the total integrated intensity, W, for the 15 N isotopologues.

On the other hand, the output of the CLASS HFS fitting routine tells us that the opacity of the sum of the components for the main isotopologue (N 2 H + ) is larger than 1, meaning that in all cases we have optically thick lines. However, the faintest component, J F -JF = 01 → 12, has, according to the relative intensity ratio, an opacity that is 3 27 of the total, providing opacities lower than 1 in all spectra. In addition, this component is well separated from the others in the spectrum, therefore its integrated intensity is not contaminated by emission from any other component. We measured its integrated intensity and divided it by the factor 3 27 to derive the total one. Table 2 shows the best-fit FWHM and total integrated intensity values of our lines with uncertainties given by:

∆N TOT = N TOT ∆W W + 0.1 (7) ∆W = (cal/100 × W) 2 + (rms 2 × FWHM × ∆v res ) 2 . (8) 
In these equations, N TOT and ∆N TOT represent column density (cm -2 ) and associated error, respectively, W and ∆W represent the integrated area (K cm -1 ) and associated error, respectively, cal represents the calibration error (assumed in this case to be 10%), ∆v res represents the velocity resolution (km s -1 ) (in our case 0.2 km s -1 ) and rms is 10. described previously are given in K km s -1 ; therefore, for Eq. ( 5), these are converted to K cm s -1 as everything else is in cgs units. All spectroscopic parameters used in Eq. ( 5) are taken from the CDMS database. The CMB temperature (T bg ) is assumed to be 2.73 K. For the excitation temperature (T ex ), we cannot constrain this using our analysis alone because, despite resolving the HFS in our spectra, the opacity of the N 2 H + spectra is not well constrained and the 15 N-isotopologue lines are optically thin (see Table 2). Therefore, we must take our values from previous measurements. We fixed T ex to 35 and 45 K [START_REF] Ceccarelli | Herschel Finds Evidence for Stellar Wind Particles in a Protostellar Envelope: Is This What Happened to the Young Sun?[END_REF]Favre et al. 2018).

CASSIS

Within CASSIS, there is a Python library (LineAnalysisScripting.py) that allows users to create Jython scripts to model sources in LTE using the Markov chain Monte Carlo (MCMC) method. As part of the script, we define a number of parameters that will be varied and give upper and lower limits for the variation range. In most cases, we have sufficient S/Ns to vary four parameters: N TOT , T ex , FWHM and V LSR . From L-M fitting, we know the order of magnitude for N TOT in each case as well as the FWHM for all of the components (∼0.8 km s -1 ). Therefore, N TOT is varied between 10 10 and 10 15 cm -2 for the 15 N isotopologues and between 10 12 and 10 15 cm -2 for the main isotopologue. From this we also vary FWHM between 0.3 km s -1 and 1.2 km s -1 in each case. For T ex , once again we use previous research of this source to determine our upper and lower limits: 50 and 30 K, respectively (5 K above and below the upper and lower limits used to model the spectra and calculate N TOT from the CLASS method). Also from previous research, the accepted value for the V LSR of OMC-2 FIR4 is 11.4 km s -1 (e.g. Kahane et al. 2018;Ceccarelli et al. 2017); therefore, this parameter is varied between 8 and 15 km s -1 .

In the case of the 15 N isotopologues, since we have lower S/N in general, we must constrain at least one of the parameters (in cases where we have higher S/N, we obtain good fits by leaving the parameters unfixed and allowing the software to find the best fit; if we have low S/N we cannot do this). Therefore, in these cases, we constrain the range for T ex to just 3σ above and below the T ex value obtained for the main isotopologue in the corresponding position. Meanwhile, three of the spectra show very low S/N: the E Region of both 15 N isotopologues as well as the S Region of N 15 NH + . For these cases, we also constrain the V LSR , fixing this parameter to the value obtained in the corresponding position in the main isotopologue. In all cases, the script is run and the model is compared to the observations. The values obtained with the two methods are the same within error bars except for the cases with higher opacity (i.e. NW Region) or with low S/N (i.e. E Region in both 15 N isotopologues and S Region in N 15 NH + ). For the latter, the fit obtained using MCMC with the aforementioned limits was not optimal and underestimated N TOT with respect to the observations, causing overestimations of the 14 N/ 15 N ratio. Therefore, we concluded that these three spectra had insufficient S/N to be analysed using MCMC; therefore, to analyse these data, first we fitted a single Gaussian to the strongest HF component using L-M fitting in the relevant spectrum (see Table 2) to obtain a value of V LSR for each spectrum. We used this value to fix V LSR in a line analysis while fixing T ex to 35 and 45 K to give upper and lower limits. The N TOT was then varied manually until good fits were obtained, taking into account a 15% calibration error. The bestfit values in all cases for T ex , FWHM and V LSR are in Table 2. Table 3 shows the column density values for H 13 CN and HC 15 N Table 3. Values of column density obtained using CASSIS for H 13 CN and HC 15 N along with results of analysis using CASSIS for 14 N/ 15 N in HCN.

Region

N TOT 14 N/ 15 N [cm -2 ] H 13 CN HC 15 N E region (1.9-2.3) × 10 13 (1.7-2.1) × 10 12 452-676 NW region (2.9-4.3) × 10 13 (5.3-6.5) × 10 12 273-406 NE region (2.6-3.2) × 10 13 (5.4-6.6) × 10 12 197-296 S region (2.4-3.0) × 10 13 (3.9-4.9) × 10 12 245-385 FIR3

(1.9-2.4) × 10 13 (5.0-6.3) × 10 12 151-240

Notes. The values were calculated using average values of column densities taken at 35 and 45 K (100 and 150 K for FIR3). 

Results

Figure 5 shows a visual comparison between all of the 14 N/ 15 N ratios obtained during the course of our analysis, while Fig. 6 shows how the 14 N/ 15 N ratios from our dataset and that described in Fontani et al. (2020) vary across the regions defined in each paper across OMC-2 FIR4. We now explore the results of our analysis of both the HCN and N 2 H + datasets in detail.

HCN

As stated above, the column density values for H 13 CN and HC 15 N and the calculated 14 N/ 15 N ratios can be found in Table 3.

It is clear from the values that there is an agreement in the 14 N/ 15 N ratio in the NE, NW and S Regions but a higher value ) In the E Region, a different second method was used instead of CLASS HFS due to the HFS structure being invisible (see Sect. 5.2). The values were calculated using average values of column densities taken at 35 and 45 K and can be seen in Table 4. is obtained from the E Region. Meanwhile, FIR3 shows the lowest ratio. Overall, these results indicate that no enrichment or depletion in 15 N is apparent in the inner sub-regions of FIR4 (i.e. the NW, NE and S Regions) analysed in this work. In fact, the derived 14 N/ 15 N ratios are consistent with each other (within the uncertainties) as well as with the value obtained at low angular resolution by Kahane et al. (2018): 270 ± 50. The E Region shows the highest 14 N/ 15 N ratio in HCN; however, it is not straightforward to justify this because, even though the region is the most external one and hence potentially most exposed to external UV photons, a variation due to selective photodissociation would produce a lower 14 N/ 15 N ratio, which is at odds with our findings.

N 2 H +

The spectra of N 2 H + and its 15 N isotopologues have been fit according to the methods described in Sect. 4.3.1 and 4.3.2. The resulting values for N TOT and 14 N/ 15 N ratios are listed in Tables 4 and5, respectively. The range of 14 N/ 15 N that we obtain is 200-450.

As one can see, in a similar fashion to the 14 N/ 15 N ratios obtained from HCN, the ratios that we obtain from N 2 H + show broad homogeneity across the three central regions. However, while our HCN results show the E Region to have a slightly higher 14 N/ 15 N ratio, our results for N 2 H + show the E Region to have a ratio that is still a little lower than most other regions but within error of the ratio found in at least one other region. There is therefore some agreement with previous research (in particular Fontani et al. (2020), who analysed the same N 2 H + data), which concluded that the 14 N/ 15 N ratio showed little regional variation across the central regions of FIR4.

There are a few region-specific caveats in our analysis that should be highlighted. We now discuss these in more detail.

Regarding the S Region, as can be clearly seen in Fig.

A.1, in most regions the F 1 = 0-1 component of N 2 H + is not blended with the nearby HF components and shows a profile that can be well fitted with a single Gaussian, which also indicates that this particular HF component is likely optically thin, as assumed in Sects. 4.3.1 and 4.3.2. However, in the spectrum of the S Region this component shows two peaks. Interestingly, the N 15 NH + line also shows two peaks in its main HF component. In both cases, this profile can be due to two partly overlapping velocity features. The 15 NNH + line, instead, shows a single peak in the main component. To probe whether the profile observed in the F 1 = 0-1 component of N 2 H + and in N 15 NH + is due to multiple velocity features or self-absorption, we compared the velocities of the two peaks in the F 1 = 0-1 component of N 2 H + (1-0) with those of N 15 NH + and 15 NNH + . In both cases, the velocities of the peak(s) of the emission in the 15 N isotopologues coincide with one (or both) of those seen in the isolated component of the N 2 H + emission. Therefore, we can conclude that the double peak seen both in N 15 NH + and in the isolated HF component of N 2 H + is likely due to two velocity features along the line of sight.
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In the NW Region, as stated before, the opacity derived in CLASS that resulted from using the HFS fitting routine is 1.4 ± 1.4. With such a large error associated with a faint line, the opacity cannot be well constrained and this may be causing inaccuracies in our estimates performed assuming optically thin conditions. The slightly larger discrepancy between the ratios obtained using the two analysis methods (CASSIS and CLASS) in the NW Region (see Table 5) can possibly be explained due to these potential inaccuracies.

In the case of the E Region, the line is so faint that only the main component of the HFS is visible in the 15 NNH + and N 15 NH + spectra. For this reason, the fit to the whole HFS cannot be performed. Therefore, we fitted the main HF component (the only one detected) with a single Gaussian with the resultant brightness temperature (T b ) used to calculate the opacity (τ) using Eq. ( 2). This opacity was in turn used to calculate the total column density (N TOT ) in Eq. ( 3).

Discussion

From our HCN results, we can see that there is a homogeneity in the 14 N/ 15 N ratio across the central portion of FIR4, from which we extracted the NW, NE and S spectra, but not in the ratio of the E region. The difference in 14 N/ 15 N ratio between the central three regions and the E region is possibly due to the E region being much further from the centre of FIR4, where conditions affecting 15 N production may differ, including any possible outflow influence. A recent paper (Benedettini et al. 2021) found that no nitrogen fractionation was occurring due to the shock in the bow shock of L1157; therefore we cannot and are not confirming that the different result in the E region is definitely due to an external outflow, especially given the lack of evidence. Rather, we are suggesting that this is a potential topic for future research using more sensitive observations.

The ratios obtained from N 2 H + towards the central part of the source are also largely consistent among them and with those obtained from HCN (as explained previously, it is believed that small discrepancies seen in the results obtained from the two methods are more likely to be due to opacity effects than any true difference in the ratio; see Sect. 5.2). However, in contrast to our HCN results for this region, which show the E Region to vary but not in the way that would be expected if photo-processes were important, our N 2 H + ratio in the E region shows very little contrast with the ratios of the central regions, being the lowest of the four but still within uncertainty of at least one other region.

Overall, the fact that in both HCN and N 2 H + isotopologues we find no significant nitrogen fractionation effects confirms the previous findings of Fontani et al. (2020), obtained only for N 2 H + and analysed in different sub-regions: the nitrogen isotopic ratio in OMC-2 FIR4 in the two most abundant N-bearing species (after N 2 ) is not influenced significantly at core scales by a local change in physical conditions. In particular, in this work we have investigated for the first time the influence of an enhanced cosmic-ray ionisation rate (see Sect. 5) within the same source and found that this has no effect on the 14 N/ 15 N ratio, a conclusion that confirms that of Fontani et al. (2020) and also of Benedettini et al. (2021) towards the protostellar bow-shock L1157-B1. The homogeneity that is present particularly across the central regions of FIR4 (NE, NW and S) in both HCN and N 2 H + also goes towards the current theory that OMC-2 FIR4 is sufficiently embedded that selective photodissociation, which is expected to take place only on the external layers of dense cores exposed to external UV photons, is not present due to the high visual extinction of the source and hence does not affect the fractionation here.

The absence of significant variations in both species also indicates that selective photodissociation has no effect at the linear scales probed by our observations. Colzi et al. (2019), who studied the high-mass star-forming protocluster IRAS 05358+3543, measured a higher 14 N/ 15 N ratio in N 2 H + towards the diffuse region of the protocluster than towards the starforming cores. Therefore, it was concluded that an enhanced 14 N/ 15 N ratio in N 2 H + occurs locally in the diffuse gas of star-forming regions. Despite the larger distance to the source compared to OMC-2 FIR4 (2 kpc vs. 393 pc) and thus the different linear scale, we can compare these results with our own by utilising the fact that the high ionisation rate extraction region (the blue polygon in Fig. 7) overlaps with both the compact E and NE Regions as well as including the more diffuse regions. The consistency in the 14 N/ 15 N ratio of N 2 H + between our larger polygon and our more compact NE Region (both ∼400) suggests that, in this region, enrichment due to selective photodissociation caused by external UV photons is not occurring. This result could either be because there is an insufficient external UV field or because the emitting region is too embedded for external UV photons to penetrate and produce this effect. The same 'non-variation' effect appears to be present also in the 14 N/ 15 N ratios of HCN in OMC-2 FIR4 between the larger, more diffuse extraction region and the more compact NE Region (both ∼250).

Conclusions

In this work, within the framework of the Large Program SOLIS, we have mapped the H 13 CN (1-0) and HC 15 N (1-0) lines towards the protocluster OMC-2 FIR4 with the NOEMA interferometer. We have also analysed archival data obtained with the ALMA interferometer of the 1-0 lines of N 2 H + and both its 15 N isotopologues. For the first time, we compare at high angular resolution the 14 N/ 15 N isotopic ratios in HCN and N 2 H + , two important N-bearing species that are expected to possibly behave differently in the enrichment or depletion of 15 N. The results can be summarised as follows:

1. H 13 CN (1-0) and HC 15 N (1-0) show spatial similarities in their emission, with H 13 CN showing systematically stronger emission across all regions of the source. There are obvious peaks to both the H 13 CN (1-0) and HC 15 N (1-0) emission in the north-west, north-east and (to a lesser extent in HC 15 N) south of the central area of emission, plus a peak farther to the east in an outer region that appears in H 13 CN only. A noticeable absence of emission is also present in both species towards the centre of FIR4. There is also a peak in FIR3 in both H 13 CN (1-0) and HC 15 N (1-0) emission. 2. The 14 N/ 15 N ratio in HCN shows consistency across the different regions in which we have decomposed the emission, especially in the central part of FIR4 traced by regions NE, NW and S, while a higher isotopic ratio is found in the E region. This indicates that the main mechanism accepted as being behind enrichments of 15 N in HCN (i.e. selective photodissociation) does not seem to play a role in these regions of the protocluster. 3. The 14 N/ 15 N ratios in N 2 H + in the same regions as those selected for our HCN analysis are also obtained; these results show agreement with the HCN ratios in that there is consistency across the central regions while in the E region the 14 N/ 15 N ratio from N 2 H + slightly varies in the opposite direction compared to the ratio in HCN, although the errors are large. The ratios also show consistency across the central region of FIR4, in agreement with previous findings (Fontani et al. 2020). 4. To further investigate our results, the 14 N/ 15 N ratio in HCN in regions that have previously shown a different cosmicray ionisation rate are analysed and found to be consistent with each other, further cementing our conclusion that the 14 N/ 15 N ratio is not influenced by local changes in the physical properties across the centre of FIR4. 5. Measuring the 14 N/ 15 N ratio of N 2 H + in a region encompassing the diffuse envelope and the E and NE Regions, as well as regions external to both suggests consistency between the diffuse envelope and the NE Region, seemingly confirming a 'non-variation' effect and once again indicating that selective photodissociation seems to be irrelevant in these regions. It is clear from our results and conclusions that our picture of the evolution of the 14 N/ 15 N ratio in protostellar environments, as well as on the origin of 15 N enrichments in SS small bodies, is still incomplete. More collaboration between theory and observations is needed here in order to resolve these questions. More specifically, in the case of FIR4, the observation of higher transitions will allow us to better constrain parameters such as T ex and N TOT in order to create more accurate models to compare with our observations in both LTE and non-LTE.

1.1 Illustration of the main stages of star formation from prestellar core to planetary system, including the increasingly complex associated chemistry.

Taken from [START_REF] Caselli | Our astrochemical heritage[END_REF] 4.2 H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between -5 and 15 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen as this represents the full range of emission detected at or above 4σ. Contours start at 4σ and end at 44σ in 8σ increments (σ=17.6 mJy beam -1 km s -1 ). The pink contour illustrates the polygon within which the spectrum in the upper left panel of Fig. 4.5 Upper left: H 2 CO 3(0,3)-2(0,2) spectrum (black) with velocity resolution 0.17 km s -1 extracted from within the 4σ contour of the HDCO 4(2,2)-3(2,1) emission overlaid with the best fit (pink) obtained using four Gaussian fits with FWHM, V LSR and T ex constrained using values obtained from fitting the HDCO transitions. A continuum value of 10.3 K has been added to this spectrum in order to model the absorption feature. Upper right: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between -5 and 0 km s -1 . Lower left: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between 1 and 8 km s -1 . Lower right: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between 8 and 15 km s -1 . Each moment 0 shows an individual velocity component of emission shown in the upper left panel, combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. Contours begin at 4σ and are in increments of 8σ (σ = 17.6 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in the upper left panel was extracted, defined as the 4σ contour of the HDCO 4(2,2)-3(2,1) emission (see Fig. showing velocity structure of the disk. This velocity range was chosen to match that of the moment 0 map shown in Fig. 4.6), enabling a direct comparison. The locations of the protostars A and B are shown by black stars. The ALMA synthesised beam is in the lower left corner. . . . . . . . 122 4.8 HDCO spectrum (black) with velocity resolution 0.14 km s -1 for the 4(2,2)-3(2,1) transition overlaid with the best fit (pink) from our radiative transfer analysis, extracted within the 4σ contour shown in Fig. 4.6. Dashed lines denote the previously identified velocity components at -2, 2.8 and 9.9 km s -1 .122 4.9 HDCO spectrum (black) with velocity resolution 1.18 km s -1 for the 4(1,4)-3 [START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] transition overlaid with the best fit (pink) from our radiative transfer analysis, extracted within the 4σ contour shown in Fig. 4.6. Note that the third component is not included in the fit due to blending with a transition of CH 3 OCHO 19(4,15)-18(4,14) A. Dashed lines denote the previously identified velocity components at -2, 2.8 and 9.9 km s -1 . . . . . . . . . . . 123 4.10 Moment 0 map of HDCO 4(1,4)-3 [START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] integrated between -5 and 8 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen to include the two unblended HDCO emission components shown in Fig. 4.9. Contours start at 4σ and end at 16σ in 4σ increments (σ=8.5 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in Fig. 4.9 was extracted, defined as the 4σ contour shown in Fig. List of Tables 
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 12 Figure 1.2: Illustration of the stellar object classes from Class 0 (early protostellar core) to Class III (evolved protoplanetary system), including Spectral Energy Distribution (SED), appearance, size and time since initial collapse. Adapted from van Zadelhoff et al. (2002).
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 13 Figure 1.3: Illustration of the structure of the protoplanetary disk, including the multiple chemical environments resulting from the characteristic temperature profile.Taken from[START_REF] Kamp | The physical and chemical properties of planet forming disks[END_REF].

Figure 1 . 4 :

 14 Figure 1.4: D/H ratios in various species measured in a variety of objects within and beyond our Solar System. Note that in this figure, JFC = Jupiter Family Comets, OCC = Oort Cloud Comets (referring to the families introduced in Sect. 1.1.5), while IOM = Insoluble Organic Material (a subclass of meteoritic material also introduced in Sect. 1.1.5). Symbol shape depends on object type while the filled symbols represent the dominant element/object reservoirs. Taken from Nomura et al. (2022).
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 15 Figure 1.5: Deuteration processes in cold prestellar environment. Taken from Ceccarelli et al. (2014a).

Figure 1 . 6 :

 16 Figure 1.6: Protoplanetary disk structure, including the cold midplane, warm molecular layer and hot ionised atmosphere environments. Taken from Ceccarelli et al. (2014a).

Figure 1 . 7 :

 17 Figure 1.7: Comparing 14 N/ 15 N ratios measured in a variety of N-bearing species in objects within and beyond our Solar System. Symbol shape depends on object type while the filled symbols represent the dominant element/object reservoirs. Taken from Nomura et al. (2022).
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 18 Figure 1.8: Chemical network for nitrogen and its isotopes. Taken from Rodgers and Charnley (2008b).

Figure 1 . 9 :

 19 Figure 1.9: Isotopic nitrogen chemical network with activation barriers represented by black X symbols. Taken from Wirström and Charnley (2018).
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 111 Figure 1.11: Comparison of 14 N/ 15 N ratios from HCN measured towards six protoplanetary disks with those measured towards other objects. Taken from Guzmán et al. (2017).
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 112 Figure 1.12: Diagram to illustrate the four WPs of ACO and their collaborative synergy. Taken from the ITN ACO proposal led by Cecilia Ceccarelli.

FluxFigure 1 . 13 :

 113 Figure 1.13: Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is represented by the white ellipse while the VLA beam (size 0.08" × 0.07" or 32 au × 28 au) is shown by the black ellipse. Adapted from Tobin et al. (2019).
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 1 Figure 1.14: CO 2-1 emission peaks (blue and red circles) for high velocity components showing evidence of inflowing gas streamers towards the protobinary of [BHB2007] 11, overlaid onto 1.3 mm dust continuum map which is tracing the filamentary structure and protobinary sources. Taken from Alves et al. (2019).

  2.1).
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 21 Figure 2.1: Visualisation of the electromagnetic spectrum including atmospheric absorption and examples of emitters. Credit: NASA.
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 22 Figure 2.2: Diagram showing the beam power pattern of an antenna, including the main lobe and side lobes, along with the effective aperture size and relevant coordinates. Taken from Radio Astronomy, Planetary (Gulkis and de Pater 2003).

Fig. 2 .

 2 Fig.2.3 shows a comparison between the power pattern of a single dish of diameter D with an interferometer made of two antennas with baselines (defined as the distance between the two antennas) of D and 2D. One can see from this image that while the single dish pattern consists of a clear main beam along with multiple sidelobes, the interferometric patterns are composed of multiple fringes centred about zero.
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 23 Figure 2.3: A comparison of the power pattern as a function of angle for (a) a single dish of diameter D, (b) an interferometer with baseline D and (c) an interferometer with baseline 2D. Taken from Tools of Radio Astronomy (Wilson et al. 2009).
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 24 Figure 2.4: Schematic of a two-element interferometer, including labelled voltage output equations. Taken from "Introduction to Radio Astronomy" (L. Ricci; https://science.nrao.edu/facilities/alma/naasc-workshops/nrao-cd-ru17/InterfBasics Rice.pdf).

  .30) During observing, the visibility V(⃗ u,⃗ v) is measured at multiple discrete points within the (⃗ u,⃗ v) plane (see Fig. 2.5). Increasing the proportion of the (⃗ u,⃗ v) plane covered by visibility measurements (known as the uv coverage) increases the quality of the final image. The rotation of the Earth during the visibility measurements contributes to the uv coverage.
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 25 Figure 2.5: Visualisation of uv coverage for ALMA observations using compact (left; probing the large-scale structure) and extended (right; probing the small-scale structure) configurations. The curved lines are a result of Earth rotation during observations. Taken from Yamaguchi et al. (2020).
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 26 Figure 2.6: An example of the CLEAN algorithm at work. Upper left: original dirty image. Upper right: CLEAN model generated by the algorithm. Lower right: residual map generated by the algorithm. Lower left: final "CLEANed" restored image. Taken from "A Crash Course in Radio Astronomy and Interferometry" (J. Di Francesco; https://slidetodoc.com/a-crash-course-in-radio-astronomy-and-interferometry-2/).

  2.7). This provides simultaneous dual polarisation observations in USB and LSB at a bandwidth of 7.744 GHz separated by 15.488 GHz. The channel spacing throughout the bandwidth is 2 MHz. Alternatively, up to 128 high resolution chunks (16 per base-band) can be selected, with each having a width of 64 MHz and a channel spacing of 62.5 kHz. The side-bands feed into the wide-band correlator PolyFIX, which simultaneously processes a total bandwidth of 31 GHz in two polarisations per two available side-bands for up to 12 antennas.
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 27 Figure 2.7: Schematic of the side-band and component base-bands of the NOEMA interferometer. Taken from An Introduction to the IRAM NOEMA Interferometer (M. Krips; https://www.iram.fr/IRAMFR/GILDAS/doc/pdf/noema-intro.pdf)
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 28 Figure 2.8: NOEMA Interferometer located on Plateau de Bure. Note that this image is from 2015, when the interferometer consisted of seven antennas. NOEMA has since been upgraded to 12 antennas. Credit: IRAM.
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 29 Figure 2.9: Minimum (Lmin) and maximum (Lmax) baseline length along with angular resolution (AR) and maximum recoverable scale (MRS) values for each band of the ALMA interferometer. Taken from almascience.eso.org.

Figure 2 .

 2 Figure 2.10: ALMA Interferometer located in the Atacama Desert. Credit: ESO.

Figure 2 .

 2 Figure 2.11: A diagram showing the structure of electronic, vibrational and rotational energy levels along with an example transition for each illustrating the different scales of ∆E.

  .40) In Eq. 2.40, A ul represents the Einstein coefficient for spontaneous de-excitation, while B ul and B lu are the Einstein coefficients for de-excitation and excitation stimulated by a radiation field. Assuming this radiation field is isotropic and has an energy density of U ν (I ν ), where U ν (I ν )= 4π Iν c
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 213 Figure 2.13: Diagram showing the radiative processes of spontaneous emission and absorption and emission stimulated by a radiation field of energy density U ν along with collisional transitions.

  2.3.2.1 and 2.3.2.2) analyses of observations.
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 2 Figure 2.14: Illustration of the capabilities of CASSIS including links to external resources. Credit: cassis.irap.omp.eu.

Figure 2 .

 2 Figure 2.15: 6 -j symbols as displayed in Mangum and Shirley (2015).

Figure 2 .

 2 Figure 2.16: HFS for J = 1 -0 transition of N 2 H + . Taken from Mangum and Shirley (2015).
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 217 Figure 2.17: Upper panel: Example output of a CLASS HFS fitting routine, showing output parameters p 1 , p 2 , p 3 and p 4 along with their associated uncertainties. Lower panel: resultant fit from this routine applied to observational spectrum.

Figure 3 . 1 :

 31 Figure 3.1: Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black). The figure shows that we recover approximately 20% of the flux in both the H 13 CN line and the HC 15 N lines. The line at 86.1 GHz is SO (2 2 -1 1 ).

Figure 3 . 2 :

 32 Figure 3.2: Upper panel: H 13 CN (1 -0) average emission map in colour scale and red contours. Contours start at the level of 4σ, corresponding to 0.72 mJy beam -1 km s -1 (1σ = 0.18 mJy beam -1 km s -1 ) and are in intervals of 6σ, corresponding to 1.08 mJy beam -1 km s -1 . Lower panel: HC 15 N (1 -0) average emission map in colour scale and red contours. Contours start at the level of 4σ, corresponding to 0.84 mJy beam -1 km s -1 (1σ = 0.21 mJy beam -1 km s -1 ) and are in levels of 4σ, corresponding to 0.84 mJy beam -1 km s -1 . Continuum sources identified by Neri et al. (in prep.) are marked by white triangles. The wedge on the right indicates the range of flux density (Jy beam -1 km s -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam.

Figure 3 . 3 :

 33 Figure 3.3: Upper panel: Continuum emission map at 3 mm (from Fontani et al. 2017) in colour scale with H 13 CN (1 -0) emission overlaid in black contours. Contours start at the level of 4σ, corresponding to 0.72 mJy beam -1 (1σ = 0.18 mJy beam -1 ) and are in intervals of 6σ, corresponding to 1.08 mJy beam -1 . Lower panel: Same as the upper panel but the black contours show the HC 15 N (1 -0) average emission. Contours start at the level of 4σ, corresponding to 0.84 mJy beam -1 (1σ = 0.21 mJy beam -1 ) and are in levels of 4σ, corresponding to 0.84 mJy beam -1 . Continuum sources identified by Neri et al. (in prep.) are marked by white triangles. The wedge on the right indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam of the 3 mm continuum emission.
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 34 Figure 3.4: Upper panel: H 13 CN (1 -0) average emission map with extraction regions enclosed by pink curves. Lower panel: HC 15 N (1 -0) average emission map with extraction regions enclosed by pink curves. The wedge on the right of each panel indicates the range of flux density (Jy beam -1 km s -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam. White triangles mark the positions of continuum sources as identified by Neri et al. (in prep.).

Figure 3 . 5 :

 35 Figure 3.5: Spectra extracted for our study in (left to right) H 13 CN (1 -0), HC 15 N (1 -0) -both using NOEMA data -along with 15 NNH + (1 -0), N 15 NH + (1 -0) and N 2 H + (1 -0) -using archival ALMA data; from top to bottom, the spectra extracted in the E, NW, NE, S and FIR3 regions. The CASSIS fits are superimposed in red. The dashed black line represents the v LSR value for this source, which is 11.4 km s -1 . The blue lines represent the location of the HFS components for N 2 H + and its 15 N isotopologues.
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 36 Figure 3.6: Triangle plot showing the maximum likelihood solution (blue lines) from MCMC modelling with 10000 walkers (approximately 4000 samples) for four variable parameters for N 2 H + NW region, as well as the full posterior probability distribution of these parameters.

(

  

  In the E Region, a different second method was used instead of CLASS HFS due to the HFS structure being invisible (see Sect.3.5.2).
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 37 Figure 3.7: Visual comparison of the 14 N/ 15 N ratios obtained for HCN and N 2 H + in the regions of OMC-2 FIR4, from both CASSIS and CLASS (in the latter case) and as calculated from the different 15 N isotopologues (also in the latter case).
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 38 Figure 3.8: Combined 14 N/ 15 N ratios in N 2 H + in regions defined by Fontani et al. (2020) (red) along with the average value for each region defined by our work (blue) overlaid onto N 2 H + (1 -0) emission from Fontani et al. (2020) (colour scale); black triangles show locations of continuum emission sources in FIR4 as identified by Neri et al. (in prep.). The wedge on the right indicates the range of flux density (Jy beam -1 km s -1 ). The ellipse in the bottom-left corner represents the ALMA synthesised beam. Please note that this figure is different to the one that appears in the published article; the figure has been corrected and there is a corrigendum to come.
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 39 Figure 3.9: Average emission map of H 13 CN (1 -0) overlaid with regions defined in Fontani et al. 2017 with suggested higher (blue) and lower (pink) ionisation rate regions, along with measured 14 N/ 15 N ratios in HCN for each. The wedge on the right indicates the range of flux density (Jy beam -1 km s -1 ). The ellipse in the bottom-left corner represents the NOEMA synthesised beam.
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 41 Figure 4.1: Upper left: [BHB2007] 11 observed in 1.3 mm dust continuum (greyscale; Alves et al. 2019) showing protostars A (north) and B (south) and surrounding dust filaments overlaid with CH 3 OH 5(1,4)-4(1,3) intensity contours of emission at the velocities of three identified emission components: high velocity (HV) at -4.89 (blue) and 13.3 (red) km s -1 , along with a component close to the v LSR at 2.91 km s -1 (white). Upper right: Circles representing intensity peaks of CH 3 OH 5(1,4)-4(1,3) emission (red, green and blue outlines) and CO 2-1 emission (cyan outlines) obtained from 2D Gaussian fits for each velocity channel overlaid onto 1.3 mm continuum; each channel is separated by 0.15 km s -1 and circle size is proportional to uncertainty in absolute position. Bottom: CH 3 OH 5(1,4)-4(1,3) emission spectrum calculated from the region showing emission above 4σ showing three velocity components highlighted by blue, green and red lines corresponding to the colour of the outline of each circle in the upper right panel, along with dashed black lines showing the velocities of the blue and red contours in the upper left panel and designated "CO 2-1 HV" emission intensity peaks in the upper right panel. Adapted from Vastel et al. (2022).

  Figure 4.2: H 2 CO 3(0,3)-2(0,2) moment 0 map integrated between -5 and 15 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen as this represents the full range of emission detected at or above 4σ. Contours start at 4σ and end at 44σ in 8σ increments (σ=17.6 mJy beam -1 km s -1 ). The pink contour illustrates the polygon within which the spectrum in the upper left panel of Fig. 4.5 was extracted, defined as the 4σ contour of the HDCO 4(2,2)-3(2,1) emission. The positions of protostars A and B are represented by the black stars. The ALMA synthesised beam is shown in the lower left corner.
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 43 Figure 4.3: 216 GHz continuum emission (colour scale) taken from the FAUST dataset with H 2 CO 3(0,3)-2(0,2) overlaid in pink contours. Contours start at 4σ and end at 44σ in 8σ increments (σ=17.6 mJy beam -1 km s -1 ). The positions of protostars A and B are shown by the black stars. The ALMA synthesised beam for the continuum is shown in the lower left corner.
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 44 Figure 4.4: Colour scale: H 2 CO 3(0,3)-2(0,2) centroid velocity map from pixel-by-pixel Gaussian analysis showing pixels with intensity above 5σ in the redshifted (upper panel; integrated between 3.5 and 6 km s -1 ) and blueshifted (lower panel; integrated between 0 and 3.5 km s -1 ) regimes. Black contours: 1.3 mm continuum contours starting at 4σ and ending at 300σ in intervals of 50σ (σ=0.19 mJy beam -1 ) indicating disk emission. Red (upper panel) and cyan (lower panel) contours: redshifted and blueshifted (respectively) CO 2-1 emission from Alves et al. (2017) detailing outflow emission. Black stars show the locations of protostars A and B. The ALMA synthesised beam is shown in the lower left corner.
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 47 Figure 4.7: Moment 1 map of HDCO 4(2,2)-3(2,1) integrated between -1 and 7 km s -1 showing velocity structure of the disk. This velocity range was chosen to match that of the moment 0 map shown in Fig. 4.6), enabling a direct comparison. The locations of the protostars A and B are shown by black stars. The ALMA synthesised beam is in the lower left corner.
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 48 Figure 4.8: HDCO spectrum (black) with velocity resolution 0.14 km s -1 for the4(2,2)-3(2,1) transition overlaid with the best fit (pink) from our radiative transfer analysis, extracted within the 4σ contour shown in Fig.4.6. Dashed lines denote the previously identified velocity components at -2, 2.8 and 9.9 km s -1 .

Fig. 4 .

 4 Fig. 4.10 shows the moment 0 map of the HDCO 4(1,4)-3(1,3) emission, along with the area used to extract the spectra seen in Figs. 4.5, 4.8 and 4.9. The emission is compact and, unlike the HDCO 4(2,2)-3(2,1) emission, symmetrical, suggesting that this emission is likely originating only from the disk.

Figure 4 . 10 :

 410 Figure 4.10: Moment 0 map of HDCO 4(1,4)-3[START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] integrated between -5 and 8 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen to include the two unblended HDCO emission components shown in Fig.4.9. Contours start at 4σ and end at 16σ in 4σ increments (σ=8.5 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in Fig.4.9 was extracted, defined as the 4σ contour shown in Fig. 4.6. The locations of protostars A and B are shown by the black stars. The ALMA synthesised beam is shown in the lower left corner.

Figure 4 .

 4 Figure 4.10: Moment 0 map of HDCO 4(1,4)-3[START_REF]Six continuum sources within OMC-2 FIR4 protocluster detected and observed with ALMA at 0.87 mm (colour scale) and VLA 9 mm (black contours). The ALMA beam (size 0.11" × 0.10" or 44 au × 40 au) is repre[END_REF][START_REF]1 Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black)[END_REF] integrated between -5 and 8 km s -1 , combining observations performed using both 12 m and 7 m ALMA configurations in order to investigate both large-and small-scale structure. This velocity range was chosen to include the two unblended HDCO emission components shown in Fig.4.9. Contours start at 4σ and end at 16σ in 4σ increments (σ=8.5 mJy beam -1 km s -1 ). The pink contour illustrates the area within which the spectrum in Fig.4.9 was extracted, defined as the 4σ contour shown in Fig. 4.6. The locations of protostars A and B are shown by the black stars. The ALMA synthesised beam is shown in the lower left corner.

Figure 4 . 12 :

 412 Figure 4.12: Comparison of H 2 CO 3(0,3)-2(0,2), D 2 CO 4(0,4)-3(0,3), HDCO 4(1,4)-3(1,3) and HDCO 4(2,2)-3(2,1) lines with the baselines subtracted. The dashed lines represent velocities of -2, 2.8 and 9.9 km s -1 . The CH 3 OCHO 19(4,15)-18(4,14) A transition (246.9147 GHz) that is near HDCO 4(1,4)-3(1,3) is shown in red, while the H 13 CN (3-2) transition (259.0118 GHz) in the same spw as HDCO 4(2,2)-3(2,1) is denoted in green.

Figure 4 .

 4 Figure 4.13: H 2 CO moment 1 map in colour scale with five pixels overlaid in black and white (for clarity in this case) triangles, chosen as the pixel at the location of the dust peak (A), along with the most intense pixels for each velocity range (B: 0-2 km s -1 , C: 2.5-3.5 km s -1 , D: 3.5-4 km s -1 and E: 5-6 km s -1 ). The ellipse in the bottom-left corner represents the ALMA synthesised beam.

Figure 4 .

 4 Figure 4.14: Upper panel: H 2 CO spectra extracted from the five pixels indicated in Fig. 4.13. Middle panel: HDCO spectra extracted from the five pixels indicated in Fig. 4.13. Lower panel: D 2 CO spectra extracted from the five pixels indicated in Fig. 4.13.The letters in the legend correspond to the those illustrated in Fig.4.13.

Figure 4 . 15 :

 415 Figure 4.15: Extracted spectrum centred on the rest frequency of the CH 3 OCHO 19(4,15)-18(4,14) transition at 246.9147 GHz with dashed lines showing the predicted locations of the velocity components assuming similar V LSR to methanol components (-2, 2.8 and 9.9 km s -1 ). The locations of the same velocity components (-2, 2.8 and 9.9 km s -1 ) in HDCO 4(1,4)-3(1,3) are shown by the pink dashed lines. The -2 km s -1 component of CH 3 OCHO 19(4,15)-18(4,14) A is blended with the 9.9 km s -1 component of HDCO 4(1,4)-3(1,3).

Figure 4 .

 4 Figure 4.16: A sketch to illustrate the initial parameters of the streamer model.

Figure 4 . 17 :

 417 Figure 4.17: Centroid velocity maps from pixel-by-pixel Gaussian analysis showing pixels with intensity above 5σ for the redshifted (upper panel; integrated between 3.5 and 6 km s -1 ) and blueshifted (lower panel; integrated between 0 and 3.5 km s -1 ) features overlaid with continuum emission (black contours) between 4σ and 300σ in 50σ intervals (σ=0.19 mJy beam -1 ). Polygons representing the pixels included in the kinematic model of the streamers are shown in red (upper panel) and blue (lower panel).The ALMA synthesised beam is shown in the lower left corner.

Figure 4 .

 4 Figure 4.18: Streamer modelling results for blueshifted streamer. Upper panel: model (red) generated using best fit initial parameters (taking into account area within green polygon) superimposed onto moment 0 map. Lower panel: plot showing velocity of streamer as a function of distance from source centre for raw data (black) and model (red), with v LSR value shown in green.
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 419 Figure 4.19: Streamer modelling results for redshifted streamer. Upper panel: model (red) generated using best fit initial parameters (taking into account area within green polygon) superimposed onto moment 0 map. Lower panel: plot showing velocity of streamer as a function of distance from source centre for raw data (black) and model (red), with v LSR value shown in green.
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 1 Fig. 1. Comparison between the flux recovered towards OMC-2 FIR4 by single-dish IRAM 30 m observations (red) and towards the region equivalent to the 30 m primary beam within the interferometric IRAM NOEMA observations of the same source (black). The figure shows that we recover approximately 20% of the flux in both the H 13 CN line and the HC 15 N lines. The line at 86.1GHz is SO (2 2 -1 1 ).

  Figure A.1 shows the spectra that resulted from our A136, page 3 of 12 A&A 657, A136 (2022)

Fig. 2 .

 2 Fig. 2. Upper panel: H 13 CN (1-0) average emission map in colour scale and red contours. Contours start at the level of 4σ, corresponding to 0.70 mJy beam -1 (1σ = 0.18 mJy beam -1 ) and are in intervals of 6σ, corresponding to 1.17 mJy beam -1 . Lower panel: HC 15 N (1-0) average emission map in colour scale and red contours. Contours start at the level of 4σ, corresponding to 0.84 mJy beam -1 (1σ = 0.21 mJy beam -1 ) and are in levels of 4σ, corresponding to 0.84 mJy beam -1 . Continuum sources identified by Neri et al. (in prep.) are marked by white triangles. The wedge on the right indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam.

Fig. 3 .

 3 Fig. 3. Upper panel: continuum emission map at 3 mm (from Fontani et al. 2017) in colour scale with H 13 CN (1-0) emission overlaid in black contours. Contours start at the level of 4σ, corresponding to 0.70 mJy beam -1 (1σ = 0.18 mJy beam -1 ) and are in intervals of 6σ, corresponding to 1.17 mJy beam -1 . Lower panel: same as the upper panel but the black contours show the HC 15 N (1-0) average emission. Contours start at the level of 4σ, corresponding to 0.84 mJy beam -1 (1σ = 0.21 mJy beam -1 ) and are in levels of 4σ, corresponding to 0.84 mJy beam -1 . Continuum sources identified by Neri et al. (in prep.) are marked by white triangles. The wedge on the right indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam of the 3 mm continuum emission.

Fig. 4 .

 4 Fig. 4. Upper panel: H 13 CN (1-0) average emission map with extraction regions enclosed by pink curves. Lower panel: HC 15 N (1-0) average emission map with extraction regions enclosed by pink curves. The wedge on the right of each panel indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner of each panel represents the NOEMA synthesised beam. White triangles mark the positions of continuum sources as identified by Neri et al. (in prep.).
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 5 Fig. 5. Visual comparison of the 14 N/ 15 N ratios obtained for HCN and N 2 H + in the regions of OMC-2 FIR4, from both CASSIS and CLASS (in the latter case) and as calculated from the different 15 N isotopologues (also in the latter case).

Fig. 6 .

 6 Fig. 6. Combined 14 N/ 15 N ratios in N 2 H + in regions defined by Fontani et al. (2020) (red) and in regions defined by our work (blue) overlaid onto N 2 H + (1-0) emission from Fontani et al. (2020) (colour scale); red triangles show locations of continuum emission sources in FIR4 as identified by Neri et al. (in prep.). The wedge on the right indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner represents the ALMA synthesised beam.
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 7 Fig. 7. Average emission map of H 13 CN (1-0) overlaid with regions defined in Fontani et al. (2017) with suggested higher (blue) and lower (pink) ionisation rate regions. The wedge on the right indicates the range of flux density (Jy beam -1 ). The ellipse in the bottom-left corner represents the NOEMA synthesised beam.
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  4.5 was extracted, defined as the 4σ contour of theHDCO 4(2,2)-3(2,1) emission. The positions of protostars A and B are represented by the black stars. The ALMA synthesised beam is shown in the lower left corner. . . . . . . . 4.3 216 GHz continuum emission (colour scale) taken from the FAUST dataset with H 2 CO 3(0,3)-2(0,2) overlaid in pink contours. Contours start at 4σ and end at 44σ in 8σ increments (σ=17.6 mJy beam -1 km s -1 ). The positions of protostars A and B are shown by the black stars. The ALMA synthesised beam for the continuum is shown in the lower left corner. . . . 4.4 Colour scale: H 2 CO 3(0,3)-2(0,2) centroid velocity map from pixel-by-pixel Gaussian analysis showing pixels with intensity above 5σ in the redshifted (upper panel; integrated between 3.5 and 6 km s -1 ) and blueshifted (lower panel; integrated between 0 and 3.5 km s -1 ) regimes. Black contours: 1.3 mm continuum contours starting at 4σ and ending at 300σ in intervals of 50σ (σ=0.19 mJy beam -1 ) indicating disk emission. Red (upper panel) and cyan (lower panel) contours: redshifted and blueshifted (respectively) CO 2-1 emission from Alves et al. (2017) detailing outflow emission. Black stars show the locations of protostars A and B. The ALMA synthesised beam is shown in the lower left corner. . . . . . . . . . . . . . . . . . . . .
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4. 1 ALMA

 1 Observational parameters for [BHB2007] 11 in setups 1 and 2. . . . 4.2 Spectroscopic parameters for all transitions in the sample. . . . . . . . . . 4.3 Best fit parameters for the Gaussian fits of each component in each spectrum, along with the resultant N TOT and calculated N TOT and D/H ratios.

  

  

  

  

  

  

1.2.2 Nitrogen Fractionation: Split Up and Look for Clues 1.2.2.1 The Mysterious Variability of the 14 N/ 15 N Ratio

  

  14 N/ 15 N ratios that are very similar to the local ISM value (300;Adande and Ziurys 2012) 

	have been observed (Hily-Blant et al. 2013, Yoshida et al. 2019), suggesting that little to
	no fractionation is taking place in the atomic reservoir. Meanwhile, in contrast to nitriles
	(and thus in line with the separation of the reservoirs), depletions by factors of up to
	almost 3 with respect to the local ISM value have been seen within dense prestellar cores
	(330-350; Lis et al. 2013), while NH 3 observations show potential depletion in prestellar
	cores (360-810; Rodgers and Charnley 2008a). In fact, the values obtained show more sim-
	ilarity to those seen in the PSN (450; Marty et al. 2011). 14 N/ 15 N depletion with respect
	to the local value has also been seen in N 2 H + from observations towards multiple cores
	(Bizzocchi et al. 2010, 2013, Redaelli et al. 2018); this shows consistency with the NH 3
	results as both trace the same nitrogen reservoir. However, as explored in Sect. 1.2.2.1,
	the extent of the depletion seen (up to 1000 in the prototypical prestellar core L1544;
	Bizzocchi et al. 2013) in N 2 -tracing molecules is hard to explain purely using isotope
	exchange, leading to suggestions of differing reaction rates between 15 N-isotopologues of
	N 2 H + or selective photodissociation (see Sects. 1.2.2.1 and 1.2.2.2, respectively). Indeed,
	more recently, observations of the prototypical prestellar core L1544 obtained 14 N/ 15 N ra-
	tios in nitriles ranging from 150-450, with enhanced fractionation seen in regions subject
	to stronger UV illumination. As representatives of the atomic nitrogen reservoir, this is
	evidence for selective photodissociation

, which is remarkably consistent with the value obtained from HCN in a JFC of 139 ± 26 (Bockelée-Morvan et al. 2008). Furthermore, Hily-Blant et al. (2017) sum

  marised 14 N/ 15 N values from 31 comets across numerous chemical species (HCN, CN, NH 2
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 21 Comparison between natural, uniform and robust (Briggs) weighting.

	Weighting			
	function	W(u,v) dependence	Advantages	Disadvantages
	Natural	Inverse of noise variance	Lowest noise	Lower resolution
			Highlights extended structures	
	Uniform	Inverse of local (u,v)	High resolution	Higher noise
		point density	Lower sidelobes	
		Given threshold S		
	Robust	Big S → Natural	Variable resolution	
		Small S → Uniform		

2.4.2 GILDAS GILDAS

  2 (Grenoble Image and Line Data Analysis Software), developed at IRAM and the Observatoire de Grenoble, is a collection of packages designed to analyse astronomical observations. Within this thesis, three of these packages have been utilised for the data reduction and analysis explored in Chapters 3 and 4. Namely, these are MAPPING, CLASS (Continuum and Line Analysis Software) and GREG (GREnoble Graphic). Using the CLEAN algorithm, MAPPING was utilised to deconvolve all of the SOLIS observations towards OMC-2 FIR4 (introduced in 1.4.2.1) and was also used to explore and In addition, CLASS was used in this thesis to model astronomical spectra (seeSect. 2.3) for OMC-2 FIR4 observations of lines featuring hyperfine structure (HFS) specifically. This will be explored in more detail in Sect.2.3.4.1. 

2.2.4 NOEMA and ALMA Data Reduction

2.2.4.1 CASA

CASA 1 (Common Astronomy Software Applications) has been developed by the National Radio Astronomy Observatory (NRAO) in order to perform the reduction of and image generation from data obtained using ALMA or the Very Large Array (VLA). All ALMA data presented in this thesis has been calibrated using CASA (namely the [BHB2007] 11 FAUST data introduced in 1.4.2.3 and the OMC-2 FIR4 observations introduced in 1.4.2.2). In addition, an imaging pipeline developed in-house was utilised in the deconvolution of the FAUST observations towards [BHB2007] 11 using the CLEAN algorithm.

2.create maps for the clean datasets for both

OMC-2 FIR4 and [BHB2007] 

11 observations (which can be seen in

Chapters 3 and 4, respectively)

. Both MAPPING and CLASS were combined in order to perform data extraction from regions of interest. GREG was used for displaying spectra.

  Hence we can obtain B ul from A ul only. Values for the latter can be obtained from databases such as the Cologne Molecular Database for Spectroscopy (CDMS 5 ;Endres et al. 2016) or from the Jet Propulsion Lab (JPL 6 ;

	and		
	A ul =	8πhν 3 c 3 B ul .	(2.65)
			.64)

  .66) Using Eqs. 2.43, 2.64 and 2.65, one can derive an equation for the opacity in terms of the column density and excitation temperature:

Table 2 . 3 :

 23 HFS quantum numbers and relative strength for 15 NNH + and N 15 NH + .

Table 2 . 4 :

 24 HFS quantum numbers and relative strengths for N 2 H + (adapted from[START_REF] Mangum | How to Calculate Molecular Column Density[END_REF].

  Evans, F. Fontani, C. Vastel, C. Ceccarelli, P. Caselli, A. López-Sepulcre, R. Neri, F. Alves, L. Chahine, C. Favre, V. Lattanzi. Astronomy & Astrophysics, 2022. DOI: 10.1051/0004-6361/202142147

  observations were obtained using the IRAM NOEMA Interferometer as part of the Seeds Of Life In Space (SOLIS) Large Program (seeSect. 2.2.3.1, Ceccarelli et al. 2017) with eight antennas on three days: April 29 and October 26, 2016 (both in C configuration) and January 16, 2017 (in A configuration). The phase centre was R.A.(J2000)=05 h 35 m 26 s 97, Dec.(J2000)=-05 • 09'56"8 and the local standard of rest velocity was set to 11.4 km s -1 . Baselines ranged from 20 to 760 m, providing an angular resolution of ∼ 4.1 × 2.2" (A+C configuration), corresponding to a linear scale of ∼ 860 au. The primary beam is ∼ 59.3" at the representative frequency of 85 GHz. The system temperature, T sys , was typically in between ∼ 60 and ∼ 100 K in all tracks and the amount of precipitable water vapour was generally ≤ 5 mm. The calibration of the bandpass and absolute flux scale was performed on 3C454.3 and MWC349 (∼ 1.05 Jy at 85.0 GHz), while 0524+034 and 0539-057 were used for calibration of the gains in phase and amplitude.
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 31 Observational and spectral parameters of H 13 CN and HC 15 N as well as the HF components of N 2 H + and its 15 N isotopologues; all spectroscopic parameters have been taken from the CDMS(Endres et al. 2016).

	Molecular Species Rest Frequency Quantum #s (a) Statistical Weight (b)	E u	A ul
		GHz	up→low		K	s -1
	H 13 CN	86.3399214	1 → 0	9	4.14 2.23×10 -5
	HC 15 N	86.0549664	1 → 0	3	4.13 2.20×10 -5
	15 NNH +	90.2634867	1 1 → 0 1	3	4.33 3.30×10 -5
		90.2639119	1 2 → 0 1	5	
		90.2645041	1 0 → 0 1	1	
	N 15 NH +	91.2042615	1 1 → 0 1	3	4.38 3.44×10 -5
		91.2059911	1 2 → 0 1	5	
		91.2085167	1 0 → 0 1	1	
	N 2 H +	93.1716157	1 1 0 → 0 1 1	1	4.47 3.63×10 -5
		93.1719106	1 1 2 → 0 1 2	10		3.60×10 -5
		93.1720477	1 1 1 → 0 1 0	9		3.63×10 -5
		93.1734734	1 2 2 → 0 1 1	10		3.63×10 -5
		93.1737699	1 2 3 → 0 1 2	7		3.63×10 -5

Table 3 . 2 :

 32 .2 also shows the best fit T ex , FWHM and v LSR values resulting from the CASSIS modelling methods described in Sect.3.4.3.2. Values for the parameters used in Eqs. 2.104 and 2.105, plus those varied during MCMC modelling for N 2 H + and its 15 N isotopologues, with calibration errors of 10% and 15% used in calculations involving the CLASS and MCMC models, respectively. Please note that some figures in this table are different to those that appear in the published article; those figures have been corrected and there is a corrigendum to come.

	Line	Region	FWHM (a) km s -1	V (b) LSR km s -1	T ex K	W K km s -1	Opacity
	H 13 CN	E Region	10 ± 4	11.4	40 ± 5	4.8 ± 0.5	(8.2 +0.7 -1.0 )E-03
		NW Region 11.7 ± 0.6	11.4	40 ± 5	8.2 ± 0.8	(1.4 +0.1 -0.1 )E-02
		NE Region	13 ± 1	11.4	40 ± 5	6.2 ± 0.6	(1.0 +0.1 -0.8 )E-02
		S Region	11.3 ± 0.4	11.4	40 ± 5	6.0 ± 0.6	(1.00 +0.1 -0.1 )E-02
	HC 15 N	FIR3 E Region	11 ± 3 10 ± 4	11.4 11.4	125 ± 25 40 ± 5	4.7 ± 0.5 0.36 ± 0.04	(6.3 +0.5 -0.7 )E-03 (9.0 +0.5 -1.2 )E-04
		NW Region 13.2 ± 0.4	11.4	40 ± 5	1.2 ± 0.1	(2.4 +0.3 -0.3 )E-03
		NE Region	13 ± 1	11.4	40 ± 5	1.2 ± 0.1	(2.7 +0.3 -0.3 )E-03
		S Region	11.7 ± 0.9	11.4	40 ± 5	0.92 ± 0.09	(2.0 +0.2 -0.2 )E-03
		FIR3	13 ± 2	11.4	125 ± 25	1.2 ± 0.1	(2.4 +0.2 -0.2 )E-03
	15 NNH +	E Region	0.80	11.67 (a)	40.0 +5.0 -5.0	0.067 ± 0.007 (1.2 +0.2 -0.2 )E-03
		NW Region	0.81 +0.02 -0.02	11.31 +0.07 -0.07	40.0 +0.0 -0.0	0.14 ± 0.01	0.1± 0.4
		NE Region	0.79 +0.02 -0.02	11.2 +0.2 -0.1	40.0 +0.4 -0.2	0.085 ± 0.009	0.1 ± 0.3
	N 15 NH +	S Region E Region	0.79 +0.02 -0.02 0.80	11.5 +0.2 -0.3 10.30 (a)	39.7 +0.4 -0.4 40.0 +5.0 -5.0	0.13 ± 0.01 0.10 ± 0.01	0.1 ± 0.9 (2.1 +0.3 -0.3 )E-03
		NW Region	0.80 +0.02 -0.02	11.4 +0.2 -0.08	40.0 +0.2 -0.2	0.13 ± 0.01	1.4 ± 1.4
		NE Region	0.83 +0.04 -0.07	11.3 +0.1 -0.4	40.4 +0.6 -0.4	0.059 ± 0.006	0.1 ± 0.9
	N 2 H +	S Region E Region	0.80 0.78 +0.04 -0.04	10.67 (a) 11.49 +0.02 -0.02	40.0 +5.0 -5.0 38.6 +1.0 -2.0	0.11 ± 0.01 23 ± 2	0.1 ± 0.3 3.20 ± 0.08
		NW Region	0.75 +0.02 -0.02	11.11 +0.02 -0.02	38.4 +2.0 -2.0	36 ± 4	6.50 ± 0.06
		NE Region	0.97 +0.02 -0.02	11.18 +0.02 -0.02	43.8 +2.0 -6.0	30 ± 3	4.95 ± 0.06
		S Region	1.2 +0.00 -0.3	11.2 +0.3 -0.07			

  2.2.4.2 and 2.3.3. For the MCMC analysis, we use a calibration error (cal i ) of 15% and rms values (rms i ) of 10.1 mK, 10.3 mK and 31 mK for 15 NNH + , N 15 NH + and N 2 H + respectively. Fig.3.6 shows the triangle plot resulting from the MCMC model.
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 34 Column density values obtained using the two methods (CASSIS HFS and CLASS HFS) for 15 NNH + , N 15 NH + and N 2 H + .

	Line	Region	N TOT
			cm -2
			CASSIS HFS	CLASS HFS
	15 NNH + E Region (a)	(3.0 +0.8 -0.7 )×10 11 (4.3 ± 0.6)×10 11
		NW Region (5.0 +0.9 -0.9 )×10 11 (5.3 ± 0.7)×10 11
		NE Region	(3.1 +0.7 -0.7 )×10 11 (3.8 ± 0.5)×10 11
		S Region	(3.9 +1.0 -1.0 )×10 11 (4.9 ± 0.7)×10 11
	N 15 NH + E Region (a)	(4.0 +1.1 -1.0 )×10 11 (3.7 ± 0.3)×10 11
		NW Region (4.3 +1.0 -1.0 )×10 11 (3.8 ± 0.6)×10 11
		NE Region	(2.4 +0.7 -0.9 )×10 11 (3.6 ± 0.5)×10 11
		S Region	(4.25 +1.1 -1.1 )×10 11 (6.1 ± 0.8)×10 11
	N 2 H +	E Region	(8.2 +0.6 -0.6 )×10 13 (8.9 ± 0.9)×10 13
		NW Region (1.21 +0.09 -0.09 )×10 14 (1.7 ± 0.7)×10 14
		NE Region	(1.1 +0.1 -0.1 )×10 14 (1.3 ± 0.1)×10 14
		S Region	(1.4 +0.1 -0.2 )×10 14 (1.6 ± 0.2)×10 14
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 35 Results of CASSIS HFS and CLASS HFS analysis for 14 N/ 15 N in N 2 H + calculated using average values of column densities taken at 35 K and 45 K. NNH + ) (N 15 NH + ) ( 15 NNH + ) (N 15 NH + ) E Region

		CASSIS HFS	CLASS HFS
	Region	14 N/ 15 N	14 N/ 15 N	14 N/ 15 N	14 N/ 15 N
		( 15			

  [START_REF] Pineda | From Bubbles and Filaments to Cores and Disks: Gas Gathering and Growth of Structure Leading to the Formation of Stellar Systems[END_REF] for a review), while observations of CO, C 18 O and H 2 CO have revealed that this core features a symmetrical bipolar outflow. It has also been determined that this outflow is launched from outside the disk edge (at about 100 au;[START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF], which is unusual for this type of object. Using H ∼ 70 K) of H 2 CO showed a smooth Keplerian PV plot profile[START_REF] Alves | Gas flow and accretion via spiral streamers and circumstellar disks in a young binary protostar[END_REF], CH 3 OH and lower energy transitions of H 2 CO (E u ∼ 20 K)

2 CO observations,

[START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF] 

also detected the existence of a centrifugal barrier marking a sharp change in kinematics within the spiral structure which itself is revealed in continuum

[START_REF] Alves | Molecular outflow launched beyond the disk edge[END_REF]

. Position-velocity (PV) diagrams towards [BHB2007] 11 have varying profiles depending on the species; while higher energy transitions (E u

Table 4 . 1 :

 41 ALMA Observational parameters for [BHB2007] 11 in setups 1 and 2.

			Setup 1			Setup 2	
	ALMA Band		6			6	
	Frequency		214.0-219.0			242.5-247.5	
	range [GHz]		229.0-234.0			257.5-262.5	
	Configuration	C43-4	C43-1	7M	C43-4	C43-1	7M
	Diameter [m]	12	12	7	12	12	7
	Baseline [m]	15-780	15-160	0-33	15-780	15-160	0-33
	Beamsize ["]	0.35 × 0.33 1.73 × 1.25 7.71 × 3.94 0.35 × 0.33 1.73 × 1.25 7.71 × 3.94
	θmax × θ min						
	Maximum	11.4	11.5	19.2	11.4	11.5	19.2
	Recoverable Scale ["]						
	Water vapour [mm]	1.4-2.4	1.4-2.4	1.14-1.3	1.6-2.0	1.6-2.0	1.06-1.31

Table 4 . 2 :

 42 Spectroscopic parameters for all transitions in the sample.

	Species Frequency	Transition	A ij	E up	rms
	MHz		s -1	K	K
	H 2 CO 218222.192 3(0,3)-2(0,2) 2.82×10 -4 20.96 0.15
	HDCO 246924.600 4(1,4)-3(1,3) 3.96×10 -4 37.60 0.021
	HDCO 259034.				

  .8) Therefore, using N(D 2 CO) value shown in Table4.3, we obtain a value for the D/H ratio of D 2 CO in [BHB2007] 11 of 0.24 ± 0.01 for the component thought to be associated with source A. For comparison, Persson et al. (2018) found a D/H ratio of 0.033 ± 0.001 in HDCO and of approximately 0.080 ± 0.001 in D 2 CO towards the protobinary IRAS16293-2422 B, representing slightly lower values than those found in the present work towards [BHB2007] 11.

  Dans la Sect. 1.2.2.1, nous avons introduit le concept de réservoirs d'azote multiples existant dans le même environnement de formation d'étoiles, avec une barrière d'activation les séparant en raison des conditions de basse température caractéristiques. La manière dont cet effet se propage dans le processus de formation des étoiles n'est pas encore totalement claire. En particulier, comme cette thèse se concentre sur la nature de nos origines astrochimiques, nous sommes intéressés par la façon dont cela a pu affecter la chimie de notre système solaire. Afin d'étudier cette question, nous avons porté notre attention sur l'un des analogues proto-solaires connus les plus proches : OMC-2 FIR4. Nous avons comparé, pour la première fois, des observations interférométriques d'espèces porteuses d'azote représentant différents réservoirs d'azote ; en effet, en comparant HCN avec N 2 H + , nous étudions deux des espèces porteuses d'azote les plus abondantes observées dans l'environnement de formation des étoiles. De plus, avec une résolution angulaire aussi élevée, nous pouvons voir pour la première fois comment les gradients à petite échelle de température, de densité et de taux d'ionisation des rayons cosmiques, qui ont tous été trouvés (par des études précédentes) pour varier sur de petites échelles angulaires dans OMC-2 FIR4, affectent les réactions de fractionnement.La nature interférométrique de nos données nous a permis non seulement de comparer les réservoirs d'azote entre eux pour la première fois à haute résolution, mais aussi d'étudier le comportement de fractionnement à petite échelle dans HCN et N 2 H + individuellement dans cette source. De plus, pour répondre à la question 1, nous avons effectué une analyse de la densité de colonne sur les observations de HCN, N 2 H + et leurs isotopologues 15 N, à partir de laquelle nous avons obtenu des rapports de fractionnement 14 N/ 15 N directement comparables pour HCN et N 2 H + . Nos résultats ont montré une cohérence dans les régions centrales d'extraction de FIR4 à la fois pour HCN et N 2 H + . Cependant, la partie orientale de la source a montré une certaine variation possible, avec un rapport 14 N/ 15 N plus élevé observé dans N 2 H + alors qu'un rapport plus faible est observé dans HCN. Ceci peut suggérer que cette région de la source, en tant que zone plus excentrée, pourrait être influencée par des facteurs externes, cependant, les mesures dans l'enveloppe diffuse semblent favoriser une non-variation. Par conséquent, dans l'ensemble, le rapport 14 N/ 15 N dans cet analogue proto-solaire est spatialement cohérent. De plus, le fait que cette non-variation soit observée à la fois pour HCN et pour N 2 H + permet de conclure que dans cet analogue protosolaire, le comportement de fractionnement de l'azote est cohérent dans les deux réservoirs.

  . Si ce gradient de taux d'ionisation affecte la chimie de cette source, nous verrions une tendance caractéristique dans les rapports de fractionnement de cette source, avec des tendances opposées observées vers des molécules représentant différents réservoirs d'azote. Ainsi, en obtenant de telles mesures à petite échelle du rapport 14 N/ 15 N de HCN et N 2 H + vers cette source, nous pouvons étudier pour la première fois l'étendue (si elle existe) de l'effet de la photodissociation sélective comme mécanisme de fractionnement dans cette source.Comme détaillé dans Chapitre 3, les rapports 14 N/ 15 N vers FIR4 mesurés à la fois dans HCN et N 2 H + ont montré une cohérence complète à travers nos régions d'extraction à petite échelle. De plus, notre haute résolution nous a également permis de mesurer spécifiquement les rapports de fractionnement à travers le gradient de taux d'ionisation des rayons cosmiques mentionné ci-dessus -ceci a également montré une cohérence. Par conséquent, nos résultats ont conduit à la conclusion que la photodissociation sélective n'est pas présente dans OMC-2 FIR4 et que la raison en est la nature encastrée du protocluster. Plutôt, en supposant que OMC-2 FIR4 représente réellement l'environnement proto-solaire, nos résultats suggèrent que les niveaux élevés de 15 N observés dans les petits corps de notre système solaire doivent avoir été créés après ce stade de protocluster. Ainsi, notre étude nous a permis de répondre clairement à la question 2.

  2 CO. Dans le contexte de la question 3, nous pouvons comparer nos valeurs au rapport D/H mesuré dans le formaldéhyde vers le camarade protobinaire IRAS 16293-2422. Cette valeur a été obtenue à 0,07 (Persson et al. 2018), montrant ainsi un enrichissement en D d'un ordre de grandeur inférieur à celui de [BHB2007] 11. Il faut cependant noter que, contrairement à IRAS 16293-2422, [BHB2007] 11 ne présente pas d'évidence de nature corino chaude, selon le comportement observé dans le méthanol (Vastel et al. 2022). Ceci conduit à la possibilité que les mécanismes de désorption observés dans [BHB2007] 11 et IRAS 16293-2422 soient différents, le premier étant conduit par une désorption non-thermique due à l'activité dynamique du streamer et le second résultant d'une désorption thermique due au corino chaud. L'effet cinématique des streamers dans [BHB2007] 11 est le sujet d'une étude en cours, avec des résultats initiaux montrant que la structure est encore plus compliquée que ce que l'on pensait. Un prochain article publiera les résultats d'une étude détaillée de cette pièce du puzzle.
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Table 1 .

 1 Observational and spectral parameters of H 13 CN and HC 15 N as well as the HF components of N 2 H + and its 15 N isotopologues.

	Transition Rest frequency Quantum numbers (a) Statistical weight GHz	E u [K]	A ul [s -1 ]
	H 13 CN HC 15 N 15 NNH + N 15 NH + N 2 H +	86.3399214 86.0549664 90.2634867 90.2639119 90.2645041 91.2042615 91.2059911 91.2085167 93.1716157 93.1719106 93.1720477 93.1734734 93.1737699 93.1739640 93.1762595	1 → 0 1 → 0 1 1 → 0 1 1 2 → 0 1 1 0 → 0 1 1 1 → 0 1 1 2 → 0 1 1 0 → 0 1 1 1 0 → 0 1 1 1 1 2 → 0 1 2 1 1 1 → 0 1 0 1 2 2 → 0 1 1 1 2 3 → 0 1 2 1 2 1 → 0 1 1 1 0 1 → 0 1 2	9 3 3 5 1 3 5 1 1 10 9 10 7 9 9	4.14 2.23 × 10 -5 4.13 2.20 × 10 -5 4.33 3.30 × 10 -5 4.38 3.44 × 10 -5 4.47 3.63 × 10 -5 3.60 × 10 -5 3.63 × 10 -5 3.63 × 10 -5 3.63 × 10 -5 3.63 × 10 -5 3.63 × 10 -5

Table 2 .

 2 Evans et al.: SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4 Values for the parameters used in Eqs. (7) and (8), plus those varied during MCMC modelling for N 2 H + and its 15 N isotopologues.

	Line	Region	FWHM [km s -1 ]	V LSR [km s -1 ]	T ex [K]	Total integrated area [K km s -1 ]	Opacity
	H 13 CN HC 15 N 15 NNH + N 15 NH + N 2 H +	E region NW region 11.73 ± 0.59 9.9 ± 3.7 NE region 12.8 ± 1.2 S region 11.34 ± 0.39 FIR3 10.6 ± 2.7 E region 9.6 ± 3.7 NW region 13.20 ± 0.38 NE region 12.5 ± 1.2 S region 11.74 ± 0.89 FIR3 12.85 ± 1.5 E region 0.80 NW region 0.81 +0.02 -0.02 NE region 0.79 +0.02 -0.02 S region 0.79 +0.02 -0.02 E region 0.80 NW region 0.80 +0.02 -0.02 NE region 0.83 +0.04 -0.07 S region 0.80 E region 0.78 +0.04 -0.04 NW region 0.75 +0.02 -0.02 NE region 0.97 +0.02 -0.02 S region 1.2 +0.00 -0.3	11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.67 (a) 11.31 +0.07 -0.07 11.2 +0.2 -0.1 11.5 +0.2 -0.3 10.30 (a) 11.4 +0.2 -0.08 11.3 +0.1 -0.4 10.67 (a) 11.49 +0.02 -0.02 11.11 +0.02 -0.02 11.18 +0.02 -0.02 11.2 +0.3 -0.07	40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40 ± 5 40.0 +5.0 -5.0 40.0 +0.0 -0.0 40.0 +0.4 -0.2 39.7 +0.4 -0.4 40.0 +5.0 -5.0 40.0 +0.2 -0.2 40.4 +0.6 -0.4 40.0 +5.0 -5.0 38.6 +1.0 -2.0 38.4 +2.0 -2.0 43.8 +2.0 -6.0	4.8 ± 0.5 8.2 ± 0.8 6.2 ± 0.6 6.0 ± 0.6 4.7 ± 0.5 0.36 ± 0.04 1.2 ± 0.1 1.2 ± 0.1 0.92 ± 0.09 1.2 ± 0.1 0.067 ± 0.007 0.14 ± 0.01 0.085 ± 0.009 0.13 ± 0.01 0.10 ± 0.01 0.13 ± 0.01 0.059 ± 0.006 0.11 ± 0.01 23 ± 2 36 ± 4 30 ± 3	(8.2 +0.7 -1.0 )E-03 (1.4 +0.1 -0.1 )E-02 (1.0 +0.1 -0.8 )E-02 (1.00 +0.1 -0.1 )E-02 (6.3 +0.5 -0.7 )E-03 (9.0 +0.5 -1.2 )E-04 (2.4 +0.3 -0.3 )E-03 (2.7 +0.3 -0.3 )E-03 (2.0 +0.2 -0.2 )E-03 (2.4 +0.2 -0.2 )E-03 (1.2 +0.2 -0.2 )E-03 0.1± 0.4 0.1 ± 0.3 0.1 ± 0.9 (2.1 +0.3 -0.3 )E-03 1.4 ± 1.4 0.1 ± 0.9 0.1 ± 0.3 3.20 ± 0.08 6.50 ± 0.06 4.95 ± 0.06
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. From fitting our spectra using L-M fitting in CASSIS, FWHM is obtained as 0.8 km s -1 . It should be noted that the values for W obtained using the method

Table 4 .

 4 Column density values obtained using the two methods (CASSIS HFS and CLASS HFS) for 15 NNH + , N 15 NH + and N 2 H + .

Table 5 .

 5 Evans et al.: SOLIS. XIII. Nitrogen fractionation towards the protocluster OMC-2 FIR4 Results of CASSIS HFS and CLASS HFS analysis for 14 N/ 15 N in N 2 H + . / 15 N ( 15 NNH + ) 14 N/ 15 N (N 15 NH + ) 14 N/ 15 N ( 15 NNH + ) 14 N/ 15 N (N 15 NH + ) E region ( * )

		CASSIS HFS	CLASS HFS
	Region	14 N
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http://stars.riken.jp/faust/fausthome.html

https://casa.nrao.edu/

http://www.iram.fr/IRAMFR/GILDAS

https://home.strw.leidenuniv.nl/ ˜moldata/

https://basecol.vamdc.eu/

https://cdms.astro.uni-koeln.de/classic/

http://spec.jpl.nasa.gov/

https://www.nist.gov/pml/atomic-spectra-database

e.g. https://cdms.astro.uni-koeln.de/cgi-bin/cdmsinfo?file=e030507.cat

Based on analysis carried out with the CASSIS software[START_REF] Vastel | Proceedings of the Annual meeting of the French Society of Astronomy and Astrophysics[END_REF] and JPL (http://spec.jpl.nasa.gov/) and CDMS (https://cdms.astro.uni-koeln.de/classic/) molecular databases. CASSIS has been developed by IRAP-UPS/CNRS (http://cassis.irap.omp.eu)

CASA is developed by an international consortium of scientists based at the National Radio Astronomical Observatory (NRAO), the European Southern Observatory (ESO), the National Astronomical Observatory of Japan (NAOJ), the Academia Sinica Institute of Astronomy and Astrophysics (ASIAA), the CSIRO division for Astronomy and Space Science (CASS), and the Netherlands Institute for Radio Astronomy (ASTRON) under the guidance of NRAO.

 4 The GILDAS software is developed at the IRAM and the Observatoire de Grenoble and is available at http://www.iram.fr/IRAMFR/GILDAS

tions. This thesis, an observational astronomer's perspective, forms just one piece of this collaboration, one contribution to the search for clues to answer the question of where we came from and how we came to be. Our AstroChemical Origins.

Comme c'est souvent le cas en astrochimie, de telles questions nécessitent des investigations à très petite échelle, notamment parce que les réactions chimiques, y compris les réactions de fractionnement, sont largement influencées par des paramètres tels que la température et la densité, qui peuvent tous deux varier sur des échelles linéaires qui ne peuvent être résolues par des observations à antenne unique. À cette fin, nous avons présentés dans cette thèse deux études interférométriques à haute résolution spatiale (de l'ordre de 10 au) afin d'étudier ces questions, avec le travail résultant détaillé dans les Chapitres 3 et 4. Chapitre 3 traite des questions 1 et 2 tandis que Chapitre 4 traite de la question 3. Dans ce chapitre de conclusion, nous résumerons les principales contributions de cette thèse dans le contexte de la réponse à chacune de ces questions.

The GILDAS software is developed at the IRAM and the Observatoire de Grenoble and is available at http://www.iram.fr/IRAMFR/ GILDAS

Based on analysis carried out with the CASSIS software[START_REF] Vastel | Proceedings of the Annual meeting of the French Society of Astronomy and Astrophysics[END_REF] and JPL (http://spec.jpl.nasa.gov/) and CDMS (https://cdms.astro.uni-koeln.de/classic/) molecular databases. CASSIS has been developed by IRAP-UPS/CNRS (http://cassis.irap.omp.eu).A136, page 4 of 12
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Conclusions [FR]

Dans la Sect. 1.4, nous avons présenté les principales questions qui constituent la base de cette thèse. Plus précisément, ces questions étaient :

1. Comment se compare le comportement de fractionnement de l'azote entre deux des espèces azotées les plus abondantes qui, selon certaines études, représentent les deux réservoirs d'azote distincts dans un analogue de l'environnement proto-solaire ?

2. Un système intégré représentant l'un des analogues les plus proches de l'environnement proto-solaire présente-t-il des signes de photodissociation sélective à petite échelle ?

3. Comment le rapport de deutération d'un système protobinaire dynamique se comparet-il à ceux mesurés dans des sources similaires ?

Appendix: Publication related to this thesis

In this appendix the publication related to this thesis is presented: that were obtained from the method described above along with the resultant 14 N/ 15 N ratios. The resultant values of N TOT for N 2 H + and its isotopologues (Table 4) were used to calculate the 14 N/ 15 N ratio for N 2 H + (Table 5). 

Appendix A: Spectra