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A B S T R A C T

The existence of interstellar molecules raises the question, are these molecules the same molecules we see on the Solar system today? This is still an open question with far reaching consequences. Some light may be shed on this issue if we are able to trace the heritage of a group of chemically linked molecules, a so-called reservoir. The best tool to trace the heritage of reservoirs are isotopic ratios. The element that shows the largest isotopic ratio variations in the Solar system is nitrogen. Which is an indication that the isotopic ratio of nitrogen is sensitive to the physical conditions during star formation.

The main objective of this thesis is to identify the reservoirs of nitrogen at different stages of star and planet formation. The first step in this endeavour was to identify the isotopic ratio of the bulk of nitrogen in the local ISM today. This was determined to be 323 ± 30 from the CN/C 15 N ratio in the protoplanetary disk around TW Hya. Along with it we also measured the HCN/HC 15 N= 128 ± 36 in the protoplanetary disk around MWC 480. This very distinct nitrogen isotopic ratios on protoplanetary disks are a clear indication that there are at least two reservoirs of nitrogen in them. How these reservoirs get separated is however unknown. This could possibly happen due to chemical fractionation reactions taking place in prestellar cores. We therefore aimed to obtain an accurate direct measurement of the nitrogen isotopic ratio of HCN in the prestellar core L1498.

To obtain this measurement the most important hurdle to overcome were the hyperfine anomalies of HCN. These hyperfine anomalies arise due to the overlap of hyperfine components. They are especially sensitive to the column density of HCN, but also to the velocity field and line widths. Thus hyperfine anomalies are a tool to measure the abundance of HCN and to probe the kinematics of prestellar cores.

To accurately reproduce the hyperfine anomalies, and thus measure accurate column densities for HCN, we needed to explore a degenerate parameter space of 15 dimensions. To minimise the degeneracies we have derived a density profile based on continuum maps of L1498. This reduced the parameter space to 12 dimensions. The exploration of this parameter space was done through the use of a MCMC minimisation method. Through this exploration we obtained HCN/HC 15 N = 338 ± 28 and HCN/H 13 CN = 45 ± 3. The uncertainties on these values are calibration limited and determined non-arbitrarily by the MCMC method. Implications of these results are discussed in the concluding chapter, where we also present some future perspectives. Evolution of core structure with time. The x axis denote the logarithm of the core radius in cm while the y axis denote the logarithm of the pressure in dyne/ cm 2 . The different model times are indicated in units of 10 13 s. Note that the core pressure distribution approaches a r -2 distribution with the passage of time. Figure extracted from Larson (1969).

3 Figure 1.2
False colour maps of the Taurus-Auriga molecular cloud complex, red is Herschel-SPIRE 500 µm, green is Herschel-SPIRE 350 µm and blue is Herschel-SPIRE 250 µm. These Herschel-SPIRE images were obtained in the Gould Belt Survey key program (André et al., 2010). a) The entire Taurus-Auriga molecular cloud complex; b)The prestellar core L1544 and its surroundings; c) The prestellar core L1498 and its surroundings.

4 Figure 1.3
The multiple protostar system IRAS 16293 -2422 located in the ρ Ophichi complex at a distance of 120 pc, as viewed by ALMA at 110 GHz. The main components A and B are marked by white crosses. Data from ALMA project: 2016.1.01468.S, P.I.: V. S. Magalhães. 6 Figure 1.4 a) Cartoon of the physical structure of a protoplanetary disk showing on the right the three main layers of a protoplanetary disk with emphasis on the species that can be found in each layer: The atmosphere; The warm molecular layer and the cold and dense mid plane. On the left we have an sketch of where different instruments are able to probe a protoplanetary disk b) A detailed physical structure for a protoplanetary disk such as DM Tau. Z/R denotes the height over the mid plane (Z) divided by the radial distance to the central star (R). a) was extracted from van Dishoeck (2014) and b) was extracted from Henning and Semenov (2013). Approximate sequence of equilibrium condensation drawn from the information given in [START_REF] Lewis | Physics and chemistry of the solar system[END_REF]. The white boxes show the approximate transitions of various elements into minerals and ices from the gaseous state assuming solar nebula disk pressures (10 -2 bar).

While the blue boxes provide the formation sequence as gas cools (see text for discussion of condensation vs. evaporation). Some modifications include a question as to whether N is found as NH 3 or as N 2 or even N, as the latter two have lower condensation temperatures. Thus a range has been shown. The green dashed line roughly delineates the line between refractory solids and ices, while the yellow line notes species that remain in the gas. Note that C and N straddle this line. O in the form of H 2 O will also be found both in the gas and ice at various radial positions in a protoplanetary disk. A fraction of C, H, O, and N will also be bound in organics which, depending on the form, have condensation/sublimation temperatures in the range of 50-150 K (Öberg et al., 2009). Image extracted from [START_REF] Bergin | Astrobiology: An astronomer's perspective[END_REF]. 15 Figure 1.10 Proposed evolution of ices during star formation and formation of complex molecules. Pink indicates an H2O-dominated ice and blue a CO-dominated ice. Early during cloud formation (a) an H 2 O-rich ice forms, with minor amounts of CH 4 and NH 3 through hydrogenation of O, C and N. Once a critical density is reached CO freezes out catastrophically (b), providing reactants for CH 3 OH ice formation through hydrogenation of CO (0th generation complex organic molecules). In the cold outer envelope (c), photo processing of the CO-rich ice results in the production of, e.g., HCOOCH 3 (1st generation). Closer to the protostar (d), following sublimation of CO, other complex molecules become abundant. Finally, all ices may desorb thermally close to the protostar >100 K (e) (2nd generation). Figure from Öberg et al. (2010). Compilation of all measurements of the nitrogen isotopic ratio in comets. The observed carrier is indicated above each measurement. Although it is clear that NH2 is a photo dissociation product of ammonia in the coma, the origin of CN is still debated. Data were taken from Jehin et al. (2009) and Bockelée-Morvan et al. (2015). The weighted average ratio is 144±3. For each carrier, the average ratios for Jupiter Family Comets (JFC) and Oort Cloud Comets (OCC), are indicated (thick dots), where the distinction between JFC and OCC was based only on the periodicity of the comets being respectively lower and higher than 200 years (Shinnaka et al., 2016). Plot of 14 N/ 15 N isotope ratios as a function of galactocentric distance, D GC (kpc). The filled circles indicate direct measurement of the ratios using the hyperfine components of the CN isotopologues. The open circles represent the ratios calculated using HN 13 C/H 15 NC and the 12 C/ 13 C ratio measured in CN by Milam et al. (2005). The triangles are the ratios obtained from the HCN data of [START_REF] Dahmen | The nitrogen isotope abundance in the galaxy. 1: The galactic disk gradient[END_REF], combined with the 12 C/ 13 C ratios of Milam et al. (2005). The dashed line is the gradient from the model 3n of Romano and Matteucci (2003), where 15 N is treated as a secondary element and produced in novae. The rectangular box represents the range of values found in comet measurements of 14 N/ 15 N, and the star is the value in Earth's atmosphere.

A linear fit of these three sets of data results in the expression: 14 N/ 15 N = 21.1D GC + 123.8. Nitrogen isotopic ratios measured in the Solar system. Different symbols stand for different papers: HB2017 refers to Hily-Blant et al. (2017), BU2006 refers to [START_REF] Busemann | Interstellar Chemistry Recorded in Organic Matter from Primitive Meteorites[END_REF], OW2001 refers to [START_REF] Owen | Protosolar Nitrogen[END_REF], SE2002 refers to [START_REF] Sephton | Nitrogen isotopic ratios of NH 2 in comets: implication for 15 N-fractionation in cometary ammonia[END_REF], FL2006 refers to [START_REF] Floss | Identification of isotopically primitive interplanetary dust particles: A NanoSIMS isotopic imaging study[END_REF], FU2015 refers to [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF], AL2007 refers to [START_REF] Alexander | The origin and evolution of chondrites recorded in the elemental and isotopic compositions of their macromolecular organic matter[END_REF], MK2007 refers to [START_REF] Meibom | Nitrogen and Carbon Isotopic Composition of the Sun Inferred from a High-Temperature Solar Nebular Condensate[END_REF], BO2010 refers to Bonal et al. (2010) and FO2000 refers to [START_REF] Fouchet | ISO-SWS Observations of Jupiter: Measurement of the Ammonia Tropospheric Profile and of the 15 N/ 14 N Isotopic Ratio[END_REF]. IDP stands for interplanetary dust particle. 30 Figure 2.3

Nitrogen isotopic ratio measured in the local diffuse ISM. The quoted value for Adande and Ziurys (2012) (AZ2012) comes from the interpolation of their galactic gradient. Different symbols stand for different papers: LL1998 refers to Lucas and Liszt (1998) and RI2015 refers to Ritchey, Federman, and Lambert (2015).

31 Figure 2.4
Nitrogen isotopic ratio measured in the local dense ISM. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: DG2013 refers to Daniel et al. (2013), DF2016 refers to Daniel et al. (2016), HB2013a refers to Hily-Blant et al. (2013a), GM2009 refers to Gerin et al. (2009), HB2013b refers to Hily-Blant et al. (2013b), BC2013 refers to Bizzocchi et al. (2013), LW2010 refers to Lis et al. (2010), TS2017 refers to Taniguchi and Saito (2017) and IH2002 refers to Ikeda, Hirota, and Yamamoto (2002). 31 Figure 2.5

Nitrogen isotopic ratio measured in protostellar envelopes. WA2014 stands for [START_REF] Wampfler | Observations of nitrogen isotope fractionation in deeply embedded protostars[END_REF], while TW stands for this work. 32 Figure 2.6

Nitrogen isotopic ratio measured in the nearby protoplanetary disks. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: GO2017 refers to Guzmán et al. (2017) and HB2017 refers to Hily-Blant et al. (2017).
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I N T R O D U C T I O N
In this chapter we describe the concepts that will be referenced in the remaining chapters of this thesis. The first concept to be introduced is star formation, especially the low mass case (Section 1.1), followed by a description of what are the results of this process, i.e. a formed star system (Section 1.2). Next we explore what stellar systems inherit from their parental interstellar clouds (Section 1.3) and lastly how we can trace this heritage (Section 1.4).

the process of low mass star formation

Star formation is the process that converts interstellar material (gas and dust) into stars. The phases of this process are well defined but its physical and chemical conditions are still not yet completely understood.

The process of star formation can be divided in three main phases:

1. The prestellar phase: Where regions inside molecular cloud complex have condensed enough to form what we call prestellar cores, objects with central densities larger than 10 4 cm -3 and kinetic temperatures close to 10 K, and have not yet formed a central object. Some prototypical examples are L1544, L1498 and TMC1 [START_REF] Keto | Dynamics and depletion in thermally supercritical starless cores[END_REF]Tafalla et al., 2004;Sohn et al., 2007).

2. The protostellar phase: Where a compact dense object, bound to form a star but that has not yet started to fusion hydrogen, called a protostar, has formed inside a core but is still shrouded by it. Prototypical examples are IRAS 16293 -2422, VLA 1623 -2417 [START_REF] Zapata | ALMA 690 GHz Observations of IRAS 16293-2422B: Infall in a Highly Optically Thick Disk[END_REF][START_REF] Murillo | A low-mass protostar's diskenvelope interface: disk-shadowing evidence from ALMA DCO + observations of VLA1623[END_REF].

3. The protoplanetary disk phase: Where the protostar has already accreted most of its mass but there is still a disk of gas and dust orbiting it, which will eventually lead to the formation of planets, asteroids and comets. Two examples of objects in this stage are TW Hydra and V4046 Sagittarius (Kastner et al., 2014).

The prestellar phase

Star formation takes place in molecular clouds. These clouds are molecular in nature as they are protected from the harsh UV light in the interstellar medium (ISM) due to high extinction (A V >3 Snow and McCall, 2006). The temperature balance is maintained by the opposing effects of the cooling (mainly the CO J = 1 → 0 transition) and heating (dominated by cosmic rays) mechanisms (e.g. [START_REF] Snow | Diffuse Atomic and Molecular Clouds[END_REF], this leads to typical temperatures of the order of 10 K in the densest parts of the cloud (e.g. Tafalla et al., 2004;[START_REF] Keto | Dynamics and depletion in thermally supercritical starless cores[END_REF]. These densest parts can evolve into small condensations called starless cores (e.g. [START_REF] Belloche | Will the starless cores in Chamaeleon I and III turn prestellar?[END_REF][START_REF] Keto | From filaments to oscillating starless cores[END_REF].

These starless cores are regions where the hydrogen number density gets an order of magnitude higher (n H 2 > 10 4 cm -3 ) than that of the surrounding cloud (n H ∼ 500 cm -3 , Hily- Blant and Falgarone, 2007). Their central density measured through the fitting of continuum maps (Tafalla et al., 2004;Keto and Caselli, 2010, e.g.) or through the analysis of the excitation of molecular lines (Lee et al., 2007, e.g.) usually exceeds 5 × 10 4 cm -3 . These objects are usually found inside molecular cloud complexes (e.g. [START_REF] Belloche | Will the starless cores in Chamaeleon I and III turn prestellar?[END_REF]Sohn et al., 2007), where they are usually found along filamentary structures (André et al., 2010). These objects may also be found isolated from molecular clouds (e.g [START_REF] Bourke | Studies of star formation in isolated small dark clouds -I. A catalogue of south-ern BOK globules: optical and IRAS properties[END_REF], in which case they are called Bok globules [START_REF] Bok | Small Dark Nebulae[END_REF]. When these structures exceed the Jean's mass and thus become gravitationally unstable they are called instead prestellar cores, as these objects will give rise to stellar objects. How this collapse is triggered is still an open question [START_REF] Stahler | The Formation of Stars[END_REF], but numerical simulations suggest that the collapse starts in the outskirts of the core (e.g. [START_REF] Foster | Gravitational of an Isothermal Sphere[END_REF]Lesaffre et al., 2005), in contrast with the classical inside out picture [START_REF] Shu | Self-similar collapse of isothermal spheres and star formation[END_REF]. During the collapse the central density increases with time increasing the pressure and therefore providing some support for the core slowing the collapse down to times slower that the free fall time (see Figure 1.1, Larson, 1969). The lifetime of these cores is estimated to be more than 10 6 years [START_REF] Brünken | H 2 D + observations give an age of at least one years for a cloud core forming Sun-like stars[END_REF]. When the central density has sufficiently increased the core starts being optically thick to the dust emission and therefore starts to heat up, forming the first hydrostatic core, this marks the birth of a protostar. Some dense cores, such as L1512, do not present clear signs of collapse and may be in very early stages of their evolution [START_REF] Lee | A Survey for Infall Motions toward Starless Cores. II. CS (2-1) and N 2 H + (1-0) Mapping Observations[END_REF].

Figure 1.2 shows the complete Taurus-Auriga molecular cloud complex along with two prototypical prestellar cores that have been identified in this molecular cloud complex: L1498 a young prestellar core with a flattened density structure with some signs of collapse (Tafalla et al., 2004;[START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF] and L1544 a more evolved prestellar core with signs of collapse even in its denser parts of the core [START_REF] Caselli | First Detection of Water Vapor in a Pre-stellar Core[END_REF][START_REF] Keto | The dynamics of collapsing cores and star formation[END_REF].

the density distribution becomes peaked at the centre. The collapse of the al part of the cloud continues approximately as a free fall (even though ure gradients are not negligible), and since the free-fall time depends inversely e density, the collapse proceeds most rapidly at the centre where the density hest; thus the density distribution becomes more and more sharply peaked e centre as the collapse proceeds.

. i. The variation with time of the density distribution in the collapsing cloud (CGS ts). The curves are labelled with the times in units of io 13 s since the beginning of the lapse. Note that the density distribution closely approaches the form pccr~2.

he development of the central density peak during the initial isothermal e of the collapse is illustrated in Fig. i. It is evident in this diagram that e collapse proceeds the major changes in density occur in a smaller and ler region near the centre and on a shorter and shorter time scale, while ically nothing happens in the outer parts of the cloud. At the latest time n, the width of the central density peak is only about io~3 times the cloud s, and the mass contained in this region is also only about io -3 times the mass. This extremely non-homologous character of the collapse is found cur regardless of the choice of initial and boundary conditions, and has been 

The protostellar phase

After the formation of the first hydrostatic core the protostar continues to accrete mass from its surrounding envelope, increasing in size and in temperature. The radiation produced by the new born protostar starts to heat the material around it. This dense and warm conditions allow chemistry to proceed at a much higher pace, producing or liberating from the icy mantles of dust grains relatively large molecules (10 or more atoms) in a region called a hot core or hot corino depending on its mass (e.g. [START_REF] Kurtz | Hot Molecular Cores and the Earliest Phases of High-Mass Star Formation[END_REF][START_REF] Barone | Gas-phase formation of the prebiotic molecule formamide: insights from new quantum computations[END_REF][START_REF] Van Dishoeck | Astrochemistry of dust, ice and gas: introduction and overview[END_REF]. During this phase the protostar remains shrouded by its envelope which makes it difficult to directly observe it and its accretion disk in the optical or near infrared regimes. The best way to peer through the dust is to look through the millimetre window. The duration of the protostellar phase depends on its mass, more massive protostars go through the protostellar phase quicker than lower mass protostars, a star similar in mass to the Sun spends usually half a million years in this protostellar phase [START_REF] Bergin | Astrobiology: An astronomer's perspective[END_REF].

Due to the immense distances to this objects (several tenths of pc) and the small size of their heated envelopes ( 100 AU) this objects appear very small in the sky (100 AU at 100 pc appear as 1" in the sky). This small size precludes single dish telescopes from being able to resolve the regions close to the protostar and therefore are not able to distinguish the emission that comes from the heated region close to the protostar from the surrounding cold envelope and cloud. Therefore the best tool to study this kind of objects are interferometers as they are able to filter out the emission from the surrounding cloud (large spacial scales) leaving only the emission from the circumstellar envelope and that of the protostar while also providing good spatial resolution (synthesised beam, θ s ∼ 1 ).

Figure 1.3 displays the continuum image at 110 GHz of the multiple protostar system IRAS 16293 -2422 and its surroundings. One interesting thing to notice is the different scales between the prestellar cores in Figure 1.2 and the protostellar environment in Figure 1.3. Prestellar cores have a diameter of the order of 2×10 4 AU while the envelope of a protostar is typically only a 1000 AU.

The Protoplanetary disk phase

During the accretion process onto the protostar, the conservation of angular momentum leads to the formation of an accretion disk around the protostar [START_REF] Pringle | Accretion discs in astrophysics[END_REF]. After the envelope around the protostar has dissipated, either through accretion or ejection, the only remaining gaseous component is the protoplanetary disk. This disk is the place where planets, comets and asteroids form, being analogous to the protosolar nebula phase during the formation of the Solar 1.1 the process of low mass star formation a)

forward include enhanced radiative association rate coefficients for these species or using the exothermicity of the reactions 214 . Alternatively, low temperature surface reactions of atomic C and H with CO can naturally lead to these species, if the binding energy of C to ice is low enough (see Guzmán et al.). Similarly, reactions with N and H with CO could lead to nitrogen-bearing species like HNCO and even NH 2 CHO. 

Protoplanetary disks

Disks around young stars are the birthplaces of planets and are therefore particularly important targets for astrochemistry. However, disks are at least a factor of 1000 smaller than the clouds in which they are formed and they contain only ∼1% of the mass. Thus, their emission is readily overwhelmed by that of any
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ith the Atacama Large Millimeter/Submillimeter Array LMA, http://almascience.eso.org/about-alma/overview/ a-basics) in Chile becoming fully operational and providing iant step in sensitivity, spectral, and spatial resolution, and h models connecting planet formation with planet evolution, can expect that protoplanetary disk chemistry will become a jor topic in the rapidly evolving field of astrochemistry. This iew will discuss these fascinating, chemically active places of net formation and will summarize the information we have ained about the physical structure and molecular chemistry protoplanetary disks. ecause chemistry depends so much on temperature, density, radiation fields in disks, and is influenced by disk dynamics, ection 2 we first provide a comprehensive description of the sics of protoplanetary disks. Section 3 summarizes the damental chemical processes in disks and presents an entory of gas-phase molecules and ices. This review phasizes the role of water in disks in section 4 because of relevance for planet formation and the delivery of water to th. A special section 5 is devoted to deuterium fractionation disks because this process may allow researchers to onstruct the history of chemical and physical processes in ly phases of the solar nebula and protoplanetary disks. The mation of complex organic molecules is the focus of section ecause of its relevance for the delivery of organic materials to restrial planets.

PHYSICAL PROPERTIES OF PROTOPLANETARY DISKS

. Protoplanetary Disks as Accretion Disks toplanetary disks can be described as rotating dusty gaseous tems transporting a net amount of mass toward the central r and the angular momentum outward (see Figure 2). These ks are characterized by strong radial and vertical temperature conservation equations for energy, mass, and momentum. For a geometrically thin disk, the time evolution of the surface density Σ can be expressed in the form of a nonlinear diffusion equation with the viscosity ν as the regulating parameter of the diffusion process. 69,70 The viscous stresses that are required for the evolution of accretion disks cannot be solely provided by the molecular viscosity of the gas, which is many orders of magnitude too small to have any considerable effect on mass and angular momentum transport. Instead, a "turbulent" viscosity has been invoked to explain the accretion behavior of protoplanetary disks. The origin of this viscosity was initially not known, and thus, it has been often conveniently parametrized by the socalled α parameter, ν = αc s H, where c s is the sound speed and H is the scale height of the disk. 72 A quantity α ≪ 1 describes the regime of subsonic turbulence, α ∼ 1transonic turbulence, and α ≫ 1supersonic turbulence. Typical values for α inferred for protoplanetary disks range between 0.001 and 0.1. 12,73,74 In the case of steady-state optically thick disks with local energy dissipation the kinetic temperature T decreases with disk radius as R -3/4 . The mass accretion rate in such an α-disk is given by dM(R)/dt ∝ νΣ(R) ∝ αc s (R)H(R)Σ(R), where Σ(R) is the surface density (g cm -2 ). The gas in disks moves on nearly circular orbits because the radial velocity component is much smaller than the angular velocity. In most cases the mass of the central star(s) exceeds by far the mass of the disk itself, and the angular velocity is given by the Kepler law, with V K = (GM * /R) 1/2 (where G is the gravitational constant and M * is the mass of the central star). If one assumes that the disk is isothermal in vertical direction, then the ratio H/R should increase with radius R and the disk has a "flared" geometry. 75,76 The physical origin of the turbulent viscosity in accretion disks, especially in protoplanetary disks, is a major topic of ongoing astrophysical research. In ionized accretion disks a system. The mass of a protoplanetary disk is usually around a few percent of its parent stars mass, in the case of TW Hydra system the disk has a mass of 0.04 M while the star has a mass of 0.8 M (∼5%, Qi et al., 2013). From chemical point of view a protoplanetary disk can be divided in three layers: A photon dominated region usually named atmosphere; a warm and molecular intermediary layer and a cold and dense layer close to the mid plane where depletion of molecules into the grains is likely very pronounced (Henning and Semenov, 2013), Figure 1.4.

The atmosphere is mainly composed of atomic species that have been photo dissociated from species in the warm molecular layer due to the light of the central star. Here the temperature can go up to T k ∼ 1000 K, and the density is a few 10 5 cm -3 . The grains in this layer are usually very small (< 0.1 µm) due to the loss of all volatiles (Henning and Semenov, 2013).

The intermediate layer, called the molecular layer is hot enough for molecules to have been desorbed from the grains ( T k ∼ 20 -100 K) but not enough to dissociate them. Here the density is high (n H 2 ∼ 10 6 -10 10 cm -3 ) and the molecules are partially shielded by the atmosphere from the UV light and X-rays from the central star, protecting them from immediate dissociation. Due to the high density and the availability of UV radiation this is a place of active chemistry.

The third layer is the so called mid plane. Here the density is so high (n H 2 > 10 7 cm -3 ) that most species deplete to the grains surfaces, the fact the temperature is low (T k ∼ 20 K) ensures that there is little desorption so most volatiles are kept frozen onto the grains in ice mantles.

In Figures 1.5 and 1.6 we see the protoplanetary disk of TW Hydra as seen through the emission of the CN N=3→2 transition at 340.02 GHz. In Figure 1.5 we can see that the size of the protoplanetary disk of TW Hydra as seen in CN is larger than the current size of Neptune's orbit. The nearly circular aspect of the disk is due to its being almost face on when see from Earth (inclination of 6 • , Qi et al., 2013). In Figure 1.6 we can see the effects of Keplerian rotation in the CN N=3→2 emission from the disk.

the results of the star formation process

When all is done and finished we are left with the products of the star formation: -1.2.1 one or more main objects. -1.2.2 several planets. -1.2.3 an almost innumerable quantity of comets and asteroids.

Stars

The main object formed is either one or more brown dwarfs or stars. A star is an object that is capable of fusing protons into helium in its core and uses this as its main source of energy. A brown dwarf is a smaller object (8 M < M < 80 M ) that is capable of deuterium fusion but is not capable of igniting the PP chain. The most common situation is that in which a multiple system is born [START_REF] Stahler | The Formation of Stars[END_REF], which means that there might be one or several brown dwarfs or stars gravitationally bound to one another in the formed system. The Solar system is an example of a system formed with only one star while α Centauri is an example of system formed with three stars (Figure 1.7).

Stars dominate the budget of their systems, in the solar system more than 99% of the mass that was not dispersed during the proto- stellar and protoplanetary disk stages is the Sun. This means that the composition of the Sun, or of the stars in other systems, is representative of the prestellar environment that formed it. In the end the take home message is that all composition variations in the solar system should be compared to the Sun instead of the Earth in order to give us some light in the possible mechanisms behind it.

Planets

The most massive byproducts of star formation are planets. These are divided into two categories of planets: rocky planets like the Earth or Mars and gas giants like Jupiter or Saturn. Gas giants are formed early and quickly from material beyond the snow line of water, meaning they are rich in the material that was trapped in the ices. This very rapid formation enable these planets to sample the protoplanetary disk when it is still rich in gas, allowing them to accrete immense atmospheres of H 2 and He [START_REF] Lissauer | Formation of Giant Planets[END_REF]. Since they sampled all the different materials available in the protoplanetary disk their composition is very similar to the initial composition of the Solar system. This in turn makes the giant planets a good environment to investigate the primordial composition of the Solar system (e.g. [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF]. Rocky planets on the other hand form mainly from material inside the snow line of protoplanetary disks [START_REF] Morbidelli | Building Terrestrial Planets[END_REF]. This makes these words very deficient in light elements if compared to the Sun or the gas giants, and yet these worlds still posses some light elements as evidenced by Earth's oceans. Indeed the water content of Earth even though very small (∼0.1-0.2% in mass) is much larger than what should be expected from such worlds [START_REF] Lécuyer | The hydrogen isotope composition of seawater and the global water cycle[END_REF][START_REF] Marty | The origins and concentrations of water, carbon, nitrogen and noble gases on Earth[END_REF]. The solution nowadays proposed for this conundrum is the Grand Tack scenario in which during the late stages of planet formation the gas giants migrate radially [START_REF] Walsh | A low mass for Mars from Jupiter's early gasdriven migration[END_REF]. This proposed migration of the gas giants would stir up the planetary embryos in the inner disk adding some material beyond the snow line to the infant terrestrial planets [START_REF] O'brien | Early Giant Planet Migration in the Solar System: Geochemical and Cosmochemical Implications for Terrestrial Planet Formation[END_REF]. In the end the rocky planets would be a sort of mixed repository of inner disk material with very little abundances of the light elements along with some contribution (2-3% in mass) from material beyond the snow line of water.

Asteroids and comets

Asteroids and comets are the left overs from the formation of planets, the remains of the building blocks of the planets, the so-called planetesimals. Comets are set apart from asteroids because they eject a large quantity of material when they are close to the Sun. These ejecta are basically composed of water, ammonia, some other com-pounds made from lighter elements, and some silicates. While asteroids are expected to be basically dryer rocks being formed inside to the water snow line or close to it. The distinction between comet and asteroid has been somewhat blurred in recent years as some main belt asteroids demonstrate cometary activity (e.g. [START_REF] Hsieh | Main Belt Comets: Ice in the Inner Solar System[END_REF]. The Grand Tack scenario see these ice rich asteroids as the main source for the light elements seen in rocky planets [START_REF] Walsh | A low mass for Mars from Jupiter's early gasdriven migration[END_REF].

the interstellar heritage of planetary systems

Throughout the process of star formation what is lost and what is preserved? This is the main question surrounding the interstellar heritage of planetary systems. Comets are specially relevant to this subject as they are thought to have preserved the conditions in the protosolar nebula (Bockelée-Morvan et al., 2015). Specially since recent findings from the ROSETTA mission have demonstrated that the presence and abundance of O 2 (Bieler et al., 2015;Mousis et al., 2016b) and S 2 (Mousis et al., 2017) in the coma of 67P/Churyumov-Gerasimenko (67P) are consistent with an interstellar origin for these molecules. Two scenarios are possible for the origin of these molecules in the ices of 67P: one in which even the grain structure is preserved during comet formation, in this scenario O 2 and S 2 would be produced by radiolysis of H 2 O and H 2 S respectively, during the prestellar phase, in the other scenario during comet formation the icy components rearrange themselves in clathrates trapping gases from the PSN inside the grains Mousis et al., 2016a;Mousis et al., 2016b. In the first scenario comets preserve prestellar ices without any processing while on the second there is some mixing between the ice and the gas phase during comet formation. This points to the question of what exactly has been preserved in comets, to understand that we need the concept of reservoirs.

Whats is a reservoir?

A reservoir is a source from which a resource can be obtained. For example, on Earth it can be said the ocean is a reservoir of water, as it is possible to obtain water from the ocean. On chemical terms we refer to a reservoir of certain element as a source for that element. For example for Earth's biosphere the reservoir of nitrogen is the atmosphere, as all the nitrogen incorporated into biological compounds comes from the atmosphere. It can be the case that there are multiple reservoirs for a single resource, as example, on Earth fresh water can be obtained from three reservoirs: The atmosphere (in the form of clouds), rivers and lakes, and ice caps. When we look at the chemistry of the interstellar medium matters become more complicated as it is difficult to assert the origin of most molecules, giving rise to the field of astrochemistry [START_REF] Langer | Observations of anomalous intensities in the lines of the HCO/plus/ isotopes[END_REF].

Therefore if we want to understand what is preserved and what is created during the formation of planetary systems we need first to understand which are the reservoirs that exist in the Solar system and in the interstellar medium. So that we are able to trace links between them.

1.3.2

What are the different reservoirs that we see in the Solar system today

The reservoirs that we see in the solar system can be divided in two simple categories based on the boiling point of the materials. Low boiling point materials, such as water ammonia, carbon monoxide and other are considered volatiles. While high melting point material such as silicon dioxide, iron and other metals are considered refractory materials.

Refractories are the dominant reservoir in the inner Solar system, (near Earth asteroids, Earth, mercury, Venus, and mars). It is also present in the outer Solar system as well, but its mass fraction is smaller compared to the inner Solar system. These materials are the dominant reservoir in the inner Solar system because they are the materials with the highest melting points, therefore being solid, even in the hot inner system (Figure 1.9).

Going further out, to beyond the main asteroid belt, volatile materials become the dominant reservoir in mass. This is the case because the water and ammonia snow lines are located within the asteroid belt, so bodies beyond this line have preserved their water and ammonia content over the age of the Solar system. The situation for the main belt objects is somewhat mixed as they are constantly shuffled by Jupiter's gravity and therefore we see objects rich in volatiles closer to the Sun then would otherwise be expected [START_REF] Morbidelli | Building Terrestrial Planets[END_REF]. The situation is even more complicated due to the discovery of main belt comets [START_REF] Elst | Comet P/1996 N2 (Elst-Pizarro)[END_REF]. Gas giants have accreted the most volatile of reservoirs H 2 and He, with Jupiter and Saturn having chemical compositions similar to the Sun [START_REF] Asplund | The Chemical Composition of the Sun[END_REF].

What are the different reservoirs that we see in the dense interstellar medium

The dense interstellar medium reservoirs on the other hand have to be categorised in three categories based on their boiling points: gas phase only, ices and refractory materials.

The gas phase reservoir is composed of the substances that never deplete onto the dust grains. The principal species in this category are H 2 and the noble gases (He, Ne, Ar, etc). This species never deplete IV.7]. The white boxes show the approximate transitions of various elements into minerals and ices from the gaseous state assuming solar nebula disk pressures (10 2 bar). While the blue boxes provide the formation sequence as gas cools (see text for discussion of condensation vs. evaporation). Some modifications include a question as to whether N is found as NH 3 or as N 2 or even N, as the latter two have lower condensation temperatures. Thus a range has been shown. The complete sequence given in Lewis [59] is shortened. The green dashed line roughly delineates the line between refractory solids and ices, while the yellow line notes species that remain in the gas. Note that C and N straddle this line. O in the form of H 2 O will also be found both in the gas and ice at various radial positions in a protoplanetary disk. A fraction of C, H, O, and N will also be bound in organics which, depending on the form, have condensation/sublimation temperatures in the range of 50 -150 K [60].

solids condense from the gas to the solid at different temperatures. CHON molecules that are important to life are among the most "volatile" and require temperatures ⇠100 K or lower for incorporation. Let's now examine what happens from the other perspective where grains are formed in the interstellar medium and supplied to the disk via collapse along with volatiles perhaps in the gas or even as ice coatings on the dust. Going back to our physical understanding of planet formation, it is during the early phases when the grains are microscopic, they have the largest surface area and thus greater exposure to collisions with a CHON molecule dominated gas. Moreover we need temperatures below 100 K. Based on our understanding, to be discussed later, this can occur prior to stellar birth or in the outermost reaches of the planet-forming disk. In these phases CHON atoms coat the silicate solids as molecular ices (e.g. pre-cometary ices). This includes both water and organics that are readily detected as gases in cometary coma [68]. The comet Figure 1.9 -Approximate sequence of equilibrium condensation drawn from the information given in [START_REF] Lewis | Physics and chemistry of the solar system[END_REF]. The white boxes show the approximate transitions of various elements into minerals and ices from the gaseous state assuming solar nebula disk pressures (10 -2 bar). While the blue boxes provide the formation sequence as gas cools (see text for discussion of condensation vs. evaporation). Some modifications include a question as to whether N is found as NH 3 or as N 2 or even N, as the latter two have lower condensation temperatures. Thus a range has been shown. The green dashed line roughly delineates the line between refractory solids and ices, while the yellow line notes species that remain in the gas. Note that C and N straddle this line. O in the form of H 2 O will also be found both in the gas and ice at various radial positions in a protoplanetary disk. A fraction of C, H, O, and N will also be bound in organics which, depending on the form, have condensation/sublimation temperatures in the range of 50-150 K (Öberg et al., 2009). Image extracted from [START_REF] Bergin | Astrobiology: An astronomer's perspective[END_REF]. introduction

Interstellar gas

About 180 different molecules have been detected in interstellar space, not counting isotopologs. † † The bulk of the molecules are organic, i.e., they contain at least one carbon atom together with (usually) at least one hydrogen atom. Several molecules were rst found in space before they were ever synthesized in a laboratory on Earth. This includes ions such as HCO + and N 2 H + , and radicals such as the long carbon chains HC 9 N and C 6 H. Only a few ring molecules have so far been found, with c-C 3 H 2 the best known case. This does not necessarily imply that ring molecules are less abundant than linear chains: it may simply be an observational effect since the energy level structure and hence the partition function are less favorable for cyclic molecules. Several of the organic molecules are isomers, i.e., molecules with the same atomic constituents but different structures. Well known examples are HCN and HNC, methyl formate (HCOOCH 3 ), acetic acid (CH 3 COOH) 102 and glycolaldehyde (HCOCH 2 OH), and most recently HNCO versus HCNO, HOCN and HONC. 103 The saturated organic molecules are found primarily in hot cores associated with star formation. In contrast, the unsaturated long carbon-chain molecules are found predominantly in cold dark clouds prior to star formation. Molecules involving metals such as MgCN, AlOH, and FeCN and phospor-containing molecules like HCP are primarily identied in the envelopes around evolved stars. 

Faraday Discussions
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The interstellar ices are a fleeting reservoir of volatile material. The first ice to form is water ice, it forms when the optical depth of the dust is enough to start protecting the recently formed water from the interstellar UV field (when the opacity of the 9.7 µm silicate feature exceeds 0.15, [START_REF] Whittet | Ice and Dust in the Prestellar Dark Cloud Lynds 183: Preplanetary Matter at the Lowest Temperatures[END_REF]. The different species that are part of the ice mantles are deposited when different conditions are attained in the ISM, thus giving the grains a layered appearance Figure 1.10. CO ice the second most abundant ice in grains depletes to the grains when A V 10, being therefore frozen out into grains in prestellar cores [START_REF] Whittet | The Uptake of Interstellar Gaseous CO Into Icy Grain Mantles in a Quiescent Dark Cloud[END_REF]. In the grain surfaces these species interact and give rise to intricate surface chemistry [START_REF] Van Dishoeck | Astrochemistry of dust, ice and gas: introduction and overview[END_REF].

The main reservoir of refractory materials in the interstellar medium are silicate grains, they comprise 76% of the total grain mass and 60% of the total grain volume [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium[END_REF]. These grains exist in all phases of the interstellar medium and are thought to be created on the death of stars [START_REF] Van Dishoeck | Astrochemistry of dust, ice and gas: introduction and overview[END_REF]. This grains are also important are they are the hosts for the formation of H 2 and also to the interstellar ices that form at higher densities.

how do we trace the heritage of reservoirs?

To trace the heritage of reservoirs we need to identify characteristics of each reservoir that do not change over time. Individual species are not great at this because during the star formation process, the prevalent species of a reservoir may change, thus requiring a very reliable chemical model. Another problem that we may run into is that the prevalent species of a reservoir is unobservable.

One thing that remains constant in a reservoir is the isotopic ratio of stable isotopes of elements present in that reservoir. Yet different reservoirs may present different isotopic ratios for a given element. During the formation of a minor reservoir three processes can make it have a different isotopic ratio to that of the main reservoir: selective photo dissociation, chemical mass fractionation and spallation. The action of these process could leave imprints in the minor reservoirs making them distinguishable from the main reservoir by their isotopic ratios.

1.4.1 Isotopic ratios as a tool to follow reservoirs I propose a thought experiment, let's assume that there are two hypothetical reservoirs of water A and B that contain all the oxygen atoms in our experiment. Let's further assume that the a process that separated the two water reservoirs is isotopically selective on oxygen. Let's also assume that the elemental isotopic ratio of oxygen, 16 O/ 18 O over all the water available is 600, and that we are not contaminated by 17 O. When the two reservoirs are separated we have: water from reservoir A has an 16 O/ 18 O ratio of 600 while water from reservoir B has an 16 O/ 18 O ratio of 2000. Now we leave this two reservoirs evolve in time in contact with a substrate.

After some time we check the species that are available. We encounter two major species CO and H 2 O 2 . We measure the oxygen isotopic ratio of CO and it is 2000, while the oxygen isotopic ratio in H 2 O 2 is 600. From this simple measurement we can infer that CO was formed from water from reservoir B and that H 2 O 2 was formed from reservoir A. Which means we were able to follow the heritage of reservoirs A and B even though the original species, water, is not present anymore.

One other interesting fact that can be grasped from this thought experiment is that we can infer that reservoir B must be much less abundant than reservoir A. This follows from the fact that even though we see an extreme divergence from the elemental ratio in reservoir B, reservoir A still has the elemental ratio. This can only be achieved if the abundance of reservoir B is so minor that we don't see the effects of isotopic segregation in reservoir A.

D/H ratio as a tracer of interstellar heritage

This method was used to trace the origin of water in the Solar system today to the interstellar medium (Cleeves et al., 2014). The deuterium to hydrogen ratio of water in the Solar system had been noted to be markedly different from the deuterium to hydrogen ratio in the Sun [START_REF] Eberhardt | The D/H and ˆ18ˆO/ˆ16ˆO ratios in water from comet P/Halley[END_REF][START_REF] Bockelée-Morvan | Deuterated Water in Comet C/1996 B2 (Hyakutake) and Its Implications for the Origin of Comets[END_REF][START_REF] Alexander | The Provenances of Asteroids, and Their Contributions to the Volatile Inventories of the Terrestrial Planets[END_REF][START_REF] Usui | Origin of water and mantle-crust interactions on Mars inferred from hydrogen isotopes and volatile element abundances of olivine-hosted melt inclusions of primitive shergottites[END_REF]. Interstellar ices also are very enriched in deuterium even several times more than terrestrial water [START_REF] Dartois | Revisiting the solid HDO/H 2 O abundances[END_REF][START_REF] Coutens | A study of deuterated water in the low-mass protostar IRAS 16293-2422[END_REF][START_REF] Persson | Subarcsecond resolution observations of warm water toward three deeply embedded low-mass protostars[END_REF][START_REF] Persson | The deuterium fractionation of water on solar-system scales in deeply-embedded low-mass protostars[END_REF]. Cleeves et al., 2014 argue from that, that only part of the water ice was reprocessed during the formation of the Solar system. Therefore at least some part of the ice from the interstellar reservoirs survived and was incorporated into planets and comets. The method used by Cleeves et al. (2014) remain controversial as it requires the protoplanetary disk to be shielded from cosmic rays. Even with this caveat Cleeves et al. (2014) demonstrate that isotopic ratios can be used to follow reservoirs during the star formation process.

Using Carbon Isotopic ratio to elucidate formation mechanisms of carbon chains

The formation pathways of simple carbon chains in the ISM such as C 2 H, c-C 3 H 2 or the cyanopolyynes (HC 2n+1 N) is still not completely understood. Since different carbon atoms in these carbon chains may not be equivalent chemically (e.g. Sakai and Yamamoto, 2013), the carbon isotopic ratio in each of the atoms may help define from which species each of these atoms came, elucidating the formation pathway of the carbon chains. This technique has been explored to suggest pathways to the formation of the two simplest cyanopolyynes and also CCH. Araki et al. (2016) 

The puzzle of the isotopic ratio of nitrogen in the Solar System

The isotopic ratio of nitrogen in Solar system comets is basically uniform, 14 N/ 15 N ≈ 144, independent of the molecular carrier (NH 2 , CN, HCN) and comet family (See Figure 1.11 Mumma and Charnley, 2011;Shinnaka et al., 2016;Hily-Blant et al., 2017). This value is markedly different from the nitrogen isotopic ratio measured in the Solar wind, 14 N/ 15 N = 441 ± 5 [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF]. The isotopic ratio measured in the Solar wind is also a measurement of the nitrogen isotopic ratio of the bulk of the Solar system as the Sun has sampled all reservoirs of the protosolar nebula (PSN, the birth place of the Solar system) and is also not expected to have synthesised neither 15 N nor 14 N (See Section 2.1). Such discrepancy suggests that there possibly were at least two distinct reservoirs of nitrogen in the PSN, a primary one, sampled by the Sun and Jupiter, and a fractionated secondary one, sampled by the comets. But this could also be a result of isotopic exchanges happening in the ices since the formation of the comets. These two reservoirs may have an interstellar origin or the secondary reservoir may have been created in-situ during the comet formation stage.

The PhD project

The main objective of this thesis is to identify the different reservoirs of nitrogen at the different stages of star and planet formation. We plan to identify these reservoirs by obtaining accurate isotopic ratios, using different nitrogen carriers observed in prestellar cores, protostars, and protoplanetary disks. Among our primary objectives is a comprehensive study of the internal structure-density, velocityof the L1498 prestellar core, including a significant step further in the derivation of the abundance of HCN and its isotopologues with respect to earlier studies, especially that of Daniel et al., 2013. We anticipate that the challenge will be to quantitatively reproduce the hyperfine anomalies of HCN, hence improving on the seminal studies of Guilloteau andBaudry, 1981 andGonzalez-Alfonso andCernicharo, 1993. We expect to provide accurate isotopic ratios to be compared to the theoretical predictions based on the most recent astrochemical fractionation network of Roueff, Loison, and Hickson, 2015. In this thesis, we will use various nitrogen-bearing molecules belonging to two broad families, nitriles-HCN, HC 3 N-and hydrides (NH 2 D), and the somewhat ambivalent CN radical. Among the motivations for our study of HCN is the HCN/HC 15 N ratio which was indirectly measured to be between 140 and 340 in prestellar cores (Hily- (Guzmán et al., 2017). Such measurements rely on the so-called double isotopologue method (Section 2.3.2) but where questioned by recent chemical models Roueff, Loison, and Hickson, 2015. In their comprehensive study of the nitrogen isotopic ratio in the B1 core, Daniel et al. (2013) did obtain a low HCN/HC 15 N ratio (165 +30 -25 ) not going through the double isotopic method. However, these authors discarded this value under the assumption that the column density of HCN could not be reliably measured, thus illustrating the challenge in deriving the the column density of HCN. It is one goal of this thesis to solve this issue at least in the case of L1498.

One strength of Daniel et al. (2013) is the consistent analysis of several species. However, this could only be done at the expense of important features that had to be neglected. In particular, Daniel et al. (2013) considered an oversimplified profile for the velocity field and the velocity dispersion. However, as will be shown in the following, these parameters are crucial to reproduce the HCN line intensities, due to overlapping hyperfine transitions (Guilloteau and Baudry, 1981;Gonzalez-Alfonso and Cernicharo, 1993). To accurately take the line profiles into account requires an efficient way to explore the parameter space, that cannot be achieved with χ 2 minimisation. This is another step further with respect to the study of Daniel et al. (2013). Another limitation of their study was the use of the collisional excitation coefficients of Ben [START_REF] Ben Abdallah | Hyperfine excitation of HCN by H 2 at low temperature[END_REF] for HCN. These collisional coefficients assume that H 2 can be assume to be a sphere which can alter significantly the collisional coefficients. In this thesis, we will use collision rate coefficients at the hyperfine levels for HCN in collisions with ortho and para-H2 (Lique et al. in preparation).

Another chief objective of this thesis is to identify the isotopic reservoirs of nitrogen present in evolved protoplanetary disks such as in the TW Hya system, to investigate the origin of the cometary reservoir of nitrogen. In the process, the elemental isotopic ratio of nitrogen in the present-day local interstellar medium will be needed.

Finally, the possibility that nitrogen can be fractionated in ices before being incorporated within cometary nuclei in protoplanetary disks will also be investigated using ALMA and IRAM-NOEMA observations of protostars.

As seen in the previous chapter the isotopic ratio of nitrogen may be key to disentangling the mystery of the heritage of the protosolar nebula. To be able to understand the measurements that we have of 14 N/ 15 N in the ISM today we need to understand the sources of the two isotopes of nitrogen 14 N and 15 N (Section 2.1). With that knowledge in hand we need to choose our target molecules between the multitude of molecules seen in the ISM (Section 2.2) to carry out the measurements of the nitrogen isotopic ratio (Section 2.3). From these measurements (Section 2.4), a big picture is emerging which will be the framework for this thesis (Section 2.4.5).

nucleosynthesis of nitrogen

During the big bang nucleosynthesis only the lightest atomic nuclei were produced: H, He, Li and Be [START_REF] Alpher | The Origin of Chemical Elements[END_REF]. All the other elements in the universe have been created by stars long after the big bang either in their cores [START_REF] Hoyle | The synthesis of the elements from hydrogen[END_REF] or in supernova explosions [START_REF] Hoyle | Origin of the Elements in Stars[END_REF]. The first stable atomic nucleus produced in stars is 4 He through the proton-proton chain [START_REF] Eddington | The Internal Constitution of the Stars[END_REF][START_REF] Bethe | Energy Production in Stars[END_REF]. The next nuclei to be produced are those that can be built directly from helium nuclei (ex: 12 C, 16 O, 20 Ne, etc). Other atomic nuclei that can be build from this elements simply by the addition of D or H are also produced (ex: 14 N, 22 Na), but in much lower quantities as they require an extra step to be produced. These nuclei are called primary isotopes as they can be built directly from hydrogen and helium in one single star. Other nuclei, such as 13 C, 18 O, 15 N, require that the stars that produce them are born with a non negligible amount of nuclei heavier than 4 He to be efficiently produced, and are thus called secondary isotopes. Since their production depend on the abundance of the elements built previously their abundances are generally 2 to 3 orders of magnitude inferior to the primary isotopes of the same element (ex: 14 N/ 15 N = 441 in the Solar system, 12 C/ 13 C=70 in the local ISM, [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF]Milam et al., 2005, respectively).

Nitrogen has two stable isotopes: 14 N is a primary isotope, and 15 N is a secondary isotope. The details behind the production of these two isotopes are still debated [START_REF] Clayton | Handbook of Isotopes in the Cosmos[END_REF][START_REF] Prantzos | Evolution of CNO Abundances in the Universe (invited review)[END_REF]Romano and Matteucci, 2003;[START_REF] Wiescher | The Cold and Hot CNO Cycles[END_REF], but the main processes have been identified [START_REF] Wilson | Abundances in the Interstellar Medium[END_REF]. 14 N is produced by both the cold and hot CNO cycles, as well as in the so-the isotopic ratio of nitrogen called hot bottom burning process in asymptotic giant branch (AGB) stars, although massive, rotating stars may be sources as well (Prantzos, 2011). In contrast, it is thought that 15 N can only be produced through the hot CNO cycle, during nova outburst or in Type Ia and Type II supernovae (Romano and Matteucci, 2003). The differences in primary and secondary origins of the two nitrogen isotopes are predicted to lead to an increase in the 14 N/ 15 N ratio with distance from the galactic centre. Indeed Adande and Ziurys (2012) have measured a positive gradient with increasing distance from the galactic centre, 14 N/ 15 N = 21.1D GC + 123.8, where D GC is the distance from the galactic centre in kpc. As can be seen in Figure 2.1 the observed galactic gradient is compatible with current galactic evolution models for the 14 N/ 15 N ratio.

nitrogen in the ism and circumstellar environments

Nitrogen is an atom capable of a very rich chemistry, and being the seventh most abundant element in the universe it is readily available to for a multitude of compounds, specially with hydrogen carbon and oxygen. Nitrogen has been detected in the diffuse ISM in several forms, atomic, mainly through its UV absorption bands (Nieva and Przybilla, 2012), or in molecular carriers (HCN N 2 e.g. Liszt and Lucas, 2001;[START_REF] Knauth | The interstellar N 2 abundance towards HD 124314 from far-ultraviolet observations[END_REF][START_REF] Li | Photodissociation of interstellar N 2[END_REF]. CN was among the first molecules to have ever been identified in the diffuse ISM [START_REF] Mckellar | Evidence for the Molecular Origin of Some Hitherto Unidentified Interstellar Lines[END_REF][START_REF] Swings | Considerations Regarding Interstellar Molecules[END_REF].

In the dense ISM Nitrogen can be found in a variety of species, from very simple ones such as CN, to big complex ones like HC 11 N. This rich chemistry is a result of the much denser gas and the presence of ions that allow fast ion-neutral reactions to take place (Terzieva and Herbst, 2000). It is theorised that the main reservoir of nitrogen in the dense ISM should be either atomic N or N 2 , with some part of it being locked in ices as NH 3 [START_REF] Herbst | The Formation and Depletion of Molecules in Dense Interstellar Clouds[END_REF]. Of these three main reservoirs only NH 3 in ices is observable, and is measured to be an important component of interstellar ices NH 3 /H 2 O∼ 5 -20% Boogert, Gerakines, and Whittet, 2015. The other two reservoirs, N 2 and N are not observable in the dense ISM [START_REF] Herbst | The radiative association of CH2/+[END_REF]. Atomic nitrogen by being a single atom presents only fine structure transitions and electronic transitions. Both types of transitions have upper levels that are not excitable in the dense ISM, due to the low temperatures. The possibility remains to use those transitions as absorption probes through the use of background sources of continuum radiation. The problem is that the electronic lines fall in the ultraviolet which is strongly affected by the extinction of dust in the dense ISM, and that stars do not emit sufficient light in the wavelengths of the fine structure lines to be used in as an absorption probe. For N 2 the electronic lines are also not available
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In the warm clouds observed in the present study (T K > 25 K; see Table 3), this reaction is unlikely to cause significant fractionation. It could be more important in cold dark clouds, on the other hand, such as Barnard-1, where T K < 10 K. Lis et al. (2010), however, found 14 N/ 15 N = 334 ± 50 toward Barnard-1, using inversion transitions of NH 3 -close in value to those derived from CN and HNC at similar D GC . These results suggest that if any fractionation occurs for CN-bearing species through isotope exchange reactions, the effect is minimal.
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The picture that can be built from this is that the two candidates for the main reservoir of Nitrogen in the dense ISM are unobservable. We therefore must rely on the study of the trace species that are detectable in the dense ISM and use their abundances to reverse engineer the properties of the main reservoirs of nitrogen in the dense ISM, and also trying to identify which is the dominant one. The reverse engineering is done through the use of theoretical chemistry simulations using the so-called chemical networks. Chemical networks are databases of possible chemical reactions and their effective rates.

In circumstellar environments nitrogen is seen in a larger multitude of molecules, ranging from simple ones like CN to big organic molecules like CH 3 CH 2 CN [START_REF] Cazaux | The Hot Core around the Low-mass Protostar IRAS 16293-2422: Scoundrels Rule![END_REF]. This complex chemistry is still not completely understood but may be related to the sublimation of ice mantles close to the protostars [START_REF] Van Dishoeck | Astrochemistry of dust, ice and gas: introduction and overview[END_REF] or in the case of formamide (NH 2 CHO) be a product of gas phase reactions only [START_REF] Barone | Gas-phase formation of the prebiotic molecule formamide: insights from new quantum computations[END_REF]. In disks fewer species have been detected, but nevertheless nitrogen carriers are commonly observed. Chapillon et al. (2012b) demonstrate that CN and HCN are ubiquitous in protoplanetary disks. A few complex molecules have been detected in disks, such as HC 3 N (Chapillon et al., 2012a) and CH 3 CN (Öberg et al., 2015).

measuring the isotopic ratio of nitrogen in the ism

The methods to measure the 14 N/ 15 N ratio can be divided in two broad categories: direct methods and indirect methods. The direct methods are called so because 14 N/ 15 Nis computed is taken as the ratio of the column densities of the main and rare isotopologue measured directly. Whereas the indirect methods use the ratio between the rare isotopologue and a third species to estimate the ratio between the main and the rare isotopologue. The most used method in this category is called the double isotopologue method Section 2.3.2.

Direct methods

To measure the isotopic ratio directly it is necessary to have a reliable way to measure the column density of the main isotopologue. The simplest case would be that in which the emission of the main isotopologue is optically thin, but this usually means that the rare isotopologue is undetectable. Yet due to the hyperfine struc-ture displayed by molecules containing nitrogen, sometimes one of the hyperfine components of the main isotopologue is indeed optically thin. One example of such a measurement is the measurement of the 14 N/ 15 N in CN in the protoplanetary disk around TW Hydra by Hily-Blant et al. (2017) ( 14 N/ 15 N = 323 ± 30).

Another way of directly measuring the column density of the main isotopologue is through hyperfine fits to the rotational spectra to obtain the total opacity of the rotational transition. The caveat of this method is that the hyperfine fit assumes that the hyperfine components of rotational transition have the same excitation temperature, which may not be true. One example of such a measurement is the measurement of the 14 N/ 15 N in NH 2 D towards a few prestellar cores by Gerin et al. (2009

) ( 14 N/ 15 N = 350 -850).
The column density may also be estimated through a local thermodynamical equilibrium analysis which assumes that the different radiative transitions observed can be described by a single excitation temperature. This approach is better suited for molecules which have several transitions available, like the cyanopolyynes or organic molecules like CH 3 CN. The problem with this method is that this assumption is rarely valid. Despite this problem this method has been used to compute the isotopic ratio of nitrogen in cyanopolyynes, one example of such an endeavour is Taniguchi and Saito (2017). The authors have measured the isotopic ratio of nitrogen in HC 5 N in TMC1 through this method to obtain 14 N/ 15 N = 323 ± 80.

The isotopic ratio of nitrogen can also be measured in the diffuse ISM by measuring the opacity of absorption lines of molecules containing nitrogen against a strong background source. This has been carried out for example for HCN which had its 14 N/ 15 N ratio measured in the line of sight towards B0415 + 379 (Lucas and Liszt, 1998).

The main caveat here is that emission in the line of sight might hamper the measurements by diminishing the perceived absorption.

The remaining method to measure the column density of the main isotopologue directly is through the usage of complex radiative transfer models. In this case a complex source model is assumed and line profiles are computed in order to compare them to observations in search for the best fit. The main difficulty in this method resides in the necessity of an accurate source model which is prone to have correlations between its parameters [START_REF] Keto | Radiative Transfer and Starless Cores[END_REF]. Despite this difficulty there are some examples of such measurements such as in Daniel et al. (2013). These authors have measured the abundances of several species along with their isotopologues in the B1 dark cloud. These abundances were then used to compute the isotopic ratio of nitrogen in several molecules.

the isotopic ratio of nitrogen

Indirect methods

Indirect methods to measure the nitrogen isotopic ratio consist in measuring the column density of the 15 N isotopologue and a third species. This third species is a species for which there is an expected ratio between it and the 14 N isotopologue. Usually this third species is taken as a rare isotopologue on another element such as carbon. In such cases this method is called the double isotopologue method [START_REF] Dahmen | The nitrogen isotope abundance in the galaxy. 1: The galactic disk gradient[END_REF].

This method has been usually used to derive the isotopic ratio of nitrogen in species of the nitrile family (species containing the CN group, HCN, CN, HNC, etc). In such a case the abundance of the 13 C and the 15 N isotopologues is measured and is subsequently multiplied by an assumed 12 C/ 13 C:

XCN XC 15 N = X 13 CN XC 15 N × 12 C 13 C (2.1)
where X stand for any chemical group bound to the CN group. This method has been extensively used to measure the isotopic ratio of nitrogen (e.g. Adande and Ziurys, 2012;Hily-Blant et al., 2013a;Guzmán et al., 2017), but a lot of uncertainties remain as the 12 C/ 13 C is usually unknown and therefore adopted to be the elemental one ( 12 C/ 13 C=70, Milam et al., 2005). This may indeed not be the case, as there is observational evidence that this ratio may be lower than the elemental ratio (HCN/H 13 CN∼ 30 Daniel et al., 2013), and theoretical expectations that it could be higher than the elemental ratio (HCN/H 13 CN=90 -140 Roueff, Loison, and Hickson, 2015). Due to this incredible discrepancies, it is hard to judge the uncertainties in double isotopologue measurements.

2.4 review of existing 14 N/ 15 N measurements

To better comprehend what new information would be brought by new measurements of the isotopic ratio of nitrogen we need to make a review of the measurements that are already available in the literature. This review of the available measurements is divided in 4 subsections: the measurements in the Solar system, the measurements in the local ISM; the measurements in protostellar envelopes and the measurements in protoplanetary disks. The measurements are divided in this manner as the main idea of this thesis is to comprehend what we see in the Solar system in respect to the nitrogen isotopic ratio, with what can be observed during the phases of star formation.

Measurements in the Solar system

In the Solar system today we see a marked difference between the main mass reservoirs (the Sun and Jupiter) and the smaller mass reservoirs (asteroids, comets, interplanetary dust, inner planets). The Sun as the dominant mass reservoir displays the value of the 14 N/ 15 N at the moment and location of the birth of the Sun. All the other reservoirs that show isotopic ratios that differ from that of the Sun have been fractionated by some unknown physical process.

Material extracted from meteorites presents differing degrees of fractionation. The most refractory substance containing nitrogen, osbornite (TiN), has an isotopic ratio very similar to the bulk of the Solar system ( 14 N/ 15 N = 424 ± 3 [START_REF] Meibom | Nitrogen and Carbon Isotopic Composition of the Sun Inferred from a High-Temperature Solar Nebular Condensate[END_REF], while other reservoirs of nitrogen inside meteorites can show incredibly low isotopic ratios ( 14 N/ 15 N ≈ 50, Bonal et al., 2010). On the other hand measurements of 14 N/ 15 N on the gases in the coma of comets are remarkably homogeneous, with all the values very close to 150 and a weighted average which gives 14 N/ 15 N = 144 ± 3 (see Figure 1 .11 Hily-Blant et al., 2017).

For the inner planets the situation appears to be somewhat mixed with the Earth displaying a nitrogen isotopic ratio that is close to half way between that of comets and of the Sun. [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF] argue that this is an evidence that the Earth sampled a third reservoir of nitrogen during its formation. We on the other hand believe that this isotopic ratio is the result of the mixing of the two reservoirs of nitrogen. This scenario is consistent with the Grand Tack scenario for the late stages of planet that predicts that the Earth has sampled volatile rich (cometary like in 14 N/ 15 N) and volatile poor (Sun like in 14 N/ 15 N) material (e.g. [START_REF] Morbidelli | Building Terrestrial Planets[END_REF]. Mars on the other hand has no records of its primordial nitrogen isotopic ratio, as its atmospheric loss is isotopic selective [START_REF] Mahaffy | Organics, Isotopes, and Volatiles in Gale Sedimentary Rocks[END_REF]. In Figure 2.2 we have a compilation of the most relevant measurements of the isotopic ratio of nitrogen in the Solar system.

Measurements in the local ISM

In the local ISM there are several measurements of the Nitrogen Isotopic ratio. Some of these measurements are focused on the diffuse interstellar medium. These measurements target the species that exist at low densities (n H 10 3 cm -3 ) and lukewarm temperatures (T kin ∼ 100 K). Most of this measurements are carried out using the absorption technique as molecular emission in this physical conditions is very feeble. Figure 2.3 displays the available measurements of the nitrogen isotopic ratio in the local diffuse ISM, along with the expected value from the galactic gradient of Adande and Ziurys (2012). All the values in the diffuse ISM are more or less con-the isotopic ratio of nitrogen (2002), FL2006 refers to [START_REF] Floss | Identification of isotopically primitive interplanetary dust particles: A NanoSIMS isotopic imaging study[END_REF], FU2015 refers to [START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF], AL2007 refers to [START_REF] Alexander | The origin and evolution of chondrites recorded in the elemental and isotopic compositions of their macromolecular organic matter[END_REF], MK2007 refers to [START_REF] Meibom | Nitrogen and Carbon Isotopic Composition of the Sun Inferred from a High-Temperature Solar Nebular Condensate[END_REF], BO2010 refers to Bonal et al. (2010) and FO2000 refers to [START_REF] Fouchet | ISO-SWS Observations of Jupiter: Measurement of the Ammonia Tropospheric Profile and of the 15 N/ 14 N Isotopic Ratio[END_REF]. IDP stands for interplanetary dust particle.

sistent with each other, with the uncertainty weighted average being 14 N/ 15 N = 275 ± 16.

In the dense ISM there are a plethora of measurements. Species in the hydride family, NH 3 , N 2 H + , presumably chemical descendants of N 2 (Hily-Blant et al., 2010;Hily-Blant et al., 2013a), had their nitrogen isotopic ratio measured directly, while species for the nitrile family, CN, HCN, etc have mostly indirect measurements of their isotopic ratios, with few exceptions (HCN, HNC and CN in B1 by Daniel et al., 2013). The weighted average of the direct measurements yields 14 N/ 15 N = 251 ± 12, a surprisingly low value. This value is probably skewed by the low isotopic ratios measured in the nitriles which can be underestimated due the enormous optical depths of the main isotopologues (Daniel et al., 2013). If we do this weighted average only with molecules in the hydride family, which are less plagued by high optical depth issues we get 14 N/ 15 N = 340 ± 16. This value is very similar to the value measured directly in CN in the protoplanetary disk of TW Hydra of 14 N/ 15 N = 323 ± 30 measured by Hily-Blant et al. (2017). The authors point this similarity as an evidence of this being the current value of the isotopic ratio of nitrogen in the local ISM. Figure 2.4 displays the available measurements of 14 N/ 15 N in the dense ISM. 2010), TS2017 refers to Taniguchi and Saito (2017) and IH2002 refers to Ikeda, Hirota, and Yamamoto (2002).
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Protostellar envelopes

To date there has been only one published paper regarding isotopic ratios of nitrogen in the envelopes of protostars, [START_REF] Wampfler | Observations of nitrogen isotope fractionation in deeply embedded protostars[END_REF]. The authors measured the nitrogen isotopic ratio through the double isotopic method (Figure 2.5). Their measurements are based on APEX observations of these protostars. The large beam of APEX at the observed frequencies (24" at 259 GHz and 18" at 345 GHz) suggest that these measurements sample both the protostar and its cold envelope. The weighted average of these measurements give a weighted average 14 N/ 15 N = 227 ± 14. We have obtained a direct measurement of the nitrogen isotopic ratio in the cold envelope of IRAS 03282 + 3035, NH 2 D/ 15 NH 2 D= 250±50. This measurement was obtained with the 1 1,1 → 1 1,0 transition of these species.

Protoplanetary disks

In protoplanetary disks isotopic measurements are very difficult due to the minute size of disks (diameters of the order of a few arc seconds). Sch measurements became possible with the advent of the Atacama Large Millimetre Array, due to its large collecting area. With ALMA the nitrogen isotopic ratio in HCN has been measured in 5 disks in the Solar neighbourhood through the double isotopologue method, assuming HCN/H 13 CN = 70, and found to be quite low, 14 N/ 15 N = 111 ± 19 (Guzmán et al., 2015;Guzmán et al., 2017;Hily-Blant et al., 2017). The only direct measurement of the isotopic ratio of Nitrogen in disks is CN/C 15 N in the disk of TW Hya, 14 N/ 15 N = 323 ± 30 (Hily-Blant et al., 2017). All these measurements can be seen in Figure 2.6. This acute difference between the HCN and CN measurements points to the presence of two gaseous reservoirs of nitrogen in protoplanetary disks, one with an isotopic ratio that is one third of the other.

The big picture

With all this measurements there a big picture is emerging. In this big picture we see two reservoirs of nitrogen in protoplanetary disk and two main reservoirs also in the Solar system (Figure 2.7). The isotopic ratios of these reservoirs are not the same in both instances but the ratios between the reservoirs is the same, which is consistent with models of the chemical evolution of the galaxy (Romano and Matteucci, 2003). The question now is to identify how and when these two reservoirs get separated. To do so we need a reliable way of measuring 14 N/ 15 N in the dense ISM, this requires advancements in radiative transfer modelling and has been tackled in this thesis with the direct measurement of the HCN/HC 15 N ratio in L1498 (Section 4.2) through the aid of a better understand of the spectroscopy of HCN (Chapter 4) and developments in radiative transfer modelling (Section 3.3.1).

A point where there is little knowledge of nitrogen isotopic ratios is in the vicinity of protostars, with only one work published so far [START_REF] Wampfler | Observations of nitrogen isotope fractionation in deeply embedded protostars[END_REF]. These measurements have been very diffi- cult so far, but progress will probably be made with the aid of the ALMA PILS survey [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]. This unbiased spectral survey will probably provide a few 14 N/ 15 N measurements. In this thesis we attack this front by trying to measure 14 N/ 15 N in the sublimated ices around protostars (Section 6). The 14 N/ 15 N ratio has never been measured in ices, as infrared spectroscopy is not capable of distinguishing isotopologues due to the very broad features seen in absorption, even though the James Webb Space Telescope may be able to change this picture [START_REF] Boogert | Observations of the icy universe[END_REF].

Ices are very relevant for the measurements of the nitrogen isotopic ratio as isotopic exchanges are known to happen in ices [START_REF] Faure | Hydrogen isotope exchanges between water and methanol in interstellar ices[END_REF] and they are also the source of the gaseous material in cometary comae. This thesis also contributed to the measurement of 14 N/ 15 N in the protoplanetary disks around MWC 480 and TW Hydra (Section 5.2), thus helping in the identification of the two reservoirs of nitrogen in protoplanetary disks.

One of the main objectives of this thesis is to comprehend the rotational emission of HCN in prestellar cores in order to measure its abundance directly without relying on the abundance of any of its isotopologues. To achieve this objective several scientific numerical tools were written.

The first of these pieces is Nslab (Section 3.1). Nslab is a simple code aimed at computing emergent line profiles resulting from the combination of an arbitrary number of homogeneous plane-parallel slabs. Nslab was useful to understand the hyperfine anomalies that manifest themselves in HCN rotational transitions, described in more detail in Chapter 4.

The second piece is called Alico (Section 3.2). Alico is the main machinery behind the complex radiative transfer modelling done in this thesis. Simply put, Alico is a set of wrapper routines around the 1DART code (Daniel and Cernicharo, 2008) that allows large grids to be executed, potentially in a parallelised fashion. The final piece of software developed during this thesis is called the MCMC toolkit (Section 3.3). This toolkit was designed as a way of further simplifying the application of Monte Carlo Markov Chain techniques to astrophysical problems. The application of the MCMC toolkit coupled with Alico (Section 3.3.1) is what ultimately allowed us to directly measure the abundance of HCN in L1498 and consequently derive precise isotopic ratios for HCN in L1498 (Section 4.2).

nslab

Nslab is a versatile and simple implementation of plane parallel 1 dimensional radiative transfer. The main purpose of Nslab is to build spectra from homogeneous slabs. This endeavour was inspired by earlier works (de Vries and Myers, 2005) demonstrating that simple plane-parallel radiative transfer is able to reproduce multiple characteristics of spectral lines observed in collapsing cores. However, Nslab generalises the 2 slab toy model of de [START_REF] De Vries | Molecular Line Profile Fitting with Analytic Radiative Transfer Models[END_REF] to an arbitrary number of slabs. In Nslab each spectral line has 4 parameters: Excitation temperature T ex , line centre opacity τ, central velocity V 0 and a full width at half maximum (FWHM) ∆V. Multiple spectral lines can be computed for each slab provided all slabs have the same number of spectral lines. Light is propagated from a background, usually assumed to be the Cosmic Microwave Background 36 software tools (CMB), towards the observer. The spectrum, I ν at slab k is calculated as:

I ν,k = N ∑ i J ν (T ex,i )(1 -e τ ν,i ) + I ν,k-1 e ∑ N i τ ν,i (3.1)
where T ex,i stands for the excitation temperature of line i in Kelvin, τ ν,i stands for the velocity dependent opacity of line i, and ∑ N i is the summation over all the N spectral lines. The velocity dependent opacity, τ ν , is calculated as:

τ ν = τe - (V-V 0 ) 2 2σ 2 V (3.2)
with V being a point along the velocity axis of the spectrum, V 0 the line centre in km/s, and σ V the velocity dispersion of the line in km/s computed from ∆V as

σ V = ∆V 2 √ 2ln(2)
. The remaining term in eq. 3.1 J ν (T ex,i ) stands for:

J ν (T ex,i ) = hν k b 1 e hν k b T ex,i -1 , (3.3)
where ν is the line frequency in Hz, h is the Planck constant and k b is the Boltzmann constant.

Implementation

Nslab is implemented as a python executable that makes use of three Python (Python Language Reference, version 2.7) libraries, Numpy [START_REF] Walt | The NumPy Array: A Structure for Efficient Numerical Computation[END_REF], Matplotlib [START_REF] Hunter | Matplotlib: A 2D Graphics Environment[END_REF] and argparse. The current implementation of Nslab can be found in Section A.1.1. It consists of 175 lines of code. Its execution time and memory footprint are dominated by the python overheads when there are a small number of channels and slabs (∼68 Mb and 1 millisecond). On larger computations the execution time scales linearly with the number of spectral lines, number of channels and slabs while the memory footprint increases linearly with the number of channels only.

The input to Nslab is done through a file containing the parameter for the lines that will show up in the final spectra. An example of such an input file can be found in Section A.1.2. The output of Nslab is a ASCII file containing the spectrum in two columns, the velocity axis in km/s and the brightness temperature in K. An example of an output file can be seen in Section A.1.3.

Complementary functionalities of Nslab are:

1. Command line help.

2. Choice of spectral axis sampling (initial and final values as well as the spectral resolution). 3. The ability to receive a spectrum as background. This can be used as the application of a foreground to a given spectrum.

4. The ability to plot the spectra computed by it.

5.

The ability to make plots of the "physical structure" used to make the spectra i.e. T ex , τ, V 0 and ∆V as a function of slab number.

The Command line help can be invoked as shown in Section A.1.4. 

Benchmarking

Some tests have been performed to assure that Nslab propagates the line intensities correctly through the slabs. We first tested whether the intensities are correctly reproduced for different opacities using only 1 slab. The results of this test are displayed in Figure 3.3. Each one of the lines in Figure 3.3 has T ex = 3.5 K and ∆V = 0.3 km/s. The lines are labelled from A to E according to their opacities that go from 10 -2 to 10 2 in logarithmic steps (see Table 3.1). The comparison with the line intensities expected from eq. 3.1 are displayed in Table 3. The second test has to do with the propagation of spectral lines through two or more slabs. In this test we have 5 experiments labelled from F to J. F is our single slab reference line, with an excitation temperature of 5 K an opacity of 5, and a FWHM of 0.3 km/s. G has the same properties as F the difference being that the opacity is divided between two slabs, each with an opacity of 2.5. H has two slabs each with the same properties of line F. I has two slabs with an opacity of 5.0 and a FWHM of 0.3 km/s, the difference between I and H being the excitation temperatures of each slab. In experiment I the first slab has an excitation temperature of 5 K while the second slab has an excitation temperature of 4 K. J is just like I except that the excitation temperature of the second slab is lower at 2 K. The properties of lines F to J are listed in Table 3.2 and in Figure 3.4 we can see the results from this second test.

As expected lines F and G are equal, while line H is slightly broader due to saturation. Lines I and J present self absorption features as would be expected from the fact that the second slab has an excitation temperature below the excitation temperature of the first slab. Line J
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Table 3.1 -Parameters for the lines in test 1, along with analytically predicted brightness temperatures and Nslab computed brightness temperatures. Opacities quoted refer to line centre opacities.

Line 3.1). The labels from A to E denote the different experiments in Table 3.1. 

T ex τ V 0 ∆V Analytical Computed (K) (km/s) (km/s) Intensity (K) Intensity (K) A 3.5 10 -2 -5.0 0.3 1.13 1.13 B 3.5 10 -1 -2.5 0.3 1.18 1.18 C 3.5 1 0.0 0.3 1.53 1.53 D 3.5 10 
Line T ex,k=1 τ k=1 V 0,k=1 ∆V k=1 T ex,k=2 τ k=2 V 0,k=2 ∆V k=2 (K) (km/s) (km/s) (K) (km/s) (km/s) F 5.0 5.0 -5.0 0.3 G 5.0 2.5 -2.5 0.3 5.0 2.5 -2.5 0.3 H 5.0 5.0 0.0 0.3 5.0 5.0 0.0 0.3 I 5.0 5.0 2.5 0.3 4.0 5.0 2.5 0.3 J 5.0 5.0 5.0 0.3 2.0 5.0 5.0 0.3
also presents the interesting aspect of being in absorption against the background, since its excitation temperature of 2 K is smaller than the excitation temperature of the background (T bg = 2.73 K).

The third test consists in testing the propagation of lines through slabs with opposite sign velocities and a gradient in excitation temperature, with the aim of being able to reproduce qualitatively the red-blue asymmetries that are seen in molecular lines. The 5 experiments conducted are labelled from K to O. Lines K, L and M have the same excitation temperature, 5 K, an opacity of 2, and FWHM, 0.3 km/s in both slabs, but have different line centre velocities. In experiment K we have a difference of 0.4 km/s between the two slabs. In experiment L this difference is 0.2 km/s and finally in M there is no difference in velocity between slabs as it serves as our reference line. In the remaining lines N and O we have the same properties as in L and K respectively, except that the second slab has a lower excitation temperature of 3.5 K. The properties of lines K to O are listed in Table 3.3 and the results of this experiment can be seen in Figure 3.5.

Line K presents a double peaked line since the difference in velocity between the slabs, 0.4 km/s is larger than the FWHM of 0.3 km/s. Line L on the hand presents the emission of both slabs merged in a single broad line, as would be expected since the velocity difference between both slabs, 0.2 km/s is smaller than the FWHM of the lines (∆V = 0.3 km/s). In line M we recover the expected single peaked Gaussian profile with a FWHM of 0.3 km/s. The remaining lines, N and O reproduce the so-called red blue asymmetries commonly seen in the interstellar medium emission lines. N displays a red shoulder while N displays a double peaked profile with the red peak being much less intense than the blue peak. The labels F to J correspond to the spectral lines described in Table 3.2.

Table 3.3 -Parameters for the lines in test 3. Opacities quoted refer to line centre opacities.

slab 3.2.

1 slab 2 Line T ex,k=1 τ k=1 V 0,k=1 ∆V k=1 T ex,k=2 τ k=2 V 0,k=2 ∆V k=2 (K) (km/s) (km/s) K 5.0 2.0 -5.2 0.3 5.0 2.0 -4.8 0.3 L 5.0 2.0 -2.6 0.3 5.0 2.0 -2.4 0.3 M 5.0 2.0 0.0 0.3 5.0 2.0 0.0 0.3 N 5.0 2.0 2.4 0.3 3.5 2.0 2.6 0.3 O 5.0 2.0 4.8 0.3 2.5 2.0 5.2 0.3
The tests conducted demonstrate the versatility of Nslab in computing simple spectra while also demonstrating its numerical accuracy.

Perspectives

Due to its versatility Nslab can be used in various situations, such as simple radiative transfer or as complement to more complex radiative codes (such as applying a plane parallel foreground to the output of a complex radiative transfer code). Below we give two examples of where Nslab has been coupled with other codes to produce powerful tools:

-Nslab + RADEX (van der Tak et al., 2007) -a plane parallel radiative transfer code that does not assume local thermodynamical equilibrium (LTE) and works under the Large Velocity Gradient (LVG) approximation and produces lines profiles. -(Nslab + RADEX) MCMC -A way of solving simple non-LTE radiative transfer problems under the 4 slabs approximation (see Section 4.1.3.1) using Markov Chain Monte Carlo sampling. A future project involving Nslab is:

-Interactive Nslab -A graphical interface for Nslab enabling real-time evaluation of spectra produced by Nslab.

accelerated lambda iteration code, alico

The Accelerated Lambda Iteration COde (Alico) is a set of wrapper routines to control the 1-D radiative transfer code 1DART (Daniel and Cernicharo, 2008). 1DART has been extensively tested (Daniel and Cernicharo, 2008) and has already demonstrated its ability to reproduce the emission of prestellar cores (e.g. Daniel et al., 2013). 1DART is written in FORTRAN90 using the accelerated lambda iteration scheme [START_REF] Olson | A rapidly convergent iterative solution of the non-LTE line radiation transfer problem[END_REF] to deal with the radiative transfer problem. The development of 1DART is still under way and recently a bug related to the computation of line widths has been fixed. One essential functionality of 1DART for this thesis is its capability of dealing with the overlap of lines of a molecule such as in the case of several molecules with hyperfine structure (HCN, N 2 H + , HNC, etc). The hyperfine treatment follows [START_REF] Rybicki | An accelerated lambda iteration method for multilevel radiative transfer. II -Overlapping transitions with full continuum[END_REF]. 1DART is capable of modelling diverse scenarios, based on a radial 1-D model that is given for the code as an input. This model is a 1-D description of the physical structure to be modelled, the following parameters must be given as a function of unitary radius:

1. H 2 number density in cm -3 .

2. Kinetic temperature of the gas in Kelvin.

Non thermal velocity dispersion of the gas in km/s

4. Molecular abundance relative to H 2 . 5. and optionally the velocity field in km/s. This physical model may also include a grey body emitting source at r = 0, as would be the case for a protostellar envelope.

The physical model along with computational parameters are written in a complex and large input file, an example of such a input file can be found in Section A.2.1.1. The physical model is then used to compute the populations of the molecular levels, along with the excitation temperature and opacities of the radiative transitions for the molecule in question. With these quantities computed for each layer of the model the next step is to compute the emergent spectra through a ray tracing algorithm that includes the convolution with a Gaussian telescope beam of arbitrary size and beam efficiency at different offsets from the centre of the model. Ray tracing is a technique for generating an image by tracing the path of light through the line of sight for various impact parameters. The beam convolution is done by making an weighted average of different impact parameters and is controlled by a separate input file for which an example can be seen in Section A.2.1.2. software tools

Model cloud

Due to the complexity of the inputs needed to operate 1DART and the rigidity of the input files dictated by the complexity of parsing in FORTRAN90 I developed a Python wrapper to operate 1DART for the range of physical conditions seen in prestellar cores. Model cloud does this by setting most numerical parameters of 1DART to default values adequate to the modelling of prestellar cores. The input process is simplified by using a smaller input file that allows for larger flexibility including arbitrary length comments in between parameters. In this input file we can input the physical conditions in a simplified manner:

1. The H 2 density profile is computed from a simple density profile:

n(r) = n 0 1 + r r 0 α + n ext
Therefore the input of the density physical model is simplified to simply to the choice of: n 0 the density a the centre of the model in cm -3 ; r 0 the full width at half maximum of the density profile in unitary radius units; α the exponent of the density profile decay and n ext the number density at r = ∞ in cm -3 . This density profile is based on the number density profile for prestellar cores presented in Tafalla et al. (2004).

2. The kinetic temperature of the gas and the abundance of a molecule can be entered as a step function of radius enabling various possible profiles for these two quantities.

3. The non thermal dispersion of velocities can be given in three ways, as a step function, as a power law and as a smooth arc tangent profile. These three mechanisms enable a very versatile way of describing the non thermal dispersion of velocities.

4. The velocity field of the cloud can be given in 3 ways: as a truncated power law with inner and outer values, as a wedge profile and as a Gaussian profile.

5. An abundance multiplier that can be used to introduce an isotopic ratio.

An example of a Model cloud input file can be found in Section A.2.2. Apart from the main functionalities that are accessed through the input file some other options are available through the command line interface. These other options are presented in Section A.2.2.1.

The options worth noting are the benchmarking option and the no overlap option. The benchmarking option is used to automatically produce plots of the opacity and excitation temperatures of the transitions included in the calculation along with the populations of all energy levels included in the calculation. The no overlap option permits to speed up calculations in the case when line overlaps are not important, but also allows us to check whether the line overlap is important for a given model.

Alico griding software

With the necessity of running several Alico models to try and fit the observed spectra came the necessity of a griding software for Alico. Such a software was created and implemented in Python 2.7. It consists of a wrapper for Model cloud that builds parameter files for Model cloud and then calls it multiple times to run the different models. To take advantage of the multiple cores in modern computers this software takes advantage of the multiprocessing module of Python. This module enables the parallelisation of the Model cloud calls allowing for the execution of several models at once, being limited by the number of cores available in the host machine, the default number of threads being the number of cores in the machine minus 1.

The input for the griding software is given in three input files:

1. Source file, a file containing information about the modelled source: density parameters, distance, temperature, size, etc. An example file can be found in Section A.2.3.1.

2. Molecular file, a file containing information about the molecule that will be used by the calculation, including telescope pointings, rotational levels to be included, lines for which to compute the emerging spectra, etc. An example file can be found in Section A.2.3.2.

3. Grid file, a file containing the parameters over which a grid can be made: Abundance, non thermal dispersion profile, Velocity profile and abundance ratio. In this file the parameters over which there will be a grid are listed, An example file can be found in Section A.2.3.3.

As with Model cloud A few options are available from the command line interface as is shown in Section A.2.3.4. Most options are related to the control of the execution of the grid, such as the number of cores used by the grid. The benchmarking option performs the same plots as in Model cloud and the provided and override options relate to the case in which we have a physical profile to be used, supplanting most options in the source file along with most options in the grid file.

The Alico model and observation classes

To facilitate the utilisation of Alico models inside more complex codes, for example Markov Chain Monte Carlo (MCMC) minimisations, a Python class wrapping up Model cloud has been imple- mented. This class wraps up most functionalities of Model cloud in an easy to use Python code and is called model. It depends on two smaller Python classes that deal with molecular spectroscopic information, which are used to simplify the task of inputting spectroscopic information. Another class of importance is called observation, which is used to store spectroscopy observations to be compared to the Alico models. These two classes work in tandem to make it possible to produce easy to write code with all the desired functionality: running models, comparing models to observations, making plots of models, making plots of the models with the observations, making plots of the observations. In Section A.2.4.3 we see a snippet of code in which all these classes are used to compute a model and then plot it with the observations. Figure 3.6 displays the plot of the HCN J = 1 → 0 transition produced by the code in Section A.2.4.3. The complete codes for classes model and observation can be found in Sections A.2.4.1 and A.2.4.2 respectively.

Perspectives

The perspectives for Alico are:

-Further simplification of the input of the parameters for Model cloud which are to be propagated through the dependent software.

-Make the code as portable possible (minimal reconfiguration upon deployment on a new machine). -Make the code easy to maintain by subdividing it further into modules. -Optimise 1DART to reduce the overall run time.

-Change the way 1DART deals with collisional coefficients and spectroscopy to allow the usage of LAMDA-type spectroscopic files as input for collisional coefficients.

mcmc toolkit

The MCMC toolkit is a small Python module intended to wrap the Emcee and Corner Python modules [START_REF] Foreman-Mackey | emcee: The MCMC Hammer[END_REF]Foreman-Mackey, 2016, respectively) in a simple interface while also providing coherent input and output options. Emcee is an MIT licensed pure-Python implementation of Goodman & Weare's Affine Invariant Markov Chain Monte Carlo (MCMC) Ensemble sampler [START_REF] Goodman | Ensemble samplers with affine invariance[END_REF]. While Corner is a wrapper onto Matplotlib to produce cross-histograms of the space parameter explored by an emcee run. The main objectives of the MCMC toolkit are: easy to use functions for controlling the input to emcee, functions that control the execution of an emcee run providing user friendly conveniences such as progress bars and to produce user friendly results at the end of the process. The present version of the MCMC toolkit can be found in Section A.3.1.

The first objective is already accomplished and easy input is achieved by the functions read _ input _ sel and read _ legend. The first function, read _ input _ sel, reads an input file and returns 6 arrays along with the number of dimensions of the parameter space. These arrays consist in the initial guesses, priors (inferior and superior), the input parameters that are fixed through the run and two array masks to reconstruct which parameters are given in log form and which are the parameters that are fixed and which are to be fitted. The other function, read _ legend, reads the input file and returns labels for the parameters that are to be fitted in the run. At first it might look that such an input file would be fairly complex to write, but thanks to Python parsing capabilities is fairly straight forward to write one as can be seen in Section A.3.2. The remaining function related to input is completepset which is used to reconstruct the complete set of parameters for the model being run inside the MCMC run.

The second objective of the toolkit is to develop functions that wrap the execution of emcee providing plug and play solutions for parallel execution, user conveniences such as progress bars, and saving the status of the Markov chain in each step, for later reuse in the case of interrupted execution. As of now part of this development is accomplished as the ability of saving a Markov Chain and the ability to re-initiate the code from it have already been implemented but other functionalities such as controlling the execution of emcee have been implemented in a case by case basis, so no functions controlling the execution of emcee readily available. Examples of parallel execution of emcee are described in Section 3.3.1.

The final objective, provide comprehensible results from a MCMC run, is already accomplished as the functions plot _ walkers and run _ corner provide a wealth of plots and also files containing the results with 1 σ error bars from the analysis of the Markov chains.

In Figure 3.7 we see an example of a plot of the Markov chains produced by a simple MCMC run trying to fit the parameters of a Gaussian to a mock up observation. This mock up observation was produced by generating a Gaussian curve with peak intensity A = 50, centre X 0 = -4 and dispersion σ = 15 and then adding random noise with an RMS of 2.5. Figure 3.8 displays the cross histograms from the fit as plotted by corner through the use of the function run _ corner from the MCMC toolkit. Figure 3.9 displays the best fit for the example described above along with the mock up observation and the results extracted from the corner plot are listed below as they are output by run _ corner.

#Best fit parameters and their uncertainties for the run: This MCMC run lasts 23 seconds when using 200 walkers and 400 steps. This kind of simple example is run on a single thread as the overheads of calling Python for multiple threads slow down the execution of the code. In models that take more than a few milliseconds to run it is worth while to invoke multiple threads as the Python overheads become less important.

The MCMC toolkit has been successfully coupled with RADEX to produce RADEX+MCMC. We have used RADEX+MCMC to determine the isotopic ratio of HC 3 N in L1544 under the escape probability formalism. An article on this result will be published soon. The current draft can be found in Appendix D.

Alico MCMC

The main application for which the MCMC toolkit was developed was to enable the usage of Monte Carlo Markov Chain techniques with Alico. This is a advancement in radiative transfer modelling for our group as it enables the minimisation of the parameters in radiative transfer models in a unbiased way along with having quan- tified uncertainties from one MCMC run. The uncertainties derived from a MCMC run are better determined than in χ 2 analysis as they do not depend on the absolute values of the computed χ 2 , since they depend on the likelihood of the observation given a range of models.

The main challenge encountered when implementing Alico MCMC was the computational time that Alico models require. This computational time depends on the opacity of the transitions in the model and also to the complexity of the spectroscopy of the molecule. For simple linear molecules without hyperfine structure Alico converges very quickly even for very high opacities, while for molecules with complex spectroscopy the converging time depends on the opacity as it will determine the number of iterations to converge given the effect that transitions may have on each other (Overlaps, collisional and radiative transitions). To prove these statements we have run a set of Alico models for 4 different molecules with increasing opacities. The 4 molecules chosen are: CO a simple linear molecule with no hyperfine splitting of its rotational spectra; HCN also a simple linear molecule but that present hyperfine splitting in the rotational transitions due to the N atom; N 2 H + still a linear a molecule but that presents a very complex hyperfine splitting of its rotational transitions due to the presence of 2 N atoms and lastly NH 2 D an asymmetrical molecule, the most complex molecule in the test. The physical model used in this test is described in Table 3.4 and the running time as a function of molecular abundance can be seen in Figure 3.10. As expected the CO models are the fastest to run, with each model taking less than a second run. The HCN models on the other hand increase in time with increasing abundance but not as fast as N 2 H + which is expected as the hyperfine structure of N 2 H + is more complicated than that of HCN. The models that take the longest to run are the NH 2 D ones, which due to its complicated spectroscopy take much longer to run than any of the other molecules. Due to the long run times of Alico, the MCMC code had to be parallelised. The first form of parallelisation implementation was with the Python multiprocessing module. This module enables the usage of all processors in a single computer to run a code. In the case of Alico MCMC this made possible the usage of the code in the IPAG servers (number of threads ∼ 40). In this case an Alico MCMC run would still take upwards of 20 days to convert in our case of interest, modelling the emission of HCN and its isotopologues in L1498. To speedup the code execution time and also be able to add more walkers to the MCMC run the code was then reimplemented with the MPI4PY Python module, which enables the usage of Python codes under the Open MPI (Message Passing Interface) protocol. Open MPI enables a code to be run in heterogeneous clusters of machines thus making the code able to be run in the clusters of CIMENT the high performance computing facility of Université Grenoble Alpes. Access to the CIMENT clusters was granted to us under the ANR project HYDRIDES (P.I. Alexandre Faure). The reimplementation of the code in MPI required some study of the MPI capabilities of the CIMENT clusters, and in the end the best cost benefit compromise was encountered by running the code using 96 processors on the FROGGY machine. FROGGY is a cluster containing 3184 CPUs divided into 190 nodes containing 2 Intel Sandy Bridge EP E5-2670, containing 8 cores. Each node has 64Gb of RAM and is connected to the remaining nodes through an Infiniband FDR network. A typical run takes software tools between one week and 10 days to be completed on FROGGY. Due to scheduling limitations, a FROGGY run has to be broken in execution blacks that last 85 hours, meaning that Alico/MCMC has to be relaunched every 3 and a half days.

Perspectives

The future of the MCMC toolkit includes further simplifications for the user. The main goal is to require very little input from the user, such as simply designing the function to compute the likelihood of the observations given the model. The Alico/MCMC project is also under continuous development. The main perspectives for it are: Generalisation of the code, so that it can be used in general 1D radiative transfer models of molecular emission, and generalisation to 2D geometries.

summary of radiative transfer tools

Several radiative transfer tools have been developed in this thesis. Table 3.5 summarises this tools.

In our quest to obtain direct measurements of the isotopic ratio of nitrogen we came to the conclusion that we needed a reliable measurement of the isotopic ratio of a nitrile in the dense ISM. Previous measurements by Daniel et al. (2013) suggested a tantalising low value ( 14 N/ 15 N ≈ 165), but went shy from taking any conclusions as they had no spatial information on the HCN emission to try to disentangle the optical depth effects. Nitriles are an important chemical group as they are direct descendants of atomic nitrogen (Hily-Blant et al., 2010). The best possible target molecule for such an endeavour is HCN, an abundant linear molecule that presents a resolved hyperfine structure in its lower rotational transitions (J upper 4). Measuring the abundance of HCN would also help in other aspects of nitrogen chemistry in the ISM, such as understanding which is the dominant reservoir of nitrogen in the ISM N or N 2 . One such aspect is the HCN/HNC ratio, which is predicted to be of the order of unit by chemical models [START_REF] Herbst | Calculations on the rates, mechanisms, and interstellar importance of the reactions between C and NH 2 and between N and CH 2[END_REF], and therefore can serve as a useful probe to test the accuracy of chemical networks.

Due to the high opacity of HCN rotational lines (even with hyperfine splitting) the most frequently method to determine HCN column densities is through the rare isotopologue method (Section 2.3.2). The caveat here is that it is not guaranteed that the 12 C/ 13 C ratio in HCN would be the elemental one, with estimates and predictions varying wildly ( 12 C/ 13 C=30-140 Daniel et al., 2013;Roueff, Loison, and Hickson, 2015). This leads to an uncertainty of a factor of 4 in the determination of HCN column densities derived from the double isotopologue method.

the hyperfine anomalies of hcn

To actually accomplish the task of measuring 14 N/ 15 N directly in HCN a complete study of the hyperfine anomalies of the rotational transitions of HCN had to be undertaken. In Section 4.1.1 we start by describing what are the hyperfine anomalies with a focus on the hyperfine spectroscopy of HCN. Section 4.1.2 describes the possible mechanisms behind these anomalies while Section 4.1.3 tests these mechanisms with the aid of a simple toy model. On Section 4.1.3.2 we apply what has been learned on a realistic physical model of L1498 and finally on Section 4.1.4 we present the main conclusions regarding the reproduction of hyperfine anomalies.

What are Hyperfine Anomalies?

The resolved hyperfine structure of HCN is of great help as each hyperfine line has a different opacity enabling hence probing different depths in a dense cloud within a single rotational transition. But all is not perfect as this hyperfine structure usually presents anomalous line ratios (e.g. Walmsley et al., 1982;[START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF]. The existence of this anomalous line ratios was noticed for the first time by [START_REF] Kwan | Radiative trapping and hyperfine structure: HCN (11)[END_REF] and have since then been called hyperfine anomalies. To better understand these hyperfine anomalies a good grasp of the rotational spectroscopy of HCN is needed.

So what are these hyperfine anomalies? Hyperfine anomalies consist in the hyperfine components of a transition having hyperfine ratios that are not compatible with the hypothesis that they share the same excitation temperature. Observed HCN spectra frequently present hyperfine anomalies on two rotational transitions, J = 1 → 0 and J = 3 → 2. The most commonly observed anomaly of the J = 1 → 0 transition observed in prestellar cores is when we have a so-called hyperfine inversion, where a weak hyperfine component outshines a stronger one [START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF][START_REF] Loughnane | Observations of HCN hyperfine line anomalies towards low-and high-mass star-forming cores[END_REF], see also Table B.1). This type of anomaly is usually observed towards dense cores (Walmsley et al., 1982;[START_REF] Sandell | HCN J = 1-0 observations in L 673 and S 235B -Two different cases of hyperfine anomalies[END_REF][START_REF] Cernicharo | Largescale HCN hyperfine anomalies[END_REF][START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF]. Another commonly observed hyperfine anomaly is when the ratio between the hyperfine components

F = 1 → 1 and F = 2 → 1 is smaller than what is ex- pected (F = 1 → 1/F = 2 → 1 < 0.6),
and is commonly observed in warm regions such as HII regions (Gottlieb et al., 1975;Guilloteau and Baudry, 1981). In Figure 4.1 we have an example of an anomalous HCN J = 1 → 0 spectrum together with a H 13 CN J = 1 → 0 spectrum, a proxy for non anomalous HCN J = 1 → 0 emission. Figure 4.2 displays the variation of the hyperfine ratios of the J = 1 → 0 over a selected sample of dense cores.

The other commonly observed hyperfine anomaly of HCN is the one seen in the spectra of the J = 3 → 2 rotational transition (e.g. [START_REF] Loughnane | Observations of HCN hyperfine line anomalies towards low-and high-mass star-forming cores[END_REF]. In this transition there are 4 partially blended hyperfine components while there are two satellites hyperfine components F = 2 → 2 and F = 3 → 3 which are not. These two satellite hyperfine components have the same relative intensities, which means that if when they have the same excitation temperature they display the same intensity. What is observed however, is that the F = 3 → 3 hyperfine component is several times stronger than F = 2 → 2 hyperfine component. 

4.2 -R 12 vs. R 02 (R 12 = F = 1 → 1/F = 2 → 1, R 02 = F = 0 → 1/F = 2 → 1)
for several sources in the dense ISM. The red polygon indicates the region where hyperfine ratios are not anomalous. There is only one set of ratios that is completely inconsistent with hyperfine anomalies, that of L234-ES. The hyperfine ratios were extracted from the data in [START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF] and are listed in Table B.1. 

Possible mechanisms for the origins of the hyperfine anomalies

To date two mechanisms have been suggested as the cause of these anomalies: overlap of hyperfine components of transitions with J up ≥ 2 (Gottlieb et al., 1975;Guilloteau and Baudry, 1981) and self-absorption (e.g. [START_REF] Langer | Observations of anomalous intensities in the lines of the HCO/plus/ isotopes[END_REF]Walmsley et al., 1982;[START_REF] Cernicharo | Largescale HCN hyperfine anomalies[END_REF]. Of these two models the only capable of making quantitative predictions was the overlap model. With it Guilloteau and Baudry (1981) and Gonzalez-Alfonso and Cernicharo (1993) were able to constrain the parameter space capable of producing the hyperfine anomalies of the HCN J = 1 → 0 transition. Even though lacking precise collisional coefficients and accurate physical models Gonzalez-Alfonso and Cernicharo (1993) were able to show that a simplistic 1-D spherical model containing two regions, one of high density and low line width and a foreground with low density but high line width is capable of reproducing the range of observed hyperfine ratios for a series of sources in Taurus.

Despite this early advancement, the problem of the HCN hyperfine anomalies is still not completely solved, despite some renewed interest [START_REF] Loughnane | Observations of HCN hyperfine line anomalies towards low-and high-mass star-forming cores[END_REF][START_REF] Mullins | Radiative transfer of HCN: interpreting observations of hyperfine anomalies[END_REF]. [START_REF] Loughnane | Observations of HCN hyperfine line anomalies towards low-and high-mass star-forming cores[END_REF] made a compendium of HCN J = 1 → 0 and J = 3 → 2 observations towards star formation regions and argue that the most probable mechanism behind hyperfine anomalies are the overlap between hyperfine components but do not present any quantitative predictions. The second paper, [START_REF] Mullins | Radiative transfer of HCN: interpreting observations of hyperfine anomalies[END_REF], uses 3D radiative models to make radiative transfer simulations to reproduce the hy- perfine anomalies of the HCN J = 1 → 0 transition but still failed to accurately reproduce the observed hyperfine ratios and also the line profiles of the HCN J = 1 → 0 transition towards TMC-1.

Rotational spectroscopy of HCN

To understand the physics behind the mechanisms proposed for the hyperfine anomalies we have to delve deep into the spectroscopy of HCN. HCN is a linear molecule with a high dipole moment (µ = 2.9852 D, [START_REF] Ebenstein | Dipole moment and hyperfine properties of the ground state and the C-H excited vibrational state of HCN[END_REF] with a small spacing between rotational levels making 4 of these levels available to HCN in normal conditions of the dense ISM (the rotational levels of HCN are separated by 8.5 K with E J=1 = 4.25 K, [START_REF] Ahrens | Sub-Doppler Saturation Spectroscopy of HCN up to 1 THz and Detection of J = 3 →2 (4→3) Emission from TMC1[END_REF]. The first rotational transitions of HCN have high critical densities (Figure 4.4), which indicates that HCN is a tracer of moderate and high density gas (n H 2 > 10 4 cm -3 ).

The hyperfine splitting arises due to the presence of the nitrogen atom. The nitrogen atom has a nuclear spin, I = 1, which splits the rotational levels into three hyperfine levels. The splitting is represented by the quantum number F, which is the sum of the rotational angular momentum and the spin of the nitrogen atom (F = J + I). In Figure 4.5 -Spectroscopy of HCN for J = 0, 1, 2, 3 including allowed radiative transitions between these levels, F denotes the nuclear spin state. Splitting not to scale.

Figure 4.5 we have a representation of the energy levels available for HCN up to J=3, including the allowed radiative dipolar transitions between these levels (∆J = ±1 and ∆F = 0 or ±1). The spectroscopic properties of these transitions are listed in Table 4.1, in which they are labelled from 1 to 15 according to their frequency. These selection rules allow for 3 hyperfine components on the J = 1 → 0 transition and 6 hyperfine components on higher rotational transitions. Due to the different properties of the upper and lower levels each hyperfine component of a rotational transition has its own Einstein coefficient (A ul , with u being the upper level and l being the lower level). This, coupled with the different degeneracies of each hyperfine level, translates in each hyperfine component within a rotational transition having a different intensity, even when all hyperfine components have the same excitation temperature. We can take advantage of this phenomenon and define a very useful quantity the Relative Intensity (ρ) of a hyperfine component. The ρ of the hyperfine component x from rotational level J up to rotational level J low is defined as:

ρ x = A x g x N ∑ i A i g i , (4.1)
where A j is the Einstein coefficient for transition j, g j is the degeneracy of the upper level of transition j and

N ∑ i A i g i is the sum of the
intensities of the N hyperfine components within the rotational transition J = J up → J low .

The relative intensity comes in hand as it helps us identify whether the populations within a rotational level of a transitions are in thermal equilibrium. If all hyperfine components of a rotational transition have a single excitation temperature (T ex ), the integrated intensity ratio between any two hyperfine component will vary from the ratio between their ρ and 1. To understand this phenomenon let's compute the line ratios between two hyperfine components of a single rotational transition, x and y, with relative intensities ρ x and ρ y respectively:

I x I y = J ν (T ex )(1 -e -ρ x τ ) J ν (T ex )(1 -e -ρ y τ ) , (4.2)
where I x and I x are the background subtracted integrated intensities of x and y respectively, T ex is the excitation temperature of both hyperfine components, τ is the total opacity of the rotational transition and J ν is calculated as in eq. 3.3. Since both hyperfine components have the same excitation temperature this can be further simplified to:

I x I y = 1 -e -ρ x τ 1 -e -ρ y τ . (4.3)
In the optically thin case, i.e. when τ 1 we can make the approximation:

1e -τ ≈ τ, (4.4)

and therefore the intensity ratio in eq. 4.3 reduces to:

I x I y = ρ x ρ y , (4.5)
thus in the optically thin case the intensity ratio of two hyperfine components is the ratio of their relative intensities. Now in the optically thick case, i.e. when τ 1 we can make the approximation:

1e -τ ≈ 1 (4.6) therefore eq. 4.3 reduces to:

I x I y = 1 (4.7)
In the moderately thick case the hyperfine ratios fall in between these two values. This leads to a method to derive opacities from hyperfine ratios under the assumption that all hyperfine components have a single excitation temperature. Under this assumption eq. 4.2 can be solved numerically for τ. This method has been implemented in the CLASS software in the so called HFS routine (GILDAS software).

Self-absorption

The self-absorption mechanism was first proposed by [START_REF] Langer | Observations of anomalous intensities in the lines of the HCO/plus/ isotopes[END_REF] to explain the anomalous J = 1 → 0 emission of HCO + that is observed towards a few sources in Taurus. These anomalies consist in the J = 1 → 0 transition of H 13 CO + being stronger than that of HCO + . For example towards a position in TMC 1, they observed that the H 13 CO + J = 1 → 0 emission was 2 times stronger than HCO + J = 1 → 0 emission (T * A (HCO + ) ∼ 450 mK and T * A (H 13 CO + ) ∼ 900 mK). Another example is L134N where they observed HCO + J = 1 → 0 emission to be about 1.5 times stronger than the J = 1 → 0 emission of H 13 CO + but at a different velocity (T * A (H 13 CO + ) ∼ 550 mK, V(H 13 CO + ) ∼2.3 km/s and T * A (HCO + ) ∼ 850 mK, V(HCO + ) ∼ 3.5 km/s).

These phenomena can be explained by assuming that a molecular cloud can be divided in two regions: a collisionally excited core and a non-collisionally excited envelope. Emission occurs in the excited core from collisionally excited molecules. The emission of HCO + in the core is stronger than that of H 13 CO + due to its abundance being approximately 70 times larger (assuming 12 C/ 13 C= 70), but it will not be 70 times as strong due to the effects of line saturation caused by the high opacity of HCO + . The emission from the core has to traverse the non excited envelope and therefore suffers absorption in it. The opacity in the envelope is proportional to the abundances of the isotopologues, leading to τ HCO + 1 and τ H 13 CO + ∼ 1 since X HCO + X H 13 CO + . Due to the much larger optical depth of HCO + its emission is severely absorbed when compared to the H 13 CO + emission therefore explaining how the emission of an under abundant isotopologue can be comparable to or even stronger than the emission of the main isotopologue. For HCN what would be expected in a similar situation is that transitions 1 and 2 would be more absorbed in the envelope than transition 3, due to their larger optical depths, generating the hyperfine anomalies (Walmsley et al., 1982). Since HCN spectra are usually self absorbed towards prestellar cores this mechanism may help to explain the observed HCN J = 1 → 0 hyperfine anomalies.

Radiative trapping caused by the overlap of hyperfine components

The radiative trapping mechanism was first proposed by Gottlieb et al. (1975) and was improved by Guilloteau and Baudry (1981) who argued that overlaps in the J = 2 → 1 transition would favour the F = 2 → 1 hyperfine component of the J = 1 → 0 over the other hyperfine components and that this effect would be dependent on the column density of HCN. This can be understood when we look into the details of HCN rotational spectroscopy.

The HCN J = 2 → 1 transition has 2 main overlapping transitions, transitions #6 and #7 (F = 2 → 1 and F = 3 → 2 respectively, from here onwards transitions will be referred to by the numbering in Table 4.1), which are separated by 0.19 km/s which is very similar to the thermal FWHM of HCN at 10 K (∼0.19 km/s). Since these two transitions overlap they exchange photons and if the optical depth is high enough some photons may become trapped between them. Transition #7 has a larger optical depth than transition #6 due to its higher Einstein coefficient and upper level degeneracy (g 6 A 6 = 8.65×10 -4 s -1 and g 7 A 7 = 1.62×10 -3 s -1 ). This higher optical depth makes the J, F = 1, 2 intercept more photons from transition #6 through the red wing of transition #7 than J, F = 1, 1 intercepts from transition #7 through the blue wing of transition #6. This leads to a population imbalance at J = 2, J, F = 2, 3 effectively steals population from J, F = 2, 2.

The de-excitation of these two levels proceeds mainly through the emission of radiation as their Einstein coefficients are approximately two orders of magnitude larger than their collisional de-excitation rates (for a density of 10 5 cm -3 and a temperature of 10 K, see Figures 4.6 and 4.7). This means that the population imbalance produced in the J = 2 level is propagated to the J = 1 level, through transitions #6 and #7, and to a lesser degree #4 (F = 2 → 2). The end result is that J, F = 1, 2 is pumped at the expense of J, F = 1, 1, increasing the excitation temperature of transition #2 while lowering the excitation of transition #1 (F = 2 → 1 and F = 1 → 1 respectively).

The schematics of this process are shown in Figure 4.8. With this mechanism alone we can reproduce hyperfine inversions using a oversimplified model obtaining qualitatively similar results to Guilloteau and Baudry (1981) (see Figure 4.9). The differences in hyperfine ratios obtained here and those obtained by Guilloteau and Baudry (1981) may be explained by the fact that Guilloteau and Baudry (1981) used a set of approximated collisional rates, and a simplified radiative transfer model, just a modification of the escape probability formalism.

Of crucial importance to this mechanism is the amount of photons transferred from J, F = 2, 2 to J, F = 2, 3. This amount will depend on how much transitions 6 and 7 overlap, thus making the velocity field and non-thermal broadening essential for the reproduction of the phenomenon. This has been demonstrated by Gonzalez-Alfonso and Cernicharo (1993) who were able to reproduce a range of observed integrated intensity ratios with radiative transfer simulations of various velocity fields and non thermal broadenings. They obtained values for R 12 in the range 0.4-1.2 and R 02 (F = 0 → 1/F = 2 → 1) in the range 0.3-2 for a range of physical conditions. To fully understand the hyperfine anomalies seen in HCN spectra it is necessary to test the two mechanisms described before. To do so we have used Nslab (Section 3.1) to construct a simple 4 slabs toy model (Section 4.1.3.1). This toy model was then used to test if the self-absorption mechanism alone can reproduce the HCN J = 1 → 0 hyperfine anomalies, i.e. when all hyperfine components have the same excitation temperature or if different excitation temperatures are required. Lastly we take a look on the ability of the hyperfine overlap mechanism to generate hyperfine anomalies using Alico(Section 4.1.3.2). Our tests with Alicobenefit from the latest ab initio HCN hyperfine rotational coefficients (Lique et al. in preparation). The collisional rates of Lique et al. (in preparation) for HCN-H 2 have been computed using a full quantum time-independent scattering method. The so-called "close-coupling" method was combined with the potential energy surface (PES) computed by Denis-Alpizar et al. ( 2013) at the explicitly correlated coupled-cluster with single, double, and perturbative triple excitations [CCSD(T)-F12a] level of theory. The accuracy of this PES was checked by comparing the measured rovibrational spectra of the HCN-H 2 complex with bound states calculations. Excellent agreement was found, with differences between observed and calculated transition frequencies lower than 0.5%, suggesting that the PES can be used with confidence to compute collisional rate coefficients. The rotational rate coefficients are described in Hernández [START_REF] Vera | The rotational excitation of the HCN and HNC molecules by H 2 revisited[END_REF] where data are provided for the lowest 26 rotational levels and temperatures in the range 5 -500 K for both para-and ortho-H 2 as colliders. Hyperfine collisional rates were obtained by Lique et al. (in preparation) using the so-called almost exact "recoupling" method for the lowest 25 hyperfine levels and temperatures in the range 5 -30 K for para-H 2 .

Four slabs Toy model

Our toy model is designed to be a simple way to test the possible hypothesis for the origin of the hyperfine anomalies. With it we can run several hundred of models with different excitation conditions to check which outcome those conditions would have on the hyperfine ratios. This toy model was inspired by the two layer model from de [START_REF] De Vries | Molecular Line Profile Fitting with Analytic Radiative Transfer Models[END_REF], and it does the same type of simplified radiative transfer calculations by using Nslab albeit with 4 slabs instead of 2(Section 3.1). For the specific case of understanding HCN J = 1 → 0 hyperfine anomalies we adopted a toy model with 4 slabs: two central slabs, henceforth A slabs, with moderate to high excitation (T ex,A = 4 -10 K), narrow lines (FWHM = 0.15 km/s) and opposing velocities (V=± 0.05 km/s); and two envelope slabs, henceforth B slabs, with low excitation (T ex,B = 3 K), broader lines (FWHM measuring 14 n/ 15 n in prestellar cores . This ratio, albeit arbitrary, has little impact on the following conclusions as long as τ B > τ A , which is supported by the more complex models run with Alico. The toy model is a simple implementation of the scenario proposed for the self-absorption mechanism, and represents the kind of excitation structure used by Gonzalez-Alfonso and Cernicharo (1993) in their Monte-Carlo radiative transfer models. The schematics of this toy model can be seen in Figure 4.10 and the parameters of its four slabs are given in Table 4.2.

In our toy model the brightness temperature (T b ) from a slab k is described by eq. 3.1. If we propagate this equation through all 4 slabs for one transition x we get:

T x b = J ν (T x ex,B )(1 -e -τ x ν,B + e -2τ x ν,B -e -3τ x ν,B )+ +J ν (T x ex,A )(e -τ x ν,B -e -2τ x ν,B ) + J ν (T CMB )e -3τ x ν,B (4.8)
where the x superscript refers to the one transition mentioned before, τ A does not appear here as this equation was simplified by substituting τ A for 0.5τ B . This equation will be the base of the following discussions on the hyperfine ratios and will be used to compute hyperfine ratios in various situations.

Single Excitation Temperature

To test the hypothesis of self-absorption as the main mechanism for the J = 1 → 0 hyperfine anomalies we have ran a grid of toy models. In this grid, henceforth G1, we varied two parameters, the excitation temperature of the A slabs and the total opacity. The excitation temperature of the B slabs was kept constant at 3 K while the excitation temperature of the A slabs was varied from 4 K to 10 K in steps of 1 K. The total opacity was varied from 0.1 to 100 in logarithmic steps. For the treatment of the hyperfine structure of the J = 1 → 0 we assumed that all hyperfine components of the J = 1 → 0 transition had the same excitation temperature within a given slab. The opacity of each hyperfine component in a given slab is the total opacity in the slab multiplied by the relative intensity of the hyperfine component. The hyperfine line intensity ratio is then computed from the background subtracted integrated intensity of each hyperfine component. The variation of the 3 hyperfine ratios with opacity in G1 can be seen in Figure 4.11.

We also note that the different excitation temperatures in the A slabs produce exactly the same hyperfine ratios as a function of opacity and thus appear as a single curve for each hyperfine ratio. This can be understood with the aid of two limiting cases: the optically thin case and the optically thick case. In the optically thin case, τ 1, thus we can simplify eq. 4.8 to:

∆T x b ≈ 3τ x ν,B (J ν (T x ex,B ) + J ν (T x ex,A )) 2 (4.9)
and hence the hyperfine ratios can be written as: where x and y stand for any par of hyperfine transitions. Since T ex,A is equal for all hyperfine components and T ex,B is always equal to 3 K, the hyperfine ratios reduce to:

R xy ≈ τ x ν,B (J ν (T x ex,B ) + J ν (T x ex,A )) τ y ν,B (J ν (T y ex,B ) + J ν (T y ex,A )) (4.10)
R xy = ρ x τ ν,B ρ y τ ν,B , (4.11) 
since:

τ x ν,B = ρ x τ ν,B (4.12)
and thus the ratio of hyperfine components is reduced to the ratio between their ρ (R 01 = 1/3, R 02 = 1/5 and R 12 = 3/5).

In the opposite case, when τ 1, we can simplify eq. 4.8, at the line centre, to:

∆T x b = J ν (T x ex,B ) (4.13)
which might lead us to conclude that hyperfine ratios would always be 1 in the optically thick case, independent of the excitation temperature in the A slabs. This is not true since at the line wings we might still get some contribution from the A slabs, due to the difference in line width between A and B slabs. This contribution from the A slabs might produce double peaked profiles, but since the excitation temperatures for all hyperfine components at the A slabs are always the same in G1 we still get all hyperfine ratios equal to 1 when τ 1. All this hyperfine ratios remain in their expected interval therefore there are no hyperfine anomalies being produced.

HF anomalies reproduced with different excitation temperatures within the HCN J = 1 → 0 triplet

The main effect of the overlap mechanism in the J = 1 → 0 transition is to move population from the J, F = 1, 1 level to J, F = 1, 2. This phenomenon can be simulated by increasing the excitation temperature of the F = 2 → 1 transition in expense of the excitation temperature of the F = 1 → 1 transition while leaving the excitation temperature of the F = 0 → 1 transition unchanged. With that in mind we have ran a second grid of toy models, henceforth G2, with a parameter space equal to that of G1, the only difference being in the excitation temperatures in the A slabs. In G2 the excitation temperature of the F = 0 → 1 hyperfine components in the A slabs was left unchanged from G1 while the excitation temperatures of the F = 1 → 1 and F = 2 → 1 transitions were assumed to be 0.8 and 1.2 times that of the F = 0 → 1 respectively. The hyperfine ratios computed from the toy models in G2 can be seen in Figure 4.12.

As we can see from Figure 4.12 each set of excitation temperatures produces a different hyperfine ratio curve as a function of opacity in G2. In the optically thin case, τ 1, it is a consequence of the T x ex,A dependance of eq. 4.10. Whereas in the optically thick case the line intensity ratios are biased towards the wings of the lines, thus also depending on T x ex,A . The take home message of G2 is that by introducing a small imbalance in excitation temperatures it is possible to produce HCN J = 1 → 0 hyperfine anomalies, with R 01 = 0.5-2.8, R 02 = 0.1-0.8 and R 12 = 0.1-0.6.

Interestingly if we compute the hyperfine ratios without the presence of the B slabs, the hyperfine ratios evolve differently with opacity. The range of hyperfine ratios is the same, but the hyperfine ratios increase at slower pace with the total opacity Figure 4.13.

The main conclusions that can be draw from the analysis of our toy model grids are: -G1 results shows that self-absorption alone cannot reproduce the observed HCN hyperfine anomalies as the hyperfine ratios do not deviate from their expected ranges. -G2 demonstrates that a small imbalance in excitation temperatures, such as the imbalance created by the hyperfine overlap mechanism, can reproduce anomalous hyperfine ratios. -G2 also demonstrates that self-absorption is however needed for a complete understanding of the problem as it changes the dependancy of the hyperfine ratios with opacity.

Tests with Alico

Effects of the hyperfine overlap

To test whether the hyperfine overlap is behind the excitation temperature imbalance needed to recreate the hyperfine anomalies we need a tool more powerful than Nslab. For that we resorted to Alico (Section 3.2). As previously explained, Alico is capable of dealing with hyperfine overlaps and can even turn on and off the treatment of this phenomenon. To be able to accurately treat HCN excitation the latest ab initio hyperfine collisional coefficients for HCN have been included in Alico(Lique et al. private communication). To test the effect of the overlaps on the excitation temperatures of the J = 1 → 0 hyperfine components two models with the same parameters have been run (see Table 4.3), one with the overlaps being taken into account, the other ignoring hyperfine overlaps. In Table 4.4 we can see the effect that hyperfine overlap has on the excitation temperatures of the J = 1 → 0 hyperfine components. In this section we use the notation established in Table 4.1 for the hyperfine components of the rotational transitions of HCN.

As shown in Table 4.4, hyperfine overlaps have a large impact on the excitation temperature of transitions #1 and #2 while barely changing anything for transition #3. The effect is also in the direction that was expected, transition #1 drops in excitation temperature by 1.2 K while transition #2 increases in excitation temperature by Rotational Hyperfine Overlap Off overlap On transition component ∼0.5 K. The resulting spectra can be seen in Figure 4.14 where we see that the model taking into account the hyperfine overlap is capable of producing HCN J = 1 → 0 hyperfine anomalies while the model without hyperfine overlap is not.
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Analysing the excitation temperatures of the HCN J = 3 → 2 transition we see that the hyperfine overlap changes the excitation temperature of all hyperfine components (see Table 4.4). All hyperfine components except for transition #13 increase in excitation temperature, while this transition suffers a small loss of excitation temperature (0.5 K). For the hyperfine anomalies the most interesting increase is that to transition #15, which increases by almost 1 K. Unsurprisingly this increase to the excitation temperature of transition #15 makes it several times stronger than transition #10, thus reproducing what is usually observed (see Figure 4.15).

Understanding hyperfine ratios using a realistic source model

With the knowledge that the hyperfine overlap is behind the hyperfine anomalies we know that the hyperfine ratios of HCN depend on the optical depth of the transitions with J up > 1, and on the line width of the HCN lines (the line width will determine how much the hyperfine components do overlap). Therefore we need to study the space parameter of 5 physical quantities to reproduce the hyperfine anomalies of HCN: -The abundance of HCN; -The density of the medium; -The kinetic temperature; -The non thermal velocity dispersion; -The velocity field. The abundance of HCN coupled with the density of the medium and the size of the source will give us the total HCN column density, which limits the total amount of material that can be excited to J 2. The density has another important task, as it along with the kinetic temperature controls the collisional excitations of HCN, dictating the relative populations of the rotational levels of HCN which determine the total optical depth for each rotational transition. The amount of actual overlap between hyperfine components depends on the line widths of the lines and also on the difference in line centre velocities between the different layers of the model. The line width is controlled by two factors, the kinetic temperature and the non thermal velocity dispersion. Therefore in order to correctly reproduce the line profiles of HCN we need to take into account all these physical quantities.

For a case of study we use the prestellar core L1498. This core has been studied with great detail (e.g. Tafalla et al., 2002;Tafalla et al., 2004;Tafalla et al., 2006;[START_REF] Padovani | Hydrogen cyanide and isocyanide in prestellar cores[END_REF] and its density profile was stablished from the analysis of a 1.25 mm map (Tafalla et al., 2004). This prestellar core has been studied in much detail in this thesis and a revised physical structure was obtained, which will be discussed in great detail in Section 4.2. For the sake of simplicity, here we adopt the physical model described in Tafalla et al. (2004), with the adoption of an extra parameter to account for the envelope of a prestellar core as in Gonzalez-Alfonso and Cernicharo (1993), accordingly, the H 2 number density (n H 2 ) is:

n H 2 (r) = n 0 1 + ( r r 0 ) α + n ext (4.14)
where n 0 is the central density, r is the radius, r 0 is the half width at half maximum of the density profile, α is the exponent of the density profile decay and n ext is the H 2 number density at r = ∞. For the kinetic temperature we adopt a constant kinetic temperature, T kin = 10 K, based on NH 3 temperature measurements by Tafalla et al. (2004).

For the collapse velocity profile, V(r), we chose a gaussian profile of the form:

V(r) = V c e - (r-r V ) 2 2(∆r V ) 2 (4.15)
where V c is the maximal collapse velocity, r V is the radius at which the maximal collapse velocity occurs, and ∆r V is the dispersion of the gaussian profile. This profile was chosen to mimic the kind of collapse profile expected to take place in prestellar cores [START_REF] Foster | Gravitational of an Isothermal Sphere[END_REF]Lesaffre et al., 2005), and which has seen similar implementations being used to model HCN line profile is prestellar cores (Lee et al., 2007;[START_REF] Seo | On the Internal Dynamics of the Starless Core L694-2[END_REF][START_REF] Seo | On the Internal Dynamics of Starless Cores: Stability of Starless Cores with Internal Motions and Collapse Dynamics[END_REF].

The abundance of HCN was assumed constant with radius for the sake of simplicity. And finally the non thermal velocity dispersion profile, σ(r), was assumed to be of the form:

σ(r) = σ 0 + σ ext -σ 0 2 1 + tanh r -r j ∆r j (4.16)
where σ 0 is the non thermal velocity dispersion at r = 0, σ ext is the non thermal velocity dispersion at r = ∞, r j is the radius at which occurs the transition between σ 0 and σ ext with ∆r j being its characteristic width. This non thermal velocity dispersion profile was chosen to conciliate the thermally dominated line widths seen towards the centre of the core (FWHM ∼ 0.2 km/s) with the non thermal line widths seen in the vicinity of the core (FWHM ∼ 0.6 km/s, appendix B of Tafalla et al., 2006).

The main objective here is not to accurately reproduce the line profiles of the HCN observation, it is to comprehend on which scale the parameters involved influence the HCN hyperfine anomalies in a realistic situation. For that we have chosen reference values for the physical parameters described in eqs. 4.14, 4.15 and 4.16 that are capable of generating hyperfine anomalies in both the J = 1 → 0 and J = 3 → 2 transition albeit not exactly like the observations. This much more nuanced job is taken in Section 4.2. The actual values taken for the parameters can be seen in Table 4.5 with the plots of the non constant 
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parameters displayed in Figure 4.16 and the output spectra compared to the observations of L1498 towards the continuum peak displayed in Figure 4.17.

The first parameter for which the variation of the hyperfine ratios was checked was the non thermal velocity dispersion profile. Since the line overlap mechanism for the hyperfine anomalies depends crucially on the line widths a series of models was run with Alico(Section 3.2.2) with different values for σ 0 , σ ext , r j and ∆r j to see their individual influence on the hyperfine ratios. The dependencies of the hyperfine ratios with the non thermal velocity profile can be seen in Figure 4.18. For the sake of comparison the expected statistical hyperfine ratios are given in Table 4.6.

As expected the value of σ 0 and σ ext have rather dramatic effects on the hyperfine ratios. For very small values of σ 0 , σ 0 < 0.05 km/s, the hyperfine ratios with transition #1 diverge as the radiative trapping between transitions 6 and 7 is so intense that leads transition #1 to appear in absorption against the CMB. For values larger than 0.05 km/s the hyperfine ratios vary smoothly with σ 0 , with larger values producing less anomalous spectra. The tendency is inverted for σ ext which produces divergent ratios for σ ext > 0.25 kms. This can be understood from the effect of σ ext in the self-absorption, if σ ext is too big the opacity per velocity interval is smaller and therefore the anomalous emission can scape the core without being further reprocessed in the envelope. 
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The effects of r j are also related to the opacity per velocity interval. When r j is small the line width is very large in the centre of the core and therefore photons can easily escape through transitions 6 and 7 and therefore there are only small anomalies. As r j increases the hyperfine ratios increase up to r j =2-3×10 17 cm where they start to diminish with r j as self absorption from the envelope starts to become important in the reprocessing of the hyperfine ratios. The effects of ∆r j on the other hand are small and deserve no further comment.

The following parameter to be studied was the collapse velocity profile. As with the non thermal velocity dispersion profile a series of models were run with varying values for the parameters of the collapse velocity profile. The hyperfine ratios as a function of the collapse velocity parameters can be found in Figure 4.19.

V c appears to have little impact on the hyperfine ratios of the J = 3 → 2 transition. This can be explained by the fact that in the reference model the collapse occurs far from the centre of the model where the population in levels J = 2 and J = 3 is minimal and therefore the collapse has no effect on the J = 3 → 2 transition. For the J = 1 → 0 transition there is a tendency of increasing hyperfine ratios with increasing collapse velocity that can be explained by the influence of red-blue asymmetries in the hyperfine ratios of this transition.

The hyperfine ratios as a function of r V confirm the previous conclusions drawn for the J = 3 → 2 transition as the hyperfine ratios of this transition do not change for r V > 4×10 17 cm. For the J = 1 → 0 transition the position of the collapse produces minimal yet perceptible variations of the hyperfine ratios.

Lastly the variations of the hyperfine ratios with ∆V are more pronounced as this is the value that dictates the rate at which the line centre velocities vary, profoundly affecting the red blue asymmetries. The ratio between the two transitions that do not show red blue asym- metries (transitions 10 and 15) remains constant while all other ratios vary. For the J = 1 → 0 transition the ratio that is less affected is R 01 , which involves the two less optically thick transitions of the J = 1 → 0 which are less prone to red blue asymmetries, specially transition #3. The last series of models run are intended to test whether the hyperfine ratios are sensitive to the abundance of HCN. This is of crucial importance as it tells us if it is possible to actually probe HCN column densities. If no variation is seen the hyperfine ratios are useless as a probe to the column density of HCN. What is actually found is that the hyperfine ratios do indeed depend on HCN abundances. Thus it is possible to measure the HCN column densities thanks to the sensitivity of the hyperfine ratios to the abundance of HCN (Figure 4.20).

Indeed the abundance of HCN is the parameter with the largest impact on the hyperfine ratios, with some of the hyperfine ratios (R 01 and R 3m ) varying by 1 order of magnitude. Yet this variation is small considering that the abundance of HCN, and hence its column density, varies by 4 orders of magnitude for a variation of slightly more than 1 order of magnitude in the ratio with the largest variation (R 01 =0.3-5).

Conclusions

The main phenomenon behind the hyperfine anomalies is the overlap of hyperfine components. The effect of this hyperfine overlap on the level populations is mediated by the line widths of the core and its envelope, and the degree of self-absorption and red-blue asymmetries generated by the collapse profile. Due to all of these dependencies, measuring the abundance of HCN becomes a highly complicated job dependant on a large array of parameters requiring a thorough exploration of a gigantic parameter space. Therefore it is of fundamental importance to have a coherent set of observations containing several spatial offsets and multiple rotational transitions. The spatial offsets are of utmost importance as they are able to probe some of the variations in the values of the physical parameters of the cloud. Multiple transitions are also required as the new set of hyperfine ratios probes new environments. In the case of L1498, the HCN J = 3 → 2 transition traces a region that sees no collapse while the J = 1 → 0 transition probes the collapsing region displaying huge red-blue asymmetries. Finally our complete study of the abundance of HCN in L1498 can be found in Section 4.2 where we explain how the problem of exploring the huge parameter space is solved by the usage of Alico/MCMC (Section 3.3.1).

hcn and its isotopologues in l1498

The knowledge acquired about the hyperfine anomalies meant that to accurately measure the abundance of HCN in L1498 we need a very precise physical model, combined with high signal to noise ratio spectral observations (Section 4.2.1). The first step to obtain such a model is having an accurate description of the density profile. The density profile was obtained by doing multi-wavelength fits to publicly available Herschel SPIRE continuum data of L1498, along with a legacy continuum 1.25 mm map (Section 4.2.4). In any case we decided to use two simpler methods to derive the HCN/ 14 N/ 15 N ratio in L1498 before conducting the full experiment with Alico/MCMC. First we measured the HCN/ 14 N/ 15 N ratio indirectly from the LTE computation of the column densities of H 13 CN and HC 15 N throught the double isotopologue method (Section 4.2.2). Next we used Nslabcoupled with RADEX to fit the spectra to models that compute the emerging spectra under the Large Velocity Gradient (LVG) approximation (Section 4.2.3). And finally we use Alico/MCMC to derive the abundances of HCN and its isotopologues directly (Section 4.2.5). 86 measuring 14 n/ 15 n in prestellar cores

Observations

The observational data used in this project consists of spectral data on HCN and its isotopologues obtained at the IRAM 30m telescope, along with continuum data from the Herschel satellite and a legacy 1.25 mm map obtained a the IRAM 30m telescope (Tafalla et al., 2002).

Spectral observations

The spectral data were obtained in 4 observational missions to the IRAM 30m telescope. The HCN J = 1 → 0 observations were obtained in missions 0031-11 and 008-16. With the data on 008-16 mission consisting on the further away offsets The H 13 CN and HC 15 N data were obtained on mission 007-16. Lastly the HCN J = 3 → 2 data were obtained on mission 105-16. A list of the approved proposals submitted during this thesis can be found in Table C.1.

Continuum observations

The 1.25 mm map was obtained from Tafalla M., private communication. The Herschel SPIRE maps where downloaded from the Herschel science archive (The Herschel Science Archive). These maps are part of the Gould Belt Survey (André et al., 2010). The maps were processed by the Herschel SPIRE standard pipeline, version v14.1.0, to level 3, to make a complete mosaic of the Taurus molecular cloud complex. From this complete maps of the Taurus molecular cloud complex we extracted square maps covering 1 square degree centred at L1498.

To determine the RMS noise of the continuum maps we have done Gaussian fits to the histogram of intensities of the continuum maps. In the case of the 1250 µm map this fit was accomplished with a single Gaussian curve (Figure 4.21), the RMS noise of this map was assumed to be the dispersion of this Gaussian. For the Herschel SPIRE maps we selected a region of the maps showing the minimal possible emission. But even on this we see a source of noise beyond that of simple photon noise; this is noise caused by the variability of diffuse far infrared emission. Therefore the fits to the intensities histograms were done with two Gaussians, one that measures the photon RMS noise, and the other for the background noise. The total RMS noise was assumed to be the quadratic sum of the dispersion of these two Gaussians. These fits can be seen in Figure 4.22. One other particularity of the Herschel SPIRE maps is that they have an intensity offset from zero that was added by the data reduction pipeline to account for the difference in flux to the Planck satellite maps of the region. In Table 4.7 we see the final RMS noise of the continuum maps along with the intensity offsets added to the Herschel SPIRE images. The first method we used to determine the HCN/HC 15 N ratio was the double isotopologue method using the LTE derived column densities of H 13 CN and HC 15 N. The column density of H 13 CN was computed by first deriving its opacity with CLASS HFS method (GILDAS software, Figure 4.23). This method uses eq. 4.3 to compute the total opacity of transition under the assumption that all of its hyperfine components have the same excitation temperature. With this method we get a total opacity for the H 13 CN J = 1 → 0 transition of 3.71. We then use this opacity to compute the excitation temperature of the hyperfine components for which we obtain T ex = 3.3 K. This excitation temperature is then assumed to be the same for the HC 15 N J = 1 → 0 transition so that we can compute its opacity. Finally from the these opacities and excitation temperatures we compute the column density of HC 15 N and H 13 CN. The results of this method can be found in Table 4.8 These result indicates that if HCN is not fractionated in carbon its nitrogen isotopic ratio is very high, meaning that HCN is very poor in 15 N.

Measuring the isotopic ratio of HCN with the escape probability formalism

The second method used to derive the isotopic ratios in HCN was to use Nslab and RADEX to compute spectra based on a simple plane 90 measuring 14 n/ 15 n in prestellar cores λ the Fractional size of the slab, which can vary from 0 to 1.

-H 2 density in the slab.

-Kinetic temperature in the slab.

-FWHM at the slab.

-Velocity of the slab relative to the observer. The density, Kinetic temperature and FWHM are used to computed excitation temperatures and opacities with RADEX for all the slabs. These excitation temperatures and opacities along with FWHM and the slab velocity are then plugged into Nslab to produce an output spectrum that can then be compared to the observations. Figure 4.24 displays a scheme of how such emergent spectra are computed in this type of model. For L1498 we performed the fit with some of this parameters fixed. We know from the HC 15 N observations that the FWHM at the central slabs is ∼0.2 km/s, while from Tafalla et al. (2006) we know that the FWHM at the envelope is 0.625 km/s. The temperature was fixed to 10 K in all slabs in accordance to the NH 3 temperature measurements (Tafalla et al., 2004). For the collapse velocity we chose a value that is 0.0 km/s on the inner slabs as no collapse signatures are seen in the HCN J = 3 → 2 observations, and 0.15 km/s in the outer slabs since we know that there is collapse thanks to the collapse signatures in the HCN J = 1 → 0 observations. This is in qualitative agreement with what is expected for the collapse of prestellar cores [START_REF] Foster | Gravitational of an Isothermal Sphere[END_REF]Lesaffre et al., 2005). The last parameter that was fixed was the external density, which was set to 10 3 cm -3 , as the degeneracy between its value and the fractional of the envelope slabs did not allow for it to be fitted. This comes from the fact that this layer does not contribute to the emission only to absorption therefore what is constrained is its column density not its density, which creates a degeneracy between the external density and the size of the envelope. The best fit results can be seen in Table 4.9, and the best fit spectra can be seen in Figures 4.25 to 4.28.

As can be seen in Figure 4.26 the fit does not converge for the HCN J = 3 → 2 transition but does indeed present a good fit for the H 13 CN and HC 15 N J = 1 → 0 transitions. The HCN J = 1 → 0 lies some- where in between with the main characteristics of the line profiles being represented. The F = 0 → 1 and F = 1 → 1 hyperfine components do even display the hyperfine inversion, but their red wings are over produced. On the other hand the F = 2 → 1 component is under reproduced but its red wing is well reproduced. The inability to reproduce the HCN J = 3 → 2 spectra and to fully reproduce the intensities of the hyperfine components of the HCN J = 1 → 0 transition is expected. RADEX does not treat hyperfine overlaps and thus the effects of hyperfine overlaps are not seen in the resulting spectra. From the best fit values we computed the column densities of the three isotopologues and the corresponding isotopic ratios, these can be seen in Table 4.10.

Density profile of L1498

The density profile parameters for L1498 presented in Tafalla et al. (2004) were obtained from a fit to only 1 continuum wavelength assuming a constant temperature for the dust. Thanks to the availability of Herschel SPIRE continuum maps we are now able to obtain more reliable density profiles. These new profiles are more reliable because multiple wavelengths lets us disentangle the effects of column density and temperature on the dust emission. Variations on the dust temperature will vary the intensity of the dust emission, but also the intensity ratio between different wavelengths while a column density variation will vary the intensity but not the ratio between the different wavelengths.

To fit the dust emission and derive parameters for our density profile we have created a simple 1D radiative transfer model of the continuum dust emission, and fitted it to a radial cut of the continuum observations using the MCMC toolkit. This radial cut was chosen based on the offsets for which we have better signal to noise ratio spectral observations Figure 4.29. In our continuum emission model the dust emission of L1498 is assumed to be optically thin, so that it can be modelled as the sum of the emission of small cells in the line of sight which have an H 2 column density n(r) × ∆l, with ∆l being the length of the cell in the line of sight, and n(r) being the density at the centre of the cell, which is at a distance r from the center of the model. Under this assumption the continuum dust emission, I ν,dust , can be computed as:

I ν,dust = N ∑ κ ν B ν (T dust (r))n(r) × ∆l, (4.17)
where ∑ N is the summation over the N cells in the line of sight, Bν(T dust (r)) is the emission of a blackbody of temperature T dust (r) at frequency ν, and κ ν is the mass absorption coefficient in cm 2 /g at frequency ν.

To account for the wavelength dependancy of the mass absorption coefficient we adopted the simple formula:

κ ν = κ ν 0 ν ν 0 β , (4.18)
where β is the power law index for the dust opacity law and κ ν 0 is the dust absorption coefficient at frequency ν 0 . To fit the continuum maps κ 0 was set to 0.06 ×10 -2 cm 2 /g for ν 0 = 1.2 THz (250 µm, Juvela et al., 2015). The value of β depends on the grain size distribution which can vary from source to source, therefore it is left to be fitted.

The density profile was chosen to be of the same form as in Tafalla et al. (2004), being that of eq. 4.14 minus the n ext term. n ext was dropped as the non homogeneity of the environment around L1498 shows up the in radial profiles of the herschel SPIRE maps at offsets larger than 200 arc seconds (Figure 4.30). This non homogeneity makes it impossible to get a correct fit to n ext .

As a first approximation we chose a constant dust temperature with model radius as in Tafalla et al., 2004. Under such an assumption the fit to the continuum emission does converge, but the resulting fit is less than optimal. The derived value for β is 2.2 which means that the mass absorption coefficient at 1250 µm is only 1.7×10 -3 cm -2 g -1 . With this low mass absorption coefficient the single dust temperature models underestimate the flux at 1250 µm by almost a factor of 2 (Figure 4.31). This is not the only problem as the radial profile of the emission at the Herschel SPIRE wavelengths is also not reproduced (Figure 4.32). Another problem is that the derived density profile has a very small plateau that is comparable to the beam size of the Herschel SPIRE images (r 0 = 22") and its radial decay is too shallow (α = 1.2). These parameters are outside the range expected for prestellar cores (Larson, 1969;[START_REF] Foster | Gravitational of an Isothermal Sphere[END_REF]Lesaffre et al., 2005). Another point where the derived profile is deficient is its central density which is too high (n 0 = 1.8×10 5 cm -3 ) to be in agreement with the emission of HCN J = 3 → 2 which is highly sensitive to the central density and is best fit by a central density of ∼10 5 cm -3 . Due ti the failure of the single dust temperature model we decided to try a more realistic dust temperature profile. Due to the increased exposure to interstellar UV photons, dust grains in the more diffuse parts of molecular clouds are therefore warmer than grains in the denser parts (Zucconi, Walmsley, and Galli, 2001;Makiwa et al., 2016;[START_REF] Hocuk | Parameterizing the interstellar dust temperature[END_REF]. To conciliate this two different temperature regimes we have adopted a dust temperature profile of the form:

T dust (r) = T 0 + T ext -T 0 2 1 + tanh r -r tjump ∆r tjump (4.19)
where T 0 is the dust temperature at the centre of the model, T ext is the dust temperature at r = ∞, the transition from the cold regime to the warmer regime is centred at radius r tjump and has a characteristic width ∆r tjump . This difference in temperature raised the concern that maybe the outer regions would dominate the dust emission thus making us incapable to probe the column density of L1498 towards its centre. This concern was abated when we computed the emission of the model as a function of radius and demonstrate that the emission is dominated by the emission of the cold and dense centre of the core Figure 4.33.

The final results for the continuum fit are shown in Table 4.11, and the results of the fit compared to the observations can be seen in Fig- 4.37 demonstrates that all parameters of the fit have converged properly and therefore that the fit is satisfactory.

Our continuum fit differs significantly from the values obtained by Tafalla et al. (2004) for r 0 and α (r 0 =47" instead of 75", α = 2.2 instead of 3.5), while the central density obtained here is consistent with Tafalla et al. (2004), n 0 = 1×10 5 ±0.15×10 5 cm -3 versus 0.94 ×10 5 cm -3 . The discrepancy in r 0 and α can be explained by the fact that Tafalla et al. (2004) had only the 1250 µm map, which displays a large emission plateau and a sharp decay. Tafalla et al. (2004) also assumed that the dust temperature is constant at 10 K which works fine for single wavelength fits but fails when more wavelengths are added. Under this assumption the column density at larger radii has to be kept large to account for the intensity plateau seen in the radial profiles (Figure 4.30). While under the assumption that the dust temperature increases with increasing radius the decrease in column density is compensated by a increase in dust temperature sustaining the emission plateau.

In our fit β=1.56±0.04, this value is consistent with the expected range for prestellar cores (1.6-2.4, e.g. Makiwa et al., 2016). This value is much lower than the value measured by Chacón-Tanarro et al. (2017) in L1544 (β = 2.3), this discrepancy may arise from the fact that they fitted β with a fixed temperature profile, while here we fit both the temperature profile and β simultaneously. Another important difference is that they also fit κ 250µm and find a value that is ∼ 3 -4 times the value we have adopted from Juvela et al. (2015). Thus β in Chacón-Tanarro et al. (2017) has to be larger than β derived here in order to compensate for the flux at 1.2 and 2 mm that they used to derive β and κ 250µm . If we pluck the values from Chacón-Tanarro et al. ( 2017) measuring 14 n/ 15 n in prestellar cores into eq. 4.18 we obtain κ 1.25mm = 4.9×10 -3 cm -2 g -1, if we do the same but with our values we also obtain κ 1.25mm = 4.9×10 -3 cm -2 g -1 which means that both values are in fact consistent with each other at 1250 µm.

One interesting thing to note about Figure 4.37 is the presence of multiple correlations and anti-correlations between the fit parameters. The anti-correlation between n 0 and r 0 can be understood from the fact that an increase in any of them increases the dust column density and thus the emission, so as one parameter increases the other has to decrease to preserve the observed emission. The positive correlation between r 0 and α is related to the slope of the emission profile decay. Larger values of r 0 have to be coupled with larger values of α to preserve the slope seen on the radial profiles.

The positive correlations between r 0 and α on one side and r tjump and ∆r tjump on the other are related to the slope of the emission profile. When r 0 is larger, α also increases, therefore the dust temperature jump has to be further from the centre as well as wider to compensate the increase in flux at r ∼ r 0 , and decrease in flux for r > r 0 . The anti-correlations between n 0 and r tjump , and T 0 and r tjump come from the fact that a decrease in r tjump increases the flux at short radii which has to be offset by either a decrease of T 0 or n 0 to conserve the flux.

The anti-correlation between n 0 and T 0 comes from the fact that the emission is proportional to the column density of dust and the dust temperature, albeit through B ν . The anti-correlations between β and the two dust tempearatures (T 0 and T ext ) come from the fact that β has an impact on the relative fluxes between the different wavelengths, with large values of beta favouring short wavelengths, which is the opposite effect of the temperature. Thus to maintain the same ratio between the fluxes at different wavelengths a decrease in β has to be offset by an increase in either T 0 at small radii or or T ext at large radii. The remaining correlation, that between β and n 0 comes from the fact that an increase in column density requires a decrease in dust temperature to maintain the same emission, and therefore with a decrease in dust temperature β has to increase to maintain constant the flux ratio between the different continuum wavelengths.

4.2.5

Alico/MCMC fitting of HCN, H 13 CN and HC 15 N spectra As demonstrated in Section 4.1.3.2 a complex source model is needed to accurately reproduce the hyperfine anomalies of HCN. For this reason we have chosen to use the parametric functions described therein to model the variations of the density, velocity and non thermal broadening of L1498. The sole difference is the HCN abundance profile.

Here we choose a simple step function to test the possibility of depletion of HCN towards the centre of the core as proposed by [START_REF] Padovani | Hydrogen cyanide and isocyanide in prestellar cores[END_REF]. The abundance profile of the HCN isotopologues was taken to be a multiple of the HCN abundance profile under the assumption that HCN is co-spatial with its isotopologues.

We have chosen to fit all spectral lines simultaneously as different lines provide probes for different aspects of the source model. The H 13 CN and HC 15 N J = 1 → 0 emission is expected to be close to be optically thin, therefore these species are the best probes for the presence of a depletion hole as well as the non thermal velocity dispersion at the core centre (σ 0 ). The HCN J = 1 → 0 emission is extremely optically thick as demonstrated by the self-absorption features seen in its spectra, therefore this spectral line is expected to probe the external most parts of the core. The probing of the external part of the core is essential to the determination of the collapse velocity profile and non thermal velocity dispersion profile as those show significant variation only at large radii. Finally the HCN J = 3 → 2 emission is sensitive to the abundance of HCN as its two satellite hyperfine components (F = 2 → 2 and F = 3 → 3) are expected to be at most moderately optically thick and their hyperfine ratio is one of the most sensitive to changes in the abundance of HCN (Figure 4.20).

In the end the MCMC fit to the spectra with Alico/MCMC has 12 free parameters:

1. σ 0 , the non thermal velocity dispersion at r = 0, in km/s.

2. σ ext , the non thermal velocity dispersion at r = ∞, in km/s.

3. r j , the position where the transition between σ 0 and σ ext occurs, in normalised radial units.

4.2 hcn and its isotopologues in l1498 107 4. ∆r j , the characteristic width of the transition between σ 0 and σ ext occurs, in normalised radial units.

5. V c , the peak collapse velocity, in km/s.

6. r V , the position where the peak collapse velocity occurs, in normalised radial units.

7. ∆r V , the dispersion of the collapse velocity profile, in normalised radial units.

8. X 0 (HCN), the abundance of HCN at r = 0 up to r X 1 , abundance relative to H 2 . 9. r X 1 , the radius at which the abundance of HCN changes from X 0 (HCN) to X 1 (HCN), in normalised radial units.

10. X 1 (HCN), the abundance of HCN radii larger than r X 1 , abundance relative to H 2 .

11. X(HCN)/X(H 13 CN), the abundance ratio between HCN and H 13 CN.

12. X(HCN)/X(HC 15 N), the abundance ratio between HCN and HC 15 N.

The best fitting values as of the writing of this manuscript can be found in Table 4.12. The best fit models are displayed along with the observations in Figures 4.38 to 4.41.

These results contradict the results of [START_REF] Padovani | Hydrogen cyanide and isocyanide in prestellar cores[END_REF] who suggested that there is a depletion hole for HCN in L1498 with a size of 8 × 10 16 cm where the abundance of HCN drops by several orders of magnitude. The small drop in abundance towards the centre can be explained by the fact that towards the central position the large beam of the IRAM-30M telescope for the J = 1 → 0 transitions (HPBW ∼ 28") also samples the emission from the compacted side of the core towards the northwest, thus decreasing the average column density inside the beam. In fact other studies regarding the abundance of HCN in prestellar cores have found no evidence of HCN depletion. [START_REF] Sohn | HCN(1-0) Observations of Starless Cores[END_REF] mapped HCN J = 1 → 0 towards six prestellar cores and found that the intensity of the F = 0 → 1 component correlated strongly with the intensity of N 2 H + suggesting that HCN does not suffers depletion. In accordance to that Lee et al. (2007) found that the abundance of HCN relative to H 2 in L694 -2 appears to be constant at 7 × 10 -9 and in L1157 it shows a tendance to increase inwards, from 1.7 to 3.5 × 10 -9 . Recently [START_REF] Spezzano | The observed chemical structure of L1544[END_REF] did a map of the H 13 CN J = 1 → 0 emission towards the very dense prestellar core L1544 (central density ∼1×10 7 cm -3 , [START_REF] Keto | Dynamics and depletion in thermally supercritical starless cores[END_REF], in this map it is clearly seen that HCN does not deplete from the gas pahse even in the most dense parts of prestellar cores.

The HCN abundance obtained from Alico/MCMC translates into a column density of 1.25 × 10 14 cm -3 , this value is slightly larger than the value obtained with RADEX+Nslab and this difference can be understood by the fact that LVG analysis tend to underestimate the column density of optically tracers such as HCN. Nevertheless the isotopic ratios obtained with Alico/MCMC are consistent within one sigma with the isotopic ratios obtained with RADEX+Nslab. This confirms that RADEX+Nslab can be used as a inexpensive first guess generator for the more expensive Alico/MCMC runs. One other interesting point is that the LTE derived HCN/HC 15 Nratio is also consistent with the Alico/MCMC ratio as long as we assumed that HCN is fractionated in carbon with 12 C/ 13 C = 45, which is the value we find for the 12 C/ 13 C ratio in HCN with Alico/MCMC.

Article on HCN/HC 15 N in L1498

The work done on the isotopic ratio of nitrogen in L1498 is soon to be submitted to a peer reviewed journal. The current status of the draft is included in the following pages.

Introduction

The link between the chemical composition of the protosolar nebula and of the interstellar medium (ISM) may be more direct than previously thought. Recent work on the comet 67P/Churyumov-Gerasimenko done with data obtained by the ROSINA instrument on the ESA/ROSETTA spacecraft shows that the presence and abundance of O 2 and S 2 on the coma of this comet are consistent with a prestellar origin for these molecules within cometary ices (Bieler et al. 2015;Calmonte et al. 2016). The origin of the materials seen in comets is indeed particularly relevant as comets are thought to be pristine records of the protosolar nebula (PSN) (Bockelée-Morvan et al. 2015). Two scenarios are possible: one in which the interstellar grain structure and composition is only marginally altered during comet formation. In this scenario, O 2 and S 2 would be produced by radiolysis of H 2 O and H 2 S, respectively, during the prestellar phase (Taquet et al. 2016;Mousis et al. 2016aMousis et al. , 2017)). In the other scenario, the icy components rearrange themselves in clathrates during comet formation, thus trapping gases from the PSN inside the grains (Mousis et al. 2016a,b). In contrast with the first scenario, some mixing is thus expected place between the ice and the gas phases during comet formation.

One possible clue to decide which is the best scenario lies in the isotopic ratio of nitrogen in comets. The nitrogen isotopic ratio in solar system comets is basically uniform, 14 N/ 15 N ≈ 144, and independent of the molecular carrier (NH 2 , CN, HCN) and comet family (Mumma & Charnley 2011;Shinnaka et al. 2016;Hily-Blant et al. 2017a). Yet this ratio is three times lower than that of the bulk in the PSN, 14 N/ 15 N = 441 (Marty et al. 2011), a sharp difference which raises questions regarding the formation of comets. Such discrepancy also tells us that there were at least two distinct reservoirs of nitrogen in the PSN when comets formed, a primary one, sampled by the Sun and Jupiter, and a 15 N-rich, secondary one, sampled by the comets. These two reservoirs may have an interstellar origin or the secondary reservoir may have been created in situ during the comet formation stage. Interestingly, the comparison of the CN/C 15 N and HCN/HC 15 N ratios measured in several close-by protoplanetary disks has revealed that two reservoirs -the bulk with an elemental ratio 323 ± 30, and a fractionated reservoir with a ratio 111±19-are present in these PSN analogues with precisely the same 3:1 ratio as in the primitive solar system (Hily-Blant et al. 2017a).

To explore the pre-solar origin of these two reservoirs, it is necessary to measure the isotopic ratio of nitrogen at different stages of the star formation process. In the prestellar stage, isotopic ratios from nitrogen hydrides -NH 3 and NH 2 D, N 2 H +which are presumably chemical descendants of N 2 (Hily-Blant et al. 2010, 2013a), have been measured directly yielding a weighted average of 336 ± 16 (Hily-Blant et al. 2017a), hence compatible with the elemental ratio of 323±30. On the other hand, species in the nitriles family -CN, HCN, and HNClikely chemical descendants of atomic nitrogen (Hily-Blant et al. 2010, 2013a) present a big challenge for direct measurement of their isotopic ratios as the opacity of the main isotopologue is too great for an accurate measurement of their column densities in the dense ISM. In some instances, the hyperfine splitting of the rotational lines provide optically thin transitions, as in CN, which may be used to infer the total column density, hence allowing direct measurements (Adande & Ziurys 2012). However, departures of the hyperfine intensity ratios from single excitation temperature predictions are often met in cold cores which trouble the process (Guilloteau & Baudry 1981;Walmsley et al. 1982;Adande & Ziurys 2012). A common work-around is the double isotopologue method, in which the main isotopologue is replaced by its less abundant 13 C-isotopologue, (Ikeda et al. 2002;Hily-Blant et al. 2013b,a), as in the case of HCN, for which the nitrogen isotopic ratio derives from

HCN HC 15 N = 12 C 13 C × H 13 CN HC 15 N (1)
where it is assumed that HCN/H 13 CN is equal to the elemental carbon isotopic ratio. A usual value for the latter in the presentday solar neighbourhood is 12 C/ 13 C=70 (Milam et al. 2005). Nevertheless, chemical models suggest that the carbon isotopic ratio in nitriles may be far from the elemental one (Roueff et al. 2015), namely, the HCN/H 13 CN ratio in dense and cold cores is predicted in the range from 90 to 140. Therefore isotopic ratios in the dense ISM based on the double isotopologue method should be regarded with a grain of salt. In some instances, however, the 12 C/ 13 C ratio can be measured in the carrier of interest. Taniguchi & Saito (2017) measured the isotopic ratio of nitrogen in HC 3 N and HC 5 N in the cyanopolyyne peak of TMC-1 (see Hily-Blant et al. 2017b, for a review). The HC 5 N/HC 15 5 N abundance ratio was measured both indirectly and directly, leading to ratios 14 N/ 15 N = 323 ± 80 and 14 N/ 15 N = 344 ± 53 respectively. The isotopic ratio of nitrogen in HC 5 N is thus in harmony with the elemental ratio of 323±30 (Hily-Blant et al. 2017a). For HC 3 N, the indirect and direct methods also agree within 1σ, and the derived average value is 264±40. This ratio is only marginally compatible with the local ISM, suggesting a secondary reservoir of nitrogen in the ISM. For the double isotopologue method, the values of 12 C/ 13 C were measured for all carbon atoms in either HC 3 N or HC 5 N (Taniguchi et al. 2016), making the determination more robust than would be otherwise expected.

The chief objective of the present work is the direct measurement of the nitrogen isotopic ratio in a nitrile (HCN) in a prestellar core, L1498 located at a distance of 140 pc, at the South-West end of the Taurus-Auriga complex. To achieve our aims, we use the emission of the J = 1 → 0 and J = 3 → 2 rotational transitions of HCN and the J = 1 → 0 transition of H 13 CN and HC 15 N, along a cut through L1498. The synthetic spectra where generated using our Accelerated Lambda Iteration COde, ALICO, a python wrapping over the 1Dart code (Daniel & Cernicharo 2008). ALICO handles line overlaps, including hyperfine transitions, which is fundamental for the reproduction of the HCN spectra from cold cores (Gottlieb et al. 1975;Guilloteau & Baudry 1981;Gonzalez-Alfonso & Cernicharo 1993). In the process, a physical model of the source (density, dust temperature) is required, which is obtained by fitting the Herschel/SPIRE and IRAM30m/MAMBO continuum maps at 250, 350, 500, and 1250 µm simultaneously.

Observations

Our observations can be divided in two datasets: spectra of HCN and its isotopologues, used to infer the abundances of HCN and its isotopologues; and a set of continuum maps used to derived the radial density profile of L1498.

HCN and its isotopologues

All our observations of HCN and its isotopologues were obtained at the IRAM-30m telescope, albeit in different runs (see Table 1 for a summary). All spectra have been reduced and analyzed using the IRAM GILDAS/CLASS software. Bandpass calibration was measured every 15 min using the standard threesteps method implemented at IRAM-30m. The typical receiver and system temperatures are 100 and 170 K at 89 and 266 GHz respectively. The obtained rms (main-beam temperature scale) are 10 mK for the H 13 CN and HC 15 N(1-0), 20 to 50 mK for HCN(1-0), and 36 mK for HCN(3-2). Pointing and focus were checked regularly on a one to two hours basis, leading to a pointing accuracy of typically 1-2 at all frequencies. Finally, residual bandpass effects were removed by subtraction of low-order polynomials (up to degree 3). Table 1 summarizes the observation setups and performances. Spectra were brought into a main-beam temperature scale using tabulated beam efficiencies appropriate at the time of observations. Figures ?? and ?? show the final set of spectra.

Continuum

We retrieved the Herschel/SPIRE maps at 250, 350 and 500 µm, from the Gould Belt Survey (André et al. 2010) available from the Herschel public archive. We retrieved Level 3 data which were calibrated following the standard extended source procedure of pipeline SPG v14.1.0. In the process, an offset was added to the images to comply with ESA/Planck absolute intensities. The continuum map at 1.25 mm was obtained at IRAM-30m telescope with the MAMBO 37-channels bolometer array (Tafalla et al. 2002). The continuum maps (in MJy/sr) can be seen in Fig. 1. For the Herschel maps, the statistical noise was computed as the quadratic sum of the calibration noise (as estimated by the pipeline and taken from the file header) and the contribution from the spatially varying contribution from cirruslike emission, showing up in histograms of the intensity as a broad, low-level, Gaussian. Indeed, two-Gaussian fits to these histograms recover well the calibration uncertainty. At 1250 µm, the noise was estimated in a similar fashion although a single Gaussian was sufficient. The final noise are 4.1, 2.2, 1.0, and 0.6 MJy/sr at 250, 350, 500, and 1250 µm respectively.

Physical model of L1498 from the dust emission

The line radiative transfer calculations of the lines of HCN and its isotopologues towards L1498 compute the populations at the hyperfine level, in spherical geometry, assuming density, temperature, and velocity profiles, as well as a profile of the velocity dispersion. The number of free parameters can become outrageously large in such simulations, but in principle all these parameters could be minimized -at least after adopting some simple parametrization for each-using the various transitions at the several locations along the cut. Nevertheless, we have used maps of the dust-dominated continuum emission towards L1498 (Fig. 1) to obtain independent constraints on the density profile which is critical to the calculation of the molecular excitation. The present analysis encompasses and extends beyond earlier works (Tafalla et al. 2006), by considering the dust emission at four wavelenghts, which allow us to derive constraints on the density and dust temperature profiles. In the process, the spectral index is also measured, and found in very good agreement Article number, page 2 of 12 V. S. Magalhães et al.: The abundance of HCN and its isotopologues in L1498 with comprehensive studies. We here review the basic model and assumptions used in the analysis of the dust emission maps.

Dust emission

From Kirschoff's law, the emissivity of the dust is directly related to the absorption coefficient, noted κ ν (in cm 2 g-1) at frequency ν, which we hereafter express by gram of dust and gas, assuming a standard gas-to-dust mass ratio of 1%. The modeling of the dust emission then follows a standard approach (Bergin & Tafalla 2007) in which the optically thin dust emission is treated as a graybody radiation

I ν = 2 κ ν n H 2 (x)µ H 2 m H B ν [T d (x)]dx (2)
where the integral extends over the line of sight. In our notation, m H is the mass of one hydrogen atom, µ H 2 = 2.8 is the mean molecular weight per H 2 molecule, assuming 10% of Helium atoms with respect to total hydrogen nucleii. B ν (T d ) is the emission of a blackbody at temperature T d and frequency ν. Note that in our formulation, κ ν is assumed homogeneous, but the dust temperature is allowed to vary along the line of sight.

The frequency dependence of the dust absorption coefficient is described by a power-law

κ ν = κ 250 (λ/250 µm) -β (3) 
This parametrization appears to hold reasonably well at the submm to mm wavelengths of concern in our analysis, although the value of κ 0 and of the spectral index β are known to vary with the temperature and composition of the dust particles (Juvela et al. 2015a;Demyk et al. 2017). With such a parametrization of κ ν , β primarily constrains the long wavelength, Rayleigh-Jeans, domain of the emission where B ν ∝ ν 2+β . On the other hand, the value of κ 0 fixes the dust column density but not the shape of the SED. Typical values of β that are appropriate for dense gas are in the range 1.5-3, with β = 2 being a commonly adopted value which describes the asymptotic behaviour of κ ν at long wavelength. Comprehensive multiwavelengths analysis of dust emission from cold, starless, cores find β ≈ 1.9 ± 0.3 for dust temperatures ≈ 16 ± 2 K (Juvela et al. 2015a, Fig. 27).

In our analysis, κ ν is assumed homogeneous throughout the core and we adopted κ 250 = 0.1 cm 2 g-1, which appears well suited to our study of a dense starless core (see Table 2). The spectral index β was also assumed uniform, but was let as a free parameter in the minimization process.

Density profile

The density profile was parameterized in a form that describes an inner plateau of constant density surrounded by a power-law envelope (Bacmann et al. 2000;Tafalla et al. 2002):

n H 2 (r) = n 0 1 + (r/r 0 ) α (4)
where n H 2 (r) is the H 2 number density at radius r. The plateau has a radius r 0 and a constant H 2 density n 0 , while the density in the envelope decreases as r -α . This type of profile is well suited to describe starless cores in which the pressure gradient evolves on timescales longer that the sound crossing-time, such that these cores evolve quasi-statically towards collapse, well before the formation of the first hydrostatic core (Larson 1969;Lesaffre et al. 2005). As will be described later, L1498 is precisely in such a state. Indeed, this profile was adopted in previous studies of the chemical structure of L1498 (Tafalla et al. 2006). This density profile eventually merges with the ambient medium with typical H 2 density 500 cm -3 (Hily-Blant & Falgarone 2007; Lippok et al. 2016). However, with the typical values of r 0 and n 0 that describe L1498, such a density is obtained at large radii (beyond 200 ) and need not be considered in our dust emission fitting (see Fig. 4).

Dust temperature profile

The gas in a prestellar core such as L1498 with relatively small central density (≈ 10 5 cm -3 ) is, to a good approximation, con- stant and close to 10 K as long as CO cooling is sufficient (Zucconi et al. 2001;Tafalla et al. 2006). In the inner parts where the density is large, collisions become efficient in thermalizing the gas and the dust to temperatures close to and below 10 K (Makiwa et al. 2016). However the dust temperature is known to increase outwards from typically below 10 K to approximately 15 K or more (Lippok et al. 2016;Bracco et al. 2017). Indeed, our attempts to fit simultaneously the dust emission at the four wavelengths with a constant dust temperature did not converge.

To allow for a radial increase, we have adopted a simple radial profile of the form

T d (r) = T in + T out -T in 2 1 + tanh r -r d ∆r d (5)
which describes a continuous increase from T in to T out , at a radius r d and over a characterstic scale ∆r d . In the following, T in , T out , r d , and ∆r d are considered free parameters. Having a nonuniform dust temperature but uniform spectral index β may seem contradictory, is variations of β with T d have been reported in starless cores (Juvela et al. 2015a). Yet, our study is focused towards the determination of the density profile in view of an accurate measurement of the abundances of HCN and isotopologues.

We therefore decided to keep the number of free parameters as low as possible. Moreover, the variations of β with T d still remain elusive (Bracco et al. 2017).

Results

With the above assumptions on the dust emissivity and on the adopted density and dust temperature profiles, we performed a minimization calculation using a MCMC approach to explore the 8-dimension parameter space. The fitting of the graybody emission was calculated in a spherical geometry, by integrating along lines of sight at offsets evenly spaced along the South-West cut from the continuum peak, where line integrations have been performed (see Fig. 1 and the bottom panel of Fig. 4). Our calculation is thus similar to those of Roy et al. (2014); Bracco et al. (2017). However, we did not attempt to compute the derivative of the intensity to obtain n H 2 B ν , but instead adopted a forward approach in which the various parameters (density, temperature, β) are free to vary within pre-defined intervals (with uniform probability) and the emergent intensity was computed assuming optically thin dust emission. A typical minimization takes 30 minutes.

The best fit parameters are summarized in Table 3, while the probability distribution for the parameters can be seen in Fig . A.1. The corresponding best fit models are compared to the observed radial intensity profiles in Fig. 5.

Our results may be compared with the core properties obtained in previous studies (Tafalla et al. 2004). The main difference is the slope of the density profile in the envelope, which we find significantly shallower, with α = 2.2. Our value is closer to what would be expected from theoretical considerations of spheres experiencing gravitational collapse, either isothermal or not, which predict that the envelope density profile of such cores tend towards an exponent of 2 (Larson 1969;Lesaffre et al. 2005). Previous studies, based solely on the 1.3 mm map, suggested significantly steeper profiles (α = 3.5). However, the 1.3 mm emission best traces the cold dust emission from the innermost regions of the core rather than the warmer envelope, hence emitting at smaller wavelength. In addition, compared to Herschel/SPIRE, the dual-beam observing mode used with the IRAM30m/MAMBO instrument makes it less sensitive to the extended, shallow, regions. The decrease of α towards the theoretical value of 2 is therefore expected from both observational and theoretical considerations.

The other parameters of the density profile are close to those from the analysis of Tafalla et al.. The plateau in our study is smaller, r 0 = 47 instead of 75 , can be explained by the fact we used a non-uniform dust temperature. Indeed, attempts with Article number, page 5 of 12 a uniform temperature, although not satisfactory, give a plateau size of 65 . What happens is that a large plateau is needed to compensate for the lower temperature in the envelope than in our non-uniform temperature profile.

The spectral index we obtain is β=1.6. This low value is still within the expected range of 1.6 to 2.4 for prestellar cores (Makiwa et al. 2016), but is significantly lower than the value of 2.3 ± 0.4 measured in a more evolved core, L1544 (Chacón-Tanarro et al. 2017). In a comprehensive analysis of the 1.2 and 2 mm dust emission from prestellar to protostellar cores, a broad range of β was obtained, with a trend towards a decrease with evolutionary stage (Bracco et al. 2017). This may be indicative of variations of the dust size distribution and/or composition, although degeneracy with variations of the mass absorption coefficient can be excluded. Interestingly, low values encompassing β = 1.6 are found in one of the prestellar core (Miz-2). We also note that low values of β may be associated with dust temperatures above 10 K, in agreement with what we obtain in L1498. Indeed, dust temperatures in L1544 are found to be lower than 10 K throughout, a difference with L1498 which may be attributed to the tenfold lower density in the latter core.

Line radiative transfer of HCN and isotopologues

The physical model of the source obtained from the analysis of the dust emission maps is now used to model the emission of HCN and its isotopologues. The aim is to reproduce the spectra observed along a southwest cut from the continuum peak. Our model shares similarities with the previous study of Lee et al. (2007) who computed the HCN(1-0) spectra emerging from a gently contracting starless core, with properties similar to L1498. Indeed, our physical setup (density and velocity profile) is very similar to theirs. However, the isotopologues and HCN(3-2) bring additional, and very sensitive, constraints.

Line radiative transfer model

One important aspect that we need to include in our radiative transfer model of L1498 is the presence of a foreground layer of material that is seen towards L1498 (Tafalla et al. 2006), Section ?? explains how we treat this foreground and how it is applied to the models. Furthermore, except for the kinetic temperature of the gas which we assume to be a constant of 10 K through the prestellar core, based on ammonia temperature measurements from Tafalla et al. (2004), all other inputs for the radiative trans-Article number, page 6 of 12 V. S. Magalhães et al.: The abundance of HCN and its isotopologues in L1498 78 ± 14 arcsec X(HCN) 6.1±0.4×10 -9 X(HCN)/X(H 13 CN) 45±3 X(HCN)/X(HC 15 N) 338±28

fer models were chosen to be a smooth function of the model radius, and are described in the following sections. For Sections 5.2 and 5.3 we use a reference model whose parameters can be found in Table ??, varying only the parameters relative to the collapse velocity profile and non thermal broadening profile respectively.

Density profile

For our H 2 radial density profile we have adopted the parametrization of Eq. 4 to which a constant external density n ext was added which represents the density in the ambient molecular cloud.

To determine the values of the parameters governing our density profile we have fitted the continuum emission of L1498 with a continuum emission model. The description of how this fit was done can be found in Section 3

Collapse velocity Profile

For the collapse velocity profile we chose an approximation of the profile described in Lesaffre et al. (2005) for a prestellar core. We assumed the following mathematical description for such a profile:

V(r) = V c e - (r-r V ) 2 2∆r 2 V , (6) 
with V c the maximum collapse velocity, r V the radius at which the collapse is equal to V c and δr V the dispersion of the collapse velocity profile. The choice of such a profile is corroborated by the absence of dynamical signatures, such as red blue asymmetries on HCN J = 3 → 2 spectra, while these effects are present in the HCN J = 1 → 0 spectra. In Figure 6 we can see examples of spectra produces by ALICO with different collapse velocity profiles, and how these different profiles affect the HCN J = 1 → 0 and J = 3 → 2 transitions.

In models with no collapse velocity it can be seen that the HCN J = 3 → 2 line profiles are fairly well reproduced with minimal residuals whilst the HCN J = 1 → 0 line profiles are not reproduced at all with each hyperfine component displaying 2 peaks, leading to very important residuals. On the other hand models with a constant collapse velocity fail to reproduce the features of HCN J = 3 → 2 line profiles by introducing red blue asymmetries in the strong satellite hyperfine component at 1.8 km/s and making the strongest peak 2 times stronger than it should be, all of this while the HCN J = 1 → 0 synthetic spectra display the red-blue asymmetry seen in the observations even though the intensities are exaggerated by a factor of 2 in the central hyperfine component at 0 km/s, which can be compensated by different abundances and density profiles. Lastly models following the profile described in equation 6 can reproduce the features of both HCN J = 3 → 2 and HCN J = 1 → 0 line profiles with minimal residuals, as long as reasonable values for r V and ∆r V are chosen.

Non-Thermal dispersion profile

The line width of the J = 1 → 0 transition of HC 15 N at L1498 is very narrow (full width at half maximum, FWHM = 0.2 km/s). This indicates that the turbulence inside this core is very small, as if we assume T kin. = 10 K, the non thermal velocity dispersion seen in the HC 15 N J = 1 → 0 transition is ∼0.05 km/s. This is very different from the situation seen in the surrounding Taurus molecular cloud, which has very broad line widths for the material surrounding L1498 (FWHM ∼ 0.63 km/s, Tafalla et al. 2006). To conciliate this very discrepant line widths we have adopted a smooth radial profile for the non thermal velocity dispersion:

σ nth (r) = σ 0 + σ ext -σ 0 π π 2 + arctan r -r j ∆r j , ( 7 
)
where σ 0 is the non thermal velocity dispersion at the centre of the core and σ ext is the non thermal velocity dispersion in the ambient cloud. The transition from the low dispersion to the high dispersion regime is centred at a radius r j , with a characteristic width ∆r j . In panels a) and d) of figure 7 we can see that the a constant σ nth cannot reproduce well the observed J = 1 → 0 and J = 3 → 2 line profiles. The J = 3 → 2 hyperfine components are under produced while the J = 1 → 0 hyperfine components have incorrect line profiles: a big self-absorption dip at V = 0 km/s and the line ratios between the hyperfine components are not anomalous, i.e. the line ratios between the hyperfine components are within the expected ratios (1/5 F = 0 → 1/F = 2 → 1 1 and 3/5 F = 1 → 1/F = 2 → 1 1). On the other hand a linear expression for σ nth is also not capable of reproducing the line profiles. The J = 3 → 2 hyperfine components are slightly under produced, while the J = 1 → 0 hyperfine components are severely under produced and the line ratios between the hyperfine components is even more anomalous than the observed ones (panels b) and e) ). While finally in panels c) and and f) we have a good reproduction of the profiles of both transitions, by using the profile described in eq. 7.

The big differences seen between the different types of σ nth profiles can be understood if we take into into account the overlap of hyperfine components that happens in HCN rotational Article number, page 7 of 12 there is no extra pumping of population to J = 2 and J = 3 levels due to the radiative trapping caused by the hyperfine overlap, thus making the J = 3 → 2 excitation temperature low (average J = 3 → 2 T ex ∼3.6 K) which in turn under produce the line emission. Now in the case of a linear increase of σ nth with radius we see that there is some radiative pumping of J = 2 and J = 3 caused by the hyperfine component overlap, leading to J = 2 and J = 3 being more populated here than in the case of constant σ nth (Figure 8 panel a) ). This creates an excitation temperature imbalance in the J = 1 → 0 transition at small radii, the F = 2 → 1 component becomes suprathermal while the F = 1 → 1 has an excitation temperature smaller than F = 0 → 1. Yet due to the fact that σ nth keeps increasing at a certain point photons can scape easily in transitions J = 2 → 1 and J = 3 → 2 leading to a fast depopulation of this levels, leading to a fast drop of the excitation temperature of the F = 2 → 1 component which due to its high opacity (τ ∼48, Figure 8 panel b) ) becomes heavily self-absorbed thus explaining the extreme hyperfine anomalies seen in panel b) of Figure 7.

a) HCN J = 1 → 0, V(r) = 0 km/s b) HCN J = 1 → 0, V(r) = -0.05 km/s c) HCN J = 1 → 0, V(r) = Vce -(r-rV )2 2∆r2 V km/s d) HCN J = 3 → 2, V(r) = 0 km/s e) HCN J = 3 → 2, V(r) = -0.05 km/s f) HCN J = 3 → 2, V(r) = Vce -(r-rV )2 2∆r2 V km/s
The σ nth profile described in eq. 7 solves the problems presented by the other two profiles in a simple way. The small increase in the non-thermal broadening with radii at small radii allows for the pumping of the J = 2 and J = 3 levels to proceed to larger radii, creating the observed J = 1 → 0 hyperfine anomalies and keeping the J = 3 → 2 excitation high enough to account for the observed intensities (average J = 3 → 2 T ex ∼4.7 K).

6. Fitting of the line profiles of HCN and its isotopologues.

Discussion

outside in collapse mention sohn et al 2007 with the fact that they discovered hcn traces more collapse than other molecules, probable reason: HCN traces the outside in collpase while N2H+ traces only inner collapse. due to the diff in optical depth and excitation.

conclusions Appendix A: Dust emission fitting

Appendix A.1: Correlations between the fitting prameters One interesting thing to note about Figure A.1 is the presence of correlations and anti-correlations between some of the fit parameters. The loose anti-correlation between n 0 and r 0 can be understood from the fact that an increase in any of them increases the dust column density and thus the emission, so as one parameter increases the other has to decrease to preserve the observed emission. The positive correlation of n ext and α comes from the fact that there is a need for some minimal emission at larger radii, so as α increases, decreasing the line of sight column density at larger radii, n ext has to increase to preserve it. Not surprisingly the tight anti-correlation of n ext and T ext comes from this same necessity, as T ext is decreased n ext has to be increased to maintain the emission and vice versa. On the other hand the positive correlation between r 0 and α is related to the slope of the emission profile decay. Larger values of r 0 have to be coupled with larger values of α to preserve the slope seen on the radial profiles.

The anti-correlation between T 0 and T ext can be explained from the fact that the emission increases with both temperatures through the term B ν (T dust (r)) in equation 2, therefore if T 0 is increased T ext has to be decreased to conserve the flux. The anticorrelation between n 0 and T 0 also comes from the fact that the emission increases with T 0 while also being proportional to n 0 through equation 4, thus if T 0 is increased n 0 has to be decreased to conserve flux. The constrains leading to the correlation between r 0 and T ext come from the emission at large offsets from the source, where it is dominated by n ext and T ext , but also having a contribution from the tail of the term dependent on r 0 in equation 4, so if flux is to be conserved an increase in r 0 has to be offset by a decrease in T ext . The correlations between T 0 and r 0 and T 0 and n ext arise from the anti-correlation between T 0 and T ext acts upon T ext which due to its anti-correlations with n ext and r 0 make in turn r 0 and n ext correlated to T 0 . The loose positive correlation of n ext and r 0 may arise from the fact that both n ext and r 0 present correlations with T 0 and anti-correlations with T ext , thus they are forced to vary together by the strength of these correlations.

The anti-correlations between β and the temperatures (T 0 and T ext ) come from the fact that β has an impact on the relative fluxes between the different wavelengths, with large values of beta favoring short wavelengths, which is the opposite effect of the temperature. Thus to maintain the same ratio between the fluxes at different wavelengths a decrease in β has to be offset by an increase in either T 0 or T ext . The remaining correlations, that between β and the desnity parameters (n 0 , n ext and r 0 ) come from the fact that an increase in column density requires a decrease in the dust temperature to maintain the same emission, and therefore with a decrease in dust temperature β has to increase to maintain the flux ratio between the different continuum wavelengths.
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interferometric observations

The region immediately adjacent to a protostar, the warm circumstellar material in a embeded protostar or the protoplanetary disk around a T Tauri or Herbig A star, is the analog to the protosolar nebula. These regions have sizes of the order of a few hundred astronomical units. Even in the case of the closest known protoplanetary disk, the disk around TW Hya which is at 59±1 pc as recently measured by the ESA/Gaia satellite, such sizes require spatial resolutions of the order of 1" to be resolved. Single-dish observations at high frequencies may achieve a spatial resolution of the order of a few arc seconds (7.4" at 340 GHz at the IRAM-30m telescope). Yet this is not enough to accurately resolve these regions. The solution is to use interferometers.

Radio interferometers work by correlating the electric field measured by pairs of antennas. Each pair of antenna defines a baseline, whose projection on the sky corresponds to a given spatial scale in the brightness distribution on the sky. Each sample is called a visibility.

The visibility is what a radio interferometer actually measures: it is one component of the Fourier transform of the sky brightness distribution. The best way to gauge the quality of the sampled visibilities is to look at the so-called uv coverage of an interferometric observation (Figure 5.1). The uv coverage is a graphical representation of the sampling of the spatial frequencies sampled by the baselines of an inteferometre. The name uv comes from the coordinates in the Fourier plane which are usually noted u and v.

The Fourier transform of the uv coverage is the so-called dirty beam. The dirty beam is the interferometre's sensitivity to a point source in the sky. Which is to say that a point source in the sky appears in an interferometric image as a dirty beam which is scaled by the flux of the point source.

To visualise interferometric data in a more familiar way, the visibilities are Fourier-transformed to obtain a representation of the sky plane that is called a dirty image (Figure 5.2). To accurately reproduce the sky brightness distribution it is necessary to sample as many spatial frequencies as possible. The dirty image-so-called because the plane of the sky is convolved with the dirty beam-generally contains artifacts. Actually, the Fourier transform of the visibilities is only possible if the phase of the visibilities is known. In the optical domain this information is lost, and therefore a source geometrical model has to be assumed in order to produce an image. In the radio domain the signal correlators are capable of keeping track of the phase of a visibility, thus no geometrical source model is required to reconstruct a dirty image reducing the systematic errors in the analysis of the data.

To reduce the number of artifacts seen in a interferometric image a process called cleaning is applied to the dirty images to create an image that is as free as possible from artifacts. The CLEAN algorithm for cleaning the dirty image is an iterative procedure, introduced by [START_REF] Högbom | Aperture Synthesis with a Non-Regular Distribution of Interferometer Baselines[END_REF] which can be summarised as follows:

1. Normalise the dirty beam to a fraction of the intensity of the maximum intensity in the dirty image;

2. Subtract the normalised dirty beam from the dirty image at the location of maximum intensity.

3. Find the point of maximum intensity in the new dirty image, this may or may not be the same point as before, and repeat the first two steps;

the 14 n/ 15 n ratio in protosolar nebula analogs 4. Continue the process iteratively until the maximum intensity in the dirty image is comparable to the noise.

5. Produce a final "cleaned" image by returning all the components removed in the previous stages in the form of "clean beams" with appropriate positions and amplitudes. The clean beams are typically chosen to be Gaussian with similar widths to the central response of the dirty beam.

Figure 5.3 shows the effects of CLEAN in the dirty image shown in Figure 5.2.

Self-calibration

The process of interferometric calibration-amplitude, frequency, and phase-is certainly the most crucial part of the data processing. It involves various calibration sources and procedures. Due to its complexity the final calibrated data set may still present significant spread in phase and amplitude with time. To improve the phase and amplitude calibration, the idea behind so-called 'self-calibration' is to use the structure of the source itself that is generated during the cleaning process. It is thus an iterative procedure. Indeed, the cleaning process creates so-called clean components which are the iteratively dirty-beam-subtracted images.

These clean components can then be Fourier-transformed to produce a model set of visibilities. The phase and amplitude of the model visibilities can be compared to the observed visibilities to obtain a best fit solution to correct the observed visibilities. The corrected observed visibilities are then imaged and cleaned producing a new set of clean components that can be used to further improve the model visibilities. This process is done iteratively until the differences between two consecutive steps becomes lower than some threshold, or if it decreases the image quality.

The principal requirement for this method to work is that the observed visibilities have sufficient signal-to-noise ratio (snr), generally 50 or more, to allow a good fitting of the phases and amplitudes to the model visibilities. This is usually not possible with spectral lines which have too small an snr, due to their small frequency width. This is normally circumvented by observing the continuum in parallel to spectral line observations. Continuum data usually have much better snr than spectral data sets. Moreover, because continuum observations are usually observed in parallel to the spectral ones, they are similarly affected by phase and amplitude drifts. In practice, selfcalibration is thus perfomed using the solutions obtained by the cleaning of the continuum. Figure 5.4 displays the effects of self-calibration to continuum observations of TW Hya.

direct evidence of multiple reservoirs of volatile nitrogen in a protosolar nebula analogue

The last link on the star formation process before a complete solar system is the protoplanetary disk stage. With that in mind we have set to investigate the isotopic ratio of Nitrogen in the closest protoplanetary disk to Earth, TW Hydra. A proposal was submitted by Pierre Hily-Blant for ALMA cycle 2 with the intention of directly measuring the CN/C 15 N ratio in this disk. The proposal was granted time under the ALMA project 2013.1.00196.S.

The TW Hya observations were carried out in three epochs and the data was delivered in July 2015. The data was calibrated and concatenated by me at the IRAM headquarters in Grenoble. Following the concatenation the data was self-calibrated by me with the aid of a self-calibration script (Chunhua Qi private communication). The self-calibration process took two rounds of phase self-calibration and one round of amplitude self-calibration. This lead to a three fold increase of the signal noise ratio of the continuum and its effects can be seen in Figure 5.4. All the data reduction was conducted 5.2 direct evidence of multiple reservoirs of volatile nitrogen in a protosolar nebula an in CASA (The Common Astronomy Software Applications package), under version 4.2.2. All the visibilities were then converted form the CASA format to the GILDAS\mapping UV table format (GILDAS software). In GILDAS\mapping the visibilities of the optically thin hyperfine components of CN were integrated in frequency to obtain integrated intensity UV tables of these lines. The same was done to the visibilities of C 15 N.

The MWC 480 data we used to derived the H 13 CN/HC 15 N ratio were retrieved from the ALMA science archive since they are already open to public access. Similarly to the TW Hydra CN data, these data were calibrated and self calibrated by me using CASA version 4.2.2. The strong continuum of MWC 480 allowed for a 5 fold increase in the signal to noise ratio during self-calibration. The self-calibration took two rounds of phase self-calibration iterations and one round of amplitude self-calibration. After the self-calibration the data was exported to to the GILDAS mapping UV table format. In GILDAS\mapping these UV tables were integrated in frequency to provide integrated intensity UV tables for the subsequent analysis.

The analysis of the UV plane data lead to the derivation of 10% uncertainty isotopic ratio for CN in TW Hya. The detailed steps of this analysis are described in the appendixes of Hily-Blant et al. (2017). Hily-Blant et al. ( 2017) is presented in its integral form in the following pages as it is one the main results of this thesis.

Introduction

Understanding the formation of the solar system is a prerequisite to a comprehensive theory of our origins, while providing essential clues for the birth of planetary systems in general. Early solar system bodies, such as comets and asteroids, provide a detailed view of the composition of the protosolar nebula (PSN) 4.6 billion years ago (Mumma & Charnley 2011;Bockelée-Morvan et al. 2015). The physical and chemical conditions prevailing in the PSN were set up in the collapsing proto-Sun, which were themselves products of the conversion, over a few million years, of diffuse and mostly atomic interstellar gas into a dense, gravitationally unstable, molecular prestellar core (Ceccarelli et al. 2014). A key question from both astrophysical and planetary science perspectives is to know to what extent the reservoirs of volatiles (namely, gas and ice) in planetary systems are of interstellar nature or if chemistry was reset in the PSN at the epoch of planet formation.

Isotopic ratios are a powerful tool to evince the chemical heritage preserved during this secular evolution. For example, the large D/H ratio in terrestrial water may indicate that it likely encoded the interstellar history of the solar system (Cleeves et al. 2014). In contrast, the origin of nitrogen, the most reactive and abundant heavy nuclei, together with carbon and oxygen, has not been elucidated for two main reasons: i) the elemental 14 N/ 15 N isotopic ratio of nitrogen in the present-day solar neighbourhood (which we denote R 0 ) is poorly constrained; and ii) the primary repository of nitrogen in star and planet forming regions is unknown, such that chemical model predictions are highly uncertain. Constraints on the origin of nitrogen in the PSN derive from laboratory and in situ analysis of primordial solar system materials (Rubin et al. 2015), and from observations of solar-type star-forming regions in the solar neighbourhood within a few 100 pc (Hily-Blant et al. 2013a). The primary reservoir of nitrogen in the PSN had a 14 N/ 15 N ratio R = 441 as measured in Jupiter's atmosphere and in the solar wind (Füri & Marty 2015) but values as low as 50 are observed today in some primitive cosmomaterials (Bonal et al. 2010). Comets, observed in CN, HCN, and NH 2 , show a strikingly uniform ratio of ≈140 regardless of their orbital parameters (Mumma & Charnley 2011;Shinnaka et al. 2016, and Fig. A.1), suggesting that they recorded a secondary nitrogen reservoir or that the main reservoir of nitrogen has not yet been seen in comets.

A central question is to establish whether the different reservoirs of nitrogen that are observed today in the solar system were inherited from the interstellar phase, or if they result from fractionation processes within the PSN or in parent bodies (Hily-Blant et al. 2013a;Füri & Marty 2015). A first step in addressing this issue would be to demonstrate the existence of multiple reservoirs in protoplanetary disks, which serve as analogues for the PSN. This is a primary objective of the present work.

The origin of nitrogen in the solar system is actually a problem in both space and time, as it involves the comparison of the composition of the PSN, formed at some location in the Galaxy 4.6 billion years ago, to that of present-day starforming regions at a galactocentric radius r G ≈ 8.5 kpc. One key point is the chemical homogeneity of the local interstellar medium (LISM) within ∼1 kpc (Sofia & Meyer 2001), which makes nearby protoplanetary disks representative of planetary formation at r G ≈ 8.5 kpc. Qualitatively, the elemental 14 N/ 15 N Article published by EDP Sciences L6, page 1 of 14 in the Galaxy is expected to decrease with time, and to increase with increasing galactocentric radius, as a result of stellar nucleosynthesis (Audouze et al. 1975;[START_REF] Matteucci | Chemical Evolution of Galaxies[END_REF]). Nevertheless, predictions of Galactic chemical evolution (GCE) models can vary significantly depending on the specific assumptions concerning the nuclear processes leading to 15 N, the Galactic star formation history, and the initial mass function of newly born stars (Romano & Matteucci 2003;Minchev et al. 2013). Moreover, the birthplace of the Sun remains poorly known (Martínez-Barbosa et al. 2015). Measuring R 0 would provide the reference value needed to establish the heretofore missing link between the PSN and present-day planet-forming disks orbiting young stars. The value of R 0 is the other aim of the present study. However, measuring R 0 is challenging because the primary reservoir of nitrogen in cores, protostars, and protoplanetary disks -presumably N or N 2 (or perhaps icy ammonia in the densest parts) -cannot be observed directly. Therefore, R 0 must be inferred from trace species (e.g. HCN, NH 3 , etc.) usually with the aid of chemical models (Le Gal et al. 2014;Roueff et al. 2015). Moreover, radiation from 15 N isotopologues is intrinsically weaker than from the main isotopologue by typically two orders of magnitude thus requiring excellent sensitivity.

It is well established that evolved protoplanetary disks are bright CN line sources (Guilloteau et al. 2013) and that, even for the strongest CN sources among disks, some hyperfine transitions of CN are optically thin (Kastner et al. 2015;Punzi et al. 2015). This species hence potentially affords a direct means to infer N isotope ratios in disks, without the need to resort to assumptions concerning secondary elemental isotopic ratios or line optical depths.

Observations

With this as motivation, we have undertaken ALMA observations of the C 14 N(3-2) and C 15 N (3-2) rotational emission at 340 and 330 GHz respectively (see Table A.1) from the molecule-rich disk orbiting TW Hya, a nearby (d = 59.5(9) pc1 ), nearly pole-on T Tauri star and disk system that displays exceptionally bright, narrow CN line emission (Kastner et al. 2015;Teague et al. 2016).

Observations of TW Hya were performed in December 2014 and April 2015, using the Atacama Large Millimeter/submillimeter Array (ALMA) interferometer (proposal 2013.1.00196.S). The Fourier plane was sampled by 47 antennas, covering baselines from 15 to 343 m. The CN and C 15 N rotational lines N = 3-2 were observed simultaneously with a channel spacing of 61 kHz (or 0.107 km s -1 effective velocity resolution at 340 GHz). The rest frequency for the C 15 N(3-2) hyperfine transitions were taken from the CDMS spectroscopic catalogue (Müller et al. 2005), with 1σ uncertainties of 90 kHz. The CDMS frequencies for the CN(3-2) set of hf lines have much reduced uncertainties of a few 10 kHz only. Flux calibration was performed using Callisto as an absolute reference, while bandpass and phase calibrations were obtained by observing the J1256-0547 and J1037-2934 QSOs respectively. After a first round of calibration using the CASA software (version 4.2.2), the phase calibration was improved using a self-calibration procedure based on the continuum, line-free, emission, from large bandwidth observations performed in parallel to the spectral line observations. The self-calibrated output was then applied to both CN and C 15 N. Cross-calibration uncertainties were mitigated by the simultaneous observation of the two isotopologues, while the small (3%) difference in lines frequency ensures nearly identical Fourier plane coverages, continuum emission, and absolute intensity calibration. The calibrated data were then exported to the Gildas2 package format for imaging and analysis.

The CN hyperfine (hf) transitions are well resolved and detected with a high signal-to-noise ratio (S/N) (see Figs. 1 and2). Specifically, our CN detections include four hf lines with relative intensities 0.054 and 0.027 (see Table A.1). Of the four hf components of the C 15 N (N = 3-2) rotational transition included in our frequency setups, three were successfully detected and are optically thin, while the weakest was only tentatively detected (see panels b and c of Fig. 1). To produce the images shown in Fig. 2, deconvolution was performed using the Högbom algorithm as implemented in the Gildas/Mapping software. The clean beam at 340 GHz was 0.90 × 0.53 and with a position angle of 86 • , and the final sensitivity is between 1.8 and 3.6 mJy/beam/channel. The continuum peak and integrated flux at 340.0465 GHz are 378.0(3) mJy/beam and 1.426(2) Jy respectively, in agreement with observations at nearby frequencies (Qi et al. 2013;Nomura et al. 2016). To increase the S/N of the C 15 N, robust weighting was applied providing good compromise between beam size and secondary lobes level. The synthesized beamwidth is 2.3 , and the sensitivity was between 5.3 to 6.4 mJy/beam/channel.

The CN map shows a ring structure of deconvolved inner and outer half-maximum radii of roughly 15 and 70 AU respectively, as derived from a very simple model (Figs. 2 and3), consistent with previous studies based on molecular and continuum emissions (Qi et al. 2013;Teague et al. 2016;Nomura et al. 2016). The very high S/N channel maps of the optically thin CN hyperfine transitions at 340.020 and 340.265 GHz are shown in Fig. 3. Azimuthally averaged radial profiles of the integrated flux for the 7 hyperfine (hf) components of C 14 N, four of which are optically thin, the remaining three being optically thick (Fig. 2). The average of the 7 hf components is shown in red. The black line shows the result of a sharp inner-ring model plus Gaussian decrease outwards, convolved by the synthesized beam. The unconvolved ring has a radius of 0.7 or 42 AU, and a full-width at half-maximum of 54 AU (at a distance of 59.5 ± 0.9 pc). 

The CN/C 15 N abundance ratio in TW Hya

The disk-averaged CN/C 15 N abundance ratio was derived from the integrated visibilities of optically thin hf components of each isotopologue. The chosen CN hf transition at 340.020 GHz is readily shown to be optically thin by considering the total opacity of the CN line, which is of order 4-5 (Kastner et al. 2014), and recognizing that this hf line carries 5.4% of the total intensity. The low optical depth is confirmed by hyperfine analysis of the ALMA spectra and by the identical lineshapes of the diskaveraged spectra of the 4 weakest hf transitions with relative intensities 2.7 and 5.4% (see Fig. C.1 and Appendix C for details). Because C 15 N is typically a hundred times (or more) less abundant than CN, its detected hf lines are also optically thin. The visibilities of the CN hf line and of the overlapping C 15 N hf transitions at 329.837 GHz were integrated over a 2 km s -1 velocity interval, to optimize S/N, and tapered before fitting in the uv plane by a two-dimensional Gaussian distribution. In doing so, the geometrical parameters were indeed obtained from the high S/N CN map, and then applied to the C 15 N visibilities letting the C 15 N integrated flux as the unique free parameter.

The derived integrated flux ratio was translated into a column density ratio by assuming a single excitation temperature for both isotopologues. This assumption is strongly supported by the common excitation temperature of ≈20-25 K for the CN(3-2) (see Appendix C) and CN(2-1) transitions (Teague et al. 2016). Thermalization is most likely ensured by the high density regions responsible for the CN emission, as inferred from the low kinetic temperatures traced by the narrow CN lines (see Appendix C).

After propagating the various sources of uncertainty, the disk-averaged CN/C 15 N abundance ratio is R CN = 323(30).

(1)

Two isotopic reservoirs of nitrogen in disks

This direct determination of the CN isotopic ratio in TW Hya can be compared to the indirectly measured ratio in HCN in the nearby (d = 140 pc) protoplanetary disk orbiting MWC 480. 71(11) -0.05(12) 2.46(35) 2.13(33) 5.93(126) 0.150(20) Notes. The center of the 2D-Gaussian is given with respect to the phase center position at RA, Dec coordinates 11 h 01 m 51.875 s , 34 • 42 17.16 (J2000). Number in brackets are uncertainties in units of the last digit. ( §) Fluxes integrated over the CN(3 7/2 5/2 → 2 5/2 5/2) and the two C 15 N(3 7/2 → 2 5/2) transitions. The quoted uncertainty does not include the calibration uncertainty (3%). ( †) uv-fit results with fixed, circular, Gaussian disk taken from the CN fit. ( ‡) uv-fit results without imposing the size of the Gaussian disk.

We have applied the same uv plane analysis described above to archival H 13 CN and HC 15 N data for MWC 480 (Guzmán et al. 2015), obtaining H 13 CN/HC 15 N = 1.88(34)

(2) which improves on, but is consistent with, the 2.8(1.4) value formerly derived. The improvement over the previous analysis is most likely due to our fitting approach which involves fewer free parameters by assuming identical disk properties for both isotopologues. Indeed, our ratio for the MWC 480 disk also agrees well with recent re-analysis of the data (Guzmán et al. 2017).

Assuming that the abundance ratio HCN/H 13 CN is equal to the elemental 12 C/ 13 C isotopic ratio, and adopting 68(15) for the latter (Milam et al. 2005), we obtain an isotopic ratio of nitrogen in HCN in MWC 480 of R HCN = 128(36).

(

The chemical composition of the solar neighbourhood being homogeneous (Sofia & Meyer 2001), it follows that the elemental, hence primary, reservoir of nitrogen in both TW Hya and MWC 480 should have the same isotopic ratio. Consequently, the distinct ratios in CN and HCN demonstrate that, in addition to the elemental reservoir, at least one of these two disks contains another reservoir of nitrogen, which is fractionated and 15 N-rich. Although the HCN/H 13 CN in disks is not known, the foregoing conclusion would hold true unless this ratio was larger than 132. In the context of prestellar cores, such high ratios have been predicted by recent chemical models (Roueff et al. 2015), but are inconsistent with observations which lead to a ratio of 30 (Daniel et al. 2013). Combined with GCE models predicting that the enrichment in 15 N through stellar nucleosynthesis over the last 4.6 billion years implies R 0 > 232 (Romano & Matteucci 2003), our result demonstrates that HCN in MWC 480, and in the disks studied in Guzmán et al. (2017), traces a heavily fractionated, hence secondary, reservoir of nitrogen.

From our study, it appears that CN and HCN in disks are not tracing the same reservoirs and therefore that the detected CN is not a photodissociation product of HCN. This would imply that CN emission is not dominated by the upper, UV-exposed, disk layer, as is usually assumed (Teague et al. 2016). In contrast, CN emission from cold and UV-shielded regions seems to be favoured. This is further supported by the narrow CN linewidths which constrain the kinetic temperature to be lower than 20-25 K within the CN ring and beyond (see Appendix C). Observations of both CN and HCN at high spatial resolution in a sample of disks spanning a range of viewing geometries, coupled with comprehensive radiative transfer models, are required to fully address the question of the specific origin of the CN emission in disks.

The 14 N/ 15 N isotopic ratio in the present-day ISM

In the following, we provide arguments that the CN/C 15 N abundance ratio we have directly measured in the disk orbiting TW Hya is in fact also a measurement of the elemental 14 N/ 15 N isotopic ratio in the present-day LISM.

The CN abundance measured in the TW Hya disk ratio agrees very well with the average ratio in NH 3 of 321(36) towards Barnard 1, and in N 2 H + of 365(135) towards L1689E. Although ratios up to ∼1000 have been obtained using N 2 H + (Bizzocchi et al. 2013), the weighted average of direct measurements performed in prestellar cores is 336(16) (see Table D.1) and is in very good agreement with our CN ratio in TW Hya. If one adopts the predictions from selective photodissociation disk models (Heays et al. 2014), CN in TW Hya would be enriched in 15 N by ≈80% with respect to the elemental reservoir. The elemental ratio in TW Hya, and hence in the LISM, would be R 0 ≈ 600, thus larger than in the PSN 4.6 Gyr ago, at odds with galactic evolution chemical model predictions. This would require ammonia and dyazelinium (N 2 H + ) in dense cores to be similarly enriched by 80%, in sharp disagreement with predictions of chemical fractionation models (Hily-Blant et al. 2013b;Roueff et al. 2015;see Appendix D). This suggests that the efficiency of selective photodissociation may be much lower in TW Hya.

Given the concomitant ratios in TW Hya and in prestellar cores, a more likely interpretation is that CN, NH 3 , and N 2 H + , are tracing a single reservoir of nitrogen. Furthermore, this reservoir would be the primary one, therefore reflecting the elemental isotopic ratio in the present-day solar neighbourhood. This scenario is in good agreement with the HCN/HC 15 N and CN/C 15 N ratios in the diffuse LISM (see Fig. 4 andTable D.1). Ratios derived from CN lines in the ultraviolet (UV) show a large scatter, with ratios as high as 452( 107), but yield an average ratio of 274(18) -although not compatible with one lower limit at 312. Absorption spectroscopy using the (1-0) rotational line of HCN in translucent clouds (A V = 1-4 mag, Glück et al. 2017) yield a similar average of 276(34) (Lucas & Liszt 1998). In these clouds, CN is efficiently produced by photodissociation of HCN, and both species most likely originate from a single reservoir of nitrogen, presumably in atomic form (Boger & Sternberg 2005). Chemical mass fractionation is inefficient in these clouds (T k > 15-30 K), but selective photodissociation is predicted to enhance 15 N by 10% in CN and HCN (Heays et al. 2014). The low ratios in diffuse clouds would thus correspond to an elemental ratio of 304(37), in agreement with, although at the lower end of, the CN ratio we have measured in TW Hya.

The conclusion that CN in TW Hya traces the primary reservoir of nitrogen also is in accord with predictions from galactic models. According to purely dynamical models, L6, page 4 of 14 Fig. 4. Present-day nitrogen isotopic ratio in the solar neighbourhood compared to Galactic Chemical Evolution models predictions. Shaded areas: ALMA measurements of the CN/C 15 N and HCN/HC 15 N ratios in TW Hya and MWC 480 respectively. Symbols: directly measured ratios (i.e. not using double-isotopic ratios) in the present-day solar neighbourhood at r G = 8.5(10) kpc (references are provided in Table D.1). Black curves: GCE model predictions Romano & Matteucci (2003) scaled to a PSN ratio of R = 441, with 15 N as a primary (full line, their model 2) or secondary product (dashed lines, their models 3s an 3n). Blue curve: GCE model 2 including a 2 kpc outward Sun migration (see the text for details). The weighted average isotopic ratios in comets of 144(3) (see also Fig. A.1) and of 111(19), from H 13 CN/HC 15 N observations in 5 disks (Guzmán et al. 2017), are also indicated.

the Sun most likely did not migrate from its birthplace (Martínez-Barbosa et al. 2015), and the proposed current ratio R 0 = 323(30) would indicate a 15 N-enrichment by up to 38(13)% above R over the last 4.6 Gyr. This agrees, although marginally, with GCE calculations including 15 N synthesis through novae outbursts (Fig. 4), and especially with models treating 15 N as a primary product (Romano & Matteucci 2003). The agreement is much better with dynamical GCE models which instead predict that the Sun migrated outward by 0.3 to 3.6 kpc (Minchev et al. 2013). Indeed, applying the present-day galactic gradient dR/dR = 22.1 kpc -1 (Adande & Ziurys 2012) to the Milky Way at 4.6 Gyr in the past, our CN/C 15 N ratio would correspond to an outward migration of the Sun by ∼2 kpc from its birth location, within the range predicted by dynamical GCE models. It is worth noting that, in addition to provide an explanation for the anomalously high solar metallicity with respect to young, local, B-type stars (Nieva & Przybilla 2012), the outward migration hypothesis would also bring the 12 C/ 13 C elemental isotopic ratio from GCE models (Romano & Matteucci 2003;Milam et al. 2005) into a better agreement with the PSN value of ≈90.

The origin of nitrogen in the solar system

Our inference that a fractionated reservoir of nitrogen is present at the time of comet formation in PSN analogues sheds new light on the history of nitrogen in the solar system. The presence of such a fractionated nitrogen reservoir in the primitive solar system would indicate that parent body evolution is not required to explain the average cometary ratio of 144(3) (see Fig. A.1). A more likely explanation is that atomic nitrogen, from which HCN presumably derives (Hily-Blant et al. 2013a), is a secondary repository of nitrogen at the PSN stage, supporting the usual assumption that N 2 constitutes the primary reservoir (Schwarz & Bergin 2014;Füri & Marty 2015). In this interpretation, the isotopic ratio of 140 in NH 3 in comets (Shinnaka et al. 2016) could indicate that cometary ammonia was primarily formed by hydrogenation of atomic nitrogen in CO-rich interstellar ices (Fedoseev et al. 2015). In addition, the ring-like distribution of CN in TW Hya, which encompasses the giant planet and Kuiper-belt regions, suggests that the primary reservoir was present in the comet-forming zone. Yet, the uniform isotopic ratio of 144 in all comets and the low N 2 /CO abundance ratio in comets Halley and 67P/C-G (Rubin et al. 2015) strongly suggest that the primary reservoir was lost, or not captured, by comets, although the underlying mechanism remains an open question. An alternative would be that the bulk of nitrogen in comets has still escaped detection. It is also striking that the ratio of the CN-and HCN-derived nitrogen isotopic ratios in disks, 323:111 (≈2.9), are in the same proportion as the mean PSN ratio, 441:144 (≈3.1), as measured in the Sun and comets. This further suggests that the fractionation processes building L6, page 5 of 14 A&A 603, L6 (2017) the two isotopic reservoirs of nitrogen, evinced in present-day PSN analogues, were equally active in the PSN, or in the prestellar core where it formed, 4.6 Gyr ago.

A picture emerges in which dinitrogen was the primary reservoir of nitrogen in the PSN, with an isotopic ratio of 441, whereas atomic N formed a secondary reservoir characterized by R ≈ 140. Earth's atmosphere appears intermediate (R = 272), which could reflect a mixture of the two reservoirs of volatile nitrogen, or a third reservoir in its own right (Füri & Marty 2015). The remarkably uniform ratio in comets (see Fig. A.1) suggests that both reservoirs were homogeneously distributed in the PSN. Disentangling the origin of the fractionated reservoir, between processes in the PSN and an interstellar origin, as suggested by the HCN isotopic ratios in prestellar cores (Hily-Blant et al. 2013a), requires high-sensitivity maps of the isotopic ratio in cores and especially of disks spanning a broad range of physical conditions. However, the small scatter of the HCN/HC 15 N ratios indirectly measured towards a sample of disks (Guzmán et al. 2017) spanning a broad range of ages and masses -hence likely representing a range of dust size distributions and UV radiation fields -argues in favour of a prestellar origin. Moreover, HCN/HC 15 N isotopic ratios as low as 140 were indirectly obtained in prestellar cores (Hily-Blant et al. 2013a). Nevertheless, direct measurements of HCN/HC 15 N in prestellar cores remain the missing clue to put the interstellar origin of the fractionated reservoir on a firmer ground. If the scenario presented here holds, we would predict that the HCN/HC 15 N ratio in prestellar cores should indeed be lower than the cometary ratio of 144, and closer to the average ratio in disks of 111( 19), as a result of galactic chemical evolution.

Conclusions

Measurements of nitrogen isotopic ratios are keys to understanding the origin and evolution of the solar system in the context of Galactic nucleosynthesis. The large range of measured 14 N/ 15 N isotopic ratios in solar system bodies, from ≈440 in the Sun and Jupiter to ≈140 in comets, may reflect the presence of distinct reservoirs of nitrogen that have recorded interstellar initial conditions, chemical fractionation processes in the PSN, and/or secular elemental abundance evolution over the past 4.6 billion years. In this paper, we have presented the first direct measurement of the volatile C 14 N/C 15 N isotopic ratio within a protoplanetary disk. The ratio of 323(30), obtained with the ALMA interferometer, is in good agreement with the ratio measured for prestellar cores. The CN/C 15 N abundance ratio in the TW Hya disk therefore likely reflects a non-fractionated reservoir of nitrogen that is representative of the present-day elemental ratio of nitrogen in the solar neighbourhood. The comparison with the indirectly derived HCN/HC 15 N ratio in other disks demonstrate that disks at the comet formation stage already contain a heavily fractionated reservoir. The measurement of the HCN/HC 15 N ratio in TW Hya would provide a striking confirmation of this finding. On a broader perspective, our results support galactic chemical evolution models invoking novae outbursts as primary 14 N sources as well as significant outward migration of the Sun over its lifetime, and furthermore suggest that, whereas the Sun and Jupiter incorporated mass from the PSN's main nitrogen reservoir, solar system comets recorded a secondary, fractionated reservoir of nitrogen. Notes. ( §) Quantum numbers: N is the rotational angular momentum, J = N + 1/2 describes the electronic spin coupling, and F = J + I describes the nuclear spin coupling (I = 1 for 14 N, and 1/2 for 15 N). ( †) Einstein coefficient for spontaneous radiative decay. ( ‡) Upper level degeneracy (including fine and hyperfine splitting). ( ) Normalized to a total of unity per fine structure group.

Appendix A: Supplementary materials

Fig. A.1.
Compilation of all isotopic ratios in comets. The observed carrier is indicated above each measurement. Although it is clear that NH 2 is a photodissociation product of ammonia in the coma, the origin of CN is less certain. Data were taken from Jehin et al. (2009) and Bockelée-Morvan et al. (2015). The weighted average ratio is 144(3). For each carrier, the average ratios for Jupiter Family Comets (JFC) and Oort Cloud Comets (OCC), are indicated, where the distinction between JFC and OCC was based only on the periodicity of the comets being respectively lower and higher than 200 yr (Shinnaka et al. 2016).

L6, page 7 of 14 The derived total opacity is ≈3.4-5.4 for groups a and b lines, confirming previous studies (Kastner et al. 2014). The weakest hf CN lines, in group a, which carry 2.7% of the total intensity (see Table 1), is thus less than 0.15, well into the optically thin regime. Figure C.1 shows a comparison of the diskaveraged spectra of the four weakest hf transitions of CN scaled by their relative intensities. The very good match of the spectral profiles indicates that they are all optically thin, as no opacity broadening can be noticed although the relative intensities vary from 2.7 to 5.4%. The detected C 15 N hf lines can safely be assumed optically thin. This is further supported by the observed relative strengths of these two hf lines (see Fig. 1). K) and total number density (in cm -3 ) from the physical TW Hya model of (Qi et al. 2013).

For optically thin lines, going from line intensity ratios to abundance ratios only requires the spectroscopic properties and excitation of each line to be taken into account, based on the usual relation between the total column density and the integrated opacity:

N tot = 8πν 3 A ul g u c 3 e E l /kT ex Q(T ex ) 1 -e -(E u -E l )/kT ex τ ν dν = f (ul, T ex ) τ ν dν, (C.1)
where T ex is the excitation temperature of the u → l hyperfine transition characterized by its Einstein coefficient A ul and upper level degeneracy g u (see Table A.1). The partition function Q is also a function of the excitation temperature, and is calculated through a linear interpolation accross the tabulated values from the CDMS catalogue (Müller et al. 2001). Accordingly, the CN/C 15 N column density ratio is proportional to the ratio of the integrated opacity scaled by a species-dependent prefactor f (ul, T ex ) which depends upon the excitation temperature of each transition. In the following, we demonstrate that a single excitation temperature can be adopted for both sets of optically thin hyperfine lines of CN and C 15 N. We also estimated the uncertainty associated to this assumption. On general terms, the excitation state of each molecule results from the competition between radiative and collisional processes, which may vary significantly within the disk as the density and kinetic temperature depend on the radius R and height Z above the midplane (see Fig. C.4). However, it must be emphasized that our measurement of the isotopic ratio does not require absolute determinations of the column densities of each isotopologue. Instead, it is important to guarantee that the single excitation temperature assumption holds.

We examined in more details the assumption that all hf lines are characterized by a single excitation temperature. This is supported by the relatively small total opacity of each group of hf lines. Moreover, the excitation temperature of the CN rotational transition, as obtained from the HFS fits, are 17-27 K for both fine structure groups (see Table C.1). In our analysis, spectra labelled 4 and 5 in Fig. C.3, for which the fits are the poorest because the main hf transitions overlap, have the highest opacities (total τ of 6.1). At any given location, the opacity of each group are consistent to better than 15%. The excitation temperatures are also in very good agreement with the 25 K value of the CN(2-1) lines at 100 AU (Teague et al. 2016). This provides is a very strong indication that the CN (2-1) and(3-2) lines are thermalized, or very close to be so. The derived excitation temperatures are higher than in our single-dish study, confirming the suggestion that the beam dilution was not properly taken into account (Guilloteau et al. 2016). The corresponding total CN column density is ≈10 14 cm -2 , although we stress that a robust determination of the CN column density should await for a self-consistent modelling of the CN(2-1) and CN(3-2) lines observed with ALMA.

The single excitation temperature assumption is further substantiated by the FWHM of the CN lines which indicate that the emission originates from regions with high density. At any location, the FWHM measured through Gaussian fitting to each hf component, is due to the combined effects of Keplerian motion and non-thermal (e.g. turbulence) plus thermal broadenings, and therefore provides an upper limit on the kinetic temperature through σ v = FWHM/2.35 ≥ (2kT k /µ) 1/2 , with µ = 26 amu for the CN molecule. The maps of the FWHM of the group a hf transitions (see Table A.1) are shown in Fig. C.5. The associated upper limit on the kinetic temperature assuming purely thermal broadening are also indicated. The quoted FWHMs have not been deconvolved from the autocorrelator transfer function. The Keplerian smearing associated to the 7 • disk inclination was also not subtracted, so that the upper limits on T k are conservative ones. The FWHMs of the optically thin hf lines at 340.008 and 340.020 GHz correspond to kinetic temperature lower than 20-25 K within the CN-ring (i.e. with convolved radii < ∼ 90 AU, see Fig. 3). These upper limits further decrease at larger radii, reaching T k ≤ 15 K beyond 120 AU.

Based on a model of the physical structure of the TW Hya disk (Qi et al. 2013), the 20-25 K upper limit corresponds to a lower limit on the density of a few 10 7 cm -3 for radii comprised in the range 60 to 120 AU. The non-equilibrium statistical populations of the CN and C 15 N hyperfine levels were calculated under the escape probability formalism using the RADEX code (van der Tak et al. 2007) and collision rates coefficients, for CN and C 15 N, at the hyperfine level (Hily-Blant et al. 2013b). At several radii from 60 to 120 AU, level populations were computed as a function of height above the disk midplane for physical conditions appropriate to the TW Hya disk. Figure C.6 shows the results at R = 60 and 85 AU, which correspond to upper limits on T k of ≈25 and 20 K respectively. At each density and kinetic temperature, a range of CN column densities from 10 12 to 10 15 cm -2 was explored while that of C 15 N was a factor 300 or 441 lower. The value of the isotopic ratio was not found to change the following results. At heights such that T k < 20-25 K, the excitation temperature of the 340.020 CN line and the 329.837 C 15 N line are equal to better than 3%. At higher kinetic temperatures, the density decreases and both transitions start to deviate from thermalization, although very moderately. The present excitation study includes locations well within the CN ring (Fig. 3), and is thus representative of the excitation of the bulk of the CN emission. In addition to provide strong support to the single excitation temperature assumption, our analysis suggests that the CN emission does not originate in the upper, warm, layer. Yet, 2D radiative transfer calculations are required to demonstrate this claim.

At each radius and height with T k < 20 K, the prefactors in Eq. (C.1) were finally computed, leading to a prefactor ratio of f 14 / f 15 = 26.5(8).

(C.2)

The uncertainty in Eq. ( 1), including all aforementioned contributions, is finally dominated by the statistical uncertainties on L6, page 11 of 14 

Appendix D: Fractionation in cores and disks

Here, we examine further the possibility that the consistency between the isotopic ratio in CN in TW Hya on the one hand, and in ammonia and dyazenilium in prestellar cores on the other hand, represent the elemental ratio rather than the result of fractionation processes. Since the elemental ratio is the same in these objects, the potential fractionation processes would have to be equally efficient although under significantly different disk-and core-like physical conditions. Indeed, disks have much larger density and are exposed to higher UV fields compared to prestellar cores, which are exposed to a higher flux of ionizing cosmicrays than disks (Henning & Semenov 2013;Cleeves et al. 2014).

Hence, fractionation processes in disks and cores, if efficient, are likely of a different nature, respectively selective photodissociation or chemical mass fractionation. Chemical fractionation through gas-phase reactions is a temperature-driven process, and for nitrogen, it is expected to become efficient at temperatures significantly lower than 30 K (Terzieva & Herbst 2000). At large density (>10 7 cm -3 ), for example, close to the disk midplane where considerable freeze-out of gas-phase species takes place, species-dependent depletion may strongly enhance fractionation (Charnley & Rodgers 2002), although the resulting amount of ammonia in ices is outrageously large with respect to observations of interstellar ices (Bottinelli et al. 2010) and even comets (Mumma & Charnley 2011). At the lower densities typical of prestellar cores (∼10 4 cm -3 ), the fractionation level may reach 25% on short timescales, and ∼10% at steady-state (Terzieva & Herbst 2000;Hily-Blant et al. 2013b;Roueff et al. 2015). Regardless the discrepancies between chemical model predictions in prestellar cores, ammonia and dyazenilium are consistently found to be marginally affected by fractionation. Selective photodissociation is also negligible in such environments where the amount of internally-generated UV photons is not sufficient to promote N 2 over N 15 N (Heays et al. 2014). Altogether, this strongly suggests that NH 3 and N 2 H + species are tracing the elemental ratio. Nevertheless, measuring their isotopic ratios is not as direct as for CN in TW Hya, because radiative transfer effects can not be L6, page 12 of 14 P. Hily-Blant et al.: Multiple reservoirs of nitrogen in a protosolar nebula analogue and 85 AU (bottom). The total proton number density and kinetic temperature profiles are taken from (Qi et al. 2013). The corresponding cumulative column density, increasing towards the midplane, is also shown (right scale). The excitation temperatures T ex of the CN and C 15 N hyperfine components (star triangles and open circles, resp.) considered in our uv-plane analysis (see Sects. A.2 and A.3) were obtained in the escape probability formalism using the RADEX code (van der Tak et al. 2007), and adopting a FWHM of 0.25 km s -1 . For each density and temperature, a range of CN total column densities were adopted, from 10 12 to 10 15 cm -2 , with C 15 N being 300 times less abundant. Also shown is the CN/C 15 N isotopic ratio (open triangles, inset scale) obtained by use of Eq. (C.1) when adopting the CN and C 15 N excitation temperatures from the non-LTE calculations. neglected and spatial information, which is critical to disentangle between line excitation and abundance gradients, is usually lacking due to the intrinsic weakness of the 15 N isotopologues (Bizzocchi et al. 2013). On the other hand, the total column density of ammonia often relies on assumptions regarding its orthoto-para ratio (Lis et al. 2010).

In contrast, models of UV-irradiated disks predict significant enrichment of CN and HCN in 15 N, at heights of 20 to 40 AU above the midplane at R = 105 AU, with CN/C 15 N column density ratio reaching 250 relative to an elemental ratio of 441 (Heays et al. 2014). A simple scaling indicates that the R CN = 323 in TW Hya would require an elemental ratio of R 0 = 575. However, such a high elemental ratio would disagree with GCE models which predict an enrichment in 15 N with time, hence a present-day elemental ratio lower than R = 441 (or lower than ≈500 in the outward Sun migration hypothesis). This high value of R 0 would also require gas-phase NH 3 and N 2 H + to be significantly (∼65-95%) fractionated in prestellar cores envelopes, at odds with model predictions (Terzieva & Herbst 2000;Hily-Blant et al. 2013b;Roueff et al. 2015). Last, such a high elemental ratio would also imply that CN and HCN are also strongly enriched in 15 N in diffuse molecular clouds, in which the ratios in these species are as low as 250 (see Table D.1), while the same model predicts instead a depletion of ≈10% at most at visual exctinction below 2 mag.

It appears more likely that the efficiency of N 2 selective photodissociation has been overestimated in disk models. Indeed, we note that these models predict CN and HCN column density ratios of 250 and 90 respectively, which are a factor of 1.3-1.4 smaller than the ratios observed in TW Hya and MWC 480. Yet, selective photodissociation is primarily sensitive to UV propagation and hence to the radial and vertical profiles of density and dust size distribution and, probably to a lesser extent, to the kinetic temperature and the ionization fraction of the gas. To explain the observed CN and HCN ratios with these models and R 0 = 441 would thus require to reduce the efficiency of selective photodissocation by ≈30%. However, this would, in turn, imply that ammonia (R = 321) is significantly enriched in 15 N in prestellar cores (40%), a possibility that models of fractionation in prestellar cores consistently rule out. It appears that contradicting consequences are obtained when assuming that the isotopic ratio observed in disks and cores derive from a present-day elemental ratio of 441, even when allowing for uncertainties on disk and prestellar core fractionation models. Nevertheless, a definitive proof that selective photodissociation has been overestimated in published disk models requires thorough exploration of the wide parameter-space of models selective photodissociation in disks is timeley, with particular attention drawn on the impact of the dust size distribution and mass of the central protostar.

L6, page 13 of 14 A&A 603, L6 (2017) Notes. Uncertainties are at the 1σ level. These data correspond to Fig. 4. ( †) Two velocity components were detected towards this source. ( ‡) Galactic gradient obtained from several source types.
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1 4 N / 1 5 N I N P R O T O S T E L L A R E N V I R O N M E N T S
The main reservoir of nitrogen in the dense ISM is not known, although it is likely that one of the main reservoirs of nitrogen in the dense ISM are NH 3 ices. The abundance of NH 3 in ices is estimated to be between 5and20% the abundance of water in the ice mantles of grains. However the nitrogen isotopic ratio has never been measured in them. Which means that the isotopic ratio of one the main reservoirs of nitrogen in the ISM remains to be measured. The fact that comets preserve at least part of their interstellar heritage (Section 1.3) means that the nitrogen isotopic ratios we see in comets today may be a reflexion of the isotopic ratios of nitrogen in the ices at the PSN.

With this in mind we set out to measure the nitrogen isotopic ratio of interstellar ices by observing the sublimation of ices that occurs at the protostellar phase (Section 1.1.2). In the warm region close to the protostar, the abundances of NH 3 and NH 2 D are expected to be greatly enhanced due to evaporation from the ices [START_REF] Aikawa | AKARI observations of ice absorption bands towards edge-on young stellar objects[END_REF] and the 14 N/ 15 N isotopic ratio in gas-phase NH 2 D is thus essentially that in the ice. Under the assumption that gas-phase fractionation takes place on a timescale longer than the desorption from the ices. This is a most likely assumption given that the timescale of the protostar phase (< 10 5 yr Section 1.1.2) is much shorter than the chemical timescale, ∼ 3 × 10 6 yr Hily-Blant et al., 2013b.

We targeted three well studied protostars IRAS 03282 + 3035 [START_REF] Tobin | A Sub-arcsecond Survey Toward Class 0 Protostars in Perseus: Searching for Signatures of Protostellar Disks[END_REF], IRAS 16293 -2422 [START_REF] Zapata | ALMA 690 GHz Observations of IRAS 16293-2422B: Infall in a Highly Optically Thick Disk[END_REF][START_REF] Favre | Dynamical Structure of the Inner 100 AU of the Deeply Embedded 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] and VLA 1623 -2417 [START_REF] Murillo | A low-mass protostar's diskenvelope interface: disk-shadowing evidence from ALMA DCO + observations of VLA1623[END_REF] (henceforth IRAS03282, IRAS16293 and VLA1623). Towards this three protostars we observed the 1 1,1 → 1 1,0 transition of singly deuterated ammonia (NH 2 D) along with the same transition of the 15 N substituted isotopologue, o-15 NH 2 D. We also observed in parallel the H 13 CN and HC 15 N J = 1 → 0 transitions thanks to the proximity in frequency of this transitions to the o -NH 2 D 1 1,1 → 1 1,0 transition at 85.926 GHz.

The choice of NH 2 D was motivated by the fact three facts: ammonia is the major known ice-repository of nitrogen Boogert, Gerakines, and Whittet, 2015, the transitions of NH 2 D can be observed with both ALMA and NOEMA and NH 2 D has already been used to derive nitrogen isotopic ratios successfully (Gerin et al., 2009;Daniel et al., 2013). Also of help is the hyperfine structure of NH 2 D which gives rise to spectrally resolved hyperfine components in its transitions, that can be used to gauge its opacity. In the following two sections we present preliminary results of this project. 

Species

Transition detected

H 13 CN J = 1 → 0 Yes HC 15 N J = 1 → 0 Yes o -NH 2 D 1 1,1 → 1 0,1 Yes o-15 NH 2 D 1 1,1 → 1 0,1 No 6.1 NH 2 Din iras03282
The observations of IRAS03282 were conducted with the NOEMA inteferometer under project W15AH. W15AH was a result of a proposal with V. S. Magalhães as the P.I. (Table C.1). The data reduction was executed at the IRAM headquarters at Grenoble using the interferometric data reduction software CLIC (GILDAS software). Selfcalibration of this data set has proved difficult due to the low signal to noise ratio of the continuum (∼60). Due to time constrains the data has been fully reduced up to the cleaned images, but has not yet been completely analysed. The integrated intensity clean images of o -NH 2 D and H 13 CN are presented in Figures 6.1 and 6.2 along with their integrated spectra. The integrated spectrum of o-15 NH 2 D, a non detection, is shown in Figure 6.1 while the integrated spectrum of HC 15 N is shown in Figure 6.2. Table 6.1 presents a summary on the detections towards IRAS03282.

the nitrogen isotopic ratio in vla1623 and iras16293

The observations of VLA1623 and IRAS16293 were conducted with the ALMA inteferometer under project 2016.1.01468.S, P.I. V. S. Magalhães (Table C.1). This project with ALMA targeted the same transitions as the project with NOEMA but also included the p -NH 2 D 1 1,1 → 1 1,0 transition to enable us to also measure the ortho to para ratio of NH 2 D in these two protostars. The data reduction of this project was the subject of the M1 stage of Mark Brionne, under my supervision. The stage consisted in then calibration followed by the self-calibration of the data sets from ALMA The stage was successful and M. Brionne was capable of delivering the self-calibrated data sets. Due to time constraints this data set has not been completely analysed yet.

In Figure 6.3 we display the integrated intensity map of o -NH 2 D 1 1,1 → 1 1,0 towards VLA1623. Figure 6.4 displays the spatially integrated spectra of o -NH 2 D 1 1,1 → 1 1,0 , p -NH 2 D 1 1,1 → 1 1,0 and o-15 NH 2 D 1 1,1 → 1 1,0 towards VLA1623 and the point of peak o -NH 2 D 1 1,1 → 1 1,0 emission in the envelope. Table 6.2 summarises the detections made towards VLA1623.

In Figure 6.6 we display the integrated intensity map of o -NH 2 D 1 1,1 → 1 1,0 towards IRAS16293 along with its spatially integrated spectra towards three positions, the A component, the B component and the envelope. Also shown in Figure 6.6 is the 15 NH 2 D towards the envelope. Figure 6.7 displays the integrated intensity map of p -NH 2 D 1 1,1 → 1 1,0 towards IRAS16293 along with its spatially integrated spectra towards three positions, the A component, the B component and the envelope. Figures 6.8 and 6.9 display the integrated intensity maps of the H 13 CN and HC 15 N J = 1 → 0 transitions respectively. Figures 6.8 and 6.9 also display the spatially integrated spectra of these two species towards three different positions: the A component, 

-NH 2 D 1 1,1 → 1 1,0 . Middle: p -NH 2 D 1 1,1 → 1 1,0 . Bottom: o-15 NH 2 D 1 1,1 → 1 1,0 .

Species

Transition detected H 13 CN J = 1 → 0 Yes (envelope) 

HC 15 N J = 1 → 0 Yes (envelope) o -NH 2 D 1 1,1 → 1 0,1 Yes o-15 NH 2 D 1 1,1 → 1 0,1 No p -NH 2 D 1 1,1 → 1 0,1 Yes (envelope)

Species

Transition detected

H 13 CN J = 1 → 0 Yes HC 15 N J = 1 → 0 Yes o -NH 2 D 1 1,1 → 1 0,1 Yes o-15 NH 2 D 1 1,1 → 1 0,1 Yes (envelope) p -NH 2 D 1 1,1 → 1 0,1 Yes
the B component and the envelope. Table 6.3 summarises the detections made towards IRAS16293. The main objective of this thesis was to identify the different isotopic reservoirs of nitrogen at different stages of star formation. To accomplished this objective we aimed to obtain accurate measurements of the nitrogen isotopic ratio in a variety of environments and species. This aim was fulfilled as we have successfully identified different isotopic reservoirs of nitrogen at two different stages of star formation, prestellar cores where we have measured HCN/HC 15 N = 338 ± 23 (L1498) and HC 3 N/HC 3 15 N = 400 ± 20 (L1544), and protoplanetary disks where two reservoirs have been identified, HCN/HC 15 N = 111 ± 19 and CN/C 15 N = 323 ± 30. We also obtained data that will lead to a study of the isotopic ratios of nitrogen in the protostellar stage of star formation.

To obtain the results in L1498 we had to reach a good understanding of the mechanisms governing the hyperfine anomalies of HCN, revisit the physical structure of prestellar cores and develop a way to efficient explore the parameter space and thus obtain meaningful and non arbitrary uncertainties in our measurements. Here we demonstrate that the main mechanism needed to create the hyperfine anomalies of HCN is that described in Guilloteau and Baudry (1981). We studied this mechanism in detail in order to understand the effects of each physical quantity on the hyperfine anomalies. We studied in detail the effects of kinematics and excitation temperature on the hyperfine anomalies going one step further from Gonzalez-Alfonso and Cernicharo (1993) who used constant collapse velocities and two values for the non thermal dispersion of velocities. This is also a step further from (Daniel et al., 2013) who did not explore the effects of kinematics on the spectra of HCN. Using multi-wavelength continuum analysis we have obtained an improved density profile for L1498 that also takes into account the variation of the dust temperature. This is a step further from what was done by Tafalla et al. (2004) who had only one continuum wavelength (1.25 mm) to work with and therefore had to assume a constant dust temperature. This simplistic assumption lead to an implausible physical model where the density at large radii varied with r -3.5 .

From our study we reach the conclusions that to accurately measure the HCN/HC 15 N ratio in prestellar cores we need to combine spatial information on the spectral lines, multiple rotational transitions, collisional excitation rates at the hyperfine level, a precise density profile,a detailed study of the non thermal velocity and collapse velocity profiles and finally a non biased way to explore the parame-159 ter space and therefore obtain meaningful non arbitrary uncertainties. Spatial information on the spectral lines are essential as variations on the line profiles along a cut provide clues on the parameter space. The HCN J = 3 → 2 transition is the best choice a good signal to noise ratio can be achieved with the IRAM-30m in a short time. 50 mK RMS can be reach in less than 2 hours under average winter conditions at the IRAM-30m with a channel spacing of 20 kHz. The late Malcolm Walmsley pointed us in the correct direction in this matter and we would like to profoundly thank him for his help. The non thermal velocity and collapse velocity profiles change the escape probability of the photons and therefore have a big impact on hyperfine anomalies.

hcn hyperfine anomalies

In Section 4.1 we have presented a comprehensive analysis of the HCN hyperfine anomalies. In this analysis we present a complete explanation of the pumping mechanism that leads to the hyperfine anomalies thanks to new and precise HCN hyperfine collisional rates (Lique et al. in preparation). As part of this analysis we have also explored the parameter space that controls the hyperfine anomalies in great detail. The main conclusions of this analysis are:

-The radiative pumping through hyperfine overlap mechanism to explain the hyperfine anomalies of Guilloteau and Baudry (1981) is confirmed. -A gradient of excitation temperature is needed to accurately reproduce the hyperfine ratios seen in prestellar, confirming the conclusions of Gonzalez-Alfonso and Cernicharo (1993). -The HCN J = 1 → 0 hyperfine anomalies are very sensitive to the velocity field and line widths, therefore the hyperfine anomalies become a new tool to study the kinematics of cores. -High J rotational transitions, such as HCN J = 3 → 2 are essential to constrain the excitation of HCN, and also helps to constrain the velocity as it probes the velocity field deep inside the core. -The hyperfine anomalies are very sensitive to the HCN column density, thus becoming a reliable tool to measure the HCN column density provided that the kinematics parameter space is properly explored. The addition of the HCN J = 2 → 1 to the analysis would help to constraint the radiative pumping leading to the hyperfine anomalies. This was not done since atmospheric absorption due to water does not allow the HCN J = 2 → 1 transition to be observed with a good signal to noise ratio in a reasonable amount of time. Reaching a 50 mK RMS noise would take 6.4 hours per position under average winter conditions at the IRAM-30m with a channel spacing of 20 kHz.

This study also led to a better understand of the kinematics of L1498. The absence of collapse signatures in the line profiles of the HCN J = 3 → 2 transition rules out the presence of collapse in the inner parts of L1498. This transition is moderately optically thick and presents a sharp gradient of excitation temperature. If the collapse were to be taking place in the regions probed by this transition, red-blue asymmetries would be seen in the F = 3 → 3 hyperfine component, but this is not the case. The collapse signatures seen in HCN J = 1 → 0 are more prominent in the more optically thick hyperfine components, suggesting that the collapse takes places in the very outermost parts of the core. This is consistent with the collapse profile used by Lee et al. (2007) to reproduce HCN J = 1 → 0. It is also consistent with theoretical works on core dynamics [START_REF] Foster | Gravitational of an Isothermal Sphere[END_REF]Lesaffre et al., 2005;[START_REF] Keto | Dynamics and depletion in thermally supercritical starless cores[END_REF]. All this points to the conclusion that L1498 is in a less advanced state of evolution compared to L1544, since it has a lower central density, n 0 = 10 5 cm -3 while it is ∼ 10 7 cm -3 in L1544 [START_REF] Keto | Dynamics and depletion in thermally supercritical starless cores[END_REF]. Moreover, the collapse only happens in the outer part of the core (Lesaffre et al., 2005).

The main mechanisms behind the hyperfine anomalies leads us to anticipate that HCN hyperfine anomalies may not be very prominent in the spectra of protoplanetary disks. The large velocity shear seen in protoplanetary disks would increase the escape probability of photons thus damping the radiative pumping through hyperfine overlaps leading to hyperfine populations closer to the expected LTE values. Nevertheless the HCN transitions are still expected to have large optical depths which would hamper the accurate determination of its column density. This means that resolving the hyperfine components of the HCN rotational transitions is essential to accurately determine its column density in disks. This is probably impossible for disks seen with large inclinations as the Keplerian motion of the disk would merge the narrowly separated hyperfine components of HCN rotational transitions, but it may still be feasible in inclined disks in the HCN J = 1 → 0 transition. The best prospect for measuring accurate HCN column densities in protoplanetary disk rely on face on disks such as the disk around TW Hya. To do this we need a radiative transfer code capable of dealing with all the complexities of hyperfine structures in 2 dimensions. This will be the starting point for Alico 2D.

accurate measurements of isotopic ratios

There are only small differences between the HCN/H 13 CN measured in L1498 with three different methods: LTE, escape probability with RADEX+Nslab+MCMC and complete radiative transfer with Alico/MCMC. The main difference being on the uncertainties. This in-dicates that LTE derived H 13 CN/HC 15 N ratios can be trusted up to a certain degree. In the case of L1498 the H 13 CN/HC 15 N ratio obtained through LTE analysis is consistent with the values obtained with the non LTE methods. The disagreement between the LTE derived ratio and the non-LTE derived ratios is close to 10% (8 and 7.5 ± 0.8 respectively). In any case it is difficult to ascribe uncertainties to LTE measurements and also they are not reliable to measure absolute column densities. The total rotational opacity measured for H 13 CN J = 1 → 0 in LTE is 3.72 which is 33% lower than the opacities derived with the non LTE methods (5.9 in both cases). The good agreement between the opacities derived from RADEX+Nslab+MCMC and those derived with Alico/MCMC suggest that RADEX+Nslab+MCMC is a reliable method to determine the column density of rare isotopologues.

For the case of the main isotopologue the picture is less promising for escape probability methods. The inability to treat hyperfine overlaps at the excitation level precludes them from being capable of accurately reproducing the HCN line profiles. The agreement is especially poor when we consider the higher J transitions such as J = 3 → 2 which are indeed very poorly reproduce by RADEX+Nslab+MCMC.

To completely reproduce the HCN line profiles and consequently derive accurate measurements of the HCN column density we need to resort to more complicated radiative transfer analysis, involving physical structures, such as what is done with Alico. The problem here is that there are degeneracies between the physical parameters. Kinetic temperature, density and abundance all affect the emission in non-linear ways, as they are coupled with each other through the excitation and radiative transfer. In such a case χ 2 statistics fails to properly measure the uncertainties of the parameters, as it is not intended to deal with non linear correlations between parameters. Here the Affine Invariant Markov Chain Monte Carlo Ensemble sampler provides a more efficient way to sample the parameter space [START_REF] Goodman | Ensemble samplers with affine invariance[END_REF], and thus obtain meaningful non arbitrary uncertainties.

The two main sources of uncertainty that affect measurements of isotopic ratios are: the calibration uncertainties, of the order of 5 to 10% and the uncertainties on the collisional excitation rates, which is of the order of 20% [START_REF] Stoecklin | Comparative experimental and theoretical study of the rotational excitation of CO by collision with ortho-and para-D2 molecules[END_REF]. The impact of the uncertainties on the collisional excitation rates is still not understood and need to be studied further. The calibration uncertainties may be mitigated if isotopologues are observed simultaneously. This is not always possible, and depends on the available receiver setups and observational performances of these setups. At the IRAM-30m telescope HCN J = 1 → 0 can not be observed simultaneously with H 13 CN J = 1 → 0 or HC 15 N J = 1 → 0. The frequency spacing between the transitions of the main isotopologue and that of the rare isotopologues is larger than 2 GHz. The only spectrometer at the IRAM-30m telescope capable of covering such a wide interval of frequencies is the Fourier Transform Spectrometer (FTS) in the 200 kHz spectral resolution mode. The problem is that this spectral resolution is not enough to spectrally resolve HCN J = 1 → 0 in cold environments which have line widths smaller than that (the FWHM of HC 15 N in L1498 is ∼ 60 kHz). One possible solution is to cross-calibrate spectra obtained in different runs with the aid of strong spectral lines that can be observed simultaneously with different setups.

But for now the goals are to obtain calibration-limited accuracy. This is achieved here by using an MCMC approach to sample the parameter space. Araki et al. (2016) claim to have gone beyond calibrationlimited accuracy by observing all carbon isotopologues of HC 3 N simultaneously. However, the caveat of their method is that the column density of the HC 3 N isotopologues was determined from LTE considerations using only one rotational transition. They most likely underestimated the uncertainties of the method by ignoring the possible excitation temperature differences between the HC 3 N carbon isotopologues and the main isotopologue.

hcn isotopic ratios in l1498

HCN/HC 15 N is measured to be 338 ± 28 in L1498. This value is consistent with the bulk nitrogen isotopic ratio in the local ISM, 323 ± 30 (Hily-Blant et al., 2017). Hence HCN is not fractionated in nitrogen, which agrees with Roueff, Loison, and Hickson (2015). HCNH 13 CN is measured to be 45 ± 3 which is not consistent with the bulk local ISM value, 12 C/ 13 C = 68 ± 15 (Milam et al., 2005). If we apply the HCN/H 13 CN ratio of the present study, to previous HCN/HC 15 Ndouble isotopic measurements we get: HCN/HC 15 N in protoplanetary disks becomes 71 ± 13 (H 13 CN/HC 15 N = 1.6 ± 0.3, Guzmán et al., 2017), HCN/HC 15 N in L1544 becomes 157 ± 37 (H 13 CN/HC 15 N = 3.5 ± 0.8, Hily-Blant et al., 2013a) and HCN/HC 15 N in L183 becomes 131 ± 29 (H 13 CN/HC 15 N = 2.9 ± 0.6, Hily-Blant et al., 2013a). These values are consistent with the directly measured HCN/HC 15 N ratio in B1 (165 +30 -25 ) but that were discarded by Daniel et al. (2013). The authors consider that the column density of HCN could not be reliably estimated in B1. In this study we have reliably estimated the column density of HCN and therefore are confident of our direct isotopic ratios. The new values for HCN/HC 15 N are consistent with a secondary reservoir of nitrogen in the gas phase in L1544 and L183. Moreover, this secondary reservoir would be consistent with the expected cometary value, which is approximately one third of the bulk value (Hily-Blant et al., 2017). Nevertheless, confirmation of these low isotopic ratios require further studies, as a confirmation of the existence of a secondary reservoir of nitrogen in the gas phase would have profound significance for the formation of comets. We intend to proceed our studies by using Alico to measure the HCN isotopic ratios in L183 and L1544.

However HCN is fractionated in carbon with HCN/H 13 CN = 45 ± 3. Such a low ratio was also found by Daniel et al. (2013) HCN/H 13 CN =30 +7 -4 . In both case HCN is enriched in 13 C when compared to the bulk of carbon 12 C/ 13 C = 68 ± 15 (measured in CO, H 2 CO and CN, with similar results by Milam et al., 2005). This is not consistent with Roueff, Loison, and Hickson (2015) who predict HCN/H 13 CN = 93-168, a impoverishment in 13 C.

The ratio between the two rare isotopologues, H 13 CN/HC 15 N = 7.5 ± 0.8, is also in disagreement with Roueff, Loison, and Hickson (2015) being twice the predicted value (2.6-4.3). This ratio is also ∼ 40% larger than the value measured by Daniel et al. (2013) (HCN/H 13 CN= 5.5 ± 1). This could be easily checked for a large sample of sources including cores and protostellar envelopes at different stages of evolution This will be done in the near future using RADEX+Nslab+MCMC.

7.4 where when and how are the two reservoirs of nitrogen seen in protoplanetary disks separated?

The answer for this question is still not known but there are four main possibilities: -In the gas phase of prestellar cores through fractionation reactions during the collapse. -In the circumstellar material around protostars during the hot core/corino phase. -During the planet formation epoch in protoplanetary disks.

-Through isotopic exchange reactions during the star formation

process. The answer to this question may lie in the isotopic ratio of nitrogen in ices. Therefore is of fundamental importance to conduct the analysis of our ALMA and NOEMA data on the isotopic ratio of nitrogen in the circumstellar environments of IRAS03282, IRAS16293 and VLA1623. The James Webb Space Telescope slated to be launched in 2019 may also contribute to these measurements. Although it is uncertain if it will be capable of measuring the abundance of rare isotopologues in ices. The picture will also be clearer when we have a direct measurement of the nitrogen isotopic ratio in protoplanetary disks. Which may be feasible with ALMA towards the face on disk of TW Hya. The answer may also be found in the spatial variation of isotopic ratios in prestellar cores. To do such a measurement we need to assume a radial profile of abundance that varies independently with radius for each isotopologue. One possible parametrisation would be to assume a power law like abundance profile such as that in Lee et al. (2007). emergent spectrum") parser.add _ argument("input", type=str, help="File containing the parameters for the N slabs. Format:\n"\ +"#nu in GHz, ex:\n88.631\n"\ +"#for line 1 2 etc\n#Tex1 Tau1 Vel1 FWHM1 Tex2 Tau2 Vel2 FWHM2 etc\n"\ +"#Layer1\n3.4 1.0 0.0 0.3 5.0 1.5 1.2 0.3\n"\ +"#Layer2\n4.0 1.0 0.0 0.3 2.5 1.5 1.2 0.3\n"\ ) parser.add _ argument("output", type=str, help="File for outputting the spectrum") parser.add _ argument("-b", "--bgspec", type=str, help=" Background spectrum") parser.add _ argument("-v", "--velres", type=float, default =0.01, help="Change spectral resolution (km/s) Default = 0.01 km/s")

5.2484e+00 1.1474e+00 5.3485e+00 1.1366e+00 5.4487e+00 1.1364e+00 5.5489e+00 1.1364e+00 5.6491e+00 1.1364e+00 5.7492e+00 1.1364e+00 5.8494e+00 1.1364e+00 5.9496e+00 1.1364e+00 6.0498e+00 1.1364e+00 6.1499e+00 1.1364e+00 6.2501e+00 1.1364e+00 6.3503e+00 1.1364e+00 -i NSPEC, --nspec NSPEC number of spectra in BG spectrum file.

a.2 alico/1dart a.2.1 1DART input files 

a.2.1.1 Physical model input file !-------------------------------------------------- ---------------------------------! ! ! !
! ! !-------------------------------------------------- ---------------------------------! ! Output files for final and intermediate results ! !-------------------------------------------------- ---------------------------------! 'r7 _ 185 _ hcn.pop' 'r7 _ 185 _ hcn.dat' !-------------------------------------------------- ---------------------------------! ! Helium and atomic hydrogen abundance ! !-------------------------------------------------- ---------------------------------! 0.0000E+00 ! XHe Helium abundance 0.0000E+00 ! XHI Atomic hydrogen abundance !-------------------------------------------------- ---------------------------------! ! Molecule selection parameters ! !-------------------------------------------------- ---------------------------------! 1 
-------------------------------------------------- ---------------------------------! ! Source distance and angular size ! !-------------------------------------------------- ---------------------------------! 140.0 ! Distance [pc]
16.000000000000000 ! Angular diameter of the source in arc minutes 

!-------------------------------------------------- ---------------------------------! ! Numerical parameters for the code ! !-------------------------------------------------- ---------------------------------! 1 
-------------------------------------------------- ---------------------------------! ! Iterations in which the counter are voided (Obsolete) ! !-------------------------------------------------- ---------------------------------! 1 1000000,
software written and example input files

!-------------------------------------------------- ---------------------------------! ! Parameters for the numerical Monte Carlo solution ! !-------------------------------------------------- ---------------------------------! 20 ! Number of radiative directions 30 ! Number of velocity bins in a line !-------------------------------------------------- ---------------------------------!
! Radius of the central source and its temperatures ! !

!-------------------------------------------------- ---------------------------------! 0 
-------------------------------------------------- ---------------------------------! ! Cosmic microwave background temperature ! !-------------------------------------------------- ---------------------------------! 2 2.728 !-------------------------------------------------- ---------------------------------! ! Velocity field V(R)=VLSR+gradient * R ** exponent ! !-------------------------------------------------- ---------------------------------! 2 
-0.000000 -0.000002 -0.000007 -0.000024 -0.000078 -0.000234 -0.000647 -0.001651 -0.003898 -0.008507 -0.017164 -0.032017 -0.055219 -0.088046 -0.129796 -0.176903 -0.222912 -0.259690 -0.279706 -0.278530 -0.256428 -0.218265 -0.171762 -0.124966 -0.084059 -0.052275 -0.030056 -0.015977 -0.007852 -0.003568 -0.001499 -0.000582 -0.000209 -0.000069 -0.000021 -0.000006 -0.000002 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 -h, --help show this help message and exit -q, --quiet Quiet mode, no output from 1DART.

-------------------------------------------------- ---------------------------------! ! Population initialization method (1:LTE, 2:LVG, 4:File) ! !-------------------------------------------------- ---------------------------------!
-b, --bench Produce benchmarking plots.

-n, --no _ overlap Ignore Hyperfine structure overlap effects.

-c, --save _ space saves disk space by throwing away superfluous files and compressing the output.

- grid File containing the grid parameters.

optional arguments:

-h, --help show this help message and exit -b, --benchmarking -s, --serial Run grid in serial mode instead of parallel mode. Resource saving in case of multiple grids.

-n NTHREADS, --nthreads NTHREADS Defines number of threads to be used by the grid, if negative, not given, or larger than Ncpu, it is assumed as Ncpu -1, in this machine: 7.

-t, --testRun Test run, nothing is done.

-c, --save _ space saves disk space by throwing away superfluous files and compressing the output.

- plt.xlabel("Velocity (km/s)",fontsize=size) plt.ylabel("Intensity (Tmb)",fontsize=size) plt.text(0.1, 0.75, "$\sigma=$" + "{0:.1f}".format( self.sigmas[j] * 1000) + " mK", ## Defining Spectral axis for models hcn10npoints = str(int((9. + 7.) / 6.6036e-2)+1) hcn32npoints = str(int((3.5 + 3.5) / 2.2022e-2) + 1) hcn10velims = "-9,{0:.5f}".format(-9.+(float(hcn10npoints)-1) * 6.6036e-2) hcn32velims = "-3.5,{0:.5f}".format(-3. print "it took: {0:.4f} seconds.\n".format(diff)

elif diff < 3600:

print "it took: {0:.2f} minutes.\n".format(diff/60.)

elif diff < 86400:

print "it took: {0:.2f} hours.\n".format(diff/3600.)

else:

print "it took: {0:.3f} days.\n".format(diff/86400.) [START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF].

= 0 → 1/F = 2 → 1, R 12 = F = 1 → 1/F = 2 → 1. Data extracted from
Source From an observational perspective, measuring isotopic ratios from remote observations is a challenging and intrinsically time-demanding task (Taniguchi & Saito 2017). Deriving isotopic ratios generally rests upon several assumptions, some of which being questionable-such as the co-spatial distribution of isotopologues-while others may be di cult to assess-e.g. identical excitation temperature. From interstellar medium standards, true accuracies are usually larger than the calibration uncertainties, typically 10%, and more likely around 50%. In contrast, laboratory or in situ measurements of cosmomaterial samples have accuracies at the percent level (Bonal et al. 2010;Marty et al. 2011). Yet, isotopic ratios are so far the best tool to follow the volatile ? E-mail: pierre.hily-blant@univ-grenoble-alpes.fr content of molecular clouds in their evolution towards the formation of stars, planets, and planetary systems bodies. Observations of sublimating ices from comet 67P/C-G with spectrometers onboard the ESA/ROSETTA satellite provide in situ measurements of isotopic ratios of xenon and hydrogen, and abundances of S 2 and O 2 molecules which consistently support a presolar origin for cometary ices (Altwegg et al. 2015;Rubin et al. 2015;Calmonte et al. 2016;Marty et al. 2017). On the other hand, Herschel observations of water towards protostars suggest that only a few percents of interstellar ices may actually sublimate [START_REF] Van Dishoeck | Astrochemistry of dust, ice and gas: introduction and overview[END_REF], leaving important amounts of pristine interstellar material available to build up planetary systems. These findings motivate the search for an interstellar heritage within the solar system while providing insights in the composition of primitive planetary systems in general. Understanding the link between the chemical composition of prestellar and proc 2017 The Authors tostellar cores and that of comets, which form at the earliest stages of the planetary formation sequence, is therefore of paramount importance. From this perspective, the origin of nitrogen in the solar system remains elusive. In particular, the 14 N/ 15 N isotopic ratio of nitrogen in comets is an unsolved problem. Its average value of 144±3 (Jehin et al. 2009;Bockelée-Morvan et al. 2015;Shinnaka et al. 2016;Hily-Blant et al. 2017) is three times lower than the bulk ratio of 441±6 in the solar system as measured in the solar wind (Marty et al. 2011), a sharp discrepancy which questions our understanding of the formation of comets and of the origin of nitrogen in the solar system (Füri & Marty 2015). Several possibilities could explain the discrepancy: i) the main repository of cometary nitrogen has not been observed yet, ii) e cient fractionation processes in the protosolar nebula at the time of comet formation, iii) e cient fractionation processes in the parent interstellar cloud, or iv) exchange processes within cometary ices since their formation. Recently, it was shown that protoplanetary disks -or equivalently protosolar nebula analogs-carry at least two isotopic reservoirs of nitrogen, which are found to be in a 1:3 ratio, similar to the comets-to-bulk ratio (144:441) in the protosolar nebula, thus ruling out the need for exchange process in comets.

F = 0 → 1 F = 2 → 1 F = 1 → 1 R 01 R 12 (K km/s) (K km/s) (K km/s) L1498 
In this work, we wish to explore the interstellar scenario for the origin of the heavily fractionated cometary nitrogen. From an astrophysical perspective, the main issue is observational in that the main repositories of nitrogen, N or N 2 , are not directly observable in cold interstellar clouds. The bulk isotopic ratio is therefore only measurable indirectly, using trace species such as CN or HNC (Adande & Ziurys 2012). To which extent the isotopic ratio in these molecules is representative of the bulk depends on their formation pathways and molecule-specific fractionation processes which may, or may not, favour one of 14 N or 15 N in those species leading to isotopic ratios distinct from the bulk. In cold and dense clouds, such processes reduce to mass fractionation associated to zero-point energy di↵erences between the two isotopologues (Watson et al. 1976;Terzieva & Herbst 2000) may be e cient (Heays et al. 2014). Therefore, to infer the bulk isotopic ratio from trace species, chemical models including detailed fractionation reactions must be used. Yet, the chemical mass fractionation decreases with temperature and observations of warmer gas may then provide better probes of the bulk ratio. Indeed, consistent isotopic ratios were obtained in nitrile and hydride species in Barnard 1b (Daniel et al. 2013), contrary to expectations based on chemical calculations in cold gas (Hily-Blant et al. 2013a). Furthermore, the B1b ratios are in harmony with the directly measured CN/C 15 N ratio of 323±30 in the TW Hya protoplanetary disk (Hily-Blant et al. 2017) and it is argued this ratio is indeed representative of the bulk ratio in the present-day local interstellar medium.

Models of chemical fractionation of nitrogen have been developed and applied to dense gas, from the typical 10 4 cm 3 of prestellar clouds where mild e↵ects are predicted (Terzieva & Herbst 2000), to the much higher density, 10 7 cm 3 , of protostars (Charnley & Rodgers 2002) where high degrees of fractionation are promoted by the heavy depletion of carbon monoxide. Nevertheless, this picture is not well established. Indeed, chemical calculations based on the fractionation network of Terzieva & Herbst (2000) used in combination with the chemical network of Hily-Blant et al. (2010), significant variations of the isotopic ratios are predicted for most of the observable nitrogenated species, especially HCN (Hily-Blant et al. 2013b). More recently, the set of fractionation reactions was revised (Roue↵ et al. 2015), and the dominant fractionation route 15 N + 14 N 14 NH + * ) 14 N + 14 N 15 N 2 H + was disqualified on energetical grounds. As a consequence, steady-state isotopic ratios of all trace species fairly well reflect the elemental ratio. To put these results on a firmer ground, observations are needed not only to accurately measure isotopic ratios but also to test the chemical fractionation models. In particular, isotopic ratios of species containing equivalent atoms can identify the dominant formation routes (Sakai & Yamamoto 2013). However, measurements of interstellar isotopic ratios are complicated by the large di↵erence in opacities among the various isotopologues. Detailed model calculations (Roue↵ et al. 2015) have emphasized the pitfalls of the so-called double isotopic ratios -namely the use of H 13 C 14 N/H 12 C 15 N ratio and the assumption that H 12 C 14 N/H 13 C 14 N = 12 C/ 13 Cto circumvent the large optical depth of the primary isotopologue (Hily-Blant et al. 2013a;Guzmán et al. 2017). Direct ratios may be achieved in some instances, e.g. with doubly substituted molecules such as NH 2 D Gerin et al. (2009), or with weak hyperfine lines (CN, HCN) at high signal-to-noise (Hily-Blant et al. 2017).

In this work, we provide a direct measurement of the isotopic ratio of the HC 3 N cyanopolyyne toward the L1544 prestellar core. The obtained ratio is compared to that in related species (CN, HCN) in L1544 to derive some conclusions on the formation route of HC 3 N in this source. Our ratio is also put in perspective with that in HC 3 N and other species towards prestellar cores.

Origin of 15 N anomalies in the Solar System. Review of values in the ISM and protoplanetary disks. HC 15 3 N detected recently toward L1527, with [HC 3 N]/[HC 15

3 N]=338±12 (Araki et al. 2016).

OBSERVATIONS

The observations for all transitions quoted in Table 1 were performed at the IRAM-30m toward the dust peak emission of the L1544 prestellar core (↵ 2000 = 05 h 04 m 17.21 s , 2000 = 25 10 0 42.8 00 ) in the framework of the ASAI Large Program 1 (Lefloch et al. 2017). Observations at frequencies lower than 80 GHz have been performed in December 2015. The EMIR receivers (Carter et al. 2012) were used in combination with the Fast Fourier Transform Spectrometer in its so-called 50 kHz configuration, providing us with 49 kHz spectral resolution, or typically 0.15 to 0.20 km s 1 at the frequency discussed in this paper. Further details on the observations an be found in Vastel et al. (2014) and Quénard et al. (2017). The forward and beam e ciencies of the radiotelesope are 0.95 and 0.81 respectively, and all antenna temperatures were brought into the main-beam temperature scale by assuming no spatial dilution, namely T mb = F e↵ /B e↵ ⇥ T ⇤ A . Contributions from error-beams where considered negligible for 1 Astrochemical Surveys At IRAM: http://www.oan.es/asai MNRAS 000, 1-11 (2017)

Nitrogen isotopic ratio of HC 3 N in L1544 3 114.83109 14 -----<4.3 § Statistical uncertainty, at the 1 level, on the main-beam temperature (in K). ‡ Peak intensity (main beam temperature). † For HC 3 N, three integrated intensity values are provided: main component, sum of the two weaker hf lines, and the total (main+hf) flux. For HC 15 3 N, only the main component is detected. Upper limits are 1 .

HC 3 N. All the following analysis is performed in this T mb scale. The spectra were reduced and analysed with the CLASS package of the GILDAS software 2 . Charlotte: TSYS ; TREC ; weather ; ... ; integration time ; periodes d'observation -important pour l'incertitude de calibration ; quelles raies ont ete observees simultanement ?.

RESULTS

Spectra

The HC 3 N and HC 15 3 N spectra are shown in Figs. 3.1 and 3.1 respectively. The signal-to-noise ratio of the HC 3 N lines ranges from a few hundreds up to more than a thousand. Indeed, the hyperfine structure of HC 3 N has been detected in most cases (see Fig. 3.1), although only the most widely separated frequencies are resolved leading to essentially three lines instead of 6. The main line thus consists of 3 overlapping transitions (see Table A1), taking into account that one hf transition is too low to contribute to the emission. Hyperfine lines were also reported for the 5-4 transition of HC 3 N (Araki et al. 2016). Intensities of the HC 15 3 N lines are typically a hundred times weaker than the main isotopologue, and only two lines (9-8 and 10-9) have been detected. This also explains why no hyperfine structure was detected in the case of HC 15 3 N. The observed line properties are summarized in Table 1, including the upper limits on the three undetected HC 15 3 N lines. The integrated intensities of the hyperfine lines are given in Table 4.

Although our chief objective is to directly determine the isotopic ratio of nitrogen in HC 3 N, the physical conditions of the emitting gas must also be known to some extent. One important feature of the present study is the availability of several rotational lines of each isotopologue, which we analyse simultaneously, providing strong constraints on the physical conditions and derived column densities.

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

Methodology

Our analysis presented below is based on non-equilibrium radiative transfer calculations. We have used dedicated collisional rate coe cients for both HC 3 N and HC 15 3 N (Faure et al. 2016), extended down to 5 K. For HC 3 N, two sets of rates have been used, describing the collisions at the rotational and hyperfine levels respectively. For HC 15 3 N, only the rotational set is needed. The calculations were performed using the public code RADEX program (van der Tak et al. 2007).

The e ciency of this type of numerical code makes it possible to perform large grids to explore the fourdimensional parameter space (density, kinetic temperature, column densities of both species). Such a frequentist approach allows minima (both local and global) to be found. However, determining uncertainties based on a simple 2 approach usually fails because these parameters are indeed not independent from each other. Instead, they are coupled with each other through the complex interplay of the collisional and radiative excitation processes. To explore and quantify the correlations between the parameters, we adopted the widely-used Markov chain Monte Carlo approach to explore the parameter space in a meaningful and e cient way. In practice, we used the emcee Python implementation an a ne invariant sampling algorithm, which is freely available and widely used in the astrophysical community3 . We also used the corner Python library to produce plots of the parameter distribution and correlation matrix.

In this approach, the parameter space is explored using several Markov chains which are run in parallel (although not entirely from a numerical point of view), for typically ⇠ 10 3 steps. In our case, the prior probability was a uniform distribution for each parameter, with boundaries infered from physical and chemical considerations. The kinetic temperature T kin varies between 6 to 15 K, the log10 of the density, HC 3 N column density, and isotopic ratio, were taken in the intervals [4 : 7], [11 : 15], and [2 : 3] respectively. To compute the likelihood of each sample, the uncertainties on the integrated intensities were taken to be at least 5%, much larger than the statistical uncertainties obtained from Gaussian fitting. In performing MCMC parameter space explo-ration, the number of chains -also called walkers-and the number of steps of each chain, are critically important to ensure that the parameter space has been correctly sampled. It is also important to begin with a physically acceptable solution, although we have successfully tested that various initial conditions lead to the same final distributions. By using multithreading on a 4 CPU laptop, the typical execution time was 20 min for 10 5 samples.

Assumptions

The basic assumption is that both isotopologues are cospatial, not only in terms of abundance, but also in terms of their excitation, such that their emissions come from the same regions within the core. Based on chemical arguments, the two species are expected to be formed by the same pathways, apart from some potential active specific fractionation routes. In addition, these two molecules have very similar spectroscopic properties (spontaneous decay and collision rates), and hence are most likely to emit from the same locations in the cloud.

3.4 Physical conditions from the HC 3 N lines

Rotational analysis

In a first set of calculations, only the high-SNR HC 3 N lines are used to determine the physical conditions. The integrated intensity of the main hyperfine (hf) transitions listed in Table 1 were used. Since this component represents ⇡99% of the intensity (Table A1), it should be directly compared to the non-LTE predictions based on the rotational collisional rates only. However, Gaussian fitting of the three sets of hf lines separately suggest departure from a single excitation temperature among the hf multiplets, and the two weak hf lines indeed carry 1.6 to 3.6% of the total flux. The flux predictions based on rotational collisional rate coe cients were thus compared to the total observed flux of each rotational transition.

The results are shown in Fig. 3. As is evident, the set of 5 rotational lines does not point towards a single solution but to an ensemble of parameters. Basically, and not surprisingly, the physical conditions are slightly degenerated, with dense gas corresponding to cold temperatures, while warmer gas have lower density. The density is constrained within an order of magnitude, from 10 5 to 10 6 cm 3 , and the kinetic temperature within 7 to 14 K. In contrast, the column density is relatively well constrained within 0.4dex, and N(HC 3 N) = (2.3 ± 1.0) ⇥10 13 cm 2 . This column density agrees well with previous analysis (Quénard et al. 2017). The presently determined physical conditions also confirm those reported by these authors although they broaden the range of solutions.

Hyperfine analysis

The physical conditions were also derived by including the hyperfine fluxes into the set of observational constraints. The analysis was performed using the same tools although with rotational collision rate coe cients replaced with rates at the hyperfine level. The analysis is, however, not as straightforward as in the rotational case, because several hf transitions are blended within the strongest line. To perform the comparison with the RADEX calculations, we thus added the opacities of the overlapping lines and computed the flux assuming a single excitation temperature, namely W main = [J ⌫ (T ex ) J ⌫ (2.73)] ⇥ [1 exp( P k ⌧ k )] ⇥ FWHM ⇥ 1.064. A Gaussian line profile was adopted, an assumption supported by the opacity of the strongest hf transitions which remains smaller than 0.5 in all models. We also checked that the excitation temperatures of the various hf lines within each rotational transition were e↵ectively equal to within 5%.

The results of the hyperfine analysis are summarized in Table 2 (model hfs) and shown in Fig. 3. The correlation between the kinetic temperature and H 2 density is tighter than in the rotational analysis. Kinetic temperatures ranging from 6.5 to 8 K are associated with H 2 densities from 2.5 to 1.0 ⇥10 5 cm 3 respectively. The physical conditions are therefore consistent with those from the rotational analysis, although with a smaller dispersion around the median values (see Table 2). Nevertheless, the derived column density of HC 3 N is larger, at the 1 level, in the hyperfine analysis than from the rotational one, with a value of (8.0 ± 0.4) ⇥10 13 cm 2 . The parameters show similar correlations with each others in both analysis, and in particular the HC 3 N column density increases with the density, and decreases with the kinetic temperature.

The excitation temperatures of the best solutions from the rotational analysis are within 7 to 8 K for all transitions, while somewhat lower values (5-7 K) are obtained from the hyperfine analysis.

Nitrogen isotopic ratio in HC 3 N

To determine the isotopic ratio, the two isotopologues of HC 3 N were analyzed simultaneously, using either the total rotational fluxes or the hyperfine fluxes. The upper limits 2.60(-2,+ 2) † N is the total column density of HC 3 N and R is the HC 3 N/HC 15 3 N isotopic ratio. ‡ The median value is given with the 16% and 84 % quantiles indicated within brackets in units of the last digit. § Physical conditions derived from the HC 3 N lines only, using either the rotational (rot) or hyperfine (hyp) intensities and the corresponding collision rate coe cients (see also Fig. 3).

on the HC 15 3 N lines were taken at the 5 level, while the uncertainties for the 5 HC 3 N and 2 HC 15 3 N detected lines were, as before, at least 5% of the integrated intensity. Several MCMC runs were performed (not shown), with various numbers of steps and initial parameters, to check for parameter space exploration and for convergence towards a consistent set of physical conditions and column densities. The hyperfine analysis was conducted in the same way as before, namely by summing the opacities to compute the flux of the overlapping hyperfine transitions.

The results of the rotational and hyperfine analysis are shown in Fig. 4 and summarized in Table 2. The corresponding walkers are shown in Appendix (Fig. A2). Overall, the parameters show similar correlation patterns as in the previous analysis. In particular, the physical conditions are consistent with the above HC 3 N analysis, and the di↵erence between the HC 3 N column densities from the rotational and hyperfine analysis is confirmed. This di↵erence translates into the isotopic ratios: the rotational and hyperfine analysis lead to R=216±30 and 400±20 respectively. The corresponding HC 15 3 N column densities di↵er by a factor two, being 9.6 and 19.5 ⇥10 10 cm 2 respectively.

To compare the two sets of solutions, we computed the hyperfine fluxes associated with the most probable parameters from each analysis (Table 2). These predictions are then compared to the observed fluxes by considering their algebric distance from the observed flux measured in units of the 1 rms. The results are shown in Fig. 5. The flux of the strongest HC 3 N lines are well reproduced, within ±3 , by both analysis. The fluxes and upper limits of HC 15 3 N are also well matched. However, the flux of the two weaker hyperfine lines of the 8-7 transition are underpredicted by more than 10 by the rotational analysis. Similar discrepancies are also found for the 10-9 and 11-10 transitions. In comparison the hyperfine analysis solution is able to reproduce all fluxes to within ±5 . This suggests that the hyperfine analysis may be prefered. The underestimate of the weak hyperfine lines by the rotational analysis is the origin of the discrepancy on the column density between the rotational and hyperfine analysis: since these weak lines are optically thin, the rotational analysis also underestimates the column density of HC 3 N although the excitation temperatures in the rotational analysis are larger (⇡ 7 8 K) than in the hyperfine solutions.

Another di↵erence between the two analysis is the cor- relation between N(HC 3 N) and R obtained in the rotational fitting but not in the hyperfine analysis. Instead, the isotopic ratio presents no clear correlation with any other parameter. This di↵erence suggests that handling separately the hyperfine fluxes adds significant constraints which forces the system towards higher HC 3 N column densities and removes the low values. Finally, we note that the excitation temperatures are similar to those obtained in the previous analysis of HC 3 N only. In particular, the excitation temperatures are very close for both isotopologues.

The hyperfine MCMC analysis shows that, despite the degeneracy among the physical conditions, the HC 3 N column density and isotopic ratio are well constrained. The resulting R isotopic ratio is R = 400 ± 20.

(1)

DISCUSSION

4.1 Nitrogen fractionation in HC 3 N When compared to the elemental ratio of 323±30 in the solar neighbourhood (Hily-Blant et al. 2017), the present direct determination of the [HC 3 N]/[HC 15 3 N] ratio in L1544 shows that HC 3 N is, at the 1 level, enriched in 15 N. Recently, the nitrogen isotopic ratio of HC 3 N was measured towards the cyanopolyynes peak (CP) in TMC-1 and a value of 3 N lines summarized in Table 2. Left: rotational analysis (w24s5000rot). Right: hyperfine analysis (w24s5000hfs).

257 ± 54 was obtained (Taniguchi & Saito 2017), not consistent with our present determination. However, we note that the TMC1-CP measurement relies on the double isotopic ratio using 13 C isotopologues of HC 3 N, and assumes a single excitation temperature. Nevertheless, the two ratios are not consistent. Because both cores are located within the solar neighbourhood, the elemental isotopic ratio of nitrogen should be identical, and di↵erent isotopic ratios in L1544 and TMC-1 CP thus indicate di↵erent dominant chemical formation pathways in both cores.

The isotopic ratio in HC 3 N can also be compared to ratios derived for the other nitrogen bearing molecules in L1544, namely CN, HCN and N 2 H + . In CN and HCN, the ratios were derived indirectly using the 13 C 14 N/ 12 C 15 N double isotopic ratios, leading to 500 ± 75 for CN and within 140 to 360 for HCN (Hily-Blant et al. 2013a,b). is marginally thus suggest that HC 3 N could sample the same pool of nitrogen atoms as CN, but a di↵erent one HCN and HC 3 N could share a common nitrogen reservoir. In N 2 H + towards L1544, the ratio is 1000 ± 200, which is also the largest ratio found in any species towards prestellar cores (Hily-Blant et al. 2017). The ratios in N 2 H + and HC 3 N are therefore significantly di↵erent, at the 3 level, indicating that they either sample di↵erent pools of nitrogen atoms, or that so-far unknown fractionation reactions are unevenly partitioning 14 N and 15 N among these two species. HC 3 N depletion was observed towards the L1498 prestellar core (Tafalla et al. 2006). However, the present analysis points towards dense and cold physical conditions which may not be compatible with the depletion scenario. Indeed, the central density towards L1498 is ⇡ 10 5 cm 3 , which is of the order of the density traced by HC 3 N as the present analysis suggests. Therefore, one might expect significant depletion of HC 3 N as such densities in L1544 as well. Nevertheless, the dynamical state of L1544 is likely more evolved towards collapse than for L1498, as evidenced by the two orders of magnitude lower central density in L1498. Definitive conclusion require maps of the HC 3 N emission towards L1544 and radiative transfer calculations taking into account the density profile of the source (e.g Daniel et al. 2013).

In turn this indicates that some fractionation process must be at work in the cold and dense gas of prestellar cores. Whether HC 3 N inherits the fractionation from a parent molecule or not can only be elucidated by a analysis for the formation pathways of HC 3 N (see below). In the inheritance scenario, our result would contrast with the latest chemical model predictions Roue↵ et al. (2015) in which the dominant nitrogen fractionation routes were found to have activation barriers hence being ine cient at low kinetic temperature. However, other chemical models (Terzieva & Herbst 2000;Charnley & Rodgers 2002;Hily-Blant et al. 2013b) do predict fractionation e↵ects in cold cores.

In the following, we examine into further details the di↵erent formation pathways of HC 3 N, in the light of the present ratio and recent measurements using 13 C and 15 N isotopologues.

Uncertainties

Obtaining reliable and as small as possible uncertainties on column density ratios is certainly one of the main challenge in remote isotopic ratio measurements such as the one presented here.

Although the statistical uncertainties on the observed HC 3 N integrated intensities are extremely small (Table 1), they hardly reflect the total uncertainty which must take into account the influence of the weather, pointing, focus, and chopper wheel calibration method. At the IRAM-30m telescope, the overall calibration uncertainty is generally taken to be 5% to 10%. Given the fact that all lines in A1, starting with the main hf group, followed by the other two hf lines, sorted by increasing frequency.

† The adopted uncertainties are at least 5% of the flux. Upper limits are at 5 . All integrated intensities are in mK km s 1 . ‡ e W is the predicted flux.

our survey were observed in a consistent way and over a relatively short period of time, we adopt a lower limit of 5% on the flux. Our conservative approach di↵ers from that of other authors who use the statistical uncertainties (Araki et al. 2016). Moreover, in their study, these authors use three lines obtained with di↵erent telescopes (GBT and NRO) to determine the excitation temperature under the SET approximation. Strictly speaking, the uncertainty on the derived excitation temperature should be propagated into the column densities and column density ratios. As such, the 5-10% calibration accuracy would certainly dominate the final uncertainty on the isotopic ratio. In fact, the excitation temperatures of the three 13 C isotopologues are only consistent at the 20% level (their Table 2). ALEX: est-ce que tu peux relire leur article, parce que c'est leur methode est di cile a suivre...?.

Although our conclusions would not be a↵ected by such a choice, uncertainties are crucially important when the isotopic ratios are used to infer the existence of fractionated reservoirs. We thus adopted a conservative value of 5% for the calibration uncertainty at 1 .

In addition to the flux calibration, the analysis method also carries its own sources of uncertainties. The single excitation temperature (SET) assumption4 , allows to compute column densities from single lines (Hily-Blant et al. 2013a;Araki et al. 2016;Taniguchi & Saito 2017). If the uncertainty associated to the assumed value of the excitation temperature can be quantified-and is actually generally small when dealing with column density ratios, the uncertainty associated to the SET assumption itself is much more di cult to estimate.

Formation of HC 3 N

The chemistry of HC 3 N in dense prestellar cores is still a matter of debate although it has been studied in great details especially using carbon isotopic ratios. In particular, isotopic anomalies were observed for HC 3 N in the Taurus Molecular Cloud-1 (TMC-1) starless core towards the so-called Cyanopolyyne Peak (CP) (Takano et al. 1998). The column densities of H 13 CCCN, HC 13 CCN, and HCC 13 CN follow the ratios 1:0:1.0:1.4, respectively, which was interpreted as a result of the production pathway of HC 3 N rather than isotope exchange reactions. The latter are unlikely because the zero-point energy di↵erences between the three carbon isotopologues would not produce predict H 13 CCCN/HC 13 CCN close to 1. Instead, HC 3 N is thought to form primarily from a parent molecule having two equivalent carbon atoms in order to explain [H 13 CCCN]=[HC 13 CCN]. Currently, three potential formation routes are considered, through CN, HCN, and HNC (for a review, see e.g. Taniguchi et al. 2016).

The HC 3 NH + route

In this route, the two equivalent carbons are provided by C 2 H + 2 : C 2 H + 2 + HCN ! HC 3 NH + + H.

(2)

This reaction is known to be rapid at room temperature with a rate coe cient k 3 = 3.78 ⇥ 10 11 cm 3 s 1 (Iraqi et al. 2 and4 (panels 1 and 2 for w24s5000rot and w24s5000hfs resp.). In each panel, the fluxes of the hyperfine components are given for all HC 3 N lines except the 12-11 transition for which only the main hf line was detected (see Table 1). The filled triangles indicate the 5 upper limits on the HC 15 3 N rotational transitions.

1990). This reaction is followed by the dissociative recombination (DR) between HC 3 NH + and electrons. The rate coe cient and the branching ratios of this DR process have not been measured but quantum calculations indicate that all isomers of HC 3 N, namely HNC 3 , HCCNC and HCNCC can be produced at low temperature. If reaction (2) is a major pathway to produce HC 3 N, then HC 3 N and HNC 3 are expected to have similar abundances since both products result from a direct hydrogen elimination of the parent ion HC 3 NH + (Osamura et al. 1999). The observation of HC 3 N and its isomers HCCNC and HNC 3 , however, indicates that the three species have very di↵erent abundances in the cold conditions of TMC-1 (Ohishi & Kaifu 1998). Assuming that HC 3 N and HNC 3 have a similar reactivity, this suggests that reaction (2) is not a major pathway to HC 3 N.

The CN route

Here, the two equivalent carbons come from C 2 H 2 :

C 2 H 2 + CN ! HC 3 N + H (3)
This reaction is also rapid at room temperature with a rate coe cient k 1 = 2.5 ⇥ 10 10 cm 3 s 1 (Sims et al. 1993). Reaction (3) has even been found to accelerate down to 25 K (Sims et al. 1993). The current consensus is that HC 3 N is mainly produced through the neutral-neutral reaction (3).

In addition the larger abundance of HCC 13 CN relative to H 13 CCCN and HC 13 CCN can be easily explained by different 12 C/ 13 C ratios in C 2 H 2 and CN, since the triple -CN bond is conserved in reaction (3). This scenario has been recently supported by observations of H 13 CCCN, HC 13 CCN, HCC 13 CN, and HC 3 N towards the L1527 protostar, which were found to follow the ratios 1.00:1.01:1.35:86.4, respectively (Araki et al. 2016). This corresponds to a 12 C/ 13 C ratio of 64 for [HCC 13 CN]/[HC 3 N], in good agreement with the local ISM elemental 12 C/ 13 C ratio of 68 (Milam et al. 2005). This in turn seems to indicate that CN is not fractionated in carbon, which would support either early-time chemistry in typical core condition or late time chemistry in denser (n H = 10 5 cm 3 ) gas (Roue↵ et al. 2015). On the other hand, the significantly higher 12 C/ 13 C ratios in H 13 CCCN and HC 13 CCN of ⇡86 is consistent with 13 C depletion in C 2 H 2 , as observed in other carbon-chain molecules (see Roue↵ et al. 2015;Araki et al. 2016, and references therein).

The HNC route

In this route, the two equivalent carbons are provided by C 2 H:

HNC + C 2 H ! HC 3 N + H. (4) 
This reaction proceeds at a rate k = XXX ALEX:

REVIEW. In this reaction, the H atom is removed from HNC, and we thus expect H 13 CCCN/HC 13 CCN=C 13 CH/ 13 CCH, at odds with the observations which find C 13 CH/ 13 CCH abundance ratios significantly larger than 1 (Sakai et al. 2010). The origin of the departure of C 13 CH/ 13 CCH from unity is likely associated to the neutral-neutral fractionation reaction 13 CCH + H ! C 13 CH + H + 8.1K. Indeed, at a kinetic temperature of 15 K, this steady-state abundance ratio due to this reaction is exp(8.1/15) = 1.7, which is in harmony with the observed ratio of 1.6±0.1. At the lower temperature of TMC-1 (CP), where the steady-state ratio would be 2.2, chemical model calculations show that the 1.6±0.4(3 ) ratio can be obtained at earlier times, when carbon is still mostly neutral (Furuya et al. 2011). As a consequence of the di↵erent H 13 CCCN/HC 13 CCN and C 13 CH/ 13 CCH ratios, the HNC route was discarded (Taniguchi et al. 2016).

However, most recently, the H 13 CCCN/HC 13 CCN abundance ratio was measured towards two cold prestellar cores, L1521B and L134N, with values of 0.98±0.14 and 1.5±0.2 (1 uncertainties), respectively, suggesting di↵erent formation pathways for HC 3 N in these two sources (Taniguchi et al. 2017). In particular, the ratio in L134N could indicate that HC 3 N is primarily formed from C 2 H, while C 2 H 2 would the main precursor in L1521B. In fact, the H 13 CCCN/HC 13 CCN abundance ratio in L134N closely matches the observed ratio in TMC1 (Sakai et al. 2010).

The competition between the CN and HNC routes was interpreted as reflecting di↵erent CN/HNC abundance ratios in the two prestellar cores. Observations of the C 13 CH/ 13 CCH in both sources should bring valuable informations.

Consequences on the nitrogen isotopic ratio of HC 3 N

Which of the CN or HNC routes dominates has consequences for the nitrogen isotopic ratio in HC 3 N which would be inherited from CN or HNC. Araki et al. (2016) also determined a HCC 13 CN/HC 15 3 N ratio of 5.26±0.19, resulting in a [HC 3 N]/[HC 15

3 N] ratio of 338±12. This value is again close to the elemental 14 N/ 15 N ratio in the local ISM (Adande & Ziurys 2012;Hily-Blant et al. 2017). To our knowledge, however, the 12 C/ 13 C and 14 N/ 15 N ratios of CN in L1527 are unknown so that a firm conclusion regarding the link between CN and HC 3 N cannot be established in this source.

The present determination of the [HC ratio in L1544 is much lower than 685 . This possibility seems unlikely as it would translate in HC 3 N:H 13 CCCN and HC 3 N:HC 13 CCN isotopic ratios lower than the elemental value. Another possibility is that isotope exchange reactions occur after the formation of HC 3 N, e.g. through 15 N + + HC 3 N ! N + + HC 15 3 N.

(5)

To our knowledge, however, this reaction has not been studied so far. On the other hand, the [HCN]/[HC 15 N] ratio in the central position of L1544 was found to be ⇠257, again assuming a value of 68 for the [HCN]/[H 13 CN] ratio (Hily-Blant et al. 2013a). This value is close to the present determination of the 14 N/ 15 N ratio in HC 3 N which would a priori favor reaction (2) for the production of HC 3 N in L1544. The determination of the 14 N/ 15 N ratio in HC 3 NH + would provide a crucial test of this scenario. We note that the main isotopologue HC 3 NH + has been observed recently in L1544 (Quénard et al. 2017). The detection of HC 3 N isomers in L1544, in particular HNC 3 , would be also useful, especially if the complete branching ratios for the DR of HC 3 NH + could be determined in the laboratory. In summary, from the previous studies and the present result, both CN and HCN can be the parent molecules of HC 3 N through reactions (3) and (2), respectively. More observations and laboratory works are necessary before we can possibly exclude one of the two chemical pathways. It will be particularly important to properly determine the 12 C/ 13 C ratio in CN and HCN (in order to avoid the double isotope method) with the best possible spatial resolution. 

  Figure 1.1Evolution of core structure with time. The x axis denote the logarithm of the core radius in cm while the y axis denote the logarithm of the pressure in dyne/ cm 2 . The different model times are indicated in units of 10 13 s. Note that the core pressure distribution approaches a r -2 distribution with the passage of time. Figure extracted from Larson (1969). 3 Figure 1.2 False colour maps of the Taurus-Auriga molecular cloud complex, red is Herschel-SPIRE 500 µm, green is Herschel-SPIRE 350 µm and blue is Herschel-SPIRE 250 µm. These Herschel-SPIRE images were obtained in the Gould Belt Survey key program (André et al., 2010). a) The entire Taurus-Auriga molecular cloud complex; b)The prestellar core L1544 and its surroundings; c) The prestellar core L1498 and its surroundings. 4 Figure 1.3 The multiple protostar system IRAS 16293 -2422 located in the ρ Ophichi complex at a distance of 120 pc, as viewed by ALMA at 110 GHz. The main components A and B are marked by white crosses. Data from ALMA project: 2016.1.01468.S, P.I.: V. S. Magalhães. 6 Figure 1.4 a) Cartoon of the physical structure of a protoplanetary disk showing on the right the three main layers of a protoplanetary disk with emphasis on the species that can be found in each layer: The atmosphere; The warm molecular layer and the cold and dense mid plane. On the left we have an sketch of where different instruments are able to probe a protoplanetary disk b) A detailed physical structure for a protoplanetary disk such as DM Tau. Z/R denotes the height over the mid plane (Z) divided by the radial distance to the central star (R). a) was extracted from van Dishoeck (2014) and b) was extracted from Henning and Semenov (2013). 7
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  Figure 1.9Approximate sequence of equilibrium condensation drawn from the information given in[START_REF] Lewis | Physics and chemistry of the solar system[END_REF]. The white boxes show the approximate transitions of various elements into minerals and ices from the gaseous state assuming solar nebula disk pressures (10 -2 bar).While the blue boxes provide the formation sequence as gas cools (see text for discussion of condensation vs. evaporation). Some modifications include a question as to whether N is found as NH 3 or as N 2 or even N, as the latter two have lower condensation temperatures. Thus a range has been shown. The green dashed line roughly delineates the line between refractory solids and ices, while the yellow line notes species that remain in the gas. Note that C and N straddle this line. O in the form of H 2 O will also be found both in the gas and ice at various radial positions in a protoplanetary disk. A fraction of C, H, O, and N will also be bound in organics which, depending on the form, have condensation/sublimation temperatures in the range of 50-150 K(Öberg et al., 2009). Image extracted from[START_REF] Bergin | Astrobiology: An astronomer's perspective[END_REF]. 15 Figure 1.10 Proposed evolution of ices during star formation and formation of complex molecules. Pink indicates an H2O-dominated ice and blue a CO-dominated ice. Early during cloud formation (a) an H 2 O-rich ice forms, with minor amounts of CH 4 and NH 3 through hydrogenation of O, C and N. Once a critical density is reached CO freezes out catastrophically (b),providing reactants for CH 3 OH ice formation through hydrogenation of CO (0th generation complex organic molecules). In the cold outer envelope (c), photo processing of the CO-rich ice results in the production of, e.g., HCOOCH 3 (1st generation). Closer to the protostar (d), following sublimation of CO, other complex molecules become abundant. Finally, all ices may desorb thermally close to the protostar >100 K (e) (2nd generation). Figure fromÖberg et al. (2010). 16

  Figure 1.11Compilation of all measurements of the nitrogen isotopic ratio in comets. The observed carrier is indicated above each measurement. Although it is clear that NH2 is a photo dissociation product of ammonia in the coma, the origin of CN is still debated. Data were taken fromJehin et al. (2009) andBockelée-Morvan et al. (2015). The weighted average ratio is 144±3. For each carrier, the average ratios for Jupiter Family Comets (JFC) and Oort Cloud Comets (OCC), are indicated (thick dots), where the distinction between JFC and OCC was based only on the periodicity of the comets being respectively lower and higher than 200 years(Shinnaka et al., 2016). Figure extracted from Hily-Blant et al. (2017) 20 Figure 2.1 Plot of 14 N/ 15 N isotope ratios as a function of galactocentric distance, D GC (kpc). The filled circles indicate direct measurement of the ratios using the hyperfine components of the CN isotopologues. The open circles represent the ratios calculated using HN 13 C/H 15 NC and the 12 C/ 13 C ratio measured in CN by Milam et al.(2005). The triangles are the ratios obtained from the HCN data of[START_REF] Dahmen | The nitrogen isotope abundance in the galaxy. 1: The galactic disk gradient[END_REF], combined with the 12 C/ 13 C ratios ofMilam et al. (2005). The dashed line is the gradient from the model 3n ofRomano and Matteucci (2003), where 15 N is treated as a secondary element and produced in novae. The rectangular box represents the range of values found in comet measurements of 14 N/ 15 N, and the star is the value in Earth's atmosphere.A linear fit of these three sets of data results in the expression: 14 N/ 15 N = 21.1D GC + 123.8. Figure extracted fromAdande and Ziurys (2012). 25
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  Figure 2.2Nitrogen isotopic ratios measured in the Solar system. Different symbols stand for different papers: HB2017 refers toHily-Blant et al. (2017), BU2006 refers to[START_REF] Busemann | Interstellar Chemistry Recorded in Organic Matter from Primitive Meteorites[END_REF], OW2001 refers to[START_REF] Owen | Protosolar Nitrogen[END_REF], SE2002 refers to[START_REF] Sephton | Nitrogen isotopic ratios of NH 2 in comets: implication for 15 N-fractionation in cometary ammonia[END_REF], FL2006 refers to[START_REF] Floss | Identification of isotopically primitive interplanetary dust particles: A NanoSIMS isotopic imaging study[END_REF], FU2015 refers to[START_REF] Füri | Evidence for an early nitrogen isotopic evolution in the solar nebula from volatile analyses of a CAI from the CV3 chondrite NWA 8616[END_REF], AL2007 refers to[START_REF] Alexander | The origin and evolution of chondrites recorded in the elemental and isotopic compositions of their macromolecular organic matter[END_REF], MK2007 refers to[START_REF] Meibom | Nitrogen and Carbon Isotopic Composition of the Sun Inferred from a High-Temperature Solar Nebular Condensate[END_REF], BO2010 refers to Bonal et al. (2010) and FO2000 refers to Fouchet et al. (2000). IDP stands for interplanetary dust particle. 30 Figure 2.3 Nitrogen isotopic ratio measured in the local diffuse ISM. The quoted value for Adande and Ziurys (2012) (AZ2012) comes from the interpolation of their galactic gradient. Different symbols stand for different papers: LL1998 refers to Lucas and Liszt (1998) and RI2015 refers to Ritchey, Federman, and Lambert (2015). 31 Figure 2.4 Nitrogen isotopic ratio measured in the local dense ISM. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: DG2013 refers to Daniel et al. (2013), DF2016 refers to Daniel et al. (2016), HB2013a refers to Hily-Blant et al. (2013a), GM2009 refers to Gerin et al. (2009), HB2013b refers to Hily-Blant et al. (2013b), BC2013 refers to Bizzocchi et al. (2013), LW2010 refers to Lis et al. (2010), TS2017 refers to Taniguchi and Saito (2017) and IH2002 refers to Ikeda, Hirota, and Yamamoto (2002). 31 Figure 2.5 Nitrogen isotopic ratio measured in protostellar envelopes. WA2014 stands for Wampfler et al. (2014), while TW stands for this work. 32 Figure 2.6 Nitrogen isotopic ratio measured in the nearby protoplanetary disks. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: GO2017 refers to Guzmán et al. (2017) and HB2017 refers to Hily-Blant et al. (2017). 33

  Figure 2.7The big picture of the nitrogen isotopic ratio. In the Solar system and in protoplanetary disks two reservoirs have been identified. The difference in isotopic ratios between these two sets of reservoirs are consistent with the evolution of the nitrogen isotopic ratio with time. The remaining question is where and when does the fractionation of the minor reservoir happens. 34 Figure 3.1 Automatically generated plot by Nslab from the output file in Section A.1.3 with spectral resolution of 0.1 km/s. 37 Figure 3.2 Nslab parameters as function of the slabs as produced automatically by Nslab. The input file contains 4 slabs and 3 spectral lines, which are reflected in the x axis and legend respectively. 38 Figure 3.3 Spectrum computed by Nslab for a single slab experiment (test 1, see Table 3.1). The labels from A to E denote the different experiments in Table 3.1. 39 Figure 3.4 Results of the second benchmarking test of Nslab, testing the propagation of spectral lines through two slabs. The labels F to J correspond to the spectral lines described in Table 3.2. 41 Figure 3.5 Results of the third benchmarking test of Nslab, testing the propagation of spectral lines through two slabs with different velocities. The labels K to O correspond to the spectral lines described in Table 3.2. 42 Figure 3.6 HCN J = 1 → 0 spectra produced by the model class along with HCN J = 1 → 0 observations as plotted by the function plot _ with _ obs from the model class (see Section A.2.4.1). 46 Figure 3.7 Evolution of the walkers in a Markov chain as a function of the steps taken. For the three parameters displayed it is possible to see that the MCMC walkers rapidly converge to the correct values for the parameters (within ∼ 100 steps). 49

  Figure 3.8Cross histograms of the parameters for a model Gaussian. A is the peak intensity, X 0 is the Gaussian centre and σ is its dispersion. From this plot we can learn which parameters are not correlated with each other as the is the case between the centre of the Gaussian and its amplitude (the cross histogram is circular) and which parameters do present a correlation with each other like the amplitude of the Gaussian and its dispersion (The cross histogram is elliptical and inclined). The dashed vertical lines in the histograms indicate the 0.16, 0.5 and 0.86 fractional quantiles and are used to automatically compute the best fit parameters and their uncertainties. 50 Figure3.9Results of the MCMC fit to a Gaussian with a RMS noise of 2.5. The fit clearly converges and presents a good agreement with the mock up observations. 51 Figure 3.10 Time for Alico execution as a function of molecular abundance for CO, HCN, N 2 H + and NH 2 D. 53 Figure 4.1HCN J = 1 → 0 spectrum presenting hyperfine anomalies (bottom) and H 13 CN J = 1 → 0 spectrum displaying no hyperfine anomalies (top). Both HCN and H 13 CN have the same resolved hyperfine structure, therefore the H 13 CN J = 1 → 0 transition is a proxy for non anomalous HCN J = 1 → 0. The hyperfine splitting caused by the presence of 13 C is not resolved in H 13 CN. The hyperfine components of the J = 1 → 0 transition of both HCN and H 13 CN are labeled with their respective relative intensities. Both spectra were obtained towards the continuum peak of L1498.57 Figure 4.2 R 12 vs. R 02 (R 12 = F = 1 → 1/F = 2 → 1, R 02 = F = 0 → 1/F = 2 → 1)for several sources in the dense ISM. The red polygon indicates the region where hyperfine ratios are not anomalous. There is only one set of ratios that is completely inconsistent with hyperfine anomalies, that of L234-ES. The hyperfine ratios were extracted from the data in[START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF] and are listed in TableB.1. 57
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 3 Figure 4.3 Top panel: Observed HCN J = 3 → 2 spectrum towards the continuum peak of L1498; Bottom panel: Synthetic HCN J = 3 → 2 spectrum build by Nslab (Section 3.1) using the relative intensities of the hyperfine components of the J = 3 → 2 rotational transition. 58 Figure 4.4Rotational curves of growth for HCN transitions J = 1 → 0, J = 2 → 1 and J = 3 → 2. These curves of growth were computed with the usage of RADEX for a kinetic temperature T k = 10 K, a HCN column density N(HCN)=10 14 cm -2 and using the latest hyperfine collisional coefficients for HCN (Lique et al. private communication). 59 Figure 4.5 Spectroscopy of HCN for J = 0, 1, 2, 3 including allowed radiative transitions between these levels, F denotes the nuclear spin state. Splitting not to scale. 60 Figure 4.6Collisional and radiative de-excitation rates for HCN J, F = 2, 2 at a temperature of 10 K and a density of 10 5 cm -3 . 65 Figure4.7Collisional and radiative de-excitation rates for HCN J, F = 2, 3 at a temperature of 10 K and a density of 10 5 cm -3 . 65 Figure 4.8 Left: Schematic representation of the spectroscopy of HCN for J ≤ 2. Right: Schematic description of the radiative trapping mechanism. The transition labels follow the scheme inTable 4.1. Solid black arrows represent the allowed collisional transitions, Sinusoidal blue lines represent the allowed radiative transitions and the red sinusoidal lines represent the effects of the overlap between transitions #6 and #7. The red arrows indicate the net flux of population. 66 Figure 4.9 Evolution of the HCN J = 1 → 0 hyperfine ratios as a function of HCN abundance for a simplified model with n H 2 = 10 5 cm -3 , T kin = 10 K and a non thermal dispersion of velocities, σ = 0.05 km/s. Hyperfine ratios computed with Alico. 66 Figure 4.10 Schematic description of the toy model. Slabs are numbered according to Table 4.2. 68 Figure 4.11 HCN hyperfine ratios as a function of total opacity for grid G1. The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively. 70
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 12 Figure 4.12 HCN hyperfine ratios as a function of total opacity in the envelope for grid G2. Here T 21 ex,A = 1.2T 01 ex,A and T 11 ex,A = 0.8T 01 ex,A mimicking an excitation temperature imbalance such as what would be expected from the hyperfine overlap mechanism. The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively. 72 Figure 4.13 HCN hyperfine ratios as a function of total opacity in the envelope for grid G2, with B slabs supressed. Here T 21 ex,A = 1.2T 01 ex,A and T 11 ex,A = 0.8T 01 ex,A mimicking an excitation temperature imbalance such as what would be expected from the hyperfine overlap mechanism. The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively. 74 Figure 4.14 Comparison between the emergent spectra for the J = 1 → 0 transition of HCN produced by Alico with (black) and without (orange) hyperfine overlap taken into account. 76 Figure 4.15 Same as Figure 4.14 for HCN J = 3 → 2. 77 Figure 4.16 Profile for the physical quantities in the reference model. Top: H 2 number density as a function of the fraction of the model size. Middle: Non thermal velocity dispersion as a function of the projected distance from the model centre in arc seconds. Bottom: Collapse velocity profile as a function of the distance from the model centre in cm. 80 Figure 4.17 Spectra produced by Alico towards the model centre along with HCN observations towards the continuum peak of L1498. Left: J = 1 → 0 spectra; Right: J = 3 → 2 spectra. 81 Figure 4.18 Dependency of the hyperfine ratios on the non thermal velocity dispersion profile parameters. Top left: Hyperfine ratios as a function of σ 0 ; Top Right: Hyperfine ratios as a function of σ ext ; Bottom left: Hyperfine ratios as a function of r j ; Bottom right: Hyperfine ratios as a function of ∆r j . 81 Figure 4.19Dependency of the hyperfine ratios on the collapse velocity profile parameters. Top: Hyperfine ratios as a function of the maximal collapse velocity V c ; Middle: Hyperfine ratios as a function of r V ; Bottom: Hyperfine ratios as a function of ∆r V . 83

  Figure 4.20 Hyperfine ratios as a function of the abundance of HCN. 84 Figure 4.21 Histogram of intensities for the 1250 µm MAMBO map along with the best Gaussian fit to it. 87 Figure 4.22 Top panel: histogram of intensities for the 250 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it. Middle panel: histogram of intensities for the 350 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it. bottom panel: histogram of intensities for the 500 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it. 88 Figure 4.23 The CLASS HFS fit (blue) to the H 13 CN J = 1 → 0 transition towards the continuum peak of L1498 (thick black) along with the residuals of this fit (thin black lines). The vertical axis is in the main beam temperature scale in K. 89 Figure 4.24 Schematics of the inner workings of the RADEX+Nslab LVG model. 90 Figure 4.25 HCN J = 1 → 0 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange). 92 Figure 4.26 HCN J = 3 → 2 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange). Notice the very poor quality of the fit caused by the inability of RADEX to process hyperfine overlaps. 92 Figure 4.27 H 13 CN J = 1 → 0 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange). 93 Figure 4.28 HC 15 N J = 1 → 0 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange). 93

  Figure 4.29Color composite map of L1498. 1.25 mm is Red, 500 µm is green and 250 µm is blue. Black circles indicate where the J = 1 → 0 of all HCN isotopologues was observed, green circles indicate the positions that were only observed in HCN J = 1 → 0, the blue circle indicates the position that was observed only on HCN and H 13 CN J = 1 → 0 and the white circles indicate the positions where HCN J = 3 → 2 was observed. The sizes of the circles indicate the HPBW of the IRAM-30m telescope at the observed frequencies, 28" for the J = 1 → 0 transitions and 9" for the HCNJ = 3 → 2 transition. 95 Figure 4.30Radial profile of the continuum emission along the SW axis of L1498. The offsets refer to the continuum peak of L1498 at α=4:10:52.2, δ=25:10:20 (J2000). The 1250 µm emission was multiplied by 10 so that it could be displayed on the same linear scale as the other continuum wavelengths. Notice the bump in emission at an offset of 220 arc seconds. 97 Figure 4.31 Single dust temperature fit to the continuum emission at 1250 µm. Here we can see that the single dust temperature fit underestimates the emission at 1250 µm by a factor of ∼2. 98 Figure 4.32 Top panel: Single dust temperature fit to the continuum emission at 250 µm. Middle panel: Single dust temperature fit to the continuum emission at 350 µm. Bottom panel: Single dust temperature fit to the continuum emission at 500 µm. Here we can see that the best fit with a single dust temperature falls short of accurately reproducing the dust emission profiles at the Herschel SPIRE wavelengths. 99 Figure 4.33 Top panel: Dust emission at 4 different wavelengths as a function of distance along the line of sight towards the centre of the model. Bottom panel: Dust emission at 350 µm as a function of distance along the line of sight for different impact parameters, b. It is possible to see that the emission at small impact parameters is approximately two orders of magnitude more intense than the emission with larger impact parameters. 100
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 4167 Figure 4.34 Top panel: best fit continuum dust emission model along with the Herschel SPIRE observations at 250 µm. Bottom panel: best fit continuum dust emission model along with the Herschel SPIRE observations at 350 µm. 102 Figure 4.35 Top panel: best fit continuum dust emission model along with the Herschel SPIRE observations at 500 µm. Bottom panel: best fit continuum dust emission model along with MAMBO observations at 1250 µm. 103 Figure 4.36 Density and dust temperature profiles for the best fit dust continuum emission profile. 104 Figure 4.37 Cross histograms for the parameters in the continuum fit. 105 Figure 4.38 Best fit HCN J = 1 → 0 (red) spectra along the HCN J = 1 → 0 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-10,-20)", top right (-20,-40)", bottom left (-30,-60)", bottom centre: (-50,-100)", bottom right (-60,-120)" 109 Figure 4.39 Best fit HCN J = 3 → 2 (red) spectra along the HCN J = 3 → 2 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-5,-10)", top right (-10,-20)", bottom left (-20,-40)", bottom centre: (-30,-60)", bottom right (-40,-80)" 109 Figure 4.40 Best fit H 13 CN J = 1 → 0 (red) spectra along the H 13 CN J = 1 → 0 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-10,-20)", top right (-20,-40)", bottom left (-30,-60)", bottom centre: (-50,-100)", bottom right (-60,-120)". 110 Figure 4.41 Best fit HC 15 N J = 1 → 0 (red) spectra along the HC 15 N J = 1 → 0 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-10,-20)", top right (-20,-40)", bottom left (-30,-60)", bottom centre: (-50,-100)". 110

Figure 1 . 1 -Figure 1

 111 Figure1.1 -Evolution of core structure with time. The x axis denote the logarithm of the core radius in cm while the y axis denote the logarithm of the pressure in dyne/ cm 2 . The different model times are indicated in units of 10 13 s. Note that the core pressure distribution approaches a r -2 distribution with the passage of time. Figure extracted fromLarson (1969).

Figure 1

 1 Figure 1.3 -The multiple protostar system IRAS 16293 -2422 located in the ρ Ophichi complex at a distance of 120 pc, as viewed by ALMA at 110 GHz. The main components A and B are marked by white crosses. Data from ALMA project: 2016.1.01468.S, P.I.: V. S. Magalhães.

Fig. 8

 8 Fig. 8 Cartoon illustration of the various physical and chemical processes taking place in protoplanetary disks (right) that are probed by different observational facilities (left). Figure by S. Bruderer.

ure 3 .

 3 Figure 1.4 -a) Cartoon of the physical structure of a protoplanetary disk showing on the right the three main layers of a protoplanetary disk with emphasis on the species that can be found in each layer: The atmosphere; The warm molecular layer and the cold and dense mid plane. On the left we have an sketch of where different instruments are able to probe a protoplanetary disk b) A detailed physical structure for a protoplanetary disk such as DM Tau. Z/R denotes the height over the mid plane (Z) divided by the radial distance to the central star (R). a) was extracted from van Dishoeck (2014) and b) was extracted from Henning and Semenov (2013).

Figure 1

 1 Figure 1.5 -Integrated intensity map of the optically thin hyperfine component of the CN N=3→2 transition at 340.020 GHz towards TW Hydra. The white circle in the image represents the size of Neptune's orbit around the Sun. Note that the emission of CN N=3→2 comes from an annular region similar in size to the Solar system's Kuiper's belt. Data from ALMA project: 2013.1.00196.S, P.I.: P. Hily-Blant.

Figure 1

 1 Figure 1.7 -NASA/ESA Hubble Space Telescope stunning view of the bright α Centauri A (on the left) and α Centauri B (on the right). The third component of the system, Proxima Centauri is too far away from the main components (A and B) to be seen in this scale. The field of view is 0.85 x 0.56 arc minutes in width and height respectively. Image extracted from: Best image of Alpha Centauri A and B (2016).

Figure 1

 1 Figure 1.8 -a) Example of a rocky planet: Earth. This image was taken from the Apollo 17 crew during their way back from the Moon. b) Example of a giant planet: Jupiter. Image obtained in visible light with Ultraviolet Aurora capture superimposed on its north pole, Origin: NASA, ESA, and J. Nichols (University of Leicester).

FIGURE 4 .

 4 FIGURE 4. Approximate sequence of equilibrium condensation drawn from the information given byLewis [59, see Table IV.7]. The white boxes show the approximate transitions of various elements into minerals and ices from the gaseous state assuming solar nebula disk pressures (10 2 bar). While the blue boxes provide the formation sequence as gas cools (see text for discussion of condensation vs. evaporation). Some modifications include a question as to whether N is found as NH 3 or as N 2 or even N, as the latter two have lower condensation temperatures. Thus a range has been shown. The complete sequence given inLewis [59] is shortened. The green dashed line roughly delineates the line between refractory solids and ices, while the yellow line notes species that remain in the gas. Note that C and N straddle this line. O in the form of H 2 O will also be found both in the gas and ice at various radial positions in a protoplanetary disk. A fraction of C, H, O, and N will also be bound in organics which, depending on the form, have condensation/sublimation temperatures in the range of50 -150 K [60].

Fig. 4

 4 Fig. 4 Proposed evolution of ices during star formation and formation of complex molecules. Pink indicates an H 2 O-dominated ('polar') ice and blue a CO-dominated ('nonpolar') ice. Early during cloud formation (a) an H 2 O-rich ice forms, with minor amounts of CH 4 and NH 3 through hydrogenation of O, C and N. Once a critical density is reached CO freezes out catastrophically (b), providing reactants for CH 3 OH ice formation through hydrogenation of CO (0 th generation complex organic molecules). In the cold outer envelope (c), photoprocessing of the CO-rich ice results in the production of, e.g., HCOOCH 3 (1st generation). Closer to the protostar (d), following sublimation of CO, other complex molecules become abundant. Finally, all ices desorb thermally close to the protostar >100 K (e) (2nd generation). Figure from ref. 101, copyright AAS, reproduced with permission.

Figure 1 .

 1 Figure 1.10 -Proposed evolution of ices during star formation and formation of complex molecules. Pink indicates an H2O-dominated ice and blue a CO-dominated ice. Early during cloud formation (a) an H 2 O-rich ice forms, with minor amounts of CH 4 and NH 3 through hydrogenation of O, C and N. Once a critical density is reached CO freezes out catastrophically (b), providing reactants for CH 3 OH ice formation through hydrogenation of CO (0th generation complex organic molecules). In the cold outer envelope (c), photo processing of the CO-rich ice results in the production of, e.g., HCOOCH 3 (1st generation). Closer to the protostar (d), following sublimation of CO, other complex molecules become abundant. Finally, all ices may desorb thermally close to the protostar >100 K (e) (2nd generation). Figure from Öberg et al. (2010).
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 21 Figure 2.1 -Plot of 14 N/ 15 N isotope ratios as a function of galactocentric distance, D GC (kpc). The filled circles indicate direct measurement of the ratios using the hyperfine components of the CN isotopologues.The open circles represent the ratios calculated using HN 13 C/H 15 NC and the 12 C/ 13 C ratio measured in CN byMilam et al. (2005). The triangles are the ratios obtained from the HCN data of[START_REF] Dahmen | The nitrogen isotope abundance in the galaxy. 1: The galactic disk gradient[END_REF], combined with the 12 C/ 13 C ratios ofMilam et al. (2005). The dashed line is the gradient from the model 3n ofRomano and Matteucci (2003), where 15 N is treated as a secondary element and produced in novae. The rectangular box represents the range of values found in comet measurements of 14 N/ 15 N, and the star is the value in Earth's atmosphere. A linear fit of these three sets of data results in the expression: 14 N/ 15 N = 21.1D GC + 123.8. Figure extracted from Adande and Ziurys (2012).

  Figure 2.1 -Plot of 14 N/ 15 N isotope ratios as a function of galactocentric distance, D GC (kpc). The filled circles indicate direct measurement of the ratios using the hyperfine components of the CN isotopologues.The open circles represent the ratios calculated using HN 13 C/H 15 NC and the 12 C/ 13 C ratio measured in CN byMilam et al. (2005). The triangles are the ratios obtained from the HCN data of[START_REF] Dahmen | The nitrogen isotope abundance in the galaxy. 1: The galactic disk gradient[END_REF], combined with the 12 C/ 13 C ratios ofMilam et al. (2005). The dashed line is the gradient from the model 3n ofRomano and Matteucci (2003), where 15 N is treated as a secondary element and produced in novae. The rectangular box represents the range of values found in comet measurements of 14 N/ 15 N, and the star is the value in Earth's atmosphere. A linear fit of these three sets of data results in the expression: 14 N/ 15 N = 21.1D GC + 123.8. Figure extracted from Adande and Ziurys (2012).

Figure 2

 2 Figure 2.2 -Nitrogen isotopic ratios measured in the Solar system. Different symbols stand for different papers: HB2017 refers to Hily-Blant et al. (2017), BU2006 refers to Busemann et al. (2006), OW2001 refers to Owen et al. (2001), SE2002 refers to Sephton et al. (2002), FL2006 refers to Floss et al. (2006), FU2015 refers to Füri, Chaussidon, and Marty (2015), AL2007 refers to Alexander et al. (2007), MK2007 refers to Meibom et al. (2007), BO2010 refers to Bonal et al. (2010) and FO2000 refers to[START_REF] Fouchet | ISO-SWS Observations of Jupiter: Measurement of the Ammonia Tropospheric Profile and of the 15 N/ 14 N Isotopic Ratio[END_REF]. IDP stands for interplanetary dust particle.

Figure 2

 2 Figure 2.3 -Nitrogen isotopic ratio measured in the local diffuse ISM. The quoted value for Adande and Ziurys (2012) (AZ2012) comes from the interpolation of their galactic gradient. Different symbols stand for different papers: LL1998 refers to Lucas and Liszt (1998) and RI2015 refers to Ritchey, Federman, and Lambert (2015).
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 24 Figure 2.4 -Nitrogen isotopic ratio measured in the local dense ISM. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: DG2013 refers to Daniel et al. (2013), DF2016 refers to Daniel et al. (2016), HB2013a refers to Hily-Blant et al. (2013a), GM2009 refers to Gerin et al. (2009), HB2013b refers to Hily-Blant et al. (2013b), BC2013 refers to Bizzocchi et al. (2013), LW2010 refers to Lis et al. (2010), TS2017 refers to Taniguchi and Saito (2017) and IH2002 refers to Ikeda,Hirota, and Yamamoto (2002).
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 25 Figure 2.5 -Nitrogen isotopic ratio measured in protostellar envelopes. WA2014 stands for Wampfler et al. (2014), while TW stands for this work.

Figure 2

 2 Figure 2.6 -Nitrogen isotopic ratio measured in the nearby protoplanetary disks. Black markers stand for direct measurements, while red markers stand for double isotopologue measurements. Different symbols stand for different papers: GO2017 refers to Guzmán et al. (2017) and HB2017 refers to Hily-Blant et al. (2017).

Figure 2

 2 Figure2.7 -The big picture of the nitrogen isotopic ratio. In the Solar system and in protoplanetary disks two reservoirs have been identified. The difference in isotopic ratios between these two sets of reservoirs are consistent with the evolution of the nitrogen isotopic ratio with time. The remaining question is where and when does the fractionation of the minor reservoir happens.

Figure 3

 3 Figure 3.1 -Automatically generated plot by Nslab from the output file in Section A.1.3 with spectral resolution of 0.1 km/s.

  Figure 3.1 contains the automatically generated plot of the spectrum produced by the usage of the example input file in Section A.1.2. Figure 3.2 contains the automatically generated plot of the input parameters in each line per slab.

  Figure 3.2 -Nslab parameters as function of the slabs as produced automatically by Nslab. The input file contains 4 slabs and 3 spectral lines, which are reflected in the x axis and legend respectively.

Figure 3

 3 Figure 3.3 -Spectrum computed by Nslab for a single slab experiment (test 1, see Table3.1). The labels from A to E denote the different experiments in Table3.1.

Figure 3

 3 Figure 3.4 -Results of the second benchmarking test of Nslab, testing the propagation of spectral lines through two slabs.The labels F to J correspond to the spectral lines described in Table3.2.

Figure 3

 3 Figure 3.5 -Results of the third benchmarking test of Nslab, testing the propagation of spectral lines through two slabs with different velocities. The labels K to O correspond to the spectral lines described in Table3.2.

Figure 3

 3 Figure 3.6 -HCN J = 1 → 0 spectra produced by the model class along with HCN J = 1 → 0 observations as plotted by the function plot _ with _ obs from the model class (see Section A.2.4.1).

Figure 3

 3 Figure 3.7 -Evolution of the walkers in a Markov chain as a function of the steps taken. For the three parameters displayed it is possible to see that the MCMC walkers rapidly converge to the correct values for the parameters (within ∼ 100 steps).

Figure 3 . 8 -

 38 Figure 3.8 -Cross histograms of the parameters for a model Gaussian. Ais the peak intensity, X 0 is the Gaussian centre and σ is its dispersion. From this plot we can learn which parameters are not correlated with each other as the is the case between the centre of the Gaussian and its amplitude (the cross histogram is circular) and which parameters do present a correlation with each other like the amplitude of the Gaussian and its dispersion (The cross histogram is elliptical and inclined). The dashed vertical lines in the histograms indicate the 0.16, 0.5 and 0.86 fractional quantiles and are used to automatically compute the best fit parameters and their uncertainties.

Figure 3 . 9 -

 39 Figure3.9 -Results of the MCMC fit to a Gaussian with a RMS noise of 2.5.The fit clearly converges and presents a good agreement with the mock up observations.

Figure 3 .

 3 Figure 3.10 -Time for Alico execution as a function of molecular abundance for CO, HCN, N 2 H + and NH 2 D.

  Figure 4.3 displays an example of an observed HCN J = 3 → 2 spectrum alongside a synthetic HCN J = 3 → 2 spectrum representing the relative intensities of each hyperfine component.

  Figure 4.1 -HCN J = 1 → 0 spectrum presenting hyperfine anomalies (bottom) and H 13 CN J = 1 → 0 spectrum displaying no hyperfine anomalies (top).Both HCN and H 13 CN have the same resolved hyperfine structure, therefore the H 13 CN J = 1 → 0 transition is a proxy for non anomalous HCN J = 1 → 0. The hyperfine splitting caused by the presence of 13 C is not resolved in H 13 CN.The hyperfine components of the J = 1 → 0 transition of both HCN and H 13 CN are labeled with their respective relative intensities. Both spectra were obtained towards the continuum peak of L1498.

Figure

  Figure 4.2 -R 12 vs. R 02 (R 12 = F= 1 → 1/F = 2 → 1, R 02 = F = 0 → 1/F = 2 → 1)for several sources in the dense ISM. The red polygon indicates the region where hyperfine ratios are not anomalous. There is only one set of ratios that is completely inconsistent with hyperfine anomalies, that of L234-ES. The hyperfine ratios were extracted from the data in[START_REF] Sohn | Probing Inward Motions in Starless Cores Using the HCN(J = 1-0) Hyperfine Transitions: A Pointing Survey toward Central Regions[END_REF] and are listed in TableB.1.

Figure 4 . 3 -

 43 Figure 4.3 -Top panel: Observed HCN J = 3 → 2 spectrum towards the continuum peak of L1498; Bottom panel: Synthetic HCN J = 3 → 2 spectrum build by Nslab (Section 3.1) using the relative intensities of the hyperfine components of the J = 3 → 2 rotational transition.

Figure 4

 4 Figure 4.4 -Rotational curves of growth for HCN transitions J = 1 → 0, J = 2 → 1 and J = 3 → 2. These curves of growth were computed with the usage of RADEX for a kinetic temperature T k = 10 K, a HCN column density N(HCN)=10 14 cm -2 and using the latest hyperfine collisional coefficients for HCN (Lique et al. private communication).

Figure 4

 4 Figure 4.6 -Collisional and radiative de-excitation rates for HCN J, F = 2, 2 at a temperature of 10 K and a density of 10 5 cm -3 .

Figure 4

 4 Figure 4.7 -Collisional and radiative de-excitation rates for HCN J, F = 2, 3 at a temperature of 10 K and a density of 10 5 cm -3 .

Figure 4

 4 Figure 4.9 -Evolution of the HCN J = 1 → 0 hyperfine ratios as a function of HCN abundance for a simplified model with n H 2 = 10 5 cm -3 , T kin = 10 K and a non thermal dispersion of velocities, σ = 0.05 km/s. Hyperfine ratios computed with Alico.

Figure 4 .

 4 Figure 4.10 -Schematic description of the toy model. Slabs are numbered according to Table 4.2.

Figure 4 .

 4 Figure 4.11 -HCN hyperfine ratios as a function of total opacity for grid G1.The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively.

Figure 4 . 12 -

 412 Figure 4.12 -HCN hyperfine ratios as a function of total opacity in the envelope for grid G2. Here T 21 ex,A = 1.2T 01 ex,A and T 11 ex,A = 0.8T 01 ex,A mimicking an excitation temperature imbalance such as what would be expected from the hyperfine overlap mechanism. The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively.

Figure 4 .

 4 Figure 4.13 -HCN hyperfine ratios as a function of total opacity in the envelope for grid G2, with B slabs supressed. Here T 21 ex,A = 1.2T 01 ex,A and T 11 ex,A = 0.8T 01 ex,A mimicking an excitation temperature imbalance such as what would be expected from the hyperfine overlap mechanism. The non anomalous optically thin values for R 02 , R 01 and R 12 are 0.2, 0.333, and 0.6 respectively.

Figure 4 .

 4 Figure 4.14 -Comparison between the emergent spectra for the J = 1 → 0 transition of HCN produced by Alico with (black) and without (orange) hyperfine overlap taken into account.

Figure 4 .

 4 Figure 4.15 -Same as Figure 4.14 for HCN J = 3 → 2.

  5 -Values for the parameters in the reference model. Some of the parameters were chosen from an already published value.

Figure 4 .

 4 Figure 4.16 -Profile for the physical quantities in the reference model. Top: H 2 number density as a function of the fraction of the model size. Middle: Non thermal velocity dispersion as a function of the projected distance from the model centre in arc seconds. Bottom: Collapse velocity profile as a function of the distance from the model centre in cm.

Figure 4 .

 4 Figure 4.17 -Spectra produced by Alico towards the model centre along with HCN observations towards the continuum peak of L1498. Left: J = 1 → 0 spectra; Right: J = 3 → 2 spectra.

Figure 4 .

 4 Figure 4.18 -Dependency of the hyperfine ratios on the non thermal velocity dispersion profile parameters. Top left: Hyperfine ratios as a function of σ 0 ; Top Right: Hyperfine ratios as a function of σ ext ; Bottom left: Hyperfine ratios as a function of r j ; Bottom right: Hyperfine ratios as a function of ∆r j .

Figure 4 .

 4 Figure 4.19 -Dependency of the hyperfine ratios on the collapse velocity profile parameters. Top: Hyperfine ratios as a function of the maximal collapse velocity V c ; Middle: Hyperfine ratios as a function of r V ; Bottom: Hyperfine ratios as a function of ∆r V .

Figure 4 .

 4 Figure 4.21 -Histogram of intensities for the 1250 µm MAMBO map along with the best Gaussian fit to it.

Figure 4 .

 4 Figure 4.22 -Top panel: histogram of intensities for the 250 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it. Middle panel: histogram of intensities for the 350 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it. bottom panel: histogram of intensities for the 500 µm Herschel SPIRE low signal region map along with the best 2 Gaussian fit to it.

Figure 4 .

 4 Figure4.23 -The CLASS HFS fit (blue) to the H 13 CN J = 1 → 0 transition towards the continuum peak of L1498 (thick black) along with the residuals of this fit (thin black lines). The vertical axis is in the main beam temperature scale in K.

Figure 4 .

 4 Figure 4.24 -Schematics of the inner workings of the RADEX+Nslab LVG model.

Figure 4

 4 Figure 4.25 -HCN J = 1 → 0 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange).

Figure 4 .

 4 Figure 4.26 -HCN J = 3 → 2 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange). Notice the very poor quality of the fit caused by the inability of RADEX to process hyperfine overlaps.

Figure 4 Figure 4

 44 Figure 4.27 -H 13 CN J = 1 → 0 observations towards the continuum peak of L1498 (blue) along with the best fit from RADEX+NslabMCMC (red) and the residuals of this fit (orange).

Figure 4 .

 4 Figure 4.29 -Color composite map of L1498. 1.25 mm is Red, 500 µm is green and 250 µm is blue. Black circles indicate where the J = 1 → 0 of all HCN isotopologues was observed, green circles indicate the positions that were only observed in HCN J = 1 → 0, the blue circle indicates the position that was observed only on HCN and H 13 CN J = 1 → 0 and the white circles indicate the positions where HCN J = 3 → 2 was observed. The sizes of the circles indicate the HPBW of the IRAM-30m telescope at the observed frequencies, 28" for the J = 1 → 0 transitions and 9" for the HCN J = 3 → 2 transition.

Figure 4 .

 4 Figure 4.30 -Radial profile of the continuum emission along the SW axis of L1498. The offsets refer to the continuum peak of L1498 at α=4:10:52.2, δ=25:10:20 (J2000). The 1250 µm emission was multiplied by 10 so that it could be displayed on the same linear scale as the other continuum wavelengths. Notice the bump in emission at an offset of 220 arc seconds.

Figure 4 .

 4 Figure 4.32 -Top panel: Single dust temperature fit to the continuum emission at 250 µm. Middle panel: Single dust temperature fit to the continuum emission at 350 µm. Bottom panel: Single dust temperature fit to the continuum emission at 500 µm. Here we can see that the best fit with a single dust temperature falls short of accurately reproducing the dust emission profiles at the Herschel SPIRE wavelengths.

Figure 4 .

 4 Figure 4.33 -Top panel: Dust emission at 4 different wavelengths as a function of distance along the line of sight towards the centre of the model. Bottom panel: Dust emission at 350 µm as a function of distance along the line of sight for different impact parameters, b.It is possible to see that the emission at small impact parameters is approximately two orders of magnitude more intense than the emission with larger impact parameters.

Figure 4 .

 4 Figure 4.34 -Top panel: best fit continuum dust emission model along with the Herschel SPIRE observations at 250 µm. Bottom panel: best fit continuum dust emission model along with the Herschel SPIRE observations at 350 µm.

Figure 4 .

 4 Figure 4.37 -Cross histograms for the parameters in the continuum fit.

Figure 4

 4 Figure 4.38 -Best fit HCN J = 1 → 0 (red) spectra along the HCN J = 1 → 0 observations (blue) and the residuals of the fit (orange) different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-10,-20)", top right (-20,-40)", bottom left (-30,-60)", bottom centre: (-50,-100)", bottom right (-60,-120)"

Figure 4 .Figure 4

 44 Figure 4.39 -Best fit HCN J = 3 → 2 (red) spectra along the HCN J = 3 → 2 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-5,-10)", top right (-10,-20)", bottom left (-20,-40)", bottom centre: (-30,-60)", bottom right (-40,-80)"

Figure 4 .

 4 Figure 4.41 -Best fit HC 15 N J = 1 → 0 (red) spectra along the HC 15 N J = 1 → 0 observations (blue) and the residuals of the fit (orange) for different offsets from the continuum peak of L1498: top left (0,0)", top centre: (-10,-20)", top right (-20,-40)", bottom left (-30,-60)", bottom centre: (-50,-100)".

Fig. 1 .

 1 Fig. 1. Herschel/SPIRE and IRAM30m/MAMBO maps of the continuum emission (in MJy/sr) at 250, 350, 500, and 1250 µm. The HPBW are 18, 24, 35, and 11 respectively. Contours are evenly spaced between 20 to 90% of the maximum intensity. The reference position is (α, δ) J2000 =04:10:52.2, +25:10:20.

Fig. 2 .

 2 Fig.2. HCNJ = 1 → 0 (left) and J = 3 → 2 (right) spectra at several positions towards L1498 (RA-DEC offsets from the continuum peak position are in seconds of arc). The systemic velocity for each of the hyperfine components is indicated (dashed blue lines).

Fig. 3 .

 3 Fig.3. Same as Fig.2for the J = 1 → 0 transition of H 13 CN (left) and HC 15 N (right).

Fig. 4 .

 4 Fig.4. The physical structure adopted for the continuum map fitting. Top panel: the density and dust temperature (inset scale) profiles. Bottom panel: normalized continuum intensity at 250, 350, 500, and 1250 µm along the HCN cut (see Fig.1).

Fig. 5 .

 5 Fig. 5. Continuum fit results along with the radial profiles for the continuum emission. a) The emission at 250 µm, b) the emission at 350 µm, c) the emission at 500 µm and d) the emission at 1.25 mm. The black lines represent the emission computed from the best fit model, while the red dots represent the average continuum intensity inside the elliptical rings described in Section 3, the error bars displayed are the quadratic sum of the mean RMS noise for each map and the standard deviation of all the pixels within each ring UPDATE.

Fig. 6 .Fig. 7 .Fig. 8 .

 678 Fig. 6. Line profiles of the J = 1 → 0 (panels a), b) and c) ) and J = 3 → 2 (panels d), e) and f) ) computed by ALICO for different collapse velocity profiles. No collapse velocity (panels a) and d)), constant collapse velocity (panels b) and f) ) and the profile described in eq. 6 (panels c) and f)) a) HCN J = 1 → 0, σnth(r) = 0.0488 km/s b) HCN J = 1 → 0, σnth(r) = 0.0488 + (0.2805 -0.0488)r km/s c) HCN J = 1 → 0, σnth(r) = σ0 + σext-σ0 π

Fig. A. 1 .

 1 Fig. A.1. Probability density distribution for the parameters in the continuum MCMC fit, along with the scatter plots between each possible pair of probability density distributions. It is clearly visible from the scatter plots that several parameters are correlated.

Figure 5 Figure 5

 55 Figure 5.1 -uv coverage of an artificial interferometer (top panel) and the resulting dirty beam obtained from the Fourier transform of the uv coverage. Notice the side lobes produced in the dirty beam by the blanks in uv coverage. Images produced with APSYN-SIM (Marti-Vidal, 2017).

Figure 5 . 3 -

 53 Figure 5.3 -Results of CLEAN when applied to the dirty image in Figure 5.2. Image produced with APSYNSIM (Marti-Vidal, 2017).

Figure 5

 5 Figure 5.4 -Continuum emission of TW Hya at 340 GHz before and after self-calibration (top and bottom panels respectively). Notice the reduction of residuals and the increase in flux after selfcalibration. Maps in Jy/beam.

Fig. 1 .

 1 Fig. 1. Spectra, averaged within the dashed circle in Fig. 2, of the entire C 14 N a) and of the two sets of hyperfine lines of C 15 N b) and c). The hyperfine splitting and relative strengths of the hf components are indicated below the spectra.

Fig. 2 .

 2 Fig. 2. Integrated intensity maps towards TW Hya with ALMA. a) C 14 N emission summed over the four weakest hyperfine components. b) C 15 N from 329835.5 to 329838.5 MHz, with spatial resolution degraded to 2.3 . The phase center is at 11 h 01 m 51.875 s , -34 • 42 17.16 (J2000).

Fig

  Fig. A.2, illustrating both the well-known kinematic pattern of Keplerian disks and the ring-like emission pattern.

  Fig. A.2. Channel maps (in Jy/beam) of the optically thin hyperfine lines of CN at 340.020 GHz (left) and 340.265 GHz (right). The LSR velocity indicated (in km s -1 ) in each panel. Offsets are in arcsec, with respect to the phase center. The half-power beamwidth is 0.89 × 0.53 .

Fig

  Fig. C.1. Disk-averaged four weakest hf transitions of CN(3-2) (see Table aresuperimposed after being scaled by their theoretical relative intensities. around 340.3 GHz are labelled as a, while b refers to those around 340.0 GHz (see Table A.1). At each position, each group of hf lines was fitted simultaneously, using the HFS fitting procedure (Hily-Blant et al. 2013a) of the Gildas/Class software. In doing so, the fluxes were brought into the specific-intensity scale by applying a 44 mJy/K conversion factor. The fitting algorithm assumes that the excitation temperature is equal for all hf lines within each group (see below). The results are shown in Fig. C.3. Towards the central parts of the disk, where Keplerian smearing increases, the minimization becomes poorer than towards the external parts where the lines are very well fitted. Fitting each fine structure set of lines provides a consistency check of the results.The derived total opacity is ≈3.4-5.4 for groups a and b lines, confirming previous studies(Kastner et al. 2014). The weakest hf CN lines, in group a, which carry 2.7% of the total intensity (see Table1), is thus less than 0.15, well into the optically thin regime. FigureC.1 shows a comparison of the diskaveraged spectra of the four weakest hf transitions of CN scaled by their relative intensities. The very good match of the spectral profiles indicates that they are all optically thin, as no opacity broadening can be noticed although the relative intensities vary from 2.7 to 5.4%. The detected C 15 N hf lines can safely be assumed optically thin. This is further supported by the observed relative strengths of these two hf lines (see Fig.1).

Fig. C. 2 .

 2 Fig. C.2. Results of the uv-plane analysis (see the text for details) for C 14 N (top) and C 15 N (bottom). On each row, panels a) an b) show the dirty image and the fitted Gaussian disk (Jy/beam), and panel c) shows the residuals (in mJy/beam). For C 14 N, contours in panels a) and b) are 0.1 to 0.7 by 0.1 Jy/beam, and for C 15 N from 0.02 to 0.07 by 0.01 Jy/beam. Values of local extrema are indicated in the residuals. The C 15 N fit assumes the Gaussian disk from C 14 N. The results are summarized inTable 1.

  Fig. C.5. Maps (top) and histograms (bottom) of the raw FWHM (in km s -1 ) of three CN hf lines obtained from Gaussian fits to each spectrum. Only spectra with an area S/N larger than seven were kept. The contours (top panels) show the locus of constant kinetic temperature (15, 20, 25 K) adopting FWHM/2.35 = (2kT k /µ) 1/2 . The distance to the source is 59.5 pc and the effective velocity resolution is 107 m/s.

Fig. C. 6 .

 6 Fig. C.6. Physical structure and excitation temperatures of CN(ν = 340.265 GHz) and C 15 N, within the CN-ring, at radii of R = 60 (top)and 85 AU (bottom). The total proton number density and kinetic temperature profiles are taken from(Qi et al. 2013). The corresponding cumulative column density, increasing towards the midplane, is also shown (right scale). The excitation temperatures T ex of the CN and C 15 N hyperfine components (star triangles and open circles, resp.) considered in our uv-plane analysis (see Sects. A.2 and A.3) were obtained in the escape probability formalism using the RADEX code(van der Tak et al. 2007), and adopting a FWHM of 0.25 km s -1 . For each density and temperature, a range of CN total column densities were adopted, from 10 12 to 10 15 cm -2 , with C 15 N being 300 times less abundant. Also shown is the CN/C 15 N isotopic ratio (open triangles, inset scale) obtained by use of Eq. (C.1) when adopting the CN and C 15 N excitation temperatures from the non-LTE calculations.

Figure 6 . 1 -

 61 Figure 6.1 -Top panel: o -NH 2 D 1 1,1 → 1 1,0 integrated intensity map towards IRAS03282 along with contours indicating the continuum emission of IRAS03282 at 86 GHz. Intensity of the integrated intensity map in Jy/beam. The continuum contours start at 2 mJy/Beam and go up to 18 mJy/beam in 4 mJy/beam intervals. Middle panel: o -NH 2 D 1 1,1 → 1 1,0 spatially integrated spectrum inside the black circle in the top panel. Bottom panel: o-15 NH 2 D 1 1,1 → 1 1,0 spatially integrated spectrum inside the black circle in the top panel.

Figure 6 . 2 -

 62 Figure 6.2 -Top panel: H 13 CN J = 1 → 0 integrated intensity map towards IRAS03282 along with contours indicating the continuum emission of IRAS03282 at 86 GHz. Intensity of the integrated intensity map in Jy/beam. The continuum contours start at 2 mJy/Beam and go up to 18 mJy/beam in 4 mJy/beam intervals. Middle panel: H 13 CN J = 1 → 0 spatially integrated spectrum inside the black circle in the top panel. Bottom panel: HC 15 N J = 1 → 0 spatially integrated spectrum inside the black circle in the top panel.

Figure 6

 6 Figure 6.3 -o -NH 2 D 1 1,1 → 1 1,0 integrated intensity map towards VLA 1623 along with contours indicating the continuum emission of VLA 1623 at 110 GHz. Intensity of the integrated intensity map in Jy/beam. The continuum contours start at 5 mJy/Beam and go up to 40 mJy/beam in 5 mJy/beam intervals. The black circle indicates the region of strong NH 2 D emission in the envelope of VLA 1623, over which spectra of NH 2 D and 15 NH 2 D were integrated. The black circle indicates the region around VLA 1623 where ice sublimation is expected, over which spectra of NH 2 D and 15 NH 2 D were integrated.

Figure 6 . 4 -

 64 Figure 6.4 -Left panels: spatially integrated spectra towards the sublimation region of VLA 1623. Right: spatially integrated spectra towards NH 2 D emission peak in the envelope of VLA 1623. Top: o-NH 2 D 1 1,1 → 1 1,0 . Middle: p -NH 2 D 1 1,1 → 1 1,0 . Bottom: o-15 NH 2 D 1 1,1 → 1 1,0 .

Figure 6 . 5 -

 65 Figure 6.5 -Left panels: spatially integrated spectra towards the sublimation region of VLA 1623. Right: spatially integrated spectra towards NH 2 D emission peak in the envelope of VLA 1623. Top: H 13 CN J = 1 → 0. Bottom: HC 15 N J = 1 → 0.

Figure 6 . 6 -

 66 Figure 6.6 -Top panel Integrated intensity map of o -NH 2 D 1 1,1 → 1 1,0 towards IRAS16293. Middle left panel: spatially integrated spectrum of o -NH 2 D 1 1,1 → 1 1,0 towards the A component of IRAS16293 (blue circle in the top panel). Middle left panel: spatially integrated spectrum of o -NH 2 D 1 1,1 → 1 1,0 towards the B component of IRAS16293 (yellow circle in the top panel). Bottom left panel: spatially integrated spectrum of o -NH 2 D 1 1,1 → 1 1,0 towards the NH 2 D peak in the envelope of IRAS16293 (black circle in the top panel). Bottom left panel: spatially integrated spectrum of o-15 NH 2 D 1 1,1 → 1 1,0 towards the NH 2 D peak in the envelope of IRAS16293.

Figure 6 . 7 -

 67 Figure 6.7 -Top panel Integrated intensity map of p -NH 2 D 1 1,1 → 1 1,0 towards IRAS16293. Middle left panel: spatially integrated spectrum of p -NH 2 D 1 1,1 → 1 1,0 towards the A component of IRAS16293 (blue circle in the top panel). Middle left panel: spatially integrated spectrum of p -NH 2 D 1 1,1 → 1 1,0 towards the B component of IRAS16293 (yellow circle in the top panel). Bottom panel: spatially integrated spectrum of p -NH 2 D 1 1,1 → 1 1,0 towards the NH 2 D peak in the envelope of IRAS16293 (black circle in the top panel).

Figure 6 . 8 -

 68 Figure 6.8 -Top panel Integrated intensity map of H 13 CN J = 1 → 0 towards IRAS16293. Middle left panel: spatially integrated spectrum of H 13 CN J = 1 → 0 towards the A component of IRAS16293 (blue circle in the top panel). Middle left panel: spatially integrated spectrum of H 13 CN J = 1 → 0 towards the B component of IRAS16293 (yellow circle in the top panel). Bottom panel: spatially integrated spectrum of H 13 CN J = 1 → 0 towards the NH 2 D peak in the envelope of IRAS16293 (black circle in the top panel).

Figure 6 . 9 -

 69 Figure 6.9 -Top panel Integrated intensity map of HC 15 N J = 1 → 0 towards IRAS16293. Middle left panel: spatially integrated spectrum of HC 15 N J = 1 → 0 towards the A component of IRAS16293 (blue circle in the top panel). Middle left panel: spatially integrated spectrum of HC 15 N J = 1 → 0 towards the B component of IRAS16293 (yellow circle in the top panel). Bottom panel: spatially integrated spectrum of HC 15 N J = 1 → 0 towards the NH 2 D peak in the envelope of IRAS16293 (black circle in the top panel).

  T WA R E W R I T T E N A N D E X A M P L E I N P U T F I L E S a.1 nslab a.1.1 Source code for Nslab #! /opt/local/bin/python import argparse import numpy as np import num _ lte as nl import pyfi as fh #from matplotlib import pyplot as plt def gauss(x,tau _ atcenter,fwhm,lcenter): a = tau _ atcenter sigma = fwhm/2.355 gaussian = a * np.exp(-1. * (x-lcenter) ** 2/(2. * sigma ** 2)) return gaussian def emergingTb(tex,tau,nu): return nl.jnu(texl,nu) * (1-np.exp(-1 * tau)) parser = argparse.ArgumentParser(description="N Slabs

a. 1 . 4

 14 Nslab help $nslab.py -h usage: nslab.py [-h] [-b BGSPEC] [-v VELRES] [-l VLIMS] [-c TBG] [-s] [-n] [-i NSPEC] input output N Slabs emergent spectrum positional arguments: input File containing the parameters for the N slabs. Format: #nu in GHz, ex: 88.631 #for line , --tbg TBG Temperature of the background radiation (K) Default = 2.7325 K software written and example input files -s, --show Show the spectrum at the end -n, --noplot Does not mak plots of the spectra.

  Parameter file for the MTCSRE code a.k.a mali ! ! The Commented lines must be kept ! ! The blank Lines must be kept ! ! The physical model an other parameters are described by the variables in this file !

  factor, proxy for isotopic ratios !

  -1, 500 ! Stop criteria, Maximal relative variation and number of iterations 2 ! Number of LVG iterations to inicialize populations ! Obsolete 1 0 ! Output info to screen ! Obsolete !

  .000000 ! Central source radius in unitary radius 3 ! 1 = 1 temp. per line; 2 = Single temp.; 3 = Grey body ( Central temp., Opacity, Freq?, ?) 1.0,100.,150.,1.

  of impact parameters per layer 3 9 1.0 350 !main beam HPBW & Main beam efficiency & error beam HPBW Beam _ FWHM _ sec MB _ eff first _ side _ lobe _ dist _ Number of layers, number of additional layers in between layers , [layer sampling: Lin(def), zen, log] Model cloud help $model _ cloud.py -h usage: model _ cloud.py [-h] [-q] [-b] [-n] [-c] [-o] parfile Python Wrapper for 1DART. positional arguments: parfile Name of the parameter file to be used for the model. optional arguments:

source

  File containing the information to construct the source model. mol File containing the molecule used and the related spectroscopy.

  figure = plt.figure(figsize=(14,10)) for j in range(self.noffs): plt.clf() ax = plt.subplot(nlines, ncolumns, j + 1) for item in ([ax.title, ax.xaxis.label, ax.yaxis. label] + ax.get _ xticklabels() + ax. get _ yticklabels()): item.set _ fontsize(size) plt.step(self.velaxis, self.specs[j])

  figure.set _ tight _ layout(True) 

  the aforementioned lines to create the complete molecular spectroscopy used in the model hcn = Molecule("HCN_hyp",[hcn10,hcn32],nrot, up superflous files hcn _ model.clean _ up() ## Load the spectra into numpy arrays hcn _ model.load() ## Cut and prepare the observation in chunks just as the ones in the observations in obs _ hcn hcn _ model.prepare(obs _ hcn) ## Compute the Chi^2 between the observations and the model with weights 1.0 and 1.0 hcn _ chi2 = hcn _ model.eval(obs _ hcn,[1.0,1.0]) ## Plot the model against the observations for visual inspection hcn _ model.plot _ with _ obs(obs _ hcn) .ndarray([nwalkers,totalsteps,ndim]) for i in range(nwalkers): for j in range(isteps): for k in range(ndim): outputchain[i, j, k] = initial[i, j, k] for j in range(isteps,totalsteps): for k in range(ndim): outputchain[i, j, k] = chain[i, j-isteps, k] hdul = fits.HDUList() hdul.append(fits.PrimaryHDU()) hdul.append(fits.ImageHDU(data=outputchain)) # save the markov chain in an array (nwalkers, nit,ndim) fits _ name = name + '.fits' hdul.writeto(fits _ name, overwrite=True) def get _ pos _ and _ chain(fitsfile): hdulist = fits.open(fitsfile) chain = hdulist[1].data adim = chain.shape nwalkers = adim[0] pos = [chain[i][-1] for i in range(nwalkers)] # initial positions for each walker form fits file return pos,chain def cut _ fits(ifits,ofits,limit): pos,chain = get _ pos _ and _ chain(ifits) savechain(chain,ofits,limit,1e20,None) range(int(np.sqrt(ndim)),1,-1): example input files def random _ str(size=6, chars=string.ascii _ uppercase + string.digits): return ''.join(random.choice(chars) for x in range(size)) def etf(start,nit,ntotal): now = time.time() duration = now-start tottime = ntotal * duration/nit remainingtime = (1.0-1.0 * nit/ntotal) * tottime if remainingtime < 60:return "will end in: {0:5.2f} seconds".format(remainingtime ) elif remainingtime < 3600: return "will end in: {0:5.2f} minutes".format(remainingtime /60.) elif remainingtime < 86400: return "will end in: {0:5.2f} hours".format(remainingtime

  since start: {0:5.2f} seconds".format(diff) elif diff < 3600: return "Time since start: {0:5.2f} minutes".format(diff/60.) elif diff < 86400: return "Time since start: {0:5.2f} hours".format(diff/3600.) else:return "Time since start: {0:5.2f} days".format(diff/86400.) Integrated intensities for the hyperfine components of the HCN J = 1 → 0 transition along with the ratios between them, R 02 = F

Figure 1 .

 1 Figure 1. Spectra of HC 3 N towards L1544 in main-beam temperature scale (left panels). The scale is magnified in the right panels to show the hyperfine structure.

Figure 2 .

 2 Figure 2. Spectra of the detected HC 15 3 N lines in main-beam temperature scale (left panels).

Figure 3 .

 3 Figure 3. Physical conditions and column density of HC 3 N derived from the rotational (left) and hyperfine (right) fluxes (see Section 3.4.2 and Table 2) In each histogram panel, the median value of the parameter, with the ±1 boundaries (16% and 84% quantiles), are quoted and indicated by vertical dashed-lines.

  References: (1) Taniguchi & Saito (2017) (2) ? (3) Takano et al. (1998) (4) Araki et al. (2016) (5) Hily-Blant et al. (2013a) (6) Hily-Blant et al. (2013b)

Figure 4 .

 4 Figure 4. Same as Fig. 3 for the simultaneous analysis of the HC 3 N and HC 153 N lines summarized in Table2. Left: rotational analysis (w24s5000rot). Right: hyperfine analysis (w24s5000hfs).

Figure 5 .

 5 Figure5. Distance of the best solutions from the models in units of the 1 uncertainty as obtained in the two complete analysis reported in Tables2 and 4(panels 1 and 2 for w24s5000rot and w24s5000hfs resp.). In each panel, the fluxes of the hyperfine components are given for all HC 3 N lines except the 12-11 transition for which only the main hf line was detected (see Table1). The filled triangles indicate the 5 upper limits on the HC 15 3 N rotational transitions.

  3 N]/[HC 15 3 N] ratio in L1544 brings a new piece of the HC 3 N puzzle. The [CN]/[C 15 N] ratio in this source was determined by Hily-Blant et al. (2013b) as 510±70, assuming a [CN]/[ 13 CN] ratio of 68. The 14 N/ 15 N ratio in HC 3 N is thus a factor of 2-3 lower than [CN]/[C 15 N] in L1544. This contradicts a production of HC 3 N via reaction (3) except if the [CN]/[ 13 CN]

Figure A1 .

 A1 Figure A1. The 24 walkers along their 5000 and 1000 steps evolution associated with the rotational and hyperfine analysis (resp.) of the HC 3 N lines (see Fig.3and Table2).

Figure A2 .

 A2 Figure A2. Markov chains of the runs used to measure the nitrogen isotopic ratio of HC 3 N. From top to bottom: w24s5000rot, w24s5000hfs, and w24s5000ratio. For the sake of clarity, the legends do not specify that the density and column density are on a log10 scale. Note that the prior probabilities are uniform for each parameter, within 6 to 15 for the temperature, 10 4 to 10 12 cm 3 for the H 2 density, and 10 12 to 10 15 for the column density of HC 3 N.

  

  

  

  

  

  

  

  

  

  Spectrum computed by Nslab for a single slab experiment (test 1, see Table 3.1). The labels from A to E denote the different experiments in Table 3.1. 39 Figure 3.4

	.1	Automatically generated plot by Nslab from
		the output file in Section A.1.3 with spectral
		resolution of 0.1 km/s.	37
	Figure 3.2	Nslab parameters as function of the slabs as
		produced automatically by Nslab. The input
		file contains 4 slabs and 3 spectral lines, which
		are reflected in the x axis and legend respec-
		tively.	38
	Figure 3.3	

Table 3

 3 Parameters for the lines in test 2. Opacities quoted refer to line centre opacities. 40 Table 3.3 Parameters for the lines in test 3. Opacities quoted refer to line centre opacities. 41 Table 3.4

	.1	Parameters for the lines in test 1, along with
		analytically predicted brightness temperatures
		and Nslab computed brightness temperatures.
		Opacities quoted refer to line centre opacities.	39
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					Galactic nitrogen isotope ratio	
		800						
		600						
	14 N N/ 15	400						
		200						
		0	0	2	4	6	8	10	12
					D GC (kpc)		
				Obtained from CN data			
				Obtained from HNC data			
				Dahmen et al, 1995			
	Figure 3. Plot of 14 N/ 15 N isotope ratios as a function of Galactocentric distance,
	D GC (kpc). The filled circles indicate direct measurement of the ratios using the
	hyperfine components of the CN isotopologues. The open circles represent the ratios calculated using HN 13 C/H 15 NC and the 12 C/ 13 C ratio measured in CN
	by							

Table 3 .

 3 2 -Parameters for the lines in test 2. Opacities quoted refer to line centre opacities.

	slab 1	slab 2

Table 3 .

 3 5 -Summary of the radiative transfer codes developed in this thesis along typical execution times. The execution times have been measured in a 2.2 GHz intel i7 processor, with either 1 or 8 cores, except for Alico/MCMC which had its execution time measured in FROGGY.

	Tool	Geometry	Parallelised Execution
				time (s)
	Nslab	Plane-parallel (PP)	No	10 -3
	RADEX+MCMC	Spherical or PP	Yes	5×10 2
	RADEX+Nslab+MCMC	Plane-parallel	Yes	3×10 3
	Alico	1D spherical	No	10 0 -2×10 3
	Alico/MCMC	1D spherical	Yes	9×10 5

Table 4 .

 4 1 -Spectroscopic properties of the hyperfine components of the HCN J = 1 → 0, J = 2 → 1 and J = 3 → 2 rotational transitions. Transitions are numbered according to increasing frequency.

	Number Upper Lower Frequency	A ul	g up Relative
		J F	J' F'	(MHz)	(s -1 )		Intensity
	1 2 3 4 5 6 7 8 9 10	1 1 1 2 1 0 2 2 2 1 2 2 2 3 2 1 2 1 3 3	0 1 0 1 0 1 1 2 1 0 1 1 1 2 1 2 1 1 2 3	88630.414 2.41 × 10 -5 88631.848 2.41 × 10 -5 88633.936 2.41 × 10 -5 177259.677 5.78 × 10 -5 177259.923 1.28 × 10 -4 177261.111 1.73 × 10 -4 177261.223 2.31 × 10 -4 177262.011 6.42 × 10 -6 177263.445 9.63 × 10 -5 265884.888 9.28×10 -5	3 5 1 5 3 5 7 3 3 7	0.333 0.555 0.111 0.083 0.111 0.250 0.467 0.006 0.083 0.037
	11	3 2	2 1	265886.188 7.02×10 -4	5	0.200
	12	3 3	2 2	265886.434 7.43×10 -4	7	0.296
	13	3 4	2 3	265886.501 8.36×10 -4	9	0.429
	14	3 2	2 3	265886.976 3.71×10 -6	5	0.001
	15	3 2	2 2	265888.522 1.30×10 -4	5	0.037

Table 4

 4 

	Slab	Excitation	Opacity FWHM Velocity
		Temperature(K)		(km/s) (km/s)
	1	3	τ B	0.35	0.05
	2	4-10	τ A	0.15	0.05
	3	4-10	τ A	0.15	-0.05
	4	3	τ B	0.35	-0.05

.2 -Parameters of the toy model. Slabs are numbered from the background to the observer. = 0.35 km/s) and also with opposing velocities (V=± 0.05 km/s). The total opacity was divided into τ A and τ B , with τ B = 2τ A

Table 4 .

 4 6 -Expected hyperfine ratios for HCN J = 1 → 0 and J = 3 → 2. Hyperfine transitions numbered according to the notation in Table4.1.

	Abbreviation	Hyperfine	Rotational statistical
		components	transition	value

Table 4 .

 4 7 -RMS noise and intensity offsets applied to the continuum maps, along with the Half Power at Beam Width of the observations.

	Wavelength	Offset	RMS	HPBW
	(µm)	(MJy/sr) (MJy/sr)	(")
	250	+34.3	4.1	17.6
	350	+21.4	2.2	23.9
	500	+9.4	1.0	35.2
	1250	-	0.6	11

Table 4 .

 4 8 -H 13 CN and HC 15 N column densities along with the HCN/H 13 CN ratio compute for different values of 12 C/ 13 C.N(H 13 CN) N(HC 15 N) H 13CN 

				HCN	HCN	HCN
			HC 15 N	HC 15 N	HC 15 N	HC 15 N
	( cm -2 )	( cm -2 )		12 C/ 13 C=45 12 C/ 13 C=68 12 C/ 13 C=90
	2.3×10 12	2.8×10 11	8.2	370	559	740

Table 4 .

 4 9 -Best fit results to the observations of HCN and its isotopologues by RADEX+Nslab MCMC. We also present the fixed parameters used in the fit.

	Parameter	Value	Unit	Fixed
	Diameter	0.5	pc	yes
	T K	10	K	yes
	X HCN	1.0±0.1×10 -8 relative to H 2	no
	X H 13 CN	2.8±0.5×10 -10 relative to H 2	no
	X HC 15 N	3.4±0.8×10 -11 relative to H 2	no
	n 1 (H 2 )	3.3±0.5×10 4	cm -3	no
	λ 1	0.39±0.06		no
	V 1	0.0	km/s	yes
	FWHM 1	0.2	km/s	yes
	n 2 (H 2 )	10 3	cm -3	no
	λ 2	0.60±0.06		no
	V 2	0.15	km/s	yes
	FWHM 2	0.625	km/s	yes

Table 4 .

 4 10 -Column densities for HCN and its isotopologues and the isotopic ratios between this isotopologues and HCN as computed from the results of the MCMC fit with RADEX+Nslab.

	Isotopologue	Column	Isotopic ratio
		density (×10 12 cm -2 )	
	HCN H 13 CN HC 15 N	114 ± 32 3.2 ± 1.1 0.39 ± 0.16	36 ± 7 295 ± 75

Table 4 .

 4 11 -Best fit parameters for our continuum dust emission model. The resulting density and temperature profiles are shown in Figure 4.36. The cross histogram plot shown in Figure

	Parameter	Value	Unit
	log(n 0 ) r 0	1.00±0.16 ×10 5 47±5	cm -3 arcsecond
	α	2.2±0.1	
	T 0	9.8±0.5	K
	T ext	14.6±0.3	K
	r tjump	61±3	arcsecond
	∆r tjump	26 +10 -7	arcsecond
	β	1.56±0.04	
	ures 4.34 and 4.35.		

Table 4 .

 4 [START_REF] Magalhães | The abundance of HCN and its isotopologues in L1498 References Adande[END_REF] -Best fit values for the Alico/MCMC fit to the emission of HCN and its isotopologues in L1498.

	Parameter	Value	Unit	Fixed
	n 0 n ext	1.00 ± 0.16×10 5 5×10 2	cm -3 cm -3	yes yes
	r 0 α T kin	47 ± 5 2.2 ± 0.1 10	arc second K	yes yes yes
	σ 0	0.046 +0.033		

Table 1 .

 1 Summary of the line observations. The reference position is (α, δ) J2000 =04:10:52.2, +25:10:20.

	Line	Rest. Freq. MHz	δv km s -1	T rec T sys K K	rms mK [Tmb]	Program
	HCN(1-0) HCN(3-2) H 13 CN(1-0) 86339.9214 88631.6022 265886.4339 HC 15 N(1-0) 86054.9664	0.066 0.066 0.022 0.068 0.068	115 100 170 90 90	50 20 36 10 10	031-11 008-16 105-16 007-16 007-16
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Table 2 .

 2 Compilation of values of the mass absorption coefficient κ = 2.16 × 10 -25 N H cm 2 /H and assuming 10% of He atoms with respect to hydrogen nucleii. ‡ Values are from their model calculations (their Table1); values from the synthesized samples, which are probably more emissive than interstellar dust grains, are larger by factors of 4 to 10. § Using β = 2.3 as obtained from their study of the dust emission at 1.2 and 2 mm.

	0.10 0.125 0.14 0.09 0.05 0.10 0.2±0.1 1.0(-1) 5.1(-2) 6.4(-2) 7.1(-2) 4.6(-2) 2.6(-2) 5.2(-2) 0.2±0.1 9.2(-2) 0.06 3.1(-2)	2.5(-2) 3.1(-2) 3.5(-2) 2.2(-2) 1.3(-2) 2.6(-2) 5.0(-2) 4.1(-2) 2.5(-2)	4.0(-3) 5.0(-3) 5.6(-3) 3.6(-3) 2.0(-3) 4.0(-3) 8.0(-3) 4.9(-3) 2.4(-3)	(1) (2) (3) (4) † (5) ‡ (5) ‡ (6) (6) § This work
	References: (1) Hildebrand (1983) (2) Tafalla et al. (2004) (3) Roy et al. (2014) (4) Juvela et al. (2015b) (5) Demyk et al. (2017) (6) Chacón-Tanarro et al. (2017). Notes: † Using their relation τ(250)

ν (in cm 2 g-1, expressed per gram of gas and dust) used in dense core studies. The values assume β = 2 (see Eq. 3). Numbers in parentheses are powers of ten. 250 µm 350 µm 500 µm 1250 µm Reference

Table 3 .

 3 The L1498 source model (density, dust properties, velocity field and line broadening) from the MCMC minimization. Note that 50 ≈ 0.04 pc at 140 pc. Quoted are the median values, while the uncertainties are the 16% and 86% quantiles.

	Component Parameter	Value	Unit
	Dust	n 0 r 0 α T in T out r d ∆r d β	1.00±0.16×10 5 47±6 2.2±0.1 9.8±0.5 14.6±0.3 61±3 26 +10 -7 1.56±0.04	cm -3 arcsec K K arcsec arcsec
	Gas T kin	n ext 10 V c r V ∆r V σ 0 σ ext r j	500 K -0.26±0.02 290±8 55 ± 8 0.046±0.03 0.25±0.08 320±14	cm -3 km s -1 arcsec arcsec km s -1 km s -1 arcsec
		∆r j		

Table 1 .

 1 Results of the uv-plane analysis (see the text for details) using visibilities within a uv radius of 60 m.
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Table A .

 A 1. Spectroscopic properties and relative intensities (R.I.) of the hyperfine CN and C 15 N (N JF → N J F ) transitions.

	Species Group N JF §	N J F	Rest frequency (MHz)	A ul (s -1 ) †	g u	‡	R.I.
	CN C 15 N	b a	3 5/2 5/2 2 3/2 5/2 3 5/2 3/2 2 3/2 3/2 3 5/2 7/2 2 3/2 5/2 3 5/2 3/2 2 3/2 1/2 3 5/2 5/2 2 3/2 3/2 3 7/2 7/2 2 5/2 5/2 3 7/2 9/2 2 5/2 7/2 3 7/2 5/2 2 5/2 3/2 3 7/2 5/2 2 5/2 5/2 3 7/2 7/2 2 5/2 7/2 3 5/2 2 2 3/2 1 3 5/2 3 2 3/2 2 3 7/2 3 2 5/2 2 3 7/2 4 2 5/2 3	340008.13 340019.63 340031.55 340035.41 340035.41 340247.77 340247.77 340248.54 340261.77 340264.95 329623.32 329625.98 329837.13 329837.65	6.197 × 10 -5 9.270 × 10 -5 3.845 × 10 -4 2.887 × 10 -4 3.231 × 10 -4 3.797 × 10 -4 4.131 × 10 -4 10 0.417 6 0.054 4 0.054 8 0.445 4 0.167 6 0.281 8 0.307 3.674 × 10 -4 6 0.222 4.479 × 10 -5 6 0.027 3.350 × 10 -5 8 0.027 3.155 × 10 -4 5 0.159 3.508 × 10 -4 7 0.247 3.583 × 10 -4 7 0.253 3.764 × 10 -4 9 0.341

Table C .

 C 1. Results of the HFS fits (total opacity, and excitation temperature), for groups a and b, at each location (see Fig. C.3).

				#	R (AU)	τ a T ex , a (K)	τ b T ex , b (K)
				1 2 3 4 † 5 † 6 7 8	126.2 3.4 106.3 4.2 86.5 4.8 62.0 5.4 74.4 6.1 94.2 5.4 101.8 5.1 121.8 4.5			20 3.4 24 4.3 27 4.9 32 6.2 29 5.0 25 4.3 24 4.1 20 3.2	17 21 24 28 27 23 22 19
	Notes. ( †) Main hf components overlap.		
	the C 15 N visibilities:							
	δR R	=	      	δ( f 14 / f 15 ) f 14 / f 15	2	+	δS 14 S 14	2	+	δS 15 S 15	2  1/2      	= 10%.	(C.3)

Table D .

 D 1. Direct measurements of the 14 N/ 15 N isotopic ratio in the local ISM (at a distance d to the Sun), derived from direct X 14 N/X 15 N abundance ratios using various molecular carriers and techniques.

	Carrier Environment Source	Gal. coord. d (pc)	14 N/ 15 N	Reference
	HCN HCN CN CN CN CN NH 3 NH 3 NH 2 D Prestellar Diffuse Diffuse Diffuse Diffuse Diffuse Diffuse Prestellar Prestellar N 2 H + Prestellar N 2 H + Prestellar CN Disk CN -	B0415+379 † B0415+379 † HD 73882 HD 154368 HD 169454 HD 210121 Barnard 1 Barnard 1 Barnard 1 I16923E L1544 TW Hya Interpolation ‡	161.7, -8.8 <1000 161.7, -8.8 <1000 260.2, 0.64 <1000 350.0, 3.22 <1000 17.5, -0.67 <1000 56.9,-44.5 <1000 159.2, -20.1 235 159.2, -20.1 235 159.2, -20.1 235 353.9, 15.8 125 178.0, -9.7 150 278.7, 23.0 59.5 -0	244(89) 282(37) 234(35) 452(107) 283(22) >312 334(17) 307(50) 255(80) 365(135) 1080(160) 323(30) 290 ± 40 Adande & Ziurys (2012) Lucas & Liszt (1998) Lucas & Liszt (1998) Ritchey et al. (2015) Ritchey et al. (2015) Ritchey et al. (2015) Ritchey et al. (2015) Lis et al. (2010) Daniel et al. (2013) Daniel et al. (2013) Daniel et al. (2016) Bizzocchi et al. (2013) This work

Table 6 .

 6 1 -Detected species and transitions with NOEMA towards IRAS 03282.

Table 6 .

 6 2 -Detected species and transitions with ALMA towards VLA1623.

Table 6

 6 

	.3 -Detected species and transitions with ALMA towards
	IRAS16293.

Table 1 .

 1 Properties of the HC 3 N and HC 15 3 N lines obtained through Gaussian fitting.

	Molecule	N 0 ! N	Frequency GHz	§ T mK	T ‡ K	v 0 km s 1	FWHM km s 1	W † main mK km s 1	W † hf mK km s 1	W † tot mK km s 1
	HC 3 N	8 -7 9-8	7 2 . 7 8 3 8 2 81.88147	5 5	3 . 7 8 2.87	7 . 2 2 7.24	0 . 5 1 0.53	2 0 5 3 1633	7 7 34	2 1 2 0 1664
		10-9	90.97902	3	2.66	7.32	0.50	1404	30	1430
		11-10	100.07639	3	1.84	7.23	0.49	956	16	971
		12-11	109.17363	3	1.28	7.22	0.46	626	-	627
	HC 15 3 N	9-8 10-9	79.50005 88.33300	6 2	0.072 0.020	7.19 7.23	0.18 0.42	--	--	14(2) 9.0(7)
		11-10	97.16583	3	-	-	-	-	-	<1.4
		12-11	105.99852	3	-	-	-	-	-	<1.0
		13-12								

Table 2 .

 2 Results from the MCMC runs applied to the HC 3 N and HC 15 3 N fluxes from Table1. Results for di↵erent number of steps and/or initial conditions are compared.

	RunId	Walkers	Steps	T kin	Initial conditions † log n H 2 log N	log R	T kin	log n H 2	Results ‡	log N	log R
	rot § hfs §	24 24	5000 1000	8.0 8.0	5.0 5.0	13.1 13.1	--	9.60(-191,+310) 7.18(-24,+24)	5.16(-32,+33) 5.20(-9,+10)	13.30(-13,+21) 13.90(-2,+2)
	w24s5000rot	24	5000	8.0	5.6	13.4	2.3	9.44(-183,+339)	5.24(-36,+35)	13.30(-14,+22)	2.32(-5,+ 7)
	w24s5000hfs	24	5000	8.0	5.0	13.1	2.2	7.18(-22,+25)	5.19(-9,+ 9)	13.89(-2,+ 2)

Table 3 .

 3 Compilation of nitrogen isotopic ratios in cyanopolyynes and the directly related species CN and HCN. Direct methods measure the X 15 N/X 14 N abundance ratio; indirect methods use double isotopic ratios.

	Source	Species	R	Method §	Reference
	TMC1(CP) L1527 L1544	HC 3 N HC 3 N HC 5 N HC 5 N HC 3 N HC 3 N HCN	270±57 257±54 323±80 344±80 338±12 400±20 140-350	Direct Indirect Direct Indirect Indirect Direct Indirect	(1-3) (1-2) (1) (1) (4) This work (5)
		CN	500±75	Indirect	(6)
	TW Hya	CN	323±30	Direct	
	§				

Table 4 .

 4 Model predictions for the most probable solutions from the rotational and hyperfine (fluxes and flux ratios) analysis. Hyperfine transitions of HC 3 N are those of Table

	Species	Transition §	Observations †	w24s5000rot ‡	w24s5000hfs
			W		e W	| e W W|/	e W	| e W W|/
	HC 3 N	8 -7	3 7 . 9 2053.0 102.7 1 . 9	1 7 . 8 1971.3	-1 0 . 6 -0.8	4 6 . 4 1982.4	4 . 5 -0.7
			50.3	2.7	17.8	-12.1	46.9	-1.3
		9-8	15.9	2.2	10.9	-2.3	25.2	4.2
			1633.0	81.7	1662.4	0.4	1756.9	1.5
			21.2	2.2	10.9	-4.7	25.5	2.0
		10-9	16.4	0.8	6.2	-12.5	12.3	-5.0
			1404.0	70.2	1295.9	-1.5	1474.3	1.0
			16.3	0.8	6.2	-12.4	12.4	-4.7
		11-10	6.4	0.7	3.2	-4.5	5.4	-1.4
			956.2	47.8	915.6	-0.8	1091.6	2.8
			10.3	0.8	3.2	-9.0	5.5	-6.2
		12-11	626.1	31.3	571.9	-1.7	670.7	1.4
	HC 15 3 N	9 -8 10-9	1 4 . 1 9.0	2 . 1 0.7	1 2 . 4 8.8	-0 . 8 -0.3	1 4 . 8 9.1	0 . 4 0.1
		11-10	<7	1 . 4	5 . 8	3 . 7	5 . 0	3 . 2
		12-11	<5	1 . 0	3 . 4	1 . 0	2 . 5	0 . 0
		13-12	<22	4.3	1.8	-0.8	1.1	-1.0
	§							

Table A1 .

 A1 Theoretical relative intensities of the various hf components of each multiplet. Einstein coe cient for spontaneous decay.‡ Relative intensities normalized to a sum of one. For the sake of clarity, one hf transition within each multiplet was omitted for having a negligible relative intensity.

	Frequency MHz	A † ul s 1	R.I. ‡ %
	72782.291100	1.421E-05	0.52
	72783.805200	7.881E-04	-
	72783.822800	8.952E-04	99.02
	72783.833700	1.016E-03	-
	72785.542800	1.421E-05	0.46
	81879.924900	1.579E-05	0.41
	81881.453900	1.128E-03	-
	81881.467500	1.263E-03	99.22
	81881.476600	1.414E-03	-
	81883.174000	1.579E-05	0.37
	90977.443100	1.730E-05	0.33
	90978.983800	1.548E-03	-
	90978.994800	1.713E-03	99.37
	90979.002400	1.895E-03	-
	90980.690300	1.730E-05	0.30
	100074.832100	1.874E-05	0.27
	100076.382400	2.052E-03	-
	100076.391400	2.249E-03 99.47
	100076.398000	2.465E-03	-
	100078.077800	1.874E-05	0.25
	109172.078500	2.011E-05	0.23
	109173.636700	2.644E-03	-
	109173.644400	2.875E-03 99.55
	109173.650100	3.127E-03	-
	109175.323200	2.011E-05	0.21
	†		

1.1 the process of low mass star formation

Here and elsewhere, 1σ uncertainties are given within brackets in units of the last digit.
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The code is available online at http://dan.iel.fm/emcee under the MIT License.MNRAS 000, 1-11 (2017)
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This assumption is usually called the LTE assumption, although it only states that a single excitation temperature describes the level population of a given molecule or of a set of molecules. The SET is thus a weaker, and su cient, instance of the LTE assumption.

We note that[START_REF] Magalhães | The abundance of HCN and its isotopologues in L1498 References Adande[END_REF] C/ 13 C ratios as low as 20 have been measured, e.g. in HNC toward the Barnard 1 molecular cloud(Daniel et al. 2013).our group in May-July 2017. PHB acknowledges the Institut Universitaire de France for financial support.
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Appendix B: uv-plane analysis

The integrated visibilities of CN and C 15 N were fitted with twodimensional Gaussian while applying a cutoff radius (equivalent to smoothing in the direct plane), from 60 to 120 m. In particular, with cutoffs smaller than 100 m, the central hole is smeared out and the Gaussian-disk model is mechanically appropriate. The fitting was performed using the UV_FIT task of the Gildas/Mapping software. The 6 free parameters of the CN fit are the center, major and minor axis, the position angle of the Gaussian disk, and the total flux. The geometrical parameters of the CN disk are applied to the C 15 N visibilities thus leaving the flux as the only one free parameter. The results depend very marginally on the cutoff radius, although the residuals of the CN fits obviously show an increasing contribution from the central hole as the spatial resolution improves. The results of the fitting procedure for a cutoff uv radius of 60 m are shown in Fig. C.2 and summarized in Table 1.

To validate the procedure, we also performed a Gaussian fit to the C 15 N visibilities while letting all parameters as free, leading to geometrical parameters which agree with the CN fit to within 1σ or less (see Table 1). To estimate the contribution of the geometrical assumptions to the final uncertainties of the fluxes and flux ratio, we performed a series of uv minimizations, in which the same (either elliptical or circular) Gaussian shape was imposed to both CN and C 15 N, with the center and size parameters randomly and independently chosen within 2σ around the previous CN fit result. The resulting fluxes and flux ratios vary by typically 0.1σ, showing that the uncertainty is dominated by the 10% statistical fluctuations of the C 15 N visibilities.

Of the above assumptions, the co-spatial distribution of CN and C 15 N is likely the most difficult to firmly assess, as it ideally rests on self-consistent physico-chemical models of disks, in a time-dependent fashion to properly take into account the complex interplay between physical and chemical processes acting on comparable timescales. Moreover, radiative transfer effects can lead to different distribution-to-emission relation even for co-spatial species. However, having optically thin lines in hand greatly alleviates such issues. Still, even if the main production and destruction pathways of isotopologues are the same, specific reactions may proceed at different rates, giving rise to fractionation. The co-spatial assumption is therefore speciesand environment-dependent. In the case of CN in TW Hya, the potential fractionation processes are chemical reactions and selective photodissociation. Chemical fractionation is most likely negligible for CN, because of inefficient fractionation reactions (Roueff et al. 2015) and/or because freeze-out is damping out gas-phase processes (Heays et al. 2014). Selective photodissociation could be a radially variable process, since it is driven by UV photons while being expectedly sensitive to the dust size distribution, two properties which depend on the distance to the central protostar and height above the midplane. The outcome of both effects is far from straightforward, and could even cancel each other, with for example dust growth at large radii compensating for geometrical dilution of the UV photons from the central protostar (if dominating the UV flux).We note that the maps in Fig. 2 suggest that the C 15 N integrated intensity is shifted Nort-West with respect to the CN map. However, we stress that these maps require deconvolving the visibilities which always introduces artifacts, especially when the S/N is not high, as is the case for C 15 N, and no strong effort (apart from using robust weighting) was made to try and improve its deconvolution. Indeed, the C 15 N map was not used in this work.

Appendix C: Excitation of CN and C 15 N

One key feature of our derivation of the CN/C 15 N abundance ratio is the detection, with high S/N, of the two weakest hyperfine transitions of CN, at 340.262 and 340.265 GHz, thus providing direct access to its total column density with no requirement for radiative transfer calculations. Being able to measure the CN/C 15 N abundance ratio directly from the main isotopologue also improves significantly over previous observations in prestellar cores using the C 13 N/C 15 N double isotopic ratio (Hily-Blant et al. 2013b).

We estimated the optical depth of the hf components of the CN rotational transitions by extracting deconvolved CN spectra at different locations accross the disk (see Fig. C.3). In what follows, the hf lines of the fine structure group at rest frequencies L6, page 8 of 14 software written and example input files parser.add _ argument("-l","--vlims", type=str, default=None, help="Velocity limits for spectrum, Default = -6 * fwhm,6 * fwhm") parser.add _ argument("-c", "--tbg", type=float, default =2.7325, help="Temperature of the background radiation (K) Default = 2.7325 K")

parser.add _ argument("-s","--show", action="store_true", default=False, help="Show the spectrum at the end")

parser.add _ argument("-n","--noplot", action="store_true", default=False, help="Does not mak plots of the spectra.")

parser.add _ argument("-i","--nspec",type=int,default=1, help ="number of spectra in BG spectrum file.") print "Incorrect number of parameters for the desired number of spectral " "lines.\nExpected 4 per spectral line." outstr+= "{0:.4e}".format(vaxis[i])

for j in range(nspec): outstr += "\t{0:.4e}".format(outyaxis[j][i]) outstr += "\n" software written and example input files strout = "#V(nu={0:.5f} GHz) (km/s) Intensity (K)\n".format(nu) print "Velocity parameters should be 3 and in this order: " print "1 -Peak collapse velocity (km/s)" print "2 -Position of the collapse peak (Urad)" print "3 -Width of the collapse profile (Urad)" raise Exception("Incorrect number of arguments in call"

) if len(turbpars) != 4: print "Turbulence parameters should be 4 and in this order:" print "1 -Turbulence in the interior (km/s)" print "2 -Turbulence in the exterior (km/s)" print "3 -Position of the turbulence jump (Urad)" print "4 -Width of the turbulence jump (Urad)" raise Exception("Incorrect number of arguments in call"

print "Density parameters should be 4 and in this order:" print "1 -Central density (cm^-3)" print "2 -External density (cm^-3)" print "3 -Plateau size (Urad)" print "4 -Slope of density profile" raise Exception("Incorrect number of arguments in call"

print "Abundance parameters should be 2 and in this order:" print "1 -HCN abundance string x0,r0 x1,r1 x2,r2 etc" print "2 -Abundance factor" print "Model not prepared nothing to evaluate" raise Exception("How can I evaluate something if it is not prepared????")

for i in range(len(obs)):

if not isinstance(iobs,Observation):

print "{0:d} observation is not an observation".format

raise Exception("Your observation is not an observation...") for i in range(nwindows): for i in range(len(answer)):

outstr+="{0:s} = {1:.4f} {2:.4f} +{3:.4f}\n".format( 

ABSTRACT

The origin of the heavily fractionated reservoir of nitrogen in comets is a key question in the theory of formation of comets and hence of the solar system. This question was put on a more general footing by the detection of a similar fractionated reservoir in nearby protoplanetary disks, suggesting that similar processes, either in the parent prestellar core, in the protostellar core, or in the disk itself, are responsible for the enriched reservoir of nitrogen traced by comets. So far, observations of isotopic ratios of nitrogen in protostars or prestellar cores have not securely identify such a fractionated reservoir owing to the intrinsic di culty of direct isotopic ratios measurements. In this article, we report the detection of 5 rotational lines of HC 3 N and two rotational lines of its 15 N isotopologue, toward the L1544 prestellar core obtained in the context of the ASAI/IRAM-30m large program. The excellent sensitivity of the observations also allows the detection of the hyperfine structure of the HC 3 N lines. Based on a multiline analysis at the hyperfine level, we derive the column densities of HC 3 N and HC 15 3 N and derive an isotopic ratio of 400±20. Uncertainties were obtained using a MCMC approach to explore the parameter space. The comparison of this value with those obtained in CN and HCN in the same core suggest that the formation of HC 3 N involves two debated pathways, one through CN + C 2 H 2 and another through dissociative recombination of HC 3 NH + . The present observations do not allow to constrain the relative importance of the two pathways.