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Introduction I Astrophysical Context

Astrochemistry is the study of the abundance and reactions of chemical elements and molecules in the universe, and their interaction with the radiation field. Astrochemistry is an interdisciplinary field, involving the study of physical and chemical processes, experimentally as theoretically, and the observation of molecular spectra of specific regions in space to identify the molecules present.

The field of astrochemistry started to emerge significantly with the first time detection of ammonia (Cheung et al. 1986). Since then, almost 200 different gas-phase molecules have been detected in the interstellar medium (ISM) via rotational emission spectroscopy in the millimeter and sub-millimeter regions of the spectrum. Molecules up to 13 atoms can be detected with rotational emission spectroscopy (millimeter and sub-millimeter domain)

providing they have a non-zero dipole moment but, for larger molecules as polycyclic aromatic hydrocarbons (PAHs), or interstellar dusts with silicates or amorphous carbon cores and mantles of ices mainly consisting of water, CO, CO 2 , CH 3 OH, the vibrational spectra (infrared region) are used.

The interstellar spectra do not only show the presence of the molecules and allow the evaluation of their abundances, but also give information about the physical conditions of the environment in which they are formed. In astrochemical studies, these environments can be associated to two main domains: chemistry in the interstellar medium (ISM) and chemistry in the solar system (planetology). In this study, we have investigated the chemical reasons likely to account for the observations made for the different bodies in the solar system, namely Titan, the comet 67P/C-G and Europa, noting that it has also required studying the protoplanetary disk medium.

I.1 Chemistry in proto-planetary disks

The atoms and dust particles, remnants of old stars, collect together under the influence of gravity into diffuse clouds, in which the temperature is 50-100 K and gas density 10-10 2 cm -3 . Further gravitational contraction results in the formation of dense clouds with an average gas density of 10 3 cm -1 . Dense clouds exist in several varieties and are quite heterogeneous. The low-mass star formation begins in cold pre-stellar cores, where the temperature can be as low as 5-10 K and the gas density is 10 4 cm -3 . Under these conditions, only binary reactions without any activation barrier are possible. Such conditions are met mainly by exothermic ion-neutral reactions. The main ionization source is constituted by the collisions of atoms with cosmic rays. As a result of these reactions, relatively common terrestrial molecules are synthetized (such as CO). But, radicals (e.g. C 6 H), molecular cations (e.g. H 3 + , HCO + ), anions (e.g. C 6 H -), metastable isomers (e.g. HNC, H 2 CCCC), and unsaturated long carbon chains (e.g., HC 11 N), which are not stable in Earth conditions, are also formed and stay stable with a significant life time in low temperature and density environments. As a result of simple accretion from gas, cold dust grains can be formed as well.

The initial collapse of pre-stellar cores is isothermal in nature but over time, a dense central condensation occurs, out of which radiation cannot escape. Continuous central condensation and the collapse of material to the center result in forming a proto-star. When the collapsing of gas and dust reach temperatures about 100-300 K, it is called hot core and the chemistry changes significantly. This collapse of the molecular cloud cores is a process regulated by the balance of gravitational, magnetic, gas pressure, and rotational forces [START_REF] Stahler | The Formation of Stars Weiheim[END_REF]. Many common organic species such as alcohols, ester, acids, aldehydes, etc. are formed at that time of the evolution. Also, violent shocks eject material to the interstellar medium and disk of gas and dust begin to form and rotate around the young proto-star. In the disks, the dust particles start to collapse and agglomerated into macroscopic bodies, which eventually become comets, meteors. At the same time, much of the cloud has gone away and a young star surrounded by a dense proto-planetary disk is left. The surrounding disk continues to regulate the inward radial transport of matter and the associated angular momentum transport outward (Hartmann 2000). Then this system can eventually evolve into a planetary system.

The proto-planetary disks are characterized by strong radial and vertical temperature gradients [START_REF] Henning | Chemistry in protoplanetary disks[END_REF]. High-energy radiation may penetrate into the upper layers of the disks, resulting in a richer molecular chemistry whereas, in the deep interiors, temperatures become so low that the molecules freeze. The shielding of these deep interiors is due to micrometer-sized solid dust particles present in the medium. These particles first evolve into pebbles and finally planets. This process has a strong impact on the physical structure of the disks, and therefore on the chemistry.

As the proto-planetary disks are characterized by strong vertical and radial temperature and density gradients, these locally different disk properties imply a rich and diversified chemistry, including photochemistry, molecular-ion reactions, neutral-neutral reactions, gas-grain surface interactions, and grain surface reactions. Disk chemistry can be roughly divided into two regions with respect to the radially decreasing temperature: inner disk chemistry (< 20 au) and chemistry in the outer disks beyond 20 au (astronomical unit (au) is the average distance between Earth and the Sun, which is about 150 million km). The products of inner disk chemistry are best detected by infrared spectroscopy, whereas the outer disk is the domain of submillimiter-millimiter observations.

Inner disks have high temperatures (from about 100 to 5000 K) and high densities up to 10 12 cm -3 . At such temperatures and densities in the disk, chemistry approaches quasiequilibrium. In the absence of intense sources of ionizing radiation, neutral-neutral reactions with barriers (> 100-1000 K) start to play an important role in the densest warm regions [START_REF] Harada | A new network for higher-temperature gasphase chemistry. I. A preliminary study of accretion disks in active galactic nuclei[END_REF]. Therefore, the inner disk chemistry comes closer to the terrestrial chemistry conditions, driven by 3-body reactions. Molecules should be abundant in the gas phase until they are destroyed by thermal dissociation (T > 2500-3500 K) in the inner disk.

Chemical models of the inner disk chemistry [START_REF] Harada | A new network for higher-temperature gasphase chemistry. I. A preliminary study of accretion disks in active galactic nuclei[END_REF]) predict high abundances of H 2 O and CO vapor at 1 au and the presence of N-bearing molecules (NH 3 , HCN, HNC) and a variety of hydrocarbons (eg CH 4 and C 2 H 2 ).

In contrast to the inner disk regions, the outer disk chemistry is driven by the radiation and cosmic rays [START_REF] Harada | A new network for higher-temperature gasphase chemistry. I. A preliminary study of accretion disks in active galactic nuclei[END_REF]. Radiation and the energetic particles lead to the formation of various ions, including H 3 + . The proton transfer processes from ions to other neutrals is dominated by rapid ion-molecule chemistry [START_REF] Herbst | The formation and depletion of molecules in dense interstellar clouds[END_REF]. The ionmolecule processes are mostly barrier-less so they can occur even at temperature below 100K, especially the reactions involving long-range Coulomb attraction between an ion and a polarizable molecule.

Another important feature of disk chemistry is the condensation of molecules at low temperatures in the outer disks. Then, these molecules are no longer available for gas-phase chemistry but the ices on dust surface may remain chemically active. These ices sublimate at high temperatures of the inner disks, where dust grains stay solid. The sublimation of water ice occurs at about 150 K and this defines the so-called water snow line, which is located at 2-3 au in the early solar nebula [START_REF] Morbidelli | Source regions and timescales for the delivery of water to the Earth[END_REF]. The CO snow line is located at 20 au, where the gas temperature is below 20 K. It should be noted that the positions of the snow lines evolve with evolutionary stage of the disks [START_REF] Qi | Imaging of the CO snow line in a solar nebula analog[END_REF].

One of the most important molecules in proto-planetary disks is water. The chemistry of water and the conversion of water vapor into molecular ice are directly related to the origin of water on Earth and the formation of giant planets beyond the snow line. The position of the water snow line depends on the pressure and temperature in the disk. For the solar nebula, the snow line is assumed to be located between 2 and 3 au from the Sun. [START_REF] Henning | Chemistry in protoplanetary disks[END_REF].

To summarize, proto-planetary disks are structures of gas and dust surrounding young stars. They are heterogonous, showing rich variety of chemical processes, ranging from hightemperature neutral-neutral reactions in the inner disk regions to ion-molecular chemistry and molecular condensation in the outer disk. Grain surface reactions, thermal and photo-driven desorption are also part of this rich chemistry. Astrochemical studies of proto-planetary disks will help improving our understanding about the origins of planets, satellites and comets. The first study presented in this thesis, i.e. the study about noble gases deficiency in Titan, is one example typically relevant of such an interaction.

I.2 The Solar System

The major features of the solar system are given in Figure 1; the planets (including the dwarf planets) and some of their notable satellites, the asteroid and Kuiper belts. The bodies that are found within the inner solar system, are predominantly rocky, whereas the ones in the outer solar system, beyond the snow line contain large amounts of ice [START_REF] Wolf | Circumstellar disks and planets[END_REF]. The terrestrial planets Mercury, Venus, Earth and Mars are found in the inner solar system with bodies; Titan, Europa and Comets, that we present with a few more details in the following paragraphs.

I.3 Titan

Titan, the biggest satellite of Saturn and the only moon of the solar system with a significant atmosphere, is considered as a possible analog of the primitive Earth; hence it has been the subject of systematic and extensive studying.

The chemistry of Titan's atmosphere is driven by the photolysis of CH 4 in the thermosphere, catalytic reactions in the stratosphere and by the dissociation of N 2 due to both UV photons and energetic electrons. Ethane is the most abundant gas product and HCN is the most abundant nitrile. The mixing ratios of all photochemical species, except C 2 H 4 , increase with altitude at equatorial and southern latitudes, indicating a transport from a high-altitude source to a condensation sink in the lower atmosphere [START_REF] Strobel | Atmospheric structure and composition. Titan from Cassini-Huygens[END_REF]). This active atmospheric chemistry eventually produces macroscopic particles that precipitate slowly in the lower atmosphere, leading to the brownish haze permanently surrounding the satellite.

These organic aerosols are important for the properties and evolution of Titan's atmosphere [START_REF] Carrasco | Chemical characterization of Titan's tholins: Solubility, morphology and molecular structure revisited[END_REF]). However, the information on these aerosols composition is still limited in spite of extensive laboratory experiments to produce analogous materials, the so-called "tholins", to be analyzed and studied.

Earth and Titan are similar by the fact that molecular nitrogen is the major species, but the next most abundant atmospheric species on Earth is molecular oxygen, whereas it is methane in Titan. Therefore, the atmospheric and ionospheric chemistries are quite different for the two bodies. Absorption of EUV (extreme ultra-violet) radiations is a key feature of all planetary thermospheres including Titan's. In all atmospheres, at high altitudes, the neutral density is low enough such that the collisional mean free path exceeds a typical scale length.

This atmospheric region is called the exosphere. EUV photons and energetic particles create ions and photoelectrons when they are absorbed and the region of an atmosphere where significant numbers of free thermal electrons and ions are present, is called ionosphere [START_REF] Schunk | Ionospheres: physics, plasma physics, and chemistry[END_REF]. The specific point is that Titan's upper atmosphere and ionosphere strongly interact with Saturn's magnetospheric plasma.

I.4 Europa

Europa, one of the four large Galilean satellites of Jupiter, is about the same size as the Earth's moon but it has a more dynamic surface. The surface of Europa is young, ice-covered and it is criss-crossed by a network of cracks and ridges [START_REF] Greeley | Semiempirical GGA-type density functional constructed with a longrange dispersion correction[END_REF] 

I.5 Comets

Comets are small, irregularly shaped bodies in the solar system, composed mainly of ice and dust. They travel around the sun in very elliptical orbits, which bring them very close to the Sun, then send them past Neptune. In terms of the amount of time they spend to orbit the Sun, there are two types of comets. Short-period comets orbit around 200 years around the Sun, whereas long-period returns may take over 200 years, with some taking 100000 to 1 million years. The short-period comets are thought to originate from the Kuiper Belt, an area outside of Neptune's orbit (from 30 to 50 au), containing many icy comet-like bodies. The long period comets tend to have randomly oriented orbits and not necessarily ecliptic orbits.

They are thought to come from the Oort cloud, a region that has never been observed, is expected to harbour at least one thousand icy objects located between 3000 au and 100000 au.

There are some other comets from the Kuiper Belt or Oort Cloud that are corraled by Jupiter's massive gravity into its planetary family. These comets usually develop very short solar orbits from three to 20 years.

As comets come close to the Sun, the Sun's heat begins to vaporize the ices, which form an area of vaporized gas around the nucleus of the comet called as coma. Outside the coma is a layer of hydrogen gas called a hydrogen halo which diameter extends up to 1 km.

The solar wind then blows these gases and dust particles away from the direction of the Sun causing the formation of two tails pointing away from the Sun as the comet travels around it.

One is called the ion tail and is made of gaseous species, which have turned into charged molecules and ions by the irradiation from the Sun. Since the most abundant ion is CO + that scatters blue light better than red light, this ion tail often appears blue to observers. The other tail is called the dust tail and normally appears white. The dust in this tail is less strongly affected by the solar wind since the particles of dust are much larger than the ions of the ion tail. The tails of the comet can be extremely large and may extend to a distance of up to 1 au.

II Theoretical tools

The methods and tools proposed by computational quantum chemistry are numerous and adaptable. The choice of one or the other depends mostly of the problem to be modeled.

We will do a short presentation of the basic principles of only those we have used in this specific work. Some of the practical issues as convergence and analysis of the results are discussed in the chapters where they appear relevant.

II.1 Quantum chemistry principle

Quantum chemistry approaches start with the fundamental physics concepts to describe the model systems and deduce their properties. In the context of quantum chemistry, solving the time-independent Schrödinger equation allows to determine the physical properties of a quantum system.

H Ψ i = E i Ψ i (1)
where H is the Hamiltonian describing the system, Ψ i the wave-funtions (eigenfunctions) and E i the corresponding state energies (eigenvalues). The solution of this equation being rapidly intractable beyond 3 interacting particles (nuclei and/or electrons) with the increasing size of the system, multiple approximations have to be done.

II.2 Born-Oppenheimer approximation

Born-Oppenheimer approximation is currently used in most of quantum mechanics and quantum chemistry calculations. It states that the motion of electrons and nuclei may be considered independently and that the wave-function of the system can be decoupled into a nuclear wave-function and an electronic wave-function.

Ψ total = Ψ nuclei × Ψ electron (2)
So doing, the initial problem reduces to that of finding a solution to the electronic Hamiltonian which describes the motion of the electrons and depends explicitly on the electronic coordinates, but parametrically on the nuclear coordinates.

The electronic Hamiltonian operator can be written as:

H= T+ V + V H + V XC ( 3 
)
where T is the kinetic energy of the electrons, V the interaction potential between electrons and nuclei, V H the Hartree potential of the electron-electron Coulomb repulsion and V XC the electron exchange and correlation potential.

At that level, two types of methods can be employed depending of the nature of the subject: wave function dependent ab-initio methods (Hartree Fock (HF) and post HF) or electronic density dependent first principles methods (Density Functional Theory (DFT)).

II.3 Hartree Fock and Post Hartree-Fock methods

The simplest approximation to find a solution to the electronic Schrödinger equation is based on the Hartree Fock wave function theory relying mainly on the mean field approximation. The problem is then replaced by a one electron problem in which electronelectron repulsion is treated in an average way. Therefore the instantaneous interactions of electrons being neglected, the correlation energy is missing. The so-called post HF methods, (Moller-Plesset Perturbation or Configuration Interaction) can take care of it.

II.3.1 Coupled-cluster (CC) theory

Introduced in molecular quantum chemistry by Cisek and Paldus in the late 60s, and further developed to include contributions of excited states to the correlation energy the CC theory is an efficient mathematical technique mixing a limited variationnal configuration interaction with perturbational treatments (for details see [START_REF] Bartlett | Modern Electronic Structure Theory[END_REF]. The basic idea is that the exact wave function can be written as an exponential ansatz:

Ψ = e T 0 Φ (4) 
that can be developed as Taylor power expansion

Ψ = 1+T+ 1 2! T 2 + 1 3! T 3 +... ( ) Φ 0 ( 5 
)
where T is an excitation operator whose power is the number of excitations.

In this study, the CCSD and CCSD(T) are used, meaning that the wave function includes single and double excitation. The term (T) indicates that the contribution of triple excitations is calculated using many-body perturbation theory.

II.4 Density Functional Theory (DFT)

Density Functional Theory is another type of methods of quantum chemistry, modeling the electrons of a quantum-mechanical system with a density ρ(r). It is stated that all the observable properties of the system in a ground state are determined by this density that depends on the potential V(r).

II.4.1 Hohenberg-Kohn theorems

The Density Functional Theory is based on two theorems of [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF]:

The first theorem states that the properties of the system, including energy states, potentials and wave functions are uniquely determined by the electron density ρ(r).

The second theorem states that the electron density ρ 0 (r) for which the energy E is minimal is the true ground-state electron density.

II.4.2 Kohn-Sham (KS) equations

A solution to determine the homogeneous electron density has been proposed by [START_REF] Kohn | Self-consistent equations including exchange and correlation effect[END_REF]. The physical system is replaced by a fictitious one constituted by the noninteracting electrons moving in effective potentials. A set of one-electron equations is solved:

-

T e + V (r) + V H (r) + V XC (r) [ ] ϕ i (r) = n i ϕ i (r) (6) 
Here the first term is the kinetic energy of the electron, V the potential energy of interaction with nuclei, V H (r) the electron-electron repulsion potential, V XC (r) the exchange correlation potential. The electron density ρ(r) is determined as

ρ(r) = ϕ i * i=1 N ∑ (r)ϕ i (r) (7)
where N is the number of electrons and φ are one-electron wave-functions, solving the previous equation.

The potentials V(r), V H (r) are known functions of the electron density, while the exact equation for V XC (r) as a function of density is unknown. Finding a good approximation of the exchange-correlation functional V XC (r) is one of the tasks to which the DFT developers are currently confronted.

To converge to a solution, an iterative approach is proposed by Kohn and Sham.

Potentials are obtained from a trial electron density, then, the KS equations are solved to obtain the wave functions. Finally, a new electron density is constructed according to the equation ( 7), and the calculations cycle is repeated till convergence of the process.

II.4.3 Exchange-correlation functionals

As mentioned in the previous section, one of the problems of the Density Functional Theory is the choice of the exchange-correlation functional Exc. Here we used a functional appropriate to the description of large variations of the density.

II.4.4 Generalized Gradient Approximation (GGA)

For example, geometries and ground-state energies of highly polarized molecules like H 2 O in water ice are better determined using Generalized Gradient Approximation (GGA) functionals. In GGA the Exc is a function of both density ρ(r) and density gradient ∆(ρ(r)) so that E xc (r) = E xc ((ρ(r), ∆(ρ(r)).

In this work, a GGA type functional developed by Perdew et al. (1996) is used (PBE).

It gives good results for geometries and atomization energies and reproduces well the hydrogen bonds.

Other classes of functionals exist, but lack of generality since they are often tuned to solve particular problems.

II.4.5 Van der Waals interactions

In the systems studied in this thesis, most interactions to be taken into account are Van der Waals type of interactions, i.e. electrostatic interactions between dipoles, permanent or induced ones.

As traditional DFT functionals fail to describe such interactions correctly, in particular the ones between induced dipoles (London dispersion force), corrections had to be added as a remedy. In this work a semi-empirical approach DFT-D2 proposed by Grimme (2006) is employed. This is a computationally cheap and reasonably accurate method to take the Van der Waals interactions into account. A dispersion term is added to the total DFT energy:

E disp = -s 6 C 6 ij R ij 6 i≠ j Nat ∑ f dmp (R ij )
Here, Nat is the number of atoms in the system,

C 6 ij = C 6 i C 6 j
denotes the dispersion coefficient for atom pair ij, s 6 is a global scaling factor that only depends on the density functional used, and R ij is an inter-atomic distance. In order to avoid near-singularities for small R, a damping function f dmp is used. Coefficients are determined as an empirical function of calculated atom ionization potentials and polarizabilities.

To summarize, both types of methods are designed to obtain the best energy and the best electronic description: post Hartree-Fock methods use an exact hamiltonian and work to improve the wave function whereas DFT methods postulate an exact density and work to improve the Hamiltonian.

Chapter 1: Noble gas deficiency in the atmosphere of Titan Titan, the biggest satellite of Saturn, is the only moon in the solar system with a significant atmosphere, which is composed of at least four distinct regions: troposphere, stratosphere, mesosphere and thermosphere [START_REF] Yelle | Non-LTE models of Titan's upper atmosphere[END_REF]. Throughout the Titan's atmosphere, the far most abundant species is N 2 , followed by several per cent of CH 4 and several tenths of per cent of H 2 . The dissociation of N 2 and CH 4 by solar UV photons, energetic ions and electrons from Saturn's atmosphere, as well as cosmic ray particles (Yung et al. 1989), initiates a complex photochemical network, resulting in the production of various hydrocarbons and nitrogen-bearing species, labelled by the generic name of " tholins".

The first breakthrough about the Titan's atmosphere came with the flyby of Voyager I in 1980. In order to study the chemical composition of the atmosphere, especially looking for species like HCN, HC 3 N, CH 3 CN, CO and H 2 O, two spectrometers were used on the Voyager I probe: IRIS, an infrared spectrometer with a range of 180 to 2500 cm -1 (4-55 µm) with a spectral resolution of 4.3 cm -1 , and UVS, an ultraviolet spectrometer operating from 52 to 170 nm with a resolution of 1.5nm.

More detailed observations started in October 2004 with the Cassini-Huygens mission.

The combined Cassini-Huygens spacecraft composed of the Cassini orbiter to study the Saturn system, including its rings and moons, with a special focus on Titan and the Huygens probe designed to make in situ observations of Titan. The Cassini orbiter's visits to the upper Voyager I remote sensing instruments identified the major and several minor constituents above Titan's troposphere; however, as the measurements were made in the stratosphere, the evolution of the photo-chemically produced trace gases in the upper atmosphere remained unknown. With the Cassini orbiter instruments, several data about the composition of organic trace gases in stratosphere and the upper atmosphere were provided.

In other words, they provided information on these gases in the regions where they first formed. One of the objectives of the Huygens probe was to determine to which extent the simpler trace gases can form complex molecules, condensates, or aerosols, which will eventually precipitate onto the Titan's surface.

The unexpected characteristic of the atmosphere of Titan is that no noble gas other than argon was detected by the Gas Chromatograph Mass Spectrometer (GCMS) aboard the Huygens probe during its descent to the surface of Titan in January 2005. The only isotopes of argon detected consist of primordial 36 Ar (the main isotope) but very impoverished compared to its solar abundance and 40 Ar, which is a decay product of 40 K [START_REF] Niemann | The abundances of constituents of Titan's atmosphere from the GCMS instrument on the Huygens probe[END_REF]). The general deficiency observed for the noble gases is surprising when taking into consideration that this satellite, in all existing scenarios, was expected to be made from the same building blocks in the feeding zone of Saturn [START_REF] Mousis | An evolutionary turbulent model of Saturn's subnebula: implications for the origin of the atmosphere of Titan[END_REF] and to share a similar composition with the noble gas-rich planetesimals from which Jupiter was formed. [START_REF] Alibert | On the volatile enrichments and composition of Jupiter[END_REF].

I Astrophysical hypotheses

The noble gas deficiency observed in Titan's atmosphere has been the subject of a number of studies. The different mechanisms proposed to explain such a deficiency can be divided into two types: one can be referred as the "external" type, depending on the chemical and physical conditions of the proto-solar nebula during the formation of Titan, the other one as the "internal" type related to the conditions in the present atmosphere of Titan.

i) Internal mechanisms

This category includes mainly the five mechanisms detailed below.

i. [START_REF] Osegovic | Compound clathrate hydrate on Titan's surface[END_REF] proposed that the noble gases could have been stocked in ices (clathrates) supposed to be present on Titan's surface and they showed that Xe could be efficiently trapped in this way. However the CSHMYD code used for the demonstration was developed by Sloan (1998) for industrial applications and is not supposed to function for temperatures lower than 140 K, whereas the surface temperature of Titan is about 90-95 K.

Moreover, at the time, Ar and Kr could not be treated with this code. This point was solved later on by [START_REF] Thomas | A theoretical investigation into the trapping of noble gases by clathrates on Titan[END_REF] who found that Kr as Xe could be efficiently trapped by clathrates whatever their initial abundance within the condition that there is sufficient amount of clathrates present on the surface. More recently, the same team [START_REF] Mousis | Removal of Titan's atmospheric noble gases by their sequestration in surface clathrates[END_REF]), using a new set of potential interaction parameters showed that Ar could also be trapped by this mechanism. However, it has to be reminded that the existence of such mechanism entirely relies on the abundance of clathrates on Titan's surface, which is still highly controversial.

ii. In another study, [START_REF] Cordier | About the possible role of hydrocarbon lakes in the origin of Titan's noble gas atmospheric depletion[END_REF] suggested the dissolution of atmospheric compounds in the liquid hydrocarbons on Titan's surface as a possible reason to the observed noble gas deficiency. They assumed thermodynamic equilibrium between the liquid and the atmosphere and calculated abundances of the different constituents of liquid on the surface accordingly. They showed that the lakes on the Titan's surface could trap atmospheric Xenon efficiently. However, the estimated amount of liquid hydrocarbons on Titan is not sufficient enough to explain the observed deficiency in Ar and Kr.

iii. Another mechanism was suggested by Jacovi & Baar-Nun (2008), based on laboratory experiments. According to this experimental study, noble gases could be trapped by atmospheric aerosols, which are the products of a complex chemistry based on the photolysis of methane rejected by cryo-volcanos in the atmosphere of Titan, implying that these aerosols could have been present in the atmosphere of Titan for millions of years. In such a mechanism, the open structure of aerosols would let the noble gases fill their pores.

However, this type of physical trapping is very dependent on the structure of the aerosols considered and the structures of the materials in suspension present in the experiment may be quite different from those present in Titan atmosphere. A reliable and extensive modeling of this mechanism is still missing and remains to be be done.

iv. A fourth mechanism has been proposed, appealing to chemical trapping. Lundel et al. (2002), [START_REF] Lignell | On theoretical predictions of noble-gas hydrides[END_REF] showed that the insertion of Xenon into hydrocarbons may lead to stable compounds. However, the direct insertion mechanism of Xe into the CH bond of hydrocarbons is an endothermic process with a high activation energy. In the absence of other effective chemical mechanism, this reaction is not likely to occur in the Titan's atmosphere.

v. Noble gases might also be trapped chemically by the most abundant ions present in Titan's upper atmosphere and ionosphere. Noble gases can form stable structures with ions driven by ion-dipole interactions and contrary to their direct insertion into the hydrocarbons, these complexes may be obtained via radiative associations without an energy barrier.

ii) External mechanisms

Two mechanisms can be related to the second category:

i. The first argument for such a mechanism was proposed in an interdisciplinary study chemistry-planetology by [START_REF] Mousis | Sequestration of noble gases by H+ 3 in protoplanetary disks and outer solar system composition[END_REF]. Based on the complete theoretical study of the interaction of molecular ion H 3 + with noble gases Ar, Kr and Xe [START_REF] Pauzat | H3+ as a trap for noble gases-2: structure and energetics of XH3+ complexes from X= neon to xenon[END_REF][START_REF] Pauzat | H3+ as a trap for noble gases-3: Multiple trapping of neon, argon, and krypton in XnH3+(n= 1-3)[END_REF]), this chemical trapping mechanism is assumed to occur during the formation of the satellite's constructive planetesimals in the proto-solar nebula and it depends mostly on the abundance of H 3 + molecule in that medium. Therefore, the modeling of the H 3 + abundance profile is crucial. The abundance of H 3 + depends not only on its production but also on its destruction, its main destruction agents being H 2 O, CO, N 2 . These destructive reactions may form protonated ions, which may be capable of trapping also the noble gases.

In this study, the efficiency of such a trapping mechanism has been fully investigated.

ii. Other trapping mechanisms, not necessarily chemical, might be at work in the nebula. It can be quoted that the adsorption on the solid surfaces available in the primitive nebula, among which the refractory solids of the primitive grains, or the integration into the holes of the icy mantles irradiated and pierced by cosmic rays. The impact of such mechanisms on the noble gases abundances has yet to be investigated.

II Chemical trapping of noble gases by H 3 + and protonated derivatives (H 3 O + , HCO + , HOC + , N 2 H + ) in the proto-solar nebula

The hypothesis at the basis of the model is that Titan, as other interstellar objects, has been formed from icy planetesimals already noble-gas impoverished in the proto-planetary nebula and that this impoverishment could be due to the sequestration of noble gases by H 3 + during the early stages of the formation of the solar system. Depending on the region where the constitutive planetesimals were formed, the abundance in H 3 + was different and the trapping more or less efficient. In such a scenario, it is obvious that the abundance profile of H 3 + is the main concern.

In the previous article promoting the model [START_REF] Mousis | Sequestration of noble gases by H+ 3 in protoplanetary disks and outer solar system composition[END_REF], the abundance profile of H 3 + was calculated and it was found that its abundance increases with the heliocentric distance. H 3 + is formed following the ionization of the molecule H 2 by energetic particles, X-rays or cosmic rays and is destroyed by the reactions with the most abundant molecules in the surrounding gas phase, namely H 2 O, CO and N 2 . Within a steady state description, the formation and destruction rates balance each other, giving the following relationship:

= ( + + )
where x is the abundance, n is the density and ς is the ionization rate.

The H 3 + abundance profile was evaluated with different ionization sources, assuming the usual increase for further heliocentric distances (Figure 1). When it is compared with the calculated proto-solar abundances of noble gases (Table 1), it is seen that with the addition of other energetic particle sources to the cosmic rays, the amount of H 3 + may be sufficient enough to trap the noble gases except Ar whose abundances are much higher than the other noble gases.

If in the steady state conditions, the formation and destruction rates balance each other, it is no longer the case when the solar nebula cools down; then, the destructive molecules, namely H 2 O, CO and N 2 , do not remain in the gas phase (local temperature lower than 150K), being trapped themselves as clathrates or simply condensing, and the balance has to be adjusted, taking care of the consequences of the cooling.

IV Conclusion and perspectives

The main aim of this study was to comfort one specific scenario among those proposed to account for the observed noble gas deficiency in the Titan's atmosphere.

Nevertheless, this specific process, being expected to develop in low density and low temperature interstellar environments, might also be available in many other cases. This has two consequences, one obvious concerning the efficiency of the scenario for Titan, the other, more general, pointing to a systemic phenomenon of trapping by the protonated species available in the ISM.

If the trapping of noble gases by H 3 + could be the main reason for the deficiency in Titan, it may have also consequences on for the composition of bodies formed in the outer part of PSN, as giant planets and comets. For the bodies whose building blocks formed at higher heliocentric distances, noble gas enrichment should be limited. Since Saturn's building blocks were expected to form at the same location as Titan's planetesimals, the abundances of noble gases should remain solar in Saturn's atmosphere. The other implication is for comets.

Since the trapping is directly related to the distance from the Sun, a comet formed at distances longer from the sun, should be improvised in Kr and Xe. First in situ measurements in 67P released from ROSINA give 36 Ar/H 2 O ~ 0.1-2.3 x 10 -5 [START_REF] Balsiger | Detection of argon in the coma of comet 67P/Churyumov-Gerasimenko[END_REF] to be compared to 36 Ar/O 2 ~5.9 x 10 -3 in the proto-solar nebula [START_REF] Lodders | Abundances of the elements in the Solar System[END_REF], which indicate a significant though moderate depletion as expected in our model. The release of numbers for the expected strong depletion of Kr and Xe will be critical.

However, if the deficiency of Kr and Xe in Titan can be justified by the trapping scenario in the PSN, lower binding energies and reaction rates for Ar complexes cannot fully explain the deficiency of the most abundant noble gas.

Other mechanisms of the "external" type might have also to be considered for further analysis. One possibility is the trapping of the noble gases in the ice before their incorporation into the building blocks of Titan. Solid-state calculations of this other trapping mechanism could be well adapted and might give interesting results as illustrated in the following chapters.

Alternative trapping mechanisms of "internal" type might also be considered, as the trapping by the so-called "tholins" present in the lower layers of the Titan's atmosphere. The major difficulty of such a study would be to obtain a good representation of these tholins, whose compositions are not well known. Periodic DFT methods as developed for polymer calculations would be employed to obtain a satisfactory plausible representation of such compounds, after which the step of trapping the noble gases in/by those complex structures could be studied.

V Published articles

One of the most surprising observations obtained was the first time detection of molecular oxygen by the Double Focusing Mass Spectrometer (DFMS) of ROSINA, with local abundances in the 1-10% range relative to water [START_REF] Bieler | Abundant molecular oxygen in the coma of comet 67P/Churyumov-Gerasimenko[END_REF]. This led to the reinvestigation of the 1P/Halley data from the Giotto Neutral Mass Spectrometer (NMS),

showing that there is also O 2 in the coma of 1P/Halley with an abundance of (3.7 ± 1.7)% with respect to water, suggesting that the O 2 molecule may be a common parent species in comets [START_REF] Rubin | Molecular oxygen in Oort cloud comet 1P/Halley[END_REF]. However, although oxygen is the third most abundant element in the universe, its molecular form has been detected rarely. Apart from these two comets, 67P

and Halley, it has been observed in two interstellar clouds, the Orion Nebula [START_REF] Goldsmith | Herschel measurements of molecular oxygen in Orion[END_REF]) and ρ Oph A dense core [START_REF] Larsson | Molecular oxygen in the p Ophiuchi cloud[END_REF]). In the solar system, aside from Earth, it has only been detected in the moons of Jupiter (Hall et al. 1995), Saturn [START_REF] Johnson | Production, ionization and redistribution of O2 in Saturn's ring atmosphere[END_REF] and on Mars [START_REF] Barker | Detection of Molecular Oxygen in the Martian Atmosphere[END_REF]).

Among other volatiles, the ROSINA mass spectrometer has also detected S In this chapter, the origin of these two volatiles in comets will be studied in two consecutive sections, focusing first on O 2 , the most intriguing of the two. Sulfur having a rather similar chemistry to oxygen, although it may exist in the form of many allotropes (from S to the refractory ring molecules S 8 ), the problem of its origin will then be treated in a similar manner to the O 2 's.

For each section we will successively present 1) the tentative hypotheses actually available in the literature and the scenario we want to propose, 2) the computational procedure we have used, 3) the numerical results.

I.1.1 Reviewing the astrophysical scenarios for the origin of O 2

The detection of O 2 in the coma of 67P/C-G has led to different theories for its origin, based on two opposite hypotheses; one calls on an extended ancient presence of O 2 in the comet icy bulk which allows the direct continuous sublimation from /with the cometary ice and points out a primordial origin whereas the other calls on a present chemical activity with various reactions occurring at the surface and in the coma.

According to Taquet and coworkers [START_REF] Taquet | A primordial origin for molecular oxygen in comets: a chemical kinetics study of the formation and survival of O₂ ice from clouds to discs[END_REF], O 2 comes directly from the cometary ice and has a primordial origin, They discarded the possibility of the production of O 2 from the cometary surface by solar wind particles and UV radiation, since the penetration depth is not sufficient enough to process material in the bulk. Also, they argued that a decrease in O 2 to H 2 O ratio should have been detected, which is not the case, as the upper layer containing O 2 , would be removed during the six-month observation time. Therefore, they concluded that O 2 must have been present in the icy grains before the formation of the comet. They used astrochemical models with different physical conditions to compare possible O 2 production mechanisms and they proposed that it has been formed at the surface of interstellar ices through oxygen atom recombination in moderate temperature (~20 K), higher densities than usually expected in dark clouds and moderate ionization rates, suggesting a formation of the Solar System in dense clusters of stars. Thus, the formation of O 2 would rely on physical conditions that are warmer and denser than those usually expected in dark clouds.

The second type of approach involves the O 2 production during the sublimation of water ice. According to Dulieu and coworkers [START_REF] Dulieu | Production of O2 through dismutation of H2O2 during water ice desorption: a key to understanding comet O2 abundances[END_REF] Several cases of CR can be proposed for the irradiation of the icy grains. The first case considers the irradiation of icy grains located at 30 au from the sun in proto-solar nebula (PSN) whereas the second case considers the irradiation of icy grains in a low-density environment (~10 -3 g cm -2 ). A third case might be added, which considers the upper layers of the PSN.

According to model calculations performed by [START_REF] Mousis | Origin of molecular oxygen in comet 67P/Churyumov-Gerasimenko[END_REF] with the CRF value at 30 au (case 1), the O 2 /H 2 O ratio of 1-10% is reached in ~0.25-2.5 Gyr. This

The existence of several crystalline and non-crystalline ice structures makes the modeling of the ice structure to be studied, a non-trivial task.

In this study, an apolar hexagonal ice model with surface hydrogen ordered as proposed by [START_REF] Fletcher | Reconstruction of ice crystal surfaces at low temperatures[END_REF] is used; the same model was employed in previous studies about the origin of neutral sodium in cometary tails (Ellinger et al. 2015) and the trapping of noble gases in interstellar ices [START_REF] Doronin | Adsorption on Interstellar Analog Surfaces: from Atoms to Organic Molecules[END_REF]. It has been shown that this ice model is the most stable surface configuration of the hexagonal ice basal (0001) plane [START_REF] Pan | Surface energy and surface proton order of the ice Ih basal and prism surfaces[END_REF][START_REF] Buch | Proton order in the ice crystal surface[END_REF]. More important, relying on the results, theoretical and experimental, by Doronin and coworkers (to be published), it seems that the choice of the type and the surface of ice has little effect on the adsorption energies.

Furthermore, in our case, it can be stated that our modeling of ices stands mainly for crystalline structure but somehow also for compact amorphous ices as we will introduce holes of different kinds into the bulk of crystalline ices. In the same frame of mind, it should be reminded of the Monte Carlo calculations by Buch and coworkers (2004) building ice aggregates constituted of hundreds of water molecules, whose core was found to be crystalline domains of apolar hexagonal ice Ih.

I.2.2 VASP parameters

To model solid water ice structures and evaluate their interactions with "defaults" or "absorbates", a method based on first principle periodic density functional theory is employed. All the simulations are carried out by means of the Vienna ab initio simulation package (VASP) [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Ab initio molecular-dynamics simulation of the liquid-metalamorphous-semiconductor transition in germanium[END_REF]. This code has proved to be especially well adapted to model bulk and surface ice structures interacting with volatile species in several previous studies [START_REF] Lattelais | Differential adsorption of complex organic molecules isomers at interstellar ice surfaces[END_REF][START_REF] Lattelais | Differential adsorption of CHON isomers at interstellar grain surfaces[END_REF]Ellinger et al. 2015;[START_REF] Mousis | Origin of molecular oxygen in comet 67P/Churyumov-Gerasimenko[END_REF].

More precisely, we used for this particular work a GGA type functional called (PBE), developed by Perdew et al. (1996), as it is considered to give good results for geometries and to reproduce correctly the hydrogen bonds [START_REF] Calatayud | Ionization of HCl and HF in ice: a periodic DFT study[END_REF] whose representation is determinant in such problems.

The number of K-points to be used depends on the cell. As explained, the ice slab is periodic in two dimensions (x & y) and the cell parameters in the direction of x and y are found to have a 1:1 ratio. Therefore, a 3x3x1 K points grid automatic Monkhorst & Pack sampling has been applied with the same number of K points in (ox) and (oy) directions. Note that one K point is enough in the direction perpendicular to the surface because the slab we model is not periodic in that direction. The standard energy cut-off of 400 eV was chosen (cf [START_REF] Doronin | Adsorption on Interstellar Analog Surfaces: from Atoms to Organic Molecules[END_REF].

To prepare the slab model, the bulk structure was fully optimized to obtain the ground state geometry of ice. Then a unit cell is defined with a 15 Å vacuum in the z direction (perpendicular to the surface) as stated before. Concerning the slab dimensions in the x and y directions, the starting unit cell referred hereafter as the "primitive cell" has a length of 8 Å in both directions and is composed of 4 ice bi-layers, the minimum required to study the insertion of small volatiles (like Na, Ar or O 2 ) (cf [START_REF] Doronin | Adsorption on Interstellar Analog Surfaces: from Atoms to Organic Molecules[END_REF].

When modeling solid structures with periodic codes, we have to keep in mind, on the one hand that the computing time is directly linked to the dimension of the cell, increasing rapidly with each dimension, on the other hand that the main problem is to define a cell with parameters large enough to avoid the interaction between the periodic images. In our case, those periodic images imply those of the adsorbate as well as those of the cavities created inside the icy bulk, which may all lead to spurious interactions. An analogous problem arises with the parameter thickness of the slab when other interaction than simple adsorption is looked for, especially if large cavities are to be considered. Consequently, the stabilization energies have been calculated as functions of the sensitive parameters (number of ice bi-layers in the slab and different x-y dimensions of the unit cell) to obtain an optimum protocol in regards of both, efficiency and reliability of the calculations as detailed further on.

I.2.3 Stabilization energy

The stabilization energy of O 2 is defined as the difference between the energy of the total system, O 2 interacting with the ice, and the sum of the energies of the pure ice and isolated O 2 (equation 1). One has to note that, by "pure ice", we mean the system constituted only with water molecules featuring a regular or irregular icy bulk with or without cavities depending of the case, not the perfect crystallographic system; in any case it is the same system as the one in interaction with the molecule O 2 .

lead to the formation of a hollow tube, called "large tube" whose dimensions are much larger.

These hollow tubes are interesting in themselves because they could figure the irradiation tubes induced by the CR.

The stabilization energy is found to be 0.20 eV for the cavity obtained by the removal of the 2 H 2 O. For the tubes, the stabilization energy is steady, remaining around 0.2 -0.3 eV and showing that O 2 can be effectively trapped inside the cavities obtained by the removal of at least 2 H 2 O molecules. Although, these stabilization energies are lower than the ice cohesion energy (~0.55 eV), they are in the order of that of a water dimer (~0.25 eV), meaning that the presence of O 2 should not disturb the ice structure until the sublimation.

Interestingly, this is a little larger than the adsorption energy on the surface.

However, this model with the primitive cell has to be checked and improved if needed.

I.3.2 Improving the model

The same cases of inclusion as in the preceding calculations have been investigated

increasing the number of bi-layers and the cell dimensions in both x and y directions.

a) Extended primitive cell with a 6 bi-layers slab

The first parameter to be checked is the thickness of the slab. Since only two bi-layers molecular positions were optimized in the previous case study, due to the 4 bi-layers limitation of the model, the larger cavities may not have been described properly. Here, while the cell dimensions in the x-y directions are kept identical to those of the primitive cell, the thickness of the slab is increased to 6 bi-layers. To study the different cases of insertion, again the positions of the upper and the bottom layers are kept fixed but now the geometry of 4 bilayers are to be optimized. The adsorption has not been investigated again since the 4 bilayers system appears sufficient to describe this kind of process, since even within 4 bi-layers cell, the upper layer in interaction with the adsorbate and the bi-layer next to it are allowed to relax. [START_REF] Bartolomei | The intermolecular potentials of the O2-O2 dimer: a detailed ab initio study of the energy splittings for the three lowest multiplet states[END_REF].

Environment

To trap the O 2 dimer, a rather large cavity should be needed. Consequently, we considered only cavities obtained by the removal of 4 H 2 O molecules taking note that, when calculating with the primitive cell, a large tube is formed.

Keeping in mind the different multiplicities of the ground states of O 2 and its dimer, we note that there are two ways of calculating the stabilization energy coming from the interaction of the dimer with the surrounding H 2 O molecules. One is the difference between the energy of the total system and the sum of the energy of the ice with cavity and twice the energy of the isolated O 2 , named (E1) in Table 5 and corresponding to (eqn. 2), whereas the second way is the energy difference between the energy of the total system and the sum of the energy of the ice with cavity and the energy of the isolated O 2 dimer (named (E2) in Table 5 and related to (eqn 3)). The formation of HO 2 may eventually be followed by

HO 2 + O → O 2 + OH O + O → O 2
Hence, two ways of formation for O 2 are to be investigated, one as a direct recombination of the oxygen atoms, the other via the formation and destruction of the molecule HO 2 .

These reactions have been studied in gas phase and some in presence of a few water molecules. However no proper study on a solid surface, a fortiori within a solid matrix has been performed. with an abundance of 0.0004 -0.0013 % relative to water. However, these measurements were done outside of the water snow line, where water is stable as a solid and does not remain in the gas phase so that the abundances relative to water are not expected to be representative of the bulk composition.

II

The second set of measurements is more demonstrative as it was obtained between equinox in May 2015 and perihelion in August 2015 in an interval, which covers heliocentric distances from 3.5 to 1.24 au. There, the abundance obtained for S 2 with respect to water is in the order of 0.001% [START_REF] Calmonte | Sulphur-bearing species in the coma of comet 67P/Churyumov-Gerasimenko[END_REF], showing that the value of this ratio is maintained even in lower heliocentric distances. However, contrary to O 2 strongly correlated to H 2 O, S 2

shows no correlation to H 2 O nor to H 2 S the most abundant S-bearing species. (Calmonte et al 2016)

II.1.1 Reviewing the astrophysical scenarios for the origin of S 2

Only two types of scenarios have been proposed to identify the origin of molecular sulfur. The first one considers that S 2 is a parent molecule of the comets, desorbing directly from the cometary ices. A' Hearn & Feldman (1985) proposed that S 2 originating from the icy matrix of comets should be formed by UV or high-energy proton irradiation of other Scontaining species already trapped in the icy grains in the ISM. In particular, they pointed out that the S 2 abundance in the interstellar medium (ISM) could not explain the S 2 abundance observed in the comets and that consequently S 2 could not come directly from the ISM in the form of S 2 . This proposition was followed by experimental studies including the one by Grim & Greenberg (1986). These authors argued for the formation of S 2 from H 2 S molecules embedded in dirty ices composed of molecules such as H 2 O, CO and CH 4 , and submitted to UV radiation. They also pretended that S 2 molecules could remain trapped in the amorphous material until the water molecules sublimate. Jimenez-Escobar & Caro (2011) irradiated H 2 S and H 2 S:H 2 O ices with UV and observed that, passing through intermediate products as HS, HS 2 and H 2 S 2 , they finally got the formation of S 2 together with S-polymers up to S 8 . Later on, they (Jimenez-Escobar et al. 2012) showed that the formation of S 2 was also possible with X-ray irradiation. After A' Hearn & Feldman (1985), [START_REF] Calmonte | Sulphur-bearing species in the coma of comet 67P/Churyumov-Gerasimenko[END_REF] proposed the formation of S 2 from the radiolysis of S-bearing compounds in cometary ices. However, if experimental data exist for UV and X-ray irradiation of ices, the experimental conditions are not those in space and there is a lack of computational study about the stability of S 2 in H 2 O or H 2 S ice.

The second type of scenario considers that S 2 is a product of reactions occurring in the coma. Saxena & Misra (1995) explained the S 2 abundance observed in Comet IRAS-Araki-Alcock (1983d) by a formation process of S 2 from sulfur atoms with ethylene acting as a catalyst in the inner coma. It has to be noted that the sulfur atoms are formed by photolytic reactions from the parent molecules, CS 2 , H 2 S, OCS, HS; hence the efficiency of such a mechanism relies on the hypothetic abundance of these molecules together with the production and abundance of ethylene.

The same mechanism has been used to explain the S 2 abundance in comet C/1996 B2 (Saxena et al. 2003). However, according to A'Hearn et al (2000), taking into account the abundance of C 2 H 4 and the relatively slow rate of the reaction, this mechanism cannot produce the required amount of S 2 ; they proposed another mechanism, implying extremely fast reactions: metastable atomic sulfur (in 1D state) formed from the dissociation of CS 2 would react with the OCS present in the inner coma to produce S 2 . But, S 2 was already seen at distances larger than 3 au [START_REF] Bieler | Abundant molecular oxygen in the coma of comet 67P/Churyumov-Gerasimenko[END_REF] in cometary coma and there, densities are very low, so that collisions among volatiles are very rare.

This induces to rule out the second type of scenarios where S 2 originates from reactions occurring in the coma and give more credit to a primordial origin for S 2 as for O 2 .

II.1.2 Our scenario for trapping S 2 in the cometary ice

The case of S 2 is less straightforward than the case of O 2 . As stated above, the fact that S 2 is already seen at distances larger than 3 au, suggests a primordial origin for this molecule as for molecular oxygen. It is then tempting to set a parallel between the two species, origin, formation and history combined. However, we have to keep in mind that, unlike O 2 , the emission observed for S 2 shows no correlation with H 2 O which composes its majority environment, nor with H 2 S the sulfur analogous of H 2 O and the most abundant of S-bearing compounds.

Here we propose a first type of scenario, in which S 2 , like O 2 , is formed in the icy grain precursors of comets by irradiation (photolysis and/or radiolysis) of the H 2 O ices and the S-bearing molecules embedded in the H 2 O ice. with respect to the cell size (double & quadruple cell) and the thickness of the slab (4 bi-layer & 6 bi-layer cell) have also been tested for the sulfur species, though already checked for O 2 ;

indeed, it has to be taken into account that the sizes of the trapped molecules were different enough to lead to eventual behavior changes inside the cavities from O 2 to S 2 .

II.2.1.1 Preliminary results (primitive cell)

The protocol is strictly identical to the one used in the O 2 study. Apolar Ih crystalline ice structure has been employed. The cell called "primitive" is constituted by a 4 ice bi-layers

Chapter 3: On the origin of alkali (Na, K) and alkaline

earth (Mg, Ca) metals in Europa exosphere

Jupiter's moon Europa, with its geologically young surface [START_REF] Pappalardo | Does Europa have a subsurface ocean? Evaluation of the geological evidence[END_REF], its possible salty subsurface ocean [START_REF] Kivelson | Galileo magnetometer measurements: A stronger case for a subsurface ocean at Europa[END_REF] and its tenuous atmosphere (Hall et al., 1995) is one of the most intriguing objects in the Solar System. Its surface and atmosphere are bathed with the external radiation field [START_REF] Carlson | Hydrogen peroxide on the surface of Europa[END_REF]Cooper et al. 2001[START_REF] Paranicas | Energetic charged particles near Europa[END_REF]. Therefore, studying the origin, evolution and composition of the extended atmosphere can help to understand the surface composition, which in turn provides information on the subsurface material [START_REF] Johnson | Europa's surface composition and sputter-produced ionosphere[END_REF], since the surface is young with an average age of ~50 Myr [START_REF] Pappalardo | Does Europa have a subsurface ocean? Evaluation of the geological evidence[END_REF][START_REF] Zahnle | Cratering rates in the outer Solar System[END_REF]).

Europa's atmosphere was first detected with Hubble Space Telescope observations of the 1304 and 1356 Å emission lines of neutral atomic oxygen coming from dissociation of molecular dioxygen (Hall et al. 1996). According to initial modeling [START_REF] Ip | Europa's oxygen exosphere and its magnetospheric interaction[END_REF] the oxygen atmosphere could be originated from the sputtering of water ice on the surface of Europa, as originally suggested by [START_REF] Johnson | Europa's surface composition and sputter-produced ionosphere[END_REF] and that a very thin extended atmosphere should also form in the process. The first detection of this extended atmosphere, including sodium observations, was made by [START_REF] Brown | Discovery of an extended sodium atmosphere around Europa[END_REF] at distances of up to 20 Europa radii (1 RE = 1569 km) from the surface. The detection of sodium (an atomic open-shell) showed that the composition of Europa's atmosphere is not only important to understand the interaction of the magnetosphere with the surface, but also to determine the non-water-ice composition. After the detection of Na component of the atmosphere, different hypothesis were proposed for its origin. One way, among others, to progress in the understanding of the origin of Na on the Europa's surface is to measure the abundances of additional trace elements in Europa's atmosphere.

Simultaneous observations of potassium and sodium in Europa's extended atmosphere were made on September 9th 1998 at the W. M. Keck telescope using HIRES, the facility echelle spectrograph (Vogt et al. 1994). Identical observations on Io's extended atmosphere were obtained on November 15th 1998.

In 2001, Brown reported the sodium-to-potassium ratio in Europa's extended atmosphere as 25 ± 3 together with the first measurements of this ratio in Io's extended atmosphere as 10 ± 3 and a value of 6 ± 1 in Io's high-speed jet.

In this chapter, we propose a scenario for the origin and relative abundances of sodium and potassium in Europa's exosphere. An extension of this scenario is also presented for calcium and magnesium, which are the two next most easily detectable metallic trace elements candidates for future mission (ESA's JUICE and NASA's CLIPPER).

I Astrophysical context

The first time detection of Na in Europa's exosphere in 1996 followed by the simultaneous detection of Na and K with a Na/K ratio of ~25 led to different hypotheses about the origin of these trace elements. These can be divided into two different approaches.

The first relies on exogenous theories, proposing that Na and K present in the exosphere come from an outer source, Io or meteorite; the second is supported by endogenous theories, suggesting that Na and K are intrinsic to Europa's surface.

According to [START_REF] Brown | Discovery of an extended sodium atmosphere around Europa[END_REF], Na in the ice surface of Europa may be originated from the volcanic activity in Io nearby. They suggested that sodium is injected to the Io neutral clouds from the volcanos, then ionized by the Io plasma torus and finally collide to Europa's surface. They calculated the implantation rate of sodium into Europa's surface to be 24 gs -1 , which was the amount of Na required to supply the atmosphere in steady state.

However, the first quantitative measurement of the sodium-to-potassium ratio in Io's atmosphere showed that it was nearly three times smaller than the Na/K ratio in Europa [START_REF] Brown | Potassium in Europa's atmosphere[END_REF].

Since this ratio should decrease even more in the process of transfer between Io's surface and its implantation in Europa's surface, it is clear that the origin of Na and K in Europa's exosphere cannot be from Io

The other possibility of exogenous origin of Na and K is the meteorite bombardment.

According to this theory [START_REF] Brown | Potassium in Europa's atmosphere[END_REF], meteorite bombardments of the surface of Europa should bring sodium and potassium. Analyses of the terrestrial meteorites show a Na/K ratio of 13 on average, which is approximately consistent with the measured value in Europa.

However, within similar reasoning, the other satellite of Jupiter, Ganymede should also have a sodium component in the atmosphere, which is non-detected so far.

The second type of hypothesis is based on the endogenous origins for Na and K. One of such arguments is that Na and K are intrinsic to the ices on the surface, as part of salts deposited as evaporates in liquid water resurfacing events [START_REF] Brown | Potassium in Europa's atmosphere[END_REF]. Accordingly, aqueous alteration of Europa's kernel in the past may have removed certain salts selectively from the surfaces and enriched them in the liquid fraction. Assuming that dominant sodium and potassium containing compounds are sulfates, with Na 2 SO 4 being more soluble than K 2 SO 4 (Lide 1996), sodium would be depleted relative to potassium in the remaining solid material and would be enriched in the liquid. Therefore, one can expect a lower value of Na/K for intrinsic surface materials than for the resurfacing materials that originate from the subsurface ocean. However, since the pre-alteration value of Na/K for Europa is not known, it is not possible to differentiate between solid and liquid sources.

II Trapping of alkali and earth-alkali metals in icy crust of Europa

In this study, we propose a second type approach for the endogenous origin of the observed Na/K ratio. The global process starts during the condensation of refractory material in the proto-solar nebula. Thermochemical equilibrium calculations show that Na, for example, is mainly trapped in rocks in the proto-solar nebula, mostly in the form of silicates (Ellinger et al. 2015) and that these rocks incorporate into the building blocks of Europa.

Then the metallic ions are transferred from the solid refractory compounds to the liquid phase of the surrounding ocean. During the cooling phase, the metallic ions are trapped into the icy crust then they migrate to the surface of the icy crust. Finally, they can be ejected from the surface as neutral atoms together with the surrounding water molecules by surface sputtering.

The evolution of their electronic structure from positive ions to neutral atoms during their migration in the icy crusts is followed in the next developments.

Taking into account the proto-solar composition of the disk [START_REF] Asplund | The chemical composition of the Sun[END_REF]), all Na-bearing compounds formed as refractory materials, irrespective of the proto-solar disk's temperature in an extended domain between 0°K and 800°K (Ellinger et al. 2015). Assuming the formation of the K-, Ca-and Mg-bearing compounds in the same conditions, their abundances can also be considered as solar [START_REF] Asplund | The chemical composition of the Sun[END_REF]) within the kernel of Europa.

Accordingly, their abundances relative to H are Na/H (2 x 10 -6 ), K/H (1.3 x 10 -7 ), Ca/H (2.2 x

The values in Table 1 show that the molalities are spread over two orders of magnitude, decreasing from sodium to calcium, potassium and magnesium. In principle, the relative molalilites in Europa's ocean should be proportional to both their initial abundances in the rock material and their respective solubility into the water. However, since the abundances of these ions in the rocks can be considered as unlimited, it is their capacity to dissolve into water, measured by their molality that should be the determining factor.

Therefore, sodium will be in higher quantity than others, followed by calcium, potassium and magnesium.

Step 2 happens with the cooling down of Europa. As the temperature decreases, the ocean water starts to freeze from the top, forming an ice crust whose thickness increases with time. During this process, foreign bodies are embedded in the ice matrix, in particular metallic ions are also trapped inside the icy crust. Then, the metals are transferred from deep inside to the top ice layers via the already mentioned ice convection mechanism [START_REF] Pappalardo | Geological evidence for solid-state convection in Europa's ice shell[END_REF]. In this step, the determining factor is the stability of the metal inside the icy structure.

Finally, the metallic atoms are ejected into the exosphere as neutral atoms by the sputtering of water ice surface.

In this chapter, the stability of metallic ions in different layers of the icy crust has been investigated using periodic quantum chemistry numerical simulations based on "first principle" periodic density functional theory. Throughout the calculations, the evolution of the charge density around metallic ions is also studied.

III Computational procedure

III.1 VASP Parameters

Here again, we have used the type of GGA functional (PBE) as developed by Perdew et al. (1996). The systems of interest show both H-bonding (the bonding between the water molecules in the ice structure) and interactions by Van der Waals forces (the interaction between the metallic ions and the H 2 O molecules surrounding them). For this kind of noncovalent weak dispersion forces, Van der Waals corrections have to be added to the DFT. To this end, a semi-empirical approach, DFT-D2, proposed by Grimme (2006) has been employed.

Though the computational machinery is the same as previously, the aim of the study is completely different from the other solid-state calculations presented in the preceding chapter of this thesis. In chapter 3, the main goal was to determine the stability of atomic species in various situations inside the bulk of the ice, whereas here, we follow the migration of the metals from the bottom of the ice crust to the topmost layer. No attempt at quantifying a diffusion process was done. Instead, besides the stability aspect, we now focus on the evolution of the electronic structure of the atoms from their trapping as cations to their ejection towards the exosphere as neutral atoms.

In the solid state treatments, especially when using plane waves basis sets, the result of the calculation is a continuous electron charge density so that it is no clear how to partition electrons amongst fragments of the system such as atoms and molecules. To bypass this conceptual difficulty, different schemes for the electron partitioning have been proposed. In the present study we used Bader charge density analysis [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF]) as implemented by Graeme Henkelman's group in the VASP code [START_REF] Henkelman | A fast and robust algorithm for Bader decomposition of charge density[END_REF] As in the comet's chapter, the apolar Ih crystalline ice structure has been employed

with a primitive unit cell composed of 4 ice bi-layers whose cell parameters are 8 Å in x and y directions; a vacuum of 15 Å high between two successive slabs is maintained to avoid any spurious interaction. A K-point grid of 3x3x1 for x, y, and z directions respectively, has been applied allowing automatic Monkshort & Pack sampling to generate a satisfactory representation of the plane wave basis set. A standard kinetic energy cut-off of 400 eV was employed for all calculations.

III.1.1 Preliminary results (primitive cell)

The main idea behind this study is to follow the evolution of metallic ions from their trapping in the ice bulk to their ejection from the icy surface to the exosphere. For this reason, several positions inside the bulk and on the way toward the surface of ice are considered, starting from bottom to top. These positions, characterized by the number n of H 2 O molecules missing in the unit cell network, can be visualized in Figure 1.

would disturb the electronic ice structure much more than the Na and K, which might be understandable, but in an opposite direction, which is not.

In fact, this may simply point to the need for a more improved ice cell model.

ii -The second question to be considered is the shape of the cavities to trap metal atoms in the icy matrix. Two different environments have been studied. First, small cavities with 1 H 2 O molecule missing in the unit cell (n=1) for which we have found two different locations. One is inside the bulk whereas the other is on the upper bi-layer, close to the adsorption on the ice surface. For the inclusion (n=1) bulk, Na and K are stabilized by ~1.0 and ~0.9eV, which is stronger than the ice cohesion of 0.5 eV. The stability of Mg is very close to that of K but drastically different again from that of Ca, which is by far (~1.5 eV) the largest of all.

From Bader charge analysis, it can be seen that Na and K are trapped as positive ions with a charge near +1. Mg and Ca, once inside ice bulk, recover immediately 1 electron from the surrounding ice, so that they exist as positively charged ions with a charge approximately +1, i.e. of the same order of magnitude as Na and K.

In the case of the inclusion (n=1) surface, all of the stabilization energies decrease by 0.2 eV with the exception of K for which it stays even. The other important point is the decrease of the charge for all ions. Near the surface, even if the ions are still trapped, positive charges decreases by ~0.2 with respect to inclusion in the bulk, and become closer to those found in the adsorption situations discussed below.

iii -The final stage in the transport of the metallic species through the icy crust is their adsorption on the ice surface before their ejection into the exosphere by collisions with energetic particles. We have studied two different sites. One is the adsorption of the metal atoms through the oxygen on the ice surface, the other is the adsorption through the hydrogen of H 2 O pointing out of the icy crust surface. i.e. the final point of metal-ice interaction (Figure 2). Similar to the inclusion cases, calcium is adsorbed better than the others (K, Mg, and Na).

With the adsorption over oxygen, we have a systematic stabilization decreases in the range of 0.05 (K) to 0.4 (Ca) eV. These values decrease even more, reaching stabilization energies as low as 0.10 and 0.15 eV in the case of adsorption over H. At the end of the journey in the icy there is a change due to the size of the cell, it has to be searched for in the effects of the basal (x,y) dimensions.

The trapping of metallic ions in the case of a cavity (n=1; bulk) gives stable structures with stabilization energies in the order of ~1eV for Na, K and Mg. Again, Ca is the most stable ion trapped inside the cavity by ~1.6 eV. Na and K have a charge close to +1 whereas Mg ++ and Ca ++ immediately recover one electron and become almost singly charged Mg + and Ca + . Compared to the values obtained with the 4bL cell (Table 2), the stabilization energies are only marginally affected.

In the case of the trapping in a cavity inside the upper bL (n=1; surface), the stabilization energies decrease for all of the metallic ions by ~0.2 eV. In a similar manner, the positive charges decrease by 0.2 electrons on all the metallic ions. The values obtained with 6 bi-layers model are all in accordance with those obtained for the 4 bL primitive cell.

Globally, inclusion of the metal ions into the prefect crystal structure is not energetically favorable. Calcium appears as exception but its energy stabilization of ~0.1 eV is so weak that it is highly questionable.

The two problematic values obtained in the 4bL model for Mg and Ca become more understandable in the frame of the 6 bL cell model. All metallic ions are stable inside a cavity (inclusion (n=1)) whether it is inside the bulk or near surface. The main difference to be noted is the evolution of the charges between the bulk to the surface. Near the surface, all metal ions have started to regain some part of their electronic density, resulting in a decrease of their positive charges. The last important parameter to check is the cell size by changing the surface of the basal plane.

b) Extending the volume of the 4 bi-layers cell by doubling the basal surface

An extended cell, with a volume doubled with respect of the primitive 4bL cell, has been used to check the convergence of results. The same procedure like in the previous sections has been applied. Trapping of metallic ions into the perfect crystalline ice and into the cavities formed in different layers (bulk or surface) as well as their adsorption through the two different sites on the ice surface have been checked (Figure 2). All the results obtained can be seen in Table 4.

In the case of the inclusion into the small cavity (n=1; bulk), metallic ions can be trapped and can stay stable. Ca is the most stable one, followed by Na, K and Mg. Na and K are positively charged with a value near +1 and Ca & Mg, once trapped, immediately regain 1 electron and start to behave like alkali metals Na and K. In this case, comparing these values with the ones obtained from the primitive cell with 6 bL or double cell with 4 bL shows that the effect of slab thickness is more important than the cell horizontal extension since the values are closer to the ones obtained with the primitive cell when extended with 2 bi-layers.

Inclusion of ions disturbs the ice structure and letting only the top and bottom bi-layers to be optimized could not describe the situation properly. However, inclusion of ions in a small cavity on the surface gives similar values both for energy and charge for all models including the primitive cell.

Within this double cell with 6 bi-layers model, two other larger cavities (n=2; bulk) and (n=4; bulk) are also studied. As expected, with more space, ions can be stabilized more easily; hence the stabilization energies are larger for the cavity obtained with the removal of 4 H 2 O molecules, although the difference in the stabilization energy between different cavities are not so large.

In all types of cavity Ca is the most stable (0.60 eV in the average), followed by K except the inclusion (n=1), then Na and Mg. Although the stabilization energies change with the volume of the cavities, the charges of the metallic ions remain roughly unaffected.

IV Conclusion and perspectives

The scenario that we propose follows the alkali and alkaline earth metals starting from their washing out of the rocky kernel of Europa by the internal ocean in the form of ions, at the early times of Europa's formation. During the cooling period of the satellite, the ice crust formed at the surface of the ocean and trapped the metallic ions allowing them to migrate to the surface by a diapirism mechanism, namely a bottom to top internal convection within the ice crust. Once on the surface in a neutral form they can be ejected in the exosphere by sputtering.

This scenario is supported by "first principle" periodic numerical simulations studying the trapping and progressive neutralization of the initial ions in the ice matrix.

As a general remark, one can say that to describe the trapping of metallic ions properly for each inclusion case, it is necessary to use a large enough unit cell such as a double cell with a 6 bi-layers thickness. For the adsorption, a double cell with a 4 bi-layers is sufficient enough to have consistent results.

The transport process in the icy matrix works roughly similar along the way inside the ice, which can be summarized as follows:

1) A direct inclusion of the metallic ions into the perfect crystalline ice is difficult whereas inclusions into the cavities are easy, which can be considered a usual situation taking into account the assumed porous structure of ices

2)

The evolution of charges is the same for all the ions, decreasing when going from the ice bulk to the surface within the ice crust. It should be noted that Mg and Ca, which are released from the solid kernel to the ocean as doubly charged ions, regain immediately one electron when they are trapped in the ice. Then, these Earth-alkali metals behave similarly to the other two singly charged alkali metals.

3) On the final point of interaction with the ice (adsorption over H), they are nearly in their neutral form so it can be said that the release of the metals happens in the form of neutral atoms together with the surface ices.

However, there are some crucial differences between the metallic ions, especially coming from their relative abundances in the liquid ocean. Na and K have very similar behaviors in water ices, with a small difference in their stability in smaller or larger cavity. Na is more stable than K in small cavity (n=1) whereas K is more stable in a larger cavity (n=4), which might be related to their different ionic radius (larger for K). Since, they show globally similar behaviors in ice, the main difference should come from their initial relative molalities in the ocean water. The ratio of these molalities of the two metals can be estimated reasonably from the geothermal field lake in contact with a rocky kernel, whose analysis gives a value of 30, which is in accordance with the observed value.

  atmosphere of Titan down to ~ 950 km, provided various data from the remote and in situ observations. The major development relative to Voyager I was the Ion Neutral Mass Spectrometer (INMS) for in situ studies of the neutral and ionic composition of the atmosphere. Also were operating, the Cassini Plasma Spectrometer (CAPS) to measure heavy positive and negative ions densities, with the Langmuir probe (LP) and the Magnetospheric Imaging Instrument (MIMI) to study the plasma environment around Titan (Krasnopolsy 2009). The Huygens probe was the first probe to land on an object of the outer Solar System. It landed on Titan and made it possible to study the atmosphere below 150 km. It had six different instruments: Huygens Atmospheric Structure Instrument (HASI), Surface Science Package (SSP), Doppler Wind Experiment (DWE), Descent Imager/Spectral Radiometer (DISR), Aerosol Collector Pyrolyzer (ACP) and Gas Chromatograph Mass Spectrometer (GCMS) designed to measure the chemical composition of the Titan's atmosphere and to determine the isotope ratios of the major gaseous constituents at lower altitudes.

  2 in the coma of comet 67P/C-G at a distance of ~3 au from the Sun on October 2014 with 4-13 x 10 -6 abundances with respect to water (Le[START_REF] Roy | Inventory of the volatiles on comet 67P/Churyumov-Gerasimenko from Rosetta/ROSINA[END_REF][START_REF] Calmonte | Sulphur-bearing species in the coma of comet 67P/Churyumov-Gerasimenko[END_REF], which is much lower compared to O 2 abundance, though significant, and which, contrary to O 2 , shows no correlation with water. This leads to re-study the origin of S 2 in comets, which is still unclear, although its presence in such objects has been detected in multiple observations including the comet IRAS-Araki-Alcock (C/1983 H1)[START_REF] Ahearn | The discovery of S2 in comet IRAS-Araki-Alcock 1983d[END_REF], 1P/Halley (Krishna Swamy & Wallis 1987), Hyakutake (C/1996 B2)[START_REF] Laffont | Tentative identification of S2 in the IUE spectra of comet Hyakutake (C/1996 B2)[END_REF], Lee (C/1999 H1)[START_REF] Kim | The rotational structure of the B-X system of sulfur dimers in the spectra of Comet Hyakutake (C/1996 B2)[END_REF], Ikeaya-Zhang (C/2002 C1)[START_REF] Boice | The nature of diatomic sulfur in comets[END_REF].

  Tracking molecular sulfur in comets II.1 Origin of molecular sulfur in Comet 67P/ Churyumov-Gerasimenko According to the first measurements by the Double Focusing Mass Spectrometer (DFMS), part of the Rosetta Orbiter Sensor for Ion and Neutral Analysis (ROSINA) on 20 October 2014 between 07:54 and 08:37 (UTC) and on 19 October 2014 between 00:39 and 01:22 (UTC) at a distance of 3.15 au from the Sun (Le Roy et al. 2015), S 2 has been detected

  The scenario initially based on the chemical trapping of noble gases by H 3 + at the proto-solar nebula stage, was extended to the participation of the destructive reagents of H 3 + , present in abundance in the medium at the time. The results obtained show that even if these molecules (N 2 , CO, H 2 O) might partially destroy H 3 + in the medium, they simultaneously form protonated daughters molecules (N 2 H + , HCO + , HOC + , H 3 O + ) which are also capable of trapping the noble gases, and this with a similar efficiency.

  Another in situ O 2 formation has been proposed by[START_REF] Yao | Dynamic molecular oxygen production in cometary comae[END_REF]. According to them, O 2 is directly formed by the collisions of energetic water ions with oxidized cometary surface analogues. In this kind of reactions, called Eley-Rideal (ER), energetic projectiles collide with surfaces and react with adsorbates to produce projectile-Further photo-detachment leads to molecular O 2 , whose presence in the coma can be linked directly to water molecules and their interaction with the solar wind.However, in this study they cannot estimate the O 2 yield for now and the reported accelerated water flux is too low to explain the observed O 2 abundance. They proposed that the other ions present in the coma can participate in ER reactions (H 3 O + , OH + and O + ) increasing the O 2 yield, but their flux and energy distributions are not known yet.

	adsorbate molecules without equilibration with the surface (Yao & Giapi 2016). Their
	laboratory experiments showed that energetic water ions could abstract an oxygen atom on
	the surface, forming an excited precursor state which will eventually dissociates to produce
	the O 2	-negative ion.
		, O, O 2 and O 3 , being very
	volatile, cannot stay on the surface of the icy grains and they react to re-form H 2 O, eventually
	giving H 2 O 2 . Then, this H 2 O 2 /H 2 O ice mixture sublimates by heating and at the same time
	H 2 O 2 forms O 2 by dismutation/dispropation reaction. The team performed two experiments
	aiming at the observed ratio of O 2 /H 2 O abundance; they could only reach a lower abundance
	ratio than expected, which might result from the fact that their experiments are not performed
	in space conditions, which cannot be proved in any way. Another weak point of this study is
	that the amount of O 2 produced is directly related to the quantity of H 2 O 2 present in the coma,
	which is still in question.

I.1.2 Our scenario for trapping of O 2 in the cometary ice

Agreeing on the primordial origin of O 2 , we propose a scenario belonging to the first type, in which O 2 is formed in the icy grain precursors of comets by irradiation (photolysis and/or radiolysis) of the H 2 O ices. The process described below occurs on small icy grains, which later on agglomerate, but at that point are small enough to allow a full penetration of the radiations. The cosmic ray flux (CRF) breaks the H 2 O molecules into small radicals as H, OH, O, which, being very reactive form rapidly molecules, and simultaneously creates voids in the matrix within which the produced molecules can accumulate. The main molecules formed are H 2 , the smallest one, that most probably escapes easily from the matrix, H 2 O that can agglomerate to the remaining ices to close the tracks produced by the CR, trapping the larger and heavier molecules produced like O 2 .

  Once we have asserted our hypothesis that O 2 is trapped and well stabilized into the icy bulk, so that it can only desorb together with the H 2 O molecules, we may try to address the delicate point of explaining the ratio O 2 to H 2 O ratio detected by ROSINA. The preceding calculations have shown that the smallest reliable representative cell to trap O 2 is the simple cell with 4 bi-layers, in which there are 30 (for inclusion n=2) and 28 (for inclusion n=4, large tube) H 2 O molecules embedding 1 molecule of O 2 , which leads to a O 2 to H 2 O ratio around 3 %. This implies that, when the comet water sublimates, the water molecules drag with them the trapped O 2 molecules in the same proportion. This is in accordance with the mean value observed in the coma of 67P, though we have to keep in mind that it is not an average value but an upper limit for our model. In the present state, it cannot account for more. Now, taking into account that several molecules of O 2 could be formed in the same environment, we have to consider the possibility that these O 2 molecules could agglomerate into the voids as a dimer.

	I.3.3 Case of O 2 double trapping	
		Stabilization
		Energy
	Inclusion (n=1)	-0.01
	Inclusion (n=2)	0.23
	Inclusion (fine tube) (n=2)	0.24

The triplet ground state of the O 2 molecule give rise to three different potential energy surfaces (PES) of singlet and triplet, (plus a quintet multiplicity). According to multi reference ab initio calculations, O 2 dimer is in singlet state in its ground state with a rectangular D 2h geometry in isolation

Tests and results II.2.1 The case of S 2 embedded in H 2 O ice

  suggests that this molecule should be present in interstellar icy grain mantles. Other Sspecies (CS 2 , SO 2 , OCS, and H 2 CS) were detected in comet Hale-Bopp with abundances between 0.02% and 0.4%(Bockelée-Morvan et al. 2000), though much lower than H 2 S. Indeed, sulfur atoms in interstellar icy grains are expected to form H 2 S preferentially because of the high hydrogen abundances and the mobility of hydrogen in the ice. Eventually, kind of SH 2 clumps should be found in places, embedded into the water ices.The cosmic ray flux breaks the SH 2 molecules to produce S 2 in a similar pattern as for O 2 from H 2 O molecules while simultaneously creating voids in the matrix within which the produced molecules can accumulate. The conditions are very similar to those of the formation of O 2 . Again, at that point, the possibility of a long-lasting sequestration of the molecule into the icy bulk has to be seriously checked. Compared to the O 2 case, the S 2 case is somewhat more complex as S 2 might be trapped into two kinds of reservoirs: H 2 O ices and H 2 S clumps themselves embedded in H 2 O ices.Most of the cavities formed by irradiation should be surrounded by H 2 O molecules, since H 2 O is the dominant volatile in comets(Bockelée-Morvan et al. 2004). Therefore, the stability of S 2 molecules has been investigated first in H 2 O ices. In a similar approach to the study of the O 2 trapping inside the water ice, the sequestration of S 2 has been investigated in different environments, i.e. inside cavities of different sizes. The convergence of the results

	Therefore, these two types of icy environments have been investigated in the
	following part.
	II.2

The detection of H 2 S in comets, up to 1.5% relative to H 2 O as inferred from millimeter and submillimeter observations

(Bockelée-Morvan et al. 2000, 2010; Boissier et al. 2007)

, also
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III Published articles

Magnesium seems less stable inside the ice compared to the others, which coupled to its much smaller molality in liquid water, implies that it is less susceptible to be observed in Europa's exosphere, according to this scenario. A future observation of it would imply that other processes are at work for explaining magnesium abundance in the exosphere. Calcium, is the most stable one in the ice, well embedded in the icy matrix. With an initial relative abundance one order of magnitude lower than Na, Ca should also be observed in the exosphere but with a smaller abundance.

To conclude, we would like to say that at the beginning this study was aimed at answering the questions related to the origin of Na and K observed in Europa's exosphere, suggesting an endogenous origin. Within the same scenario explaining the relative abundances of Na and K, we found that the opportunity for detection of Ca should be considered seriously for future space missions as those in preparation in international space agencies NASA ESA at horizon 2025, namely JUICE and CLIPPER.

General Conclusion

The main aim of this study was to answer some problems encountered in planeteology, using ab inito quantum chemistry methods. The results obtained show that ab inito quantum chemistry is a powerful method to study especially difficult cases.

Depending on the environment of interest, a molecular or periodic approach can be employed. On one hand, in the case of the noble gas deficiency problem in Titan's atmosphere, we used a molecular approach for the interaction of noble gases with ions in gaseous phase in PSN. On the other hand, the study of comets composed of icy grains and icy satellites like Europa has required a solid state method.

An innovative aspect of our study was to employ periodical ab initio method to describe trapping mechanisms in water and H 2 S ices. One of the main questions in astrochemistry regarding processes in water ices is whether to model crystalline or amorphous ice structure. Here, we showed that it is possible not only to treat crystalline ice but porous, irregular ice structures with periodic methods by introducing cavities into the perfect crystalline ice. This illustrates that, from a general point of view, computational methods have the advantage of allowing "à la carte" modeling for direct comparison with experiments and observations in various environments.

Simulations de processus de séquestration chimique dans le système solaire externe

Résumé :

Ce projet a pour but de répondre à quelques questions pendantes de planétologie en utilisant des méthodes de chimie quantique. Il recouvre principalement deux études. La première étude modélise les processus chimiques susceptibles d'expliquer la déplétion en gaz rares observée dans l'atmosphère de Titan par la mission Huygens ; l'étude considère la formation par association radiative, des complexes stables entre Ar, Kr, Xe et H 3 + ou les ions protonés, ceci dans la nébuleuse proto-planétaire, avant la formation de Titan en tant qu'objet. La seconde étude analyse les mécanismes piégeant les volatiles dans les glaces, mécanismes à l'oeuvre dans les comètes comme dans la lune Europe. Les scénarios d'une origine primordiale commune de O 2 et S 2 observés dans la comète 67P/C-G lors de la mission ROSETTA, ont pu être validés, donnant des rapports d'abondance avec l'eau proches des observations, et proposant une explication pour la corrélation/non corrélation avec l'eau pour les deux espèces. De même, un scénario pour l'origine des éléments mineurs Na et K détectés dans l'exosphère d'Europe, satellite pour lequel l'intérêt a ressurgi en raison des missions à venir, Juice de l'ESA et Europa Clipper de la NASA, a été étudié et s'est révélé valable également pour Mg et Ca pour lesquels des prédictions d'abondance ont été faites. Du point de vue des simulations numériques, ce travail combine deux approches ab-initio, une approche moléculaire pour la phase gazeuse du premier cas et une approche périodique du solide pour les autres cas.

Mots clés : Chimie théorique, Astrochimie, L'état solide

Modeling the chemical trapping processes in the outer solar system

Abstract :

This project aims at answering some questions in planetology by means of ab-inito quantum chemistry. It can be divided into two main studies. One models the chemical processes likely to explain the noble gases deficiency observed by the Huygens probe in the atmosphere of Titan; it investigates the formation of stable complexes between Ar, Kr, Xe and H 3 + or protonated ions by radiative association, in the proto-solar nebula, prior to the formation of Titan. The other analyzes the trapping mechanisms of volatiles in the ice at work in comets as well as in Europa. Scenarios of primordial origin for O 2 and S 2 , observed in comet 67P/C-G by the ROSETTA probe, were thus validated, giving abundance ratios with H 2 O close to those observed and proposing an explanation for the respective correlation/non-correlation with water of the two species. Also, a scenario for the origin of trace elements Na, K detected in the exosphere of Europa whose interest is revived by anticipating the missions Juice and Europa Clipper, was argumented and found available for Mg and Ca to predict relative abundancies to be observed. The computational work combines two ab-inito approaches, molecular calculations in gaseous phase in the first case and periodic solid state calculations in the second. Keywords : Theoretical chemistry, Astrochemistry, Solid state